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Preface

The last several years have seen a burgeoning of technical advances in areas of 
medicine such as imaging and diagnosis, and this trend is sure to continue. These 
developments have special significance in areas such as internal medicine, neurol-
ogy, and radiology. The further realization that early diagnosis of disorders which 
have a biochemical (metabolic) basis has the potential for rapid reversal/improve-
ment, if not outright cure, argues strongly for increased awareness.

One example of reversible metabolic encephalopathy is that seen in thiamine 
deficiency. Both animal models and humans with “pure” thiamine deficiency 
develop highly specific neurological symptoms. These symptoms can be reversed 
completely, or dramatically improved, often within hours, by the administration of 
thiamine. These results are instrumental in leading to the concept of “metabolic 
encephalopathy”, a disorder without structural brain changes. From a historical 
standpoint, there are increasing numbers of such disorders, which are amenable to 
successful treatment. Sadly, for example, in the case of kernicterus, managed health 
care has led to an increase in the number of cases due to the early release from hos-
pitals of newborn infants after birth, even before the onset of jaundice.

The area of metabolic encephalopathies is unique in that animal models of dis-
ease closely mimic the symptoms seen in human disorders, allowing excellent cor-
relative studies.  Seizures are an example of this feature.  Many animal models of 
experimentally induced seizures are available for study in mice and rats, and the 
neurochemical alterations before and after anticonvulsive therapy can be carefully 
studied.  These more or less direct comparisons permit a more rapid application of 
results from animal studies to humans.

Given the above, the format for this book is that most chapter contributors have 
been asked to consider both animal and human studies and to integrate them into 
statements of mechanisms of biochemical alterations and treatments. The authors 
have written chapters dealing with the most commonly seen metabolic encepha-
lopathies, and those in which the diagnosis and treatment have advanced and bene-
fited from technological studies. In many cases, it will be seen that there is an 
underlying alteration in energy metabolism in specific brain regions, which can be 
documented in animal studies. As the deficit is reversed, the energy metabolites 
revert toward normal, and the symptoms lessen.  Imaging studies in humans support 
these animal findings, and the rapidity with which this happens argues strongly for 
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a metabolic lesion, not a structural one. Again, if treated early, structural changes 
can be minimized, or eliminated from consideration.

These results emphasize another very interesting aspect of metabolic encepha-
lopathies: the diverse anatomical localization of cerebral effects. For example, 
bilirubin is highly selective in its localization, whereas thiamine deficiency has a 
completely different localization and is also highly specific. The reasons for this 
cerebral specificity are largely unclear, but some studies show vastly different 
metabolism between different brain regions. The cerebellum, for example, is bio-
chemically different from adjacent areas.  

In summary, this book on metabolic encephalopathies is meant to combine and 
correlate animal and human studies. It is hoped that increased awareness of the 
importance of early diagnosis and treatment of these disorders may result in a low-
ering of the incidence of structural changes, and morbidity. These disorders hold a 
special fascination for both basic scientists and clinical investigators because they 
are accessible, treatable, and there exist good animal models for study. Therefore, 
this book pulls together basic and clinical neuroscience issues in the treatment of 
specific metabolic encephalopathies.

This book would not have been possible without the participation and contribu-
tions of the many contributors, and I am grateful for their efforts. The editor wishes 
to acknowledge the expert secretarial and organizational skills of Mrs. Cristina I. 
Gonzalez and Mrs. Vilmary Friederichs, who have facilitated the production of this 
book.

We also wish to thank Ms. Ann Avouris of Springer Science and Business Media 
for her dedicated help in bringing this volume to completion.
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     Chapter 1 
 Functional Anatomy of the Brain       

     John   M.   DeSesso      

  Introduction  

 The central nervous system comprises the brain and spinal cord which provide 
sensation, control of movement, emotion, aesthetics, reason and self-awareness. 
The tissue that makes up the central nervous system is highly differentiated and 
exceedingly ordered, yet plastic. The central nervous system is well protected through-
out by a fluid-filled, tri-layered, connective tissue covering (the meninges) and various 
osseous claddings. The cranium provides a rigid armor for the brain whereas the 
vertebral column constitutes the flexible protection of the spinal cord. Because the 
focus of this volume is the study of various disease states that affect the functions of 
the brain, it is important to understand the normal relationship of the brain to its 
surrounding structures including its bony case and its connective tissue coverings, 
its blood supply, and its internal organization, as well as how the perturbation of the 
relationships among these structures can impact brain functions. It is the purpose of 
this chapter to present an overview of this information. More detailed anatomical 
information is readily available in textbooks of gross anatomy and neuroscience. 

  Protective Structures 

 The brain resides within the cranial cavity. The bony roof and sides of the cranial 
vault make up the calvaria, which is composed of frontal, temporal and parietal 
bones and a small portion of the occipital bone. The floor of the cranial vault is 
divided into three depressions or fossae: the anterior fossa extends from the region 
superior to the orbits and nasal cavity caudally as far as the posterior margin of the 
lesser wing of the sphenoid; the middle fossa occupies the region between the lesser 
wing of the sphenoid and the anterior border of the petrous portion of the temporal 
bone; and the posterior fossa, is underlain by the remainder of the temporal bones 
and the occipital bone. 

 Like all bones, those that make up the cranium are invested by a tissue lining, 
the periosteum. On the interior of the cranial vault, the periosteum is a specialized, 
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2 J.M. DeSesso

thickened tissue (dura mater) which is the outermost of the meninges that help to 
protect the brain. Within the cranial vault, the dura mater reflects off the walls of 
the cranium as horizontal or vertical septa that help to support or restrict the move-
ment of the brain within the cranial vault. Each septum has a free margin. A vertical 
reflection is a falx; a horizontal reflection is a tentorium. The falces restrict the 
brain’s lateral movement, as when one turns one’s head too quickly. The falx 
located between the cerebral hemispheres is the falx cerebri; the smaller one 
between the cerebellar hemispheres is the falx cerebelli (Fig.  1.1 ). The tentoria sup-
port some regions of the brain and prevent compression of the structures below 
them. The most important of these is the tentorium cerebelli, which supports the 
occipital lobe where it overlies the cerebellum. The free margin of the tentorium 

  Fig. 1.1      ( a ) Interior of the cranial vault illustrating the major supporting and protective structures, 
including the cranial fossae. Reflections of dura mater off the calvaria form important structures 
that help support the weight and restrict the motion of the brain within the cranial vault. ( b ) 
Vertical reflections are falces and include the large falx cerebri between the two cerebral hemi-
spheres and the smaller falx cerebelli (not shown) that separates the cerebellar hemispheres. The 
most significant horizontal reflection is the tentorium cerebelli which supports the occipital lobe 
of the brain and prevents it from crushing the underlying cerebellum, which resides in the poste-
rior cranial fossa (redrawn after Drake et al.,  2005) (See         also Color Insert)
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cerebelli is a U-shaped opening (the tentorial notch) that allows the brainstem to 
connect to the rostral regions of the brain, including the thalamus and cerebral 
hemispheres.   

  Organization of the Central Nervous System 

 The divisions of the cranial central nervous system include the cerebral hemi-
spheres, the diencephalon (thalamus and hypothalamus), the brainstem (midbrain, 
pons and medulla oblongata) and the cerebellum (Fig.  1.2 ). Each cerebral hemisphere 
occupies one half of the cranial vault and can be subdivided into four lobes (frontal, 
parietal, temporal, occipital), the insula and the limbic lobe. The first four lobes are 
named for the cranial bones that overlie them. With respect to the floor of the cra-
nial cavity, the frontal lobes lie in the anterior cranial fossa; the brainstem and cer-
ebellum occupy the posterior cranial fossa; the remaining structures are found 
either in the middle fossa or within the portion of the cranial vault above the tento-
rium cerebelli. The insula is covered by the temporal lobe and is not observable 
unless the temporal lobe is retracted. The limbic system is a continuous interior 

Fig. 1.1 (continued)



  Fig. 1.2      Diagrams illustrate the location and relationships of the lobes of the cerebrum and the seg-
ments of the brainstem. ( a ) Lateral view of the gross brain. Note the frontal, parietal, temporal and 
occipital lobes. The cerebellum is the small region inferior to the caudal region of the cerebrum. ( b ) 
Sagittal view that allows one to appreciate the position of the cingulate gyrus (a major constituent of 
the limbic lobe, which surrounds the corpus callosum and thalamus), as well as the segments of the 
brainstem: midbrain, pons and medulla. The ventricular system of the brain is also demonstrated. Each 
portion of the brain has a cerebrospinal fluid-filled cavity at its core, and these cavities are all connected. 
Cerebrospinal fluid is produced by the choroid plexus within the ventricles and it escapes the ventricu-
lar system through foramina in the roof over the fourth ventricle at the pontomedullary junction        (See 
also Color Insert)
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structure that surrounds the rostral portions of the brainstem and diencephalon near 
the midline and is made up of portions of the frontal, parietal and temporal lobes.  

 The lobes of the cerebrum surround a stalk of nervous tissue that connects the 
spinal cord with the upper neural centers of the cerebrum. These midline structures 
include the thalamus and the brainstem. The thalamus protrudes into the middle 
cranial fossa, above the level of the clinoid processes of the sphenoid bone. It serves 
as a reciprocal gateway between the cerebral cortex and brainstem that conveys 
extensive sensorimotor and autonomic information. 

 Caudal to the thalamus are the midline structures of the brainstem: the midbrain, 
pons, and medulla oblongata. Dorsal to the pons, but inferior to the tentorium cere-
belli, is the cerebellum which is the prominent structure in the inferior cranial fossa. 
The brainstem as a whole is concerned with somatosensory information from the 
neck and head as well as the specialized senses of taste, audition and balance. It acts 
as a conduit for ascending and descending pathways of motor and sensory informa-
tion between the cortical regions of the brain and the body. In addition, the brain-
stem is responsible for mediating levels of consciousness and arousal. 

 The innermost region of the brain consists of a series of connected cerebrospinal 
fluid-filled cavities, the ventricles (Fig.  1.2 ). Each cerebral hemisphere contains a 
lateral ventricle; the midline cavity associated with the thalamus is the third ventricle, 
which communicates with the lateral ventricles by means of the foramina of Munro. 
The continuation of the ventricular system caudally through the midbrain is by 
means of a narrow cerebral aqueduct (of Sylvius), which empties into the fourth 
ventricle, lying between the ventrally placed pons and medulla oblongata and 
the dorsal cerebellum. The ventricular system continues into the spinal cord as the 
central canal. The liquid within the ventricular system is the cerebrospinal fluid, 
which is made by the highly vascular choroid plexus found within the four ventri-
cles, and which fills the space between the arachnoid and pia maters that surround 
the central nervous system. The communication to this subarachnoid space occurs 
through a set of openings located in the roof of the fourth ventricle: the two laterally 
placed foramina of Luschka and the midline foramen of Magendie. Cerebrospinal 
fluid flows from its origin at the intraventricular choroid plexus, caudally towards 
the fourth ventricle where some of it exits the ventricular system to fill the sub-
arachnoid space surrounding the brain and spinal cord. The fluid that invests the 
brain comes into contact with specialized tissue associated with the venous drain-
age of the superior aspects of the cerebrum (arachnoid granulations) where, under 
normal conditions, it enters the venous system, thereby preventing overfilling and 
distension of the ventricular and subarachnoid systems. 

 The central nervous system is a tubular structure that is composed of a relatively 
thick, but highly organized, layer of neuron cell bodies with their attendant cellular 
processes and numerous supporting glial cells. Populations of neuronal cell bodies 
are collocated in regions of the central nervous system that look beige (gray matter) 
when they are observed in the fresh condition. Areas of the central nervous system 
that contains large amounts of myelinated axons are vanilla-colored or light pink in 
the fresh condition and are termed  “ white matter. ”  In the spinal cord, brain stem and 
thalamus, white matter is found on the outer surface and gray matter is located deep 
in the walls of the neural tube. In the cerebrum and cerebellum, gray matter is located 
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on the surface and the white matter is deep. There are important substructures 
 associated with both the white and gray matters. Bundles of axon fibres that traverse 
from one region of the central nervous system to another are tracts (also variously 
called fasciculi, lemnisci, radiations, or commissures  —  when they interconnect the 
hemispheres), which are often named for the areas of the central nervous system that 
they connect. Discrete clusters of neuronal cell bodies are nuclei, most of which have 
distinct names. For the most part, the neurons in a given nucleus share the same 
modalities and produce the same neurotransmitter substance. 

 When viewed in cross-section, the brainstem can be divided into geographically 
distinct regions, which are identified by means of the relationship of the walls 
(including both white and gray matter), to the lumen (Fig.  1.3 ). Thus, the lumen 
forms the center of the tube and the entire brainstem wall that is dorsal (or superior) 
to the lumen forms the tectum (from the Latin word for roof). In humans, the tec-
tum remains as a distinct structure only in the midbrain; in the pons and medulla, 
the large cerebellum arises from the region that would have been the tectum. 
The territory of the wall that surrounds the rest of the lumen is termed the tegmentum 
(from the Latin word for covering). The tegmentum does not include all portions of 
the wall inferior to the lumen, as there are segments of the brainstem (e.g., basilar 
pons and cerebral peduncles) that have well-developed areas with specific functions 
and are considered to be distinct from the tegmentum. Throughout the brainstem is 
a region of gray matter that forms a neuronal mass extending from the rostral spinal 
cord throughout the brainstem, and into the thalamus and hypothalamus. This ill-
defined structure is the reticular formation: a collection of large and intermediate-
sized neurons that are loosely arranged into nuclei which form  columns that run 

  Fig. 1.3      A cross-section through the midbrain that illustrates the tectum, tegmentum and pedun-
cular regions. Within the wall of the midbrain, note the positions of the periaqueductal gray matter, 
red nucleus, medial lemniscus, substantia nigra, and territory occupied by the reticular formation. 
( III  nucleus of cranial nerve III, the oculomotor nerve)        (See also Color Insert)
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parallel to the long axis of the brainstem. The columns are located in the midline 
(raphe nuclei), just lateral to the midline (the paramedian reticular nuclei), and far-
ther laterally (the lateral reticular nuclei).  

 The midbrain is of particular importance with regard to auditory and visual 
reflexes, regulation of arousal, and as a conduit between higher and lower centers 
of the central nervous system. Consequently, the anatomy of a cross-section of this 
relatively uncomplicated part of the brainstem will be discussed (Fig.  1.4 ). The tectum 

  Fig. 1.4      Diagram of a dorsal view of the brainstem; the cerebellum has been removed. The extent 
of the reticular formation within the brainstem is illustrated. The reticular formation is a polysynap-
tic network that consists of three regions: a series of midline raphe nuclei (the median reticular for-
mation, which is the site of origin of the major serotonergic pathways in the nervous system); this is 
flanked bilaterally by the paramedian reticular formation (an efferent system of magnocellular neu-
rons with ascending and descending projections); and farthest from the midline, the lateral reticular 
formation, consisting of parvocellular neurons that project transversely        (See also Color Insert)
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comprises two pairs of grossly observable elevations (colliculi). The superior 
colliculi mediate visual reflexes and coordination of head movements and eyes 
towards a visual stimulus, including those associated with the saccadic movements 
involved in reading. The inferior colliculi coordinate analogous reflex movements 
of the head and ears associated with auditory stimuli. The periaqueductal gray matter, 
which is a descending pathway important in modulating pain, surrounds the lumen 
of the cerebral aqueduct. The important structures in the tegmentum include the 
nucleus of the oculomotor nerve (CN III) near the midline; the prominent, orb-
shaped red nucleus, which is part of the extrapyramidal motor pathway that controls 
large muscles of the arm and shoulder; the slit-like substantia nigra which is an 
essential part of the dopaminergic system (involved in reward and addiction) and 
whose degeneration underlies Parkinson’s disease; the medial lemniscus, which 
carries proprioceptive and touch information from the gracile and cuneate nuclei to 
centers in the thalamus; and the lateral reticular formation which plays a pivotal 
role in stimulating and maintaining arousal of the upper centers of the central 
 nervous system.   

  Vascular Supply 

 All arterial blood supply to the brain and brainstem traverses branches of either the 
internal carotid or vertebral arteries (Fig.  1.5 ). These arteries, in turn, receive blood 
from major branches of the arch of the aorta: the internal carotid is a major division 
of the common carotid artery while the vertebral is derived from the subclavian 
artery. The blood supply to the brainstem, cerebellum, occipital lobe and the infe-
rior aspect of the temporal lobe is derived from branches of the vertebral system. 
The frontal, parietal, upper 75% of the temporal lobes and the insular cortex receive 
their blood supply from the middle and anterior arteries, both of which are branches 
of the internal carotid system. Although the vertebral and carotid systems supply 
distinct areas of the brain and brainstem, the two systems are structurally joined by 
means of a multi-sided system of interconnected vessels (the circle of Willis) 
located at the base of the brain where they surround the stalk of the pituitary gland, 
the optic chiasm and optic tracts, and the hypothalamus. The basilar artery (derived 
from the fused vertebral arteries) terminates as the posterior cerebral arteries. The 
internal carotid arteries contribute the anterior and middle cerebral arteries and 
the posterior communicating arteries. The anastomosis is completed by the short 
anterior communicating artery between the two anterior cerebrals and the paired 
posterior communicating arteries between the posterior cerebral arteries and the 
middle cerebral artery. The latter arteries connect the vertebral and carotid blood 
supplies. Interestingly, the diameters of the arteries vary considerably, especially in 
the case of the posterior communicating arteries, which frequently may be 
extremely small on one side or even absent. Consequently, the anastomosis is often 
only a potential channel and tracer studies in adults have shown that the two blood 
streams (vertebral and internal carotid) do not mix.  



  Fig. 1.5      Blood supply to the brain. ( a ) Vessels that contribute to the arterial circle of Willis at the 
base of the brain. Note contributions from the vertebral and internal carotid systems. Throughout its 
length, each vessel that participates in the arterial circle gives off numerous small, unnamed branches 
that penetrate the brainstem. ( b ) Distribution of blood supply to the lateral surface of the cerebrum 
is illustrated. The middle cerebral artery is the prominent vessel, the anterior cerebral artery vascular-
izes the territory on either side of the falx cerebri and a narrow strip of superior surface of the 
cerebrum. ( c ) Sagittal section that depicts the distribution of blood flow to the cerebrum. Note that 
the anterior and middle cerebral arteries carry blood from the internal carotid arteries, whereas the 
blood to the posterior cerebral arteries comes from the vertebral/basilar artery system        (See also Color 
Insert)
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 With regard to tissue blood supply, the organization of the brain and brainstem 
differs from that of the rest of the body in that there are no anastomoses within the 
nervous tissue. Each arterial branch is a functional end artery; if it were to be 
occluded, the territory of the brain that it supplied would become hypoxic and 
ischemic. Because the blood supply to the brain and brainstem is critical for normal 
cognitive function, a more complete description of the arterial supply follows. 

 The vertebral arteries branch from the subclavian arteries in the root of the neck 
and ascend within the foramina of the transverse processes of six of the cervical 
vertebrae (C6  –  C1). Upon exiting the transverse foramina of C1, the vertebral 
arteries enter the skull through foramen magnum and approach each other in the 
midline where they fuse to form the basilar artery at approximately the level of the 
pontomedullary junction. The basilar artery travels rostrally in a groove on the base 
of the pons until it terminates as the superior cerebellar and posterior cerebral arteries. 
The basilar distributes blood via numerous small vessels that enter the pons to 
supply the pontine nuclei, corticospinal tract, and the pontine portion of the reticular 
formation. At its termination, the basilar artery gives off the superior cerebellar 
and posterior cerebral arteries each of which (plus the posterior communicating 
arteries) gives off numerous small arteries that penetrate the posterior perforated 
substance to supply the midbrain. Thus, geographically distinct regions of the 

Fig. 1.5 (continued)
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 midbrain receive blood supply from the posterior cerebral, posterior communicat-
ing, and superior cerebellar arteries. Each of these arteries gives off numerous small 
branches throughout their extents; these branches penetrate the nervous tissue to 
supply the various regions of the brainstem. The approximate areas of vascular dis-
tribution are depicted in the diagrammatic representation of a cross-section of the 
midbrain in Fig.  1.6 . The bulk of the lateral midbrain reticular formation is supplied 
by the superior cerebellar artery; whereas the colliculi, periaqueductal gray matter, 
and raphe nuclei receive blood from the posterior cerebral artery; and the majority 
of the cerebral peduncles are vascularized by branches from the posterior commu-
nicating arteries.   

  Functions of Brain Regions 

 The states of consciousness, cognition and self-awareness are the result of highly 
complex and integrated functions of the brain. While it may be simplistic to segre-
gate the functions of the brain into discrete activities that are carried out only in 
specific lobes of the brain, it is clear that regions of the brain that perform similar 
or related functions are often situated in anatomical proximity to each other. 

  Fig. 1.6      Cross-section illustrating the distribution of blood to the walls of the midbrain. The tectum 
is supplied by branches of the superior cerebellar artery. The medial aspects of the peduncular and 
tegmental regions are vascularized by branches of the basilar artery. The lateral peduncular and 
tegmental regions are supplied by branches of the posterior communicating artery. Note that these 
small arteries, which enter the walls of the central nervous system from the periphery, are func-
tional end arteries and do not anastomose with adjacent arteries        (See also Color Insert)
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Provided that one remains cognizant of the simplification and that the borders of 
the lobes of the brain were arbitrarily determined by early anatomists, it is possible 
to observe that motivation and motor functions emanate from the frontal lobe; sen-
sory information is interpreted and integrated in the  “ association cortex ”  of the 
parietal lobe; visual input is decoded and interpreted in the occipital cortex; hearing 
and declarative memory functions are centered, in large part, within the temporal 
lobe; and the insular cortex and limbic lobe are central to emotion. Highly complex 
functions occur at the intersections among these areas. For instance, the precentral 
gyrus of the frontal lobe (motor cortex) lies parallel to the postcentral gyrus of the 
parietal lobe (sensory cortex) and the somatotopic organization of these gyri is 
nearly identical, allowing for the rapid coordination of sensory and voluntary motor 
functions for given areas of the body. Similarly, functions relating to receptive com-
munication reside in the area where the parietal and temporal lobes abut one 
another in the dominant hemisphere (Wernicke’s area). Localized damage to spe-
cific portions of these areas, regardless of cause, will result in the loss of specific 
capabilities. As an example, damage to the temporal lobe could result in temporal 
lobe epilepsy. 

 The activities that are managed by the various areas of the brainstem are vital for 
normal functioning of the body and survival, but their control does not reach to the 
level of consciousness. These brainstem areas include centers in the tegmental pons 
and medulla that control the performance of cardiovascular, respiratory, and 
 metabolic functions as well as interconnections between the brainstem and the 
cerebellum and thalami. 

 The reticular formation is an important structure located deep within the brain-
stem, which extends rostrally from the upper medulla through the pons and mid-
brain to the thalamus and forebrain. In its caudal (medullary and pontine) region, 
the reticular formation contributes to regulation of autonomic functions and to 
 horizontal, conjugate eye movements. The ascending projections of the reticular 
formation, which traverse the midbrain, contribute to the ascending reticular acti-
vating system, which is responsible for controlling the state of arousal of forebrain 
structures and, thus, one’s level of consciousness. This region is also associated 
with control of the waking and sleep cycle.   

  Physically Induced Alterations in Consciousness  

 Given the anatomical and functional complexity of the central nervous system, it is 
not surprising that a variety of potential problems may afflict individuals with 
reduced consciousness. These include such possibilities as a generalized reduction 
in the functions of much of the cerebral cortex due to generalized encephalitis or 
reduced physiologic functions of the brain due to intoxication or metabolic disease. 
More geographically restricted pathologies can be caused by vascular disruption or 
physical compression of portions of the brain. The subject of most of this book will 
relate to disease states, metabolic disorders and exogenous intoxications (both from 
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drugs and environmental chemicals). For the purposes of the present discussion, 
consideration is restricted to the anatomical causes of reduced consciousness. 

 It is important to note that statements about an individual’s general level of con-
sciousness appear in common usage (e.g., drowsy, lethargic, alert); however, the 
actual clinical assessment of one’s state of consciousness is a complicated exercise 
that is beyond the scope of this chapter (see detailed discussions in Weisberg et al., 
 2004 ; Plum and Posner,  1972) . Nevertheless, it is easy to comprehend the notion 
that with the progression of a given pathological condition that impacts a region of 
the brain that is involved with consciousness, one’s ability to respond to environ-
mental stimuli will decrease. Thus, there are grades of impaired consciousness that 
are associated with various pathological conditions. 

 With respect to the state of consciousness, the most important configuration is 
the ascending reticular activating system, the projections of which traverse the 
midbrain. In general, anatomical causes for reduced levels of consciousness that 
relate to the central nervous system stem primarily from distortion of the anatomical 
integrity of important brain structures or, in some cases, compromise of the 
vascular supply. The former types of lesions can be subdivided into those caused 
by displacement of structures caused by space filling lesions (e.g., hydrocephaly, 
tumors, abscesses, hematomata and edema). As any of these lesions increases in 
size, the intracranial volume available for normal brain tissue is reduced. 
Eventually, compression of the brainstem results in distortion of the reticular for-
mation with consequent dysfunction that will affect consciousness. Dislodgements 
of anatomical structures, such as a  herniation of the midbrain through the tentorial 
notch, could also result in the squeezing of the midbrain such that the lateral 
reticular formation is compromised with consequent impact on arousal. Although 
dislodgements and displacements result from very different causes, both can 
ultimately compress internal structures of the brain, triggering symptomatically 
identical dysfunction.  

  Conclusion  

 The brain and brainstem are exceptionally complex anatomically, histologically, 
physiologically, and pharmacologically. Some cognitive functions occur in particular 
geographic regions with input via axonal projections from other areas of the central 
nervous system. It is not surprising that myriad perturbations (e.g., vascular, 
metabolic, inflammatory) can impact their function. Among them is a subset of 
space-filling lesions that could physically distort the anatomy of the regions that 
regulate the state of arousal in the cerebrum. This chapter has reviewed the anatomy 
of the brain and brainstem, with particular attention to the midbrain and the ascend-
ing pathways of the reticular formation to call attention to the possibility that 
impaired consciousness can emanate from pathologies stemming from the distor-
tion of the normal anatomical relationships in the brainstem, and that the outcomes 
of these pathologies are often identical to those caused by disease states.      
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     Chapter 2 
 Brain Metabolic Adaptations to Hypoxia        

    Michelle   A.   Puchowicz   ,    Smruta   S.   Koppaka   , and    Joseph   C.   LaManna      

  Introduction  

  Oxygen, Brain, and Energy Metabolism 

 The mammalian brain depends totally  on a continuous supply of oxygen to maintain 
its function. It is well known that in the brain, adaptation to hypoxia occurs through 
both systemic and vascular changes, which may include metabolic changes. However, 
the local metabolic changes related to energy metabolism that occur within the cell 
are not well described (Harik et al.,  1994 ; Harik et al.,  1995 ; LaManna and Harik, 
 1997) . Investigating the metabolic adaptations of the central nervous system to mild 
hypoxia provides an understanding of the key components responsible for regulating 
cell survival. This chapter concerns itself with the metabolic responses of the brain 
to mild hypoxia, that is, to physiological hypoxia. This is the range of hypoxia that 
can be compensated for with physiological mechanisms that directly or indirectly 
involve energy related metabolic pathways. 

 The brain’s metabolic response is dependent on the severity and/or length of time 
of exposure (acute and chronic). During prolonged exposure to a low oxygen environ-
ment, systemic adaptations, such as increased pulmonary minute volume and packed 
red cell volume, result in maintained oxygen delivery to the brain, whereas the central 
cerebrovascular and metabolic adaptations preserve tissue oxygen and energy supply 
to support neuronal function. Other changes in the brain tissue include a decrease in 
the volume density of neuronal mitochondria (Stewart et al.,  1997)  and cytochrome 
oxidase activity (Ch á vez et al.,  1995 ; LaManna et al.,  1996)  that probably reflect an 
overall decrease in resting cerebral metabolic rate for oxygen (CMRO 

2
 ) of about 

15%; although this has not been measured directly, it is compatible with the slight 
decrease in body temperature (Mortola,  1993 ; Wood and Gonzales,  1996 ; LaManna 
et al.,  2004) . The tendency for hypoxia to decrease brain activity may be related to 
the idea of central respiratory depression (Neubauer et al.,  1990)  or the activation of 
survival pathways that regulate energy metabolism, such as hypoxia-inducible factor-1 
(HIF-1) (Ch á vez et al.,  2000) . More severe hypoxia leads to pathology and cell death 
due to the failure of these compensatory mechanisms and subsequent energy deple-
tion, which will not be the focus of this chapter.   

D.W. McCandless (ed.) Metabolic Encephalopathy, 15
doi: 10.1007/978-0-387-79112-8_2, © Springer Science + Business Media, LLC 2009



16 M.A. Puchowicz et al.

  Hypoxia  

 Hypoxia per se is a decrease in the partial pressure of oxygen in the ambient air 
from the mean sea level value of about 160 Torr (dry gas). In normal physiology, 
the pO 

2
  in the pulmonary vein is about 105 Torr due to the contribution of water 

vapor and carbon dioxide. Most of the oxygen is carried by hemoglobin and at these 
partial pressures hemoglobin is fully saturated. When the arterial pO 

2
  falls below 

90 Torr, which can occur through decreased fraction inspired oxygen (FiO 
2
 ), 

decreased barometric pressure due to increasing altitude, or through lung pathology 
(pulmonary hypoxia), then a condition of hypoxemia (lower blood oxygen) occurs. 
A decrease in the oxygen availability to the tissues occurs in uncompensated 
hypoxemia, anemia (anemic hypoxia, i.e., low hemoglobin and thus lower oxygen 
carrying capacity), carbon monoxide (toxic hypoxia), or blood flow restriction 
(ischemic hypoxia), all resulting in the activation of local tissue metabolic response 
mechanisms. Adequate brain oxygenation requires both sufficient delivery and 
uptake by cells. If these two components are not met, such as during hypoxia, then 
an adaptation process takes place. Adaptations which occur in tissue include 
increased capillary surface area that results in increased oxygen delivery, decreased 
energy demand and increased energy production efficiency. During acute and 
chronic exposures, adaptations include metabolic responses that tend to stabilize 
energy metabolism (Harik et al.,  1995 ; Lauro and LaManna,  1997) .  

  Acute and Chronic Exposure  

 Hypoxia is not necessarily a pathological condition. At the cellular level, limiting the 
amount of oxygen exposure in tissues to only the amount needed to drive  activity-
induced metabolism is one protective strategy against oxygen toxicity. Thus, 
the mammalian brain usually exists in a low tissue oxygen milieu. Local tissue 
mechanisms ensure that the oxygen environment is controlled, not maximized. 
These physiological considerations underlie the functional magnetic resonance 
imaging (fMRI) phenomenon known as BOLD (blood oxygen level dependent) 
response to a focal activation task, proving to be a valuable tool for understanding 
brain function and energy metabolism, holding promise for pathological diagnosis 
and treatment monitoring. 

 For acute hypoxic exposures, if blood oxygen is below 90 Torr, but above 45 
Torr, then the hypoxia is mild and can be compensated for by normal physiological 
processes, and usually does not lead to any tissue damage. Depending on duration, 
below 45 Torr, permanent damage including neuronal degeneration will most likely 
occur. If mild hypoxia persists, such as with chronic exposure, long term compensa-
tory responses are activated. Acclimatizing adaptations involve both systemic and 
metabolic changes which may take days to weeks to become established, but then 
allow habitation at moderate hypoxia and brief periods of severe hypoxia with far 
less damage than before acclimatization. 
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 Metabolic regulators of cerebral tissue PtO 
2
  are complex and involve both 

vascular and metabolic adaptations. For the brain, the pattern of adaptation includes 
sequential responses that raise brain PtO 

2
  (Xu and LaManna,  2006) . The initial 

response is to increase blood flow, followed by an increase in hematocrit and then 
microvessel density as a result of angiogenesis (vascular adaptations) (Brown et al., 
 1985 ; Beck and Krieglstein,  1987 ; LaManna et al.,  1992 ; LaManna and Harik, 
 1997 ; Dunn et al.,  2000 ; LaManna et al.,  2004)  

 In a study using awake or anesthetized rats, the functional MRI responses to 
graded hypoxia were investigated. CBF, BOLD and cerebral metabolic rate of 
 oxygen (CMRO 

2
 ) changes were estimated. Hypoxia in the animals that were awake 

revealed compensatory responses for sustaining blood pressure and increasing both 
heart and respiration rates. CBF and BOLD were found to decrease in rats that were 
awake at low pO 

2
 . CMRO 

2
  estimated using a biophysical BOLD model did not 

change under mild hypoxia but was reduced under severe hypoxia relative to base-
line. The authors concluded that with severe hypoxia brain tissue in conditions of 
being awake appeared better oxygenated than with anesthesia (Duong,  2007) . 

 It is known that neurodegenerative processes such as Alzheimer’s result in altered 
CBF. Altered CBF during these conditions has been reported to improve with hypoxic 
exposure through the regulation of nitric oxide (NO) (Sun et al.,  2006) . A model of 
neurodegenerative brain disorder (via administration of a toxic fragment of beta-
amyloid) in rats showed that preadaptation to hypoxia prevented endothelial 
dysfunction and improved the efficiency of NO storage (Mashina et al.,  2006) .  

  Metabolic Adaptations to Hypoxia  

 Hypoxia is known to induce adaptive changes in the brain which are related to energy 
metabolism (Semenza et al.,  1994 ; Harik et al.,  1995 ; Harik and LaManna,  1995 ; 
LaManna and Harik,  1997 ; Jones and Bergeron,  2001 ; Lu et al.,  2002 ; Shimizu et al., 
 2004) . Cerebral metabolic rate for glucose has been reported to be elevated in both 
acute (Pulsinelli and Duffy,  1979 ; Beck and Krieglstein,  1987)  and chronic hypoxia 
(Harik et al.,  1995) . Regional metabolic rate for glucose (CMR 

glu
 )is known to increase 

up to 40% with hypoxia (Harik et al.,  1995) . Brain glucose and lactate concentrations 
are also known to increase (about double), whereas glycogen and cytochrome oxidase 
activities decrease (40% and 25%, respectively) (Harik et al.,  1995 ; LaManna et al., 
 1996)  compared to normoxic controls. In humans, using positron emission tomogra-
phy, transient hypermetabolism in the basal ganglia has been observed in newborns 
who had suffered hypoxic-ischemic encephalopathy (Batista et al.,  2007)  

  Glucose Metabolism 

 Significantly higher levels of brain lactate and pyruvate concentrations and increased 
lactate to pyruvate ratios accompany hypocapnic hypoxia (Beck and Krieglstein, 



18 M.A. Puchowicz et al.

 1987) , suggesting that glycolysis was stimulated. In support of these findings, the acti-
vation of the glycolytic enzymes such as the hexokinase (HK), glucose-6-phosphate 
(G6P), and phosphofructokinase (PFK) without changes in cerebral glucose content 
or plasma glucose levels were also observed. The association with the increase in 
glycolysis and hypoxia and no changes in glucose content were further investigated 
and confirmed. Using 3-O-methylglucose method to measure cerebral glucose 
content and 2-deoxyglucose method to determine CMR 

glu
 , the authors concluded 

that there is evidence that hypoxia results in a stimulation of glycolysis. The authors 
further point out that during short term hypoxia, there was dissociation between the 
increased CBF and fall in pH without changes in the coupling to glucose utilization 
(CMRglu), suggesting that under hypoxia, local cerebral blood flow matches local 
metabolic demand, irrespective of altered pH. 

 The effect of hypoxia on the developing brain was examined in P10 and P30 
postnatal rats. With chronic hypoxia in the P10 rats, lactate dehydrogenase 
(LDH) activity was found to be significantly increased and the hexokinase 
activity decreased in certain regions of the brain compared to the controls. 
Neither 2-ketoglutarate dehydrogenase complex (regulator of TCA cycle) nor 
citrate synthase activities were significantly altered by hypoxia in the P10 rats, 
but significant regional changes were observed in the P30 rats. The mechanisms 
leading to the change in the glycolytic enzyme activities have been reported to 
be related to the up regulation of HIF-1 (Lai et al.,  2003) .  

  Activation of Glycolysis: Ph Paradox 

 The association of decreased energy production with hypoxia is mostly likely a 
result of a decrease in oxidatively derived ATP, possibly through the inhibition of 
electron transport chain activities. Lactic acidosis has been reported to occur during 
hypoxia (Siesj ö ,  1978) , as a result of increased glycolytic rates via the activation of 
phosphofructokinase. In chronic severe hypoxia, acidosis can even lead to irrevers-
ible cell damage. 

 Hypoxia induces hyperventilation that results in increased oxygen uptake with a 
simultaneous decrease in arterial PCO 

2
 . An imbalance due to this response leads to 

alterations in blood and tissue acid — base balance such as alkalosis. Systemic alka-
losis is balanced by secretion of bicarbonate in the kidney, but the CNS alkalosis is 
offset by increased glycolytic ATP production. In oxidative phosphorylation, a pro-
ton is consumed when ATP is synthesized. In glycolysis, there is no net production 
or consumption of protons. When ATP is hydrolyzed in energy requiring reactions, 
a proton is produced. Thus, utilization of ATP produced from oxidative phosphor-
ylation is pH neutral and consumption of ATP from glycolysis is acid producing 
(Dennis et al.,  1991) . Since glycolysis provides the substrate for oxidative phospho-
rylation, there are always some protons being produced, but an increase in glycoly-
sis without a corresponding increase in oxidative phosphorylation will increase acid 
production, and this is demonstrated by an increase in brain lactate concentration. 
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 One could predict that this increase in glycolysis cannot substantively support 
brain function through glycolytically derived ATP. It is more likely instead that the 
increase in glycolysis functions to balance tissue acid — base disturbances and 
maintain brain pH, which are related to hyperventilation-induced decreased PaCO 

2
  

which would otherwise tend to become alkalotic (Lauro and LaManna,  1997) . 
The substrate hydrogen is oxidized by oxygen in coupled oxidative-phosphorylation 
through chemiosmotic mechanisms. Finally, creatine kinase catalyzes the phospho-
creatine/creatine: ATP/ADP reaction is in equilibrium with the hydrogen ion 
 concentration. During chronic hypoxia, tissue intracellular pH becomes acidified 
primarily due to the turnover of glycolytically produced ATP, retention of CO 

2
  from 

residual oxidative-phosphorylation, and net breakdown of ATP (Hochachka and 
Mommsen,  1983 ; Dennis et al.,  1991)   

  Enzyme Related Changes in Oxidative Metabolism 

 Cytochrome oxidase activity is an indicator of the energy demands of the cell and has 
been reported to vary with conditions of hypoxia (LaManna et al.,  1996) . The energy 
demand of the cell indicates mitochondrial ATP production. The enzyme cytochrome 
oxidase (complex IV) is a large transmembrane protein complex found in the mitochon-
dria that is primarily involved in the intracellular defense against oxygen toxicity by the 
safe metabolism of oxygen metabolism. It is the last protein in the electron transport 
chain and plays an important role in transferring electrons by binding electrons from 
each of the four cytochrome c molecules to completely reduce molecular oxygen. 

 With acute hypoxia (15 h-8% oxygen) the cytochrome oxidase activity in the neu-
ron increases, but is unchanged in glia (Hamberger and Hyd é n,  1963) . With chronic 
exposure, cytochrome-oxidase activity has been found to decrease (Ch á vez et al., 
 1995 ; LaManna et al.,  1996 ; Caceda et al.,  2001) . A decrease in cytochrome-oxidase 
activity indicates a decrease in oxidative metabolism and therefore the apparent 
increase in CMRglu may be as a result of only increased glycolysis and not oxidative 
metabolism. The activation of glycolysis together with the decrease in cytochrome 
oxidase activity is consistent with the hypothesis that pH is maintained through the 
balance between glycolytically derived ATP and oxidatively derived ATP. 

 Premature transfer of electrons, either at complex I or complex III, results in 
increased generation of ROS (reactive oxygen species). Studies suggest that there 
are adaptations that may function to prevent excessive ROS production in hypoxic 
cells. Pyruvate dehydrogenase kinase 1(PDK1; PK) via phosphorylation, inacti-
vates pyruvate dehydrogenase, which is responsible for the production of acetyl-
CoA from pyruvate. Thus, the inactivation of pyruvate dehydrogenase reduces the 
delivery of acetyl-CoA to the TCA cycle and together with the hypoxia-induced 
expression of LDHA (lactate dehydrogenase A), reduces the levels of NADH and 
FADH2 delivered to the electron transport chain (Semenza,  2007) , then reducing 
ROS production. It has been suggested that the upregulation of PK may play a role 
in induction of hypoxic tolerance (Shimizu et al.,  2004) .   
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  Intrinsic Brain Tissue Oxygen Sensors and Regulators  

  Hypoxic Inducible Factor: Energy Metabolism 

 A primary participant in hypoxic angiogenesis is hypoxia inducible factor 1 (HIF-1) 
(Ch á vez et al.,  2000) . HIF-1 accumulates in hypoxia and is thought to be one of the 
crucial signaling pathways that might lead to an understanding of the diseases that 
are associated with oxygen deprivation and metabolic compromise. A family of 
dioxygenases called HIF prolyl 4 hydroxylases (PHDs) governs the activation of 
the HIF pathway (Jaakkola et al.,  2001 ; Epstein et al.,  2001 ; Freeman et al.,  2003 ; 
Appelhoff et al.,  2004) . Decreased activity in PHDs has been described to occur 
with oxygen deprivation, triggering cellular homeostatic responses (Siddiq et al., 
 2007) . HIF-1 is known to play a major role as an oxygen sensor pathway in the 
brain (LaManna,  2007)  (Sharp and Bernaudin,  2004) . Vascular endothelial growth 
factor (VEGF) is a molecule that is upregulated by HIF-1 and initiates capillary 
angiogenesis (Pichiule and LaManna,  2002 ; Pichiule et al.,  2004) . Hypoxia is not 
the only agent resulting in HIF-1 accumulation. For example, non-hypoxic HIF-1 
accumulation can occur by growth factors such as IGF-1, iron chelation, cobalt 
chloride, and alteration of substrate availability. Likewise, overproduction or stimu-
lation of PHD would be expected to prevent HIF-1 accumulation even in moderate 
hypoxia. Recently, we have found that the presence of ketone bodies in normoxic 
brain induces HIF-1. In normoxic cell culture, others have found that intermediates 
of energy metabolism also induce HIF, such as pyruvate (Dalgard et al.,  2004)  and 
succinate (Selak et al.,  2005) . 

 HIF-1 α  remains responsive to tissue pO 
2
  which it does not adapt. The HIF-1 

signal is thus maintained until the tissue pO 
2
  is restored by angiogenesis. HIF-1 is 

a transcription factor that activates over 40 known genes that have a hypoxic 
response element (HRE) in their promoter region. Almost all the enzymes of glyco-
lysis have a HRE and are upregulated in prolonged mild hypoxia (LaManna et al., 
 2007) . Thus, the role that HIF-1 plays in the regulation of energy metabolism in 
response to hypoxia is most likely to aid in the restoration of energy homeostasis. 

 There are also iron-containing molecules that might act as sensors because they 
bind oxygen in the physiological range. For example, neuroglobin, a heme protein, 
is upregulated by sustained hypoxia and may play a protective role (Sun et al., 
 2003 ; Li et al.,  2006) . The effector mechanisms of these iron containing proteins 
have not been assessed as yet (Brunori and Vallone,  2006) .  

  Brain Metabolic Indicators of Hypoxia: 
Glucose and Ketone Body Transporters 

 Not only does the glycolytic rate increase with hypoxia, but the transport of glucose 
at the blood — brain barrier (BBB) also increases (Harik et al.,  1994) . The GLUT-1 
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transporter, responsible for carrier-mediated facilitated diffusion at the BBB is 
associated with HIF-1 (Ch á vez et al.,  2000) . In rats, the increase in glucose trans-
porter and capillary density results in three times increase in glucose flux rate 
capacity in hypoxic adapted rats. The large disparity in the increased transport 
capacity compared to the increased cerebral metabolic rate for glucose (CMR 

glu
 ) 

can be explained by the net reduction of the arterial glucose delivery by half. 
In species such as the rat (but not humans) that lack GLUT-1 transporters in circu-
lating red blood cells, the source of glucose available for transport is limited to the 
glucose in the plasma. After hypoxic adaptation, the rate of whole blood flow 
through the tissue re-normalizes, but this means that the plasma flow rate is half the 
pre-exposure rate. The increased transport capacity compensates for the decreased 
plasma flow rate, and supports the increased resting CMR 

glu
 , allowing for transient 

increases in energy demand due to focal neuronal activation. 
 The increased density of glucose transporters at the blood — brain barrier 

together with the increase in the glucose influx is consistent with increased glucose 
concentrations in the brain. However, the glucose consumption (CMRglu) is only 
slightly elevated (about 15%) (Harik et al.,  1995) . The concomitant findings of 
decreased brain glycogen and increased brain lactate suggest that glycolysis 
increases with hypoxia (Lauro and LaManna,  1997) . This slight increase in 
CMRglu would contribute a relatively small amount to the energy needs of the 
cells. Glycolysis produces almost twenty times less ATP per glucose molecule than 
oxidative phosphorylation, so a 15% increase would be negligible. 

 Recently, we have found that the moncarboxylate transporter (MCT 1) is upreg-
ulated at the BBB with 3 weeks of exposure to hypoxia in rat brain. The MCT 
family is the primary transporter for short chain acids, such as ketone bodies, lactate 
and pyruvate. The relative increase in MCT1 and GLUT1 at the BBB following 
exposure of hypobaric-hypoxia at 10% (0.5 atm. oxygen) is shown in Fig.  2.1  . 
Consistent with previous studies, a 35% increase in capillary density, as measured 
by GLUT1, is indicative of a hypoxic response (Harik et al.,  1996) . Similarly, a 
20% increase in MCT1 is also observed. These data indicate that the ratio of 
GLUT1 to MCT1 remains about threefold with hypoxic exposure, suggesting that 
MCT1 is associated with capillary density at the BBB. This study also shows that 
GLUT1 remains the more abundant substrate transporter in the brain.   

  Glutamate Transporters 

 Glutamate excitotoxicity is associated with ischemia, oxidative stress, seizures, 
hypoxia and neurodegenerative diseases that can result in neuronal death (Nilsson 
and Lutz,  1991 ; Dallas et al.,  2007) . Disruption in glutamate homeostasis as a result 
of the release of glutamate and the subsequent increase in cellular levels are known 
to activate inotropic NMDA ( N -methyl-D-aspartate) receptors resulting in neuronal 
damage. Recently, prolonged hypoxia in whole-cell cortical astrocytes using patch-
clamp measurements was shown to significantly reduce glutamate uptake via loss 



22 M.A. Puchowicz et al.

of the activity of the glutamate transporter, EAAT (Dallas et al.,  2007) . It was fur-
ther concluded that the down-regulation of the EAAT with chronic hypoxic expo-
sure was directly related to hypoxia and the activation of the nuclear factor, NF-kB, 
and not the transcriptional regulator, HIF-1. 

 Fetal guinea pig and newborn piglet model studies have demonstrated that 
brain tissue hypoxia results in brain cell membrane damage as evidenced by 
increased membrane lipid peroxidation and decreased Na + , K + -ATPase activity. 
Brain hypoxia was found to increase the NMDA receptor agonist-dependent Ca 2+  
in synaptosomes of hypoxic as compared to normoxic fetuses (Mishra and Delivoria-
Papadopoulos,  1999) .  

  Ketosis and Hypoxia 

 Ketosis has been considered to improve hypoxic tolerance by improving the meta-
bolic energy state as a result of imbalance in glucose metabolism and energy 
insufficiency. Ketone bodies are suggested to have beneficial applications in both 
mitochondrial energy metabolism as well as non-oxidative metabolism. 

 The classic study by Owen et al. based on arterio-venous differences suggested 
that the adult brain uses ketone bodies as a principle substrate during starvation, 
resulting in a remarkable decrease in brain glucose consumption (Owen et al.,  1967) . 
Review of the current literature has shown inconsistencies in the magnitude/level at 
which the mammalian brain uses ketones as an oxidative substrate to  glucose 

  Fig. 2.1      Glucose and ketone body transporters with hypoxia. The relative increase in moncar-
boxylate (MCT1) and glucose (GLUT1) transporters at the blood — brain barrier following 10% 
(0.5 atm. oxygen) exposure of hypobaric-hypoxia. Quantification of cerebral capillary density, as 
measured by GLUT1 immunostaining, and MCT1 immunoreactivities (number of counts per mm 2 ) 
showed about a 30% upregulation of MCT 1 and GLUT1 transporters with 3 week hypoxic expo-
sure in rat brain. *P < 0.05, hypoxic vs. normoxic       
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( alternate energy substrate to glucose). In a study of fasted rats exposed to altitude, 
it was reported that improved survival was a result of elevated blood ketone bodies 
(Myles,  1976) . Recent studies have suggested the use of ketones as a therapy for 
both non-pathological and pathological conditions. 

 Ketone bodies are known to supplement the brain energy metabolism through 
the oxidation (utilization) of beta-hydroxybutyrate (BHB) and acetoacetate (AcAc) 
especially when glucose availability is minimal. Ketosis is induced in most mam-
mals by fasting, starvation or by feeding a high fat-low carbohydrate diet. Under 
conditions of glucose sparing, the majority of the ketone bodies are supplied by the 
periphery via liver metabolism (Balasse and Fery,  1989) . The liver produces ketone 
bodies BHB and AcAc via ketogenesis as a result of the partial beta-oxidation of 
free fatty acids, which are then taken up by peripheral tissues such as those of the 
brain and utilized. 

 Ketone bodies are thought to have therapeutic implications that involve their 
effects on pathological conditions, redox state, diabetes (insulin resistance), non-
mitochondrial (glycolysis) and mitochondrial metabolism (glucose metabolism e.g. 
anaplerosis, oxidative metabolism of glucose, enzyme activities of TCA cycle and 
oxidative phosphorylation) (Veech,  2004) . The potential benefits of ketone bodies 
on improving overall physical and cognitive performance as well as protection from 
oxidative stress is thought to be linked to improved metabolic efficiency, but 
remains to be explored. One could speculate that during conditions of limited oxy-
gen supply, ketone bodies might be beneficial in limiting tissue damage.  

  Hypoxic-Tolerance with Ketosis 

 Though not well investigated, the majority of research on hypoxia and the effects 
of ketosis on cerebral function and metabolism has primarily studied conditions of 
severe hypoxia. Hypoxia has been described to elevate blood-plasma ketone levels 
following severe hypoxic exposure. In one study, a sequential severe exposure to 
hypoxia (4.5% O 

2
 ) in mice induced metabolic changes that protected against the 

lethal effects of hypoxia as measured by hypoxic survival time. The rationale for 
improved survival time was proposed by the authors to be through the alteration of 
substrate utilization and mobilization. The combination of three successive 
pretreatments with hypoxia and intra-peritoneal bolus of BHB dramatically and 
significantly increased the hypoxia survival time. Hypoxia survival time was 
not improved with glucose-pretreatment. Hypometabolic hypothermia was also 
reported, most likely as a consequence of depression of oxidative metabolism 
(Rising and D’Alecy,  1989) . These results suggest that ketones provide a beneficial 
effect through altering glucose metabolism by possibly improving redox state 
through the regulation of glycolysis. 

 Protection from hypoxia in fasted animals (mildly ketotic) resulted in improved 
survival time and a reduction in lactic acid production without a generalized reduc-
tion in cerebral energy metabolism. It was suggested that this protection was due to 
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a shift toward ketone-metabolism with a subsequent reduction of glucose oxidation. 
The increase in hypoxia survival time could not be accounted for by blood-glucose 
levels. The causal relation responsible for the increased hypoxia survival time was 
presumed to be ketosis (Kirsch and D’Alecy,  1979 ; Eiger et al.,  1980) . 

 In a neonatal rodent model of hypoxia-ischemia, ketosis was reported to limit 
brain damage after 3 h of hypoxia exposure and preserve cerebral energy metabo-
lism. Increased levels of BHB in rat pups (7-day old) might provide a critical and 
supplemental energy source particularly under times of neuropathological damage 
(Dardzinski et al.,  2000) . These data are consistent with the bilateral carotid occlu-
sion rodent model where the authors report that BHB administered exogenously 
resulted in amelioration of the disruption of cerebral energy metabolism with 
hypoxia. The mechanism was described to be possibly through the feedback inhibi-
tion of pyruvate dehydrogenase complex via increased acetyl-CoA availability. 
The increased availability of acetyl-CoA could also result in decreased lactate 
 production through feedback inhibition of phosphofructokinase (PFK), the key 
rate-limiting enzyme in glycolysis (Suzuki et al.,  2001) . The aspect of the inhibition 
of the allosteric enzyme PFK was previously proposed in a dog model where A — V 
differences of glucose and BHB across brain were measured following acute 
venous infusion of BHB during hypoxia (Chang and D’Alecy,  1993) . With acute 
hypoxia, BHB was found to exhibit neuro-protection by the mechanism of depress-
ing glucose uptake and consumption instead of acting as a cerebral energy substrate 
presumably through feedback inhibition of PFK. However, this mechanism remains 
to be understood. 

 BHB treatment was reported to protect hippocampal cells for 2 h. In cultured 
hypoxic-exposed hippocampal rat neurons treated with BHB, a concomitant 
decrease of cytochrome-C release, caspace-3 activation and poly (ADP-ribose) 
polymerase was observed. Mitochondrial transmembrane potential was maintained 
during a 2 h exposure to hypoxia (Masuda et al.,  2005) . 

 In our rodent model of diet-induced ketosis, we found with chronic mild hypoxic 
exposure (0.5 atm.) that adaptation to hypoxia did not interfere with ketosis induced 
by feeding a high fat ketogenic diet. This was indicated by the sustained elevated 
levels of ketones present in the brain and plasma following the 3-week duration of 
diet and hypoxia. The reduced lactate in the ketotic groups was thought to be a 
consequence of ketosis. Hypoxia and ketosis did not result in metabolic acidosis. 
Plasma lactate was significantly reduced both in normoxic and hypoxic groups rela-
tive to non-ketotic standard diet fed groups. The lower plasma lactate levels in the 
non-ketotic standard diet group suggests the alteration of glucose metabolism by 
the ketone bodies, possibly through the inhibition of glycolysis or by increased lac-
tate disposal (Puchowicz et al.,  2005) . Additionally, we have shown that ketosis 
results in the elevation of HIF-1 in brains of normoxic rats fed the ketogenic diet 
for 3 weeks (Fig.  2.2 )  and it remained elevated through week six.  

 One mechanism explaining the hypoxic response observed with ketosis is 
through the elevation of HIF-1 (see the section on hypoxia and HIF-1). However 
the exact biochemical mechanism remains to be explored. Together with the associ-
ated changes in glucose metabolism, one could speculate that there is a relationship 
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between the utilization and regulation of energy substrates and hypoxic tolerance 
(Semenza et al.,  1994 ; Jones and Bergeron,  2001 ; Lu et al.,  2002) . The stabilization 
of HIF-1 has been described to occur by two pathways, either metabolic or hypoxia. 
In both cases the reaction that results in the stabilization of HIF-1 requires 
2-oxoglutarate of which succinate is the product. We hypothesize that the meta-
bolic side of HIF-1 regulation is through the inhibition of the PHD reaction by an 
intermediate of energy metabolism, such as succinate. The metabolism of ketones 
has been known to result in an increase in citric acid cycle intermediates such as 
citrate and succinate as compared to glucose metabolism. Figure  2.3   shows the 
relationship of the metabolic pathways of glucose and ketone bodies entering the 
citric acid cycle and HIF-1. With the metabolism of ketones, mitochondrial succi-
nate, at elevated levels, is then transported out of the mitochondria into the cytosol 
resulting in the inhibition of PHD and thus stabilization of HIF-1. The inhibition of 
PHD is most likely through product inhibition of the reaction of HIF-1 to the 
hydroxylated form via PHD.    

  Conclusions  

 Mild, prolonged hypoxia evokes systemic and CNS mechanisms that result in suc-
cessful acclimatization. The CNS response includes increased glucose metabolism, 
decreased oxidative capacity, and microvascular remodeling by capillary angiogen-
esis which results in decreased diffusion distances for oxygen from erythrocytes to 
mitochondria. The changes induced by hypoxia are reversible upon return to a normal 

  Fig. 2.2      Ketosis induced hypoxic 
tolerance. Western Blot protein 
analysis of HIF-1α in cortical brain 
of diet induced ketotic rats. A 
threefold upregulation of HIF-1α was 
evident with feeding a ketogenic diet 
(KG) for 3 weeks during normoxic 
conditions compared to standard fed 
(STD). ∗ < 0.05, KG vs. STD       
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oxygen environment. The transcription factor, HIF-1, plays a major role in orches-
trating the metabolic and vascular responses to hypoxia. Cerebral glycolytic ATP 
utilization contributes to tissue acid — base balance. Ketones invoke a hypoxia — like 
response and are protective in hypoxic conditions.      
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      Chapter 3 
 Hypoglycemic Brain Damage       

     Roland   N.   Auer      

  Historical Aspects of Hypoglycemia  

 Although the prevalence of hypoglycemia is thought to be high, blood glucose 
levels rarely substantiate this (Anderson and Lev-Ran,  1985) . This situation 
changes entirely in the context of diabetes, where hypoglycemic episodes occur 
with a frequency and severity determined by the intensity of insulin treatment. 
Indeed, diabetes treatment is a balance (The DCCT Research Group,  1993)  between 
the desire to prevent retinopathy, neuropathy and nephrology  and the desire to pre-
vent severe hypoglycemia and permanent brain damage. 

 Knowledge of hypoglycemic brain damage is thus important in the clinical man-
agement of diabetes. But profound hypoglycemia also occurs in the context of 
insulin overdose of either homicidal or suicidal nature. Other clinical contexts 
include medication error, where insulin is mistakenly given to the wrong, non-
diabetic patient or when insulin dose is miscalculated for a diabetic. Oral hypogly-
cemic mediations releasing endogenous insulin can cause hypoglycemic brain 
damage. Lastly, tumors of the β-cells of the islets of Langerhans, so-called insulinomas, 
can cause hypoglycemic brain damage. 

 While hypoglycemia associated with starvation, or hypoglycemia accompanying 
countless diseases including widespread cancer, adversely affects brain function, 
we note that hypoglycemic brain damage is not produced. An artificial stimulus or 
source of insulin is needed to produce hypoglycemic brain damage. Chronic low 
blood sugar, however prolonged, does not suffice. Coma and a flat EEG and a sub-
sequent time period are prerequisites for hypoglycemic brain damage. Insulin coma 
was first produced systematically in attempts to ameliorate psychiatric conditions; 
however, if coma was reversed prior to 30 min, brain injury was limited. This is 
very unlike ischemia where 30 min of global ischemia is intolerable. 

 When insulin was only in its second decade of medical use, it was developed, in 
desperation, into a therapy to attempt to alleviate the mental devastation wrought 
by schizophrenia. The therapy involved 30 min of hypoglycemic coma, or as it was 
then termed  “ insulin coma ”  (Sakel,  1937) . Our present understanding of hypoglyc-
emic coma allows us to conceive of spreading depression of Leao passing over the 
brain surface followed by complete loss of the direct current potential of the cerebral 
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cortex thereafter. Thus begins the time of profound hypoglycemia, with brain-damaging 
potential. The desired period of coma, after some experience with this procedure, 
was 30 min, since it was discovered that if the patient remained in coma for longer 
than 30 min, he would be tragically transformed from a  “ reversible coma ”  to an 
 “ irreversible coma ”  (Baker,  1938 ; Fazekas et al.,  1951) . This, we now know, was 
due to an accelerating quantity of neuronal necrosis that occurs between 30 and 
60 min of hypoglycemic coma (Auer et al.,  1984a , b) . When treating patients, inat-
tentiveness to the time would prolong coma beyond potential for recovery, since 
60 min of hypoglycemic coma leads to virtual decortication, such that a large 
number of cortical neurons are lost. After the Second World War, the development 
of the first effective medications in psychiatry led to the phasing out of insulin-
induced hypoglycemia as a therapy for psychiatric disease (Mayer-Gross,  1951) . 

 It should be noted that prior to the introduction of Sakel’s therapy, indeed prior 
to the discovery of insulin, hypoglycemia must have been seen in the context of 
insulin-secreting pancreatic tumors (Terbr ü ggen,  1932) . However, the stimuli for 
the nosologic recognition of hypoglycemic brain damage were (Abdul-Rahman and 
Siesj ö ,  1980)  the discovery of insulin in 1921, (Abdul-Rahman et al.,  1980)  the 
ensuing widespread use of insulin in the treatment of diabetes and (Agardh and 
Siesj ö ,  1981)  the use of hypoglycemic coma in the treatment of schizophrenia. 
Critical reading of this historical literature reveals that the duration of coma, not the 
blood sugar level, is critical in determining hypoglycemic brain damage. Since a 
flat EEG is a clinical counterpart of coma, we begin with a brief review of the 
electroencephalogram.  

  The EEG in Hypoglycemia  

 Disappearance of brain electrical activity is an all-or-none phenomenon, and is a 
necessary prerequisite for hypoglycemic brain damage. Animals allowed to have 
delta waves for hours, still show no dead neurons (Auer et al.,  1984a , b) . The elec-
troencephalogram (EEG) is usually not obtained during hypoglycemia in the usual 
clinical situations encountered, but controlled hypoglycemia and EEG recording 
have been done in humans (Meyer and Portnoy,  1958) . Such studies have shown us 
that focal neurological deficits can appear as glucose delivery reduced to a particular 
brain region. Such focal neurological deficits are reversed on glucose administra-
tion. Experimentally, it has been established that EEG determines the presence of 
brain damage over a range of blood sugars that vary by more than a factor of 10. 
The clinical state thus trumps  the absolute level of blood glucose, in importance. 

 The normal EEG consists of waves in the alpha range of 8  –  13 Hz ( α  waves) 
and beta range of 13  –  25 Hz ( β  waves). Waves in the theta range of 4  –  8 Hz 
( θ  waves) constitute a very minor component of the normal EEG and delta wave 
activity in the range of 1 – 4 Hz ( δ  waves) is absent. 

 As the blood glucose levels progressively drop in hypoglycemia to the range of 
1 – 2 mM,  θ  waves increase and coarse  δ  waves appear. These are accompanied by 
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clinical stupor or drowsiness (see Table  3.1  ). Changes in the brain monoamines 
dopamine, noradrenaline and serotonin already occur at this stage (Agardh et al., 
 1979) , probably explaining at least partly, the changes in mentation that occur in 
the early, pre-coma stages of hypoglycemia. Free fatty acids increase over six times 
(Agardh et al.,  1980) , due to phospholipid breakdown, and there is inhibition of 
plasma membrane function and contained ion pumps (Agardh et al.,  1982) . 
Metabolically, this still pre-lethal stage corresponds also to progressive carbohy-
drate depletion in cerebral tissue, until partial energy failure occurs in a threshold 
manner. This usually occurs when brain glucose has fallen by over 97% (Feise et al., 
 1976) , and blood glucose to the range of 1 mM (18 mg%).  

 The cerebellum suffers a lesser metabolic insult (Agardh and Siesj ö ,  1981 ; 
Agardh et al.,  1981a , b) , probably due to the greater efficiency of the cerebellar 
glucose transporter (LaManna and Harik,  1985) , explaining the relative resistance 
of the cerebellum to neuronal death due to hypoglycemic brain damage. The cere-
bellum and brainstem are so resistant that protein synthesis actually continues during 
hypoglycemic coma (Kiessling et al.,  1986) . 

 As the duration of hypoglycemia increases, coma finally supervenes and this is 
accompanied electroencephalographically by isoelectricity, or flat EEG. The blood 
glucose is by now almost always in the range of < 1 mM. The signs and stages of 
hypoglycemia are outlined in Table  3.1 . 

 The absolute level of the blood sugar is unimportant once it reaches the asymp-
totic low levels of hypoglycemic coma. It is the fact of cerebral EEG isoelectricity 
that is the harbinger of neuronal necrosis. Experimentally, a flat EEG was seen over 
the range of blood glucose levels, from 1.36 down to 0.12 mM (Auer et al., 
 1984a , b) . This is why the clinical state (or EEG) is so much more valuable data than 
the absolute level of low blood glucose, in assessment of potential brain damage 
due to hypoglycemia. Controversies surrounding diabetic children, who are poten-
tially hypoglycemic in the classroom, must bear these principles in mind.  

  Neurochemistry  

 Glycolytic flux through the Embden — Myerhof pathway is obviously decreased in 
hypoglycaemia, contributing to a decreased cerebral metabolic rate for glucose 
(CMRgl) (Abdul-Rahman and Siesj ö ,  1980) . Transamination reactions occur, and 
the aspartate — glutamate transaminase reaction is shifted to the left (Fig.  3.1  ). 

  Table 3.1      Stages of hypoglycemia    

 Clinical  EEG  Blood glucose (mM) 

 Normal  Normal  > 3.5 
 Anxiety (adrenergic discharge)   ↑ amplitude  ↓ frequency ( θ ,  δ  

waves) 
 2 – 3.5 

 Stupor   δ  waves  1 – 2 
 Coma Cushing response ( ↑ BP)  Flat  < 1.36 
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Aspartate in the tissue increases fourfold (Agardh et al.,  1978) . The increased 
aspartate spills over from the intracellular to the extracellular space of the brain, 
where aspartic acid levels increase to 1,600% of control (Sandberg et al.,  1985) . 
Excitatory and inhibitory amino acid changes are shown in Fig.  3.2  . The balance 
shifts toward excitation, which is why seizures can be seen in hypoglycemia despite 
some degree of energy failure ( ~ 25 – 30%).   

 These are the salient neurochemical features of hypoglycemic brain damage that 
result in neuronal death. But other biochemical alterations that occur are of interest 
in that many are the opposite of those that occur in ischemia, which has often been 
equated with hypoglycemia. One of these perturbations is the consistent develop-
ment of a profound tissue alkalosis. The cause is twofold. Increased ammonia 
production as the cell catabolizes protein and delaminates amino acids is one cause. 
Ammonia is a very strong base and its tissue production powerfully drives up 
cellular pH. The second reason for alkalosis in hypoglycemia is lactate deficiency. 
The normally acidifying production of lactic acid is mitigated in profound hypogly-
cemia. Lactate has a pKa of 3.83, and it tends to pull the tissue pH towards its own 
pKa. Tonic production of lactate is reduced due to the decreased glycolytic flux in 

  Fig. 3.1      Altered metabolism of excitatory amino acids during hypoglycemic coma. Oxaloacetate 
and  α -ketoglutarate are the corresponding  α -keto-acids to aspartate and glutamate, respectively. 
During hypoglycemia the aspartate — glutamate transaminase reaction is driven to the left       

HOOC-CH2-C-COOH + HOOC-CH2-CH2-C-COOH HOOC-CH2-C-COOH + HOOC-CH2-C-COOH

H H

NH2NH2

aspartate α-ketoglutarate oxaloacetate

OO

+ + glutamate

  Fig. 3.2      Hypoglycemia causes an increase in tissue aspartate and decrease in glutamate, while 
both amino acids flood the extracellular space of the brain. GABA similarly floods the extracel-
lular space, but its inhibitory effects are often insufficient to prevent hypoglycemic convulsions in 
the face of the excitatory amino acids released. Data from Norberg and Siesj ö   (1976)  for whole 
tissue and extracellular data from Sandberg et al.  (1986)         (See also Color Insert)
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hypoglycemia. One morphologic consequence of this is that infarction is  impossible 
in hypoglycemia due to the impossibility of increasing tissue lactate and lowering pH. 
Infarction of brain tissue results from profound lactic acidosis or vascular occlusion. 
Neither occurs in pure hypoglycemic insults to the brain. Thus, selective neuronal 
necrosis, but not infarction, is seen in hypoglycemia. These events conspire to 
increase cellular pH to roughly 7.5 from a normal of 7.3 (Pelligrino and Siesj ö , 
 1981) . This hypoglycemic alkalosis contrasts with the acidosis engendered by brain 
tissue in ischemia. 

 Energy failure occurs in hypoglycemia, with the energy charge falling abruptly 
to roughly 25 – 30% of what is normal. Oxidative phosphorylation is decreased and 
inorganic phosphate is increased (Behar et al.,  1985) . Adenosine triphosphate 
(ATP), the chief player in determining the cellular energy state, is reduced. 
Adenosine monophosphate is increased. Energy equivalents arise through contin-
ued turning of the Krebs cycle during hypoglycemia (Sutherland et al.,  2008) . 
Conceptually, if the aspartate — glutamate transaminase reaction is written across 
the Krebs cycle, this aids our understanding of how the Krebs cycle can continue 
to turn without glucose: the Krebs cycle becomes truncated (Fig.  3.3  ).  

  Fig. 3.3      Krebs cycle in hypoglycemia. This fundamental metabolic pathway is altered during 
hypoglycemic coma. The Krebs cycle continues to turn, however short the glucose supply from 
Embden — Myerhof glycolysis is, due to a short circuit of metabolites across the circle by amino 
acid transamination       
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 Brain energy metabolism can be sustained not only by consumption of endogenous 
substrates such as proteins and fatty acids (Agardh et al.,  1980) , but also through 
exogenous molecules which still circulate through the blood in hypoglycemia. 
These include glycerol (Sloviter et al.,  1966) , lactate (McIlwain,  1953) , and ketone 
bodies ( β -OH butyrate and acetoacetate). Lactate alone can substitute for roughly 
one-fourth of glucose use (Nemoto and Hoff,  1974) . 

 Oxidation is favored over reduction during hypoglycemia, and all cellular redox 
pairs tilt their reactions toward oxidation in hypoglycemia. Thus, lactate/pyruvate, 
NAD/NADH, GSG/GSSG and NADP/NADPH all shift their equilibria toward 
the oxidized compound of the pair (Agardh et al.,  1978) . Whether the oxidized 
cellular state of hypoglycemia leads to oxidative damage to DNA or proteins is still 
unknown. 

 Hypoglycemic brain damage is characterized by not only an increase in cerebral 
blood flow (CBF) (Abdul-Rahman et al.,  1980)  but interestingly also in a relatively 
upheld cerebral metabolic rate for oxygen (CMRO

2
) (Eisenberg and Seltzer,  1962) . 

To account for upheld CMRO
2
 with decreased CMRgl the use of endogenous sub-

strates by the brain must necessarily be invoked. The use of brain tissue fatty acids 
and protein catabolic products explain the stoichiometric discrepancy between 
glucose consumed and CO

2
 produced during hypoglycemia. It should be noted that 

the increased CBF is non-specific, and occurs in many brain insults: the increase in 
blood pressure represents an attempt by the body to maintain the brain (the Cushing 
response) in the face of an insult to the brain.  

  Neuropathology  

 Once the EEG goes flat, neuronal necrosis appears over 10 – 30 min (Auer et al., 
 1984a , b)  as aspartate floods the extracellular space (Sandberg et al.,  1986) . These 
necrotic neurons can be stained with any acid histological stain, and the increased 
affinity for acid dyes will cause them to be acidophilic. Since most histologic stains 
of the brain involve a pink or red acid dye, acidophilic neurons are invariably red 
in routinely stained tissue sections. 

 A conspicuous feature of hypoglycemic brain damage in the rat is neuronal 
necrosis in the dentate gyrus (Fig.  3.4  ) of the hippocampus (Auer et al.,  1985) . This 
seems to be due to the proximity of the NMDA receptors of the molecular layer of 
the dentate, to the CSF spaces containing the excitatory amino acid aspartate. 
A similar picture of dentate necrosis is seen sometimes, in human cases of hypogly-
cemic coma. Although the concept of excitotoxicity was unknown in 1938, toxicity 
of some kind was postulated by Arthur Weil, when he noticed dentate gyrus neurons 
near the CSF were necrotic in rabbits (Weil et al.,  1938) .  

 One of the mysteries of hypoglycemic brain damage has been its asymmetry. 
It seems impossible a priori for a metabolic insult to cause an asymmetric pattern 
of damage in the brain. However, with the understanding that a flat EEG is necessary 
for brain damage to occur, and the discovery that this is occasionally asynchronous 
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between the hemispheres (Harris et al.,  1984 ; Wieloch et al.,  1984) , asynchrony is 
easily explained. If one hemisphere should develop a flat EEG 10 min before the 
other, then, a duration of 20 min of flat EEG for the entire brain would really 
amount in that case to 30 min for one hemisphere but only 20 min for the other, as 
assessed by an interhemispheric EEG. There is another, more practical implication 
of this besides theoretically explaining hypoglycemic asymmetry in brain damage. 
The neuropathologist should never use asymmetry as a criterion favoring either 
ischemic or hypoglycemic brain damage over the other, since both can be 
asymmetric. 

  Fig. 3.4      Left and right hippocampus in human hypoglycemia to show asymmetry of brain dam-
age. The dentate granule cells are depleted on the left, but the normal band of well-populated 
dentate granule cells is seen on the right. Cresyl violet stain        (See also Color Insert)

  Fig. 3.5      Electron microscopy after only 10 min of EEG silence (see text) reveals already swollen 
dendrites, and contained mitochondria, sparing intervening axons. This electron microscopic 
appearance is due to the dendrite location of excitatory amino acid receptors       
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 Electron microscopically (Fig.  3.5  ), the early lesion of the neuron is marked by 
dendritic swelling (Auer et al.,  1985) . This spares the intervening neuropil. The 
lesion is the electron microscopic hallmark of an excitotoxin. The reason for this is 
the selective dendritic location of receptors. Thus, amino acids bind to glutamate 
excitatory receptors on neuronal dendrites, open Ca2+ and Na+ channels which lead 
also to water fluxes across the membrane, and to the swelling of dendrites, sparing 
the intervening axons. When cell membrane breaks spread to the soma or peri-
karyon, the neuron dies.  

 Hypoglycemia may be summarized as a novel insult that has a number of fea-
tures unsuspected several decades ago. These include a positive, excitotoxic mecha-
nism of neuronal death, not merely neuronal death by starvation. Asymmetry is 
sometimes seen, and is explained by the asynchronous onset of electrocerebral 
silence between the hemispheres. And selective necrosis of the dentate gyrus is not 
seen in cerebral ischemia, the dentate being the last structure within the hippocam-
pus to be destroyed by ischemia. Based on these principles, it is sometimes possible 
to tell hypoglycemic from ischemic brain damage in human brains.      
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 Chapter 4 
 Experimental Ischemia: Summary of Metabolic 
Encephalopathy 

           W.   David   Lust   ,    Jennifer   Zechel   , and    Svetlana   Pundik   

     Introduction  

 Cerebral ischemia refers to a lack of adequate blood flow to the brain, which 
may be the result of an embolism, blood clot, blood vessel constriction secondary to 
increased intracranial pressure or a hemorrhage. Why the brain is so susceptible 
to alterations in Cerebral Blood Flow (CBF) has been extensively studied. The 
brain is a very demanding organ requiring an uninterrupted supply of nutrients 
to feed the tens of billions of cells which make up the CNS, necessary for the 
processing and storing of information and for controlling many vital functions 
within the organism. Maintaining the structure and function of this complex tis-
sue requires a disproportionately large amount of energy when compared to 
most other organs of the body. This is clearly demonstrated by the fact that the 
brain comprises about 2% of total body mass and yet consumes about 20% of 
the total basal O 

2
  and receives approximately 15% of the resting cardiac output. 

An important concept in normal brain metabolism is that energy production is 
tightly coupled to energy consumption (i.e., work). 

 Stroke can be categorized as either focal or global ischemia as is the case in 
stroke and cardiac arrest, respectively. The emphasis of this review will be on 
the focal strokes, since the metabolic pathophysiology of this type of stroke has 
made greater advances in recent years and arguably is more important to under-
standing acute stroke. Stroke in humans, referred to as  “ Brain Attack,  ”  consists 
of a focal neurological deficit that develops abruptly, primarily attributable to 
either cerebral vessel occlusion or to the spontaneous rupture of an intracranial 
artery with hemorrhage into the brain parenchyma or subarachnoid space 
(Walker and Marx,  1981) . Brain infarction, a localized lesion caused by the 
occlusion of a brain vessel (usually an artery), accounts for about 75% of the lesions 
produced by stroke, with brain hemorrhage (11%) and subarachnoid hemorrhage 
(5%) accounting for most of the rest (Anderson and Whisnant, 1982 ; Robins and 
Baum, 1981; Sacco et al., 1982). Thus, human stroke takes many forms depending 
on the etiology and spatial/temporal characteristics of the lesion and the types of 
cell damage (see below).  
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  Energy Metabolism in the Brain  

 It is the aim of this section to give an overview of nutrient consumption and how 
the energy produced from oxidative metabolism is absolutely critical for the 
maintenance of brain functions and the structural integrity of the brain. There are a 
number of books on the subject and the reader can find more detailed information 
in both reviews and books (Lipton,  1999 ; Ginsberg and Bogousslavsky,  1998 ; 
Mergenthaler et al.,  2004 ; Welsch et al.,  1997) . 

 The brain derives the energy for function and maintenance of structure under 
normal circumstances from the oxidation of glucose and the formula for the oxidative 
catabolism of glucose is shown below: 

   C 
6 
 H 

12 
O 

6 
 + 6O 

2 
 > energy + 6CO 

2 
 + 6H 

2 
O   

 where C 
6
 H 

12
 O 

6
  is glucose, O 

2
  is oxygen, CO 

2
  is carbon dioxide, H2O is water and 

ATP  is the predominant energy formed. The oxidation of glucose can be consid-
ered as a three stage process: glycolysis, tricarboxylic acid cycle terminating in 
electron transport, and oxidative phosphorylation. Each glucose is metabolized to 
generate two pyruvates through the glycolytic pathway, yielding two equivalents of 
both ATP (adenosine triphosphate ) and NADH (reduced nicotinamide adenine 
dinucleotide). The pyruvate then enters the tricarboxylic acid cycle (TCA), generating 
either additional reduced pyridine nucleotides (NADH) or reduced flavin mononu-
cleotides (FADH 

2
 ). The NADH and FADH 

2
  serve as substrate for the respiratory 

chain and the proton gradient generated across the inner mitochondrial membrane 
drives the phosphorylation of ADP (i.e., oxidative phosphorylation). Each NADH 
contains sufficient usable energy to phosphorylate 3 ADPs, whereas each FADH 

2
  

only has the energy for the phosphorylation of two ADP molecules. Through these 
three pathways, 36 ATPs theoretically can be produced from each glucose moiety, 
with the major production of energy occurring during electron transport and oxidative 
phosphorylation. In the subsequent sections, the specific pathways in the oxidation 
of glucose will be described in greater detail. 

 The standard free energy yield ( ∆ G) for the oxidation metabolism of glucose to 
carbon dioxide and water at 25 ° C and pH 7 is approximately  − 686 kcal mol  − 1  (note 
that the negative standard free energy favors the forward reaction). Since the brain 
cannot readily use energy in the form of heat or pressure, the energy produced is 
chemical in nature and, for the most part, is in the form of ATP. The energy for most of 
the active processes in the brain comes from the hydrolysis of ATP, which is coupled 
to reactions where either the adenylate or the phosphate moiety is first covalently 
bound to an enzyme or a substrate molecule and then one of the moieties is released 
in the form of either free ADP or Pi. The free-energy change in the brain from 
the hydrolysis of ATP has been estimated to be  − 7.86 kcal mole  − 1 , as determined 
from the following equation: 

   ∆G = ∆G °  + RT In[ADP][Pi]/[ADP]   
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 where  ∆ G is the free-energy change,  ∆ G °’ is the standard free-energy change, R 
is the universal gas constant, T is the temperature in degrees Kelvin, [ADP] is the 
concentration of adenosine diphosphate, [ATP] is the concentration of ATP and [Pi] 
is the concentration of inorganic phosphate. The actual free-energy change in the 
cytosol may be as much as  − 14.1 kcal mole  − 1  based on the observation that free 
cytosolic ADP is actually only about 5% of the total tissue concentration (i.e., 30 
 µ mol kg  − 1  wet weight) (Veech et al.,  1979) . The calculated higher free-energy change 
would increase the efficiency of energy conservation in the brain, which has been 
estimated to be approximately 20%. ATP can be hydrolyzed to other products such 
as AMP and inorganic pyrophosphate, but these energy yielding reactions are less 
common to the cell. Thus, the oxidation of glucose provides cellular energy in the 
form of ATP, the hydrolysis of which serves most of the active processes in the brain. 
Generally, the other high-energy phosphates, including P-creatine, phosphoe-
nolpyruvate and 1,3 bisphosphoglycerate, lack enzymes for donating the phosphate 
from a high-energy source to a lower one without using ATP as an intermediate. For 
the interested reader, a more extensive description of the various aspects of cerebral 
bioenergetics are to be found in books and review articles by Erecinska and Silver 
 (1989) , Lehninger et al.  (1993) ,  and Siesjo  (1978) .  

  Biochemical and Physiological Consequences 
of Experimental Ischemia  

 In terms of the  “ Brain Attack ”  concept, the loss of the TCA and oxidative phospho-
rylation places the tissue energetically at risk. At best, the anaerobic glycolytic 
pathway can only minimally reduce the energy debt following ischemia, since the 
increase in energy demands caused by the disruption of ion gradients overwhelms 
the glycolytic capacity. Cellular energy reserves including glucose, glycogen, ATP 
and P-creatine in the brain are limited and the high-rate energy consumption of the 
brain will exhaust these stores within a minute in the absence of blood flow. An 
equation for determining the limited endogenous high-energy phosphate (HEP) 
stores in the brain is presented below (Lowry et al.,  1964) . 

   HEP = phosphocreatine + 2ATP + ADP + 2glucose + 2.9glycogen    

  Flow Thresholds  

 Modern electrophysiological techniques and accurate cerebral blood flow determi-
nations have refined our understanding of the relationship between neuronal function, 
tissue viability, and critical levels of regional cerebral blood flow in both global and 
focal models of ischemia. 
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 Experimental studies of middle cerebral artery occlusion in various species have 
demonstrated a blood flow gradient from normal flow in areas outside the affected 
territory, to modest decreases in the adjacent perifocal region or penumbra, to a 
profound drop in the ischemic core (Morawetz et al.,  1978 ,  1979 ; Symon et al., 
 1974) . The slope of this gradient, in part, depends on the extent and functional 
capacity of collateral blood supply. Since the arteries of the striatum are end vessels 
with little collateral flow, many events in the ischemic core mimic metabolically 
those that occur in tissue affected by global ischemia. The tissue in the border zone 
between moderately reduced flow (i.e., penumbra) and the ischemic core yields a 
graded range of changes to the transition regions and its homeostatic mechanisms. 
Different cellular functions, which require specific minimum levels of blood flow, are 
affected in these regions depending on the level of blood flow reduction (Siesjo, 
 1992a ,  1992b) . The various functional perturbations that occur once the relative 
blood flow decreases below these thresholds are shown in the following schematic 
representation (Fig.  4.1  ). The CBF is presented as a percent of control, since interspe-
cies differences are evident for the control flow.        

 The thresholds described in this section were determined in experimental models 
using both smaller rodents and primates. A list of various thresholds in a number 
of species has been summarized (Hossmann,  1998) . Similar values have been 
reported in humans (Siesjo,  1992a ,  1992b) . While absolute values may vary somewhat 
between species and the type of anesthesia, the percent reduction from normal flow 
to these thresholds appears to be uniform and constant. Critical CBF values for loss 

 Fig. 4.1      Relative cerebral blood flow thresholds resulting in a range of functional perturbations 
in the brain. The range of cerebral blood flow on the abscissa range from normal, oligemia, state 
where total blood volume is reduced, and ischemia   
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of synaptic transmission in baboons, corresponding to loss of neuronal function, are 
between 15 and 18 ml/100 g min  − 1  or approximately 23% of control (Branston 
et al.,  1974 ; Heiss et al.,  1976) . The threshold for membrane pump failure, and thus 
for loss of cellular integrity in primates, is approximately 18% of control or 
10 ml/100 g min  − 1  (Astrup et al.,  1977 ; Branston et al.,  1979) . The level of blood 
flow reduction for ion pump failure appears to be similar to that for energy failure. 
The presence of these two distinct thresholds implies that some regions in the peri-
focal area contain cells that are electrophysiologically quiescent but nonetheless 
viable. These regions constitute the ischemic penumbra, defined by Astrup, Siesjo, 
and Symon  (1981  ) as an area with EEG quiescence and low extracellular K + . While 
flow reduction is one component that determines the severity of an ischemic insult, 
the duration of flow reduction and age of the animal are part of the equation and 
are also of paramount importance.  

  Ischemia Impact on Intermediary Metabolism  

 The first major comprehensive description of metabolic perturbations following 
global ischemia was published by Lowry et al.  (1964)  who described the pronounced 
changes in energy metabolites upon decapitation of the mouse. We have subsequently 
examined global ischemia in the gerbil and the high-energy and glucose related 
metabolite changes are presented in (Fig.  4.2  ). The findings of a rapid depletion of 
the high-energy phosphates and glucose within 1 min of bilateral occlusion in the 
gerbil are essentially the same as those described by Lowry et al.  (1964) . 
The consumption of glycogen, a storage form of glucosyl units, was somewhat 
slower as was the increase in the levels of 5 ′ AMP. Knowing that the brain relies 
primarily on glucose oxidation for the production for energy, deprivation of oxygen 
results in anaerobic glycolysis of the endogenous glucosyl moieties, the metabolite 
changes are rather predictable and are simply explained by the several chemical 
equations (Siesjo et al.,  1998) .       

  1.   ATP + H 
2 
O → ADP + Pi + H +   

  2.   PCr + ADP + H +  → Cr + ATP  
  3.   2ADP → 5′AMP + ATP   

 The first equation is a reflection of the energy needed to maintain the brain function 
(ATPase) when the production of ATP by oxidative phosphorylation is compromised; 
the second (creatine phosphokinase) and third (myokinase) reactions are secondary 
pathways attempting to maintain the ATP levels. In addition, ATP can be produced 
by anaerobic glycolysis and this explains the relative depletion of the glucose-related 
metabolites and a tenfold increase in lactate with a resulting acidosis (data not 
shown.). 

 In contrast to global ischemia, the time course of energy failure in focal ischemia is 
slower which, in part, is explained by the localized nature of the insult and the ability 
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of collateral circulation to offset the loss of flow to the ischemic region (Folbergrova 
et al.,  1992) . The inset of a coronal section in the ATP graph depicts the various areas 
sampled and the extent of the ischemia in these four regions is DS > VC > LC > DC 
over a 6 h of occlusion (abbreviations in legend Fig.  4.3  ). Clearly, the decline in ATP 
is attenuated in a focal setting compared to that of global ischemia, but the levels are 
still detectible after 6 h of occlusion. Somewhat surprising is that all four areas become 
infarcted after one day of deocclusion of the vessels (i.e., reperfusion) following 6 h of 
ischemia, even though ATP was reduced, but not depleted (see Fig .  4.9   below).        

 There are also events that increase the workload on the penumbra following focal 
ischemia. Cerebral spreading depression (SD) was first described more than 50 years 
ago and is characterized by a slow transient cellular depolarization moving at 3 – 4 
mm min − 1 over the surface of the cortex (Leao,  1944) . Evidence of spontaneous 
SDs has been demonstrated in the penumbra and the trigger to the SD is thought to 
be the large efflux of potassium and glutamate into the extracellular space from the 
ischemic core (Strong and Dardis,  2005 ; Kempski et al.,  2000) . In a recent study, 
the extent of the workload in control and non-ischemic rats appears to be similar, but 
the ability of the bioenergetics to recover was compromised in the penumbra of the 
ischemic animal. The conclusion is that SD in control animals does not cause cellular 

 Fig. 4.2      Time course of high-energy phosphates and glucose-related metabolites in a global 
model of ischemia. The metabolites were determined at various times up to 1 h following bilateral 
occlusion of the common carotid arteries in the gerbil  
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damage to the brain, in contrast to the additional workload in compromised tissue 
which causes an energy imbalance leading to the evolution of cellular damage and 
eventually terminal anoxic depolarization (Selman et al.,  2004) .  

  Triggered Events Secondary to Energy Failure  

 There are myriad changes in the intracellular milieu following ischemia which 
result in loss of cellular function and if allowed to persist, will cause irreversible 
damage or cell death. The schematic representation below shows the dramatic 
early effects on the brain which tend to deteriorate and a predominance of literature 
indicate the excessive influx of calcium may be the most devastating consequence 
(Fig.  4.4  ).         

 Fig. 4.3      Time course of ATP changes in a focal rat model of permanent ischemia. The inset indi-
cates the four areas within the middle cerebral artery distribution that were dissected from lyophi-
lized coronal sections and measured for ATP. The dorsolateral striatum (DS) is the core and 
the dorsolateral cortex (DC) is the penumbra with the other regions transitional between these two 
regions. In this figure, the border zone is the lateral cortex and the per-ischemic cortex (VC). 
The nomenclature of the transitional area is often variable and can cause problems with the interpre-
tation of the results between studies. Control values were determined from the cerebral cortex of 
the contralateral hemisphere  
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  Ion Homeostasis  

 With the onset of ischemia, there is an influx of sodium, calcium and chloride with 
the concomitant release of potassium. The movement of the sodium and chloride 
results in the influx of water and brain swelling (Kimelberg,  2005) . The influx of 
calcium is compounded secondarily by the release of endogenous calcium stores 
from the endoplasmic reticulum (Phillis et al.,  2002) . The excessive rise in Ca 2+  that 
results from an ischemia-induced failure of these homeostatic mechanisms represents 
a non-physiological stimulus that activates a wide array of intracellular receptors, 
membrane channels, proteins and enzymes, which lead to the compromise of the 
cell’s functional and structural integrity. 

 Loss of Ca 2+  homeostasis leading to an elevated level of intracellular Ca 2+  has 
been implicated as a cause of irreversible cell injury in ischemia (Siesjo and 
Bengtsson,  1989) . Both voltage-sensitive and agonist-operated calcium channels 
control the movement of calcium into the cell, and the latter are predominantly 
involved in the initiation of the pathophysiological processes resulting from the 
ischemia. 

 Since Ca 2+  plays an important role as an intracellular messenger, the rise in Ca 2+  
may disrupt several intracellular processes and thus compromise the cell’s ability 
to recover from the insult. The importance of Ca 2+  as an intracellular messenger can 
be appreciated by the number of different mechanisms employed by the cells to 
maintain Ca 2+  homeostasis (Fig.  4.5  ). Intracellular Ca 2+  concentration is maintained 
around 10  − 7   M , while extracellular concentration is in the range of 10  − 3   M  and this 

 Fig. 4.4      A schematic representation indicating those events that are triggered by energy failure 
in the brain. In global models, the onset of ionic fluxes, lipolysis, lacticacidosis and neurotransmit-
ter release occur almost immediately and the processes continue with time. The individual result-
ing events are shown in the lower boxes  
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electrical chemical gradient exerts a large inward force on Ca 2+  ions. This gradient 
takes energy to maintain, requiring the active extrusion of Ca 2+  from the cell either 
by a Ca 2+ activated ATPase or by electrogenic (3 : 1) Na + /Ca 2+  exchange, which uses 
the membrane Na +  gradient as the energy source which is lost during ischemia. 
Regulation of intracellular free Ca 2+  over the short term can be achieved by the 
binding or sequestration of calcium. A large portion of the intracellular Ca 2+  is bound 
to calcium-binding proteins or other molecules. The remainder of the Ca 2+  is 
sequestered in an energy-dependent process, principally in the endoplasmic reticu-
lum and mitochondria. From this description, it is apparent that restoration of 
calcium homeostasis is a major workload which requires significant amounts of 
ATP or other related energy sources.         

  Acidosis  

 One of the early findings in experimental ischemia was the production of lactate 
and a concomitant proton which leads to tissue acidification (Lowry et al.,  1964) . 
The activation of anaerobic glycolysis produces tissue acidification which led to an 

 Fig. 4.5      Schematic illustrating the homeostatic mechanisms controlling cellular calcium. 
Abbreviations: NSCC, non-specific calcium channel; PLC, phospholipase C; PIP, polyphosphoi-
nosides; IP3, inositol triphosphate; DG, diglycerides; A, calcium binding protein; ER, endoplasmic 
reticulum  
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early hypothesis that acidification was a major contributor to cell damage. In support 
of this proposal, preischemic hyperglycemia has been shown to enhance cellular 
damage (Kagansky et al.,  2001) . The enhanced acidification in hyperglycemia has 
been purported to enhance glutamate efflux, brain edema and blood-brain barrier 
disruption. In global ischemia, the decreases in pH in normoglyemic and hyperglycemic 
gerbils have been reported to be 0.34 and 0.48 pH units, respectively (Hoffman 
et al.,  1994) . While the magnitude of these changes are somewhat modest, it is clear 
that even small changes of pH can have pronounced effects on cellular homeostasis 
including a reduction of glycolysis (Trivedi and Danforth,  1966) . The exact net 
effect of lacticacidosis in the pathophysiology of normoglycemic ischemia is 
somewhat controversial, since it has been shown that a reduction of pH blocks the 
NMDA glutamate receptor and the anti-excitotoxicity should be beneficial against 
the ischemic insult (Giffard et al.,  1990) .  

  Second Messengers  

 Another example of brain dysfunction is the changes in secondary messengers 
owing to the well-documented enhanced release of the primary messengers such as 
neurotransmitters. Generally, each neurotransmitter or binding ligand has a specific 
secondary messenger which can be ions, enzymes, or other proteins and they often 
function through intracellular amplification systems. The cyclic nucleotides have 
been shown to change significantly during 1 h of global ischemia in the gerbil 
(Kobayashi et al.,  1977) . The levels of cyclic AMP synthesized by adenylate 
cyclase increased almost tenfold in the first min of ischemia and gradually 
decreased to values fourfold over those of control at 1 h of ischemia (Fig.  4.6  ). The 
magnitude of the increased cyclic AMP would undoubtedly further amplify 
the glycogen phosphorylase cascade (Lust and Passonneau,  1976) . In contrast, the 
concentrations of cyclic GMP formed by guanylate cyclase gradually decreased by 
about 80% after 1 h of ischemia. To our knowledge, the magnitude of the changes 
in the cyclic nucleotides in ischemia is far greater than those observed in normal 
brain function, suggesting that an imbalance between second messenger systems 
may have marked neuropathological effects on brain function. The pronounced 
changes in the cyclic nucleotides could be due to the activities of the respective 
cyclases or to phosphodiesterases. The major perturbations in cyclic AMP and 
cyclic GMP would have an effect on their targets, protein kinase A and a cyclic 
GMP-dependent protein kinase, respectively (Churn and DeLorenzo,  1998)  which 
would further disrupt the normal function of the brain.        

 Another group of second messengers during ischemia is associated with the 
catabolism of fatty acids (Bazan,  2005) . Many of these second messengers are initiated 
by the action of phospholipase A2 (PLA2) and phospholipase C (PLC). The action 
of PLC degrades phosphoinositol 4,5 bisphosphate to form inositol 1,4,5-trisphosphate 
(IP3) and diacylglycerol (DAG). The target for the soluble IP2 is the IP3 receptor 
in the endoplasmic reticulum which elicits a release of endogenous calcium from 
this organelle. In contrast, the DAG binds PKC adjacent to the membrane and activates 
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a process which leads to modulation of neuronal excitability. One of the products 
of the PLA2 is arachidonic acid (AA) which increases significantly following 
ischemia. The AA serves as a substrate for the production of a variety of eicosanoids 
which include prostaglandins, leukotrienes and thromboxanes. These molecules 
have a number of internal actions and also possess primary messenger characteristics 
upon being extruded from the cell. The interpretation of the action of each of the 
messengers is complicated by changes in certain key enzymes during ischemia and 
the potential of  “ cross-talk ”  during the insult (Pelligrino and Wang,  1998) . The 
importance of second messenger changes indicates that ischemia not only profoundly 
affects primary messengers, but continues to perturb the secondary messenger, 
causing additional cellular changes which need to be reversed upon reperfusion. 
Thus, it will become evident in the subsequent sections that reversing energy failure 
alone does not ensure a restoration of function.  

  Recirculation Postischemia  

 In recent years, the focus of ischemia research has been reperfusion, since only the 
absence of reflow ensures that the cells will become necrotic. Reperfusion alone, 
however, does not ensure reversibility of cell damage and unless it is performed in 

 Fig. 4.6      Time course of cyclic nucleotides in global ischemia. The left ordinate indicate the 
concentrations of cyclic AMP and on the right are those for the cyclic GMP. The concentrations 
of cyclic AMP and cyclic GMP are expressed in pmol/mg protein and fmol/mg protein, respectively, 
indicating the order of magnitude lower amounts of cyclic GMP  
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a timely manner is not effective . Experimental evidence from both clinical and 
basic science indicates that the earlier the onset of reflow, the better the outcome. 
Clinically, NINDS guidelines for the use of tissue plasminogen activator, a thrombolytic 
agent, indicate that treatment should be instituted within 3 h of the onset of ischemia 
(Graham,  2003) . In experimental animals, earlier reperfusion following focal ischemia 
resulted in a better outcome (Selman et al.,  1990) . 

 Reflow to the perturbed intracellular milieu triggers a multitude of potentially irre-
versible pathophysiological events (Fig.  4.7  ). The most glaring example is the burst of 
free radicals upon reoxygenation and the onset of mitochondrial dysfunction, which 
has become a major focus in a number of neurodegenerative diseases including 
stroke. Molecular changes during reperfusion have been well-documented in recent 
years, as has the emergence of inflammation (see below).         

  Free Radicals  

 Since the first demonstration of a reduction in the antioxidant, vitamin C, during 
ischemia, the importance of free radicals and reactive oxygen species (ROS) has 
grown in spite of the fact that most of the free radicals are in relatively low concentrations 

 Fig. 4.7      Schematic representation of the myriad reperfusion-induced processes. Many of the 
events listed may be the consequence of ischemia-induced changes and yet others may be in 
response to the reintroduction of oxygen and glucose to an ischemic milieu in which many of the 
cellular mechanisms may have been severely perturbed  
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with a short half-life (Flamm et al.,  1978) . The direct measurement of free radical 
formation has, for this reason, relied heavily on those oxidized products of free radicals 
including proteins, DNA and lipids. There are a variety of free radicals, numerous 
pathways to their formation and far-ranging targets for oxidative damage which has 
resulted in a somewhat incomplete understanding of the multiplicity of effects 
(Margaill et al.,  2005)  (Fig.  4.8  ). As shown in the schematic representation, it is evi-
dent that there are multiple pathways not only for ROS synthesis (i.e., italicized num-
bers), but also for free radical scavenging (i.e., italicized letters). The entire set of 
reactions presented in the figure are relevant to the reader, but will not be discussed 
individually owing to space constraints and the relative impact of each pathway on 
ischemic pathophysiology. Five major synthetic pathways involve xanthine oxidase, 
mitochondria, cyclooxygenase 2, leukocytes and nitric oxide synthase. The impor-
tance of the role of the conversion of xanthine dehydrogenase to xanthine oxidase and 
generating O 

2
  ̄  (superoxide ion) and H 

2
 O 

2
  (hydrogen peroxide) remains somewhat 

controversial, owing to the magnitude of the ROS produced and the inability to show 
the interconversion from the dehydrogenase to the oxidase form (Betz et al.,  1991) .        

 Fig. 4.8      Schematic representation of free radical formation and scavenger system. The compre-
hensive figure is from Margaill et al.,  2005  which is organized to visualize the interaction of the 
various processes in the production and destruction of free radicals. The numbers represent various 
free radical synthetic pathway: 1. xanthine oxidase; 2. mitochondria production of superoxide ion 
and hydrogen peroxide; 3. lipooxygenase and lipooxgenase pathway; 4. nitric oxide synthesis to 
peroxynitrite; and 5. glutathione peroxidase to oxidize glutathione. The italic letters are scavenging 
systems: a. catalase; b. superoxide dismutase, and c. glutathione reductase. The reactions for these 
different pathways are clearly indicated in the schematic representation. Abbreviations: GSH, 
reduced glutathione; GR, glutathione reductase; GPX, glutathione reductases; HOCL, hypochlorous 
acid; LOX, lipooxygenase; MPO, myeloperoxidase; SOD, superoxide dismutase, other symbols for 
free radicals are found in the text. Permission to reproduce the schematic representation was 
granted by Elsevier Limited, Oxford, United Kingdom  
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 The increased production of free radicals in dysfunctional mitochondria occurs 
during reperfusion when the generation exceeds the capacity of the multiple endog-
enous free radical scavengers. Nitric oxide is produced by nitric oxide synthase and 
the NO is thought to interact with O 

2
  ̄   to form peroxynitrite which readily 

nitrosylates proteins (Eliasson et al.,  1999 ; Takizawa et al.,  1999) . The large 
accumulation of AA is a substrate for the formation of products of lipooxygenase 
and cyclooxygenases which are also a potential source of free radicals, O 

2
  ̄   and 

H
 2
 O

 2 
 (Nogawa et al.,  1997) . Another source of the free radicals is from the adhesion 

and infiltration of polynuclear leukocytes. While the evidence for the oxidative 
stress is convincing, the specific susceptible targets leading to oxidative damage 
and cell death require additional research.  

  Metabolic Consequence of Reperfusion: Reversal of Ischemic 
Process?  

 The recovery of the bioenergetics following global and focal ischemia is the 
mandatory first step to restoring the cellular homeostasis to a preischemic state. As 
previously stated, the time and completeness of reperfusion are probably the most 
critical components for achieving complete recovery. As the time threshold is 
exceeded (depending on the ischemia model), reperfusion results in a delayed rate 
of metabolite restoration, an inability to restore metabolites to normal levels and 
finally, in long-term ischemia, restoration fails totally, leading to cell death. Many 
of the reperfusion perturbations cannot be reversed in the absence of energy. 
Examples of both global and focal ischemia are presented to show how ischemic 
density elicits a different recovery pattern. 

 The gerbil model of global ischemia has been extensively studied and its unique 
characteristic is a delayed neuronal death of the CA 1 pyramidale cells 4 days after 
reflow, even though the histological profiles of the neurons at day 2 are evident, 
although somewhat abnormal (Kirino,  1982) . The re-introduction of oxygen and 
glucose to the CA1 neurons, as well as other regions of the hippocampus and cortex, 
results in a normalized energy profile over a period of 2 days of reflow after 5 min 
of bilateral occlusion of the common carotid arteries (Kobayashi et al.,  1977 ; Arai 
et al.,  1986) . While many initial mechanisms of the CA 1 neuronal death have 
been proposed (Kirino,  2000) , one of the final stages is the decrease of ATP levels 
by more than 50% which occurs between day 2 and day 4 of reflow during the 
demise of the neurons. The absence of complete ATP depletion is probably due 
to the surviving glia within the stratum pyramidale. Selective vulnerability of the 
CA 1 neurons is typical of most global models including cardiac arrest and resusci-
tation (Xu et al.,  2006) . 

 In focal models of ischemia, reperfusion is rather heterogeneous owing to the 
intensity of the original ischemic insult. It is important to remember that the various 
regions within the middle cerebral artery distribution are in a quasi-steady state. As 
shown in fig.  4.9 , the regions of necrosis measured after 1 day of reflow expand to 
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the entire MCA region if the focal ischemia persists for 6 h, which means the 
ischemic core designated by the dorsal striatum (DS) actually expands sequentially 
to incorporate the peri-infarct core, the lateral cortex and finally the penumbra (DC). 
The interpretation of these findings is that all regions are in an unstable steady state 
which eventually succumbs to the inability of the collateral flow to provide sufficient 
bioenergetics to maintain the work load of the tissue. Alternatively, the ability of the 
cells to survive may not only depend on the intensity of the ischemic insult, but also 
on the tissues’ ability to withstand the reperfusion-induced events. It is possible that 
the time and duration of reduced CBF interact to increase the susceptibility of a 
given region to reflow-induced damage. The differences in selective vulnerability 
found between experimental and clinical stroke may also be attributed to different 
species-specific characteristics of the phenomenon (Hossmann,  1998  ).        

 A number of studies have examined the metabolic recovery after 1 or 2 h of focal 
ischemia and the findings were quite similar (Folbergrova et al.,  1995 , Hata et al., 
 2000 ; Selman et al.,  1999 ; Lust et al.,  2002) . The high-energy phosphates markedly 
increase within the first hour of reperfusion and continue to return toward normal 
values for 2 – 3 h of reflow. In certain circumstances, however, the pattern of the 
recovery of nicotinamide adenine nucleotides does display a heterogenous pattern 
(Welsch, 1998 ). The short term results would suggest that reperfusion was sufficient 
to reverse the energy failure following ischemia and restore the function and integrity 

 Fig. 4.9      The relationship of infarct volume at one day after various periods of focal ischemia. The 
black portion of the hemi-section at 1, 2 4 and 6 h of focal ischemia indicates the areas destined 
for infarction 1 day after reperfusion. This figure clearly shows that the status of a given region is 
subject to change with increasing periods of ischemia. Clearly, the initial characteristics of the 
penumbra of being electrical quiescent with normal extracellular K+ is subject to changes with 
time and is only a transient condition. The asterisks (*) indicate the infarct volume significantly 
different from those of permanent focal ischemia  
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of the brain. Rather surprisingly, metabolic recovery of the middle cerebral artery 
following 2 h, subsequently deteriorates by 4 h of reflow and this effect was 
reversed by the spin trap agent,  N -tert-butyl- α -phenynitrone (Folbergrova et al., 
 1995) . In another study, the delayed energy failure after 1 h of focal ischemia was 
examined in multiple regions of the brain and the effect became evident at 4 h of 
reperfusion (Hata et al.,  2000) . In our study, metabolite status during reperfusion in 
the four regions within the MCA distribution were determined following 2, 4, 6, 
and 8 h of ischemia (Lust et al.,  2002) . The results clearly showed that the onset of 
secondary energy failure occurred earlier after longer periods of ischemia with even 
the penumbra exhibiting energy failure after 8 h of reperfusion following 8 h of 
ischemia. Certainly, these collective findings indicate that bioenergetics are critical 
stages in recovery and further strongly indicate that reperfusion alone may not 
ensure survival of the tissue. 

 In a similar paradigm, the metabolic status and response of rats aged 24 months 
was examined and compared to that in the adult rat in a focal model of cortical 
ischemia. The concentrations of ATP and P-creatine were measured in the core area 
adjacent to the core (peri-infarct region), the peri-penumbra region and the penum-
bra for 8 h of reperfusion following 2 h of cortical ischemia (Fig.  4.10  ). The results 
for the core and penumbra have not been presented to emphasize the fate of the 
transitional zones. Energy failure in the adult brain was only evident in the peri-
infarct region, but expanded to include the peri-penumbral region in aging animals. 
In addition, the recovery of the high-energy phosphates in the aging rat was com-
promised, indicating that mitochondrial susceptibility to damage increases with 
age. The results clearly indicate that the aging brain is more susceptible to focal 
ischemia than that of the adult brain. This is supported by the many changes 
reported in the aging brain, including marked perturbations of free radical homeos-
tasis and the intense oxidative damage of macromolecules that has been shown 
within the cell, particularly in the mitochondria where a burst of ROS has also been 
shown following focal ischemia (Di Lisa and Bernardi,  2005 ; Lee et al.,  2000 ; 
Melov, 2002 ; Sastre et al.,  2003) . The secondary energy failure during reperfusion 
suggests that production of energy by mitochondria is perturbed, which may be 
due to the activation of relatively newly discovered mitochondrial permeability mega-
pore in ischemia (see below). Parenthetically, perinatal brain energy demands are 
approximately 10% of that of the adult, making it more resistant to an ischemic 
insult (Pundik et al., 2006 ). It is concluded that the age of the animal is an important 
factor in the outcome from an ischemic insult and has to be considered with the 
intensity and time of ischemia.         

  Recovery: Mitochondrial Dysfunction  

 Previous literature has reported on various susceptible sites within the mitochondrion, 
but much of the data is in isolated reports and has been difficult to interpret in the 
evolution of the pathophysiology of ischemia. For example, a secondary significant 
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accumulation of calcium has been reported in the vulnerable dorsolateral striatum 
at 6 and 24 h of recirculation (Zaidan and Sims,  1994)  and this was associated with an 
earlier depression of mitochondrial respiration and reduction of pyruvate dehydro-
genase (Sims and Pulsinelli,  1987) . These findings convincingly focused on a 
potential lesion in the mitochondria (Almeida et al.,  1995)  and yet mitochondrial 
dysfunction had not received the attention that other hypotheses have, and this may 
be related to complexities of studying the production and effect of free radicals in 
mitochondria upon recirculation. The discovery of the mitochondrial transition pore 
(MTP) has markedly increased the interest in mitochondria as a major organelle in 
brain damage (Friberg & Wieloch,  2002) . 

 While alterations in protein synthesis and apoptosis remain as putative elements 
in the evolution of cell death (Siesjo and Siesjo,  1996) , the relatively new discovery of 
mitochondrial permeability transition pore (MTP) to diminish the bioenergetic 
capacity of the cell is another focus that is consistent with cell injury and cell death. 
The MTP is thought to be composed of the interaction of the adenine nucleotide 

 Fig. 4.10      Secondary energy failure is a phenomenon that occurs during reperfusion after 2 h of 
ischemia when the CBF is essentially normal and the glucose levels are at or above control. The left 
two panels represent ATP and P-creatine levels in the adult rate, whereas the right panels indicate 
changes in the aging brain. Note that the core values were not presented, since SEF occured inde-
pendent of age. The time course for the penumbra is indicated by the dotted lines which do not show 
SEF over the 8 h reperfusion time-course following 2 h of ischemia even in the core  
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transporter on the outer membrane and a voltage dependent anion channel on the inner 
membrane, which becomes activated by cyclophilin D located in the matrix 
(Tanveer et al.,  1996) . In its simplest terms, the inner membrane of the mitochon-
dria becomes leaky, causing the release of a number of ions and molecules <1500 
kD. Most noticeable is the release of protons, the electromotive force driving oxida-
tive phosphorylation and the synthesis of ATP. The pore opening is facilitated by 
oxidative stress of nicotinamide adenine nucleotides and inorganic phosphate, and 
inhibited by acidification and elevated ADP. Another interesting aspect of the MTP 
is that the opening of the megapore is inhibited by immunosuppressants, such as 
cyclosporine A and FK506 (Folbergrova et al.,  1995 ,  1997) . Overall, the existence 
of MTP has brought a new dimension to the study of energy metabolism both during 
and after ischemia. More information on the MTP in apoptosis is presented below, 
revealing the pro- and anti-apoptotic processes of mitochondria. 

 The MTP is essentially turned off during ischemia in a milieu of depolarized 
mitochondria, acidification and an inability of mitochondria to sequester calcium 
(Friberg and Wieloch,  2002) . Our observation of secondary energy failure during 
reperfusion would be consistent with the conditions favoring the opening of MTP. 
Energy status during reflow had recovered to near-normal values which is compatible 
with the reversal of the perturbations described above, which prevent the megapore 
opening. While such a relationship has not been definitively proven, experiments to 
examine cytochrome c release, among others, could be designed to test this 
proposal.  

  Reperfusion: Molecular Events and Cell Death  

 In the nervous system, cell death in response to ischemia is the result of the complex 
interplay between the severity of the blood flow reduction and duration of the 
insult, the responses of neighboring cells and the molecular signaling within the 
cell. Despite the large number of combinations of these variables present, cellular 
demise may be in the form of necrotic, autophagic or apoptotic cell death. Whether 
these cell death pathways share common events is a matter of speculation, but it 
seems likely that there would be interactive common pathways that are indirectly 
dependent on the metabolic status of the tissue. 

  Necrosis 

 Necrosis generally occurs within the core of the infarct, where the cerebral blood 
flow drops to <20% of normal levels. This severe decrease in blood flow rapidly 
depletes energy from cells which have low energy reserves, leaving ATP levels 
essentially depleted. It is characterized by cell and organelle swelling, followed by the 
loss of membrane integrity (Festjens et al.,  2006) . Cells destined to die by necrosis 
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spill their contents, including high levels of glutamate, into the extracellular space. 
This proves to be a dangerous process, resulting in double jeopardy for neighboring 
cells, not only from excitotoxic death due to elevated glutamate levels, but also 
from the effects of an inflammatory response. 

 Although once believed to be an uncontrolled, disorganized form of cell death, 
there is increasing evidence that necrosis is, in fact programmed, dependent on 
signaling pathways within the cell. It is becoming evident that a central player 
in the necrotic signaling pathway is RIP1, a serine-threonine kinase involved in 
death receptor-induced necrosis (Harper et al.,  2003 ; Holler et al.,  2000 ; Lewis et al., 
 2000)  and toll-like receptor triggered necrosis (Meylan et al.,  2004) . As a result of 
DNA damage, ischemia-reperfusion and glutamate excitotoxicity, poly(ADP-
ribose) polymerase-1 (PARP-1) is activated, catabolizing the hydrolysis of adenine 
dinucleotide (NAD+), resulting in the depletion of ATP (Berger,  1985 ; Carson et al., 
 1986 ; Oleinick and Evans,  1985) . RIP1 functions downstream of PARP-1, along 
with TRAF2, and is necessary for JNK activation. The sustained activation of JNK 
compromises the integrity of the mitochondrial membrane (Shen et al.,  2004 ; Xu 
et al.,  2006) , possibly through Bcl-2 family members (Maundrell et al.,  1997)  or 
Bid (Deng et al.,  2003) , and leads to necrosis. RIP1 is also involved in the activation 
of NF- κ B and MAPKs (Devin et al.,  2000 ; Devin et al.,  2003 ; Kelliher et al.,  1998 ; 
Ting et al.,  1996 ; Zhang et al.,  2000) , which in turn release inflammatory cytokines, 
including IL-6 (Vanden Berghe et al.,  2006) .  

  Autophagy 

 Autophagy appears to be an evolutionarily conserved mechanism, serving to 
recycle proteins from the cytoplasm or organelles, and has only recently been 
described as a mode of programmed cell death. It is characterized by the formation 
of autophagosomes, which use lysosomal hydrolases to degrade contents (Levine 
and Klionsky,  2004) . The presence of autophagy in ischemia has been previously 
described (Degterev et al.,  2005 ; Nitatori et al.,  1995 ; Zhu et al.,  2005) , although it 
is not well characterized. The primary targets of autophagy are depolarized mito-
chondria, the endoplasmic reticulum and peroxisomes (Elmore et al.,  2001 ; 
Hamasaki et al.,  2005 ; Iwata et al.,  2006 ; Yu et al.,  2004) . In the case of autophagic 
cell death, catalase has also been reported to be selectively degraded (Yu et al., 
 2006) . In spite of the selective elimination of mitochondria, it has been shown that 
ATP levels actually increase during autophagy, very likely due to the cessation of 
protein translation and other energy consuming tasks. Loss of damaged mitochondria 
may also prevent them from leaking proapoptotic factors into the cytosol, potentially 
avoiding cell death (Lemasters et al.,  1998) . There are a number of signaling pathways 
that have been implicated in autophagic cell death, some of which are also involved 
in necrotic and apoptotic cell death (Gozuacik and Kimchi,  2007) . Bcl2 family 
members, important in the regulation of the apoptotic pathway based out of mito-
chondria (Gross et al.,  1999) , have been shown to have important roles in the 
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regulation of autophagic cell death. Pro-apoptotic members such as BNIP3 and Bax 
cause autophagic cell death (Camougrand et al.,  2003 ; Vande et al.,  2000) , whereas 
anti-apoptotic members, including Bcl-2 and Bcl-XL, have the opposite effect 
(Cardenas-Aguayo et al.,  2003 ; Saeki et al.,  2000 ; Vande et al.,  2000) . 

 RIP1 also plays a critical role in the induction of autophagic cell death. In 
response to the application of a pan-caspase inhibitor, zVAD, RIP1 triggered a 
novel cell death pathway, involving MKK7, JNK and c-Jun (Yu et al.,  2004) . It is 
important to note that this mode of cell death is ATP dependent, since protein 
synthesis is necessary. This may correlate to the biphasic nature of translational arrest 
in postischemic neurons (DeGracia,  2004) , where a reversible translation arrest is 
seen early in postischemia, followed by a resumption of translation, or the move-
ment to an irreversible arrest state. Protein translation may also be affected at the 
level of the endoplasmic reticulum, since cerebral ischemia also produces high levels 
of stress. This activates the translation initiation factor eIF2 α  kinase, PERK 
(Koumenis et al.,  2002) ., which has been shown to regulate autophagy under certain 
circumstances (Talloczy et al.,  2002) .  

  Apoptosis 

 Apoptosis is generally believed to be an orderly form of cell death, characterized 
by cell shrinkage, membrane blebbing, chromatin condensation and fragmentation, 
and the formation of apoptotic bodies. Cells which undergo apoptosis as a result 
of ischemia have CBF that is greater than 25% of normal values and ATP levels of 
50 – 70% of the normal, generally found within the ischemic penumbra. This 
amount of blood flow allows for a low level of metabolism, and the generation of 
ATP via anaerobic respiration for energy. However, not enough ATP can be generated 
to maintain the transmembrane ion concentration of calcium, potassium and 
sodium, inhibiting impulse conduction and synaptic function in neurons, and leading 
to the accumulation of glutamate. The presence of ATP is critical to the complex 
signaling mechanisms involved in apoptosis. 

 In response to ischemia and reperfusion, mitochondrial membranes undergo 
depolarization and elevated levels of Ca 2+  in the intermembrane space. 
The control of mitochondrial membrane depolarization depends, in part, on 
Bcl-2 family member proteins. The proapoptotic group of Bcl-2 members con-
sists of the Bax-subfamily (Bax, Bak, and Bok) and the BH3-only proteins 
(Bid, Bim, Bik, Bad, Bmf, Hrk, Noxa, Puma, Blk, BNIP3, and Spike) (Cory and 
Adams,  2002 ; Mund et al.,  2003) . It appears that the main function of the Bcl-2 
family proteins is to guard mitochondrial integrity and to control the release of 
mitochondrial proteins into the cytoplasm (Cory and Adams,  2002) . It is 
believed that the proapoptotic Bax and Bak provoke or contribute to the perme-
abilization of the outer mitochondrial membrane, either by forming channels by 
themselves (Antonsson et al.,  2000)  or by interacting with components such as 
VDAC (Tsujimoto and Shimizu,  2000) . 
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 In addition to Bcl-2 itself, there are a number of other prosurvival proteins: 
Bcl-XL, Bcl-w, A1, and Mcl-1. Prosurvival members of the Bcl-2 family act by 
binding to and inactivating proapoptotic members, including Bax and Bak, and 
through the stabilization of the mitochondrial membrane. Upon mitochondrial 
membrane depolarization, cytochrome c is released and apoptotic signaling is initiated 
within the cell. Cytochrome c functions in a regulatory manner, preceding the 
morphological changes that are associated with apoptosis (King,  1997) . Once 
released, cytochrome c binds with Apaf-1 and ATP, which subsequently binds with 
procaspase-9 to form an apoptosome. The apoptosome cleaves the procaspase to 
form active caspase 9, which in turn activates the effector caspase-3. 

 In addition to the release of cytochrome c, SMACs (second mitochondria-derived 
activator of caspases) are released due to the increase in mitochondrial membrane 
permeability. These bind to IAPs (inhibitor of apoptosis proteins), preventing them 
from carrying out their normal function of caspase inhibition, allowing apoptosis to 
proceed.   

  Ischemic Neuroprotection  

 A major omission in this overview is the discussion of interventions to minimize 
experimental ischemic damage (Hossmann,  2006 ; Martinez-Vila and Irimia,  2005) . 
There have been so many reports of neuroprotection in experimental models of 
ischemia and yet, for the most part, the efficacy has not readily been translated to 
clinical trials. Even though examples of experimental neuroprotection may be 
informative, a thorough discussion of the subject would be unwieldy and is beyond 
the scope of this review. Nevertheless, there are new approaches including molecular 
manipulations and optimizing host defenses which appear to be promising (Dirnagl 
et al.,  2003) . Another approach would be to devise a pharmacological cocktail to 
offset the reflow events (shown in Fig.  4.7 ), but this is complicated by the multifac-
eted reperfusion response (Lapchak and Araujo,  2007 ; Mehta et al.,  2007) . Until 
potential therapies have been confirmed in the clinical setting, development of 
novel ischemic intervention still remains a compelling objective for research.  

  Summary  

 Research in the field of experimental ischemia has yielded an enormous amount 
of information regarding the events that occur within the brain in the absence of 
cerebral blood flow. Given the myriad pathophysiological events that occur both 
during and after ischemia, this chapter attempts to provide the reader with a very 
broad overview of the cascade of events triggered by energy failure. Due to the high 
energy demands and low energy reserves of the brain, it is obvious that time has to 
be the primary concern of the physician once human stroke has occurred, and that 
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the restoration of oxygen and glucose is a mandatory first step in salvaging brain 
function and preventing permanent damage (see subsequent chapter). Early 
research in experimental stroke focused on energy failure due to the absence of 
oxygen and glucose, and it is intriguing that current investigations have come a full 
circle, now focusing on the inability to generate energy due to metabolic dysfunction, 
even in the presence of these needed nutrients. Metabolic pathways that are operational 
immediately following the loss of CBF, eventually become dysfunctional and lead 
to a CBF independent-like ischemic profile due to an inability to oxidize glucose.      
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      Chapter 5 
 Metabolic Encephalopathy 
Stroke  –  Clinical Features        

  Svetlana   Pundik  and    Jose   I.   Suarez      

  Introduction  

 Stroke research has been the subject of increased attention in recent years. As a 
result, significant progress has been made in the understanding of the mechanisms 
of ischemic injury and development of potential methods of treatment. Unfortunately, 
only one therapy has been shown to be of benefit for acute ischemic stroke patients 
in a randomized controlled clinical trial: intravenous administration of recombinant 
tissue plasminogen activator (rt-PA) (The National Institute of Neurological 
Disorders and Stroke rt-PA Stroke Study Group (NINDS),  1995) . Clinical and basic 
scientists have been contemplating the reasons for the failure to translate a large 
number of potential treatments into clinical practice. There are a number of possi-
ble explanations that include heterogeneity of human disease, and inherent spe-
cies-related differences. In contrast to animal models where subjects have similar 
genetic material and undergo identical procedures, human stroke patients vary in their 
co-morbidities, age, risk factors, type and location of stroke, duration and severity 
of ischemia, among other things. Interestingly, the factors that contribute to the 
heterogeneity of human stroke play a significant role in the reversibility of ischemic 
injury (Table  5.1  ). We will discuss in this chapter some of the aspects that are associ-
ated with the ability of the brain tissue to improve its function following ischemia 
as it is seen in clinical practice.   

  Predictors of Good Outcome  

  Duration of Ischemia 

 Restoration of cerebral blood flow (CBF) to normal remains the mainstay of acute 
stroke treatment. The main challenge of acute stroke treatment is timely evaluation 
and administration of thrombolytic therapy for qualified patients. Animal studies 
have demonstrated that there is a very short window of opportunity when brain tissue 
is salvageable if CBF is reinstated. Clinical studies have demonstrated similar 
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observations. In fact, safety and efficacy of thrombolysis directly depends on time 
from onset of symptoms to recanalization. The National Institute of Neurological 
Disorders (NINDS) acute stroke trial showed that the best outcome is achieved for 
patients who are treated within the first 90 min of ischemia (NINDS,  1995) . Several 
studies since then have described that earlier reperfusion is associated with 
improved outcome (Alexandrov et al.,  2001 ; Christou et al.,  2000) . In addition, 
therapy delay leads to further complications, especially intracranial hemorrhage 
(Kidwell et al.,  2002) . Therefore, the shorter the time of ischemia, the better the 
outcome will be.  

  Infarct Size and Stroke Severity 

 Functional recovery following stroke depends on stroke location, stroke size and 
the severity of resulting neurological deficits. Patients with severe neurological 
deficits, reflected in higher National Institutes of Health Stroke Score (NIHSS) 

  Table 5.1      Predictors of favorable outcome after ischemic stroke

 Predictors  References 

 Modifiable 
 Duration of ischemia  1995; Alexandrov et al.,  2001 ; Christou et al., 2000 ; Kammersgaard 

et al.,  2004  
 Glycemic control  Alvarez-Sabin et al., 2003 ; Beghi et al.,  1989 ; Harik and LaManna, 

 1988 ; Kamada et al.,  2007 ; Leigh et al.,  2004 ; Martini and Kent, 
 2007 ; Nedergaard,  1987 ; Nordt et al.,  1993 ,  2000 ; Parsons et al., 
 2002 ; Selman et al.,  1991  

 Optimizing cerebral 
perfusion, collat-
eral circulation 

 Alexandrov et al.,  1997 ; Kidwell et al.,  2002 ; Lee et al.,  2002 ; Suarez 
et al.,  2002  

 Appropriate blood 
pressure 
management 

 Castillo et al.,  2004 ; Vemmos et al.,  2004 ; Yong et al.,  2005  

 Hyperthermia  Azzimondi et al.,  1995 ; Noor et al.,  2003 ; Reith et al.,  1996 ; Weimar 
et al.,  2002  

 Non-modifiable 
 Younger age  Engelter et al.,  2006 ; Harik and LaManna,  1988 ; Kamada et al., 

 2007 ; Liebeskind,  2005 ; Wegener et al.,  2004  
 Size of ischemic 
territory 

 Harik and LaManna,  1988 ; Johnston et al.,  2000 ; Ribo et al.,  2005  

 Severity of 
symptoms 

 Harik and LaManna,  1988 ; Leigh et al.,  2004 ; Toni et al.,  1997 ; 
Wegener et al.,  2004  

 Preconditioning  Alexandrov et al.,  2001 ; Ghosh and Galinanes,  2003 ; Gidday,  2006 ; 
Johnston,  2004 ; Kharbanda et al.,  2002 ; Kirino,  2002 ; Moncayo et 
al.,  2000 ; Schaller,  2005 ; Sitzer et al.,  2004w ; Wegener et al., 
 2004 ; Weih et al.,  1999 ; Wu et al.,  2003  
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(Lyden et al.,  1994) , fare worse than those with lesser deficits (Johnston et al., 
 2000 ; Tseng and Chang,  2006 ; Weimar et al.,  2002) . While infarct volume is a main 
outcome measure of stroke in laboratory animals, it plays a role in clinical practice 
as a predictor only when used in combination with other factors such as age, stroke 
type, or medical co-morbodities (Johnston et al.,  2000) . Severity of neurological 
symptoms only mildly correlates with infarct size (Johnston et al.,  2002 ; Saver et al., 
 1999) . Strokes that involve so called  “ silent areas ”  may not result in large NIHSS 
scores. However, by using detailed neurological and neuropsychological testing 
and neuroimaging, greater clinical abnormalities can be better documented than 
when using a gross assessment with NIHSS alone (Menezes et al.,  2007) . Detailed 
clinical evaluation, however, remains a main predictor of functional outcome 
following stroke (Johnston et al.,  2002) .  

  Collateral Flow 

 Focal ischemia produces a gradient of CBF in the territory of the occluded vessel. 
There is a central area or core with the lowest CBF, and a surrounding area with 
higher CBF values (albeit critically low compared to normal levels) called the 
penumbra. The latter may be nourished by existing collateral vasculature during 
acute stages of cerebral ischemia. Thus, in addition to the duration of ischemia, the 
amount of collateral circulation determines the outcome in reversible ischemia 
(Alexandrov et al.,  1997 ; Kucinski et al.,  2003 ; Liebeskind,  2005) . As seen in animal 
stroke studies, the amount of CBF is directly correlated with the degree of damage 
at different durations of ischemia (Jones et al.,  1981) . The presence of collateral 
CBF during the first hours of stroke may allow a longer time for recanalization and 
lead to recovery of functions. In fact, early improvements in acute stroke may be 
due to collateral CBF (Toni et al.,  1997) . 

 Visualization of collateral circulation can be achieved with several neuroradio-
logical tools. One could use conventional cerebral angiography or perfusion com-
puter tomography or Magnetic Resonance Imaging (MRI) or positron emission 
tomography (PET) to document collateral CBF. Modern neuroimaging allows for 
the observation of the effect of collateral CBF in humans. A difference between 
Diffusion Weighted Images (DWI) and Perfusion Weighted Images (PWI) MRI 
sequences suggests salvageable tissue (Albers et al.,  2006 ; Johnston et al.,  2002)  
(Fig.  5.1  ). DWI identifies ischemic tissue with the highest risk of irreversible 
ischemic damage. PWI are obtained after a rapid injection of a paramagnetic con-
trast agent and qualitatively describe CBF. Therefore, the difference between the 
lesions obtained from these two sequences may represent the penumbra. Currently, 
clinical trials are attempting to determine if this information could be used to 
extend the window of thrombolytic treatment in a certain group of patients. 
Although it is unclear whether and to what extent acute DWI lesion translates into 
irreversibly damaged area, it is obvious that the presence of DWI/PWI mismatch 
indicates salvageable ischemic brain.   
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  Patient’s Age 

 Recovery following stroke is compromised in the elderly (Johnston et al.,  2000 ; 
Macciocchi et al.,  1998 ; Weimar et al.,  2002) . The reasons for the age-dependent 
discrepancy are still poorly understood. There are several factors that could be contrib-
uting to it. One of them is that older patients have a higher incidence of co-morbidities 
that compromise an efficient rehabilitation process. Older patients have increased 
rates of hypertension, vascular disease, cardiac dysfunction, and depression among 
other factors that may also contribute to poor recovery. At the cellular level, 
ischemic injury affects structures and processes that are already compromised in 
the aged tissues. The biological process of aging is associated with mitochondrial 
dysfunction, failure of the free radical scavenging system, and deregulation of 
protein synthesis (Toescu (2005). However, in spite of higher morbidity and mortality 
in the elderly after a stroke than in younger patients, older stroke victims benefit 
from early thrombolytic therapy (Engelter et al.,  2006 ; Kammersgaard et al.,  2004) . 
Therefore, while older patients present a challenge in rehabilitation they, neverthe-
less, should receive aggressive medical care in the acute stages of a stroke.  

  Hyperglycemia and History of Diabetes 

 Elevated serum glucose in animal models of reversible ischemic stroke is associ-
ated with up to 50% larger volume of infarction (Gisselsson et al.,  1999 ; Nedergaard, 
 1987 ; Selman et al.,  1991) . The mechanisms of hyperglycemic injury are thought 
to be due to lactic acidosis and changes in CBF (Harik and LaManna,  1988 ; 

  Fig. 5.1      Diffusion Weighted ( left panel ) and Perfusion Weighted ( right panel ) MRI sequences of 
acute ischemic stroke. Lighter grey area on the perfusion MRI is larger than the diffusion restric-
tion area suggesting the presence of hypoperfused but salvageable tissue       
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Nedergaard,  1987) . In observational clinical studies, patients with hyperglycemia at 
the time of stroke have up to 8 times larger infarct volumes and higher risks of 
unfavorable outcome including increased mortality rates (Alvarez-Sabin et al., 
 2003 ; Beghi et al.,  1989 ; Leigh et al.,  2004 ; Parsons et al.,  2002) . Hyperglycemia 
acts as an independent predictor of hemorrhagic transformation after thrombolytic 
therapy with rt-PA (Beghi et al.,  1989 ; Broderick et al.,  1995 ; Leigh et al.,  2004) . 
Of interest is that the association of hyperglycemia and poor outcome is unrelated 
to a history of diabetes. Acute hyperglycemia interferes with rt-PA mediated throm-
bolysis (Ribo et al.,  2005) . In fact, hyperglycemia is known to inhibit endogenous 
fibrinolysis (Nordt et al.,  1993)  and inhibit activity of exogenous rt-PA (Pandolfi 
et al.,  2001) . Treatment of hyperglycemia partially restores fibrinolytic function of 
vascular endothelium and exogenous rt-PA (Nordt et al.,  2000 ; Pandolfi et al., 
 2001) . Furthermore, reperfusion injury to the brain vasculature is accelerated with 
hyperglycemia due to pro-inflammatory, pro-thrombotic and vasoconstrictive 
vascular processes (Kamada et al.,  2007 ; Martini and Kent,  2007) .  

  Hypertension 

 Hypertension is one of the modifiable risk factors for stroke. Blood pressure control 
reduces the risk of stroke by 38% (Whisnant,  1996) . Functional outcomes following 
stroke are also dependent on whether the patients’ blood pressure is regulated 
(Castillo et al.,  2004 ; Yong et al.,  2005) . Favorable outcomes and blood pressure 
association is complex. Blood pressure regulation varies in acute versus subacute 
versus late stages of ischemic stroke. Extremely high blood pressures (SBP >= 185 
and DBP >= 110) are unequivocally associated with poor outcomes and hemor-
rhagic transformation for patients that receive thrombolytic therapy (Vemmos et al., 
 2004) . However, moderately elevated BP (SBP >= 140 and DBP >= 90) is associated 
with improved functional outcomes (Yong et al.,  2005) . At the same time, patients 
who have untreated low systemic pressures during acute stroke do poorly (Castillo 
et al.,  2004) . The need for such tight blood pressure regulation in the acute stroke 
period is due to a loss of microvascular cerebral autoregulation and the existence of 
pressure-dependent penumbra that is supplied by collateral CBF. In order to maximize 
CBF in the penumbra, blood pressure is allowed to run high in the first few hours 
of stroke. Because of the lack of autoregulation, any sudden changes in pressure 
appear to be deleterious. Increased BP variability during the first 72 h of stroke is 
associated with mildly increased risk of unfavorable outcome, especially after 
thrombolysis (Yong et al.,  2005) .  

  Role of Preconditioning 

 The phenomenon of preconditioning has been investigated in various animal stroke 
models. A vast number of research studies present similar conclusions. A mild 
reversible metabolic stress that precedes a stroke reduces the amount of damage 



74 S. Pundik, J.I. Suarez

produced by this stroke, i.e. what does not kill you makes you stronger. The list of 
metabolic stresses that stimulate endogenous neuroprotection is growing every day. 
Preconditioning can be achieved with one of the following methods: sublethal 
hypoxia, brief episodes of ischemia, spreading depression, hyperoxia, hyper or 
hypothermia, inflammatory stimuli, seizures, metabolic inhibitors, ischemia of other 
organs such as heart or skeletal muscle (Gidday,  2006 ; Kirino,  2002) . The mechanisms 
of ischemic tolerance include molecular processes involved in membrane stabiliza-
tion, inhibition of apoptosis, nitric oxide related events, protein phosphorylation, 
anti-inflamatory processes, and glial proliferation as well as augmentation of stress 
responses (Kirino,  2002) . A thorough understanding of the mechanisms of stimula-
tion of endogenous neuroprotection will hopefully lead to the development of new 
stroke therapies. 

 It is usually a challenge to translate processes observed in experimental 
stroke models into clinical practice. Endogenous preconditioning is not an 
exception. Some have investigated transient ischemic attacks (TIA) as an ischemic 
preconditioning factor. The findings are controversial. The majority of clinical 
observational studies on this topic reflect a purported association between 
improved outcome in patients who had a TIA within a few days prior to the 
stroke (Moncayo et al.,  2000 ; Schaller,  2005 ; Sitzer et al.,  2004 ; Wegener et al., 
 2004 ; Weih et al.,  1999) . However, a recent report showed a lack of this associa-
tion (Johnston,  2004) . Among the explanations for such discrepancies are small 
sample size, variability in outcome measure, heterogeneity of stroke type and 
location and observational character of the studies. It is also encouraging to see 
that other human system organs such as cardiac and skeletal muscles and liver 
exhibit effects of ischemic preconditioning (Clavien et al.,  2003 ; Ghosh and 
Galinanes,  2003 ; Kharbanda et al.,  2002 ; Wu et al.,  2003) .   

  Acute Stroke Treatment  

 Recanalization remains the most important step in the treatment of ischemic stroke. 
In fact, without recanalization further treatment is very limited. However, recanali-
zation alone does not restore all the function especially when ischemia has been 
allowed to last for several hours. Restoration of normal CBF to an ischemic brain 
region is beneficial only within the first 3 – 6 h. In very rare situations and mostly in 
the brain stem ischemias, recanalization procedures are undertaken beyond the 6-h 
limit. Recanalization into a severely ischemic tissue generates a cascade of unto-
ward processes. Reperfusion injury leads to further deterioration of tissue that is 
already compromised. In general, shorter and less severe ischemia leads to fewer 
reperfusion injury consequences. In clinical practice the most significant and most 
visible complication of reperfusion into a severely injured brain parenchyma is 
hemorrhage. It is mostly the increased risk of hemorrhagic transformation that limits 
the administration of thrombolytic therapy beyond 3 h. The key to success in 
thrombolysis remains a shorter duration of ischemia. 
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  Recanalization 

 Clot removal can be achieved in several ways. Intravenous (IV) rt-PA is the most 
widely used and to this date the only medication that is approved by the Food 
and Drug Administration (FDA) for acute stroke treatment as previously men-
tioned. Treatment protocol is based on the design of the NINDS Stroke Trial that 
was published in 1995 (NINDS,  1995) . When patients present within 3 h from 
symptom onset and all the exclusion and inclusion criteria are met, thrombolysis 
is initiated by giving 0.9 mg kg − 1 IV over 1 h with 10% given as a bolus. In the 
NINDS trial, favorable outcome was achieved by at least 30% more patients in 
the treatment arm group. This group also experienced higher rates of sympto-
matic intracranial hemorrhage, 6.4% versus 0.6% in the placebo group. Other 
thrombolytic agents such as urokinase, prourokinase, streptokinase, reteplase, 
antistreplase, and staphylokinase have also been tested. They are either not used 
because of serious side effects (streptokinase) or only utilized in experimental 
protocols. Several clinical trials attempted to test the utility of intravenous 
thrombolytic therapy with rt-PA or other agents at later ischemia durations 
(Clark et al.,  1999 ; Hacke et al.,  1998) . Unfortunately, higher risk of sympto-
matic intracranial hemorrhage and the lack of significant benefit have demon-
strated that there is no safety or efficacy of intravenous therapy past the 3-h 
window. In addition, a defibrinogenating agent, ancrod, derived from viper 
venom, is being tested in a larger trial after pilot study showed a favorable risk-
benefit ratio (Sherman et al.,  2000) . 

 At selected institutions, thrombolytic therapy is also given via the intraarterial 
(IA) route for patients who present within 6 h from the time of onset. The main 
advantage of IA therapy is a direct visualization of cerebral vasculature. IA rt-PA 
therapy is given in the smallest effective doses and directly into the clot and has 
higher rates of recanalization (Qureshi,  2004 ; Suarez et al.,  2002) . The main disad-
vantage of IA thrombolysis is the requirement of additional resources, such as 
trained angiographers, who may not be available in a majority of emergency depart-
ments. Cerebral angiography is a highly technical and labor intensive procedure. 
Because of that, IA therapy is associated with an unwanted delay in treatment 
administration. In order to minimize the delay and maximize the efficacy of treat-
ment thrombolytics can be administered as a combination of IV and IA. In the 
Interventional Management of Stroke study patients with significant neurological 
deficits, as indicated by NIHSS >= 10, received rt-PA IV 0.6 mg kg − 1 (10% as a 
bolus) of rt-PA within the 3 h of symptoms, which was immediately followed by an 
angiography and IA therapy, if necessary, based on angiographical findings (IMS 
Study Investigators,  2004) . Subjects who received IV/IA therapy had significantly 
better outcomes. Further studies of IV/IA treatment are in progress. 

 Another advantage of angiography during acute stroke treatment is that it allows 
mechanical disruption of the clot. There are several methods available today. 
Among them are angioplasty balloons, clot extraction devices (corkscrew retriever 
MERCI device), ultrasound aided catheters and simple manipulation of the clot 
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with a microcatheter that is used for delivery of the thrombolytic agent. Studies 
have shown that new devices are efficient in clot removal, but it is still unclear if 
their use results in improvement of outcome (Smith et al.,  2005) . Therefore, their 
use remains limited but is nonetheless growing as more and more angiographers 
become familiar with the techniques. 

 Platelet glycoprotein IIB-IIIA inhibitors are used as adjunct to thrombolysis, angi-
oplasty or stenting. Several studies have shown favorable outcomes in a selected 
group of patients (Eckert et al.,  2005 ; Lee et al.,  2002 ; Qureshi et al.,  2006) .  

  Neuroprotection 

 There have been many attempts to develop a neuroprotective agent that could 
be administered alone or in addition to thrombolytic therapy. Unfortunately, there 
are no FDA approved neuroprotective treatments for acute stroke patients. To this 
date clinical trials have tested glutamate receptor (NMDA) antagonist, MK-801; 
Ca++ channel blockers, free radical scavangers, anti-inflammatory agents (for 
review see, (Turley et al.,  2005 ; Weinberger,  2006) . In some trials the effects were even 
negative. Many other studies are underway. One promising approach in neuropro-
tective treatment is the use of recombinant erythropoietin in the acute hours of 
cerebral ischemia. A small study demonstrated significant improvement in outcome 
measures in treated patients (Ehrenreich et al.,  2002) .   

  Beyond Clot Removal  

  Maintenance of Perfusion Pressure 

 As mentioned earlier, survival of ischemic penumbra is highly dependent on the 
efficiency of collateral vasculature to provide adequate CBF in the periphery of 
the ischemic territory. The viability of the penumbra depends on the degree and 
the duration of ischemia. In animal stroke models the reduction of CBF in the 
periphery of the ischemic territory is down to about 20% (Jones et al.,  1981) . 
Similar levels of diminished CBF are observed in humans (Bandera et al., 
 2006) . In a healthy brain, CBF is maintained between 60 and 150 mmHg by 
vasoconstriction or vasodilatation in response to changes of perfusion pressure. 
However, during ischemia this autoregulation is lost, which makes the penumbra 
highly dependent on systemic blood pressures. 

 Blood pressure in the early hours of stroke is above 160/90 mmHg in 80% of 
patients and generally normalizes without antihypertensive treatment in a majority 
of them (Oppenheimer and Hachinski,  1992 ; Phillips,  1994) . Acute blood pressure 
management depends on whether thrombolytic therapy is being administered. 
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According to the American Heart Association recommendations, patients who do 
not meet criteria for thrombolysis are allowed to have pressures as high as 230 
mmHg systolic and 130 mmHg diastolic unless evidence of other organ failure is 
present (Adams et al.,  2007) . However, in order to reduce the risk of hemorrhagic 
complications from thrombolysis, blood pressure of over 185 mmHg systolic and 
110 mmHg diastolic on more than two readings requires anti-hypertensive therapy. 
Systolic hypertension is usually treated with labetelol, nicardipine or hydralyzine. 
Nitroglycerin is usually given for diastolic hypertension. These agents are chosen 
for their rapid and relatively reliable action with low risk of overshoot and minimal 
potential to increase intracranial pressure (Rose and Mayer,  2004) . It is important 
to note that current recommendations for blood pressure control during acute 
stroke are controversial. However, it is essential to avoid sudden drops in blood 
pressure (Powers,  1993) . Overall, maintenance of adequate and yet not danger-
ously high perfusion pressure is one of the most challenging tasks during the first 
hours of stroke.  

  Management of Hyperthermia, Hypothermic Treatments 

 Therapeutic hypothermia has shown about a 30% reduction in brain infarction vol-
ume and may be due to decreased excitotoxicity, improved anti-inflammatory 
effects, free radical scavenging, and anti-apoptotic processes (Maher and Hachinski, 
 1993 ; Onesti et al.,  1991 ; Pabello et al.,  2005 ; Toyoda et al.,  1996 ; Van Hemelrijck 
et al.,  2005 ; Yanamoto et al.,  1996) . Hypothermic therapy is neuroprotective for 
cardiac arrest survivors (Hypothermia after Cardiac Arrest Study Group,  2002 ; 
Nolan et al.,  2003) . Deep and mild hypothermia is used during vascular and cardiac 
surgeries and traumatic brain injury. While mild hypothermia is recommended and 
is being used in many medical centers throughout the world for cardiac arrest, its 
use for patients with acute ischemic stroke has not been shown efficacious. In addition, 
benefits of hypothermia are not without problems. First, even a mild hypothermia 
is associated with such side effects as cardiac arrhythmias, infections and hypotension 
(Olsen et al.,  2003) . Second, discomfort from the temperatures and reflex shivering 
require induction of a coma for these patients. Therefore, to deal with the side 
effects of hypothermia, patients need to be placed on mechanical ventilation, heavily 
sedated and paralyzed. These procedures carry a significant level of their own risks, 
and therefore halt its implementation into clinical practice. 

 Just as hypothermia is shown to reduce ischemic brain damage, elevated body 
temperature produces greater injury (Azzimondi et al.,  1995 ; Weimar et al.,  2002) . 
Clinical (Reith et al.,  1996)  and animal studies (Noor et al.,  2003)  described a larger 
volume of infarction and worse functional outcomes for those with fevers during 
early times of cerebral ischemia. While induction of hypothermia presents a challeng-
ing task, maintaining normothermia in acute stroke patients is usually manageable. 
It is routine in a stroke care unit to investigate and treat causes of temperatures 
above 37.5 ° C by administering antipyretic measures.  
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  Management of Hyperglycemia 

 Treatment of hyperglycemia has not been directly studied in acute stroke patients. 
However, there is a vast literature on treatment of hyperglycemia in the setting of 
acute illness (van den et al.,  2001 ,  2006) . Elevation of blood glucose might be secondary 
to stress in these situations and may resolve spontaneously. It is proposed that the aim 
of intensive insulin therapy should be 140 – 180 mg dl — 1. There are clinical trails 
underway, that are testing strategies on achieving nomoglycemia in acute stroke.   

  Future in Stroke Therapies  

 Stroke is the third leading cause of morbidity and mortality in the United States. 
Therefore, efforts that are being made in stroke research to develop novel therapies 
are very important. Early recanalization should remain a key element in acute 
stroke treatment. The fact that only a very limited number of findings in the labo-
ratories have been translated into clinical practice is on the minds of many basic 
and clinical investigators. There have been many proposals for addressing this 
problem. Suggestions of multimodal approaches have been made. Perhaps attend-
ing to several pathological events induced by ischemia is necessary to demonstrate 
the clinical effect. It is also important that putative neuroprotectants are subjected 
to vigorous investigation prior to taking a given agent to clinical trials. Perhaps 
more careful population selection that might involve additional imaging might be 
a solution.      
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 Chapter 6 
 The Role of Animal Models in the Study 
of Epileptogenesis 

           Kate   Chandler   ,    Pi-Shan   Chang   , and    Matthew   Walker      

  Introduction  

 Epileptogenesis is the process that leads to the development of epilepsy: the 
propensity to have recurrent, spontaneous seizures. During epileptogenesis, brain 
excitability increases due to molecular, cellular and network alterations. These 
changes are thought to be initiated by one or more brain insults which may be 
naturally occurring events such as traumatic brain injury, but can also be modeled 
in animals, using insults such as chemically induced status epilepticus (SE: a 
prolonged seizure). 

 The study of epileptogenesis is critical for (a) identifying patients who are at risk 
of developing epilepsy and (b) targeting drugs that can modify the epileptogenic 
process and could therefore prevent the development of the disease. 

 The  interpretation of many of the pathologic and electrophysiologic changes in 
human brain tissue is confounded by (1) the influence of treatment; (2) the diffi-
culty in differentiating cause from effect (i.e. it is possible that the changes are the 
result not the cause of the seizures) and (3) the lack of adequate control tissue for 
comparison. In order to overcome these handicaps, animal models of mesial tem-
poral lobe epilepsy (TLE) are used to study epileptogenesis  –  the two most studied 
being the kindling model and the post-SE model.  

  Epileptogenesis in Human Epilepsies 
and Experimental Models  

 Epilepsy is commonly categorised as idiopathic, symptomatic, probable sympto-
matic (previously known as cryptogenic) and reactive. Idiopathic epilepsies are 
presumed to have an underlying genetic cause; indeed ion channelopathies have 
been identified in several human idiopathic epilepsy syndromes (Gardiner,  2005) . 
Symptomatic epilepsies, which are thought to account for up to 50% of all epilepsy 
cases (Delorenzo et al.,  2005) , arise secondary to an underlying identifiable brain 
insult or lesion such as stroke, intracranial neoplasia or encephalitis. Probable 
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symptomatic epilepsies are likely to be symptomatic but have no cause that can be 
identified using current methods (Engel,  2006) . Finally, reactive seizures arise 
secondary to an underlying metabolic disturbance that has an indirect effect on 
brain excitability, such as hepatic encephalopathy. 

 Naturally occurring epileptogenic insults in patients with symptomatic epilepsy 
include encephalitis, SE, traumatic brain injury and stroke. However, only a small 
proportion of people who suffer such insults develop epilepsy. The process can be 
considered in three stages: (1) the insult; (2) the latent period (epileptogenesis 
occurs during this period, before epilepsy develops); (3) epilepsy (Fig.  6.1 ) . In 
some people the latent period can be extremely long. Approximately ninety per 
cent of SE patients, who develop epilepsy, do so within 7 years (Hesdorffer et al., 
 1998) . This period tends to be shorter in patients who have had a traumatic brain 
injury or stroke (within 2 years; Hesdorffer et al.,  1998) , suggesting that the length 
of the epileptogenic period varies depending on the epileptogenic insult. Once a 
patient starts to have recurrent seizures, the epileptic disease state probably contin-
ues to progress, as seizures may induce additional neuronal alteration that leads to 
lowering of the seizure threshold.  

 The prolonged latent period in people suggests that either epileptogenesis is a 
long process, or that a second insult is necessary for epilepsy to occur. This  “ second 
hit hypothesis ”  proposes that an initial insult results in lowered seizure threshold, 
and then a later insult, the  ‘ second hit ’ , results in the expression of epilepsy (Walker 
et al.,  2002) . 

 Rodent models of epilepsy are commonly produced by stimulating SE chemically 
or electrically. Following this insult, the latent period ensues (which usually lasts 

 Fig. 6.1   Illustration of the development of epilepsy following a specific brain insult 
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days to weeks in animal models) and the state of recurrent seizures then occurs. 
In these animal models, epileptogenesis is actively occurring in the latent period, and 
therefore modification of this process can potentially change the outcome i.e. 
whether that animal goes on to develop epilepsy. The onset of epilepsy, and 
therefore presumably the process of epileptogenesis, is more rapid in SE models 
compared to traumatic brain injury or stroke models. 

  Hippocampal Sclerosis 

 The hippocampus plays a prominent part in epilepsy research, as it is an area of the 
brain that not only is vulnerable to damage by seizures but also commonly acts as 
the substrate for seizures. The hippocampus (literally  “ sea horse ”  due to its curled 
appearance) is part of the limbic lobe  —  a structure originally defined by Broca as 
a ring of grey matter on the medial aspect of each hemisphere. Bouchet and 
Cazauvieilh were the first to make an association between pathological changes in 
the hippocampus and epilepsy in 1825 during their work on potential links between 
mental disorders and epilepsy. During these studies they observed pathological 
changes in the hippocampus in five epileptic patients. The hippocampi had become 
firm in texture. They termed this pathological change  “ sclerosis. ”  In 1880, Sommer 
reviewed the literature on the role of the hippocampus in epilepsy. He was probably 
the first person to associate the hippocampus with temporal lobe seizures. He pos-
tulated that hippocampal cells were vulnerable to insults and that the resulting 
Ammon’s horn sclerosis was the cause of epilepsy (Fisher et al.,  1998) . In 1899 
Bratz described the microscopic appearance of hippocampal sclerosis (HS):

   1.    Destruction of pyramidal neurons in Ammon’s Horn (hippocampus proper), 
particularly in CA1  

   2.    Loss of hilar neurons and CA4 pyramidal neurons (endfolium sclerosis)  
   3.    Granule cell loss     

 He also showed that epilepsy is not always associated with HS. He thought that HS 
caused certain types of seizures rather than being a result of seizures. Certainly 
there is evidence that HS could indeed cause seizures. Most patients with refractory 
mesial TLE have HS (Babb and Brown,  1986) . There is usually cell loss in both 
hippocampi although it tends to be asymmetrical. Unilateral hippocampal atrophy 
is often seen in these patients, which is characterised on MRI by reduced volume 
and increased signal on T2-weighted images. The location of the seizure focus 
frequently corresponds to the side of the atrophic hippocampus (Fish and Spencer, 
 1995) . Removal of the sclerotic tissue during temporal lobe resection successfully 
 “ cures ”  80% of the patients (Arruda et al.,  1996) . However, among patients with 
hippocampal atrophy, around 10% have bilateral atrophy. In these patients surgical 
success is achieved not by removing the more or less atrophied hippocampus, 
but by removing the seizure focus as identified by EEG recordings (Fish and 
Spencer,  1995) . Later in the twentieth century an alternative explanation developed. 
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Scheibel et al.  (1974)  demonstrated a positive correlation between the chronicity of 
the seizure disorder and the severity of the hippocampal damage which led many to 
believe that HS was an eventual consequence of chronic seizures rather than a 
cause. From the 1950s onwards, workers started to associate HS with prior cerebral 
injury early in life. Retrospective studies frequently show that HS is associated with 
prolonged febrile seizures in childhood (Davies et al.,  1996 ; Lewis,  1999)  but see 
Tarkka et al.  (2003) . However HS is sometimes present even in the absence of any 
apparent initial precipitating injury. Despite the link between febrile seizures and 
TLE, many children who have had febrile seizures do not develop HS or TLE 
(Tarkka et al.,  2003) . Clearly, there is a complex relationship between early cerebral 
injury, TLE and HS. The most commonly used animal models of epilepsy have 
similar pathology to HS, which is induced by an insult such as SE.   

  Animal Models of Epilepsy  

 Epilepsy can be modeled in diverse species from  Drosophila  to more complex 
organisms such as non-human primates. These can be separated into models of 
seizures and models of epilepsy, although some models can be considered to be 
both. For example, if flurothyl is administered to rodents, they have a generalised 
seizure but do not develop spontaneous seizures. In contrast, if SE is induced by 
administration of pilocarpine, the animal develops spontaneous seizures after a 
latent period of days to weeks. The former case is a model of seizure activity but 
not of epilepsy, and the latter is a model of an acutely precipitated seizure leading 
to a chronic epileptic state. Some studies refer to models as  “ acute ” , e.g. maximal 
electroshock, pentylenetetrazol  –  models that produce immediate seizure activity  –  
and  “ chronic ”  models that involve an insult such as SE, which is followed by 
spontaneous seizures following a latent period. Study of the latent period may 
reveal changes associated with epileptogenesis. There are also many species in 
which epilepsy occurs spontaneously, often due to a known or suspected genetic 
predisposition e.g. dogs, rats, mice, hamsters. 

 Transgenic mice with seizure disorders have also been developed (Upton and 
Stratton,  2003) . These become important when considering that at least 40 – 50% of 
all forms of human epilepsy are idiopathic generalised epilepsies, which are char-
acterised by the lack of antecedent disease and a presumed genetic origin. 
Transgenic models include those engineered with functionally identical mutations 
to those in human inherited epilepsy, models which have single altered genes to 
determine whether those genes are involved in epileptogenesis and lastly, spontaneous 
mutations in mice, which have provided a source of potential candidate genes. 

 Epileptiform activity can also be induced in a brain slice  in vitro . This can be 
achieved by applying drugs, electrical stimuli, manipulating ion concentrations, or 
combinations of these. Such drugs include 4-aminopyridine, pilocarpine and the 
GABA 

A
  receptor antagonist bicuculline. Raising the concentration of potassium or 

lowering the concentration of magnesium can also induce epileptiform activity. 
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The activity in these  in vitro  models can then be measured by making extracellular 
field potential recordings in the desired region or using multiple electrode arrange-
ments. Propagation of epileptiform activity through a slice can also be monitored 
by measuring intrinsic optical signal (IOS). Intrinsic optical signals are generated 
 in vitro  by changes in light scattering properties through refraction and reflection 
and/or by changes in light absorption. These phenomena are mainly secondary 
to cell swelling leading to alterations in the extracellular space volume (D’Arcangelo 
et al.,  2001) . The relevance of synchronised bursts in the limited network of the slice 
preparation to the  in vivo  situation is uncertain, especially since certain synchronised 
bursts  in vivo  have been proposed to be very different from seizures and even to have 
an antiepileptic effect (de Curtis and Avanzini,  2001) . 

 Since the methods of modeling epilepsy are so diverse, it is imperative to select 
the most appropriate models for studying epileptogenesis. The most common 
methods of studying this process are in rodents (Table  6.1 ) , in particular the kin-
dling or post-SE models.  

  Post-status Epilepticus Models 

 The probability of SE patients subsequently developing epilepsy within 2 years is 
41% compared with 13% of those with acute symptomatic seizures but no SE 
(Hesdorffer et al.,  1998) . This suggests a relationship between the prolonged sei-
zures of SE and subsequent epileptogenesis, although a relationship between the 
length of seizure and the nature and severity of the precipitant cannot be discounted. 

  Table 6.1      Examples of Commonly used Rodent Models of Epilepsy, Seizures, and 
Epileptiform Activity. The Models Marked in Bold are used as Models of Epilepsy  –  
Spontaneous Seizures can Occur Later. SE (Status Epilepticus)

  A) In vivo    i) Chemical    Pilocarpine (+/ −  lithium) SE  

  Kainic acid SE  
  Tetanus toxin  
 Pentylenetetrazol 
 Fluorothyl 
 Penicillin 

  ii) Electrical    Kindling  
  Perforant path stimulation SE  
 Maximal Electroshock 

  iii) Genetic    Spontaneous  
  Transgenic  

  B) In vitro (slice preparations)   4-aminopyridine 
 Low magnesium 
 Pilocarpine 
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In humans, SE has been shown to result in hippocampal damage and subsequent 
HS. The hippocampus thus has a dichotomous role as the substrate for epilepsy, and 
as the structure susceptible to damage by prolonged seizures. 

 Animal models of generalised convulsive as well as limbic SE have supported 
these findings. Limbic SE has been induced by the systemic or local administration 
of kainic acid (Ben-Ari,  1985) , systemic administration of pilocarpine (a muscarinic 
receptor agonist) (Turski et al.,  1989)  or protocols using electrical stimulation of 
limbic areas (Lothman et al.,  1990) . SE in these models results in hippocampal 
damage similar to that observed in humans. Following these acute episodes of lim-
bic SE, many of the animals go on to develop spontaneous limbic seizures after 
the latent period of days to weeks (Ben-Ari,  1985 ; Turski et al.,  1989 ; Lothman 
et al.,  1990) . 

  Pilocarpine Model 

 Although there are many convulsants that can be given to induce SE and later 
epilepsy, the two most studied are SE induced by kainite acid or pilocarpine. 
The latter is perhaps the most commonly used, and results in SE and then the later 
development of spontaneous seizures in the majority of animals. Turski et al. 
 (1989)  were the first to demonstrate that systemic administration of pilocarpine, an 
agonist of muscarinic acetylcholine receptors, induced limbic seizures in rats. 
The seizures consisted of staring spells, olfactory and gustatory automatisms and 
motor limbic seizures that developed over 1 – 2 h and built up progressively into 
limbic SE. The earliest electrographic alterations were in the hippocampus; these 
then propagated to the amygdala and cortex. A pattern of cell loss occurred in the 
hippocampus that is similar to human patients with TLE. The pilocarpine model 
can be used to ask different questions depending on the time period studied: a) the 
immediate consequences of SE, b) the changes that occur during epileptogenesis 
(i.e. during the latent period) and c) the period of spontaneous recurrent seizures.  

  Perforant Path Stimulation 

 Sloviter and Damiano  (1981)  developed a model of seizure-induced neuronal 
damage which involved continuous electrical stimulation of the perforant path of 
urethane anaesthetised rats for 24 h. The stimulation evoked granule cell population 
spikes (due to the summation of action potentials from many neurons), epileptiform 
discharges and reduced dentate inhibition, which could be quantified by measuring 
loss of paired pulse inhibition. Hilar interneurons and CA3 pyramidal neurons were 
damaged. McIntyre et al.  (1982)  then modified the model by stimulating the per-
forant path in unanaesthetised previously kindled rats for 60 min at a frequency of 
60 Hz. Since the process of kindling itself induces epilepsy (see below), models 
were then developed in which the perforant path was stimulated in na rats and self-
sustaining SE was eventually induced (Mazarati et al.,  1998) . Several different 
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stimulating protocols have been used, including either intermittent or continuous 
stimulation. Walker et al.  (1999)  modified previous protocols described by Sloviter 
and Damiano  (1981) . This modification consisted of continuous stimulation of the 
perforant path at 20 Hz for 2 h via electrodes implanted into the angular bundle. 
Activity is recorded in the dentate gyrus via another electrode throughout the pro-
cedure. In this model, electrographic and behavioural seizure activity becomes 
self-sustaining and persists after the stimulation has stopped.   

  Tetanus Toxin Model 

 Intrahippocampal injection of tetanus toxin also results in spontaneous seizures, 
even after the clearance of the toxin, and this model has also contributed to our 
understanding of the pathophysiology of mesial TLE (Mellanby et al.,  1977) . 
However, this model does not result in HS (Jefferys et al.,  1992) , and the seizures 
usually abate in contrast to the human condition.  

  The Kindling Model 

 Kindling is the repetition of subthreshold stimuli that initially evoke afterdis-
charges but not seizures (Goddard,  1967) . Repetition of these stimuli results in a 
gradual lengthening of the afterdischarges, eventually leading to progressively 
more severe seizures. Once an animal has been kindled, the heightened response to 
the stimulus seems to be permanent, and spontaneous seizures can occur 
(McNamara et al., 1993) . The hippocampus and amygdala are easily kindled, 
resulting in a well-described progression of limbic seizures. Kindling shares several 
characteristics with NMDA-dependent long-term potentiation (LTP) of excitatory 
synaptic transmission. This has led to the suggestion that kindling and LTP have 
similar underlying mechanisms. In support of this, the rate at which kindling occurs 
is retarded in rodents treated with NMDA receptor antagonists. There are, however, 
several differences between kindling and LTP. Although NMDA receptor antago-
nists can completely block the induction of LTP, they are unable to block kindling 
completely (Cain et al.,  1992) . Perhaps a more fundamental difference is that the 
kindling process requires afterdischarges; the repeated induction of LTP without 
afterdischarges does not induce kindling. LTP of glutamatergic synaptic transmis-
sion may contribute to kindling by increasing the excitatory synaptic drive and the 
likelihood of evoking afterdischarges, but is alone insufficient to explain the cellular 
mechanisms of kindling (Cain et al.,  1992) . 

 The kindling model is particularly well-suited to the study of epileptogenesis. 
Brain regions can be precisely activated by focal stimulation, the interictal, ictal 
and post-ictal periods are easily manipulated (Sato et al.,  1990)  and the seizure 
types are similar to those seen in naturally occurring TLE (Loscher,  2002) . 
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However, the kindling model rarely results in the development of spontaneous 
seizures unless a large number of stimulations are applied ( “ over-kindling ” ) (Pinel 
and Rovner,  1978) . 

 Kindling alone is unlikely to explain the occurrence of HS in association with 
other pathology, because kindling itself usually results in no or minimal hippocampal 
damage and sclerosis (Tuunanen and Pitkanen,  2000) . Kindling could, however, 
explain the progression of mesial temporal epilepsy. Spontaneous seizures in the 
kindling model can result in progressive neuronal loss within the hippocampus 
(Cavazos et al.,  1994) . Indeed, even following single seizures, there is evidence of 
both apoptotic cell death and also neurogenesis in the dentate granule cell layer 
(Bengzon et al.,  1997) . This would suggest that recurrent seizures may cause 
further structural and functional changes in the hippocampus. Human evidence for 
this has mainly been indirect. Epilepsy duration correlates with hippocampal volume 
loss and progressive neuronal loss and dysfunction (Theodore and Gaillard,  1999) . 
There has also been a case report demonstrating that hippocampal volumes 
decrease with time in HS (Van Paesschen et al.,  1998)  and the appearance of HS 
de novo has been observed following secondary generalised brief tonic-clonic 
seizures (Briellmann et al.,  2001) , although whether this is directly the cause of the 
seizures rather than resultant hypoxia during seizures or some other underlying 
pathological process remains uncertain (Sutula and Pitkanen,  2001) .   

  Cellular Alterations During Epileptogenesis  

 Epileptogenic insults often result in an immediate selective neuronal loss, which is 
most prominent in areas CA1 and CA3 of the hippocampus. The latent period of 
variable length then follows and it is presumed that structural and functional 
changes occur during this time, which eventually lead to epilepsy. These changes 
involve not only neuronal loss, but also rearrangement of neuronal circuits, release 
of growth factors, failure to recruit inhibitory interneurons, gliogenesis, neurogenesis, 
altered inhibition, altered non-synaptic transmission, and changes in receptors and 
ion channels. All these processes may play a part in epileptogenesis. 

 Thus multifarious processes are involved in epileptogenesis, and this has com-
plicated the identification of drugs that can be given in the latent period, which will 
prevent the later development of epilepsy. 

  Neuronal Loss 

 Both humans with TLE and rodents following SE demonstrate substantial hippoc-
ampal neuronal loss, which is specific to particular subfields including CA1, CA3 
and the hilus (Norman,  1964 ; DeGiorgio et al.,  1992 ; Turski et al.,  1983 ,  1989 ; 
Clifford et al.,  1987) . There are a number of factors during prolonged seizures that 
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may lead to neuronal death, including disruption of ion homeostatis resulting in cell 
swelling (necrosis) and a large influx of calcium into neurons via predominantly 
NMDA receptors, which results in a cascade of biochemical events, eventually 
leading to cell death (apoptosis). 

 After brain injury, such as ischemic injury, stroke, or traumatic brain injury, 
apoptosis plays a critical role in neuronal death (Liou et al.,  2003) . Apoptosis is a 
physiological process for killing cells and is important for the normal development 
and function of multicellular organisms (Strasser et al.,  2000) . Apoptosis results 
from a highly ordered molecular cascade, including inflammatory/cytokine-processing 
Caspases - 1, 5, and 11 and apoptosis-regulatory caspases - 2, 3, 6, 7, 8, 9, and 10. 
It may also involve changes in gene transcription (Henshall and Simon,  2005) . 
Apoptosis after seizures may involve extrinsic pathway activation which involves 
caspases 2 and 8, intrinsic pathway activation which relates to mitochondrial 
calcium loading, cytochrome  c  release and calpain-mediated release of apoptosis-
inducing factor (AIF), and executioner caspase activation which includes caspase 
3, 6 and 7 (Henshall and Simon,  2005) . 

 Other mechanisms that may play a crucial role are mitochondrial dysfunction and 
the production of free radicals. The brain is sensitive to oxidative damage because of 
its high aerobic metabolic demand, high polyunsaturated fatty acid content, poor repair 
capacity and high iron load. Free radicals disrupt membrane lipids and cause mem-
brane failure. They may also interact with, damage and fragment DNA and inhibit 
mitochondrial respiration. Free radicals may induce modification of nucleotide bases 
by glycation or oxidation. Free radicals may also be involved in the development of 
seizures. During epileptogenesis, free radicals rise markedly (Gupta et al.,  2003) . The 
mechanisms underlying free radical formation during seizures are unclear, but mito-
chondrial dysfunction may play a critical part in the production of the free radical 
superoxide (O 

2
   –  ). The autooxidation of catecholamines, xanthine oxidase, phospholi-

pase A2 and NAD(P)H oxidases, may also contribute to O 
2
   −   production. Superoxide 

can combine with nitric oxide to produce peroxynitrite, which is neurotoxic. 
 Mitochondrial dysfunction during seizures can also alter neuronal excitability. 

The inhibition of the mitochondrial respiratory chain enzymes, such as cytochrome 
c oxidase and succinate dehydrogenase, evokes seizures. This may be due to an 
intracellular decrease in ATP levels and alterations in neuronal calcium homeosta-
sis (Kunz,  2002) . Alternatively, free radicals may attack mitochondria, inhibit the 
activity of the respiratory chain and induce a transient permeability. This results in 
a decline of ATP production and excessive release of free radicals, consequently 
causing cell death (Arzimanoglou et al.,  2002) .  

  The Creation of New Circuits: Mossy Fibre Sprouting 

 Hippocampal mossy fibres, which are the axons of dentate granule cells, converge in 
the dentate hilus and innervate hilar and CA3 neurons (Frotscher et al.,  1994) . In 
the rodent, the main mossy fibre axons leave the hilus and travel through CA3 
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in stratum lucidum, to the level of the apical dendrites of CA3 pyramidal cells 
(Henze et al.,  2000) . 

 Mossy fibre axons form synapses with excitatory and inhibitory cells of the hilus 
and area CA3. 

 There are inhibitory presynaptic G-protein coupled receptors in mossy fibre 
synapses for a number of transmitters, such as glutamate, γ-aminobutyric acid 
(GABA), adenosine and dynorphin. The release of glutamate and GABA can therefore 
have a depressant effect on mossy fibre synaptic transmission. The mossy fibre 
pathway predominantly synapses onto inhibitory interneurons, rather than excita-
tory hilar mossy cells and CA3 pyramidal cells. 

 The presynaptic terminals of mossy fibres are large and complex and completely 
surround the branched dendritic spines with up to 20 independent release sites. 
The synapses of mossy fibre demonstrate strong activity-dependent plasticity, and 
a presynaptic form of LTP, which does not require NMDA receptor activation 
(Nicoll and Malenka,  1995) . A CA3 pyramidal neuron receives only approximately 
fifty synapses from mossy fibres, whereas it receives about 12,000 synapses from 
other CA3 neurons located in the ipsilateral and contralateral hippocampus. Mossy 
fibre synapses are however very efficient and are able to bring CA3 pyramidal cells 
to the firing threshold. Therefore, stimulating mossy fibres can lead to activation of 
recurrent excitatory synapses by firing of CA3 pyramidal neurons, resulting in 
epileptiform activity (Miles and Wong,  1983) . 

 Re-organisation of the mossy fibre axons ( “ sprouting ” ) occurs in both animal 
models and human patients with TLE into the inner molecular layer of the dentate 
gyrus. The role of these aberrant fibres has been a subject of controversy; sprouting 
is considered to be a response to the loss of neuronal targets. The two lines of 
thought are that, either sprouted fibres synapse onto dentate granule cells and 
form recurrent excitatory synapses, or they synapse mainly onto interneurons, 
thus increasing inhibition in the epileptic hippocampus. There are several lines of 
evidence showing that sprouted fibres make aberrant connections with granule 
cells both in animal models of epilepsy (Okazaki et al.,  1995 ; Buckmaster et al., 
 2002)  and human patients (Zhang and Houser,  1999) , resulting in functional 
recurrent excitatory synapses (Tauck and Nadler,  1985) . More recently, Buckmaster 
et al.  (2002)  provided evidence that most new synapses made by sprouted mossy 
fibres were with GABA-negative dendritic spines. In contrast to these findings 
Sloviter  (1992)  suggested that mossy fibre sprouting restores inhibition by inner-
vation of interneurons by the sprouts and electron microscopic studies have 
revealed that sprouted mossy fibres probably synapse onto interneurons as well 
(Kotti et al.,  1997) . 

 What are the functional consequences of sprouting and is it necessary for epilep-
togenesis to occur? Longo and Mello  (1997)  showed that if sprouting is inhibited by 
cycloheximide (a protein synthesis inhibitor) in laboratory models of epilepsy, epilep-
togenesis still occurs. In contrast with this work however, Williams et al.  (2002)  failed 
to prevent sprouting with cycloheximide although they did show that spontaneous 
seizures could develop in the absence of Timm-stain positive mossy fibre sprouting. 
Similarly, spontaneous recurrent seizures develop even in the absence of sprouting in 
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a modified kainic acid model of epilepsy (Zhang and Houser,  1999) . But, in this last 
study, the presence of sprouting and neuronal cell loss was associated with more 
severe seizures. These results do not necessarily mean that mossy fibre sprouting is 
not important in increasing hippocampal excitability; they demonstrate that sprouting 
is not required for recurrent seizures to develop.  

  Growth Factors 

 Growth factors regulate a variety of cellular processes. They bind to receptors on 
the cell surface, activating cellular proliferation and differentiation. Growth factors 
have a role in the development of epilepsy. There is evidence that nerve growth 
factor (NGF) accelerates epileptogenesis in the kindling model and increases mossy 
fibre sprouting in the CA3 region and inner molecular layer (Adams et al.,  1997) . 
Brain derived neurotrophic factor (BDNF) mRNA was markedly increased in the 
hippocampus and the neocortex in fully kindled rats (Simonato et al.,  1998) . In the 
kindling model, the expression of BDNF mRNA was increased in the dentate 
granule cell layer, and was influenced by neurotrophin-3 (Elmer et al.,  1996) . 
Further evidence demonstrates that synthetic peptides designed to prevent neuro-
trophin binding to their receptors, significantly retard kindling-induced epilepsy 
and inhibit mossy fibre sprouting (Rashid et al.,  1995) . 

 Tyrosine kinase B (TrkB), the primary target of BDNF, plays a vital role in epi-
leptogeneis. Characteristic neuropathologic changes result from the interaction of 
BDNF with TrkB, such as neuronal loss and axonal sprouting, plastic changes in 
neuronal networks and synapses, neurogenesis, and dendritic outgrowth. Increased 
BDNF causes neuronal hyperexcitability and promotes LTP of excitatory synaptic 
transmission. Further studies suggest that BDNF redistributes (e.g. to distal den-
drites) during the development of epilepsy.  

  The Dormant Basket Cell Hypothesis 

 Sloviter proposed the  “ dormant basket cell hypothesis ”  to account for data obtained 
in rats that had been exposed to prolonged perforant path stimulation under 
urethane anesthesia (Sloviter,  1983 ,  1987 ,  1991b) . He observed that the principal 
cell disinhibition and hyperexcitability that immediately followed prolonged 
seizure discharges, correlated closely with selective neuronal injury to hilar neurons 
and CA3 pyramidal cells, and were similar to those changes produced acutely by 
bicuculline (Sloviter,  1991b) . He suggested that principal cell disinhibition might 
be caused by the loss of mossy cell activation of dentate basket cells and the loss 
of CA3 pyramidal cell excitation of the area CA1 basket cells. Findings by Bekenstein 
and Lothman  (1993)  supported the hypothesis, as have several subsequent studies 
(Mangan et al.,  1995 ; Jefferys and Traub,  1998 ; Doherty and Dingledine,  2001 ; 
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Denslow et al.,  2001) . In contrast, Esclapez et al.  (1997)  argued that in CA1, 
inhibition remained intact. Sloviter suggested that if inhibitory interneurons do 
indeed survive, perhaps a weak glutamate receptor agonist might restore inhibition 
by selectively activating surviving inhibitory interneurons (Sloviter,  1991a) . This 
has subsequently been supported by Khalilov et al.  (2002)   who describe that a 
GluR5 subunit-containing glutamate receptor agonist selectively excites hippocampal 
interneurons and evokes hippocampal principal cell inhibition. The dormant basket 
cell hypothesis was tested experimentally by Ratzliff et al.  (2004)  who demon-
strated that specific ablation of mossy cells decreased the excitability of granule 
cells in response to perforant path stimulation. In contrast, when the interneurons 
themselves were ablated, it led to an increase in excitability as would be expected. 
The  “ irritable mossy cell hypothesis ”  was then proposed, stating that it was the 
survival of the mossy cells that caused an increase in dentate gyrus hyperexcitability 
(Ratzliff et al.,  2004 ; Santhakumar et al.,  2000) .  

  Gliogenesis 

 The supportive network of glia, particularly astrocytes, has been suspected for 
many years to be involved in epileptogenesis (Scharfman and Gray,  2007) . It has 
been implicated for several reasons: (1) gliosis is required to induce post traumatic 
epilepsy (Penfield,  1927) ; (2) astrocytes assist ion homeostasis and hence neuronal 
excitability (Orkand et al.,  1966) ; (3) Interplay between glial cell volume and extra-
cellular volume affect neuronal hypersynchrony (Lux et al.,  1986 ; Hochman et al., 
 1995) . Historically, astrocytes have been referred to as passive bystanders that 
merely provide support to neuronal networks (Halassa et al.,  2007) . This view is 
changing, because astrocytes can generate oscillatory intracellular calcium waves, 
which can propagate through the astrocytic network and release neurotransmitters 
such as glutamate (Bezzi et al.,  2004) . Further, astrocytic calcium waves have prop-
erties that could facilitate seizures. 

 Astroglial gliosis is frequently observed in the epileptic foci of patients and animal 
models of epilepsy. In particular, kindling results in structural changes in astrocytes 
in the brain regions known to propagate kindled seizures. However, this has been 
suspected to be related to neuronal loss. Khurgel et al.  (1995)  demonstrated 
astrocyte activation following kindling, in the absence of significant neuronal 
degeneration. It was therefore hypothesized that neuronal loss is not a prerequisite 
for epileptogenesis. 

 Recent work by Tian et al.  (2005)  demonstrated that activation of single astro-
cytes by photolytic uncaging of intracellular calcium, could induce paroxysmal 
depolarizing shifts (PDSs) in rat hippocampal slices, while neuronal action poten-
tials and synaptic transmission were blocked. They also observed an increase in 
glutamate release in the rat hippocampus during seizures, which was thought to be 
released from astrocytes (Tian et al.,  2005) . Finally they also provided evidence that 
some antiepileptic drugs appeared to act directly on astrocytes.  
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  Neurogenesis 

 The view that new neurons are not produced in the adult brain has been slowly 
changing over the past century. There has been experimental evidence, since the 
1960s, that neurogenesis occurs in the adult brain (Altman,  1962 ; Altman and Das, 
 1965)  and this evidence has been broadened with the use of the thymidine analogue 
BrDU to identify newly born cells in the brain (Gage,  2002) . Neurogenesis in the adult 
brain mainly occurs in three areas: the subventricular zone, olfactory bulb and dentate 
gyrus, although other sites have been reported. Clearly new neurons in the dentate 
gyrus could have a key role in epileptogenesis, depending on their effects on the hip-
pocampal circuitry. Newly born granule cells send axonal projections to their usual 
anatomical pathway, the mossy fibres. They appear to develop electrophysiological 
properties similar to other granule cells (van Praag et al.,  2002) . 

 Adult neurogenesis is profoundly modified by environment and disease. Seizure 
activity increases neurogenesis in the dentate gyrus (Gray and Sundstrom,  1998) . 
Although this activity-induced neurogenesis is interesting, what effect does it have 
on epileptogenesis? Here, the evidence is conflicting. It has been argued that newly 
born neurons do not survive for long (Bengzon et al.,  1997)  although this is not 
always the case (Scharfman et al.,  2000) . Other studies suggest that new neurons 
have a marked effect on epileptogenesis. Jung et al.,  (2004)  showed that reduction 
of new neurons after pilocarpine induced SE was associated with reduced seizure 
frequency. Further, ectopic granule cells and hippocampal slice recordings dis-
charge spontaneous action with potential bursts which were synchronised with area 
CA3 activity, suggesting abnormal activity (Scharfman et al.,  2000) . Although 
these lines of evidence suggest that new neurons increase excitability, it is unclear 
whether new neurons could also either innervate GABAergic cells or develop into 
granule cells with a GABAergic phenotype (Gutierrez,  2005) . In summary, current 
evidence suggests that new dentate granule cells increase excitability and one could 
speculate that reduction of new granule cell birth could reduce the likelihood of the 
development of epilepsy. However, this hypothesis should be viewed with caution, 
as Hattiangady et al.,  (2004)  have shown a decline in neurogenesis in chronic 
epilepsy. This could theoretically lead to cognitive dysfunction and depression, 
which might be worsened by drugs that inhibit neurogenesis.  

  Altered Inhibition 

 Blocking GABAergic inhibition produces seizures. Loss of inhibition is frequently 
observed in epilepsy models and tissue from patients. Paradoxically, other studies 
have reported increased inhibition in epilepsy. Despite a lot of evidence that there 
is decreased inhibition in the epileptic hippocampus, there have been several con-
flicting findings. In the dentate gyrus, both decreased and increased inhibition have 
been observed. An increase in paired-pulse inhibition of granule cells has been 
observed in several epilepsy models. This was observed in the amygdala kindling 
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model (Tuff et al.,  1983)  and in the kainic acid model (Haas et al.,  1996 ; Buckmaster 
and Dudek,  1997) . Granule cells from epileptic rats have increased GABA

A
 receptor 

current density when compared with controls (Gibbs et al.,  1997)  and there are 
more GABA

A
 receptors per synapse in kindled animals when compared with the 

controls (Otis et al.,  1994 ; Nusser et al.,  1998) . There are a number of explanations 
for these contrasting findings. First, studies are often not directly comparable 
because they use different animal models. Second, inhibition is measured in differ-
ent ways, including paired pulse inhibition, miniature inhibitory post-synaptic 
current (mIPSC), spontaneous inhibitory post-synaptic current (IPSC) frequency, 
and evoked inhibitory post-synaptic potential (IPSP). Third, it has been proposed 
that results may differ depending on the septotemporal level of the hippocampus 
examined (Bernard et al.,  2000) . In vivo studies in rats tend to concentrate on the 
more accessible septal level of the hippocampus; however, tissue resected from 
humans includes the anterior (the human equivalent to the rat temporal) region (NB 
in the human the hippocampal poles are termed anterior and posterior, in contrast 
to the rat that is described as having temporal and septal poles). It is here that the hilar 
neuron loss is most severe (Babb et al.,  1984)  and the number of GAD-positive 
(Buckmaster and Jongen-Relo,  1999)  and the somatostatin- and parvalbumin-immu-
noreactive interneurons are most reduced (Buckmaster and Dudek,  1997) . 
Therefore, reduced granule cell inhibition and interneuron loss in the temporal 
dentate gyrus may be missed in the studies of the septal dentate gyrus.  

  Non-synaptic Mechanisms in Epileptogenesis 

 Non-synaptic mechanisms refer to those mechanisms that are independent of 
active chemical synaptic transmission in the synchronization of neuronal activity 
during seizures, and may contribute to chronic epileptogenesis. These  “ non-synaptic ”  
pileptogenesis. These  “ non-synaptic ”  mechanisms include electronic coupling via 
gap junctions, electrical field effects, and ionic interactions. 

 First, electronic coupling via gap junctions involves a specialized membrane struc-
ture. Gap junctions are intercellular channels composed of connexin proteins, which 
can be modulated by a number of intracellular and extracellular factors. The function 
of gap junctions is to allow certain molecules and ions to move freely between neurons. 
This permits direct electrical transmission between cells, chemical transmission 
between cells through small second messengers, and the passage of small molecules 
(1,000 D). Gap junction channels contribute to neuronal synchronization in the brain. 
In addition, they may also play a role in hypersynchrony in epilepsy models (Kohling 
et al.,  2001 ; Perez et al.,  2000) . Recent studies indicate that gap junctions can signifi-
cantly modify the expression, the duration, and the propagation of seizures in vitro 
(Gajda et al.,  2003)  and in vivo in epilepsy models. 

 Second, electrical-field effects depend on neuronal orientation, polarity and the 
size of the extracellular space (Ghai et al.,  2000) . Tightly packed neurons that are 
arranged in parallel are susceptible to the effect of activity-induced electrical fields. 
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Electric fields can modulate neuronal activity in the central nervous system. They 
influence a variety of cellular events, such as membrane differentiation, neurite 
growth during both development and structural regeneration, organization of local 
neuronal circuits, and even receptor localization (Faber and Korn,  1989) . When 
synaptic activity is blocked in hippocampal slices by removing extracellular Ca 2+ , 
recurrent spontaneous paroxysms, termed seizure-like events, occur in the CA1 
region. CA1 neurons discharge in synchrony and result in massive neuronal excita-
tion (Konnerth et al.,  1986) . 

 The third mechanism is ionic interaction, which involves activity-dependent 
shifts in the intracellular and extracellular concentration of ions. Intense electrical 
activity during seizures is associated with transmembrane ionic currents, causing 
K +  and Cl  −   redistribution. Increasing K +  concentration in the extracellular milieu 
increases membrane excitability and has a slow synchronizing effect on neuronal 
networks (Jensen and Yaari,  1997) . Extracellular chloride may also play a critical 
role in neuronal synchronization (Hochman et al.,  1999) .  

  Receptor/Acquired Channel Changes 

 Several studies have observed changes in the expression of genes encoding various 
ion channels following SE. These include GABA 

A
  receptors, sodium, potassium 

and calcium channels and hyperpolarisation-activated cyclic nucleotide-gated 
(HCN) channels (Brooks-Kayal et al.,  1998 ; Chen et al.,  2001 ; Ellerkmann et al., 
 2003 ; Bernard et al.,  2004) . 

  GABA A  Receptors 

 Altered expression and function of GABA 
A
  receptors in epilepsy play a key role in 

epileptogenesis. There is an increase in membrane GABA 
A
  receptors in the dentate 

gyrus which is reflected in an increase in the efficacy of GABA in activating whole 
cell currents and increase in the mIPSC amplitude (Otis et al.,  1994 ; Gibbs et al.,  1997 ; 
Nusser et al.,  1998) . As well as an increase in receptor density, GABA 

A
  receptor func-

tion is also altered in TLE. GABA 
A
  receptors on dentate granule cells become sensitive 

to blockade by zinc in contrast to GABA
A
 receptors in controls which are zinc insen-

sitive (Buhl et al.,  1996 ; Gibbs et al.,  1997) . This is due to altered subunit composition 
from receptors containing predominantly alpha1 and alpha2 subunits to receptors 
containing much higher levels of the alpha4 subunit (Brooks-Kayal et al.,  1998) . This 
potentially leads to a zinc-induced collapse of inhibition in the dentate gyrus and a 
breakdown of the barrier function of the dentate gyrus (Heinemann et al.,  1992 ; 
Lothman et al.,  1992 ; Buhl et al.,  1996 ; Gibbs et al.,  1997) . 

 Historically the activity of GABA at GABA 
A
  receptors has been considered to 

be inhibitory due to the hyperpolarization of the post-synaptic neuron. However, 
GABA acts as an excitatory neurotransmitter under certain circumstances and 
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depolarizing GABA 
A
  receptor responses are implicated in spontaneous interictal 

discharges in human TLE (Cohen et al.,  2002) . There is a negative shift in the equi-
librium potential of chloride during neuronal development. Internal chloride is reg-
ulated by NKCC (Na +  , K + , 2Cl  −   co- transporters), which tend to pump chloride into 
neurons and the KCl transporter KCC2, which tends to extrude chloride; the 
expression of these two transporters is under developmental regulation with NKCC 
being expressed early and later in the expression of KCC2. During epileptogenesis, 
there may be the recapitulation of early chloride transporter expression leading to 
depolarizing GABA responses (Munoz et al.,  2007) . In addition, the neuronal 
expression of the carbonic anhydrase isoform VII leads to transient excitatory 
GABAergic transmission in adult neurons.  

  GABA B  Receptors 

 GABA 
B
  receptor changes are also implicated in epileptogenesis. GABA 

B
  receptors 

undergo changes in TLE in both human patients and experimental models. Haas 
et al.  (1996)  measured paired pulse suppression of recurrent IPSPs (disinhibition) 
in rats two weeks after kainic acid-induced SE and reported a downregulation of 
GABA 

B
  receptors in the polysynaptic recurrent inhibitory circuit in the dentate 

gyrus. They proposed that this is one mechanism that could induce an enhancement 
of dentate inhibition after seizures. Wasterlain et al.  (1996)  showed loss of GABA 

B
  

mediated slow inhibitory postsynaptic potentials (IPSPs) recorded from dentate 
granule cells following unilateral stimulation of the perforant path. Wu and Leung 
 (1997)  reported reduced paired pulse depression of IPSCs recorded in CA1 after 
kindling that persisted for at least 21 days due to downregulation of presynaptic 
GABA 

B
  receptors. A decrease in the efficacy of presynaptic GABA 

B
  receptors in 

glutamatergic terminals was shown in the basolateral amygdala after amygdala 
kindling (Asprodini et al.,  1992) . Kokaia and Kokaia  (2001)  reported changes in 
GABA 

B
  immunoreactivity in the hippocampus after kindling. A loss of GABA 

B
  

receptor mediated heterosynaptic depression was observed following SE in two 
different rodent models that were accompanied by reduced GABA 

B
  receptor binding 

in stratum lucidum (Chandler et al.,  2003) . Alterations in GABA 
B
  receptor expres-

sion have also been reported in hippocampal tissue from human patients with TLE 
(Munoz et al.,  2002 ; Billinton et al.,  2001 ; Princivalle et al.,  2002) , with both 
increased and decreased expression depending upon the hippocampal subfield.  

  Metabotropic Glutamate Receptors (mGluRs) 

 Metabotropic glutamate receptors play an important role in the central nervous 
system, regulating both neuronal excitability (Colwell and Levine,  1999)  and the 
release of neurotransmitters (Cartmell and Schoepp,  2000) . mGluRs may also play 
an important role in synaptic plasticity (e.g. long term potentiation and long-term 
depression; (Riedel and Reymann,  1996) ). Recent studies show that group one 
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metabotropic glutamate receptors may be involved in epileptogeneis. Expression of 
mGluR5 increases in hippocampus in TLE patients (Notenboom et al.,  2006) . 

 Activation of group one mGluRs is proconvulsant, and activation of group two 
and three mGluRs is anticonvulsant (Alexander and Godwin,  2006) . During epilep-
togenesis, mGluR expression and function are rapidly altered in several animal 
models. Epileptogenesis can be induced by the direct activation of mGluR5, and the 
maintenance of seizures involves mGluR1 and mGluR5 (mGluR1 appears to play 
a more dominant role than mGluR5 (Wong et al.,  2005) ).  

  NMDA Receptors 

 The  N -methyl  D -aspartate (NMDA) receptor is ionotropic and allows flow of Na + , 
K +  and Ca2 +  ions. Calcium entering via NMDA receptors during SE may initiate a 
cascade of cellular events, including activation of catabolic enzymes, impairment 
of energy metabolism, generation of reactive oxygen species and ultimately cell 
death. NMDA receptor activation also leads to permanent alterations in neuronal 
circuits and excitability. There is some evidence that NMDA receptor expression 
and function is altered in epilepsy. Mathern et al.  (1998)  found that NMDAR2b 
mRNA was upregulated in the dentate gyrus of rats after self-sustaining limbic SE 
and in human TLE patients. Behr et al.  (2001)  showed a transient NMDA receptor 
mediated facilitation of high frequency input in the rat dentate gyrus after kindling. 
Altered expression of NMDA subunits was also recently reported in pentylenetetra-
zol-kindled animals (Zhu et al.,  2004) . Recent evidence suggests that NMDA 
receptor currents are increased following SE (Scimemi et al.,  2006) .  

  Kainate Receptors 

 The kainate receptor consists of four subunits composed from the subunits GluR5, 
GluR6, GluR7, KA1 and KA2 (Dingledine et al.,  1999) . Kainate receptors are perme-
able to sodium and potassium ions. The kainate receptor plays a role in the regulation 
of excitatory synaptic transmission (Lauri et al.,  2001) , regulation of inhibitory syn-
aptic transmission (Clarke et al.,  1997) , excitatory synaptic transmission (Vignes and 
Collingridge,  1997)  and LTP (Lauri et al.,  2001 ; Vissel et al.,  2001) . 

 Changes in editing of mRNA encoding for AMPA receptor subunit GluR2 has 
been observed in hippocampi from epileptic humans (Vollmar et al.,  2004) . GluR2 is 
increased and GluR1 is decreased following Fe 3+  induced epileptogenesis (Doi et al., 
 2001) . However, GluR2 was reduced in limbic forebrain and amygdala 24 h after 
amygdala kindling (Prince et al.,  1995) . Enhanced expression of GluR1 flip AMPA 
receptor subunits has been observed in hippocampal astrocytes from epilepsy patients 
(Seifert et al.,  2004) . After lithium pilocarpine induced SE, the expression of different 
AMPA receptor subunits changes (e.g., GluR2 increases and GluR3 decreases) in 
dentate granule neurons (Porter et al.,  2006) . Interestingly, the AMPA receptor antag-
onist YM90K markedly retarded the evolution of kindling (Kodama et al.,  1999) .  
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  Channelopathies 

 Recently, mutations in genes encoding for receptors and ion channels have been associ-
ated with naturally occurring human epilepsies. These include subunits of the GABA 

A
  

receptor (Baulac et al.,  2001)  sodium channel (Wallace et al.,  2001) , chloride channel 
(Haug et al.,  2003) , potassium channels (Eunson et al.,  2000) , calcium channels 
(Jouvenceau et al.,  2001) , and nicotinic acetylcholine receptors (De Fusco et al.,  2000) . 

 There is also burgeoning evidence of acquired channelopathies occurring in experi-
mental models. There is increased excitability of CA1 pyramidal neuron dendrites in 
pilocarpine-treated rats due to decreased availability of A-type potassium ion channels 
(Bernard et al.,  2004) . A reduction in the cationic current, I 

h
 , has been described in the 

entorhinal cortex neurons leading to increased dendritic excitability 24 h following a 
single seizure episode in rats (Shah et al.,  2004) . I 

h
  is also altered following experimen-

tal complex febrile seizures which lead to hyperexcitability (Chen et al.,  2001) . An 
increase in the density of a  ‘ T-type ’  calcium current has been observed in CA1 neu-
rons, which leads to intrinsic bursting behaviour (Su et al.,  2002) .    

  Interventions to Prevent Epileptogenesis  

 The multiple processes of epileptogenesis provide a number of sites for potential inter-
ventions to prevent epilepsy. Elucidation of the epileptogenic process should provide 
significantly more effective methods of treatment. The opportunities for intervention 
can be divided into four strategic approaches: (1) initial insult modification (which can 
be achieved by early pharmacological intervention and neuro-surgery), (2) neuroprotec-
tion (3) antagonism of epileptogenesis and (4) disease modification . Interventions of 
the epileptogenic cascade may be able to prevent neuronal injury or death, preserving 
or restoring neuronal function, and neuronal recovery or regeneration (Walker et al., 
 2002) . Epileptogenesis depends on processes different from those involved in seizure 
generation. Drugs can be designed to inhibit the initial damage which is produced by 
brain insults, such as excitotoxic cell death, and to prevent or reverse alterations in 
neuronal circuits that contribute to lowered seizure thresholds. 

  Initial Insult Modification 

 Initial insult modification may have an antiepileptogenic and disease-modifying 
effect. The effect of phenobarbital (80 mg kg  − 1 ), MK-801 (4 mg kg  − 1 ), or phenytoin 
(100 mg kg  − 1 ) at 1, 2, and 4 h after initiation of  “ continuous ”  hippocampal stimu-
lation on the development of epilepsy was investigated. Both phenobarbital and 
MK-801 reduced the percentage of animals developing epilepsy. The mechanism 
may have involved inhibition of the cascade of events that leads to the death of 
critical neuronal populations and cell death-induced reactive gliosis, sprouting, and 
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other types of damage-induced network reorganization underlying the development of 
spontaneous seizures (Pitkanen, 2002) .  

  Neuroprotection to Prevent Epileptogenesis 

 Neuronal injury and death may play an important role in epileptogenesis. 
Pharmacological neuroprotection in epileptogenesis can be considered as primary 
and secondary. Antiepileptic drugs and compounds designed to act on voltage-sen-
sitive Na +  and Ca 2+  channels or on glutamate receptors are considered primary neu-
roprotection. Secondary neuroprotection refers to interventions that act on the 
cascade leading to necrosis or apoptosis (Artemowicz and Sobaniec,  2005) . 

 Treatment during or after brain injury in chronic epilepsy models, such as SE 
and kindling, reduce cell loss and neuronal death. Such neuroprotection could con-
tribute to modification of or delay in the development of epilepsy. 

 Antiepileptic drugs (AEDs) are aimed at preventing and suppressing seizure 
activity. Some may ameliorate necrotic and apoptotic neuronal death. Injection of 
dizocilpine (MK-801) and retigabine after kainite-induced SE prevented neurode-
generation and expression of markers of apoptosis in limbic brain regions and sig-
nificantly reduced the damage in the limbic regions (Ebert et al.,  2002)  (Brandt 
et al.,  2003) . Topiramate also can act as a potent neuroprotectant following SE 
(Fisher et al.,  2004) . Valproate has a powerful neuroprotective effect in the hippoc-
ampal formation and the dentate hilus in SE models (Brandt et al.,  2006) . Vigabatrin 
protected the hippocampus from brain damage efficiently in Ammon’s horn, and to 
a lesser extent in the hilus following pilocarpine-induced SE (Andre et al.,  2001) . 
Carbamazepine reduced damage to the hippocampal formation in a pilocarpine-
induced SE model (Capella and Lemos,  2002) . The group treated with atipamezole 
had milder hilar cell damage in amygdala-kindled rats (Pitkanen et al.,  2004) . 
The severity of hippocampal cell loss was milder after diazepam treatment in amygdala-
kindled rats (Pitkanen et al.,  2005) . 

 However, it is still questionable whether neuroprotection during or after brain 
injury will alter or prevent the process of epileptogenesis. Indeed, preventing neu-
rodegeneration or neuronal cell loss often does not prevent epileptogenesis (Ebert 
et al.,  2002 ; Rigoulot et al.,  2004) .  

  Antiepileptogenesis 

 The definition of an antiepileptogenic compound is one that prevents or slows the 
process of developing epilepsy (Cole and Dichter,  2002) . Several experimental 
studies have aimed at preventing epileptogenesis in animal models, including SE 
and kindling models, by administering AEDs. Some have mild or questionable 
effects, and others are without effect even if they neuroprotect (Walker et al.,  2002) . 
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This is probably because AEDs were designed and tested to prevent seizures rather 
than for modifying the changes described above. 

 An alternative approach has been to target NMDA receptors. NMDA receptors 
play a critical role in neuronal death and may also be important for the initiation of 
many of the changes described above. MK-801, a potent NMDA receptor antago-
nist, prevented the development of seizures following pilocarpine-induced SE 
(Raza et al.,  2004) , and has been shown to have a neuroprotective and antiepilep-
togenic effect in other epilepsy models (Prasad et al.,  2002) , but not in the kainite 
SE model (Brandt et al.,  2003) . This may be because by the time the drug is admin-
istered many of the pathways determining cellular and network alterations are 
already active. Undoubtedly the future lies in identifying downstream targets that 
may prevent the epileptogenic process.   

  Conclusion  

 There is a vast array of changes in organisation, connectivity, receptors, neuronal 
properties and astrocyte function that can also contribute to epileptogenicity, and 
much of this information has been acquired by the study of animal models. The 
great challenges are to differentiate pro-epileptogenic changes from anti-epilep-
togenic, compensatory changes, and to determine which the critical processes are. 
It is likely that epileptogenicity is not one single process, but that many diverse 
processes can result in the expression of epilepsy. Further understanding of epilep-
togenesis will enable us to target patients with the appropriate antiepileptogenic 
drugs and to reduce the likelihood of developing epilepsy.      
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      Chapter 7 
 Seizure-Induced Neuronal Plasticity 
and Metabolic Effects       

     Monisha   Goyal   

     Introduction  

 Epilepsy, the most common acquired chronic neurological disease, occurs in 1% of 
the human population. Despite treatment with the newest antiepileptic medications, 
almost one-third of the individuals continue having seizures (Kwan and Brodie, 
 2000) . Many of those with seizure persistence and even some with seizure  remittance 
suffer often from under-appreciated co-morbidities including cognitive deficits and 
psychopathology such as anxiety, depression, and poor attention. 

 Our understanding of epileptogenesis and its concurrent effects is based mainly 
on animal models. Using humans with epilepsy to study effects of human epilepsy 
is fraught with multiple problems including ethics, medication effects, and reproduc-
ibility. More recently, however, human brain tissue from surgical  resections has been 
studied (this represents only a small subgroup of patients with epilepsy). Modern 
imaging techniques have also helped unveil widespread metabolic  abnormalities 
associated with epilepsy. 

 This chapter highlights our current understanding of the age-dependent  spectrum of 
seizure effects in both animal models and humans, and wherever possible,  incorporates 
the contribution of other disciplines such as pathology and modern neuroimaging.  

  Historical Perspective  

 It is widely accepted today that prolonged seizures can selectively kill vulnerable 
neurons. This selective neuronal loss (diffuse cortical atrophy, unilateral hippocampal 
sclerosis, cerebellar atrophy) was described in the 1800s in institutionalized patients 
with refractory epilepsy and was assumed to be secondary to hypoxia/ischemia. In 
the 1970s, after experiments in primates, Meldrum and colleagues proposed that 
selective hippocampal and neuronal loss resulted from ischemic changes due to 
local seizure activity lasting 82 – 120 min (Meldrum,  2002) . 

 This idea that selective neuronal damage was caused by abnormal electrical 
 discharges remained controversial until it was shown that the perforant path 
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 stimulation caused damage in the hilus and CA3 in the hippocampus (Sloviter, 
 1983) . By this time, there was an increasing body of evidence showing that though 
oxygen and glucose consumption increased during seizures, there was reactive 
compensation by increase in blood flow (Meldrum,  1983) . 

 So how then did cell death occur if there was adequate compensation? In the 
1980s, it was hypothesized that the link between electrical discharges and ischemic 
cell change was mitochondrial injury with resulting energy depletion mediated by 
calcium overload. Thus the role of excitotoxicity, initially described by Olney, was 
expanded to include neurodegeneration in epilepsy (Olney and Sharpe,  1969 ; Olney 
and de Gubareff,  1978 ; Meldrum,  1983) . 

 These concepts have been further developed in the last 25 years with advances 
in neuroimaging and the elucidation of cellular mechanisms and neural circuitry in 
experimental paradigms.  

  Insights from Experimental Models and Human Studies  

 Animal models have proved invaluable in providing the foundation for basic research 
on epileptogenesis. The relevance of ideas generated from these models is then tested 
on human brain slices from surgical specimens when possible (Sarkisian,  2001 ; 
Cortez et al.,  2006) . Commonly used animal models are summarized in Table  7.1  .

 Table 7.1      Common animal models a   

 Model  Mechanism  Seizure type 

  Chemoconvulsants  

 Kainate  Glutamate agonist  Temporal lobe 
 Pilocarpine (+/ −  lithium)  Acetylcholine agonist 
 Picrotoxin  GABA antagonist 
 Bicuculline 
 4-amino pyridine  Partial 
 Tetanus toxin  Neurotoxin 
 Pertussis toxin 

  Electrical/chemical Stimulation  

 Kindling 
 Perforant-path stimulation (PPS)  Temporal lobe 

  Chemoconvulsants  

 Kainate  Glutamate agonist 
 (maximal dosages) 

 Pentylenetetrazol (PTZ)  GABA antagonist 
 Bicuculline  (maximal dosages)  Generalized 
 Picrotoxin 
 Flurothyl  Other agents 
 Ouabain 
 Penicillin  GABA antagonist  Absence-like 

  Electrical stimulation  

 Maximal electroshock (MES)  Generalized 

  a Adapted from Sarkisian (2001), with permission from Elsevier 
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       Experimental models for seizures can be broadly divided into two groups: 
 models for acute seizures and for chronic focal epilepsy. The acute models are 
responsible for much of our understanding of the mechanisms of epilepsy. They 
involve the administration of drugs such as picrotoxin, bicuculline, pentylenetetra-
zol (PTZ), and 4-aminopyridine to previously healthy animals. Since they are 
 models of convulsions rather than epilepsy, they relate to seizures induced by drugs 
or by metabolic derangements in humans. 

 Models for partial epilepsy employ intracerebral tetanus toxin and kindling 
(repetitive, initially subconvulsive electrical or chemical stimulation to a focal tar-
get, resulting in repetitive seizures). 

 Other methods such as chemoconvulsants (kainic acid, systemic pilocarpine) 
and prolonged electrical stimulation induce an initial episode of status epilepticus (SE). 
After 2 – 3 weeks, there is relapse into recurrent partial seizures. The main criticism 
of models triggered by SE is that they do not mimic most human epilepsy. Rather 
than an acute event triggering epilepsy, the initial seizure in most humans is induced 
by a longstanding pathology such as cortical dysplasia, which is associated with a 
cascade of events leading to epileptogenesis. Otherwise, seizures in these animal 
models and human epilepsies show similar latency periods from initial injury to 
the emergence of recurrent partial seizures and share both EEG and histopatho-
logical features. 

 It is well established that SE is associated with adverse outcomes in humans and 
both cognitive and motor dysfunction in animals. There may also be an increased 
risk for subsequent seizures as well as a typical neuronal loss pattern predominantly 
in the hippocampus. However, it is becoming abundantly clear that these changes 
occur not only after SE but also after brief seizures.  

 The change involves a sequence of events after an initial insult  encompassing 
biochemical, anatomic, and functional changes. During this latency period of epi-
leptogenesis and subsequently with repeated seizures, there is activity-dependent 
reorganization of neural circuitry affecting gene expression, synaptic physiology, 
and activation of late cell death pathways, which culminates in neuronal loss, neuro-
genesis, axonal sprouting and dendritic changes, astrocytic dysfunction, altered 
receptors and ion channels (See Fig. 7.1 ).  Of note, the most commonly studied 
human and experimental models (kindling, for example) involve temporal lobe 
onset seizures and extrapolation from these paradigms to other epilepsy subtypes 
should therefore be done with caution.

  Neuronal Loss 

 Many models of recurrent seizures do not demonstrate neuronal loss, and as in many, 
spontaneous seizures are preceded by SE, the initial neuronal loss may be attributed 
to SE rather than subsequent seizures (Gorter et al.,  2003) . Longstanding debate has 
centered on whether hippocampal sclerosis  (neuronal loss and gliosis in CA1, CA3, 
and hilus of the dentate gyrus) results from seizures or is the cause of seizures. 
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 Multiple experimental studies, however, support the viewpoint that both SE 
and recurrent seizures induce neuronal loss. Neuronal damage is seen in primates 
with prolonged bicuculline-induced seizures (Meldrum et al.,  1973)  and in chemi-
cally or electrographically induced SE (Sankar et al.,  1998) . The most cited 
experimental paradigm demonstrating neuronal loss with recurrent seizures is the 
kindling model. Studies in this rodent model have demonstrated neuronal loss of 
20 – 50% in a pattern similar to hippocampal sclerosis. This loss of neurons corre-
lates with the number of seizures (Cavazos and Sutula,  1990 ; Cavazos et al., 
 1994 ; Frantseva et al.,  2000a ; Kotloski et al.,  2002 ; Sankar et al.,  2002) . There is 
also a corresponding increase in  neuron-specific enolase, a marker for neuronal 
injury (Hansen et al.,  1990) and injury to inhibitory interneurons has also been 
shown (Gorter et al., 2001) . Other models, including genetically mutated animals, 
also demonstrate neuronal loss with  recurrent seizures (Qiao and Noebels, 
 1993) . 

 Cell loss in the kindling model is not only limited to the hippocampus but also 
includes the amygdala and the entorhinal cortex and is dependent on the stimulation 
site (Kotloski et al.,  2002) .   

 Fig. 7.1   Epileptic process in symptomatic temporal-lobe epilepsy. Adapted from Pitkanen, A., 
and Sutula, T.P. 2002. Is epilepsy a progressive disorder? Prospects for new therapeutic approaches 
in temporal-lobe epilepsy. The Lancet Neurology 1:173, with permission from Elsevier (See also 
Color Insert)     
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 In human epilepsy, Neuronal loss is well known, especially in the hippocampus. 
Studies have also found increased concentrations of enolase in human serum and 
CSF with spontaneous and provoked seizure in subgroups of both children and 
adults with epilepsy (DeGiorgio et al.,  1995) . 

 The mechanism of cell loss involves excitotoxicity provoked by intense neuronal 
firing (Grisar,  1986) . There is excessive excitatory neurotransmitter release by 
 activation of N-methyl-D-aspartate (NMDA) receptors and voltage-activated  calcium 
channels which enables intracellular calcium influx in the neurons and glia. This 
 calcium influx leads to a cascade of biochemical processes that ultimately lead to cell 
death:  mitochondrial dysfunction with uncoupling of oxidative  phosphorylation, gen-
eration of reactive oxygen species, and activation of many proteolytic and catabolic 
enzymes that adversely affect cell function. 

 Emerging evidence indicates that calcium functions as a major second messenger 
system and is involved in epileptogenesis and maintenance of persistent  seizures. 
Prolonged seizures and spontaneous recurrent seizures cause prolonged elevations in 
calcium levels that then mediate second messenger effects on neuronal plasticity (Pal 
et al.,  2001 ; Raza et al.,  2004) . As a second messenger, calcium affects gene transcrip-
tion directly by modulating transcription factors or indirectly through calcium 
dependent kinases and phosphatases (Mellstrom and Naranjo,  2001) . 

  Mitochondrial Dysfunction 

 The concept of mitochondrial dysfunction in epilepsy has emerged with the 
 recognition that vast metabolic and bioenergetic changes are seen not only with 
isolated seizures but also with chronic epilepsy. The increase in metabolic demand 
results in increased blood flow and the increased rate of glycolysis exceeds  pyruvate 
utilization by pyruvate hydrogenase, which then results in the build up of lactate. 

 During glutamate toxicity, mitochondria help sequester excessive calcium. 
However, as the calcium concentration increases, the electron transport chain is 
inhibited with resultant production of superoxide. This, in turn, leads to the  opening 
of the mitochondrial permeability transition pore which results in the collapse of 
the mitochondrial proton gradient and ATP production (Bernardi,  1999) , as well as 
in the release of cytochrome C, which triggers apoptosis (Kluck et al.,  1997) . 

 Dysfunction of Complex I respiratory chain enzyme and ultrastructural damage 
in the hippocampal mitochondria is seen in kainite-induced SE in rats (Chuang 
et al.,  2004) . A key player in mitochondrial oxidative phosphorylation, Complex 
I is a major source of superoxide and its dysfunction may increase mitochondrial 
reactive oxygen species (ROS) production and redox signaling (Taylor et al.,  2003) . 
The perforant path stimulation model shows mitochondrial dysfunction and 
decreased brain glutathione (Cock et al.,  2002) . Pilocarpine-treated rats show selec-
tive decline in Complexes I and IV activity in hippocampal CA1and CA3 subfields 
(Kudin et al.,  2002) . This pattern of complex I deficiency in CA3 region is also seen 
in humans (Kunz et al.,  2000) . 
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 Seizure-induced neuronal death involves both apoptotic and necrotic cell death; 
both processes are intricately involved with mitochondrial function (Sloviter et al., 
 1996) . Oxidative stress not only causes cell death but alters cellular biophysical 
characteristics, such as the band-pass frequency responses of neurons (Frantseva 
et al.,  1998) , possibly indicating a rapid reorganization of cellular networks into 
different functional assemblies (Morimoto et al.,  2004) .  

  Role of Free Radicals 

 Prolonged seizure activity in animals results in increased production of reactive 
oxygen species via activation of phospholipase A2 (Dennis,  1994)  and nitric oxide 
synthase (Lipton et al.,  1996)  leading to excess arachidonic acid and nitric oxide 
synthesis respectively. The resulting free radicals destroy cytoskeletons, nucleic 
acids, and membrane lipids (Hall et al.,  1999) . 

 Free radical overproduction is seen in vivo and in vitro using the kindling model 
(Frantseva et al.,  2000a ,  b) . Studies show that in the kainate animal model, vital 
components of the cellular antioxidant defense mechanism (glutathione, mitochon-
drial aconitase) are depleted following seizures. These changes are seen 8 and 16 h 
post-SE. Neuronal cell loss in hippocampal CA3 region is generally seen 2 – 7 days 
after kainate administration.  

  Activation of Proteolytic and Catabolic Enzymes 

 Numerous enzyme systems are impacted by NMDA receptor-mediated intracellular 
calcium increase. Caspases, a family of endonucleases, trigger excitotoxicity-
induced apoptosis Zipfel et al.,  2000) . Another family of proteases, the calpains, 
degrades the cytoskeleton, receptors, G proteins, and calcium binding proteins 
when activated (Emerich,  1999) . 

 Prolonged seizures of around 30 min produce necrotic and apoptotic cell death 
in the same cell population with different time courses or in different cell popula-
tions. The current concept of the fate of a neuron is determined by many factors 
following an initial seizure including early gene expression with alteration of 
mRNA and proteins (enzymes, receptors, and ion channel subunits) modulated by 
calcium mediated effects. These changes alter the vulnerability of that neuron to 
subsequent excitotoxic stresses. Therefore, genetics influences seizure susceptibility 
(manifested in animal models and febrile seizures in humans) and consequences of 
seizures (hippocampal sclerosis).   

  Neurogenesis 

 Neurogenesis has been demonstrated in rodents, triggered by stimuli such as brief 
seizures. Secondarily generalized kindled seizures result in two- to threefold 
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increase in granule cell neurogenesis in the hippocampus (Parent et al.,  1998) . This 
phenomenon is also seen with other experimental paradigms including partial 
 seizures with kindling and electroconvulsive shocks in adult animals (Madsen et al., 
 2000 ; Nakagawa et al.,  2000) .  

  Axonal Sprouting and Dendritic Changes 

 Persistent sprouting of granule cell axons or mossy fibers in the dentate gyrus with 
recurrent seizures occurs with kindling and in stargazer and tottering mice 
(Stanfield,  1989 ; Cavazos et al.,  1991) . Sprouting is also seen in other regions of 
the hippocampus and with other animal models. This synaptic reorganization pro-
duces enhanced frequency of glutaminergic spontaneous synaptic currents (Esclapez 
et al.,  1999) . The phenomenon of axonal plasticity occurs with both partial and 
generalized seizures and is seen throughout the life span. 

 Multiple studies in animal models document loss of dendritic spines and occurrence 
of varicose swelling including pilocarpine- and tetanus-induced seizures (Isokawa, 
 1998 ; Jiang et al.,  1998) . Dendritic spines are felt to be the main site of excitatory 
glutamatergic synaptic inputs into neurons. Since each spine makes a synaptic connec-
tion with a single presynaptic terminal, a decrease in dendritic spines leads to altera-
tions in both pre- and postsynaptic components of neuronal circuitry. Several studies 
suggest an upregulation of dendritic spines with particular learning tasks (Moser et al., 
 1994) . The findings of hippocampal and neocortical dendritic spine loss in epilepsy 
implies a causal relationship with cognitive and memory deficits. 

 In humans with epilepsy, both mossy fiber sprouting, as well as decreased den-
dritic branching and spine density are seen (Babb and Brown,  1986 ; Swann et al., 
 2000 ; Wong,  2005) .  

  Astrocyte Dysfunction 

 Interest is growing in the role of glial cells in epilepsy (Binder and Steinhauser, 
 2006) . Direct stimulation of astrocytes causes neuronal synchronization in acute 
epilepsy models (Tian et al.,  2005) . Like neurons, astrocytes exhibit calcium-
induced release of glutamate which provides excitation to neurons in the vicinity 
(Volterra and Meldolesi,  2005) . Glial cells show plasticity with structural  alterations 
in receptors, membrane channels, and transporters in both experimental  epilepsy 
and human tissue. 

 Glial cell activation and proliferation with upregulation of glial-fibrillary acidic 
protein is seen with kindled seizures in the hippocampus. This phenomenon is  time-
dependent and even reversible (Torre et al.,  1993 ; Adams et al.,  1998) . 

 Primarily responsible for glutamate uptake, glial cells may contribute to the 
increased extracellular levels of glutamate seen in epileptogenic tissues (Glass and 



120 M. Goyal

Dragunow,  1995) . Dysfunctional glial glutamate transporters are implicated in 
 seizures with MTS (During and Spencer,  1993) . In addition, the MTS tissue has 
decreased concentrations of glutamine synthetase, an enzyme that converts glutamate 
to glutamine after reuptake by astrocytes. This may contribute to increased glutamate 
concentrations in astrocytes and extracellular space seen in sclerotic  tissue (Eid et al., 
 2004)  and in patients with MTS using MRS (Petroff et al.,  2002) . 

 Alterations in both astrocytic potassium and water channels have been associ-
ated with epilepsy. Increased extracellular potassium concentration enhances 
 epileptiform activity (Feng and Durand,  2006)  and this finding has been 
reproduced in human  hippocampal slices (Gabriel et al.,  2004) . In human 
sclerotic  tissue, down regulation of potassium channels suggests impairment in potas-
sium buffering and contribution to hyperexcitability (Hinterkeuser et al.,  2000 ; 
Steinhauser and Seifert,  2002) . 

 Brain tissue excitability is closely related to osmolarity and the size of the 
 extracellular space (Schwartzkroin et al.,  1998) , with hypo-osmolar states lowering 
seizure threshold (Andrew et al.,  1989) . The aquaporins function as water channels 
and are expressed by glial cells especially at astroglial endfeet adjacent to blood 
vessels and astrocytic membranes ensheathing glutamatergic synapses (Nagelhus 
et al.,  2004) . Altered expression of these channels is seen with an overall increase 
in sclerotic hippocampi but with a decrease in perivascular expression. This 
decrease in perivascular expression may alter water flux and increase seizure propensity 
(Lee et al.,  2004 ; Eid et al.,  2005) . 

 Astrocytic alterations are implicated in seizures associated with tumors. 
Microdialysis studies of gliomas show increased glutamate concentrations at 
the periphery in peri-tumoral tissue (Bianchi et al.,  2004) . Ye et al. have shown 
decreased glutamate uptake and decreased glutamate transporter expression in 
 glioma cells (Ye et al.,  1999) . Mislocalization of potassium channels (Olsen and 
Sontheimer,  2004)  and reduced potassium currents (Bordey and Sontheimer,  1998)  
are seen in malignant astrocytes. Glial cell changes have also been found in post 
traumatic animal models of epilepsy with reduction in astrocytic glutamate 
 transporter expression and impairment in potassium homeostasis (D’Ambrosio et al., 
 1999 ; Samuelsson et al.,  2000) .  

  Altered Gene Expression 

 Genetic background influences seizure-induced plasticity. The number of genes 
affected in hippocampal and cerebellar tissue after a chemically induced seizure 
varies depending on the strain of mice (Schauwecker,  2002) . Seizures themselves 
increase expression of certain genes such as  fos  and  jun , transcription factors 
involved in activity-dependent hippocampal signaling and neuronal injury. Kindled 
seizures also induce changes in gene and protein expression (Hughes et al.,  1999) . 
More recently, DNA microarrays have been used to study alteration in gene expression 
in animal models and epileptogenic tissue. Up and down regulation of genes occurs 
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in a time-dependent fashion during both epileptogenesis and recurrent  seizures. 
These gene products regulate transcription, protein synthesis and degradation, 
metabolism, structural proteins, and receptors (Lukasiuk and Pitkanen,  2004) .  

  Altered Neurotransmitter Receptors Within Epileptic Foci 

 Recent work has shown that rather than inhibitory effects, GABAergic synapses 
may have excitatory effects in basal conditions in immature and adult tissue 
(Coulter,  1999 ; Cossart et al.,  2005) . In human temporal lobe epilepsy, altered 
GABA-A receptor function is associated with changes in subunit composition 
(Loup et al.,  2000) . 

 Animal models show dynamic changes in receptor numbers and subunit compo-
sition during the development of epileptogenesis after the initial drug- or electrical-
induced SE (Gibbs et al.,  1997 ; Nusser et al.,  1998) . How this impacts seizure 
generation needs further study but change in receptor subunit composition may 
enhance that potential (McIntyre et al.,  2002) . 

 Changes in excitatory amino acid receptors have been documented by multiple 
laboratories (Mody and Heinemann,  1987 ; Kohr and Mody,  1994 ; Kraus et al., 
 1994) . Increased mRNA levels of NMDA receptor subunits have been measured in 
dentate-granule cells of patients with hippocampal sclerosis and mesial temporal 
lobe epilepsy (Mathern et al.,  1999) .  

  Altered Ion Channel Function 

 Synchronization of hyperexcitable neurons is dependent on ionic currents that flow 
through sodium, potassium, and calcium channels. Alterations in ion channels are 
seen in both animal models and surgically resected human tissue (Lombardo et al., 
 1996 ; Beck et al.,  1997 ; Vreugdenhil et al.,  1998 ; Straub et al.,  2000) .  

  Altered Neurochemistry 

 Animal studies demonstrate increased extracellular glutamate during SE (Ueda 
et al.,  2002) . Reduced GABA and increased lactate have been measured in vivo in 
a brain dialysis study in human temporal lobe epilepsy (During and Spencer,  1993 ; 
During et al.,  1994) . Using microdialysis prior to neurological surgery, neurotoxic 
levels of glutamate have been associated with seizure progression (Wilson et al., 
 1996) . This increase in glutamate is implicated in neuronal death because the 
antagonism of certain glutamate receptors during SE is neuroprotective (Ebert 
et al.,  2002) .  
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  Do Seizures Cause More Seizures? 

 Some evidence supports seizures begetting seizures. This phenomenon is seen in 
electrically/chemically induced SE which results in spontaneous seizures after a 
few weeks, but is dependent on the developmental stage of the animal. Seizure-
induced cell death may increase the chance of seizure recurrence because of the 
loss of inhibition from injured interneurons which may lead to a lower inhibitory 
drive. Seizure-induced sprouting of nerve terminals results in synaptic rearrange-
ments that promotes hyperexcitability in the dentate (Glass and Dragunow,  1995 ; 
Ben-Ari,  2001)  and is associated with increased seizure activity (Ratzliff et al., 
 2002) . After generalized convulsive seizures in rodents, increases in the power of 
specific frequency bands (Mackenzie et al.,  2002) , changes in excitation/inhibition 
(Lopes da Silva et al.,  1994) , and calcium homeostatic mechanisms (Pal et al., 
 2000)  also support this idea. 

 Kindling by electrical and chemical induction is seen in many species including 
primates, suggesting it is an effect of neural plasticity and not merely an experimental 
model. Other manifestations of progression include increase in seizure frequency 
and duration, change in seizure type, and progressive cognitive and memory 
impairment (Sutula et al.,  1995 ; Jiang et al.,  1999 ; Nissinen et al.,  2000) . 

However,  other seizure-induced changes do not support seizure recurrence. The 
presence of interictal activity decreases the probability of seizure occurrence in 
several in vitro and in vivo studies (Barbarosie and Avoli,  1997) . If seizures induce 
seizures, seizure control would imply improvement in the natural history of 
epilepsy but this is not the case.  

  Seizure-Associated Changes in the Developing Brain 

 During the early postnatal period in animal models, the developing brain is 
 particularly susceptible to seizures. In humans, this correlates with increased risk 
of seizures in childhood, especially in the neonate, and is associated with hyperex-
citability in the immature brain from relatively slow maturation of inhibitory 
 neurotransmission in comparison with the more robust development of the excita-
tory system (Brooks-Kayal,  2005) . Gamma-aminobutyric acid (GABA), the main 
inhibitory neurotransmitter in the adult brain, is excitatory in the immature brain 
because of higher intracellular chloride ion content. With GABA receptor activa-
tion, chloride ions exit the cell resulting in depolarization (Cossart et al.,  2005) . 
GABA-mediated excitation has been associated with the development of a secondary 
epileptogenic foci in the contralateral immature rat hippocampi (Khalilov et al., 
 1999 ; Khalilov et al.,  2003) . 

 The excitatory effect is also mediated by the potentiation of glutamate, the main 
excitatory neurotransmitter, in part because of low expression of the primary gluta-
mate transporter. In addition, post-synaptic transmission is enhanced by NMDA 
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receptors which depolarize more easily and AMPA receptors which stay open 
longer (Monyer et al.,  1994 ; Pickard et al.,  2000) . 

 Prolonged or repetitive early life seizures increase the subsequent risk of devel-
oping epilepsy by affecting hippocampal excitability. Animal studies confirm this 
in the lithium-pilocarpine model (Zhang et al.,  2004) . 

 Unlike seizures in mature animals, seizures in early life do not cause cell loss 
but there is reduced neurogenesis in the dentate gyrus (McCabe et al.,  2001)  with 
extensive synaptic reorganization and mossy fiber sprouting (Huang et al.,  1999) . 
Injury following prolonged seizures does occur including long-term adverse effects 
on learning and memory (Holmes,  2004) . Impairment of visual-spatial memory has 
also been seen (Lynch et al.,  2000) . Although it is well established that cognitive 
impairment occurs in young animals with recurring seizures, the exact mechanism(s) 
resulting in this effect remain unclear.   

  Contributions of Neuroimaging  

 Seizure-induced changes detected on MRI are time sensitive, evolving from a tran-
sient peri-ictal phenomenon to permanent structural change. Animal studies sug-
gest that a seizure initiates a local cellular disturbance leading to cell swelling and 
fluctuations in extracellular water. This results in transient increase in the volume 
of a brain structure, with an increase in T2-weighted signal intensity and changes 
in the acute diffusion coefficient (Briellmann et al.,  2005) . 

 These acute changes on MRI typically show complete resolution even after SE 
(Salmenpera et al.,  2000) . However, in both children and adults, there may be evo-
lution to atrophy in the region that showed initial swelling with an increased 
T2-weighted signal intensity, attributed to gliosis and neuronal cell loss (Tien and 
Felsberg,  1995 ; Meierkord et al.,  1997 ; Perez et al.,  2000) . This phenomenon is 
typically seen with the development of hippocampal sclerosis. 

 Contributions of volumetric MRI and functional neuroimaging techniques are 
discussed below. These modalities have helped elucidate pathophysiological mech-
anisms of epilepsy, showing more widespread seizure-induced metabolic changes 
than previously appreciated. 

  Volumetric MRI 

 With increasing resolution due to higher Tesla images, volumetric studies show 
hippocampal and cerebellar volume loss of 3% and neocortical volume loss of 1.6% 
with an interscan interval of 3.5 years (Lemieux et al.,  2000 ; Liu et al.,  2001) . 
Hippocampal atrophy, identified with hippocampal volume measurements, corre-
lates well with hippocampal neuron loss, especially in the CA1 sub-region. 
Decreased ipsilateral thalamic volume has also been documented in temporal lobe 
epilepsy (Dreifuss et al.,  2001 ; Natsume et al.,  2003) .  
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  Positron Emission Topography  (PET)

 A variety of available PET ligands allow the measurement of glucose metabolism, 
central benzodiazepine receptors, and opioid and dopamine receptors. 18f-fluoro-
deoxyglucose PET shows regional cerebral glucose utilization that is sensitive but 
has nonspecific etiology. Regional hypometabolism may be seen in 90% of patients 
with medial temporal lobe epilepsy (Gaillard et al.,  1995)  and in 70% of patients 
with neocortical epilepsy (Engel et al.,  1995) . Unlike the clear-cut correlation 
between MRI volume loss and neuronal loss, PET hypometabolism is caused not 
only by neuronal loss but also by a metabolic disturbance. 

 In intractable nonlesional frontal and temporal epilepsy, PET has shown 
hypometabolism in the ipsilateral hippocampus and thalamus. Secondarily, gener-
alized seizures and long duration of epilepsy correlate with lower glucose metabo-
lism (Benedek et al.,  2004) . These studies highlight the progressive involvement of 
cortical-subcortical networks in seizure propagation. This phenomenon of progressive 
metabolic activation of cortical-subcortical limbic seizure networks is described 
with increasing stages of electric kindling in rats using autoradiography of glucose 
metabolism (Handforth and Ackermann,  1995) .  

  Magnetic Resonance Spectroscopy  (MRS)

 MRS allows evaluation of neuronal integrity and function by measuring 
N-acetylaspartate (NAA), a normal byproduct of neuronal cellular metabolism. 
NAA is a marker of neuronal cell dysfunction, not just volume loss, but has nonspe-
cific etiology. Other metabolites including choline (marker for cellular proliferation), 
creatinine, lactate, GABA, glutamate, and glutamine can also be measured. MRS 
may detect metabolic abnormalities not seen on MRI, such as an increase in lactate 
during SE in humans, even after a single seizure (Castillo et al.,  2001 ; Mueller et al., 
 2001) . Focal decreases in NAA are seen with nonlesional temporal lobe epilepsy and 
extratemporal partial epilepsies (Matthews et al.,  1990 ; Stanley et al.,  1998) . NAA 
abnormalities are described in ipsilateral and contralateral normal-volume hippo-
campi in temporal lobe epilepsy with subsequent normalization after surgery if the 
seizures resolve (Cendes et al.,  1997) . A recent study detected neuronal dysfunction 
in thalami of patients with absence epilepsy (Fojtikova et al.,  2006) .  

  Diffusion Tensor Imaging  (DTI)

 DTI identifies the motion of water that is quantified by voxel and region-based 
methods measuring diffusivity and fractional anisotropy. Diffusivity, a measure-
ment of amplitude of diffusional motion, is increased with neuronal loss and  gliosis. 
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Fractional anisotropy reflects directional motion of water. Fluid motion in the brain 
is restricted to the same axis as the axon or myelin sheath. With neuronal damage, 
fractional anisotropy decreases secondary to less restricted motion in  various 
axes. 

 Both peri-ictal and post-ictal changes in DTI occur in animal models and in 
human epilepsy after SE and brief seizures. In the peri-ictal phase, reduced diffusivity 
is seen in animal models and in up to 50% of patients after seizures in one series 
(Diehl et al.,  2005) . This may be secondary to cellular swelling and reduced extra-
cellular space due to the failure of ATPase which results in the accumulation of 
intracellular sodium and water (Wang et al.,  1996) . Transient decreases in diffusivity 
are seen post-ictally in kainic acid-induced SE in rodents. Increase in diffusivity is 
seen with chronic pilocarpine-induced seizures thought to be due to the loss of 
cellular and structural integrity. 

 In humans with temporal lobe seizures, DTI abnormalities correspond with his-
topathological changes such as gliosis (Rugg-Gunn et al.,  2002) . DTI in patients 
with chronic epilepsy show increased diffusivity and decreased anisotropy in scle-
rosed hippocampi. This increase in diffusivity extends beyond the seizure origin 
into normal appearing brain tissue (Yoo et al.,  2002) . This increase has also been 
observed in normal tissue on the contralateral side and does not correspond to PET 
abnormalities (Kimiwada et al.,  2006) . 

 DTI thus far has shown previously unappreciated metabolic abnormalities 
involving water diffusion and serial images with this modality hold promise in 
detecting continuing cerebral damage in epilepsy.  

  Functional MRI 

 The most common method of fMRI is blood oxygenation level-dependent (BOLD) 
imaging. Using hemoglobin as an endogenous contrast agent, this  technique  measures 
magnetization difference between oxy- and deoxy hemoglobin to create the fMRI 
signal. fMRI, then, is an indirect measure of neuronal activity, which is accompanied 
by its hemodynamic correlate, also known as neurovascular coupling. 

 Much work has been done on neurovascular coupling during seizures (Suh et al., 
 2006b) . It is widely accepted that an increase in neuronal activity increases the 
cerebral metabolic rate of oxygen consumption, resulting in an increase in cerebral 
blood flow and blood volume. This increase in cerebral blood flow occurs 1 – 2 s 
after the onset of neuronal activity as shown by PET scan (with a temporal resolu-
tion of seconds). This oversupply of oxygenated hemoglobin compared with deoxy-
genated hemoglobin produces the blood-oxygen-level-dependent (BOLD) signal 
imaged with fMRI. 

 More recently, techniques with higher spatial and temporal resolution, such as 
ORIS (optical recording of intrinsic signals), imaging spectroscopy, oxygen-sensitive 
electrodes, and fMRI at 1.5 and 4-T, have shown neuronal and blood  oxygenation 
changes in the first few hundred milliseconds after neuronal firing. These changes 
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manifest as an  “ initial dip ”  or a rapid decrease in tissue oxygenation (increase in 
deoxygenated hemoglobin) before the well-known increase in cerebral blood flow. 
This  “ initial dip ” , though not shown by some studies, indicates that after neuronal 
firing, there is a brief ischemic environment until arterioles dilate due to cerebral 
autoregulation. 

 In the rat model of interictal spikes from focal iontophoresis of bicuculline, a 
GABA-A antagonist, each interictal event produces a focal increase in deoxygen-
ated hemoglobin lasting as long as 3 – 4 s using ORIS. The onset latency appears 
within 100 ms of the event. Increase in cerebral blood volume, however, also 
occurs within 100 ms after the interictal spike. However, the slope of the rise in 
deoxygenated hemoglobin is steeper than the slope of the rise in blood volume. 
This suggests that despite the rapid increase in blood flow, metabolic demand for 
oxygen is not met. Eventually the slope for blood volume becomes steeper than 
that for deoxygenated blood, indicating hyperoxygenation resulting in the BOLD 
signal. When interictal spikes occur frequently, there is a more persistent increase 
in deoxygenated hemoglobin, indicating persistent unmet demand for oxygen 
(Suh et al.,  2005) . 

 This hypothesis has also been confirmed using ORIS in rat models with ami-
nopyridine (4-AP). With ictal events of 60 – 90 s, increase in deoxygenated hemo-
globin lasts the duration of the seizure despite a rapid increase in blood volume 
(Bahar et al.,  2006) . The epileptic dip has also been demonstrated by measuring 
partial pressure of oxygen using oxygen sensitive electrodes in rats with 4-AP 
focus (Zhao et al.,  2005) . These studies suggest that focal seizures are associated 
with an increased metabolic demand for oxygen which remains unmet for at least 
some time despite autoregulatory mechanisms. 

 Recently ORIS was used in humans with refractory epilepsy, who underwent 
craniotomy for cortical resection. Cortical stimulation elicited the initial dip in all 
subjects and showed a linear relationship between stimulus amplitude and the area 
of the optical signal with the initial dip and early blood volume increase. More than 
3 s later, the decrease in deoxygenated hemoglobin (relevant to the BOLD signal) 
was no longer localized to the electrophysiologic activation but involved several 
centimeters of surrounding cortex (Suh et al.,  2006a) . 

Besides ictal events,  BOLD signal is also measured in human interictal dis-
charges (Benar et al.,  2002) . It is unknown how this period of relative ictal/interictal 
ischemia impacts neuronal function or causes permanent damage. However, in 
humans, interictal spikes may be associated with transient negative impact on cog-
nition (Shewmon and Erwin,  1988 ; Binnie and Marston,  1992) .   

  Clinical Perspective and Future Considerations  

 In general, childhood epilepsy is associated with behavior problems and cognitive 
decline. Though many factors like anti-seizure drugs, genetics, and seizure duration 
may be contributing to these effects, lower intelligence quotients (IQ) scores, 
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 learning disabilities, and psychopathology are more common than in the normal 
population. Increased risk of learning disabilities is present despite well-controlled 
seizures (Bailet and Turk,  2000) . 

 There is marked heterogeneity in epilepsy syndromes with lack of inevitable 
progression of seizures in some and predictable remission in others. Examples 
of predictable remission include benign familial neonatal convulsions and 
benign focal epilepsies. However, what has been traditionally thought of as 
 “ benign ”  may not be so. Subtle cognitive abnormalities are coming to light in 
the so-called  “ benign ”  epilepsies (Yung et al.,  2000 ; Sanchez-Carpintero and 
Neville,  2003) . 

 Do chronic recurrent seizures lead to cognitive abnormalities or does the under-
lying brain dysfunction cause both? The latter is supported by the fact that despite 
seizure control and normalization of EEG, individuals continue having problems 
with learning, behavioral, and psychosocial issues, even in comparison with other 
chronically ill children. Though adults also continue to have a lower quality of life, 
the adverse effect on cognition is seen especially in children and may, therefore, be 
due, in part, to the interference of intellectual abilities during a period of rapid 
childhood development (Bjornaes et al.,  2001) . 

 It is becoming increasingly clear that an epileptogenic tissue undergoes some 
fundamental metabolic changes. There are altered neurotransmitter receptors in the 
remaining surviving neurons that may have altered circuitry. Screening of potential 
anti-seizure drugs usually occurs in acute seizure models such as pentylenetetrazol, 
maximal electroshock, fluorothyl (rather than epileptic). Screening drugs in these 
epileptic animals targeting these altered receptors may be more beneficial and have 
a wider therapeutic index.  

  Conclusion  

 Clinically, it is well accepted that seizures are associated with brain damage and 
neuronal loss. Experimentally and from surgically excised human tissue studies, the 
emerging perspective is that epileptogenesis and subsequent seizures trigger activ-
ity-dependent structural and functional remodeling of neuronal circuitry. This neu-
ronal plasticity shows marked age dependence and exerts long term and at times 
progressive cognitive and behavioral sequelae. 

 Advancement in functional imaging and volumetric MRI studies has helped 
elucidate progressive metabolic changes in subcortical structures in epilepsy, per-
haps indicative of a growing maladaptive network manifesting as neurological and 
behavioral pathology. 

 Better understanding of these effects and their underlying mechanisms 
expands the spectrum of potential therapeutic intervention targets that aim not 
only for seizure suppression but also to influence and modify seizure-induced 
neuronal plasticity.      
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     Chapter 8 
 Metabolic Encephalopathies in Children        

    Joseph   DiCarlo      

  Metabolic Encephalopathies in Children  

 Encephalopathies in children arise from an array of sources. Intoxication from 
accidental ingestion can produce a profound encephalopathy that clears almost as 
quickly as it appears. The encephalopathy of septic shock is under-appreciated, yet 
the brain should be counted among organs shut down, almost always temporarily, 
in children with multiple organ failure. The child’s brain is fairly resilient in the 
face of many of these entities, except rarely in the face of meningitis, but even here 
severe long-term damage seems to result only from the rare misdiagnosed or under-
treated case. 

 However, encephalopathies with a metabolic basis tend to be the most problematic 
for infants or children, with functional outcomes dependent upon timely and prudent 
interventions. Three varieties of metabolic encephalopathy in children are discussed 
here. The first two are closely related. Inborn (genetic) errors of metabolism can 
present in the newborn as severe encephalopathy from hyperammonemia alone. 
When a metabolic error presents months to years later, a degree of hepatic insuffi-
ciency may complicate the metabolic derangement. In acute or fulminant hepatic 
failure of any etiology (i.e., infections, drug-induced, toxin-related), the rise in 
serum ammonia may be only moderate but other factors contribute to the ensuing 
encephalopathy, which may be devastating within days. 

 The third variety, the severe encephalopathy produced by diabetic ketoacidosis 
(DKA), is entirely another matter. The cerebral edema associated with DKA was 
commonly thought of as being the result of osmotic shifts during therapy to restore 
hydration; there is now evidence that edema is the endpoint of a vasogenic 
 phenomenon  –  i.e., it might be due to capillary leak and/or membrane disruption, the 
result of profoundly deficient circulation, and it is present before rehydration takes 
place. The severe case of DKA  –  associated cerebral edema is likely to be  accompanied 
by disruptions in other organ systems as well, including gastrointestinal perforations 
and necrosis. The therapeutic challenge lies in balancing the restoration of perfusion 
and substrate delivery, while limiting the accumulation of fluid.  
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  Inborn Errors of Metabolism  

 In neonates, serious inborn errors of metabolism may present as an overwhelming 
illness characterized most dramatically by encephalopathy, while direct involve-
ment of the liver is modest. An infant with branched-chain organic aciduria 
presents with ketosis or ketoacidosis, and hyperammonemia. The most common 
abnormal organic acidurias are maple syrup urine disease, isovaleric acidemia, 
propionic aciduria and methylmalonic aciduria. Specific diagnoses are made by 
detecting acylcarnitine and other organic acid compounds in plasma and urine by 
gas chromatography mass spectrometry (MS) or tandem MS-MS (Ogier de 
Baulny and Saudubray,  2002) . 

 Urea cycle defects usually present with hyperammonemia alone. The most 
common hereditary urea cycle disorder, ornithine transcarbamoylase (OTC) defi-
ciency, is an X-linked recessive disorder. The gene responsible for the enzyme is 
located on Xp21.1, and is expressed in the liver and gut. Males presenting in the 
neonatal period carry the most severe version of the disease (Gordon,  2003) . 
Presentations outside the newborn period consist of intermittent vomiting and 
encephalopathy developing over days to weeks. By this time laboratory examina-
tion might reveal hyperammonemia and all the parameters that would indicate 
hepatic failure, including elevated transaminases, coagulopathy and decreased 
blood urea nitrogen (Mustafa and Clarke,  2006) . Certain defects might not 
present until adulthood. In heterozygous adults, OTC deficiency can cause 
seizures and hyperammonemic coma especially after a large protein load (Legras 
et al.,  2002) .  

  Valproate: Induced Hyperammonemic Encephalopathy  

 Valproic acid, a common anticonvulsant, can accumulate and induce a hyperam-
monemic encephalopathy, presenting as acutely impaired consciousness, focal 
neurologic symptoms, and increased seizure frequency. Moreover, valproate-induced 
hyperammonemic encephalopathy can occur more readily in the child (or adult) 
with carnitine deficiency or with congenital urea cycle enzymatic defects. In fact, 
the occult presence of a urea cycle enzymatic defect is occasionally uncovered by 
the development of valproate-induced encephalopathy; an occult enzyme deficiency 
can even make its first presentation, in the absence of valproate, in the generically 
stressed critical care patient, young or old (Verrotti et al.,  2002 ; Thakur et al.,  2006 ; 
Summar et al.,  2005) . 

 Valproate may contribute to hyperammonemia by inhibiting carbamoylphosphate 
synthetase-I, the enzyme that begins the urea cycle. Phenobarbital may potentiate 
the toxic effect of valproate. The electroencephalogram in severe hyperammonemic 
encephalopathy exhibits continuous generalized slowing, a predominance of theta 
and delta waves, bursts of frontal intermittent rhythmic delta activity, and triphasic 
waves (Segura-Bruna et al.,  2006) .  



8 Metabolic Encephalopathies in Children 139

  Hepatic Encephalopathy  

 Previous theories, centered on induced increases in gamma-aminobutyric acid 
(GABA)  ‘ tone ’  and the generation of benzodiazepine-like substances, have less 
traction presently. As ammonia is a central component in the development of 
hepatic encephalopathy, the mechanism is similar to that found in encephalopathy 
due to inborn errors, with a possible osmotic derangement in astrocytes or changes 
in cellular metabolism and alterations in cerebral blood flow. Cerebral edema in 
hepatic encephalopathy may be due to an increase in cerebral blood volume and 
cerebral blood flow, in part due to inflammation, to glutamine and to toxic products 
of a diseased liver (Mattarozzi et al.,  2005) . In a prospective series of 121 adults with 
cirrhosis, ammonia levels correlated with the severity of hepatic encephalopathy. 
Venous sampling was as reliable as arterial for ammonia measurement (Ong 
et al.,  2003) . Mild hypothermia has been shown to counteract some of these 
changes in the experimental setting; clinical trials of mild cooling in hepatic 
encephalopathy may be on the horizon (Mattarozzi et al.,  2005) .  

  Astrocytes and Ammonia  

 Swollen astrocytes constitute a major component of the brain edema resulting from 
hyperammonemia or fulminant hepatic failure. Intracerebral ammonia is detoxified 
in the cytoplasm of astrocytes, where glutamine synthetase catalyzes the conversion 
of glutamate and ammonia to glutamine. The elevated glutamine may increase 
intracellular osmolarity, promoting an influx of water with resultant astrocytic 
swelling (Bachmann,  2002) . An alternative explanation posits that as it accumu-
lates in mitochondria, the glutamine is metabolized by phosphate-activated glutam-
inase back into glutamate and ammonia. In the mitochondria the glutamine-derived 
ammonia provokes the excessive production of free radicals and the induction of 
the mitochondrial  ‘ membrane permeability transition ’ , rendering the astrocytes 
swollen and dysfunctional (Albrecht and Norenberg,  2006) . The mitochondrial 
membrane permeability transition is a calcium ion-dependent increase in mitochon-
drial membrane permeability that occurs after the opening of a voltage-dependent 
anion channel, the permeability transition pore (Jones,  2002) . High concentrations 
of calcium ions, along with oxidative stress, cause the transition pore to open, 
flooding and uncoupling the mitochondrion. If the pore remains open, ATP is 
depleted and cell necrosis ensues (Halestrap,  2006) .  

  Therapy for Hyperammonemic and Hepatic Encephalopathy  

 First line therapy for hyperammonemia is directed at reducing the production and 
absorption of gut-derived ammonia. Non-absorbable antibiotics are better than non-
absorbable disaccharides (e.g., lactulose) in reducing the risk of no improvement 
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(1.24, 1.02 – 1.50, 10 trials) and modestly better at lowering the blood ammonia con-
centration (weighted mean difference 2.35  µ mol L  − 1 , 0.06 – 13.45 µ mol L  − 1 , 10 trials) 
(Als-Nielsen et al.,  2004) . The ideal oral antibiotic would have a wide spectrum of 
antibacterial activity against aerobic and anaerobic Gram-negative and Gram-positive 
bacteria, and a very low rate of systemic absorption (Festi et al.,  2006) . 

 In an infant with hyperammonemia and a suspected inborn metabolism error it 
is now common to start treatment empirically with a metabolic cocktail of intravenous 
sodium phenylacetate (NaPh) and sodium benzoate (NaBz). Sodium benzoate provides 
an alternative pathway for the disposal of waste nitrogen, interacting with glycine to 
form hippurate. The subsequent renal excretion of hippurate results in the elimination 
of ammonia ions. If hyperammonemia is severe, hemodialysis is initiated. In some 
centers hemodialysis will be repeated once or twice daily in the acute phase; in 
 others the initial hemodialysis is followed by continuous veno-venous hemofiltra-
tion. In one case study involving empiric treatment with NaPh and NaBz, the dialytic 
and convective (hemofiltration) clearance of ammonia, NaPh, and NaBz was measured, 
first by hemodialysis and then by hemofiltration. The clearance of ammonia was 57 
mL min  − 1  by hemodialysis and 37 mL min  − 1  by hemofiltration. Clearance of the 
therapeutic agents, NaBz and NaPh, was about 37 mL min  − 1  by hemodialysis and 
12 mL min  − 1  by hemofiltration. Despite fairly efficient clearance of both NaPh and 
NaBz by hemofiltration or dialysis, the hyperammonemia was corrected (Legras et al., 
 2002) . Sodium benzoate may be used on a short or long-term basis to stabilize or 
improve encephalopathy in liver failure of any etiology (Mattarozzi et al.,  2005) .  

  Plasma Filtration or Removal  

 Hemodialysis and/or hemofiltration should be employed proactively in the child 
with evolving hyperammonemic encephalopathy. In a series of eighteen children 
undergoing dialysis/filtration for hyperammonemia due to urea cycle defects, organic 
acidemias, and Reye syndrome, initial therapy with hemodialysis was associated 
with improved survival. About half of the cases were transitioned to continuous 
hemofiltration for an average of six days to maintain metabolic control. Delays of 
more than 24 h from diagnosis to initiation of therapy were associated with an 
increased risk of mortality (Ogier de Baulny,  2002) . 

 As the etiology in most cases of hepatic failure is irreversible short of transplanta-
tion and the target for removal or modulation is more complex than simply ammonia 
alone, continuous hemofiltration is more commonly chosen than hemodialysis for 
the child who needs extracorporeal support. Hemofiltration is effective at direct 
removal of water and unbound small and middle molecular weight solutes. Because 
it involves the exchange of large amounts of extracellular water, hemofiltration may 
also result in the movement, metabolism or removal of larger molecules as well (Di 
Carlo and Alexander,  2005) . However, this latter effect would take time to accomplish. 
By itself, plasmapheresis (plasma exchange) is effective in normalizing coagulation 
parameters and controlling volume status in small children. However it may have no 
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effect on the neurologic complications of liver failure nor does it impact the ability 
of the liver to regenerate. But the addition of sequential or simultaneous plasmapheresis 
therapy to a regimen of hemofiltration is helpful in some cases of fulminant hepatic 
failure, thrombotic thrombocytopenic purpura, and the hemolytic uremic syndrome 
(Yorgin et al.,  2000) . Plasmapheresis, or more accurately in the case of liver  ‘ replace-
ment ’  therapy, plasma exchange, removes larger intravascular components, including 
activated factors involved in the coagulation cascade. The multi-organ instability 
induced by fulminant hepatic failure might be more easily managed with this dual 
approach; such therapeutic complexity is usually unnecessary in the encephalopathy 
induced by hyperammonemia alone (Biancofiore et al.,  2003) .  

  Charcoal Hemoperfusion  

 Charcoal hemoperfusion can also remove the toxin in hepatic failure. A model of 
galactosamine-induced fulminant hepatic failure in a rat with grade 3 hepatic 
encephalopathy, demonstrated the potential utility of multisorbent plasma perfusion 
over uncoated spherical charcoal, and an endotoxin removing adsorbent (poly-
myxin B-sepharose). Timing, duration and frequency of treatment impacted liver 
cell proliferative response as compared to untreated fulminant hepatic failure paired 
controls (Ryan et al.,  2001) .  

  MARS  

 By dialyzing across a membrane with albumin added to the dialysis solution, one 
might be able to attract toxins otherwise tightly bound to proteins in the serum and 
thus unavailable to conventional dialysis or hemofiltration. However, once the binding 
sites are occupied on the albumin in the dialysis solution, no further capture can 
occur. A continuous supply of fresh albumin would be prohibitively expensive. 
However a method was devised to refresh the albumin in solution by passing the 
dialysate through a sorbent column, removing the toxin from albumin binding sites. 
The on-line real-time version of this device has been termed the Molecular 
Absorbing Recirculating System, or MARS (Stange et al.,  2002) . The MARS tech-
nology can remove both water-soluble and albumin-bound toxins, and can provide 
renal support in case of renal failure.  

  Hepatocyte Columns  

 The  ‘ non-biological ’  systems discussed above depend on nonspecific mechanisms 
for detoxification, i.e., detoxification by removal rather than metabolism. Intriguing 
work is in progress with  ‘ biological ’  systems that can provide detoxification, 
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biotransformation and biosynthetic functions. Biological systems generally employ 
an extracorporeal circuit that allows blood to come in contact with hepatocytes. 
Thus far there is no effective highly differentiated human hepatocyte line available 
for clinical use. Clinically tested systems presently use either porcine hepatocytes 
or human hepatoma cell lines (Demetriou,  2005) .  

  Hepatectomy  

 In fulminant hepatic failure the necrosing liver not only defaults on its synthetic and 
filtrative functions, but also provokes an intense inflammatory reaction, triggering 
the cytokine cascade and its consequences. In the most dramatic cases it may be 
prudent to remove the liver in its entirety even if a donor organ is not yet available. 
In this situation transplant hepatectomy with portocaval shunting begins the bridge 
to transplantation; while awaiting procurement, the critical care physician must 
then attempt to replace the hepatic synthetic function (with plasma infusion or 
exchange) and filtrative function (with hemofiltration, dialysis or hemadsorption). 
A surprising degree of stability can be achieved in the first day or two following 
total hepatectomy. By the third day an evolving metabolic acidosis heralds impending 
instability (Hammer et al.,  1996) .  

  Common Strategies in Hepatic Encephalopathy  

 MARS has been slow to capture the imagination of critical care physicians, at least 
in pediatrics. The majority of critical care units employ either hemofiltration or 
plasma exchange when supporting the child with a failed liver. There is a widely 
varying degree of comfort with hemofiltration or plasma exchange devices as well, 
particularly with regard to the safety of active anticoagulation in the face of severe 
coagulopathy. For hemofiltration, the past decade has witnessed the gradual conver-
sion from heparin- based systemic anticoagulation (or occasionally, no anticoagulant) 
to citrate-based  ‘ regional ’  or  ‘ circuit ’  anticoagulation. Citrate infused into the circuit 
binds ionized calcium, rendering the coagulation cascade ineffective. Calcium is 
simultaneously infused remotely in the patient, normalizing peripheral blood ionized 
calcium, with no net effect on system coagulation parameters. 

 Probably more important than the choice of technology is the timing of its appli-
cation and to some extent the  ‘ prescription ’  applied (i.e., the clearance rate in 
hemofiltration or MARS and the frequency and volume in the case of plasma 
exchange). Timing cannot be over-emphasized, but it is rarely described. We will 
institute hemofiltration as the child with acute hepatic failure is actively evolving 
from West Haven Criteria grade 2 encephalopathy (drowsiness, lethargy, obvious 
personality changes, inappropriate behavior, and intermittent disorientation, usually 
regarding time) to grade 3 (somnolent but can be aroused, unable to perform mental 
tasks, disorientation to time and place, marked confusion, amnesia, occasional fits 
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of rage, incomprehensible speech). Employing this strategy, one might reasonably 
expect to be able to support the child for up to two to three weeks if necessary while 
waiting for organ procurement. On occasion, the native liver might even recover 
within this window, particularly if the etiology of hepatic failure was hepatitis A or 
a drug or toxin.  

  Diabetic Ketoacidosis  

 Clinically apparent cerebral edema occurs in less than 1% of all episodes of diabetic 
ketoacidosis, (Dunger et al.,  2004)  but its subclinical presence is far more common. 
In a series of children with DKA, 22/41 had narrowing of the cerebral ventricles as 
measured by magnetic resonance imaging(MRI) (Glaser et al.,  2006) . Initial pCO2 
correlates well with the presence of cerebral edema (relative risk of cerebral edema 
for each decrease of 7.8 mm Hg, 3.4; 95% confidence interval, 1.9 – 6.3); initial 
serum urea nitrogen concentrations correlate as well (relative risk of cerebral edema 
for each increase of 9 mg dL  − 1  [3.2 mmol L  − 1 ], 1.7; 95% confidence interval, 
1.2 – 2.5) (Glaser et al.,  2001) . 

 Subtle findings support the association of hypoperfusion with DKA encepha-
lopathy. N-acetylaspartate (NAA) is a neuronal-axonal marker that can be used as 
a dynamic marker of neuronal dysfunction and integrity. The ratio of NAA to creatine 
in the basal ganglia decreases during acute DKA, suggesting that neuronal integrity 
is compromised. Children at highest risk for cerebral edema during DKA are those 
with greater dehydration and greater hypocapnia at presentation (Jones,  1979 ; Muir 
et al.,  2001 ; Glaser,  2001) . Volume depletion may lead to hypoperfusion and brain 
ischemia, especially as the hyperventilation that accompanies DKA can induce 
cerebral vasoconstriction. This can occur particularly within more vulnerable areas 
like the basal ganglia. Proton magnetic resonance spectroscopy has detected lactate 
peaks within the basal ganglia, suggestive of anaerobic cerebral metabolism 
(Wooton-Gorges et al.,  2005) . 

 Fourteen children were studied using both diffusion and perfusion weighted 
MRI, during DKA treatment and after recovery. The apparent diffusion coefficients 
(ADCs) were elevated during DKA treatment in all regions except the occipital 
gray matter, suggesting an increase in water diffusion. Perfusion MRI during DKA 
treatment demonstrated shorter mean transit times and higher peak tracer concen-
trations, indicative of increased cerebral blood flow (CBF). Elevated ADC values 
during DKA treatment suggest that a vasogenic process, rather than osmotic cellular 
swelling, is responsible for edema formation (Glaser et al.,  2004) . Transcranial 
Doppler evaluations of middle cerebral artery flow velocities and cerebral autoreg-
ulation demonstrated normal to increased cerebral blood flow, elevated regional 
cerebral oxygenation, impaired autoregulation, and changes in brain volume in 
diabetic ketoacidosis. This suggests that a transient loss of cerebral autoregulation 
might allow a paradoxical increase in CBF and the development of vasogenic cerebral 
edema (Roberts et al.,  2006) . 
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 There is something unsettling about the vasogenic theories, however. If  hypo per
fusion and then reperfusion were the sole culprits, one would expect a similar  incidence 
of cerebral edema in profound septic shock. Yet, but for the subpopulation with 
 concomitant meningitis, the brain is free of edema in sepsis, except perhaps in toxic 
shock  syndrome (Churchwell et al.,  1995 ; Smith and Gulinson,  1988) . Even in the 
most dramatic and persistent of cytokine-driven illnesses, the hemophagocytic syn-
drome, the cerebral cortex is spared until the disease runs its course; at that point there 
is evidence of a perivascular, not cytotoxic, event. Early on, only the meninges are 
involved, with  infiltration of lymphocytes and macrophages. Edema appears later as a 
perivascular infiltrate. Only in advanced disease is there diffuse infiltration into the tis-
sue (Henter and Nennesmo,  1997) . 

 Conversely, cerebral edema in DKA is always distributed globally. There is 
understandable reluctance to abandon the osmotic theories for the genesis DKA  –  
related cerebral edema. The hypertonicity in untreated DKA and the rapidly changing 
osmotic gradient in resolving DKA may indeed contribute something to fluid 
movement between neuron and interstitium; and in the treatment phase the rate of 
change of this gradient is nearly impossible to control. 

 To complicate matters further, in childhood diabetes, in recent years, type 2 diabetes, 
characterized by insulin-resistance instead of insulin absence, has become more 
prevalent among children. Just one decade ago, it would not have been included in 
the differential diagnosis of pediatric encephalopathy. Recognition of type 2 diabetes 
in children, and its potential lethality, is very recent. A report from Florida in 2004 
described a cluster of seven obese African American youth who were initially thought 
to have died from DKA due to type 1 diabetes, despite meeting the criteria for the 
hyperglycemic hyperosmolar state characteristic of type 2 diabetes and not for DKA. 
All had previously unrecognized type 2 diabetes (Morales and Rosenbloom,  2004) . 

 As obesity and type 2 diabetes in childhood grow in prevalence, such related 
complications may also increase. Diagnostic criteria for the hyperglycemic hyper-
osmolar non-ketotic syndrome include blood glucose above 600 mg dL  ¯ 1  and serum 
osmolality above 330 mOsm L  ¯ 1  with only mild acidosis (serum bicarbonate 15 – 20 
mmol L  ¯ 1  and mild ketonuria 15 mg dL  ¯ 1  or less). In a subsequent series it seems 
that the diagnosis was entertained early: the Glasgow Coma Scale at presentation 
was 13 (range 9 – 15); mean body mass index (BMI) at presentation exceeded the 
97th percentile; mean serum osmolality was 393 mOsm L  ¯ 1 ; and mean blood glu-
cose was an unavoidable 1,604 mg dL  ¯ 1 . One of these children died, from multisys-
tem organ failure (Fourtner et al.,  2005) . 

 In another series with hyperglycemic hyperosmolar nonketotic (HHNK) syndrome, 
eight children (seven male and one female, all African-American) from 11 to 17 
years of age each had a body mass index exceeding the 97th percentile. Presentation 
ranged from confusion to coma. Serum bicarbonate was less than 14 mmol L  ¯ 1 . 
Corrected sodium in all patients was in the hypernatremic range in conjunction with 
high effective serum osmolality. Metabolic control was achieved in all patients 
within 36 h of admission. All but one recovered with fluid replacement and 
intravenous insulin therapy. One child succumbed to massive pulmonary embolism 
Bhowmick et al.,  2005) . 
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 Cerebral edema is not a prominent issue in complicated insulin-resistant diabetes 
in adults, and perhaps not in children as well. In fact, while the experience with 
pediatric type 2 diabetes is still modest, it appears that the pitfalls of therapy are 
similar to those encountered in the treatment of the adult, where the consequences 
of undertreatment include vascular occlusion, rhabdomyolysis and multiple organ 
failure (Magee and Bhatt,  2001) . Hypercoagulability has been described in type 1 
DKA, although its consequences have been relatively minor (e.g., deep venous 
thromboses); (Davis et al.,  2007)  undertreatment (in terms of fluid repletion) is other-
wise thought of as advantageous in DKA. It is tempting to suggest the routine use of 
gentle anticoagulation if central venous catheters are employed in the stabilization 
of DKA, and in all cases of pediatric HHNK with or without invasive catheters. 

 How then should one support the child with hyperglycemic hyperosmolar non-
ketotic syndrome? In adults with HHNK, computed tomography reveals an increase 
in brain tissue density, suggesting that the brain is dehydrated, not edematous 
(Azzopardi et al.,  2002) . Serum glucose concentrations in HHNK can be as high as 
in the most extreme case of DKA, but of course ketonemia is minimal or absent. 
Ketones have been shown to exert osmotic pressure; (Puliyel and Bhambhani, 
 2003)  could it be the presence (in DKA) or absence (in HHNK) of ketone bodies 
that distinguishes the two milieu in terms of risk for cerebral edema? Or, perhaps 
another easily measured variable, the serum (and by inference the tissue) pH, is 
most important? A large surveillance study of DKA in the United Kingdom deter-
mined that in the absence of cerebral edema, the level of consciousness is directly 
related to the serum pH, with confusion/agitation associated with a pH of 6.96 ± 
0.11 and coma ensuing at pH 6.88 ± 0.09 (Edge et al.,  2006a ,  b  ). In children with 
DKA and cerebral edema (n = 43), acidosis was more severe, and serum potassium 
and blood urea nitrogen were higher, than in those with DKA without cerebral 
edema (Edge et al.,  2006a ,  b) . Neither serum glucose concentration nor serum 
osmolality were associated with degree of consciousness or presence of edema. 

 In fact, the evidence may be mounting that it is the degree of dehydration, and 
therefore the severity of malperfusion, that predisposes to eventual cerebral edema. 
It may be that if dehydration in type 2 diabetes is pushed far enough, one might 
encounter cerebral edema in that population as well. The simple answer might be 
sought in a regression analysis that includes body mass index, degree of dehydra-
tion (in terms of kg lost as a percentage of body weight), ketosis and pH. 

 There are only serendipitous reports of hemofiltration used in the patient with 
DKA, and in all cases the indication was renal failure, not encephalopathy (Kawata 
et al.,  2006) . In the child with intact renal function during DKA, urine output often 
remains excessive during the first day of therapy until serum glucose concentrations 
come under control. With care, one can control the rate of change in total body 
water, though its distribution will remain elusive. Would there be a role, therapeutically 
or experimentally, for hemofiltration in the setting of DKA and encephalopathy? It 
is hard to imagine one, as removal of the putative toxins (glucose or ketone bodies) 
proceeds easily upon administration of fluid and insulin, and rapid removal of 
either one might induce an unfavorable shift of fluid into cells. In recovering DKA, 
bathing the interstitium with many liters of crystalloid may create more problems 
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than it would solve. For the time being it is prudent to maintain a strategy of 
controlled rehydration in the child with DKA encephalopathy.  

  Conclusion  

 Metabolic encephalopathies present a serious and often rewarding challenge that tests 
the limits of critical care therapeutics. The neuropharmacologist may someday devise 
a discrete control mechanism for the mitochondrial membrane permeability transition, 
or there may eventually exist an elegant way to stabilize membranes interrupted by 
profound malperfusion. In the meantime, in the support of the child with severe 
encephalopathy, the intensive care physician will continue to modulate the interstitial 
milieu with broad strokes: simply, with controlled or restricted input of fluids and 
perhaps diuretic encouragement of its egress; or elaborately, with any of a number of 
therapeutically distinct technologies, including intermittent hemodialysis to remove 
target small solutes, continuous hemofiltration to remove water and solute and funda-
mentally alter the interstitial milieu, or plasmapheresis or exchange to eliminate 
larger vasoactive contributors to multiple organ (and therefore brain) failure.      
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 Chapter 9  
 Pathophysiology of Hepatic Encephalopathy: 
Studies in Animal Models        
    Roger   F.   Butterworth      

  Introduction  

 Hepatic Encephalopathy (HE) is a serious neuropsychiatric complication of both 
acute and chronic liver failure. A study group concluded in 2002 that  “ HE is a 
spectrum of neuropsychiatric abnormalities seen in patients with liver dysfunction 
after exclusion of other known brain diseases ”  (Ferenci et al.,  2002) . A multiaxial 
definition of HE was proposed that defines both the type of hepatic abnormality and 
the characteristics of the neurological manifestations. Three types of hepatic abnor-
malities were defined, namely: 

 Type A: HE associated with Acute Liver Failure (ALF) 
 Type B:  HE associated with portal-systemic bypass with no intrinsic hepatocellular 

disease (in practice this type is rare) 
 Type C: HE associated with cirrhosis and portal hypertension or portal-systemic shunts. 

 In the case of chronic liver disease, episodic HE and persistent HE were defined 
and the term  “ minimal hepatic encephalopathy ”  (MHE) was coined to replace the 
hitherto inappropriate term  “ subclinical encephalopathy ” . It is expected that this 
new system of classification will help to dispel the confusion frequently present in 
current textbook definitions and to facilitate multi-centre clinical trials in HE. 

 Neurological symptoms characteristic of HE include shortened attention span, 
sleep abnormalities and motor incoordination progressing through lethargy to stupor 
and coma. In Type C HE, symptoms take an undulating course progressing relatively 
slowly whereas in Type A HE, the neurological disorder may progress from altered 
mental status to coma within days. Seizures are not uncommon and mortality rates 
are high in the acute (Type A) form of HE where death invariably results from 
brain herniation as a consequence of intracranial hypertension brought on by brain 
 swelling (edema).  
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  Neuropathology of HE  

  The Astrocyte 

 The principal neuropathologic finding in HE is altered astrocyte morphology. The cellular 
characteristics of the astrocyte changes in HE are a direct function of the nature of the liver 
failure (acute vs. chronic, ie. Type A vs. Type C) as well as the severity of HE. 

 Von H ö sslin and Alzheimer in 1912 described morphological abnormalities of 
astrocytes in a disorder known as Westphal – Str ü mpell pseudosclerosis, a disorder 
shown subsequently to be identical to acquired hepatocerebral degeneration 
(Wilson’s Disease). The term  “ Alzheimer Type II astrocyte ”  is now used to describe 
these characteristic morphological features manifested by astrocytes that consist of 
large, pale (watery-looking) nuclei, margination of the chromatin and prominent 
nucleoli as shown in Fig.  9.1  . Intranuclear glycogen inclusions are also evident in 
these cells.  

 Hepatic Encephalopathy (HE) in chronic liver failure, regardless of the etiology 
of liver disease, is characterized by the presence of Alzheimer Type II astrocytes. 
The number of the cells showing the Alzheimer Type II phenotype is significantly 
correlated with the severity of encephalopathy (Adams and Foley,  1953 ; Butterworth 
et al.,  1987) . Alzheimer Type II astrocytes are found in grey and white matter of 
HE brains where they show regional selectivity (Butterworth et al.,  1987) . 
The nuclei take on a variety of shapes from round (in cerebral cortex) to irregular 
or lobulated forms (in basal ganglia) and in both cases may occur in pairs or triplets 
suggestive of hyperplasia (Norenberg,  1987) . 

 Magnetic Resonance Imaging (MRI) studies reveal alterations of pathophysio-
logical significance in HE patients. Bilateral signal hyperintensities  are observed in 
globus pallidus on T 

1
 -weighted MRI (see Sect.  “ Manganese ” ) in over 80% of cirr hotic 

patients and T 
2
 -weighted Fast-FLAIR MRI reveals white matter lutencies along the 

corticospinal tract of cirrhotic patients with overt HE (Rovira et al.,  2002) . Both of 
these MRI alterations resolve following liver transplantation. 

 Studies in experimental animal models of HE continue to help to characterize 
the early morphologic changes in astrocytes. For example, feeding of ammonia 
cation exchange resins to rats following end-to-side portacaval anastomosis results 
in severe encephalopathy (Norenberg,  1987) . In early stages of HE in these animals, 
astrocytes exhibit evidence of hypertrophy (increased mitochondria and endoplasmic 
reticulum) (Fig. 9. 2  ).    Later stages of encephalopathy (coma) are accompanied by 
contractions of mitochondria and degenerative changes. 

 Mixed glial-neuronal cultures exposed to sera from HE patients and from animals 
with experimental HE develop morphological changes characteristic of Alzheimer 
Type II astrocytes (Mossakowski et al.,  1970) . Exposure of cultured rat cortical 
astrocytes to ammonia, the principal putative neurotoxin generated in liver failure 
(Sect.Ammonia), results in changes that mimic the in vivo findings consisting, at 
the light microscopic level, of increased cytoplasmic basophilia, vacuolization and 
cellular disintegration (Norenberg,  1987) . Ultrastructural studies show that the initial 
response consists of proliferation of mitochondria and smooth endoplasmic reticulum 
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with appearance of dense bodies resembling lipofuscin granules. Loss of intermediate 
filaments have been described in both human HE (Sobel et al.,  1981)  and in ammonia-
exposed astrocytes in culture (Norenberg,  1987) .  

  Neuronal Cell Death in HE 

 It is generally assumed that neuronal cell death is minimal in liver failure and is 
insufficient to account for the neurological complications characteristic of HE. 
A careful review of the literature, however, reveals that neuronal cell death and 

  Fig. 9.1      Alzheimer Type II astrocytosis in HE (chronic liver failure) ( a ) Light micrograph of cere-
bral cortex from a cirrhotic patient who died in hepatic coma. Note prominence of pale, enlarged 
astroglial nuclei frequently occurring in pairs ( arrow ) suggestive of hyperplasia. A normal astro-
cyte nucleus is shown for comparison purposes ( arrowhead ). Bar = 20  µ M. ( b ) Similar section 
showing intranuclear glycogen inclusions ( arrow ).  Inset : irregular lobular astrocyte in pallidum. 
Reproduced from Norenberg  (1987) , with permission from Humana Press       
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severe neuronal dysfunction are well documented in liver failure. Several distinct 
clinical entities have been described including acquired (non-Wilsonian) hepatocer-
ebral degeneration, post-shunt myelopathy, cerebellar degeneration and extrapy-
ramidal disorders (Parkinsonism) (see Butterworth,  2007  for review). Furthermore, 
studies in experimental animals reveal that multiple cell death mechanisms occur in 
the brain with liver failure. Such mechanisms include lactic acidosis, oxidative/nit-
rosative stress, NMDA receptor-mediated excitotoxicity together with evidence of 
an inflammatory response and the presence of proinflammatory cytokines. These 
mechanisms are discussed in more details in Sects.  “ Astrocyte Metabolism and 
Function in HE ”  and  “ Neurotransmitter Function in HE ”  of this review. It has been 
proposed that the extent of neuronal cell death in liver failure is attenuated by the 
presence of compensatory mechanisms including down-regulation of NMDA 
receptors, the occurrence of hypothermia and the increased synthesis of neuropro-
tective compounds such as the neurosteroid allopregnanolone (Butterworth,  2007) . 
The occurrence of neuronal cell death in liver failure suggests that some of the so-
called  “ sequellae ”  of liver transplantation (gait ataxia, memory loss and confusion) 
could reflect pre-existing neuropathology (Kril and Butterworth,  1996) .   

  Pathogenesis of HE: Role of Blood-Borne Toxins  

  Ammonia 

 Evidence of an association between HE and ammonia dates back over a century to 
the studies of Eck, who described the effects of portacaval anastomosis in dogs. 
Feeding of meat to shunted dogs led to severe neurological impairment progressing 

  Fig. 9.2      Early changes in astrocytic morphology in experimental HE (chronic liver failure) 
Electron micrograph of an astrocyte process showing mitochondrial proliferation from 
a portacaval-shunted rat with mild HE resulting from feeding of ammonia resins. N: nucleus, 
Bar = 1  µ M Reproduced from Norenberg  (1987) , with permission from Humana Press       
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to coma. Subsequently, in the 1950s, attempts were made to treat ascites in cirrhotic 
patients using ammonium ion-exchange resins. This treatment led to reduction of 
ascitic volume but precipitated neurological symptoms that were indistinguishable 
from HE (Gabuzda et al ., 1952). Arterial blood ammonia concentrations are 
frequently increased in patients with HE and brain ammonia may reach millimolar 
concentrations at coma stages of encephalopathy. Studies using Positron Emission 
Tomography (PET) and  13 NH 

3
  have been used to investigate brain ammonia metab-

olism in cirrhotic patients. In one study, a significant increase in the cerebral metabolic 
rate for ammonia (CMR 

A
 ) was observed in patients with mild HE (Lockwood et al., 

 1991)  accompanied by an increase in blood — brain barrier permeability to ammonia 
(Table  9.1  ). It was suggested that the increased ease with which ammonia appears 
to move into the brain in HE patients could account for (a) the hypersensitivity of 
cirrhotic patients to ammoniagenic conditions such as protein loading, gastrointes-
tinal bleeding and constipation, (b) the lack of a tight correlation between blood and 
brain ammonia concentrations in liver failure and (c) the common occurrence of HE 
in some patients with near normal arterial ammonia levels. Results of a second 
 13 NH 

3
  PET study suggested that increased cerebral trapping of ammonia in cirrhotic 

patients with HE was also the result of increased circulating ammonia in addition 
to altered brain ammonia kinetics (Keiding et al.,  2006) .  

 There is evidence of a pathogenetic link between hyperammonemia and the 
phenomenon of Alzheimer type II astrocytosis; this astrocytic phenotype has been 
described in a wide range of hyperammonemic syndromes associated with congenital 
urea cycle enzyme defects, as well as in experimental animals with urease-induced 
hyperammonemia and in primary cultures of astrocytes exposed to ammonia 
(Butterworth et al.,  1987) . 

 Patients with ALF who developed intracranial hypertension and cerebral hernia-
tion manifest arterial ammonia levels in the 300 – 600  µ M range, significantly higher 
than patients who did not herniate (Clemmesen et al.,  1999)  and there is evidence 
to suggest that increased brain ammonia concentrations are causally related to the 
pathogenesis of brain edema in ALF. Brain ammonia concentrations are reported to 
be in the low millimolar range at coma and edematous stages of encephalopathy in 
experimental animal models of ALF (Swain et al.,  1992) . Furthermore, treatment 
of cerebral cortical slices with ammonia in concentrations equivalent to those 
reported in brain in experimental ALF results in significant cell swelling 
(Norenberg,  1987) . 

  Table 9.1      Blood – brain ammonia kinetics in HE patients   

 Control subjects (5)  Patients (5) 

 Arterial NH
 3
  (mM)  0.030 ± 0.007  0.062 ± 0.02* 

 Cerebral metabolic rate (NH 
3
 )  0.35 ± 0.15  0.91 ± 0.36* 

 BBB permeability to NH 
3
  (ml g  − 1  min  − 1 )  0.13 ± 0.03  0.22 ± 0.07* 

  Data from studies using  13 NH 
3
  PET in cirrhotic patients with mild HE. Values indicated represent 

mean ± S.E. from 5 patients per group. Significant differences indicated by * p  <  0.01 by Student’s 
t test (Adapted from Lockwood et al.,  1991  with permission)  
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 There is a convincing body of evidence to suggest that hyperammonemia in liver 
failure results from altered inter-organ trafficking of ammonia (Chatauret and 
Butterworth,  2004)  as shown in Fig.  9.3  .  

 The intestines have a high glutaminase activity that converts glutamine to glutamate 
and ammonia. Studies in healthy animals reveal that intestinal glutamine metabolism 
accounted for 50% of the ammonia produced by the portal-drained viscera, the 
remaining 50% being produced in the colon, most of which was derived from urea 
uptake from arterial blood (Weber and Veach,  1979) . In liver failure, the contribution 
of the intestine to hyperammonemia results primarily from reduced hepatic urea synthesis 
rather than increased intestinal ammonia production (Olde Damink et al.,  2002) . 
Liver ammonia removal is highly compartmentalized, involving two distinct but 
functionally related cell types; urea is synthesized from ammonia via the urea cycle 
in periportal hepatocytes whereas perivenous hepatocytes transform ammonia into 
glutamine via glutamine synthetase. Cirrhotic patients commonly have intra and extra-
hepatic portal-systemic shunts that may account for a large portion of portal blood 
flow. This portal-systemic shunting, in addition to the loss of hepatocytes and 
impaired residual hepatocyte function, results in decreased ammonia removal by the 
liver. Increased renal ammonia synthesis reported in liver failure is offset by increased 
urinary ammonia excretion (Olde Damink et al.,  2002) . 

 Unlike the liver, skeletal muscle and brain are devoid of an effective urea cycle 
and consequently must rely on glutamine synthesis for ammonia removal. In liver 
failure, muscle becomes the major route for ammonia detoxification. Evidence 
consistent with this notion includes reports of increased glutamine production by 
skeletal muscle in chronic liver insufficiency (Ganda and Ruderman,  1976) . More 
recently it has been shown that chronic hyperammonemia resulting from portacaval 
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  Fig. 9.3      Effect of liver failure on inter-organ trafficking of ammonia. Under normal physiological 
conditions, ammonia produced by the gut is removed by the liver as urea (periportal hepatocytes) 
or glutamine (perivenous hepatocytes). Increased ammonia synthesis by the kidney is offset by 
increased urinary ammonia excretion. In liver failure, skeletal muscle becomes the major route for 
ammonia detoxification as a result of a post-translational increase of glutamine synthetase. Unlike 
muscle, the brain does not adapt to liver failure by induction or glutamine synthetase       
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anastomosis in rats results in increased glutamine synthetase (GS) activity due to a 
post-translational increase of GS (Desjardins et al.,  1999) . ALF also results in 
increased muscle GS mRNA and protein leading to increased enzyme activity 
(Rama Rao et al.,  1999) . 

 Unlike skeletal muscle, brain does not adapt its ammonia removal capacity by 
induction of GS. On the contrary, GS activities have consistently been shown to be 
decreased both in the brains of animals with experimental chronic liver failure 
(Desjardins et al.,  1999)  as well as in autopsied brain tissue from cirrhotic patients 
who died in hepatic coma (Lavoie et al.,  1987a) . Decreased GS activity in brain in 
liver failure may be explained by oxidative/nitrosative stress mechanisms leading to 
increased protein tyrosine nitration of GS as demonstrated in both in vitro and in 
vivo models of hyperammonemia (Schliess et al.,  2002) . In spite of the reduction of 
GS, brain glutamine concentrations are invariably increased in liver failure and 
increased CSF glutamine concentrations correlate well with the severity of neuro-
logical impairment in HE patients. Glutamine concentrations are elevated two to 
fivefold in CSF and brain tissue from experimental animals with HE and increased 
brain glutamine has also been described in NMR studies in both human (Laubenberger 
et al.,  1997)  and experimental (Sonnewald et al.,  1996)  HE. Glutamine concentrations 
in autopsied brain tissue from cirrhotic patients who died in hepatic coma are 
increased two to fivefold (Lavoie et al.,  1987b) . However, NMR spectroscopic studies 
have been unable to demonstrate increased glutamine synthesis in the brain (Zwingmann 
et al.,  2003)  suggesting that the increased brain glutamine in liver failure could result 
primarily from decreased glutamine release from the astrocyte or decreased glutami-
nase activity. This issue requires further study. 

 Concentrations of ammonia equivalent to those reported in the brain in HE are 
known to cause deleterious effects on the CNS functions by both direct and indirect 
mechanisms (Szerb and Butterworth,  1992 , review). Direct effects of the NH 

4
  +  ion 

on both inhibitory and excitatory neurotransmission have been reported. Millimolar 
concentrations of ammonia impair postsynaptic inhibition in the brain by inactiva-
tion of the extrusion of Cl¯ from neurons (Raabe,  1987) . This inactivation of Cl  −   
extrusion abolishes the concentration gradient for Cl  −   across the neuronal mem-
brane. Consequently, the opening of Cl  −   channels by the inhibitory neurotransmitter 
no longer takes place and the inhibitory postsynaptic potential (IPSP) is abolished. 
It has been demonstrated that brain ammonia concentrations as low as 0.5 mM may 
exert this adverse effect on inhibitory neurotransmission. 

 Ammonia also has deleterious effects on excitatory neurotransmission (Szerb 
and Butterworth,  1992 , review) where effects on both presynaptic and postsynaptic 
neuronal membranes have been reported. NH 

4
  +  ions, in pathophysiologically 

relevant concentrations, interfere with excitatory neurotransmission by preventing 
the action of glutamate at the postsynaptic receptor. In addition, NH 

4
  +  depolarizes 

neurons to a variable degree without consistently changing membrane resistance, 
probably by reducing K +  concentrations. 

 Portacaval-shunted rats administered ammonium salts to precipitate coma manifest 
impaired brain energy metabolism (Hindfelt et al.,  1977) . Possible mechanisms 
responsible for this include inhibitory effects of ammonia on the tricarboxylic acid 
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cycle enzyme,  α -ketoglutarate dehydrogenase (Lai and Cooper,  1986)  and on the 
malate – aspartate shuttle (Hindfelt et al.,  1977) . In addition, ammonia stimulates 
glycolysis at the level of phosphofructokinase. These metabolic effects of ammonia 
result in increased lactate production in the brain. CSF lactate concentrations 
correlate well with the deterioration and subsequent recovery of neurological status 
in portacaval-shunted rats in which HE was precipitated by ammonia administra-
tion (Therrien et al.,  1991)  as well as in cirrhotic patients with mild to moderate HE 
(Yao et al.,  1987) .  

  Manganese 

 A highly consistent finding on MRI of cirrhotic patients is bilateral symmetrical 
hyperintensities in globus pallidus on T 

1
 -weighted imaging (Spahr et al.,  1996) . 

A representative example of these pallidal hyperintensities is shown in Fig.  9.4  .  
 A convincing body of evidence suggests that these images are the result of pallidal 

manganese deposition. Manganese is normally eliminated via the hepatobiliary 
route and blood manganese concentrations are increased in cirrhotic patients who 
manifest pallidal signal hyperintensities on MRI. Similar pallidal signals have been 
reported in other conditions including Alagille’s Syndrome (Devenyi et al.,  1994)  
(a disorder characterized by cholestasis and intrahepatic bile duct paucity) as well 

  Fig. 9.4      Magnetic Resonance Imaging in HE. ( a ) T 
1
 -weighted Magnetic Resonance Imaging 

shows bilateral signal hyperintensities in globus pallidus ( arrow ) of a cirrhotic patient with mild 
HE. ( b ) T 

2
 -weighted Fast-FLAIR images in white matter along the corticospinal tract of a cirrhotic 

patient with overt HE (adapted from Rovira et al.,  2002)        
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as in patients during total parenteral nutrition (Mirowitz et al.,  1991) . Both condi-
tions are associated with increased blood manganese. Direct measurements using 
neutron activation analysis reveal up to sevenfold increases in manganese content 
of dissected pallidum obtained post mortem from cirrhotic patients who died in 
hepatic coma (Pomier Layrargues et al.,  1995)  and from experimental animals with 
surgical portacaval shunts where a selective accumulation of manganese was 
reported in pallidum and, to a lesser extent, in other basal ganglia structures (Rose 
et al.,  1999)  (Table  9.2  ).    

  Brain Glucose Metabolism in HE  

 There is no convincing evidence that HE is primarily the consequence of a reduction 
in brain levels of high energy phosphates whether assessed biochemically in animal 
models (Hindfelt et al.,  1977 ; Mans et al.,  1994)  or spectroscopically (Bates et al., 
 1989)  in animal models or in humans. On the other hand, alterations of brain 
glucose utilization, of cerebral blood flow and of brain glucose metabolic pathways 
have been consistently reported. These alterations of brain metabolism are dependent 
upon the severity of HE, the type of liver failure (acute vs. chronic) and on the brain 
region under investigation. PET studies using  18 F-deoxyglucose reveal significant 
decreases in glucose utilization localized to the anterior cingulate cortex in cirrhotic 
patients with mild HE (Lockwood et al.,  2002) . This brain structure is known to be 
implicated in the control of the anterior attention system responsible for the moni-
toring of, for example, the selection of responses to visual stimuli. A significant 
correlation was observed between the magnitude of the decreased glucose utilization 
in anterior cingulate and the reduced performance in attention-demanding tasks 
such as trail making and digit symbol psychometric tests. 

  Table 9.2      Brain manganese concentrations in dissected pallidal tissue from cirrhotic 
patients who died in hepatic coma and from rats with experimental acute or chronic 
liver failure   

 Pallidal manganese concentration 
( µ g g  − 1 ) 

 Patients 
 Controls  1.41 ± 0.91 (8) 
 Cirrhotics  4.04 ± 1.54** (8) 
 Rats 
 Controls (Sham-operated)  0.54 ± 0.02 (6) 
 Portacaval-shunted  1.05 ± 0.07** (6) 
 Bile-duct ligated (cirrhosis)  0.85 ± 0.06* (6) 
 Hepatic devascularization (ALF)  0.72 ± 0.07 (6) 

  Values represent mean ± S.E. of determinations in dissected pallidal tissue. Number 
of patient samples in parentheses. Values significantly different from the appropriate 
control group indicated by *p  <  0.05, **p  <  0.01 by Analysis of Variance  



158 R.F. Butterworth

 Measurement of cerebral blood flow using  15 O – H 
2
 O – PET reveals a redistribution of 

flow from regions such as the anterior cingulate cortex to subcortical structures 
including the thalamus (Lockwood et al.,  1997 (review)). 

 Precipitation of severe encephalopathy and coma in experimental animals with 
chronic liver failure following the administration of ammonium salts results in 
severe alterations of brain glucose metabolism leading to accumulation of lactate 
and alanine (Therrien et al.,  1991)  and reduced brain concentrations of glutamate 
and aspartate sufficiently severe to result in impairment of the malate – aspartate 
shuttle (Hindfelt et al.,  1977)  but without alterations of high energy phosphates. 
Increased brain lactate and alanine concentrations result from impaired oxidation 
of pyruvate in the brain with liver failure and interestingly, it has been demonstrated 
that ammonium ion, in concentrations equivalent to those encountered in brain at 
coma stages of HE, is a potent inhibitor of the tricarboxylic acid cycle enzyme 
 α -ketoglutarate dehydrogenase (Lai and Cooper,  1986) . 

 It has been postulated that the clinical features of brain edema in ALF are the 
consequences of partial brain ischemia rather than of brainstem compression. 
Consistent with this notion, the cerebral metabolic rate for oxygen (CMRO 

2
 ) was 

found to be low in all of 30 patients with ALF in grade IV HE and it was calculated 
that this level of CMRO 

2
  was inappropriately low even to meet the reduced meta-

bolic requirements of deep coma (Wendon et al.,  1994) . Furthermore, 21 of the 30 
ALF patients showed increased brain lactate production indicative of an underlying 
brain oxygen deficit. It is well established that brain ischemia is associated with an 
enhancement of anaerobic metabolism leading to intra and extracellular lactic 
acidosis and exposure of cultured cortical astrocytes to 20  µ M lactate results in sig-
nificant cell swelling by mechanisms that are both pH-dependent and pH-independent 
(Staub et al.,  1990) . 

 Increased brain and cerebrospinal fluid lactate concentrations have consistently 
been reported in animal models of ALF (Zwingmann et al.,  2003 ; Mans et al., 
 1994) .  13 C-Nuclear Magnetic Resonance studies confirm that experimental ALF 
results in increased de novo synthesis of lactate from glucose (Zwingmann et al., 
 2003)  in the brain. Experimental ALF also results in increased expression of the 
endothelial cell/astrocyte glucose transporter GLUT-1 (B é langer et al.,  2006) . 
These changes likely occur in an attempt to maintain brain levels of high energy 
phosphates in the face of diminished capacity for pyruvate oxidation.  

  Astrocyte Metabolism and Function in HE  

  Astrocyte Structural Proteins 

 Glial Fibrillary Acidic Protein (GFAP) is the major protein of intermediate fila-
ments in differentiated astrocytes. Results of a recent study reveal that GFAP 
mRNA and protein expression are significantly reduced in frontal cortex of rats with 
ALF resulting from hepatic devascularization (B é langer et al.,  2002) . These findings 
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were selective for GFAP; expression of a second glial neurofilament protein 
S-100 β  was unchanged in the brain of these animals. It was suggested that the loss 
of GFAP and the resulting impairment of visco-elastic properties of the astrocyte 
could facilitate cell swelling leading to brain edema and its complications, which 
are characteristic of ALF. Exposure of cultured cortical astrocytes to millimolar con-
centrations of ammonia results in a loss of GFAP expression (Neary et al.,  1994 ; 
B é langer et al.,  2002)  and it was suggested that ammonia exposure under these 
conditions led to a destabilization of GFAP mRNA. 

 GFAP expression in brain has also been studied in both experimental and human 
 chronic  liver failure where it was reported to be decreased or unchanged, depending 
upon the brain region under investigation. GFAP-immunolabelling of cerebral cortical 
astrocytes was reportedly decreased following end-to-side portacaval anastomosis in 
rats (Norenberg,  1987)  and in the cerebrum of patients with chronic liver failure (Sobel 
et al.,  1981) . On the other hand, GFAP immunolabelling of cerebellar Bergmann glia 
in human chronic liver failure was unaltered (Kril and Butterworth,  1996) .  

  Glutamine Synthesis, the Glutamate-Glutamine Cycle 

 Glutamine Synthetase (GS) is the enzyme primarily responsible for ammonia 
removal by the brain and is almost exclusively localized in the astrocytes. Not sur-
prisingly, in both acute and chronic liver failure, brain glutamine concentrations are 
increased (Lavoie et al.,  1987a ; Laubenberger et al.,  1997) . However, despite these 
findings of increased brain glutamine, there is little convincing evidence to suggest 
that GS gene or protein expression is induced in the brain with liver failure. For 
example, portacaval anastomosis in rats results in unaltered or even decreased 
expression and activities of GS in the brain (Girard et al.,  1989) . These findings 
again suggest that the increases in concentrations of glutamine consistently 
observed in the brain with liver failure may result primarily from decreased 
glutamine release and/or degradation.  

  Glutamate and Glycine Transporters 

 The effective and rapid removal of neuronally-released glutamate from the synaptic 
cleft is achieved by high affinity, energy-dependent glutamate transporters. 
Evidence from in vitro and in vivo studies suggests that both liver failure and 
ammonia exposure result in reduced expression and activity of these transporters in 
the brain (Butterworth,  2001) . 

 Rat hippocampal slices perfused with low millimolar concentrations of ammonia 
show decreased capacity for uptake of the non-metabolized glutamate analogue 
 D -aspartate (Schmidt et al.,  1990)  and exposure of these preparations to serum 
extracts from patients with chronic liver failure and HE leads to reductions in high 
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affinity  D -aspartate uptake. Furthermore, a significant inverse correlation was 
observed between the  D -aspartate uptake inhibition and ammonia content of the 
serum extract from these patients. A significant inhibition by ammonia of high 
affinity uptake of glutamate by synaptosomal preparations from normal rats has 
been reported (Mena and Cotman,  1985)  and studies of glutamate uptake by 
synaptosomes from experimental animals with ALF manifest a significant decrease 
in high affinity glutamate uptake capacity (Oppong et al.,  1995) . 

 Astrocytes express high affinity glutamate transporters EAAT-1 and EAAT-2 in 
the forebrain. The neuronally localized glutamate transporter EAAT-3 does not 
appear to be localized on nerve terminals and is therefore not considered to play a 
major role in the removal of synaptic glutamate, at least in cortical regions. EAAT-
4 is a neuronal transporter expressed by cerebellar Purkinje cells whereas EAAT-5 
is confined to the retina. Thus, most of the brain, particularly the cerebral cortex, 
hippocampus and midbrain structures rely primarily on astrocytic transporters for 
the effective removal of glutamate from the synapse. Exposure of cultured rat cor-
tical astrocytes to ammonia results in a significant loss in expression of EAAT-1 
mRNA accompanied by a parallel reduction in capacity to transport the non-
metabolizeable glutamate analogue  d -aspartate (Chan et al.,  2000) . Expression of 
a second astrocytic glutamate transporter, EAAT-2 mRNA and protein are 
decreased in frontal cortical extracts from rats with ALF resulting from hepatic 
devascularization (Knecht et al.,  1997)  (Fig.  9.5  ) and in the brains of mice with 
ALF due to thioacetamide hepatotoxicity (Norenberg et al.,  1997) . Loss of EAAT-
2 expression in the brains of ALF rats is accompanied by a significant loss of high 
affinity  d -aspartate uptake capacity by brain preparations from these animals 

  Fig. 9.5      Decreased expression of EAAT-2 in brain in experimental ALF. Decreased EAAT-2 
mRNA (panel A) and EAAT-2 protein (panel B) in rats with ALF resulting from hepatic devascu-
larization (portacaval anastomosis followed by hepatic artery ligation). Rats had severe HE and 
brain edema. Panel C shows decreased uptake of the glutamate analogue  3 H-D-Aspartate by corti-
cal slices from ALF rats (Data from Knecht et al.,  1997)        
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(Butterworth,  2001)  and the loss of transporter capacity results in increased 
 extracellular brain concentrations of glutamate in the frontal cortex of these ani-
mals (Michalak et al.,  1996) . Increased extracellular brain glutamate has been 
confirmed in a wide range of models of ALF (Felipo and Butterworth,  2002) .   
 In  contrast to ALF, chronic liver failure does not consistently result in a loss of 
glutamate transport capacity (Raghavendra Rao et al.,  1995) . 

 Ischemic ALF leads to a significant loss of expression of the astrocytic glycine 
transporter GLYT-1 in cerebral cortex (Zwingmann et al.,  2002)  and a concomitant 
increase in concentration of glycine in brain extracellular fluid of comatose animals 
(Michalak et al.,  1996) . Exposure of cultured astrocytes to ammonia likewise leads 
to a significant reduction in expression of GLYT-1. A major function of glycine in 
the frontal cortex is the positive allosteric modulation of the glutamate (NMDA) 
receptor complex on which there is a glycine modulatory site. Stimulation of this 
site by increased extracellular glycine offers an alternative (or additional) explana-
tion for the increased glutamatergic transmission in HE.  

   “ Peripheral-Type ”  Benzodiazepine Receptors, Neurosteroids 

 The mitochrondrial  “ peripheral-type ”  benzodiazepine receptor (PTBR) is a multimeric 
complex comprising three subunits, namely an 18 KDa isoquinoline carboxamine-
binding protein (IBP), a 34 KDa voltage-dependent anion channel and a 30 KDa 
adenine nucleotide carrier (McEnery et al.,  1992) . 

 Chronic liver failure resulting from end-to-side portacaval-anastomosis in rats 
leads to a significant increase in IBP mRNA in frontal cortical extracts of these 
animals (Desjardins et al.,  1997) . Concomitant with these changes in gene expression 
is a significant increase in binding sites for the PTBR ligand  3 H-PK11195 (Gigu è re 
et al.,  1992 ; Desjardins and Butterworth,  2002) . Increased densities of binding sites 
for  3 H-PK11195 have also been reported in autopsied frontal cortex and caudate 
nuclei of cirrhotic patients who died in hepatic coma (Lavoie et al.,  1990) . More 
recently, increased densities of binding of the PET ligand  11 C-PK11195 were reported 
in basal ganglia and frontal cortical regions of the brain of cirrhotic patients 
(Cagnin et al.,  2001)  where the magnitude of these increases was positively corre-
lated with the severity of cognitive impairment in these patients. 

 As the PTBR is localized predominantly on astrocytic mitochondria in mammalian 
brain, it is not surprising that alterations of PTBR expression in HE are associated 
with altered mitochondrial function. For example, portacaval anastomosis in rats 
leads to astrocytic mitochondrial proliferation (Fig.  9.2 ). Mitochondrial prolifera-
tion also results from exposure of both cultured astrocytes (Norenberg and Lapham, 
 1974)  and C6 glioma cells (Shiraishi et al.,  1990)  to PTBR ligands. 

 There is evidence to suggest that changes in expression of the PTBR are an integral 
part of the Alzheimer type II changes that are characteristic of astrocytes in chronic 
liver failure (Fig.  9.1 ). Expression of the PTBR IBP is significantly correlated with 
the presence of Alzheimer type II changes in autopsied brain tissue from cirrhotic 
patients who died in hepatic coma (B é langer et al.,  2004) .  
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  Astrocyte – Astrocyte  “ Crosstalk ”  

 Astrocytes from the cerebral cortex and hippocampus express functional NMDA 
receptors which are implicated in both astrocyte-neuron and astrocyte-astrocyte 
metabolic coupling (Verkhratsky and Kirchhoff,  2007) . Astrocyte NMDA receptors 
respond to glutamate ligands with increases in intracellular Ca 2+  (Porter and 
McCarthy,  1995) , NO production (Mollace et al.,  1995)  and protein tyrosine nitra-
tion (Schliess et al.,  2002) . Furthermore, glutamate induces astrocytic swelling due 
to stimulation of Ca 2+ -dependent K +  uptake that is sensitive to NMDA receptor 
antagonists (Bender et al.,  1998) . 

 Exocytotic release of glutamate from astrocytes is well established (Verkhratsky and 
Kirchhoff,  2007)  and astrocytic release of glutamate can trigger activation of NMDA 
receptors on neighbouring astrocytes giving rise to astrocyte-astrocyte  “ crosstalk ” . 

 In hyperammonemic conditions and ALF, loss of capacity of the astrocytic 
glutamate transporters (see Sect. Glutamate Transporters) coupled with ammonia-
induced exocytotic release of glutamate from astrocytes (Rose et al.,  2005)  suggest 
that glutamatergic synaptic regulation is impaired at multiple loci involving both 
neuronal and astrocytic NMDA receptors as shown in a simplified schematic manner 
in Fig.  9.6  . Activation of astrocytic NMDA receptors by increased synaptic gluta-
mate resulting in increased Ca 2+ -dependent uptake of K +  could explain the astro-
cytic swelling and consequent cytotoxic brain edema in ALF.    

  Fig. 9.6      Astrocyte-astrocyte, neuron-astrocyte and astrocyte-neuron  “ crosstalk ”  involving exocy-
totic glutamate release from astrocytes and activation of neuronal and astrocytic NMDA receptors. 
Exposure to ammonia results in exocytotic (Ca 2+ -dependent) release of glutamate from both astro-
cytes and nerve terminals and a down regulation of astrocytic glutamate transporters (EAAT-2 
shown here). Activation of NMDA receptors on astrocytes by ammonia results in oxidative/nitro-
sative stress and nitration of key brain proteins including the ammonia-metabolizing enzyme 
glutamine synthetase       
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  Neurotransmitter Function in HE  

 Several lines of evidence suggest that neurological dysfunction particularly in HE, 
results from neurotransmission failure. Neurotransmission defects in HE include 
direct neurotoxic effects of the ammonium ion (NH 

4
  + ) on inhibitory and excitatory 

neurotransmission, the accumulation of neuroactive and neurotoxic metabolites of 
tryptophan, altered glutamatergic synaptic regulation and activation of  “ peripheral-
type ”  benzodiazepine receptors resulting in the synthesis of neuroactive steroids 
with high affinity for the GABA-A receptor. 

  Glutamate 

 Brain glutamate concentrations are significantly reduced in experimental ischemic 
liver failure as well as in toxic liver failure in rats, in parallel with the deterioration 
of neurological status (Swain et al.,  1992) . CSF glutamate concentrations in these 
animals are concomitantly increased and using the technique of in vivo brain dialysis, 
increased extracellular brain concentrations of glutamate have consistently been 
reported in experimental ALF (Bosman et al.,  1992 ; Michalak et al.,  1996) . 
Evidence for glutamatergic synaptic dysfunction includes reductions in the expres-
sion of the high affinity astrocytic glutamate transporter EAAT-2 in the brain of rats 
with ALF (Knecht et al.,  1997)  (see Sect. Glutamate Transporters) and alterations 
of both NMDA and non-NMDA subclasses of glutamate receptors have been 
reported in experimental animal models of chronic liver failure (Peterson et al., 
 1990 ; Maddison et al.,  1991) . Reduction in the non-NMDA subclass of glutamate 
receptors was reported in brain in experimental ALF (Michalak and Butterworth, 
 1997)  where it was suggested that this reduction in receptor sites and the consequent 
relative increase in the other subclass (NMDA) of glutamate receptors could be 
implicated in the pathogenesis of HE in ALF (Butterworth,  1997) .  

  GABA 

 Throughout the 1980s a great deal of attention was focussed on the theory that HE 
was the result of increased activity of the GABA neurotransmitter system in brain. 
Abnormalities of the brain GABA system were initially reported in experimental 
animal models of ALF (Schafer and Jones,  1982) . However, in animal models of 
chronic liver failure, no alterations of the GABA system have been reported, whether 
reflected by GABA content, its related enzymes or receptor sites (Butterworth and 
Gigu è re,  1986 ; Roy et al.,  1988 ; Mans et al.,  1992 ,  1994) . Furthermore, autopsied 
brain tissue from cirrhotic patients who died in hepatic coma contains normal activities 
of GABA-related enzymes and unchanged densities and affinities of GABA binding 
sites (Lavoie et al.,  1987a , b ; Butterworth et al.,  1988) . 
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 Benzodiazepine binding sites in the central nervous system form part of 
the GABA-A receptor complex and stimulation of the benzodiazepine binding site 
 “ facilitates ”  the action of GABA on the functionally linked GABA-A site of the 
complex. In this way, chloride channel opening is increased with resulting hyper-
polarization and inhibition. Amelioration of neurological status in cirrhotic patients 
with HE has been reported following administration of the benzodiazepine antagonist 
flumazenil (Pomier Layrargues et al.,  1994 ; Gyr et al.,  1996) . It was suggested that 
the ameliorative action of flumazenil in HE was due either to inhibition of increased 
densities of benzodiazepine binding sites or by inhibition of the action of an 
 “ endogenous ”  ligand at these sites. Subsequent investigations revealed no altera-
tions of densities or affinities of these sites in either experimental or human HE 
(Butterworth et al.,  1988)  leaving open the possibility that the beneficial effects of 
flumazenil were the result of the blocking of the action of  “ endogenous ”  benzodi-
azepines (Mullen et al.,  1990) . Initial reports demonstrated that CSF from patients 
with advanced HE contained significant amounts of  “ benzodiazepine-like ”  
substances (Olasmaa et al.,  1990)  and a known pharmaceutical benzodiazepine, 
diazepam and its NN-desmethyl metabolite, both of which are positive allosteric 
modulators of GABA neurotransmission, were isolated from serum and CSF of 
cirrhotic patients with HE. The interest generated by these reports was tempered by 
the fact that the concentrations of benzodiazepines reported in blood, CSF and 
brain extracts of HE patients are very low (well below levels associated with their 
sedative actions). 

 An alternative theory to explain increased GABAergic neurotransmission in HE 
has recently emerged. Two distinct types of benzodiazepine receptors are expressed 
in the brain, namely the type referred to in the previous section of this chapter, 
forming part of the GABA-benzodiazepine receptor complex, situated on the post-
synaptic neuronal membrane and a second type, the  “ peripheral-type ”  benzodiazepine 
receptor (PTBR), localized on the outer mitochondrial membrane of astrocytes and 
other glial cells (see Sect.  “ Peripheral-Type ”  Benzodiazepine Receptors, 
Neurosteroids. Endogenous ligands for the PTBR include the neuropeptide 
diazepam binding inhibitor (DBI) and its processing peptide octadecaneuropeptide 
(ODN) and increases of these peptides have been reported in HE (Rothstein et al., 
 1989) . Using an immunocytochemical technique and an antibody of high specific 
activity to synthetic ODN, it was demonstrated that portacaval anastomosis results 
in increased ODN-immunolabelling in astrocytes and other non-neuronal elements 
(Butterworth et al.,  1991)  in several brain regions. 

 Activation of PTBRs in the brain in liver failure results in increased synthesis of 
a novel class of compounds known as neurosteroids that are synthesized in the brain 
mainly by astrocytes independent of peripheral steroidal sources (adrenals and 
gonads). Neurosteroids bind and modulate different types of neural receptors; effects 
on the GABA-A receptor complex are the most extensively studied. For example, 
the neurosteroid tetrahydroprogesterone (allopregnanolone), and tetrahydrodeoxy-
corticosterone (THDOC) are potent positive allosteric modulators of the GABA-A 
receptor complex (Fig.  9.7  ). As a consequence, neurosteroids stimulate inhibitory 
neurotransmission in the CNS, and it has been suggested that neuroinhibitory 
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changes including  “ increased GABA-ergic tone ”  are the consequences of increased 
brain concentrations of allopregnanolone (Ahboucha and Butterworth,  2007) . In 
fact, increased brain concentrations of allopregnanolone have been reported in 
autopsied brain tissue from cirrhotic patients who died in hepatic coma (Ahboucha 
et al.,  2005)  (Fig.  9.7 ).   

  Serotonin 

 CSF tryptophan concentrations are increased in patients in hepatic coma (Young 
et al.,  1975)  and portacaval anastomosis results in increases in its blood – brain bar-
rier transport (Huet et al.,  1981) . Since tryptophan hydroxylation (the rate-limiting 
step in brain 5HT synthesis) is not saturated at normal blood and brain tryptophan 
concentrations, increased availability of tryptophan has the potential to result in 
increased 5HT synthesis in brain. Evidence consistent with increased 5HT synthesis 
and turnover in the brain in human and experimental HE includes the report of 
increased concentrations of the 5HT metabolite 5-hydroxyindoleacetic acid 
(5HIAA) in CSF of cirrhotic patients in hepatic coma (Young et al.,  1975) , in 
autopsied brain tissue from HE patients (Bergeron et al.,  1989)  and in the brains of 
portacaval-shunted rats (Bergeron et al.,  1990) . Moreover, these studies showed 
that the 5HIAA/5HT concentration ratio (considered to reflect 5HT turnover) is 
elevated in brain tissue from cirrhotic patients who died in hepatic coma and in the 
brains of portacaval-shunted rats administered ammonium salts to precipitate 
severe encephalopathy. Direct measurement of 5HT turnover in the brain, using an 
in vivo decarboxylase inhibition assay, also reveals increased 5HT turnover 
(Bengtsson et al.,  1991)  in the brains of portacaval-shunted animals. Increased brain 

  Fig. 9.7 (a)      Activation of the astrocytic mitochondrial PTBR results in the synthesis of neuros-
teroids such as allopregnanolone with potent agonist actions at the GABA-A receptor complex. 
( b ) Allopregnanolone levels are increased in autopsied brain tissue from cirrhotic patients who 
died in hepatic coma (HE) but not in non-encephalopathic cirrhotic patients (LD), or in a patient 
who died in uremic coma (UC). Modified from Ahboucha et al.,  2005)        
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5HT turnover correlates with the degree of portal-systemic shunting and level of 
hyperammonemia in rats following variable portal vein stenosis (Lozeva et al., 
 2004) , an animal model of minimal HE. Other evidence for altered 5HT metabo-
lism and function in human HE includes the report of increased activities of 
monoamine oxidase MAO 

A
  and of MAO 

A
  mRNA in autopsied brain tissue from 

cirrhotic patients who died in hepatic coma (Mousseau et al.,  1997)  (in human 
brain, MAO 

A
  is responsible for 5HT breakdown) and concomitant increases in con-

centrations of the 5HT metabolite, 5HIAA (Bergeron et al.,  1989) . Increased densi-
ties of postsynaptic serotonin (5HT 

2
 ) receptors, measured using 3H-ketanserin, were 

also described in this material (Raghavendra Rao and Butterworth,  1994) . Together, 
these findings suggest a 5HT synaptic  deficit  in HE. Serotonin plays a key role 
in the regulation of sleep mechanisms and altered 5HT neurotransmission has 
been implicated in a range of psychiatric disorders in humans. Thus, the changes in 
5HT turnover in brain could relate to the early signs and symptoms characteristic 
of HE such as altered sleep patterns and depression. 

 Other neuroactive and neurotoxic metabolites of tryptophan are also reportedly 
increased in the brain with chronic liver failure. One such example is quinolinic 
acid (QUIN) synthesized from tryptophan via the kynurenine pathway. QUIN 
synthesis is particularly sensitive to increased availability of tryptophan. QUIN has 
been identified in both rodent and human brain extracts and cerebral cortical QUIN 
concentrations are elevated in rats following portacaval anastomosis (Moroni et al., 
 1986a) . Furthermore, QUIN concentrations are increased up to sevenfold in CSF 
and autopsied frontal cortex of cirrhotic patients who died in hepatic coma (Moroni 
et al.,  1986b) . 

 Another neuroactive tryptophan metabolite is the trace amine tryptamine. 
Tryptamine content of CSF is increased in HE patients (Young and Lal,  1980)  and 
a significant loss of  3 H-tryptamine binding sites (consistent with down regulation 
of these sites) has been described in autopsied brain tissue from these patients 
(Mousseau et al.,  1994) .  

  Dopamine 

 The presence of extrapyramidal signs and symptoms in patients with end-stage 
chronic liver failure has prompted, by analogy with the well-established dopamine 
(DA) deficit in Parkinson’s Disease, evaluation of the DA system in HE. Studies in 
autopsied brain tissue from cirrhotic patients who died in hepatic coma reveal several-
fold increases of the DA metabolite homovanillic acid (Bergeron et al.,  1989) . Similar 
findings, consistent with increased DA metabolism or turnover, were reported in the 
brains of rats following portacaval anastomosis (Bergeron et al.,  1995) . A possible 
explanation for these findings could relate to the report of increased activities of 
the monoamine metabolizing enzyme MAO-A (Mousseau et al.,  1997) . Densities 
of the post-synaptic DA receptor (D 

2
  receptor) are reduced in autopsied pallidum of 



9 Pathophysiology of Hepatic Encephalopathy 167

cirrhotic patients (Mousseau et al.,  1993) , a finding that could result from manganese 
deposition in this material (Pomier Layrargues et al.,  1995) .  

  Histamine 

 Histamine is involved in a wide range of physiological functions including sleep, 
arousal and circadian rhythmicity. Alterations of the brain histamine system in 
HE include increases in concentrations of both histamine and its principle metab-
olite tele-methylhistamine in the hypothalamus of portacaval-hunted rats together 
with increased histamine release from the hypothalamus of these animals (Lozeva-
Thomas et al.,  2004) , suggesting increased histaminergic activity. Increased brain 
histamine could result from increased brain availability of the precursor amino 
acid L-histidine. Activation of postsynaptic histamine H 

1
  receptors suppresses deep 

slow-wave sleep (Tasaka,  1994)  and these receptors are implicated in the entrainment 
of circadian rhythms to the light-dark cycle in mammals (Jacobs et al.,  2000) . HE 
in chronic liver failure is characterized by decreased total duration of slow-wave 
sleep and disorganization of the normal sleep cycle (Cordoba et al.,  1998) . 
Similar changes in sleep patterns and diurnal rhythms have been reported in 
portacaval-shunted rats. Reports of upregulation of histamine H 

1
  receptors in the 

cerebral cortex of HE patients and of portacaval-shunted rats together with changes 
in serotonin receptors in HE patients’ brains could account for the accompanying 
sleep disturbances. Histamine H 

1
  receptor blockers improve sleep quality in humans 

and significant improvements in circadian rhythmicity have been reported in 
portacaval-shunted rats administered the H 

1
  receptor blocker mepyramine 

(Lozeva et al.,  2000) .  

  Opioid System 

 Cirrhotic patients are sensitive to morphine and portacaval shunting is known to 
lead to increased pain sensitivity, phenomena that involve the endogenous opioid 
neurotransmitter system. Increased circulating levels of the endogenous opioid 
met-enkephalin have been reported in patients with primary biliary cirrhosis 
(Thornton and Losowsky,  1988)  and brain levels of  β -endorphin are increased in 
experimental chronic liver failure (Panerai et al.,  1982) . Portacaval anastomosis 
in rats results in region-selective increases of  µ  and  δ  opioid receptor sites in the 
brain (DeWaele et al.,  1996)  a finding that has been linked to increased ethanol 
consumption in a free-choice drinking paradigm in these animals (DeWaele et al., 
 1997) . Extrapolation of these findings to humans suggests the intriguing possibility 
that significant liver disease resulting in activation of the brain opioid system could 
result in increased alcohol consumption, resulting in a vicious cycle and acceleration 
of alcoholic cirrhosis and its complications.   
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  Oxidative/Nitrosative Stress and Inflammation  

  Nitric Oxide 

 Both acute hyperammonemia (Kosenko et al.,  1995)  and chronic hyperammonemia 
resulting from portacaval anastomosis (Raghavendra Rao et al.,  1997)  result in 
increased expression of nitric oxide synthase (NOS-I isoform) in the brain. Nitric 
oxide synthase activities are also increased by an ammonia-induced stimulation of 
L-arginine uptake into neuronal preparations both in vitro and in vivo (Raghavendra 
Rao et al.,  1997) . Selective NOS-I inhibitors, such as nitroarginine, inhibit many of 
the metabolic and toxic effects of acute hyperammonemia (Kosenko et al.,  1995) . 
However, NOS-I inhibitors were ineffective in the prevention of intracranial hyper-
tension in portacaval shunted rats administered ammonium salts (Larsen et al.,  2001) . 

 Exposure of cultured astrocytes to millimolar concentrations of ammonia results 
in oxidative stress and in protein tyrosine nitration (Schliess et al.,  2002) , a process 
that was dependent upon stimulation of the inducible isoform of NOS (NOS-2).  
Astrocytic protein tyrosine nitration was also described in the brain of rats fol-
lowing portacaval anastomosis where tyrosine nitration of GS was described 
(Schliess et al.,  2002) . Reduced GS enzyme activity resulting from tyrosine nitra-
tion offers a cogent explanation for the consistent reports of decreased capacity for 
ammonia removal in the brain of animals following portacaval anastomosis.  

  Inflammation 

 It is becoming increasingly evident that ammonia neurotoxicity is not the only patho-
physiologic process with the potential to adversely affect cerebral function in ALF. In 
particular, there is evidence to suggest that infection and inflammation also play a 
significant role. The development of infection in patients with ALF is associated with 
a more rapid progression of HE and cerebral edema (Vaquero et al.,  2003)  and large 
clinical studies have convincingly shown a higher prevalence of infection together 
with the  “ systemic inflammatory response syndrome ”  (SIRS) in ALF patients. SIRS 
is a response to the presence of proinflammatory cytokines such as the interleukins 
IL-1 and IL-6 and Tumor Necrosis Factor (TNFα) (Blei,  2004)  and increased circu-
lating levels of cytokines have consistently been reported in ALF patients (Nagaki et 
al.,  2000 ; Jalan et al.,  2002) . Cytokines are also formed and released by the necrotic 
liver. Jalan et al.  (2002)  reported a beneficial effect of hepatectomy in an ALF patient 
with uncontrolled intracranial hypertension and showed that hepatectomy reduced 
ICP and concomitantly reduced circulating cytokines. 

 It is well established that clinical conditions characterized by high cytokine lev-
els and cytokine activation of the vascular endothelium manifest altered  blood –
 brain barrier permeability  (Sharief and Thompson,  1992) . The presence of endotoxin, 
known to stimulate cytokine production, leads to increased blood – brain barrier 
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permeability in experimental ALF (Tominaga et al.,  1991) . Furthermore, arteriovenous-
difference studies by Jalan et al.  (2002)  reveal a net production of pro-inflammatory 
cytokines in the brain of patients with ALF.   

  Therapeutic Advances  

 Therapy for HE continues to be a challenge. The reasons for this include a lack of 
standardization of assessment of mental status, the resistance of some ethics boards 
to sanction placebo-controlled trials, confounding issues such as the presence of pre-
cipitating factors like infection, hyponatremia and unidentified neuroactive drugs and 
difficulties related to the effective blinding of patients and clinical investigators to the 
treatment regimen. Attention to these issues is urgently needed, the resolution of 
which would undoubtedly provide a stimulus for translational research in HE. 

 Clinical studies continue to focus upon the reduction of circulating ammonia 
with regrettably little attention paid to the therapeutic targeting of the brain. 

  Ammonia-Lowering Strategies 

 Restriction of dietary protein is no longer recommended as a means of prevention 
of HE in cirrhotic patients. Long-term nitrogen restriction is potentially harmful 
and a positive nitrogen balance is essential in order to promote liver regeneration 
and to increase the capacity for ammonia removal by skeletal muscle. Protein 
intake in the 1 – 2 g kg  − 1  per day range is now generally recommended in order to 
maintain an adequate nitrogen balance. 

 Non-absorbable disaccharides such as lactulose and lactitol are still routinely 
used to decrease ammonia production in the gut despite a lack of adequate controlled 
clinical trials. In the case of lactulose, the ammonia-lowering effect appears to 
involve increased fecal nitrogen excretion by facilitation of the incorporation of 
ammonia into bacteria as well as a cathartic effect. Antibiotics such as neomycin 
have traditionally been used to lower blood ammonia by inhibition of ammonia 
production by intestinal bacteria. However, neomycin therapy is associated with 
significant toxic side effects and is increasingly being replaced by alternative anti-
biotics such as rifaximin. 

 A recent study demonstrated significant lowering of blood ammonia and concomi-
tant improvement in neuropsychiatric status in cirrhotic patients with grade I – II HE 
following administration of the novel hypoglycaemic agent acarbose (Gentile et al., 
 2005) . One suggested mechanism of action of acarbose involves inhibition of proteolytic 
flora responsible for gut ammonia production. Renewed interest (after a 40 year 
hiatus) has recently begun in the area of lowering of gut ammonia production involv-
ing oral supplementation with probiotic gut flora. The objective of these probiotics is 
to increase the intestinal production of urease-negative bacteria, thereby decreasing 
gut ammonia production. Lactic acid producing probiotics have the advantage of 
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reducing gut ammonia absorption. Symbiotic preparations consist of both lactic acid-
producing probiotics and fermentable fibre. Initial controlled clinical trials with these 
agents led to significant improvement of neurological status and lowering of venous 
ammonia (Liu et al.,  2004)  in cirrhotic patients. 

 An alternative means of lowering blood ammonia in acute or chronic liver failure 
involves the stimulation of ammonia fixation. Ammonia is normally removed by 
urea formation (periportal hepatocytes) as well as by glutamine formation 
(perivenous hepatocytes, muscle and brain). Strategies aimed at stimulating residual 
urea or glutamine synthesis have emerged in recent years and one of the most 
successful,  L -ornithine  L -aspartate, has been shown in controlled clinical trials to 
be effective in lowering blood ammonia and concomitantly improving neuropsychiatric 
status in cirrhotic patients (Kircheis et al.,  1997) . Studies in experimental animals 
reveal that, in chronic liver failure, the beneficial effect of  L -ornithine  L -aspartate 
is primarily due to the stimulation of urea formation in the liver and in the stimulation 
of glutamine formation by skeletal muscle. In experimental ALF, the ammonia-
lowering effect of  L -ornithine  L -aspartate appears to be due predominantly to the 
stimulation of muscle glutamine synthetase (Rose et al.,  1998) . However, no studies 
to date have evaluated the effects of  L -ornithine  L -aspartate in ALF patients. 
Successful lowering of blood ammonia concentrations in cirrhotic patients has also 
been accomplished using sodium benzoate. 

 A particularly novel approach to lowering blood and brain ammonia concentrations 
in liver failure involves the use of  l -carnitine and results of a recent study, following 
up on studies in experimental animals (Therrien et al.,  1997)  demonstrated a protec-
tive effect of  L -carnitine agonist ammonia-precipitated encephalopathy in cirrhotic 
patients (Malaguarnera et al.,  2005) .  

  Neuropharmacologic Advances 

 As the precise pathophysiologic mechanisms and alterations in neurotransmitter 
systems responsible for the pathogenesis of HE become more clearly defined, novel 
pharmacological approaches are starting to emerge. 

 A number of controlled clinical trials have been performed to evaluate the efficacy 
of the benzodiazepine receptor antagonist flumazenil in HE patients. In a subset of 
these patients, improvements following flumazenil have been spectacular. However, 
enthusiasm for this approach has been tempered by the possible confounding 
effects of prior exposure of patients to pharmaceutical benzodiazepines (used as 
sedatives or as part of an endoscopic work-up in cirrhotic patients) and by the poor 
correlation between the clinical response and blood levels of benzodiazepines in 
these patients. Adding to these difficulties is the short half-life and lack of an oral 
formulation for flumazenil. 

 Benzodiazepine partial inverse agonists display weak negative intrinsic activity 
and act as mild GABA-A receptor antagonists (Haefely,  1994) . One such agent, 
Ro15 – 4513, ameliorates the symptoms of HE in rats with thioacetamide-induced 
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(Yurdaydin et al.,  1993)  or ischemic (Bosman et al.,  1991)  liver failure. Similar results 
were obtained with a second benzodiazepine partial inverse agonist sarmazenil. It was 
recently determined that a probable mechanism responsible for the beneficial effect 
of these agents most likely involves attenuation of the effects of GABA agonist neuro-
steroids such as allopregnanolone (Ahboucha et al.,  2006) . Surprisingly, no studies 
have so far been initiated to test the efficacy of benzodiazepine partial inverse agonists 
in patients with either acute or chronic liver failure. 

 Both L-DOPA and the dopamine receptor agonist bromocriptine have been used 
in clinical trials in patients with PSE. While results were not encouraging in terms 
of overall cognitive improvement, it is possible that they have a beneficial effect on 
motor performance. 

 Studies in experimental animals with toxic or ischemic liver failure demonstrate 
that antagonists of certain serotonin receptor subtypes and administration of the 
glutamate (NMDA) receptor antagonist memantime improve neurological function 
and/or prevent brain edema in these animals (Vogels et al.,  1997) . 

 Following up on the demonstration of a beneficial effect of histamine H 
1
  antagonist 

on neurological function in an experimental animal model of HE (Lozeva et al., 
 2000)  results of a controlled clinical trial revealed improvements in sleep quality in 
cirrhotic patients with minimal HE following administration of the H 

1
  blocker 

hydroxyzine (Spahr et al.,  2007) .  

  Hypothermia 

 Hypothermia extends the survival time and prevents the development of brain 
edema in rats with ALF, caused by hepatic devascularization and mild hypothermia 
(33 — 35 ° C), reduces ammonia-induced brain swelling and increased intracranial 
pressure in portacaval-shunted rats administered ammonium salts. These findings 
have led to the successful use of mild hypothermia for the treatment of uncontrolled 
intracranial hypertension in patients with ALF (Jalan et al.,  1999) . Mechanisms so 
far identified that underlie the beneficial effect of hypothermia in ALF include 
reduced blood – brain transfer of ammonia, improved cerebrovascular hemodynamics 
and normalization of extracellular brain amino acid patterns (for review of these 
mechanisms, see Vaquero et al.,  2005) . Mild hypothermia also improves hepatic 
function in experimental toxic liver injury (Vaquero et al.,  2007)  Mild-to-moderate 
hypothermia has the potential to serve as an important strategy in the management 
of patients with ALF awaiting liver transplantation.  

  Liver Support Systems 

 Artificial liver support systems aimed at the normalization of plasma composition of 
essential compounds and removal of toxins continue to be evaluated for the manage-
ment and treatment of HE. Biological systems are generally based upon bioreactors 
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loaded with hepatocytes. However, controlled clinical trials using such systems are 
limited. Non-biological systems such as hemodialysis and albumin dialysis remove 
water soluble or protein bound substances including ammonia, manganese and 
 benzodiazepines as well as certain cytokines (Chamuleau et al.,  2006) .   

  Summary  

 There can be little doubt, given the overwhelming body of evidence from both clinical 
and experimental studies, that ammonia plays a major role in the pathogenesis of 
HE in both acute and chronic liver failure. Ammonia is increased in the brain in 
both acute and chronic liver failure to attain millimolar concentrations at coma 
stages of encephalopathy. Levels of the ammonia-detoxification product, glutamine, 
are increased in brain and correlate with the degree of neurological impairment in 
chronic liver disease. The neuropathological feature characteristic of HE in chronic 
liver failure, Alzheimer type II astrocytosis, is also encountered in chronic hyper-
ammonemic syndromes of non-hepatic origin. Millimolar concentrations of ammonia 
have direct toxic effects on both CNS inhibition and excitation. Prolonged exposure 
of brain to increased ammonia results in disruption of inter-cellular metabolic 
coupling and in a defect in glutamatergic synaptic regulation. Accumulation of 
brain glutamine leads to increased brain uptake of tryptophan, which in turn results 
in increased synthesis of neuroactive (tryptamine) and neurotoxic (quinolinic acid) 
metabolites of serotonin. Increased activities of monoamine oxidase and of serotonin 
receptor densities are consistent with a serotonin synaptic deficit in human HE. 
Precipitous increases of brain ammonia are implicated in the pathogenesis of brain 
edema and its complications in ALF. 

 It is unlikely, however, that ammonia’s direct and indirect effects on brain func-
tions are the sole cause of neurologic dysfunction in liver failure. Other neurotoxic 
substances such as manganese and proinflammatory cytokines could gain entry to 
brain in liver failure and act synergistically with ammonia-related mechanisms. 

 Studies of cerebral energy metabolism using either biochemical or spectroscopic 
techniques have provided little convincing evidence that HE is the consequence of 
primary cellular energy failure. However, brain glucose utilization is altered in liver 
failure being selectively decreased in anterior cingulate cortex, a brain structure 
associated with visual processing and attention. Brain glucose oxidation is 
decreased in acute and chronic liver failure resulting in lactate accumulation. 

 In addition to alterations of astrocyte morphology, liver failure leads to alterations 
in expression of genes coding for important astrocyte proteins including the struc-
tural protein GFAP, glutamate and glycine transporters as well as the mitochondrial 
PTBR. 

 Liver failure leads to significant changes in synthesis, degradation and/or function 
of a wide range of neurotransmitters including glutamate, GABA, the monoamines 
(serotonin, dopamine, histamine) and the opioid system. In the case of glutamate, 
modifications include decreased glutamate transport capacity resulting in increased 
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extracellular glutamate and NMDA receptor activation. The discovery of neurosteroids 
with potent agonist modulatory action at the GABA-A receptor may explain the notion 
of  “ increased GABAergic tone ”  in HE. Alterations of monoaminergic (serotonin, 
histamine) systems have been implicated in the pathogenesis of the sleep disturbances 
and depression that is prevalent in early HE resulting from chronic liver failure. 

 There is evidence to suggest that oxidative and nitrosative stress play a role in 
the pathogenesis of HE. Induction of NOS isoforms have been described in the 
brain in liver failure and the consequent nitration of key brain proteins such as 
glutamine synthetase has been reported. 

 Management and treatment of HE continues to rely heavily on reduction of 
circulating ammonia using a range of agents including those aimed at reducing gut 
ammonia production (lactulose, acarbose, antibiotics, probiotics) and those aimed 
at increased ammonia fixation ( l -ornithine  l -aspartate, benzoate). As cerebral 
mechanisms become better elucidated, therapies aimed at the brain are starting to 
appear. There is evidence from studies in animal models of liver failure for a beneficial 
action of a wide range of neuropharmacologic agents that include the NMDA 
receptor antagonist memantine, histamine H 

1
  blockers, opioid receptor antagonists, 

and benzodiazepine receptor inverse agonists as well as agents such as Lconiinee. 
There is convincing evidence for a beneficial effect of mild hypothermia in the 
management of patients with ALF, the beneficial effects being multiple, including 
reduction of blood – brain ammonia transfer, normalization of brain glucose oxida-
tion, attenuation of oxidative stress and of altered gene expression.      
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 Chapter 10 
 Hepatic Encephalopathy        

    Karin   Weissenborn      

 Hepatic encephalopathy (HE) is a neuropsychiatric syndrome associated with 
severe, acute and chronic liver failure. According to the recommendations of a 
working party (Ferenci et al.,  2002)  held at the 4 th  World Congress of Gastroenterology 
in Vienna in 1998, 3 types of HE should be differentiated, on principle:

   1.    Encephalopathy associated with acute liver failure (type A)  
   2.    Encephalopathy associated with portal-systemic bypass and no intrinsic hepato-

cellular disease (type B)  
   3.    Encephalopathy associated with cirrhosis and portal hypertension (type C).     

 Especially with regard to type B and C encephalopathy, further differentiation is 
recommended, based on the duration and characteristics of the clinical manifesta-
tions, as (a) episodic HE (precipitated or spontaneous), (b) persistent HE and (c) 
minimal HE. The term persistent HE includes treatment-dependent persistent 
encephalopathy, e.g. a subgroup of patients who develop overt symptoms of HE if 
appropriate medication is discontinued. 

  Clinical Features of Hepatic Encephalopathy  

 Type A encephalopathy and type B and C encephalopathy share many clinical symp-
toms. However, there are also a considerable number of clinical features which are 
significantly different. Generally the brain’s reaction to a distinct metabolic distur-
bance differs depending on the rate at which the metabolic alteration occurs, since 
there is little scope for adaptation to acute severe metabolic alterations. 

  Acute Liver Failure 

 Accordingly the neurological clinical status of patients with acute liver failure may 
rapidly deteriorate. Encephalopathy is a hallmark symptom in these patients, and while 
the grade of HE is stable over long time periods in cirrhotic patients, patients with 
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acute liver failure may present with irritability, insomnia and slight  concentration 
deficits and progress within hours to deep coma. 

 The interval between the first symptom of liver disease and the first symptoms 
of hepatic encephalopathy in patients with acute liver failure ranges from hours to 
weeks, and this interval often predicts the clinical course and prognosis. According 
to O’Grady et al.  (1993)  patients with acute liver failure should be sub-classified 
depending on the jaundice-to-encephalopathy time interval into: (a) hyperacute 
(onset within 1 week), (b) acute (between 8 and 28 days), and (c) subacute (between 
29 days and 12 weeks). Interestingly prognosis is best in the hyperacute sub-group. 
However, this may be due to the fact that most of the cases in this group are aceta-
minophen-induced (Ostapowicz et al.,  2002) . 

 Further differences between HE in acute liver failure and in cirrhosis relate to 
the kind of mood alterations and psycho-motor functions. In acute liver failure irri-
tability, insomnia and concentration deficits are followed by confusion and disori-
entation, and often by agitation and manic behaviour, before drowsiness occurs and 
the patient passes to stupor or even coma. In contrast, irritability, agitation and 
manic behaviour are rarely observed in HE in cirrhotics, where lethargy, psychomo-
tor slowing and depression predominate. 

  Seizures and Intracranial Hypertension are Frequent in Acute Liver Failure 

 Also in contrast to cirrhotics and patients with porto-systemic bypass without 
hepato-cellular disease, altered mental status in patients with acute liver failure may 
be due to the presence of seizure activity or hypoglycemia. A status of complex 
partial seizures may be misinterpreted as bizarre behaviour in the course of acute 
hepatic encephalopathy. Seizures may even continue under neuroleptanalgesia, and 
then cannot be detected by clinical observation. 

 Ellis et al.  (2000)  reported a 45% frequency of seizure activity in electively 
paralyzed and ventilated acute liver failure patients without antiepileptic therapy. 
Forty-two patients were enrolled in this trial when signs of grade III HE became 
evident and they had been electively paralyzed and ventilated. Twenty patients 
were given phenytoin, and 22 acted as controls. Subclinical seizure activity was 
recorded in 3 of the treated patients and 10 of the control group. Pupillary abnor-
malities were observed in 5 and 11 patients, respectively. ICP elevation was 
found in 3 out of 10 treated patients and 7 out of 9 patients in the control group. 
Autopsy was performed in 9 patients of the phenytoin group and 10 of the control 
group. Brain edema was found in 2 of the prophylaxis group and 7 of the control 
group. Survival was 83% in the treated and 75% in the control group with regard 
to the patients who had undergone liver transplantation (OLT), and in 100% com-
pared to 33% in the control group in those patients who did not fulfill the OLT 
criteria. 

 Seizures can be induced by hyperammonemia, relative ischemia and hypogly-
caemia in patients with acute liver failure. In addition, they can be induced by the 
development of brain edema, while on the other hand they increase brain edema. 
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 Since a more recent study published by Bhatia et al.  (2004)  was unable to  reproduce 
the findings of Ellis and co-workers, a prophylactic treatment with phenytoin is not 
recommended at present. But, recurrent electroencephalography (EEG) if not con-
tinuous EEG monitoring should be performed in these patients. 

 In a further study Bhatia et al.  (2006)  reported an incidence of seizures of 22.5% 
in a group of 80 patients with acute liver failure. All patients had clinical features 
of brain edema when seizures occurred. Seizures were more frequent in patients 
with ammonia levels of  ≥  124  µ mol/l (35%) compared to those with ammonia 
levels below 124  µ mol/l (8%). In this study seizures were uniformly fatal and did 
not respond to standard antiepileptic medication.  

  Brain Edema: the Most Severe Complication of Acute Liver Failure 

 Brain edema is the most severe neurological complication of acute liver failure. It 
complicates approximately 50 – 80% of cases with acute liver failure and grade III 
to IV HE (Ostapowicz et al.,  2002) . The pathogenesis of brain edema in acute liver 
failure is complex. For details see the paper of R.F. Butterworth (this volume). In 
summary, high arterial ammonia levels contribute to the development of brain 
edema through the accumulation of glutamine and alanine in astrocytes. In addi-
tion, vasodilatation and an increased cardiac output are observed, which lead to 
increased cerebral blood volume and flow and thus increased intra-cranial pressure. 
To maintain sufficient cerebral perfusion pressure (CPP) of 50 to 65 mm Hg sys-
temic hypotension must be counteracted by the use of vasopressive agents. 
Sustained CPP of < 40 mm Hg is associated with a high likelihood of ischemic 
brain damage and poor neurological outcome after transplantation (Rinella and 
Sanyal,  2006).  

 Unfortunately, the development of brain edema can hardly be monitored in 
patients with acute liver failure. Brain edema mostly occurs when hepatic encepha-
lopathy has progressed to grades III to IV. In grades I-II encephalopathy, it has 
rarely been observed. With progression to grade III HE cerebral edema occurs in 
up to 35% and with grade IV HE in 65 to 75% of the patients (Munoz,  1993) . 

 With grade III HE, mechanical ventilation is recommended to prevent aspiration 
and to control agitation which can lead to increases in intracranial pressure. Choice 
of sedation is done on an individual basis at the moment. Often propofol is used as 
it is considered to reduce intracranial pressure in ALF patients (Raghavan and 
Marik,  2006) . Barbiturates are not consistently recommended (Polson and Lee, 
 2005 ; Rinella and Sanyal,  2006) . 

 Due to sedation, clinical judgment is severely limited in those patients who are 
most at risk to develop brain edema. Clinical signs such as pupillary dilatation or 
signs of decerebration are evident only later in the course, and hypertension, brady-
cardia or irregular respirations may even be masked by concomitant therapy. 

 Direct intracranial pressure monitoring is the most reliable modality for the 
measurement of ICP. In practice, however, in several institutions the placement of 
ICP monitoring devices is avoided because of severe coagulation deficits in the 
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patients. A recent multi-center study in the United States showed that ICP monitor-
ing was performed in only 28% of the patients with acute liver failure and hepatic 
encephalopathy (Vaquero et al.,  2005) . The frequency of monitoring differed 
between the centers involved in the study. It also differed between those patients 
who were listed for urgent liver transplantation and those who were not. In most 
patients subdural transducers were used (63.8%). Ten percent of the patients (n = 6) 
had intracranial bleeding as a result of the ICP monitor, half of them showed clini-
cal deterioration, and 2 patients died. Overall the frequency of complications was 
significantly less than assumed several years ago by Blei et al.  (1993)  who per-
formed a survey of transplant centers across the United States. They had estimated 
that about 20% of the ICP monitoring resulted in intracranial bleeding. In this 
former study the lowest bleeding rate had been observed with 3.8% in patients with 
epidural catheters, in contrast to about 20% in patients with subdural or parenchy-
mal catheters. 

 According to Shami et al.  (2003)  the bleeding complications can be controlled 
if recombinant activated factor VII is given directly before the procedure. 

 If ICP monitoring is performed, rapid and abrupt increases of intracranial pres-
sure can be directly addressed by the infusion of mannitol, for example, or the 
application of ranitidine. In most patients, however, the management of raised 
intracranial pressure has to be performed without actual information on its severity. 
Thus, general rules are followed, such as elevation of the head of the bed to 30 
degrees, sedation, minimal stimulation or the administration of mannitol three 
times a day. Mannitol has been shown to improve survival in a group of patients 
with acute liver failure (Canalese et al.,  1982) . If renal failure accomplishes acute 
liver failure, however, a paradoxical effect can occur with mannitol treatment as 
serum osmolality increases and volume overload may occur. Therefore plasma 
osmolality must be checked at least twice a day to assure that it remains <320 mos-
mol/l (Polson and Lee,  2005 ; Rinella and Sanyal,  2006) . 

 Interestingly in the recent study of Vaquero et al.  (2005)  patients who underwent 
ICP monitoring before liver transplantation received more treatments for elevated 
ICP values, including mannitol and barbiturates, than those in whom monitoring 
was not undertaken. However, the 30-day outcomes were similar in both groups. 
This could be due to an inclusion bias, since ICP monitoring was more often done 
in those patients who were listed for urgent transplantation. A true evaluation of the 
treatment effects could have been done only if in some of the patients the manage-
ment was unchanged, irrespective of the ICP data. 

 Besides mannitol, hypertonic saline (30%) has also been used to prevent brain 
edema in ALF patients. A recent trial demonstrated that induction and maintenance 
of hypernatremia (145 – 155 mmol/l) in patients with grade 3 and 4 HE resulted in a 
decreased incidence and severity of intracranial hypertension (Murphy et al.,  2004) . 

 Considering the results of recent studies in experimental animals, some groups 
studied the effect of moderate hypothermia (32 – 33  ° C) on ICP in patients with 
ALF. Jalan et al.  (2004)  were able to show that cooling to 32  ° C decreased ICP to 
<20 mm Hg even in patients with refractory intracranial hypertension. Although 
their results were quite impressive other groups call for a randomized, controlled 
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study before the use of hypothermia can be recommended as a routine measure to 
treat brain edema in ALF. 

 Recently Tofteng and Larsen  (2004)  reported on their experience with indometh-
acin in ALF patients with severe intracranial hypertension. Indomethacin induces 
cerebral vasoconstriction. It was applied in twelve cases with ALF and cerebral 
edema in this study. Indomethacin reduced ICP from 30 mm Hg to 12 mm Hg 
(mean; p < 0.05) and increased the cerebral perfusion pressure from 48 to 65 mm 
Hg (mean; p < 0.05). 

 As indomethacin has several undesirable side effects such as gastrointestinal 
bleeding, platelet dysfunction and nephrotoxicity, it is not routinely recommended 
for use in ALF patients in spite of the positive effects observed. 

 Since direct ICP monitoring in patients with acute liver failure is prone to bleed-
ing complications, alternative methods are evaluated. Brain imaging is not sensible. 
Computed tomography brain scanning may fail to demonstrate cerebral edema in 
ALF patients with elevated intracranial pressure. In addition, imaging methods can-
not be used for ICP monitoring. Continuous transcranial Doppler monitoring of 
cerebral blood flow may be used as an alternative. Transcranial Doppler (TCD) 
monitoring reveals information about changes in cerebral perfusion and, thereby, 
indirectly about changes in intracranial pressure. With ICP increases flow resist-
ance also increases, followed by a decrease in diastolic flow, predominantly. TCD 
monitoring studies in head-trauma patients have shown that there is a positive expo-
nential correlation between pulsatility index (PI) or resistance index (RI) and ICP> 
15 – 25 mmHg if the arterial CO 

2
  partial pressure is kept constant (Homburg et al., 

 1993) . Data on patients with fulminant hepatic failure are sparse. Larsen et al. 
 (1995a) , however, have shown that cerebral blood flow in patients with acute liver 
failure can be measured reasonably well by continuous TCD monitoring. In 1993, 
Aggarwal et al.  (1993)  reported on their experiences with continuous TCD and ICP 
monitoring during liver transplantation in 5 patients with acute liver failure com-
pared to 5 cirrhotic patients. While they did not observe any changes in TCD 
parameters in the group of cirrhotics, they found a decrease in the mean flow veloc-
ity (MFV) and the diastolic flow velocity (DFV) coincident with a decrease in cer-
ebral perfusion pressure and also an increase in ICP and PI during reperfusion of 
the grafted liver. 

 We were able to show a significant relationship between increases in ICP and 
alteration of the Doppler spectrum and also a significant correlation between CPP 
and Doppler parameters in a patient who was continuously monitored over a period 
of 15 hours before transplantation and had severe ICP increase and CPP decrease 
during the last 6 hours before transplantation. In contrast, the TCD data were nor-
mal in 6 patients with acute liver failure and grades I – III HE, who did not present 
with increased intracranial pressure (Schnittger et al.,  1997) . 

 Further, data of Larsen et al.  (1995b)  show that early in the course of the disease 
increases in ICP may also be combined with increases in the flow velocity. This 
finding is in accordance with the current hypotheses that an increase in CBF is of 
critical importance for the development of brain edema and intracranial hyperten-
sion in acute liver failure. In the study of Larsen et al. an increase of the median 
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flow velocity (V 
mean

 ) to more than 100 cm/sec could be shown to be a predictor of 
fatal cerebral damage. In patients who developed clinical signs of brain death V 

mean
  

rose from about 85 cm/sec to 135 cm/sec initially but then abruptly declined after 
about 10 hours to a mean of 5 cm/sec due to further increase in ICP and resulting 
decrease of the cerebral perfusion pressure. 

 Thus, TCD monitoring in patients with acute liver failure may be helpful in the 
detection of ICP alterations and may also provide cues to estimate the prognosis of 
an individual patient. Further studies, however, are needed to evaluate the prognos-
tic significance of TCD monitoring in acute liver failure.  

  Prognosis of Acute Liver Failure 

 Prognosis of acute liver failure depends on several factors like etiology of liver dis-
ease, age, grade of liver disease, grade of encephalopathy, presence or absence of 
systemic inflammatory response syndrome, etc. Currently available prognostic scor-
ing systems do not adequately predict outcomes or determine candidacy for liver 
transplantation (Polson and Lee,  2005) . In the study of Bhatia et al.  (2006) , however, 
three variables were found to be significantly predictive of death: arterial ph  ≥  7.40, 
presence of clinical cerebral edema, and arterial ammonia levels  ≥  124  µ mol/l. 

 Survival rates have improved from 15% in the pre-transplant era to  ≥  60%. 
Spontaneous survival rates are now around 40% (Bhatia et al.,  2006) . Post-transplant 
survival rates have been reported to be about 80 – 90% (Sass and Shakil,  2005) .   

  Encephalopathy Associated with Cirrhosis and Portal 
Hypertension (Type C) 

 In contrast to acute liver failure, hepatic encephalopathy associated with cirrhosis 
and portal hypertension progresses over long time periods (from months to years) 
from psychomotor slowing to severe clouding of consciousness, in principle. Bouts 
of severe HE however can be precipitated in patients with so far undetected HE by 
several factors such as gastrointestinal bleeding, infection, hyponatremia, etc. In 
contrast to acute liver failure, HE in cirrhosis does not cause the patient’s demise 
although it carries a poor prognosis as an indicator of the severity of liver disease. 

 As in acute liver failure, the main symptoms of HE are alterations in conscious-
ness, cognitive dysfunction and motor disturbances. While patients with ALF often 
appear irritable and restless in the very beginning, psychomotor slowing is charac-
teristic for type C HE. The alteration of consciousness is the basis for the 4-stage 
grading system of hepatic encephalopathy used world wide (West Haven classifica-
tion) (Atterbury et al.,  1978).  

 Grade I HE is characterized by mild confusion, grade II by drowsiness, lethargy 
and disorientation, grade III by somnolence to sopor, and grade IV by coma with 
or without response to painful stimuli (a and b) (Table 10. 1  ). This grading system 
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attributes characteristic disturbances of motor function and speech to distinct 
grades of HE. Asterixis (flapping tremor), for example, is often associated with 
grade II, as are dysarthria and ataxia or extra-pyramidal features like tremor, mus-
cular rigidity or posture abnormalities. The neuropsychiatric changes which occur 
in patients with cirrhosis, however, are much more likely to form a continuum with 
no natural steps, and the various neuropsychiatric symptoms may arise in various 
combinations. In practice, for example, disturbed motor function is detectable by 
subtle neurological assessment even in patients who appear clinically unaffected at 
first sight (Krieger et al.,  1996 ; Spahr et al.,  1996) . Asterixis can be observed in 
patients without cognitive dysfunction or alteration of consciousness, and speech 
disturbances are one of the first symptoms of HE. In the early stages, speech is 
monotonous and slow, similar to patients with Parkinson’s disease. With increasing 
ataxia speech becomes slurred and dysarthric. In stuporous patients dysphasia 
occurs combined with perseveration. Writing disabilities also occur early in the 
course of the disease. They are traditionally used as diagnostic markers. In the early 
phase omission of single letters, reversal of order and misspellings are common. 
With deterioration writing becomes more tremulous, letters are superimposed, and 
lines of writing converge. The patients become unable to sign their names or to 
move the pencil from left to right. The patient’s diary thus can be effectively used 
for monitoring of the grade of HE.     

 It must be emphasized that the combination of extra-pyramidal and cerebellar 
dysfunction is quite characteristic for hepatic encephalopathy, and cannot be found 
in any other kind of metabolic encephalopathy, except Wilson’s disease. Asterixis, 
however, which is considered a classic sign of HE, is also seen in other metabolic 
or toxic encephalopathies, such as uremia, CO 

2
  retention, hypomagnesemia or 

intoxication with antiepileptic drugs, for example. 
 Hyperreflexia and ankle clonus are characteristic in grade III HE, but like the 

other motor signs, it can be observed also in patients with minimal HE. 
 In the early grades of HE, personality changes and mood disorders are frequent. 

Most of the patients show varying degrees of remittent personality change. In some 
patients, behavior is uninhibited during acute exacerbations of HE, in others previ-
ous personality trends are intensified. Strikingly, many patients begin to keep a 

 Table 10.1      Stages of Hepatic Encephalopathy  

 Stage  Clinical features 

 Minimal  No clinical abnormalities, pathological psychometric and/or neurophysiological 
findings 

 I  Reversal of sleep rhythm, psychomotor slowing, attention deficits, irritability, 
untidiness, slight disturbances of mood and personality 

 II  Drowsiness, lethargy, major mental disabilities, intermittent disorientation, 
inappropriate behaviour 

 III  Somnolent but rousable, persistent disorientation, pronounced confusion, inco-
herent speech with perseveration, unable to perform mental tasks 

 IV  Coma with (IVa) or without (IVb) response to painful stimuli 
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diary where every daily event is noted meticulously. Mood fluctuates. In some 
patients depression and euphoria abruptly follow each other. In others only depres-
sion or euphoria can be observed interchanging with a stable mood. 

 Paranoid symptoms are common with grade III HE due to perceptual difficulties 
and misinterpretations. In addition, hallucinations, mostly visual, may be observed 
(Sherlock et al.,  1954) . 

 Focal neurological signs are uncommon in hepatic encephalopathy and point to 
complications such as intracranial bleeding. Cadranel et al.  (2001) , however, 
showed that HE may even present with focal neurological signs. They reported a 
series of 34 cirrhotics with 48 episodes of suspected HE. Ten episodes were char-
acterized by focal neurological signs such as hemiparesis. In 2 cases, cerebral 
bleeding was diagnosed. In the remaining patients cerebral computer tomography 
or magnetic resonance imaging and cerebrospinal fluid were normal, and the symp-
toms resolved with therapy for HE.  

  Minimal Hepatic Encephalopathy 

 Minimal hepatic encephalopathy is the mildest form of HE. Subtle behavioral 
changes that are only apparent to the patient’s family or old friends and sleep distur-
bances are the first signs of minimal hepatic encephalopathy (Gitlin et al.,  1986 ; 
Cordoba et al.,  1998) . The behavioral changes are predominantly due to a slight 
impairment of cognitive function, especially attention, resulting from bilateral fore-
brain and parieto-occipital dysfunction (Lockwood et al.,  1993 ,  2002) . Since verbal 
abilities are preserved in this stage of HE, cerebral dysfunction does not become 
apparent during the routine clinical examination. The diagnosis can be made only by 
the application of neuropsychological or neurophysiological measures (Schomerus 
and Hamster,  1998 ; Weissenborn et al.,  1990 ,  2001) . Patients with minimal HE do 
worse than healthy controls, especially in tests of psychomotor speed, visual percep-
tion and attention. Some of them also show a pathological slowing of the EEG and 
prolonged latencies of exogenous and endogenous evoked potentials (Amodio and 
Gatta,  2005 ; Kullmann et al.,  1995 ; Weissenborn et al.,  1990) . The prevalence of this 
 ‘ minimal ’  form of HE is estimated to be about 30 – 60% in cirrhotics without overt 
clinical signs of HE (Bajaj et al.,  2007a ; Schomerus and Schreiegg,  1993) . Although 
undetectable on clinical grounds, minimal HE is undoubtedly of clinical significance 
for the patients. It has been shown to interfere with the patients’ ability to drive a car 
(Schomerus et al.,  1981 ; Srivastava et al.,  1994 ; Watanabe et al.,  1995 ; Wein et al., 
 2004) , with their earning capability (Schomerus and Hamster,  2001)  and their qual-
ity of life (Groeneweg et al.,  1998) . In addition, mHE predicts the development of 
overt HE, and is associated with a poor prognosis. The probability of clinically 
manifest HE after a follow-up of 3 years was estimated to be about 50% in patients 
with minimal HE compared to 8% in cirrhotics without minimal HE (Hartmann et 
al.,  2000) . Thus a few years ago, experts in the field encouraged the use of the term 
 “ minimal HE ”  instead of the terms  “ subclinical HE ”  or  “ latent HE ” , which have 
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been widely used in the past for this setting, and such a connotation runs the risk of 
considering this mildest degree of HE void of clinical significance (Ferenci et al., 
 2002 ; Lockwood,  2000) . Recently it was suggested that minimal HE be combined 
with grade I HE to a sub-class called  “ mild HE ” . This recommendation is sensible 
because the detection of grade I HE depends on the experience and accuracy of the 
examiner. In other words grade I HE is often overlooked and misclassified. 

 Due to growing evidence that minimal HE has a significant impact on the 
patient’s well-being and daily living activities, consensus has emerged that patients 
with minimal HE should be treated (Lockwood,  2000 ; Quadri et al.,  2007) . 
Recently Prasad et al.  (2007)  were able to show that treatment of minimal HE with 
lactulose resulted in an improvement of cognitive function. Whether treatment of 
minimal HE also affects the prognosis with regard to the development of overt HE 
needs to be studied. 

 At present most of the patients with minimal HE remain undiagnosed. Bajaj et 
al.  (2007a)  reported upon a survey regarding testing for minimal HE in the United 
States. An anonymous questionnaire querying among other things the personal 
opinions regarding mHE, diagnostic strategies, frequency of diagnosis, reasons for 
testing/non testing was sent to 246 AASLD members. Of the 137 replies received, 
84% believed that mHE was a problem and 74% agreed that mHE should be tested 
for. But 38% did not test for mHE. And only 28% tested more than 50%, only 14% 
more than 80% of their patients. The main reason for not testing was the time and 
resources needed for testing, missing test standards in the United States, and ques-
tionable therapeutic effects in mHE. Considering the growing evidence on the clini-
cal significance of mHE and successful therapeutic strategies, this survey elucidates 
the need for a consensus on the diagnostic procedure for mHE. 

  Chronic Persistent Hepatic Encephalopathy 

 Rare complications of liver cirrhosis are chronic persistent hepatic encephalopathy 
and hepatic myelopathy. Both occur in less than 1% of the patients, and both are 
accompanied by extensive porto-systemic shunts. Chronic persistent hepatic 
encephalopathy is also known as acquired hepato-lenticular degeneration (Victor, 
Adams and Cole,  1965) . In contrast to the usual cirrhotic patient with HE, these 
patients show obvious neuronal alterations: a patchy, spongy degeneration most 
consistently observed in the deep layers of the cerebral cortex and subcortical white 
matter, particularly in the parieto-occipital cortex, basal ganglia and cerebellum. 

 Clinically the patients present with chronic progressive extra-pyramidal and 
cerebellar symptoms, often combined with hyperreflexia and extensor plantar 
reflexes. Besides motor functions, the patients’ cognition and consciousness may 
also be impaired, but are less impressive than the motor functions. The effect of the 
classical therapeutic interventions aimed at the lowering of plasma ammonia levels 
is limited in chronic persistent HE. Liver transplantation has been reported to result 
in an improvement of the neurological symptoms (Powell et al.,  1990) . Today, 
however, controlled studies on this subject are missing.  
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  Hepatic Myelopathy 

 Hepatic myelopathy is characterized by a rapidly progressing spastic paraparesis 
without sensible deficits or bladder dysfunction. Brisk tendon reflexes and increased 
tone of the lower extremities are the predominant findings. Plantar reflexes may be 
flexor, even in patients with ankle clonus. Usually the patients are bound to a 
wheelchair or bedridden within months. 

 In most cases, hepatic myelopathy will develop after several episodes of HE. For 
unknown reasons, most patients described are men. Imaging of the spinal cord by 
MRI or myelography reveals normal results, as does the examination of CSF. The 
main pathological finding in HM is demyelination of the cortico-spinal tracts pre-
dominantly in the lower part of the cervical and the thoracic spinal cord. 
Occasionally demyelination has also been found in the ventral pyramidal tracts and 
in the posterior columns and spinocerebellar tracts (Campellone et al.,  1996 , 
Weissenborn et al.,  2003) . 

 Since hepatic myelopathy does not respond to the classical ammonia lowering 
therapy of hepatic encephalopathy, transplantation should be considered as soon as 
the diagnosis is made. With successful liver transplant, the patient has a chance of 
improvement (Weissenborn et al.,  2003) .   

  Diagnosis and Differential Diagnosis of Type C HE 

 The diagnosis of type C hepatic encephalopathy has to be made on clinical grounds. 
Although the clinical symptoms are characteristic for HE, they are not specific. 
Thus, other possible causes of CNS dysfunction in a patient with liver cirrhosis 
have to be excluded. Neither biochemical examinations, nor neuro-imaging or neu-
rophysiological methods supply specific findings that enable one to make the diag-
nosis without doubt. Nevertheless these diagnostic means have to be used for 
differential diagnostic purposes to exclude other causes of brain dysfunction or  —  
in the case of hepatic myelopathy  —  other causes of paraparesis. 

  Imaging 

 The diagnostic work-up of a patient with suspected hepatic encephalopathy should 
include in any case a cerebral computed tomography. Subdural haematoma and also 
parenchymal bleeding are rare but significant complications of liver cirrhosis that 
must be ruled out before the diagnosis of HE is made. 

 HE per se does not induce any structural or functional changes that can be 
detected by neuro-imaging  —  neither by CCT nor by magnetic resonance imaging. 
The characteristic bilateral symmetric pallidal hyperintensities which are present in 
up to 90% of the patients with liver cirrhosis indicate porto-caval shunting and 
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deposition of manganese within the basal ganglia, but do not correlate with the 
presence and extent of HE (Lockwood, Butterworth and Weissenborn,  1997) .  

  Laboratory Findings 

 Alterations of the electrolyte levels are also clinically relevant with regard to dif-
ferential diagnosis, especially hyponatremia, hyper- and hypoglycemia and renal 
dysfunction. Hyponatremia may induce an episode of HE, but it may also cause 
brain dysfunction per se. 

 Plasma ammonia levels are frequently measured if HE is suspected. An elevated 
ammonia level at diagnosis indeed points to a potential hepatic origin to the change 
in brain function. But, although serum levels correlate broadly with stages of 
encephalopathy, there is substantial overlap between values at different stages. An 
ammonia level within the normal range is no proof against the diagnosis of HE.  

  EEG and Evoked Potentials 

 The majority of patients with clinically overt HE show alterations of the EEG with 
an increasing amount of theta and delta rhythms with increase in the grade of HE 
(Davies et al.,  1991 ; Montagnese, Amodio and Morgan,  2004 ; Parsons-Smith et al., 
 1957) . Like the clinical symptoms, these EEG alterations, however, are unspecific. 
Thus, the EEG cannot be used to prove the diagnosis of HE. This also holds true 
for other neurophysiological methods such as evoked potentials.  

  Wernicke’s Disease is the Most Important Differential Diagnosis of HE 

 In clinical practice, the most important differential diagnosis of HE, especially in 
patients with alcoholic cirrhosis, is Wernicke’s disease. Wernicke’s disease shares 
major symptoms with hepatic encephalopathy: disturbance of consciousness, 
ataxia, and dysarthria. A differentiation based on clinical symptoms is impossible. 
According to Kril and Butterworth  (1997)  the diagnosis of Wernicke’s encephalop-
athy is frequently missed in patients with alcoholic cirrhosis. In a neuropathological 
examination of the brain of 36 patients who died with the clinical signs of HE, his-
topathological characteristics of Wernicke’s disease were found in 9 patients, while 
this diagnosis had been made on clinical grounds only in 2 of the patients. 

 Magnetic resonance imaging may show the characteristic alterations present in 
Wernicke’s encephalopathy: hemorrhage in the region of the mammillary bodies, the 
thalamus and the inferior olivary nucleus (White et al.,  2005 ; Zhong et al.,  2005) . In 
practice, however, it is often impossible to achieve a good quality MRI in these patients 
due to their pronounced organic brain syndrome. Therefore, thiamine (100 mg/day 
intravenously for up to ten days, and thereafter changed to oral application) should be 
administered even in cases with suspected or possible Wernicke’s encephalopathy.  
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  Diagnosis of Minimal Hepatic Encephalopathy 

 Minimal hepatic encephalopathy is defined as cerebral dysfunction in cirrhotics that 
remains undetected on clinical grounds but can be proven via neuropsychological 
and/or neurophysiological methods. At present no measure has been defined as 
 “ gold standard ”  for diagnosing minimal HE. From neuropsychological studies it is 
well known that minimal HE is characterized by deficits in attention, visuo-spatial 
perception, motor speed and accuracy. Thus, psychometric tests that evaluate exactly 
these cognitive domains are recommended to be used for making the diagnosis of 
mHE. In practice the Number Connection Tests A and B are frequently used, 
although they have been shown to be less sensitive than other tests. Also, the block 
design test and the digit symbol test from the WAIS  — R test battery are frequently 
used. Recently the Inhibitory Control Test has been recommended (Bajaj et al., 
2007). A battery that has been especially developed for the diagnosis of minimal 
hepatic encephalopathy is the PSE-Syndrom-Test (Schomerus et al.,  1999) . The test 
combines the results of the Number Connection tests A and B, the serial dotting test, 
the digit symbol test and the line tracing test. The battery has been shown to be sensi-
tive, reliable and easy to apply. Four different versions are provided for follow-up 
studies. The test has been standardized in a German population. Meanwhile, how-
ever, it has also been validated in other countries (Romero-Gomez et al.,  2007) . The 
PSE-Syndrome-Test has been recommended by the HE-Working group at the 11th 
World Congress of Gastroenterology held in Vienna in 1998 (Ferenci et al.,  2002) . 

 Whether neuropsychological or neurophysiological methods should be preferred 
for diagnosing mHE is not known. EEG was one of the first methods applied for 
this purpose. The EEG shows a characteristic generalized slowing which increases 
with increasing grade of HE in the individual patient. Unfortunately, however, nor-
mal EEGs have been found in patients with pronounced clinical symptoms of HE, 
and at least some of the investigators were unable to find a clear correlation 
between the amount of EEG alterations and the clinical grade of HE. For example, 
we were able to show that the EEG is pathological in only about 35% of the patients 
with grade I HE (Weissenborn et al.,  1990) . Several studies describe a prevalence 
of EEG alterations of 40 – 80%, in clinically not encephalopathic cirrhotic patients 
(Montagnese et al.,  2007 ; Penin,  1967 ; Van der Rijt et al.,  1990) . The sensitivity is 
increased by the use of automatic-computerized analysis methods (Amodio et al., 
 1999 ; Montagnese et al.,  2007) . Whether the sensitivity of modern EEG analysis 
exceeds that of other methods has not yet been systematically analyzed. 

 Besides EEG, special visual evoked potentials (VEP) have been intensively 
studied in cirrhotic patients with and without HE. They have been proven to be 
useful for follow-up examinations, as they show an increase or decrease of latency 
in close correlation to the clinical course of the disease. As a diagnostic tool, how-
ever, they cannot be reliably used as they fail minimum requirements on sensitivity 
and specificity (Weissenborn,  1991) . 

 Recently the critical flicker frequency test (Kircheis et al.,  2002 ; Romero-
Gomez et al.,  2007)  has been recommended for the diagnosis of minimal HE. With 
this tool, the threshold frequencies at which light pulses are perceived as fused or 
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flickering can be recorded. In two different labs, values between 38 and 39 Hz for 
the flicker frequency distinguished low-grade HE from normal subjects. Further 
studies are needed to assess the specificity and sensitivity of this measure more 
reliably.   

  Therapy for Hepatic Encephalopathy 

 Most HE episodes in patients with chronic liver disease are precipitated by events 
such as oral protein load, gastrointestinal bleeding, obstipation, infection,  especially 
peritonitis, hypokalemia and alkalosis complicating the use of diuretic drugs, 
administration of sedative drugs, for example for diagnostic procedures or induc-
tion of portal-systemic shunt via shunt operation or the TIPSS implantation. 

 The elimination of these precipitating factors is the first therapeutic step and 
leads to an improvement without need for any further therapy in many cases. If the 
symptoms do not resolve or no precipitating factor can be identified more specific 
therapeutic efforts must be applied: 

 As hyperammonemia is considered to be the main cause of hepatic encephalopa-
thy,  “ specific ”  therapy for HE is aimed at the reduction of ammonia production and 
resorption. Protein restriction has been recommended for a long time to reduce 
ammonia production. But patients with cirrhosis are hypercatabolic. They may 
require up to 1.5 g/kg protein per day. Therefore protein restriction has been limited 
to patients with severe hepatic encephalopathy, and a reduction to less than 1 g pro-
tein per kg body weight has been discouraged in the past. A recent clinical study 
even showed no benefits of protein restriction (Cordoba et al.,  2004) . 30 cirrhotics 
who were admitted to the hospital with hepatic encephalopathy were randomized to 
a low-protein diet or normal protein diet. After two weeks of treatment, the groups 
did not significantly differ with regard to the course of hepatic encephalopathy. 

 Vegetable protein is preferred over animal protein as the dietary source as it 
seems advantageous (Bianchi et al.,  1993) . Part of the protein needed to maintain 
the nitrogen balance can be replaced by a mixture of branched chain amino acids 
(BCAA) which can produce a positive nitrogen balance to approximately the same 
order of magnitude as a corresponding amount of food protein, without precipitat-
ing HE (Marchesini et al.,  2003 ; Muto et al.,  2005) . 

 The reduction of intestinal ammonia synthesis can also be achieved by the 
administration of non-absorbable disaccharides-like lactulose and lactitol or antibi-
otics like neomycin, paramomycin, metronidazole or rifaximin. Lactulose exerts 
several effects: (1). acidification of the intestinal content resulting in a reduction of 
ammonia absorption and net movement of ammonia from the blood into the bowel 
and (2). reduced bacterial production of ammonia in the colonic lumen due to envi-
ronmental changes with promotion of the growth of non-urease producing bacteria 
and (3). the cathartic effect. The daily dose of lactulose is between 30 and 60 g per 
day. The goal is to obtain 2 – 3 soft bowel movements per day. Recently lactulose has 
been proven to be effective even in patients with minimal HE (Prasad et al.,  2007) . 
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Lactitol has been shown to be as effective as lactulose for treating hepatic encepha-
lopathy (Morgan et al.,  1989 ; Morgan and Hawley  1987) . Common side effects of 
the disaccharides are flatulence and abdominal cramping. 

 Antibiotics like neomycin or metronidazole are administered either when an 
episode of HE arises or chronically to avoid the development of clinically overt HE. 
In the past, neomycin was the most used antibiotic. There is increasing evidence, 
however, that rifaximin has a more favorable benefit : risk ratio in the treatment of 
HE (Leevy and Phillips,  2007 ; Mas et al.,  2003) . While neuro- and nephrotoxicity 
have to be considered in neomycin rifaximin is well-tolerated. Recently Leevy and 
Phillips  (2007)  showed in 145 patients that the frequency and grade of HE was 
lower with rifaximin therapy compared to lactulose therapy, and that with rifaximin 
therapy the patients were less often hospitalized than with lactulose. 

 The supplementation with zinc has been debated for years (Marchesini et al., 
 1996 ; Riggio et al.,  1991) . Zinc is a cofactor in all reactions of the urea cycle. The 
precipitation of overt hepatic encephalopathy in the presence of zinc deficiency and 
the improvement of HE after supplementation of zinc have been imposingly demon-
strated (Van der Rijt et al.,  1991) . Patients with cirrhosis and zinc deficiency will 
improve their ability to synthesize urea after provision of zinc. Long term zinc sup-
plementation may be useful for patients with mild chronic forms of encephalopathy. 

 Ammonia metabolism within the muscle may be improved by the administration of 
L-ornithine-L- aspartate (LOLA). Controlled trials suggest that enteral and parenteral 
formulations of ornithine aspartate significantly reduce blood ammonia levels and 
have useful therapeutic effects in patients with cirrhosis and encephalopathy (Kircheis 
et al.,  1997 ; Stauch et al.,  1998) . Poo et al.  (2006)  recently showed in a randomized, 
lactulose-controlled study of oral ornithine-aspartate in 20 patients with clinically 
overt HE that LOLA in contrast to lactulose significantly improved parameters of 
mental status, number connection test scores, asterixis scores and EEG. Both lactulose 
and LOLA reduced serum ammonia levels and improved quality of life scores. Since 
only 20 patients were included in this study the results cannot be considered proof for 
the superiority of LOLA compared to lactulose, while the data underscore the effect of 
both agents. Ornithine aspartate is well tolerated in general. From a theoretical point 
of view the combination of disaccharides and ornithine aspartate may be useful in 
patients with insufficient efficacy of only one of the two drugs. 

 Medical management of hepatic encephalopathy is mainly used for patients who 
do not yet meet the criteria for liver transplantation or for patients awaiting liver 
transplantation. It must be underscored that severe neuropsychiatric symptoms in 
patients with severe liver disease must  not  be considered as contraindications but 
instead as clear indications for liver transplantation. 

 Overt hepatic encephalopathy is accompanied with a bad prognosis (Bustamante 
et al., 1999; Hui et al., 2002). According to the results of a recent study the survival 
probability after the first episode of overt encephalopathy in patients with chronic 
liver disease is 42% at 1-year of follow-up and 23% at 3 years. Considering the sur-
vival probability reported for patients undergoing liver transplantation, which is 
approximately 80% at 1 year and up to 70% at 5 years, patients developing their first 
episode of HE should be considered as potential candidates for liver transplantation.       
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   Chapter 11   
 Uremic and Dialysis Encephalopathies       

     Allen   I.   Arieff         

 Introduction 

 Because of advancements in dialysis therapy and renal transplantation, and their 
medical management, patients with end-stage renal disease (ESRD) rarely develop 
severe clinical manifestations before the institution of therapy. In the USA, there are 
currently about 450,000 patients receiving dialysis therapy (Meyer & Hostetter, 
 2007) . Although uncommon in the USA and Canada, patients who have chronic 
renal failure (GFR below 30 ml/min) and have not yet received dialysis therapy may 
develop a symptom complex characterized by fatigue, mild sensorial clouding, 
decreased mental acuity, tremor, anorexia, nausea and sleep disturbances (Gusbeth-
Tatomir et al.,  2007 ; Perl et al.,  2006 ;). However, the institution of apparently ade-
quate maintenance dialysis therapy does not eliminate central nervous system (CNS) 
manifestations of uremia. CSN disorders of both untreated renal failure and those 
persisting despite dialysis are referred to as uremic encephalopathy. The treatment 
of end stage renal disease with dialysis has itself been associated with the emergence 
of several distinct disorders of the central nervous system. These disorders are: dial-
ysis disequilibrium syndrome, dialysis dementia, stroke, sexual dysfunction and a 
new syndrome of chronic dialysis-dependent encephalopathy (Arieff,  2004) . 

 The dialysis disequilibrium syndrome has been rarely observed since about 1970. 
It is usually a consequence of the initiation of dialysis therapy in a minority of 
patients. Dialysis dementia is a progressive, generally fatal encephalopathy which can 
affect patients on chronic hemodialysis as well as children with chronic renal failure 
who have not been treated with dialysis. Cardiovascular disorders are the major cause 
of death in hemodialysis patients, accounting for 40% of deaths (Go et al.,  2004 ; 
Herzog et al.,  2007) . These include myocardial infarction, cardiomyopathy, ischemic 
heart disease and stroke (Shik & Parfrey,  2005 ; Toyoda et al.,  2005) . The factors 
associated with uremia which lead to an increased incidence of mortality from stroke 
are not well known, but are beginning to be elucidated (Koren-Morag et al.,  2006 ; 
Shik & Parfrey,  2005) . Additionally, parathyroid hormone may be a major factor in the 
pathogenesis of stroke in patients with ESRD (De Boer et al.,  2002 ; Sato et al.,  2003) . 
In addition to the above manifestations of neurologic dysfunction which are specifi-
cally related to uremia, dialysis, or both, a number of other neurologic disorders occur 
with increased frequency in patients who have end stage renal disease and are being 
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treated with chronic hemodialysis. Subdural hematoma, acute stroke, certain electro-
lyte disorders (hyponatremia, hypernatremia, phosphate depletion and hypercal-
cemia), vitamin deficiencies, Wernickes encephalopathy, drug intoxication, 
hypertensive encephalopathy and acute trace element intoxication must be considered 
in patients with chronic renal failure who manifest an altered mental state. Patients 
with renal failure are also at risk to develop organic brain disease and other metabolic 
encephalopathies, which might afflict the general population (Schulz & Arieff,  2003) . 
Therefore, when a patient with end-stage kidney disease presents with altered mental 
status, a thorough and complete evaluation is necessary. 

  Uremic Encephalopathy  

 Uremic encephalopathy is an acute or subacute organic brain syndrome that 
regularly occurs in patients with acute or chronic renal failure when the glomer-
ular filtration rate declines below about 15% of the normal. As with other 
organic brain syndromes, these patients display variable disorders of conscious-
ness, psychomotor behavior, thinking, memory, speech, sleep, perception and 
emotion (Teschan & Arieff,  1985) . The term uremic encephalopathy refers to 
the nonspecific neurologic symptoms of uremia. The symptoms may include 
sluggishness and easy fatigue, daytime drowsiness and insomnia with a tendency 
toward sleep-inversion (Gusbeth-Tatomir et al.,  2007 ; Perl et al.,  2006) , itching, 
inability to perform mental (cognitive) tasks, slurring of speech, anorexia, nausea, 
and vomiting. Other symptoms may include restlessness, diminished sexual 
interest and performance, myoclonus, asterixis, disorientation and confusion, 
ataxia, and rarely, with the current ready availability of dialysis, coma and 
convulsions (Arieff,  2004) . 

 There are certain characteristics of uremic encephalopathy which are espe-
cially noteworthy. The symptoms and their severity and overall rate of progres-
sion vary directly with the rate at which renal insufficiency develops. Uremic 
symptoms are generally more severe and progress more rapidly in patients with 
acute renal failure than in those with chronic renal failure. The symptoms are 
readily ameliorated by dialysis procedures or renal transplantation and suppressed 
by maintenance dialysis regimens. Thus the encephalopathy of renal failure is 
important to recognize precisely because it is promptly and decisively treatable 
by generally available clinical methods. The causes of uremic encephalopathy are 
doubtless multiple and complex. However, since the widespread introduction of 
recombinant human erythropoietin (EPO) as a therapeutic agent in patients with 
varying degrees of renal insufficiency, including those being treated with hemo-
dialysis, it is now clear that brain functions and quality of life are improved by 
correction of the anemia associated with ESRD with EPO (Ayus et al.,  2005 ; 
Moreno et al.,  2000) .  
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  Diagnosis of Uremic Encephalopathy  

 The presenting symptoms of uremia are similar to many other encephalopathic states. 
The differential diagnosis is even more complex, since patients with renal failure are 
subjected to other intercurrent illnesses that may also induce other encephalopathic 
effects. In patients with renal failure, treatment with dialysis will restore more normal 
body fluid composition. Despite the possibility that multiple causes of encephalopathy 
might occur simultaneously, uremic encephalopathy may be successfully differenti-
ated in most instances by means of the usual clinical methods. 

 In patients who have other medical problems such as advanced liver disease with 
hepatic insufficiency, it is often difficult to differentiate whether the encephalopathy 
is due to hepatic or renal causes. In patients with renal failure, the major route for 
elimination of urea is not available; thus, there is an increase in blood urea. The 
amount of urea that enters the colon is increased because of the elevated plasma 
urea. Urea is then acted on by colonic bacteria and mucosal enzymes in a manner 
similar to that of protein and amino acids. This leads to increased ammonia produc-
tion in uremic subjects that may either increase plasma ammonia levels or lead to 
misinterpretation of this test. 

 If the patient with kidney failure also has cirrhosis or some other form of liver 
failure, this additional ammonia load may present a stress that cannot be adequately 
handled by the diseased liver. The result may be increased blood and central nervous 
system ammonia levels with development of encephalopathy (Fraser & Arieff, 
 1985) . Thus, patients with cirrhosis and end-stage kidney disease are at particular 
risk for developing encephalopathy since both conditions act synergistically to 
increase both blood and central nervous system ammonia. It should also be noted 
that plasma urea and serum creatinine do not always adequately reflect renal func-
tion in patients with severe liver disease. Recent studies suggest that many patients 
who have cirrhosis, ascites, and normal plasma urea and creatinine may in fact have 
severe renal functional impairment (Gines et al.,  1988 ; Papadakis & Arieff,  1987 ; 
Takabatake et al.,  1988) . In such individuals, differentiation of hepatic from uremic 
encephalopathy on clinical grounds may be difficult. 

   Acute Renal Failure  

 The clinical manifestations of acute renal failure have been studied in several large 
patient series (Cooper & Arieff,  1979 ; Teschan et al.,  1979) . Abnormalities of mental 
status have been noted as early and sensitive indices of a neurologic disorder, which 
progressed rapidly into disorientation and confusion (Fraser & Arieff,  1988a , 
 1993) . When uremia is untreated and allowed to progress, coma often supervenes. 
Cranial nerve signs such as nystagmus and mild facial asymmetries are common, 
though usually transient. There can be visual field defects and papilledema of the optic 
fundi. About half the patients have dysarthria, and many have diffuse weakness and 
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fasciculations. Marked variation of deep tendon reflexes is noted in most patients, 
often in an asymmetrical pattern. Progression of hyperreflexia, with sustained 
clonus at the patella or ankle, is common (Moe & Sprague,  1994) .  

   Chronic Renal Failure  

 The incidence of ESRD in the United States is 260 cases per million of the popula-
tion (Schulman & Himmelfarb,  2004) . Among patients with ESRD treated with 
chronic hemodialysis, comorbid diseases, mainly infectious and cardiovascular, 
continue to increase. Among patients with ESRD treated with chronic hemodialysis 
in 2000, there were 13.9 hospital days per patient year. Among such patients, the 
mortality in the USA is 182 deaths per 1000 patient-years at risk, or 247 deaths per 
1000 patient-years at risk for hemodialysis patients (Schulman & Himmelfarb, 
 2004) . In an overview, the 5-year mortality among chronic hemodialysis patients in 
the USA was about 50%, although most deaths were due to co-morbid factors 
(Meyer & Hostetter,  2007) . The most frequent causes of ESRD (in the USA) are 
diabetes, hypertension, glomerulonephritis, arteriosclerotic cardiovascular disease 
and polycystic kidney disease (Schulman & Himmelfarb,  2004) . 

 There are multiple neurological complications reported in patients with chronic renal 
failure (CRF) (Brouns & De Deyn,  2004 ; Fraser & Arieff,  1999 ; Meyer & Hostetter, 
 2007 ; Ogura et al.,  2001 ; Palmer,  2003) . Many are not improved by chronic dialysis. 

 After about 2002, the electroencephalogram (EEG) has rarely been used as a 
clinical tool for evaluation of patients with renal nsufficiency. The findings which 
follow are not currently widely applicable. When the diagnosis of renal failure was 
first established, EEGs in patients with acute renal failure (Cooper et al.,  1978)  
were found to be generally grossly abnormal. Generally, the percentage of EEG 
power less than 5 Hz and less than 7 Hz, which are standard measurements of the 
percentage of EEG power devoted to abnormal (delta) slow wave activity, are over 
20 times the normal value. The percentage of EEG frequencies above 9 Hz and 
below 5 Hz are not affected by dialysis for 6 to 8 weeksand return to normal with 
recovery of renal function. Similar findings have been shown in experimental 
animals with renal failure (Guisado et al.,  1975) . In patients with acute renal failure, 
the EEG is abnormal within 48 hours of the onset of renal failure (Cooper et al., 
 1978)  and is generally not affected by dialysis within the first 3 weeks. 

 The EEG findings in patients with chronic renal failure are well described and 
generally less severe than those observed in patients with acute renal failure 
(Teschan & Arieff,  1985) . After the initiation of dialysis, there may be an initial 
period of clinical stabilization, during which time the EEG deteriorates, (up to six 
months) but after that it approaches normal values (Kiley et al.,  1976) . However, 
improvement is seen after renal transplantation (Bolton,  1976 ; Teschan et al., 
 1983) . Cognitive functions have also been shown to be impaired in uremia. These 
include global cognitive functions, memory, sustained attention, selective attention, 
speed of decision making, short-term memory, language and mental manipulation 
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of symbols (Murray et al.,  2006 ,  2007 ; Pereira et al.,  2005) . The causes of the EEG 
abnormalities observed in uremic patients are probably multifactorial but there is 
evidence that a very important element may be the effect of the parathyroid 
hormone (PTH) on the brain. In experimental animals with either acute or chronic 
renal failure, many of the EEG abnormalities can be shown to be related to a direct 
effect of PTH on the brain, which leads to an elevated brain content of calcium Ca 2+  
(Guisado et al.,  1975) . Studies in patients with either acute renal failure or chronic 
renal failure suggest a similar pathogenesis (Fraser & Arieff,  1995 ; Mahoney & 
Arieff,  1982) .  

   Psychological Testing  

 Several different types of psychological tests have been applied to subjects with 
chronic renal failure. These have been designed to measure the effects of either 
dialysis, renal transplantation or parathyroidectomy (Cogan et al.,  1978 ; Murray 
et al.,  2006 ; Pereira et al.,  2007 ; Pliskin et al.,  1996 ; Sehgal et al.,  1997) . The 
Trailmaking Test has been administered to a number of uremic subjects. In general, 
their performance was less effective than that of the normal ones; improvement 
with practice limits repeated use of this test. The Continuous Memory Test corre-
lates quite well with the degree of renal failure, as does the Choice Reaction Time. 
Scores in both tests improved with treatment by dialysis or renal transplantation. 
Similar but less impressive results were obtained with the Continuous Performance 
Test. Of all these tests, it appeared that the CRT  was best correlated with renal 
function and with improvement in the patient’s condition as a result of dialysis or 
transplantation (Fraser & Arieff,  1994 ; Teschan & Arieff,  1985) . 

 Patients with chronic renal failure, who were maintained on dialysis, have been 
evaluated as to the possible effects of PTH on psychological function (Cogan et al., 
 1978) . After establishment of baseline values, patients with chronic renal failure 
underwent parathyroidectomy for other medical reasons (e.g. bone disease, soft 
tissue calcification, and persistent hypercalcemia, all of which were unresponsive 
to medical management). In these patients, parathyroidectomy resulted in a significant 
improvement in several areas of psychological testing. They showed significant 
improvement in Raven’s Progressive Matrices percentile scores and visual motor 
index (VMI) raw and percentage scores. These are tests of general cognitive 
function, nonverbal problem solving and visual-motor or visual spatial skills 
(Fraser & Arieff,  1994 ; Teschan & Arieff,  1985) . 

 In addition, they manifested significantly fewer errors on the Trailmaking Test 
as well as significantly lower raw and T-score values on the Profile of Mood States 
Fatigue Scale postoperatively, in which they reported feeling significantly less 
fatigue, weariness, and inertia after undergoing surgery. Control subjects who 
underwent neck surgery for other reasons generally did not demonstrate significant 
postoperative improvement in tests of cognition (Cogan et al.,  1978) . Other studies 
have shown that in general there is intellectual impairment in most patients with 
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chronic renal failure being treated with dialysis, virtually all of whom have secondary 
hyperparathyroidism (Brouns & De Deyn,  2004 ; Gilli & Bastiani,  1983 ; Murray 
et al.,  2006 ,  2007 ; Pereira et al.,  2005) . Cognitive data were compared with other 
information, such as age, sex, length of dialysis, and biochemical variables by a 
multiple regression technique. The analysis suggested that of the cognitive data, 
those obtained with the BDLT bore the strongest relation to duration of dialysis. 
Other studies have suggested that the WAIS full-scale IQ in dialysis patients is 
below that of the general population (Murray et al.,  2006 ; Pereira et al.,  2007) .   

  Biochemical Changes in the Brain  

 To determine the possible causes of the EEG abnormalities and clinical manifesta-
tions observed in patients with either acute renal failure or chronic renal failure, in 
vivo biochemical studies have been carried out in the brains of both patients and 
laboratory animals. Measurements have included brain intracellular pH and con-
centrations of Na +,  K + , Cl − , Al 3+ , Ca 2+ , Mg 2+ , urea, adenine nucleotides (creatine 
phosphate, ATP, ADP, AMP), lactate, and (Na +  + K + )-activated adenosine triphos-
phatase (ATPase) enzyme activity (Arieff et al.,  1975 ,  1977 ; Cooper et al.,  1978 ; 
Fraser & Arieff,  1988a ; Mahoney & Arieff,  1982 ; Mahoney et al.,  1984 ; Minkoff 
et al.,  1972 ; Perry et al.,  1985 ; Van den Noort et al.,  1968) . In patients with acute 
renal failure, the brain content of water, K +  and Mg 2+  is normal, while Na +  is mod-
estly decreased and Al 3+  is slightly elevated (Cooper et al.,  1978) . However, cerebral 
cortex Ca 2+  content is almost twice the normal value (Cooper et al.,  1978 ; Mahoney 
& Arieff,  1982 ; Mahoney et al.,  1984) . Similar findings have been observed in dogs 
with acute renal failure (Arieff et al.,  1976 ; Guisado et al.,  1975 ;). Alterations of 
cerebral metabolism that might be related to the changes in permeability mentioned 
above have also been studied in animals (Deferrari,  1981 ; Mahoney et al.,  1983 , 
 1984 ; Verkman & Fraser,  1986) . In the brain of rats with acute renal failure, creatine 
phosphate, ATP, and glucose were increased, but there were corresponding 
decreases in AMP, ADP, and lactate. Total brain adenine nucleotide content and 
(Na+ – K+)- activated ATPase were normal to low. The uremic brain utilized less 
ATP and thus failed to produce ADP, AMP, and lactate at normal rates. The brain 
energy charge was normal, as was the redox state, and these findings were not 
altered by hypoxia (Fraser & Arieff,  1988a ; Mahoney et al.,  1984) . There was a 
corresponding decrease in brain metabolic rate, along with elevated glucose and 
low lactate levels (Mahoney et al.,  1984) . Patients with chronic renal insufficiency 
(glomerular filtration rate below 20 ml/min) have decreased brain uptake of 
glutamine and increased ammonia uptake. The relevance of these findings, in terms 
of neurotransmitters or other brain function, is unknown (Deferrari,  1981) . 

 In animals with either acute or chronic renal failure, both urea concentration and 
osmolality are similar in brain, cerebrospinal fluid, and plasma. The solute content of 
brain in animals with acute renal failure is such that essentially all of the increase in 
brain osmolality is due to an increase of brain urea concentration. However, in animals 
with chronic renal failure, about half of the increase in brain osmolality is due to the 
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presence of undetermined solute (idiogenic osmoles) with the other half due to an 
increase of urea concentration (Arieff et al.,  1975 ,  1977 ; Mahoney et al.,  1983) . 

 In dogs with chronic renal failure, brain content of Na+, K+, Cl– and water are 
not different from control values. Similarly, the extracellular space was not different 
from control (Mahoney et al.,  1983) . Calcium content was measured in eight parts 
of the brain in dogs that had chronic renal failure for four months. Calcium content 
was found to be normal in the subcortical white matter, pons, medulla, cerebellum, 
thalamus and caudate nucleus. However, calcium was about 60% above control values 
in both cortical gray matter and hypothalamus (Mahoney et al.,  1983) . Magnesium 
content was normal in all eight parts of the brain, as was the water content (Mahoney 
et al.,  1983) . Other investigators have also found the cerebral cortex calcium content 
elevated in dogs with chronic renal failure (Akmal et al.,  1984) . 

 In patients with acute renal failure, as well as those with chronic renal failure who 
had not been treated with dialysis, brain calcium (cerebral cortex) was significantly 
increased versus control values. The brain samples were obtained from autopsy material. 

 In animals that have acute renal failure and metabolic acidosis, the intracellular 
pH (pHi) of brain and skeletal muscle is normal (Arieff et al.,  1977) . In dogs with 
chronic renal failure, intracellular pH is normal in brain, liver and skeletal muscle 
(Mahoney et al.,  1983) . In patients with renal failure, intracellular pH has been 
reported to be normal in both skeletal muscle and leukocytes, as well as in the 
“whole body” (Levin & Baron,  1977 ; Maschio et al.,  1970 ; Tizianello et al.,  1977) . 
The pH of CSF has also been shown to be normal in both patients and laboratory 
animals with renal failure (Arieff et al.,  1977 ; Mahoney et al.,  1983) . Thus, despite 
the presence of extracellular metabolic acidemia in patients or laboratory animals 
with either acute renal failure or chronic renal failure, the intracellular pH is normal 
in the brain, white cells, liver and skeletal muscle. 

 In general then, studies of brain tissue from both intact animal models of uremia 
and humans with renal failure have revealed many different biochemical abnormalities 
associated with the uremic state. However, such investigations have not as yet 
revealed much about the fundamental mechanisms that might induce such abnor-
malities. Such studies probably will have to be done in isolated cell systems or 
subcellular systems from the brain. These systems have the advantage of permitting 
one to study isolated manifestations of the uremic state while removing the numer-
ous potential confounding influences present in an in vivo model.  

  Central Nervous System Pathology with Uremia  

 Pathologic studies of brain have been reported in over 400 patients dying with 
chronic renal failure (Arieff,  1986 ; Rotter & Roettger,  1974) . It has been shown that 
there is some necrosis of the granular layer of the cerebral cortex. Small intracere-
bral hemorrhages and necrotic foci are seen in about 10% of uremic patients and 
focal glial proliferation is seen in about 2%. In general, changes in the brain of 
patients who died with chronic renal failure are probably non-specific and related 
more to any of a number of concomitant underlying disease states (Burks et al., 
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 1976) . Cerebral edema has not been observed in the brains of humans and laboratory 
animals with either acute renal failure or chronic renal failure (Cogan et al.,  1978 ; 
Cooper et al.,  1978) . However, recent studies using MR  imaging technique have 
shown that ESRD may be associated with interstitial brain edema (Chen et al., 
 2007) . The initial hemodialysis often leads to increased interstitial brain edema 
(Chen et al.,  2007) . About 33% of adult patients with chronic renal failure have 
subcortical and periventricular lesions in brain white matter (Martinez-Vea et al., 
 2006) . These appear to represent ischemic brain damage in middle aged uremic 
patients (Martinez-Vea et al.,  2006) . Silent cerebral infarcts are present in about 
50% of hemodialysis patients (Naganuma et al.,  2005) . Such lesions represent a 
major risk factor for a subsequent stroke. Among adults maintained on chronic 
hemodialysis, stroke was common, usually with infarction in the vertibrobasilar 
territory (Toyoda et al.,  2005) . 

 The recent use of advanced neuroimaging techniques has led to substantial in 
vivo study of uremic brain in humans (Arieff et al.,  1994) . Acute and subacute 
movement disorders have been observed in patients with ESRD. These have been 
associated with bilateral basal ganglia and internal capsule lesions (Wang et al., 
 2004) . Cerebral atrophy has been observed in chronic hemodialysis patients, and it 
tends to worsen as dialysis therapy continues (Savazzi,  1988 ; Savazzi et al.,  1995) . 
Cerebral atrophy had previously been thought to be associated with dialysis dementia, 
but this is apparently not the case (Mahurkar et al.,  1978) . ESRD has also been 
reported to lead to deterioration of vision. Some cases are associated with uremic 
pseudotumor cerebri, and in these cases, surgical optic nerve fenestration may 
improve visual loss (Guy et al.,  1990 ; Korzets et al.,  1998) .  

  Pathophysiology of Uremic Encephalopathy  

 Although there are many factors that contribute to uremic encephalopathy, most 
investigations have shown no correlation between encephalopathy and any of the 
commonly measured indicators of renal failure. In recent years, there has been 
considerable discussion of the possible role of PTH as a uremic toxin. There is a 
substantial amount of evidence to suggest that PTH may exert an adverse effect on 
the central nervous system (Cogan et al.,  1978 ; Cooper et al.,  1978 ; Guisado et al., 
 1975 ; Mahoney & Arieff,  1982) . 

 Role of PTH: In patients dying with acute or chronic renal failure, the calcium 
content in brain cerebral cortex is significantly elevated (Cogan et al.,  1978 ; Cooper 
et al.,  1978 ; Guisado et al.,  1975) . Dogs with acute or chronic renal failure show 
increases of brain gray matter calcium and EEG changes similar to those seen in 
humans with acute renal failure (Arieff & Massry,  1974 ; Arieff et al.,  1975 ; 
Mahoney et al.,  1983 ,  1984) . In dogs, both the EEG and brain calcium abnormalities 
found with uremia can be prevented by parathyroidectomy. Conversely, these 
abnormalities can be reproduced by the administration of PTH to normal animals 
while maintaining serum calcium and phosphate in the normal range. Thus, PTH is 
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essential to produce some of the central nervous system manifestations in the 
canine model of uremia (Guisado et al.,  1975 ; Akmal et al.,  1984) . 

 PTH is known to have central nervous system effects in humans even in the 
absence of impaired renal function. Neuropsychiatric symptoms have been reported 
to be among the most common manifestations of primary hyperparathyroidism 
(Heath et al.,  1980 ; Luxenberg et al.,  1984) . Patients with primary hyperparathy-
roidism also have EEG changes similar to those observed in patients with acute 
renal failure (Cooper et al.,  1978 ; Goldstein & Massry,  1980) . The common denom-
inator appears to be elevated plasma levels of PTH (Cogan et al.,  1978 ; Cooper et al., 
 1978 ; Guisado et al.,  1975 ; Mahoney & Arieff,  1982) . 

 In patients with acute renal failure the EEG is abnormal within l8 hours of the 
onset of renal failure and is generally not affected by dialysis for periods of up to 
8 weeks (Cooper et al.,  1978) . In patients with either primary or secondary 
 hyperparathyroidism, parathyroidectomy results in an improvement of both EEG 
and psychological testing, suggesting a direct effect of PTH on the central nervous 
system. Similarly, dialysis results in a decrement of brain (cerebral cortex) calcium 
toward normal in both patients and laboratory animals with renal failure concomi-
tant with improvement of the EEG (Cogan et al.,  1978 ; Cooper et al.,  1978 ; Guisado 
et al.,  1975) . In uremic patients, both EEG changes and psychological abnormali-
ties are improved by parathyroidectomy or medical suppression of PTH. PTH, high 
brain calcium content or both are probably responsible, at least in part, for some of 
the encephalopathic manifestations of renal failure. 

 The mechanisms by which PTH might impair central nervous system function are 
only partially understood. The increased calcium content in such diverse tissues as 
skin, cornea, blood vessels, brain, and heart in patients with hyperparathyroidism 
suggests that PTH may somehow facilitate the entry of Ca +2  into such tissues. The 
finding of increased calcium in the brains of both dogs and humans with either acute or 
chronic renal disease and secondary hyperparathyroidism is consistent with the con-
ception that part of the central nervous system dysfunction and EEG abnormalities 
found in acute renal failure or chronic renal failure may be due in part to a PTH- 
mediated increase in brain calcium. Calcium is essential for the function of neurotrans-
mission in the central nervous system and for a large number of intracellular enzyme 
systems. Thus, increased brain calcium content could disrupt cerebral function by 
interfering with any of these processes (Rasmussen,  1986) . It is also possible that 
PTH itself may have a detrimental effect on the central nervous system.  

  Uremic Neurotoxins  

   Central Nervous System  

 The number of compounds retained by the body in patients with renal failure, either 
singly or in combination, is substantial [May, 1996 #5799]. Numerous studies have 
been carried out in order to attempt to indentify which of the many compounds 
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which are elevated in uremic subjects is truly a uremic toxin. Criteria established 
by Bergstom and Furst for uremic toxins are as follows [Bergstrom,  1983  #5801]: 
(a) The compound should be chemically indentified and quantifiable in biologic 
fluids; (b) The concentration of the substance in plasma from uremic subjects 
should be higher than that found in subjects who do not have renal insufficiency; 
(c) The concentration of the substance in plasma should somehow correlate with 
specific uremic symptoms, and these should be alleviated with reduction of the 
substance to normal; (d) The toxic effects of the substance should be demonstrable 
at concentrations found in plasma from uremic patients. 

 Uremic neurotoxins would imply retention of solutes which have specific detre-
mental effects upon the nervous system function, whether it is the peripheral nervous 
sytem or central nervous system [Vanholder, 1998 #5605; Vanholder, 1998 #5599]. 

 There are at least three different types of uremic solutes which are potentially 
toxic and which can be characterized [Miyata,  2000  #5576]. These include; 
(a) small water soluble compounds, such as urea and creatinine [Vanholder, 1998 
#5605]; (b) middle molecules; (c) protein-bound compounds. Most of the small 
water soluble compounds, such as urea and creatinine, are not particularly toxic and 
are easily removed with dialysis.  

   Guanidine Compounds  

 Guanidine compounds have been postulated to be “uremic toxins” for many years 
[Giovannetti,  1973  #4049], based upon possible detremental effects upon the central 
nervous system. Recent studies have demonstrated that several guanidino com-
pounds are present in uremic brain [De Deyn,  1995  #5591] and may be important 
in the etiology of uremic encephalopathy [De Deyn,  2002  #5725]. There are at least 
4 guanidino compounds which are experimental convulsants. These guanidino 
compounds appear to work by activation of NMDA receptors by guanidinosuccinic 
acid (GSA). Activation of the NMDA receptor is a major pathologic mechanism in 
the etiology of several types of brain damage, including head trauma [Faden,  1989  
#535] and stroke [Lipton,  1994  #4838] [Beal,  1992  #4547]. 

 In addition, guanidine compounds have a depressant effect on the mitochondrial 
function [Davidoff,  1973  #3936]. In the brain of uremic patients, guanidino 
compounds were measured in 28 different regions [De Deyn,  1995  #5591]. 
Guanidinosuccinic acid levels were elevated by up to 100 fold in uremic brains vs 
control brains, and levels increased with increasing extent of uremia. The brain 
levels of guanidinosuccinic acid in ureic brain were similar to those observed in 
normal animal brain following injection to blood levels which cause convulsions 
[De Deyn,  1995  #5591]. Guanidines inhibit neutrophil superoxide production, can 
induce seizures, and supress natural killer cell response to interleukin-2 [Dhondt, 
 2000  #5592]. Other guanidines, which are arginine analogues, are competitive 
inhibitors of NO synthetase, which impairs removal of AGEs [Asahi,  2000  #5803] 
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and can lead to vasoconstriction, hypertension, ischemic globmerular injury, 
immmune dysfunction and neurological changes [Dhondt,  2000  #5592]. 

 Middle molecules are large molecular weight compounds (300 to 12000 Daltons) 
which have in the past been felt to be responsible for some of the manifestations of 
uremia[Scribner,  1975  #4047]. Despite the fact that at one time, dialysis membranes 
were designed with the specific intent of removing more middle molecules, evidence 
of their toxicity is generally lacking [Man, 1973 #4708; Kjellstrand,  1979  #1202; 
Scribner,  1975  #4047]. Although there has recently been renewed interest in these 
molecules [Kjellstrand,  1979  #1202; Vanholder, 1994 #5593], evidence of their 
toxicity is still conjectural [Dhondt,  2000  #5592] (Winchester & Audia,  2006) . 

 With established renal insufficiency, guanidines, which are competitive inhibitors 
of NO synthetase, will rapidly accumulate in blood, and their presence will impair 
removal of AGEs [Asahi,  2000  #5803] and can lead to worsening hypertension, 
immmune dysfunction [Cohen,  2001  #5741] and neurological changes [Dhondt, 
 2000  #5592], such as stroke [Wanner, 2002 #5785].  

   Advanced Glycation End Products  

 AGEs can modify tissues, enzymes and proteins and may play a role in the patho-
genesis of dialysis-associated amyloidosis [Miyata,  2000  #5576]. AGEs may also 
play a role in the pathogenesis of diabetic nephropathy [Makita,  1991  #2182]. 
AGEs are markedly elevated in plasma of patients with ESRD (Haag-Weber,  1998  
#5607). The AGEs react with vascular cells to inactivate endothelial NO and may 
increase the propensity of ESRD patients to develop hypertension. Current dialysis 
therapy is relatively ineffective in removal of AGEs, so that there is accumulation 
of AGEs in patients with ESRD, particularly those with diabetes mellitus (Haag-
Weber,  1998  #5607). The AGEs are “middle molecules” and have the potential to 
cause tissue damage and lead to hypertension. Thus, at least some “middle mole-
cules” may actually be deleterious in patients with ESRD, and they are poorly 
removed with conventional dialysis (Winchester & Audia,  2006) . There is evidence 
that angiotensin converting enzyme antagonists decrease the formation of AGEs 
[Miyata,  2002  #5823]. Protein- bound compounds (toxins) are not substantially 
removed by dialysis, and almost all are lipophilic. Such compounds include 
polyamines such as spermine (Koenig et al.,  1988) . Spermine is postulated to be a 
uremic toxin and appears to react with the NMDA receptor, which affects calcium 
and sodium permeability in brain cells (Koenig et al.,  1988 ; Yu et al.,  1999) . 
Stimulation of the NMDA receptor in brain is the final common pathway for brain 
cell death in a number of pathological pathways (Beal,  1992  #4547; Lipton,  1994  
#4838). The uremic state is associated with increased oxidative stress, resulting in 
protein oxidation products in plasma and cell membranes. There is eventual altera-
tion of proteins with the formation of oxidized amino acids, including glutamine 
and glutamate (Miyata,  2000  #5576). Such reactions may eventually lead to the 
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stimulation of the NMDA receptor in the brain, with brain cell damage or death 
(Wratten et al.,  2000 ; O’Hooge, 2003 #6049).   

  Neurologic Complications of End-Stage Renal Disease 
and Its Therapy  

   Dialysis Disequilibrium Syndrome  

 In patients with ESRD, there are several central nervous system disorders that may 
occur as a consequence of dialytic therapy. Dialysis disequilibrium syndrome (DDS) 
is a clinical syndrome that occurs in patients being treated with hemodialysis. The 
syndrome was first described in 1962 and may include symptoms such as headache, 
nausea, emesis, blurring of vision, muscular twitching, disorientation, hypertension, 
tremors and seizures (Arieff,  1983 ,  1989) . The syndrome of DDS has been expanded 
to include milder symptoms, such as muscle cramps, anorexia, restlessness, and 
dizziness (Arieff,  1994) . Although DDS has been reported among all age groups, it 
is more common among younger patients, particularly the pediatric age group 
(Grushkin et al.,  1972) . The syndrome is most often associated with rapid hemodi-
alysis of patients with acute renal failure, but it also has occasionally been reported 
following maintenance hemodialysis of patients with chronic renal failure (Porte 
et al.,  1973) . The pathogenesis of DDS has been extensively investigated and the 
findings are summarized elsewhere (Arieff,  1982 ,  1994) . The symptoms are usually 
self-limiting but recovery may take several days. It appears that present methods of 
dialysis have altered the clinical picture of DDS. Most reports of seizures, coma, and 
death were reported prior to 1970. The symptoms of DDS as reported in the last 25 
years (1982–2007) have generally been mild, consisting of nausea, weakness, headache, 
fatigue, and muscle cramps. Almost all cases have occurred in patients undergoing 
their initial few hemodialyses. It is also unclear whether any patient ever actually 
died from DDS or in fact from other neurological complications associated with 
dialysis, such as acute stroke, subdural hematoma, subarachnoid hemorrhage or 
hyponatremia (Arieff,  1994) . Recently, the diagnosis of DDS has become a “waste-
basket” for a number of disorders that can occur in patients with renal failure and 
may affect the central nervous system (Arieff,  1994) . It is important to recognize that 
DDS is rare and the diagnosis should be one of exclusion. 

 DDS has been treated either by addition of osmotically active solute (glucose, 
glycerol, albumin, urea, fructose, NaCl, mannitol) to the dialysate, or by intravenous 
infusion of mannitol or glycerol. With the technique of pure ultrafiltration the patient 
is subjected to ultrafiltration without dialysis. The net result is loss of fluid without 
the patient undergoing dialysis. Ultrafiltration followed by dialysis does not appear 
to be associated with DDS (Ronco et al.,  1998) . Additionally, DDS can be prevented 
by decreasing the time on dialysis and increasing the frequency of dialysis at the 
initiation of hemodialysis in patients. Mannitol infusion accompanying the initial 
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three hemodialyses has been successful in prevention of DDS (Rodrigo et al.,  1977) . 
Administration of 50 ml of 50% mannitol both at the initiation of dialysis and after 
two hours of dialysis has generally been successful in preventing symptoms of DDS. 
Chronic peritoneal dialysis is currently in use worldwide. Different types of peritoneal 
dialysis are carried out ‘in-center’, at home, or in combinations of ambulatory plus 
home (Sharad et al.,  1998) . Patients undergo continuous low-volume peritoneal 
dialysis for as long as 24 hours per day. Symptoms of DDS have not been presently 
reported in patients utilizing this mode of dialysis.   

  Chronic Dialysis Dependent Encephalopathy  

   Radiologic and Pathologic Examination of Uremic Brain  

 There does not currently exist a large prospective study of the radiology of uremic 
brain in humans. Many pathologic studies of the brains of patients who died with 
chronic renal failure are old, and there does not exist an extensive study of uremic 
brain which has utilized more modern pathologic methodology (Olsen,  1961 ; 
Rotter & Roettger,  1974) . Prior to 1974, subdural hemorrhages were felt to be very 
common in dialyzed subjects, and were reported in about 1–3% of such autopsies. 
In addition, intracerebral hemorrhages were said to be present in about 6% of dialysis 
patients who expired. Cerebral edema is not found in the brain of patients or labora-
tory animals with chronic renal failure, either by biochemical or histologic criteria. 
However, recent MR imaging studies suggest that interstitial edema is present in the 
brain of some patients with ESRD (Chen et al.,  2007) . Generalized but variable 
neuronal degeneration is often present but its anatomical location is quite variable. 
Small intracerebral hemorrhages and necrotic foci are seen in about 10% of uremic 
patients, and focal glial proliferation is found in about 2%. White matter lesions, 
including infarction, are present in about 33% of patients with chronic renal insuf-
ficiency (Martinez-Vea et al.,  2006) . Among patients with maintenance hemodialysis 
for at least five years, the majority appear to have suffered from stroke, usually 
small and ischemic (Mattana et al.,  1998 ; Toyoda et al.,  2005) . Cognitive function 
is frequently impaired in chronic hemodialysis patients and is often so subtle that it 
is not diagnosed (Murray et al.,  2006) . There are pathological lesions which are 
frequent in chronic hemodialysis patients. Silent cerebral infarction and ischemic 
white matter lesions are present in over 50% of such individuals (Naganuma et al., 
 2005 ; Martinez-Vea et al.,  2006) . Additionally, recent studies demonstrate a very 
high frequency of ischemic stroke in chronic hemodialysis patients (Koren-Morag 
et al.,  2006 ; Monk & Bennett,  2006 ; Toyoda et al.,  2005) . It is not known how many 
of this population have diabetes as the cause of their renal failure. The increase of 
stroke would be expected in such individuals (Koren-Morag et al.,  2006 ; Toyoda 
et al.,  2005 ; Zoccali et al.,  2003) . 

 Neuroimaging studies demonstrate bilateral basal ganglia lesions in diabetic 
patients with ESRD (Wang et al.,  2004) . Pet scaning demonstrates decreased glucose 
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utilization in these lesions. A few cases of optic neuropathy have been reported in 
uremic individuals (Winkelmayer et al.,  2001) . White matter lesions may be present 
in one-third of the patients with chronic renal failure (Martinez-Vea et al.,  2006) . 

 Uremic patients are prone to several risk factors which have a tendency to 
increase the incidence of stroke. These risk factors include diabetes mellitus, a 
smoking history, hypertension, chronic infection (often catheter related), chronic 
inflammation, elevated cholesterol and triglycerides and advanced atherosclerosis 
(Zoccali et al.,  2003) . When uremic patients maintained with chronic dialysis suffer 
a possible stroke, brain neuroimaging, using CT or MRI is likely to be carried out 
for diagnostic purposes. However, as yet, a series of such neuroimaging cases has 
not been assembled for research purposes. The few available studies suggest that 
the brain of patients with uremia have a very high incidence of cerebral atrophy, 
which is disproportionately high for the age of the individuals studied (Savazzi 
et al.,  1995) . Earlier studies had also found a high incidence of cerebral atrophy 
among chronic hemodialysis patients (Papageorgiou et al.,  1982) . There appears to 
be subtle brain damage, not detectable by standard neuroimaging techniques or the 
EEG, but often manifested by deterioration of intellectual capability (Murray et al., 
 2006 ,  2007) . 

 It is currently not unusual for patients to survive on hemodialysis for 25 years 
(Dean & Allegretti,  2003) . However, among patients who have been on hemodialysis 
for over a decade, there is often mental deterioration, with markedly decreased 
intellectual capability, even without medical evidence of an actual stroke (Murray 
et al.,  2006 ,  2007) . 

 The collective syndrome of Chronic Dialysis Dependant Encephalopathy is a 
combination of probable organic mental disorders plus psychiatric disorders commonly 
associated with hemodialysis (Arieff,  2004 ; Murray et al.,  2006 ,  2007 ; Pereira et al., 
 2005 ,  2007)  (Table  1 ). The clinical manifestations include impaired intellectual 
capability and cognition, decreased exercise capability, sexual dysfunction and 
psychiatric disorders ranging from depression to psychois, sleep disorders (Perl et al., 
 2006) , and suicidal behavior (Murray et al.,  2006 ,  2007) .The recent use of advanced 
neuroimaging techniques has led to an increase in our understanding of changes in 
the uremic brain in humans. Acute and subacute movement disorders have been 

  Table 1    Clinical Manifestations of Chronic 
Dialysis-Dependant Encephalopathy   

 Decreased intellectual capability 
 Impaired cognition 
 Chronic depression 
 Decreased capability for physical activity 
 Myopathy 
 Deterioration of vision 
 Suicidal behavior 
 Sexual dysfunction 
 Sleep disturbances 
 Pruritis 
 Psychosis 



11 Uremic and Dialysis Encephalopathies 215

observed in patients with ESRD (Okada et al.,  1991) . These have been associated 
with bilateral basal ganglia and internal capsule lesions (Okada et al.,  1991 ; Wang 
et al.,  1998) . Cerebral atrophy has been observed in chronic hemodialysis patients 
and it tends to worsen as dialysis therapy continues (Savazzi et al.,  1995) . Cerebral 
atrophy had previously been thought to be associated with dialysis dementia, but 
this is apparently not the case (Mahurkar et al.,  1978) . ESRD has also been reported 
to lead to deterioration of vision (Korzets et al.,  1998) . Some cases are associated 
with uremic pseudotumor cerebri (Guy et al.,  1990) .    

  Dialysis Dementia  

 Dialysis dementia (also called dialysis encephalopathy) is a progressive, frequently 
fatal neurologic disease which was initially described in several reports from 
1970–1973 (Alfrey et al.,  1972 ; Mahurkar et al.,  1973 ; Siddiqui et al.,  1970) . 
Existence of the syndrome was then independently confirmed worldwide by several 
different groups in the early to mid-1970s (Arieff & Mahoney,  1983 ; Dunea et al., 
 1978 ;). In adults, the disease is seen almost exclusively in patients being treated 
with chronic hemodialysis. The early literature focused on the distinctive neuro-
logic findings (Alfrey et al.,  1976 ; Arieff & Mahoney,  1983 ; Dunea et al.,  1978) . 
However, more recent reports from both Europe and the USA suggest that some 
forms of dialysis dementia may be a part of a multi-system disease which may 
include encephalopathy, osteomalacic bone disease, proximal myopathy, and anemia 
(Fraser & Arieff,  1988b ; Pierides et al., 1980). 

 The etiology of this syndrome remains controversial (Arieff,  1990 ; Arieff & 
Mahoney,  1983) . Although an increase in brain aluminum content has been strongly 
implicated in some cases of dialysis dementia, the evidence is far less convincing in 
others. Based upon current progress, it now appears useful to subdivide dialysis 
dementia into three categories: (a) an epidemic form which is related to contamina-
tion of the dialysate, often with aluminum; (b) sporadic cases in which aluminum 
intoxication is less likely to be a contributory factor; and (c) dementia associated with 
congenital or early childhood renal disease. This entity has been reported in several 
children who were never dialyzed or exposed to aluminum compounds. These early 
childhood cases may represent developmental neurologic defects resulting from 
exposure of the growing brain to a uremic environment (Greenberg,  1978) . 

 The initial reports of dialysis dementia in the 1970’s were soon followed by 
reports throughout the world (Fraser & Arieff,  1993) . These patients all had the 
endemic form and usually had been on chronic hemodialysis for over 2 years before 
the onset of symptoms. Early manifestations consisted of a mixed dysarthria-apraxia 
of speech with slurring, stuttering and hesitancy. Personality changes, including 
psychoses, led to dementia, myoclonus, and seizures. Symptoms initially were 
intermittent and were often worse during dialysis, but generally became constant. 
In most cases, the disease progressed to death within six months. Speech disturbances 
were found in 90% of patients, affective disorders culminating in dementia in 80%, 
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motor disturbances in 75%, and convulsions in 60–90%. In contrast to this fairly 
distinct clinical picture, brain histology has generally been normal or nonspecific. 

 Early in the disease, the EEG shows multifocal bursts of high amplitude delta 
activity with spikes and sharp waves, intermixed with runs of background activity 
appearing more normal . These EEG abnormalities may precede overt clinical 
symptoms by 6 months. As the disease progresses, the normal background activity 
also deteriorates to slow frequencies (Grushkin et al.,  1972) . The EEG has been 
said to be pathognomic, but a similar pattern may also be seen in other metabolic 
encephalopathies. The diagnosis depends on the presence of the typical clinical 
picture and is confirmed by the characteristic EEG pattern (Cooper et al.,  1978) . 
Magnetoencephalography (MEG) has only recently been used in the evaluation of 
uremic patients (Thodis et al.,  1992) . MEG has not yet been used in the evaluation 
of patients with dialysis dementia. 

 Aluminum intoxication was first implicated in this disorder by Alfrey and asso-
ciates (Alfrey et al.,  1976) . The aluminum content of brain gray matter was elevated 
to eleven times the normal value in patients with dialysis dementia, versus an 
increase of three times the normal in patients on chronic hemodialysis without 
dialysis dementia. Aluminum content was also increased in bone and other soft 
tissue. Oral phosphate binders containing aluminum [Al(OH) 

3
  and Al 

2
 (CO 

3
 ) 

2
 ] were 

originally suspected to be the source of the aluminum. 
 Most of the aluminum in blood is bound to transferrin, so that there is very little 

free aluminum in the blood (Farrar et al.,  1990) . The brain contains few transferrin 
receptors, so that normally, aluminum uptake into the brain is negligible. Any free 
aluminum in the blood, usually in the form of aluminum-citrate, can readily enter 
the central nervous system. Normally, there is an excess of gallium-binding sites in 
plasma, so that even in situations where blood aluminum is increased, there is still 
almost no free aluminum in blood. Aluminum binding can be studied with the 
aluminum analogue gallium (Farrar et al.,  1988) . In studies of gallium-transferrin 
binding in blood of patients having either Alzheimer’s disease, Down syndrome or 
renal failure treated with chronic hemodialysis, gallium binding to transferrin was 
significantly reduced in patients with either Down syndrome or Alzheimer’s disease 
(Farrar et al.,  1990) . However, gallium binding to transferrin was normal in patients 
with chronic renal failure treated with hemodialysis. In such patients, there was 
accumulation of aluminum in those brain regions with high densities of transferrin 
receptors (Farrar et al.,  1990) . 

 The aforementioned findings involve studies in less than 20 patients with dialysis 
dementia (Farrar et al.,  1990)  and five with chronic renal failure treated with hemo-
dialysis. More such studies are needed before it can be conclusively stated that the 
distribution of aluminum in brains of patients with dialysis dementia is not similar 
to that in patients with Alzheimer’s disease. In patients with chronic renal failure 
without dialysis dementia, neurofibrillary changes have not been found. 

 Recent studies have further added to our knowledge of the possible effects of 
aluminum on the central nervous system in patients with chronic renal failure. 
A possible pathophysiologic basis for detrimental effects of aluminum on the central 
nervous system has been described by Altmann and associates (Altmann et al.,  1987) . 
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Dihydropteridine reductase is an important enzyme in the synthesis of several 
important neurotransmitters, such as tyrosine and acetyl choline. They found that 
erythrocyte levels of dihydropteridine reductase activity were less than predicted 
values, and correlated with plasma aluminum levels (Altmann et al.,  1987) . After 
treatment with desferrioxamine, red cell dihydropteridine reductase activity levels 
doubled. Although brain levels of dihydropteridine reductase activity were not 
evaluated, it was suggested that high brain aluminum levels might lead to decreased 
availability of dihydropteridine reductase in the brain. It has been suggested that the 
mere presence of an increased body aluminum burden has an adverse effect on 
overall mortality (Chazan et al.,  1988) . More specifically, an increased body alumi-
num burden (estimated by the desferrioxamine infusion test) has been associated 
with memory impairment and increased severity of myoclonus with decreased 
motor strength (Sprague et al.,  1988) . 

 Altmann and associates evaluated patients with chronic renal failure and appar-
ently normal cerebral function (Altmann et al.,  1989) . They found that when com-
pared to a control group with similar IQ, the patients with chronic renal failure had 
abnormalities in six tests of psychomotor function. Plasma aluminum levels were 
only mildly elevated (59 ± 9 µgm/l). When 15 of these patients were treated for 
three months with desferrioxamine, anemia improved and the erythrocyte activity 
of dihydropteridine reductase rose significantly. Changes in erythrocyte dihydrop-
teridine reductase activity correlated significantly with changes in psychomotor 
performance (Altmann et al.,  1987 ,  1989) . Even at high blood Al levels, most Al is 
bound to transferrin (Farrar et al.,  1990)  and thus cannot bind to the cerebral trans-
ferrin receptors. It may be that patients who develop dialysis dementia have less 
transferrin binding capacity, less transferrin, or a greater density of transferrin 
receptors in the brain. 

 Thus, aluminum in the bloodstream may be potentially toxic in patients with 
chronic renal failure, possibly leading to both dialysis dementia and osteomalacia 
(Dunea et al.,  1978) . Most Nephrologists would agree that the potential hazards of 
poor control of plasma phosphate are worse than the potential toxicity of aluminum 
accumulation from oral aluminum containing antiacids. However, progress in the 
control of hyperphosphatemia in hemodialysis patients by other means has almost 
eliminated the use of aluminum containing compounds (in 2005). Calcium carbonate 
(or acetate) was found to be more effective for the control of hyperphosphatemia 
than is aluminum hydroxide (Mai et al.,  1989) . More recently, sevelamer (Renagel ® , 
Genzyme Corp, Cambridge, MA), a polymeric phosphate binder, is widely used for 
control of phosphate in chronic dialysis patients (Slatopolsky,  1999) . Renagel ®  has 
been found to be more effective than either calcium carbonate, calcium acetate or 
aluminum hydroxide for the treatment of hyperphosphatemia in dialysis patients 
(Slatopolsky,  1999) , and it does not introduce aluminum into the body. Lanthanum 
carbonate (Fosrenol  TM ) has only recently been introduced in the United States for 
the control of hyperphosphatemia in patients with ESRD (Albaaj & Hutchison, 
 2005 ; Joy & Finn,  2003) . Its place in the management of dialysis patients with 
hyperphosphatemia remains to be determined, but it is more efficacious than either 
calcium acetate or any of the aluminum-containing antiacids. However, aluminum 
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is still the second most prevalent element in the earth’s crust, and a substantial 
quantity will enter the body, even without administration of aluminum containing 
antiacids (Perl & Good,  1990 ; Rifat et al.,  1990) . 

 Deionization of the water used to prepare dialysate is now a standard preventive 
measure (Good & Perl,  1988) . However, deionization may be beneficial by removing 
any number of other agents . Other trace elements may be present in water which 
can result in central nervous system toxicity. Such elements include silicon, 
cadmium, mercury, lead, manganese, copper, nickel, thallium, boron and tin (Hershey 
et al.,  1983) . Among these potentially neurotoxic elements, no one has measured 
brain content of cadmium, mercury, nickel, thallium, vanadium, or boron. 
Manganese was found to have increased in cortical white matter in the eight 
encephalopathic patients in whom it was measured (Cartier et al.,  1978) . These 
patients also had elevated aluminum levels in gray matter. 

 Most of the controversy over the etiology of dialysis dementia has involved 
those cases which occur sporadically. As noted previously, dialysate aluminum 
levels are not always elevated. The use of aluminum containing antacids is no 
different in patients with dialysis dementia than in unaffected patients, and brain 
aluminum levels in patients with dialysis dementia may overlap with those of unaf-
fected patients (Arieff,  1990) . The largest group of “sporadic cases” has been 
reported from Nashville, Tennessee (Ward et al.,  1978) . The reported incidence of 
dialysis dementia in the area is 5%, despite the use of deionized water with aluminum 
levels below 5 µg/L for dialysate. Osteomalacic bone disease was not clinically 
apparent in this group. Serum aluminum levels in the encephalopathic group were 
3–4 times higher than other dialyzed patients, despite equivalent prescribed doses 
of aluminum containing phosphate binders. These results suggest greater absorp-
tion and/or retention of aluminum or other trace metal contamination in this group 
of encephalopathic patients. No other metals were measured in the Nashville study. 

 The evidence available thus far indicates that aluminum is elevated in the brain 
(cortical gray matter) of patients with dialysis dementia. However, the actual con-
tribution of aluminum to the encephalopathy remains unclear. Aluminum content 
has been reported to be elevated in the brains of patients with other disorders, 
including senile dementia and Alzheimer’s syndrome, and might actually be a non-
specific finding associated with dementia. Aluminum is also elevated in the brains 
of patients who have other disorders associated with altered blood-brain barrier. 
Such disorders include renal failure, hepatic encephalopathy and metastatic cancer. 
Other evidence suggests that brain aluminum content may also increase as a func-
tion of the aging process.Blood-brain barrier abnormalities can result in increased 
brain aluminum content (Banks & Kastin,  1983) . 

 Despite these unresolved questions, most outbreaks of the epidemic form of 
dialysis dementia have been associated with high levels of aluminum in the 
dialysate (Berkseth & Shapiro,  1980) . Lowering the dialysate aluminum to below 
20 µg/L, usually by deionization, appears to prevent the onset of the disease in 
patients who are beginning dialysis. New cases may continue to appear in those 
patients who were previously exposed to the high aluminum dialysate, although the 
course is milder and mortality is somewhat decreased. In patients with overt disease, 
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eliminating the source of aluminum has resulted in improvement in some but not 
all patients. Renal transplantation has generally not been helpful in patients with 
established dialysis dementia. Diazepam or clonazepam are useful in controlling 
seizure activity associated with the disease, but become ineffective later on and do 
not alter the final outcome. Treatment of sporadic cases, in which the etiology is 
not clear, is more difficult. Every effort should be made to identify a treatable cause. 
Dialysis dementia must be differentiated from other metabolic encephalopathies, 
such as hypercalcemia and hypophosphatemia, hyperparathyroidism, acute heavy 
metal intoxications and structural neurologic lesions, such as subdural hematoma 
(Arieff,  1990) . Because of the low incidence, the uncertain etiology, and the poor 
correlation of plasma with tissue aluminum levels, screening tests have not gener-
ally been employed. 

 The source of excess Al +3  in the brain is not entirely clear. Some Al +3  apparently 
is absorbed after oral administration of aluminum-containing antacids (Arieff, 
 1990) . Significant absorption of oral aluminum can occur in patients with chronic 
renal failure but the weight of evidence is against oral aluminum as the major 
source. The retention of Al +3  after oral administration of Al +3  salts is greater in 
patients with renal failure than in normal subjects (Graf et al.,  1981) . However, with 
increased use of Fosrenol and Renagel to control plasma phosphate in patients with 
renal insufficiency, as well as discovery of other toxicities associate with oral 
aluminum use (Goodman et al.,  1984) , the clinical use of aluminum-containing 
antacids has become reduced considerably in the USA and Western Europe. 

 The typical daily dietary Al +3  intake is 10 to 100 mg (Campbell et al.,  1957) , 
although absorption is normally minimal. This quantity of dietary Al +3  is more than 
enough to account for the entire increase of brain Al +3  observed in patients with 
dialysis dementia. Among 22 such patients, the mean brain Al +3  content was 22 
mg/kg dry weight. The normal human brain weighs about 1500 gm and is about 
80% water, or 300 gm dry weight. Thus, the total increase in Al +3  content for the 
whole brain is less than 7 mg in patients with dialysis dementia. Therefore, the 
entire increase of brain Al +3  in such patients can theoretically be accounted for by 
dietary aluminum. The increase in body aluminum stores may also be, in part, the 
result of Al +3  contamination from other sources, such as Al +3  in dialysate water, 
dialysis system aluminum pipes, or aluminum leaked from anodes. 

 There are a large number of children who have renal insufficiency and also 
require hospitalization with intravenous therapy. Such children may receive large 
quantities of intravenous aluminum (Al 3+ ) from contamination of intravenous 
solutions with aluminum salts (Andreoli et al.,  1984) . Thus, even in the absence of 
hemodialysis therapy, children with chronic renal failure may receive large quantities 
of intravenous aluminum, which may explain the development of dialysis dementia 
even in the absence of dialysis (Andreoli et al.,  1984) . The location of the alumi-
num in the brain of patients with dialysis dementia has not been well established. 
In Alzheimer’s disease, it initially appeared that the aluminum was localized only in 
the nuclear regions of neurofilrillary tangles (Perl & Brody,  1980) . More recent 
investigations reveal that in Alzheimer’s disease, aluminum accumulates in at least 
four different sites: DNA containing structures of the nucleus, protein moieties of 
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neurofilrillary tangles, amyloid cores of senile plaques, and cerebral ferritin (Garruto 
et al.,  1983 ; Candy et al.,  1992) . 

 Senile plaques and neurofilrillary tangles are of course diagnostic features of 
Alzheimer’s disease. It is not generally appreciated that in dialysis dementia, the 
brain also contains senile plaques and neurofilrillary tangles in the majority of cases 
(Brun & Dictor,  1981) . However, in dialysis dementia, aluminum was not located 
in the neurons but rather, in glial cells and the walls of blood vessels (Good & Perl, 
 1988) . The aforementioned findings involve studies in less than 20 patients (Brun 
& Dictor,  1981 ; Farrar et al.,  1990) . More such studies are needed before it can be 
conclusively stated that the distribution of aluminum in the brain of patients with 
dialysis dementia is not similar to that in patients with Alzheimer’s disease. 

 Although the source of the increased Al +3  in the brain of patients with dialysis 
encephalopathy can theoretically be accounted for on the basis of increased Al +3  
intake,it is unclear as to how the Al +3  enters the brain. The increased body alumi-
num burdens present in uremic subjects may contribute to increased Al +3  content in 
the brain of such individuals. To clarify the role of oral ingestion of aluminum salts 
in the causation of increased brain Al +3  content, it would be instructive to examine 
brain tissue from patients without renal failure who had ingested large quantities of 
Al(OH) 

3
 , i.e., patients with chronic peptic ulcer disease. However since such mate-

rial is not likely to be available, studies in laboratory animals given large quantities 
of aluminum salts should provide similar information. In both rats and dogs receiv-
ing oral aluminum salts, there is a significant increment in brain Al +3  content (Arieff 
et al.,  1979) . Administration of PTH to rats receiving aluminum salts results in an 
additional increment of brain Al +3  content (Graf et al.,  1981) . Thus, in laboratory 
animals, both a chronic increase in oral Al +3  ingestion, or PTH excess, can lead to an 
increase of cerebral cortex Al +3 , even in the absence of renal failure.  

  Alternative Etiologies  

 Many other possible causes of dialysis dementia have been proposed. These include 
other trace element contaminants, normal pressure hydrocephalus, slow virus infec-
tion of the central nervous system, and regional alterations in cerebral blood flow 
(Arieff,  1990) . Slow virus infection of the nervous system is a possible etiology for 
dialysis dementia. The clinical manifestations resemble those of other slow virus 
infections, such as Kuru or Creutzfeldt-Jakob disease (Selkoe, 1978 #4714; 
Gajdusek, 1985 #1662) .

 In summary, dialysis dementia probably represents an end point in a disease of 
multiple etiology. There are at least three subgroups and in two of them the etiology 
of dialysis encephalopathy must be regarded as unknown. The possible role of 
aluminum, or other trace element abnormalities, is unclear. At this time, there is no 
known satisfactory treatment for patients with dialysis encephalopathy. Most 
patients reported in the literature thus far have not survived, usually dying within 
18 months of the time of diagnosis. The syndrome is not alleviated by increased 
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frequency of dialysis, and usually not by renal transplantation (Burks,  1976  #461; 
Arieff,  1983  #497). Definitive therapy must await a better understanding of the 
pathogenesis of this disorder. The use of deferoxamine to chelate aluminum or 
other trace elements is experimental and has not been productive. There has been 
some improvement in patients with dialysis dementia treated with deferoxamine 
(Malluche et al.,  1984) . Deferoxamine can be used to remove aluminum from the 
body, but this approach has not been shown to improve the clinical status of patients 
with dialysis dementia.  

  Other Central Nervous System Complications of Dialysis  

 In addition to dialysis dementia and DDS, there are several other neurological disorders 
which have been reported in patients being treated with dialysis. In most instances, 
patients have initially presented with headache, nausea, emesis or hypotension, 
while some have had seizures. Most such patients have initially been diagnosed as 
having DDS, while others, particularly those with chronic subdural hematoma, 
have been suspected of having dialysis dementia. The disorders include: copper 
intoxications, subdural hematoma, muscle cramps, nonketotic hyperosmolar coma 
with hyperglycemia, cerebral embolus secondary equipment malfunction, acute 
cerebrovascular accident, depletion syndrome, malfunction of fluid proportioning 
system, excessive ultrafiltration with hypotension and seizures, hypoglycemia, and 
Wernicke’s Encephalopathy (Fraser & Arieff,  1993 ; Mahoney & Arieff,  1982) . 
Subdural hematoma is not an infrequent cause of death in patients maintained with 
chronic hemodialysis, although much less after 1990 (Leonard & Shapiro,  1975) . 
This condition may initially present with headache, drowsiness, nausea, and vomiting. 
If the patient loses consciousness or develops signs of increased intracranial 
pressure, a diagnosis of subarachnoid bleeding should be considered. Such episodes 
in uremic patients are usually fatal unless the patients are operated upon. If the 
above symptoms persist between hemodialysis, or progressively worsen, subdural 
hematoma is likely, particularly if the patient is taking anticoagulants. On physical 
examination, there is often evidence of localized neurological disease; there may be 
signs of meningeal irritation and somnolence and focal seizures may be observed. 
The diagnosis can usually be made by modern neuroimaging techniques {computed 
axial tomography (CAT scan) or magnetic resonance imaging (MRI)} (Arieff et al., 
 1994 ; Kucharczyk et al.,  1985) . 

 Improper proportioning of dialysate, due to either human or mechanical error, is 
still an important cause of neurological abnormality in dialysis patients (Bleumle, 
 1968) . The usual effect of such dialysate abnormalities is the production of either 
hypo- or hypernatremia. Both of these abnormalities of body fluid osmolality can 
lead to seizures and coma, although different mechanisms are involved. In acute 
hypernatremia, there will be excessive thirst, lethargy, irritability, seizures, and 
coma, with spasticity and muscle rigidity. In acute hyponatremia there is weakness, 
fatigue, and dulled sensorium, which may also progress to seizures and coma, 
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respiratory arrest, and death. Such symptoms developing soon after initiation of 
hemodialysis should alert the physician to the possibility of such an error. A check 
of the dialysate osmolality or sodium concentration is the most rapid means of 
detecting this problem. Death has been reported as a consequence of either hyper- 
or hyponatremia (Arieff,  1985) . 

 About one liter of fluid per hour can be removed by ultrafiltration hemodialysis 
and about 300 ml/hr by peritoneal dialysis using hypertonic dialysate. Such a rate 
of fluid removal from the intravascular space may be faster than the rate at which 
fluid can be replaced from the interstitial compartment, and hypotension may 
develop. Symptoms of hypotension may include seizures which, although actually 
due to cerebrovascular insufficiency, may be mistaken for DDS, particularly in 
diabetic subjects. 

 Most of the neurologic complications of renal transplantation relate to secondary 
afflictions, such as infection and neoplasia (Chan et al.,  2001) . As already discussed, 
most of the neurologic complications of the uremic state tend to improve following 
renal transplantation. These include the neuropathy, encephalopathy and EEG 
changes (Bolton,  1976 ; Chan et al.,  2001) .  

  Stroke in Patients Treated with Chronic Hemodialysis  

 Cerebrovascular disease is a common cause of serious disability and death in 
chronic hemodialysis patients, and stroke represents the second most frequent 
cause of death (Go et al.,  2004 ; Monk & Bennett,  2006)  (the three most frequent 
are heart attack, stroke and infection) (Mazzuchi et al.,  2000) . In the USA and 
Western Europe (including Israel), cardiovascular disease is far more common in 
dialysis patients than in the rest of the population (Go et al.,  2004 ; Shik & Parfrey, 
 2005) . A part of the reason may be that the major cause of ESRD in the USA is 
diabetes mellitus (27% in 2005), far greater than in Europe (19%) and Japan (10%) 
(Shik & Parfrey,  2005 ; Mauer et al.,  2001) . Among the factors which doubtless 
contribute to the high incidence of stroke in patients with ESRD treated with hemo-
dialysis are the high incidence of hypertension, the large number of such patients 
who have diabetes mellitus, and the accelerated arteriosclerosis in such patients 
(Herzog et al.,  2007) . In addition, uremic patients tend to have high cholesterol 
levels and a high incidence of obesity, and they tend to smoke cigarettes excessively 
(Bronner et al.,  1995) . There is a high incidence of chronic infection in dialysis 
patients, which leads to elevated blood levels of atherogenic risk factors, such as 
cytokines, which appear to contribute to the increased incidence of stroke in such 
patients (Ayus & Sheikh-Hamad,  1998) . The elevated cytokines are largely due to 
the high incidence of chronic inflamatory conditions in chronic hemodialysis 
patients (Ayus & Sheikh-Hamad,  1998) . 

 There is substantial recent evidence that chronic inflamation plays a role in the 
pathogenesis of cardiovascular disease (Panichi et al.,  2000 ; Takaki et al.,  2003) . 
Cytokines released from involved tissues stimulate the liver to synthesize acute 
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phase proteins, including C-reactive protein (CRP). Elevated levels of CRP and 
other cytokines constitute an independent risk factor for cardiovascular disease. 
AGEs can modify tissues, enzymes and  (Miyata et al.,  2000 ,  2001) . AGEs are 
markedly elevated in plasma of patients with ESRD, particularly if they also have 
diabetes mellitus (Breyer et al.,  1996 ; Haag-Weber,  1998 ; Makita et al.,  1991) . 
These AGEs react with vascular cells to inactivate endothelial NO and may increase 
the propensity of ESRD patients to develop arteriosclerosis and hypertension 
(Haag-Weber,  1998) . Patients with uremia have an accumulation of proinflamatory 
compounds, including AGEs, and these probably impair defense mechanisms 
against oxidative injury (Kaysen,  2001) . There is evidence for increased cytokine 
production secondary to blood interaction with bioincompatable dialysis compo-
nents. In particular, blood-dialyzer interaction can activate mononuclear cells, leading 
to production of inflamatory cytokines (Vanholder et al.,  2001) . Synthetic high-flux 
dialyzer membranes are permeable to the pro-inflamatory cytokines, and are capable 
of removing interleukin-1B (IL-1B), tumor necrosis factor alpha and interleukin-6, 
thus offering a potential therapeutic approach (Lonnemann,  2000) . It is unclear 
whether cytokine removal by continuous renal replacement therapy will decrease 
the incidence of stroke. The use of sorbents with continuous plasma filtration offers 
another possibility for a novel therapeutic approach (Ronco et al.,  1998 ; Wratten 
et al.,  2000) . Some of the cytokines, such as IL-1B, tumor necrosis factor alpha, and 
interleukin-6, may induce an inflamatory state, and are believed to play an important 
role in dialysis-related mortality (Zimmerman & Herringer,  1999) . Recent prospec-
tive studies have demonstrated that patients with ESRD and higher blood levels of 
certain cytokines have a greater mortality and have a larger number of cardiovascular 
events (Kaysen,  2001) . Contaminated dialysate water can result in pyogenic sub-
stances of bacterial origin being absorbed into the dialysis membrane (Lonnemann, 
 2000) . The consequence could be induction of an inflammatory response in some 
dialysis patients. Substances of bacterial origin activate circulating mononuclear 
cells to produce proinflamatory cytokines. The cytokines include IL-1B, tumor 
necrosis factor alpha, and interleukin-6, and they mediate the acute phase response 
resulting in elevated levels of acute phase proteins, including CRP (Lonnemann, 
 2000) . The effects of dialysis reuse on cytokine production has not been evaluated, 
but may be important, as reuse could theoretically lead to more contamination of 
the dialysate (Ayus & Sheikh-Hamad,  1998 ; Lonnemann,  2000) . Reactive carbonyl 
compounds and AGEs, which tend to modify proteins in a deleterious manner, can 
be decreased by the use of a peritoneal dialysate containing icodextrin and amino 
acids instead of glucose (Miyata et al.,  2000 ,  2001) . 

 The cardiovascular disease and cerebrovascular disease can lead to cerebral 
ischemia. Cerebral ischemia initiates a number of processes which can lead to 
progressive brain damage (Brott & Bogousslavsky,  2000) . Cerebral ischemia can 
lead to activation of free radicals, NMDA and apoptosis, in the brain, all potential 
mechanisms of brain damage in patients with hypoperfusion or stroke (Vexler et al., 
 1997) . Anoxic injury to brain endothelial cells can increase production of NO, 
which can lead to free radical formation (Kumar et al.,  1996) . Apoptosis, or pro-
gramed cell death, is another mode of destruction of brain cells in stroke (Vexler 
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et al.,  1997) . Glutamate activates the NMDA receptor complex and can also lead 
to later activation of apoptosis (Honig & Rosenberg,  2000) . In general, the 
ischemic event of a stroke only serves to initiate the biochemical events that may 
lead to brain damage. Interventions which counter these biochemical events may 
decrease the brain damage associated with acute stroke. Recent knowledge of the 
pathogenesis of stroke has led to a major expansion in the opportunities for pre-
vention of stroke. High grade carotid stenosis can lead to stroke, although the 
exact numbers of patients who will suffer stroke when they have carotid stenosis 
is not known. Screening patients who have renal failure for the presence of carotid 
stenosis will diagnose a substantial number of such patients, although at consider-
able cost. However, because of noninvasive diagnostic techniques such as duplex 
Doppler ultrasonography, screening for carotid stenosis involves essentially no 
morbidity. Studies of the aortic arch for the presence of large atherosclerotic 
plaques (more than 4 mm thick) is an important predictor for the possibility of 
stroke in the future (Amarenco et al.,  1992) , as is the presence of atrial fibrillation 
(Snow et al.,  2003) . Other common preventive measures include treatment of 
hypertension, cessation of smoking, lowering of plasma cholesterol, control of 
plasma glucose (in diabetic pateints), weight loss, increased exercise, and 
decreased alcohol consumption. Other possible preventive measures include die-
tary antioxidants, low dose aspirin, and a decrease of intake of saturated fatty acids 
(Bronner et al.,  1995) . Although treatment of hypertension is known to decrease 
the incidence of stroke, not all antihypertensive agents are of equal efficacy. In 
general, only beta-blockers, thiazide diuretics and angiotensin-converting enzyme 
(ACE) inhibitors have been shown to reduce the incidence of stroke, whereas, 
alpha-adrenergic blocking agents and short acting calcium channel blockers may 
not (ALLHAT,  2002) . Given that the aforementioned are the likely mechanisms of 
brain damage in a stroke, a whole new field is opened in terms of potential thera-
peutic agents for decreasing brain damage associated with stroke. Such agents 
include calcium channel blockers, inhibitors of NMDA receptors, and agents 
which scavenge free radicals (Albers et al.,  1995) . It is now clear that in many 
cases acute stroke can often be successfully treated, but only if physicians realize 
that stroke should now be considered a medical emergency where timely therapy 
can make the difference in the functional survival of the brain. Therapies for acute 
stroke which are now being administered in teaching hospitals in the USA start 
with acute neuroimaging in the emergency room. An initial CT scan will usually 
reveal acute stroke and if present, serves to differentiate occlusive from hemor-
rhagic stroke. If a non-hemorrhagic stroke is present, treatment prospects can be 
examined with magnetic resonance angiography (MRA), which is non-invasive. 
Contrast should not be administered to patients with impaired renal function, but 
can be given to dialysis patients. When acute stroke is diagnosed within the appro-
priate time window (within three hours of the onset of symptoms) current thera-
pies may include intravenous thrombolytic therapy (Study Group,  1996) , 
intraarterial thrombolytic therapy, antithrombotic and antiplatelet drugs, defibrino-
genating agents and neuroprotective drugs (Brott & Bogousslavsky,  2000 ; del 
Zoppo,  1995 ; rt-PA Stroke Study Group,  1995 ; Sherman et al.,  2000) . Administraton 
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of the defibrinogenating agent ancrod to patients with acute ischemic stroke 
resulted in a better functional status after a 3-month follow-up (Sherman et al., 
 2000) . Nizofenone can scavenge free radicals and inhibit glutamate release, and 
may prove useful as a cerebroprotective agent (Yasuda & Nakajiima,  1993) . 

 Some cases of acute stroke will be due to dissection of the carotid or vertebral 
artery systems. These patients have lesions which are not amenable to dissolution of 
clot, as the obstructing lesion is in fact a hemorrhage in the arterial wall (Schievink, 
 2001) . Dissection of the carotid or vertebral artery system can be initiated by chiro-
practic manipulation of the cervical spine; such maneuvers should probably be 
avoided in dialysis patients (Schievink,  2001) . In addition, some cases of apparent 
acute stroke in dialysis patients will be due to subdural hematoma, which must 
always be considered in the differential diagnosis of stroke in dialysis patients.  

  Sexual Dysfunction in Uremia  

 Disturbances in sexual function are a common complication of chronic renal failure 
(Palmer,  2003) . These complications occur in both genders and may include erectile 
dysfunction, decreased libido and decreased frequency of intercourse (Palmer, 
 2003) . Studies in uremic rats showed that erectile impairment was associated with 
a disturbance in NO synthetase gene expression (Abdel-Gawad et al.,  1999) . Sexual 
dysfunction in men with ESRD treated with maintainance hemodialysis is common, 
and previously impotence was observed in at least 50% of such patients. A number 
of abnormalities associated with renal failure appear to be important in the genesis 
of impotence. There are abnormalities in autonomic nervous system function 
(Campese et al.,  1981 ; Campese & Liu,  1990) , impairment in arterial and venous 
systems of the penis (along with vascular pathology in other vascular beds), hyper-
tension (many drugs used to treat hypertension cause secondary impotence), and 
other associated endocrine abnormalities. There are also the associated effects of 
aging, with impotence observed in over 50% of men over 60 years old who do not 
have renal failure (Lamberts et al.,  1997) . There are a variety of approaches to the 
evaluation of impotency in uremic men (Palmer,  2003) . Patients with ESRD have a 
high incidence of cardiovascular disease, which impairs penile vessels along with 
those of the rest of the body (Meeus et al.,  2000) . The incidence of hypertension is 
also higher in ESRD patients than in the rest of the population, and hypertension is 
a major contributor to vascular disease (Meeus et al.,  2000) . Many drugs used to 
treat hypertension can lead to impotence (calcium channel blockers, beta blockers, 
thiazides, guanethidine). The incidence of depression is high in patients with ESRD, 
and many drugs used to treat depression can lead to impotence (phenothiazines, 
tricyclics, fluxetine). Although appreciaton of the aforementioned abnormalities 
may increase our understanding, until very recently, there was little that could be 
done other than to discontinue certain drugs used to treat hypertension or depres-
sion (Palmer,  1999) . There are now a number of drugs which can successfully treat 
impotence (Leland,  1997) . Alprostadil was successful, but had to be delivered 
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transurethrally (Nathan et al.,  1997) . In particular, sildenafil can be administered 
orally and is highly effective, even in men who have cardiovascular disease 
(Herrmann et al.,  2000)  or uremia (Palmer,  2003) . Other treatments for impotence 
among men with ESRD include penile prostheses, direct injection of alpha block-
ing agents or other vasodilators (papaverine, phentolamine, alprostadil) into the 
penis, and vacuum constrictive devices (Leland,  1997) .      
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 Chapter 12 
 Thiamine Deficiency: A Model of Metabolic 
Encephalopathy and of Selective Neuronal 
Vulnerability        

    Saravanan   Karuppagounder and       Gary   E.   Gibson*    

   Summary    Thiamine (vitamin B1) deficiency (TD) is a unique example of a 
nutritional deficit that produces a generalized impairment in oxidative metabolism 
and leads to metabolic encephalopathy or delirium, memory deficits and selective 
neuronal death in particular brain regions. Experimental TD is a classical model of 
a nutritional deficit associated with a generalized impairment of oxidative metabo-
lism and selective cell loss in the brain. The response to TD is altered by the genetic 
background (i.e., strain) and the age of the animal. Changes in thiamine-dependent 
processes have also been implicated in ischemia (stroke), diabetes and multiple neu-
rodegenerative disorders. An understanding of the mechanism by which TD leads 
to brain dysfunction and eventually to selective neuronal death is likely to facilitate 
our understanding of the role of thiamine in all these disorders. In addition, the 
results are likely to help our understanding of the fundamental mechanisms leading 
to altered neuronal functions and neuronal death in these other disorders.    

  Introduction  

 Thiamine-dependent processes play key roles in the pentose shunt, the linkage of 
glycolysis to the tricarboxylic acid (TCA) cycle and within the TCA cycle. 
Thiamine is rapidly converted to the biologically active form, thiamine pyrophos-
phate (TPP), which is an essential coenzyme for critical metabolic pathways. The 
TPP-dependent enzymes in the brain include transketolase (EC 2.2.1.1), a key 
enzyme of the pentose phosphate shunt. The pentose shunt provides NADPH, 
which is important for maintenance of the redox state of glutathione and for NO•  
production. Although the pentose shunt is generally regarded as cytosolic, evidence 
suggests that a complete pentose shunt also exists in the endoplasmic reticulum. 
This cellular localization suggests that the thiamine-dependent pentose shunt may 
play a role in protein folding. There are also three thiamine-dependent mitochon-
drial enzyme complexes [pyruvate dehydrogenase (PDHC) (EC 1.2.4.1, EC 
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2.3.1.12, EC 1.6.4.3),  α -ketoglutarate dehydrogenase (KGDHC) (EC 1.2.4.2, 
EC 1.2.4.4, EC 2.3.1.61, EC 1.6.4.3) and the branched chain  α -keto acid dehydroge-
nase]. PDHC is the enzyme that links glycolysis and the TCA cycle. PDHC can 
exist in both active and inactive forms. KGDHC is a key and arguably a rate-limit-
ing enzyme of the TCA cycle. Classically, KGDHC and PDHC enzymes provide 
reducing equivalents that are critical for ATP formation. These enzymes are sensi-
tive to oxidants which regulate their activity (Jeitner et al.,  2005) . Recent data sug-
gests that PDHC and KGDHC can also produce H 

2
 O 

2
  (Starkov et al.,  2004) .

Thiamine may play a role in Na + /Ca 2+  exchange and in NO• oxidant signaling 
(Gibson and Blass,  2007  ). 

 For decades, TD has been known to cause neurological disease in humans and 
animals. The classical disease related to thiamine deficiency in humans is 
Wernicke Korsakoff syndrome. The symptoms include delirium, severe memory 
deficits and selective neurodegeneration. The neurological consequences of TD in 
animals have been known for nearly a century and reduced activities of thiamine-
dependent enzymes in brains from TD animals have been documented since Sir 
Rudolph Peters’ classical studies on  “ biochemical lesions ”  in 1929. Recent inter-
est in thiamine-dependent processes has surged because of reductions in thiamine-
dependent enzymes and the expected consequences, including a decline in brain 
metabolic rates and increased oxidative stress accompanying several neurodegen-
erative disorders (see Table  12.1  ). A regionally selective loss of neurons occurs in 
all these disorders, but the molecular and cellular basis is unknown. TD provides 
a highly reproducible model in which mild interruption of oxidative metabolism 

  Table 12.1      Thiamine Deficiency Has Been Implicated in the Symptoms and Pathophysiology 
of Numerous Disorders (Only one to three references of many references are listed. For 
example Pubmed lists 305 references for thiamine and diabetes.)    

 Aquired immune deficiency (AIDS) (Alcaide et al.,  2003)  
 Dialysis (Ueda et al.,  2006)  
 Diabetes (Karachalias et al.,  2005)  (Hammes et al.,  2003)  
 Chemo-therapy (Coy et al.,  2005 ; Foldi et al.,  2007 ; Lee et al.,  2005 ; McLure et al.,  2004)  
 Genetic disorders of thiamine transporter (Neufeld et al.,  2001)  
 Nutrition (Wernicke Korsakoff Syndrome) (Victor et al.,  1971)  
 Age related neurodegenerative disorders 
 Alzheimer’s Disease (Gibson et al.,  1988)  
 Parkinson’s disease (Gibson et al.,  2003 ; Jimenez-Jimenez et al.,  1999)  
 Huntington disease (Klivenyi et al.,  2004 ; Yates et al.,  1990)  
 Down’s (Yates et al.,  1990)  
 Picks (Yates et al.,  1990)  
 ALS (Sheline et al.,  2002)  
 Progressive supranuclear palsy (Park et al.,  2001a)  
 Spinal cerebellar ataxia (Mastrogiacomo and Kish,  1994)  
 Peripheral neuropathy after gastrectomy (Alves et al.,  2006)  
 Lead poisoining (Wang et al.,  2007a)  
 Stroke (Martin et al.,  2005 ; Sheline and Wei,  2006 ; Shin et al.,  2004 ; Shneider,  1991)  
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leads to interruption of neuronal function and eventually to neuronal loss in 
 selective brain regions.     

  Thiamine-Dependent Processes are Altered 
in Multiple Human Diseases  

 Analysis of post-mortem samples from humans who died from various diseases 
confirms that thiamine-dependent processes are altered in human patients with 
disease. The majority of the observations related to age-related neurodegenera-
tive diseases have been made on autopsy tissues especially of the brain but 
measures on blood components and cultured fibroblasts confirm that thiamine 
dependent enzymes are altered in stroke and neurodegenerative diseases. The 
diseases include Wernicke-Korsakoff Syndrome, stroke/ischemia, Alzheimer’s 
disease (AD), Parkinson’s disease, Huntington’s disease, Progressive Supranuclear 
Palsy and at least five adult-onset neurodegenerative diseases that are caused by 
genes containing a variably increased CAG repeat within their coding region. 
The resulting polyglutamine domains bind to enzymes of energy metabolism 
including the thiamine-dependent enzyme KGDHC (Table  12.1 ). There is also a 
large literature on in-born-errors of metabolism in which thiamine dependent 
processes are altered, and the findings have been reviewed recently (Gibson and 
Blass,  2007) . 

 Wernicke Korsakoff syndrome (WKS) is the neurological disorder most clearly 
linked to thiamine deficiency in humans. WK develops in a subset of chronic alco-
holics, who are vitamin deficient because so many calories are consumed as alcohol 
instead of normal diet, and a diet rich in carbohydrates increases the metabolic 
demand for thiamine. Thiamine dependent enzymes were diminished in the brains 
of patients who died with WKS, but not in alcoholic controls (Butterworth et al., 
 1993) . Transketolase in fibroblasts from those patients who develop WKS syn-
drome binds TPP more avidly than the control lines. The Km was nearly ten times 
higher in patients with WKS. Thus, these patients have an abnormality of transke-
tolase that would be clinically unimportant if the diet was adequate (Blass and 
Gibson,  1977 ,  1979) . The latter demonstrate a predisposing biochemical mutation 
to a neurological diseases that is only revealed by inadequate diet. 

 The results that implicate alterations in thiamine-dependent processes in an age-
related disorder are strongest for AD. In post-mortem brains from AD patients, the 
activities of KGDHC are reduced more than 50 – 75% and those of transketolase 
more than 45%. PDHC decreases about 50%. Decreases occur in histologically 
damaged, and in relatively undamaged areas. These decreases occur even though 
the activities of other mitochondrial enzymes increase in brains of AD patients 
(Bubber et al.,  2005 ; Gibson et al.,  1988 ; Hazell and Wang,  2005 ; Heroux et al., 
 1996) . Alterations in thiamine-dependent processes also occur in peripheral tissues 
from patients with AD. Small ( − 12%), but statistically significant abnormalities of 
TPP stimulation of transketolase (a sensitive measure of thiamine status) were 
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identified in red blood cells and of transketolase activities in cultured fibroblasts 
( − 15%) from patients with AD (Gibson et al.,  1988) . Furthermore, KGDHC is more 
sensitive to stress in fibroblasts from controls than from patients with AD (Gibson 
et al.,  1999) . 

 The mechanisms underlying the reductions in thiamine-dependent processes in 
AD brain are still unknown. In general, thiamine-dependent enzymes are  diminished 
without an alteration in protein levels. This suggests that the proteins have been 
modified. This could alter the interaction of thiamine with the protein as appears to 
occur in transketolase from patients with WKS. Since KGDHC is particularly sen-
sitive to oxidants and considerable oxidative stress accompanies AD, oxidant 
dependent modification of the thiamine dependent enzymes has been hypothesized. 
However, convincing data is still lacking. A better understanding of mechanisms 
underlying the deficit in thiamine-dependent processes and of the consequences of 
reducing thiamine-dependent processes will likely lead to the development of better 
treatment paradigms for patients.  

  Thiamine-Dependent Processes are also Diminished in Animal 
Models of Neurological Disease  

 Behavioral deficits related to reduction in thiamine-dependent processes occur in 
animal models of various neurodegenerative diseases. The percentage of PDHC in 
the active form is significantly reduced in R6/2 mice at 12 weeks of age. 
Huntington’s disease is a neurodegenerative illness caused by expansion of CAG 
repeats at the N-terminal end of the protein huntingtin. In striatum and cortex in 
mice with 150 CAG repeats (R6/2 strain) thiamine dependent processes are altered. 
Dichloroacetate (DCA) stimulates PDHC activity and lowers cerebral lactate con-
centrations. DCA significantly increases survival, improves motor function, delays 
loss of body weight, attenuates the development of striatal neuron atrophy, and 
prevents diabetes, and DCA ameliorates the deficit. These results provide further 
evidence for a role of energy dysfunction including deficits in thiamine-dependent 
processes in HD pathogenesis and suggest that DCA may exert therapeutic benefits 
in HD (Andreassen et al.,  2001) . 

 Mice that are deficient in dihydrolipoamide dehydrogenase (Dld+/-), the E3 
component of KGDHC and PDHC show increased vulnerability to 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine, malonate and 3-nitropropionic acid, which have 
been proposed for use in models of Parkinson’s Disease and Huntington’s Disease. 
MPTP cause significantly greater depletion of tyrosine hydroxylase-positive neu-
rons in the substantia nigra of Dld+/- mice than that seen in the wild-type littermate 
controls. Striatal lesion volumes produced by malonate and 3-NP were significantly 
increased in Dld+/- mice. KGDHC activity was also found to be reduced in puta-
men from patients with HD. These findings provide further evidence that thiamine- 
dependent defects may contribute to the pathogenesis of neurodegenerative diseases 
(Klivenyi et al.,  2004) . 
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 TD Models Both the Acute and Chronic Effects of Mild 
Impairment of Oxidative Metabolism 

 TD models both acute and long term mechanisms for how mild impairment of oxi-
dative metabolism alters brain function. Thiamine-dependent processes may induce 
acute changes in function that are not reflected in neuron loss. Such changes 
include altered neurological function through changes in myelination (Kark et al., 
 1975) , axonal conduction (Pawlik et al.,  1977)  and synaptic transmission (Barclay 
et al.,  1982) . TD can also model the chronic changes that result from mild impair-
ment of oxidative metabolism. TD produces selective neuronal loss that induces 
permanent functional deficits. The TD model is powerful to study both. In the early 
stages, there is a clear loss of brain function (both motor performance mediated by 
CNS and memory skills) and no neuronal loss. At later stages, there is neuronal loss 
in specific brain regions, especially the thalamus (Falk et al.,  1976 ; Ke et al.,  2003) . 
Both the acute and chronic abnormalities in response to mild impairment of oxida-
tive metabolism may model similar changes in diseases such as AD or other neuro-
degenerative disorders that are accompanied by mild impairment of oxidative 
metabolism. The acute and chronic changes may occur sequentially or simultane-
ously. A better understanding of the mechanism underlying both the acute and 
chronic deficits in thiamine-dependent processes will probably lead to the develop-
ment of a better treatment paradigm for patients with diseases that are accompanied 
by mild impairment of oxidative metabolism. 

 A variety of models have been developed to study TD. TD in rodents can be 
produced in multiple ways. Simple deprivation of thiamine will deplete thiamine 
and thiamine-dependent processes. However, this expands the time until the symp-
toms occur, and increases the variability for time of the onset of the symptoms. 
Injection of inhibitors of thiamine utilization in conjunction with the thiamine defi-
cient diet shortens the time until onset of symptoms and provides a remarkably 
reproducible model. Pyrithiamine, which is structurally similar to thiamine, blocks 
the thiamine pyrophospho kinase, which catalysis the phosphorylation of thiamine 
to thiamine pyrophosphate (TPP) so that the production of the metabolically active 
form of thiamine, TPP, is impaired. Pyrithiamine readily crosses the blood brain 
barrier so that TD is produced in the brain and in the periphery. On the other hand, 
oxythiamine does not cross the BBB and only produces TD in the periphery. The 
precise timing of the acute and chronic changes in TD varies with the model. All 
the models lead to diminished food intake, so, often paired fed controls are used. 
These have never shown that pathology is related to TD. 

 The TD model can be used to ask mechanistic questions by using either the 
temporal response of changes or by preventing the neuronal loss either with various 
pharmacological treatments or different transgenic mice. One can provide excess 
thiamine to determine when irreversible changes have occurred, which provides 
further insight into mechanism. In addition to manipulation with various pharma-
cological agents (e.g., cholinergic drugs), compounds that bypass the metabolic 
step or block can be administered. For example, ketone bodies can bypass deficits 
in thiamine dependent processes and improve patients’ well being (Blass et al., 
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 1975 ; Falk et al.,  1976) . Thus, the highly reproducible acute and chronic changes 
make TD an attractive model to ask mechanistic questions about how mild impair-
ment of oxidative metabolism impairs brain function.  

  Behavioral Deficits due to TD Precede Neuronal Death 
(Acute Treatment)  

 The ease of assessing behavioral deficits in TD increases the power of the model to 
ask mechanistic questions. Thiamine was originally discovered and isolated by a 
bioassay of neurological function. The loss of righting reflex, opistotonus or even 
seizures were used as end points in early studies. These markers have proved useful 
and are reasonably definitive but are of limited value for mechanistic studies, 
because by the time these changes occur there is neuronal death, and many of the 
observed changes may be secondary to other severe neurological changes (e.g., 
seizures) or other independent pathways. 

 To test the causes of neurological dysfunction and to detect changes in behavior 
at early stages of TD that precede neuronal death in TD mice, several behavioral 
measures have been standardized. The behavioral tasks have also been used to 
determine treatments for the reversal of TD-induced changes or to determine when 
they become irreversible. 

 The string test or tight rope test measures the ability of the mouse or rat to move 
along an elevated taut string. The task is very sensitive to TD and other metabolic 
encephalopathies such as hypoxia. However, successful use requires considerable 
skill and time. After only one day of TD, 38% of rats perform poorly. By day 5 of 
TD, 50% of rats have persistently decreased scores. This occurs before the onset of 
weight loss or appearance of neurological deficits such as seizures. The abnormali-
ties are related to deficits in the central nervous system (CNS) because no altera-
tions occur in rats treated with oxythiamine that does not act in the brain (Barclay 
et al.,  1981a , b) . Nor are the deficits related to a TD-induced weight loss because 
pair fed controls whose diet is restricted do not have these deficits. 

 TD alters spontaneous open field behavior (Barclay and Gibson,  1982 ; Barclay 
et al.,  1982) . TD mice increase  “ staring ”  after just three days of treatment, and this 
is not observed with TD that is restricted to non-brain tissues (i.e., oxythiamine 
treatment) (Barclay and Gibson,  1982 ; Barclay et al.,  1982) . Open field behavior 
can also be followed by the mice breaking a light beam which is tracked with a 
computer. In general, TD increases locomotor activity and this is followed by a 
gradual decrease (Freeman et al.,  1987).  

 Performance on the rotarod task declines with thiamine deficiency in a highly 
reproducible manner. Impaired motor performance on rotarod is apparent by 8 days 
of TD ( − 32%) and is severe by 10 days of TD ( − 97%) (Karuppagounder et al., 
 2007 ; Shi et al.,  2007) . The decline in performance on this task approximates 
changes in neuronal death. Thus, compounds or conditions that improve rotarod 
performance may delay neuron death. 
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 TD also induces memory loss. TD reduces performance on a passive avoidance 
task and the deficit is proportional to the severity of TD (Nakagawasai et al.,  2000a , b) . 
The percentage of mice making an inappropriate choice increases from about 15% in 
controls to greater than 60% with TD. If thiamine is administered at early times of 
TD, the deficits are reversible (Nakagawasai et al.,  2000a , b) . TD reduces the learning 
ability (Y maze performance based on coupling the correct choice to light to avoid 
shock) at a stage of TD when mice do not exhibit regular pathological lesions, the loss 
of cholinergic neurons, decreases of NeuN-positive hippocampal neurons, or abnor-
mal long-term potentiation of hippocampal CA1 and CA3. Re-administering thia-
mine reverses the weakened learning ability (Zhao et al.,  2007) .  

  TD-Induced Behavioral Deficits are Altered by Age 
and Genetics  

 The genetic background of both humans and mice alters their response to both 
genetic and  “ environmentally ”  induced neurodegenerative diseases. Changes in 
open field behavior reveal that genetic background alters the response to TD. Open 
field behavior was determined during thiamin deficiency in two strains of young 
mice. In CD-1 mice, TD reduces total distance traveled and vertical movements 
after 7 days and the decline is more than 50% by day 9. The open field behavior of 
untreated Balb/c mice is about 40% less than in CD-1 mice which respond to TD 
in a qualitatively different manner. The activity of the Balb/c mice increases, and 
then decreases with TD (Freeman et al.,  1987) . Thus, TD provides a convenient and 
reproducible model in which to study the interaction of genetics with mild impair-
ment of oxidative metabolism. 

 TD-induced changes in open field behavior are altered by the age of the mice. The 
locomotor activity of 3 month old mice peaks on day 6 (126% of initial score), 
whereas 10 and 30 month old mice show a much greater increase (about 175% of 
initial scores), and the peak is on day 7. Although the activity of the thiamine-depend-
ent enzyme transketolase (TK) is affected similarly at all ages, the activity of KGDHC 
in the brain of aged mice is more sensitive to thiamine deficiency than in the brain of 
young mice. KGDHC activity declines 41%, 57% and 74% at 3, 10, and 30 months, 
respectively. Thus, the current mouse model is an attractive one to study the interac-
tion of a mild reduction in metabolism with aging (Freeman et al.,  1987) .  

  Reversal of TD-Induced Behavioral Deficits Provides Insight 
into Underlying Mechanisms  

 Reversal of both the acute and long-term effects of TD has been used to test the 
mechanism in TD. The behavioral tasks described in previous paragraphs, espe-
cially the tight rope task, are ideal for studying the effects of drugs on TD-
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induced changes. A series of studies using the tight rope task demonstrate that 
TD induces cholinergic deficiency. Systematic manipulation with cholinergic 
drugs (agonists and cholinesterase inhibitors) reveals that behavioral deficits 
are related to muscarinic, cholinergic abnormalities in the CNS. Indeed, TD-
induced abnormalities can be reversed as well by the cholinesterase inhibitor 
physostigmine or the muscarinic agonist arecoline as with thiamine itself. TD-
induced increases in  “ staring ”  are also ameliorated with central cholinergic 
muscarinic drugs as effectively as with thiamine (Barclay and Gibson,  1982 ; 
Barclay et al.,  1982) . TD-induced decline in the turnover of acetylcholine sup-
ports the behavioral evidence of a decline in cholinergic function (Barclay 
et al.,  1981a) . 

 TD-induced behavioral deficits and neuronal loss can be reversed by the 
administration of thiamine if the treatment is provided early enough. For 
example, in mice, thiamine administration by day 7 of TD prevents TD-
induced neuron loss and deficits in rotarod performance. If thiamine is admin-
istered later, the neuron loss is permanent (Ke et al.,  2003) . These straightforward 
studies are important from a mechanistic point of view because they indicate 
that certain irreversible steps in cell death occur by a defined time in the 
treatment.  

  TD-Induced Neurological Deficits that are Not Reversed 
by Thiamine Administration  

 Thiamine administration after varying periods of TD can be used to determine 
the long term effects of the neuronal loss (or permanent synaptic deficits) due 
to mild impairment of oxidative metabolism. Deficits that persist after admin-
istration of thiamine are due to neuronal death or induction of permanent syn-
aptic deficits. Although TD is used as a tool to create a lesion, the animals are 
not TD during the task. In-vivo acetylcholine efflux, a marker of memory-
related activation, was measured in the hippocampus and the amygdala of TD 
and control rats while they were tested on a spontaneous alternation task. 
During behavioral testing, all animals display increases in acetylcholine efflux 
in both the hippocampus and amygdala. However, during spontaneous alterna-
tion testing acetylcholine efflux in the hippocampus and the alternation scores 
are higher in control rats than in TD-treated rats. In contrast, acetylcholine 
efflux in the amygdala is not suppressed in TD treated rats, relative to control 
rats, prior to or during behavioral testing (Roland and Savage,  2007 ; Savage et 
al.,  2007) . This approach allows assessment of specific pathways that are per-
manently altered by TD and their role in memory independent of the acute 
effects of mild impairment of oxidative metabolism (Langlais and Savage, 
 1995 ; Roland and Savage,  2007 ; Savage et al.,  2007) .  
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  Impairing Thiamine-Dependent Processes Alters Cholinergic 
Function and Behavioral Performance, and Induces Cell Death  

 Behavioral deficits related to reduction in thiamine-dependent process occur in ani-
mal models of delirium. Hypoxia is a classical model of delirium. Hypoxia, like TD, 
diminishes performance on the tight rope task. The behavioral abnormalities can be 
ameliorated by cholinomimetics that act in the CNS (Gibson et al.,  1983) . Whether 
this is directly related to thiamine-dependent processes is not clear but inhibitors of 
PDHC or KGDHC diminish acetylcholine synthesis. Any impairment of pyruvate 
dehydrogenase leads to a corresponding reduction in acetylcholine synthesis (Gibson 
et al.,  1975) . Impairing flux through KGDHC also impairs cholinergic function 
(Gibson and Blass,  1976) . The direct link of these thiamine dependent enzymes to 
cholinergic function may be a component of all metabolic encephalopathies includ-
ing hypoxia and hypoglycemia (Gibson and Blass,  1976)  as well as TD. 

 Thus, TD is a typical metabolic encephalopathy, like hypoxia and hypoglycemia. 
All appear to intervene with the same thiamine-dependent steps in metabolism and 
lead to a reduction in cholinergic function. These changes can be mediated inde-
pendent of neuronal death and can occur in the absence of any neuronal death.  

  The Temporal Sequence of Selective Neuronal Death in TD 
Can Be Used to Study Mechanism  

 TD, like all neurological diseases, exhibits selective vulnerability. TD causes selec-
tive neuronal death in specific brain regions, while microglia, endothelial cells and 
astrocytes are activated (Ke and Gibson,  2004) . The brain regions in which the 
neurons die in TD have been described extensively. Neuropathologic evaluation of 
the brains of patients with WKS reveals a highly selective and reproducible pattern 
of neuronal cell loss involving primarily diencephalic and brainstem structures. 
Bilateral symmetrical lesions are consistently observed in thalamic nuclei, mam-
millary bodies, inferior colliculi, inferior olivary nuclei, and lateral vestibular 
nuclei (Victor et al.,  1971) . The changes during TD in rodents mimic those in WKS 
but differ from those in AD and other neurodegenerative diseases. Nevertheless, the 
processes that make these neurons may also underlie the selective vulnerability of 
neuronal populations in other diseases that are accompanied by mild impairment of 
oxidative metabolism. Even if different details are involved in each disease, an 
understanding of selective vulnerability in TD will probably shed light on the 
molecular events underlying all neurodegenerative diseases. 

 The time frame of the neuron death in TD makes it particularly valuable for 
studies of selective cell death in neurodegenerative disorders. In mice, the time 
course of TD-induced changes in neurons was determined in the most sensitive 
brain region, the submedial thalamic nucleus (SmTN). Significant neuronal loss 
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(29%) occurs after 8 or 9 days of TD (TD8-9) and increases to 90% neuron loss by 
days 10 – 11. At this time the damage spreads to other regions of the thalamus. To 
test the duration of TD critical for irrevocable changes, mice received thiamine after 
various durations of TD. Thiamine administration on day 8 blocks further neuronal 
loss, partially reverses effects on day 9, and is ineffective on days 10-11. These 
studies indicate that irreversible steps leading to neuronal death are active by day 
9. This model provides a unique paradigm for elucidating the molecular mecha-
nisms involved in neuronal commitment to neuronal death cascades following mild 
impairment of oxidative metabolism (Ke et al.,  2003) . Selective vulnerability 
occurs in all neurodegenerative disorders and the mechanisms underlying the neu-
ronal death are still unknown. Determining the mechanism for selective vulnerabil-
ity in TD will probably help in an understanding of these other disorders.  

  Immunocytochemical, Histochemical and 
Message Studies to Evaluate Selective
Vulnerability  

 One possibility for selective vulnerability is the distribution of thiamine-
dependent enzymes in the brain. Thus, the thiamine-dependent enzymes in the 
brain were mapped immunochemically, with histochemistry and by message 
levels. 

 KGDHC occurs at low levels in neurons, glia and neutrophil throughout the rat 
brain. Some regions including those that are enriched with the cholinergic neuronal 
marker, choline acetyltransferase (ChAT), show relatively high perikaryal enrich-
ment of KGDHC. In several regions, virtually all cholinergic neurons are enriched 
with KGDHC (Calingasan et al.,  1994a , b) . In the cerebral cortex, high immunore-
activity occurs mostly in layers III, V, and VI. The hippocampal pyramidal layer in 
CA1 and CA2 exhibits more intense staining than CA3. In the mammillary body, 
intensely labeled cells occur in the supramammillary and lateral nuclei. The basal 
forebrain, basal ganglia, reticular and midline thalamic nuclei, red nucleus, pons, 
cranial nerve nuclei, inferior and superior colliculi, and cerebellar nuclei also con-
tain highly immunoreactive neurons. The distribution of KGDHC overlaps with 
that of PDHC (Calingasan et al.,  1994b) . Thus, there is a regional distribution and 
high overlap of KGDHC with cholinergic neurons that may account for the acute 
effects of TD and the link with cholinergic function. However, there is no apparent 
relation between distribution of the thiamine-dependent enzymes KGDHC or 
PDHC and TD-induced neuronal death. Furthermore, there is no relation between 
the regional selective neuron death and the response of these enzymes to thiamine 
deficiency. The enrichment of thiamine-dependent enzymes in neurons may 
account for neuronal vulnerability, but it does not account for the loss of neurons in 
different brain regions. 

 Analysis of the individual KGDHC subunits does not reveal a regional selective 
change either. Western blots and immunocytochemistry reveal different aspects of 
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the changes in protein levels. By Western blot analysis of samples from the vulner-
able region (SmTN), the immunoreactivity of E1k and E3 increases by 34% and 
40%, respectively, but only at mid stage TD. In the non-vulnerable cortex, the 
immunoreactivity of the three subunits is not altered. Immunocytochemical staining 
of brain sections from mice in late stages indicates a reduction in the immunoreac-
tivity of all subunits in SmTN, but not in the cortex. Reductions in the E2k and E3 
mRNA in SmTN occur before neuronal death ( − 28% and  − 18%, respectively) and 
are more severe at the time of neuronal death ( − 61% and  − 66%, respectively). On 
the other hand, the level of E1k mRNA did not decline in SmTN until TD10 
( − 48%). In contrast, TD did not alter mRNA levels of the subunits in the cortex at 
late stages (Shi et al.,  2007) . 

 Immunocytochemical measures only represent protein levels, so a unique 
method was devised to assess the activities of thiamine dependent enzymes. Since 
enzyme activities measured by traditional methods in a test tube do not necessarily 
reflect activities in the brain, methods were developed to assess activities in more 
complicated and life-like environments. These histochemical methods provide a 
way to estimate the activity of KGDHC in living cells and in frozen sections. By 
this method, a loss in activity occurs in the selectively vulnerable region but only 
at later stages when there is already a decline in the number of neurons. At late 
stages, the overall KGDHC activity declined 52% in vulnerable regions but only 
20% in relatively spared regions (Shi et al.,  2007) . Thus, decreased KGDHC 
activities as measured by histochemical methods cannot account for regional 
selectivity (Shi et al.,  2007) . 

 The heterogeneous distribution of TK may reflect a variety of metabolic 
activities among different brain regions but does not provide a simple molecular 
explanation for selective cell death in either thiamine deficiency or other condi-
tions where TK is reduced (Calingasan et al.,  1995c) . Parallel distribution of all 
TPP-dependent enzymes occurs in many regions. But the distribution does not 
correlate with the predilection of particular brain regions to pathological or 
biochemical lesions in some neurodegenerative disorders. Thus, there is no cor-
relation between selective vulnerability and regional distribution of TK 
(Calingasan et al.,  1995c) . Furthermore, the response of TK to TD does not 
parallel selective vulnerability. TK activity declines in both vulnerable and 
spared regions in TD. Immunoblots show a parallel reduction of TK protein. 
With a few exceptions, immunocytochemistry indicates an overall decline of 
TK immunoreactivity and the decrease is not specific to vulnerable areas. In 
contrast to the pronounced, general decline of TK protein, in situ hybridization 
reveals a regional decrease of 0 − 25% of TK mRNA in TD. Northern blots indi-
cate a similar level of TK mRNA in whole brain in TD. These results show that 
the decline of TK activity results from a proportional decrease of TK protein, 
and the deficiency may be due to an instability of TK protein or an inhibition 
of TK mRNA translation. The lack of correlation of the distribution and the 
absence of specific alteration of TK in affected regions suggest that the reduced 
TK may not be linked directly to selective vulnerability in thiamine deficiency 
(Sheu et al.,  1996) .  
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  Ex Vivo Studies to Evaluate Selective Vulnerability  

 An alternative strategy to determine the molecular basis of selective vulnerability 
is to make the animal thiamine deficient and then remove the tissue from vulnerable 
and non-vulnerable regions (e.g., brain slices) and use the tissue for in vitro studies. 
This allows assessment of much more dynamic measures such as metabolic fluxes 
to be monitored. To clarify the enzymatic mechanisms of brain damage in TD, glu-
cose oxidation, acetylcholine synthesis, and the activities of the three major TPP-
dependent brain enzymes were compared in untreated controls, in symptomatic 
pyrithiamine-induced thiamin-deficient rats, and in animals in which the symptoms 
had been reversed by treatment with thiamine. Although brain slices from sympto-
matic animals produce  14 CO 

2
  and  14 C-acetylcholine from [U- 14 C] glucose at rates 

similar to controls under resting conditions, the K + -induced-increase in these varia-
bles is reduced by 50 and 75%, respectively. The activities of transketolase and 
KGDHC decrease 60 – 65% and 36%, respectively. The activity of PDHC did not 
change nor did the activity of its activator pyruvate dehydrogenase phosphate phos-
phatase (EC 3.1.3.43). Although treatment with thiamine for 7 days reverses the 
neurological symptoms and restores glucose oxidation, acetylcholine synthesis and 
2-oxoglutarate dehydrogenase activity to normal, transketolase activity remains 
30 – 32% lower than in the controls (Gibson et al.,  1984) . 

 To further elucidate the molecular basis of the selective damage to various brain 
regions by thiamin deficiency, changes in enzymatic activities were compared to 
carbohydrate flux through various pathways from vulnerable and nonvulnerable 
regions at late or end stages of TD. The changes in enzyme activities do not parallel 
the pathological vulnerability of these regions to TD.  14 CO 

2
  production from  14 C-

glucose labeled in various positions was utilized to assess metabolic flux. At late 
stages of TD,  14 CO 

2
  production in the vulnerable regions declined severely ( − 46 to 

70%) and approximately twice as much as those in non-vulnerable regions. Also, 
the ratio of enzymatic activity to metabolic flux increased as much as 56% in the 
vulnerable regions, but decreased 18 to 30% in the non-vulnerable region. These 
differences reflect a greater decrease in flux than enzyme activities in the vulnera-
ble regions. Thus, selective cellular responses to TD can be demonstrated ex vivo, 
and these changes can be directly related to alterations in metabolic flux. Since they 
cannot be related to enzymatic alterations in the three regions, factors other than 
decreases in the activity of these TPP-dependent enzymes must underlie selective 
vulnerability in this model of thiamin deficiency (Gibson et al.,  1989) .  

  TD-Induced Changes in Inflammation and Oxidative Stress 
Support their Role in the Selective Neuronal Death During TD  

 In contrast to the more general changes in thiamine-dependent enzyme markers, TD-
induced increases in markers of oxidative stress and inflammation in vivo  generally 
parallel selective vulnerability. Whether these changes cause or follow neuronal death 
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has been tested by following the temporal response in multiple cell types and by test-
ing the consequences of various genetic knockouts. The temporal responses of the 
changes in TD brains provide insight into the mechanism for cell death in thiamine 
deficiency. The time course of cell specific TD-induced changes in neurons and 
microglia were determined in the brain region most sensitive to TD (i.e., the subme-
dial thalamic nucleus (SmTN); Fig.  12.1  ). Although only neurons will die, changes 
occur in microglia and endothelial cells before neuronal loss. Significant  neuron  loss 
(29%) occurs after 8 or 9 days of TD and increases to 90% neuron loss by days 10 – 11 
of TD. The changes in neurons include introduction of oxidative stress as indicated 
by nitrotyrosine formation and alterations in APP processing including the formation 
of neuritic clusters, protein nitration, and hydroxynonenal. The number of  microglia  
increases 16% by day 8 of TD and by nearly 400% on day 11 of TD. The changes in 
microglia include induction of CD40, iNOS, hemeoxygenase-1, nitrotyrosine, inter-
leukin-1 β , TNF α , increased redox active iron and ferritin as well as altered amyloid 
precursor protein processing (Calingasan et al.,  1999 ; Karuppagounder et al.,  2007) . 
Hemeoxygenase-1 (HO-1) positive microglia are not detectable at day 8 of TD, yet 

  Fig. 12.1      Interaction of cell types in the pathophysiology of TD (See also Color Insert)        
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increase  dramatically co-incident with neuron loss. The induction in  endothelial cells  
includes NADPH diaphorase, iron and the antioxidant protein  ferritin, eNOS and 
ICAM-1 (Calingasan et al.,  1998) . Changes in endothelial cells, especially ICAM-1 
may allow migration of T-cells, neutrophils and mast cells. These peripheral cells 
may react with endogenous receptors on microglia and astrocytes to induce an 
inflammatory response. Changes in  astrocytes  include induction of CD40L, inter-
leukin-6 and at later times increased GFAP (Karuppagounder et al.,  2007 ; Ke et al., 
 2005a ; Todd and Butterworth,  1999)  and decreased expression of glutamate trans-
porters (Desjardins and Butterworth,  2005 ; Hazell et al.,  2003) . The induction of 
CD40L on astrocytes appears to be important in the induction of neuron loss. The 
decrease in glutamate transporters appears important since at least in the late stages 
of TD, glutamate increases and glutamate blockers protect against neuron loss (Hazell 
et al.,  1993 ; Langlais and Mair,  1990) . Other peripheral cells are also part of the TD-
induced response. For example, activated mast cells that release histamines are 
present in TD brains (McRee et al.,  2000 ; Meng and Okeda,  2003) . Peripheral mac-
rophages that release myeloperoxidase are also present in these selectively vulnerable 
regions (Calingasan et al.,  2000) .  

 To test whether the responses of individual cell types reflect inherent properties 
of the cells, the reaction of different brain cell types to TD and/or inflammation in 
vitro has been determined. The cells that have been implicated in TD-induced neu-
rotoxicity, including neurons, microglia, astrocytes, and brain endothelial cells, as 
well as neuroblastoma and BV-2 microglial cell lines, were cultured in either thia-
mine-depleted media or in normal culture media with amprolium, a thiamine trans-
port inhibitor. The activity levels of a key mitochondrial enzyme, KGDHC, were 
uniquely distributed among different cell types: The highest activity was in the 
endothelial cells, and the lowest in primary microglia and neurons. The unique dis-
tribution of the activity did not account for the selective response to TD. TD slightly 
inhibited general cellular dehydrogenases in all cell types, whereas it significantly 
reduced the activity of KGDHC exclusively in primary neurons and neuroblastoma 
cells. Among the cell types tested, only in neurons did TD induce apoptosis and 
cause the accumulation of 4-hydroxy-2-nonenal, a lipid peroxidation product. The 
results demonstrated that the selective cell changes during TD in vivo reflect inher-
ent properties of the different brain cell types (Park et al.,  2000) . 

 To test the interaction of the various cell types during TD, TD primary hippoc-
ampal neurons were either cultured alone, or co-cultured with primary astrocytes or 
microglia. After 7 days of TD, 50% of the neurons died, and the processes of many 
of the surviving neurons were severely truncated. When TD neurons were co-cultured 
with astrocytes or microglia, neurons did not die or show decreased neurite 
outgrowth. This shows that neuronal-glial interactions are critical for maintaining 
neuronal homeostasis during chronic metabolic impairment (Park et al.,  2001b) . 

 The induction of inflammatory markers at the gene level (i.e., mRNA) is region- 
and cell-specific. A micropunch technique was used to evaluate quantitatively the 
selective regional changes in mRNA and protein levels. To test whether this method 
can distinguish between changes in vulnerable and non-vulnerable regions, markers 
for neuronal loss (NeuN) and endothelial cells (eNOS) and inflammation (IL-1 β , 
IL-6 and TNF- α ) in SmTN and cortex of control and TD mice were assessed. TD 
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significantly reduced NeuN and increased CD11b, GFAP and ICAM-1 immunore-
activity in the vulnerable SmTN as revealed by immunocytochemistry. When 
assessed on samples obtained from the SmTN by the micropunch method, NeuN 
protein declined ( − 49%), while increases in mRNA levels occurred for eNOS (3.7-
fold), IL-1 β  (43-fold), IL-6 (44-fold) and TNF- α  (64-fold) in SmTN with TD. The 
only TD-induced change that occurred in the cortex with TD was an increase in 
TNF- α  (22-fold) mRNA levels. Immunocytochemical analyses revealed that IL-1 β , 
IL-6 and TNF- α  protein levels increased in TD brains and colocalized with glial 
markers. The results demonstrate that TD induces quantitative, distinct inflamma-
tory responses and oxidative stress in vulnerable and non-vulnerable regions that 
may underlie selective vulnerability (Karuppagounder et al.,  2007) . 

 To further test the role of inflammatory/immune mechanisms in TD-induced 
neurodegeneration, the temporal profile of neurodegeneration was compared to the 
activation of CD68-positive microglia and ICAM-1-positive endothelial cells dur-
ing TD in wild type mice and in CD40L-/- mice. The results demonstrate that CD40 
and CD40 ligand (CD40L), two co-stimulatory immune molecules, are involved in 
TD-induced selective neuronal death. TD induces CD40 immunoreactivity in 
microglia and CD40L immunoreactivity in astrocytes. Both CD40-positive micro-
glia and CD40L-positive astrocytes increase during the progressive TD-induced 
neuronal death. The number of CD40L-positive astrocytes increase whenever the 
number of NeuN-positive neurons decrease (Ke et al.,  2005a , b) . 

 In general, the results indicate that TD induces alterations in endothelial cells 
and microglia occur contemporaneously and precede those in astrocytes and neu-
rons. This suggests that the initial oxidative stress is amplified in feedback loops 
and eventually leads to neuronal death (Fig.  12.1 ).TD provides a unique model for 
elucidating the molecular mechanisms involved in neuronal commitment to neuro-
nal death cascades and contributory microglial activity. Inflammation and oxidative 
stress may play a major role in TD-induced selective vulnerability (Karuppagounder 
et al.,  2007 ; Ke et al.,  2003 ; Ke and Gibson,  2004) .  

  Selective Changes in the Blood-Brain Barrier Suggest 
that they are Involved in Selective Neurodegeneration  

 Alterations in the blood-brain barrier (BBB) could allow entry of peripheral macro-
phages into the brain. This would promote neurodegenerative processes. Late stages of 
TD are characterized by hemorrhages in the brain indicating a severe disruption of the 
BBB. Although these changes are restricted to areas of damage, the relation of the 
breakdown of the BBB to selective neuron loss in TD is not understood. The BBB was 
examined at different stages of TD using immunoreactivity of immunoglobulin G 
(IgG) as an indicator of BBB integrity. IgG increases in vulnerable regions prior to the 
onset of neuronal death and  hemorrhage. Non-vulnerable regions display little or no 
IgG immunoreactivity. Electron  microscopy of capillary endothelia in areas of IgG 
accumulation reveals perivascular edema and intact interendothelial tight junctions. 
Thus, TD leads to a breakdown of the BBB in vulnerable regions prior to or coinciding 
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with hemorrhage and cell loss (Calingasan et al.,  1995a) . The presence of mast cells 
that produce histamine and neutrophils that produce myeloperoxidase suggest migra-
tion of cells from the periphery to sites of TD-induced injury. Whether the histamine 
release precedes of follows the BBB changes is controversial (Calingasan et al.,  2000b ; 
McRee et al.,  2000 ; Meng and Okeda,  2003) .  

  Changes in Amyloid Precursor Protein in Response to TD  

 Mild impairment of oxidative metabolism alters processing of proteins and can 
possibly lead to the pathology that accompanies neurodegenerative diseases. This 
has been studied most exhaustively for the pathology related to AD. Amyloid pre-
cursor protein (APP) and amyloid- β -peptide (A β ) are critical in the formation of 
plaques in AD and these proteins have an important function in calcium regulation 
and cell death pathways. In rats, TD-induced cell degeneration is accompanied by 
an accumulation of APP/amyloid precursor-like protein 2 (APLP2) immunoreactiv-
ity in abnormal neurites and perikarya along the periphery of, or scattered within, 
the lesion. While immunocytochemistry and thioflavine S histochemistry fail to 
show fibrillar beta-amyloid, APP-like immunoreactivity accumulates in aggregates 
of swollen, abnormal neurites and perikarya along the periphery of the infarct-like 
lesion in the thalamus. Immunoblotting of the thalamic region around the lesion 
reveals increased APP-like holoprotein immunoreactivity. Regions without appar-
ent pathological lesions show no alteration in APP-like immunoreactivity. Thus, the 
oxidative insult associated with cell loss, hemorrhage and infarct-like lesions dur-
ing TD leads to altered APP metabolism (Calingasan et al.,  1995b) . 

 Prompted by these data and our previous findings of a genetic variation in the 
development of TD symptoms, the studies were extended to mice. In C57BL/6, 
ApoE knockout, and APP YAC transgenic mice, TD induces abnormal clusters of 
intensely immunoreactive neurites only in areas of damage. The clusters appear as 
either irregular clumps or round or oval rosettes that strikingly resemble the neuritic 
component of Alzheimer amyloid plaques. However, immunostaining using vari-
ous antisera to synthetic A β  and thioflavine S histochemistry fail to show evidence 
of a component of A β . This is the first report that chronic oxidative deficits can lead 
to this novel pathology (Calingasan et al.,  1995b ,  1996) . 

 To study the effects of TD on plaque pathology, TD was induced in 45, 60 and 
90 day-old transgenic mice over expressing a doubly mutated human amyloid pre-
cursor protein (APP). TD significantly increases the compact (Thioflavine-S or 
Congo red) and diffuse (4G8 or 6E10-immunoreactive) plaques. Quantification of 
plaques in the cortex, hippocampus, olfactory bulb, cerebellum, thalamus, hypotha-
lamus and neostriatum reveals a marked acceleration of amyloid deposition in TD 
compared to saline treated animals. Thus, the plaques are not associated only with 
regions with selective neuronal death. These plaques are associated with activated 
microglia (CD11b-immunoreactive) and are surrounded by reactive astrocytes 
(GFAP-immunoreactive). These findings demonstrate that the induction of mild 
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impairment of oxidative metabolism, oxidative stress and inflammation induced by 
TD also promotes accumulation of plaques (Karuppagounder et al.,  2006) .  

  Prevention of Cell Death as a Test of Mechanism  

 Prevention of neuron death at various stages of TD can be used to test theoretical 
mechanisms. A variety of means have been used to protect against cell loss in TD. To 
test the duration of TD critical for irrevocable changes, mice received thiamine after 
various durations of TD. Thiamine administration on day 8 of TD blocks further neuro-
nal loss and induction of HO-1 positive microglia, whereas other microglial changes 
persist (Ke et al.,  2003) . Thiamine treatment only partially reverses effects on day 9 of 
TD, and is ineffective on days 10 – 11. These studies indicate that irreversible steps lead-
ing to neuronal death and induction of HO-1 positive microglia occur on day 9. This 
suggests that reversal of changes that occur prior to this would prevent neuronal death 
and the reversal of the cell death by thiamine allows a test of the mechanism. 

 Another productive way to prevent neuron death is the use of mice that have 
genetic knockout of various inflammatory/oxidative stress genes. The immuno-
chemical results described in previous sections demonstrate several steps that pre-
cede neuronal death. If these indicators are important, then knockout of these 
molecules should protect against neuronal death. This approach has the obvious 
limitation that other pathways may compensate. Several paradigms partially protect 
including knockouts of ICAM-1 (Calingasan et al.,  2000b) , eNOS (Calingasan 
et al.,  2000a) . Each provides protection of about 20%. On the other hand, knock-
outs of iNOS and nNOS do not provide any protection (Calingasan and Gibson, 
 2000b) . One interpretation of these findings is that the signal is initiated from the 
neurons and is then exaggerated by the microglial and endothelial cell responses. 

 In early stages of TD, targeted deletion of CD40 diminishes the number of 
CD40L-positive astrocytes and reduces neuronal death by 35%. The number 
of CD40L-positive astrocytes increases whenever the number of NeuN-positive 
neurons decrease. In early stages of TD, deletion of CD40L diminishes CD40-
positive microglia and reduces the neuronal death by 64%. In advanced phases of 
TD, neither CD40 nor CD40L deletion protects against neuronal death. The results 
indicate that CD40-CD40L interactions promote neuronal death in early stages of 
TD, but that at later phases the protective effects of the diminished CD40 or CD40L 
are over-ridden by other mechanisms (Ke et al.,  2005a , b) . 

 The roles of other peripheral inflammatory cascades in TD-induced neuronal 
death have also been tested (Table 12.3). Deletion of genes for CD4, or CD8 (the 

  Table 12.2      CD40 and CD40L Alter the Response to Thiamine Deficiency    
 Protective  Summary 

 CD40 -/-  yes  Delays neuronal death; ↓  CD40L astrocytes 
 CD40L -/-  yes  Delays neuronal death;  ↓ CD40 microglia;  ↓ activation 

 of  microglia and endothelial cells 
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co-receptors for T-cells), IFN-gamma (the cytokine produced by T-cell), or 
NADPH oxidase (the inflammation related oxidase) were tested. None protect 
against neuronal death in late stages of TD. On the other hand, deletion of the genes 
for CD4, CD8 and IFN-gamma increase microglial activation, and deletion of the 
gene for NADPH oxidase decrease microglial activation when compared to control 
mice. In wild type mice, TD causes hypertrophy of CD68 positive microglia without 
increasing the number of microglia. However, TD induces hypertrophy and prolif-
eration of CD68-positive microglia in the CD4 (97%), CD8 (57%) or IFN-gamma 
(96%) genetic knockout mice. In the genetic knockout mice for NADPH oxidase, 
the microglial activation was 65% less than the wild type mice. The results demon-
strate that mice deficient in specific T cells (CD4-/-, CD8-/-) or activated T cell 
product (IFN-gamma-/-) have increased microglia activation, but mice deficient in 
NADPH oxidase have decreased microglial activation. However, at the time point 
tested, the deletions are not neuroprotective. The results suggest that inflammatory 
responses play a role in TD-induced pathological changes in the brain, and the 
inflammation appears to be a late event that reflects a response to neuronal damage, 
which may spread the damage to other brain regions (Ke et al.,  2006) (Table 12.2). 

 Diminishing oxidative stress diminishes TD-induced neuron loss. Dietary restric-
tion prolongs life span in rodents. It is thought to do this by enhancing the ability of 
tissues to handle oxidative stress. Dietary restriction limits TD-induced oxidative 
stress as assessed by heme-oxygenase-1 and limits the neuronal loss (Calingasan and 
Gibson,  2000a) . At the symptomatic stage, complexin I and complexin II levels (syn-
apse markers) in the medial thalamus decrease by 63% and 45%, respectively, com-
pared to control animals. Cotreatment with the antioxidant N- acetylcysteine prevents 
both neuronal loss and down regulation of complexins (Hazell and Wang,  2005) .  

  The Cellular Basis of Cell Death in Response to Mild 
Impairment of Oxidative Metabolism (Fig.  12.2  )   

  Cell Culture 

 Cells in culture allow much more detailed studies of mechanism than in vivo. Cultured 
cerebellar granule neurons were treated with amprolium, a potent  inhibitor of thiamine 
transport. Exposure to amprolium causes apoptosis and the generation of reactive 

  Table 12.3      Peripheral Inflammatory Cells/Signals Alter the Microglial 
Response to TD    

 Hypertrophy  Proliferation  Activation 

 Wild type   ↑    ↔    ↑  
 CD4 -/-   ↑    ↑    ↑  
 CD8 -/-   ↑    ↑    ↑  
 IFN γ  -/-   ↑    ↑    ↑  
 NADPH oxidase -/-   ↓    ↓  
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oxygen species in cerebellar granule neurons. Similar to observations in vivo, TD up-
regulates markers for ER stress. Treatment with a selective inhibitor of caspase-12 
significantly alleviates amprolium-induced death of the neurons. Thus, ER stress may 
play a role in TD-induced brain damage (Wang et al.,  2007c) . In a complementary 
series of studies, cerebellar granule cells were exposed to thiamine-deficient medium 
for up to 7 days in the absence or presence of the central thiamine antagonist pyrithia-
mine. Exposure of cells for 7 days to thiamine-deficient medium alone causes no 
detectable cell death. On the other hand, pyrithiamine treatment reduces thiamine 
phosphate esters, decreases activities of the thiamine-dependent enzymes KGDHC 
and transketolase, causes a two-fold increase in lactate release, a lowering of pH, and 
significant cell death. DNA fragmentation studies did not reveal evidence of apoptotic 
cell death. Addition of alpha-tocopherol (vitamin E) or butylated hydroxyanisole to 
TD cells protects. Furthermore, MK-801, an NMDA receptor antagonist, is not neuro-
protective. These results suggest that reactive oxygen species (ROS) play a major role 
in thiamine deficiency-induced neuronal cell death (Pannunzio et al.,  2000) . 

 Specific inhibitors of thiamine-dependent enzymes are useful in determining how 
reductions in thiamine-dependent enzymes lead to cell death and how these changes 
may relate to the acute changes induced by the inhibition of KGDHC. As discussed 
earlier, the acute reduction in KGDHC activity impairs acetylcholine synthesis. 
Eventually these same processes and/or additional steps lead to neuron death.  α -
keto- β -methyl-n-valeric acid (KMV), a structural analogue of  α -ketoglutarate, was 
used to inhibit KGDHC activity in order to test effects of reduced KGDHC on mito-
chondrial function and cell death cascades in PC12 cells. KMV decreases  in situ  
KGDHC activity by 52% (1 hr) or 65% (2 hr). Under the same conditions, KMV 
does not alter the mitochondrial membrane potential (MMP) nor production of reac-
tive oxygen species (ROS). However, KMV increases lactate dehydrogenase (LDH) 
release from cells by 100%, promotes translocation of mitochondrial cytochrome c 
to the cytosol, and activates caspase-3. Inhibition of the mitochondrial permeability 
transition pore (MPTP) by cyclosporin A partially blocks this KMV-induced change 
in cytochrome c ( − 40%) and LDH ( − 15%) release, and prevents cell death. Thus, 
impairment of this key mitochondrial enzyme in PC12 cells may lead to cytochrome 
c release and caspase-3 activation by partial opening of the MPTP before the loss of 
mitochondrial membrane potentials (Huang et al.,  2003) . 

 Thiamine alters the genetic response to cell injury to protect cells. TPP inhibits p53 
DNA binding, and the thiamine inhibits intracellular p53 activity. Thiamine affects two 
p53-regulated cellular responses to ionizing radiation: rereplication and apoptosis 
(McLure et al.,  2004) . Thiamine also interacts with NFkappaB. Diabetes induces 
NFkappaB and this induction is diminished by thiamine (Hammes et al.,  2003) .  

  Protein Processing 

 TD alters protein processing and induces endoplasmic reticulum (ER) stress which 
is a response to unfolded proteins. The microsomal fractions contain 20 – 24% of the 
thiamine in the cells (Balaghi and Pearson,  1966) . TD up-regulates several markers 
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of ER stress, such as glucose-regulated protein (GRP) 78, growth arrest and DNA-
damage inducible protein or C/EBP-homologus protein (GADD153/Chop), and 
phosphorylation of eIF2alpha and cleavage of caspase-12 (Wang et al.,  2007c) . 
Large increases (as much as 5.5 fold) and a subsequent decline precede neuronal 
death. ER morphology is altered in the thalamus and this occurs before the loss of 
neurons. The changes include swelling accompanied by enlargement of the lumen. 
The rough ER displays an irregular packing pattern in the thalamus of TD mice. All 
these changes precede neuronal death (Wang et al.,  2007c) .  

  Translocation of Proteins to the Nucleus 

 TD induces translocation of proteins to the nucleus that alter transcription. Many of 
the changes that are described above occur in microglia or endothelial cells before 
any changes occur in neurons. Recent studies suggest that migration of proteins 
(transcription factors) to the nucleus may be early markers of TD-induced neuronal 
death. Migration of a carboxy terminal fragment of amyloid precursor protein from 
the cytosol to the nucleus occurs at early stages of TD. These fragments could 
 initiate changes in the neurons that then lead to the other inflammatory processes 
(Karuppagounder, et al., 2008). These possibilities have not been tested. The 
changes in APP processing probably reflect the altered protein processing described 
in the previous paragraph. 

 Nuclear translocation of other factors that alter transcription is also induced by 
TD. Upon activation, double-stranded RNA-activated protein kinase (PKR) phos-
phorylates its substrate, the alpha-subunit of eukaryotic initiation factor-2 
(eIF2alpha), which inhibits translation. TD in mice induces phosphorylation of 
PKR and phosphorylation of eIF2alpha in the thalamus. TD also induces nuclear 
translocation of PKR in primary cultures of cerebellar granule neurons. Both PKR 
inhibition and dominant-negative PKR mutant protect cerebellar granule neurons 
against TD-induced cell death. TD promotes the association between RAX and 
PKR. The antioxidant vitamin E dramatically decreases the RAX/PKR association 
and ameliorates TD-induced cell death (Wang et al.,  2007b) .   

  Other Roles of Thiamine May also Be Critical in TD-Induced 
Cell Death  

 Thiamine may also act as antioxidant. It is particularly effective at absorbing NO• spe-
cies. Chronic treatment with high concentrations of thiamine diminished c-DCF-detect-
able ROS production by  t -BHP. DAF-detectable NO• induced by SIN-1 is neutralized 
by thiamine at lower concentrations (Gibson and Blass,  2007 ; Huang et al.,  2005) . 

 Several lines of evidence suggest that tranketolase is the rate limiting step in the 
pentose shunt. A major role of the pentose shunt is to provide NADPH for main-
taining the redox state of glutathione. Thus, a depletion of thiamine would result in 
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less NADPH and more oxidized glutathione. This may be particularly important 
in the endoplasmic reticulum which has a full pentose shunt of its own (Bublitz and 
Steavenson,  1988)  and high glutathione content (Balaghi and Pearson,  1966) . 
Glutathione in the endoplasmic reticulum is involved in protein folding and 
 processing. Thus, abnormalities could explain the production of altered proteins 
such as those of amyloid precursor protein that occurs in the brain of thiamine 
deficient mice.  

  Conclusion  

 Thiamine deficiency provides a unique model to study the effects of mild impair-
ment of oxidative metabolism on brain function and selective neurodegeneration. 
The acute changes provide a model in which to study the mechanisms underlying 
metabolic encephalopathies. In its chronic form it provides a model of selective 
neurodegeneration in response to mild impairment of oxidative metabolism.      
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 Chapter 13 
 Alcohol, Neuron Apoptosis, 
and Oxidative Stress       

   George   I. Henderson,   Jennifer   Stewart,    and    Steven   Schenker   

  Introduction  

 The aim of this chapter is to present a contemporary overview of ethanol-induced 
apoptosis in the brain, with a focus on the potential role of oxidative stress and some 
new concepts related to glia-mediated neuroprotection and selective vulnerability of 
neurons to ethanol. While ethanol-related oxidative stress and neuron apoptotic death 
have been documented in the adult brain, the vast majority of reports have centered 
on the developing organ (Schenker  et al. ,  1990) . We address both settings and offer 
several potential explanations for the high sensitivity of the fetal brain to these toxic 
responses to ethanol. Of note is that neurotoxic responses to ethanol have been rec-
ognized for several decades yet the mechanisms underlying these often devastating 
effects remain controversial. The following material abundantly illustrates that the 
setting is multifactorial with multiple ethanol-related perturbations at play, likely with 
each impacting to different degrees on various brain areas as well as on different neu-
ron and glia populations. Finally, neuron survival and functions are intimately con-
nected to the glia with which neurons are commingled. Such interactions may often 
be essential to neuron survival and we include a brief overview of recent studies 
addressing ethanol effects on neuroprotective glia/neuron interactions.  

  Ethanol Damage and Neuron Loss in the  “ Developing ”  Brain  

  Ethanol Effects on the Developing Brain 

 The fetotoxic effects of ethanol in humans first appeared in modern literature almost 
40 years ago (Lemoine  et al. ,  1968 ; Jones  et al. ,  1973) . Subsequently, a myriad of 
reports have linked maternal consumption of ethanol to alterations in fetal brain 
development, both in the human setting and in a variety of animal  models (Schenker 
 et al. ,  1990 ; Streissguth  et al. ,  1990) . The former is often reflected in a variety of 
behavioral and performance deficits (Streissguth  et al. ,  1990 ; Wass  et al. ,  2002 ; 
Wozniak  et al. ,  2004)  which range widely in severity. The most severe presentation 
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of the fetotoxicity of ethanol was labeled the Fetal Alcohol Syndrome, which is typi-
cally diagnosed (in humans) on the basis of growth retardation, central nervous sys-
tem disorders, and characteristic craniofacial anomalies (Lemoine  et al. ,  1968 ; Jones 
 et al. ,  1973) . However, most ethanol exposed children do not express these three 
criteria and, inexplicably, some present no adverse effects. One factor however, is 
clear: utero-ethanol exposure can adversely affect the developing brain, probably by 
multiple mechanisms. Among the untoward effects of ethanol is a loss of neurons 
from specific brain areas, a phenomenon that can be connected to impaired neuronal 
migration as well as to neuron death (Miller   1992, 1995a ).  

  Ethanol Elicits Neuron Death 

 There is unambiguous evidence that approximately 50% of all neurons formed in 
the developing brain will die via apoptosis and, in the absence of this, brain devel-
opment can be grossly abnormal (Lossi and Merighi,  2003 ; Martin,  2001 ; Sastry 
 et al. ,  2000 ; Kuan  et al. ,  2000) . Thus, with ethanol exposure, we have a setting 
where a xenobiotic is enhancing the death of neurons which may be predisposed to 
apoptotic death. Baseline measures of the degree of normal neuron death vary with 
the stages of development, specific brain structures and their components, and are 
likely to vary by neuron type also (Miller,  1995b) . Similarly, while ethanol expo-
sure elicits neuron death throughout the developing brain, distinct structures are 
clearly affected differently and an estimate of enhanced neuron apoptotic death 
illustrates that most neurons at a given time are not dying. Thus, we are dealing 
with a complex setting of  “ selective vulnerability ”  of neuron populations to ethanol 
within various brain areas that likewise express differing sensitivities to ethanol. 
Clearly, an understanding of the basic mechanisms underlying ethanol effects on 
neurons in the developing brain and related components e.g. glia, is central to clarify-
ing these two linked phenomena. We present below, information supporting a role for 
oxidative stress in ethanol-mediated apoptotic death of neurons and suggest a mecha-
nism underlying the varying sensitivities of neurons and brain structures to this effect.   

  Oxidative Stress  

  Oxidative Stress in Biological Systems 

 A  “ sudden ”  appearance of molecular oxygen in the earth’s atmosphere occurred 
approximately 2.3 billion years ago (Falkowsky,  2006)  and generated vast chal-
lenges to ensuing oxygen reliant organisms. Among these is the ability to continu-
ally defend biological systems from the single electron reduction products of 
molecular oxygen. These oxygen radicals, essentially oxygen molecules with 
unpaired electrons, are highly reactive pro-oxidants that are generated in immense 
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quantities in all eukaryotic systems. When the balance between detoxification and 
production is skewed towards a state where there is an excess expression of reactive 
oxygen species, a surfeit of oxidative damage to cellular components occurs and 
this is termed Oxidative Stress. 

 Central among the toxic responses to oxidative stress is the induction of apop-
totic death (Curtin  et al. ,  2002 ; Fleury  et al. ,  2002 ; Polster and Fkskum,  2004 ; 
Ryter  et al. ,  2007) . While it is clear that it can be an initiator as well as a signaling 
event within the apoptotic process, the specific mechanisms underlying these 
remain uncertain. Likely, these responses could be related to the damage of cellular 
components e.g. DNA, lipids, and polysaccharides. One potential pathway by 
which ethanol-mediated oxidative stress may elicit apoptosis of neurons is associ-
ated with the oxidation of polyunsaturated fatty acids within mitochondria 
(Ramachandran  et al. ,  2001 ,  2003) . Among the variety of oxidation products of 
these fatty acids are toxic/pro-apoptotic aldehydes, the most potent being 4-hydrox-
ynonenal (Esterbauer  et al. ,  1990 ; Uchida et al .,  1993) . This compound readily 
induces apoptotic death of neurons (Lovell and Markesbery, 2006; Dwivedi et al., 
2007 ) and is produced in neurons secondary to ethanol-related oxidative stress 
(Ramachandran  et al. ,  2001 ,  2003)   

  Ethanol-Related Origins of Oxidative Stress 

 The subcellular origins of ethanol-related oxidative stress have not been firmly 
established, but the adult brain contains cytochrome P450s, including the ethanol-
inducible Cyp2E1. Inhibition of this enzyme can prevent increased lipid peroxida-
tion in ethanol exposed brain, suggesting that one source of reactive oxygen species 
(ROS) resides in the smooth endoplasmic reticulum (Montoliu  et al. , 1995 ). 
However, the same studies also illustrated enhanced reactive oxygen species in syn-
aptosomes, far removed from the  “ microsomal ”  compartment. Moderate chronic 
ethanol consumption may enhance superoxide anion radical production in submito-
chondrial particles isolated from the adult brain (Ribiere  et al. ,  1994) , thus the latter 
finding could reflect a mitochondrial origin as well. There is compelling evidence 
from many groups that ethanol can elicit oxidative stress at the mitochondrial level 
(Devi  et al. ,  1993 , Dawson  et al. ,  1993 , Kukielka  et al. ,  1994 , Garcia-Ruiz,  1995)  
and therefore, it is likely that, in an organ such as the adult brain which possesses 
cytochrome P450s, there are at least two contributing subcellular sites (rough endo-
plasmic reticulum and mitochondria) of ethanol — related oxidative stress. In tissues 
such as the developing brain, which express little to no Cyp2E1, one could expect 
mitochondrial dysfunction to be a major player, if not the principle source, 
in ethanol-generated oxidative stress. On a molecular level, the mechanisms by 
which ethanol elicits oxidative stress remain controversial. The cytochrome P450 
cycle is one which entails a sequential two electron reduction of molecular oxygen 
with measurable leakage of the superoxide anion radical and hydrogen peroxide. 
Clearly, induction of Cyp2E1 could increase such leakage, but the relevance of this 
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must be evaluated within the context of a mature tissue that is relatively resistant to 
ethanol-mediated oxidative stress (see below). The majority of molecular oxygen 
entering tissues, cycles through the mitochondrial respiratory chain and as much as 
1 to 2% leaks as reactive oxygen species in a baseline state. Inhibition of respiratory 
chain components stimulates production of ROS (Dawson  et al. ,  1993)  and ethanol 
does this in fetal cells (complexes I and IV) (Devi  et al. ,  1994) . This is associated 
with lipid peroxidation and decreased ATP synthesis. One mechanism underlying 
this inhibition of complex IV is mediated by the lipid peroxidation products, HNE 
and MDA (Chen  et al. ,  1999 ,  2000) . However, some initial event must occur to 
enhance mitochondrial ROS and the identity of this event remains uncertain. In sum-
mary, there is a variety of evidence that, in neuronal cells, ethanol generates oxida-
tive stress and that, at least in the fetus, this may be of mitochondrial origin.  

  Ethanol and the Adult Brain 

 The concept of ethanol as an oxidative stress-generating xenobiotic is not a new one, 
although until relatively recently, this function has not been connected to brain 
pathology. Over four decades ago, Di Luzio reported signs of ethanol-related oxida-
tive stress in liver (Di Luzio,  1963)  and this has been followed by numerous reports 
illustrating pro-oxidant responses to ethanol in this organ (Shaw  et al. ,  1983 ; Bailey 
and Cunningham,  2002 ; Tsukamoto,  1993 ; Cederbaum,  1989) . In the adult brain, the 
earliest reports connecting oxidative damage in various brain areas of the rat to acute 
and chronic ethanol consumption appeared about twenty years ago (Rouach,  1987 ; 
Nordmann  et al. ,  1990 ; Renis  et al. ,  1996 ; Boveris  et al. ,  1997) . This ethanol-related 
oxidative stress was associated with decreased brain glutathione, lipid peroxidation, 
DNA strand breaks, and with alterations in mitochondrial respiratory complexes I 
and IV. The DNA damage was observed with chronic but not acute ethanol exposure 
in the hippocampus and cerebellum (Renis  et al. ,  1996) . Subsequent studies have 
shown differential effects of chronic ethanol on reduced glutathione status by brain 
area with the highest changes in hippocampus and cerebellum, followed by cerebral 
cortex and striatum (Calabrese  et al. ,  2002) . The altered glutathione status was cor-
related with increases in 4-hydroxynonenal (HNE, a highly reactive product of lipid 
oxidation) and decreased glutathione reductase. These findings are among the first, 
illustrating regional vulnerabilities to ethanol that could be connected to an underly-
ing mechanism of action e.g. variable alterations in glutathione status (see below).  

  Ethanol and the Developing Brain 

 The first reports documenting ethanol-induced oxidative stress in a fetal model 
appeared about 20 years ago. They linked maternal ethanol intake to evidence of 
lipid peroxidation products in fetal rat liver (Dreosti,  1987 ; Dreosti and Partick, 
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 1987) . This ethanol response likewise occurs in cultured fetal rat hepatocytes 
along with replicative blocks, impaired mitochondrial respiration, and enhanced 
mitochondrial content of 4-hydroxynonenal (Devi  et al. ,  1993 ,  1994 ,  1996) . A 
subsequent report demonstrated that chronic maternal intake of ethanol can reduce 
fetal brain glutathione content (Reyes  et al. , 1993 ), which could be either a cause 
of or a response to toxin-induced oxidative stress. Acute maternal consumption of 
ethanol in a binge drinking pattern during days 17 and 18 of gestation in a rat 
model, increased malondialdehyde (MDA) and conjugated dienes in fetal brain 
while also decreasing glutathione content (Henderson  et al. ,  1995) . Importantly, 
this binge pattern elicited oxidative damage to fetal brain mitochondria, HNE 
elevation (but not in the maternal brain) and concomitant mitochondrial damage 
connected to apoptosis, permeability transition and cytochrome c and apoptosis 
inducing factor (AIF) release (Ramachandran  et al. ,  2001) . Treatment of fetal 
brain mitochondria with HNE mimicked these effects of ethanol. While this 
correlation is compelling, a causal link between the ethanol enhancement of mito-
chondrial HNE and these three pro-apoptotic responses remains to be established. 
An ominous finding is that prenatal ethanol exposure may elicit oxidative stress in 
the hypothalamus that persists, in the absence of further ethanol exposure, into 
adulthood (Dembele  et al. ,  2006) . 

 Ethanol-related oxidative stress responses have also been reported in postnatal 
rats. The preceding studies illustrated that ethanol exposure during in utero devel-
opment in the rat (first and second trimester equivalents in the human) can elicit 
oxidative stress in the fetus. The approximate human third trimester equivalent of 
brain development occurs postnatally in rodent models and ethanol can likewise 
elicit oxidative stress in the postnatal rat brain, albeit with windows of vulnerability. 
Rats acutely exposed to ethanol on postnatal day 7 expressed increased ROS in 
cerebral cortices, a developmental point that correlated with peak ethanol-medi-
ated cell death (Heaton  et al. ,  2003) . However, by postnatal day 21 the  “ older 
CNS ”  was resistant to these ethanol-related responses, especially those directly 
connected to apoptotic pathways. In the cerebellum there is more definitive 
evidence supporting a developmentally-related sensitivity to ethanol-related 
oxidative stress. Ethanol exposure on days P4, P7, P14 can increase ROS in cere-
bella only on P4, a stage at which ethanol exposure generates a loss of Purkinje 
and granule cells (Heaton  et al. ,  2002 ; Light  et al. ,  2002) . In short there is a grow-
ing resistance to ethanol- mediated oxidative stress in the brain with development. 
One compelling  explanation for this would be that fetal tissues, including the 
brain, have less active antioxidant defense systems than the adult and these 
increase with development (Del Maestro  et al. ,  1989 ; Mariucci  et al. ,  1990 ; 
Munim  et al. ,  1992 ; Henderson  et al. ,  1999) . This holds for most of the antioxidant 
enzyme systems e.g., CuZn superoxide  dismutase, glutathione peroxidase, 
glutathione S-transferase as well as for nonenzymatic antioxidant systems. 
Glutathione peroxidase and glutathione S-transferase activities in day 19 of the 
fetal brain are only 41% and 11%of adult values while glutathione and vitamin E 
levels are 51% and 20% of adult values, respectively (Henderson  et al. ,  1999) . 
Clearly, such low defenses could predispose the immature brain to oxidative stress. 
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The setting is however, a complex one in which not only are baseline activities/
levels of these antioxidants relevant, but also the ability of the cell to up-regulate 
these factors in response to oxidant challenge e.g., via the antioxidant response 
elements, is a key factor (Rushmore  et al. ,  1991) . The latter  regulation is impacted 
by a plethora of factors such as neurotrophic factors whose expression are age-
dependent (Maisonpierre  et al. ,  1990) . A new concept that could explain both the 
developmental differences in vulnerability to ethanol-mediated oxidative stress as 
well as variations in brain area sensitivity is the neuroprotective contribution of 
astrocytes (Watts  et al. ,  2005 ; Rathinam  et al. ,  2006) . This will be addressed in the 
following sections.   

  Apoptotic Death of Neurons  

 Our current understanding of the mechanisms underlying apoptosis has evolved 
from the coinage of its name in the early 1970’s (Kerr  et al. ,  1972)  and subsequent 
studies using C. elegans (Horvitz  et al. ,  1983 ; Ellis and Horvitz  1986) . In the last 
ten years, elucidation of fundamental and causal mechanisms underlying apoptotic 
machinery has progressed exponentially, much of this following the seminal 
reports connecting mitochondrial release of cytochrome c to ultimate activation of 
effector caspases and related cellular changes associated with apoptotic death (Liu 
 et al. ,  1996) . 

  Mitochondria and Apoptosis 

 We are now at a stage where apoptotic responses to stressors, such as ethanol, are 
typically defined by anomalies in the presence or localization of these cellular 
events as well as end point measures typical of apoptotic death e.g., increased surface 
expression of phosphatidyl serine, chromosomal condensation/damage. Those most 
relevant to the ethanol-related research will be briefly presented as follows. A central 
control point for apoptotic death is mitochondrial release of a variety of pro-apoptotic 
compounds into the cytoplasm (Spierlings  et al. ,  2005 ; Delivani and Martin,  2006 ; 
Garrido  et al. ,  2007) . The latter are proteins that are normally sequestered in the 
mitochondrial intermembrane space (between inner and outer membranes). These 
include cytochrome c, Smac/Diablo, AIF, and endo G. Their release into the cyto-
plasm is elicited by permeabilization of the outer mitochondrial membrane in 
response to numerous stressors. Generally, these pro-apoptotic proteins can be 
divided into two categories, those which ultimately activate  “ effector ”  caspases (see 
below) and those which contribute to apoptotic death by other means e.g. DNA/
chromosomal fragmentation. The best studied is cytochrome c, the release of which 
ultimately elicits caspase-3 activation via an elegant, complex, multi-component, and 
highly regulated system.  
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  Caspases 

 Caspases ( C ysteine-dependent  ASP artate specific prote ASES ) are an evolutionarily 
conserved family of aspartate cysteine-dependent proteases which are central players 
in both external, membrane-mediated receptor activated apoptosis ( extrinsic) and 
internal (intrinsic) apoptosis that is activated by many stressors within the cell 
(Kumar,  2007) . This protease activation entails a sequence of events in which 
 “ initiator ”  caspases (caspase-10, caspase-9, caspase-8, and caspase-2) which exist 
as inactive zymogens, are proteolytically cleaved to active enzymes (Kumar,  2007) . 
The proteolytic activation of the initiator complexes is a highly complex process 
relying on the formation of an adaptor protein complex. Activation of caspase-2, 
caspase-8, and caspase-9 rely on the formation of the PIDDosome, the  “ death-
inducing signaling complex ” , and the apoptosome, respectively (Bao and Shi,  2007) . 
The best characterized of these processes is the apoptosome-dependent activation 
of caspase-9. The consequence of this remarkable process is that apoptosome-
bound activated caspase-9 then cleaves and activates the downstream effector 
caspase, caspase-3, which then performs proteolytic cleavages associated with 
apoptotic death (Kumar,  2007 ; Timmer and Salvesen,  2007) . In the human, there 
appear to be as many as several hundred caspase-3 substrates and while many of 
these substrates may be of little physiological significance, many are clearly patho-
logically relevant (Timmer and Salvesen,  2007) . Importantly, elimination of 
caspase-9 which is either embryo lethal or postnatally lethal, depending on the 
mouse strain, generates brain hyperplasia due to decreased apoptosis (Hakem  et al. , 
 1998 ; Kuida  et al. ,  1998) , responses comparable to those observed in caspase-3 
knockout mice (Kumar,  2007) . These untoward responses to decreased caspase-3 or 
caspase-9 and abnormally low cell death are in the developing brain in which neu-
rons must be culled to enable normal development. They illustrate the sensitivity of 
the developing brain to properly regulated caspase activity and provide compel-
ling justification for the use of caspase activity as a marker for stressor/ethanol-
induced alterations of this enzyme in the developing brain. There are now numerous 
reports of ethanol-related activation of caspase-3 in the developing brain and in 
cultured neurons from the immature brain (see below).  

  Bcl-2 Family Proteins 

 A second group of apoptosis  “ markers ”  that connect to activation of neuron apopto-
sis are cellular events that mediate mitochondrial release of the pro-apoptotic pro-
teins. Permeabilization of the outer mitochondrial membrane (MOMP) is central to 
the apoptosis process and it is likely that we are close to an understanding of the 
specific mechanisms involved. Basically, a plethora of pro-apoptotic stimuli set into 
play increased expression, protein-protein interactions, and subcellular relocaliza-
tions of members of Bcl-2 family of proteins (Gross  et al. ,  1999 ; Ryter  et al. ,  2007) . 
The  “ founder ”  of this group of proteins is the Bcl-2 oncogene, with the group 
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containing both pro- and anti-apoptotic proteins (Gross  et al. ,  1999) . The pro-apoptotic 
components (Bax, Bak etc) and anti-apoptotic proteins (Bcl-2,  Bcl-xL, etc) contain 
as many as four Bcl-2 homology domains (BH1-4) and these proteins have the ability 
to form homo- and heterodimers. A third grouping of Bcl-2 proteins is those 
possessing only BH3 domains (Bad, Bim, Bid etc). The interplays of these proteins 
dictate MOMP which is largely dependent on Bax and/or Bak. How Bax is activated 
to generate the requisite large mitochondrial membrane channels is unclear, but this 
process requires translocation from cytosol to mitochondria and over expression of 
Bcl-2 can block this relocation and subsequent apoptosis. This is only one example 
of the many interplays between these proteins, the bottom line being that apoptosis 
is finely controlled by a balance of activities and expression of the anti- and 
pro-apoptotic Bcl family proteins. Perturbations of these settings by stressors such 
as ethanol can reflect important pro-apoptotic responses to the drug.   

  Ethanol Induction of Apoptotic Death of Neurons 
in the Developing Brain  

  Bcl-2 Family Proteins in Ethanol-Mediated Apoptosis 

 There is an extensive and steadily increasing literature documenting the pro-
apoptotic effects of ethanol, much of it in the central nervous system (summarized 
in Fig.  13.1  ). Most often, these responses are defined as enhanced expression of 
cellular components of neuron apoptotic machinery outlined above and it is now 
clear that ethanol can activate components of both extrinsic and intrinsic pathways 
in neurons (de la Monte and Wands,  2002 ; Ramachandran  et al. ,  2001 ; Mooney and 
Miller,  2001 ; Climent  et al. ,  2002) . In the in vivo setting, ethanol impacts on the 
expression of Bcl-2 family proteins, the majority of studies focusing on the cerebral 
cortex and cerebellum. In the cerebral cortex exposed prenatally to ethanol, Bcl-2 
(anti apoptotic) expression was lowered while BAX (pro apoptotic) remained 
unchanged. The resulting reduction in the Bcl-2/Bax ratio illustrates a setting in 
which apoptosis mediated at the mitochondrial level is likely to occur and this per-
sisted into the postnatal period. In the murine cerebellum following early postnatal 
exposure, ethanol can decrease Bcl-2 expression concomitant with increases in Bax 
and Bcl-xs (pro apoptotic) (Heaton  et al. ,  2002 ; Heaton  et al. ,  2003) . Temporally, 
the shift towards this pro-apoptotic state coincides with a period of Purkinje cell 
vulnerability, in postnatal day 4. At later stages of development when neurons are 
less vulnerable to ethanol, there is an early up-regulation of the survival promoting 
proteins, Bcl-2 and Bcl-xl, and a down-regulation of the pro-apoptotic Bcl-xs. 
Apparently, these ethanol-related protein expressions follow a rapid and earlier 
reduction in expression of transcripts in both the cerebellum and cerebral cortex 
(Moore  et al. ,  1999 ; Inoue  et al. ,  2002) . Both Bax and Bcl-xs genes are up-regulated 
in the cerebellum by ethanol exposure; Bax knockout mice do present key apoptotic 



13 Alcohol, Neuron Apoptosis, and Oxidative Stress 269

responses to ethanol; and over expression of Bcl-2 confers protection against etha-
nol-related death of cerebellar Purkinje cells (Heaton  et al. ,  1999 ; Young  et al. , 
 2003) . These observations suggest central roles for Bcl-2 and Bax in regulation of 
ethanol-mediated neuron death; however, this is no more than a brief glimpse into 
specific mechanisms underlying the release of pro-apoptotic proteins from neuron 
mitochondria following ethanol exposure.   

  Caspases in Ethanol-Mediated Apoptosis 

 Given the effects of ethanol on neuron Bcl protein expressions, it is not surprising 
that the agent elicits mitochondrial release of pro-apoptotic proteins and, ultimately, 
caspase activation. In vivo, binge-type maternal ethanol consumption enhances 
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  Fig. 13.1      Schematic of Apoptosis Components Affected by Ethanol Five general elements of 
apoptotic pathways in neurons have been shown to be impacted by ethanol. They are illustrated by 
the block arrows. There are two basic pathways that have been reported to be activated by ethanol, 
extrinsic receptor activation and intrinsic mitochondrially mediated pathways. In general, develop-
mental exposure to ethanol shifts expression of Bcl-2 family proteins in a pro apoptotic direction 
which may be mechanistically connected to the observed enhanced mitochondrial release of cyto-
chrome c (cyto c) and apoptosis inducing factor (AIF). These factors, in turn, likely play roles in 
the subsequent activation of the effector caspase-3 (cytochrome c) and DNA fragmentation (AIF)        
(See also Color Insert)
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fetal brain mitochondrial release of cytochrome c and AIF, and increased caspase-3 
activity, these associated with altered mitochondrial permeability transition 
(Ramachandran  et al. ,  2001) . Similarly, postnatal ethanol treatment can yield these 
responses (Light  et al. ,  2002 ; Carloni  et al. , 2004; Young  et al. ,  2003) . In primary 
cultures of fetal rat cortical neurons, ethanol generates enhanced release of 
Cytochrome C within two hours of exposure followed by activation of caspase-3 
within 3 hours of treatment (Ramachandran  et al. ,  2003) . Primary focus using 
cultured neurons has been on activation of caspases-3 and 8 (extrinsic pathway). 
Evidence is extensive that ethanol can activate caspase-3 in in vitro neuron models 
(Saito  et al. ,  1999 ; Jacobs and Miller,  2001 ; Ramachandran  et al. ,  2003)  as well as 
in vivo models (Mooney and Miller,  2001 ; Ramachandran  et al. ,  2001 ; Climent 
 et al. ,  2002 ; Light  et al. ,  2002 ; Olney  et al. ,  2002 ; Mitchell and Snyder-Keller, 
 2003 ; Ragjopal  et al. , 2003; Young  et al. ,  2003 ; Carloni  et al. ,  2004) . In addition to 
this executioner caspase, ethanol may activate the initiator caspases 2, 8, and 9 in 
cerebellar granule neurons although evidence suggests that ethanol-mediated apop-
tosis can occur in the absence of these initiators (Vaudry  et al. ,  2002) . The activa-
tion of caspase-8 and increases in Fas receptor (de la Monte and Wands,  2002)  
suggest that ethanol at least has the capacity to activate extrinsic pathways, however 
there is scarce compelling evidence that this actually occurs.  

  Summary 

 In summary, there is abundant evidence both in vivo and in cultured neurons that etha-
nol can induce apoptotic death, primarily by intrinsic pathways of the sort that are 
activated by oxidative stress. While it is tempting to flag this as the key player in this 
death process, it must be recognized that there may be layers of mechanisms at play. 
In the in vivo setting, neurons exist in an immensely complex milieu, their survival 
dependent on the presence and paracrine functions of multiple cell types, notably 
astrocytes. Ethanol impacts on these other cells as well as on receptor-mediated 
events on the neuron. Dissection and identification of these pathways is in progress.   

  Ethanol-Mediated Apoptosis and Antioxidant Interventions  

  Ethanol and Oxidative Stress-Mediated Apoptosis 

 While it is clear that multiple factors may underlie ethanol-mediated apoptotic 
death of neurons in the developing brain, there is abundant evidence that one impor-
tant causal factor is the production of oxidative stress. While the consistent correla-
tions between the generation of ethanol-mediated oxidative stress and apoptotic 
death are telling, two other experimental approaches support a causal relationship. 
The first approach has been to establish time lines related to the onset of oxidative 
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stress and apoptotic events. In cultured fetal rat cortical neurons, ethanol can stimu-
late ROS production within minutes of treatment and this was followed within an 
hour by increased HNE, increased caspase-3 activity and ultimately increased 
measures of DNA fragmentation and Annexin V binding. Time-courses such as this 
with increased ROS expression occurring initially and far upstream of apoptotic 
responses, suggest oxidative stress as a causal factor (Ramachandran  et al. ,  2003) . A 
second approach has been to prevent oxidative stress with antioxidants and  determine 
if this prevents the subsequent apoptotic cascade. In the previous studies,  normalization 
of neuron GSH content with pretreatment with N-acetylcysteine prevented the etha-
nol-mediated oxidative stress and blocked apoptosis (Ramachandran  et al. ,  2003) . 
The preceding were in vitro studies and support the concept of oxidative stress as 
a mediator of ethanol-related neuronal apoptosis. They also suggest that antioxidant 
interventions could be effective approaches to mitigating an important untoward 
ethanol effect. To date most antioxidant interventions aimed at ethanol have utilized 
vitamin E ( α  tocopherol) which is a highly effective peroxyl radical trap (Liebler 
and Burr,  1992 ; Halliwell and Gutteridge,  1989) . It is a late stage defense against 
the formation of toxic lipid peroxidation products such as HNE and this, combined 
with its relative low toxicity, make its use an alluring antioxidant intervention strat-
egy. Treatment of cultured neonatal rat cerebellar granule cells with ethanol (87 
mM and above) may impair cell viability (MTT assay) and this can be mitigated by 
treatment with vitamin E or  β -carotene (Mitchell  et al. ,  1999) . Later studies by this 
laboratory addressed vitamin E effects on ethanol-mediated apoptosis machinery. 
Ethanol enhanced activation of caspase-3 and increased at least one marker of 
apoptosis (Annexin V binding) and both vitamin E and the antioxidant pycnogenol 
(a bioflavonoid mixture) blocked the apoptotic responses (Siler-Marsiglio  et al. , 
 2004) . A similar protection by vitamin E was reported on cultured cerebellar gran-
ule cells along with increased levels of Bcl-2, Bcl-xl, and activated Akt kinase 
(Heaton  et al. ,  2002) . The mechanism(s) underlying these protective effects of 
vitamin E are likely to be antioxidant in nature and could reflect prevention of 
membrane lipid peroxidation. However, exogenous antioxidant treatments can 
elicit other confounding events and vitamin E can normalize cellular GSH content 
as well as prevent reduction of neurotrophin secretion associated with ethanol expo-
sure (Heaton  et al. ,  2004) .  

  Neuron Glutathione Homeostasis, a Key Role for Astrocytes 

 There is persuasive evidence that neuronal glutathione can provide protection 
against ethanol-related oxidative stress and apoptotic death (Ramachandran  et al. , 
 2003 ; Lamarche  et al. ,  2004 ; Watts  et al. ,  2005) . Recent studies have illustrated a 
native system by which neuron glutathione homeostasis can be maintained in 
response to pro-oxidant stressors such as ethanol. Glutathione (L- γ -glutamyl-L-
cysteinylglycine) (GSH) is a ubiquitous intracellular thiol that is vital to cell survival 
and which scavenges reactive oxygen species, serving multiple functions critical to 
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cell survival, including detoxifying electrophiles, maintaining thiol status of 
proteins, and providing a reservoir for cysteine (Deleve and Kaplowitz,  1990 ; 
Meister and Anderson,  1983 ; Suthanthiran  et al. ,  1990) . In the mature brain, the 
majority of CNS cells are astrocytes which exist in close and intertwined proximity 
to neurons. Among the many neuroprotective roles of cortical astrocytes is the main-
tenance of neuron GSH homeostasis (Sagara  et al. , 1993 ; Dringen  et al. ,  1997 ; Wang 
and Cynader,  2000) . This is by the gamma glutamyl pathway which is  summarized 
in Fig.  13.2  . Astrocytes are not immune to ethanol effects (Druse  et al. ,  2006) , but 
they are often far more resistant than are neurons. One possible reason for this is that 
these cells are veritable GSH factories with GSH content as high as 20 mM, typi-
cally much more than neurons (Cooper,  1997 ; Dringen  et al. ,  1999 ; Schulz  et al. , 
 2000) . Also, astrocytes are much more numerous than are neurons and establish 
enumerable contacts with neurons (Bignami,  1991 ; Rohlmann and Wolff,  1996) . 
The means by which astrocytes augment neuron glutathione is via a key contribution 
to what is commonly termed the  “ gamma glutamyl cycle ” . The vital first step in the 
process is astrocyte extrusion of GSH into the extra cellular milieu, a process that 
may be mediated by the multi drug resistance associated protein 1 (Wang and 
Cynader,  2000 ; Hirrlinger  et al. ,  2002) . It is likely the exported GSH plays an extra 
cellular role as an antioxidant, but it is also hydrolyzed to the CysGly dipeptide by 
 γ -glutamyl transpeptidase ( γ GT) (Drukarch  et al. ,  1989 ; Dringin  et al. , 1997). The 

  Fig. 13.2      Schematic of the Neuroprotective Gamma Glutamyl Cycle One of the neuroprotective 
roles of cortical astrocytes is maintenance of neuron glutathione (GSH) homeostasis. Astrocytes 
contain a highly effective GSH synthesis capacity and readily export the intact tripeptide into the 
extracellular milieu. The extrusion process is likely mediated by a multidrug resistance associ-
ated protein (Mrp). Once GSH is in the external compartment, it is hydrolyzed gamma glutamyl 
transpeptidase ( γ GT) to the dipeptide CysGly and glutamate. The dipeptide hydrolysis product is 
cleaved further by aminopeptidase N (APN) on the surface of the neuron to Cys and Gly. 
Cysteine is then transported into the neuron where it is a key determinant of neuron GSH 
 synthesis        (See also Color Insert)
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CysGly dipeptide diffuses to contiguous neurons where it is cleaved to its two con-
stituent amino acids, cysteine and glycine. This is mediated by an aminopeptidase, 
aminopeptidase N (ApN) on the neuron surface (Dringen  et al. ,  2001 ; Wang and 
Chandler,  2000) . The newly generated cysteine is then transported into the neuron, 
probably mostly by the sodium-dependent alanine-serine-cysteine (ASC) system 
(Sagara  et al. ,  1993) . The enhanced cellular cysteine levels are an essential determi-
nant of neuronal GSH synthesis (Wang and Cynader,  2000) .  

 The net effect of the astrocyte-mediated enhancement of neuron GSH synthesis 
is augmented protection of neurons from reactive oxygen and nitrogen species 
(Tanaka  et al. ,  1999 , Gegg  et al. ,  2003) . Since augmentation of neuron GSH can 
mitigate ethanol-related oxidative stress and subsequent apoptotic death in cultured 
fetal cortical neurons (Ramachandran  et al. ,  2003) , a series of studies addressed 
astrocyte neuroprotection from ethanol (Watts  et al. ,  2005 ; Rathinam  et al. ,  2006) . 
Co-culturing fetal rat cortical neurons with neonatal rat cortical astrocytes prevented 
the rapid declines in neuron GSH content following ethanol exposure (2.5 and 4.0 
mg/ml) and provided protection from oxidative stress and apoptotic death associated 
with ethanol exposure (Watts  et al. ,  2005) . In related studies, it was found that the 
presence of astrocytes completely prevented ethanol-related oxidative stress in neu-
rons and that this protection was dependent on functional  γ GT as well as neuronal 
ApN (Rathinam  et al. ,  2006) . Interestingly, three components of this GSH homeos-
tasis pathway were up-regulated by ethanol exposure. Treatment of astrocytes with 
ethanol increased both the expression and activity of  γ GT as well as efflux of GSH, 
yet astrocyte GSH content was unaffected by the enhanced efflux. Exposure of neu-
rons to ethanol likewise increased activity and expression of ApN. 

 These studies illustrate the presence of a highly effective system by which astro-
cytes in consort with a neuronal ectopeptidase can provide protection for neurons 
from the pro-oxidant responses to ethanol. Central to this neuroprotection is that this 
is accomplished by the maintenance of neuronal GSH homeostasis. The rapid up-
regulation of the system in response to ethanol, and probably other pro-oxidants, 
attests to its functionality. Also, the increasing resistance to ethanol-related apopto-
sis with brain development (presented above) strikingly correlates with the increased 
brain content of astrocytes. It is tempting to speculate that the high sensitivity of the 
developing brain at its early stages when it is largely devoid of astrocytes is due to 
the absence of the astrocyte component of the gamma glutamyl cycle.   

  Summary and Conclusions  

 There is an extensive body of evidence that ethanol exposure can elicit the 
enhanced death of neurons in the developing brain and that this can be connected 
to at least some of the adverse effects of in utero ethanol on the developing brain. 
Additionally, there is abundant support that this neuronal death appears to be 
largely apoptotic. However, necrosis may also be a player (Obernier  et al. ,  2002) . 
Interestingly, ethanol elicits neuron damage to different degrees in varying brain 
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structures. Additionally, there are windows of vulnerability to ethanol, the more 
immature brain being the most sensitive to this stressor, and at a given time point 
ethanol only causes the death of a small portion of neurons in a given area. The 
mechanism(s) underlying the increased apoptotic death of neurons in the developing 
brain is likely multifactorial, but there is increasing evidence that oxidative stress 
is an important initiator. Supporting this is the presence of astrocyte-mediated 
neuroprotection against ethanol, which is low to nonexistent during the develop-
mental periods of highest brain sensitivity to ethanol and it is most effective in the 
more mature brain which is far less sensitive to ethanol-mediated oxidative stress 
and apoptotic death.     
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 Chapter 14 
     Wernicke’s Encephalopathy        

    Maryam   R.   Kashi   ,    George   I.   Henderson,    and    Steven   Schenker       

  Introduction  

 Wernicke’s encephalopathy (WE) is a potentially reversible metabolic brain 
dysfunction resulting from thiamine deficiency. It is generally characterized by 
ataxia, ophthalmoplegia and global confusion. Described in Berlin in 1881 by Carl 
Wernicke, it was initially known as  polioencephalitis hemorrhagica superioris  and 
considered a fatal syndrome. The first reported cases were three patients, two with 
alcoholism and one with persistent vomiting after the ingestion of sulfuric acid in 
a suicide attempt. The common feature shared by these cases upon post-mortem 
exam consisted of punctate hemorrhages in the grey matter of the walls of the third 
and fourth ventricles and mammillary bodies (Cirignotta  et al. ,  2000 ; Truswell, 
 2000) . In 1935, Strauss discovered that the cause of Wernicke’s findings was 
vitamin B1 (thiamine) deficiency (Chiossi  et al. ,  2006) . Bonhoeffer posited that 
Wernicke’s encephalopathy and the psychosis described by Korsakoff actually 
represented two phases of the same pathological process (Cirignotta  et al. ,  2000) . 
The observation that Wernicke’s encephalopathy and Korsakoff’s psychosis have 
identical neuropathology supported this belief (Charness,  1999) . Thus Wernicke’s 
encephalopathy (WE) and Korsakoff’s psychosis (KP) are often used interchangeably 
as the Wernicke-Korsakoff Syndrome (WKS). 

 Korsakoff psychosis is a chronic amnestic state, characterized by retrograde 
amnesia (loss of memory), anterograde amnesia (defective learning) and confabula-
tion. Loss of short-term memory is a predominant feature, while immediate and 
long-term memories are usually intact. (Harrison  et al. ,  2006 ; Chiossi  et al. , 2005; 
Sivolap,  2005) . Patients with KP have difficulty remembering events and facts that 
occur after the onset of disease (Hochhalter and Joseph,  2001) . It occurs most 
commonly in patients with WE, usually secondary to alcoholism, but may be seen 
in patients without a previous diagnosis of WE (Truswell,  2000) . It has been 
suggested that some of these patients may have had subacute cases of WE, where 
signs and symptoms were either mild or absent. Nevertheless, on autopsy, patients 
with KP have the same brain pathology as patients with WE, as mentioned earlier 
(Charness,  2006) . 
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 Pathologically, WE may be classified into acute (17%), subacute (17%) and 
chronic (66%) states. It has been postulated that WE may be a progressive disorder, 
where multiple acute and/or subclinical episodes of thiamine deficiency cause 
cumulative damage. These subclinical events may be devoid of the traditional 
symptoms associated with WE (Gui  et al. ,  2006 ; Harper,  1983) . This may explain 
the findings of brain lesions at postmortem without antecedent symptoms in some 
patients. Analogously, Korsakoff’s psychosis may occur in patients who have expe-
rienced multiple acute and/or subclinical events of WE. This may explain the 
discrepancy between the relatively high numbers of alcoholic patients who develop 
Korsakoff’s psychosis as compared to nonalcoholic patients. There are at least two 
hypotheses to explain this observation. The first hypothesis presumes that the latter 
group’s exposure to a thiamine-deficient state was a single event, while the former 
group is likely to have had long-standing thiamine deficiency and/or multiple 
events of WE, increasing their chances of developing KP (Homewood and Bond, 
 1999) . The second hypothesis is that perhaps ethanol neurotoxicity and thiamine 
deficiency work in concert in the development of KP (Charness,  2006) . 

 Victor  et al.   (1989) , in classic studies, followed 186 alcoholic patients with 
Wernicke’s encephalopathy for up to ten years and documented that 84% developed 
Korsakoff’s syndrome. A subsequent study of 32 alcoholic patients followed for a 
period of 33 months showed the rate of progression to KP to be 56% (Wood  et al. , 
 1984) . Full recovery from Korsakoff’s psychosis occured in only 20%; the majority 
of KP patients required some level of supervision and social support (Reuler  et al. , 
 1985 ; Charness,  2006) . 

 Wernicke’s encephalopathy is associated with a mortality rate of 10 – 20%, 
predominantly as a result of sepsis, respiratory infection and decompensated liver 
disease; Korsakoff’s psychosis is associated with a mortality rate of approximately 
17% (Harrison  et al. ,  2006 ; Ogershok  et al. ,  2002 ; Merkin-Zaborsky  et al. ,  2001) .  

  Prevalence  

 The prevalence rates of 0.8%  – 2.8% for WE come mainly from four autopsy-
based studies: Norway (0.8%), New York (1.7%), Cleveland (2.2%) and Australia 
(2.8%) (Harper,  1983 ; Ogershok  et al. ,  2002) . Australia’s higher prevalence of 
WE was puzzling, as the country is not ranked high on the world league table of 
alcohol consumption. After conducting interviews with patients in alcohol reha-
bilitation units, Price concluded that Australian alcoholics were more likely to 
lack female social support, which may otherwise provide them with food contain-
ing thiamine (Truswell,  2000) . Seventy-five percent of patients are male and the 
peak age incidence is in the sixth decade (41%) (Harper,  1983) . Wernicke’s 
encephalopathy remains a profoundly under-diagnosed disease, which if left 
untreated can progress to Korsakoff syndrome or death, as a result of irreversible 
cytotoxic effects (Loh  et al. ,  2004 ; Weidauer  et al. ,  2004) . Harper found that only 
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20% of cases reviewed in a necropsy study had been diagnosed with WE or 
Wernicke-Korsakoff syndrome prior to death (Harper,  1983) . Thus a high index 
of suspicion is the key to diagnosis.  

  Clinical Features  

 The classic triad of symptoms in WE includes ophthalmoplegia, ataxia and global 
confusion (see Table  14.1  ). However, the clinical presentation is often incomplete 
(Foster  et al. ,  2005) . In a retrospective study, it was found that only 16.5% of 
patients exhibited all three signs and 19% exhibited none of these (Harper  et al. , 
 1986) . One study found nystagmus to be present in 85%, bilateral paralysis of the 
lateral rectus muscles in 54% and conjugate gaze palsies in 45% of cases 
(Ogershok  et al. ,  2002) ). Other reported symptoms include apathy, lightheaded-
ness, disorientation, poor memory, diplopia, inability to stand, nausea, vomiting 
and coma (Liu  et al. ,  2006 ; Giglioli  et al. ,  2004 ; Morcos  et al. ,  2004 ; Harper  et 
al. ,  1986 ; Ogershok  et al. ,  2002) . In addition, WE can affect the sympathetic sys-
tem, resulting in postural hypotension and syncope, and the temperature-regulat-
ing center, resulting in mild hypothermia (Worden, 1984; Reuler  et al. ,  1985) . 
The lag time from onset of thiamine-deficiency to the start of symptoms is 
approximately 4 – 6 weeks (Harrison et al.,  2006) . Symptoms may range from a 
period of 2 days to 2 weeks before presentation for evaluation (Giglioli  et al. , 
 2004 ; Lacasse and Lum,  2004) .  

 Wernicke’s encephalopathy is most commonly associated with alcoholism. It 
has been suggested that there may be a synergistic effect of alcoholism and thia-
mine deficiency, where a brain affected by alcoholism may be more susceptible to 
injury caused by thiamine deficiency (Homewood and Bond,  1999) . However, WE 
may be found in any clinical state associated with malnutrition or thiamine deficiency 

  Table 14.1      Clinical features of wernicke’s encephalopathy 

 Classical Symptoms  Other Associated Symptoms 

 Ataxia  Apathy 
 Global Confusion  lightheadedness 
 Ophthalmoplegia  disorientation 

 poor memory 
 unsteady gait 
 diplopia 
 vision impairment 
 nystagmus, inability to stand 
 nausea 
 vomiting 
 coma 
 hypothermia 
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(see Table 14. 2  ), including hyperemesis gravidarum (Chiossi  et al. ,  2006) , anorexia 
nervosa (Morcos et al.,  2004) , prolonged parenteral feeding without micronutrient 
supplementation (Attard  et al. ,  2006) , renal disease with hemodialysis or peritoneal 
dialysis and gastric or bariatric surgery (Attard  et al. ,  2006 ; Worden and Allen, 
 2006 ; Loh et al.,  2004 ; Cirignotta et al.,  2000 ; Ogershok et al.,  2002) . Although 
studies have found that 23 – 50% of cases are actually not associated with alcohol 
abuse, the index of suspicion for thiamine deficiency is still low in non-alcoholic 
patients (Ogershok  et al. ,  2002) .  

 The incidence of thiamine deficiency in alcoholics is 30 – 80% (Homewood and 
Bond,  1999) . Factors that promote thiamine deficiency in alcoholics include poor 
thiamine intake, decreased activation of thiamine to thiamine pyrophosphate(TPP), 
decreased hepatic storage, decreased intestinal thiamine transport and impairment 
of thiamine absorption (see Table 14. 3  ) (Breen  et al ,  1985 ; Hoyumpa,  1980) . 
Although thiamine is stored in various sites, including skeletal muscles, heart, kidneys 
and brain, the liver remains the main storage site. Due to the reasons cited above, 
hepatic thiamine content may be reduced by 73% in patients with severe, chronic 
alcoholic liver disease. In addition, ethanol has been shown to promote thiamine 
release from the liver (Hoyumpa,  1980) .  

  Table 14.2      Conditions associated with wernicke’s encephalopathy

 Anorexia Nervosa (Harrison  et al. , 2006; 
Morcos  et al. , 2004; Ogershok  et al. , 2002) 

 Malignancy (Weidauer  et al. , 2004; Ogershok  
et al. , 2002) 

 Chronic alcoholism 
Diarrheal Disorders (Celik and Kaya, 2004) 

 Prolonged parenteral feeding without Thiamine 
supplementation (Morcos  et al. , 2004; 
D’Aprile  et al. , 2000) 

 Gastric/Bariatric surgery (Attard  et al. , 2006; 
Loh  et al. , 2004; Cirignotta  et al. , 2000) 

 Prolonged starvation/Malnutrition (Attard  et al. , 
2006; Ogershok  et al. , 2002) 

 Hemodialysis/Peritoneal dialysis (Ogershok  
et al. , 2002; Merkin-Zaborsky  et al. , 2001) 

 Regional enteritis (Ogershok  et al. , 2002) 

 HIV/AIDS (Ogershok  et al. , 2002)  Refeeding after starvation (Ogershok  et al. , 2002) 
 HIV Encephalopathy (Morcos  et al. , 2004)  Thyrotoxicosis (Ogershok  et al. , 2002) 
 Hyperemesis gravidarum (Harrison  et al. , 

2006) 
 Uremia (Ogershok  et al. , 2002) 

 Malabsorption syndromes (Ogershok et al., 
2002) 

  Table 14.3      Possible causes of thiamine deficiency in chronic 
alcoholism 

 1. Inadequate thiamine intake 
 2. Decreased activation of thiamine to thiamine pyrophosphate 
 3. Reduced hepatic storage of thiamine 
 4. Inhibition of intestinal thiamine transport 
 5. Impairment of thiamine absorption due to ethanol-related 
  nutritional deficiency states 

Borrowed from Hoyumpa (1980) with permission   
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 Chiossi  et al.   (2006)  reviewed 49 case reports of WE due to hyperemesis gravi-
darum. The duration of vomiting and/or poor intake was 7.7 +/  −  2.8 weeks. The 
mean gestational age was 14.3 +/  −  3.4 weeks and the amount of weight loss ranged 
from 6 – 25 kg. Thirty-two percent of these patients were primigravida (Chiossi 
 et al. ,  2006) . In laboratory rats, thiamine deficiency is a known cause of intrauterine 
growth retardation. In a German study, lower erythrocyte thiamine concentrations 
were found in patients whose pregnancies were complicated by intrauterine growth 
retardation than in patients with normal pregnancies (Heinze and Weber,  1990) , 
although a causal relationship is uncertain. 

 Chronic renal failure patients on hemodialysis and peritoneal dialysis are at risk 
for thiamine deficiency due to inadequate nutrition in part and possible thiamine 
loss during the dialysis process. Renal failure patients are often on a diet restricted 
in protein and potassium, which increases the risk of thiamine deficiency (Masud, 
 2002 ; Piccoli  et al. ,  2006) . Studies with detailed dietary surveys have shown poor 
oral intake of thiamine in chronic renal failure patients (Hung et al.,  2001) . There 
is no convincing evidence that thiamine levels are significantly altered by either 
hemodialysis or peritoneal dialysis (Reuler  et al. ,  1985) . DeBari  et al.   (1984)  meas-
ured thiamine levels of granulocytes, erythrocytes and plasma. They found no 
significant differences in thiamine levels in dialysis patients compared to controls. 
Further research in this area would benefit chronic renal failure patients and help 
determine possible need for supplementation of water-soluble vitamins. 

 Due to the obesity epidemic in the United States, bariatric surgery is becoming 
increasingly more common. As a result, nutrient malabsorption is becoming more 
common as well. A common procedure, Roux-en-y gastric bypass (RYGBP), 
causes both food restriction and malabsorption. Malabsorption is caused by the 
bypass of the distal stomach, duodenum and the first part of the jejunum. Vomiting 
is a common side effect of RYGBP and vitamin B12 and iron deficiency are 
frequently seen. Thiamine deficiency may occur in this setting as a result of bypass 
of the duodenum, as this is where thiamine is predominantly absorbed (Worden and 
Allen,  2006) . Some authors routinely advocate starting parenteral thiamine 
administration six weeks postoperatively in malnourished patients (Loh  et al. , 
 2004) . Prolonged parenteral feeding without thiamine supplementation is a 
well-documented cause of Wernicke’s encephalopathy. 

 Administration of intravenous glucose activates glycolysis, a process which 
utilizes thiamine and may enhance thiamine deficiency (Koguchi  et al. ,  2004) . Thus 
common emergency room practice includes the administration of intravenous 
thiamine before intravenous glucose in order to prevent the precipitation of WE. 
Whether or not this practice is warranted is somewhat controversial. In a review of 
49 published cases of  hyperemesis gravidarum  as the leading cause of WE, Chiossi 
et al. felt that approximately 30% of the cases were provoked by intravenous 
glucose administration without thiamine (Chiossi  et al. ,  2006) . Many other case 
reports have also noted such a phenomenon but good evidence-based studies are 
lacking. Harrison notes this to be a  “ theoretical concern.  ”  (Harrison  et al. ,  2006) . 
Pazirandeh et al.  (2006)  point out that cellular thiamine uptake is actually slower 
than glucose uptake. As such, cellular thiamine repletion may not occur prior to 
cellular glucose exposure. 
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 Wernicke’s encephalopathy may appear inconspicuously in psychiatric patients, 
as it may be obscured by mental illness. Patients with schizophrenia, for example, 
may be particularly at risk due to poor dietary intake, high rates of homelessness 
and high prevalence of alcoholism (Harrison  et al. ,  2006) . 

 Infantile WE may be found in developing countries, primarily among breast-fed 
infants, usually in the second to fifth months of development. Wernicke’s encepha-
lopathy is very rare in developed nations. However, in 2003, Israel was faced with 
an epidemic of WE due to a batch of defective soy-based vegetarian infant formula. 
WE was documented in 20 out of an estimated 3500 infants who were fed the for-
mula, later found to be deficient in thiamine (Kesler  et al . ,  2005) .  

  Diagnosis  

 Although the diagnosis of WE is generally considered to be a clinical one, support-
ing laboratory tests and neuroimaging data may be important. Generally, routine 
laboratory tests, such as liver profile and renal function, urinalysis, chest x-rays, 
electrocardiograms and echocardiograms are normal, as are cerebrospinal fluid tests. 
Serum lactic acid, however, has been shown to be elevated in the setting of thiamine 
deficiency, particularly in children (Liu  et al. ,  2006 ; Attard  et al. ,  2006 ; Weidauer 
 et al. ,  2004) . In one case study, an electromyelogram showed diffuse sensorimotor 
neuropathy (Cirignotta  et al. ,  2000) ; in another case, an electroencephalography 
revealed diffuse slow activity or dysrhythmia (Chiossi  et al. ,  2006) . 

 Serum thiamine levels may be misleading and thus should not be employed for 
the diagnosis of Wernicke’s encephalopathy. There are two laboratory tests which 
are used as surrogates for body thiamine stores. The erythrocyte transketolase test 
(ETKA) is a reflection of thiamine reserves at a cellular level. The thiamine 
pyrophosphate effect (TPPE) test, expressed as a coefficient, is a measure of tran-
sketolase activity before and after the addition of thiamine. Values before added 
thiamine reflect the amount of coenzyme present in the cell; the values measured 
after thiamine addition is a reflection of the amount of apoenzyme present that 
lacks a coenzyme. Diagnosis is made by either a low ETKA and/or a high TPPE. 
Normal TPPE values range from 0%  – 14%. TPPE values between 15% and 24% 
signify marginal thiamine deficiency and values greater than 25% signify severe 
deficiency (Kesler  et al . , 2005; Chiossi  et al. ,  2006) . Unfortunately, ETKA and 
TPPE are not readily commercially available in the United States. Thus patients 
should be treated once suspected clinically of WE. Clinical response to treatment 
is the ultimate persuasive diagnostic test. 

 By performing thorough clinical histories, neurological and psychological 
exams, as well as pathological evaluations, Caine  et al.   (1997)  developed a set of 
diagnostic criteria for WE in alcoholic patients. The diagnostic criteria, published 
in 1997, require two of the following four signs for the diagnosis of WE: oculomotor 
abnormalities, malnutrition, cerebellar dysfunction and either mild memory impair-
ment or altered mental status (see Table  14.4  ). Validity testing of this approach 
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demonstrated improved diagnostic sensitivity from 31% (using the classic triad) to 
about 100%. They report that sensitivity decreased to 50% in patients with concur-
rent hepatic encephalopathy. This is not unexpected, as two of the elements in the 
above criteria, malnutrition and altered mental status, are commonly seen in 
patients with hepatic encephalopathy. Proper management of these conditions (i.e. 
serum ammonia levels and response to appropriate therapy) should elucidate the 
proper diagnosis. The Caine criteria were developed based on studies of patients 
with alcoholism and should not be applied, at present, to a general population. 
Future studies should assess these criteria in a nonalcoholic population.   

  Neuroimaging  

 Computed tomography (CT) and magnetic resonance imaging (MRI), and single-
photon emission computed tomography (SPECT) have been studied with regard to 
their evaluation of WE. CT appears to be helpful only in cases with hemorrhagic 
lesions, which include only approximately 5% of cases (Chiossi  et al. ,  2006 ; 
Mascalchi  et al. ,  1999) . Computed tomography was reported by Antunez  et al.  
 (1998)  to have quite a low sensitivity (13%) in the diagnosis of WE. 

 MRI sequences typically include, pre- and post-contrast (gadolinium) T1-weighted 
images with gadolinium, T2-weighted images, fluid-attenuated inversion recovery 
(FLAIR), diffusion-weighted imaging (DWI), and apparent diffusion coefficient 
(ADC) mapping. MRI has a sensitivity and specificity of 53% and 93%, respec-
tively, for WE (Ogershok  et al. ,  2002) . The sensitivity may actually be higher, but 
MRI is often performed after the patient has been suspected of WE and empirically 
treated, resulting in a non-diagnostic study (Celik and Kaya,  2004) . Good correla-
tion has been found between contrast mediated magnetic resonance imaging (MRI) 
and neuropathological findings (Liu  et al. ,  2006) . Classically, T2-weighted and 
FLAIR MRI images reveal symmetrical increased signal intensity of areas including 
the third paraventricular regions of the thalamus and hypothalamus, periaqueductal 
regions of the midbrain and mammillary bodies. These lesions may sometimes be 
enhanced with gadolinium on T1-weighted images during an acute event and may 
dissipate with treatment (Chiossi  et al ,  2006 ; Mascalchi  et al. ,  1999 ; Doherty  et al. , 
 2002 ; Halavaara  et al. ,  2003) . In one case, mammillary body enhancement was the 
only sign of acute WE (Shogry and Curnes,  1994) . FLAIR sequences are reviewed 

  Table 14.4      Caine’s diagnostic criteria for wernicke’s 
encephalopathy

 Two of the following criteria must be met: 
 1. Dietary deficiency 
 2. Oculomotor abnormality 
 3. Cerebellar dysfunction 
 4. Altered mental status or mild memory impairment 
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to ensure that the cerebrospinal fluid has not masked high signal lesions on 
T2-weighted imaging (Chung  et al. ,  2003) . The chronic stage of WE may be 
depicted by brain atrophy and diffuse signal-intensity changes in the cerebral white 
matter (White  et al. ,  2005) . 

 Some of the lesion identified on MRI may be seen in other conditions, such as 
inferolateral and anterolateral thalamic infarcts, multiple sclerosis, Cytomegalovirus 
encephalitis, Behcet’s disease, primary cerebral lymphoma, central pontine myeli-
nosis, Lyme disease, Leigh’s disease and variant Creutzfeldt-Jokob disease. These 
conditions are usually excluded from the differential diagnosis based both on their 
asymmetric distribution and the clinical setting (Weidauer  et al. ,  2004 ; Chung 
 et al. ,  2003) . Neuroimaging may be a very useful tool in the diagnosis of WE; 
however, it is important to note that the absence of signs on neuroimaging does not 
exclude the diagnosis (Antunez  et al. ,  1998 ; Celik and Kaya,  2004) . 

 Although there is insufficient evidence to suggest the presence of cytotoxic 
edema in acute WE, there is good evidence for vasogenic edema (Liu  et al. , 
 2006) . The advantage of DWI over T2-weighted and FLAIR imaging is its ability 
to better distinguish between cytotoxic and vasogenic edema (Chiossi  et al. , 
 2006 ; Chung  et al. ,  2003) . DWI, in conjunction with ADC mapping, is particu-
larly useful, as it is the most sensitive method for diagnosing early injury, i.e. 
vasogenic edema, before the onset of necrosis, thus facilitating early diagnosis of 
WE (Doherty  et al. ,  2002 ; Halavaara  et al. ,  2003) . Cytotoxic edema is repre-
sented by high intensity signal on DWI with corresponding low signal on ADC 
mapping. Vasogenic edema, however, will show high signal intensity on both 
DWI and ADC mapping (Weidauer  et al. ,  2004) . 

 Single-photon emission computed tomography (SPECT) imaging has also been 
evaluated and at least one study has found it to be useful in cases where conven-
tional MRI may be non-diagnostic (Celik and Kaya,  2004) .  

  Pathology  

 Wernicke’s encephalopathy, which affects the brainstem, white matter and cortex, 
has a characteristic appearance on autopsy (Celik and Kaya,  2004) . The acute stage 
of WE is characterized by the inability to maintain proper osmotic gradients of cell 
membranes, promoting intracellular swelling and red blood cell extravasation into 
the perivascular space. This stage is distinguished by marked vascular dilatation, 
endothelial swelling and neuronal demyelinization. The chronic stage is marked by 
mammillary body atrophy, as well as, loss of neuropil with fibrillary astrocytosis 
(Weidauer  et al. ,  2004 ; D’Aprile  et al. ,  2000 ; Homewood and Bond,  1999) . 
Neurons, however, are generally spared (Liu  et al. ,  2006 ; Gui  et al. ,  2006 ; Halavaara 
 et al. ,  2003) . Classic neuropathological findings include petechial hemorrhages of 
blood vessels and small, symmetric necrotic lesions in the paraventricular areas of 
the thalamus, hypothalamus, mammillary bodies, periaqueductal area of the 
midbrain and cerebellum (McEntee,  1997 ; Chung  et al. ,  2003 ; Caine  et al. ,  1997) . 
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It has been proposed that perhaps the paraventricular regions are more susceptible 
to thiamine deficiency because they have a higher rate of glucose and oxidative 
metabolism which require thiamine (Lacasse and Lum,  2004) . The most consistent 
pathological findings, found in 75% of the cases, are mammillary body atrophy and 
brownish discoloration (Liu  et al. ,  2006 ; Harper,  1983) . Although a small proportion 
of patients may have normal sized mammillary bodies, almost all have microscopic 
mammillary body lesions (Charness,  1999) . Macrohemorrhage is found in approxi-
mately 5% of cases (Mascalchi  et al. ,  1999) . Table 14. 5   shows Harper’s macroscopic 
and microscopic autopsy findings in WE (Harper,  1983) .   

  Role of Thiamine  

 Thiamine (B1) is an essential coenzyme for enzymes involved in Kreb’s cycle 
(including pyruvate dehydrogenase and alpha ketoglutarate dehydrogenase), lipid 
metabolism/amino acid production (transketolase) and neurotransmitter synthesis —
 acetylcholine and GABA (2-oxo-glutarate dehydrogenase) (Chiossi  et al. ,  2006) . 
A commonly found water-soluble vitamin, it is found in lean pork, poultry, fish, 
eggs, liver, wheat germ, whole grains, beans, peas and nuts. Fruits, vegetable and 
dairy products are not good sources of thiamine (Table  14.6 ) Alcoholic beverages 
have virtually no thiamine (Table  14.7  ) (Lonsdale,  2006) . However, it has been sug-
gested that small amounts of thiamine exist in German and Australian beer (Price 
and Kerr,  1985) . The human daily requirement of thiamine is 1.0 – 1.5 mg per day 
but this requirement is increased in states of pregnancy, lactation, thyrotoxicosis 
and fever. Body stores are approximately 25 – 30 mg and are found predominantly 
in skeletal muscles, heart, liver, kidneys and brain (Lacasse and Lum,  2004) . These 
reserves are sufficient for only 2 – 3 weeks without continued intake (Gui  et al. , 
 2006 ; Kesler  et al. ,  2005) . Thiamine, which is excreted in the urine, has a half-life 
of approximately 10 – 20 days (Pazirandeh  et al. ,  2006) . Loss of thiamine is acceler-
ated by diuretic therapy and may be inactivated by polyphenol containing 
compounds found in coffee and tea (Lonsdale,  2006) . Malabsorption may occur 
with alcoholism, with gastric surgery and with folate deficiency (Lacasse and Lum, 

  Table 14.5      Macroscopic and microscopic findings of wernicke’s encepha-
lopathy on autopsy

 Macroscopic lesions  Microscopic lesions 

 Ventricular dilatation (34%)  Mammillary bodies (99%) 
 Mammillary body atrophy (75%)  Third ventricular wall (61%) 
 Cerebellar vermal atrophy (34%)  Thalamus (61%) 
 Cerebellar atrophy (21%)  Midbrain (50%) 
 Paraventricular atrophy (5%)  Pons (50%) 

 Medulla (33%) 

 (Harper,  1983)   
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 2004 ; Price and Kerr,  1985) . Alcohol has been found to interfere with the active 
transport of thiamine in the gastrointestinal system, at least in rodents (Kumar  et al. , 
 2000) . Thiamine absorption may be significantly decreased in the setting of folate 
depletion but may return to normal with 4 – 6 weeks of folate repletion therapy. 
A deficiency in magnesium, required for the conversion of thiamine to thiamine 
pyrophosphate, may also cause thiamine deficiency (Bishai and Bozzetti,  1986 ; 
Lonsdale,  2006) .  

  Table 14.7      Thiamine content in alcoholic beverages

 Standard beer (12 oz) - 0.00 mg 
 Red wine (4 oz) - 0.01 mg 
 White wine (4 oz) - 0.01 mg 
 Tequila/Gin/Bourbon/Whiskey/Vodka (80 proof/1.5 oz) - 0.00 mg 

(The Food Processor SQL, 2006)  

  Table 14.6      High thiamine foods: thiamine content/100g 
food product 

  Lean Pork  (avg of trimmed retail cuts, loin, 
and shoulder blade, lean only, cooked)  0.873 mg 
  Poultry  (cooked): 
 Turkey  0.06 mg 
 Chicken  0.069 mg 
  Fish  (cooked): 
 Tuna  0.278 mg 
 Catfish  0.42 mg 
 Tilapia  0.093 mg 
 Whitefish (mixed species)  0.171 mg 
 Salmon  0.34 mg 
  Eggs  (raw)  0.069 mg 
 Beef Liver (cooked)  0.194 mg 
 Chicken Liver (cooked)  0.291 mg 
 Wheat germ  1.882 mg 
  Beans  (pinto, cooked)  0.193 mg 
  Peas  (cooked)  0.259 mg 
  Soybeans  (cooked)  0.155 mg 
  Kidney  (beef)  0.16 mg 
 Nuts  0.2 mg 
 Whole grains (dry): 
 Whole wheat flour  0.447 mg 
 Bulgur  0.232 mg 
 Oats  0.763 mg 
 Whole cornmeal  0.385 mg 
 Buckwheat  0.101 mg 
 Brown rice  0.413 mg 

   (The Food Processor SQL, 2006)  
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 Medications postulated to affect body stores of thiamine include: 5-fluorouracil 
(Heier and Dornish,  1989) , loop diuretics (Brady et al.,  1995 ; Seligmann et al., 
 1991)  and dilantin (Patrini  et al. ,  1993 ; Botez  et al. ,  1993) .  

  Thiamine Absorption  

 Dietary thiamine exists primarily in the form of thiamine pyrophosphate (TPP), 
which must be hydrolyzed to free thiamine, before absorption in the small bowel 
(Dudeja et al.,  2001) . In the small bowel, thiamine absorption occurs by two proc-
esses: passive and active transport. Passive transport occurs only in the presence of 
high thiamine concentrations, and actually blocks the active transport process. Low 
doses of thiamine are absorbed by active transport (Rindi and Ventura,  1972  ). The 
details of this absorption mechanism are still not completely clear. Dudeja et al. 
have performed multiple studies evaluating jejunal thiamine absorption at both the 
brush border membrane (BBM) and the basolateral membrane (BLM). In one 
study, they found that human intestinal BBM absorption of thiamine is a carrier-
mediated process, which is sodium-independent, pH-dependent and amiloride-
sensitive. They have also proposed the possibility of a thiamine — /H+ exchange 
mechanism (Dudeja  et al. ,  2001) . In a study of thiamine absorption in jejunal BLM, 
Dudeja et al. found the transport mechanism to be a pH-dependent and amiloride-
sensitive carrier-mediated process (Dudeja et al.,  2003) . SCL19A2, believed to be 
a human thiamine transporter, has been shown to be expressed in all gastrointestinal 
tissues, with the greatest level of expression found in the liver. Reidling et al. have 
discovered that the minimal promoter region needed for basal activity of SLC19A2 
gene is encoded between  − 356 and  − 36 (Reidling  et al. ,  2002) . 

 Breen  et al.  evaluated the influence of acute alcohol perfusion on small bowel 
absorption of thiamine. They found that alcohol did not significantly decrease thia-
mine uptake in the jejunum, although there was a trend to lower absorption with 
alcohol perfusion (Breen et al.,  1985) . Holzbach evaluated thiamine absorption in 
patients after 3 days and after 4 weeks of resolution of acute delirium tremens (DT). 
He found no significant difference in thiamine absorption between normal patients 
and those with recent delirium tremens. There was, however, a significant increase 
in thiamine absorption 4 weeks after DT as compared to values obtained shortly 
(3 days) after DT. They propose the possibility of abnormal thiamine absorption in 
DT. It is noteworthy that the patients with visual hallucinations had lower thiamine 
absorption levels than those who did not have this symptom (Holzbach,  1996) . 
Tomasulo studied thiamine deficiency in severely alcoholic patients admitted to the 
hospital. Forty-three percent of these patients had DT. He measured radioactive 
thiamine in both urine and stool and found significant differences between controls 
and alcoholics. The labeled thiamine excreted in 24-hour urine collections of 
controls and alcoholics were 45.8% and 25.3%, respectively. The reciprocal findings 
of stool in controls and alcoholics were 4.0% and 21.0%, respectively (Tomasulo 
 et al. ,  1968) . Studies by Thomson  et al.   (1968)  also provide evidence that chronic 
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alcohol abuse may decrease thiamine absorption. These various studies differ, not 
only in their methodologies, but also in their subject populations. Breen’s study 
assessed the effects of acute alcohol while the latter three studied chronic alcohol-
ics. This area clearly deserves further research.  

  Pathogenesis of Wernicke’s Encephalopathy  

 Serious attempts to determine the mechanism(s) of this disorder have been ongoing 
for at least 70 years (Peters,  1969) . There are many aspects of WE which should make 
this task relatively easy. First, the clinical picture of this disorder is well characterized, 
can be readily diagnosed and is relatively specific. Second, the pathology of this 
entity is elegantly described and imaging by MRI, when present, is characteristic. 
Third, there are animal models readily available which should permit a biochemical/
pathologic dissection of the problem. Fourth, the specific deficiency, a decrease of 
vitamin B 

1
 , responsible for the experimental and clinical findings of WE is well-

known. Most importantly, the experimentally induced and clinical syndromes are 
often readily reversible (if seen early) by the administration of thiamine. 

 With such an extensive knowledge base, what is the present state of our under-
standing of the mechanisms of this disorder? Not unexpectedly, initial studies, 
primarily in experimental animal models, focused on the known metabolic pathways 
which involve thiamine. Indeed, the classical studies of Peters in 1930 (Peters, 
 1969)  showed lactate accumulation in the brainstem of thiamine deficient birds 
with normalization of this in vitro when thiamine was added to the tissue. This led 
to the concept of  “ the biochemical lesion ”  of the brain in thiamine deficiency. The 
enzymes which depend on thiamine are shown in Fig. 14. 1  . They are transketolase, 
pyruvate and  α -ketoglutarate dehydrogenase. Transketolase is involved in the 
pentose phosphate pathway needed to form nucleic acids and membrane lipids, 
including myelin. The ketoacid dehydrogenases are key enzymes of the Krebs cycle 
needed for energy (ATP) synthesis and also to form acetylcholine via Acetyl CoA 
synthesis. Decrease in activity of this cycle would result in anaerobic metabolism 
and lead to lactate formation (i.e., tissue acidosis) (Fig.  14.1 ).  

 Indeed, studies in animal models of thiamine deficiency and a small number of 
postmortem human brain specimens have shown that transketolase and  α -ketoglutarate 
dehydrogenase (but not consistently pyruvate dehydrogenase) were depressed. 
Perhaps the largest and earliest fall was seen in brain transketolase; however, when 
the neurological signs were reversed with thiamine there was no concomitant 
improvement in transketolase which rose only slightly (McCandless and Schenker, 
 1968) . Moreover, glucose flux through the pentose phosphate pathway (dependent 
on transketolase) did not decrease in severe thiamine deficiency and ribose-5-phosphate 
(a key intermediate in the pentose cycle) did not fall (McCandless  et al. ,  1976 ; 
McCandless,  1982) . Thus, the current view is that a low transketolase is a marker 
of thiamine deficiency, but is likely not to be causal in the acute neurological deficits 
seen in thiamine deficiency (McCandless,  1982 ; Hazell  et al. ,  1998) . The possible 
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effects of prolonged transketolase depression, as with chronic thiamine deficit, are 
uncertain (Hazell  et al. ,  1998) . 

 Data on the role of acetylcholine deficit in thiamine deficiency are conflicting, 
but most recent studies do not favor a significant decrease in the synthesis of this 
neurotransmitter (Hazell  et al. ,  1998 ; Vorhees  et al. ,  1977) . This would be consistent 
with normal pyruvate dehydrogenase activity in experimental thiamine deficiency, 
which should not, therefore, result in a lower Acetyl CoA level as a precursor to 
acetylcholine. 

 Perhaps the most likely mechanism of low thiamine-induced brain injury has 
revolved around impairment of the Krebs’ cycle and deficit in available ATP 
(Desjardins and Butterworth , 2005). This could readily lead to apoptosis and necrosis 
of neurons, as has been described in such patients (Vorhees  et al. ,  1977) . In this 
context, the data on pyruvate dehydrogenase are somewhat difficult to interpret. 
Postmortem brain from patients with Wernicke’s encephalopathy did show a major 
decrease in pyruvate dehydrogenase, albeit in only a few specimens (Butterworth 
 et al. ,  1993) . However, this was not corroborated in experimental models of this 
syndrome (Desjardins and Butterworth,  2005 ; Butterworth et al.,  1993) . By contrast 
a major decrease in brain  α -ketoglutarate dehydrogenase was seen in every type of 
thiamine deficiency (Desjardins and Butterworth,  2005 ; Butterworth et al.,  1993) . 
Moreover, an impairment in this enzyme could readily explain an increase in brain 
lactate, due to anaerobic metabolism, and this has been observed uniformly, even 

  Fig. 14.1      Enzymes which depend on thiamine: there are transketolase, pyruvate and 
alpha-ketoglutarate dehydrogenase (see text)       
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as far back as 1930 (Peters,  1969 ; McCandless and Schenker,  1968 ; Desjardins and 
Butterworth,  2005) . The major concern about the Krebs cycle deficit concept has 
been a difficulty in documenting consistently an impairment in brain energy stores, 
both ATP and phosphocreatine (PCr). Multiple studies in the brain of animals with 
thiamine deficiency have not shown a decrease in ATP or PCr, even when assayed 
in brain areas (brainstem and lateral vestibular nucleus) felt to be most affected 
(McCandless and Schenker,  1968 ; McCandless,  1982 ; McEntee,  1997 ; Holowach 
et al.,  1968) . The only exception was a study by Aikawa et al.  (1984) , who showed 
a small decrease in ATP and PCr in some parts of rat brain after exposure to 
pyrithiamine (thiamine antagonist). The functional significance of this small 
(~10%) drop in ATP is not known, but in our view is unlikely to be important. 
McCandless has shown  increased  levels of both ATP and PCr in the lateral vestibular 
nucleus of such animals, as well as in rats rendered thiamine deficient by dietary 
means (McCandless,  1982 ; McCandless and Schwartzenburg,  1981) . The higher 
energy stores reverted to normal on restoration of thiamine. These latter data suggest 
that energy utilization was impaired during the symptomatic stage. Formal energy 
turnover studies in critically affected brain areas have not been done, to our knowledge. 
Clearly, the role of an impaired Krebs cycle in the pathogenesis of Wernicke’s 
encephalopathy is unresolved. 

 A number of other mechanisms have been suggested recently for the brain 
damage caused by thiamine lack. One stipulates that an excess of extracellular 
glutamate induces increased neurotoxicity (McEntee,  1997) . The evidence for this 
are increased concentrations of glutamate in the extracellular fluid (dialysate) in 
brains of pyrithiamine-treated rats and decrease in glutamate transporters in astro-
cytes of these animals (Desjardins and Butterworth,  2005 ; McEntee,  1997) . 
Another concept is that of oxidative stress via the production of reactive oxygen 
species and/or increased expression of endothelial nitric oxide synthase (Desjardins 
and Butterworth,  2005) . Finally, neuropathological studies in both animal models 
and postmortem brain sections in patients with Wernicke’s have shown prolifera-
tion of astroglial cells, especially in the early stages of thiamine deficiency 
(Desjardins and Butterworth,  2005) . Based on the known protective effects of astro-
cytes for neurons, this rather suggests that these cells may be activated in that 
setting, perhaps to provide GSH as an antioxidant (Rathinam et al.,  2006) . Overall, 
it appears that the precise mechanism by which thiamine deficiency causes brain 
injury is unknown. Conceivably multiple factors may be operative. 

 Another important question relates to the selective sensitivity of specific brain 
areas to thiamine deficiency. The basis for this has been discussed in terms of 
differences in regional metabolism, antioxidant status, or differences in thiamine 
turnover, but without actual data (Desjardins and Butterworth,  2005) . Similar 
regional sensitivity has been seen with bilirubin and copper deposition/damage 
without explanation. Much remains to be learned. 

 It has been suggested that there may be a predisposition to WE in some patients, 
presumably on a genetic basis. Indeed, a variant of transketolase has been reported 
in fibroblasts of patients with WE (Blass and Gibson,  1977  ; Nixon  et al. ,  1984) . It 
was proposed that this may increase the requirements of thiamine in such patients, 
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and thus possibly make them more susceptible to thiamine deficits (Martin  et al. , 
 1995) . However, this concept has not been further verified (Kaufmann  et al. ,  1987 ; 
Blansjaar  et al. ,  1991) . The authors are unaware of any reported familial clustering 
of WE, and transketolase is not felt now to be an enzyme primarily causally 
involved in the pathogenesis of this cerebral disorder. Studies of possible variants 
in other enzymes involved in thiamine metabolism have not been reported.  

  Treatment  

 Wernicke’s encephalopathy is a potentially fatal but also reversible medical emer-
gency if diagnosed and treated in the acute stage. Treatment includes supportive 
measures, as well as thiamine replacement; however, the basic questions of thiamine 
dose, frequency, route and length of treatment remain unclear (Morcos  et al. ,  2004) . 
The Cochrane Collaboration (2007) sought to evaluate the evidence available for 
the use of thiamine in the treatment of Wernicke-Korsakoff Syndrome due to alco-
hol abuse. There were actually no studies that addressed this specifically but the 
Cochrane group identified one published randomized controlled study, by Ambrose 
et al., that compared the effects of various doses of thiamine therapy in alcoholic 
patients without overt clinical signs of WKS (Day  et al. ,  2004) . In 2001, Ambrose 
evaluated the effects of differing doses of thiamine hydrochloride (5, 20, 50, 100 
and 200 milligrams) given intramuscularly for 2 consecutive days in a group of 
alcoholic patients, none of whom had any clinical signs of WKS, in an alcohol 
detoxification center. Post-treatment, patients were compared based on their 
performance on a delayed alternation task test, established to be sensitive to the 
cognitive impairments of Wernicke-Korsakoff Syndrome. Patients who received the 
highest dose of thiamine showed superior performance (Ambrose  et al. ,  2001) . 
However, the initial thiamine status of this patient group was not known. As a result 
of the paucity of data from randomized clinical trials, the Cochrane Collaboration 
concluded that currently, there is insufficient data available to provide clinical 
guidelines regarding the dose, frequency, route or duration of thiamine for the treat-
ment of WKS due to alcoholism (Day  et al. ,  2004) . 

 In various studies/clinical cases, thiamine 100 mg has been given intravenously 
for several days to two weeks, followed by maintenance doses of 50 – 100 mg orally 
per day until the patient is able to eat a well-balanced diet regularly (Lacasse and 
Lum,  2004 ; Chiossi  et al. ,  2006) . Long-term treatment and prevention should 
include continued oral thiamine supplementation, alcohol abstinence and a bal-
anced diet (Ogershok  et al. ,  2002) , but this program is based on logic and overall 
good medical care, not data. 

 Following thiamine therapy in the acute state, one may obtain a dramatic 
response, which essentially confirms the diagnosis (Squirrell,  2004) . Improvement 
in ophthalmoplegia is often the first sign of treatment benefit and may occur within 
hours (Koontz  et al. ,  2004 ; Doherty  et al. ,  2002) . Ataxia may take days to weeks 
but 25% of cases may not improve at all. Residual peripheral neuropathy is also not 
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uncommon (Worden and Allen,  2006 ; Weidauer  et al. ,  2004 ; Chiossi  et al. ,  2006) . 
Chiossi, in his review of WE cases due to hyperemesis gravidarum, found that only 
29% of patients obtained complete resolution of symptoms, while 53% showed 
resolution of most signs and symptoms within three months (Chiossi  et al. ,  2006) . 
Improvement in mental status is variable and up to 84% of patients may develop 
Korsakoff’s psychosis (Harrison  et al. ,  2006 ; Morcos  et al. ,  2004 ; Homewood and 
Bond,  1999) . At a two-year follow-up visit, one patient, whose oculomotor and 
imaging studies had shown improvement, had persistent symptoms of severe cogni-
tive deficits, vertigo and loss of sphincter control (Attard  et al. ,  2006) . Improvement 
of imaging studies may be seen up to four months of treatment with thiamine (Loh 
 et al. ,  2004) . Delay in treatment may result in irreversible neuronal death and pos-
sibly death of the patient (Gui  et al. ,  2006) .  

  Prevention  

 Clearly, one of the most important prevention strategies is physician and patient 
education in this area. In addition, there has been much debate over thiamine forti-
fication of alcoholic beverages in order to prevent Wernicke’s encephalopathy in 
alcoholics, the most susceptible population,. In 1987, Australia’s Mental Health 
Committee recommended fortification of all Australian beer and flagon wine but 
this was never implemented. In most developed countries, bread (white flour) is 
enriched with thiamine to restore what is lost from the whole wheat in the process 
of milling. Australia adopted this plan in 1991, using the same level of enrichment 
as the United States (6.4 mg thiamine hydrochloride/Kg flour). The incidence of 
WE in the five years after the above implementation in Australia was 40% lower 
(perhaps fortuitously) than in the five year period prior to bread fortification. In 
addition, the post-mortem diagnosis of WE in Sydney, Australia has declined from 
2.1% to 1.1% (Truswell,  2000) .  

  Conclusion  

 There exists a great disparity between the number of patients diagnosed with WE 
while alive and the number of patients diagnosed post-mortem. This issue can be 
improved when a high index of suspicion for WE is employed for not only alcoholic 
patients but any patient with malnutrition or possible thiamine deficiency. Wernicke’s 
encephalopathy should be considered in the evaluation of any patient found to have 
one or more of the classic complaints, including confusion, ophthalmoplegia and 
ataxia, especially in the setting of malnutrition. In patients with acute altered mental 
status or coma, it is essential to treat empirically with thiamine, which is safe and 
inexpensive, even prior to the availability of neuroimaging results. We cannot over-
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emphasize that imaging and laboratory data should not delay treatment with thiamine, 
which should be based initially on clinical assessment (i.e., symptoms/signs).      

 Since the preparation of this manuscript, a recent paper has reported total tau 
protein levels in cerebrospinal fluid were elevated in acute WE, but declined at 
follow up. This may suggest that neuronal cell death occurs transiently in acute 
WE. 
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Chapter 15
 The Genetics of Myelination in Metabolic 
Brain Disease: The Leukodystrophies 

           John   W.   Rumsey      

  Introduction  

 The formation of brain myelin is of paramount importance to the proper development, 
survival and functioning of neurons. Myelination, consequently, is a highly regulated 
process dependent on the expression and temporal regulation of many genes, proteins 
and metabolites, as well as an adequate nutritional environment to support the post-
natal brain growth spurt. Consequently, myelination is vulnerable to a wide range of 
perturbations. Reviews of the mechanisms and effects of myelin disorders are 
numerous. Here, the focus is specifically on genetic mutations affecting various 
cellular compartments in neuronal cells that result in either demyelination or dysmy-
elination. Collectively, these diseases, categorized as leukodystrophies, represent an 
ongoing public health problem in both developed and developing nations.  

  Leukodystrophies  

 Leukodystrophies are a broad class of diseases encompassing genetic metabolic 
abnormalities of the oligodendrocyte that result in either dysmyelination or demy-
elination (Lyon et al.,  1996) . The major leukodystrophies involve abnormal trans-
port or catabolism of myelin/oligodendrocyte sphingolipids, or of the myelin 
proteins themselves (Morell et al.,  1994) . The abnormal metabolite processing can 
occur in the lysosome such as is the case in globoid cell leukodystrophy (Krabbe 
disease), at the peroxisome as in X-linked adrenoleukodystrophy (X-ALD), or 
affect mitochondrial functioning as in Canavan disease (CD) (Kumar et al.,  2006 ; 
Moser,  1997 ; Moser et al.,  2005 ; Wenger et al.,  1997) . 

  Globoid Cell Leukodystrophy (Krabbe Disease) 

 An autosomal recessive affliction resulting from deficient galactocerebrosidase 
(GALC, EC 3.2.1.46) activity in the lysosome, Krabbe disease, characterized by 
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oligodendrocyte cell death and demyelination, presents with white matter lesions 
on MRI scans and the presence of macrophage-like globoid cells. The disease has 
an estimated incidence of 1:100,000 (Wenger et al.,  2001) . The faulty GALC activity 
results in the build up of certain glactolipids, including galactosylceramide, 
monogalactosyldiglycerie (MGD) and galactosylsphingosine (psychosine) (Wenger 
et al.,  2000) . Most importantly, the build up of psychosine has been shown to be the 
toxic process responsible for the loss of myelin and the death of oligodendrocytes 
in Krabbe disease (Igisu and Suzuki,  1984 ; Suzuki and Taniike,  1998 ; Svennerholm 
et al.,  1980) . Additional characteristics of the disease, demyelination in the central 
nervous system (CNS) and the concurrent appearance of phagocytic globoid cells 
are also attributed to toxic levels of psychosine. Psychosine is also responsible for 
toxic effects in mitochondria including inhibition of the electron transport chain, 
alternations of mitochondrial membrane potential, cytochrome c release and induc-
tion of the transcription factor activator protein 1 (AP-1), resulting in oligodendro-
cyte apoptosis (Haq et al.,  2003 ; Tapasi et al.,  1998) . Globoid cell leukodystrophy 
also affects the peripheral nervous system by causing Schwann cell death, as toxic 
levels of psychosine accumulate during myelination (Hogan et al.,  1969) . 

 The genetics of Krabbe disease and the GALC enzyme have been extensively 
studied. The cDNA for human GALC, first cloned and sequenced in 1993, facilitated 
studies into the structure and post-translational modifications of the protein (Chen 
et al.,  1993) . The gene is located on chromosome 14 (14q31). The protein was 
found to have an estimated molecular mass of 80 kilodalton (kDa) and to exist as a 
two subunit heterodimer (Chen and Wenger,  1993 ; Sakai et al.,  1994)  Currently, 
over 75 mutations in the human GALC gene have been identified, and are present 
in all exons excluding number 12 (Fig. 15. 1  ) (Fu et al.,  1999 ; Wenger et al.,  1997) . 

  Fig. 15.1      Mutation diagram for the GALC gene. The gene contains 18 exons (boxes), 13 for the 
50kDa subunit (black boxes) and 5 for the 30kDa subunit (white boxes). Homozygous mutations 
shown above are T154C, A198G, T701C, C1138T, C1538T, G1582A and T1886G. The G809A 
mutation results exclusively in juvenile or adult onset regardless of other mutations. Also indi-
cated are some insertions and deletions. The blank line between the exons represents the introns 
of the gene. Adapted from Wenger et al.  (2000)        
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Missense mutations are the most frequent, followed by deletions and insertions 
resulting in premature stop codons (Wenger et al.,  1997) . The most common muta-
tion in individuals, present in almost 40% of all chromosomes evaluated, is a 30kb 
deletion resulting in a truncated large subunit and an absent small subunit (Luzi et 
al.,  1995 ; Rafi et al.,  1995) . Expression studies using this mutant gene show no 
activity for the peptide produced (Rafi et al.,  1995) . Additional mutations result in 
a wide range of normal genetic polymorphisms and account for the wide variety of 
measured GALC activity in the general population (Wenger et al.,  2001) .  

 The clinical symptoms of the infantile form of Krabbe disease, believed to affect 
90% of all patients, include developmental delays, neurological deterioration, limb 
stiffness, seizure, deafness, blindness and extreme irritability (Hagberg et al.,  1970 ; 
Krabbe,  1916) . Most of these patients regress to a decerebrate condition and the 
majority die before two years of age. Late onset patients (adolescent and adult) 
present with a variety of symptoms including loss of manual dexterity, general weak-
ness, burning paresthesia in the extremities and loss of vision (Crome et al.,  1973 ; 
Lyon et al.,  1991) . The clinical course of late onset Krabbe disease is unpredictable, 
and while the severity and time course of the disease vary, all adolescents eventually 
regress and all die within 2 – 7 years after diagnosis (Verdu et al.,  1991) . In the case of 
adult onset of the disease, progression varies, with many progressing slowly, exhibiting 
no or mild mental deterioration, while others progress quickly to significant physical 
and mental impairment. Still others deteriorate rapidly to death (De Gasperi et al., 
 1996 ; Furuya et al.,  1997 ; Kolodny et al.,  1991 ; Sabatelli et al.,  2002) . 

 Krabbe disease diagnosis usually occurs within six months of birth, although 
adolescent and adult onset cases do occur (Crome et al.,  1973) . Diagnosis has tra-
ditionally been done using magnetic resonance imaging (MRI) to visualize brain 
lesions and more recently using proton magnetic resonance spectroscopy (MRS) to 
image metabolic abnormalities (Brockmann et al.,  2003 ; Kingsley et al.,  2006 ; 
Sasaki et al.,  1991 ; Zarifi et al.,  2001) . MRS is especially useful in diagnosing the 
disease before tissue alterations can be seen clearly using MRI (Brockmann et al., 
 2003) . Conclusive diagnosis is biochemical, based on an enzymatic assay measur-
ing galactocerebrosidase activity in leukocytes or cultured cutaneous fibroblasts 
(Wenger et al.,  2000) . 

 While no cure is available for globoid cell leukodystrophy, the use of an animal 
model, the twitcher mouse, has enabled the development and evaluation of several 
promising treatment options (Eto et al.,  2004 ; Shen et al.,  2001 ; Suzuki and Suzuki, 
 1995) . One treatment, brain directed gene therapy using a recombinant adenovirus 
(AxCAGALC) encoding the  β -galactocerebrosidase gene ( β -GALC), showed a 
15% increase in brain activity of  β -GALC and a 55% decrease in psychosine 
concentrations. This resulted in reduced pathological observations in the brain and 
a prolonged lifespan. In this study, timing of the adenoviral therapy played a sig-
nificant role (Shen et al.,  2001) . Another therapeutic technique developed in the 
twitcher mouse, stem cell transplantation, has also proved effective at increasing 
mouse lifespan. In this study, bone marrow stem cells from normal donors were 
effective at restoring some GALC functions and tripling the lifespan of the twitcher 
mutants (Suzuki and Suzuki,  1995) . These findings have encouraged scientists who 
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have used umbilical cord and hematopoietic stem cell transplantation as therapies 
for metabolic diseases (Boelens,  2006 ; Sauer et al.,  2004) . Specifically, reversal of 
the symptoms of Krabbe disease in patients receiving allogeneic hematopoietic 
stem cell transplantation was observed (Krivit et al.,  1998) . This therapy has also 
been effectively demonstrated in patients suffering from peripheral symptoms of 
the disease based on nerve conduction velocity tests (Siddiqi et al.,  2006) . In a similar 
study, umbilical cord stem cells transplanted from unrelated donors into newborns 
and infants with varying degrees of disease progression showed a favorable prog-
nosis when patients received treatment prior to the onset of symptoms (Escolar 
et al.,  2005) . 

 Although the pathology and subsequent treatment of globoid cell leukodystrophy 
is seemingly simple, the disease has clearly proved to be anything but straight-
forward. Fortunately, the availability of an authentic mouse model, as well as cases 
in dogs, sheep and cats, for studying the disease provide encouraging results and 
directions for future therapeutic developments (Suzuki and Suzuki,  1985) . This 
disease, like other leukodystrophies, exemplifies the scientists’ limited understanding 
of the relationship between neurons and supporting glial cells and promises to 
provide insights into the homeostatic functioning of the CNS.  

  X-linked Adrenoleukodystrophy (X-ALD) 

 X-ALD is an X-linked disease arising from mutations in the ABCD1 gene. 
A member of subfamily D of the ATP-binding cassette (ABC) family of membrane 
transport proteins, the ABCD1 gene, containing 10 exons and 9 introns, encodes a 
peroxisomal transmembrane protein called adrenoleukodystrophy protein (ALDP) 
(Mosser et al.,  1993) . The protein is involved in the transport of substrates from the 
cytoplasm into the peroxisomal lumen, with the disease falling into group III 
peroxisomal disorders. Biochemically, this defective transport results in the accu-
mulation of a saturated, unbranched very long chain of fatty acids (VLCFA), which 
are associated with progressive cerebral demyelination, adrenocortical atrophy, 
lymphocytic infiltration and abnormalities in testicular function (Siemerling and 
Creutzfeldt,  1923 ; van Geel et al.,  1997) . The most commonly accumulated 
VLCFAs, tetracosanoic acid (C24:0) and hexacosanoic acid (C26:0), can be found 
in all tissues and bodily fluids. The abnormalities in adrenal function, presumably 
caused by toxic VLCFA levels, result from apoptotic cell death in the adrenocortex 
and cause the development of Addison’s disease (Powers et al.,  1980) . 

 First described by Siemerling and Creutzfeldt in  1923 , the phenotypic presenta-
tion of X-ALD varies widely with age of onset, organs involved, neurological 
involvement and rate of progression of neurological symptoms (Siemerling and 
Creutzfeldt,  1923 ; van Geel et al.,  1997) . In adult onset cases, the disease mainly 
involves the spinal cord; consequently, it is referred to as adrenomyeloneuropathy 
(AMN) (Budka et al.,  1976) . Finally, asymptomatic carriers have been identified, 
adding to the heterogeneity of the disease. Overall, the incidence of disease, 
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1:16,800, including both hemizygous and heterozygous individuals, makes X-ALD 
the most frequently inherited monogenetic demyelinating disorder, as well as the 
most commonly occurring peroxisomal disorder (Bezman et al.,  2001) . 

 The ABCD1 gene, located on the long arm of the X chromosome at position 
Xq28, is 21 kilobase pairs (kb) in length, containing 10 exons and 9 introns and 
codes for a 745 amino acid protein (75kDa) (Migeon et al.,  1981 ; Mosser et al.,  1993) . 
Although the protein’s exact function is unknown, its location has been localized to 
the peroxisomal membrane, where it plays a role in either the activation of VLCFAs 
for import into the peroxisome or is directly involved in their import (Mosser et al., 
 1994 ; Valle and Gartner,  1993) . Currently, 461 unique mutations in the ABCD1 
gene have been identified and have been cataloged in an X-ALD mutation database 
(http://www.x-ald.nl) (Kemp et al.,  2001) . The most common mutations are mis-
sense (52%), while the least common is the whole exon deletion (4%). Interestingly, 
based on extensive genetic studies and familial case clusters, there is no correlation 
between the type of ABCD1 gene mutation and the clinical phenotype exhibited 
(Kok et al.,  1995 ; Krasemann et al.,  1996 ; Ligtenberg et al.,  1995) . This genotype/
phenotype disconnect is due to the possibility of residual ALDP activity, as is the 
case for other ABC transport proteins, such as the multi-drug resistance transporter 
(MDR) p-glycoprotein. Additionally, scientists postulate the presence of a yet uni-
dentified autosomal modifier gene based on segregation analysis (Maestri and 
Beaty,  1992 ; Moser et al.,  1992) . Lastly, normalization of VLCFA levels was 
observed in the livers of ABCD1-deficient mice and in differentiated CG4 rat 
oligodendrocytes after induction of the adrenoleukodystrophy — related gene 
(ABCD2) (Fourcade et al.,  2003 ; Maurice and Michaela,  2001) . 

 Mutations of the ABCD1 gene can also manifest as adrenomyeloneuropathy 
(AMN) with onset usually in the 30s or 40s. In these patients, spinal cord demyeli-
nation and axonal loss in the corticospinal tract are the major pathologies (Moser 
et al.,  1992) . In approximately 50% of the cases, associated cerebral involvement 
is also present (Schaumburg et al.,  1977) . The life expectancy for these patients is 
normal unless the cerebral demyelination progresses or the adrenocortical insuffi-
ciency remains untreated. Lastly, mutant alleles of the ABCD1 gene can cause a 
primary adrenocortical dysfunction (Addison’s disease) (Aubourg and Chaussain, 
 1991) . Commonly manifested Addison’s disease symptoms include fatigue, 
hypotension and bronzing of the skin, with a high risk of developing AMN (van 
Geel et al.,  1999) . 

 The clinical manifestations of X-ALD vary widely but can be categorized into 
three distinct phenotypes based on age of symptom onset (Table 15. 1  ). First, the 
most severe form, cerebral X-ALD (CCALD) appears most commonly during early 
childhood (3 – 10 years old). The characteristic rapid demyelination is associated 
with a large inflammatory response in the cerebral white matter (Powers,  1985 ; 
Schaumburg et al.,  1975) . The demyelination and inflammation are associated with 
oligodendrocyte cytolysis, rather than apoptosis. This raises the question as to 
whether the inflammatory reaction is the primary cause of demyelination or a sec-
ondary immune system response to an initial dysmyelination of neurons (Bezaire 
et al.,  2001) . These patients suffer from behavioral disturbances as well as auditory 
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and visual deterioration. As the disease progresses, seizures, dementia and spastic 
tetraplegia become manifest and most patients die within 3 years of neurological 
symptoms (Moser et al.,  2001) . The last two categories, adolescent (adolCALD) 
(11 – 21 years old) and adult onset (ACALD) cerebral X-ALD can occur, although 
less frequently, with symptoms and progression similar to the childhood form (Esiri 
et al.,  1984 ; Farrell et al.,  1993) . AMN, a milder variant of disease, also with adult 
onset, can manifest with behavioral abnormalities as well as dementia or schizo-
phrenia (Table  15.1 ) (van Geel et al.,  1999) .  

 The diagnosis of X-ALD employs interpretation of clinical symptoms, brain 
imaging and biochemical analysis (Moser et al.,  2001) . Clinically, the most com-
mon symptoms include intellectual deterioration, impaired vision and hearing 
and speech, handwriting changes, limb weakness and seizures (Theil et al.,  1992) . 
Evaluation of MRI scans from clinically symptomatic patients reveals character-
istic white matter lesions in the corpus callosum and periventricular parietooc-
cipital lobes. PET scans can also be employed to detect gray matter lesions with 
increased sensitivity (Volkow et al.,  1987) . More recently, the increased sensitiv-
ity of MR spectroscopic imaging has been used to detect white matter abnormali-
ties undetected using conventional imaging techniques (Eichler et al.,  2002) . 
Biochemically, the impaired  β -oxidation and accumulation of VLCFAs lead to 
increased plasma concentrations of hexacosanoic acid. This assay is 99% sensi-
tive for males, regardless of symptoms, and 85% sensitive for female carriers. 
Additionally, the ratios of both tetracosanoic acid to docosanoic acid (C22:0) and 
hexacosanoic acid to docosanoic acid are increased in the plasma of the diseased 
patients (Moser et al.,  2001 ; Wanders et al.,  1992) . In patients where these 

  Table 15.1      Clinical Characteristics of X-linked Adrenoleukodystrophy Phenotypes    

 CCALD  AdolCALD  ACALD  AMN 

 Age of onset  3 – 10  10 – 21  >21  25 – 46 
 Behavioral disturbances  +  +  +   −  
 Impaired cognition  +  +  Frequent   −  
 Pyramidal tract 

involvement 
 Eventually  Eventually  Frequent  + 

 Cerebral MRI 
abnormalities 

 Extensive in 
frontal 
myelin 

 Extensive in 
frontal 
myelin 

 Extensive in 
frontal 
myelin 

 Internal capsule basal 
ganglia, pons 

 Polyneuropathy   −   Rare  Possible  Sensorimotor, mostly 
axonal 

 Impaired endocrine 
function 

 AD in most  AD in most  AD in most  AD and hypogonadism 
in most 

 Abnormal neuro-
psychological exam 

 +  +  Frequent   −  

 Progression  Rapid  Rapid  Rapid  Slow 

   ( − ) = absent, (+) = present, CCALD = childhood cerebral ALD, AdolCALD = adolescent cerebral 
ALD, ACALD = adult cerebral ALD, AMN = adrenomyeloneuropathy, AD = adrenocortical 
insufficiency (Addison’s disease). Adapted from van Geel et al.  (1997) .  
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concentrations and ratios are not abnormal, positive diagnosis can be established 
by evaluating the concentrations of VLCFAs in cultured skin fibroblasts (Kennedy 
et al.,  1994 ; Moser et al.,  1980 ; Tonshoff et al.,  1982) . Lastly, most male patients 
suffer from adrenal insufficiency and, therefore, its function is assessed in all 
cases (Libber et al.,  1986 ; Vanhole et al.,  1994) . 

 Over the years, several therapies have been developed for the treatment of X-ALD, 
including dietary treatments, immunosuppression, drug therapies and bone marrow 
transplantation (Korenke et al.,  1997 ; Moser et al.,  1984 ; Naidu et al.,  1988 ; Rizzo 
et al.,  1986) . Unfortunately, dietary changes and the oral administration of glyceryl 
trioleate (GTO) and glyceryl trierucate (GTE) (Lorenzo’s oil) failed to inhibit neu-
rological progression of the disease (Aubourg et al.,  1993) . Immunosuppression 
and drug treatment regimes aimed at altering the inflammatory response have not 
shown any clinical benefit (Naidu et al.,  1988) . Bone marrow transplantation, per-
formed on over 200 patients since 1990, has been shown to reverse or stabilize 
neurological progression using MRI, but this treatment shows a lag in improvement 
and requires extensive donor matching (Aubourg et al.,  1990 ; Loes et al.,  1994 ; 
Shapiro et al.,  2000) . Fortunately, advances in genetic research technologies have 
provided new approaches for X-ALD treatment. Using retroviral mediated transfer 
of the ALDP gene to both defective human fibroblasts and CD 34 + hematopoietic 
cells, it has been shown that VLCFA processing can be recovered (Benhamida 
et al.,  2003 ; Cartier et al.,  1995 ; Doerflinger et al.,  1998) . Additionally, it has been 
shown that the human CD 34 + hematopoietic cells will continue to express the 
ALDP after engraftment into SCID mice (Benhamida et al.,  2003) . Overall, these 
studies indicate promise for genetic transfer of the ALDP gene to a patient’s own 
hematopoietic stem cells, followed by autologous transplantation. 

 Since the first described case of X-ALD by Haberfeld and Spieler in 1910, signifi-
cant scientific progress has been achieved in elucidating the pathological, biochemical 
and genetic characteristics of the disease. However, an encompassing treatment 
regime for all phases of the disease remains unresolved, and several key questions 
regarding the variety of clinical manifestations and the exact role of the ALDP remain 
unanswered. Consequently, future research will be needed to address the in vivo role 
of or substrate for ALDP, as well as provide a clearer picture of the relationship 
between cerebral demyelination and the inflammatory process in this disease.  

  Canavan Disease 

 Canavan disease (CD), caused by mutations in the enzyme aspartoacylase (ASPA) 
(EC 3.5.1.15), is an autosomal recessive disorder resulting in spongy degeneration 
of the cerebral and cerebellar regions of the brain, as first reported by Myrtelle 
Canavan in 1931 (Banker et al.,  1964 ; Canavan,  1931 ; Pearce,  2004) . ASPA 
mutations result in enzyme deficiency leading to accumulation of its substrate 
N-acetylaspartic acid (NAA) in the white matter of the brain (Matalon et al.,  1988) . 
NAA, a highly abundant amino acid involved in brain osmoregulation, is primarily 
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synthesized in neurons and is transaxonally transported to oligodendrocytes, 
where it can be catabolized to aspartic acid and acetate (Baslow,  2000 ; Matalon 
et al.,  2000 ; Ory-Lavollee et al.,  1987 ; Sager et al.,  1999) . Consequently, accumu-
lation of NAA in oligodendrocytes leads to hydrostatic pressure buildup in the 
brain, resulting in cell death, spongy degeneration of the brain, and loss of myeli-
nation (Baslow,  2003) . 

 The aspartoacylase gene, localized to a 30kb region of the short arm of chromo-
some 17 (17p13) by cloning, contains 5 introns and 6 exons (Fig.  15.2  ), which code 
for a 313 amino acid protein with a molecular weight of 36kDa (Kaul et al.,  1993 , 
 1994) . The protein appears to be highly conserved in eukaryotes based on Southern 
blotting done with yeast, mouse, dog, chicken and cow genomic DNA against 
human cDNA, suggesting an important role for the gene and its protein in many 
species (Kaul et al.,  1994) .  

 In Canavan disease, the genotype strongly correlates to the phenotype and the 
most common mutations in the ASPA gene result in a severe disease state. The sporadic 
mutations, which exist in low frequency, result in milder symptoms (Kaul et al.,  1994 ; 
Surendran et al.,  2003) . There are more than 40 identified mutations in the ASPA 
gene, two of which represent founder mutations among the Ashkenazi Jewish com-
munity (Fig.  15.2 ). These two mutations, E285A on exon 6 and Y231X on exon 5, 
represent severe phenotype mutations and account for 96% of all mutations in the 
Ashkenazi Jewish patients (Kaul et al.,  1993) . Additionally, the extensive screening 
of 4,000 Ashkenazi Jewish individuals revealed a carrier frequency for the two muta-
tions to be 1 in 40 (Kronn et al.,  1995 ; Matalon et al.,  1995) . Among non-Jewish 
patients, the mutations vary widely, with the most common being A305E (Kaul et al., 
 1996) . Mutation expression profiles need to be developed for individuals because 
some mutations are polymorphic in nature (Surendran et al.,  2003) . 

  Fig. 15.2      Mutation diagram for the aspartoacylase gene. The gene contains six exons (black 
boxes) and 5 introns localized to chromosome 17 (17p-ter). The common Jewish mutations, 
E285A and Y231X are located in exon 6 and exon 5 respectively. The most common non-Jewish 
mutation, A305A is located in exon 6. The mutations listed below refer to the amino acid substitu-
tions, nonsense mutations in the cDNA sequence or point mutations in the base pair sequence 
leading to insertions or deletions. Adapted from Surendran et al.  (2003)        
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 The clinical manifestations of severe Canavan disease, irritability, hypotonia and 
inadequate visual tracking, begin to appear during the first three to six months of 
life and typically progress rapidly as the child grows. By six months of age, devel-
opmental delay, megalencephaly and neurological deterioration, common features 
of severe CD, become obvious and typically progresses to death by five years of 
age (Traeger and Rapin,  1998 ; Zu Rhein et al.,  1960) . Less severe forms of CD have 
been identified that exhibit similar clinical symptoms but do not result in adolescent 
death, suggesting a role for modifying genes or environmental factors (Zelnik and 
Elpeleg,  1994 ; Zelnik et al.,  1993) . As patients with the less severe form of Canavan 
disease age, they exhibit progressive mental retardation and a shift from hypotonia 
to spasticity (Traeger and Rapin,  1998) . All patients suffering from the disease have 
elevated levels of NAA in their brain tissue and urine (Matalon et al.,  1988) . 

 Microscopic examination of brain tissue from affected patients has revealed 
demyelination/dysmyelination and severe vacuolation in the cerebral cortex and the 
subcortical white matter (Adachi et al.,  1966 ,  1967) . Additionally, vacuoles were 
observed within the myelin sheaths, between the wraps at the major dense lines. 
There was also an increased number of astrocytes containing large nuclei and 
abnormal mitochondria in the cerebral cortex and cerebellum (Adachi et al.,  1973 ; 
Adachi and Volk,  1968) . 

 The easiest and most common diagnosis for Canavan disease relies on analyzing 
the patient’s urine for high levels of NAA. The NAA levels in diseased patients’ 
urine are greater than 50 times of normal levels. In CD patients (n = 95) NAA levels 
were 1440.5±873.3  µ mol/mmol creatinine and in normal patients (n = 53) levels 
were 23.5 ± 16.1  µ mol/mmol creatinine (Matalon and Michals-Matalon,  1999) . 
Additionally, diffuse white matter degeneration of the brain can be observed using 
CT and MRI techniques (Brismar et al.,  1990 ; Rushton et al.,  1981) . Prenatal diag-
nosis using a biochemical assay for NAA levels in the amniotic fluid provides early 
diagnostic information for carrier parents, and genetic testing to identify common 
mutations can be used for carrier detection aiding in prenatal diagnosis (Elpeleg 
et al.,  1994 ; Kelley,  1993) . 

 Currently, effective therapies for Canavan disease are still under development. 
Two strategies, one aimed at developing a dietary supplement to replenish low acetate 
levels and the other aimed at reducing NAA using lithium, have proved unsuccessful 
thus far, but offer directions for further investigation (Janson et al.,  2005 ; Mathew 
et al.,  2005) . Gene transfer of ASPA cDNA via the adeno-associated viral vector 
(AAV)-ASPA was approved and administered to a cohort of affected children with 
promising, but transient clinical results (Janson et al.,  2001 ; Leone et al.,  2000) . In 
order to enhance efficiency of genetic transfer and stability of transfection, different 
AVV serotypes have been tested in rat and mouse models of Canavan disease with 
varying successful results, including reduction of NNA levels and seizure rescue 
(Davidson et al.,  2000 ; McPhee et al.,  2005 ; Wang et al.,  2003) . 

 The current research efforts towards understanding Canavan disease pathology 
and development of an effective treatment have provided much insight into the 
disease, and the use of an ASPA knockout mouse has provided future direction 
towards the goal of a cure. Specifically, understanding the molecular effects of the 
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ASPA mutation in the different CNS cell types will provide observations useful in 
finding alternative treatment options. Furthermore, the use of neural stem cells to 
treat Canavan disease could lead to alternative treatment therapies and enhance our 
understanding of the control of differentiation of stem cells in the brain.   

  Impacts of Leukodystrophies  

  Economic Impacts of Genetic Metabolic Brain Diseases 

 The development of genetic testing, while having obvious benefits both economi-
cally and socially, raises questions concerning the financial utility and burden of 
testing large, not-at-risk populations. In some diseases with available genetic testing, 
notably familial breast cancer (BRCA1/2), testing and population surveillance was 
estimated to reduce associated costs by  $ 1681 – 1795 per woman and delay onset of 
the cancer by up to 6 months (Breheny et al.,  2005) . In contrast, despite the availa-
bility of genetic testing for many metabolic brain diseases, administering a test for 
diseases with no cures and limited therapies could have a negative financial impact 
on society.  

  Social Impacts 

 While the science of demyelinating metabolic brain diseases, like other genetic 
diseases, remains a subject primarily left to members of the scientific and medical 
communities; these diseases raise other concerns that must be addressed by society 
at large. For example, consenting to a genetic test could provide the obvious bene-
fits of early intervention and life long therapies, but the potential quality of life 
disadvantages are widespread. These include the burgeoning social concerns over 
genetic discrimination in the workplace and by the individuals’ insurance companies. 
Also, familial issues associated with decisions regarding whether to test, what to do 
with test results and when to provide access to genetic counseling remain unre-
solved. Finally, legal matters relating to the patentability of DNA, access to genetic 
tests and availability of treatments developed by individuals and companies because 
of donated patients’ samples will be dealt with in the near future.   

  Conclusion  

 Since the initial discovery of each of the 18 distinct leukodystrophies, significant 
progress has been made in both the basic and clinical sciences, leading to better 
understanding and treatment of this class of genetic disorders. These advances 
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began with describing each condition’s unique symptoms and clinical course and 
culminated with identifying the specific gene responsible for demyelination or 
dysmyelination. Currently, research aims focus on utilizing stem cell and viral 
therapies to cure these abnormalities, but many of these studies have raised more 
questions than given answers. Specifically, determining the duration, timing and 
intensity of potential treatments all remain as answers for the future. Furthermore, 
the apparent gap between results in animal models and applicability in human dis-
ease remains to be bridged. As science moves towards those ends, these disease 
treatments promise to teach us more about the development of the central nervous 
system and the complexities of the homeostatic mechanisms regulating brain 
function.      
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 Chapter 16 
     Bilirubin Encephalopathy        

    Jeffrey   W.   McCandless     and    David   W.   McCandless      

 Bilirubin encephalopathy is a syndrome in newborns, in which increased plasma 
levels of unconjugated bilirubin outstrip the binding capacity of albumin, and gain 
access to the brain, producing neurological symptoms. This is a somewhat complex 
process in which factors such as prematurity, half-life of red blood cells, albumin 
binding capacity, and liver enzyme capability, contribute to the potential severity of 
the process. Treatment modalities exist, which can lessen, or eliminate risk for 
neurological effects. On the other hand, jaundice of the newborn frequently does 
not peak until several days after birth, when newborns have been discharged from 
the hospital. As with all metabolic encephalopathies, early recognition, and early 
treatment offer the maximum hope for a satisfactory outcome. 

 This chapter examines various aspects of bilirubin encephalopathy including 
bilirubin metabolism, bilirubin toxicity, in-vivo studies and studies in Gunn rats, 
human studies, and treatment modalities. 

  Bilirubin Metabolism  

 When red blood cells break down, the resulting components include heme and 
globin, and bilirubin is contained in the heme moiety (Tenhunen et al.,  1968) . Upon 
release, free bilirubin is lipid soluble and must be transported in plasma bound to 
the protein albumin (Ostrow et al.,  1963) . The life span of red blood cells in adults 
is about 120 days, and in newborns is reduced to around 90 days (Borun et al., 
 1957) . This results in a significant amount of bilirubin to be removed, and the new-
born liver must develop functional enzymatic capability quickly in order to prevent 
jaundice. In fact, 10 – 20% of newborns develop a transient  “ physiological jaundice ”  
as the enzymatic ability of the liver develops to conjugate and eliminate bilirubin 
from the serum. 

 Plasma bilirubin, bound to albumin, is taken up by the liver cells, and conjugated 
with glucuronic acid to form bilirubin glucuronide (Schmid et al.,  1957) . The 
enzyme which catalyses the first step in this reaction is glucuronyl transferase 
(Brown,  1957) . Subsequently, the conjugated bilirubin is excreted by the liver into 
the biliary system, transported to the duodenum, where further metabolism occurs, 
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and is eliminated in feces. Problems or blockage in any of these steps can result in 
elevated plasma bilirubin levels. 

 In utero, bilirubin is transported across the placenta in the unconjugated form, and 
metabolized by the maternal liver (Schmid et.al.,  1959) . Because of this, the enzymes 
associated with the conjugation of bilirubin are not  “ challenged ”  until birth when the 
placental circulation is removed. At this time, there is a short period during which the 
conjugating capacity is  “ ratcheted-up ” , resulting in a transient so called physiological 
jaundice period. The levels of plasma bilirubin during this period rarely exceed 
10 mg%, and are more usually around 5 mg%. This peaks about postnatal day 4 – 5. 
The postnatal development of glucuronyl transferase function results in the disappear-
ance of physiological jaundice by the end of the first postnatal week. Problems with 
this normal sequence such as delay in enzyme function, or increased bilirubin produc-
tion (erythroblastosis foetalis), may result in greatly increased plasma bilirubin levels. 
Plasma concentration of bilirubin well in excess of 20 mg% may occur several days 
after birth, at a time when the newborn has been released from the hospital. 
Recognition and early treatment of hyperbilirubinemia are essential. 

 When plasma bilirubin levels reach higher than 20 mg%, the binding capacity of 
albumen may be exceeded (Broderson,  1980) . The actual binding capacity is influ-
enced by several variables, including the presence in plasma of fatty acids, sali-
cylates, or sulfonamides among other substances (Broderson,  1978) . The binding 
affinity of bilirubin and albumin is quite high, such that albumin can pull bilirubin 
out of the tissues, so that when administered to a jaundiced newborn, it may be an 
effective treatment (Diamond and Schmid,  1966) .  

  Bilirubin Toxicity  

 Early studies, in vitro, were able to show that unconjugated bilirubin was a potent 
uncoupler of oxidative phosphorylation (Day,  1954 ; Brown and Waters,  1958 ; 
Zetterstrom and Ernster,  1956) . These studies and others were performed in mitochon-
dria from a variety of tissues including beef heart, rat liver, and rat brain. The results 
were consistent regardless of the tissue used. Biliverdin did not show these toxic effects 
(Brown and Waters,  1958) . A variety of further studies examined the effects of bilirubin 
on other enzyme systems in vitro, and the results were largely consistent with the con-
cept that bilirubin affects mitochondrial function Karp,  1979 ; Schenker et al.,  1986) . 

 These early in vitro studies were important, showing an effect on mitochondrial 
function which would later be reconfirmed in-vivo. In-vitro studies such as these 
frequently used bilirubin concentrations many times and measured that in brains of 
kernicteric animals. This was a source of criticism, but it should be remembered 
that pathologically, kernicteric human brain shows a highly selective localization 
and concentration of pigment staining. Later studies showed effects of bilirubin on 
many other cellular functions, such as membrane permeability. However, these 
results could be secondary to changes in mitochondrial function, and resultant 
alteration in energy metabolism. 
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 In terms of bilirubin toxicity, it is important to note that only free unconjugated 
bilirubin can cross the blood — brain barrier into the brain parenchyma. Initially, the 
concept developed was that in the newborn, the blood — brain barrier was  “ imma-
ture ” , and that this increased permeability facilitated the development of kernicterus 
in hyperbilirubinemic newborns. Later studies especially on the blood brain barrier 
showed that it was a highly complex  “ transport ”  system, influenced by a variety of 
factors. Other deleterious conditions such as acidosis and hypoxia can lower the 
brain’s threshold for the development of kernicterus. Even bilirubin itself may 
influence energy metabolism in endothelial cells comprising the blood — brain bar-
rier, thus lowering its functional capacity. The finding of rare instances of adult 
onset of bilirubin encephalopathy argues in favor of this (Blaschke et al.,  1974 ; Ho 
et al.,  1980) . For a further review of the blood — brain barrier in newborn bilirubin 
encephalopathy see Schenker et al.  (1986) . 

 The binding of bilirubin to albumin renders it water-soluble. Unbound bilirubin 
is lipid-soluble, and therefore has a predilection for tissue high in lipids, such as 
adipose tissue, and brain, and when the bilirubin-albumin bond is broken, bilirubin 
can enter cerebral tissue, even in adults (Diamond and Schmid,  1966) . It is impor-
tant to remember that the binding affinity of bilirubin to albumin is tight enough to 
allow albumin to pull bilirubin out of tissue. Other neurotoxic effects, such as on 
long-term potentiation of synaptic transmission (Zhang et al.,  2003) , and over 
stimulation of NMDA receptors (Grojean et al.,  2000 ; Grojean et al.,  2001) , can be 
secondary to the initial toxic effect on mitochondrial function, with resultant dimi-
nution of energy metabolism. 

 One other feature of bilirubin worth mentioning regarding effects on cells is the 
apparent neuroprotective effect of mild hyperbilirubinemia (Dore et al.,  1999 ; Dore 
and Snyder,  1999) . The mild hyperbilirubinemia appears to have an antioxidative 
protective effect on cerebral neurons, and possibly on cells involved in the blood —
 brain barrier. 

 Finally, it has been reported (Mustafa et al.,  1969)  that albumin added to 
homogenates exposed to bilirubin lowered or eliminated the toxic effect. The toxic 
effects of bilirubin in vitro are more pronounced in brain as compared to liver, and 
this is attributed to the higher level of lipid in the brain mitochondria (Menken 
et al.,  1966) . This differential sensitivity of cells to the cytotoxic effects of bilirubin 
was also demonstrated by Cowger (Cowger,  1971) . They studied the cell culture 
system L-929 and found bilirubin in a concentration of 2.5  ×  10  −   6  m lowered viabil-
ity, whereas ten times that amount of bilirubin was needed to produce similar toxic-
ity in Hela cells.  

  In-Vivo Animal Studies  

 Several different animal models have been utilized to examine the effects of hyper-
bilirubinemia in vivo. The primary focus was to elevate bilirubin levels to the point 
of kernicterus, then examine changes in cerebral metabolism. 
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 In a study involving rabbits (Morphis et al.,  1982) , newborn animals were 
infused with unconjugated bilirubin. When the newborns became symptomatic, and 
the brains were harvested, it was found that there was a dose-dependent protein 
kinase deficiency which affected protein phosphorylation. This in turn inhibited 
other cyclic AMP independent phosphorylation reactions. These studies were per-
formed in whole brain homogenates. 

 In an early in vivo study (Diamond and Schmid,  1967) , unconjugated bilirubin 
was infused into newborn guinea pigs, and oxidative phosphorylation was meas-
ured in whole brain extract. It was found that the neurotoxic guinea pigs had oxida-
tive phosphorylation similar to that of control littermates. Problems with this study 
were at least two-fold. First, guinea pigs are born much more mature than mice, 
rats, or humans. Generally speaking, their eyes are open, they are ambulatory, and 
able to survive alone just a few days after birth. This suggests a mature brain at birth 
as compared to rats. Second, the studies were performed on whole brain. It is well 
known that the neurotoxicity of bilirubin encephalopathy is specific to compara-
tively small brain regions. Using whole brain for analysis could  “ mask ”  changes in 
more discrete brain regions. 

 In several papers (Rozdilsky,  1966 ; Rozdilsky and Olszewski,  1961 , Rozdilsky, 
 1961),  Rozdilsky and associates produced animal models of bilirubin encephalopathy 
in newborn kittens, dogs, and rabbits. The general experimental paradigm was to inject 
bilirubin sufficient to yield an initial plasma concentration of about 50 mg%, then to 
monitor levels at 20 mg% or more. This produced overt clinical symptoms including 
opisthatonis, running, twitching, etc. Nearly all animals died within 36 h, showing stu-
por and coma. Brains were prepared for gross and histological examination. 

 Results in newborn kittens showed a selective nuclear staining by bilirubin in tha-
lamic nuclei, subthalamic nuclei, inferior colliculi, cuneate nuclei, and cochlear nuclei. 
The intensity of staining correlated with the time of exposure. Histologically, changes 
were seen in some neurons, and consisted of vacuolation and pyknotic nuclei. 

 In newborn dogs and rabbits, the staining of nuclear areas was much less. For 
example, only 8% of newborn rabbits showed nuclear staining using the above 
injection regimen. By contrast, pre-treating animals (dogs) with insulin to produce 
severe hypoglycemia resulted in over two-third demonstrating typical nuclear stain-
ing at death. The authors noted that the lesions produced in both kittens with 
bilirubin alone, and in dogs with a pre-insult such as hypoglycemia, produced 
lesions with a striking similarity to those seen in newborn children who died with 
severe hyperbilirubinemia. This suggests that these animal models are appropriate 
for studying intracerebral toxicity mechanisms.  

  The Gunn Rat Model  

 In 1938, a Wistar rat mutant was described (Gunn,  1938)  which had a genetic defi-
ciency of the liver bilirubin conjugating enzyme glucuronyl transferase. The defect 
in glucuronyl transferase corresponds to the defect in the human genetic disorder in 
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bilirubin metabolism, the Crigler — Najjar syndrome. This was an autosomal reces-
sive defect in an otherwise normal rat, and breeding and maintaining these rats was 
not difficult. The significance of this rat model was that here was a naturally occur-
ring hyperbilirubinemic animal, born normal, but quickly becoming jaundiced, as 
do humans, and further, the rat is born quite immature, as are humans. This pro-
vided as perfect a model of human disease as could be expected. Shortly after being 
described, and as breeding pairs became available, a variety of studies on the patho-
genesis of kernicterus in the Gunn rat took place. 

 A homozygous Gunn rat is not jaundiced at birth due to placental transfer of 
bilirubin, and its subsequent metabolism by the maternal liver. Jaundice usually 
occurs by day 2 – 3, as in humans, when the newborn liver is challenged, and the 
enzymatic machinery for conjugation and subsequent excretion of bilirubin is 
absent (Carbone and Grodsky,  1957) . Bilirubin levels rise, and may peak at around 
the second to third week of life at about 15 – 25 mg%. Clinically newborn rats may 
appear to be lagging in growth (weight) as compared to littermates, and jaundice 
can clearly be seen. Frequently, homozygotes seem not to be able to gain access to 
nursing sites. By 4 – 5 weeks, survivors may only be half the weight of littermates. 
Neurological symptoms such as opisthotonus, wild running, and high pitch squeak-
ing noises are noticed. Overt kernicterus can easily be produced in 100% of 
homozygotes by administration of albumin binding compounds such as 
sulfonamides. 

 A variety of studies have examined the neurochemical effects of cerebral 
bilirubin staining. In one such study (Hanefeld and Natzschka,  1971) , kernicterus 
was produced in newborn Gunn rats, and unstained brain sections were examined 
by phase contrast microscopy for several key enzymes. Additional brains were pre-
pared for routine histology. Results showed bilirubin staining in the basal ganglia, 
brain stem, and cerebellum. Histochemical studies showed no effect of kernicterus 
on lysomal enzymes, but oxidative enzymes (LDH, SDH, NAD, NADPH) all 
showed greatly reduced or no enzyme activity as compared to heterozygote litter-
mate controls. 

 When the brains of homozygous newborn Gunn rats are examined by electron 
microscopy (Schutta and Johnson,  1971) , several features are noted. Cerebellar 
neurons show cytoplasmic whorls, and significant mitochondrial changes. These 
changes include enlargement, and vacuoles containing glycogen. Accumulation of 
glycogen might not be surprising given the effect of bilirubin on oxidative phospho-
rylation. Also noted in this study was a diminution of the actual mass of the 
cerebellum. 

 A natural extension of these morphologic studies was to examine energy metab-
olism in brains of symptomatic homozygous Gunn rat newborns. In one such study 
(Menken and Weidenback,  1967) , newborn homozygous Gunn rats were sacrificed  
when symptomatic, and mitochondria isolated from whole brain. Subsequently, 
oxidative phosphorylation and respiratory control were measured using polaro-
graphic methods. Results showed no significant differences in symptomatic pups as 
compared to nonsymptomatic littermate controls. As pointed out by the authors, 
using whole brain mitochondria in a situation in which the actual neurophathological 
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lesion is highly circumscribed and focal, would, by necessity, include brain areas 
not affected by bilirubin. This would act to dilute those mitochondria from stained 
nuclei, rendering the data inconclusive. 

 In another study (Katoh et al.,  1975) , ATP and TCA cycle compounds were 
measured in the whole brains of symptomatic newborn Gunn rats. Results showed 
no change in energy metabolites or intermediates in symptomatic as compared to 
normal littermate controls. Again, however, inclusion in the sample for analysis of 
non-affected brain tissue diluted the sample. 

 This problem was addressed by refining analysis techniques to permit analysis 
of energy metabolites in small 20 – 80 mg brain samples (Schenker et al.,  1966) . 
This approach permitted analysis in cortex, subcortex, and cerebellum of ATP in 
symptomatic animals without inclusion in the kernicteric samples of  “ normal ”  tissue. 
Results showed a 13% depletion in the cerebellum of mildly symptomatic Gunn 
rats, and a 27% depletion of ATP in animals with advanced symptoms. Cortex and 
subcortex (nonstained) samples were unchanged. This supported the concept, based 
on symptomatology, and neuropathologic findings, that the toxicity of bilirubin in 
vivo is limited to the cerebral areas affected. 

 Even in the case of the cerebellum, it is possible that areas other than Purkinje 
cells (which show the greatest cellular damage) might be less affected. The micro 
analytical methodology developed by Passonneau and Lowry  (1993) , which enable 
the measurement of metabolites in samples as small as single cells could answer 
these questions. Accordingly, McCandless and Abel,  (1980)  applied these tech-
niques to the cerebella of homozygous newborn Gunn rats, which were severely 
symptomatic. Normal littermates served as controls. ATP and phosphocreatine 
were measured using previously described techniques (Passonneau and Lowry, 
 1993) . Analysis was performed in three layers of the cerebellum: molecular, 
Purkinje cell rich, and granular. Results showed a significant and selective decrease 
in both ATP and PCR (see Figs.  16.1   and  16.2  ). These results further verify the 
concept that, as shown earlier, bilirubin has an effect on cellular metabolism (oxida-
tive phosphorylation) such that the energy source for nearly all cellular activity 
(ATP) is depleted. This depletion in the areas, which correlate with both site and 
severity of symptoms, could lead to other cellular dysfunction.    

  Human Bilirubin Encephalopathy-Pathology  

 The neuropathological findings in humans were first described by Schmorl 
(Schmorl,  1910) , who also advanced the concept that there was a selective staining 
of certain cerebral areas and neurons. He speculated that somehow there was spe-
cial binding attraction of bilirubin for certain neurons. In his writings he coined the 
term kernicterus to describe the yellow staining of cerebral nuclei. The term icterus 
gravis also arose because of the serious (fatal) prognosis of this disorder. 

 The underlying cause of human bilirubin encephalopathy is almost always 
erythroblastosis foetalis or a deficiency of the liver bilirubin conjugating enzyme 
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system. The actual neuropathologic picture in any given case depends in part on the 
underlying cause, and when in the course of the disease, death occurs. Areas which 
are most affected include basal ganglia, cerebellum, hippocampus, medulla, thala-
mus and sub thalamus, etc. (Claireaux,  1961) . Bilirubin crystals have been isolated 
from the brains of infants dying with hemolytic disease and hyperbilirubinemia 
(Dunn,  1951) . 

  Fig. 16.1      Effect of severe bilirubin encephalopathy on cerebellar ATP in newborn Gunn rats. The 
mean ±SEM is expressed as nmoles mg  −   1  dry weight. * = p < 0.05       
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  Fig. 16.2      Effect of severe bilirubin encephalopathy on cerebellar PCr in newborn Gunn rats. The 
mean ±SEM is expressed as nmoles mg   −   1  dry weight ** = p < 0.01       
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 The focal staining of specific cerebral nuclei is noted if the patient dies during 
the acute phase; if the patient dies later, the staining has largely disappeared (Jervis, 
 1959) . Microscopically, affected neurons display swollen neurons. These neurons 
may show vacuoles, and swelling or loss of nissl substance, and other early signs 
of cell death (Odell and Schutta,  1985) . It is noted that these changes in kernicterus 
are not dissimilar to those seen in infants dying of asphyxia and anoxia.  

  Bilirubin Encephalopathy-Treatment  

 One long-standing treatment mechanism for jaundice is light therapy. The benefits 
of light therapy as a treatment for jaundice were first discovered in 1956 when a 
pediatric nurse noted that jaundiced babies who were exposed to sunlight experi-
enced a fading of the yellow pigmentation of their skin (Cremer et al.,  1958) . 
A follow-up demonstration found that light therapy can cause the photodestruction 
of serum bilirubin in some infants (Cremer et al.,  1958) . Further controlled studies 
showed that phototherapy treatment effectively reduced the average serum bilirubin 
levels in premature infants (Lucey et al.,  1968 ; Lucey,  1972) . Although photother-
apy was widely used in Europe and South America, it was not until the late 1960s 
that the method was used in the United States (Lucey,  1970) . 

 Most of the pigment elimination during phototherapy is actually caused by 
structural isomerization as opposed to photodestruction (Ennever,  1990) . Light 
energy causes isomerization of the bilirubin into compounds that can be excreted 
through urine or stools. Because bilirubin is similar to the pigment phycobilin (used 
to capture light energy), bilirubin changes its conformation when exposed to light. 

 The wavelength of light used during phototherapy impacts the extent of bilirubin 
reduction. In general, turquoise (blue — green) light is considered the most effective 
(e.g., Donzelli et al.,  1995 ; Maisels,  1996) . Several studies have compared the 
effects of distinct wavelengths. For example, Ebbesen et al.  (2003)  compared the 
impact of blue light (452 nm peak with 55 nm spectral width) with turquoise lights 
(490 nm peak with 65 nm spectral width) on total serum bilirubin concentrations in 
infants. Although the overall plasma bilirubin concentration was reduced equally in 
the two conditions, the light irradiance with turquoise light (measured in mW cm  − 2 ) 
was about 75% of that with blue light. That finding led the authors to recommend 
turquoise light as a means of phototherapy. A related study by Roll and Christensen 
 (2005)  examined turquoise (490 nm) vs. blue (450 nm) irradiation in terms of cell 
damage. The results showed a significantly higher fraction of necrotic cells were 
found after exposure to blue light compared with turquoise light. Onishi, Ito and 
Isobe  (1986)  recommend an even higher wavelength (green light with a wavelength 
of 510 nm) because it keeps the bilirubin photoisomers at low levels. Green light 
also has the potential advantage of penetrating deeper in the skin than blue light 
(Vecchi et al.,  1982) . However, light of this wavelength probably has an overall 
limited effectiveness and is higher than the mostly commonly used wavelengths of 
about 425 – 475 nm (Madan,  2005) . 
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 Conventional fluorescent light is not the only means of providing phototherapy. 
Another option is a light emitting diode (LED) array, which does not have the port-
ability limitations of fluorescent and halogen light sources. Rosen, Rosen, Rosen, 
Onaral and Hiatt  (2005)  found that light emitting diodes (LEDs) produce 71% 
higher intensity than a fluorescent system. LED phototherapy produced the fastest 
bilirubin concentration reduction and the largest overall concentration drop. 
Alternatively, sunlight can be used as a light source, particularly in areas where 
artificial light units are not available (Salih,  2001) . 

 Numerous studies have examined the differences between intermittent vs. con-
tinuous light therapy, with sometimes inconclusive results. From a clinical stand-
point, intermittent therapy has the benefit of allowing the evaluation of the infant’s 
skin color during the dark periods (Roll,  2005) . In addition, the total light energy 
required to decrease serum bilirubin by a certain concentration is less with intermit-
tent therapy compared with continuous therapy (Vogl et al.,  1977) . However, inter-
mittent phototherapy induces DNA repair enzymes which are error-prone, meaning 
the enzymes make mistakes in base pairing during the repair process (Santella et 
al.,  1978) . In addition, necrosis is more pronounced after intermittent irradiation 
(Roll,  2005) . 

 One drawback to phototherapy is that blue light during the treatment causes 
headaches and vertigo in the hospital staff (Maisels,  1982 ; Maisels,  1996) . In addi-
tion, phototherapy has the risk of ultraviolet light burn, which in some cases has 
caused death (Siegfied et al.,  1992) . Plexiglas shields should be used to provide the 
blockage of ultraviolet A (UVA) exposure. Otherwise, side effects attributed to 
phototherapy (such as diarrhea and rashes) are minor and resolve when photother-
apy is discontinued (Ennever,  1990) . Potential vision problems do not seem evi-
dent. For example, the rods and cones of infants do not appear to suffer functional 
damage as a result of continuous light therapy (Hamer et al.,  1984) . Because of the 
limited side effects and strong benefits, phototherapy has continued as an effective 
means of treatment for hyperbilirubinemia.      
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 Chapter 17 
     Infectious and Inflammatory Metabolic 
Encephalopathies 

 Concepts in Pathogenesis        

    Kottil   W.   Rammohan      

 The normal health and metabolism of the brain can be impaired by systemic or 
central nervous system infections and non-infectious inflammatory disorders of the 
brain. The ensuing encephalopathy can manifest by symptoms as mild as listless-
ness and irritability or as severe as frank coma. Whether the cause is actual infec-
tion of the brain or systemic sepsis or inflammation, the presence of encephalopathy 
always carries a grave prognosis. Mortality and morbidity can be as high as 30 –
 100% depending on the clinical scenario, and early recognition and appropriate 
supportive care can sometimes provide a favorable outcome. The cause of the 
encephalopathy in systemic or CNS infection remains unknown. A specific therapy 
other than treating the infection and providing supportive care is not available. 
There is concern that the encephalopathy may be neuroprotective as activation of 
the brain during periods of deranged metabolism may lead to irreversible injury or 
death. When treatment of infection is successful, an uneventful recovery can occur 
even in patients who endured prolonged periods of coma. 

 The intent of this chapter is not to discuss the various pathogens and their varied 
manifestations of brain injury, but specific patterns of pathogenesis to the extent of 
our understanding and the mechanisms that lead to brain dysfunction during infec-
tion or inflammation. Needless to say, the specific mechanisms of brain injury in 
these disorders are poorly understood in most instances, and some hypotheses are 
just that, hypotheses without evidence to support the theory. The focus of discus-
sion will be on the pathogenesis and mechanisms of brain dysfunction. The reader 
is referred to in-depth discussions on symptoms and treatment to appropriate arti-
cles that focus on the clinical management of these disorders. 

  Normal Brain Homeostasis  

 All components of the brain serve specific functions to maintain brain homeostasis. 
Only 10% of the normal adult brain is made up of neurons which are approximately 
10 12  in number. The bulk of the brain is comprised of glial cells which are consid-
ered as nothing but the glue (glia =  “ glue ” ) that holds the matrices together. 
However, it has become increasingly clear that glia serve more than a supportive 
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function. These cells maintain the milieu for optimal function of the neurons. 
Lactate, which is the main substrate of energy for neurons, is produced by the 
astrocytes from glycogen even under aerobic conditions and transported to neurons 
by metabolic coupling (Pellerin,  2003 ; Tekkok et al.,  2005) . The foot processes of 
astrocytes maintain the blood-brain barrier which transports glucose as well as all 
other metabolites into the brain compartment. Disruption of the transporters or dis-
ruption of the blood-brain barrier can significantly impair brain functions, as is 
often the case during CNS or systemic infections. Astrocytes also regulate reuptake 
of neurotransmitters, particularly glutamate and the inhibitory neurotransmitter 
gamma amino butyric acid (GABA) (Tilleux and Hermans,  2007) . Impaired astro-
cyte function can therefore lead to excitotoxicity of the neurons mediated by exces-
sive glutamate. Astrocytes and microglia serve to participate as antigen presenting 
cells and actively promote local brain inflammation and immune-related activities 
including secretion of lymphokines, chemokines and leukotrines. Oligodendrocytes 
produce central myelin and maintain a close relationship with neurons and axons. 
These cells produce nerve growth factor (NGF), brain derived neurotrophic factor 
(BNDF) and neurotrophin 3 (Dai et al.,  2003) . Ependymal cells and cells of the 
choroids plexus maintain the blood-CSF barrier often affected by bacterial and 
some viral infections. Transport of glucose into the CSF is often impaired during 
and sometimes after bacterial meningitis, causing persistent hypoglycorrachia. 
Although the return of glucose to normal levels in the CSF may never occur, 
patients make a complete recovery since the transport of glucose to the brain itself 
is not adversely affected. This will serve to remind us that the blood-CSF barrier 
and transport to the CSF is different from the blood-brain barrier, which is more 
directly related to neuronal function. Virus with tropism  in the ependyma can 
impair CSF flow and cause hydrocephalus. 

 Microglia plays a prominent role in inflammation and immune function within 
the CNS (Dheen et al.,  2007) . The origin of these cells is controversial. Resident 
microglia is thought to be produced from bone marrow-derived macrophage precur-
sor cells that migrated to the brain during brain development. Approximately 10% 
of all glia are made up of microglia. During inflammation and injury these cells 
proliferate and become phagocytic. They are the antigen presenting cells of the 
CNS and modulate intrathecal immune function. 

 A variety of mechanisms can lead to neuronal injury. Ischemia at the macro or 
microcirculation level can impair functions, leading to micro or macro infarcts in 
the brain. Impaired mitochondrial function can lead to  “ virtual hypoxia ”  and 
anaerobic metabolism with all its deleterious consequences of energy crisis and 
acidosis. Presence of free intracellular calcium, often seen in energy crisis states, 
can lead to activation of enzymes that mediate cell death. Amidst all the metabolic 
derangements, neurons can enter into a state of protective inactivity through generation 
of receptors for endogenous ligands that activate GABA receptors (Rothstein, 1994 ; 
Olasmaa et al.,  1990  ; Rothstein and Olasmaa,  1990) . Such a state of hibernation can 
be associated with complete return of function even when prolonged coma was 
endured during an acute event of infection or inflammation, when successful treat-
ment of the infection and inflammation is accomplished.  
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  CNS Viral Infections  

 Direct infections of the nervous system by neurotropic viruses can lead to CNS 
dysfunction in many ways. Six well-defined mechanisms of encephalopathy are 
discussed, but many other mechanisms probably exist. In many instances the 
mechanism of brain dysfunction remains an enigma since by pathology, abnormali-
ties can be minimal. 

  Acute Lytic Infections of the Brain with Focal or Regional 
Necrosis, Edema and Brain Herniation 

 Most neurotropic viruses that cause encephalitis belong in this category, the proto-
type infection being human herpes encephalitis. For discussions on clinical presen-
tation and management, please refer to recent reviews on this topic (Tyler,  2004 ; 
Schmutzhard,  2001) . Tropism is generally to the neurons although all neurons are 
not equally susceptible. Herpes generally produces limbic encephalitis with pre-
dominant involvement of the orbito-frontal cortex and the temporal lobes. The 
severe cytolytic nature of the infection leads to liquefaction hemorrhagic necrosis 
of the brain with severe cytotoxic edema that leads to massive herniation and death. 
The exact mechanism of cytolysis produced by the virus is not known. Most cyto-
lytic viruses selectively block host protein synthesis at the expense of virus replica-
tion resulting in the death of the cell and release of progeny viruses. As discussed 
below, neuronal apoptosis is also a mechanism of neuronal injury by a number of 
viruses, including herpes simplex virus.  

  Acute Viral Encephalopathy Without Significant 
Necrosis or Inflammation 

 Intracerebral inoculation of hamster neurotropic measles virus in the susceptible 
BALB/C mouse strain leads to encephalitis and death within 2 weeks of injection. 
For the most part, histological examination identified minimal brain injury charac-
terized by mild inflammation but no edema or necrosis. Viral antigen can be readily 
demonstrated using immunohistochemistry in selective parts of the brain including 
the orbito-frontal cortex, hippocampus caudate nucleus and parts of the frontal and 
temporal lobes (Rammohan et al.,  1981 ; van Pottelsberghe et al.,  1979) . The mech-
anism of brain dysfunction is not readily apparent. Similarly, intracerebral inocula-
tion of a neuroadapted strain of herpes simplex virus type 1 to the Sprague-Dawley 
rat resulted in clinical acute encephalitis within 3 – 5 days of infection, but examina-
tion of the brain did not identify significant inflammation or necrosis. In an attempt 
to define the nature of brain dysfunction, the investigators examined levels of 
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enzymes known to synthesize neurotransmitters. Levels of tyrosine hydroxylase, 
glutamate decarboxylase, and choline acetyltransferace were measured in substantia 
nigra, caudate/putamen, and the frontal cortex. No changes could be demonstrated 
in these brains as compared to saline injected controls (Elizan et al.,  1983) . The 
mechanism of brain dysfunction in these animals remains unknown. Similar lack of 
inflammation and necrosis has also been demonstrated with rhabdovirus infection 
namely, fatal rabies infection in man, where brain inflammation is minimal as also 
edema and necrosis.  

  Oxidative Stress from Reactive Oxygen Species/Intermediates 

 When the production of reactive oxygen intermediates/species exceed the anti-
oxidant capacity of the cell, oxidative stress injury occurs, resulting in peroxi-
dation of lipids, proteins and nucleic acids. Viruses have been shown to cause 
oxidative injury in vitro as well as in vivo (Liao et al.,  2002 ; Raung et al., 
 2001) . Depending on the severity, this can lead to activation of proteases lead-
ing to apoptosis; a well-recognized mechanism of virus-mediated cellular 
injury. The lists of viruses that induce oxidative stress in the host are legion. 
One such example is HIV, which causes oxidative stress and brain injury. 
Retroviruses induce oxidative stress in cells that lead to neuronal apoptosis. In 
this regard, Tat protein of HIV is known to cause oxidative stress leading to 
neuronal apoptosis and resultant HIV associated dementia (Steiner et al.,  2006 ; 
Pocernich et al.,  2005) . Of what survival advantage would there be for a virus 
to promote oxidative injury? Hepatitis C virus which causes cirrhosis and hepa-
tocellular carcinoma mediates this injury in part by activation of cyclooxygen-
ase 2 and producing prostaglandin E2. Reactive oxygen species produced in the 
mitochondria activate NFkB which stimulates the production of cyclooxygen-
ase 2 (COX2) with resultant increase in prostaglandin E2 (PGE2). Both COX 2 
and PGE2 modulate replication of viral RNA, and further down-stream effects 
promote cell survival by induction of anti apoptotic agents, although eventually 
these interactions lead to hepatocellular injury (Waris and Siddiqui,  2005 ; 
Tardif et al.,  2005 ; Waris et al.,  2005) .  

  Acute Excitotoxicity and Coma 

 Glutamate excitotoxicity has been implicated in the pathogenesis of a number of 
CNS degenerative disorders, and in some instances not with good evidence. 
Excitotoxicity has been implicated in rabies infection as well. This is in part due to 
the fact that an NMDA receptor may be a receptor for the rabies virus as well 
(Gosztonyi, and Ludwig,  2001) . In vitro as well as in vivo studies in the rat brain 
identified a favorable effect for ketamine, an NMDA receptor antagonist, in reducing 
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viral replication (Lockhart et al.,  1992) . Subsequently neuronal degeneration was 
shown to be reduced in the presence of NMDA antagonists when rabies infection 
of neurons was carried out in vitro (Tsiang et al.,  1991) . On the basis of these 
observations a 17 year old girl who developed rabies after a bat-bite was treated 
using a combination of agents to block excitotoxicity (Hu et al.,  2007 ; Willoughby 
et al.,  2005) . Therapeutic coma was induced by GABA receptor agonism by ben-
zodiazepines and barbiturates along with NMDA receptor antagonism using keta-
mine and amantadine. Antiviral therapy was instituted with ribavarine but antiviral 
therapies alone have never been successfully used previously to treat rabies. The 
patient survived with residual morbidity in a disorder where survival is unprece-
dented and mortality the rule. The authors concluded that blocking excitotoxicity 
and giving additional time to allow her immune system to mount a necessary anti-
viral response was the reason for her recovery. Although this was an  “ N of one ” , 
the report of this case is a landmark event since mortality with rabies approaches 
100% and now one can start thinking about possible treatment strategies based on 
the approach used in this case.  

  Viral Infection and Neuronal Apoptosis 

 A novel mechanism of brain injury with neurovirulent viruses is the induction 
of neuronal apoptosis. A variety of viruses have been shown to induce cellular 
apoptosis in neuronal as well as non-neuronal tissues, but a prototype virus in 
this category is the Sindbis virus which has been shown to induce apoptosis in 
susceptible cells in vitro as well as neurons of the brain and spinal cord of 
infected mice (Griffin,  2005 ; Levine et al.,  1993) . Neurovirulence of this virus 
is best correlated with its ability to induce apoptosis of the neurons and induc-
tion of apoptosis was identified to be the best correlate of mortality with this 
virus in young mice (Lewis et al.,  1996) . Sindbis virus mediates apoptosis by 
activation of a specific subset of caspases which set in motion activation of 
caspase-induced caspase activation, leading to the phenotype of the typical 
apoptotic cell with cell shrinkage, membrane blebbing, condensation of chro-
matin and DNA fragmentation (Nava et al.,  1998) . What are the mechanisms of 
activation of caspases by Sindbis virus? In vitro studies would suggest that 
virus replication of the infected cell is not a prerequisite for induction of apop-
tosis. In a series of elegant experiments, investigators were able to induce apop-
tosis of Chinese Hamster Ovary cell lines with Sindbis virus using UV 
inactivated virus (Jan and Griffin,  1999) . Inhibition of protein synthesis using 
cyclohexamide had no effect as also the presence or absence of heparin sulfate, 
the initial binding molecule for Sindbis virus. The studies identified that the 
fusion of the virus to the host cell membrane even in the absence of virus repli-
cation, activated the appropriate caspases to set in motion the process of pro-
grammed cell death. The virulence of the strain of virus correlated best with the 
ability of the virus to induce apoptosis.  
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  Chronic Virus Persistence in the Brain 

 Although most central nervous system viral infections result in acute encephalitis, 
some viruses have the ability to persistently infect the brain through the lifetime of 
the host. Persistence of the virus in the brain can be asymptomatic, or contribute to 
an encephalopathy with associated consequences. Mechanisms of virus persistence 
in the brain are not entirely understood but it is evident that there are factors that 
are host-mediated or virus-mediated that contribute to this persistent infection. 
Mutations in the virus can render viruses less virulent, permitting a symbiotic exist-
ence in the host. Alternatively, the virus can become  “ defective ”  with one or more 
structural proteins modified or missing, resulting in an inability to produce infec-
tious virions. Abnormalities in the matrix protein of measles virus have been impli-
cated as mechanisms of persistence in the stains of measles virus that caused sub 
acute sclerosis pan encephalitis (SSPE) (Choppin et al.,  1981 ; Hall and Choppin, 
 1979 ,  1981) . Host factors that contribute to viral persistence are generally related 
to a failing viral clearance in an immunocompromised host. Viruses that are gener-
ally non-pathogenic can under these conditions become pathogenic as in the case 
of papova virus induced progressive multifocal leucoencephalopahy (see separate 
discussion). 

 What are the mechanisms of brain dysfunction in persistent virus infection in the 
brain? Probably the most common mechanism of brain injury is a consequence of 
the immunopathology mediated by the persistent virus. While some of this immun-
opathology is antiviral, it may also be in part autoimmune in nature. The inflamma-
tion causes the release of leucotrines, prostaglandins, thromboxanes and 
lymphokines, which interfere with normal brain activity and cause brain degenera-
tion. Gradually, patients succumb to progressive decline in mentation and other 
neurological dysfunctions.  

  Role of Astrocytes in Viral Encephalitis 

 Astrocytes are crucial for maintaining the health of neurons during normal and dis-
ease states. They also serve with the microglia as antigen presenting and phagocytic 
cells. Reactive astrocytosis occurs regularly during viral encephalitis. Is this protec-
tive or detrimental to the final outcome? What is the role of astrocytes in brain dys-
function during acute viral encephalitis? In a study using suckling mice infected 
with Japanese Encephalitis Virus, the investigators identified up-regulation of glial 
fibrillary acidic protein (GFAP), glutamate aspartate transporter protein (GLAST), 
glutamate transporter 1 (GLT-1), and the copper transporter protein ceruloplasmin. 
Collectively these changes would suggest activation of astrocyte functions including 
reducing excitotoxicity by better uptake by astrocytes of glutamate. Nevertheless, the 
mice succumbed to the virus in spite of these apparent favorable changes (Mishra 
et al.,  2007) . 
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 Astrocytes are crucial in maintaining the blood-brain barrier. Foot processes of 
the astrocytes abut tight junctions of the endothelium and together constitute the 
blood  — brain barrier. Disruption of the blood-brain barrier can occur during viral 
encephalitis. In studies using vesicular stomatitis virus administered, disruption of 
the blood-brain barrier occurred in wild type and NOS-1 knock out mice but not in 
NOS-3 KO mice or mice treated with IL12. It would appear that both IL12 and 
NOS-3 are essential for the integrity of maintaining the blood — brain barrier during 
viral encephalitis (Reiss et al.,  1996  ; Barna et al.,  1996 ; Bi et al.,  1995) . Much of 
these effects are mediated through activation of these agents at the astrocyte level.   

  Hiv Related Encephalopathy  

 After the advent of highly active anti-retroviral therapy (HAART) the incidence of 
HIV dementia has been reduced by more than 50%. While prior to HAART the 
incidence was 21 cases for every 100 patient years, the incidence since HAART is 
reduced to10.5 per 1,000 patient years. Interestingly, the  prevalence  of HIV demen-
tia has  increased ; with HAART patients with dementia live longer. Even with 
advanced AIDS of CD4 counts of less than 100 mm  − 3  patients have longevities 
almost eightfold higher than previously. 

 Several syndromes need to be defined.

    (a)     HIV Encephalopathy . This is an early disorder seen prior to the occurrence of 
AIDS and is probably due to initial invasion of the CNS by HIV. HIV is carried 
to the brain predominantly by CD4 expressing cells of the monocyte macro-
phage lineage as well as CD4 positive T cells. In the brain, the resident micro-
glia is the main reservoir of infection. Since fatalities are rare at this stage of the 
disease, there is limited pathology available regarding this phase of the disease. 
Microglial nodules and vacuolar degeneration of the white matter probably 
represent some of the earliest changes. The virus can be readily demonstrated 
in the microglia.  

    (b)     HIV Associated Demntia (HAD) (formerly AIDS Dementia Complex) . This is 
seen in patients with AIDS and CD4 counts of less than 400 mm  − 3 . Pathological 
abnormalities can sometimes be minimal. Cortical neuronal loss, particularly in 
a fronto-temporal distribution, can be seen in some patients as also myelin pal-
lor and vacuolar degeneration. There is often marked microgliosis and large 
multinucleated giant cells. Clinically patients can be classified into five stages 
of progressive decline (Price and Brew,  1988) :

   Stage 0 Normal mentation  
  Stage 0.5. Sub clinical or equivocal impairment of mentation  
   Stage 1. Unequivocal, but mild evidence of intellectual, functional or motor 
impairment.  
   Stage 2. Moderate mental and physical impairment. May need a cane for 
ambulation  
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   Stage 3. Severe mental and physical impairment. Need assistance for all activi-
ties of daily living  
  Stage 4. Vegetative existence. Mute, paraplegic, and incontinent     

    (c)     Minimal cognitive motor dysfunction . A subcortical pattern of cognitive impair-
ment occurs in the patients with minimal to mild motor impairment. Patients are 
self sufficient for all activities of daily living. A frontotemporal pattern of cog-
nitive impairment can be demonstrated by formal neuropsychological testing. 
After the advent of HAART, most patients with HIV-related cognitive impair-
ment fall into this category.  

    (d)     HIV Associated Progressive Encephalopathy (HPE) . This is a term restricted to 
children with progressive complex neuro psychiatric, cognitive and motor 
impairment related to HIV infection. Unlike the adult population, behavioral 
abnormalities occur commonly.     

 How does encephalopathy occur in patients with HIV infection? It is controversial 
if direct infection of the neuron can occur with HIV infection since most neurons 
lack the receptor for the virus, the CD4 molecule. Yet, significant losses of neurons 
occur by neuronal apoptosis in the brains of individuals with HIV infection and 
cognitive impairment. Accordingly several hypotheses have been postulated as the 
basis of the neuronal loss with HIV infection. The microglia is the main reservoir 
for HIV in the brain. Activated microglia secretes a number of proinflammatory 
cytokines, leucotrines and prostaglandins, and creates an adverse milieu for optimal 
neuronal function. At this stage, if treatment is instituted, reversibility can occur as 
damage to the neurons has not yet occurred. On the other hand, the lymphokines, 
particularly TNF  α  and IL 1 β  can trigger a cascade of activation of caspases that 
mediate apoptosis. Specifically, TRAIL (TNF related apoptosis inducing ligand) 
has been implicated in neuronal apoptosis induced by HIV (Miura et al.,  2003a , b ; 
and Miura et al.,  2001) . A number of peptides of HIV are also directly toxic to the 
neurons and these include gp120, gp41, Tat, Nef, Vpr, and Rev (Singh et al., per-
sonal communication  2007) .  

  West Nile Virus Encephalitis  

 This disorder deserves a separate discussion only because of its novelty as a recent 
cause of viral encephalopathy. The virus is an arthropod-borne agent, the major 
transmitter in the United State being the  Culex Fatgans  mosquito. Birds are a res-
ervoir of this virus, and it is the mortality of birds of the new-world at the Bronx 
zoo that brought attention to this disorder. Although the epidemic started in the 
North Eastern part of this country it has since then spread to almost all parts of the 
United States and Canada. 

 The disorder is seasonal and occurs during late summer and fall, the peak season 
for mosquitoes. Mild, often transient meningo encephalitis occurs in healthy adults 
and children. In the elderly it can cause coma and death (see section on the discussion 
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of the immune compromised host). In rare instances it can cause poliomyelitis 
like syndrome with injury to the anterior horn cells. Recovery is variable and can 
be poor or incomplete. Clinically, patients can have a presentation like Guillain 
Barre Syndrome, but the pathology would appear to be in the spinal cord rather 
than the peripheral nerve roots. The mechanisms of injury in this disorder are 
poorly worked out.  

  CNS Bacterial Infections  

  Bacterial Meningitis 

 After introduction of vaccines for  Streptococcus pneumoniae  and  Haemophylus 
influenzae , the incidence of meningitis in children and adults has decreased over 
50%. Nevertheless, when meningitis occurs, it is truly a medical emergency. The 
three most common pathogens that cause bacterial meningitis are  S pneumoniae , 
 H. influenzae type b ,  and meningococcus . The exact mechanism of violation of the 
intrathecal space is not known but in most instances the spread is thought to be 
hematogenous. Spread by contiguity from otitis media, mastoiditis or the nasophar-
ynx has also been implicated. In any event, when the bacteria enter the cerebrospi-
nal fluid which is normally non-cellular, without protein or complement, it renders 
a perfect medium of culture for the bacteria with an adequate supply of glucose. 
Doubling of bacteria occurs every 2 h and before long, large numbers of bacteria 
populate the cerebrospinal compartment. Degenerating bacteria release proinflam-
matory proteins and lipids from the cell wall (lipoteichoic acid) which incite a 
powerful host response and inflammation. Large amounts of polymorphonuclear 
leukocytes and macrophages are attracted to the site with secretion of proinflamma-
tory leucotrines, prostaglandins, lymphokines and nitric oxide. In particular IL 1 
and TNF  α  mediate much of the inflammation. Severe edema and brain herniation 
can occur. Severe obtundation and coma occur early. If untreated, mortality and 
severe morbidity approach 100%. It is important to initiate multiple antibiotic ther-
apies until cultures and sensitivities become available, especially as antibiotic 
resistant strains of common organisms have begun to emerge.   

  Metabolic Encephalopathy with Systemic Infections/
Inflammation  

 Criteria for Systemic Inflammatory Response Syndrome (SIRS) are fulfilled if two 
of the following four criteria are met (American College of Chest Physicians, 
 1992) 
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    1.    Heart rate > 90 per minute  
    2.    Body temperature (core body) of < 36 ° C or > 38 ° C.  
    3.    Respiration > 20 per minute or pCO 

2
  < 32 mm Hg  

    4.    Total white count of < 4,000 mm  − 3  or > 12,000 per mm 3  with 10% immature 
leucocytes.     

 SIRS is thought to be a consequence of circulating proinflammatory cytokines, a 
form of  “ cytokine storm ” . When persistent, this can lead to multi organ failure, 
including adult respiratory distress syndrome. When SIRS is associated with a sys-
temic infection, the condition is known as systemic sepsis. 

 Alteration in mental status occurring in patients with systemic sepsis always 
carries a serious prognosis. The mechanisms of impaired brain function are poorly 
understood and are probably multifactorial. Considerations include hypoxia, 
ischemia, mitochondrial dysfunction and anaerobic cerebral energy metabolism, 
blood-brain barrier dysfunction or impaired transporter function, cerebral edema, 
toxins like ammonia or endotoxins, and last but not least, clinical use of cerebral 
depressants and sedatives in severely ill patients. In patients with multi-organ fail-
ure, clearance of common short-acting sedatives can become prolonged, resulting 
in severe and protracted alteration of mentation. 

 In patients with acute liver failure during systemic infection and inflammation, 
there is good evidence to suggest that the liver is a major source of proinflammatory 
cytokines. Increased levels of TNF α , IL-6 and IL-1b are seen especially in patients 
with cerebral edema. Evidence that these agents are secreted by the liver was vali-
dated by the observation that after a  “ temporizing hepatectomy ”  in a patient with 
uncontrolled intracranial hypertension the levels of TNF α , IL-6 and IL-1b improved 
and the patients clinical status recovered as well (Jalan et al.,  2002 ; Jalan and 
Williams,  2001) . Although the role of hyperammonemia in the generation of hepatic 
encephalopathy is controversial, the single best correlate of increased intracranial 
pressure and cerebral edema in sepsis with acute liver failure is blood ammonia levels 
(Clemmesen et al.,  1999) . The molecular mechanisms that link systemic inflammation 
and encephalopathy remain unknown. However, cyclo-oxygenase inhibitor indomethacin 
has been shown to be of value in reducing increased intracranial pressure in patients 
with fulminant hepatic failure (Tofteng and Larsen,  2004) .  

  Post Infectious Encephalomyelitis  

 Altered mental status is a pre-requisite for the diagnosis of acute disseminated 
encephalomyelitis (ADEM), often a consequence of non-CNS infection or immu-
nization (Tenembaum et al.,  2007)  The disorder is the subject of a complete chapter 
in this book, so this discussion will be limited to the mechanisms of brain injury as 
it pertains to encephalopathies mediated by brain inflammation. There is excellent 
evidence to suggest that the brain injury is primarily immune mediated and there-
fore inflammatory in nature. Antigenic similarities between the viral antigens 
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(or vaccine) and the brain result in injury to the brain in the course of a normal 
immune response of the host to the pathogen. This phenomenon, known as molecular 
mimicry, constitutes the basis of this disorder (Menge et al.,  2007 ; Quaranta et al., 
 2006 ; Gout,  2001) . For the most part the injury appears to be a leukoencephalitis 
affecting the periventricular as well as the subcortical white matter of the brain. 

 Axonal rather than myelin injury appears to be the basis of morbidity following 
inflammatory demyelination. The mechanism of axonal injury is unknown but there 
is some evidence to suggest that it is in part caused by the phenomenon of  “ virtual 
hypoxia ”  (Stys,  2004 ,  2005) . According to this concept, injury to the mitochondria 
occurs probably from nitric oxide produced by inflammatory cells. Experimental 
studies that exposed axons to concentrations of nitric oxide seen at sites of inflam-
mation (~ 4  µ M) were capable of causing axonal conduction block (Smith et al., 
 2001 ; Kapoor et al.,  1999 ; Redford et al.,  1997)  When conduction was carried out 
at 50 – 100 Hz, the conduction block outlasted the period of exposure to nitric oxide, 
indicating a permanent rather than transient injury. Examination of these axons 
identified marked edema with disorganization of myelin indicative of depolariza-
tion injury. It appeared that the axons depolarized to the stimuli but were incapable 
of repolarization, which is an energy dependant state. The Na +  ions that entered the 
axons during depolarization could not exit the axon because the Na +  K +  ATPase 
pump requires ATP to function and in the absence of mitochondrial function there 
was depletion of the limited ATP available through glycolysis. The accumulation of 
Na +  leads to accumulation of water and edema of the axons. This situation leads to 
exchange of one Ca 2+  for two NA + , through the Na +  – Ca +  exchanger and this leads 
to intra axonal accumulation of free Ca 2+ . Transport of Ca 2+  to the axoplasmic 
reticulum is also an energy-dependent function and therefore does not occur in the 
state of limited ATP supply. The accumulation of Ca 2+  then leads to activation of a 
variety of proteases with eventual irreversible injury to the axon. These observa-
tions suggested that blockade of Na +  channels in a demyelinated animal could pre-
serve axonal function. Indeed this was the case when mice with experimental 
autoimmune encephalomyelitis were treated with flecainide, a sodium channel 
blocker; preservation of axons was demonstrated in a dose-dependent manner 
(Bechtold et al.,  2004 ; Kapoor et al.,  2003) . 

 Reye’s syndrome is believed to be a post-infectious complication of varcella 
infection in children, but it will not be discussed here as it is discussed elsewhere 
in this book.  

  Encephalopathy in the Transplant Recipient  

 Solid organ or bone marrow transplant recipients are a vulnerable group of patients 
prone to infectious and non-infectious metabolic encephalopathy (Todd,  2006) . 
Depending on the time of the occurrence of the encephalopathy, several scenarios 
need to be considered. During the early phase of engraftment (usually the first 30 
days) patients are vulnerable to infections with candida, aspergillus, and the herpes 
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encephalitis from herpes simplex type 1 and 6 and cytomegalovirus. It is important 
to recognize that HHV type 6 is a pathogen during this phase as HHV 6 has no viral 
thymidine kinase and cannot therefore be treated with acyclovir. Instead, patients 
will require treatment with intravenous gancyclovir and foscarnate. During this 
time, patients are also at risk for bacterial meningitis, particularly  Listeria  menin-
gitis. From 1 to 6 months, in addition to the agents listed earlier, patients are at risk 
for infection with toxoplasmosis and Cryptococcus as also meningitis with tuber-
culosis in susceptible previously exposed population. Beyond 6 months infections 
are directly correlated to graft rejection and increased immune suppression. 

 Of recent interest is the occurrence of encephalopathy from West Nile virus 
infection which can be fatal in the immune compromised host. Whereas this infec-
tion is transient encephalitis in the healthy, it can result in coma and death in the 
elderly and the immune-compromised patient. There is nothing specific about the 
disorder; diagnosis is based on a high index of suspicion as the disorder is seasonal 
and occurs in late summer. The MRI scan may show very little if any by way of 
abnormalities. The cerebrospinal fluid is always abnormal with prominent pleocy-
tosis and increased protein. Cerebrospinal fluid is usually positive for IgM antibody 
to the virus. Care is only supportive therapy. 

 At all times one should be cognizant of the adverse effects of agents used for 
immune suppression in the transplant recipient as a number of them can cause 
encephalopathy. In particular, the use of tacrolimus (FK 506) or cyclosporine 
should alert the physician for possible toxicity being the basis of encephalopathy 
(The U.S. Multicenter FK506 Liver study Group, 1994) This can be complicated as 
 “ normal ”  levels of cyclosporine can be toxic when the total LDL and cholesterol 
levels are low following organ transplants, in particular liver transplants. In patients 
who are recipients of orthotopic liver, who have serum total cholesterol of less than 
100 mg dL  − 1  normal level of serum cyclosporine can be toxic as it is lipid trans-
ported and free levels of cyclosporine can be high (Calne,  1994) .  

  Progressive Multifocal Leukoencephalopathy  

 This disorder is caused by papova virus infection of the brain in an immune-
compromised host. Chronic immune suppression with AIDS, cancer, autoimmune 
disorders or transplantation, all predispose to the occurrence of this disorder. 
Especially with potent immune suppression for autoimmune disorders, this is 
becoming increasingly recognized as a complication that we need to contend with. 
There is some recent evidence that the disorder may not always be fatal if immune 
reconstitution can be achieved by the withdrawal of the offending agent and restora-
tion of normal immune function. Of all the agents implicated to cause this disorder, 
the chronic use of steroids appears to take prominence over any other agent. A dis-
cussion of the many nuances of this disorder is beyond the scope of this chapter and 
the reader is referred to a treatise on this subject, which has been the topic of many 
recent reviews (Hou and Major,  2005 ; Eash et al.,  2006) .  
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  Summary  

 Encephalopathy in the context of CNS infection and inflammation is discussed 
mainly from the standpoint of mechanisms of pathogenesis. It would appear that 
irrespective of the pathogen, mechanisms of brain injury are similar. In some 
instances the immune response of the host proves detrimental to the host. In other 
instances a lack of immune surveillance leads to detrimental infections of the CNS. 
During infection, pathogens utilize similar mechanisms to cause injury. Oxidative 
stress, neuronal apoptosis, and excitotoxicity appear to be common mechanisms for 
injury to the CNS by a variety of agents. Recognizing these mechanisms is crucial 
as it allows us to develop strategies of neuro protection in addition to treatment of 
the pathogen. Understanding the delicate balance of pathogen — host interactions is 
crucial as this information will form the foundation of our future treatment of infec-
tions and inflammations of the brain that cause encephalopathy, which will not only 
utilize antibiotics for treatment of infections but also neuro protective strategies.      
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   Chapter 18   
 Major Depression and Metabolic 
Encephalopathy: Syndromes More Alike 
Than Not?       

     Brian   H.   Harvey      

  Introduction  

 The seminal discovery of the antidepressant imipramine in 1958, the mood-stabilizing 
actions of lithium ion in 1949, and that these drugs work by increasing or modulating 
synaptic levels of one or more monoamine such as serotonin (5HT), noradrenaline 
(NA) or dopamine (DA), have set the gold standard for drug research and treatment 
in mania and depression. However, drug discovery has not realized its full potential 
and in many ways is decades behind our understanding of psychiatric illness. Our 
newest drugs for these disorders, such as the 5HT reuptake inhibitors (SRI, e.g., 
fluoxetine (Prozac®)), are not any more effective than imipramine in the treatment 
of depression (Geddes et al.,  2000)  while after more than 50 years, lithium salts 
still remain the bench mark treatment for manic  depression (Compton and 
Nemeroff,  2000) . 

 The advent of sophisticated techniques in molecular neuroscience and molecular 
psychiatry has uncovered a wealth of knowledge pertaining to the development, 
susceptibility and progression of psychiatric illness, as well as identifying new 
candidate target molecules for drug action. For example, preclinical research has 
revealed that a complex array of subcellular molecules involved in cellular resilience, 
such as brain-derived neurotrophic factor (BDNF), cyclic AMP response element 
binding protein (CREB), nitric oxide (NO), B-cell lymphoma 2 (bcl-2), glycogen 
synthase kinase (GSK), and extracellular signal-regulated kinase (ERK) (for a review, 
see Manji et al.,  2001 ; Berton and Nestler,  2006) , represent the actual subcellular 
mediators of antidepressant drug action and indeed, very likely represent the 
neurobiological substrates of depressive illness (Manji et al.,  2001 ; Berton and 
Nestler,  2006) . Despite these advances, current drug treatment of depression remains 
steadfastly resigned to addressing the disorder at the synaptic level. Clearly, 
integrating our molecular knowledge of depression and the processes involved in 
resilience and vulnerability into a single working hypothesis upon which drugs can 
be developed has proved the biggest challenge. 

 Traditionally, major depression is thought to follow chronic stressful environ-
mental conditions, where individual vulnerability to stress has a significant role in 
determining the impact of the stressor on the body and mind, and the later development 
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of an anxiety or mood disorder (Kendler et al.,  2001) . Contrary to the thinking in 
the 1960s, depression is not a single neurotransmitter disorder, but represents a 
continuum of environmental, genetic and neurochemical determinants, all of which 
occupy a variable, yet distinct role in the etiology, progression and treatment 
response of disorders as apparently distinct as depression on one end, to psychosis 
on the other. The monoamine hypothesis of depression has proved to have signifi-
cant construct validity in that it has formed the basis for the development of our 
current armamentarium of antidepressant drugs. However, their delayed onset of 
action and that these drugs seldom exceed an expected rate of remission of 50% 
(Kocsis,  2003) , have in recent years prompted the realization that current antide-
pressants are not targeting the neurobiological underpinnings of the disorder and 
that a time-dependent and orchestrated manipulation of the above-mentioned sub-
cellular neurochemicals and neuronal messengers represent the end-targets of mood 
elevation, with current antidepressants simply acting to switch on the cascade from 
outside the cell (Manji et al.,  2001 ; Berton and Nestler,  2006) . 

 The biggest drawback of the current drugs in treating depression is their delayed 
onset of action, which nominally can be placed at 3–5 weeks after initiation of 
therapy (Manji et al.,  2001 ; Leonard,  2003) . With suicidal ideation an ever present 
danger in the illness, such a delay becomes a serious flaw, often requiring hospitali-
zation of seriously ill patients until improvement is noted. Even though synaptic 
monoamine levels rise almost immediately after initiating antidepressant treatment 
(Leonard,  2003) , onset of therapeutic efficacy is slow, and has been ascribed to a 
gradual adaptation of neuronal processes, monoamine receptors and synaptic con-
nectivity brought into motion by the molecular mechanisms described earlier (e.g., 
CREB, BDNF) but initiated and maintained by chronic administration of the drug 
(Manji et al.,  2001 ; Leonard,  2003) . This has propagated the so-called plasticity 
hypothesis which is currently regarded as representing our best and most accurate 
understanding of how antidepressants work (D’Sa and Duman,  2002) . 

 Recent clinical studies, however, have provided preliminary yet convincing evi-
dence that certain synaptic active antidepressants, such as tricyclic antidepressants 
(TCA), SRIs and atypical agents, may have an earlier onset of action than predicted 
by the plasticity hypothesis. Thus, clinical studies have suggested either a more 
rapid onset of antidepressant action, superior efficacy and/or use as augmentation 
strategy, for mirtazapine (Wheatley et al.,  1998 ; Leinonen et al.,  1999 ; Benkert 
et al.,  2000 ; Carpenter et al.,  2002 ; Vester-Blokland and Van Oers,  2002) , venlafax-
ine (Guelfi et al.,  1995 ; Benkert et al.,  1996 ; Entsuah et al.,  1998) , combined 5HT/
NA reuptake inhibition by fluoxetine + desipramine (Nelson et al.,  2004) , escitalo-
pram (Kasper et al.,  2006)  and SRI augmentation with pindolol (Perez et al.,  1997 ; 
Tome et al.,  1997 ; Zanardi et al.,  2001) . These studies argue in favor of a simple bio-
chemical imbalance that can be corrected by acute administration of an appropriate 
drug that will re-establish homeostasis of a particular neurochemical. This acute 
change in the neurochemistry in response to antidepressant treatment is not unlike 
that observed in encephalopathies. In this chapter I will argue that depression, or 
certain types of depressive illness, may be regarded as a progressive metabolic 
encephalopathy. Importantly, knowledge of the latter may possibly have distinct 



18 Major Depression and Metabolic Encephalopathy 351

implications for the understanding, diagnosis and treatment of major depression and 
may have particular value with respect to the onset of antidepressant action.  

  Metabolic Encephalopathy: A Brief Overview  

 Hepatic encephalopathy (HE), also referred to as portal-systemic encephalopathy, 
refers to a complex syndrome that follows impaired hepatocellular function due to 
liver cirrhosis or acute liver failure (Albrecht and Jones,  1999) . Over 20 different 
compounds occur in the circulation in increased concentration following hepatocel-
lular impairment, but of these the most important is ammonia (Zieve,  1987) . Since 
the brain has an incomplete urea cycle, ammonia triggers a sequence of metabolic 
events resulting in pronounced central nervous system effects and encephalopathy 
due to altered neuronal function, inflammation and neurotoxicity (Cauli et al., 
 2007 ; Albrecht and Jones,  1999)  resulting in diverse neuropsychiatric manifestations. 
HE can be classified into three stages of severity (Albrecht and Jones,  1999) . Subtle 
psychiatric and behavioral change, including depression, is often evident in Stage I, 
but which progresses over Stages II–IV with impairment in mental tasks, personality 
changes and inappropriate behavior (Stage II), somnolence, amnesia, fits of rage, 
incoherent speech and confusion (Stage III), and finally coma (Stage IV) (Albrecht 
and Jones,  1999) . The incidence of depression in HE or other encephalopathies has 
not been studied. However, a recent study found that 36% of patients with alcoholic 
liver disease met the criteria for a lifetime DSM-IV depressive disorder 
(Di Martini et al.,  2004) , while another study raised this incidence to 53% (Norris 
et al.,  2002) . The latter study also found that 29% of patients with viral liver disease 
and 60% of patients with cholestatic liver disease present with clinical depression 
(Norris et al.,  2002) . 

 The principle means of detoxification of blood-derived ammonia is reductive 
amidation of glutamate to glutamine by astrocyte- and glial-specific glutamine 
synthase (Norenberg and Martinez-Hernandez,  1979)  with excess ammonia result-
ing in excitatory glutamate and inhibitory γ-amino butyric acid (GABA) imbalance. 
Patients with HE suffer from diverse disruption of glutamatergic function. The 
brain glutamate system is central to our understanding of the neurochemistry of 
liver failure, with synthesis, intercellular transport (uptake and release) and 
function being affected (Vaquero and Butterworth,  2006) . Glutamate, the major 
excitatory neurotransmitter in the CNS, may be responsible for various psychiatric 
manifestations in HE and seizures in fulminant hepatic failure, while decreased 
glutamatergic tone underlies symptoms of drowsiness, lethargy, amnesia, confusion 
and coma. 

 Heightened glutamate in HE has been demonstrated in an experimental model of 
hyperammonia-induced encephalopathy in rats (Vogels et al.,  1997) . Excessive 
glutamate release or failed glial/neuronal reuptake (Vaquero and Butterworth,  2006)  
in HE results in  N -methyl- d -aspartate (NMDA) receptor activation which is further 
enhanced by an increase in extracellular glycine, a positive regulator of the NMDA 
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ion channel (Michalak et al.,  1996) . Ammonia-induced NMDA receptor activation 
engenders a number of important metabolic effects that may progress over time to 
irreversible neuronal dysfunction and damage. These would include increased NA + , 
K + , ATPase, depletion of cellular ATP (Kosenko et al.,  1994 ; Ratnakumari et al., 
 1995)  and proteolysis of microtubule-associated protein-2 (MAP-2) resulting in a 
decrease in the polymerization of microtubules, the essential building blocks of 
neurons (Felipo et al.,  1993) . Further, increased activation of nitric oxide synthase 
(NOS) and the release of NO results in the production of reactive nitrogen and oxy-
gen intermediates, oxidative stress and nerve cell damage (Kosenko et al.,  1995 , 
 1998 ; Schliess et al.,  2006) . Ammonia also increases the principle second messenger 
of NO, cyclic guanosine monophosphate (cGMP) (Vaquero and Butterworth,  2006)  
which in turn exerts important neuromodulatory effects (Prast and Philippu,  2001) , 
particularly with respect to cognition (Domek-Łopacin ska and Strosznajder,  2005) . 
Indeed, inhibiting NOS activity not only attenuates NO-driven neuronal damage, but 
also results in the restoration of antioxidant enzyme activity induced by ammonia 
(Kosenko et al.,  1998) . Interestingly, bolstering brain cGMP restores cognitive 
impairment induced in an animal model of HE (Erceg et al.,  2005) , further highlight-
ing the role of NO-cGMP in ammonia-related toxicity. Hyperammonia also inhibits 
the cerebral synthesis of kynurenic acid, a notable endogenous antagonist at iono-
tropic glutamate receptors and a putative neuroprotectant (Saran et al.,  1998) . 

 While the aforementioned are typified by excessive glutamatergic transmission, 
downregulation of ionotropic glutamate receptors and impaired excitatory 
transmission also occur in HE (see Albrecht and Jones,  1999 ; Vaquero and 
Butterworth,  2006  for a review) and these together very likely underlie symptoms 
of drowsiness, lethargy, amnesia, confusion and coma. Moreover, since glutamate–NO 
mechanisms are involved in memory formation (Riedel et al., 2003 ; Domek-
Łopaci ska and Strosznajder,  2005) , attenuated glutamatergic tone may also under-
lie HE-related memory and intellectual deficits. 

 It is not only excitatory transmission that suffers in the brain of HE patients. 
Convincing clinical studies concur with the evidence of excessive GABA’ergic 
transmission in the brains of individuals with HE (Jones,  2002 ; Bansky et al.,  1985 ; 
Scollo-Lavizzari and Steinmann,  1985) . This rationale has been reproduced in various 
animal models of HE as well (Bassett et al.,  1987 ; Gammal et al.,  1990) . Increased 
GABA’ergic tone in HE may be ascribed to increased levels of circulating natural 
benzodiazepines (Basile et al.,  1991) , increased synthesis of GABA 

A
  modulating 

neurosteroids (Ahboucha and Butterworth, 2007 ), and increased availability of 
GABA and activation of GABA 

A
  receptors (Olasmaa et al.,  1990 ; Wysmyk et al., 

 1992) , while ammonia has also been found to increase GABA binding to the 
GABA 

A
  receptor (Ha and Basile,  1996) . Increased GABA activity may also be 

elicited following an increase in NO-derived toxins, such as peroxynitrite (Ohkuma 
et al.,  1995) , that follows HE. 

 Hyperammonia stimulates the transport of aromatic amino acids across the 
blood brain barrier, such as enhancing glutamine/tryptophan exchange (Cangiano 
et al.,  1983 ; Hilgier et al.,  1992)  resulting in increased cerebral tryptophan and an 
increase in 5HT synthesis (Zieve,  1987) . This correlates with the evidence of a deficit 
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in 5HT transporters observed in experimental HE in animals (Michalak et al., 
2001 ). Indeed, the accumulation of tryptophan and tyrosine, which serve as precursors 
for the neuronal synthesis of 5HT and DA, as well as increased density and expres-
sion of monoamine oxidase A, a principle degradative enzyme of biogenic amines 
(Mousseau et al.,  1997) , may underlie altered brain and behavioral function in 
patients with HE. Animal studies have concurred with this suggestion (Bergqvist 
et al.,  1996 ; Yurdaydin et al.,  1996 ; Kaneko et al.,  1998) . With regard to regional 
brain 5HT neuroreceptor binding, densities for the 5HT 

1A
  receptor in cirrhotic 

patients are decreased in frontal cortex by 56% and in the hippocampus by 30%, 
together with a 55% increase in hippocampal 5HT 

2A
  receptor binding (Rao and 

Butterworth, 1994). In Wilson’s disease, depressive symptomatology is related to 
an alteration of presynaptic serotonin transporters (Eggers et al.,  2003 ; Hesse et al., 
 2003) . The increased 5HT observed, and associated neuroplastic receptor changes, 
may contribute to the neuropsychiatric manifestations evident in these patients. 

 Dopamine changes, which may be linked to motor dysfunction in HE, have been 
noted in the brains of animals with experimental HE and in patients with HE 
(Mousseau et al.,  1997) , while a loss of striatal DA (Mousseau et al.,  1993)  and 
increased MOA A and B (Rao et al.,  1993)  have been described in the brain tissue 
of cirrhotic patients. However, both 5HT and DA are strongly regulated by GABA 
as well as glutamate and NO (Wheeler et al.,  1995 ; Borkowska et al.,  1999 ; Tao and 
Auerbach,  2000 ; Prast and Philippu,  2001)  such that dysfunction in GABA/gluta-
mate transmission may also contribute to 5HT and DA dysfunction. Raised cerebral 
level of 5HT is also a powerful modulator of the glutamatergic and GABA’ergic 
systems, with 5HT decreasing glutamate transmission and increasing GABA trans-
mission, particularly in the hippocampus, frontal cortex and cerebellum (Ciranna, 
 2006)  These mechanisms may partly underlie serotonergic-mediated modulation of 
cognitive function, analgesia, motor control and mood (Ciranna,  2006) . 

 Another interesting topic when considering encephalopathy-based mood distur-
bances is the sulfur-containing amino acid, homocysteine. This amino acid is important 
in methylation reactions, the levels of which are regulated by folate and vitamins B6 
and B12 (House et al.,  1999) . Elevated homocysteine levels, as well as altered folate 
and vitamins B6 and B12, have been implicated in depression, schizophrenia and 
bipolar disorder (Bottiglieri,  2005 ; Levine et al.,  2005 ; Dimopoulos et al.,  2007 ; 
Folstein et al.,  2007) , and also in certain metabolic imbalances characterized by 
altered folate and/or vitamin B12 availability such as eating disorders (Frieling et al., 
 2006) , alcoholism, malnutrition, malabsorption (Frankenburg,  2007)  and some severe 
but reversible encephalopathies (Gutiérrez-Aguilar et al.,  2005) . Of particular impor-
tance is that homocysteic acid, a metabolite of homocysteine, acts as an NMDA 
receptor agonist and is a recognized neurotoxin (Lipton et al.,  1997) . 

 While I have focused primarily on the neuropsychiatry of HE, a number of 
diverse liver diseases that present with metabolic encephalopathies can be linked to 
mood dysregulation and depression. This would include illnesses such as hepato-
lenticular degeneration (Wilson’s disease) (Eggers et al.,  2003 ; Hesse et al.,  2003 ; 
Chan et al.,  2005) , Gaucher disease (Packman et al.,  2006) , Fabry disease (Sadek 
et al.,  2004) , and hepatitis C infection (Forton et al.,  2004) . Thus, both the presentation 



354 B.H. Harvey

of HE and its associated neurochemistry predict that encephalopathy has an impor-
tant mood component. However, do depressed patients present with a component 
of encephalopathy?  

  Is Depressive Illness a Metabolic Encephalopathy?  

 While there is little to no evidence to suggest that HE and depression are alike, there 
are distinct similarities that warrant discussion. The biogenic amine hypothesis 
infers that antidepressant action is based on the immediate synaptic increase in NA, 
5HT or DA. Antidepressants evoke an almost immediate increase in the synaptic 
levels of these neurotransmitters (Leonard,  2003) . Models have emphasized the role 
of monoamine systems in depression and in mediating disease pathogenesis (Stahl, 
 1996)  and treatment response (Bell et al.,  2001) . However, it is now well recognized 
that if current antidepressants act only by virtue of their ability to evoke an immediate 
increase in the synaptic levels of these transmitters, all antidepressants should have 
an almost immediate onset of action, which they do not (Manji et al.,  2001 ; Leonard, 
 2003) . The neuroplasticity hypothesis thus links the delayed time of onset of antide-
pressant action to events subsequent to their synaptic actions, involving the sequential 
and obligatory activation of the cascade of subcellular events described earlier, and 
involving second messenger activation, gene transcription and protein synthesis 
(Manji et al.,  2001 ; D’sa and Duman,  2002) . 

 Dorland’s Medical Dictionary describes encephalopathy as any degenerative disease 
of the brain, and metabolic encephalopathy as a neuropsychiatric disturbance follow-
ing acute imbalance in critical cellular metabolites occurring primarily as a result of 
hypoxia, ischemia, or hypoglycemia, or secondarily to disease of other organs, such 
as the kidney, lung, or liver. Alterations in brain functions occur in both acute and 
chronic HE, while gross structural brain changes are evident only over a protracted 
period (Vaquero and Butterworth,  2006) . Thus, acute neuropsychiatric manifestations 
are not only evident in disorders like HE, but more importantly, they can lead to pro-
gressive neurodegenerative changes in brain cytoarchitecture over time, particularly 
involving astrocytes (Albrecht and Jones,  1999) . That depression may be an encepha-
lopathy is clearly a controversial statement. However, it does serve to bring face-to-face 
the biogenic amine and neuroplasticity hypotheses of depression. An important 
consideration in this analogy would be to establish whether similar monoaminergic, 
especially serotonergic, receptor changes are evident in the two syndromes, and also 
whether acutely increasing, or alternatively acutely decreasing biogenic amines in the 
brain will precipitate an almost immediate worsening or improvement in mood. 
Further, is there evidence for metabolic disturbances in depression and does major 
depression, like an encephalopathy, show evidence of a progressively worsening illness 
with anatomical involvement? Finally, is major depression associated to any degree 
with biochemical imbalances that are characteristic of the most widely described 
encephalopathies, including changes in oxidative status, ammonia, GABA and gluta-
mate? These are discussed presently. 
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 HE is associated with increased tryptophan and 5HT synthesis (Zieve,  1987)  as 
well as decreased 5HT 

1A
  receptor density in the limbic brain regions together with 

elevated 5HT 
2A

  receptor density (Rao and Butterworth, 1994). Similarly, major 
depressive disorder is also associated with a widespread reduction in 5HT 

1A
  receptor 

binding (Sargent et al.,  2000 ; Drevets et al.,  2007) , as well as elevated 5HT 
2A

  receptor 
density (Leonard,  2003) , although a reduction in cerebral serotonin is more gener-
ally accepted as the basis for the neuropathology of depression. The widespread 
reduction in 5HT 

1A
  receptors, which presynaptically are associated with the negative 

control of 5HT release, may explain the accumulation of 5HT in patients with HE, 
as well as elevated 5-hydroxyindoleacetic acid and MAOA (Rao and Butterworth, 
1994). However, disagreement exists within the literature regarding the presence and 
direction of 5HT 

1A
  receptor binding abnormalities in depression, and also consider-

ing the broadly accepted notion that depression is associated with a reduction in 5HT 
which, as pointed out, appears opposite to that observed in HE. Nevertheless, it does 
concur that a similar imbalance in serotonergic receptor function occurs in both HE 
and depression that may exert diverse direct and indirect neuromodulatory actions, 
and in this way contribute to the neuropsychiatric manifestations and depressed 
mood evident in these patients (Albrecht and Jones,  1999) . 

 Experimental lowering of 5HT neurotransmission by acute tryptophan depletion 
(ATD) does indeed induce a rapid but transient depressed mood in 50–60% of 
patients treated with a SRI who are in remission from depression (Delgado et al., 
 1999 ; Booij et al.,  2003) . Clinical studies in depressed patients have also highlighted 
distinct metabolic alterations in medication-free patients with bipolar disorder (Dager 
et al.,  2004) , with elevated gray matter lactate and GABA noted, suggesting mito-
chondrial alterations and a shift in energy redox state from oxidative phosphorylation 
toward glycolysis. Other clinical studies have also described altered mitochondrial 
function in affective illness, showing that mitochondrial dysfunction is associated 
with vulnerability to psychopathology in selected patients (Gardner et al.,  2003) . 
Moreover, affective disorders may also present with altered glucose metabolism, with 
evidence for a possible redirection of glucose metabolism away from the preferred 
glycolytic pathway to the polyol (sorbitol) pathway (Regenold et al.,  2004 ,  2005) , a 
pathway that is linked to nervous tissue damage in diabetes mellitus. 

 The multifactorial nature of depression resembles that of other complex disorders 
such as diabetes mellitus or coronary heart disease. Indeed, research has increasingly 
discovered the relevance of depressive symptoms for the development and course of dia-
betes, particularly in diabetes type 2, with up to one fourth of all patients with 
 diabetes mellitus suffering from depressive symptoms up to and including states of 
depressive disorders (Kruse et al.,  2006) . Similarly, an independent association has 
been found between major depression and coronary heart disease (Perlmutter et al., 
 2000) . Indeed, the 1-month prevalence of depression in coronary heart disease 
patients is approximately 15%, threefold higher than that observed in the community 
(Rozanski et al.,  1999) . In patients with coronary heart disease, depression has been 
associated with a 2.5–4-fold increase in the occurrence of cardiovascular events 
(Rozanski et al.,  1999) . Recent evidence has brought to notice the important role 
of NO in this connection (Chrapko et al.,  2004) , which not only is an important 
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neuromodulator in the brain, but has important regulatory functions in the cardiovas-
cular system. Finally, both mental illness and vascular disease display high plasma 
homocysteine levels that may be a contributory risk factor for both illnesses  (Bertsch 
et al., 2001 ; Nilsson et al.,  2007)  as well as their apparent association with one another. 

 Raised glucocorticoid levels are typical of depression (Sapolsky, 2000), such that 
cortisol-directed changes in intermediary metabolism, particularly glucose, can be 
expected. Moreover, recent evidence also suggests that stress/cortisol-induced neuro-
nal remodeling, as well as damage, is expedited by exposure to elevated levels of 
glucocorticoids (Starkman et al.,  1999) . In fact, a more recent finding in depression 
is the evidence for hippocampal shrinkage, together with associated decrements in 
hippocampal-dependent cognitive processing, ascribed to chronically elevated corti-
sol levels. Hippocampal damage may lead to further inadequate hypothalamic-adre-
nal feedback regulation leading to a sustained elevation in cortisol (see Harvey et al., 
 2003  for a review). Indeed, Cushing’s disease is associated with reduced hippocampal 
volume as well as prominent cognitive decrements and depression (Starkman et al., 
 1992 ,  2001) . Glucocorticoids increase susceptibility of cells to neurotoxic events, 
particularly that mediated by elevated glutamate release (Sapolsky,  2000) . Depression 
also shows a progressive worsening of symptoms over time and successive episodes, 
as well as a progressive worsening of hippocampal atrophy (see Harvey et al.,  2003  
for a review). Importantly, as in HE, postmortem studies in recurrently depressed 
patients show atrophic changes of the glia with associated changes in glutamate 
reuptake (Harvey et al.,  2003) , while both depression (D’sa and Duman,  2002)  and 
transient states of hyperammonia (Montoliu et al., 2007 ) can evoke changes in 
cAMP–CREB signaling, a primary pathway involved in the neuroplastic changes 
associated with mood regulation and antidepressant response. 

 The significance of these findings with respect to the pathogenesis of depression 
suggest that affective disorders present with acute neurochemical changes and 
altered metabolic states similar to encephalopathy, possibly associated with multiple 
metabolic disturbances linked to liver, cardiovascular and hormonal disorders. This 
leads to progressive “hard wiring” over time and to intractable structural brain 
changes. Of particular note is the common involvement of glutamate and GABA.  

  Glutamate and GABA in Disorders of Mood 
and Their Association with Encephalopathy  

 The role of glutamate, GABA (Shiah and Yatham,  1998 ; Krystal et al.,  2002 ; Stewart 
and Reid,  2002)  and glutamate-mediated activation of subcellular calcium-dependent 
pathways, especially NO and cGMP (Harvey,  1996 ; McLeod et al., 2001), has in 
recent years become increasingly recognized as being involved in the neuropathology 
and treatment of affective illnesses, particularly in mediating rapid neuronal regula-
tion throughout the CNS of especially monoaminergic pathways (Harvey,  1996) . 
These changes may essentially originate from different etiologies but thereafter follow 
a common sequence of events leading to dysregulation of mood. 



18 Major Depression and Metabolic Encephalopathy 357

  The Role of GABA 

 Although GABA is raised in HE, its concentrations are reduced in the brain, cere-
brospinal fluid and plasma of depressed patients (Krystal et al.,  2002 ; Shiah and 
Yatham,  1998 ; Sanacora et al.,  2003) . Postmortem studies also indicate reduced 
GABA 

A
  receptors in the frontal cortex of suicide victims (Pandey et al.,  1997) . 

Moreover, clinically effective antidepressants and electroconvulsive therapy (ECT) 
increase CSF or brain GABA levels (Shiah and Yatham,  1998 ; Devanand et al., 
 1995 ; Sanacora et al.,  2003) . This apparent contradiction between depression and 
HE may be due to the strong association between GABA and glutamate in cellular 
metabolism, with GABA originating from glutamate synthesis via glutamate decar-
boxylase. Thus, any excessive release of glutamate, as is evident in HE, may in turn 
promote GABA synthesis (Leonard,  2003) . Importantly, as noted earlier, stress-evoked 
cortisol release increases glutamate release, while stress also increases GABA 
release (Engelmann et al.,  2002) . GABA in turn mediates inhibition of glutamatergic 
transmission via presynaptic GABA 

B
  heteroreceptors (Yamada et al.,  1999) . However, 

prolonged stress and reminders on the other hand, are associated with an increase 
in NOS activity and a profound decrease in GABA in the rat hippocampus (Harvey 
et al.,  2004) , indicating that prolonged stress leads to loss of the homeostatic func-
tion of GABA and an increase in potentially cell damaging events as a result. 
Furthermore, stress-induced GABA release is potentiated by peroxynitrite (Ohkuma 
et al.,  1995)  suggesting that potentially harmful metabolites arising from ischemia, 
hypoxia, free radicals, hypoglycemia and oxidative stress, all situations presenting 
themselves during HE, will enhance GABA release (Saransaari and Oja,  1997) . 
This occurs as a protective mechanism that will attenuate further NO release 
(Ishizuka et al.,  2000) . Increased GABA thus confers resilience to chemical and 
psychosocial stressors. However, overt release of GABA may also be detrimental, 
as is typically described in certain encephalopathies (Jones,  2002) . Indeed, the use 
of ECT to treat severe intractable depression is associated with increased GABA 
release, but also with memory disturbances and altered glutamate function 
(Chamberlin and Tsai,  1998 ; McDaniel et al.,  2006) .  

  The Role of Glutamate 

 The NMDA glutamate ionotropic receptor is a highly regulated excitatory receptor, 
being positively regulated by recognition sites for glutamate, glycine and various 
polyamines, and negatively regulated by recognition sites for magnesium, zinc, redox 
state, NO as well as sites for binding phencyclidine and other similar compounds 
(Cooper et al.,  1996) . Major depression is accompanied by alterations in the serine/
glycine ratio as well as glutamate (Altamura et al.,  1995) , while chronic antidepressant 
treatment of depressed patients significantly reduces serum levels of aspartate and 
glutamate (Maes et al.,  1998) . Changes in the NMDA receptor complex has been 
noted in the frontal cortex of suicide victims (Nowak et al.,  1995) , while a reduction 
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in the hippocampus of the NMDA receptor subunit, NMDAR1, has also been 
described (Law and Deakin,  2001) . Further, zinc ion, which functions as a negative 
regulator of the NMDA ion channel, has been found to be lower in depressed patients 
than in healthy controls (Maes et al.,  1994) . Platelet glutamate receptor supersensi-
tivity is evident in patients with depression (Berk et al.,  2001) , while elevated levels 
of nitrogen oxide metabolites of NO have also been observed in patients with depres-
sion (Suzuki et al.,  2001)  and following suicide (Kim et al.,  2006) . 

 Interestingly, depression associated with interferon alpha therapy is also associ-
ated with elevated NO levels (Suzuki et al.,  2003) , which concurs with evidence 
indicating a relationship between stress, depression and immunological influence 
on emotions (Dantzer,  2001 ; Miller et al.,  2005) . Various stressors induce a central 
production of cytokines (Dunn,  2001)  that may have a negative effect on brain 5HT 
levels (Capuron and Dantzer,  2003 ; Wichers and Maes,  2004) . Cytokine-mediated 
induction of indoleamine 2,3-dioxygenase (IDO), which is the rate limiting step in 
the conversion of  l -tryptophan, the precursor of 5HT, to  N -formylkynurenine, 
results in diminished synthesis of 5HT (Wichers and Maes,  2004) . However, 
several other important metabolites are formed along the kynurenine pathway 
following the upregulation of IDO, one in particular being quinolinic acid, a direct 
agonist of the glutamate NMDA receptor (Wichers and Maes,  2004) . 

 Inflammation contributes to the cognitive impairment in HE, while targeting the 
cyclooxygenase (COX) pathway has been found to normalize glutamate–NO–cGMP 
signaling and to restore cognitive function (Cauli et al.,  2007) . Certain forms of stress 
are associated with activation of COX and immunological NOS (iNOS) (Madrigal 
et al.,  2006) , while major depression is associated with elevated antioxidant enzyme 
activity and lipid peroxidation (Bilici et al.,  2001) . The COX II inhibitor, celecoxib, 
has recently been found to be effective in treating depression (Muller et al.,  2006) . 
Inflammation is associated with altered cellular redox state. Astrocyte swelling in HE 
triggered by ammonia, in synergism with different precipitating factors such as 
hyponatremia and glutamate and NO release, plays a major role in altering cellular 
redox state, leading to osmotic and oxidative stress (Schliess et al.,  2006) . The 
NMDA receptor presents with a redox regulatory site for the purpose of controlling 
oxidative stress following excessive glutamatergic activity (Cooper et al.,  1996) . 

 Preclinical studies have demonstrated the antidepressant-like properties of 
NMDA antagonists (Skolnick,  1999)  as well as zinc ion (Kroczka et al.,  2001) . The 
mechanism whereby antidepressants are purported to achieve this is by reducing 
the proportion of high affinity glycine sites on the NMDA receptor (Skolnick et al., 
 1996)  or by reducing NMDA subunit mRNA in various limbic and subcortical 
structures (Boyer et al.,  1998) , leading to an attenuation of glutamatergic transmis-
sion. The downstream events of NMDA receptor activation, particularly on NOS, 
have also been found to be targeted by traditional antidepressant treatment, over 
and above their actions on monoamine transporters (Wegener et al.,  2003 ; Harvey 
et al.,  2006) . Consequently, NOS inhibitors (Harkin et al., 1999) and guanylyl 
cyclase–cGMP inhibitors (Heiberg et al.,  2002)  have all demonstrated distinct anti-
depressant-like effects in animals. Finally, it is also noteworthy that NMDA antagonists 
(Rogoz et al.,  2002)  and NOS inhibitors (Harkin et al.,  2004)  exert synergistic 
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antidepressant-like effects with classical antidepressants in the forced swimming 
test. In agreement with these preclinical findings, robust and rapid antidepressant 
effects have been described following a single intravenous dose of the NMDA 
receptor antagonist, ketamine, with onset of action occurring within 2-h postinfu-
sion and maintaining efficacy for 1 week (Zarate et al.,  2006) . Supportive evidence 
of the use of NMDA receptor antagonism as augmentation strategy is increasing 
(Barbosa et al.,  2003 ; Stryjer et al.,  2003 ; Rogoz et al.,  2004) . It is also noteworthy 
that ECT has also been found to involve suppression of NMDA receptor activity 
(Skolnick,  1999 ; Stewart and Reid,  2002) . The above discussion thus conveys evi-
dence that depression presents with metabolic changes akin to HE, including 
altered glutamate: GABA balance and changes in the immune–inflammatory 
response, and that a rapid onset of antidepressant action may be realized through 
blockade of excessive glutamate–NMDA receptor activity.   

  Depression as an Encephalopathy: Implications 
for Onset of Antidepressant Action  

 How does viewing major depressive illness as an encephalopathy say anything new 
about the pathology and treatment of the disorder? As has been alluded to earlier, a 
number of small clinical studies have proposed a faster onset of action for certain 
antidepressants, e.g., escitalopram, mirtazapine, venlafaxine, fluoxetine + desipramine 
and augmentation with pindolol. What is interesting is that all these agents exert a 
primary action on the synaptic levels of monoamines which, according to the plasticity 
hypothesis of depression, serves to activate a cascade of events leading to antidepres-
sant response but which by itself is not able to “switch on” a rapid onset of action. 
While the overwhelming evidence supports antidepressant onset of action to be 
weeks rather than days, recent data using weekly or daily mood ratings demonstrate 
that maximum improvement can occur during the first 2 weeks, with some improve-
ment within the first 3 days (Mitchell,  2006) . In fact, differences between mirtazapine 
and the SRIs in favor of the former have been noted after 1 week of treatment, and 
appear to be due to a specific antidepressant effect rather than sedation (Thompson, 
 2002) . Methodological differences in assessment between clinical studies make the 
definitive measurement of time to onset of action a controversial issue (Stahl et al., 
 2001 ; Mitchell,  2006) . Nevertheless, while a faster than nominal time to onset of 
action in the majority of clinical cases is unlikely, it may be plausible that a faster 
onset of action may be possible in certain subgroups of depressive illness. 

 The possible mechanisms whereby an antidepressant may engender a faster 
onset of action has been hotly debated, with all the options described above having 
different sites of action in the synapse. Pindolol’s action is linked to its action at the 
5HT 

1A
  autoreceptor, thereby attenuating this receptor’s inhibitory actions on synaptic 

firing (Blier,  2003) , while mirtazepine’s actions at multiple 5HT’ergic and NA’ergic 
sites bolsters 5HT’ergic and NA’ergic firing in the limbic brain regions (Blier, 
 2003) . Escitalopram, on the other hand, demonstrates binding to the human 5HT 
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transporter via an affinity-modulating allosteric site in addition to its 5HT reuptake 
inhibitory properties (Chen et al.,  2005 ; Sanchez,  2006) . This action is hypothe-
sized to be responsible for a longer binding to, and therefore a greater inhibition of, 
the serotonin transporter. This may confer improved efficacy and a faster onset of 
action (Kasper et al.,  2006) . 

 Faster onset may also represent a group where raised glutamatergic function 
represents a core neuropathology, one where its underlying psychopathology is not 
unlike that seen in acute metabolic disturbances found in certain encephalopathies. 
The use of antiglutamate drugs has not been tested in HE, although a recent study 
in experimental hepatic encephalopathy provides evidence that hyperammonemia-
associated learning dysfunction can be normalized by the selective cGMP-phos-
phodiesterase inhibitor, sildenafil (Erceg et al.,  2005) . Clearly, the NO–cGMP 
cascade plays a central role in the CNS effects associated with HE. However, SRIs 
or similar antidepressants may also modulate NMDA-related activity, as for example 
NOS (Wegener et al.,  2003) , which will induce or drive a more rapid correction of 
glutamatergic synapses, contributing to an initial rapid antidepressant efficacy 
(Skolnick,  1999) . This may be similar to the rapid onset noted with NMDA antagonists 
in depression described earlier (Zarate et al.,  2006) , but which may be followed 
some weeks later by full antidepressant activity mediated by the more time-dependent 
neuroplastic changes. 

  d -Cycloserine, a positive modulator of the NMDA receptor, and which has been 
found to inhibit 5HT function (Dall’Olio et al.,  2000) , has met with some, albeit small, 
success in exploration studies as a possible augmentation strategy in depression 
(Heresco-Levy et al.,  2006) . This illustrates the importance of an obligatory interaction 
between glutamate–monoamine systems. Indeed, in animals a functional noradrenergic 
system is necessary for changes to occur at the NMDA receptor (Harkin et al.,  2000) . 
There are other examples of monoamine–glutamate interactions in mood. Serotonin 
depletion, which is the basis for the monoamine hypothesis of depression, produces 
long-lasting increases in glutamatergic transmission (Di Cara et al.,  2001)  and is also 
known to increase downstream activation of NOS (Tagliaferro et al.,  2001) . Further, 
antidepressant discontinuation is associated with disinhibition of NMDA receptor activ-
ity and overt activation of NOS in rat hippo campus (Harvey et al.,  2002 ,  2006) .  

  Conclusion  

 Major depression is, in many ways, a multifactorial illness, resembling other com-
plex disorders such as diabetes mellitus, coronary heart disease, liver disease and 
obesity, while also presenting with elements of immune–inflammatory dysfunction. 
Comorbid disorders of the heart, liver and endocrine systems, with their associated 
metabolic dysfunction, may essentially drive the neurochemical imbalance that will 
precipitate a depressive episode. Like hepatic-derived metabolic disorders, e.g., HE, 
depression may present after an acute perturbation of mood-regulating monoamines 
as well as GABA and glutamate. It then follows an inevitable progressive worsening 
over time, characterized by neuroplastic changes, inflammation and/or neurodegen-
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eration. Glutamatergic and GABA’ergic function are not only involved in regulating 
cellular excitability and resilience to potentially cell damaging events and challeng-
ers, but are also responsible for rapid neurotransmission throughout the brain, lead-
ing to fast modulation of especially monoaminergic transmission. Moreover, both 
amino acids are intimately involved in the stress response and are also important 
nonspecific targets for currently used antidepressants. The correction of disturbances 
in GABA–glutamate activity therefore represents a putative mechanism for rapidly 
reverting depressed mood. While not definitive for all major depressive illnesses 
across the spectrum of mood disorders, depressive symptoms in some cases may be 
similar to an encephalopathy, presenting with neurochemical and metabolic distur-
bances that can be rapidly corrected by suitable and targeted pharmacotherapy. At 
this point, targeting pathways intimately involved in encephalopathy, e.g., glutamate, 
GABA and associated downstream messengers, may expedite an antidepressant 
response. However, the tendency of patients with depression to delay adequate treat-
ment, and often to initiate premature discontinuation of treatment, will lead to long-
standing, chronic metabolic dysfunction and a more intractable form of the illness, 
requiring longer and more complex treatment (Harvey et al.,  2003) .      
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 Chapter 19 
     Attention-Deficit/Hyperactivity Disorder 
as a Metabolic Encephalopathy        

    Vivienne   Ann   Russell      

  Attention-Deficit Hyperactivity Disorder  

 Attention-deficit/hyperactivity disorder (ADHD) is the most commonly diagnosed 
psychiatric disorder of childhood (American Academy of Pediatrics,  2000 ; Smalley, 
 1997) . It affects 5 – 10% of children worldwide and persists through adolescence 
into adulthood in about half of the affected individuals (Faraone et al.,  2003 ; Meyer 
et al.,  2004 ; Adewuya and Famuyiwa,  2006) . Children with ADHD are character-
ized by severe, developmentally inappropriate, motor hyperactivity, impulsivity and 
inattention that results in impairment (failure at school) due to an inability to sit 
still, difficulty in organizing tasks, not remembering instructions, being easily dis-
tracted, fidgeting, difficulty with tasks that require sustained attention and risk-tak-
ing (American Psychiatric Association,  1994 ; Sagvolden et al.,  2005a ; Thapar 
et al.,  2007 ; Abikoff, et al.,  2002) . There is increasing recognition that ADHD is 
associated with later drug and alcohol misuse and problems both socially and in the 
work environment (Thapar et al.,  2007) . In some cases the disorder is associated 
with antisocial behaviour and criminality (Thapar et al.,  2007) . Three subtypes of 
ADHD have been recognized, the predominantly inattentive subtype, predomi-
nantly hyperactive-impulsive subtype and the combined subtype (American 
Psychiatric Association,  1994) .  

  Developmental Aspects  

 Development of the human brain follows a precise genetically determined pro-
gramme that is subject to modification by the environment (Toga et al.,  2006) . 
During the first 3 – 4 years of life, sensory stimulation and experience produce an 
initial increase in dendritic branching and synaptic contacts on neurons (Toga et al., 
 2006) . This is followed by dendritic pruning and synapse elimination, which occur 
over several years into late adolescence to produce more efficient neural circuits 
that continue to be remodeled throughout life (Toga et al.,  2006) . Any disruption of 
this process can result in impaired brain function. 
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 There is compelling evidence that ADHD symptoms result from impaired 
dopamine function in the brain, specifically dopamine-mediated reward-related 
memory formation (Sagvolden et al.,  2005a) . Deficient dopamine release during 
development would impair strengthening of appropriate synaptic connections 
which would lead to impaired association of cues that predict reward with the rele-
vant behaviour, and an inability to form long or complicated sequences of behav-
iour in response to specific temporal patterns of presentation of reward-predicting 
stimuli (Sagvolden et al.,  2005a ; Johanssen et al., unpublished). More recently, 
astrocyte function has been suggested to be impaired in ADHD, particularly in 
terms of formation and supply of lactate to rapidly firing neurons (Russell et al., 
 2006) . It was proposed that this insufficiency leads to highly localized deficiencies 
in ATP production with resultant inability to restore ionic gradients across neuronal 
membranes required to maintain sustained neuronal firing. This has the immediate 
effect of causing the brain to switch to alternate neuronal circuits, possible conse-
quences being an inability to hold information in the mind during a delay, impaired 
learning giving rise to variable behaviour and unpredictable responses to stimuli 
(Russell et al.,  2006) . This transient energy deficiency is suggested to be sufficient 
to impair development and delay maturation of neural circuits that control behav-
iour (Russell et al.,  2006) .  

  Genetics  

 ADHD runs in families, with first-degree relatives of affected individuals show-
ing higher rates of the disorder (Thapar et al.,  2007) . Twin and adoption studies 
have provided consistent evidence that genetic factors contribute to the etiology 
of ADHD, with estimates of heritability of 60 – 91% (Thapar et al.,  2007) . The 
high prevalence and heritability of ADHD agrees with ADHD being caused by 
multiple genes with small effect size (Smalley,  1997 ; Faraone,  2004) . The most 
robust associations have been found between polymorphisms in genes that 
encode the D4 and D5 subtypes of the dopamine receptor (DRD4 and DRD5), 
the dopamine transporter (DAT) gene and SNAP-25 (a protein required for 
neurotransmitter release as well as trafficking of glutamate NMDA receptor 
subunits to the plasma membrane) (Cook et al.,  1995 ; LaHoste et al.,  1996 ; 
Faraone et al.,  2001 ; Maher et al.,  2002 ; El-Faddagh et al.,  2004 ; Manor et al., 
 2004 ; Gornick et al.,  2006 ; Brookes et al.,  2006 ; Genro et al.,  2006) . The 7-
repeat allele of DRD4 was associated with better cognitive performance and a 
better long-term outcome, suggesting that this allele may be associated with a 
more benign form of the disorder (Gornick et al.,  2006) . Other gene variants 
have been suggested to be associated with ADHD but these need further inves-
tigation; they include genes that encode monoamine oxidase A, dopamine  β -
hydroxylase, the norepinephrine transporter, serotonin transporter,  α  

2
 -adrenoceptor, 

and serotonin1B receptor (Park et al.,  2005 ; Thapar et al.,  2005 ; Bobb et al.,  2005 ; 
Bobb et al.,  2005 ; Thapar et al.,  2007 ; Kim et al.,  2006 ; Brookes et al.,  2006 ; 
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Faraone and Khan  2006) . Contradictory negative findings have also been 
reported, suggesting that different combinations of genetic factors may be 
required to produce individual clusters of behavioural symptoms of ADHD 
(Bakker et al.,  2004 ; Barr et al.,  2002 ; Xu et al.,  2005 ; Purper-Ouakil et al., 
 2005) . The different alleles of genes encoding proteins related to dopamine 
function differentially affect cognitive function (Durston et al.,  2005) . Children 
possessing two copies of dopamine  β -hydroxylase, the enzyme that converts 
dopamine to norepinephrine, had significantly poorer sustained attention than 
children who did not possess this allele (Bellgrove et al.,  2006) . It appears that 
the effect of a single gene on behaviour can be small, causing a slight bias 
towards one end of a continuum (Sagvolden et al.,  2005a ; Durston et al.,  2005) . 
ADHD is a heterogeneous but nevertheless highly heritable disorder resulting 
from complex gene – gene and gene — environment interactions (Faraone,  2004 ; 
Thapar et al.,  2005) .  

  Environmental Risk Factors  

 Environmental risk factors include prenatal exposure to drugs such as alcohol 
and nicotine, obstetric complications, head injury, and psychosocial adversity 
(Biederman and Faraone,  2005 ; Romano et al.,  2006) . Prenatal exposure to ethanol 
affects mainly dopaminergic transmission and causes hyperactivity (Gibson 
et al.,  2000) . Rats exposed to ethanol prenatally show attention deficits that are 
similar to those of children with fetal alcohol syndrome and ADHD (Hausknecht 
et al.,  2005) . 

 Epidemiological evidence reveals that ADHD is associated with prenatal expo-
sure to nicotine (Milberger et al.,  1998 ; Mick et al.,  2002 ; Thapar et al.,  2003) . In 
a case-control study, children whose mothers smoked more than ten cigarettes per 
day during pregnancy presented a significantly higher odds ratio for the inattentive 
subtype of ADHD than sex and age matched controls (Schmitz et al.,  2006) . The 
odds of a diagnosis of the combined subtype of ADHD was 2.9 times greater in 
twins who had inherited the DAT1 polymorphism associated with ADHD and who 
were exposed to nicotine prenatally compared to unexposed twins without the risk 
allele (Neuman et al.,  2006) . Animal studies contributed further information; pre-
natal nicotine increased spontaneous locomotion in mice (Paz et al.,  2006) . Deletion 
of the gene encoding the  β 2-subunit of the nicotinic acetylcholine receptor caused 
mice to display the defining ADHD symptoms of inattention, lack of inhibitory 
control and hyperactivity (Granon and Changeux,  2006) . Agonists of the  α 4 β 2-
nicotinic receptor reduced the ADHD-like behavior in the mouse model (Granon 
and Changeux,  2006) . In support of a role in the cognitive dysfunction in ADHD, 
nicotinic agonists also reduced spontaneous alternation deficits in young stroke-
prone SHR, an effect that was prevented by an  α 4 β 2-nicotinic receptor antagonist 
suggesting that  α 4 β 2-nicotinic agonists may be useful for the treatment of attention 
deficits in ADHD (Ueno et al.,  2002) .  
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  Ubiquitous Nature of ADHD Symptoms  

 ADHD symptoms are not unique to ADHD but are found in other disorders such as 
phenylketonuria (Sullivan and Chang,  1999 ; Realmuto et al.,  1986) , narcolepsy 
(Rieger et al.,  2003 ; Naumann et al.,  2006a)  and fetal alcohol syndrome (Nash 
et al.,  2006 ; Riikonen et al.,  2005) . Phenylketonuria results from high concentra-
tions of phenylalanine that arise from an inability to convert it into tyrosine, and 
which inhibit the transport of neutral amino acids such as tyrosine and tryptophan 
across the blood — brain barrier, thereby limiting the synthesis of the three principle 
monoamine transmitters, norepinephrine, dopamine and serotonin. Individuals with 
narcolepsy have slower reaction times and more within-task variability of perform-
ance than control subjects on a variety of attentional tasks ranging from those sensi-
tive to arousal and sustained attention, to the executive control of attention (Rieger 
et al.,  2003) . Recent studies report narcolepsy-related deficits in attentional and 
executive function which place high demands on inhibition and task management, 
but not on simple tasks of memory and attention (Rieger et al.,  2003 ; Naumann 
et al.,  2006b) . The pattern of findings was thought to be indicative of a depletion of 
available cognitive processing resources because of the need for continuous alloca-
tion of resources to monitoring.  

  Structural Abnormalities  

 Numerous studies have found reduced brain volume in patients with ADHD, par-
ticularly the cerebellum, corpus callosum, prefrontal cortex and basal ganglia, 
especially in the right hemisphere (Castellanos et al.,  1996 ,  2002 ; Durston et al., 
 2004 ; Filipek et al.,  1997 ; Hill et al.,  2003 ; Valera et al.,  2006) . Patients with 
lesions to the right frontal cortex displayed ADHD-like behaviour, consistent 
with right frontal cortex pathology in ADHD (Clark et al.,  2006) . Dopamine 
alters brain structure and function (Durston et al.,  2005) . The DAT1 genotype 
preferentially influenced caudate volume. Individuals homozygous for the 10-
repeat allele which is associated with ADHD had smaller caudate volumes than 
individuals carrying the 9-repeat allele (Durston et al.,  2005) . The DRD4 geno-
type influenced prefrontal gray matter. Individuals homozygous for the 4-repeat 
allele had smaller volumes than individuals carrying other variants of the gene 
(Durston et al.,  2005) .  

  Functional Abnormalities  

 Neuroimaging studies have demonstrated functional abnormalities in the striatum, 
frontal cortex and cerebellum of patients with ADHD (Kim et al.,  2002 ; Rubia 
et al.,  1999 ; Moll et al.,  2000 ; Tannock  1998 ; Vaidya et al.,  1998 ; Scheres et al., 
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 2006) . The most consistent findings in the neuroimaging literature of ADHD 
are deficits in neural activity within fronto-striatal and fronto-parietal circuits 
(Dickstein et al.,  2006) . Significant patterns of frontal hypoactivity were 
detected in patients with ADHD; affected regions included anterior cingulate, 
dorsolateral prefrontal and inferior prefrontal cortices, as well as basal ganglia, 
thalamus and portions of the parietal cortex (Dickstein et al.,  2006) . Functional 
magnetic resonance imaging (fMRI) revealed reduced ventral striatal activation 
in adolescents with ADHD during a reward anticipation task, suggesting 
impaired reward-related neuronal circuits in addition to the commonly observed 
prefrontal executive dysfunction (Scheres et al.,  2006) . Ventral striatal activa-
tion was negatively correlated with parent-rated hyperactive or impulsive symp-
toms (Scheres et al.,  2006) . Lower L-DOPA utilization especially in subcortical 
regions correlated specifically with symptoms of inattention (Forssberg et al., 
 2006) . Robust increases in striatal DAT of up to 70% were found in children 
and adults with ADHD (Cheon et al.,  2003 ; Dougherty et al.,  1999 ; Krause 
et al.,  2000)  which suggests that the DAT1 gene may be overexpressed in the 
striatum of ADHD subjects, and that this results in reduced synaptic dopamine. 
However not every study found increased DAT (Jucaite et al.,  2005 ; van Dyck 
et al.,  2002)  and more recent findings suggest that in some drug-na ï ve adults 
with ADHD, DAT levels in the left caudate and nucleus accumbens are reduced 
(Volkow et al.,  2007) . 

 Magnetic resonance spectroscopy (MRS) revealed lower membrane phos-
pholipid precursor levels in prefrontal cortex and basal ganglia of children 
with ADHD compared to healthy children, suggesting underdevelopment of 
neuronal processes and synapses in ADHD (Stanley et al.,  2006) . Decreased 
white matter density and impaired integrity of myelinated neuronal pathways 
as revealed by diffusion tensor imaging (DTI) and MRS is consistent with 
delayed or impaired myelination of neuronal axons in children and adoles-
cents with ADHD (Castellanos et al.,  2002 ; Durston et al.,  2004 ; Filipek et al., 
 1997 ; Mostofsky et al.,  2002 ; Overmeyer et al.,  2001 ; Semrud-Clikeman 
et al.,  2000) . Children with ADHD displayed a 10% reduction in white matter 
volume compared to children with ADHD who had been treated with stimu-
lant medication or controls (Castellanos et al.,  2002) . Smaller white matter 
volumes were linked with slower processing speed in a colour-naming task 
(Semrud-Clikeman et al.,  2000) . These results suggest that deficits in cogni-
tive function may be the result of delayed myelination in children with ADHD 
(Russell et al.,  2006) . 

 DTI provides a measure (fractional anisotropy) of the coherence and integ-
rity of myelinated pathways. Children with ADHD displayed a reduced frac-
tional anisotropy in the right neostriatum and premotor cortex, and in the left 
cerebellum and parieto-occipital cortex compared to matched controls (Ashtari 
et al.,  2005) . The lower the cerebellar fractional anisotropy, the more severe 
were the ratings of symptoms of inattention (Ashtari et al.,  2005) . These find-
ings point to a link between white matter abnormalities and the symptomatol-
ogy of ADHD.  
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  Neurophysiology  

 The functional consequences of impaired/delayed developmental laying down of 
the myelin sheath in ADHD are seen in three types of EEG measure: (a) evoked 
potential latencies, (b) the topographic distribution of the power spectrum in the 
quantitative EEG and (c) in the coherence of the EEG waveforms between brain 
regions (Russell et al.,  2006) . Evoked potentials representing sensory information 
ascending in the auditory nerve (Sohmer and Student  1978)  and the brain stem 
appear at longer than normal latencies (e.g., components III and V). The transmis-
sion times from components I – III and I – V are reported to be increased in subjects 
with ADHD (Lahat et al.,  1995)  and the latency of the steady state visual evoked 
potential in the frontal cortex of ADHD children is markedly delayed (Silberstein 
et al.,  1998) . Abnormal myelination of corticospinal neurons was suggested to be 
responsible for the delayed velocity of evoked potentials in patients with ADHD 
(Ashtari et al.,  2005 ; Ucles et al.,  1996) . 

 A large proportion of patients with ADHD demonstrate an increased ratio of 
relative theta to alpha or beta power in the EEG, especially over anterior regions 
of the brain (Clarke et al.,  2002b ; Saletu et al.,  2005 ; Hobbs et al.,  2007 ; Snyder 
and Hall  2006) . One explanation of the dominant lower firing frequencies could 
lie with reduced lactate availability required to sustain rapidly firing neurons 
(Russell et al.,  2006) . There is usually a marked normalization of this balance 
between oscillation frequencies after methylphenidate treatment (Clarke et al., 
 2002a) . In the unmedicated sample there is a positive correlation between P2, N2 
and P3 event-related potential (ERP) latencies, widely reported to be delayed 
(Karayanidis et al.,  2000)  and increased theta power (Barry et al.,  2003 ; Lazzaro 
et al.,  2001) . A plausible reason for this shift in balance between oscillation fre-
quencies lies in a decreased representation of the faster frequencies owing to 
deficient neuronal energy supply and/or reduced myelination of axons originating 
in brain stem reticular sources active in generating some of these rhythms (Ucles 
et al.,  1996 ; Russell et al.,  2006) . 

 A more direct measure of the coupling of activity between brain regions can be 
estimated by EEG coherence of waveform between recording sites. Coherence 
can be conceptualized as the correlation in the time domain between two signals 
in a given frequency band. Boys with ADHD show elevated slow-wave coher-
ences and reduced fast-wave coherences between hemispheres, although within 
hemispheres the coherence in the theta band is reduced, especially over frontal 
regions (Barry et al.,  2005a , b ; Chabot and Serfontein,  1996) . This is most easily 
explained by unusual if not delayed development of the large white matter tracts 
connecting brain regions (Russell et al.,  2006) . At short distances between signals 
the increased coherence at slow wave frequencies in children with ADHD is 
viewed as consistent with a delay in the pruning back of over-produced synapses 
and local connections (Thatcher et al.,  1986) . As would be expected such long-
term alterations remain unaffected by short-term methylphenidate treatment 
(Clarke et al.,  2005) .  
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  Treatment  

 Psychostimulants are highly effective in ameliorating the three major clusters of 
behavioural symptoms of ADHD (Biederman et al.,  2004) . Methylphenidate pro-
duced improvements in spatial working memory, attentional set-shifting, reading 
performance (Mehta et al.,  2004 ; Solanto,  1998 ; Keulers et al.,  2006) , and inhibi-
tion of previously acquired behavioural responses to non-relevant stimuli (Bedard 
et al.,  2004 ; Tannock et al.,  1989 ,  1995 ; Vaidya et al.,  1998) . Methylphenidate is 
short-acting, it reaches peak plasma concentrations within 2 h and its effects wear 
off after 4 h, suggesting that its acute pharmacological action is responsible for the 
therapeutic effect (Swanson and Volkow,  2003) . Methylphenidate blocks DAT and 
this indirect dopamine agonist effect has been suggested to be critical for its action 
(Volkow et al.,  1998 ; Greenhill,  2001) . Like many other drugs with psychostimu-
lant properties, methylphenidate increases extracellular concentrations of dopamine 
thereby, amplifying weak dopamine signals within key areas of reward-related 
behavioural circuits (Kuczenski and Segal,  1997 ,  2001 ; Volkow et al.,  2001 ,  2005  
Swanson and Volkow,  2003) . Although considerable concern has been expressed 
regarding its abuse potential, there is no evidence to suggest that stimulant treat-
ment of children with ADHD leads to substance abuse in later life (Mannuzza 
et al.,  2003) . In fact, methylphenidate administered to a widely accepted rat model 
for ADHD, the spontaneously hypertensive rat (SHR), at a young age, diminishes 
the incentive value of drugs of abuse in adulthood (Augustyniak et al.,  2006 ; 
Russell et al., unpublished). The dose and route of administration of methylpheni-
date are important factors to consider when interpreting published data. When 
administered intravenously, methylphenidate like cocaine has reinforcing effects 
(euphoria) at doses that exceed a DAT blockade threshold of 60% (Swanson and 
Volkow,  2003) . When administered orally at clinical doses (0.2 − 0.8 mg kg  — 1 ), the 
pharmacological effects of methylphenidate also exceed this threshold, but rein-
forcing effects rarely occur (Swanson and Volkow,  2003) . The pharmokinetic prop-
erties of methylphenidate in serum (and brain) differ for oral and intravenous routes 
of administration. Oral administration of methylphenidate (used to treat ADHD) 
produces a gradual increase in extracellular dopamine allowing for adaptation to 
occur over time which mimics the tonic firing of dopamine neurons, while intrave-
nous administration produces a rapid rise in extracellular dopamine, mimicking the 
phasic effects of rapid dopamine cell firing which is considered to be a critical factor 
in determining the reinforcement and abuse potential of the drug (Swanson and 
Volkow,  2003) . 

 Psychostimulants such as methylphenidate, cocaine and amphetamine are not 
specific for DAT; they bind to the noradrenergic transporter with greater affinity 
and are more potent in blocking the norepinephrine transporter than the dopamine 
transporter (Richelson and Pfenning,  1984 ; Easton et al.,  2006b ;Tanda et al.,  1997) . 
At low doses that improve cognitive function without stimulating locomotor activ-
ity, methylphenidate increased norepinephrine and dopamine release within the 
prefrontal cortex (blockage of the norepinephrine transporter is largely responsible 
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for uptake of dopamine in the prefrontal cortex (Tanda et al.,  1997) ) without affect-
ing dopamine release in the striatum, suggesting that the therapeutic action of low-
dose psychostimulants involves the preferential activation of catecholamine 
neurotransmission in the prefrontal cortex (Berridge et al.,  2006) . At therapeutic 
doses given orally, methylphenidate increased extracellular norepinephrine in the 
somatosensory cortex and hippocampus without affecting dopamine in the nucleus 
accumbens and without producing sensitization to the locomotor stimulant effects 
of methamphetamine, suggesting that the low dose of methylphenidate does not 
increase drug abuse liability and that the noradrenergic system may play an impor-
tant role in the mechanism of therapeutic action of this drug (Kuczenski and Segal 
 2002 ; Drouin et al.,  2006) . Both dopamine and norepinephrine are modulatory 
neurotransmitters; they enhance memory formation by strengthening synaptic con-
nections in neural circuits that control behaviour. Increased norepinephrine in the 
hippocampus could affect memory formation and therefore influence behaviour. 
Noradrenergic neurons enhance the signal-to-noise ratio in prefrontal and parietal 
cortices, amplify responses to attended stimuli, and reduce responses to irrelevant 
stimuli (Aston-Jones et al.,  1994 ; Himelstein et al.,  2000) . These functions are 
defective in ADHD (Himelstein et al.,  2000) . Dopamine activation of DRD1 recep-
tors enhances prefrontal cortex function, complementing norepinephrine’s action 
(Arnsten,  1998) . 

 The locus coeruleus noradrenergic neurons innervate the entire cerebral cortex, 
various subcortical areas, cerebellum and spinal cord. They play an important role 
in attention, arousal, orienting, and vigilance (Solanto,  1998) . Locus coeruleus 
neurons respond selectively to attended (target) stimuli, tonic locus coeruleus activ-
ity corresponds to arousal state, and both very low and very high locus coeruleus 
activity are associated with impaired vigilance (Arnsten,  1998 ; Aston-Jones et al., 
 1994) . Noradrenergic neurons that project from the locus coeruleus to the prefron-
tal cortex release norepinephrine which guides behavior by modulating the transfer 
of information through neuronal circuits that are responsible for selective and sus-
tained attention (Solanto,  1998) . Methylphenidate increases norepinephrine release 
and suppresses long-latency sensory responses in the primary somatosensory cortex 
of freely behaving rats (Drouin et al.,  2006) . Children with ADHD have been sug-
gested to have impaired perceptual processing (Oades,  2000) . Methylphenidate 
may improve sensory processing by increasing norepinephrine release in somato-
sensory cortex and suppressing  “ noise ”  (Drouin et al.,  2006) . Methylphenidate was 
suggested to have both direct effects in the somatosensory cortex as well as indirect 
effects through top-down (prefrontal cortex) influences on primary somatosensory 
cortex responsivity (Arnsten,  2006) . 

 A recent microarray study revealed that the acute effects of methylphenidate on 
rat striatal gene expression are consistent with its promoting increased neural plas-
ticity, namely the formation, maturation and stabilization of new neural connections 
within the striatum, presumably as a result of blockade of DAT increasing extracel-
lular dopamine (Adriani et al., 2006b). More than 700 genes were upregulated. One 
group of genes was involved in migration of immature neural/glial cells and/or 
growth of novel axons (Adriani et al., 2006b). A second group of upregulated genes 
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were suggestive of active axonal myelination, a process that has been suggested to 
be impaired in ADHD (Russell et al.,  2006) . The third group of genes indicated the 
appearance and/or upregulation of mature processes, including genes for K +  chan-
nels, gap junctions, neurotransmitter receptors, and proteins responsible for their 
transport and/or anchoring (Adriani et al.,  2006b) .  

  Animal Models of ADHD  

 ADHD is a heterogeneous disorder and so it is not surprising that many different 
animal models with distinctly different neural defects model the behavioral charac-
teristics of the disorder. Diagnosis of ADHD depends on the behavioral criteria of 
difficulty sustaining attention, hyperactivity and impulsivity and so animal models 
of the disorder are required to mimic these symptoms (Sagvolden,  2000 ; Sagvolden 
et al.,  2005b) . Consistent with ADHD being a neurodevelopmental disorder, animal 
models are either genetic (SHR, dopamine transporter (DAT) knock-out mice, 
SNAP-25 mutant mice, mice expressing a mutant thyroid receptor) or have suffered 
an insult to the central nervous system during the early stages of development 
(anoxia, 6-hydroxydopamine) (Sagvolden,  2000 ; Jones et al.,  1998 ; Zhuang et al., 
 2001 ; Siesser et al.,  2006 ; Dell’Anna et al.,  1993 ; Dell’Anna,  1999 ; Bruno et al., 
2007 ; Shaywitz et al.,  1978 ; Luthman et al.,  1989 ; Gainetdinov and Caron,  2000 ; 
Gainetdinov and Caron,  2001) . It appears that there are several different ways in 
which neural transmission is impaired in animal models of ADHD and that these 
involve either direct disruption of dopaminergic transmission or a more general 
impairment of neurotransmission, such as impaired calcium signaling in SHR or 
SNAP-25 in the Coloboma mutant mouse, that gives rise to compensatory changes 
in monoaminergic systems that are not sufficient to fully restore normal function. 
In general, results obtained with animal studies suggest that dopamine neurons are 
functionally impaired (Russell et al.,  2005 ; Russell,  2007) . However, evidence also 
suggests that the noradrenergic and serotonergic neurotransmitter systems may be 
the target of drugs that ameliorate ADHD symptoms (Russell et al.,  2005 ; Russell, 
 2007) . Reduction of norepinephrine with DSP-4 ( N -(2-chloroethyl)- N -ethyl-2-bro-
mobenzylamine hydrochloride) restored latent inhibition and reduced the hyperac-
tivity of coloboma mice but did not reduce their impulsivity (Bruno et al.,  2007) . 

 Stimulant medication has been suggested to increase endogenous stimulation of 
 α  

2A
 -adrenoceptors and DRD1 receptors in the prefrontal cortex, optimizing prefron-

tal cortical regulation of behavior and attention (Arnsten,  2006) . Electrophysiological 
studies in non-human primates suggest that norepinephrine enhances  “ signals ”  by 
suppressing  “ noise ”  through postsynaptic  α  

2
 
A
-adrenoceptors in the prefrontal cortex 

while dopamine decreases  “ noise ”  through DRD1 activation (Arnsten,  2006) . 
Blockade of  α  

2
 -adrenoceptors in the monkey prefrontal cortex produces the charac-

teristic symptoms of ADHD, impaired working memory, increased impulsivity, and 
increased locomotor activity. Low doses of methylphenidate increased extracellular 
levels of both norepinephrine and dopamine in prefrontal cortex of rats performing 
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a delayed alternation task, strengthening prefrontal cortex regulatory output to 
parietal association areas, thereby inhibiting responses to irrelevant sensory 
stimuli and improving cognitive function (Arnsten and Dudley,  2005) . 
Guanfacine, an  α  

2
 -adrenoceptor agonist, improved sustained attention and 

reduced both impulsivity and hyperactivity in SHR (Sagvolden,  2006) . MRI 
revealed a negative blood oxygenation level dependent (BOLD) response to 
guanfacine in the caudate-putamen and nucleus accumbens and positive BOLD 
effects in frontal cortex of the rat brain, suggesting that guanfacine increases 
neuronal activity in the frontal cortex while decreasing striatum activity (Easton 
et al.,  2006a) . This is consistent with the activation of  α  

2
 -adrenoceptors causing 

inhibition of dopamine and norepinephrine release in these brain areas as well 
as guanfacine acting directly on postsynaptic  α  

2A
 -adrenoceptors in the prefron-

tal cortex to enhance cognitive function (Nurse et al.,  1984 ; Russell et al.,  2000 ; 
Arnsten,  1998) . 

 There appears to be an imbalance between dopaminergic and noradrenergic 
neurotransmission in the prefrontal cortex of SHR (Russell,  2002) . While dopamine 
release is decreased in SHR prefrontal cortex, norepinephrine concentrations 
are elevated. The noradrenergic system appears to be hyperactive as a result of 
impaired  α  

2
 -autoreceptor function (Russell et al.,  2000 ; Russell,  2002) . Decreased 

 α  
2
 -autoreceptor-mediated inhibition of norepinephrine release may be particularly 

disruptive to the function of target structures when the firing rate of locus coeruleus 
neurons is high, causing excessive spill over of norepinephrine into the extracellular 
space and activation of  α  

1
 -adrenoceptors in the prefrontal cortex, impairing its function 

(Arnsten,  1998) . Other noradrenergic terminal areas in the central nervous system 
may be similarly affected, particularly in response to stress. 

 The underlying defect in SHR appears to be a disturbance in calcium metabo-
lism not only in the brain but also in other tissues including vascular smooth muscle 
(Horn et al.,  1995 ; Lehohla et al.,  2001 ; Oshima et al.,  1991 ; Ohno et al.,  1996 , 
 1997 ; Tabet et al.,  2004 ; Fellner and Arendshorst  2002) . Increased intracellular 
calcium concentrations have been attributed to genetic abnormalities in Ca 2+  
ATPase (Horn et al.,  1995 ; Ohno et al.,  1996 ,  2005) . Increased intracellular calcium 
levels can have several consequences: (a) reduced calcium influx into neurons in 
response to depolarization, due to a decreased calcium gradient across the cell 
membrane, would decrease neurotransmitter release; (b) impaired calcium signal-
ing (e.g., decreased NMDA-stimulated calcium influx into postsynaptic cells 
(Lehohla et al.,  2001) ) with subsequent derangement of calcium-dependent protein 
kinase and phosphatase activity (e.g., protein kinase C activity is increased in SHR 
(Tsuda et al.,  2003) ), and (c) impaired mitochondrial function, giving rise to 
increased levels of reactive oxygen species, such as the superoxide anion and 
hydrogen peroxide (Chan et al.,  2006)  and impaired ATP synthesis (Doroshchuk 
et al.,  2004) . 

 Attempts to compensate for impaired calcium signaling due to reduced endo-
plasmic reticulum Ca 2+  ATPase function, include enhanced calcium entry through 
L-type calcium channels and store-operated channels in vascular smooth muscle 
cells in SHR (Tabet et al.,  2004 ; Fellner and Arendshorst,  2002) . Impaired vascular 
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smooth muscle contraction could influence blood flow and impair brain function at 
times of high energy demand.  

  Energetics  

 Recently, the ADHD symptom of increased intra-individual variability during 
performance of high energy-demanding cognitive tasks, was attributed to insuf-
ficient energy (lactate) supply by astrocytes to neurons at times of rapid and/or 
continuous firing (Russell et al.,  2006) . This ubiquitous finding is not unique to 
ADHD but occurs in several disorders and may be attributed to inefficient infor-
mation processing. Energy supply is a limiting factor in brain function (Attwell 
and Gibb,  2005) . Inefficient neural transmission due to impaired learning in 
ADHD would place abnormally high demands on local energy resources and 
lead to intra-individual variability in responses to externally paced cognitive 
tasks. Consistent with impaired energy production, the synthesis rate of ATP is 
much lower in mitochondria of SHR brains than WKY (Doroshchuk et al., 
 2004) . Impaired mitochondrial function was attributed to calcium overload, as 
a result of Ca 2+  ATPase not being able to pump Ca 2+  efficiently into the endo-
plasmic reticulum and across the cell membrane into the extracellular space. 
Deficient endoplasmic reticular stores of Ca 2+  would also impair the function of 
neurotransmitters that act on receptors to stimulate inositol triphosphate (IP 

3
 ) 

production and release of calcium from intracellular stores (e.g.  α  
1
 -adrenocep-

tors and metabotropic glutamate receptors that regulate astrocyte function 
(Biber et al.,  1999 ; Glowinski et al.,  1994) ). Astrocytes provide lactate as a 
source of energy to rapidly and/or continuously firing neurons. Increased intra-
individual variability in the performance of tasks that require continual 
responses to rapid, externally-paced stimuli observed in subjects with ADHD 
as well as SHR has been attributed to the inability of astrocytes to provide suf-
ficient lactate at times of high energy demand (Russell et al.,  2006) . 

 Methylphenidate alters brain metabolic activity. It increased the previously 
reduced striatal activity in patients with ADHD (Vaidya et al.,  1998)  and 
reduced cerebral blood flow in frontal and parietal cortex (Lou et al.,  1984 ; 
Mehta et al.,  2004) . It also increased mitochondrial respiratory chain enzyme 
activity in several brain areas of young rats, including the cerebellum, prefron-
tal cortex, and hippocampus (Fagundes et al.,  2006) , consistent with certain 
aspects of ADHD behaviour being due to deficient energy supply to neurons 
at times of high energy demand. Methylphenidate treatment during adoles-
cence reduced impulsivity in adulthood and increased total creatine in dorsal 
striatum (Adriani et al.,  2006a) . Total creatine was decreased in nucleus 
accumbens, and in prefrontal cortex the phospho-creatine/creatine ratio was 
increased, suggesting improved cortical energetic performance (Adriani et al., 
 2006a) .  
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  Conclusion  

 Norepinephrine, acting on  α  
1
 - or  β -adrenoceptors, stimulates glycogenolysis in 

astrocytes to produce lactate from glucose within milliseconds of neuronal activa-
tion. Lactate is released into the extracellular fluid and is taken up by rapidly firing 
neurons which use this as the preferred fuel to generate ATP to drive metabolic 
processes. It is quite likely that the acute effect of drugs used to treat ADHD is to 
increase extracellular norepinephrine in prefrontal cortex, hippocampus and other 
terminal areas of the locus coeruleus, to enhance functioning, simultaneously stim-
ulating astrocytes to release lactate to support the increased and sometimes sus-
tained neuronal firing. The longer-term benefits of increased norpeinephrine and 
dopamine release in the prefrontal cortex and related areas of the brain might be to 
promote learning by strengthening synaptic connections in relevant sensorimotor 
circuits to produce more appropriate behavioral responses to sensory stimuli in 
future situations.      
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Chapter 20
     rain Damage in Phenylalanine, 

        

    Kleopatra   H.   Schulpis    and    Stylianos   Tsakiris       

  Introduction  

 Inherited metabolic diseases have become a major cause of neonatal pathology, as 
the classical causes of neonatal distress have been markedly diminished by 
advances in obstetrical, prenatal, and perinatal management. Their incidence may 
well be underestimated, since diagnostic errors are frequent. Nevertheless, accurate 
diagnosis is essential to provide genetic counseling and prenatal diagnosis of 
 subsequent pregnancies, particularly because some of these conditions have an 
excellent response to therapy. 

 Inborn errors of metabolism are individually rare but are collectively numerous. 
Many of them present early in the neonatal period, have a rapid fatal course and, as 
a whole, cannot be recognized through systematic screening tests which are too 
slow, too expensive, and unreliable. This makes it an absolute necessity to teach 
primary care physicians a simple method of clinical screening before making deci-
sions about sophisticated biochemical investigations. Clinical diagnosis of inborn 
errors of metabolism in the newborn infant may occasionally be difficult. This is at 
least partly due to four reasons:

   1.    Many physicians believe that, because individual inborn errors are rare, they 
should be considered only after more common conditions, such as sepsis, have 
been excluded.  

   2.    In view of the large number of inborn errors, it might appear that their diagnosis 
requires precise knowledge of a large number of biochemical pathways and their 
interrelationships. Actually, an adequate diagnostic approach can be based on 
the proper use of only a few tests.  

   3.    The neonate has an apparently limited repertoire of responses to severe over-
whelming illnesses, and the predominant clinical signs and symptoms are 
nonspecific: poor feeding, lethargy, failure to thrive, etc. It is certain that many 
patients with such defects succumb in the newborn period without having 
received a specific diagnosis, death often having been attributed to sepsis of 
some other common causes.  
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   4.    Classical autopsy findings in such cases are often nonspecific and unrevealing. 
Infection is often suspected as the cause of death, whereas sepsis is the most 
common accompaniment of metabolic disorders.     

 We describe three main treatable inborn errors of metabolism, phenylketonuria, 
homocystinuria, and galactosemia, giving emphasis to the neuropsychological 
characteristics.  

  Disorders of Phenylalanine Metabolism  

  Clinical Features 

 In 1934, Folling investigated two mentally retarded siblings who possessed an unu-
sual odor. Initial studies revealed a compound in the urine that gave a green color 
with ferric chloride. Further studies showed this compound to be phenylpyruvic 
acid (the product of oxidative transamination of phenylalanine). This story, which 
represents medical detective work at its best, provided the first direct support of 
Garrods predictions regarding inborn errors of metabolism. While classical 
 phenylketonuria (PKU) is not one of the amino acid disorders that presents in the 
neonatal period, one may occasionally encounter vomiting and feeding difficulties 
in the first few weeks of life, often in association with pyloric stenosis, a relation-
ship still unexplained. Usually, early symptoms include excessive irritability and 
over-activity associated with a musty odor to the urine and sweat of the patients. 
Indeed, it is often the parents who are first to note the unusual odor so characteristic 
of these children. It is vital that the physician inquire of parents whether they have 
ever noted an unusual odor about their children. Eczematoid rashes plague in these 
infants and youngsters prior to the institution of a low phenylalanine diet were 
observed. Intellectual development appears normal until the period between 3 and 
5 months of age when the infant begins to demonstrate apathy and listlessness, 
often alternating with sporadic episodes of irritability. 

 As these children grow older, seizures occur in about 25%. Hair and eyes are 
often more despigmented than in other members of the family. The behavior of these 
children seems to revolve around incessant activity. Uncontrollable temper tantrums 
are often activated by any stimulus. Unusual behavior has often been the reason why 
these children have been admitted to institutions (Cohn and Roth,  1983) .  

  Biochemical Defects 

 The biochemical defect in classical PKU is the inability to carry out the normal 
hydroxylation of L-phenylalanine to tyrosine. The enzyme catalyzing this reaction is a 
so-called mixed function oxidase, phenylalanine hydroxylase, which is  localized only 
to the liver, kidney, and pancreas. Dietary phenylalanine and phenylalanine  produced 
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by the catabolism of tissue protein cannot be converted further into tyrosine: as a result, 
phenylalanine accumulates in body fluids. Minor catabolic pathways for  phenylalanine 
come into play because of the accumulation of phenylalanine, which makes it possible 
for these pathways to be activated (Fig. 20. 1 ). Such activation occurs through the meta-
bolic regulation of enzyme activity. Consequently, in blood and urine phenylpyruvate, 
phenyllactate, phenylacetate, and minor amounts of phenylethylamine, mandelic acid, 
and hyppuric acid are detected. An essential biochemical  feature is the depression in 
plasma of tyrosine levels due to the enzyme defect. The pigmentary defects in PKU 
appear to arise as a consequence of phenylalanine acting as a competitive inhibitor on 
tyrosinase, the enzyme responsible for production of melanin. It is curious that with 
the multiplicity of metabolites produced, the only  system severely deranged in phe-
nylketonuria is the central nervous system (CNS). Considering the import of the brain 
to human conduct, it is an important target organ indeed.   

  Fig. 20.1      Major catabolic pathway for phenylalanine and tyrosine. The loci of known enzymatic 
defects are indicated by dashed lines. Note that hereditary tyrosinemia is now believed to be due 
to fumarylacetoacetate hydrolase, the final step in the pathway. (Redrawn with modifications from 
Mazur A, Harrow B: Textbook of Biochemistry. WB Saunders, Philadelphia, 1971)       
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 Damage to the developing CNS may be profound. Several studies indicate that 
the average loss in the development quotient during the first year of life in over 95% 
of untreated patients is approximately 50 points. A consensus has thus developed 
that the earlier the diet is instituted, the milder will be the effects on the brain 
(Mazur and Harrow,  1971) .  

  Pathogenesis of Mental Retardation in Phenylketonuria 

 The noxious effects of PKU on the developing brain have been matters of great 
practical and experimental interest. Despite the enormous amount of research 
 conducted on the pathogenesis of mental retardation in this disorder, it is not possi-
ble to point to any single factor as being causative. Research in this disease, and 
indeed in the general area of the inborn errors of amino acid metabolism, is severely 
hampered by the absence of a naturally occurring animal model that suffers the 
enzyme defect. Feeding high levels of phenylalanine results in elevated rather than 
depressed levels of tyrosine; use of the inhibitor  p -chlorophenylalanine affects 
other enzymes as well, including pyruvate kinase. Additionally, it causes the forma-
tion of cataracts, a finding not encountered in PKU (Sershen et al.,  1987 ; Sanchez 
et al.,  1996 ; Shedlo vs ky et al.,  1993 ; Brenton and Gardiner  1988) . 

 Minor metabolites that accumulate because of the alternate pathways utilized in 
phenylketonuria may normally serve either physiological or pharmacological roles 
in the nervous system. To aggravate the deficiency of tyrosine created by shunting 
into these minor pathways in PKU, phenylalanine inhibits tyrosine transport across 
biological membranes. In turn, this curtails the source of neuroactive tyrosine 
derivatives that can be synthesized, including tyramine, octopamine, and the 
 catecholamines. One can speculate that such deficiencies could interfere with 
 neurotransmitter action. 

 Elevated levels of phenylalanine have been shown to inhibit transport of other 
amino acids besides tyrosine. This might result in an imbalance of amino acids 
in the brain that could disrupt protein synthesis or control of the synthesis of 
neurotransmitters. Several enzymes, including tyrosine hydroxylase, tryptophan, 
and pyruvate kinase, are inhibited in vitro by phenylalanine. Irrespective  of such 
 phenomena in a patient who died with PKU, catecholamine concentration and 
 serotonin levels were much lower than those in control brains from patients 
 suffering mental retardation from other causes, a finding consistent with such a 
possible role in vivo (Ikeda et al.,  1967) .  

  Laboratory Diagnosis 

 The ferric chloride test was used to suggest the diagnosis of PKU in an older child. 
It is positive in the presence of phenylpyruvic acid. However, during the first year 
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of life, the test is often negative. This demonstrates the case when phenylpyruvic 
acid levels are less than 0.2 mg ml −1 , as may occur when protein intake has been 
very low for a period of time. 

 Several other metabolites, in particular from histidine and certain drugs such 
as chlorpromazine, may also produce a green color with the ferric  chloride reagent. 
This test is then not an adequate screening test for PKU in infants. The method 
developed by Guthrie is now employed in all states in the United States and 
even globally as part of mandatory screening for this  disorder. As performed 
in most screening laboratories, the test distinguishes phenylalanine levels in 
excess of approximately 4 mg dl −1  in whole blood. Moreover, tandem mass 
spectrometry is now widely used (Shefer et al.,  2000 ; Rosenblatt et al.,  1992) . 
Unfortunately, approximately 8% of infants with  classical PKU will give a neg-
ative Guthrie test within the first 3 days of life and it may not become positive 
until after the first week. Since there are occasional false negatives, the cautious 
physician is urged to consider the possibility of PKU in a child presenting with 
failure to thrive or any of the other symptoms discussed above. In such a situa-
tion a repeat Guthrie test is in order. The authors have encountered several such 
instances in which the initial  testing by the state was negative but repeated test-
ing, because of physician concern, was positive and led to the unequivocal 
diagnosis of phenylketonuria (McDonald  2000) .  

  Variant Forms of Hyperphenylalaninemia 

 The most common cause of an elevation of the serum phenylalanine level about 
3 mg dl −1  is the transient neonatal delay in the development of the tyrosine oxidiz-
ing system (transient neonatal tyrosinemia). This condition, while far more com-
mon in low-birth-weight and premature infants, does occur occasionally in 
full-term infants as well. The elevation of phenylalanine is secondary to a block 
in the metabolism of tyrosine. Administration of 100 mg of ascorbic acid will 
reduce the tyrosine levels, but whether this is necessary is an area of some con-
troversy (Cohn  and Roth  1983) . 

 In an infant with a serum phenylalanine concentration greater than 4 mg dl −1 , the 
following have been recommended: administration of 100 mg of ascorbic acid 24 
h prior to obtaining a repeat blood specimen, measurement of phenylalanine and 
tyrosine in blood, and evaluation of urine for the presence of phenylalanine,  O -
hydroxyphenylacetic acid, and phenylpyruvic acid, as well as tyrosine and tyrosine 
derivatives ( p -hydroxyphenyllactic acid and  p -hydroxyphenylpyruvic acid) by 
chromatography and spot tests. Most infants will be found to have a transient defect 
that demands a new testing. 

 In a statewide screening program, few infants will manifest persistent 
 elevations of phenylalanine in the range of 4 – 20 mg dl −1 . Serum tyrosine will 
be low or  normal, and the urine will be negative for phenylalanine metabolites. 
In all likelihood, this represents a hyperphenylalaninemia variant or a delay in 
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the maturation of the hydroxylase system. Repetition of blood screening while 
on an unrestricted diet should permit distinction. With classical phenylketonu-
ria, serum phenylalanine will rise and urinary metabolites should appear. With 
delayed maturation of the hydroxylase system, as activity of the system 
increases, serum phenylalanine  concentrations will fall. By the age of 3 
weeks, if blood phenylalanine levels are still high, regardless of the presence 
of metabolites in urine, restriction of phenylalanine intake is indicated. 
Multiple variant forms of PKU have been described (Shefer et al.,  2000 ; Dyer 
et al.,  1996) . 

 Unfortunately, distinguishing among the various forms of PKU may not be pos-
sible by routine laboratory testing, and a number of scientists have recommended 
the use of a phenylalanine-loading test to separate the variant forms. The test should 
only be performed in centers that are equipped to quantitate the specimens obtained 
and to embark upon the definitive care of affected infants through the restriction of 
phenylalanine in the diet. 

 Regarding the dihydropteridine reductase deficiency (DHPR) and defect in 
 biosynthesis of biopterin, further studies may be in order in most hyperphenyla-
laninemic infants.  

  Treatment 

 Treatment of PKU with a diet restricted in phenylalanine content is unques-
tioned in children whose phenylalanine levels are greater than 20 mg dl −1  and 
for whom the diagnosis of classical PKU appears to be unequivocal. Children 
whose diagnosis cannot be clearly delineated or who may have some variant of 
PKU pose great diagnostic difficulty for the expert in metabolic diseases. 
Diagnosis in such cases may require the use of either loading studies or DNA 
analysis. The use of diet therapy requires phenylalanine levels to be maintained 
above 1.5 – 2 mg dl −1 , in order not to have any restriction of growth as a conse-
quence of amino acid deficiency. This requires that children are treated in centers 
with a team including a pediatrician   and nutritionist and laboratory facilities to 
monitor amino acid levels. The diet for these children is severely restricted, 
requiring the creativity of nutritionist and parents to make it as palatable as 
possible to prolong treatment as long as necessary. At present, recommenda-
tions for duration of therapy vary from  cessation in the fifth to cessation in the 
tenth year of life; current opinion leans towards keeping the patient on the diet 
lifelong because of possible deleterious effects on their CNS. Successfully 
treated female patients with PKU must resume the diet prior to conception 
because of the risk of the heightened level of phenylalanine and metabolites 
(maternal PKU, see below) in the fetus, even if it is genetically normal 

 (Baumeister and Baumeister  1998 ; Burgard et al.,  1997 ; Legido et al.,  1993) .  
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  Dihydropteridine Reductase Deficiency 

  Clinical Features 

 In contrast to classical PKU, this variant is unresponsive to prompt institution of 
dietary phenylalanine restriction. Clinical recognition comes about owing to the 
development of seizures, hypotonia, choreiform movements, and psychomotor 
retardation in a patient demonstrating elevated serum phenylalanine and depressed 
tyrosine levels. This is observed despite normalization of phenylalanine levels on a 
restricted diet (MacDonald et al.,  1994) .  

  Biochemical Defects 

 Assay of phenylalanine hydroxylase in a liver biopsy from one patient showed 20% 
of normal adult control values, but dihydropteridine reductase activity (Fig. 20. 2 ) 
was less than 1% of normal in the liver, brain, and other tissues. This latter defi-
ciency presents regeneration of tetrahydrobiopterin, the cofactor for the hydroxy-
lase reaction. Since the reductase enzyme reaction regenerates the cofactor for 
tyrosine and tryptophan hydroxylase, catecholamine and serotonin synthesis are 
compromised as well. Patient studies are scanty, but in one patient dopamine and 
serotonin were decreased in the cerebrospinal fluid, brain, and various other tissues, 
while norepinephrine metabolites were normal. While phenylalanine hydroxylase 
activity was lower than that of adult controls, it was not determined whether this 
value represented significantly decreased activity in children.   

 Using high-pressure liquid chromatography (HPLC), it is possible to show that 
patients with this variant of hyperphenylalaninemia excrete only oxidized forms of 
biopterin in their urine; normal children and those with phenylalanine hydroxylase 
deficiency excrete predominantly tetrahydrobiopterin. 

 Replacement therapy with L-dopa and 5-hydroxytryptophan has been suggested 
as the means to circumvent the block in synthesis of dopamine and serotonin 
(Steinfeld et al.,  2002) .  

  Biopterin Deficiency: Hyperphenylalaninemia 

 Several patients have now been described with this variant of hyperphenyla-
laninemia. Neurological symptoms, particularly hypotonia and delay in motor 
development, are recognized earlier than in classical PKU. In spite of adequate 
control of serum phenylalanine levels, deterioration continues unabated. Seizures 
have not been encountered in these patients, as there is a coexistence of dihydrop-
teridine reductase deficiency. Since both tetrahydrobiopterin and dihydropterid-
ine reductase are essential to the hydroxylases that synthesize serotonin and 
norepinephrine, it is not surprising that neurological symptoms are prominent in 
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both defects. Why seizures occur in one and not in the other defect is at present 
unanswered (Fig. 20. 2 ). 

 These patients can be diagnosed by administration of tetrahydrobiopterin, 
which will cause a fall in the plasma phenylalanine level. Evidence thus far 
 marshaled seems to support a defect in biosynthesis of biopterin, the precursor to 
tetrahydrobiopterin and the active cofactor for phenylalanine hydroxylase (Kure 
et al.,  1999) . 

 Unfortunately, tetrahydrobiopterin does not traverse the blood – brain barrier 
readily; therefore, exogenous administration is not likely to be effective. At 
present L-dopa and 5-hydroxytryptophan administration are recommended to 
 circumvent the block in neurotransmitter synthesis (Steinfeld et al.,  2002 ; Muntau 
et al.,  2002) .   

  Treated PKU 

 Treatment of PKU consists of a phenylalanine-restricted diet, including a special 
formula and foods low in phenylalanine. The formula contains all the necessary 
nutrients (amino acids) in protein, apart from phenylalanine. Unfortunately, amino 
acids in this form have a distinctive and strong taste and odor. Almost all infants 
accept the formula without difficulties; however, some children find it distasteful as 
they grow older, and many adults returning to the diet regard it as unpalatable. The 
diet permits sugars, fats, measured amounts of fruits and vegetables, special  low-
protein pastas, grains, and breads. Meat, fish, eggs, dairy products, nuts, soy 
 products, regular grains, and corn are not allowed. When children or adults  “ cheat ”  
or consume more than the allocated amount of protein, they do not immediately feel 
ill, although a few individuals report feeling tired or distracted. Most experience no 
side effects. It is only the cumulative effect of increased phenylalanine intake that 

L-phenylalanine L-tyrosine
phenylalanine hydroxylase 

O2 H2O

5, 6, 7, 8-tetrahydrobiopterin dihydrobiopterin
(quinonoid form) 

dihydropteridine reductase

NADP+ NADPH+H+

  Fig. 20.2      Pterin-cofactor-dependence of phenylalanine hydroxylase. Tetrahydrobiopterin, syn-
thesized from guanosine triphosphate, donates the electron required to convert molecular oxygen 
to H 

2
 O and hydroxylate the ring of phenylalanine to produce tyrosine. The resulting dihydrobiopt-

erin is recycled by conversion to tetrahydrobiopterin using NADPH. (From McGlivery RW. 
Biochemistry: A Functional Approach, 2nd edn. WB Saunders, Philadelphia, 1979)       
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is noticeable. Dietary control is monitored through frequent sampling of blood 
phenylalanine levels. 

 Until the 1980s, most clinics in North America and Europe recommended diet 
discontinuation during middle childhood (Schuett  and Brown,  1984) . At about age 
5 or 6 years, most children with PKU were suddenly allowed to eat as much protein 
(phenylalanine) as they desired. Even though it was known that their blood pheny-
lalanine levels would rise, it was thought that their cognitive abilities would be 
unaffected. The fact that high phenylalanine levels are known to affect myelin in 
the brain, and that myelination is essentially complete after infancy, provided the 
rationale for this approach to treatment for PKU. Moreover, children who did not 
adhere to the diet despite medical recommendations did not become mentally 
retarded. Therefore, the policy of diet discontinuation was adopted. 

 Despite the early enthusiasm for considering PKU a disease of early childhood, 
evidence gradually mounted demonstrating that diet discontinuation resulted in 
diminished IQ in a sizable proportion of these children. A North American PKU 
Collaborative Study was established to determine the effects of diet discontinuation 
in children treated early with PKU. The initial random assignment to diet continu-
ation or discontinuation was abandoned, since some clinics came to consider it 
unethical to discontinue the diet for any child. At the same time, some children 
assigned to the diet continuation group failed to maintain metabolic control. The 
final sample included almost an equal number of children considered on the  “ off ”  
diet. The results of the follow-up study indicated that the age at which blood 
 phenylalanine levels consistently exceeded 15 mg dl −1  was the best predictor of IQ 
and school achievement at ages 8 and 10 (Walter et al.,  2002) . A retrospective 
study of 46 patients in Pennsylvania followed beyond age 12 reported similar 
results. On the contrary, a policy of diet discontinuation at age 10 was instituted in 
Scotland, and no decline in cognitive and motor functioning was noted after diet 
discontinuation in adolescents and young adults at a median age of 20. However, 
the individuals with PKU performed less well on all tests than the age-matched 
subjects without PKU did (Schweitzer-Krantz et al.,  2000) . 

 Such a therapeutic diet can be achieved with vegetable protein and can be con-
sidered nonatherogenic because of the reduction of animal protein products. We 
found low hemostatic variables in PKU patients on strict diet, as a result of reduced 
fat intake, resulting in an impaired absorption of vitamin K (Schulpis et al.,  1996) . 
In addition, low antioxidant status was determined in the plasma of PKU patients 
who did not adhere to their therapeutic diet. In contrast, in patients on strict diet, 
high antioxidant capacity was determined, as a result of their antioxidants-rich diet 
(Schulpis et al.,  2002) .  

  Neuropsychological Effects Despite Treatment 

 Early diagnosis and treatment for PKU unquestionably prevent mental retardation. 
Diet continuation, however, does not prevent all adverse effects of PKU. Despite 
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the prevention of the severe neurological complications from PKU, more severe 
psychological consequences have been exposed. 

 Visual-motor deficits are prevalent. Even children treated early tend to have 
 awkward pencil grips and poor handwriting. Fine motor speed is diminished,  copying 
letters or figures is a laborious process, and work takes longer to  complete. When 
asked to copy geometric designs, many children with PKU have notable  difficulties, 
particularly when they are required to integrate figures. Visual  demonstrations, 
 diagrams, and models are less effective than verbal explanations. The children have 
difficulties remembering the location of objects in space. The  “ number line ”  may be 
incomprehensible for years after it has been taught in  arithmetic class (Burgard et al., 
 1997  ). 

 Moreover, consistently noted in individuals treated for PKU are problems in 
mental processing (de  Sonneville et al., 1990 ; Levy and Waisbren,  1994) . This find-
ing has led to increasing interest in the executive functioning of children with early 
treated PKU (Pardridge,  1998) .  “ Executive functioning ”  is the ability to retain 
information and use it for problem solving. Planning, integrative processing skills 
(reasoning, comprehension, concept formation), and sustained attention depend on 
executive functioning. When information is presented slowly and simply, children 
with PKU learn and retain it as well as peers do. However, when the cognitive 
 “ load ”  is increased, or a faster processing speed (reaction time) is required, the 
children often become confused and overwhelmed. Children without difficulties in 
executive functioning are able to increase their focus and adjust to the greater 
processing demands. When impaired in executive functioning, individuals often 
react more slowly and make more errors on tests related to mental processing. 
Results of neuropsychological testing in early treated children with PKU demon-
strate clear deficits in executive functioning and in reaction time (Welsh et al., 
 1990 ; de Sonneville et al.,  1990 ; Schmidt et al.,  1992 ; Schmidt et al.,  1994) .  

  Factors Related to Neuropsychological Performance 
in Treated PKU 

 Many studies have focused on the blood phenylalanine level in treated PKU. 
Factors such as timing of treatment initiation, lifetime level of metabolic control, 
and current dietary status, all have an impact. In most studies, if treatment is 
 initially delayed past the first 3 months of life, a child performs less well than 
 siblings with PKU who are treated earlier. If metabolic control is variable through-
out childhood, the individual tends to have poorer mental processing skills, slower 
reaction time, diminished achievement, and lower IQ scores. One study has 
 documented IQ loss in early treated adolescents with elevated phenylalanine levels 
(Beasley et al.,  1994) . By 18 years of age, 27% have an IQ less than 70. IQ is 
 significantly related to the average phenylalanine control between birth and 14 
years of age. The current blood phenylalanine level in an individual with PKU is 
also correlated with reaction time (Clarke et al.,  1987 ; Schmidt et al.,  1994)  and is 
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thought to reflect the level of brain phenylalanine. If the child is currently off diet 
or in poor metabolic control, he or she demonstrates compromised neuropsycho-
logical functioning. For children and adults with normal intellectual abilities, 
resumption of diet and maintenance of good metabolic control result in improved 
reaction time and concentration. Although IQ remains essentially unchanged, 
 functioning improves when blood phenylalanine levels are reduced. 

 Recommendations from the various PKU clinics vary with regard to what con-
stitutes a metabolic control in children over 6 years of age. The target for most 
clinics is now 2 – 6 mg dl −1 . However, owing to the restrictiveness of the diet, fewer 
than half of teenagers are able to maintain levels within this range. In a follow-up 
study of children in the United Kingdom, only 12% were following a strict diet by 
age 14 , and only 4% were following a strict diet by age 18 (Beasley et al.,  1994) . 
One research group suggests that levels as high as 15 mg dl −1  may be benign in 
teenagers and young adults (Griffiths et al.,  1995) . Other investigators reported that 
any elevation above 6 mg dl −1  might cause adverse effects (Diamond,  1994) . 

 The possibility exists that neuropsychological performance in treated PKU is 
related to the extent of the enzyme block. Individuals with natural blood phenyla-
lanine levels in the range of non-PKU mild hyperphenylalaninemia perform at a 
higher level than early treated individuals with mild PKU (also called  “ atypical 
PKU ” ), who in turn attain higher scores than those with classic PKU; therefore, the 
greater the activity of the phenylalanine hydroxylase enzyme, the better a person’s 
functioning.  

  Neuropsychological Tests 

 Performances on neuropsychological tests suggest a possible localization of brain 
effects in treated PKU, with a suspicion that the prefrontal cortex is involved 
(Welsh et al.,  1990) . In that context, the possibility that dopamine plays an impor-
tant role in the cognitive limitations in PKU needs to be considered. Projections 
of dopaminergic neurons in the neocortex are found primarily in the frontal lobes 
(Porrino and Goldman-Rakic,  1982) , and the prefrontal cortex has one of the 
highest levels of dopamine turnover in the brain (Diamond et al.,  1994 ; Tam 
et al.,  1990) . Investigations of individuals with PKU demonstrate that reductions 
in cerebrospinal fluid concentrations of dopamine and serotonin metabolites are 
associated with lower scores on reaction time tests (Lykkelund et al.,  1988) . 
In that perspective, Diamond et al.  (1994)  hypothesize that the prefrontal lobe is 
the most affected brain region in PKU, because it is most sensitive to mild 
 reductions in dopamine. 

 Neuropsychological tests considered to be particularly sensitive to prefrontal 
cortical functioning  –  such as the tests of motor planning, visual search, and verbal 
fluency; the Tower of Hanoi; the Stroop Color World Test; and the Wisconsin Card 
Sorting Test  –  have been used to test this hypothesis. Diamond et al.  (1994)  reported 
that early and continuously treated children (with blood phenylalanine levels 
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between 6 and 10 mg dl −1 ) showed impaired performance on six tests that require 
memory and inhibitory abilities dependent on the dorsolateral prefrontal cortex. 
Other investigations have supported these findings (Welsh et al.,  1990 ; Weglage 
et al.,  1996) . Stemerdink  (1996)  found that in 36 older patients (aged 8 – 19 years) 
treated early and continuously, neuropsychological performance on three out of 
four prefrontal tasks was impaired. The same pattern has been observed in adults 
with early treated PKU. Moreover, individuals with PKU attain lower standard 
scores on these tests than on control functions. 

 Researchers have also found evidence for impairment in visual contrast sensitiv-
ity, when blood phenylalanine levels are elevated. This is relevant as it is hypothe-
sized that the retina is also highly sensitive to moderate reduction in brain dopamine 
(Stemerdink,  1996 ; Diamond,  1994 ; Guttler and Lou,  1986  ). 

 In vivo studies on the effects of high Phe blood concentrations on the erythro-
cyte membrane AChE and Na + , K + -ATPase activities in relation to biogenic 
amine blood concentrations in PKU patients (Schulpis et al.,  2002) , found that 
high Phe and/or low biogenic amine concentrations may indirectly inhibit the 
above-mentioned membrane enzymes activities. The observed enzyme inhibi-
tions could be a very informative peripheral marker as regards the neurotoxic 
brain effects of the high blood levels of the aromatic amino acid (Schulpis et al., 
 2002 ; Tsakiris et al.,  2002) .  

  Phenylketonuria vs Dopamine 

 Not all studies, however, support the dopamine – prefrontal dysfunction hypothesis. 
Mazzocco et al.  (1994) , using the Tower of Hanol and visual search tests, found that 
children aged 6 – 13 who were treated early and continuously showed no deficits on 
the neuropsychological tests, despite a range of blood phenylalanine levels. 

 Variations on the dopamine hypothesis have also been proposed. Krause et al. 
 (1985)  reported a correlation between increased reaction time and decreased 
 urinary dopamine in patients with PKU. As brain dopamine is concentrated in the 
corpus striatum, and the choice reaction time test requires a motor response as well 
as integration of stimuli, they speculate that the nigrocostriatal pathways are 
affected. Faust  (1986 – 1987)  obtained similar results; they suspect that the deficits 
are associated with complex areas of the brain, such as the anterior frontal regions, 
and in motor areas that represent less advanced functions. 

 Some studies have used magnetic resonance imaging (MRI) to investigate the 
relevance of myelin abnormalities in PKU. Reports conclude that the severity of 
the MRI changes is significantly and independently associated with the phenyla-
lanine concentrations at the time of investigation and the timing of diet discontinu-
ation. When metabolic control improves, the MRI picture also improves. The area 
of the brain in which white matter abnormalities are most commonly noted is the 
parieto-occipital region. Despite the provocative nature of these results, MRI find-
ings have not been found to correlate with IQ, neuropsychological functioning, 
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or neurological symptoms (Thompson et al.,  1993) . One study suggests, nevertheless, 
that abnormal myelination neonatally disrupts the development of inter-hemispheric 
connections in early treated PKU. Gourovitch et al.  (1994)  reported that children 
with early treated PKU demonstrated slowed interhemispheric transfer from the 
left to the right hemisphere, compared to normal controls and to children with 
attention-deficit/hyperactivity disorder (ADHD). Age of treatment initiation and 
blood phenylalanine levels at birth were correlated with reaction time on tests of 
interhemispheric transfer in that study. 

 In the CNS, oligodendrocytes extend numerous processes, and from the distal 
tip of each process a membrane sheet is assembled and wrapped around a segment 
of axon as an internode of myelin. Myelin is a highly metabolically active mem-
brane that, under normal conditions, remains connected to and is supported by the 
oligodendrocyte cell body for the life span of the oligodendrocyte. Myelin is essen-
tial for the rapid conduction of action potentials and, therefore, there may be 
 devastating consequences if oligodendrocytes fail to produce myelin (hypomyeli-
nation) or lose their myelin (demyelination) as a result of disease. 

 A disease in which hypomyelination occurs in specific forebrain tracts, but neu-
rons and their axons are spared, is the autosomal recessive disorder PKU (Malamud, 
 1996 ; Dyer et al.,  1996) . As already mentioned, PKU is caused by a rise in blood 
phenylalanine (Phe) levels, due to a deficiency in the enzyme phenylalanine 
hydroxylase (PHA) (Scriver et al.,  1995) , which is expressed primarily in liver and 
not in brain, and catalyzes the conversion of Phe to tyrosine (Lee et al.   2003a  and 
Lee et al.  2005) . Blood Phe levels normally are about 121 mmol; however, in 
untreated individuals (and mice) with PKU, levels may increase to 1,200 µ or more. 
For the past  several decades, newborns diagnosed with PKU are placed on a low 
Phe diet for life. The low Phe diet decreases Phe levels in blood and brain, thereby 
allowing myelination to proceed (Thompson et al.,  1993 ; Pietz et al.,  1995) . 
Individuals with PKU that are continuously treated from birth avoid the severe 
mental retardation that occurs in untreated individuals (Levy et al.,  1994) . 

 It is well documented that although mental retardation is avoided with dietary 
treatment, significant problems still exist. Individuals treated for PKU from birth 
may continue to have elevated blood Phe levels, predominantly because the low Phe 
diet is distasteful and therefore difficult to maintain (MacDonald et al.,  1994) . If the 
diet is discontinued or liberalized, (a) blood Phe levels rise, (b) white matter lesions 
appear and increase in size, and (c) intelligence decreases (Smith and Kang,  2000 ; 
Thompson et al.,  1990 ,  1993) . In summary, high levels of circulating Phe are 
reported to correlate with white matter pathology in specific forebrain tracts and 
neurological deterioration at any age despite dietary treatment during childhood. 

 The molecular mechanisms underlying the neurological deficits observed in 
individuals with PKU are unknown. However, decreased levels of neurotransmit-
ters, including dopamine, are likely to play a major role in the observed cognitive 
disabilities (Diamond et al.,  1994 ; Puglisi-Allegra et al.,  2000 ; Pascucci et al., 
 2002) . To date, two distinct theories have been proposed to explain the phenome-
non (for review, see Dyer et al.,  1996  and  2000) . The  “ tyrosine/dopamine theory ”  
predicts that cognitive difficulties stem from decreased levels of tyrosine, the 
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 precursor of dopamine. Brain tyrosine levels in an experimental rat model for PKU 
were speculated to be low as a consequence of high blood Phe levels outcompeting 
tyrosine for transport across the blood – brain barrier (Diamond et al.,  1994) . As 
evidence suggests that dopamine synthesis in prefrontal cortex dopaminergic 
neurons is directly related to tyrosine levels (for review, see Tam and Roth,  1997) , 
Diamond and colleaugues postulated that low brain tyrosine levels lead to decreased 
dopamine levels and thereby to cognitive disabilities in individuals with PKU. 

 The second hypothesis, the  “ myelin/dopamine theory, ”  takes into account the 
primary pathologic findings in treated PKU brain, i.e., decreased myelination 
within specific tracts in the brain (Malamud,  1996 ; Dyer et al.,  1996) . Myelination 
induces axonal maturation, i.e., myelin/axonal interactions trigger heavy phosphor-
ylation of neurofilaments, rearrangements of the cytoskeleton, and swelling in the 
axon beneath the compact myelin lamellae (Colello et al.,  1994 ; Kirkpatarick and 
Brady,  1994 ; Sanchez et al.,  1996) . In the myelin/dopamine theory, myelin/axonal 
interactions are postulated to transduce signals that upregulate the production of 
enzymes involved in the dopamine biosynthetic pathway, i.e., tyrosine hydroxylase 
(TH), which is the key regulatory enzyme in the dopamine synthetic pathway. 
Alternatively, myelin/axonal contact may trigger signaling pathways that result in 
the phosphorylation of TH, thereby activating the enzyme and upregulating 
dopamine synthesis. Either or both mechanisms may increase neurotransmitter 
production. 

  Animal Studies 

 To the best of our knowledge, the study presented below explores the relationship 
between Phe, tyrosine, dopamine synthesis, and myelination in frontal cortex and 
striatum. The genetic mouse model for PKU, which contains the PAH enu2  gene 
mutation, was considered the most experimentally appropriate animal model for 
the following reasons. The PAH enu2  gene mutation results in inactivity of the PAH 
gene (McDonald and Charlton,  1997) , which, in turn, leads to elevated blood Phe 
levels; PKU mouse blood Phe levels are similar to those in individuals with PKU 
(Shedlovsky et al.,  1993) . Moreover, the neuropathology in the PKU mouse is 
strikingly similar to the human PKU brain, i.e., forebrain structures are hypomy-
elinated, including subcortical white matter and the corpus callosum in the frontal 
cortex, and white matter tracts within the striatum (Dyer et al.,  2000) . Thus, this 
PKU mouse model is an excellent system in which to determine whether the 
tyrosine/dopamine and/or the myelin/dopamine hypotheses are correct. 

 To determine whether a relationship between dopamine synthesis and either 
tyrosine levels or myelination exists, 6 – 8 week-old male PKU mice were placed on 
a low Phe diet, and levels of dopamine, tyrosine, Phe, and myelin were measured 
during a 4-week time course study. In the course of performing this study, several 
surprising findings were made concerning the differential regulation of Phe, tyro-
sine, and dopamine levels in frontal cortex and striatum of PKU mouse brain. The 
differential regulation of the amino acids Phe and tyrosine in brain was not initially 
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a focus of the study. However, the aberrant levels of these amino acids in PKU brain 
made a significant contribution to the development of our conclusions that (a) tyro-
sine levels are not a key regulator of dopamine synthesis, and (b) a relationship 
appears to exist between myelination and dopamine production. Therefore, possible 
mechanisms involving blood – brain barrier transporter proteins that control the flux 
of Phe and tyrosine into and out of the brain also are discussed herein. 

 To determine if a relationship exists between tyrosine levels and dopamine 
synthesis in the treated PKU mouse brain, it was necessary to quantify tyrosine in 
blood and brain tissues in control heterozygous, untreated PKU, and treated PKU 
mice. On the basis of previous studies showing that high levels of Phe out- compete 
tyrosine for transport across the blood – brain barrier (Choi and Pardrige,  1986 ; 
Brenton and Gardiner,  1988 ; Pardridge,  1998) , it was anticipated that brain tyro-
sine levels would be less than blood tyrosine levels in the untreated PKU mouse. 
However, it was unexpectedly found that tyrosine levels in frontal cortex and 
striatum were approximately 1.2 and 1.4 times, respectively, the level of tyrosine 
in the blood of untreated PKU mice. Thus, the eightfold elevation in blood Phe 
levels in the untreated PKU mouse did not appear to interfere with the movement 
of tyrosine into the brain. 

 In vitro studies (Tsakiris et al.,  1998a , b ,  2002) , showed that preincubation of 
rat homogenates or pure eel,  E. Electricus , with high Phe levels resulted in a 
decrease of acetylcholinesterase (AChE) activities, which reached about  – 18%. In 
addition, pure Na + , K + -ATPase activity showed an increase by 20 – 30% after incu-
bation with Phe (0.24 – 0.9 mµ). A rat brain homogenate Na + , K + -ATPase activity 
increase by 60 – 65% appeared with 0.9 – 12.1 mM Phe incubation. These in vitro 
results may explain the observed muscarinic dysfunctions presented in untreated 
PKU patients. 

 Furthermore, another in vitro study (Tsakiris et al.,  1998b)  illustrated that prein-
cubation of rat diaphragm homogenate with the above-mentioned Phe concentra-
tions resulted in a decrease of AChE and Na + , K + -ATPase activities. These findings 
may explain, in some degree, the influence of high concentration of the aromatic 
amino acid on diaphragm synaptic acetylcholine (ACh). Moreover, a following in vitro 
study showed that the addition of the amino acid alanine in the preincubation mixture 
resulted in a complete restoration of AChE rat brain inhibition induced by high Phe 
concentrations in a competitive way (Tsakiris and Schulpis,  2002) .  

  Phenylalanine vs. Blood – Brain Barrier 

 The basis for the discrepancy between results and previous studies, with respect to 
the ability of tyrosine to be transported through the blood – brain barrier in the pres-
ence of elevated Phe, may arise from the different lengths of time the blood – brain 
barrier was exposed to elevated Phe levels. Previous studies administered a bolus 
of Phe, and shortly thereafter Phe and tyrosine flux was measured in vivo into the 
brain or in vitro through isolated brain capillary vessels (Choi and Pardridge,  1986 ; 
Brenton and Gardiner,  1988 ; Pardridge,  1998) . In contrast, the untreated PKU 
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mouse blood – brain barrier was continuously exposed to abnormal Phe and tyrosine 
levels form shortly after birth into adulthood. In response to the abnormal long-
term exposure of the blood – brain barrier to aberrant concentrations of blood Phe 
and tyrosine, the blood – brain barrier may have altered its expression pattern of 
amino acid transporters trying to achieve normal amino acid concentrations in the 
brain. An adaptation process within the blood – brain barrier occurs during normal 
development, e.g., concentrations of amino acids in brain normally change during 
the development of the newborn into the adult (Sershen et al.,  1987 ; Gardiner, 
 1990) . Therefore, it may be that the expression pattern of blood – brain barrier trans-
porter proteins in untreated PKU mice altered in response to aberrant blood Phe aid 
tyrosine levels. 

 Amino acid data in untreated PKU mouse brain vs. control heterozygote brain 
support the possibility that blood – brain barrier transporter protein expression was 
abnormal in the untreated PKU mice. For example, in control heterozygote mice, 
striatum and blood Phe levels were approximately equal. In contrast, in untreated 
PKU mice, Phe levels in striatum were about 80% of blood Phe levels. Phe levels 
in heterozygote mouse frontal cortex were about 15% of blood levels, but in 
untreated PKU mice this ratio was approximately 72%. When a comparison is 
made between amino acid levels in PKU mouse brain and those in control hetero-
zygote brain structures, two pieces of evidence suggest that the blood – brain barrier 
transporter proteins were abnormal in PKU mice. First, while blood Phe levels were 
restored to normal in treated PKU mice, Phe levels remained elevated twofold in 
frontal cortex and 1.5-fold in striatum. Second, tyrosine levels did not increase 
above 70% of normal levels in either brain structure in treated PKU mice despite 
the fact that tyrosine levels were near normal in blood. These data suggest that the 
blood – brain barrier attempted to maintain elevated levels of Phe and low levels of 
tyrosine in the treated PKU mouse brain, i.e., levels that had been  “ normal ”  in the 
untreated PKU brain. It has not been clarified whether Phe and tyrosine levels 
would eventually have been restored to normal in treated PKU mouse brain, since 
the study did not continue beyond 4 weeks. On the basis of these data, however, 
future studies are necessary to obtain a more profound understanding of what 
 happens to blood – brain barrier transporter proteins in individuals with PKU follow-
ing long-term changes in Phe and tyrosine levels subsequent to relaxation or 
resumption of a low-Phe diet. 

 A cellular system that appears to impact the flux of amino acids through the 
blood – brain barrier is glial in origin. Evidence suggests that tissue-specific gene 
expression in brain capillary endothelium is regulated by cells such as astrocytes; 
glial foot processes cover more than 95% of the endothelium (Pardridge,  1991) . 
The activity of L-system-mediated transporters (the transporter system that moves 
Phe and tyrosine through the blood – brain barrier) can be modulated by several dis-
tinct pathways, including factors derived from glia (Chishty et al.,  2002) . Thus, 
abnormalities in glia may affect not only the expression but also the activity of 
amino acid transporter systems in the blood – brain barrier of PKU mice. In fact, the 
primary pathology in the PKU brain is glial in origin, i.e., decreased amounts of 
myelin produced by oligodendroglia and increased numbers of mixed phenotype 
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glia (Dyer and Philibotte,  1995 ; Dyer etal.,  1996) . Since mixed phenotype glia are 
located within the white matter tracts and along the blood vessels (Dyer et al., 
 2000) , it is possible that they influence both the gene expression and the activity of 
amino acid transporters in the blood – brain barrier. 

 Brain tyrosine levels remained significantly reduced in the treated PKU mouse 
brain, and even under these conditions, dopamine still increased to near normal 
concentrations in both frontal cortex and striatum. The  “ tyrosine/dopamine ”  theory, 
however, predicted that low brain tyrosine levels would prevent increases in 
dopamine synthesis. Since the above augmentation did not occur, we should inves-
tigate the reasons why tyrosine levels failed to regulate dopamine synthesis in the 
treated PKU brain. The answer may lie in the fact that the studies that examined the 
sensitivity of prefrontal cortex dopaminergic neurons to various tyrosine levels 
were performed in otherwise normal brain conditions, i.e., Phe levels were normal 
(for review, see Tam and Roth,  1997) . If Phe levels had been elevated, the results 
of these studies may have been different. Indeed, elevated levels of radiolabeled 
Phe added to isolated enzyme preparations (Fukami et al.,  1990 ; Katz et al.,  1976)  
and synaptosomal preparations (Katz et al.,  1976) , PC12 cells (DePietro and 
Fernstrom,  1999) , and bovine chromaffin cells (Fukami et al.,  1990)  resulted in the 
synthesis of DOPA from the radioactive Phe. Importantly, the elevated levels of Phe 
used in these studies were well within the range found in individuals with PKU. TH 
and PAH have a very high degree of amino acid homology (Ledley et al.,  1987 ; 
Dyer et al.,  2000 ; Fitzpatrick,  2000) , further strengthening the likelihood of Phe 
being a substrate for TH in dopaminergic neurons. Thus, in PKU brain, when tyro-
sine levels are low and Phe levels are elevated, an unlimited supply of substrate for 
dopamine synthesis appears to exist, i.e., Phe. 

 Significant increases in myelin-bound protein (MBP) and dopamine levels 
were observed in the frontal cortex and striatum during the first week the PKU mice 
were placed on diet. The approximate levels of Phe and tyrosine at the 1-week time 
point, then, should be good estimates for the concentrations of Phe and tyrosine that 
were conducive to the observed recovery in these brain structures. In striatum at the 
1-week time point, levels of Phe fell to about 240 mµ (about 1.8-fold above control), 
and in frontal cortex Phe decreased to about 225 µ (about a threefold elevation 
above control). Tyrosine only rose to 53 and 58% of control in frontal cortex and 
striatum, respectively, during the first week of the study. These data re-emphasize 
the point that low brain tyrosine levels do not impede MBP/myelination and dopamine 
synthesis in the treated PKU brain. 

 Evidence regarding the molecular mechanism by which Phe includes pathology 
in the PKU brain has been previously reported. Elevated levels of Phe, in the range 
detected in untreated PKU mice and humans (about 1200 µ), act as a moderate 
noncompetitive inhibitor of HMG-CoA reductase, the key regulatory enzyme in the 
cholesterol biosynthetic pathway (Shefer et al.,  2000) . Since cholesterol is a major 
lipid in the myelin membrane and has been implicated in signaling pathways 
 regulating cytoskeleton in the myelin sheath (Dyer et al.,  2000) , a moderate 
 inhibition of HMG-CoA reductase is likely to have a major impact on the ability of 
oligodendrocytes to elaborate myelin. Indeed, exposure of cultured immature 
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 oligodendrocytes to about 1200 µ Phe resulted in the development of large num-
bers of mixed phenotype glia (Dyer et al.,  1996) . Thus, on the basis of these and 
additional studies (Dyer et al.,  2000) , it has been postulated that the mixed pheno-
type glia detected in the hypomyelinated brain structures in the PKU brain are oli-
godendrocytes that have switched to a non-myelinating phenotype. In fact, mixed 
phenotype glia are process bearing, do not produce membrane sheaths, and express 
both myelin proteins (including MBP) and glial fibrillary acid protein (Dyer et al., 
 2000) . These data offer a plausible explanation for what on the surface appears to 
be conflicting histological and western blot analysis data. Histological analysis 
showed a paucity of myelin in the frontal cortex (e.g., subcortical white matter and 
myelin in corpus callosum), whereas western blot data indicated that frontal cortex 
and striatum of untreated PKU mice contained about 7% of the  normal amount of 
MBP. 

 MBP and dopamine increases occurred at similar times in the treated PKU 
mouse frontal cortex and striatum. The fact that the recovery patterns were differ-
ent in both brain structures suggests that a relationship exists between the two 
events. In frontal cortex, MBP and dopamine showed a diphasic pattern of 
increases in week 1 and weeks 3 – 4, whereas in striatum they both rose to near 
normal levels in a single leap during week 1 of the study. The reason for the dipha-
sic recovery in frontal cortex is unknown and may be due to different maturation 
times of (a) oligodendrocytes subpopulations, and/or (b) subpopulations of non-
myelinating oligodendrocytes (mixed phenotype glia) switching to myelination 
oligodendrocytes (Dyer and Philibotte,  1995) . Evidence for adult progenitor oli-
godendrocytes playing a role in myelination of the PKU brain was not previously 
reported (Dyer et al.,  2000) . In any case, the data suggest that increases in MBP 
are associated with myelination since newly formed myelin has been verified by 
histological examination of treated PKU mouse brain sections. In addition, initial 
increases in MBP were associated with upregulation of phosphorylated neurofila-
ments, further confirming the presence of newly formed myelin (Colello et al., 
 1994 ; Kirkpatarick and Brady,  1994 ; Sanchez et al.,  1996) . 

 An approximate 20% reduction in the local rate of leucine incorporation into 
cerebral protein (ICPS 

leu
 ) in the PKU mouse brain vs. control has been reported 

(Smith and Kang,  2000) . Thus, another potential mechanism regulating dopamine 
synthesis may be that decreased protein synthesis leads to decreased levels of 
enzymes that produce neurotransmitters, thereby leading to decreased neurotrans-
mitters (Pascucci et al.,  2002) . Interestingly, brain regions rich in neuronal cell 
bodies (e.g., pyramidal cell layer of the CA2 region of the hippocampus) had the 
highest rates of ICPS 

leu
  (about 90% of control), and brain regions rich in myelin 

or synapses showed lower ICPS 
leu

  (about 80% of control) (Smith and Kang,  2000) . 
These observations may provide a key insight into the mechanism underlying the 
ICPS 

leu
  decrease in PKU mouse brain. Myelin is a highly metabolically active and 

extremely large membrane (for review, see Holtzman et al.,  1996 ; Madison et al., 
 1996 ; Dyer,  2000) . Therefore, in the untreated PKU mouse brain, a significantly 
less protein synthesis may be expected to occur compared to the control brain, 
simply because a very large metabolically active membrane is not present. 
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Moreover, since myelin induces neuronal maturation, the decrease in protein syn-
thesis may also impact neurons/ axons. Therefore, the observed global decrease in 
protein synthesis detected in PKU mouse brain (Smith and Kang,  2000)  may not 
be surprising. 

 In summary, the data suggest that tyrosine/dopamine theory is not applicable 
to the recovering treated PKU brain. In addition to failing to take into account 
the above-discussed role of Phe as substrate for tyrosine hydroxylase (TH) and 
the possible aberrant expression pattern of blood – brain barrier amino acid trans-
porters, the tyrosine/dopamine theory ignores the primary neuropathologic find-
ings in untreated PKU brain. The data, instead, support the hypothesis that 
myelination influences dopamine synthesis. It is reasonable to expect that the 
observed pathology, i.e., hypomyelination with increased numbers of mixed 
phenotype glia, has an effect on brain function since pathologic findings gener-
ally can be correlated with clinical symptoms. Although the influence of myelin 
on axonal maturation and action potential conduction has been previously estab-
lished, the actual molecular mechanisms by which axonal function is enhanced 
by signals emanating from myelin are unknown. Since (a) dopamine is not the 
only neurotransmitter that is significantly reduced in the untreated PKU brain, 
i.e., norepinephrine and serotonin are also reduced (Diamond et al.,  1994 ; 
Puglisi-Allegra et al.,  2000 ; Pascucci et al.,  2002) , and (b) myelin induces matu-
ration of axons regardless of the neurotransmitters that they produce, it may be 
reasonable to speculate that myelin/axonal interactions elicit signals that upreg-
ulate all neurotransmitters. Moreover, diseases in which loss of myelin occurs, 
(such as PKU) .   

  Brain Magnetic Resonance Spectrometry 

 The clinical significance of white matter alterations in patients with PKU remains 
obscure, as no correlation to neurologic deficits was found on the basis of results 
of different neuropsychological and electrophysiologic studies, as well as IQ val-
ues. The last finding is not surprising, as the MRI changes seem to depend on  “ most 
recent ”  Phe levels, and the IQ of the patients is predominantly influenced by Phe 
levels up to the age of 8 – 10 years. Cortical atrophy was a rare finding, especially 
in early treated patients, but it was frequent in series with late-treated patients 
(Thompson et al.,  1990 ,  1993) . 

 MRI results principally collaborate with pathomorphologic examinations reveal-
ing  “ pallor of myelin ” , frequently present within the parieto-occipital region, the 
corpus callosum, and the area of the association fibers. They do not confirm the 
high rate of histochemical changes within the optical tract and therefore do not 
explain the prolonged latencies of visual evolved potentials described in many 
patients with PKU (Crearly et al.,  1994) . 

 Furthermore, serum S100B protein level, evaluated in PKU patients  “ off diet, ”  
positively correlated with demyelinated foci in their MRI. It was suggested that 
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determination of S100B plasma levels could be a useful peripheral marker of CNS 
lesions in those patients with demyelinated diseases such as PKU (Schulpis et al., 
 2004) . Additionally, the low plasma antioxidant capacity levels in PKU patients on 
a  “ loose diet ”  may induce DNA oxidation as evidenced by the measured high 
8-hydroxy-2-deoxyguanosine concentrations in their sera (Schulpis et al.,  2005) . 
Evaluation of the DNA oxidative marker damage in the sera may show an indirect 
risk for a neurodegenerative process (Schulpis et al.,  2005) . 

 It remains unclear on which morphologic alterations the white matter changes 
are based, as measured by MRI. Furthermore, it is unknown whether Phe is 
 primarily toxic to oligodendrocytes or to neurons/axons, leading to secondary 
changes in myelin formation, as discussed in hyperphenylalaninemic rats (McDonald 
et al.,  1990) . 

 During the course of a Maternal PKU Study, three untreated women with classic 
PKU were found, but with normal or nearly normal intelligence. Their brain Phe 
levels were below the detection limit of proton spectroscopy (< 0.15 mmol L −1 ). 
Similar exceptional patients have additionally been reported. Therefore, a series of 
dynamic magnetic resonance spectroscopy experiments was initialized, to examine 
the Phe transport kinetics at the blood – brain barrier (Rosenblat et al.,  1992) . 

 After a Phe loading test (100 mg kg −1  body weight), wide interindividual varia-
tions of both the apparent  K  

t
  (0.1 – 1.0 mmol L −1 ) and the ratio  T  

max
 / V  

met
  (14.0 – 4.3) 

were found. The atypical, untreated patients with PKU presented a high  K  
t
 ,  

app
  lead-

ing to a low brain uptake during the loading test, as well as a low ration of  T  
max

 / V  
met

  
indicating a high intracerebral Phe consumption rate. The results show that interin-
dividual differences in brain Phe uptake and consumption are not limited to a few 
exceptional patients but seem to be  “ more common ” . Mutations that affect the func-
tion of different amino acid transport systems will influence the  K  

t, app
  value. The 

consumption rate will be influenced by different rates of protein synthesis and Phe 
degradation, for example, by the activity of different hydroxylases, including 
 tyrosine hydroxylase (McDonald et al.,  1990) . 

 In addition, most severe white matter abnormalities were observed in patients 
with small values for  K  

t, app
  and high ratios of  T  

max
 / V  

met
 . The brain concentrations of 

the classical metabolites measured by proton spectroscopy, namely  N -acetylaspartate, 
inositol, lactate, and creatinine, were found to be normal. Even the concentration of 
choline, described to be elevated in acute demyelinating disorders with enhanced 
membrane lipid turnover, was in the normal range. 

  Conclusion 

 The aforementioned data provide evidence that interindividual differences in brain 
Phe uptake and consumption affect the neurologic/cognitive outcome of patients with 
PKU. They confirm the low correlation between mutations at the Phe hydroxylase 
gene and clinical outcome of untreated patients with PKU, as well as the  surprisingly 
high rate of untreated patients with PKU with normal intellectual development. 

 It is still obscure whether measurements of kinetic parameters in adulthood pro-
vide an appropriate characterization of the situation during childhood. Including the 
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limitation of the method so far, no critical brain concentration that could justify a 
relaxation of diet has been found. 

 Results of  T  
2
  relaxometry indicate a  “ dysmyelination ” , as originally described 

by Hommes and Matsuo  (1987)  in the hyperphenylalaninemic rat, namely that the 
decreased synthesis of sulfatides and other myelin compartments is associated with 
an increased myelin turnover, leading to disruption splaying of myelin lamellae 
associated with increased water content. 

 Studies of the PAH enu2  PKU mouse indicate a regional Phe sensitivity of oli-
godendrocytes, as a result of a variable inhibition of the key regulatory enzyme in 
cholesterol biosynthesis, 3-hydroxy-3-methyl-glutaryl-CoA-reductase. The regional 
distribution pattern of white matter changes might be additionally explained by dif-
ferent Phe-uptake constants of different brain areas as suggested by positron emis-
sion tomography studies in men. 

 In summary:

  •  The MRI studies indicate that Phe is a lifelong  “ toxin ”  for myelogenesis;  
 •  The white matter changes are reversible (Bick et al.,  1993) , independent of the 

patient’s age, and affect brain areas of short as well as prolonged cycles of 
myelination;  

 •  The clinical significance of white matter alterations in patients with PKU remains 
obscure. The published data do not provide unequivocal information for the ques-
tion of whether adolescent and adult patients should stay on a strict diet.      

  Efficiency of Long-Term Tetrahydrobiopterin Monotherapy 
in Phenylketonuria 

 Phenylketonuria, an inborn error of phenylalanine metabolism, occurs with a 
 frequency of about 1 in 10,000 births and is treated with a strict dietary regimen. 
Recently, some patients with PKU have been found to show increased tolerance 
towards phenylalanine intake, while receiving tetrahydrobiopterin (BH 

4
 ) supple-

mentation. We have treated two infants with BH 
4
 -responsive PKU with BH 

4
  for 

more than 2 years. No additional dietary control was required to maintain blood 
phenylalanine concentrations in the desired range. Both children have shown 
 normal development. Generally, these results suggest that BH 

4
  treatment might be 

an option for some patients with mild PKU, as it frees them from dietary restriction 
and thus improves their quality of life.  

  Brain Abnormalities in Maternal PKU 

 Dent  (1957) , Allan et al.  (1963)  and Mabry et al.  (1966)  described the maternal 
phenylketonuria (MPKU) syndrome nearly 50 years ago, but Lenke and Levy 
 (1980)  forcefully brought the syndrome to medical attention only in 1980. They 
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reported on the offspring of more than 500 pregnancies and documented the rate 
of microcephaly in those offspring at 75%, mental retardation at over 90%, and 
congenital heart disease (CHD) at 12 – 13%. In various studies done in later 
years, MPKU syndrome has also been observed to be associated with other 
 teratogenic effects such as facial dystrophic features mimicking fetal alcohol 
syndrome, intrauterine growth retardation, and malformation of other organs. 
Severity of syndrome has been roughly linked to maternal blood levels of 
 phenylalanine (Lee,  2003 ;  2005) . Collaborative studies have shown that this 
syndrome is preventable, if pregnancies are managed with strict dietary control 
of blood phenylalanine and good nutrition. The authors have recommended 
 levels of blood phenylalanine during pregnancy range between 120 – 360 µmol 
L −1  (Koch et al.,  1994) . 

 The abnormalities of brain in untreated PKU patients are largely abnormalities 
of white matter (Huttenlocher,  2000) , among other less prominent findings. One 
untreated adult had extensive neuronal losses in the lateral geniculate nucleus visual 
cortex and hippocampus (Kornguth  et al.,  1992) , but this seems to be an anomaly, 
as magnetic resonance spectroscopy revealed no evidence of severe neuronal dam-
age. MRI studies of individuals with PKU and MPKU, treated or untreated, found 
white matter abnormalities and hypoplasia of corpus callosum (Cleary  et al.,  1995) , 
and some of these findings may be reversible with appropriate diet (Cleary,  1995)  
but may occur in the fetus despite an appropriate diet during gestation (Smith et al., 
 1979) . Cerebroside and sulfatide were decreased on biopsy of one untreated three-
year-old child’s forebrain. 

 Nontheless, despite these clinical studies, the specific features of brain from 
human fetuses exposed to MPKU have not been extensively studied, and we have 
been unable to locate neuropathologic descriptions of the offspring of mothers with 
untreated PKU during pregnancy (Brody et al.,  1987) .   

  Disorders of Homocysteine Metabolism  

  Clinical Features 

 Patients with this most common form of homocystinuria show evidence of involve-
ment of the eye, the skeletal system, the vascular system, and the brain. It is 
 important to note that individuals with cystathionine  β -synthase deficiency do not 
manifest any abnormalities at birth and that the affected pregnancies are uneventful. 
Thus, this disorder, as opposed to the more rare remethylation defect variants of 
homocystinuria (described below), is not usually part of the differential diagnosis 
of the catastrophically ill newborn. Ectopia lentis does not usually appear before the 
age of 3 years, but most patients have some manifestations by the age of 10. The 
initial recognition of ocular abnormalities may be an observation by parent or phy-
sician that the iris shakes, when the head is moved rapidly. While a predilection for 
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downward dislocation of the lens seems to exist, this is not invariant. In homo-
cystinuria, the defect is the result of thickening and fragmentation of the zonular 
fibers that attach the lens to the ciliary body, while in Marfan’s syndrome these fibers 
are thin and elongated. 

 Osteoporosis is the most common abnormality of the skeleton, presented usually 
after the first decade. Because of the disordered bone tissue formation, the physi-
cian can expect, and indeed will find, scoliosis, genu valgum, and pes cavus, among 
other abnormalities. 

 Mental retardation is reported in about half of the patients, and it is infrequent 
for this problem to be the reason that medical assistance is first sought. Psychomotor 
delay may be perceived as early as the first year of life, but it may not be appreci-
ated until later, since retardation is usually slowly progressive. Nevertheless, mental 
dysfunction is not the hallmark of this disease, and many patients are college gradu-
ates. Seizures occur in about to 10 – 15% of patients. 

 The complication of cystathionine  β -synthase deficiency that is of most 
concern is the prodensity to thromembolism. This involves vessels of all diame-
ters and is unpredictable as to when, where, and if it occurs. The malar flush and 
erythemous mottling of the extremities are also vascular manifestations of 
homocystinuria. 

 There is a wide range of clinical manifestations in these individuals, and with 
heightened awareness of the disorder patients are being diagnosed who have lens 
abnormalities only. Still others are apparently normal siblings of known patients 
who on screening and subsequent quantitation manifest increased levels of homo-
cystine in serum and urine (Valle et al.,  1980 ; Schulman et al.,  1980) (Table 20.1).  

  Table 20.1      Comparison of clinical and biochemical features in three forms of Homocystinuria     

 Feature  Cystathionine  Defective 

  β -Synthase Deficiency  Cobalamin (B 
12

 ) 
 Coenzyme synthesis 

 Mental retardation  Common  Common 
 Growth retardation  No  Common 
 Dislocated optic lenses  Almost always  No 
 Thromboembolic disease  Common  No 
 Megaloblastic anemia  No  Rare 
 Homocysteine in blood and urine  Increased  Increased 
 Methionine in blood and urine  Increased  Normal or decreased 
 Cystathionine in blood and urine  Decreased  Normal or increased 
 Methylmalonate in blood and urine  Normal  Increased 
 Serum cobalamin  Normal  Normal 
 Serum folate  Normal or decreased  Normal or increased 
 Response to vitamin  Pyridoxine  Cobalamin (B 

12
 ) 

 Response to dietary methionine 
restriction 

 helpful  Harmful 

  (Re-created with major modifications from Bondy PK, Rosenberg LE, Metabolic Control and 
Disease, 8th edn, Saunders, Philadelphia, 1980)  
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  Biochemical Defects 

 Methionine is an essential amino acid with a unique role in the initiation of protein 
synthesis. In addition, by conversion to  S -adenosylmethionine, it serves as the 
major methyl group donor involved in the formation of creatinine and choline, in 
the methylation of bases in RNA, and as the source of the aminopropyl group in the 
formation of polyamines. Finally, in relationship to classical homocystinuria, it is 
converted by way of homocysteine and cystathionine in a series of reactions termed 
as the  transsulfuration pathway  (Fig.  20.3 ).   

 The major steps in this pathway are shown in the figure. In the fist step,  S -adeno-
sylmethionine is formed in a reaction catalyzed by methionine adenosyltransferase. 
This reaction involves transfer of the adenosyl partition of adenosine triphosphate 
(ATP) to methionine, forming a sulfonium bond, which has a high group transfer 
potential, i.e., it is a so-called high-energy compound. Hence, each of the groups 
attached to this bond can participate in a transfer reaction, much as ATP does in so 
many reactions within the cell. 

 Homocysteine lies at a metabolic crossroad; it may condense with serine to form 
 cystathionine, or it may undergo remethylation, thereby conserving methionine. 
There are two pathways for remethylation in humans. In one, betaine provides the 
methyl groups, while in the other 5-methyltetrahydrofolate is the methyl donor. This 
latter reaction is catalyzed by a B 

12
 -containing enzyme, 5-methyltetrahydrofolate 

homocysteine methyltransferase. Two defects in this latter mechanism may account 
for the inability to carry out remethylation. In one of them, patients are unable to 
synthesize or accumulate methylcobalamin, while others cannot produce the second 
cofactor, 5-methyltetrahydrofolate, because of a defect in 5,10- methylenetrahydrofolate 
reductase. 

 As noted above, cystathionine formation is the other major fate of methionine. 
The condensation of homocysteine with serine is catalyzed by the vitamin B 

6
 -

requiring enzyme cystathionine  β -synthase. In the last step of the transsulfuration 
sequence, cystathionine undergoes cleavage to cysteine and  α -ketobutyrate in yet 
another enzyme reaction that requires pyridoxal phosphate. 

 Since methionine has several pathways open to it, it is essential to know what 
factors control the direction that its metabolism takes. Studies in young adults have 
shown that the utilization of methyl groups is normally accounted for chiefly by 
creatinine formation. This reaction consumes more  S -adenosylmethionine than all 
other transmethylations together. However, examination of enzyme activities from 
these two pathways in fetal animals leads to the conclusion that remethylation 
preponderates over transsulfuration. Indeed, since  γ -cystathionase activity is 
immeasurable in human fetal liver and brain, not only is the remethylation 
sequence favored, but also cysteine then becomes an essential amino acid for the 
fetus and infant. 

 The predominant cause of homocystinuria is, as already mentioned, the absence 
of cystathionine  β -synthase, a dimeric enzyme possessing two identical subunits in 
humans. Several lines of evidence indicate that multiple mutations may affect this 
enzyme. There appear to be at least three distinct types of abnormal enzyme 
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  Fig. 20.3      Pathway of methionine metabolism. The numbers represent the following enzymes or 
sequences: (1) methionine adenosyltransferase; (2) S-adenosylmethionine-dependent transmeth-
ylation reactions; (3) glycine methyltransferase; (4) S-adenosylhomocysteine hydrolase: (5) 
betaine-homocysteine methyltransferase; (6) 5-methyltetrahydrofolate:homocysteine methyltrans-
ferase; (7) serine hydroxymethyltransferase; (8) 5,10-methylenetetrahydrofolate reductase; (9) 
S-adenosylmethionine decarboxylase; (10) spermidine and spermine synthases; (11) methylthio-
adenosine phosphorylase; (12) conversion of methylthioribose to methionine; (13) cystathionine 
 β -synthase; (14) cystathionine  γ -lyase; (15) cysteine dioxygenase; (16) cysteine suplhinate decar-
boxylase; (17) hypotaurine:NAD + oxidoreductase; (18) cysteine sulphinate: α -oxoglutarate ami-
notransferase; (19) sulfine oxidase. MeCbl = methylcobalamin; PLP = pyridoxal phosphate       
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 associated with homocystinuria: absent enzyme activity, reduced enzyme activity 
with normal ability to bind to cofactor pyridoxal phosphate, and reduced activity 
with diminished ability to bind the coenzyme. 

 As the name implies, renal clearance of abnormal levels of homocystine in the 
plasma causes excessive excretion of the amino acid in the urine. In cystathionine 
 β -synthase deficiency, plasma methionine concentrations are elevated as well  –  
this serves as a point of distinction from the remethylation defects. At present, it 
appears that the pyridoxal phosphate response may be explained by the fact that 
this vitamin increases the steady-state concentration of the active enzymes by 
decreasing the rate of apoenzyme degradation and possibly by increasing the rate 
of holoenzyme formation. The explanation is not entirely satisfactory, however, 
since in vitro studies have shown detectable levels of enzyme activity in mutant 
fibroblasts that have no B 

6
  response, while in other mutant lines without detectable 

enzyme activity, B 
6
  response has occurred. Once again, a distressing lack of 

 correspondence between in vivo observations and in vitro experiments forces 
investigators to probe the secrets of these diseases more deeply.   

  Pathophysiology 

 Research into the toxicity of methionine and homocysteine have uncovered a wide 
range of toxic effects on various organs. Nonetheless, a unifying hypothesis as to 
the deleterious mechanism of action of these amino acids has not yet emerged. 

 Evidence demonstrating that homocysteine interferes with formation of the 
normal cross-links of collagen has accumulated. Most collagen molecules are 
 composed of three polypeptide chains bound together by intramolecular cross-
links. Cross-link formation requires the generation of aldehyde groups by oxida-
tion of  ε -amino groups of the multiple lysyl or hydroxylysyl residues in the 
collagen monomers. Chemical interactions of these aldehyde groups, both by 
Schiff-base formation with amino groups of lysine or hydroxylysine on other 
chains and by Aldon condensation between two aldehydes, account for the cross-
linking. How cross-link formation is disturbed in homocystinuria is not yet clear, 
but in vitro homocysteine forms stable thiazene ring compounds with aldehydes, 
thereby blocking the possibility of forming cross-links. 

 Hankey and Eikelboom  (1999)  demonstrated a direct in vivo toxic effect of homo-
cyteine on the intima of large and medium-sized arteries in baboons subjected to a con-
stant homocysteine infusion. Platelets then adhered to the disrupted intimal surface, 
eventually resulting in thrombosis of the vessel. As measured by platelet turnover tech-
niques, dipyridamole (an agent effective in prevention of platelet aggregation) was 
capable of preventing thrombosis, but not the intimal damage. Platelet survival studies 
in homocystinuric patients gave comparable results. However, these data require further 
supporting documentation before dipyridamole can be used as an acceptable form of 
treatment in vitamin B 

6
 -unresponsive homocystinurics (Mudd et al.,  1989) .  
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  Laboratory Diagnosis 

 Elevated homocysteine (Hcy) blood levels but also the presence of Homocystine 
in urine is the biochemical hallmark of these disorders and can be detected by 
a positive urinary cyanide nitroprusside reaction. As other disulfides, including 
cystine and  β -mercaptolactate cystine, also react, amino acid paper thin layer 
chromatography will be required to distinguish these compounds from homo-
cystine. Since there are two other forms of homocystinuria (discussed later) in 
which plasma methionine is decreased, plasma amino acid evaluation is also in 
order. 

 Deficiency of cystathionine  β -synthase may be demonstrated in cultured fibrob-
lasts, but it is not essential to the clinical diagnosis (Stabler et al.,  1988) . 

  Treatment 

 Treatment in those patients who respond to pyridoxal phosphate is based on 
 provision of approximately 250 – 500 mg per day. Folate deficiency may be avoided 
by the addition of 5 mg per day to this regimen. In patients who do not respond to 
the coenzyme, dietary manipulation with a low methionine, cystine-supplemented 
diet may be helpful. Dipyridamole, an agent effective in decreasing platelet aggre-
gation, has been used to prevent the thromboses, but there are no reports yet as to 
its effectiveness. 

 The therapy for this disorder is often unsatisfactory and requires management 
and follow-up in a center equipped to deal with inborn errors of metabolism. 
Therefore, having made the diagnosis in a particular individual, it is essential that 
such children be followed periodically at a center. Since anesthesia increases the 
risk of intravascular coagulation, elective surgery under general anesthesia is abso-
lutely contraindicated, as is angiography.   

  Defects in Homocystine Remethylation 

  Defective Activity of N 5 -Methyltetrahydrofolate: Homocysteine 
Methyl-Transferase and Cobalamin Activation  

 Patients have been described with this defect in remethylation of homocysteine. 
The initial patient presented a catastrophically ill newborn who died when 7 weeks 
old. While homocystine levels were elevated in blood and urine, the level of 
methionine in blood was quite low. Of great interest was the presence of large 
amounts of methylmalonic acid in urine. Three other patients presented later in 
childhood, two of whom were retarded mentally. One of these patients also had 
severe megaloblastic anemia (Doscherholmen and Hagen,  1957) . 
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 Since the coenzyme from vitamin B 
12

  is required in two distinct enzyme 
 reactions, i.e., remethylation of homocystine and catabolism of methylmalonic 
acid, the fundamental defect must involve a step in converting B 

12
  to its coenzymes. 

Formation of both deoxyadenosyl B 
12

  and methyl B 
12

  requires a prior reductive step 
catalyzed by cobalamin reductase, which appears to be the defective enzyme in this 
variant (Hogervorst et al.,  2002)  (Fig.  20.4 ).     

  Decreased N 5,10  Methylenetetrahydrofolate Reductase Activity 

 Variability of presentation characterizes this homocysteine remethylation defect as 
well. Several patients have been reported from one family: one with seizures and 
muscle weakness, a second with schizophrenia and retardation, and a third who was 
asymptomatic. Subsequently, patients with a more malignant neonatal presentation 
were reported, and hence both variants should be part of the differential diagnosis 
of  “ sepsis neonatorum ” . 

 Fibroblasts from each patient had markedly reduced levels of the above enzyme. 
The defect results in an inability to synthesize 5-methyltetrahydrofolate in amounts 
sufficient for the remethylation of homocystine to methionine. Homocystine accu-
mulates in plasma, and the plasma methionine is decreased. As in the other 
remethylation defect, there is accumulation of cystathionine. Treatment with high 
doses of folic acid has been beneficial in several patients (Mudd et al.,  1989) .  

  Fig. 20.4      The mechanism of action of methionine synthase. THF = tetrahydrofolate; Ado = adenosyl       
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  Animal Studies 

 Evidence from the literature indicates that Hcy is an important risk factor for cog-
nitive dysfunction (Miller  2003a , b) . It has recently been suggested that chronic 
administration of Hcy to the rats affected both long- and short-term memory 
(Streck et al.,  2004)  and it was proposed that hyperhomocysteinemia causes 
memory impairment by the enhancing oxidative stress. 

 Apart from enhanced oxidative stress, many factors can impair cognitive 
 functions, one of them being the altered expression pattern of neural cell adhesion 
molecules (NCAM) in hippocampus . NCAM are likely candidate molecules that 
participate in synaptogenesis in neuronal plasticity. Furthermore, recent evidence 
strongly suggests that they also participate in synaptic changes underlying memory 
formation in adult individuals (Schachner,  1977) . Three major forms of NCAM 
generated by alternative splicing are found: NCAM 120, 140, and 180 kDa. These 
molecules are, in addition, involved in cellular migration, axonal growth, and 
regeneration of peripheral axons (Walsh and Doherty,  1997) . 

 In that study, it was suggested that chronically giving methionine in drinking 
water significantly increased plasma Hcy levels, while daily administration of 
melatonin through the experiment partly prevented the increase of Hcy induced by 
methionine. This is in accordance with previous findings indicating that melatonin 
has the ability to reduce plasma Hcy levels (Baydas et al.,  2002a  – c;  2003) . These 
results are in aggrement with previous studies demonstrating that Hcy can increase 
oxidative stress, possibly through its autoxidation and inhibition of GSH-Px and 
other antioxidant enzymes and glutathione (GSH) (Hankey and Eikeboom,  1999 ; 
Heinecke  1988 ; Stamler et al.,  1993 ; Upchurch et al.,  1997) . Moreover, Hcy is able 
to prevent direct inactivation of NO by superoxide radicals generated during its 
autooxidation, which leads to the formation of peroxynitrite radicals; this may 
cause further oxidative injury (Upchurch et al.,  1997) . 

 Melatonin significantly reversed the Hcy-induced oxidative stress in the 
 hippocampus. An established set of literature suggests that melatonin plays a sig-
nificant neuromodulatory and neuroprotective role, which includes the modulation 
of synaptogenesis, protection against apoptosis, and antioxidant properties (Baydas 
et al.,  2002c ; Reiter,  1998) . In accordance with these results, it was demonstrated 
by Baydas et al.  (2003)  and others (Osuna et al.,  2002)  that melatonin has the 
 ability to reduce oxidative-stress-induced by hyperhomocysteinemia in different 
ways. First, it scavenges a number of reactants including the hydroxyl radical and 
hydrogen peroxide generated during Hcy autooxidation. Second, it may be capable 
of reducing peroxynitrite generation owing to its ability to scavenge NO and 
 peroxynitrite (Zhou et al.,  2004) . Third, melatonin increases the activation of many 
antioxidant enzymes including GSH-Px, which can be inhibited by hyperhomo-
cysteinemia (Baydas et al.,  2003 ; Osuna et al.,  2002) . 

 In addition, it was found that chronic hyperhomocysteinemia impaired perform-
ance of rats in a water maze task and the retention of long memory in a passive 
avoidance task. Furthermore, Hcy in high levels may impair spatial navigation. 
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Consistent with these previous behavioral findings (Fukui et al.,  2002) , it was 
shown that decline in learning and memory is associated with a very significant 
increase in the levels of lipid peroxidant on lipid peroxidation (LPO). Further 
analysis revealed a correlation between time to reach the hidden platform on day 5, 
which indicates the learning performance, and the levels of Hcy and the activity of 
GSH-Px in hyperhomocysteinemic rats. Levels of plasma Hcy and concentration 
of hippocampal LPO are positively correlated with learning deficits, while nega-
tively correlated with the activity of GSH-Px. Furthermore, both oxidative stress 
and deficits in learning and memory were prevented by treatment with melatonin, 
suggesting that oxidative stress was probably involved in the Hcy-induced cogni-
tive deficits. Accumulating evidence (Fukui et al.,  2002 ; Parle and Dhingra,  2003)  
has indicated that treatment with a variety of antioxidants partially reversed 
increase in markers of oxidative stress and decline in learning and memory. These 
results are in agreement with the findings of Streck et al.  (2004) , who reported that 
experimental hyperhomocysteinemia causes cognitive dysfunction because of its 
free-radical-generating actions. 

 The above study in animals demonstrated that melatonin has potential effects to 
prevent Hcy-induced learning and memory deficits and to modulate neural plastic-
ity. The exact mechanism of melatonin in preventing learning and memory deficits 
is still in debate. Shen et al.  (2002)  have postulated that melatonin’s ability in 
improving cognitive functions is related to its antioxidant action. In addition, 
El-Sherif et al.  (2003)  have suggested that melatonin may modulate specific forms 
of plasticity in hippocampal neurons. NCAM play a role in neural plasticity in the 
adult vertebrate brain and are strongly expressed in the hippocampal cells (Ronn 
et al.,  1995) , which are included in the neural circuit for processing cognitive infor-
mation (Squire,  1992) . Synaptic plasticity is very sensitive to environmental factors 
and, accordingly, synaptic dysfunction and degeneration occur early in the 
 pathogenesis of several different neurological disorders (Mattson,  2000) . It is not 
known if and how Hcy changes synaptic plasticity, although findings suggest that 
elevated Hcy levels might alter synaptic function (Christie et al.,  2005) . 

 An emerging body of literature supports the concept that a high serum homo-
cysteine level may be a risk factor for Alzheimer’s disease (AD) (Clarke et al., 
 1998 ; Seshadri et al.,  2002) , but the mechanisms involved have not been discovered. 
It has been proposed that high serum homocysteine levels may increase the risk of 
dementia by additive neurotoxicity (Ho et al.,  2001 ; Kruman et al.,  2002) , dysregu-
lation of gene expression (Fuso et al.,  2005) , or vascular damage (McCully,  1996) . 
In this study, it was investigated whether high serum homocysteine level could 
modulate specific markers of AD pathology, such as increased brain levels of 
amyloid  β -peptides (A β ), considered one of the main abnormalities in AD. 

 New evidence suggests that hyperhomocysteinemia may specifically contribute 
to AD pathology. Correlation exists between serum homocysteine levels and brain 
A β  levels, but only in female mice. The increases in A β 10 and A β 42 levels in 
APP*/PS1*/CBS* female mice as compared to APP*/PS1* mice were both signifi-
cant. The mechanism leading to these gender differences is at this time unknown, 
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even though the effects of sex hormones are obviously an important topic to be 
investigated (Takeuchi et al.,  2000 ; Sai et al.,  2002) . 

 Furthermore, in vitro classical homocystinuria showed an elevation of rat hippoc-
ampal acetylcholinesterase (AChE) activity, whereas the other types of homocystinu-
ria had no effect on the enzyme (Schulpis et al., 2006 ). These preliminary results may 
lead to the suggestion that homocystinuria due to cystathionine-6-synthase  deficiency 
may partly implicate high Hcy levels with neurodegeneration. 

 Homocysteine is thought to cause oxidative-stress-related toxicity, apparently 
mediated by its highly reactive thiol group (Lipton et al.,  1997) . Several studies have 
shown an increase in the Girp78 ER stress protein, a marker for cell stress, in hyper-
homocysteinemic models (Kokame et al.,  1996) . They examined the level of GRP78 
in the brains of the mice used in that study, but found no differences in GRP78 
expression between the female mice. It should be noted that it was a preliminary 
study and that additional markers of stress should be investigated in the future. 
Unfortunately, as that study was in progress, the laboratory infrastructure was 
severely affected by the hurricane Katrina with loss of the tissue bank and animals, 
which hindered the assessment of additional markers of stress. GFAP immunohisto-
chemistry and unbiased stereological studies showed no evidence of gliosis or cell 
loss, respectively, in male or female hyperhomocysteinemic mice. 

 In that model, there were no changes in  β -secretase activity or  β -secretase 
expression. It only examined the whole tissue homogenates, and therefore effects 
that could result from redistribution of the secretase within subcellular compartments 
such as lipid rafts, may not have been appreciated. In addition, several important aspects 
of APP and A β  metabolism remain to be investigated, including the degradation 
rate of A β , clearance, and alpha and gamma secretase activities. 

 It has been observed that hyperhomocysteinemia can upregulate HMG-CoA 
reductase gene expression in the liver (Woo et al.,  2000)  and stimulate cholesterol 
biosynthesis leading to high cholesterol concentration in the serum. Therefore, it 
was also important to measure serum cholesterol in APP*/PS1* and APP*/PS1*/
CBS* mice since high cholesterolemia results in increased A β  levels in the brain 
(Refolo et al.,  2000) . Of interest, no changes in cholesterol serum levels between 
these two groups were found. Levels of apoE expression in the brain of APP*/
PS1*/CBS* versus APP*/PS1* mice were examined, because increased apoE 
expression may be mechanistically related to increased A β  levels in hypercholeste-
rolemic mice (Refolo et al.,  2000) . We found no significant differences in apoE 
expression among the experimental groups. This suggests that neither serum cho-
lesterol nor apoE levels mediate homocysteine-induced increased in A β  levels. 

 Another aspect to be examined in future studies is the impact of homocyteine 
levels on amyloid load. As this was a preliminary investigation, mice were sacri-
ficed at 3.5 months because of the higher attrition rate occurring after 4 months of 
age. At this age, the animals showed only very sparse amyloid deposits, which were 
insufficient for evaluation of amyloid load. Another potential limitation of this 
study is that we evaluated mice resulting from early crossings. However, it is highly 
unlikely that this factor affected our results, as there were clear correlations (i.e., 
dose response effect) between homocysteine levels and A β  levels. Likewise, it 
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would be highly unlikely that early crossing or background strain effects could 
explain the observed gender differences. 

 In summary, individuals with elevated serum homocysteine are at increased risk 
of sporadic AD, but the mechanisms are controversial. This study shows that high 
serum homocysteine levels in female mice correlate with higher A β  peptide levels 
in the brain. Since A β  plays a central role in the pathogenesis of AD, the results 
advance a plausible mechanism underlying the higher risk for AD in hyperhomo-
cysteinemia. On the basis of these results, future epidemiological studies should 
place emphasis on the gender differences noted.  

  Neuropsychologic Disturbances 

 Homocysteine is derived from the demethylation of the amino acid methionine 
(Fig. 20. 4 ). It is metabolized by remethylation, using folate and Vitamin B 

12
  as 

cofactors, or by trans-sulfuration, using Vitamin B 
6
  as a cofactor (Finkelstein, 

 1998) . A substitution at nucleotide 677 (C-to-T transition) in the gene encoding for 
the enzyme methylenetetrahydrofolate reductase (MTHFR) has been identified 
(Kang et al.,  1991)  and seems to be a major genetic cause contributing to reduced 
enzyme activity and mildly elevated plasma homocysteine levels (Engbersen et al., 
 1995) . Several lines of evidence suggest that increased plasma homocysteine levels 
or MTHFR C677T may be a risk factor for cardiovascular and cerebrovascular 
diseases (Clarke et al.,  1991 ; Selhub et al.,  1992  and  1995) , cognitive decline, 
dementia, and depression (McCaddon et al.,  2001 ; Seshadri et al.,  2002 ; Dufouil 
et al.,  2003 ; Religa et al.,  2003 ; Bjelland et al.,  2003) . 

 Late-onset major depressive disorder (MDD) is associated with a high preva-
lence of brain MRI hyperintensities or infracts (Krishnan et al.,  1997) . Vascular 
mechanisms or vascular pathology have been suggested as predisposing or precipi-
tating factors in some forms of late-life MDD (Alexopoulos et al.,  1977) . 
Theoretically, the association between higher plasma homocysteine or MTHFR 
C677T polymorphism and depression in older age groups may be related to cere-
brovascular pathology, although this has not been examined in detail. 

 Elevated homocysteine levels in late-onset MDD are consistent with the results of 
a recent community cohort of 5948 subjects comprising two subgroups based on age: 
46 – 49 years and 70 – 74 years (Bjelland et al.,  2003) , and a clinical study (Bottiglieri 
et al.,  1994  and  2000) . There are plausible biological mechanisms whereby higher 
homocysteine levels might cause depression. Since higher plasma homocysteine levels 
have been associated with silent brain infracts or MRI hyperintensities, which are 
themselves associated with an increased risk of late-onset MDD, (Hogervorst et al., 
 2002 ; Vermeer et al.,  2002) , vascular mechanisms may mediate the association. 
There was found to be a significant correlation between homocysteine levels and 
MRI hyperintensities, and MRI hyperintensities were more common in late-onset 
depression than in comparison subjects. However, the logistic-regression analysis 
failed to establish that cerebrovascular disease, as identified by MRI hyperintensities, 
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plays a mediating role. This suggests that elevated homocysteine levels contribute to 
the presence of late-onset MDD through non-vascular mechanisms. 

 Possible non-vascular mechanisms underlying the association between homo-
cysteine levels and late-onset depression include dysregulation of one-carbon 
metabolism and  N -methyl-D-aspartate (NMDA) receptor-related neurotoxicity. The 
one-carbon cycle is responsible for the synthesis of methyl groups, which are ulti-
mately utilized by  S -adenosylmethionine (SAMe) in several transmethylation reac-
tions involving the production of phospholipids, nucleotides, and monoamine 
neurotransmitters including serotonin, norepinephrine, and dopamine (Bottiglievie 
et al.,  2000) , which may be involved in the pathogenesis of depressive disorders. 
Homocysteine is involved in the one-carbon cycle. Elevated homocysteine might 
indicate disruption in the synthesis of methionine, an immediate precursor of SAMe. 
The other possible non-vascular mechanism is the excessive production of two 
endogenous agonists (i.e., homocysteic acid and cysteine sulfonic acid) of NMDA 
receptors, which results in elevated homocysteine-induced NMDA- mediated 
 excitotoxicity (Kim  and Pae,  1996) . Homocysteine also markedly increases the 
vulnerability of hippocampal neurons to excitotoxic and oxidative injury (Kruman 
et al.,  2000) . Neuronal death through apoptosis may lead to  neuropsychiatric 
 diseases, including depression. 

 Patients with late-onset MDD reportedly have increased risk of developing 
dementia (Jorm,  2000) . Three recent population-based studies examined the 
 relationships between homocysteine levels and cognitive functioning, although 
depression was not systematically studied. These studies consistently indicated that 
elevated homocysteine levels were associated with decreased cognitive perform-
ance and suggested that vascular mechanisms do not mediate the association 
between homocysteine and cognition, leading to an indirect support to the possible 
link between elevated homocysteine levels and AD (Dufouil et al.,  2003 ; Prins 
et al.,  2002 ; Wright et al.,  2004) . Restriction of MMSE scores for study inclusion 
 criteria limited the ability to examine this possible association. Nonetheless, the 
findings from studies suggest that elevated homocysteine may be a possible com-
mon etiologic factor for both late-onset MDD and dementia. A subgroup of patients 
with late-onset MDD and high homocysteine levels may be more likely to develop 
subsequent dementia, primarily of the Alzheimer type. Longitudinal studies that 
measure homocysteine levels, depression, and cognitive performance over time are 
needed to address this issue. 

 The MTHFR genotype did not differ between the patient and comparison 
groups. Lack of association between the MTHFR C677T genotype and depression 
is consistent with the results of one study (Kunugi et al.,  1998) , but not the other 
two (Bjelland et al.,  2003) . MTHFR polymorphism has been linked to the metabo-
lism of homocysteine and appears to be associated with ischemic brain infarction 
(Kelly et al.,  2002)  and coronary heart disease (Klerk et al.,  2002) . Lack of associa-
tion of this vascular-related MTHFR genotype with late-onset MDD is not in 
accordance with the hypothesis that the same genetic loci are responsible for 
depression and cerebrovascular disease. One study examining the other three 
 vascular-related genes (APOE, VLDL-R, and DCP-1) also found no association 
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(Cervilla et al.,  2004) . Nevertheless, the absence of association does not exclude the 
possibility that late-onset MDD and alternative forms of the gene are associated. In 
addition, given the small anticipated effect size associated with any single candi-
date polymorphism, the sample sizes required to robustly demonstrate an associa-
tion will be large. The possibility that this negative association between MTHFR 
C677T polymorphism and late-onset MDD in this study was due to Type II error 
(false negative) cannot be excluded. 

 Furthermore, the criterion for age at onset in late-onset depression ( ≥  age 50) was 
somewhat arbitrary, but is consistent with the age cutoff used in other reports 
(Steffens  and Krishnan,  1998) . Approximately 70% of the patient group had brain 
MRI hyperintensities, which is consistent with most, but not all, studies in the litera-
ture (Greenwald et al.,  1996 ; Lenze et al.,  1999) . There were other methodological 
limitations. Although there was no correlation between homocysteine levels and 
clinical depressive features, given the heterogeneous nature of late-life depression, 
further investigation of a more homogenous study sample might provide additional 
information about this issue. Moreover, since higher homocysteine levels may occur 
in elderly persons and in those with cognitive impairment (McCaddon et al.,  2001) , 
it was attempted to minimize the confounding effect of these factors by excluding 
subjects with cognitive impairment and by statistically controlling for the age effect. 
Therefore, not surprisingly, the association between elevated homocysteine and late-
onset MDD was unaffected by cognitive impairment and age. Requiring high 
MMSE scores for study inclusion decreased the likelihood of observing significant 
associations between MMSE scores and homocysteine levels. Hence, even though 
the correlations between MMSE scores and homocysteine levels did not reach sig-
nificance, it remains possible that the patients with high homocysteine levels are at 
greater risk of developing cognitive decline or AD on follow-up. Further studies are 
needed to replicate these findings, and longitudinal ones to address the possibility 
that a subset of patients with late-onset depression have high homocysteine levels 
that increase their risk of developing AD (Rabins et al.,  1991) . 

 Moreover, we very recently reported that erythrocyte membrane AChE activity 
in MTHFR C677T carriers was found significantly higher when Hcy levels in their 
blood were increased. In contrast, the erythrocyte membrane enzyme activity was 
restored nearly to normal when the individual Hcy levels decreased. The AChE 
activation observed may be implicated in cholinergic mechanisms (e.g., vasodilata-
tion, neurological dysfunction) through modulation of acetylcholine production 
(Schulpis et al.,  2005) . 

 Adults with elevated total serum homocysteine levels (tHcy) are at increased risk 
of cardiovascular disease, stroke, and dementia (Seshadri et al.,  2002) . Subjects 
with elevated tHcy are more cognitively impaired and have more severe white mat-
ter disease on neuroimaging studies than subjects with normal tHcy (Hogervorst 
et al.,  2002) . Even after controlling for cerebrovascular-disease-promoting effects 
of tHcy, elevated tHcy is associated with an increased risk of cognitive impairment 
and dementia (Dufouil et al.,  2003) . 

 The mechanisms by which elevated tHcy increases the risk of cognitive impairment 
and dementia are not clear. One possibility is that homocysteine acts synergisti-
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cally with  β -amyloid or other cellular toxins to promote AD and/or microvascular 
pathology. Alternatively, it may have independent effects on cognitive function, 
which add to the severity of other cognitive disorders. 

 The biochemically confirmed case of adult-onset hyperhomocystinemia due to a 
vitamin B 

12
  metabolic defect, cobalamin (ChlB) disease (Roze et al.,  2003) , has 

been reported. This case is unique in its presentation with primarily cognitive 
 deficits, without other progressive neurologic signs. The primary cognitive deficit 
associated with combined hyperhomocystinemia and methylmalonic academia in 
this patient is executive dysfunction. This is supported by the patient’s improve-
ment in cognitive and functional status with tHcy-lowering medications, in  parallel 
with a decrease in cortical white matter hyperintensity on his MRI scan. Executive 
function encompasses aspects of attentional control, goal setting, and cognitive 
flexibility. The observed improvement on all three components of the DKEFS 
Trails Test suggests that the patient’s attention and cognitive flexibility (possibly 
secondary to the improved attention) were affected by the tHcy-lowering therapy 
(Miller et al.,  2002) . 

 The mechanisms by which elevated tHcy increases the risk for development of 
dementia are not clear (Seshadri et al.,  2002) . Although CblC disease is a rare 
genetic cause of combined hyperhomocystinemia and methylmalonic academia 
(MMA), this case demonstrates a distinct relationship between tHcy and MMA 
levels and cognitive function. Although a contribution from the patient’s elevated 
MMA level to his cognitive deficit cannot be omitted, population studies suggest 
that tHcy is more relevant for determining cognitive status than MMA (Nilsson et 
al.,  2000) . The earlier onset and more severe neurologic deficits in the patient’s 
sister are consistent with earlier reports of variable expressivity of deficits in CblC 
disease (Roze et al.,  2003 ; Powers et al.,  2001)  and suggest that there are likely to 
be other genetic (or epigenetic) factors that can mitigate the neurologic deficits 
associated with this disorder. 

 Even in nondemented elderly subjects, tHcy levels are strongly correlated with 
frontal/executive function (Garcia et al.,  2004) , impairment of which increases the 
risk of progression to dementia (DeCarli et al.,  2004) . As frontal/executive function 
is often related to the degree of periventricular white matter damage (Tullberg et al., 
 2004) , and as the latter is correlated with tHcy levels, (Hogervorst et al.,  2002) , 
tHcy may be an important mediator of executive dysfunction in subjects with cog-
nitive impairment. After controlling for possible effects of low B-vitamin status, 
one recent study suggested that the white matter damage that is correlated with ele-
vated tHcy in AD is caused by microvascular damage (Miller et al.,  2002) . Such 
microvascular damage is a known consequence of elevated tHcy due to CblC dis-
ease and is not likely to be reversible (Powers et al.,  2001) . This case suggests that 
reversible pathologic processes also contribute to homocysteine-induced cognitive 
dysfunction. As  S -adenosyl methionine is an important cofactor for myelin synthe-
sis, one possible reversible mechanism by which elevated tHcy may cause execu-
tive dysfunction is through demyelination (Roze et al.,  2003) . This case provides 
further support for trials of tHcy-lowering agents in adults with cognitive impair-
ment, as tHcy-related executive dysfunction may be at least  partially reversible. 

ain Damage in Phenylalanine, HomocysteineRetracted: Br



428 K.H. Schulpis, S. Tsakiris

 Increasing evidence suggests that white matter hyperintensity lesion burden 
detected on MRI represents small-vessel disease (Dufouil et al.,  2003) , increases 
the risk of stroke, and is associated with cognitive impairment and dementia 
(Morris et al.,  2001) . Vascular risk and factors such as hypertension (Miller et al., 
 2003a  – c) and, to a lesser extent, diabetes (McCaddon,  2001 ,  2003)  are associated 
with a greater lesion burden and there has been increasing interest in identifying 
potential modifiable risk factors. One of these is the sulfur-containing amino acid 
homocysteine. Elevated tHcy has been associated with atherosclerotic disease and 
increased risk of stroke and dementia (Seshadri et al.,  2002 ; Miller et al.,  2002) . 
Few studies have examined the effect of elevated tHcy in those with small-vessel 
disease (Luchsinger et al.,  2004) . However, white matter hyperintensities may be a 
marker of small-vessel disease and several studies have documented an association 
with elevated tHcy (Yasui et al.,  2000 ; Rogers et al.,  2003) . The presented data 
come from mostly white populations, and therefore there is limited understanding 
of the effect of elevated tHcy on white matter hyperintensities in blacks and 
Hispanics, who are at greater risk for hypertension, diabetes, and small-vessel 
 disease (O’suilleabhain et al.,  2004 ; Postuma et al.,  2004) . 

 Few studies have used quantitative methods for measuring white matter hyper-
intensity volumes (WMHV), depending rather on semiquantitative scales that are 
subject to limitations in inter-rater reliability (Wright et al.,  2005) . Quantitative 
methods have been used, but the populations studied have been limited to the 
elderly, whites, or men only (Greenberg et al.,  2000) . Evidence from Framingham 
supports an association between various vascular risk factors and quantitative 
measures of white matter hyperintensities, but tHcy was not included (Van Dijk 
et al.,  2004) . The Rotterdam study found an association between elevated tHcy and 
the presence of silent infarcts and white matter lesions using qualitative measures 
(Rogers et al.,  2003) . 

 The MRI sample is healthier than the overall cohort because of a survivor effect 
and the functional capacity required to come in for the study, but this would tend to 
bias the findings towards the null. Fasting tHcy was measured at baseline, raising 
concerns that values were not representative of later levels. However, the intra-
standard deviation (SD) was smaller than the overall SD in those with two measure-
ments (Miller et al.,  2002) . Moreover, MRI scans were performed after folic acid 
fortification began in the United States in 1998. Although tHcy levels were lower 
in those enrolled after 1998, the results remained significant after controlling for the 
year of collection (Miller et al.,  2002) . Total homocysteine levels were lower in the 
study sample than the overall cohort, but this would likely minimize any association 
with measures of WMHV. Regarding potential confounders of the relationship 
between tHcy and WMHV, study subjects were younger and were less likely to 
have B 

12
  deficiency than the overall cohort, but this again would tend to minimize 

any association. 
 That white matter hyperintensities on MRI represent small vessel damage 

has been shown by observational and pathological studies (Fazekas  et al.,  1993)  
and is supported by the association of tHcy with WMHV in this sample. Recent 
data suggest it may do so by contributing to endothelial dysfunction (Hassan 
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et al.,  2004) . The cross-sectional nature of this analysis does not allow a con-
clusion. Longitudinal imaging studies will be needed to clarify whether ele-
vated tHcy causes progression of white matter damage and whether it is on the 
causal pathway between elevated tHcy and outcomes such as stroke and cogni-
tive decline. 

 Plasma A β  was examined as a potential risk factor for AD and the related proc-
ess of cerebral amyloid angiopathy (CAA), but was not consistently elevated in 
these conditions (de Leeuw et. al.,  1999) . Recent data from the population-based 
Rotterdam study, however, demonstrated an association between plasma A β  and 
microvascular disease in the brain in APOE  ε 4 carriers (Carmelli et al.,  1998 ; 
Jeerakathil et al.,  2004) , suggesting that A β  might be a cause or marker of cerebrov-
ascular dysfunction. 

 The hypothesis that tHcy levels were elevated in mild cognitive impairment 
(MCI), AD, Parkinson’s disease (PD), or CAA relative to normal healthy volun-
teers in an outpatient clinic population is presented: unexpectedly, tHcy was inde-
pendently correlated with plasma A β 40 and A β 42 levels. This observation raises 
the possibility that these factors interact to potentiate neurodegeneration. 

 The clinical and biochemical correlates of tHcy concentrations in plasma from 
AD, PD, MCl, CAA, hICH, and nondemented control individuals have been inves-
tigated. The principal clinical factors influencing tHcy levels were age, levodopa 
use, and multivitamin use. Biochemically, in addition to the expected correlations 
between tHcy levels with folate, vitamin B 

12
  and Cr, it was found that tHcy levels 

moderately and independently correlated with plasma A β  levels. 
 Several groups reported elevated tHcy in AD cases (Longstreth et al.,  1996 ; 

Schmidt et al.,  2004) , attributed to relative deficiencies of folate and vitamin B 
12

 . 
While lower folate levels in our AS cohort, tHcy and vitamin B 

12
  were not influ-

enced by, and AD diagnosis were also found. tHcy was not associated with cogni-
tive status in AD. Data are consistent with those of Luchsinger et al.  (2004) , who 
found that cross-sectional and longitudinal analyses of tHcy with prevalent and 
incident AD were significantly confounded by age, sex, and education. Since the 
study is based on a single measurement of tHcy, subtle disease associations may 
be underestimated owing to regression dilution or prevalence bias (Clarke et al., 
 1998b) . AD cases of short duration (< 5 years) had similar mean tHcy levels (8.5 
µmol L −1 ) relative to cases with longer duration (8.8 mmol/L) and control cases 
(8.7 µmol L −1 ) (p < 0.90), arguing against significant prevalence bias by early 
vascular death of AD cases with higher tHcy. Other potential reasons which indi-
cate that the results differ from previous cross-sectional studies include sample 
size, distribution of tHcy values, and the patient population. This study was suffi-
ciently powered to detect a 0.4 SD difference among the AD and PD cases, and 
indeed detected the significant increase in PD cases. The prevalence of hyperho-
mocysteinemia (tHcy > 14 µmol L −1 ) was relatively low in this population, per-
haps reflecting the effects of folate supplementation of the U.S. dietary grain 
supply beginning in 1998 (Clarke et al.,  1998a) . There are, surprisingly, few North 
American studies examining tHcy levels in AD after 1998; the improved folate 
status and reduced prevalence of hyperhomocysteinemia appears to have modified 
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the cross-sectional association of tHcy with AD in the United States. Northeastern 
United States- based clinic population may not be generalizable to other popula-
tions; nonetheless, other genetic and epidemiological measures in these groups are 
consistent with known risks for AD. 

 Similar to previous studies (Blandini et al.,  2001 ; Yasui et al.,  2000 ; Miller et al., 
 2003b) , levodopa use was strongly associated with hyperhomocysteinemia. Patients 
with PD taking levodopa had almost 50% higher average tHcy levels than those not 
taking levodopa. tHcy results from the metabolism of levodopa and dopamine by 
catechol- O -methyltransferase (COMT), wherein  S -adenosylmethionine serves as a 
methyl donor. The resulting  S -adenosylhomocysteine is rapidly catabolized to 
homocysteine. 

 High levels of tHcy are implicated in nigral oxidative damage and cognitive 
deficits in PD. Homocysteine potentiates 1-methyl-4-phenyl-1,2,3,6-tetrahydropy-
ridine toxicity in mice, and rotenone toxicity in cultured dopaminergic neurons. 
Within PD group, which excluded coexistent dementia, tHcy correlated with cogni-
tive status, even after controlling for levodopa dosage. The association of elevated 
tHcy with lower cognitive status by a global screening test in nondemented PD 
subjects supports the results of O’suilleabhain et al.  (2004) , where patients with PD 
with elevated tHcy performed poorly on neuropsychological testing. Thus, tHcy, 
which was greatly increased in levodopa users relative to the other diagnostic 
groups, may contribute to the cognitive decline that can develop in PD. Multivitamin 
use was associated with lower tHcy, even in levodopa users. Therefore, the particu-
larly high levels of tHcy associated with levodopa use, and the potential risk of 
cognitive impairment, may be amenable to folate and vitamin B 

6
  and B 

12
  

supplementation. 
 A main finding was the robust correlation of tHcy with plasma A β  levels in most 

diagnostic groups. These findings confirm and extend a previous of a positive cor-
relation between plasma A β 40 and tHcy levels in a cross-sectional survey of com-
munity-dwelling men (Petersen  et al.,  2001) . Possible mechanisms for the 
association may be that tHcy elevates A β  levels, A β  levels increase tHcy, or both 
are increased by an unknown third factor. In that sample and in other studies, 
plasma A β 40, plasma A β 42, and tHcy were correlated with age and with serum Cr 
levels (Mayeux et al.,  2003) . It cannot be excluded that another factor may result in 
the accumulation of both tHcy and A β  in the plasma; however, on the basis of care-
ful covariate analysis of data, the association is not explained by diagnosis, age, Cr, 
folate, vitamin B 

12
 , or  APOE  polymorphisms. Cell culture data support the possibil-

ity that tHcy may increase A β  levels: homocysteine enhances A β  generation by 
upregulating a presenilin-interacting endoplasmic reticulum stress protein (Sai et al., 
 2002) ; deficient methylation upregulates presenilin gene function and A β  generation 
(Scarpa et al.,  2003) . 

 Although the correlation of tHcy and A β  was independent of diagnosis,  age-
related correlation increases in tHcy and A β  may contribute to neurotoxicity and 
AD risk. Homocysteine potentiates A β  oxidative toxicity in cultured neurons and 
smooth muscle cells and in APP transgenic mice (Scarpa et al.,  2003 , White et al., 
 2001) . Elevated tHcy and elevated plasma A β  levels are both implicated as 
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 premorbid risk factors for the development of AD (Seshadri et al.,  2002)  and the 
 associated microangiopathic changes on MRI (Verneer et al.,  2002) . Both tHcy and 
A β 40 could be markers of vascular damage in the brain; tHcy and A β 40 were 
associated with white matter ischemic changes in APOE  4 carriers in the Rotterdam 
study (Van Dijk et al.,  2004) . The more general association of tHcy with plasma 
A β  is independent of diagnosis (both neurodegenerative and cerebrovascular) and 
 APOE  genotype. 

 Translating the plasma measures to the tissue levels in the brain is a challenge 
that will require further investigation. tHcy levels in plasma and CSF A β  levels are 
not correlated in AD. The relationship of plasma A β  levels to CSF and brain levels 
is complicated by the kinetics of the blood – brain barrier, differential synthesis 
within the brain and the periphery, and the effects of A β  deposition as amyloid 
deposits in the brain (Arvanitakis et al.,  2002 ; Vanderstichele et al.,  2000) . Plasma 
tHcy and A β  directly contact elements of the blood vessel wall, providing a poten-
tial mechanism for resulting vascular toxicity and leukoencephalopathy. Further 
longitudinal epidemiological studies as well as basic research investigations can 
address whether neurotoxicity in AD and PD is potentiated by the dual elevation of 
both tHcy and A β  or whether tHcy and A β  are markers of pathogenic processes 
such as vasculopathy or oxidative damage (Matsuoka et al.,  2003) . 

  The Effect of Vitamin Supplementations on Plasma tHcy Concentrations 

 Folic acid: Several studies on various population groups have been performed to 
demonstrate the effect of vitamin supplementation on plasma tHcy concentrations. 
It is apparent that folate is the most powerful tHcy-lowering agent. Folate has been 
used in daily doses ranging from 0.65 to 10 mg day −1 , and it seems that in apparently 
healthy volunteers a low daily dose of 0.65 mg or less may be sufficient to maintain 
plasma tHcy concentrations within the normal reference range (Ubbink et al., 
 1994) . This low folate dose may, however, be insufficient in various pathological 
conditions predisposing towards coronary heart disease. In patients with severe 
chronic kidney failure, 10 mg of folate per day administered for 3 months failed to 
reduce plasma tHcy concentrations to normal in all the participants (Chauveau 
et al.,  1996) , while 5 mg of folate per day was insufficient to normalize 
hyperhomocyst(e)inemia observed in dialysis patients (Arnadottir et al.,  1993) . Low 
daily doses of folic acid have not yet been tested in patients with premature vascular 
disease and it is possible that this patient group will also require higher daily folic 
acid doses to maintain plasma tHcy concentrations in the normal range. 

 Vitamin B 
12:

  Although folic acid is the most powerful tHcy-lowering agent, this 
does not imply that vitamin B 

12
  and vitamin B 

6
  may be omitted in the treatment of 

moderate hyperhomocyst(e)inemia. Vitamin B 
12

  supplementation has a small, but 
significant, effect on circulating tHcy concentrations (Ubbink et al.,  1994 ; Rasmussen 
et al.,  1996) . Moreover, it has been shown that folic acid supplementation is inef-
fective in reducing tHcy concentrations in patients with vitamin B 

12
  deficiency 

(Allen et al.,  1990) . In a general opinion, the optimum vitamin supplement to treat 
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hyperhomocyst(e)anemia will contain at least 400  µ g of vitamin B 
12

  per day. At this 
high daily dose, even patients with intrinsic factor deficiency will absorb a suffi-
cient amount of vitamin B 

12
  by passive diffusion (Doscherholmen and Hagen, 

 1957) . Vitamin B 
12

  supplementation at high doses is innocuous (Ellenbogen and 
Cooper,  1991)  and will eliminate the risk that folic acid supplementation may mask 
an underlying vitamin B 

12
  deficiency. 

 Vitamin B 
6
 : Owing to its dramatic effect in cystathionine  β -synthase deficiency 

(Mudd et al.,  1989) , pyridoxine may be regarded as the obvious choice in the treat-
ment of hyperhomocyst(e)inemia. However, even high-dose pyridoxine supplementa-
tion did not lower fasting plasma tHcy concentrations significantly. Selhub and Miller 
(1992) recently addressed the intriguing question why folic acid and vitamin B 

12
  

 supplementation, but not pyridoxine supplementation, will reduce elevated, fasting 
circulating  tHcy concentrations. It has been postulated that a low folate and/or  vitamin 
B 

12
  status results in low  S -adenosylmethionine concentrations.  S -Adenosylmethionine, 

however, is required to activate the enzyme cystathionine  β -synthase. The supplemen-
tation of only vitamin B 

6
  (without folate and vitamin B 

12
 ) does not appear to activate 

the transsulfuration pathway, as the essential activator  S -adenosylmethionine will 
remain low owing to the inadequate folate and vitamin B 

12
  status. Only when the latter 

two vitamins are present in abundance, will remethylation proceed unimpeded with a 
subsequent increase in  S -adenosylmethionine concentrations and activation of the 
transsulfuration pathway (Selhub and Miller,  1992) . 

 Although pyridoxine supplementation has no effect on fasting plasma tHcy 
concentrations, it lowers the post-methionine-load tHcy peak (Dudman et al.,  1993 ; 
Franken et al., 1994b; Ubbink et al.,  1996) . This phenomenon is also explained by 
Sellhub and Miller’s (1992) hypothesis. The high post-methionine-load  S -adeno-
sylmethionine concentrations will inhibit remethylation and stimulate transsul-
furation, but activation of transsulfuration cannot proceed during a vitamin B 

6
  

deficiency. When vitamin B 
6
  is supplemented, transsulfuration can proceed 

unimpeded and therefore methionine loading will result in lower peak plasma 
tHcy concentrations (Selhub and Miller,  1992) . This hypothesis assumes that the 
enzyme cystathionine  β -synthase is sensitive to vitamin B 

6
  depletion, which 

may not be true for all population groups. For example, African Blacks have a 
genetically determined lower vitamin B 

6
  status (Vermaak et al.,  1987)  owing to 

a low pyridoxal kinase activity (Chern and Beufler,  1975) . Pyridoxal kinase is 
required to phosphorylate pyridoxal to its physiologically active form, pyridoxal 
phosphate (PLP) (McCormick et al.,  1961) . However, Blacks do not present with 
high plasma tHcy concentrations when challenged with methionine. In fact, the 
post-methionine-load tHcy peak is significantly lower in Blacks compared to 
Whites, despite the poorer vitamin B 

6
  status of Blacks (Ubbink et al.,  1995) . 

These observations in Blacks are still unexplained, but may relate to a cystath-
ionine  β -synthase polymorphism due to which they may commonly  possess a 
form of the enzyme that has a high affinity for PLP. 

 In Caucasian populations, it has been shown that a normal fasting plasma tHcy 
concentration is not synonymous with a normal methionine load test (Bostom et al., 
 1995) . Elevated post-methionine-load tHcy concentrations are independently 
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associated with diverse pathological conditions, for example premature vascular 
disease (Clarke et al.,  1991)  and neural tube defects. It is therefore prudent that 
vitamin therapy should normalize both fasting and post-methionine-load tHcy 
concentrations. Since pyridoxine supplementation attenuates the post-methio-
nine-load tHcy peak (Dudman et al.,  1993 ; Franken et al.,  1994 ; Ubbink et al., 
 1996) , this vitamin should be included in the treatment of hyperhomocyst(e)inemia. 
Initial studies used very high daily doses of pyridoxine (70 – 300 mg) to lower the 
post- methionine-load tHcy peak (Dudman et al.,  1993 ; Franken et al.,  1994) . 
However, these high doses are undesirable, as patients may develop pyridoxine-
induced  sensory neuropathy (Schaumburg et al.,  1983) . The minimum daily pyri-
doxine dose required for the optimal reduction in post-methionine-load plasma 
tHcy concentrations remains unclear. A pyridoxine dose of only 20 mg day −1  
administered for a 6-week period significantly reduced the post-methionine-load 
tHcy peak in asthma patients with a theophylline-induced vitamin B 

6
   deficiency 

(Ubbink et al.,  1993  and  1996) . 
 Despite pyridoxine supplementation, the post-methionine-load plasma tHcy 

concentrations in these formerly vitamin B 
6
 -deficient patients remained signifi-

cantly higher compared with healthy controls. This may indicate that 20 mg 
pyridoxine per day is not adequate for certain patient populations and higher 
doses may be required (Ubbink , 1998).    

  Galactosemia  

  Genetics and Epidemiology 

 Galactosemia is a relatively rare inherited enzyme deficiency with variable world-
wide incidence reported between 1:30 – 40,000 in Europe (Murphy et al.,  1999)  and 
1:1,000,000 in Japan (Hirokawa et al.,  1999) . The incidence in the United States, 
with most cases ascertained by newborn screening, is currently estimated at 
1:53,000 (National Newborn Screening and Genetics Resource Center; 2002 
Newborn Screening and Genetic Testing Symposium). In Greece, classical galac-
tosemia is discovered by screening and it is estimated at 1:25,000 live births 
(Schulpis et al.,  1993) . 

 The galactose-1-phosphate uridyl transferase (GALT) gene is localized on 9p13, 
and it is a relatively compact gene with 11 exons spanning 4 kilobases (Leslie et al., 
 1992) . One hundred sixty-seven mutations have been identified. The most prevalent 
mutation in Western populations is Q188R, in which an A to G transition in exon 
6 converts a glutamine near the catalytic site to an arginine. Expression of this allele 
in yeast systems produces no detectable catalytic activity (Fridovich-Keil et al., 
 1995 , Ross et al.,  2004) . Several other relatively common mutations have been 
characterized, the most intriguing of which is S135L, the mutation present in both 
African-American and African blacks (Ross et al.,  2004 ; Lai et al.,  1996) . This 
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mutation has greater residual activity in hepatocytes and is associated with a differ-
ent pattern of ability to oxidize galactose (Lai et al.,  1996 ; Yager et al.,  2001)  as 
well as a milder phenotype (Elsas  and Lai,  1998) . A much more common variant, 
the so-called Duarte galactosemia, is also identified primarily by newborn screen-
ing. The Duarte variant denotes a compound heterozygote for a classical allele and 
another allele with partial GALT activity, which results in biochemical changes 
during early infancy, but no evidence of neonatal or long-term morbidity (Kelley 
and Segal,  1989) .  

  Metabolic Derangement and Intoxication 

 In the presence of sufficient GALT activity, galactose is transported into cells, then 
phosphorylated by galactokinase, which effectively traps it as galactose-1-phos-
phate (gal-1-P) (Fig. 20. 5 ). With near total absence of GALT, gal-1-P accumulates 
and results in product inhibition of kinase. Accumulating free galactose is diverted 
into secondary pathways that produce either galactitol (Van Heyningen,  1959)  or 
galactonate (Cuatrecasas and Segal,  1966) . These substances have been found in 
affected organs (Wang et al.,  2001 ; Petry et al.,  1991 ; Quan-Ma et al.,  1966) . 
Therefore, one possibility is that these substances cause direct damage to vulnerable 
subpopulations of neurons, for example, Purkinje cells, or to white matter.  

 A chronic intoxication theory has been proposed with either exogenous galac-
tose intake from poor dietary compliance or hidden environmental sources (Acosta 
and Gross,  1995) , or from endogenous synthesis of galactose (Berry et al.,  1995)  

  Fig. 20.5      The Leloir pathway of galactose metabolism and the uridine diphosphate (UDP) 
 glucose pyrophosphorylase pathway. Galk, galactokinase; galt, galactose 1-phosphate uridyltrans-
ferase; gale, UDP-galactose 4-epimerase; hex, hexokinase; pgm, phosphoglucomutase; Ugp, 
UDP-glucose pyrophosphorylase       
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  Table 20.2      Clinical and laboratory findings in 
 classical galactosemia    

 Clinical findings  Anorexia 
 Vomiting 
 Jaundice 
 Cataracts 
 Hepatomegaly 
 Seizures 
 Mental retardation 
 Ovarian failure 
 Sepsis 

 Laboratory findings  Reducing substances 
(urine) 

  ↑  Bilirubin 
  ↑  AST/ALP 
  ↑  Prothrombin time 

 Special laboratory studies  Galactose-1-P (RBC) 
 GALT (RBC) 

resulting in increased long-term exposure. This exposure could theoretically cause 
progressive neurologic symptoms in some or most patients, but mechanisms by 
which this impairment occurs remain under investigation (Table  20.2 ).   

 In utero toxicity has also been suggested (Holton,  1995) , possibly due to ele-
vated galactitol levels. Evidence for this theory comes from observations of fetal 
cataracts and early liver dysfunction. In utero exposure to galactose was demon-
strated by high levels of gal-1-P in the fetus and galactitol in the amniotic fluid in 
mothers placed on strict galactose-restricted diets (Irons et al.,  1985 ; Jakobs et al., 
 1988  and  1995) . Magnetic resonance spectroscopy has documented markedly ele-
vated brain galactitol levels in four newborn infants aged 6 – 15 days compared with 
age-matched control subjects (Wang et al.,  2001) . However, in the eight galactos-
emia patients aged 1.3 – 47 years, no elevation was identified in six, and slight eleva-
tion in just two. A prior magnetic resonance spectroscopy study of six adults 
disclosed no elevation (Moller et al.,  1995) . This finding suggests that although 
galactitol could cause early, static CNS injury, it would be unlikely to cause pro-
gressive neurologic impairment. 

 Dietary control and levels of gal-1-p do not appear to account for variance in 
cognitive outcomes (Shield et al.,  2000) . Nevertheless, a recent study assessing 
total body galactose oxidation with a breath test after a  13 C-galactose bolus found 
three related biochemical abnormalities that were more common in galactosemia 
patients affected neurologically with speech dyspraxia. In 24 patients with galac-
tosemia who underwent speech evaluations, the 15 with speech dyspraxia had a 
significantly lower cumulative percentage dose  13 CO 

2
  in breath, increased  erythrocyte 

gal-1-P, and increased urinary galactitol. These abnormalities were also influenced 
by GALT genotype (Webb et al.,  2003) . 
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 Magnetic resonance spectroscopy studies have found no evidence of abnormal 
cerebral energy metabolism in patients with diet-restriction-treated galactosemia 
(Wang et al.,  2001 ; Moller et al.,  1995) .  

  Evidence From Animal Models 

 Two types of animal models have been employed to study galactosemia. In the first, 
animals with intact GALT are exposed to elevated levels of galactose or other 
metabolites. The second is a genetic knockout of the GALT enzyme. 

 Feeding excess galactose to rats with intact GALT reduces levels of inositol and 
increases galactitol in synaptosomes (Warfield and Segal,  1978) . Dogs fed excess 
galactose for 44 months displayed multiple peripheral nervous system abnormali-
ties (Sugimoto et al.,  1999) . The relevance of these findings has been called into 
question given that these animal models had no enzyme defect, excess exogenous 
exposure may not mimic the treated human disease, and changes resulting from 
malnourishment cannot be excluded (Segal,  1992) . 

 A galactosemia model, the GALT deficient knockout mouse, lacks measurable 
GALT activity and develops biochemical features similar to those in humans 
including high levels of galacatose-1-phosphate. However, these mice do not 
develop cataracts, they can reproduce normally, and they appear to have no neuro-
logic phenotype. These mice have minimal levels of tissue galactitol. This finding 
suggests that GALT deficiency is necessary, but not sufficient, to cause human 
 disease and that both elevated galactose-1-phosphate and galactitol may be 
 necessary for the human phenotype (Leslie et al.,  1996 ; Ning et al.,  2000) . 

 In vitro studies in galactosemia on whole rat brain AChE activity showed a 
direct action of galactose-1-phosphate on the enzyme, resulting in a remarkable 
reduction of its activity (Tsakiris  and Schulpis,  2002) . This finding might explain 
the brain cholinergic dysfunction in untreated patients with classical galactosemia. 
In addition, galactose and its derivatives in brain may produce free radicals, inhibit 
Na + , K +  – ATPase activity and activate Mg 2+  – ATPase, whereas the supplementation 
of  l -cysteine or glutathione reversed their activities to normal in galactokinase 
in vitro galactosemia only (Tsakiris et al.,  2005a) . Another study on the same 
enzymes in rat frontal cortex, hippocampus, and hypothalamus showed the same 
results (Marinou et al.,  2005) . These in vitro findings may be valuable, as Na + , K + , 
and Mg 2+  pump dysfunctions are closely related to most enzyme activities.  

  Autopsy Studies 

 These are published postmortem examination data on only two cases. Although 
these are biased towards more severe phenotypes, their importance arises from 
direct observations of gray and white matter damage, yielding insights into  selective 
neuronal vulnerability in galactosemia. Future postmortem examination studies 
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may be invaluable, and in this perspective, basic research should focus on identify-
ing mechanisms of regional and neuronal injury, which have been initially described 
in the studies in question. 

 In 1962, Crome provided a detailed pathologic report of a severely impaired 
male with galactosemia and partial dietary restriction, who was institutionalized 
and died of pneumonia at age 8 (Crome,  1962) . This individual was able to walk 
with a stiff gait, to feed himself with hands but not utensils, was incontinent, was 
socially withdrawn, and had no spoken language. Postmortem findings included 
diffuse white matter gliosis, particularly around the ventricles and in the brainstem, 
and diffuse pallor, particularly in the cerebrum. There were many areas of chronic, 
focal necrosis in the white matter. Cerebellar Purkinje cells were markedly depleted, 
largely sparing the granular layer. There was neuronal loss in the dentate nuclei and 
inferior olives. Extracellular fat globules were observed in the globus pallidus. This 
apparent neuronal selectivity is intriguing, given findings in rat brain of somewhat 
more abundant GALT gene expression in cerebellum (Rogers et al.,  1992)  as well 
as the prominent ataxia and tremor in some galactosemia patients. 

 Similar findings were reported by Haberland et al.  (1971)  in another severely 
impaired patient, untreated until diagnosis at age 13 , who died of pneumonia at age 
25. This patient had severe mental retardation, extrapyramidal motor symptoms, and 
epilepsy. Microcephaly, cerebral cortical neuronal degeneration, cerebral white matter 
atrophy and sclerosis, and cerebellar findings similar to Crome’s case were described. 
In addition, these authors reported abnormal levels of glycoproteins and glycolipids.  

  Central Nervous System White Matter 

 Both the postmortem examination reports and multiple neuroimaging studies dem-
onstrate that white matter is abnormal in galactosemia (Wang et al.,  2001 ; Kaufman 
et al.,  1995a , b ; Nelson et al.,  1991) . The mechanism for this remains obscure. It is 
possible that GALT deficiency leads to defective synthesis of glycoproteins and 
galactolipids critical for normal myelin, possibly as a result of defective transfer of 
galactose from uridine disphosphate-galactose (UDP-gal) (Segal,  1995  and  2004) . 

 The main current limitation of neuroimaging research is that the diffuse CNS 
white matter change has not been quantified and therefore is not available to be ana-
lyzed as a continuous variable in regression analyses with an outcome like IQ. 
Because diffuse white matter abnormalities are almost universally present (Wang 
et al.,  2001 ; Waggoner et al.,  1990 ; Nelson et al.,  1991) , this also cannot be used as 
a class variable for group comparisons of various measures of impairment. For exam-
ple, Kaufman et al.  (1995a , b)  reported that MRI abnormalities in 40 subjects  “ not 
correlate[d] with cognitive outcomes ” . White matter was diffusely abnormal in 37 of 
the 40 patients. Using the overall cognitive function as an outcome and  “ abnormal 
white matter ”  as a class predictor, this study would only have about 7% power to 
detect a meaningful 10-point difference. They also used the presence or absence of 
enlarged ventricles, focal lesions, and mild cerebral atrophy and found  “ no 
 differences ”  in neurologic outcomes. A study using magnetic resonance spectroscopy 
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did not identify changes in choline,  N -acetyl aspartate, or myoinositol. However, only 
two spectra were presented on white matter regions (Wang et al.,  2001) . These com-
parisons would also have low statistical power. 

 That the abnormal-appearing white matter in galactosemic patients also  functions 
abnormally is supported by findings of prolonged latencies of somatosensory-evoked 
potentials (Kaufman et al.,  1995a , b) . In 60 galactosemia patients, somatosensory-
evoked potentials manifested one or more abnormalities (absence of expected 
peaks, prolonged latencies) in 34 (57%). The proportion of patients with abnormalities 
did not differ among the 12 patients with ataxia tremor vs. the less neurologically 
impaired patients. Cognitive function also did not differ between patients with 
normal potentials and those with abnormal potentials. 

 Future neuroimaging or neurophysiology research into galactosemia’s patho-
physiology may benefit from the identification of newer quantitative variables for 
use in more rigorous statistical analyses.  

  Influence of Genotype on Cognitive Outcome 

 Although galactosemia is an autosomal recessive disorder caused by mutations at 
a single major locus, the  GALT  gene, there appears to be considerable biochemi-
cal and phenotypic heterogeneity among patients who share common studied 
mutations. The basis for this variation is not well understood. There is controversy 
in the literature over whether cognitive outcome, e.g., IQ scores, is correlated with 
 genotype (Shield et al.,  2000 ; Kaufman et al.,  1994 ; Elsas et al.,  1993  and  1995) . 
The most common mutation, the Q188R mutation, has been the most studied. 

 Two studies provide evidence that homozygosity for Q188R is associated with 
poorer cognitive outcome. Elsas et al.  (1995)  found a poorer outcome in 22 patients 
homozygous for the Q188R mutation, compared with 20 patients who were 
 compound heterozygous for Q188R plus another disease-causing allele. Shield 
et al.  (2000)  found a significant, 20 point lower IQ in patients homozygous for 
Q188R, vs. those with Q188R plus an alternate mutation. There was no correlation 
between gal-1-P levels and IQ. 

 In contrast, two other studies found higher average cognitive function in patients 
homozygous for Q188R, although these differences fell short of statistical signifi-
cance. Cleary et al.  (1995)  found no significant difference in IQ, comparing nine 
homozygous for Q188R, median IQ 81, and six heterozygous, median IQ 72. 
Kaufman et al.  (1994) , using the Woodcock Johnson Broad Cognitive score, found 
a score of 75 (SD 16) in 38 patients homozygous for Q188R and 67 (SD 25) in 21 
patients heterozygous (Kaufman et al.,  1994) . The power for these two negative 
studies to detect a statistically significant difference ( P  < 0.05) in those samples was 
less than 25%. In addition, the non-Q188R/Q188R comparison groups in these stud-
ies are different. Thus, the influence of the most common genotype on phenotype 
remains unclear. What has been clarified is that, while the mean IQs in these studies 
are all low, the standard deviations are comparable to those in the general population. 
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This finding indicates that there is substantial heterogeneity among subjects with the 
same  GALT  genotype, which is similar to what has recently been described in other 
autosomal recessive major gene disorders (Scriver and Waters  1999) .  

  Acute Neonatal Presentation and Diagnosis Presentation 

 The natural history of classical ganactosemia is that lethargy, poor feeding,  jaundice, 
and hepatomegaly appear within days of the initiation of milk feedings. Progression 
of this acute neonatal toxicity syndrome may include the development of  E. coli  
septicemia in the second week of life, coagulopathy, hyperchloremic metabolic aci-
dosis with aminoaciduria, and vitreous hemorrhage (Levy et al.,  1996) . Cataracts 
may be present, but may be difficult to identify. Neurologically, these patients may 
develop encephalopathy and signs of increased intracranial pressure with cerebral 
edema, usually after several days of more nonspecific signs. In the United States, 
many cases are ascertained because of newborn screening, but nonspecific signs may 
precede diagnosis by several days (Segal,  2004)  (Table  20.2 ).  

  Diagnosis 

 The gold standard for diagnosis is the demonstration of near total absence of GALT 
activity in red cells. Transfusion of red cells from a normal donor can interfere with 
this determination. Measurement of accumulated gal-1-P in red cells has diagnostic 
utility, even if dietary galactose has been withdrawn, although benign variants can also 
have increased gal-1-P levels, particularly if the infant is still consuming galactose. 
Examination of the urine for reducing substances lacks both sensitivity and specificity 
(Walter et al.,  1999  and  2002) , but can certainly raise sufficient clinical suspicion in a 
symptomatic infant to trigger further evaluation and empiric treatment. DNA analysis 
is rapidly available for several common mutations, including Q188R (Flanagan et al., 
 2004) , and has been used in some newborn screening  programs to refine the screening 
process. As with other mutation-selective DNA-based assays, owing to the large 
number of distinct mutations, a positive result has predictive value, but a negative result 
does not exclude disease resulting from other mutations. Prenatal diagnosis is available 
for couples with a known family history of galactosemia (Jakobs et al.,  1995) , and 
carrier screening for a known GALT mutation is highly effective in defining risk.  

  Non-Neurologic Sequelae 

 Growth is generally delayed in most patients with galactosemia, but final height-
for-age is not significantly less than the general population, although females may 
be more likely to have short stature (Yager et al.,  2001) . 
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 Cataracts have been reported in up to 30% of patients with galactosemia, and 
they usually resolve with galactose restriction (Waggoner et al.,  1990) . Cataracts 
are one of the few complications of galactosemia with a known pathophysiology. 
Galactitol, produced by reduction of free galactose by aldose reduction, induces 
swelling of lens fibers. Adolescents and adults who include amounts of galactose 
in their diet may rarely develop cataracts that interfere with the ability to function 
and may benefit from lensectomy and intraocular lens placement. A less well-
known, but visually more devastating ophthalmologic complication is vitreous 
hemorrhage during the acute neonatal syndrome (Levy et al.,  1996) . 

 Hypergonadotropic hypogonadism is common in females with galactosemia, but 
has not been reported in males (Waggoner et al.,  1990 ; Kaufman et al.,  1995a) . The 
spectrum varies from severe primary ovarian failure requiring hormone support in 
order to achieve secondary sexual characteristics to premature menopause. 
Pregnancies without hormonal intervention have been reported (Waggoner et al., 
 1990 ; de Jongh et al.,  1999) . The mechanism of ovarian dysfunction is unknown, 
but it has been hypothesized that chronic exposure of galactose-1-phosphate and 
galactitol may directly damage the ovaries (Gibson,  1995) .  

  Neurologic Sequelae 

  Acute Elevated Intracranial Pressure in Infants 

 Galactose must be considered in the differential diagnosis of an infant with diffuse 
cerebral edema, presenting with a bulging anterior fontanel, in the setting of poor 
feeding, jaundice, and hepatomegaly (Huttenlocher et al.,  1970) . Animal models 
have suggested that the mechanism of cerebral edema may be that elevations in 
brain galactitol concentrations and alterations in glucose, ATP, and phosphocreatine 
levels increase osmolality (Anonym,  1972) . Magnetic resonance spectroscopy has 
revealed elevated cerebral galactitol levels in infant brain in vivo (Wang et al., 
 2001) . Cerebral edema in galactosemic patients responds well to dietary galactose 
restriction (Belman et al.,  1986) . The mechanism may be similar to that reported in 
a rat model with intact GALT but excessive dietary loading, in which galactitol 
accumulates in peripheral nerves and produces edema with increased pressure and 
eventual demyelination (Myers  and Powell,  1984) .  

  Cognitive Impairment: Gender Effects and Possible Regression with Age 

 Multiple studies have reported that mean IQ scores are reduced in galactosemic 
children and adults (Wang et al.,  2001 ; Bosch et al.,  2004a , b ; Kaufman et al.  1995a ; 
Shield et al.,  2000 ; Antshel et al.,  2004) . Differences between studies result from a 
variety of factors. For example, differences in screening and diagnostic practices 
mean that the initiation of dietary treatment may vary systematically among coun-
tries. Other important differences include the test batteries used and study design. 
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 Evidence related to a gender effect has been inconsistent. Waggoner et al.  (1990)  
obtained developmental and IQ scores on 298 patients. Mean IQ scores of females 
aged 10 – 16 and > 16 were significantly lower than males. Kaufmann et al. (1995a) 
failed to identify sex differences in the broad cognitive ability scores assessed in 40 
children and adults by the Woodcock – Johnson revised tests. 

 A number of cross-sectional studies have demonstrated lower IQ scores in adults 
than pediatric patients (Fishler et al.,  1980) , but because cross-sectional data often 
contain unmeasured confounders, this constitutes weak evidence of neurodegenera-
tion. Waggoner’s study, which obtained data from structured questionnaires, 
included responses from 88 patients tested on more than one occasion. These data 
revealed that mean IQ scores of galactosemic patients declined by 6.2 points from 
age 3 – 5 to 6 – 9 years, and by 4.4 points from 6 – 9 to 10 – 16 years (Waggoner et al., 
 1990) . Another recent cross-sectional study, restricted to patients with the Q188R 
GALT mutation, revealed reduction of IQ, in particular difficulties with word 
retrieval and executive function, but did not support the hypothesis that IQ progres-
sively declines. These authors suggested that older patients might diverge more 
from their peers in performance-IQ-related tasks as a result of slow processing 
speed (Antshel et al.,  2004) .  

  Speech Apraxia Commonly Occurs 

 Speech difficulties are common in galactosemia. One study reported that 56% of 
patients with galactosemia over 3 years of age have difficulties with speech, with 
92% of these patients described as having delayed vocabulary (Waggoner et al., 
 1990) . Alternatively, speech and motor difficulties may interfere with accurate test-
ing. As in other adverse outcomes in galactosemia, there is not good evidence that 
development of speech difficulties correlates with age of initiation of dietary ther-
apy, severity of presenting symptoms, or compliance with dietary therapy 
(Waggoner et al.,  1990 ; Nelson et al.,  1991) .  

  Motor Function: A Subgroup Develops More Severe Ataxia and Tremor 

 Despite early treatment initiation and optimal dietary compliance, approximately 
10 – 20% of galactosemia patients develop more severe and progressive ataxia and 
tremor (Waggoner et al.,  1990 ; Kaufman et al.,  1995a ; Friedman et al.,  1989) .  

  Seizures are Uncommon 

 Seizures have rarely been described in galactosemia. There is a case with two 
galactosemic siblings who developed seizures in adulthood, described by Friedman 
et al.  (1989) . It is possible that these seizures are unrelated to galactosemia, given 
the low prevalence of reported seizures.  
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  Pathophysiology of Neurology Dysfunction in Galactosemia 

 The chronic manifestations of galactosemia most likely result from outcomes of 
multiple fronts, including possibly intoxication and cell dysfunction or death, due to 
specific metabolic derangements and secondary disturbances in myelin production. 
The heterogeneity of presentation may be influenced by the inherited  GALT  alleles 
and amount of GALT activity, by the individual’s endogenous production of galac-
tose, by the individual’s ability to oxidize galactose, and by the function of alternative 
enzymes in the metabolic pathways (Segal,  2004) . The issues of metabolic intoxica-
tion as well as the research from animal models, postmortem tissue, neuroimaging, 
and genetic studies should be considered with regard to these theories.    

  Treatment: Standard of Care, Controversies, and Clinical Trials  

  Treatment of Symptomatic Infants  –  Standard of Care 

 Symptomatic infants or infants with highly suspicious newborn screening results 
should be evaluated promptly, and galactose-containing formulas should be with-
drawn. Supportive care with intravenous fluids, phototherapy, antibiotics, and 
 treatment of coagulopathy should be initiated as needed. Despite the nearly univer-
sal availability of newborn screening in the United States, infants with classical 
galactosemia still die. The use of galactose-limited formulas due to family prefer-
ences or early symptoms may completely mask the initial clinical presentation. 
Subsequent to diagnosis, during infancy, dietary management with galactose-free 
formula is straightforward (Acosta and Gross,  1995) .  

  Long-term Nutrition Management: Standard of Care 
and Recent Issues 

 When solid foods are initiated, and when infant are weaned from formulas, nutri-
tional issues become more complicated. An ideal, standard practice has been to 
reduce or attempt to eliminate galactose in the diet. However, no person, unless 
completely nourished with artificial formula, has ever been on a galactose-free diet. 
Traditional means to monitor dietary compliance have not proven clinically useful, 
even in some noncompliant individuals. 

 Prior strict dietary recommendations are tempered by data from recent technical 
advances, which have increased the precision of estimates of endogenous synthesis 
of galactose (Ning et al.,  2000 ; Berry et al.,  2004) . These studies demonstrate that 
endogenously synthesized galactose substantially exceeds the dietary amounts 
acquired from fruits and vegetables (Berry et al.,  1993) , in galactose-containing 
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medications, or from other sources in a strict diet. Moreover, in a controlled, 6-week 
study in three adolescents homozygous for the Q188R  GALT  mutation, adding 
much larger amounts of galactose to the diet did not significantly change any clinical 
or biochemical parameters (Bosch et al.,  2004) . Endogenous galactose production 
appears to be greater and much more variable in children vs. adults with galactos-
emia (Berry et al.,  2004) , but the influence of this on neurologic outcome is 
unknown. Taken together, these studies suggest that liberalization of the galactosemia 
diet with regard to fruits and vegetables is reasonable. 

 With dietary restriction of dairy products, adequate calcium intake is difficult to 
be achieved without supplements. Low bone density has been reported (Kaufman 
et al.,  1995a ; Panis et al.,  2004) , although the long-term complications of bone 
health are not well characterized.  

  Effects of Dietary Treatment: Does Strict Dietary Treatment 
After Early Childhood Improve Adult Outcomes? 

 Crome observed in 1962 that  “ it is well known that established mental retardation 
tends to remain refractory in cases of galactosemia, even after the withdrawal of 
galactose from the diet, in spite of the reversibility of other signs, e.g., cataracts, 
hepatic cirrhosis, enteritis, and jaundice ”  (Crome,  1962) , and one which raises 
questions about the value of galactose restriction after early childhood. 

 Consistent with the motion that strict dietary treatment after early childhood 
may not be needed, a recent, to some extent controversial, case report (Lee et al., 
 2003  b ; Segal  2004)  described an adult galactosemic on a normal diet since age 3 , 
with only mild cognitive impairment and ovarian failure. This outcome lies within 
the range of outcomes of patients on lifelong galactose restriction. If typical neuro-
logic outcomes occur despite treatment with dietary restriction from childhood 
(Lee et al.,  2003a , b) , then the role of galactose restriction after infancy on neuro-
logic outcomes may be less important. 

 With regard to patients with classical galactosemia  “ off diet, ”  the total antioxi-
dant capacity was found to be low, and the activities of their erythrocyte membrane 
AChE, (Na + , K + ) -ATPase and Mg 2+ -ATPase were remarkably reduced. Interestingly, 
these reduced enzyme activities were restored to normal when the patients followed 
their galactose/lactose-restricted diet and their total antioxidant capacity was 
increased reaching that of normal (Schulpis et al.,  2005 ; Tsakiris et al.,  2005b) . 

 Because dietary galactose restriction has been the standard of care, and is undoubt-
edly lifesaving during early infancy, performing a randomized controlled trial to 
assess the influence of dietary treatment in early infancy on chronic neurologic out-
comes is not possible. A randomized study of graded amounts of galactose in later 
childhood or adulthood could possibly be safe, but institutional review boards are 
unlikely to participate in controlled studies, in which some patients are randomized 
not to receive standard galactose restriction. However, several alternative quasiexperi-
mental study designs could provide useful information (Schadewaldt et al.,  2004) . 
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 As described above, phenylalanine, homocysteine, and galactose metabolic 
disorders affect brain function, the latter being profoundly or partially avoided by 
early diagnosis and proper treatment. As the ancient Greek doctor Hippocrates said, 
 “  Prevention is better than treatment  ” .         
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 Chapter 21 
 Wilson Disease 

           Peter   Ferenci   

    Wilson disease is an autosomal recessive inherited disorder of copper metabolism 
resulting in pathological accumulation of copper in many organs and tissues. The 
hallmarks of the disease are the presence of liver disease, neurological symptoms 
and Kayser-Fleischer corneal rings. 

 The incidence of Wilson disease was estimated to be at least 1:30,000–50,000 
with a gene frequency of 1:90–1:150. Among selected groups of patients Wilson 
disease is certainly more frequent. About 3–6% of patients transplanted for fulmi-
nant hepatic failure and 16% of young adults with chronic active hepatitis of 
unknown origin have Wilson disease. 

  The Wilson Disease Gene  

 ATP7B is the gene product of the Wilson disease gene located on chromosome 13 
and resides in hepatocytes in the trans-Golgi network (Bull et al.,  1993 ; Tanzi et al., 
 1993) . The functionally important regions of the Wilson disease gene are six copper 
binding domains, a transduction domain (amino acid residues 837 – 864; containing 
a Thr-Gly-Glu motif) involved in the transduction of the energy of ATP hydrolysis 
to cation transport, a cation channel and phosphorylation domain (amino acid resi-
dues 971-1035; containing the highly conserved Asp-Lys-Thr-Gly-Thr motif), an 
ATP-binding domain (amino acid residues 1240 – 1291) and eight hydrophobic 
transmembrane sequences (Bull et al.,  1993 ; Tanzi et al.,  1993 ; Forbes et al.,  1999 ; 
Lutsenko and Petris,  2003 ; Kenney and Cox ,  2007 ; de Bie et al.,  2007 ; Lee et al., 
 2001 ; Klomp et al.,  2002) , in one of which (region 6) is the cys-pro-cys sequence 
found in all P-type ATPases (Forbes et al.,  1999 ; Lutsenko and Petris,  2003) . 
Alternatively spliced forms of WDP lacking transmembrane sequences three and 
four (exon 8) are expressed in the brain. 

 Molecular genetic analysis of patients reveals over 350 distinct mutations 
(Kenney and Cox,  2007 ; database maintained at the University of Alberta http://
www.medgen.med.ualberta.ca). Mutations include missense and nonsense muta-
tions, deletions, and insertions. Some mutations are associated with a severe 
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impairment of copper transport resulting in severe liver disease very early in life; 
other mutations appear to be less severe with the disease appearing in mid adult-
hood. While most reported mutations occur in single families, a few are more 
common. The His1069Gln missense mutation occurs in 30 – 60% of patients of 
Eastern-, Northern- and Central-European origin. It is less frequent in patients 
of Mediterranean descent and only rarely seen in patients of non-European origin. 
The 2299insC mutation can be detected in some patients of European and Japanese 
descent. The Arg778Leu mutation is present in up to 60% of patients from the Far-
East. In Sardinia two frame shift mutations (1515insT and 2464delC) are found in 
about 20% of patients. These mutations have not been found in other populations. 

 The study of genotype – phenotype correlations is hampered by the lack of 
clinical data, the rarity of some mutations, and the high frequency of the presence 
of two different mutations in individual patients (compound heterozygotes). In an 
ongoing study involving 1120 patients with Wilson disease, mostly from Europe, 
mutations on both chromosomes were identified in 67% of the patients and at least 
one mutation in 21%. Sufficient information is available only for the H1069Q 
mutation. Homozygosity for H1069Q is associated with late onset of the neurological 
disease. In contrast, patients with mutations in exons 8 and 13 commonly present 
with liver disease. 

 Other genes may be involved in the pathogenesis of Wilson disease. ATP7B 
interacts with COMMD1, a protein that is deleted in Bedlington terriers with 
hereditary copper toxicosis. COMMD1 (de Bie et al.,  2007)  exerts its regulatory 
role in copper homeostasis through the regulation of ATP7B stability. COMMD1 
mutations may modify ATP7B function resulting in impaired copper trafficking.  

  Hépatic Copper Metabolism and the Role of ATP7B  

 Copper is an essential nutrient needed for such diverse processes as mitochondrial 
respiration (cytochrome C), melanin biosynthesis (tyrosinase), dopamine metabo-
lism (DOPA- β -monooxygenase), iron homeostasis (ceruloplasmin), antioxidant 
defense (superoxyde dismutase), connective tissue formation (lysyl oxydase), and 
peptide amidation. 

 Dietary copper intake is approximately 1 – 2 mg/day. Quoted copper contents of 
foods are unreliable. While some foods, such as meats and shellfish, have consist-
ently high concentrations, others such as dairy produce are consistently low in cop-
per. However, the copper content of cereals and fruits varies greatly with soil 
copper content and the method of food preparation. Estimates of copper intake 
should include water copper content, and the permitted upper copper concentration 
for drinking water is 2mg L−1. Approximately 10% of dietary copper is absorbed in 
the upper intestine, transported in the blood loosely bound to albumin, certain 
amino acids and peptides. Finally, most of the ingested copper is taken up by the 
liver. Copper homeostasis is critically dependent on the liver because this organ 
provides the only physiologically relevant mechanism for excretion of this metal. 
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Within the hepatic parenchyma, the uptake and storage of copper occurs in 
hepatocytes, which regulate the excretion of this metal into the bile. Copper appears 
in the bile as an unabsorbable complex, and as a result, there is no enterohepatic 
circulation of this metal. 

 The hepatic uptake of diet-derived copper occurs via the copper transporter 1 
(Ctr1), which transports copper with high affinity in a metal-specific, saturable 
fashion at the hepatocyte plasma membrane (Lee et al.,  2001 ; Klomp et al.,  2002) . 
After uptake copper is bound to metallothionein (MT), a cytosolic, low molecular 
weight, cystein-rich, metal binding protein. MT I and MT II are ubiquitously 
expressed in all cell types including hepatocytes, and have a critical role to protect 
intracellular proteins from copper toxicity (Palmiter,  1998 ; Kelley and Palmiter, 
 1996) . The copper stored in metallothionein can be donated to other proteins. 
Specific pathways allow the intracellular trafficking and compartmentalization of 
copper, ensuring adequate cuproprotein synthesis while avoiding cellular toxicity 
(Fig.21. 1 ).  

 Metallochaperones (like ATOX 1) transfer copper to the site of synthesis of cop-
per containing proteins (Rae et al.,  1999 ; Huffman and O’Halloran, 2002). The 
cytoplasmic copper chaperone ATOX1 is required for copper delivery to ATP7B by 
direct protein – protein interaction (Hamza et al.,  1999 ; Walker et al.,  2002) . ATP7B 
is abundantly expressed in hepatocytes and is localized in these cells to the late 
secretory pathway, predominantly the  trans -Golgi network. With increasing intrac-
ellular copper concentrations, this ATPase traffics to a cytoplasmic vesicular com-
partment that distributes near the canalicular membrane in polarized hepatocytes and 

  Fig. 21.1      Model of hepatobiliary copper  transport CTR1= coppers transporter 1, MT= Metallo-
thionein, CPL= ceruloplasmin ATOX, Sco1, Sco2, CCS  —  copper chaperones (See also Color 
Insert)       
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is critical for copper excretion (Schaefer et al.,  1999) . Copper is incorporated into the 
ceruloplasmin at the level of the Golgi compartment (Hellman et al.,  2002) . 
Ceruloplasmin contains six tightly bound copper atoms. Its main function is to carry 
copper to various tissues. Another important physiological role of ceruloplasmin is to 
act as ferrooxidase, converting Fe 2+  to Fe 3+ . Other chaperones (Sco1, Sco2, Cox17, 
lys7) carry copper for synthesis of the other cuproenzymes and do not require an 
interaction with ATP7B. 

 Biliary excretion is the only mechanism for copper elimination, and the amount 
of copper excreted in the bile is directly proportional to the size of the hepatic copper 
pool. Because hepatic uptake of dietary copper in not saturable, hepatic copper accu-
mulation can easily be induced. Toxicity of copper, however, depends on its molecular 
association and subcellular localization rather than on its concentration in the liver. 
Metallothionein-bound copper is nontoxic. Several metals including zinc can 
induce metallothionein synthesis.  

  Pathogenesis  

 The basic defect is the impaired biliary excretion of copper resulting in the accu-
mulation of copper in various organs including the liver, the cornea and the brain. 
The consequence of copper accumulation is the development of severe hepatic and 
neurological disease. Hepatic copper accumulation initially causes mitochondrial 
damage with alteration of lipid oxidation, resulting in marked hepatic steatosis. It 
is suggested that free-radical formation and oxidative damage, probably mediated 
via mitochondrial copper accumulation, are important in WD pathogenesis (Gu 
et al.,  2000) . Accumulation of prooxidant copper within hepatic mitochondria leads 
to premature oxidative aging of mitochondrial DNA by causing somatic mutations 
of the mitochondrial genome (Mansouri et al.,  1997) . Further damage to hepato-
cytes, inflammation, and fibrogenesis are caused by the copper released from 
necrotic hepatocytes. Recently a new mechanism for copper toxicity was described 
(Lang et al.,  2007) . Cu 2+  triggers hepatocyte apoptosis through activation of acid 
sphingomyelinase and release of ceramide. Genetic deficiency or pharmacological 
inhibition of sphingomyelinase prevented Cu 2+ -induced hepatocyte apoptosis and 
protected rats, genetically prone to develop Wilson disease, from acute hepatocyte 
death, liver failure and early death. 

 The pathogenesis of neurological Wilson disease is less clear. Copper is released 
into the circulation if the capacity of the liver to store copper is exhausted, and 
taken up by virtually all organs. Since copper is not taken up by neurons (Watt and 
Hooper,  2000) , increased amounts of extracellular copper may explain the mecha-
nism of neuronal damage in Wilson disease. It is conceivable that increased copper 
uptake into the brain is a direct result of certain mutations resulting in specific 
functional alterations of cerebral ATP7B. Neuronal damage is mediated by copper 
deposition in the brain (Watt and Hooper,  2000) . Genetic variation of Apolipoprotein 
E (ApoE) has an important impact on the onset of neurological symptoms in H1069Q 
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homozygotes. It is known that ApoE is able to bind metal ions with the highest 
affinity for copper and increases the resistance of cell cultures to oxidative stress 
(Miyata and Smith,  1996) . However, ApoE isoforms vary in their neuroprotective 
properties. Patients who carry the wild type (apoE  ε 3) appear to be protected from 
copper toxicity to a certain degree (Schiefermeier et al.,  2000) . 

 Metals play an important role in neurobiology. Copper binding proteins are able 
to display oxidant or anti-oxidant properties, which would impact on neuronal 
function or in the triggering of neurodegenerative process. A major source of free 
radical production in the brain derives from copper. To prevent metal-mediated 
oxidative stress, cells have evolved complex metal transport systems. In neurode-
generative diseases, two proteins have been described as copper binding proteins: 
A protein related to Alzheimer’s disease (AD), the amyloid precursor protein 
(APP), and a protein related to Creutzfeldt-Jakob disease, the Prion protein (PrP). 
The AD amyloid precursor protein is a major regulator of neuronal copper home-
ostasis which has a copper binding domain (CuBD). The surface location of this 
site, structural homology of CuBD to copper chaperones, and the role of APP in 
neuronal copper homeostasis are consistent with the CuBD acting as a neuronal 
metallotransporter (Barnham et al.,  2003) . In health the brain strictly regulates the 
movement of metals across the blood-brain barrier (BBB), which is relatively 
impermeable to fluctuations in blood levels. This barrier is relevant in AD because 
the disease is characterized by the accumulation in the brain of  β -amyloid (A β ) a 
copper-zinc-metalloprotein that aggregates and becomes redox-active in the pres-
ence of excessive amounts of these metals. We are only beginning to unravel the 
age-dependent failure of metal homeostatic mechanisms of the brain that contribute 
to abnormal A β  biochemistry in AD (Bush et al.,  2003) . The ingestion of low 
amounts of copper in drinking water impairs trace conditioning and increases neu-
ronal and brain parenchymal A β  immuno-reactivity in cholesterol-supplemented 
rabbits (Sparks and Schreurs,  2003) . This finding suggests that A β  metabolism is 
extraordinarily sensitive to small changes in copper concentrations that might be 
transduced across the BBB. Clioquinol, an antibiotic and bioavailable Cu/Zn chela-
tor decreased brain A β  deposition by 49% in APP2576 transgenic mice treated 
orally for 9 weeks and improved their general health and body weight parameters 
(Beyreuther et al.,  2001) . 

 Ceruloplasmin is a ferroxidase that oxidizes toxic ferrous iron to its nontoxic 
ferric form (Patel et al.,  2002) . If ceruloplasmin is not present, iron concentration 
may increase. 

 In addition to the direct toxic effects of copper, in certain brain areas, as in the 
pineal gland, ATP7B is expressed and functionally active (Borjigin et al.,  1999) . 
Glucose metabolism, especially in striatal and cerebellar areas, is disturbed in patients 
with WD and correlates with the severity of extrapyramidal motor symptoms. The 
most severe cases are characterized by the lowest consumption in the striatal area. 
When there is marked improvement of extrapyramidal motor symptoms impaired 
glucose consumption reveals a persistent brain lesion (Hermann et al.,  2002) . 

 Furthermore the impaired synthesis of dopamine beta hydroxylase, a copper 
containing enzyme, may explain the preferential affection of basal ganglia. By single 
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photon emission CT (SPECT) specific striatal binding ratios of two tracers 
( 123I 2 β -carbomethoxy-3 β -4 123I iodophenyl tropane  123I  β a-CIT and  123I iodobenzamide 
 123I IBZM) were reduced. The concordant bicompartmental dopaminergic deficit in 
neurological WD provides in vivo evidence for assigning WD to the group of sec-
ondary parkinsonian syndromes (Barthel et al.,  2003) . Few other neurotransmitter 
systems have been studied in WD. In vivo neuroimaging studies suggest that 
depression is associated with central serotonergic deficits (Hesse et al.,  2003) . 
 1 H spectra demonstrated a reduction of  N -acetylaspartate and  N -acetylaspar-
tylglutamate in patients with neurological WD. Choline was also reduced (Page 
et al.,  2004) .  

  Clinical Presentations  

 Wilson disease may present at any age (Ferenci et al.,  2007) ; the oldest reported 
case was 76 years at the time of diagnosis. The clinical symptoms are highly 
variable, the most common ones being liver disease and neuropsychiatric distur-
bances. Children usually present with liver disease, while in older patients neuro-
logical disease is more common. None of the clinical signs is typical and 
diagnostic. One of the most characteristic features of Wilson disease is that no 
two patients, even within a family, are ever quite alike. With increased awareness 
for Wilson disease patients are generally diagnosed earlier, thus  “ late ”  conse-
quences of the disease like Kayser-Fleischer rings or severe neurological symp-
toms are less frequently seen. Early symptoms, if present at all, are uncharacteristic 
and nonspecific. Patients presenting with acute or chronic hepatic Wilson disease 
are indistinguishable from patients with liver diseases of other etiology. Early 
neurological symptoms are also quite untypical, and may progress slowly over 
many years before diagnosis is made based on  “ typical signs. ”  About half of the 
patients are referred for psychological testing because of poor school performance 
or behavioral problems. 

  Kayser-Fleischer Rings 

 Characteristically, the ring starts as a small crescent of golden brown granular pig-
ment seen at the top of the limbus. This is followed by the appearance of a lower 
crescent, and these two crescents gradually broaden, meet laterally and form com-
plete rings (Fig. 21. 2 ).The finding of a complete ring therefore suggests long-stand-
ing disease and is a useful indicator of severe copper overload. The ring is not 
always detected by clinical inspection. If doubt exists, the cornea should be exam-
ined under a slit lamp by experienced ophthalmologists. Kayser-Fleischer rings are 
present in 95% of patients with neurological symptoms, in 50-60% of patients 
without neurological symptoms, and only in 10% of asymptomatic siblings.   
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  Liver Disease 

 Most patients with Wilson disease, whatever their clinical presentation, have some 
degree of liver disease. Chronic liver disease (if undiagnosed and untreated) may 
precede manifestation of neurological symptoms for more than 10 years. Patients 
can present with liver disease at any age. The most common age of hepatic mani-
festation is between 8 and 18 years, but cirrhosis may already be present in children 
below the age of 5. On the other hand, Wilson disease is diagnosed also in patients 
presenting with advanced chronic liver disease in their 50s or 60s, without neuro-
logical symptoms and without Kayser-Fleischer rings. 

 Depending on referral patterns the proportion of patients presenting with liver 
disease alone varies from 20 to 46%. Liver disease may mimic any forms of com-
mon liver conditions, ranging from asymptomatic transaminasemia to acute hepati-
tis, fulminant hepatic failure (about one out of six patients with hepatic presentation), 
chronic hepatitis, and cirrhosis (about one out of three patients) with all of its 
complications. 

  Acute Wilsonian Hepatitis and Fulminant Wilson Disease 

 Acute Wilsonian hepatitis is indistinguishable from other forms of acute (viral or toxic) 
liver diseases. It should be suspected in young patients with acute hepatitis nonA – E. 

  Fig. 21.2      Kayser-Fleischer ring in a 15 year old patient with neurological Wilson disease 
(See also Color Insert)       
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Liver histology often reveals the presence of cirrhosis. This initial episode of liver 
damage may be self-limiting and may resolve without treatment, and diagnosis is 
made retrospectively, when neurological symptoms occur years later. 

 On the other hand, the disease may rapidly deteriorate and resemble fulminant 
hepatic failure with massive jaundice, hypoalbuminemia, ascites, severe coagula-
tion defects, hyperammonemia and hepatic encephalopathy. Hepatocellular necrosis 
results in the release of large amounts of stored copper. Hypercupriemia results in 
hemolysis and severe hemolytic anemia complicates acute liver disease. Although 
Wilson disease is a rare disease, in patients presenting with fulminant hepatic fail-
ure it is not uncommon and accounts for 6 – 12% of patients with fulminant hepatic 
failure referred for emergency liver transplantation. 

 Although fulminant and subfulminant liver failure due to Wilson disease has 
several distinctive features, rapid diagnosis may be very difficult. Serum ami-
notransferase activity is usually not increased above ten times normal and much 
lower than the values commonly recorded in fulminant hepatitis. The combina-
tion of anemia, marked jaundice and relatively low aminotransferase activities 
in young patients should always raise the suspicion of acute Wilson disease. 
The conventionally used parameters of copper metabolism are of little use. 
Kayser-Fleischer corneal rings and neurological abnormalities are absent in 
most patients presenting with acute liver disease. An alkaline phosphatase-total 
bilirubin ratio below 2.0 has been claimed to provide 100% sensitivity and 
specificity to diagnose Wilsonian fulminant liver failure, but the usefulness of 
this test was not confirmed in larger series. The best diagnostic test is the quan-
tification of copper in biopsy material or in the explanted liver. One puzzling 
feature of fulminant Wilson disease is the preponderance of female sex (female: 
male ratio 3:1).  

  Chronic Hepatitis due to Wilson Disease 

 Wilson disease may present, particularly in young patients, with a clinical 
syndrome indistinguishable from chronic active hepatitis of other etiology (Scott et 
al.,  1978) . Symptoms include malaise, fatigue, anorexia, and vague abdominal 
complaints. Arthralgias, amenorrhea, delayed puberty, and low grade jaundice may 
be present. Frequently, Kayser Fleischer rings are absent and plasma ceruloplasmin 
is in the normal range. Liver biopsy shows severe chronic active hepatitis but diag-
nosis is missed if hepatic copper content is not measured. Suspicion for Wilson 
disease should be high in young persons with chronic active hepatitis of unclear 
etiology. In this group Wilson disease is a common diagnosis. Without treatment, 
patients progressively deteriorate with ascites, edema and occasionally jaundice 
within a few months, and eventually die of liver failure. 

 About half of the patients presenting with neurological symptoms may also 
suffer from significant liver disease. In a substantial proportion symptomatic liver 
disease predates the occurrence of neurological signs.   
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  Neurological Presentation 

 Neurological symptoms usually develop in mid-teenage or in the twenties. 
However, there are well documented cases in which neurological symptoms devel-
oped much later (45 – 70 years). The initial symptoms may be very subtle abnormalities 
such as mild tremor, speech and writing problems and are frequently misdiagnosed 
as behavioral problems associated with puberty. The symptoms may remain constant 
or progress steadily. The hallmark of neurological Wilson disease is a progressive 
movement disorder. The most common symptoms are dysarthria, dysphagia, 
apraxia, and a tremor-rigidity syndrome ( “ juvenile Parkinsonism ” ). Because of 
increasing difficulty in controlling movement, patients become bedridden and unable 
to care for themselves. Ultimately, the patient becomes helpless  –  usually alert, but 
unable to talk. In patients presenting with advanced liver disease, neurological 
symptoms are mistaken as signs of hepatic encephalopathy.  

  Psychiatric Presentation 

 About one-third of patients initially present with psychiatric abnormalities. 
Symptoms can include reduced performance in school or at work, depression, very 
labile mood, sexual exhibitionism, and frank psychosis. Frequently, adolescents 
with problems in school or work are referred for psychological counseling and 
psychotherapy. Among our patients two were hospitalized in psychiatric institu-
tions for psychosis, one having committed several suicide attempts and two for 
severe alcohol abuse before the diagnosis of Wilson disease was made. The delay 
in diagnosis in one case was 12 years.  

  Other Clinical Manifestations 

 Hypercalciuria and nephrocalcinosis are the presenting signs in patients with 
Wilson disease. Hypercalciuria is possibly the consequence of a tubular defect in 
calcium reabsorption. Penicillamine therapy was accompanied by a decrease in 
urinary calcium excretion to normal values in half of the patients studied. 

 Cardiac manifestations in Wilson disease include arrhythmias, cardiomyopathy, 
cardiac death, and autonomic dysfunction; 34% patients with Wilson disease have 
electrocardiographic abnormalities. Two cases of cardiac deaths were reported (one 
died of repeated ventricular fibrillation, the other, of dilated cardiomyopathy). 
In one of them copper content in the myocardium was measured and was markedly 
elevated. 

 Chondrocalcinosis and osteoarthritis may be due to copper accumulation similar 
to the arthropathy of hemochromatosis.   
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  Diagnosis  

 The diagnosis of Wilson disease is usually made on the basis of clinical findings 
and laboratory abnormalities (see Table 21. 1 ).  According to Scheinberg and 
Sternlieb (Scheinberg and Sternlieb,  1984) , diagnosis of Wilson disease can be 
made if two of the following symptoms are present: Kayser-Fleischer rings, typical 
neurological symptoms and low serum ceruloplasmin levels. 

  Patients with Neurological Disease 

 In a patient presenting with typical neurological symptoms and having Kayser-
Fleischer rings the diagnosis is straightforward. Clinical neurological examination 
is more sensitive than any other method to detect neurological abnormalities. No 
further diagnostic procedures are necessary to establish the diagnosis. Kayser 
Fleischer rings are rarely absent in neurologically symptomatic patients. However, 
there are a few well documented cases of neurological Wilson disease without 
demonstrable Kayser-Fleischer rings. In such patients diagnosis is usually made by 
a low serum ceruloplasmin level. 

  Table 21.1      Routine tests for diagnosis of Wilson disease    

 Test  Typical finding  False  “  negative  ”   False  “  positive  ”  

 Serum 
ceruloplasmin 

 Decreased  Normal levels in pts. with 
marked hepatic 
inflammation 

 Low levels in:
 –  Malabsorption 

 Overestimation by 
immunologic assay 

  –  Aceruloplasminemia 

  –  Liver insufficiency 
  –  Heterozygotes 

 24 h urinary 
copper 

 > 100  µ g dl  − 1   Normal:  Increased: 

  –  Incorrect collection   – Hepatocellular necrosis 
  – Children without liver 

disease 
  –  Contamination 

 Serum  “ free ”  
copper 

 > 10  µ gdl   −  1   Normal if ceruloplasmin 
overestimated by 
immunologic assay 

 Hepatic copper  > 250  µ  g −    1 dry 
weight 

 Due to regional 
variation 

 Cholestatic syndromes 

  –  In pts with active 
liver disease 

  –  In pts with regenerative 
nodules 

 Kayser-Fleischer 
rings by 
slit lamp 

 Present   –  In up to 40% of 
patients with Hepatic 
Wilson disease 

 Primary biliary cirrhosis 

  –  In most asymptomatic 
siblings 



21 Wilson Disease 469

 Brain magnetic resonance imaging (MRI) is useful to document the extent of 
changes in the central nervous system. The most common abnormalities are changes 
in signal intensity of gray and white matter, and atrophy of the caudate nucleus, brain 
stem, cerebral, and cerebellar hemispheres. A characteristic finding in Wilson disease 
is the  “ face of the giant panda ”  sign, but is found only in a minority of patients. In 
Wilson disease, an abnormal striatum or an abnormal pontocerebellar tract correlates 
with pseudoparkinsonian, and an abnormal dentatothalamic tract with cerebellar 
signs. On treatment some of the MRI abnormalities are fully reversible. 

 Auditory evoked brainstem potentials are helpful to document the degree of 
functional impairment and the improvement by decoppering treatment (Grimm 
et al.,  1990 ; Grimm et al.,  1992) .  

  Patients with Liver Disease and Hemolytic Anemia 

 Diagnosis is far more complex in patients presenting with liver diseases. None of 
the commonly used parameters alone allows for a definite diagnosis of Wilson dis-
ease. Usually a combination of various laboratory parameters is necessary to estab-
lish the diagnosis. Kayser-Fleischer rings may be absent in up to 50% of patients 
with Wilsonian liver disease and even in a higher proportion in fulminant Wilson 
disease. Kayser-Fleischer rings can occasionally be detected in patients with 
primary biliary cirrhosis.  

  Laboratory Parameters 

  Routine Laboratory Parameters of Liver Disease 

 In general, transaminases are only mildly increased, and deep jaundice combined 
with mild elevation of liver enzymes should raise the suspicion for fulminant 
Wilson disease. However, increases of transaminases may be indistinguishable 
from findings seen in acute hepatitis. Sometimes alkaline phosphatase activities are 
relatively low in patients with Wilson disease. A ratio of total serum bilirubin con-
centration and alkaline phosphatase activity (>2) may differentiate fulminant 
Wilson disease from other forms of fulminant hepatic failure. However, the useful-
ness of this test was not confirmed in larger series.  

  Serum Ceruloplasmin 

 Serum ceruloplasmin can be measured by an immunologic assay or by the oxidase 
method. Since the immunologic ceruloplasmin assay can be automated by nephelo-
metric methods, it is widely used in clinical laboratories. The oxidase method is 
only performed in specialized centers. Whereas serum ceruloplasmin is decreased 
in most patients with neurological Wilson disease, it may be in the low normal 
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range in up to 45% of patients with hepatic disease (Steindl et al.,  1997) . On the 
other hand, even a low ceruloplasmin level is not diagnostic for Wilson disease in 
the absence of Kayser Fleischer rings. It may be low in subjects with familial 
hypoceruloplasminemia, in celiac disease, in severely malnourished subjects, and 
in heterozygous carriers of the Wilson disease gene (Cauza et al., 1997). Thus, in 
patients with liver disease a normal ceruloplasmin level cannot exclude, nor is a low 
level sufficient to make the diagnosis of, Wilson disease. 

 An overestimation of serum ceruloplasmin can be suspected if the serum copper 
concentration is lower than expected by the measured ceruloplasmin (which con-
tains 0.3% of copper) level. Finally, ceruloplasmin is an acute phase reactant and 
its serum concentration increases as a consequence of inflammation. Most patients 
with normal ceruloplasmin had marked liver disease. Similarly serum ceruloplas-
min may increase in pregnancy to high normal values.  

  Serum Copper 

 In general, serum copper values parallel those of ceruloplasmin. Therefore, serum 
copper is frequently low in patients with Wilson disease. However, about half of 
patients have serum copper levels in the normal range. Patients with fulminant Wilson 
disease and/or hemolytic anemia may even have markedly increased levels. Most of 
the copper in serum is bound to ceruloplasmin, and under normal conditions, less than 
5% circulates as  “ free copper ”  and does not exceed 10  µ g dl   −  1  in normal subjects. The 
 “ free ”  copper concentration can be calculated by subtracting from the total copper con-
centration the ceruloplasmin bound copper (ceruloplasmin times 3.3).  

  Urinary Copper Excretion 

 Urine copper excretion is markedly increased in patients with Wilson disease; how-
ever, its usefulness in clinical practice is limited. The estimation of urinary copper 
excretion may be misleading due to incorrect collection of 24-h urine volume or to 
copper contamination. In presymptomatic patients urinary copper excretion may be 
normal, but increase after D-penicillamine challenge (Da Costa et al., 1992). This 
test is valuable in the diagnosis of Wilson disease with active liver disease, but is 
unreliable to exclude the diagnosis in asymptomatic siblings (Muller et al.,  2007) . 
On the other hand urinary copper excretion is also increased in any disease with 
extensive hepatocellular necrosis.  

  Hepatic Copper Content 

 Hepatic copper content exceeding 250  µ g g   −  1  dry weight (normal: up to 50) is 
increased in 82 °%  of patients with Wilson disease. In the absence of other tests sugges-
tive for abnormal copper metabolism, diagnosis of Wilson disease cannot be made 
based on an increased hepatic copper content alone. Patients with chronic cholostatic 
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diseases, neonates and young children and possibly also subjects with exogenous 
copper overload have increased hepatic copper concentration >250  µ g g   −  1 . On the 
other hand, hepatic copper content may be normal or borderline in about 18  °  of 
patients with unquestionable Wilson disease due to sampling, given the great 
regional differences in hepatic copper distribution, especially in the cirrhotic liver. 
Thus, estimates from a single biopsy specimen may be misleading. 

 Hepatic copper content was measured in 106 liver biopsies obtained at diagnosis 
of Wilson disease, in 212 patients with a variety of noncholestatic liver diseases, 
and 26 without evidence of liver disease (Ferenci et al.,  2005) . Liver copper content 
was >250  µ g g   −  1  dry weight in 87 (82%) patients, between 50 and 250  µ g g   −  1  in 15, 
and in the normal range in four. Liver copper content did not correlate with age, the 
grade of fibrosis, or the presence of stainable copper. Liver copper content was 
>250 or between 50 and 250  µ g g −    1  dry weight in 3 (1.4%) and 20 (9.1%) of 219 
patients with noncholostatic liver diseases, respectively. By lowering the cut off 
from >250 to 75  µ g g   −  1  dry weight the sensitivity of liver copper content to diagnose 
Wilson disease increased from 81.2 to 96%, the negative predictive value from 88.2 
to 97.1%but the specificity (98.6 to 90.%) and the positive predictive value (97.6 to 
87.4%) decreased. Thus, although liver copper content is a useful parameter it neither 
proves nor excludes Wilson disease with certainty. 

 Diagnosis of Wilson disease requires a combination of a variety of clinical and 
biochemical tests. A diagnostic scoring system (Table 21. 2 )   was developed at the 

  Table 21.2      Scoring system developed at the eighth International Meeting on Wilson dis-
ease, Leipzig 2001 (Ferenci et al.,  2003)

 Typical clinical symptoms and signs  Other tests 

  KF rings    Liver copper  (in absence of cholesta-
sis) 

 Present  2  > 5xULN (> 250 µ g g   −  1 )  2 
 Absent  0  50-250 µ g g   −  1   1 
  Neurological symptoms   Normal (< 50 µ g g   −  1 )   − 1 
 Severe  2  Rhodanine pos. granules a   1 
 Mild  1   Urinary copper  (in absence of acute 

hepatitis) 
 Absent  0 
 Serum Caeruloplasmin   Normal   0 
 Normal(> 0.2g l   −  1 )  0  1–2x ULN  1 
 0.1  −  0.2g l   −  1   1  > 2x ULN  2 
 < 0.1g l   −  1   2  Normal, but > 5xULN after D-pen  2 
 Coombs ’  neg. hemolytic  Mutation Analysis 
  Anemia   2 chromosome mutations  4 
 Present  1  1 chromosome mutation  1 
 Absent  0  No mutations detected  0 

  TOTAL SCORE   Evaluation: 
 4 or more  Diagnosis established 
 3  Diagnosis possible, more test needed 
 2 or less  Diagnosis very unlikely 

    a if no quantitative liver copper available  
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8th International Meeting on Wilson disease, Leipzig, Germany (Ferenci et al., 
 2003)  and its validity was confirmed by a retrospective analysis of a larger cohort 
of pediatric cases (Koppikar and Dhawan,  2005)  and in patients with  “ atypical” 
disease (Xuan et al.,  2007) .   

  Liver Biopsy 

  Light Microscopy 

 Liver biopsy findings are generally nonspecific and not directly helpful to make the 
diagnosis of Wilson disease. Liver pathology includes early changes like fatty intra-
cellular accumulations, which often proceed to marked steatosis. At later stages, 
hepatic inflammation with portal and periportal lymphocytic infiltrates, presence of 
necrosis and of fibrosis may be indistinguishable from other forms of hepatitis. 
Some patients have cirrhosis without any inflammation. The detection of focal cop-
per stores by the Rhodanin stain is a pathognomic feature of Wilson disease but is 
only present in a minority (about 10%) of patients.  

  Electron Microscopy 

 The ultrastructural abnormalities include pathological changes of mitochondria and 
peroxisomes. Hepatocellular mitochondria are pleomorphic, with varying combina-
tions of abnormalities including enlargement, bizarre shapes, and increased matrix 
density, separation of the normally apposed inner and outer membranes, widened 
intercristal spaces, enlarged granules, and crystalline, vacuolated, or dense inclu-
sions. Sometimes peroxisomes are abnormally enlarged, rounded, or misshapen, 
and contain a granular or flocculent matrix of varying electron density.   

  Mutation Analysis 

  Direct Mutation Analysis 

 Direct molecular-genetic diagnosis is difficult because of the occurrence of many 
mutations, each of which is rare (Ferenci,  2005) . Furthermore, most patients are com-
pound heterozygotes (i.e., carry two different mutations). Direct mutation diagnosis is 
only helpful if a mutation occurs with a reasonable frequency in the population. In 
Northern, Central and Eastern Europe (Ferenci,  2005)  the most common mutations 
are: H1069Q mutation (allele frequency: 43.5%), mutations of exon 8 (6.8%), 
3400delC (3%) and P969Q (1.6%). In other parts of the world the pattern of mutations 
is different (i.e. Sardinia: UTR  – 441/-427del, 2463delC (Loudianos et al.,  1999) ; 
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Far East: R778L (Kim et al.,  1998 ; Nanji et al.,  1997) ). Screening for mutations is 
done by denaturating HPLC analysis followed by direct sequencing of exon 
suspected to carry a mutation. This approach is impractical for clinical diagnosis. In 
contrast, using allele-specific probes, direct mutation diagnosis is rapid and clini-
cally very helpful, if a mutation occurs with a reasonable frequency in the population 
(Table 21. 3 .)  In Austria, the H1069Q mutation is present in 61% of Wilson disease 
patients, and a two-step PCR based test for this mutation became very useful. A 
multiplex PCR for the most frequent mutations makes direct mutation analysis for 
diagnosis feasible.  

  Haplotype Analysis 

 Because of the complexity in identifying the many mutations in Wilson disease, 
haplotypes can be used to screen for mutations and to examine asymptomatic sib-
lings of index patients. A number of highly polymorphic microsatellite markers 
have been described that closely flank the gene and are highly variable: D13S316, 
D13S314, D13S301, D13S133 (Cox,  1996) . Where the markers are different at 
each locus in a patient, testing of at least one parent/or child of the patient is neces-
sary to obtain the haplotype. The identification of unusual haplotypes can lend 
support, but is not sufficient to confirm the diagnosis of Wilson disease. 

 Microsatellite markers are also useful to study the segregation of the Wilson 
disease gene in most families. By these approaches, diagnostic dilemmas in differ-
entiating heterozygote gene carriers and affected asymptomatic siblings can be 
solved (Maier-Dobersberger et al.,  1995 ; Vidaud et al.,  1996) . For such analysis, 
at least one first degree relative and the index patient are required.  

  Table 21.3      Common mutations of the WD gene in various populations    

 Area (Ref) 
 Most common mutation 
(exon) 

 Other common mutations 
(exon) 

 Northwestern-, Central-, Eastern-Europe 
(Ferenci,  2005 ; Czlonkowska et al.,
  2005 ; Czlonkowska et al.,  2005)  *a  

 H1069Q (14)  3400delC (15), exon 8 
(multiple), P969Q (13) 

 Sardinia (Loudianos et al.,  1999)   -441/-421 del (5 ’  UTR)  2463delC, V1146M 
 Canary Islands (Czlonkowska et al., 

 2005)  
 L708P (8) 

 Spain Czlonkowska et al.,  (2005)   M645R (6)  L1120X (15) 
 Turkey (Loudianos et al.,  1999 , p. 68)  P969Q, A1003T (13)  Exon 8, H1069Q, 
 Brasil (Czlonkowska et al.,  2005)   3400delC (15) 
 Saudi Arabia (Czlonkowska et al., 

 2005)  
 Q1399R (21) 

 Far East (Kim et al.,  1998 ; Nanji et al., 
 1997)  

 R778L (8) 

    *a Austria, Hungary, Czech Republic, Slovakia, Germany, Benelux, Poland, Russia, Bjelorus, 
Bulgaria, former Yugoslavia, Greece  
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  Family Screening 

 Once diagnosis of Wilson disease is made in an index patient, evaluation of his 
family is mandatory. The likelihood of finding a homozygote among siblings is 
25%, among children 0.5%. Testing of second degree relatives is only useful if the 
gene was found in one of the immediate members of his/her family. No single test 
is able to identify affected siblings or heterozygote carriers of Wilson diseasegene 
with sufficient certainty. Today, mutation analysis is the only reliable tool for 
screening the family of an index case with known mutations; otherwise haplotype 
analysis can be used. A number of highly polymorphic microsatellite markers that 
closely flank the gene allow tracing Wilson diseasegene in a family.  

  Treatment 

 Treatments for Wilson disease progressed from the intramuscular administration 
of BAL to the more easily administered oral penicillamine. Alternative agents to 
penicillamine like trientine were developed and introduced for patients with 
adverse reactions to penicillamine. Zinc was developed separately, as was 
tetrathiomolybdate, which was used for copper poisoning in animals. Today, the 
mainstay of treatment for Wilson disease remains lifelong pharmacologic therapy, 
but the choice of the drug mostly depends on the opinion of the treating physician 
and is not based on comparative data. Based on the recent AASLD practice 
guideline on Wilson disease, initial treatment for symptomatic patients should 
include a chelating agent (penicillamine or trientine). Treatment of presympto-
matic patients or maintenance therapy of successfully treated symptomatic 
patients can be accomplished with the chelating agent penicillamine or trientine, 
or with zinc (Roberts and Schilsky,  2003) .   

  D-Penicillamine 

 Penicillamine was first reported to be effective in treating Wilson disease by Walshe 
in 1956 and is since the  “ gold standard ”  for therapy. Penicillamine acts by reductive 
chelation: it reduces copper bound to protein and decreases thereby the affinity of 
the protein for copper. Reduction of copper thus facilitates the binding of copper to 
the drug. The copper mobilized by penicillamine is then excreted in the urine. 
Within a few weeks to months, penicillamine brings the level of copper to a subtoxic 
threshold, and allows tissue repair to begin. The great majority of symptomatic 
patients, whether hepatic, neurological or psychiatric, respond within months of 
starting treatment. Among neurological patients, a significant number may experi-
ence an initial worsening of symptoms before they get better. 

 The usual dose of penicillamine is 1 – 1.5 g/day. Initially, this dose will cause a 
large cupriuresis, but copper excretion later on decreases to 0.5 mg d  − 1 . To prevent 
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deficiency induced by penicillamine pyridoxine (vitamin B 
6
 ) should be supplemented 

(50 mg/week). Once the clinical benefit is established, it is possible to reduce the 
dosage of penicillamine to 0.5 – 1 g d  − 1 . A lower maintenance dose will decrease the 
likelihood of late side effects of the drug. 

 A major problem of penicillamine is its high level of toxicity. In our series 
20 °  of patients had major side-effects and were switched to other treatments. 
Other series report even higher frequencies of side effects. There are two broad 
classes of penicillamine toxicity: direct, dose dependent side effects and immu-
nologically induced lesions. Direct side effects are pyridoxine deficiency, and 
interference with collagen and elastin formation. The later results in skin 
lesions like cutis laxa and elastosis perforans serpingiosa. By routine skin biop-
sies 1 year after initiation of treatment we found signs of elastic and collagen 
fiber abnormalities in every patient, but none has developed symptomatic skin 
disease so far. These side effects can be prevented or mitigated by decreasing 
the dosage of penicillamine. Immunologic mediated side effects include leuko-
penia and thrombocytopenia, systemic lupus erythematodes, immune complex 
nephritis, pemphigus, buccal ulcerations, myasthenia gravis, optic neuritis, and 
Goodpasture syndrome. Immunologic mediated side effects occur within the 
first three months of treatment and require immediate cessation of penicilla-
mine. To diagnose these side effects as soon as possible, patients should be 
monitored in weekly intervals during the first six weeks of therapy. If the drug 
is well tolerated, control intervals can be gradually prolonged.  

  Trientine 

 Trientine is a copper chelator, acting primarily by enhancing urinary copper excre-
tion. Trientine is licensed for treatment of Wilson disease and is now generally 
available. Experience with trientine is not as extensive as with penicillamine. 
It seems to be as effective as penicillamine, with far fewer side effects. Its efficacy 
was evaluated in patients with intolerance to penicillamine (Scheinberg et al., 
 1987) . Discontinuation of penicillamine resulted in death from hepatic decompen-
sation or fulminant hepatitis in 8 of 11 patients who stopped their own treatment 
after an average survival of only 2.6 years. In contrast, 12 of 13 patients with 
intolerance to penicillamine switched to trientine (1 – 1.5 g/day) were alive at 2 – 15 
years later. The remaining patient was killed accidentally. However, the efficacy of 
trientine was not compared with penicillamine as initial treatment of Wilson 
disease. Uncontrolled anecdotal reports and our own experience indicate that 
trientine is a satisfactory first line treatment for Wilson disease. In the early phase 
of treatment trientine appears to be more potent to mobilize copper than penicilla-
mine, but cupriuresis diminishes more rapidly than with penicillamine. The cupri-
uretic power of trientine may be disappointing but is sufficient to keep the patient 
clinically well.  
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  Ammonium Tetrathiomolybdate 

 This drug has two mechanisms of action. First, it complexes with copper in the 
intestinal tract and thereby prevents absorption of copper. Second, the absorbed 
drug forms a complex with copper and albumin in the blood and renders the copper 
unavailable for cellular uptake. There is very limited experience with this drug. 
Tetrathiomolybdate appears to be a useful form of initial treatment in patients pre-
senting with neurological symptoms (Brewer et al.,  1996) . In contrast to penicilla-
mine therapy, treatment with tetrathiomolybdate does not result in initial neurological 
deterioration. This agent is particularly effective at removing copper from the liver. 
Because of its effectiveness, continuous use can cause copper deficiency. Besides, 
bone marrow depression was observed in a few patients treated with this drug.  

  Zinc 

 Zinc interferes with the intestinal absorption of copper by two mechanisms. Both 
metals share the same carrier in enterocytes and pretreatment with zinc blocks this 
carrier for copper transport (with a half-life of about 11 days). The impact of zinc 
induced blockade of other copper transport by other carriers into the enterocytes 
was not studied. Second, zinc induces metellothionein in enterocytes (Yuzbasiyan-
Gurkan et al.,  1992) , which acts as an intracellular ligand binding metals which are 
then excreted in the feces with desquamated epithelial cells. Indeed, fecal excretion 
of copper is increased in patients with Wilson disease on treatment with zinc. 
Furthermore, zinc also induces metallothionein in the liver protecting hepatocytes 
against copper toxicity (Lee et al.,  1989 ; Gonzalez et al.,  2005) . Zinc also induces 
metallothionein in enterocytes, which acts as an intracellular ligand binding metals 
(Yuzbasiyan-Gurkan et al.,  1992)  which are then excreted in the feces with desqua-
mated epithelial cells. Indeed, fecal excretion of copper is increased in patients with 
Wilson disease on treatment with zinc. 

 Data on zinc in the treatment of Wilson disease are derived from uncontrolled 
studies using different zinc preparations (zinc sulfate, zinc acetate) at different 
doses (75 – 250 mg d  − 1 ) (Ferenci,  1997) . The efficacy of zinc was assessed by four 
different approaches. First, patients successfully decoppered by d-penicillamine 
were switched to zinc and the maintenance of their asymptomatic condition was 
monitored. Most patients maintained a negative copper balance and no sympto-
matic recurrences occurred. Some patients, however, died of liver failure after treat-
ment was switched to zinc. Stremmel observed the occurrence of severe neurological 
symptoms in a 25 year old asymptomatic sibling 4 months after switching from 
d-penicillamine to zinc (Ferenci,  1997) . 

 The Second group of symptomatic patients switched to zinc as alternate treat-
ment due to intolerance to D-penicillamine. Sixteen case histories have been 
published so far. Liver function and neurological symptoms improved in three 
and five patients, respectively. One patient further deteriorated neurologically and 
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improved on re-treatment with d-penicillamine. The remaining patients remained 
in stable condition. Follow-up studies in 141 patients demonstrated that zinc is 
effective as sole therapy in the long-term maintenance treatment of Wilson dis-
ease. In a third group, zinc was used as first line therapy. About one-third of them 
were asymptomatic siblings, two-third presented with neurological or hepatic 
symptoms. Most patients remained free of symptoms or improved. In 15 °  neuro-
logical symptoms worsened and improved on d-penicillamine. Three patients 
died of progressive liver disease. Finally, in a prospective study in 67 newly diag-
nosed cases, the efficacy of d-penicillamine and zinc was similar. This was not a 
randomized study; every other patient was treated with zinc. Zinc was better 
tolerated than D-penicillamine. However, two zinc-treated patients died of 
progressive liver disease. 

 It is unknown whether a combination of zinc with chelation therapy is useful or 
not. Theoretically these drugs may have antagonistic effects. Interactions in the 
maintenance phase of zinc therapy with penicillamine and trientine were investi-
gated by Cu balance studies and absorption of orally administered  64 Cu as end-
points. The result on Cu balance was about the same with zinc alone as it is with 
zinc plus one of the other agents. Thus, there appears to be no advantages to 
concomitant administration.  

  Monitoring Therapy 

 If a decoppering agent is used for treatment, the compliance can be tested by 
repeated measurements of the 24 h urinary copper excretion. This approach is not 
useful if patients are treated with zinc. The dose of d-penicillamine can be lowered 
if in a compliant patient urinary copper excretion decreases over time and stabilizes 
at < 500  µ  g/day. Efficacy of treatment can be monitored by the determination of 
 “  free  ”  copper in serum, and depending on the presenting symptoms, Liver disease 
can be assessed by routine liver function tests. Repeated liver biopsies with meas-
urement of hepatic copper content are not helpful. Improvement of neurological 
symptoms can be documented by clinical examination or by auditory evoked brain-
stem potentials. In addition, some of the MRI abnormalities are fully reversible on 
treatment.  

  Liver Transplantation 

 Liver transplantation is the treatment of choice in patients with fulminant Wilson 
disease and in patients− with decompensated cirrhosis. Besides improving survival, 
liver transplantation also corrects the biochemical defect underlying Wilson disease. 
However, the role of this procedure in the management of patients with neurological 
Wilson disease in the absence of hepatic insufficiency is still uncertain. 
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 Schilsky analyzed 55 transplants performed in 33 patients with decompensated 
cirrhosis and 21 with Wilsonian fulminant hepatitis in the United States and 
Europe. The median survival after orthotopic liver transplantation was 2.5 years, 
the longest survival time after transplantation was 20 years. Survival at 1 year was 
79%. Nonfatal complications occurred in five patients. Fifty-one orthotopic liver 
transplants (OLT) were performed on 39 patients (16 pediatric, 23 adults) at the 
University of Pittsburgh. The rate of primary graft survival was 73 % and patient 
survival was 79.4 %. Survival was better for those presenting with a chronic 
advanced liver disease (90%) than it was for those presenting with a fulminant 
hepatic failure (73%). In the Mayo clinic series 1-year survival ranged from 79 to 
87%, with an excellent chance to survive long term. The outcome of neurological 
disease following OLT is uncertain. In the retrospective survey four of the seven 
patients with neurological or psychiatric symptoms due to Wilson disease improved 
after OLT. Anecdotal reports documented a dramatic improvement in neurological 
function within 3 – 4 months after OLT. In contrast, central pontine and extrapontine 
myelinolysis and new extrapyramidal symptoms developed in a patient 19 months 
after OLT. Some patients transplanted for decompensated cirrhosis have had psy-
chiatric or neurological symptoms, which improved following OLT.   

  Prognosis  

 Untreated, symptomatic Wilson disease progresses to death in all patients. The 
majority of patients will die of complications of advanced liver failure, some of 
progressive neurological disease. The overall mortality from Wilson disease treated 
medically (in most cases by d-penicillamine) has not been assessed prospectively. 
In a German study, in 51 patients the cumulative survival was slightly reduced dur-
ing the early period of follow up but was not different from an age- and sex matched 
control population after 15 years of observation (96%). In a recent survey 63 of 300 
patients diagnosed between 1948 and 2000 had died, but in a substantial proportion 
the cause of death was unrelated to Wilson disease (Walshe ,  2007) . 

  Liver Disease 

 In general, prognosis depends on the severity of liver disease at diagnosis. In 
patients without cirrhosis or with compensated cirrhosis, liver disease does not 
progress after initiation of therapy. Liver function improves gradually and will 
become normal in most patients within 1 – 2 years. In compliant patients treated 
with d-penicillamine or trientine, liver functions remain stable and no progressive 
liver disease is observed. 

 Schilsky followed 20 patients with Wilsonian chronic active hepatitis. 
Treatment with D-penicillamine was promptly initiated in 19 patients. One 
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refused treatment and died 4 months later. Treated patients received D-penicillamine 
or trientine for a total of 264 patient-years (median: 14). In 18, symptomatic 
improvement and virtually normal levels of serum albumin, bilirubin, aspartate 
aminotransferase, and alanine aminotransferase followed within 1 year. One 
woman died after 9 months of treatment. Two patients, who became noncompli-
ant after 9 and 17 years of successful pharmacological treatment, required liver 
transplants. 

 In patients presenting with fulminant Wilson disease, medical treatment is rarely 
effective. Without emergency liver transplantation mortality is very high. The 
modified Nazer score (Dhawan et al.,  2005)  is a useful guide to assess short term 
mortality in the setting of liver transplantation. 

 If diagnosed and treated early, hemolysis subsides within a few days after initia-
tion of d-penicillamine therapy. Spontaneous remissions may occur even without 
treatment but relapse usually within a few months. Hemolysis associated with 
active liver disease may progress to fulminant Wilson disease rapidly.  

  Neurological Disease 

 Patients presenting with neurological symptoms have a better prognosis than those 
presenting with liver disease. The prognosis for survival is favorable (Stremmel et al., 
 1991) , provided that therapy is introduced early. In Brewer´s series, two out of 54 
patients died due to complications which were attributed to their impaired neuro-
logical function (Brewer and Yuzbasiyan-Gurkan,  1992) . 

 Neurological symptoms are partly reversible and improvement occurs grad-
ually over several months. Initially, neurological symptoms may worsen, espe-
cially on treatment with D-penicillamine. In some patients neurological 
symptoms disappear completely, and abnormalities documented by evoked 
responses or MR-imaging may completely resolve within 18 – 24 months. Brain 
function was assessed by repeated recording of short latency sensory poten-
tials, auditory brain stem potentials and cognitive P300 evoked potentials in 10 
followed prospectively after diagnosis for 5 years (Grimm et al.,  1990) . 
Electrophysiological and clinical improvement was observed as early as 3 
months after initiation of therapy and continued until final assessment after 5 
years. Three patients became completely normal but residual symptoms were 
detectable in seven. Czlonkowska et al (Czlonkowska et al.,  2005)  studied 164 
patients diagnosed over a 11-year period. Twenty died during the observation 
period. The relative survival rate of all patients in our group was statistically 
smaller than in the Polish population. The main cause of death was the diag-
nosis in advanced stage of disease, but in six patients presenting with mild 
signs, the disease progressed despite treatment. There was no difference in 
mortality rate in patients treated with d-penicillamine or zinc sulphate as initial 
therapy.       
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 Chapter 22 
     Metabolic Abnormalities in Alzheimer Disease       

     Florian   M.   Gebhardt    and    Peter   R.   Dodd      

  Alzheimer’s Disease  

  History 

 In 1906, German neuropathologist and psychiatrist Alois Alzheimer described 
 “ eine eigenartige Erkrankung der Hirnrinde ”  (a peculiar disease of the cerebral 
cortex). Alzheimer noted two abnormalities in autopsied brain tissue from his index 
case: senile plaques, proteinaceous structures previously described in the brain of 
normal elderly people; and abnormal cells delineated with silver stain that became 
known as neurofibrillary tangles (NFTs). The distribution and abundance of tangle-
filled neurons are now the main criteria used to diagnose Alzheimer disease (AD) 
at autopsy.  

  Epidemiology 

 About 25 million people are suffering from dementia worldwide, a figure expected 
to pass 42 million by 2020; there is a new case every seven seconds globally (Ferri 
et al.,  2005 ; Dua et al.,  2006) . Dementia is the fourth leading cause of death for 
those over 65, and the second-largest source of disability burden (Katzman,  1986) . 
AD, the commonest form of dementia, accounts for 50 – 70% of cases (Gearing et 
al.,  1995) . Prevalence increases with age: 2.9% of the population aged 65 – 74 are 
diagnosed with dementia, increasing to 10.9% for those aged 75 – 84 and 30.2% for 
those over 85 (Gurland et al.,  1999) . AD causes emotional suffering to the patient’s 
family and places a major economic burden on society through provision of care 
and loss of wages. The cost of dementia is estimated at  $ US248 billion per annum 
(Jonsson et al.,  2006 ; Wimo et al.,  2006) . Despite these consequences, the etiology 
of AD is poorly understood and there is no cure.  
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  Diagnosis 

  Clinical 

 Since AD can be confirmed only by neuropathological examination, clinical diag-
nosis relies on ruling out other forms of dementia. A diagnosis of  probable AD  
according to DSM-IV (Diagnostic and Statistical Manual of Mental Disorders) 
guidelines is over 80% accurate when checked against neuropathology (American 
Psychiatric Association,  2000 ; Knopman et al.,  2001) . A probable AD clinical diag-
nosis is determined from deficits in two or more areas of cognition, specifically 
aphasia, apraxia, agnosia, or executive functioning, resulting in impairment in an 
occupational or social context. These changes must represent a decline from a 
previous level of mental functioning. Individuals will often be unable to learn new 
material and/or forget material known prior to illness. Defects must not result from 
central nervous system (CNS) conditions that cause progressive worsening of mem-
ory or cognition (e.g., Parkinson disease), systemic conditions known to cause 
dementia (e.g., human immunodeficiency virus infection), trauma, substance abuse, 
or mental disorder (e.g., schizophrenia) (American Psychiatric Association,  2000) .  

  Pathological 

 AD is characterized by plaques surrounded by dystrophic neurites, NFTs, and 
regional atrophy caused by neuronal loss. The pattern of damage is not distributed 
uniformly through the brain. Cell loss is particularly severe in pyramidal neurons 
in layers III and IV of the neocortex, as well as in glutamate-innervated cortical and 
hippocampal neurons (Albin and Greenamyre,  1992) . The destruction of this neu-
ronal population correlates with clinical severity ante mortem; more than 90% are 
lost by end-stage (Bussiere et al.,  2003) .   

  Presentation and Metabolism 

 AD patients commonly show marked weight loss and cachexia (Finch and Cohen, 
 1997 ; Poehlman and Dvorak,  2000) . This has led to speculation that the regulation of 
body weight may be affected, and there is some evidence that patients with normal 
hypothalamic pituitary adrenal axis (HPA) and thyroid function may have aberrant 
circulating levels of leptin and tumor nrcrosis factor- α  (TNF α ) (Intebi et al.,  2002) . 
Moreover, a decline in body mass index (BMI) is reportedly associated with increased 
risk of AD (Buchman et al.,  2005) . However, a review of the available literature does 
not support the view that body wasting results from generalized hypometabolism; 
rather, the patients may show aberrant levels of physical activity and energy intake 
(Poehlman and Dvorak,  2000) . Nevertheless, brain metabolism appears to be disor-
dered in most patients compared with matched controls (Fig.  22.1  ).  The present 
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chapter will explore the likely origins and impact of this aspect of the disease. The 
AD brain is marked by neuropathological alterations that include the loss of syn-
apses, atrophy, and the selective depletion of neurotransmitter systems (Hansen et 
al.,  1993 ; Giasson et al.,  2003) . We will first consider the mechanisms that give rise 
to these key pathognomonic features, and then discuss the role that metabolic 
abnormalities may play in generating those features. 

   b -Amyloid Precursor Protein 

 AD plaques are extracellular deposits of aggregated amyloid- β  (A β ) peptide that is 
proteolytically derived from the  β -amyloid precursor protein (APP).  In vitro  and 
 in vivo  studies have shown that APP abnormalities can affect synaptic vesicle 
and axonal transport. Axonal dysfunction might lead to impaired synaptic plasticity 
and reduced neuronal viability. 

 There are two major forms of plaques: neuritic and diffuse. Neuritic plaques are 
composed of extracellular deposits of A β  surrounded by dystrophic neurites. 
Diffuse plaques are amorphous extracellular deposits of A β -immunoreactive granular 
material that lack neurites, and are thought to precede neuritic plaques. 

 The amyloid cascade hypothesis, which is probably the most widely held formu-
lation of AD pathogenesis (Hardy and Selkoe,  2002) , postulates that neurodegen-
eration and cognitive decline in AD are primarily related to a toxic effect of A β  on 
cell bodies and adjacent cell processes (dendrites and synapses). It gained wide-
spread acceptance after it was shown that fibrillar A β  is cytotoxic  in vitro  (Pike et al., 
 1991 ,  1993) . Studies of synaptosomes showed that A β  induces membrane lipid 
peroxidation and impairs ion, glucose, and glutamate transporter functions. 
Aggregated or fibrillar forms of A β  are toxic when injected into the brains of aged 
primates (Geula et al.,  1998) . 

  Fig. 22.1      Positron emission tomography image of Alzheimer disease and normal brain (coronal 
and transverse sections through the hippocampus) (See also Color Insert)       
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 The A β  sequence includes 28 amino acids of the extracellular region, and 12 – 15 
residues of the membrane-spanning region, of APP. There are two major variants 
of A β : A β 40 is the main form secreted from cultured cells and is found in cerebro-
spinal fluid, whereas A β 42 is the major component of amyloid deposits. A β 40 is 
produced in greater quantities in normal subjects, in whom A β 42 comprises only a 
small fraction of total A β . The two A β  forms differ in cytotoxicity, solubility, and 
tendency to generate fibrils.  C -terminal alanine and isoleucine residues render 
A β 42 more hydrophobic, and it aggregates more rapidly and forms A β  oligomers 
more readily (Burdick et al.,  1992 ; Jarrett et al.,  1993 ; Bitan et al.,  2003 ; Chen and 
Glabe,  2006) . A β 42 is more neurotoxic, and is prominent within neurons of AD 
brains (Gouras et al.,  2000) . A β 42 can aggregate into a non- β -sheet, non-fibrillar 
state, or a  β -sheet fibrillar state. The latter is cytotoxic and tends to deposit in 
plaques (Cuajungco and Faget,  2003) . A β 42 monomer oligomerizes to form 
protofibrils, and then fibrils, which are neurotoxic. Oligomers and protofibrils 
appear to be more neurotoxic than fibrils or plaques (Dahlgren et al.,  2002) . The 
amount of soluble A β 42 isolated from brain correlates with the severity of neuro-
degeneration in AD (Lue et al.,  1999 ; McLean et al.,  1999) . Plaques in familiar AD 
cases have higher A β 42 to A β 40 ratios than sporadic AD plaques (Iwatsubo et al., 
 1994) . However, there is no close correlation between plaque deposition and the 
clinical severity of dementia, and neuronal and synaptic losses do not correlate with 
the brain A β  burden (Lippa et al.,  2000 ; Carter and Lippa,  2001) . 

 The strongest support for the amyloid hypothesis has come from molecular-
genetic studies of mutations in the  APP ,  PS1 , and  PS2  genes that are responsible 
for most familial AD (FAD) cases (these comprise ~1% of all AD cases (Campion 
et al.,  1999) ), and associated biochemical studies on the effects of these mutations 
on the properties of A β  or its production from APP. More than 160 mutations have 
been found in the three genes. Twenty-seven FAD mutations have been described 
in the  APP  gene on chromosome 21, clustered around the A β  sequence within APP; 
most increase the production of A β 42. (Note, however, that only 3% of FAD cases 
are due to APP mutations (Tanzi et al.,  1992) ). For example, enhanced  β -secretase 
cleavage and increased A β  production have been found in the  APP   “ Swedish ”  
mutation (Haass et al.,  1995) . A β  assembles more slowly into fibrils and protofi-
brils in subjects with the APP  “ Flemish ”  mutation than in wild-type normal 
subjects (Walsh et al.,  2001) . The  APP   “ Dutch ”  mutant causes faster assembly of 
A β  than wild type (Kirkitadze et al.,  2001) . Trisomy-21 (Down syndrome) subjects 
develop A β  deposits before other pathologies such as NFTs. 

 A central question on the role of A β  in AD is whether A β  deposition initiates 
the disease process. The cascade hypothesis has been extended to include the idea 
that neuronal death is due to toxic influences of non-fibrillary A β  oligomer production 
within the neuronal cytoplasm, which manifests prior to, and independent of, extra-
cellular lesions. Alternatively, extracellular A β  oligomers may be neurotoxic before 
they become fibrillary and aggregate into plaques. Transgenic mice harboring 
constructs that target intracellular A β  develop neurodegeneration, whereas mice 
with extracellular A β  targeting do not (La Ferla et al.,  1995) . The emergence of 
intraneuronal A β  is correlated with cognitive dysfunction (Billings et al.,  2005) . 
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Gouras et al.  (2000)  showed that neurons in AD-vulnerable brain regions accumu-
late A β 42 (in both the absence and presence of NTF) but not the more abundantly 
secreted A β 40. Studies on autopsied Down syndrome and APP transgenic mouse 
brains suggest that intraneuronal A β 42 increases with aging. Once plaque pathology 
develops, intraneuronal A β 42 decreases (Haass and Steiner,  2001) . 

 The mechanism by which A β  induces neuronal cell loss remains elusive, but it 
may involve interactions with integrins. Integrins influence long-term potentiation 
in hippocampal neurons, regulate neurite outgrowth induced by growth factors, and 
respond to toxicity associated with neurodegeneration (Giancotti and Ruoslahti, 
 1999 ; Williamson et al.,  2002 ; Grace and Busciglio,  2003) . Fibrillar A β  binds to 
integrin-activating focal-adhesion and downstream pathways, regulating the cell 
cycle through various effectors that include MAPK, PI3-K, and GSK3 β  kinases 
(see Tanzi et al.,  1992  for review; Zhang et al.,  1994 ; Berg et al.,  1997 ; Williamson 
et al.,  2002) . 

 APP is part of a superfamily from which 16 homologous amyloid precursor-like 
proteins (APLPs) and APP homologs are derived (McLean et al.,  1999) . The  APP  
gene comprises 18 exons and spans more than 30   kb, translated into a 110 – 130   kDa 
type-1 membrane glycoprotein, which is limited to the brain but almost ubiquitous 
in all cell types. APP is inserted in the membrane in such a way that only a small 
 C -terminal part remains in the cytosol. The  N -terminal part forms a large extracel-
lular domain. APP has at least three isoforms arising from the alternative splicing 
of exons 7, 8, and 15 (Sandbrink et al.,  1996) : APP695, APP751, and APP770. Few 
physiological differences have been observed between the isoforms (Kang et al., 
 1987 ; Tanzi et al.,  1988) . The APP695 isoform predominates in human cerebral 
cortex; it differs from APP751, which is more abundant in non-neuronal cells, by 
its lack of a Kunitz-type protease inhibitor (KPI) domain. 

 The cytoplasmic domain of APP contains trafficking signals that localize it to 
synaptic regions. Kamal et al.  (2000)  showed that the axonal transport of APP in 
neurons is mediated by its binding to the kinesin I light chain subunit. APP posi-
tioned on the cell surface (Storey et al.,  1999)  has a neurite-promoting activity, 
whereas secreted APP does not (Qiu et al.,  1995) . It also co-localizes with plaque 
adhesion components (Yamazaki et al.,  1997)  and participates in synaptic vesicle 
recycling (Marquez-Sterling et al.,  1997) . This suggests that APP could function as 
a cell-surface receptor, transducing signals from the extracellular matrix to the 
interior of the cell. 

 APP undergoes post-translational processing. In the endoplasmatic reticulum 
(ER), APP is  N -glycosylated, and in the Golgi apparatus it is glycosylated, phos-
phorylated, and tyrosine-sulfated. Its proteolytic cleavage involves three secretase 
enzymes ( α -,  β -, and  γ -), defined by their cleavage sites that determine the onset 
and progression of neurodegeneration. The major proteolytic pathway involves 
cleavage of APP by  α -secretase, a member of the ADAM (a disintegrin and metal-
loproteinase) family of proteinases that include ADAM10, ADAM7 (TNF α -con-
verting enzyme, TACE), and ADAM9 (Lammich et al.,  1999) . Besides the Golgi 
apparatus, the plasma membrane is the other major site where  α -secretase cleavage 
of APP occurs (Lammich et al.,  1999 ; Skovronsky et al.,  2000) .  α -Secretase cleaves 
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APP within the A β  sequence, between Lys 16  and Leu 17 , producing a 105 – 125   kDa 
soluble  N -terminal fragment (sAPP α ) and a membrane-anchored fragment (C83 or 
p10) of 10   kDa (Kojro et al.,  2001) . 

 Further processing of p10 by  γ -secretase yields truncated A β  fragments of about 
3 kDa (p3) and the APP intracellular domain (AICD). p3 is generally not found in 
amyloid cores of classical plaques, or in amyloid deposits in the cerebral vascula-
ture. The AICD fragment can form multiprotein complexes, which are transported 
to the nucleus and may have a role in nuclear signaling (Shoji et al.,  1992) . 

 sAPP α  plays important roles in modulating neuronal excitability, and in devel-
opmental and synaptic plasticity. It modulates dendritic outgrowth  in vitro  
(Butterfield et al.,  1994) . sAPP α  also protects neurons against excitotoxic, metabolic, 
and oxidative insults in cell culture and  in vivo  (Goodman and Mattson,  1994) . 
However, the mechanisms whereby sAPP α  affects neuronal plasticity and survival 
have not been clearly established. sAPP α  activates microglia largely through the 
JNK and p38-MAPK pathways ( v.i. ), which can generate proinflammatory factors 
and cause neurotoxicity (Bodles and Barger,  2005) . 

 The upregulation of  α -secretase activity might preclude the formation of A β  
peptides and their deposition as plaques. To investigate this concept  in vivo , Postina 
et al.  (2004)  generated transgenic mice overexpressing ADAM10. Moderate neuro-
nal overexpression increased the release of sAPP α , reduced the formation of A β , 
and prevented the latter’s deposition in plaques. Because  α -secretase-cleaved APP 
prevents the formation of amyloidogenic fragments (A β ), this pathway is called 
 non-amyloidogenic pathway , which is thought not to lead to AD pathology. The 
pathway can be enhanced by, for example, neuropeptides such as pituitary ade-
nylate cyclase-activating polypeptide (PACAP; Kojro et al.,  2006) , PKC activators 
(Etcheberrigaray et al.,  2004) , lovastatin (Kojro et al.,  2001) , simvastatin (Hoglund 
et al.,  2005) , and retinoids (Goodman and Pardee,  2003) . 

 The amyloidogenic pathway that generates A β  from APP is also a two-step 
proteolytic process involving  β -and  γ -secretases (Kaether and Haass,  2004) . First, 
the ectodomain of APP is shed  N -terminally by  β -secretase (BACE1 and or 
BACE2) into an extracellularly released soluble sAPP β  and a membrane-bound 
 C -terminal fragment. This is followed by attack by the  γ -secretase complex, which 
can cleave at different transmembrane-domain sites of APP: the  γ -site, which is 
variable and can occur after amino acids 38, 40, and 42 (referring to the sequence 
of A β ), the  ε -site at amino acid 49, and the  ζ -site at amino acid 46. It is likely that 
the  C -terminus of A β  is generated by a series of cleavages. The first cleavage at the 
 ε -site, which is close to the cytoplasmic border of the transmembrane domain, 
releases the free AICD (intracellular part) in the cytosol (Sastre et al.,  2001 ; 
Weidemann et al.,  2002) . The remaining membrane-anchored fragment undergoes 
an intermediate scission at the  ζ -site; this is followed by  γ -cleavage to generate 
peptides mainly 40 or 42 amino acids in length (A β 42 and A β 40; Qi-Takahara et al., 
 2005 ; Zhao et al.,  2005) . AICD controls p53 at the transcriptional level and 
increases its activity  in vitro  and  in vivo  (Alves da Costa et al.,  2006) . 

 BACE1 and BACE2 are highly homologous type 1 single-transmembrane aspartyl 
proteases. Both enzymes are expressed in neural tissues; BACE2 is the less abundant 
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(Bennett et al.,  2000a) . BACE 1 is synthesized as a large precursor protein that can 
be modified by glycosylation. Mature BACE1 is cleaved by a furin-like endoprotease 
(Bennett et al.,  2000b ; Creemers et al.,  2001) . Its major locations are endosomal/
lysosomal compartments, Golgi-derived vesicles, endoplasmic reticulum/intermediate 
compartments in postmitotic neurons, and, in relative low abundance, the cell surface. 
It can cycle between the cell surface and endosomes (Huse et al.,  2000) . However, the 
mechanisms by which it is trafficked and activated have not been elucidated. 

 Harada et al.  (2006)  showed that BACE1 is exclusively expressed in neurons, 
not in glial cells. They further suggest that surviving neurons in AD brains might 
generate more BACE1 than neurons in control brains. This conforms to the idea 
that neurons are the primary source of the extracellular A β  deposited in plaques. 
BACE2 transcripts are expressed in the CNS and many peripheral tissues; it is 
much less abundant in neurons than BACE1. The proteins have similar structural 
organization and share 51% identity at the amino acid level. BACE2 is localized 
predominantly in post-Golgi structures and at the cell surface (Ehehalt et al.,  2002) . 
It can be distinguished from BACE1 by subcellular localization and on the basis of 
APP cleavage specificity: in addition to the BACE1 sites, BACE2 also cleaves 
between Phe 19 -Phe 20  and Phe 20 -Ala 21  within the A β  peptide (Farzan et al.,  2000) . 

 BACE protein expression and enzyme activity are significantly higher in suscep-
tible brain regions of sporadic AD cases than in nondemented control tissue, 
whereas there are no differences in cerebellum. BACE mRNA expression is 
elevated in frontal cortex. A significant correlation has been demonstrated between 
levels of BACE and plaque numbers in AD brains. Higher BACE expression may 
lead to increased A β  production and plaque deposition in sporadic AD patients 
(Li et al.,  2004a) . 

  γ -Secretase is a transmembrane aspartyl protease and belongs to the family of 
intramembrane cleaving proteases (I-CLiPs) that cleave proteins within the lipid 
bilayer (Wolfe et al.,  1999a) . It interacts with and cleaves single transmembrane 
receptors such as Notch and APP (Chyung et al.,  2005) . In contrast with other 
I-CLiPs,  γ -secretase requires the formation of a large multiprotein complex to be 
active. The complex contains presenilins, nicastrin, and anterior pharynx defective-1 
(APH-1) and presenilin enhancer-2 (PEN-2) proteins. Zhou et al.  (2005)  identified 
an integral part of the  γ -secretase complex, CD147, a transmembrane glycoprotein 
with two Ig-like domains.  In vitro , A β  production is downregulated in the presence 
of the CD147 subunit within the  γ -secretase complex. 

 The presenilins are the proteolytically active components and undergo endopro-
teolysis into an  N -terminal fragment (NTF) and a  C -terminal fragment (CTF) that 
remain associated (Thinakaran et al.,  1996) . This NTF — CTF heterodimer is the 
mature, active form of presenilin. Two conserved aspartates within adjacent 
transmembrane domains are essential for both presenilin endoproteolysis and 
 γ -secretase activity (Wolfe et al.,  1999b) . Presenilin-1 mRNA levels are signifi-
cantly higher in AD brain than in controls, but the high early-stage level decreases 
as the disease advances (Ikeda et al.,  1998) . Presenilin-2 mRNA levels are lower in 
the frontal cortex and hippocampus of subjects with mild AD and in those with 
late-onset sporadic AD (McMillan et al.,  2000) . 
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 The role of the other three  γ -secretase subunits is less well understood. Nicastrin 
and APH-1 might form a precomplex to which presenilin is first added. The ecto-
domain of nicastrin interacts with the  N -terminus of the substrate, an essential step 
in substrate recognition and processing (Shah et al.,  2005) . The addition of PEN-2 
facilitates presenilin endoproteolysis, leading to the generation of the active com-
plex.  γ -Secretase also cleaves other substrates, notably the Notch receptor that is 
required for the development and maintenance of multicellular organisms. 

 Many questions still remain, such as whether extracellular A β  modulates intrac-
ellular A β , or the mechanism by which A β  accumulation leads to synaptic dysfunc-
tion. Other factors, such as oxidative stress, which is extensive in AD, may aid the 
early accumulation of A β  (Butterfield et al.,  2002b) . A β  peptides stimulate oxidative 
stress by direct and indirect mechanisms. A β -induced oxidative stress may result 
from an imbalance between reactive oxygen species (ROS) and reactive nitrogen 
species (RNS), which could react with a number of cellular macromolecular targets 
including proteins, lipids, carbohydrates, DNA, and RNA. An early marker for 
oxidative stress is the formation of protein carbonyls, 4-hydroxy-2- trans -nonenal 
(4-HNE) and 3-nitrotyrosine (3-NT), a marker for the nitration of proteins 
(Butterfield,  2002) . A β  peptide can bind to mitochondrial proteins to generate free 
radicals, or it can promote oxidative stress via neuroinflammation. A β  peptides 
stimulate microglial cells to release a neurotoxin, quinolinic acid, which may also 
play a role in neurotoxicity (Guillemin et al.,  2003) . 

 The intracellular domain of APP contains several residues that are phosphor-
ylated by different protein kinases. Phosphorylation of the  C -terminal domain of 
APP with protein kinase-C (PKC), calcium/calmodulin-dependent kinase II (CaM 
kinase II), cyclin-dependent kinases 2 and 5 (CDK2, CDK5), or glycogen synthase 
kinase-3 (GSK3) have different effects (see below for further details on these 
enzymes). Phosphorylation of APP on Ser 655  can occur through PKC and CaM 
kinase II and on Thr 654  by PKC (numbering for the APP695 isoform). In tissue 
culture, treatment with phosphatase inhibitors or PKC activators increases the 
production of APP C-terminal fragments and reduces the level of A β . This leads to 
the idea that PKC phosphorylation may favor non-amyloidogenic processing of 
APP, since it prevents  β -amyloid formation (Buxbaum et al.,  1993) . PKC can 
increase the activity of TACE, the TNF α  converting enzyme, one of the metallopro-
teases that acts as  α -secretase. Activation of PKC also leads to increased sAPP α , 
which is neuroprotective and promotes neurite outgrowth (Stein et al.,  2004) . 
 In vitro  and  in vivo  studies identified PKC β  and PKC ε  as the APP-modulating 
kinases. PKC α  is located post-synaptically, whereas PKC ε  is pre-synaptic, which 
suggest there may be a PKC-mediated protective role on both sides of the synapse 
(Tanaka and Nishizuka,  1994) . 

 Phosphorylation of APP on Thr 668  by CDK2, CDK5, GSK3, and  c-jun  kinase 
(JNK) have been described, but reports are conflicting. Phosphorylation at Thr 668  
has a dual role, regulating both neuronal development and neurodegeneration. For 
example, CDK5-mediated phosphorylation regulates neuronal differentiation, but 
also the amyloidogenic processing of APP (Iijima et al.,  2000) . GSK3 phosphoryla-
tion of APP is linked to neurodegeneration and  β -amyloid production (Lee et al., 
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 2003b) . Phosphorylation of APP by JNK3 at Thr 688  is more problematic. On one 
hand, it affects AICD-mediated transcriptional activity by destabilizing the ACID-
Fe65 complex. On the other, JNK3 phosphorylation relocates APP to neurites and 
promotes their extension. 

 Pastorino et al.  (2006)  showed that the prolyl isomerase PIN1 binds to phospho-
rylated Thr 668  in APP and regulates its isomerization between the cis and trans 
conformations. This can help prevent the amyloidogenic processing of APP, and 
thus affect mechanisms leading to AD pathology. These and other results suggest 
that APP phosphorylation is regulated by a number of kinases through different 
signaling pathways. The regulation of APP phosphorylation could be a target for 
AD treatment.   

  Tau 

 Independent of the etiology, neurofibrillary degeneration of abnormally hyperphos-
phorylated  tau  in neurons is a hallmark lesion of neurodegenerative tauopathies, 
which include AD. Paired helical filaments (PHFs) are abnormal structures generated 
by self-aggregation of hyperphosphorylated forms of  tau  protein that form a com-
pact filamentous network. PHF formation from hyperphosphorylated  tau  follows 
several steps:  tau  phosphorylation, conformational change, and finally, polymeriza-
tion. NFTs are intracellular aggregates composed of arrays of PHFs within neuronal 
cell bodies (Grundke-Iqbal et al.,  1986a ; Goedert et al.,  1988) . 

 Although AD is the most frequent form of dementia in the elderly, NFTs are, in 
the absence of  β -amyloid plaques, also abundant in other neurodegenerative diseases, 
including Pick disease (Hof et al.,  1994) , progressive supranuclear palsy (Hof et al., 
 1992) , corticobasal degeneration (Paulus and Selim,  1990) , and amyotrophic lateral 
sclerosis/parkinsonism-dementia of Guam A argyrophilic grain disease, and a 
mutation in  tau  has been demonstrated to be a major factor in frontotemporal 
dementia with Parkinsonism-17 (FTDP-17; Spillantini et al.,  2000) . 

 In AD, the  tau  phosphorylation/dephosphorylation imbalance in affected neurons 
is generated at least in part by the activities of kinases such as CDK5, GSK-3, CaM 
kinase II, and PKA. Pyramidal cells of the CA 1 region of the hippocampus, layer 
III and IV of the association cortex, and layers II and IV of the entorhinal cortex 
are the main regions where PHFs can be found. The number and distribution of 
NTFs correlate with the severity of disease (Pearson et al.,  1985)  and can be used 
to distinguish six stages of disease progression (Braak and Braak,  1991 ,  1995) . The 
transentorhinal stages I – II represent clinically silent cases; the limbic stages III – IV, 
incipient AD; the neocortical stages V – VI, fully developed AD. Giannakopoulos 
et al.  (2003)  showed that total NFT counts in specific brain areas such as the 
entorhinal and frontal cortex, as well as neuron numbers in the CA1 region of 
the hippocampus, are the best predictors of cognitive deficits in brain aging and 
AD. Although NTF pathology correlates well with AD severity, it does not corre-
late well with the extent of neuronal death (Gomez-Isla et al.,  1997) . A quantitative 
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analysis of NFT in human brain revealed that a substantial number of pyramidal 
cells may persist either unaffected or in a transitional stage of NFT formation. 
While it is not possible to assess whether such transitional neurons are fully func-
tional, they might respond positively to therapeutic strategies aimed at protecting 
cells against neurofibrillary degeneration (Bussiere et al.,  2003) . 

  Tau  is mainly expressed in neurons, although non-neuronal cells usually have 
trace amounts. Under pathological conditions,  tau  protein can also be expressed in 
glial cells (Chin and Goldman,  1996) . It can also be found in peripheral tissues such 
as heart, kidney, lung, muscle, pancreas, testis, and fibroblasts (Ingelson et al., 
 1996 ; Vanier et al.,  1998) . 

 The  tau  gene is located on chromosome 17 and contains 16 exons, although 
exon 4A, 6, and 8 are not present in human brain mRNA, as they are specific to 
peripheral tissues (Himmler et al.,  1989 ; Nelson et al.,  1996) . Exons 1, 4, 5, 7, 9, 
11, 12, 13 are constitutive, whereas exon 14 is found in mRNA but not translated 
into protein. Six  tau  isoforms result from alternative splicing of exons 2, 3, and 10 
(Goedert et al.,  1989a ,  b ; Himmler et al.,  1989) .  Tau  isoforms range from 352 to 
441 amino acids, with a molecular weight from 45 to 65   kDa. The isoforms differ 
by the presence of either three or four microtubule-binding domains of 31 or 32 
amino acids near the C-terminal. Those encoded by exon 10 have four repeat 
regions (4R  tau ), whereas those lacking exon 10 have three repeat regions 
(3R  tau ). The different  C -termini are combined with two, one, or no inserts of 29 
amino acids each in the  N -terminal portion that are coded by exons 2 and 3. The 
 N -terminal region of  tau  binds to spectrin and actin filaments, plasma membrane 
components, src tyrosine kinases (fyn), and phospholipase C (Buee et al.,  2000) . 
Only a single isoform occurs in fetal brain, corresponding to the smallest of the 
 tau  isoforms. Goedert et al.  (1992b)  found all six isoforms in neurofibrilllary 
lesions in AD brain. 

  Function of Tau 

 The three members of microtubule-associated proteins (MAPs) appear to have the 
same functions, which include the nucleation and promotion of microtubule polym-
erization, the regulation of microtubule polarity and dynamics, and the spacing and 
bundling of axonal microtubules.  Tau  proteins (MAPT) bind to spectrin and actin 
filaments (Griffith and Pollard,  1982 ; Carlier et al.,  1984 ; Correas et al.,  1990)  and 
allow microtubules to interconnect with other cytoskeletal components such as 
neurofilaments. Microtubules are essential for axoplasmic flow, which in turn is 
essential for neuronal activity.  Tau  can interact with cytoplasmic organelles, which 
allows connection between microtubules and mitochondria (Rendon et al.,  1990)  or 
between microtubules and the neural plasma membrane (Brandt et al.,  1995) .  Tau  
has been assigned roles in signal transduction, intracellular vesicle transport, and 
anchoring phosphatases and kinases (G ö tz et al.,  2001) . For example,  tau  can asso-
ciate with fyn (an src-family nonreceptor tyrosine kinases; Lee et al.,  1998)  or 
phospholipase C- γ  (PLC-  γ ) isozymes (Hwang et al.,  1996) .  
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  Phosphorylation of Tau 

 The biological activity of  tau  is regulated by its degree of phosphorylation and 
dephosphorylation. Normal  tau  contains 2 – 3   mol phosphate/mol of protein, 
whereas in AD it is three- to fourfold more hyperphosphorylated (Grundke-Iqbal 
et al.,  1986b ; Kopke et al.,  1993) . The abnormal hyperphosphorylation of  tau  
appears to precede its accumulation in affected neurons in AD. Abnormally hyper-
phosphorylated  tau  is found not only in NFTs (Grundke-Iqbal et al.,  1986b)  but 
also in cytosol in AD brain cells (Iqbal et al.,  1986) .

 Tau  proteins contain more than 30 phosphorylation sites (Morishima-Kawashima 
et al.,  1995 ; Lovestone and Reynolds,  1997 ; Hanger et al.,  1998 ; Johnson and 
Hartigan,  1999)  for a large number of protein kinases, including PKA, PKC, 
CDK5, mitogen-activated extracellular signal-regulated protein kinases (MAPK/
ERK), stress-activated protein kinases (SAPK/JNK), p38 kinases, CaM kinase II, 
microtubule affinity-regulating kinase (MARK), and casein kinases (Buee et al., 
 2000 ; Anderton et al.,  2001 ; Lee et al.,  2001) . Phosphorylation at many of these 
sites occurs in a significant fraction of fetal  tau ; studies of biopsy-derived material 
have shown that they are also phosphorylated in a small fraction of  tau  from adult 
human brain (Matsuo et al.,  1994) . However, some sites are phosphorylated in 
abnormal  tau , but not in  tau  from normal adult brain (Mercken et al.,  1992 ; 
Hasegawa et al.,  1996 ; Zheng-Fischhofer et al.,  1998) .  

  Abnormal  Tau 

 Interruptions of post-translational modifications play a major role in the hyperphos-
phorylation of  tau , which lead to structural and conformational changes. 
Hyperphosphorylation of  tau  affects its binding to tubulin, leading to destabilization 
of microtubular network and impairment of microtubule-associated axonal 
transport.  

  Mitogen-Activated Protein (MAP) Kinases 

 The MAP kinase family belongs to the proline-directed protein kinases and has 
three members: stress-activated protein kinase/c-Jun amino terminal kinase (SAPK/
JNK) p38 kinase, and extracellular signal-regulated protein kinases (ERKs; Roux 
and Blenis,  2004) . These serine/threonine protein kinases are activated in response 
to a variety of extracellular stimuli. They mediate signal transduction from the cell 
surface to the nucleus (Boulton et al.,  1991 ; Goedert et al.,  1997) . For activation, 
all three kinases have a tripeptide motif that has to be phosphorylated. For ERK this 
motif is Thr 202 Glu 203 Tyr 204 ; for JNK it is Thr 183 Pro 184 Tyr 185 ; and for p38, 
Thr 180 Gly 181 Tyr 182  (Raingeaud et al.,  1995) . They have all received attention with 
respect to  tau  hyperphosphorylation, because they are all overexpressed in AD 
(Zhu et al.,  2000a ,  2001b ; Ferrer et al.,  2001a , b) .  
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  Mitogen-Activated Protein Kinase ERK1/2 (MAPK/ERK) 

 ERKs include ERK1 (p44 ERK1) and ERK2 (p42 ERK2). Both are able to phos-
phorylate recombinant  tau  at the same sites as PHF (Drewes et al.,  1992 ; Goedert 
et al.,  1992a ; Lu et al.,  1993) . ERKs are activated by MAPK/ERK kinases (MEKs), 
which in turn are activated by MEK kinases (MEKKs). Activation of this cascade 
results in transcriptional regulation through different downstream activators, such 
as cAMP-response-element-binding-protein (CREB). CREB is necessary for cell 
proliferation, differentiation, and survival (Derkinderen et al.,  1999) . ERK1 and 
ERK2 phosphorylate  tau  and neurofilament proteins  in vitro  (Drewes et al.,  1992 ; 
Goedert et al.,  1992a ; Veeranna et al.,  1998) . ERK1 mRNA in human hippocampus 
is limited to dentate gyrus cells, whereas ERK2 mRNA is present in dentate gyrus 
granule cells and in pyramidal neurons of the hippocampus and temporal cortex. 
ERK1 and ERK2 proteins occur in neurons, dendrites, axons, and reactive astrocytes 
(Hyman et al.,  1994) . 

 Several observations support the role of ERK in the pathogenesis of AD (Mc 
Shea et al.,  1999 ; Ferrer et al.,  2001a ; Zhu et al.,  2002) . Nonactivated ERK levels 
are almost the same in AD and control brains, whereas phosphorylated MAPK/
ERK is increased in AD. The reason for MAPK/ERK activation in AD is unknown, 
but MAPK kinase 1 (MEK1), an activator of ERK, is increased in AD. Trojanowski 
et al.  (1993)  reported reduced levels of ERK2 in AD brain, which could be also due 
to neuronal loss. They localized ERK2 in NFTs and dystrophic plaque neurites in 
the AD hippocampus. They also found ERK2 immunoreactivity in neurons with 
neurofibrillary tangles and in dystrophic neurites of senile plaques in AD 
(Trojanowski and Lee,  1995) . Ferrer et al.  (2001a)  found a close relationship 
between ERK phosphorylation and  tau  deposition, not only in neurons but also in 
glia cells in AD.  

  p38 

 p38 MAP kinase is a stress-activated enzyme responsible for transducing inflam-
matory signals and initiating apoptosis. Four isoforms of p38 MAPKs (p38 α ,  β ,  γ , 
and  δ ) have been identified (Ono and Han,  2000) . Additionally, p38 α  is alterna-
tively spliced, and an isoform of p38 β , p38 β 2, is the major isoform in human brain 
(Enslen et al.,  1998) . In contrast, p38 γ  and p38 δ  are not expressed in human brain 
(Li et al.,  1996a   ; Kumar et al.,  1997) . Among the other functions, p38 kinase has 
the capability to phosphorylate  tau in vitro  at several sites that are seen in PHF- tau  
(Reynolds et al.,  1997a , b) . 

 Elevated activated-p38 immunoreactivity in AD brain was reported by Hensley 
et al.  (1999) . They found increased phospho-p38 activity in the AD hippocampus. 
There was also an accumulation of activated p38 kinase in neurons filled with 
NFTs. An association of phosphorylated p38 with neurofibrillary tangles has also 
been reported, together with co-precipitation of p38 and PHF- tau  (Zhu et al., 
 2000b) . Pei et al.  (2001)  correlated the appearance of activated p38 with 
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neurofibrilllary degeneration in AD brain regions at different Braak stages. 
Entorhinal cortex showed an intense phospho-p38 staining in early stages. With AD 
progression, the phosphor-p38 immunoreactivity intensity spread to other brain 
regions. This accumulation of activated p38 in neurons occurred earlier than the 
deposition of amyloid in the extracellular space. In contrast, Sun et al.  (2003)  
showed co-localization of phosphorylated  tau  and phosphor-p38 in AD cases that 
did not correlate with NTFs. This may suggest that activation of p38 decreases its 
association with phosphorylated  tau.   

  c-Jun Kinase (JNK) also called Stress Activated Protein Kinases, SAPK 

 Three different genes encode JNKs:  JNK1, JNK2 , and  JNK3  (Gupta et al.,  1996) . 
 JNK1  and  JNK2  are ubiquitously expressed, whereas  JNK3  mRNA is restricted to 
brain, heart, and testis. All transcripts are alternatively spliced, but functional 
differences between the variants have not been reported. In the prenatal brain,  JNK1  
mRNA is widely expressed and rapidly downregulated after birth;  JNK3  expression 
does not change.  In vitro , JNK phosphorylates  tau  on threonine and serine residues 
and can interfere with tau induction (Goedert et al.,  1997 ; Reynolds et al.,  1997b ; 
Sadot et al.,  1998) . JNK2 phosphorylates the most sites in  tau , followed by JNK3 
and JNK1. Phosphorylation of  tau  by JNK isoforms also leads to a lower ability of 
 tau  to promote microtubule assembly  in vitro  (Yoshida et al.,  2004) . 

 In hippocampal and cortical AD brain samples, activated JNK is localized exclu-
sively with NFTs; it is absent from controls without pathology. A translocation of 
activated JNK from the nucleolus to the cytoplasm was found in controls with some 
pathology and in mild AD cases, indicating a correlation of disease state and activation/
redistribution of JNK. Zhu et al.  (2001a)  showed that JNK and JNK3 co-localize 
with  tau  pathology in AD and that they are significantly more activated (phosphor-
ylated) in AD. There is an increase in JNK phosphorylation from early Braak stages 
to the limbic stages of AD (Yoshida et al.,  2004) . 

 Phosphorylated JNK regulates the activity of caspase-3, which can cleave a 
small  tau  fragment that aggregates more rapidly than full-length  tau  (Berry et al., 
 2003 ; Gamblin et al.,  2003) . A major contributing factor for the activation of JNK, 
p38, and other  tau  kinases could be reduced activity of PP-2A/PP1 and tyrosine 
phosphatases, resulting in hyperphosphorylated  tau.   

  Glycogen Synthase Kinase 3 (GSK3) 

 Glycogen synthase kinase-3 (GSK3) is a proline-directed serine-threonine kinase 
that was initially identified through its phosphorylation and inactivation of glyco-
gen synthase (Embi et al.,  1980) . GSK3 is capable of phosphorylating, and thereby 
regulating, over 40 known substrates. GSK3 has been implicated in signal transduc-
tion pathways downstream of phosphoinositide 3-kinase and mitogen-activated 
protein kinases (MAPKs). GSK3 exists as two related isoforms called GSK3 α  and 
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GSK3 β  (Woodgett,  1990) . GSK3 β  is involved in energy metabolism, neuronal cell 
development, and body pattern formation (Plyte et al.,  1992) . GSK3 phosphorylates 
 tau  at multiple sites, some of which are aberrant in the abnormally hyperphosphor-
ylated  tau  (Mandelkow et al.,  1992 ; Sperber et al.,  1995 ; Lee et al.,  2003a) . 

 There is no consistent data about the concentration of GSK3 protein in AD 
brain. Active GSK3 localizes to dystrophic neurites and NFTs, and GSK3 β  activity 
is significantly upregulated in AD. This is thought to be initiated through  β -amyloid-
induced impairment of PI3/Akt signaling, leading to increased NTF formation and 
synaptic death (Takashima,  2006) . Cells co-transfected with  tau  and GSK3 β  show 
abnormal microtubule bundles (Sang et al.,  2001) . The effects of GSK3 α  and  β  
largely depend on their state of activation and inhibition, brought about through the 
action of other kinases and phosphatases. Stambolic et al.  (1996)  showed that Li + ; 
inhibits the GSK3-dependent phosphorylation of  tau  (Zhang et al.,  2003) . Increased 
GSK3 activity inhibits the phosphatase-1 (PP1) inhibitor 2 (I-2). Increased PP1 
activity then dephosphorylates GSK3 (Sakashita et al.,  2003) .  

  Cyclin-dependent Kinases 

 Cyclin-dependent kinase-5 (CDK5) is a protein serine/threonine kinase with close 
structural homology to the mitotic CDKs. CDK5 is predominantly expressed in 
terminally differentiated cells such as neurons. It has a unique function in neurons 
unrelated to cell cycle control, unlike other CDKs. CDK5 must associate with p35 
to be active in postmitotic neurons (Lew et al.,  1994) . This complex is involved in 
CNS development and maturity, including neuronal migration, corticogenesis, neurite 
outgrowth, regulation of the synaptic vesicle cycle, neurotransmitter release, and 
postsynaptic neurotransmitter receptor regulation and signaling (Tsai et al.,  1994 ; 
Tang and Wang,  1996 ; Dhavan and Tsai,  2001 ; Hisanaga and Saito,  2003) . Paudel 
et al.  (1993)  showed that CDK5 phosphorylates  tau  protein. There is also growing 
evidence that CDK5 is involved in the mechanisms of synaptic plasticity underlying 
learning and memory (Fischer et al.,  2002) . 

 Patrick and coworkers  (1999)  showed that deregulation of CDK5 contributes to 
the pathogenesis AD through the accumulation of a truncated fragment of p35 
called p25, which constitutively activates and changes the subcellular distribution 
of active CDK5 from membranes to the cytosol. Cleavage of p35 to p25 occurs 
through the Ca 2+ -activated protease calpain (Kusakawa et al.,  2000) . The p25/CDK5 
complex is more effective in phosphorylating  tau  than CDK5/p35. p25/CDK5 also 
causes morphological degeneration and apoptosis in primary neuronal cultures 
(Lew et al.,  1994 ; Poon et al.,  1997) . Exogenous overexpression of p25 in trans-
genic mice results in a neurodegenerative phenotype, including the formation of 
PHFs,  tau  aggregation, and neuronal loss similar to that observed in AD (Cruz 
et al.,  2003 ; Noble et al.,  2003) . p25 may cause harm by preventing the p35/CDK5 
kinase from phosphorylating its normal substrates, such as PAK1, synapsin, syntaxin, 
MUNC18, and DARP32, by sequestering CDK5 from the cell periphery and nerve 
terminals; this will contribute further to neuronal dysfunction.  
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  cAMP-dependent Protein Kinase A (PKA) 

 PKA-dependent phosphorylation of substrate requires a rise in intracellular cAMP 
levels and the translocation of PKA, which is regulated by A kinase anchoring 
proteins (AKAPs; Coghlan et al.,  1993) . Phosphorylation of  tau  by PKA signifi-
cantly promotes subsequent tau phosphorylation by GSK3 β  (but not MAP kinase 
or CDK5)  in vitro  (Singh et al.,  1996 ; Wang et al.,  1998) . Liu et al.  (2004b)  showed 
that PKA-catalyzed phosphorylation facilitates  tau  phosphorylation by GSK3 in rat 
brain and suggested a role for PKA upstream of GSK3 in  tau  hyperphosphorylation. 
PKA-induced phosphorylation of  tau  can be detected in early and advanced AD, 
but not in normal brain tissue. PKA phosphorylation of  tau  precedes or is coincident 
with the initial appearance of filamentous  tau  aggregates (Jicha et al.,  1999) .  

  Calcium/Calmodium-dependent Protein Kinase II (CaM Kinase II) 

 CaM kinase II is a ubiquitous serine/threonine protein kinase. Four similar 
isoforms of CaM kinase II ( α ,  β ,  γ  and  δ ) can be found, each encoded by distinct 
genes (Rostas and Dunkley,  1992 ; Braun and Schulman,  1995 ; Bayer et al., 
 1999) . The  α  and  β  isoforms are brain specific, whereas the  γ  and  δ  forms are 
ubiquitous, which suggests there are functional differences between the isoforms. 
CaM kinase II is highly abundant in brain and is a major constituent of the postsy-
naptic density (Kelly et al.,  1984) . It plays important roles in the synthesis and 
release of neurotransmitters, ion-channel regulation, structural modification of 
the cytoskeleton, axonal transport, synaptic plasticity, and gene expression 
(Braun and Schulman,  1995) . 

 CaM kinase II participates in the phosphorylation of  tau  (Baudier and Cole, 
 1987 ; Steiner et al.,  1990) . It phosphorylates a number of other substrates  in vitro , 
including MAP-2, tyrosine hydroxylase, synapsin 1, APP, and various intermediate 
filament proteins such as vimentin, desmin, and GFAP (Colbran et al.,  1989) . 
 In vitro , CaM kinase II-phosphorylated  tau  inhibits microtubule assembly 
(Yamamoto et al.,  1983 ; Yamamoto et al.,  1985 ,  1988) . It phosphorylates  tau 
in vitro  in such a way to slow its electrophoretic mobility (Baudier and Cole,  1987) . 
Serine 416  (numbered according to the longest human  tau  isoform) is one of the major 
phosphorylation sites for CaM kinase II  in vitro  (Steiner et al.,  1990) . Immunostaining 
of AD brain showed serine 416  phosphorylation only in neuronal soma, but not in 
neuropil threads and dystrophic neurites (Yamamoto et al.,  2005) .  Tau  phosphoryla-
tion in glia cells is unlikely due to CaM kinase II. 

 Levels of CaM kinase II and  tau  mRNA differ between AD cases and controls 
only in layer I of the entorhinal cortex. No changes have been detected in CA 
regions of hippocampus or other areas prone to NFT formation. Mc Kee and 
coworkers  (1990)  reported increased immunoreactivity of CaM kinase II in the 
CA1 area of the hippocampus and the subiculum despite NFT formation and 
neuronal depletion in AD. PHF fractions from brain homogenates are enriched in 
CaM kinase II (Xiao et al.,  1996) .  
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  Casein Kinase 1 (Ck 1) 

 Casein kinase I is a highly abundant serine/threonine protein kinase, widely distrib-
uted in nuclear, cytoplasmic, and membrane fractions. It occurs in multiple isoforms 
encoded by distinct genes (CK1- α , - β , - γ 1, - γ 2, - γ 3, - δ , - ε ) that share an  N -terminal 
catalytic domain combined with various unique  C -termini, which regulates the 
catalytic activity (Xu et al.,  1995 ; Knippschild et al.,  2005) . CK1 isoforms can 
phosphorylate  tau in vitro  and in cell culture and modulate its binding to mictotu-
bules (Li et al. ,  2004c) . All CK1 isoforms are more abundant in AD hippocampus 
CA1 than in controls (Ghoshal et al.,  1999) . Isoform CK 1 δ  seems to be most 
closely linked with AD. It is solely expressed in neurons and shows a more than 
30-fold higher expression in AD hippocampus than in controls. Overexpression of 
CK1 δ  is also observed at the mRNA level (Yasojima et al.,  2000) . 

 In the same brain region, CK1 α  is only 2.4-fold increased. In purified  tau  
filaments from AD brains, it comprises up to 0.5% of the preparation by weight 
(Ghoshal et al.,  1999) . Kannanayakal et al.  (2006)  showed that CK1 α  is associated 
with neurofibrillary lesions, while CK1 δ  is primarily connected with granulovascular 
degeneration bodies. Taken together, CK1 protein is increased in AD tissue, it can 
phosphorylate  tau , and it co-localizes with AD lesions. 

 In conclusion,  tau  pathology appears to be an essential and primary cause of 
neurodegeneration in AD and other tauopathies. A large amount of data implicates 
several kinases in  tau  hyperphosphorylation.  Tau  phosphorylation is modulated by 
the sequential and collective action of distinct kinases that are essential for PHF 
formation in neurons and glial cells in AD. Inhibition of abnormal  tau  hyperphos-
phorylation is one of the most promising therapeutic targets for AD, but the mechanism 
underlying the interaction between amyloid and tangle pathologies in AD remains 
to be elucidated.   

  The Presenilins PS1 and PS2 

 The presenilin gene  PS1  resides on chromosome 14 in humans; the  PS2  gene is on 
chromosome 1. The proteins share about 62% amino acid identity. They are 
transcribed in many tissues, both within the CNS and peripherally. Presenilin 
proteins have multiple transmembrane (TM) domains and in their mature form are 
localized to the cell surface to regulate the cleavage of single-TM domain proteins 
(Chyung et al.,  2005) . They also reside in the ER and the Golgi (De Strooper et al., 
 1997) . A clue to the roles of  PS1  and  PS2  in AD comes from the observation of a 
significant increase in A β 42 levels in plasma, and in media from cultured fibrob-
lasts, from  PS1  and  PS2  mutation carriers (Scheuner et al.,  1996) . 

 The structure of  PS1 , derived from its cDNA sequence, predicts a 467 amino 
acid polypeptide (~50 kDa) with between six and nine TM domains, an aqueous 
 N -terminus, and a large hydrophilic loop region (amino acids 267 – 403) between the 
putative sixth and seventh TM (TM6 – TM7) helices. Its active site, which contributes 
to  γ -secretase activity, is in TM7. 
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 Presenilins are translated as full-length holoproteins that are not modified by 
glycosylation, sulfation, or phosphorylation (Walter et al.,  1996) . They are endo-
proteolytically cleaved into a 27 kDa NTF and a 17 kDa CTF. Endoproteolysis 
seems to be essential for presenilin stability and activity. The NTFs and CTFs 
dimerise to form the active, functional presenilin heterodimer. Only a small portion 
of full-length presenilin protein is present in brain tissue (Podlisny et al.,  1997) . 

 Miss-sense mutations in  PS1  and  PS2  are associated with early-onset familial 
AD. Analyses of brains from AD patients with  PS1  mutations have demonstrated a 
significant increase in the amount of A β 42-immunoreactive deposits in hippocampus, 
cerebral cortex, and other brain regions (Lemere et al.,  1996) . The majority of 
miss-sense mutations occur in highly conserved sites (Fraser et al.,  2000) . They are 
predominantly located in highly conserved TM domains, at/near putative membrane 
interfaces, or in the large hydrophilic loop. Dimerization models suggest that  PS1  
and  PS2  mutations influence the assembly or stability of the functional presenilin 
complex (Cervantes et al.,  2001) . 

 Besides their role in APP  γ -secretase, the functions of the presenilins have not 
yet been determined. Presenilins are essential for the maintenance of cortical 
structures and functions (Feng et al.,  2004) . They are involved in cell-signaling 
pathways, trafficking of membrane proteins, and Ca 2+  signaling. Presenilin holo-
protein accounts for 80% of Ca 2+  leakage from the ER, which appears to be 
independent of its  γ -secretase function. Increased levels of Ca 2+  might initiate a 
signal transduction pathway in which Ca 2+  and diacylglycerol act together to 
activate Ca 2+ -sensitive protein kinases that are responsible for  tau  hyperphosphor-
ylation. High intracellular Ca 2+  levels also promote the influx of extracellular Ca 2+ , 
which acts as a positive feedback mechanism to enhance excitation and release 
more glutamate until this cycle becomes toxic to the cell (Hynd et al.,  2004) .  

  Protein Phosphatases 

 Phosphorylation at serine and threonine residues is an important regulator for cell 
signaling and transcription. The level of phosphorylation is controlled by the 
opposing actions of protein kinases and phosphatases. Four major protein phos-
phatases (PP1, PP2A, PP2B, and PP2C), responsible for dephosphorylation at 
serine and threonine residues, have been identified in the cytosol of eukaryotic 
cells. Although they have overlapping functions, type-1 protein phosphatases are 
inhibited by nanomolar concentrations of two thermostable proteins, IPP1 and 
IPP2. Type-2 phosphatases are unaffected by these inhibitors. To distinguish type-2 
phosphatases, their activity regulation has to be taken into account. PP2A activity 
is independent of metal ions, whereas Ca 2+ /calmodulin activates PP2B and Mg 2+  
activates PP2C. 

 All of these phosphatases except PP2C dephosphorylate  tau in vitro  and possibly 
 in vivo  (Gong et al.,  2005) . Their contribution in the regulation of  tau  dephosphor-
ylation depends on their affinities for  tau  at different phosphorylation sites, their 
specific enzymatic activities toward  tau , and their relative abundance in the brain. 
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 PP2A is co-localized with  tau  and microtubules in brain and is apparently the 
major  tau  dephosphorylating enzyme. Liu et al.  (2005a)  found that PP2A accounts 
for ~70% of total brain  tau  phosphatase activity, whereas PP1, PP2B, and PP5 each 
account for only ~10%. PP2A can dephosphorylate almost all phosphorylation sites 
of  tau  reported in AD and it also can regulate the activities of several  tau  kinases 
(Bennecib et al.,  2001 ; Kins et al.,  2003 ; Pei et al.,  2003) . In AD brain tissue, PP2A 
activity is ~20% compromised in comparison to healthy controls (Gong et al.,  1993 , 
 1995) . The mRNA level is also decreased in AD (Vogelsberg-Ragaglia et al.,  2001) . 

 PP2A is inhibited by two heat-stable proteins: I1 PP2A (Li et al.  1995)  and I2 
PP2A (Li et al.,  1996  b) . The level of I1 PP2A is ~20% increased in AD brains, 
which could contribute to the decrease in PP2A activity in AD brain. Lui et al. 
(2007) associated PP2A activity with GSK3 β  through accumulation of I2PP2A in 
response to GSK3 β  activation.  In vitro  experiments showed that inhibition of PP2A 
activity results in the abnormal hyperphosphorylation of  tau  and the upregulation 
of kinases such as PKA, MAPK, and CaM kinase II (Gong et al.,  2000) . Wang et 
al.  (2007)  showed that PPA2-dependent dephosphorylation of hyperphosphorylated 
 tau  inhibits its self-assembly into PHFs and enables  tau  to bind to microtubule 
again. However, the mechanism leading to the inactivation of PP2A in AD brain is 
currently not known. 

 PP2B (calcineurin) is one of the major serine/threonine phosphatases and present 
in nearly all mammalian cells studied. It accounts for 1% of total proteins in brain 
tissue, which is considerably higher than that of other protein phosphatases (Herzig 
and Neumann,  2000) . PP2B is expressed in neurons, including the tangle-bearing 
neurons in AD hippocampus (Pei et al.,  1994) , but its role in dephosphorylating  tau  
is conflicting. Upregulation of PP2B expression in pyramidal AD hippocampal 
neurons has been reported (Hata et al.,  2001) , although Ryan et al.  (2001)  showed the 
opposite. Decreased PP2B activity in AD was reported by Lian et al.  (2001) . 

 PP1 and PP2A together account for over 90% of total mammalian brain protein 
phosphoseryl/phosphothreonyl phosphatase activity. In comparison to PP2A, the 
activity of PP1 is relatively low (Gong et al.,  1994a  ) . PP1 activity is mainly regu-
lated by inhibitor-1 (I-1), which is activated by PKA and inactivated at basal Ca 2+  
levels by PP2A. The 20% reduction of PP1 activity in AD brains could result from 
reduced PP2A activity allowing the up-regulation of I-1 (Gong et al.,  1993 ; Iqbal 
et al.,  2005) . 

 PP5 is a novel phosphoseryl/phosphothreonyl protein phosphatase, ubiquitously 
expressed at high abundance in human brain tissue. It dephosphorylates  tau in vitro  
and may associate with microtubules, raising the possibility that it may participate 
in regulation of  tau  phosphorylation in the brain. Its  C -terminal catalytic domain is 
40% homologous to PP1, PP2A, and PP2B, whereas its  N -terminal domain consists 
of three tetratricopeptide repeats (TPR) which are not shared with other members 
of the PP1/PP2A family (Becker et al.,  1994) . PP5 has little phosphatase activity 
 in vitro  in the absence of activators. However, it effectively dephosphorylates  tau  
after the removal of the TPR domain (Liu et al.,  2005b) . In AD the activity of PP5 
is decreased but its protein level is unaltered. The mechanism leading to this is not 
known (Liu et al.,  2005b) .  
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  Oxidative Stress 

 Alzheimer’s disease is a disease of aging, and aging is associated with an increase 
in oxidative stress. The early involvement of oxidative stress in AD has been 
demonstrated by many studies on cell culture models, transgenic mice, and autopsy 
brains from subjects with mild cognitive impairment (MCI) and AD. It can be 
either hypothesized that senile plaques and NFTs are closely associated with oxida-
tive stress and contribute equally to neuronal death, or that oxidative stress together 
with A β  and  tau  cause neuronal death and the formation of plaques, and NTF 
occurs later (Butterfield et al.,  2006) . Nunomura et al.  (2001)  showed that oxidative 
damage is high in early stages of AD and reduces with disease progression. Areas 
with many amyloid plaques and NTF-positive neurons have less oxidative damage 
than those without. In cell culture, A β  accumulation and  tau  phosphorylation are 
induced by oxidative stress (Misonou et al.,  2000 ; Gomez-Ramos et al.,  2003) . 

 Oxidative stress is a condition in which free radicals and their products are 
present in excess of antioxidant defence mechanisms, leading to oxidative damage 
and structural and functional modifications of proteins, DNA, and RNA. Radicals 
can be formed through different mechanisms. ROS are formed by the reduction of 
molecular oxygen to water: superoxide (O 

2
   −  ), peroxyl radical (OH•), and hydrogen 

peroxide (H 
2
 O 

2
 ). RNS (NO and peroxynitrite) can also cause oxidative stress. 

 High oxygen consumption and high level of oxidizable unsaturated fatty acids 
make the brain susceptible to oxidative damage. The brain accounts for only 2% of 
body weight but consumes 20% of the total O 

2
 . The levels of antioxidant enzymes 

are relatively low in brain compared with other organs. 
 RNA or DNA exposed to oxygen radicals generates various modified bases. 

More than 20 different types of oxidatively altered purines and pyrimidines have 
been detected (Demple and Harrison,  1994) . Guanine, through its low redox poten-
tial, is the base most readily oxidized by free-radical attack, leading to the formation 
of 8-hydroxyl-2-deoxyguanosine (8OHdG) and 8-hydroxyguanosine (8OHG). 
These can be directly oxidized in the RNA molecule or be incorporated during 
transcription (Breen and Murphy,  1995) . 8OHdG and 8OHG can have an impact on 
translation accuracy because they can pair with adenine and cytosine (Ishibashi et al., 
 2005) . Regardless of its origin, oxidized guanine in RNA cannot be eliminated, in 
contrast to DNA where oxidized bases can be removed by glycosylases. There are 
some proteins in mammalian cells, such as MTH1(an oxidized purine nucleoside 
triphosphatase) and NUDT5 (an ADP-ribose pyrophosphatase), that can degrade 
8OHG. MTH1 protein, for example, is lower in the CA1 and CA3 region of AD 
brain than in non-neurological controls (Nakabeppu et al.,  2006)  Polynucleotide 
phosphorylase (PNP) protein can bind specifically to RNA containing 8OdHG 
(Hayakawa and Sekiguchi,  2006) . Y-box-binding protein 1 (YB-1 protein) can bind 
to RNA containing 8OHG, and may separate oxidatively damaged RNA from other 
cellular components (Hayakawa et al.,  2002) . 

 Neurons in vulnerable regions of AD brain are positive for 8OHG. Cytoplasmic 
regions show strong immunoreactivity, which leads to the proposition that RNA 
and mitochondrial DNA are the major targets of oxidative damage. These results 
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have been confirmed by electron microscopy, which showed that most oxidized 
nucleosides are associated with ribosomes (Nunomura et al.,  2001) . Oxidatively 
damaged RNA is not only present in FAD but also in sporadic AD (Nunomura et al., 
 2004) . There is an interaction with APOE: 30 – 70% of mRNA from the frontal 
cortex of AD  APOE - ε 4 carriers was oxidized, whereas only 2% is oxidized in age-
matched controls (Shan and Lin,  2006) . Some of the oxidized transcripts are related 
to AD, such as those for MAPK, APOE, and calpains. However, oxidation of 
 β -amyloid or  tau  transcripts has not been demonstrated. 

 The regional distribution of oxidized RNA correlates with the neuronal vulnera-
bility. For example, the levels of 8OHG are higher in hippocampus and neocortex 
than in cerebellum in AD brain (Ding et al.,  2005 ; Shan and Lin,  2006) . Ding et al. 
 (2005)  also showed that besides mRNA, rRNA and tRNA are highly oxidized in 
AD, which suggests that oxidized RNA can alter phenotypic expression. 

  DNA Oxidation 

 ROS can lead to more than 20 oxidized base variations, which can cause DNA 
strand breaks, DNA — DNA and DNA — protein cross-links, and to sister — chroma-
tid exchange leading to replication faults, including mutations that could ultimately 
alter protein synthesis (Cooke et al.,  2003) . In addition, DNA bases may be modified 
by 4-HNE and acrolein, leading to the formation of exocyclic adducts. 

 Mullaart et al.  (1990)  reported a twofold increase in DNA strand breaks in AD 
brain. There is a higher level of oxidative DNA damage in AD than in controls. 
Neocortical regions show higher levels than cerebellum, but there is no correlation 
with NTFs or senile plaques (Gabbita et al.,  1998) . Mitochondrial DNA (mtDNA) 
is much more susceptible to oxidation: nuclear DNA has protective histones, and 
owing to it position in the nucleus it is not accessible to oxidative species. mtDNA 
has only limited DNA repair capacity. Overall, mtDNA has approximately tenfold 
higher levels of oxidized bases than nuclear DNA (Wang et al.,  2005) . Comparison 
of oxidative DNA damage in samples from patients with MCI and AD suggests that 
it is an early event in AD pathogenesis. 

 There are different ways for DNA repair, such as excision of nucleotides and 
repair of mismatches. In nuclei, the repair of 8OHG is specifically carried out by 
the base excision repair enzyme 8-oxoguanine glycosylase (OGG1). OGG1 activity 
is lower in AD hippocampus than in age-matched controls (Lovell et al.,  2000) . 
DNA double strand breaks can be fixed via non-homologous end-joining using a 
DNA-dependent protein kinase (DNA — PK) complex. Levels of this complex are 
lower in AD cortex than in controls (Shackelford,  2006) .  

  Proteins 

 Oxidative modification of proteins is indicated by the high concentrations of protein 
carbonyls, by nitration of tyrosine residues, and by the cross-linking of proteins 
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(Cras et al.,  1995) . Lipid peroxidation is indicated by the high concentrations of the 
thiobarbituric acid reactive substances malondialdehyde, 4-HNE, acrolein, isopros-
tanes, and altered phospholipid composition (Markesbery and Lovell,  1998 ; 
Butterfield et al.,  2001) . Many different proteins involved in AD are oxidatively 
modified (see Butterfield et al.,  2006  for review; Sultana et al.,  2006) . All these 
modifications are usually linked to a functional loss of proteins leading to their 
degradation or aggregation, as observed in AD. 

 4-HNE is one of the most common products and toxic markers of oxidative 
stress. It reacts covalently with cysteine, lysine, and histidine residues in proteins, 
and disrupts their structure to alter function (Esterbauer et al.,  1991 ; Subramaniam 
et al.,  1997) . It is relatively stable and can diffuse to different subcellular compart-
ments. It interacts with many cell proteins, including  tau  and histones (Gomez-
Ramos et al.,  2003) . 4-HNE concentration is increased in amyloid plaques in AD 
patients (Esterbauer et al.,  1991 ; Ando et al.,  1998) . A β  can induce lipid peroxida-
tion (Butterfield et al.,  1994)  and HNE formation (Mark et al.,  1997a) . Through 
covalent modification of A β  via 4-HNE, the aggregation of A β  into oligomers is 
initiated, but the conversion of A β  into fibrils is inhibited (Siegel et al.,  2007) . This 
links oxidative damage to excitotoxicity, in which high extracellular glutamate 
leads to excessive activation of glutamate receptors, Ca 2+  influx, and neural cell 
death. Lauderback et al.  (2001)  showed that 4-HNE can oxidatively modify the 
glutamate transporter EAAT2 and reduce its ability to transport glutamate. 
Glutamine synthase is inhibited in cells or synaptosomes treated with A β  or HNE 
(Harris et al.,  1996 ; Keller et al.,  1997a ,  b) . 4-HNE has been linked to growth inhi-
bition, alterations in glutathione levels, inhibition of enzymes that are critical for 
neuronal survival such as Na + /K +  ATPase, and altered glucose transport (Mark et al., 
 1997a ; Pedersen et al.,  1999) .  

  Hemeoxygenases 

 Hemeoxygenase-1 (HO1) and hemeoxygenase-2 (HO2), members of the stress 
protein superfamily, are deployed in the ER. Three HO isoforms (HO1, HO2, and 
HO3) have been identified. HO1 is a 32 kDa heat-shock protein with a low expres-
sion in brain that increases after heat shock. HO2 is a constitutively synthesized 
36 kDa protein that has its major activity in the brain (Trakshel et al.,  1988) . HO3 
is related to HO2 but is the product of a different gene. They catalyze the oxidative 
degradation of pro-oxidant metalloporphyrins such as heme (potential pro-oxidant) 
to biliverdin, which is subsequently converted to bilirubin (potential antioxidant) by 
biliverdin reductase and carbon monoxide, finally releasing iron (pro-oxidant; 
Ewing and Maines,  1991) . 

 Heme is synthesized in mitochondria and plays a role in number of metabolic 
processes of the cell, controlling the activity of transcription factors, specific signal-
ing pathways, cholesterol synthesis, and iron homeostasis. Heme can also convert less 
reactive oxidants to highly reactive free radicals, and disturbed heme metabolism can 
lead to mitochondria decay, oxidative stress, accumulation of iron, and cell death. 
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 Upregulation of hemeoxygenases (Schipper et al.,  1995)  and heme levels 
(Atamna and Frey,  2004)  occur in AD and other neurodegenerative diseases 
(Castellani et al.,  1995 ; Schipper et al.,  1998) . Spared brain regions in AD have 
extremely low levels of HO1, whereas temporal cortex and hippocampus show 
intense HO1 staining (Schipper et al.,  1998) . This raises the question whether HOs 
have a neuroprotective or neurodegenerative function. On one hand, HOs protect 
cells by promoting the catabolism of pro-oxidant metalloporphyrins to biliverdin, 
which has free-radical scavenging capabilities (Dore et al.,  1999) . But in the course 
of heme catabolism, free iron and carbon monoxide can be discharged, mediating 
oxidative stress and cellular injury by promoting free-radical generation within mito-
chondria or other cellular compartments (Zhang and Piantadosi,  1992) . Decreased 
heme levels lead to loss of mitochondrial complex IV, oxidative stress, accumulation 
of iron, and cell death (Atamna et al.,  2001 ,  2002 ; Killilea et al.,  2003) . 

 HO1 expression is coincident with NFTs and senile plaques (Kimpara et al., 
 2000) . Heme inhibits PHF phosphorylation catalyzed by PHF-dependent kinase 
(Vincent and Davies,  1992) . Takeda et al.  (2000a)  showed that the expression of 
HO1 in AD brain is closely associated with pathological changes in  tau  protein. 
Overexpression of HO1 reduces the expression of  tau  and the activity of ERK1 and 
ERK2 (Takeda et al.,  2000b) . Heme also inhibits the aggregation of A β   in vitro  
(Howlett et al.,  1997) , and low levels of intracellular heme causes aggregation of 
APP (Atamna et al.,  2002) . Atamna and Boyle  (2006)  demonstrated that A β  binds 
to heme, which reduces intracellular heme levels and leads to metabolic 
disturbances.   

  Glucose 

 The high metabolic activity in human brain is primarily fueled by glucose, and the 
brain accounts for 25% of the glucose metabolism. To enter the brain, glucose must 
be transported across the blood–brain barrier (BBB), because the brain itself is 
incapable of synthesizing or storing glucose. Glucose is metabolized by glycolysis 
to pyruvate, which is converted to acetyl-CoA, the major carbon source for the citric 
acid cycle. Acetylcholine and cholesterol, among many other substances, are 
derived from acetyl-CoA (Michikawa and Yanagisawa,  1999) . The citric acid cycle 
produces ATP, NADH, and FADH2. Oxidative phosphorylation in mitochondria 
uses NADH and FADH2 to produce more ATP. ATP is important for protein syn-
thesis, membrane transport, and synaptic transmission (Erecinska and Silver,  1989 ; 
Hoyer,  2000) . 

 The transport of glucose into the brain is complex, involving neurons, astrocytes, 
and endothelial cells of small blood vessels. It is dependent on the density of glu-
cose transporters in conjunction with capillary density and net blood flow. Thirteen 
members of the glucose transporter (GLUT) protein family have been described so 
far, including GLUT1 — 12 and the H + /myosinositol cotransporter. (Mc Ewen and 
Reagan,  2004) . A large number of glucose transporters are found in brain, each 
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with a specific cellular distribution (Mc Ewen and Reagan,  2004) . GLUT1 is the 
primary glucose transporter found in capillary endothelial cells of the BBB and in 
glia. GLUT3 is the main neuronal glucose transporter, while GLUT4 and GLUT8 
are also found on a few neurons. GLUT3 has a five to sevenfold higher glucose 
turnover number than GLUT1. GLUT expression levels are regulated through 
metabolic demand for glucose and regional rates of cerebral glucose utilization. 

 Glucose metabolism is significantly reduced in the cerebral cortex in early-stage 
AD (Jagust et al.,  1991 ; Hoyer,  2000) , leading to diminished ATP-dependent 
membrane transport. A 50% lower ATP production, through disturbed glucose 
metabolism, can be seen in the beginning of sporadic AD (Hoyer,  1992) . This 
energy deficit may compromise ATP-dependent processes, such as molecular 
mechanisms in the ER and Golgi. ATP reduction can block protein secretion 
(Dorner et al.,  1990) , and lead to misfolding of protein complexes (Kaufman,  1999)  
and the degradation of membrane phospholipids (Sun et al.,  1993  b) . This may be 
followed by membrane depolarization and impaired functioning of ligand- and 
voltage-gated ion channels, causing disruption of neuronal homeostasis. 

 Impairment of glucose uptake and/or metabolism in AD brain can arise in 
multiple ways, such as reduced cerebral blood flow or altered GLUT1 and GLUT3 
activity. Glucose metabolism is reduced in temporal and parietal regions of AD 
cortex. The abundance of GLUT1 and GLUT3 protein is reduced in AD cortex 
(Simpson et al.,  1994) . In another study, the levels of GLUT1 mRNA did not differ, 
whereas GLUT1 protein expression was reduced (Mooradian et al.,  1997) . 

 Impaired cerebral glucose utilization in AD might result from the reduced 
capacities of key enzymes in the glycolytic chain and mitochondrial enzyme com-
plexes. For example, the activity of the pyruvate dehydrogenase (PDHC) complex, 
which catalyzes the conversion of pyruvate to acetyl-CoA, is reduced in AD (Sorbi 
et al.,  1983 ; Butterworth and Besnard,  1990) . The activity of the  α -ketoglutarate 
dehydrogenase complex (KGDHC) is reduced in affected and unaffected areas of 
AD brain (Butterworth and Besnard,  1990 ; Mastrogiacomo et al.,  1993) . KGDHC 
catalyzes oxidation of  α -ketoglutarate to succinyl-CoA and is an important enzyme 
in glutamate metabolism (Blass et al.,  1997) . The decreased activity of KGDHC is 
not correlated with protein levels, i.e., lower enzyme activity cannot be explained 
by loss of protein. 

 Another consequence of impaired glucose metabolism or uptake is the reduced 
intracellular level of uridine 5 ′ -diphospho- β - N -acetylglucosamine (UDP-GlcNAc), 
leading to the downregulation of protein  O -GlcNAcylation, a type of protein 
 O -glycosylation, which might be an alternative path for phosphorylation (Dong 
et al.,  1993 ; Hart,  1997 ; Wells et al.,  2001 ; Marshall et al.,  2004) . Many proteins 
are modified by  O -GlcNAcylation, including transcription factors, cytoskeletal 
proteins, hormone receptors, nuclear-pore proteins, and  tau  (Liu et al.,  2004a) . 
Reduced glucose uptake and/or metabolism leads to a reduction of  O -GlcNAcylation 
and a simultaneous elevation of  tau  phosphorylation (Liu et al.,  2004a) . Griffith 
et al.  (1995)  reported that APP can be modified by  O -GlcNAc. 

 A β  induces impaired glucose transport in neurons, followed by decreased ATP 
levels, by a mechanism involving plasma membrane lipid peroxidation and 
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conjugation of 4-HNE to the neuronal glucose transporter GLUT3 (Mark et al., 
 1997b) . The activity of transcription factors such as hypoxia-inducible factor one 
(HIF-1) can also play a role in glucose utilization. Hypoxia and/or hypoglycemia 
activates HIF-1, which helps restore oxygen homeostasis by inducing glycolysis 
(see review by Schubert,  2005) . 

 Glutamate, the major neurotransmitter in the brain, is converted to glutamine in 
astrocytes by glutamine synthetase (GS). Astrocytes then recycle glutamine back to 
neurons (reviewed by Walton  and Dodd,  2007) . This cycle requires ATP, and it has 
been estimated that ~70% of the energy from glucose oxidation is used in the process 
(Shulman et al.,  2004) . Intracellular glutamate is nontoxic (Danbolt,  2001) , but high 
levels of glutamate inside astrocytes due to absent or reduced GS activity could cause 
a reversal of glutamate transport and thus contribute to excitotoxicity (Nicholls and 
Attwell,  1990) . In addition, glutamate transporters in rat hippocampal slices reverse 
glutamate transport after ATP depletion (Madl and Burgesser,  1993) .  

  APOE 

 Apolipoprotein E (APOE) is the major lipoprotein within the CNS; it is synthesized 
by astrocytes (Pitas et al.,  1987)  and by neurons under physiological and pathological 
conditions (Harris et al.,  2004) . APOE is a polymorphic 299-amino acid protein. 
The gene is located on chromosome 19 and has three possible alleles,  ε 2,  ε 3, and 
 ε 4.  APOE - ε 3 is the most common (frequency in population 60 – 70%), followed by 
 APOE - ε 4 with a frequency of 15 – 20%, and  APOE - ε 2 with a frequency of 5 – 10%. 
The three isoforms differ by single amino acid substitutions (cysteine to arginine) 
at two positions. APOE- ε 4 lacks both cysteine residues (Cys 112  and Cys 158 ), while 
APOE- ε 3 and APOE- ε 2 contain 1 and 2 cysteine residues, respectively (Mahley 
and Huang,  2006) . 

 The  ε 4 allele of  APOE  is the major genetic risk factor for AD; the age of 
disease onset is inversely related to its gene dosage (Esterbauer et al.,  1991 ; 
Corder et al.,  1993 ; Butterfield et al.,  2002a) , whereas the  ε 2 allele appears to have 
a protective effect (Corder et al.,  1994) . Individuals with the  ε 4/ ε 4 genotype have a 
50 – 90% higher risk to develop AD at the age of 85; those with one  ε 4 allele have 
a 45% higher chance of developing AD (Corder et al.,  1993 ; Farrer et al.,  1997) . 
On average the mean age at AD onset is 68 years for carriers of two  ε 4 alleles, 
whereas in carriers of one  ε 4 allele the onset of AD was on average 7 years later. 
The age of onset in subjects without an  ε 4 allele is 16 years later than in subjects 
with two  ε 4 alleles. The importance of these associations is underscored by the 
fact that  APOE - ε 4 is linked to about 50% of AD cases (Hyman et al.,  1996a ; 
Hyman et al.,  1996b) . 

 APOE has important roles in neurobiology. It is involved in lipid transport in the 
brain, where it is proposed to function as a ligand directing the delivery of lipids for 
neuronal repair and remodeling after injury. APOE is also required for neuronal 
plasticity (Mahley,  1988 ; Mahley and Rall,  2000) . 
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  APOE  genotype reportedly affects all three hallmarks of Alzheimer disease: 
neuronal loss, neurofibrillary tangles, and amyloid plaques. APOE- ε 4 either inhibits 
A β  clearance or stimulates A β  deposition, whereas APOE- ε 3 promotes clearance 
of A β . The formation of insoluble complexes with A β  is faster in  APOE - ε 4 than 
in  APOE - ε 3 subjects (La Du et al.,  1994 ; Holtzman et al.,  2000 ; Huang et al.,  2004) . 
APOE- ε 4 also promotes more A β  production than APOE - ε 3. (Ye et al.,  2005) . 
APOE- ε 4 dosage correlates with A β 40 levels, although A β 42 levels show no 
significant association with genotype (Ishii et al.,  1997) . A β 42-induced lysosomal 
leakage (Ditaranto et al.,  2001)  and cell death are enhanced to a greater extent 
through  APOE - ε 4 than  APOE  - ε 3 (Ji et al.,  2002 ,  2006) . APOE can bind sAPP α  in 
serum and may regulate its clearance.  In vitro , APOE- ε 4 is less potent in binding 
sAPP than APOE - ε 3 (Barger and Mattson,  1997) . 

 APOE- ε 3 and  ε 4 differ in their effects on  tau  phosphorylation and aggregation. 
 In vitro , APOE- ε 3, but not - ε 4, binds to  tau  and protects it from hyperphosphoryla-
tion. (Strittmatter et al.,  1994 ; Lovestone et al.,  1996) . Transgenic mice expressing 
human  APOE - ε 4 in neurons have increased  tau  phosphorylation, whereas  APOE - ε 4 
expression in astrocytes did not alter  tau  phosphorylation (Tesseur et al.,  2000a ,  b) , 
suggesting an  ε 4-neurospecific effect on  tau  phosphorylation. NFTs show no 
association with  APOE  genotype, but are strongly associated with dementia severity 
(Gomez-Isla et al.,  1996) . 

 PET studies reveal that  APOE - ε 4 is associated with lowered parietal, temporal, 
and posterior cingulate cerebral glucose metabolism in patients with a clinical 
diagnosis of AD. Cognitively, normal late-middle-aged and young carriers of the 
 APOE - ε 4 allele have abnormally low rates of glucose metabolism (Small et al., 
 1995 ,  2000 ; Reiman et al.,  2001 ,  2004) .  APOE - ε 4 is associated with cognitive 
decline in individuals with and without dementia (Growdon et al.,  1996 ; Jonker 
et al.,  1998)  but does not induce a change in the rate of progression of dementia 
(Gomez-Isla et al.,  1996) . 

 APOE- ε 4 interacts with mitochondrial dysfunction. Mitochondria play a critical 
role in synaptogenesis, and transgenic mice expressing APOE- ε 4 showed a signifi-
cant loss of synapto-dendritic connections (Li et al.,  2004b ; see also Mahley et al., 
 2006) . APOE isoform-specific effects have been reported on neurite extensions in 
tissue culture. APOE- ε 3 stimulates neural outgrowth, whereas - ε 4 does not (Nathan 
et al.,  1994) . It is likely that APOE- ε 4 affects AD pathogenesis through interactions 
with different factors or pathways. However, the mechanisms of these APOE- ε 4-
mediated effects are still largely unknown.  

  Insulin and Related Factors 

 Insulin, insulin-like growth factor (IGF-I), and the insulin receptor (IR) are present 
in all tissues of the body. They are highly expressed in brain, particularly in 
hippocampus and cortex (Werther et al.,  1987) . There is strong evidence that insulin 
and IGF-I are important for energy homeostasis, and metabolic, neurotrophic, 
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neuromodulatory, and neuroendocrine actions in the brain (Wozniak et al.,  1993 ; 
O’Kusky et al.,  2000 ; D’Ercole et al.,  2002 ; Popken et al.,  2004) . Insulin is actively 
transported across the BBB into the cerebrospinal fluid (King and Johnson,  1985) , 
although the molecular mechanism is not known (Banks,  2004) . Insulin might also 
be produced locally in the brain (Schulingkamp et al.,  2000) . 

 Insulin resistance is the condition where cells fail to respond normally to insulin, 
and could be caused through reduced local CNS insulin levels. AD patients have 
lower cerebrospinal fluid and higher plasma insulin concentrations (Craft et al., 
 1998) . This might indicate altered insulin metabolism in the brain. Supportive 
evidence for this comes from insulin-administration trials with AD patients, which 
have led to improved memory and performance (Craft et al.,  1999) . Insulin resistance 
could be caused by the reduced binding of insulin or IGF-I to their receptors, 
although the data are contradictory. Some studies show similar binding of IGF-I to 
its receptors in AD, whereas in others the binding is increased and suggested an 
upregulation of IGF-I receptors due to low IGF levels (Crews et al.,  1992 ; Jafferali 
et al.,  2000) . Resistance might derive from altered receptor expression. IGF-I recep-
tors are more abundant, whereas insulin receptors are scarcer, in AD brains than in 
controls (Frolich et al.,  1998 ,  1999) . 

 Binding of insulin to its receptor, and of IGF-I to IGF-I receptors, leads to 
activation of insulin receptor tyrosine kinase and autophosphorylation of the receptor, 
followed by tyrosine phosphorylation of the insulin receptor substrate (IRS) protein 
(Shpakov and Pertseva,  2000) . This then activates downstream pathways such as 
phospholipase C γ  (PLC- γ ; Gasparini et al.,  2002) , phosphoinositide 3-kinase 
(PI3K; Sun et al.,  1993a  ) , and MAPK (Giovannone et al.,  2000 ; see Plum et al., 
 2005  for review). The activities of tyrosine kinases are lower in late-onset AD 
brains than in age-matched controls (Frolich et al.,  1998 ,  1999) . 

 Schubert et al.  (2004)  found no changes in the proliferation or survival of neurons, 
or of brain glucose metabolism, in a brain-insulin-receptor-knockout (NIRKO) 
mouse model. However, insulin-mediated tyrosine kinase phosphorylation and 
PI3K activation were inhibited, and neuronal apoptosis was reduced. PI3K activa-
tion leads to reduced phosphorylation, and hence activation, of GSK3 β ; this in 
turn can lead to  tau  hyperphosphorylation (Hong and Lee,  1997) . IRS-2-deficient 
mice develop intracellular deposits of hyperphosphorylated  tau  as they age 
(Schubert et al.,  2003) . The increased GSK3 β  activity can be explained by 
impaired insulin signaling in neurons. In AD, increased levels of CDK5 and 
MAPK, which are activated through insulin and IGF-I, cannot be attributed the 
impaired insulin and IGF-I signaling (Patrick et al.,  1999 ; Zhu et al.,  2002) . 
However, these increased levels could be due to oxidative stress (Patrick et al., 
 1999 ; Crossthwaite et al.,  2002) . 

 Insulin affects APP metabolism. sAPP β  secretion can be regulated by several 
growth factors that act at receptors with intrinsic tyrosine kinase activity (which 
includes IRs) (Refolo et al.,  1989 ; Schubert et al.,  1989) . Gasparini et al.  (2001)  
showed that insulin decreases intracellular levels of A β  and increases extracellular 
levels of A β  through accelerated  β APP trafficking to the plasma membrane 
mediated by tyrosine kinase/MAPK pathways. Extracellular A β  can inhibit insulin 
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signaling by competing with insulin binding or reducing the affinity of IRs and 
IGF-I receptors (Ling et al.,  2002 ; Xie et al.,  2002) . The neurotoxic effects of A β  
can be prevented by IGF-I (Dore et al.,  1997)  through a decrease in GSK3 β  activity 
and an increase in PI3K signaling (Zheng et al.,  2000) . 

 Insulin signaling can also be regulated through insulin degrading enzymes 
(IDEs), which are lower by 50% in hippocampus of AD brains in subjects with 
 APOE - ε 4 alleles than in non- APOE - ε 4 carriers (Cook et al.,  2003) . Mc Dermott 
and Gibson  (1997)  showed that IDE is the main soluble A β -degrading enzyme in 
human brain. Mice lacking IDE show increased levels of extracellular A β , whereas 
overexpression of IDE reduces the level of A β  and A β -positive plaques (Leissring 
et al.,  2003) . 

 Taken together, these data suggest that metabolic abnormalities,  tau  hyperphos-
phorylation, and A β -aggregation in AD can be attributed to reduced levels of insulin, 
impaired insulin receptor signaling, and receptor dysfunction.  

  Concluding Remarks 

 The web of metabolic interactions in AD is complex, but there is an interplay 
between genetics, the external and cellular environments, a range of metabolic 
indices, and the key etiological and pathogenic players, which lead to the devastat-
ing cerebral consequences of this major disease of later life.       
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Chapter 23
     Prions and the Transmissible Spongiform 
Encephalopathies           

 Richard   C.   Wiggins      

  Introduction and Overview  

 The purpose of this chapter is to highlight the prion protein, which is expressed 
in a wide range of tissues and most likely has a variety of important cellular functions, 
and its role in producing the neurodegenerative diseases known as the transmissible 
spongiform encephalopathies (TSEs). The protein is a normal cellular protein; 
however, it possess a unique property, so that when the normal  α -helix-rich con-
formation is converted to a misfolded,  β -sheet-rich conformation, the resultant 
particulate protein is infectious and produces a TSE, whose clinical features vary 
somewhat depending on the species (e.g., cow, sheep, human, etc.). The basic 
mechanism of infectivity remains mostly unknown, but it seems to be correctly 
thought of as a slowly progressing type of chain reaction. This model is often 
described as  “ recruitment and conversion. ”  The resultant TSEs are akin to other 
neurodegenerative diseases in that the TSEs are extraordinarily slow progressing 
diseases in humans and animals. In humans, after presymptomatic periods of as 
long as several decades, they are fatal and incurable. The unique primary and 
higher-order structure of the prion proteins of each species imparts a unique char-
acter to the TSEs of each species. Additionally, allelic variation at key structural 
sites appears to impart a unique character to the resultant disease. Variances in 
the character of disease resultant from these structural differences appear to 
account for the concept of  “ prion strains ” . 

 While most of the TSEs are relatively rare, a recent epidemic (1986 – 2000) of 
the prion disease known as bovine spongiform encephalopathy (BSE), or  mad cow , 
thrust the TSEs into the public awareness, especially since the consumption of beef 
contaminated with infectious central nervous system (CNS) tissue seems to have 
transmitted the mad cow disease to humans (Will et al.,  1996 ; Collinge et al.,  1996 ; 
Bruce et al.,  1997 ; Will et al.,  1999) . The original event that triggered the BSE 
epidemic will not likely ever be known with certainty; however, it is generally 
thought to be from the introduction in 1926 in the United Kingdom (BSE Inquiry, 
 2000)  of cattle feed containing offals (including brain and spinal cord) and 
 mammalian meat and bone meal (MBM) animal by-products. It is thought that at 
some point the process was contaminated with infectious prion material, possibly 
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sheep offals infected with scrapie, which precipitated the mad cow epidemic (BSE 
Inquiry,  2000) . Scrapie disease in sheep is also a TSE, and it has been epidemic in 
sheep in the United Kingdom for 200 years. The removal of offals and mammalian 
meat and bone meal additives appeared to end the epidemic, which supports the 
offal — scrapie theory for the origin of the epidemic; however, there are other theories 
(Chesebro,  2004) . There are also indications that the epidemic may have featured 
multiple strains of the prion protein (Capobianco et al.,  2007) . The transmitted 
disease in humans is known as a new variant of the Creutzfledt – Jacob disease 
(vCJD). The mad cow outbreak peaked in 1992 and all but disappeared in the 
United Kingdom by 2000. Because the incubation period for the TSEs is typically 
extraordinarily long, years or even decades, speculation abounds as to whether 
vCJD in humans has already peaked or remains dormant in the form of a future 
epidemic waiting to emerge (Brown,  2001) . 

 There is currently a less well publicized epidemic of the prion disease ( chronic 
wasting disease , CWD) in Western deer and elk populations in the Rocky Mountain 
regions of the United States. Its rate of spread and appearance from the Dakotas to 
New York indicate that the disease may soon extend nationwide, and it may transmit 
to other animals, such as moose. 

 The TSEs are not recent in their origins. Scrapie disease in sheep has been known 
for hundreds of years, and the human prion disease,  kuru , has been well known for 
some time in the Fore-speaking population of New Guinea, where it was attributed to 
the funeral ritual of cooking and eating dead relatives, especially by the women and 
children. The infectivity of these diseases was shown by Gajdusek, who received the 
Nobel Prize in 1976 for demonstrating that kuru was transmissible by inoculating 
chimpanzees with brain material from human kuru patients. At that time, the nature 
of infectious pathogen was completely unknown, although it was commonly assumed 
that the TSEs were caused by atypical  “ slow viruses.  ”  Prusiner (Bolton et al.,  1982 ; 
Prusiner,  1982 ; Diener et al.,  1982)  used the sheep scrapie model and provided 
evidence for the fact that the TSEs are actually a novel type of infectious disease 
caused by proteinaceous infectious particles, which he named  prions  (Prusiner, 
 1982) . Although contrary to prevalent scientific wisdom, a number of investigators 
had thought for some time that the scrapie disease agent was a protein and the idea 
was known as the  “ protein only ”  hypothesis. Prusiner received the Nobel Prize (1997) 
for his discovery of the prion, which confirmed the protein-only hypothesis.  

  Transmission of Prion Diseases Between Humans and Animals  

 Human TSEs are rare but include the Creutzfeldt – Jacob disease (CJD), Gertstmann –
 Straussler – Scheinker (GSS) disease, and familial fatal insomnia. All three human 
diseases appear to have both familial and sporadic occurrence, and appear to be 
different manifestations of pathology of the same prion protein. Kuru is the human 
disease caused by ritual cannibalism of brain. Similarly, human vCJD appears to have 
originated in the mad cow BSE epidemic in the United Kingdom. The hypothesis 
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is that BSE manifested in humans as vCJD after eating beef contaminated with 
infectious CNS material. Human kuru and familial fatal insomnia are also known 
to be transferable across species, as shown by the inoculation of laboratory animals 
with infectious human CNS tissue. 

 However, it appears that not all TSEs are transferable to all species. Scrapie 
disease in sheep is not known to be infectious in humans, although it seems infectious 
in cows. Thus, there appear to be species barriers to infectivity. The potential 
infectivity of CWD disease to humans is not known, although testing of game 
animals taken by hunters in the CWD-infected areas has been encouraged. The 
mechanism for the horizontal spread of CWD in deer and elk is without explanation, 
and it is not clear if transmission to humans is possible, or what the disease would 
look like if it were transmitted (Xie et al.,  2006) . It is intriguing to speculate that 
prion infectivity could leap from one species to another nonpermissible species 
by way of a permissible intermediate, possibly as evidenced by sheep scrapie to 
mad cow to human vCJD. 

 All evidence points to TSEs as a family of related diseases caused by the same 
homologous prion protein in all species (see reviews by Brown,  2005 ; Soto,  2006 ; 
Watts et al.,  2006) . Some comfort can be taken that the sporadic occurrences of 
TSEs are rare in all species and in human populations; however, it is equally clear 
from recent events that a persistent threat of epidemics of TSEs exists. Such 
 epidemics have potentially enormous consequences, such as the economically cata-
strophic epidemic of mad cow disease in the United Kingdom. Thus far, there is no 
early diagnosis during the long period of latency, although current research is dem-
onstrating the possible presence of infectious prion protein in tissues at some time 
before clinical symptoms appear. 

 Given the fundamental uncertainties about (1) what causes sporadic TSEs, (2) 
what initiated the epidemic of BSE, and (3) the unknown vector for the current 
epidemic of CWD, one has to be concerned about long-term health risks to humans 
and economically important animal species. The long latency between exposure 
(such as by eating contaminated meat) and the progression of the clinical disease is 
especially troublesome. Prudence requires us to consider two unwelcome hypotheses 
for the acquisition of TSEs from animals:

   1.    The human population has been seeded to an unknown extent with latent infec-
tious prion protein from the mad cow epidemic (Enserink,  2005)  and possibly 
also from the CWD epidemic now underway in deer and elk.  

   2.    An unknown environmental or animal reservoir might exist and present a 
continuing threat to humans and animals (Johnson et al.,  2006) .      

  Gaps and Enigmas in the Prion Concept  

 Because of the economically catastrophic mad cow epidemic and the ensuing risk 
to humans, intense research has been brought to focus on prions and the corre-
sponding TSEs. Likewise, basic research on the normal prion protein has accelerated. 
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However, even after nearly three decades of intense biomedical research, the prion 
story remains enigmatic:

●    The prion protein is actually a normal protein that is expressed in many tissues, 
yet it is particularly highly expressed in neurons in the brain to perform func-
tions that remain unknown;  

●   The prion protein produces disease only when it adopts a misfolded configura-
tion, yet how misfolding occurs remains unknown;  

●   In addition to the transmissible form, the prion diseases include familial and 
sporadic (isolated) occurrences;  

●   When normal brain tissue is inoculated with misfolded prion protein, normal 
prion protein in the host is converted to the misfolded state, yet precisely how 
this recruitment of normal protein and its conversion take place remains 
unknown;  

●   Prion disease is potentially  “ infectious ”  by eating contaminated food, yet how 
the pathogenic prion protein passes from the gut to infect the brain remains 
uncertain;  

●   The time between consumption of prion-contaminated food and the onset of the 
clinical symptoms of spongiform encephalopathy is exceedingly long (Prusiner 
et al.,  1982) , yet what happens during the years between the consumption of 
contaminated food and the onset of clinical symptoms remains unknown;  

●   Prion diseases occur through different strains, as evidenced by different progres-
sion patterns and clinical features of the disease that seem to be associated with 
different genetic and/or post-translational polymorphisms in the prion protein, yet 
how these differences translate into different disease outcomes remains unknown.     

  Prion Disease Prevention  

 While the prion encephalopathies remain relatively rare in humans, public concern 
has been heightened recently by the outbreak of an economically catastrophic epi-
demic of mad cow disease in the United Kingdom (1986 – 2000) and a number of 
isolated, sporadic occurrences in cows in the United States and Canada. Because of 
the potential for enormous risk to public health, disease prevention is aimed at pro-
tecting the public from the consumption of contaminated food, or the accidental 
inoculation with contaminated clinical materials or surgical instruments. Another 
troublesome problem is that the infectious conformation of the prion protein is 
extraordinarily resistant to normal cleaning and degradation procedures, so that 
contaminated tissues and work environments are exceedingly difficult to decon-
taminate (Taylor,  1990 ; Brown and Gajdusek,  1991 ; Zobeley et al.,  1999 ; Brown, 
et al.,  2004) . Given the full extent of the potential routes of exposure and transmis-
sion to humans, the risk from the mad cow epidemic remains unknown because 
there are so many uncertainties (Brown,  2001) . While a spike of human clinical 
disease was observed immediately in the wake of the mad cow epidemic, the prion 
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diseases are known to have long incubation periods. Therefore, one must consider 
the possibility that this rapid onset of vCJD is evidence that human population has 
been  “ seeded ”  to an unknown extent, which presents long-term concerns. 
Alternatively, the spike of vCJD in the immediate wake of the BSE epidemic may 
reflect a pattern of more rapid disease progression in highly susceptible individuals, 
attributable to age, genetic polymorphisms in the prion protein, etc., while other 
similarly exposed individuals may prove susceptible only after long latency. 

 The potential for presymptomatic detection of prions in the blood of infected 
individuals has profound importance for humans exposed, or potentially exposed, 
to contaminated food. Sa á  et al.  (2006)  show that the scrapie disease prion (PrP Sc ) 
can be detected biochemically in the blood of scrapie-infected hamsters during 
most of the presymptomatic phase of the disease. Infectious prions have also been 
found in the blood of CWD-positive deer (Mathiason et al.,  2006) . Because the 
human population may have been seeded with vCJD disease as a result of the BSE 
epidemic, the potential to detect prions in presymptomatic individuals would seem 
to have profound importance for human blood donation and organ transplantation, 
as well as for the screening of farm and game animals. The potential for develop-
ment of immunity (Peretz et al.,  2001 ; Heppner et al.,  2001 ; Pankiewicz et al., 
 2006)  or of effective vaccines (Sadowski and Wisniewski,  2004)  may open the door 
to effective management or cure, which are at present out of reach.  

  The Mechanism of Protein Infectivity  

 More than 20 years after the beginning of work to unravel the prion mystery, the 
critical mechanisms of disease production still remain enigmatic. Prior to Prusiner’s 
work, the spongiform encephalopathies now known to be caused by prions were 
commonly thought to be caused by undiscovered  “ slow viruses ” , since the incubation 
period for the appearance of clinical disease seemed to span decades. During the 
search for these pathogens, Prusiner (Bolton et al.,  1982 ; Prusiner,  1982)  discovered 
the proteinaceous infectious particles that cause disease, and he proposed the name 
 prion . Most importantly, this work, for which Prusiner received the Nobel Prize 
(1997), lent decisive support for a contentious, earlier  “ protein only ”  hypothesis for 
disease transmission. While it is now clear that the normal isoform of the prion 
protein has important cellular functions, how the misfolded isoform produces a 
lethal spongiform encephalopathy remains elusive in detail. The progression of 
brain disease seems to involve cellular functions related to the normal protein in its 
neural cell-surface glycosylphosphadidylinositol (GPI) linkage (Chesebro et al., 
 2005) , as when this linkage is broken, TSE Sc  mice accumulate plaques but never 
develop clinical disease (Aguzzi,  2005) . In other words, the  β -sheet-rich prion isoform 
is not intrinsically neurotoxic. Toxicity is imparted by disrupting the signaling and/
or metabolic functions of the normal GPI-linked protein. Furthermore, prion protein 
gene knockouts (PRNP 0/0 ) seem to be asymptomatic upon inoculation with scrapie 
prions (Brandner et al.,  1996) . 
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 At the heart of the prion enigma and the protein-only hypothesis is the mechanism 
of infectivity of the prion particles. Part of the mystery of TSEs is that, in addition 
to infectious transmission, there are also instances of sporadic (unknown cause) as 
well as genetic instances of occurrence. Furthermore, human and nonhuman TSEs 
have strains in which the clinical course of disease features strain-specific variability. 
The complexity of these strain differences in disease manifestation provide a com-
plicated accounting of mechanisms under the protein-only hypothesis (review Soto, 
 2006) , although genetic polymorphism PrP in humans and animals almost certainly 
contributes to  “ strain ”  specific differences (Schoch et al.,  2006) . Because of the 
difficulty intrinsic to the idea of a single protein adopting multiple conformations, 
Safar et al.  (2005)  searched exhaustively for small polynucleotides possibly hidden 
within PrP Sc  (Fig.  23.1 )  particles and found that the small polynucleotides found in 
prion preparations are of host origin and cannot account for infectivity or strain 
differences.  

 An additional difficulty is that other neurodegenerative diseases that feature 
protein misfolding similar to TSE, such as Parkinson’s disease, Alzheimer’s 
disease, etc., are not thought to be infectious, as is the case with the prion proteins. 
However, it now seems possible that the assumption of noninfectivity in other 

  Fig. 23.1      Hypothetical mechanisms of protein-only infectivity. Exposure to infectious PrP Sc  is 
thought to seed and convert native PrP C  protein in normal brain. Here, PrP Sc  from an exogenous 
infectious source, such as contaminated food, seeds and converts the normal cellular pool of 
endogenously synthesized PrP C  from the native PrP C  conformation to the infectious PrP Sc  confor-
mation. Amino acid sequence homology between the infectious source of prion and the host PrP C  
permits crossing the species barrier, such as in the case of BSE spreading to humans in the form 
of vCJD. Likewise in this concept, infectious PrP Sc  from animal species that lacks critical features 
of homology with the amino acid sequence of human PrP would not be infectious to humans, such 
as scrapie disease in sheep. Once PrP C  has been converted to PrP Sc  through the slow process of 
seeding and conversion, the misfolded protein is no longer recognized by the normal processes for 
turnover and degradation of cellular proteins. Consequently, the brain burden of PrP Sc  increases, 
producing a gradual accumulation of plaques in the brain and eventual clinical disease       
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fibrillar plaque diseases may be for lack of looking. For example, experimental 
inflammatory amyloidosis in mice is accelerated when the mice are also adminis-
tered purified amyloid fibrils (Lundmark et al.,  2002) . Similar seeding was observed 
in mice administered extracts from human Alzhemier’s brain (Meyer-Luehmann 
et al.,  2006) . So, seeding and transmission (or infectivity) may be a pathogenic 
mechanism most robustly shown with the prion protein, but potentially and weakly 
applicable to other fibrillar plaque proteins as well. The idea of a basic similarity 
of the seeding, misfolding, and aggregation processes of Alzheimer’s disease and 
the prion diseases is, in fact, supported by sequence similarities in the presumptive 
amyloidogenic domains of the  β -amyloid protein in Alzheimer’s disease and PrP in 
the TSEs (Come et al.,  1993) . 

 There is no known cure for prion disease; however, optimism is offered by 
experimental observation that noncytotoxic dosages of branched polyamines 
cure prion-infected neuroblastoma cells in culture (Supattapone et al.,  1999 , 
 2001) , apparently by rendering the aggregated protein to normal proteolytic 
process in the cell.  

  Origin and Acceptance of the Prion Hypothesis  

 Before the discovery of the prion mechanism of infectivity, the assumption was 
that kuru in humans and scrapie in sheep were caused by unconventional viruses, 
virus-like pathogens, or  “ slow viruses,  ”  because the interval between exposure 
and onset of clinical disease was years, or even decades (Prusiner,  1982) . 
However, it is important to distinguish between the actual discovery of the prion 
particles (Bolton et al.,  1982 ; Prusiner,  1982)  and the  “ protein only ”  hypothesis 
for the transmission of the diseases now attributed to prions  –  the TSEs. 
Specifically, long before the discovery of the prion particles, the replication and 
transmission of the scrapie disease agent without nucleic acid was suspected 
(Alper et al.,  1966 ,  1967) , leading Griffith  (1967)  to propose a self-replicating, 
protein-only agent for disease transmission. 

 During the search for the actual pathogen responsible for the TSEs, Prusiner 
 (1982)  coined the term prion to distinguish between the molecular properties of 
proteinaceous infectious particles associated with scrapie disease (Bolton et al., 
 1982)  and the molecular properties of known viruses, plasmids, viroids, etc. that 
feature a core of nucleic acid as the informational molecule. In the original descrip-
tion, the purified prion particles were characterized as composed of a single protein, 
roughly 27,000 – 30,000 D in molecular weight, and resistant to proteinase K diges-
tion. In particular, enrichment of the protein correlated with increasing titer of the 
infectious agent (Bolton et al.,  1982)  and the material failed to exhibit the spectra 
indicative of the presence of nucleic acids (Prusiner et al.,  1984) . 

 Because the idea of an infective protein is such a radical departure from more 
than a century of belief that all infectious diseases are caused by microorganisms, 
such as bacteria and viruses, acceptance of the prion hypothesis was slow. Key links 



538 R.C. Wiggins

in gaining almost universal acceptance of the prion hypothesis of infectious disease 
include several recent studies:

  ●  Demonstration in knock-out mice that expression of the prion gene is necessary 
for the establishment and progression of disease (Brandner et al.,  1996) ;  

 ●  Demonstration that synthetic polypeptides of prion protein produced in a geneti-
cally engineered  E. coli  cell-free system produced a TSE disease in transgenic 
mice overexpressing prion protein (Legname et al.,  2004) ;  

 ●  Conformation in vitro of the core idea that normal prion protein can be changed 
to an infectious conformation by seeding normal brain homogenates with 
scrapie protein and amplification of the infective protein by cyclic amplification 
(Castilla et al.,  2005) .    

 Suspicion that the TSEs might yet have a viral origin has not disappeared, and it 
is possible to point to weaknesses in the prion studies to sustain the possibility 
that accidental contamination by nucleic acids best explains the observed infec-
tivity. While the use of transgenic mice overexpressing PrP (Legname et al., 
 2004)  provides a more robust experimental model for the development of disease 
after inoculation with synthetic prion protein, others see transgenic mice overex-
pressing prion protein as predisposed to producing prion disease spontaneously. 
In what some might consider direct support for a viral origin of the prion dis-
eases, Manuelidis et al.  (2007)  reported the presence of 25-nm virus-like particles 
in cell cultures that also propagate TSE infectivity. Similar particles in the range 
of 20 – 35 nm have been often reported in TSEs; however, no viruses or virus-like 
particles have ever been purified and shown to produce TSE in animals. Although 
the papers of Manuelidis are important reminders of the need for caution, the 
prion hypothesis appears to remain incontrovertible to most scientists by the 
sheer weight of positive evidence. 

 Through the work of more than two decades, it is now known that the prion 
protein is a misfolded isoform of a normal cell-membrane protein, and various 
terminologies have appeared as numerous researchers have joined the investiga-
tions (Liberski and Ironside,  2005) . The normal isoform of the cellular protein is 
designated PrP C , whereas the infectious isoform in scrapie is PrP Sc . Because there 
are a variety of isoforms producing different transmissible spongiform encepha-
lopathies, PrP d  has been introduced recently to connote any disease isoform. Many 
authors seem to use PrP Sc  as a generic for any of the TSEs. Also, PrP res  has been 
used to connote a purified protein or transgenic polypeptide fragment that features 
the classical resistance to proteinase K digestion.  

  Function of Normal Prion Protein  

 The normal PrP polypeptide is encoded by a highly conserved gene, which is 
variously abbreviated as PRNP, prnp, Prnp, etc. (for a review, see Sakaguchi,  2005) . 
The prion gene is located on chromosome 20 in humans and on chromosome 2 in 
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mice (Oesch, et al.,  1985 ; Basler, et al.,  1986) , and it appears to be conserved across 
species from yeast to primates (Westaway and Prusiner,  1986) , indicating the PrP 
proteins perform essential cellular functions spanning almost the whole time span 
of living organisms on earth. Across the vertebrates, amino acid sequence homol-
ogy between frog, turtle, chicken, and mammal is conserved at a rate of about 30%, 
which is sufficient to preserve the same molecular architecture of mammalian PrP C  
(Harris et al.,  1991 ; Calzolai et al.,  2005) . In mammals PrP is expressed in many 
cell types and tissues; however, it is comparatively highly expressed in brain 
neurons, especially in the synapses. In particular, PrP C  appears to be associated 
with the development of neural precursor cells in the developing nervous system, 
as well as their differentiation into mature neurons (Steele et al.,  2006) . In the adult 
nervous system, PrP C  may normally potentiate acetylcholine release in neuromus-
cular junctions (Re et al.,  2006)  and may have an important role in regulation of 
receptor density at the neuormuscular junction (Harris et al.,  1991) . A role in memory 
has also been postulated (Bailey et al.,  2004) . 

 In its CNS expression, PrP C  is a GPI-anchored cell-membrane protein (for reviews, 
see Brown,  2005 ; Soto,  2006) , whereas the infectious prion is a misfolded isoform of 
the same polypeptide (Stahl et al.,  1990) . The normal and infectious isoforms have 
identical amino acid sequences. The GPI linkage has been characterized, but the 
purpose of the linkage remains unknown. Mouillet-Richard et al.  (2000)  have postu-
lated that PrP C  may be a signal transduction protein. The GPI linkage does not appear 
to have a role in the formation of the infections prion (Lewis et al.,  2006) , although 
the GPI-linked PrP C  is necessary for disease progression (Chesebro et al.,  2005) . 

 PrP C  is also a copper-binding metalloprotein (Hornshaw et al.,  1995 ; Brown 
et al.,  1997) , and it may function as an antioxidant. Physiologically relevant 
copper binding now appears to be a widely accepted, normal function of PrP C  
(for a review, see Soto,  2006) . Furthermore, copper binding at the  β -sheet conversion 
site my actually stabilize the normal PrP C  isoform and prevent the misfolding 
that produces the  β -sheet-rich infectious prion (Cox et al.,  2006) . PrP has also 
been shown to confer anti-apoptotic activity in cultured neuronal cells 
(Kuwahara et al.,  1999 ; Lee et al.,  2006) . 

 Because misfolded isoforms of PrP produce fatal spongiform encephalopa-
thies, the PrP has largely been studied in the brain. However, new evidence indi-
cates PrP C  has important functions in non-neural tissues. Zhang et al.,  (2006)  
show that the prion protein is a biomarker for hematopoetic stem cells, where it 
is normally expressed on the cell surface. When bone marrow is depleted of 
prion-protein-expressing stem cells, the capacity to regenerate is also lost. This 
evidence indicates normal prion protein expression is required for bone marrow 
stem cells to regenerate. Because prion protein is expressed in blood, especially 
mononuclear cells, blood transfusion has been implicated as a route of transmis-
sion of infectious prions (Halliday et al.,  2005) . Platelets have been variously 
described as either expressing (Perini,  1996 ; Robertson et al.,  2006)  or not 
expressing prion protein (Herrmann et al.,  2001) , and it is probable that prion 
expression in platelets is derived from precursor cells in the megakaryocyte line-
age (Starke et al.,  2005) . Doubt has been expressed that platelets are a source of 
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transmissible infection (Holada et al.,  2002) . The normal function of PrP C  in 
mononuclear cells remains unresolved. 

 PrP C  is also constitutively expressed in the human gut; however, its function 
there remains elusive. Infection by  Helicobacter pylori , as is the case in 50% of the 
world’s population, significantly upregulates PrP C  expression, and may be an 
important factor in human susceptibility to infectious prions in contaminated food 
(Konturek et al.,  2005) .  

  Mechanism of the Prion Protein Misfolding and Disease  

 The transmission, or  “ infectivity ”  of prion diseases appears inseparable from the 
mechanisms of fibrillogenesis, in which the native form of PrP, rich in  α -helical 
domains, is converted to PrP Sc , which is rich in  β -sheet domains. The central con-
cept that a protein molecule, specifically, a single polypeptide chain, is infectious 
requires a fundamental change in the traditional view of infectious agents. While 
the aggregation of prion particles is probably similar to the formation of aggregate 
neurotoxic proteins found in other neurodegenerative diseases (Taylor et al.,  2002) , 
the mechanism of the prion protein’s infectivity remains speculative, although the 
fact of infectivity appears inescapable. It is clear is that neurotoxic PrP isoforms are 
produced by misfolding of normal PrP C , leading to the aggregation of infectious 
PrP Sc  prion particles and their lethal accumulation in neurons. 

 As in the case of the prion diseases, the spectrum of amyloid diseases features 
the conversion of native proteins to a fibrillar isoform comprising predominantly 
 β -sheet structures. There is recent evidence that PrP may be the most striking exam-
ple of a potential that other fibrillar proteins also have to seed the conversion of the 
native conformation of the same, or of a similar protein, to the fibrillar conforma-
tion (Lundmark et al.,  2002 ; Meyer-Luehmann et al.,  2006) . For example, whether 
administered orally or i.v., purified amyloid-A protein is a potent enhancing factor 
in the disease progression of amyloid-A protein amyloidosis in mice. As noted by 
Lundmark et al.,  (2002) , the fact that amyloidosis can be accelerated by eating a 
homologous protein molecule indicates a seeding and propagation phenomenon 
remarkably akin to the transmission of prion diseases. 

 Events that initiate misfolding of the native PrP C  polypeptide remain mostly 
unknown; however, it has been shown in a model system of neuroblastoma cell 
cultures that normal PrP C  is precursor to PrP Sc  (Borchelt et al.,  1990) . These stud-
ies employed a 2-h pulse of [ 35 S]-methionine to label the newly synthesized PrP C . 
Kinetic analysis of [ 35 S]-radioactivity in purified protein showed that labeling 
peaked immediately in the PrP C  pool and rapidly declined to less than 90% of 
peak activity within14 – 22 h, whereas radioactivity was still increasing after 46 h 
in the PrP Sc  pool. Given a pulse duration of only 2 h, followed by chase, it is rea-
sonable to assume labeled PrP C  is the direct precursor of labeled PrP Sc . 
Furthermore, studies with recombinant PrP polypeptides show that  α -helix-rich 
polypeptides, which are characteristic of the native PrP C  configuration, can be 
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reversibly converted to monomeric  β -sheet-rich conformations in the absence of 
denaturing additives (Jackson et al.,  1999) . The authors interpret the ease with 
which monomeric helical PrP polypeptides can be converted in high yield to  β -
sheet isoforms as evidence that the amino acid backbone of PrP may actually 
have a thermodynamic preference for the  β -sheet isoform. If so, then native PrP C  
would have to be held in the native isoform, rich in helical structure, by protective 
microenvironments. 

 Such a concept raises possibility that the  α -helical-rich and  β -sheet-rich iso-
forms could be held in dynamic balance with an intervening high energy barrier. 
Such a barrier would have to be overcome as PrP C  is converted to PrP Sc . Keeping 
in mind that these are polypeptides produced through recombinant DNA meth-
ods, this hypothesis of an energy barrier separating the  α -helical PrP from an even 
more stable  β -sheet conformation would explain transmission and infectivity of 
prion disease as a breakdown in this energy barrier, such as by seeding with PrP Sc  
(Come et al,  1993) . In such a view, seeding would depend on amino acid sequence 
homology, so that dissimilar sequences would account for species barriers in the 
transmission of the TSEs (Krebs et al.,  2004) . In the absence of seeding (as in the 
case of consuming contaminated food or inoculating experimental animals with 
PrP Sc ), a breakdown in the energy barrier would ordinarily be a rare but readily 
available mechanism for the occurrence of sporadic prion disease. Likewise, the 
hypothesis might also account for certain genotypes that would predispose con-
version of helical PrP to  β -sheet-rich isoforms, such as Met/Met or Val/Val 
homozygotes at position 129 in humans. 

 Several breakthroughs have been made in the several years, revealing how toxic 
aggregates of prion isoforms kill neurons. This work resolves the question of 
whether scrapie is produced by direct neurotoxicity of the PrP Sc  or by some other 
mechanism. It is now known that the infectious PrP Sc  polypeptide is not intrinsi-
cally neurotoxic to neurons. Development of prion disease requires the presence of 
normal PrP expression. Furthermore, uncoupling normal PrP from the cell surface 
also uncouples the PrP Sc  from the progression of disease. Key steps in this discov-
ery include the following:

  ●  Grafting transgenic tissue overexpressing PrP into embryonic forebrain of PrP 
deficient mice (PRNP 0/0 ) and inoculating with PrP Sc  shows that grafted tissues 
accumulate PrP Sc  and exhibit scrapie histology. Even though substantial amounts 
of graft-derived PrP Sc  migrated into PRNP 0/0  tissue, no pathology appeared in 
Prnp 0/0  tissue after 16 months (Brandner et al.,  1996) .  

 ●  Arresting the conversion of PrP C  to PrP Sc  in neurons during infection reverses 
disease progression, even though PrP Sc  continues to accumulate (Mallucci 
et al.,  2003) . Transgenic mice engineered to disable the PRNP gene in neu-
rons at 12 weeks of age were inoculated with PrP Sc  several weeks before 
PRNP inactivation. Within days after the PRNP gene was inactivated, the 
mice became depleted of PrP C , and PrP Sc  accumulation reached levels in brain 
tissue typical of terminally ill animals. Nonetheless, the PRNP-inactivated 
animals remained alive and disease free a year later, despite high PrP Sc  levels. 
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Inoculated control mice lacking the transgenic inactivation of PRNP all died 
during this period.  

 ●  Disruption of normal PrP function in vivo by binding with monoclonal antibod-
ies produces rapid cell death in neurons (Sulforosi et al.,  2004) , which is consist-
ent with indications that prion disruption of the normal PrP function in vivo 
would also produce neuronal cell death.  

 ●  Normal PrP protein is anchored to the neuronal cell membrane by a GPI linkage. 
Disabling the GPI linkage in transgenic mice does not prevent the accumulation 
of PrP Sc  plaques in inoculated mice, but does prevent the development of scrapie 
disease (Chesebro et al.,  2005) .    

 In vivo, there are genetic predispositions to PrP Sc  aggregate formation, which would 
account for the so-called familial varieties of prion diseases. For example, from 
studies of human kuru, it is known that homozygous Met or Val at codon 129 in the 
human  PRNP  gene predisposes the PrP protein to misfolding. In the case of kuru 
disease in the Fore-speaking population in the remote highlands of Papua New 
Guinea, homozygotes for Met or Val at position 129 have an earlier onset of disease 
following the consumption of contaminated CNS tissues during ritual cannibalism 
(Lee et al.,  2001 ; Mead et al.,  2003) . Similarly, Wadsworth et al.  (2004)  show that 
sequence variation at position 129 drastically alters the infectivity and clinical con-
sequences of BSE and vCJD. Given that all the vCJD deaths in the aftermath of the 
mad cow epidemic in the United Kingdom have been Met/Met homozygotes (Brown 
et al.,  2001) , there may be a large and undetected pool of dormant carriers of vCJD 
in the population (Carrell,  2004) . Possibly, the infectious strain of BSE in the mad 
cow epidemic may not be able to replicate in other human genotypes (Brown et al., 
 2001) . Heterozygosity at codon 129 confers some resistance to prion disease, possibly 
by decelerating homologous protein interactions that might lead to misfolding. 
Worldwide, genetic polymorphism for the  PRNP  gene reveals high allelic frequen-
cies for TSE-favoring combinations. This high frequency of apparently unfavorable 
genotypes indicates a dynamic balance of strong positive and negative selection 
pressures for different alleles of  PRNP  during the evolution of humans. 

 While there is a clear negative selection against homozygosity of Met and 
Val at codon 129 because of the predisposition to prion disease, the positive 
selection pressures that would account for the high frequencies of these alleles 
remain unknown  –  presumably hidden within the still unknown full range of 
normal PrP C  functions in a wide range of cells and tissues. As reviewed in Mead 
et al.  (2003) , Met homozygotes comprise 37% of the human population in the 
United Kingdom, and Val homozygotes comprise 12%. Once the chain reaction 
of misfolding begins, because of sporadic disease, familial predisposition, or 
the consumption of contaminated foods, the progression of disease from cell to 
cell and to new hosts appears accountable in general principles, but remains 
unresolved in precise detail. 

 In the case of CJD, it has been shown that the wide range of patterns in the 
expression of the disease is associated with combinations of point mutations and 
insertion mutations, which have familial transmission (Goldfarb et al.,  1991) . Various 
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numbers of coding repeats within an unstable region are a prominent feature of the 
mechanism of disease.  

  Progression from Exposure to Disease  

 While there appears to be little doubt that infectious PrP Sc  particles, once in the 
brain, initiate the slow progression of a TSE disease, the picture of how ingested 
PrP Sc  from contaminated food sources (such as mad cow or kuru) reaches the brain 
is not clear. In particular, the time course of the TSEs, over periods of years and 
even decades, is also without clear explanation. 

 While PrP C  is expressed in many tissues in the body, CNS neurons may be the 
only cells killed by infectious PrP Sc . Whereas cells in most tissues are renewed and 
turn over comparatively rapidly, neurons are nonproliferating cells in most of the 
brain. Cells in non-neural tissues may simply turn over so rapidly that a disease 
process requiring years may not have time to become evident. In contrast, the nerve 
cells produced during the period of brain growth and development remain alive for 
the full life span of a mammal. So, it seems reasonable that such long-lived cells 
would be selectively vulnerable to a slow progressing disease that requires years, 
or decades, to produce clinical effects. It also seems plausible that PrP Sc  may not 
initiate a recognizable disease process in other cells and tissues because of its 
positive selectivity for nerve cells. The unique functional roles and corresponding 
metabolic signatures of nerve cells may render neurons particularly susceptible to 
disorders caused by the prion protein. What is known is that non-neural brain cells 
respond differently. For example, the accumulation of PrP Sc  is lethal to neurons, but 
astrocytes are stimulated to proliferate (DeArmond et al.,  1992) . 

 The central issue in the progression of disease is how PrP Sc  propagates itself 
from the source of exposure (food) to the brain. In the examples provided by kuru, 
the recent mad cow epidemic in the United Kingdom, and the resultant transmission 
of vCJD to humans, the common link is that infectious prions in contaminated food 
reached the brain by some mechanism, and once in the brain, seeded the conversion 
of native host PrP C  to an infective PrP conformation. 

 The lymphatic system is implicated in some studies. Lemurs experimentally 
inoculated with food containing BSE-infected cattle brain demonstrated PrP immu-
nohistochemical staining in the tonsils, gut and associated lymphatic tissues, 
spleen, and cervical dorsal and ventral nerve roots, whereas control lemurs did not 
show detectable PrP staining (Bons et al.,  1999) . Because of the importance of 
resolving the mechanism of disease by oral exposure, Jeffrey et al.  (2006)  show that 
ingested prion protein in gut is quickly cleared and taken up into the lymphatic 
system. However, a slower process of de novo formation of infectious prion parti-
cles seems to occur in parallel, involving the Peyer’s patches. These results indicate 
that the lymphatic system and the enteric nervous system are exposed to PrP Sc  
simultaneously; however, the route by which PrP Sc  reaches the brain is not clear. 
Interestingly, transmission along nerve fibers would also account for how 
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experimental intracerebral inoculation with PrP Sc  spreads peripherally to other tis-
sues (DeJoia et al.,  2006) .  

  Horizontal Spread of Prion Disease  

 In the examples of kuru, mad cow disease, and vCJD, food contaminated with 
infected CNS components seems to account for the horizontal spread of disease 
between individuals. High titers of infectious prions are present in the CNS of 
diseased animals, so that infected brain tissues have been used in countless experi-
ments to transmit TSEs to normal animals by inoculation. The potential infectivity of 
other tissues from infected animals appears unclear. For example, muscle tissue from 
deer infected with CWD successfully transferred the prion disease to mice inoculated 
intracerebrally (Angers et al.,  2006) . Whereas PrP Sc  has also been detected in muscle 
of scrapie-infected sheep, there has been no similar detection of prion in muscle in 
BSE-affected cows, or in deer with natural CWD. It seems likely that these results 
might differ because of relatively low levels of prion expression in muscle compared 
to brain, or because a far less aggressive disease process manifests in muscle tissue. 
In either case, the immunohistochemical detection of prion protein is likely to be 
more difficult in muscle. Angers et al.  (2006)  find relatively high titers of prion in 
muscle of innoculated mice, and high titers in muscle also correlated with the most 
rapid progression of brain disease. However, when infectivity of prions from infec-
tious muscle and brain were compared, the incubation time was 30% longer for 
prions from muscle than with CNS prion preparations from the same animals. 

 It has also been observed that chronic lymphocytic inflammation from other under-
lying disease causes the prion protein to be expressed in otherwise prion-free tissues 
(Heikenwalder et al.,  2005) , which might have significant implications for the potential 
infectivity of non-neural tissues. For example, while the prion protein is not normally 
excreted in urine, chronic inflammatory kidney disease does result in prionuria in PrP Sc -
infected mice. Inoculation of noninfected mice with urinary PrP Sc  produced scrapie 
(Seeger et al.,  2005) , which might be a source of horizontal prion infectivity in animal 
populations, such as the epidemic of CWD in North American deer and elk. Infectious 
prions have also been detected in the saliva of CWD-positive deer and may contribute 
to the spread to other individuals (Mathiason et al.,  2006) . The stability of infectious 
prions in soil, possibly for years, indicates a potential for an environmental reservoir of 
prions (Brown and Gajdusek,  1991 ; Johnson et al.,  2006) .  

  Conclusions  

 The prion protein is a normal cellular protein. It is expressed in many tissues from 
a highly conserved gene, although the levels of expression in neurons are relatively 
high. In the brain, the protein appears to be a GPI-linked cell-surface glycoprotein, 
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and it may also be a copper-binding metalloprotein. It is relatively rich in  α -helix 
domains, but the protein possesses a unique property, so that under certain condi-
tions the protein converts to a relatively  β -sheet-rich conformation. In this new 
conformation, the protein particles are known as prions, which exhibit a unique 
principle of infectivity and produce the class of diseases known as TSEs. The basic 
mechanisms of conversion and infectivity remain mostly unknown, but it seems to 
be a chain reaction type of propagation, in which protein in the prion conformation 
seeds and converts normal protein. This model is often described as recruitment and 
conversion. The resultant TSEs are plaque-forming diseases in the brain and they 
are extraordinarily slow progressing. The accumulation of prion plaques can be 
uncoupled from the progression of clinical disease by disrupting the GPI linkage of 
the normal protein. How prions in food produce disease in the brain is unknown, 
but after periods of several to many years, prions in the brain produce a fatal and 
incurable spongiform degenerative disease. Similarities to other plaque-forming 
diseases, such as Alzhemier’s, have often been noted, although other plaque pro-
teins are not known to be infectious, or at least not as robustly infectious as the 
prion protein. The primary means of prevention is to protect food from contamina-
tion with infectious CNS material. The recent BSE epidemic in the United Kingdom 
appears to have subsided; however, the long-term risk to humans from consumption 
of contaminated beef remains unknown. In humans, certain genetic polymorphisms 
in the prion protein, especially homozygotes for Met and Val at position 129, are 
predisposed to rapid development of clinical disease. Enigmatically, the allele fre-
quencies for either Met or Val at 129 in most human populations are high, which 
indicates strong positive selection pressure for these variants at some time in the 
antiquity of humans. In the wake of the mad cow epidemic, long-range implications 
of TSEs for human organ transplantation, blood donation, etc. remain unclear, 
although prudence would dictate extreme caution. The development of presympto-
matic detection methods, or even vaccines, is an active area of research. A growing 
epidemic of CWD is currently underway in North American deer and elk, although 
neither the cause nor the implications to human are known. 

 Disclaimer: This manuscript has been reviewed by the National Health and 
Environmental Effects Research Laboratory and approved for publication. 
Approval does not signify that the contents reflect the views of the Environmental 
Protection Agency.      
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   Chapter 24   
 Lead Encephalopathy        

    Ivan   J.   Boyer      

  Introduction  

 Lead is arguably the most studied of the neurotoxicants (Silbergeld,  1992 ; Dietrich, 
 1995 ). Epidemiological and experimental studies of the toxic effects and mecha-
nisms of action of lead have grown exponentially since the 1960s and 1970s. This 
work has produced an unparalleled body of scientific information on the effects of 
lead on the central nervous system (CNS). This chapter provides a brief review of 
the current knowledge and the key hypotheses about the toxicity of lead to the 
 central nervous system (CNS). 

 An enormous amount of lead has been released to the environment through 
human activities since the 1920s, when tetraethyl lead was first sold as an antiknock 
agent in gasoline for automobile engines. The use of inorganic lead as an anticor-
rosive agent in paints and primers represents another important source of lead 
released to the environment. These practices are largely responsible for widespread 
and persistent environmental contamination often exceeding concentrations now 
known to have the potential to cause serious harm to human health. 

 The great depth and breadth of the research on the toxicity of lead has implicated 
numerous cellular and molecular mechanisms of action in the CNS. Lead can bind 
to many different cell components to affect multiple cellular processes, depending 
on exposure rate and duration, body burden, developmental, nutritional and health 
 status and, ultimately, the concentrations of lead at target sites in specific brain 
regions. The overall effects of lead exposure on the brain depend, in turn, on 
 perturbations of many complex functions and interrelationships among the diverse 
cell types and regions of the brain. 

 Despite the substantial research, no single mechanism or simple set of 
mechanisms has emerged to explain the wide spectrum of effects of lead expo-
sure on the brain. Indeed, all of the molecular mechanisms proposed to date 
can still be fairly characterized as tentative hypotheses about the many ways 
that lead might alter brain function. On the other hand, the extensive data and 
hypotheses gained from this research may serve as the best model available 
for investigating other  neurotoxicants with effects that can range from 
 subclinical CNS impairment to overt encephalopathy. There are many such 
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toxicants, including other metals (for example, arsenic, cadmium, manganese, 
methylmercury, thallium, and  triethyltin), ethanol, polychlorinated biphenyls 
(PCBs), drugs, and pesticides (Rice,  1989 ; Barone et al.,  1995 ; Tsai et al., 
 2006 ; See Mendola et al.,  2002 , for review).  

  Clinical Lead Encephalopathy  

 High levels of lead exposure can cause overt clinical encephalopathy in both 
 children and adults. The effects include brain edema and demyelination of the 
 cerebral and cerebellar white matter, which are thought to be secondary to vascular 
injury (Reyes et al.,  1986 ). 

 Clinical lead encephalopathy was once frequently observed in the developed 
world, especially in children. Lead exposures high enough to cause overt encepha-
lopathy in children were often attributable to ingesting chips of deteriorating paint, 
dust from lead-contaminated soil, or lead leached into foods or beverages from lead 
solders or ceramic glazing. Children with encephalopathy often had chips of lead 
paint visible in abdominal radiographs (Gordon et al.,  1998 ; AAP, 2005). Before 
the advent of chelation therapy, only about 50% of  children hospitalized for lead 
encephalopathy survived, and more than 25% of the survivors suffered mental 
retardation, seizures, cerebral palsy, optic atrophy or other severe sequelae (Chisolm 
and Harrison,  1956 ; Christian et al.,  1964 ; Perlstein and Attala,  1966 ). Lead 
encephalopathy was also occasionally reported in adults from, for example, expo-
sures to inorganic or organic lead compounds in occupational settings or from 
drinking moonshine whiskey or intentionally inhaling leaded gasoline (Holstege 
et al.,  2004 ; Cairney et al.,  2005 ). 

 These sources, among others (e.g., lead-containing folk remedies, cosmetics and 
toys), are responsible for relatively high lead exposures that still occur in many 
parts of the world (for reviews see Hackley and Katz-Jacobson ,  2003 ; Papanikolaou 
et al.,  2005 ; AAP,  2005 ). 

 Young children are much more sensitive to lead exposure than adults are. Thus, 
overt lead encephalopathy is rarer in adults (Bressler and Goldstein,  1991 ). 
However, both adults and children exposed to lead can present with serious neuro-
deterioration and death (Perelman et al.,  1993 ). 

 Differences in susceptibility have been explained by many developmental, 
physiological and metabolic differences between young children and adults. The 
developing brain in young children is exquisitely sensitive to the disruptive effects 
of lead. Young children ingest more lead, absorb a greater proportion of lead in the 
digestive tract, and accumulate a greater proportion of circulating lead in the brain 
(Ziegler et al.,  1978 ; Clark et al.,  1985 ; Philip and Gerson,  1994 ; Leggett,  1993 ; 
Cory-Slechta and Schaumburg,  2000 ; Markowitz,  2000 ; Lanphear et al.,  2002 ). In 
addition, resistance in the adult may be partially explained by the greater capacity 
of the mature brain to sequester lead away from target sites (Holtzman et al.,  1984 ; 
Tiffany-Castiglioni et al.,  1989 ; Lindahl et al.,  1999 ). 
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 Lead encephalopathy is now rare in the developed world. This is attributed to 
eliminating leaded gasoline and lead-based paints, remediating lead contamina-
tion, and preventing or reducing lead exposures in both residential and occupa-
tional  settings. For example, the mean blood lead concentration of the U.S. 
population fell from about 16 to 3  µ g dl  − 1  between 1976 and 1991, after banning 
leaded gasoline and regulating smokestack emissions in the 1970s (Fischbein, 
 1998 ; AAP,  2005 ). 

 However, occasional cases of lead encephalopathy in both children and adults 
continue to appear in the literature. For example, Atre et al. ( 2006 ) reported the case 
of a 41-year-old man who, for about 6 months, ingested ayurvedic herbal medicines 
containing up to 37 mg g  − 1  lead (Saper et al.,  2004 ). His blood lead concentration 
was 161  µ g dl  − 1  when he was hospitalized. Clinical signs included mild disorienta-
tion, short-term memory loss, disinterest in his surroundings, spastic gait, and loss 
of balance. Magnetic resonance imaging (MRI) revealed bilateral, symmetrical 
lesions in the gray matter, gray-white matter junction, and subcortical white matter 
in the parasagital occipital lobes, edema and sulcal effacement. Subcortical white 
matter lesions were found in the frontal regions, parieto-occipital lobe, body of the 
corpus callosum and cerebellum. These lesions resolved nearly completely in this 
patient after ten days of treatment with a chelator. 

 Overt lead encephalopathy is almost always associated with blood lead con-
centrations >100  µ g dl  − 1  in both children and adults, although concentrations as 
low as 50 – 70  µ g dl  − 1  may cause encephalopathy, especially in children (Reyes 
et al.,  1986 ; Adams and Victor, 1993 ; Mani et al.,  1998 ; Cory-Slechta and 
Schaumburg,  2000 ). 

 There are differences in the presentation of encephalopathy after acute lead 
 exposures compared with subchronic and chronic exposures in both children 
and adults. Thus,  “ acute lead encephalopathy ”  is distinguished from  “ chronic lead 
encephalopathy. ”  

 Acute lead encephalopathy typically presents with cerebral edema (Saryan and 
Zenz,  1994 ; Papanikolaou et al.,  2005 ). The clinical signs and symptoms may 
include headache, persistent vomiting, ataxia, paralysis, stupor, convulsions, and 
coma (Chisolm and Kaplan,  1968 ; Bressler and Goldstein,  1991 ; Landrigan and 
Todd,  1995 ; al Khayat et al.,  1997 ). 

 In contrast, chronic lead encephalopathy presents mainly with extensive tissue 
destruction, cavity formation and thickening and cellular disorganization of the 
walls of the veins, suggesting that the cerebral damage is secondary vasotoxicity 
(Mani et al.,  1998 ). This can progress to cerebral or cerebellar edema, proteina-
ceous perivascular exudation, hemorrhage, neuronal loss, and gliosis (Teo et al., 
 1997 ). Clinical signs include loss of memory, sensory perception, and the ability to 
concentrate. Other signs and symptoms may include drowsiness, restlessness, 
 irritability, disorientation, dizziness, tremor, ataxia, syncope, behavioral abnormali-
ties, diminished libido, depression, headaches, and seizures (Reyes et al.,  1986 ; 
Saryan and Zenz,  1994 ; Landrigan and Todd,  1995 ; Mani et al.,  1998 ). Severe 
chronic lead encephalopathy may also present with vomiting, apathy, stupor, paral-
ysis, and coma (Saryan and Zenz,  1994 ; Landrigan and Todd,  1995 ).  
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  Leaded Gasoline Encephalopathy  

 Severe encephalopathy caused by abusing leaded gasoline presents with nystagmus, 
myoclonus or chorea, hyperreflexia and hallucinations, and other findings typically 
associated with chronic lead encephalopathy, including  “ clouding ”  of conscious-
ness, tremor, limb and gait ataxia, and convulsions (see Cairney et al.,  2002  for 
review). The risk of death is high without emergency hospitalization and prolonged 
intensive care treatment (Currie et al.,  1994 ; Goodheart and Dunne,  1994 ; Burns 
and Currie,  1995 ). 

 In addition, these patients display considerable neurological and cognitive 
impairment after discharge from the hospital. Residual signs include nystagmus, 
postural tremor, dysdiadochokinesia, dysmetria, brisk deep reflexes, palmomental 
reflex, and gait ataxia. More subtle effects include impaired performance in tests of 
visual attention, recognition memory, and paired associate learning (Cairney et al., 
 2004a , b ; Cairney et al.,  2005 ). 

 Cairney et al. ( 2004b ) evaluated neurological and cognitive functions in three 
groups of young men in a remote indigenous community in Australia. These groups 
included gasoline abusers with a history of encephalopathy, gasoline abusers with 
no history of encephalopathy, and controls with no history of substance abuse. 
All of the abusers exhibited impaired neurological and cognitive functions  compared 
with controls. However, the frequency and severity of many of these effects were 
much greater in the abusers with a history of encephalopathy ( “ encephalopathic ”  
group) than those without such a history ( “ nonencephalopathic ”  group). Further, 
these effects were not correlated with blood lead concentrations, number of 
years of gasoline abuse or volume of gasoline inhaled per week in the encephalo-
pathic group. 

 Cairney et al. ( 2004b ) hypothesized that the persistent, severe effects observed 
in encephalopathic abusers might be explained by lasting catastrophic damage to 
cortical and cerebellar functions in these patients. For example, hyperreflexia and 
the emergence of a palmomental reflex are consistent with cortical damage. 
Nystagmus, ataxia, and poor hand-to-foot coordination are signs of cerebellar 
damage. This hypothesis is consistent with postmortem and radiological studies 
that show prominent abnormalities in the cortical and cerebellar regions associated 
with leaded gasoline encephalopathy (Valpey et al.,  1978 ; Kaelan et al.,  1986 ; 
Roger et al.,  1990 ). 

 Further, Cairney et al. ( 2005 ) reexamined encephalopathic and nonecephalo-
pathic leaded gasoline abusers after 2 years of abstinence from leaded gasoline 
sniffing. The abstinence was credited to an intervention strategy that included 
replacing leaded gasoline with aviation gas (Avgas) and increasing social, occu-
pational, and recreational opportunities in the community. The subjects with a 
history of encephalopathy continued to show substantial signs of frontocerebellar 
and brainstem dysfunction, including dysdiadochokinesia, palmomental reflex, 
hyperreflexia, postural tremor, and ataxia.  
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  Delayed Effects in Adults  

  Occupational Exposures 

 Exposures to lead during adulthood can accelerate the aging of the brain, mani-
fested by increased rates of accumulating white matter lesions, progressive brain 
atrophy, and cognitive decline (Rowland and McKinstry,  2006 ). 

 Stewart et al. ( 2006 ) showed that tibial lead concentration in a cohort of former 
chemical workers was directly correlated with white matter lesions and inversely 
correlated with total brain volume and the volumes of several specific brain regions 
(frontal and total gray matter, parietal white matter, cingulate gyrus, and insula). 
The men in this cohort were exposed to tetraethyl lead, tetramethyl lead and inor-
ganic lead, although their exposures ended more than 15 years before the study 
(Rowland and McKinstry,  2006 ; Stewart et al.,  2006 ). Previous investigations 
revealed that cumulative lead exposure, as measured by tibial lead concentrations, 
was correlated with declining cognitive function years after their blood and brain 
lead concentrations had decreased substantially (Stewart et al.,  1999 ; Schwartz 
et al.,  2000 ; Links et al.,  2001 ). 

 The overall results of these studies suggest that past lead exposures can 
 accelerate age-related decline in cognitive functions by causing persistent or pro-
gressive damage to the brain (Stewart et al.,  2006 ). Greater burdens of white matter 
lesions are generally associated with greater risks of impaired cognitive and motor 
functions, mood disorders, and strokes (Rowland and McKinstry,  2006 ). This 
damage may begin, for example, with altered synaptic connections, other changes 
in cellular architecture and cell death in specific areas of the adult brain during 
occupational lead exposure (Stewart et al.,  2006 ). Brain regions where myelination 
normally continues until late in life may be more susceptible to early injury. 
In turn, the initial lesions in smaller, more specific areas of the brain may trigger 
a progressive atrophy that encompasses larger brain regions, and eventually the 
whole brain, later in life. Long-term hypertension and other vascular effects of 
lead exposure could prove to be important causative or contributing factors in this 
overall process.  

  Amyloidogenesis 

 Experimental animal studies indicate that lead exposure in early life may increase 
amyloidogenesis in the brain later in life (Basha et al.,  2005 ; Bolin et al.,  2006 ). 
The results lend substantial support for the hypothesis that toxicant exposures 
 during critical periods in childhood may  “ reprogram ”  brain development to yield 
neurological and cognitive deficits that appear only much later during adulthood. 
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 For example, the brains of senescent rats exposed to lead during early develop-
ment exhibited delayed overexpression of  β -amyloid precursor protein (APP) 
mRNA, altered activities of several signal-dependent and development-specific 
transcription factors, and elevated concentrations of both APP and the amyloidogenic 
 β -amyloid (A β ) product of APP. The effects included a substantial elevation in one 
of the regulators (Sp1) of the APP gene. 

 The blood and tissue lead concentrations in the affected animals were indistin-
guishable from background, indicating that the effects were not attributable to 
mobilization of lead from bone during old age (Basha et al.,  2005 ). On the other 
hand, APP gene expression and Sp1 activity were not affected in rats exposed to 
lead during old age, supporting the hypothesis that these effects are attributable 
to  “ reprogramming ”  triggered by lead exposure during early development. 

 The A β  peptide is known to yield reactive species (free radicals) that can cause 
significant oxidative damage in the aging brain (Bush,  2003 ). One measure of 
 oxidative damage is the concentration of 8-hydroxy-2′-deoxyguanosine (oxo 8 dG) 
in DNA. Bolin et al. ( 2006 ) found elevated concentrations of oxo 8 dG in the cerebral 
cortex of aging rats exposed to lead during postnatal days 1 — 20 (46  µ g dl  − 1 ). 
In contrast, they found no change in oxo 8 dG in senescent rats exposed during 18 —
 20 months of age (60  µ g dl  − 1 ). In addition, lead exposure did not alter the activities 
of the DNA repair enzyme 8-oxoguanine DNA glycosylase (Oggl), copper/zinc-
superoxide dismutase (SOD1) or manganese-SOD (SOD2), or the concentrations 
of reduced glutathione (GSH) in the cerebral cortex of the affected rats. 

 Bolin et al. ( 2006 ) observed that the APP gene and several other genes that 
 display delayed upregulation after lead exposure have fewer CpG sequences 
upstream of their transcription start sites (TSSs) than genes that do not respond in 
this way. Thus, the delayed upregulation of the APP gene may depend on the low 
density of potential methylation sites (that is, CpG) upstream of the TSS. For 
 example, the low density of CpG may render the gene hypersusceptible to a single 
 lead-induced methylation event in this region. 

 In addition, Bolin et al. ( 2006 ) noted unpublished data showing that Ogg1 
 cannot repair oxo8dG preceded by methylcytosine. This suggests that lead-induced 
methylation of CpGs early in life would not be amenable to repair. 

 Alternatively, Bolin et al. ( 2006 ) suggested that lead may interact with the 
trace-metal-mediated post-transcriptional action of the 5’-untranslated region 
(UTR) of the APP gene. This interaction during early postnatal development 
could cause delayed accumulation of APP and, thus, the accumulation of A β  in 
the cerebral cortex. 

 Previous studies reported increases in oxo8dG in brain regions of patients with 
Alzheimer’s disease, Parkinson’s disease, and other progressive neurodegenera-
tive diseases associated with aging (Sanchez-Ramos et al.,  1994 ; Gabbita et al., 
 1998 ; Lovell et al.,  1999 ). Accumulating A β  is conducive to the formation of A β  
aggregates and, in susceptible individuals, to the development of amyloid plaques, 
which are the hallmarks of Alzheimer’s disease. 

 The findings of Basha et al. ( 2005 ) and Bolin et al. ( 2006 ) substantially 
 support the hypothesis that neurotoxicant exposures early in life can contribute to 
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neurodegenerative events in old age (Weiss,  1991 ; Lu et al.,  2004 ). Specifically, 
their studies demonstrate that lead may cause delayed effects through epigenetic 
alterations that DNA repair enzymes cannot recognize as damage (Basha et al., 
 2005 ; Bolin et al.,  2006 ). Such alterations during childhood may alter gene 
 regulation and responsiveness throughout life and could, therefore, help to explain 
the effects observed during adulthood.  

  Calcification 

 Ide-Ektessabi et al. ( 2005 ) used X-ray fluorescence spectrosopy to measure the 
concentrations of lead and several trace elements in the brains of three groups of 
patients. The groups included patients with (1) diffuse neurofibrillary tangles with 
calcification (DNTC), (2) Alzheimer’s disease (AD) with calcification, and (3) AD 
without calcification. They found high concentrations of lead, zinc, and calcium in 
the brain tissues of DNTC and AD patients with calcification, but no lead in the 
tissues of AD patients without calcification. There was a strong correlation between 
degree of calcification and lead concentration in the calcified areas of the brain in 
these patients. 

 Although no cause and effect relationship can be determined from this study, the 
results support the hypothesis that lead may be involved in the development of 
some progressive neurodegenerative diseases, particularly those associated with 
calcification in brain tissues.   

  Vulnerability of the Injured Brain  

 Brain areas undergoing neurodegeneration appear to be much more vulnerable to 
the toxicity of lead and other divalent metals than the normal areas of the brain. 

 For example, astrocytes and neurons in the normal brain contain the divalent 
metal transporter DMT-1 (Burdo et al.,  1999 ; Wang et al.,  2001 ; Huang et al., 
 2004 ). DMT-1 has a broad substrate range that includes iron, zinc, manganese, 
cobalt, cadmium, copper, nickel, and lead (Gunshin et al.,  1997 ). Neuronal injury 
caused by the excitotoxin, kainate, is associated with elevated expression of DMT-1 
in astrocytes in the hippocampus (Wang et al.,  2002a ). This effect is correlated with 
elevated iron concentrations, number of iron-positive cells, and expression of the 
iron storage protein, ferritin (Ong et al.,  1999 ; Wang et al.,  2002b ; Huang and Ong 
 2005 ). Thus, elevated iron concentrations in the injured hippocampus appear to be 
mediated by elevated expression of DMT-1. 

 Ong et al. ( 2006 ) reported substantially elevated lead and cadmium concentra-
tions in the hippocampus and other brain areas 1-month after intracerebroventricular 
injection of kainate in rats exposed simultaneously to these metals in drinking water. 
The lead concentrations in the hippocampus were nearly three times greater in the 
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kainate injected rats than in the saline injected rats exposed to lead and  cadmium. 
The concentrations of lead in the hippocampus and in the frontal cortex and striatum 
adjacent to the kainate injection site remained elevated 2 months after the injection. 
Kainate injection did not alter the concentrations of zinc in the brain, with or without 
exposure to lead and cadmium in the drinking water. 

 Ong et al. ( 2006 ) speculated that the elevated lead and cadmium uptake in areas 
of neuronal degeneration may be attributable, at least in part, to the action of the 
DMT-1 transporter. 

 In addition, the elevated uptake of these metals may have, in turn, contributed 
to the stimulation of DMT-1 expression by aggravating the neuroinflammation 
initiated by the kainate-induced damage (Ong and Farooqui  2005 ; Ong et al., 
 2006 ). The results of these studies are consistent with the hypothesis that initial 
damage to circumscribed areas can trigger gradual lead accumulation and the 
spread of the damage to larger areas of the brain (Stewart et al.,  2006 ; Rowland 
and McKinstry,  2006 ). 

  Subclinical Effects in Children 

 Pb 2+  exposures lower than those associated with overt effects produce  “  asymptomatic ”  
cognitive impairment and biochemical and morphological changes in the brain 
(e.g., Needleman et al.,  1990 ; Silbergeld,  1992 ; Fergusson et al.,  1997 ; Factor-
Litvak et al.,  1999 ; Zawia,  2003 ; Basha et al.,  2004 ). 

 Blood lead concentrations >10  µ g dl  − 1  are associated with lower IQ, behavioral 
problems, hyperactivity, and poor school performance (Yule et al.,  1981 ; Ernhart 
et al.,  1989 ; Needleman and Gatsonis,  1990 ; Baghurst et al.,  1992 ; Bellinger et al., 
 1992 ; Feldman and White,  1992 ; Dietrich et al.,  1993 ; Rice,  1993 ; Pocock et al., 
 1994 ; Cory-Slechta,  1997 ; Wasserman et al.,  1997, 2000 ). Several epidemiologic 
studies indicate that lead exposure impairs fine-motor coordination, balance, and 
social-behavioral modulation (Dietrich et al.,  2000 ). Teachers were more likely to 
 characterize students with elevated tooth lead concentrations as distractible, 
 inattentive, dependent, disorganized, hyperactive, impulsive, and unable to follow 
directions (Needleman et al.,  1979 ; Sciarillo et al.,  1992 ). These students were also 
more likely to display reading disabilities and fail to graduate from high school than 
those with lower dentin lead concentrations (Needleman et al.,  1979 ,  1990 ). 
In addition, elevated bone and blood lead concentrations have been correlated with 
greater displays of aggression and delinquency (Needleman et al.,  1996 ,  2002 ; 
Dietrich et al.,  2001 ). 

 However, neurobehavioral effects such as these have received much less atten-
tion than the potential effects of lead on IQ in children, at least in part because IQ 
is relatively easy to measure (WHO, 1995; Bellinger,  2004 ). 

 Two meta-analyses of epidemiological studies on the effects of early childhood 
lead exposure on IQ appeared in 1994 (Pocock et al.,  1994 ; Schwartz,  1994 ). Both 
analyses indicated that blood lead concentrations in young children, which peaks 
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around 2 years of age, is responsible for cognitive deficits observed at  ≥  4 years of 
age, when IQ measurements become stable and reliable. For example, over the 
range of about 0 – 25  µ g dl  − 1 , a 10  µ g dl  − 1  increase in blood lead concentration at 
2 years of age was associated with a 5.8-point decline in IQ and an 8.9-point 
decline in a test of educational achievement measured at 10 years of age (Bellinger 
et al.,  1992 ). Unlike the blood lead concentrations measured at 2 years of age, 
maximum blood lead concentrations observed from birth to 1, 2 or 10 years of age 
were not significantly associated with IQ tested at 10 years of age. Thus, these 
authors suggested that the timing of exposure may be more important than the 
amplitude of the exposure (Bellinger et al.,  1992 ). In sum, a number of early studies 
supported the hypothesis that lead exposure during a critical phase of brain devel-
opment early in childhood results in persistent damage that is not fully expressed 
as cognitive  deficits until school age. 

 However, many other studies suggested that concurrent or average lifetime blood 
lead concentrations in school-age children (that is ~6 – 13 years of age) is a better 
predictor of cognitive impairment than peak blood lead concentrations  measured at 
~2 years of age (Baghurst et al.,  1992 ; Dietrich et al.,  1993 ; Dietrich,  1995 ; Wasserman 
et al.,  1997 ; Tong et al.,  1996 ,  1998 ; Lanphear et al.,  2000 ; Chen et al.,  2005 ). In addi-
tion, numerous studies reported an inverse correlation between concurrent or aver-
age lifetime blood lead concentrations <10  µ g dl  − 1  and both cognitive development 
and academic achievement (Lanphear et al.,  2000 ; Bellinger and Needleman  2003 ; 
Canfield et al.,  2003 ). 

 These observations are important because the effects were detected at blood 
lead concentrations lower than the current 10  µ g dl  − 1  level of concern for lead in 
children (CDC,  1991 ,  2002 ; WHO,  1995 ; AAP,  2005 ) and approaching current 
background concentrations. Thus, no threshold lead exposure has been established 
below which no effects can be expected on cognitive function and academic 
 performance in children (CDC  1991 ; WHO  1995 ). 

 In addition, many studies suggest that the concentration-response curve is 
steeper in children at low concentrations (for example, blood lead concentrations 
≤10  µ g dl  − 1 ) than at higher concentrations (Fulton et al.,  1987 ; Pocock et al.,  1994 ; 
Schwartz,  1994 ; Lanphear et al.,  2000 ; Bellinger and Needleman,  2003 ; Canfield 
et al.,  2003 ). Thus, a small increase in blood lead concentrations from a relatively 
low baseline concentration may have a disproportionately greater effect on cogni-
tive and academic performance than the same increase from a higher baseline 
(Canfield et al.,  2003 ). 

 Other studies examined whether declines in blood lead concentration from the 
peak at around 2 years of age are associated with improvements in cognition later 
in life (Rogan et al., 1991; Ruff et al.,  1993 ,  1996 ; Tong et al.,  1998 ; Liu et al., 
 2002 ; Dietrich et al.,  2004 ; Chen et al.,  2005 ). Overall, these studies support the 
view that children are vulnerable to lead exposures occurring anytime from early 
childhood through school age. Further, chelation therapy does not appear to 
reverse the effects of lead in children with blood lead concentrations below about 
45  µ g dl  − 1  (Rogan et al.,  2001 ; CDC,  2002 ; Liu et al.,  2002 ; Dietrich et al.,  2004 ; 
AAP,  2005 ).  
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  Mechanisms of Action 

 Lidsky and Schneider ( 2003 ) provided a comprehensive review of the numerous 
mechanisms of toxicity implicated to explain the wide-range of effects of lead 
exposure on the CNS. Tables  24.1   and   24.2  ,           which are adapted from Lidsky and 
Schneider ( 2003 ), illustrate the substantial diversity of mechanisms and effects 
associated with lead toxicity. 

 Many of the molecular and biochemical effects of Pb 2+  in the brain appear to 
result from its ability to mimic Ca 2+  and alter Ca 2+ -dependent pathways (Lidsky and 
Scheinder,  2003 ). For example, Pb 2+  can alter neurotransmitter release by  interacting 
with protein kinase C (PKC), Ca 2+ -calmodulin, or Ca 2+ -dependent  potassium  channels 
(Goldstein and Ar,  1983 ; Habermann et al.,  1983 ; Minnema et al.,  1986 ; 
Markovac and Goldstein,  1988a , b ; Laterra et al.,  1992 ). Pb 2+  can pass through 

 Table 24.1      Mechanisms of lead toxicity a   

 • Sequestration and mobilization of Pb 2+  from bone storage sites 
 • Accumulation in brain by astrocytes 
 • Long half-life in brain (2 years) and slow release from accumulation sites 
 • Substitution for Zn 2+  in Zn 2+ -mediated processes 
 • Disruption of Ca 2+  homeostasis 
 • Competition with and substitution for Ca 2+  
 • Stimulation of release of Ca 2+  from mitochondria 
 • Opening of mitochondrial transition pore 
 • Direct damage to mitochondria and mitochondrial membranes 
 • Inhibition of antioxidative enzymes (for example SOD) 
 • Alteration of lipid metabolism 

  a Adapted from Lidsky and Schneider ( 2003 ) 

 Table 24.2      Effects of lead toxicity a   

 • Impaired heme biosynthesis and anemia 
 • Disruption of thyroid hormone transport to the brain 
 • Disruption of the blood-brain barrier 
 • Decreased cellular energy metabolism 
 • Oxidative stress 
 • Lipid peroxidation 
 • Altered neurotransmitter release 
 • Excitotoxicity 
 • Altered neurotransmitter receptor density 
 • Altered activity of second messenger systems 
 • Abnormal myelin formation 
 • Impaired development and function of oligodendrocytes 
 • Abnormal dendritic branching patterns 
 • Altered regulation of gene transcription 
 • Abnormal expression of neurotrophic factors 
 • Apoptosis 
 • Impaired neuropsychological functioning 
 • Lowered IQ 
 • Impaired academic achievement 

  a Adapted from Lidsky and Schneider ( 2003 ) 
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endothelial cells of the blood-brain barrier through the action of the Ca 2+ -ATPase 
pump (Bradbury and Deane,  1993 ; Kerper and Hinkle,  1997a , b ). In addition, Pb 2+  
can pass through or inhibit voltage-sensitive Ca 2+  channels in the cell membrane 
of  astroglia and neurons (Audesirk and Audesirk,  1993 ; Bernal et al.,  1997 ; Peng 
et al.,  2002 ). 

 Alternatively, some of the effects of Pb 2+  may be attributable to its ability to 
substitute for Zn 2+  or to interfere with the regulation of neural cell adhesion 
 molecules during postnatal development (Bressler and Goldstein,  1991 ; Regan, 
 1989 ,  1991 ,  1993 ). Lee et al. ( 2002 ) suggested that selective increase in tyrosine 
hydroxylase levels observed in the locus ceruleus of lead exposed neonatal rats may 
help explain lead-induced hyperactivity in children, because this enzyme is rate-
limiting in the biosynthesis of catecholamies. 

 The following provides a brief summary of some of the mechanisms of lead 
toxicity addressed in several recent papers to illustrate the complexity of this issue. 
The reader should consult reviews by Silbergeld ( 1992 ), Finkelstein et al. ( 1998 ), 
Bressler et al. ( 1999 ), Lidsky and Schneider ( 2003 ) and Johnston ( 2004 ) for more 
comprehensive information on this topic.   

  Mechanisms Proposed for Brain Edema  

 Lead is vasotoxic to the developing brain (Pentschew and Garro,  1966 ; Press,  1977 ; 
Holtzman et al.,  1982 ; Goldstein,  1990 ). Sensitivity to lead decreases substantially 
with the maturation of the brain microvasculature and the blood-brain barrier 
(Pentschew and Garro,  1966 ; Goldstein et al.,  1974 ; Press,  1977 ; Toews et al.,  1978 ; 
Holtzman et al.,  1982 ; Goldstein,  1990 ). The greater susceptibility of the cerebel-
lum compared with the cerebrum may be attributable to the relatively late maturation 
of the cerebellum and the cerebellar microvasculature (Hossain et al.,  2004 ). 
However, the molecular and biochemical mechanisms that underlie the major 
 manifestations of acute lead encephalopathy (including edema and  microhemorrhage), 
the differential sensitivity of children and adults, and the comparative  susceptibilities 
of specific brain regions remain to be explained. 

 Bouton et al. ( 2001b  ) used gene expression profiling in cultured astrocytes to identify 
lead-responsive genes that modulate neuronal and microvascular functions in the brain. 
They identified many potential new mediators of lead toxicity, including  annexins, 
thrombospondin, collagens, and tRNA synthetases. Most notable, lead induced vascular 
endothelial growth factor (VEGF) in the astrocytes (Hossain et al.,  2004 ). 

 VEGF is a potent angiogenic and vascular permeability factor that stimulates the 
migration, proliferation and proteolytic enzyme activity of endothelial cells, as well as 
vasogenic cerebral edema (Leung et al.,  1989 ; Wang et al.,  1996 ; Bates and Curry,  1996 , 
 1997 ). Hossain et al. ( 2004 ) found increased VEGF expression in the cerebellum of 
lead-treated rats concurrent and co-located with acute vasogenic edema, increased vas-
cular permeability to serum albumin, and microvascular  hemorrhage. The edema, but 
not the increased permeability and microhemorrhaging, was associated with elevated 
phosphorylation of Flk-1 VEGF receptors in the  cerebellum of the exposed rats. 
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 Hossain et al. ( 2004 ) suggested that lead exposure interferes specifically with 
compensatory mechanisms of interstitial fluid homeostasis by stimulating VEGF 
expression in astrocytes and, in turn, activating Flk-1 VEGF receptors in the cere-
bellum. This mechanism appears to be independent of lead-induced increases in 
blood-brain barrier permeability and microhemorrhaging. Different susceptibilities 
of the cerebellum and cortex to lead-induced edema could be explained, at least in 
part, by the greater induction of VEGF observed in the cerebellum. These authors 
also suggested that lead-induced edema may be caused by changes in the activity 
of aquaporins mediated by VEGF and the VEGF receptor. 

 Aquoporins are water channels that mediate rapid osmotically driven water 
transport across cell membranes (Preston et al.,  1992 ; Agre et al.,  2002 ; Badaut 
et al.,  2002 ). Brain tissues, including microvessels, contain relatively high levels of 
aquaporins. In particular, Aquaporin 4 (AQP4) is abundantly expressed in the brain, 
mainly in astrocytes, which are commonly observed to be swollen during cerebral 
edema (Jung et al.,  1994 ; Kimelberg,  1995 ; Nielsen et al.,  1997 ). 

 Gunnarson et al. ( 2005 ) found that lead specifically elevates water permeability 
through AQP4 in astrocytes. They observed this effect in a rat astrocyte line trans-
fected with cDNA constructs encoding mouse AQP4 and in primary astroglial cell 
cultures from the hippocampi of lead-exposed and control rats. The primary 
 cultures expressed AQP4 endogenously, unlike the astrocyte line, which did not 
express AQP4 without transfection. 

 The effect of Pb 2+  on AQP4 appears to depend on the activity of Ca 2+ - calmodulin-
dependent protein kinase II (CaMK-II), but not PKC (Gunnarson et al.,  2005 ). In 
addition, treatment with a chelator, but not simple Pb 2+  washout, reversed the effect, 
suggesting that Pb 2+  enters and acts inside the astrocytes. AQP4 was not upregu-
lated or redistributed in the brains of the lead-treated rats. 

 The results of this study showed that AQP4 may play an important role in the 
development of edema associated with acute lead encephalopathy (Gunnarson 
et al.,  2005 ). Lead is the only heavy metal demonstrated, to date, to alter the activity 
of AQP4. However, other heavy metals, including mercury, nickel, copper, gold and 
silver, can alter the activities of other aquaporins (Yasui et al.,  1999 ; Nicchia et al., 
 2000 ; Niemietz and Tyerman,  2002 ; Zelenina et al.,  2003 ,  2004 ). Thus, aquaporins, 
as a group, may represent an important target for heavy metals and other toxicants 
that can cause edema in the brain.  

  Mechanisms Proposed for Developmental Effects  

 Critical neurodevelopmental processes occur in the human CNS during the first 
three years of life, including synaptogenesis, myelination, and programmed cell 
death (apoptosis). Studies of the effects of low-level lead exposure in animals 
 suggest that these processes are highly vulnerable to lead toxicity, yet no single 
mechanism of lead toxicity has been identified to explain these effects (Silbergeld, 
 1992 ; McCall,  1983 ; Dietrich,  1999 ). 
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 The mechanisms by which lead damages the developing brain probably involve 
multiple molecular, biochemical and cellular processes, including neurotransmitter 
release, second messenger signaling pathways, immediate-early and delayed gene 
expression, and neural network plasticity (Minnema et al.,  1986 ; Bressler et al., 
 1999 ; Kim et al.,  2000 ; Wilson et al.,  2000 ). 

 Experimental animal studies have demonstrated that lead can disrupt several 
 features of neuronal plasticity, including the capacity of the brain to be shaped by 
experience, to learn and remember, and to reorganize and recover after injury 
(Johnston,  2003 ). The enhanced brain plasticity of childhood is attributable to 
 several factors, including postnatal persistence of neurogenesis in certain parts of the 
brain, deletion of neurons through apoptosis, and activity-dependent refinement of 
synaptic connections (Raff et al.,  1993 ; Johnston et al., 2001;  Wilson et al.,  2000 ). 

 In particular, synaptic connections are refined through the activity of N-methyl-D-
aspartate (NMDA) and  α -amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 
(AMPA) type glutamate receptors (McDonald and Johnston,  1990 ; Penn and Shatz, 
 1999 ). Trophic factors that maintain synaptic connections during development are 
released when Ca 2+  enters post-synaptic neurons. Ca 2+  enters these cells through Ca 2+  
channels opened by NMDA-type receptors during the depolarization mediated by 
AMPA-type receptors (McDonald and Johnston,  1990 ; Penn and Shatz,  1999 ; 
Kovalchuk et al.,  2002 ). The elevated intracellular Ca 2+ , in turn, stimulates the phospho-
rylation of transcription factors by activating Ca 2+ -calmodulin kinase IV (CaMK-IV), 
PKC, and the Ras-mitogen activated protein (MAP) kinase cascade (Sweatt,  2001 ; 
Sheng and Kim,  2002 ). Elevated intracellular Ca 2+  also stimulates the phosphorylation 
of AMPA-type receptors by CaMK-II. Many other neurotransmitters and several growth 
factors also appear to play important roles in this process (Johnston et al.,  2003 ). 

 Ultimately, changes in the activities of both NMDA- and AMPA-type receptors 
strengthen signal transmission across synapses, a phenomenon referred to as long-
term potentiation (LTP). LTP appears to be critical for the development of memory 
and learning in both adults and children (Malinow and Malenka,  2002 ). However, 
LTP develops much more readily in children than in adults, at least in part because 
of the enhanced function of NMDA-type receptors in the developing brain 
(McDonald and Johnston,  1990 ; Crair and Malenka,  1995 ). 

 Animal studies have demonstrated that lead can disrupt several elements of 
this process, including the synaptic release of glutamate, the activities of NMDA-
type receptors, PKC and the Ras-MAP kinase cascade, and LTP (Johnston and 
Goldstein,  1998 ; Wilson et al.,  2000 ; Bouton et al.,  2001a , b ; Kim et al.,  2002 ; 
Lasley and Gilbert,  2002 ; Toscano et al.,  2002 ).  

  Conclusions  

 Extensive research has been conducted over the last several decades to describe the 
toxic effects and clarify the likely mechanisms of action of lead in the CNS. The 
mechanisms by which lead affects the CNS have not been fully elucidated, although 



564 I.J. Boyer

many potential mechanisms have been studied by numerous groups of  investigators. 
The findings of such studies can help to advance the development of general 
 neurotoxicological principles, including explanations for the selective vulnerability 
of the CNS to environmental toxicants. 

 Among the most important lessons learned from these studies is that exposures 
to toxicants can yield a wide spectrum of neurotoxic effects ranging from overt 
encephalopathy and severe mental retardation to subtle deficits in sensory, motor, 
and cognitive functions. These effects depend on the timing, magnitude, and 
 duration of exposure and many other factors (Mendola et al.,  2002 ). Multiple 
mechanisms, target molecules, biochemical pathways, and cellular processes may 
explain the assembly of effects attributable to exposures to these substances. 

 Moreover, some of the effects may remain undetectable many years after 
 exposure. Thus, early childhood exposures may not be fully expressed until school 
age or much later in life, potentially as late as senescence.      
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