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v

 Recent studies have provided clear evidence on the role of neural–immune interactions 
in normal brain function and neuropathological conditions. Neuroimmune factors, 
which play an essential role in neuroin fl ammatory response, have been implicated 
in the regulation of neuronal function and plasticity. Thus, neural–immune interac-
tions provide a new framework for understanding the role of the neuroimmune sys-
tem in normal brain function, neurodevelopment, and a variety of neurological 
disorders. These advances have a far-reaching impact on many areas of neurosci-
ence, including alcohol research. Studies using human alcoholic brains, gene knock-
out mice, and gene expression pro fi ling have established a clear link between 
alcoholism and an altered neuroimmune pro fi le. This book integrates emerging 
knowledge on neural–immune interactions with key discoveries in alcohol research 
and provides a comprehensive overview of neural–immune interactions in brain 
function and behavior associated with alcohol use disorders. 

    This book addresses this rapidly developing area of research. It contains three 
main sections. Section I focuses on the basics of the neuroimmune system and the 
neuroimmunological alterations that are directly relevant to alcoholism. It integrates 
the traditional role of the neuroimmune system with emerging novel functions of 
neuroimmune factors in the brain. This section highlights recent advances in micro-
glia function, neuron–glia communication, as well as neural–immune interactions 
in synaptic function, stress, mood disorder, and neuroAIDS. It also provides a chap-
ter on the clinical detection of brain–immune interactions using neuroimaging 
approaches. Section I sets the foundation for understanding alcohol and neuroim-
mune interactions, which are primarily presented in the second section. Section II 
provides a detailed overview of the impact of alcohol exposure on the neuroimmune 
system as well as the contribution of neural–immune interactions to alcohol use 
disorders. It highlights several key research discoveries in this area in the context of 
neuroimmune signaling, neurodevelopment, neurotransmission, alcohol drinking 
behavior, aging, HPA axis, and neuroAIDS. Section II also discusses the therapeutic 
potential of targeting neuroimmune modulation for the treatment of alcoholism 
and substance use. Section III provides a summary and future research directions by 
the book editors. Collectively, these three sections review exciting advances in 
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 neuroimmune research and summarize current understanding of alcohol and 
 neuroimmune interactions. 

 While this book focuses on neural–immune interactions in areas directly related 
to alcohol use disorders, it is not intended to be all inclusive. Several areas, includ-
ing sleep disorders, pain, and cholinergic anti-in fl ammatory pathways, are not cov-
ered as independent chapters but brie fl y mentioned in the text. The close relevance 
of these topics to neural–immune interactions and alcohol use disorders warrants 
future discussion and more research efforts. 

 This book will appeal to scientists, students, and educators who are interested in 
cross disciplinary topics, particularly those in the  fi elds of alcohol use disorders, 
addiction, neuroimmunology, neuroimmune pharmacology, neuropsychopharma-
cology, and neuroAIDS. Readers will bene fi t from cutting-edge insights provided 
by outstanding, active researchers in the  fi elds of neural–immune interactions and 
alcohol use disorders. We would like to thank all the scientists who have contributed 
chapters to this book and those who have provided constructive comments and 
 suggestions for the manuscripts. 

  Bethesda, MD, USA Changhai Cui
 Lindsey Grandison
 Antonio Noronha    
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    1.1   Introduction and Overview of Topics 

 Microglia are the resident immune cells of the brain. As such, their activation is 
associated with a range of conditions in the healthy and in fl amed CNS. In the 
healthy brain, microglia maintain homeostasis by continuously sampling their envi-
ronment  [  1  ] . When CNS infection and/or in fl ammation occurs, microglia respond 
appropriately by changing their activation state. Recent studies illustrate that micro-
glial activation is not an “all or nothing” event. Instead, like peripheral macrophages, 
microglia exhibit a range of activation states associated with pathogen defense, 
wound healing, and tissue repair functions (Fig.  1.1 )  [  2,   3  ] . In addition, although 
microglia can change their morphology in response to speci fi c stimuli, morphology 
is now well demonstrated to be a poor discriminator between different types of 
activation (Fig.  1.1 )  [  2–  4  ] .  

 Though microglial activation has been observed in the developing brain, the type 
of activation and the functions associated with the particular activation state(s) have 
not been closely examined. Studies by Hristova and others have clearly demonstrated 
that microglia in subcortical white matter areas of the brain convert from an activated 
phenotype during the early postnatal period to a resting or homeostatic phenotype 
observed during the second postnatal week. Though they also identi fi ed that several 
markers of microglial activation changed with healthy postnatal brain development, 
whether microglia adopt a speci fi c type of activation state during this period is 
unknown. 

 Systemic in fl ammation experienced during the perinatal period and subsequent 
microglial activation have recently been associated with the development and/or 

    D.  S.   Davis   •     M.  J.   Carson, Ph.D.   (*)
     Division of Biomedical Sciences ,  Center for Glial-Neuronal Interactions, 
University of California, Riverside ,   900 University Avenue ,  Riverside ,  CA   92521-0121 ,  USA    
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pathogenesis of several neurodevelopmental disorders  [  5–  7  ] . Moreover, epidemio-
logical, immunohistochemical, and imaging techniques have shown that microglia 
are activated in the brains of patients with autism, schizophrenia, and cerebral palsy 
even very early in disease progression  [  6–  9  ] . These  fi ndings strengthen the hypoth-
esis that microglial activation in the brains of these patients is associated with the 
pathogenesis of these disorders. However, because microglial functions in the post-
natal developing brain are not well de fi ned, the potential roles that microglia may 
have in these and other neurodevelopmental disorders are unknown. 

 Interestingly, studies have also shown that microglia become activated in the 
brain with healthy aging  [  10,   11  ] . This activation is also associated with increased 
expression of pro-in fl ammatory molecules such as B7.2, IFN g , IL-1 b , and IL-6 
 [  10,   12  ] . There is currently some debate as to whether anti-in fl ammatory molecules 
are upregulated in the aged brain as hippocampal IL-10 mRNA expression has been 
shown to decrease in the aged brain while cortical IL-10 protein expressed by micro-
glia has been shown to increase  [  10,   13  ] . Currently, it is unknown what causes 
microglia to become activated in the healthy aged brain. It is also unknown whether 
microglia become activated with age or whether the increased expression of 

  Fig. 1.1    Morphology de fi nes neither cell type nor activation state. Morphology does not reveal 
whether a cell expressing macrophage markers is of CNS origin or recently of blood-derived ori-
gin. Similarly, microglia can be primed by environmental and/or developmental cues to be biased 
toward cytotoxic (M1/classical activation states) or tissue repair (M2/alternative activation states) 
without overt changes to their morphology. This  fi gure depicts an in fl ammatory foci in a murine 
model of CNS autoimmunity in which both CNS-resident microglia and CNS-in fi ltrating mac-
rophages participate and both M1 and M2 polarized cells are present       
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in fl ammatory molecules serves as an indicator of aged or senescent microglia. 
However, because systemic in fl ammation causes greater induction of pro-
in fl ammatory molecules in the brains of aged mice than in the brains of young adult 
mice, this demonstrates that microglia do become primed in the aged brain. 

 Specialized glial cells called microglia serve as the resident immunocompetent 
cells of the central nervous system (CNS). Though many describe microglia as 
having a “resting” state in the healthy brain, this is a misnomer. In the healthy unma-
nipulated CNS, microglial processes are highly mobile and constantly survey their 
microenvironment  [  1  ] . In response to trauma, in fl ammation, or infection, microglia 
become activated and peripheral immune cells are recruited to the CNS by micro-
glia and other CNS-resident cells. Both microglial morphology and the collection of 
receptors that they express change with their activation state. In the adult CNS, the 
type and magnitude of microglial activation and macrophage in fl ux triggered by 
in fl ammation are better characterized than in the developing CNS. However, many 
researchers use in vitro methods, including microglia from mixed glial cultures or 
immortalized microglial cell lines to study microglia in the “adult” brain. Microglial 
phenotype in the intact brain is highly dependent on the summation of cues pro-
vided by cells in the microenvironment. Though in vitro methods help us under-
stand how these cells may react to a speci fi c stimulus in isolation, experimental 
 fi ndings from in vitro studies may differ signi fi cantly from what occurs in vivo. 
Why? For the simple reason that one of the primary characteristics of all 
macrophages including microglia is their phenotype is highly plastic and is deter-
mined by the summation of all the cues from their environment.  

    1.2   CNS Environment: Neurons and Glia 

 The CNS is a complex organ system consisting of several cell types. The main cell 
types of the brain and spinal cord are the neurons and glia. Glia can be further 
divided into the macroglia including astrocytes and oligodendrocytes which are of 
neuroectodermal origin and microglia which are of mesenchymal origin. 

 Though neurons form the major communication networks that allow the brain to 
control all other organ systems in the body, all glia perform a diverse array of func-
tions that serve to maintain homeostasis in the CNS. Speci fi cally, glia provide active 
regulation of the network’s operations, ongoing maintenance to deal with normal 
wear and tear, as well as active defense and repair following injury or pathogen 
attack  [  14–  17  ] . To perform the appropriate functions, glial cells constantly com-
municate with neurons. Speci fi cally, neurons, macroglia, and microglia are equipped 
with molecules that allow them to communicate with each other and with immune 
cells from the periphery that are recruited to the CNS following in fl ammation (see 
Sect.  1.4 )  [  4,   17,   18  ] . Though neuroimmunologists are becoming increasingly 
aware of how peripheral immune cells affect the mature CNS, we have yet to fully 
explore whether these cells exert distinct effects on the developing CNS. 
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    1.2.1   What Are Microglia? 

 Microglia are commonly referred to as the tissue macrophage of the CNS. As these 
cells express most macrophage markers, their origin has served as the source of 
debate for some time. To date, two hypotheses exist on when microglia populate the 
CNS  [  19–  21  ] . The  fi rst and most commonly accepted view is that microglia appear 
in the CNS in the nonvascularized embryonic period, and these cells originate from 
progenitors in the yolk sac  [  20,   21  ] . The second hypothesis postulates a second 
wave of microglia may originate from circulating monocytes that populate the brain 
during the neonatal and/or very early postnatal period  [  19–  21  ] . Regardless of 
whether there are one or two waves of microglial progenitors, several studies have 
established that during the period of early CNS development and in the adult CNS, 
microglia exist in speci fi c subpopulations  [  22,   23  ] . It is currently unclear how the 
functions of these speci fi c subpopulations differ. 

 Evidence for the earliest wave of microglia into presumptive CNS was obtained 
using  fl ow cytometric and lineage studies. These studies illustrate that embryonic 
and adult mouse microglia arise from primitive myeloid precursors in the extra 
embryonic yolk sac  [  24  ] . Using parabiotic mice, Ginhoux et al. demonstrated that 
though 30% of monocytes and tissue macrophages were donor derived at 1 and 
12 months following parabiosis, only 5% of microglia were donor derived at these 
time points. These  fi ndings illustrate that CNS-resident microglia are rarely, if ever 
replenished by blood, derived cells from young adulthood onward. This  fi nding also 
illustrates that experiments using bone marrow chimeric mice and sublethal irradia-
tion may present inaccurate results as Ginhoux et al.  [  24  ]  also observed that 10–20% 
of parenchymal microglia in the recipient mouse were of donor origin in their own 
bone marrow chimeric studies. Irradiation is known to cause changes to the blood–
brain barrier (BBB), and thus the higher percentage of donor derived microglia in 
bone marrow chimeric recipients may occur as a result of BBB damage  [  24,   25  ] . 
Ginhoux and colleagues also used lineage tracing studies to depict that primitive 
myeloid progenitors that arise before embryonic day 7.5 contribute signi fi cantly to 
adult microglial homeostasis in the healthy brain. These same progenitors gave rise 
to very few circulating leukocytes in the adult  [  24  ] . Contrary to previous studies, 
Ginhoux et al. reported that myeloid progenitors require blood vessels to migrate 
from the yolk sac to the brain between embryonic days 8.5 and 9.5. 

 As glial cells, microglia perform various functions that facilitate proper function 
of the brain and spinal cord. However, microglia are also immune cells and they are 
able to detect when CNS immunity has been compromised and respond appropri-
ately by changing their morphology and the collection of receptors and molecules 
that they express. Though their origin has served as a major debate since their dis-
covery, many now agree that microglia are myeloid-derived cells that can be detected 
in the CNS during early prenatal development  [  25,   26  ] . In the healthy brain, micro-
glia have a stellate morphology and can be found throughout the brain and spinal 
cord  [  27  ] . When microglia become fully activated, they resemble blood-derived 
in fl ammatory macrophages as their processes shorten and their cell bodies become 
more round.  
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    1.2.2   How Do We Study Microglia? 

 Microglia are highly plastic cells and their phenotype depends greatly on the 
summation of their external cues provided by cells within their CNS microenvironment 
 [  27,   28  ] . In order to effectively study microglia in the lab, in vitro and in vivo meth-
ods have been devised. However, as we are not yet able to study microglia in the 
fully intact and living brain, both types of experimental methods have pros and cons 
that must be carefully considered before studying these cells.  

    1.2.3   In Vitro Studies 

 In the brain microglia are surrounded by neurons, astrocytes, oligodendrocytes all 
in a three-dimensional matrix. However, to study speci fi c molecular mechanisms of 
microglial activation, in vitro methods are often used due to the dif fi culty of 
obtaining suf fi cient cells from adult tissue. However, when performing in vitro 
studies, one must remember that in the intact brain, microglia are in constant three-
dimensional contact with multiple CNS cell types. Moreover, in vivo microglial 
activation can be caused by the loss of these cues which do not exist in most in vitro 
culture systems  [  25,   28  ] . 

 The in vitro methods that are most often used to study microglia are (1) immor-
talized microglial cell lines including the BV-2 and N9 cell lines, (2) primary micro-
glia generated from embryonic and neonatal mixed glial cultures, (3) primary 
microglia isolated from CNS tissue and analyzed ex vivo, and (4) organotypic slice 
cultures isolated from the living and intact brain  [  25  ] . As mentioned above, micro-
glial phenotype is highly dependent on cues from their environment  [  25,   28  ] . When 
these cues are removed and microglia are cultured in isolation, studies have shown 
that microglial physiology may differ greatly from their in vivo physiology. 

 CD45, also called leukocyte common antigen, is a type I transmembrane protein 
tyrosine phosphatase that is expressed by all nucleated hematopoietic cells and their 
precursors  [  29,   30  ] . Studies have shown that CD45 is involved in the negative regu-
lation of cellular activation  [  30  ] . While all other cells of hematopoietic origin 
increase their expression of CD45 from the neonatal period through adulthood, 
microglia do not  [  14,   31,   32  ] . In the intact brain, activated microglia upregulate 
CD45  [  14,   27,   31  ] . However, the CD45 levels of activated microglia remain lower 
than that expressed by peripheral macrophage populations  [  14,   27,   31  ] . Curiously, 
unactivated microglia cultured in the absence of neurons express higher CD45 levels 
than that expressed by activated microglia in vivo  [  14,   25,   27  ] . This clearly depicts 
that microglia cultured in the absence of CNS cells do not necessarily mirror micro-
glial phenotype and/or physiology in the intact brain. 

 Organotypic brain slice cultures are also a widely used setup that can be used to 
study microglia. In many ways, slice cultures may prove to be more bene fi cial 
to speci fi c studies because, unlike immortalized cell lines or primary microglial 



8 D.S. Davis and M.J. Carson

cultures, slice cultures allow researchers to study microglia in a brain slice that 
retains not only the cellular diversity of the CNS but also the tissue structure  [  25,   33  ] . 
Slice cultures also allow researchers to treat the slice with pharmacological agents, 
toxins, pathogens, and cells to observe how cells within the slice react  [  25  ] . Though 
slice cultures can be bene fi cial for studies, there are several reasons why they may 
be problematic in microglial studies. When the slice itself is cut from the whole 
brain, “wounds” are made leading to microglial and astrocyte activation  [  25  ] . 
Moreover, extensive and ongoing cell death occurs in these slices, potentially 
skewing results and observations  [  33  ] . Depending on the type of experiment 
planned, slice cultures do not allow for the in fi ltration of blood-derived immune 
cells following pathology. 

 Isolation and analysis of microglia (without culture) from the intact murine brain 
can also serve as a useful method to study microglia. These cells develop and mature 
in the intact murine brain and thus are more likely to resemble in vivo microglia 
than cultured cells. However, depending on the types of studies planned, a  fl ow 
cytometer or a real-time PCR (RT-PCR) machine may be necessary. Though the 
numbers of microglia isolated from the murine brain may be suf fi cient for RT-PCR 
analysis, it is often dif fi cult to collect adequate numbers for high-throughput 
assays  [  25  ] . 

 Though the various in vitro methods used to study microglia can be readily help-
ful in understanding their physiology, the results should be analyzed with extreme 
caution. More speci fi cally, in order to truly validate results using these in vitro 
methods, researchers may want to run studies using several of these methods to cre-
ate valid conclusions. Not only will this help to solidify the results, but it will also 
provide researchers with con fi dence in the usefulness of these methods.  

    1.2.4   In Vivo Studies 

 In vivo studies are useful because they allow us to observe microglia in their intact 
microenvironment. Though informative methods have been created to study these 
cells in the living brain, methods have not been devised that allow for a clear under-
standing of their physiology using noninvasive techniques. The main methods used 
to study these cells in vivo are (1) bone marrow chimeric studies, though the cells 
are analyzed in postmortem tissues, and (2) imaging techniques  [  25  ] . 

 In bone marrow chimeric studies, mice generally receive sublethal irradiation to 
kill off their bone marrow, and then they receive bone marrow from a donor mouse 
to replenish their peripheral immune compartment  [  25  ] . Interestingly, these studies 
show that though recipient mice receive donor bone marrow, the majority of micro-
glia remain recipient derived  [  24  ] . Generally, these studies involve genetically alter-
ing the donor bone marrow in order to trace the cells in the recipient  [  25  ] . Bone 
marrow chimeric studies can be incredibly useful in studies looking at the degree of 
in fl ux of peripheral immune cells into the brain, and also the role that these peripheral 
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cells have in several CNS pathologies. However, studies have shown that the 
irradiation itself can damage the vasculature and BBB, indicating that the numbers 
of peripheral immune cells detected in the CNS may occur as a result of the irradiation 
and not the healthy or pathological physiology  [  24,   25  ] . Moreover, these studies are 
typically analyzed in postmortem tissue, making it dif fi cult to observe the interactions 
between the donor and recipienT cells in the live brain. 

 Recently, powerful imaging techniques have been used to observe microglia in 
the intact brain. Two-photon microscopy is a powerful tool that has been used by 
researchers studying microglial physiology and motility in the healthy and in fl amed 
brain  [  1,   34  ] . Typically, those using two-photon microscopy use explants of the tis-
sue of interest and remove the organ entirely from the animal or intravital methods 
where the animal is immobilized and the tissue is exposed  [  35  ] . Most reported 
microglial studies have used preparations in which the skull is removed or thinned 
 [  25,   35  ] . Moreover, to visualize microglia, transgenic mice with  fl uorescent micro-
glia are typically used  [  1,   34  ] . Two major studies performed by Nimmerjahn and 
colleagues and Davalos and colleagues used this powerful technique and found that 
microglia are not “resting” in the healthy brain. Instead, in the healthy brain, 
microglia constantly extend their processes to survey their microenvironment every 
few hours  [  1  ] . Though two-photon microscopy has become a very powerful tool to 
visualize these cells in intact tissue, this technique also has limitations. A major 
caveat for intravital setups of two-photon microscopy is that motion artifacts can 
occur because of movements generated from breathing or involuntary muscle con-
tractions  [  35  ] .   

    1.3   What Are Microglial Functions in the Healthy CNS? 

 For some time, microglial functions have been studied in the context of pathology 
caused by trauma or a speci fi c disease. This focus is potentially due to the fact that 
microglia change their morphology and the types of genes that are expressed when 
they become activated. Because of the visible changes microglia undergo during 
their activation, many have regarded microglia in the healthy brain to be in a “rest-
ing” state. Recently, several labs have used two-photon imaging of the cerebral 
cortex of live mice and show that in the healthy brain, microglial processes are 
highly motile and constantly sample their environment  [  1  ] . Because microglial pro-
cesses monitor their microenvironment extensively, Nimmerjahn et al. suggest that 
the entire brain parenchyma is surveyed by these “homeostatic” microglia once 
every few hours. In these studies, it was observed that microglia also phagocytose 
tissue samples which are then transported to the soma  [  1  ] . 

 It seems we are just beginning to understand the roles that microglia play in the 
healthy CNS. Speci fi cally, studies have shown that a receptor expressed by micro-
glia may directly or indirectly affect cognitive and other important functions in the 
healthy CNS  [  36–  38  ] . For example, Nasu–Hakola disease is a rare recessive human 
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genetic disorder that causes early-onset cognitive dementia, bone cysts, and death 
in the fi fth decade of life  [  39,   40  ] . Studies have shown that this disease is caused by 
loss of function mutations in the triggering receptor expressed on myeloid cells 2 
(TREM2) or in the TREM2 signaling pathway regulated by the adaptor molecule 
DNAX-activating protein of molecular mass 12 kDa (DAP12)  [  40,   41  ] . DAP12 is a 
transmembrane adaptor molecule expressed by several immune cells that signals 
via an immunoreceptor tyrosine-based activation motif (ITAM)  [  40,   42  ] . Though 
DAP12 is required for TREM2 signaling, because Nasu–Hakola disease has obvi-
ous effects on cognition, a process most often thought to be regulated by neurons, 
many believed that the cognitive symptoms were caused by a defect in neurons. 
Interestingly, we and others have found that TREM2 is expressed by subsets of 
microglia in the healthy murine brain  [  23,   40  ] . 

 Overexpression and knockdown studies have shown that TREM2 expression 
promotes microglial phagocytosis of cellular debris and apoptotic cells, decreases 
microglial motility, inhibits microglial and macrophage cytokine expression, and 
limits the severity of a mouse model of multiple sclerosis  [  43–  46  ] . Though there is 
much that is not understood, these data demonstrate that lack of a microglial protein 
can lead to the development of a disease with cognitive manifestations. 

 More direct demonstrations of the ability of microglia to modulate cognition are 
provided by two additional studies using murine models of Rett syndrome and 
obsessive–compulsive disorder (OCD)  [  36,   38  ] . In the  fi rst study, Capecchi and col-
leagues demonstrated that the absence of HOXb8 in microglia was suf fi cient to 
cause OCD-like over-grooming behaviors and restoring HOXb8 expression only in 
microglia was suf fi cient to prevent OCD grooming behavior  [  36  ] . Similar types of 
observations were made in murine model of Rett syndrome  [  38  ] . Rett syndrome is 
a neurodevelopmental syndrome with multiple clinical symptoms that places it par-
tially under the autism spectrum of neurodevelopmental disorders. Rett syndrome is 
caused by lack of function mutations in the ubiquitously expressed gene, MECP2. 
To date, most of the focus on pathogenesis has focused on neuronal dysfunction. 
However, recently Dericki et al. demonstrated that by reconstituting, MECP2 
function in the microglial compartment was suf fi cient to arrest and even partially 
restore behavioral Rett syndrome pathology. 

 In the murine models of Nasu–Hakola and OCD, the mechanisms by which 
microglia lead to changes in neuronal function are not de fi ned. Therefore, it is strik-
ing that the study using the Rett mouse model was able to demonstrate that inhibit-
ing microglial phagocytosis was suf fi cient to block the restorative functions of 
microglia expressing wild-type MECP2  [  38  ] . This data is also consistent with new 
hypotheses of microglial function in synaptic plasticity  [  37  ] . Speci fi cally, multiple 
studies have now implicated microglia in editing or phagocytosing non-active or 
weakly active synapses as part of the natural process of synaptic maturation  [  37  ] . As 
yet the mechanisms of this action are still being de fi ned, and different mechanisms 
may be used in different brain regions or during different periods of development/
regeneration. However, in the development of the visual system, microglial editing 
of unwanted synapses appears dependent on the C1q pathway  [  37  ] . 
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    1.3.1   What Are Microglial Roles in the Developing CNS? 

 While there is a current lack of understanding of the roles microglia have in the 
healthy mature brain, there is perhaps an equal lack in knowledge regarding micro-
glial functions in the developing brain. It has been well documented by several labs 
that microglial morphology and markers of microglial activation change as the brain 
develops  [  47  ] . Hristova and colleagues performed informative immunohistochemi-
cal studies showing that periventricular microglia express high levels of several 
integrin subunits and B7.2, a co-stimulatory molecule, at birth that decreased by the 
second postnatal week. This clearly depicts that microglial activation state changes 
during the  fi rst postnatal week in rodents, corresponding to the last trimester in 
humans. A curious observation from this study is that though both cortical and sub-
cortical microglia would presumably be exposed to cellular apoptosis during this 
postnatal period, which could in fl uence microglial activation status, only subcorti-
cal microglia displayed an activated phenotype. Are the microglia in the subcortical 
regions more active or performing different functions than the cortical microglia in 
the developing brain? 

 The developing brain experiences a great deal of proliferation followed by pro-
grammed cell death in order to shape the  fi nal form and connections of the mature 
CNS  [  48,   49  ] . A readily accepted hypothesis is that microglia are involved in the 
removal of apoptotic neurons in the developing brain. Using time-lapse recordings 
of cultured ex vivo cells and immunohistochemistry, Parnaik et al. demonstrate that 
professional phagocytes of the brain can indeed engulf apoptotic cells in the postna-
tal developing brain. Though Parnaik et al. clearly demonstrate that microglia from 
brain cultures can phagocytose experimentally induced apoptotic neurons, they fail 
to clearly explain how microglia are capable of clearing such substantial numbers of 
apoptotic neurons during this critical postnatal period of brain development. Another 
study using silver impregnated tissues and immunohistochemistry also demon-
strated that apoptotic cells in the cerebral cortex were engulfed by phagocytes in the 
brain during the  fi rst postnatal week of life  [  50  ] . It was not clear whether the transi-
tory phagocytes were CNS-resident microglia or blood-derived macrophages.  

    1.3.2   What Are the Types of Microglial/Macrophage 
Activation? 

 As previously stated, for much of the last century, microglia were thought to be 
maintained in an “off” state in the healthy CNS and turned “on” in response to 
injury or infection. However, current research also reveals that microglial activation 
is not as simple as it was once thought to be. Though microglial activation has 
mostly been discussed in the context of CNS pathology, microglia are highly plastic 
and can display a range of activation states that are not always associated with 
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pathogen defense functions  [  3,   51  ] . Now that it has become common knowledge 
that microglial activation is not synonymous with cytotoxicity, researchers must 
take a closer look at the activation states of these cells in order to accurately de fi ne 
their roles in the developing, damaged, diseased, or aging CNS. Based on character-
izations of peripheral macrophage activation states, microglia are now realized to 
have a spectrum of activation states described by two nomenclatures: classical ver-
sus alternative or M1 versus M2 activation spectrums (Fig.  1.1 )  [  2  ] . 

 The activation state that most researchers are familiar with is the classical (also 
termed M1) activation states of microglia and macrophages. Very detailed studies 
have shown that cytokines that are produced by activated T helper 1 (Th1) cells of 
the immune system, namely, TNF a  and/or IFN g , cause microglia to convert from 
“homeostatic” cells into classically activated cells that are able to defend the host 
from invading pathogens  [  3,   52–  54  ] . These signals in turn cause the microglia to 
produce factors such as IL-1 and IL-6 and reactive oxygen species that primarily 
serve to destroy foreign pathogens by amplifying the immune response, recruiting 
immune cells to the site of in fl ammation, and activating immune and nonimmune 
cells  [  3,   55  ] . However, if excess pro-in fl ammatory molecules are produced and/or 
not cleared in a timely fashion, these molecules can also damage host tissues  [  3,   55  ] . 
Because of the potential cytotoxic responses, the functions of classically activated 
macrophages must be carefully regulated. 

 As mentioned, classically activated phagocytes will increase their production of 
inducible nitric oxide synthase (iNOS) in order to produce reactive oxygen species 
to defend the host from pathogens. Normally, classically activated phagocytes will 
also increase their expression of molecules associated with antigen presentation, 
including MHC class II, and molecules that will allow them to effectively activate 
T cells, namely, co-stimulatory molecules such as B7.2 and CD40. 

 Though the removal of invading pathogens and/or debris is an essential function 
performed by microglia and macrophages, at times, they are required to repair tissue 
that has been damaged by a foreign organism or by an immune response. To per-
form these functions, microglia and macrophages must become alternatively acti-
vated. IL-4 and IL-13 can be produced by cells associated with innate and/or 
adaptive immunity, including basophils, masT cells, eosinophils, NKT cells, CD4+ 
T helper 2 (Th2) cells, and CD8+ T cells  [  56–  60  ] . These factors have been shown 
to promote arginase activity in microglia and macrophages which can then convert 
arginine into ornithine  [  61  ] . Ornithine is then converted by ornithine aminotrans-
ferase into proline, which is important in collagen production  [  3,   61,   62  ] . Ornithine 
can also be converted by ornithine decarboxylase into polyamines which are 
involved in cellular proliferation  [  3,   61,   62  ] . Both products allow alternatively acti-
vated cells to promote wound healing and tissue repair in part by building up the 
extracellular matrix. 

 When phagocytes become alternatively activated (also termed M2 activation), it 
is generally accepted that these cells upregulate a number of speci fi c molecules that 
serve to resolve parasitic infections, build up the extracellular matrix, and in general 
mediate tissue repair. Consistent with their repair functions, alternatively activated 
cells can express a variety of classic neuroprotective growth factors including IGF-1. 
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In addition, as discussed before, arginase 1 is an enzyme that is consistently induced 
by alternatively activated microglia and macrophages, and it competes with iNOS 
for  l -arginine in order to produce factors that promote tissue repair  [  3,   61,   62  ] . 
Much has been discussed in the literature that the arginase 1 versus iNOS 
expression de fi nes the choice point between alternative versus classical activation. 
However, it is important to note that while this is true of murine cells, arginase 1 
expression does not appear to be a feature of human alternatively activated micro-
glia/macrophages! 

 There is a vast amount of literature that also states that alternatively activated 
microglia and macrophages induce mannose receptor (CD206) and Ym1 and found 
in in fl ammatory zone 1 (Fizz1)  [  51,   63  ] . Mannose receptor is a phagocytic receptor 
that mediates the binding and ingestion of microorganisms containing surface man-
nose residues  [  51  ] . The functions of Ym1 and Fizz1 are not completely understood, 
and their roles in alternative activation have not been discerned. However, these two 
molecules are often upregulated by alternatively activated phagocytes in vitro, by 
IL-4 stimulation and in vivo during Th2-mediated immune responses. 

 Ym1 is a member of the chitinase family that was originally described as a 
chemotactic factor for eosinophils that was produced by CD8+ T cells  [  64,   65  ] . 
Fizz1 is a member of a family of secreted cysteine-rich molecules  [  63,   66  ] . It is 
known that Fizz1 expression is induced in alternatively activated microglia and 
macrophages. Studies have suggested that Fizz1 promotes wound healing 
and  fi brosis in Th2-mediated immune responses  [  67  ] . Interestingly, a recent study 
using Fizz1 knockout mice and  Schistosoma mansoni  infection showed that 
Fizz1 acts as a negative regulator of helminth-induced Th2-mediated immune 
responses  [  68  ] . In this study, they demonstrated that Fizz1 knockout mice infected 
with  S. mansoni  had increased in fl ammation in the lung and accelerated  fi brosis in 
the liver  [  68  ] . Though these studies were focused on peripheral organs, their  fi ndings 
would suggest that though Fizz1 is induced following IL-4 stimulation, it functions 
to regulate the degree of the immune response. 

 An important  fi rst step has been made by recognizing that microglia and mac-
rophages have the potential to adopt a variety of activation states. Yet in vivo, we 
must also acknowledge that these cells very rarely adopt a single fully polarized 
phenotype. Despite this caveat, the ability to characterize the activation states of 
microglial or macrophage populations in terms of classical versus alternative activa-
tion states is providing a useful measure to discriminate between distinct types of 
activation programs in resolving and chronic neuroin fl ammatory disorders.  

    1.3.3   Can Microglia Be Distinguished 
from Blood Macrophages? 

 There are a variety of macrophage-like cells that can be found within the CNS. 
These include parenchymal microglia, perivascular microglia, and acutely in fi ltrating 
blood-derived macrophages. Though these populations have been recognized for 
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some time, no conclusive method that will allow one to distinguish microglia from 
CNS-in fi ltrating macrophages in tissue sections has been identi fi ed. However, 
methods have been created that allow researchers to separate the two populations 
using single-cell brain suspensions and  fl ow cytometry  [  32  ] . Moreover, recent stud-
ies may have identi fi ed markers that may one day be used to detect bone marrow-
derived macrophages in the brain  [  69  ] . 

 In the brain, microglia and macrophages express CD11b, an integrin that pro-
motes migration, adhesion, and phagocytosis  [  70  ] . CD45 is expressed by all nucle-
ated hematopoietic cells and their precursors  [  29  ] . Using single-cell brain suspensions 
and  fl ow cytometry, Sedgwick et al. demonstrated that microglia can be distin-
guished from CNS-in fi ltrating leukocytes based on the levels of CD45 that are 
expressed by each population. Speci fi cally, if one were to label myeloid cells with 
antibodies against CD11b and CD45, microglia would be the CD11b+CD45lo 
population while CNS-in fi ltrating blood-derived macrophages would be the 
CD11b+CD45hi population  [  31  ] . 

 For some time, it was thought that the main role of homeobox (Hox) genes was 
to establish body plans by providing positional information along the anteroposte-
rior axis of the embryo  [  36,   69  ] . Recent studies, however, demonstrate that Hox 
genes may also play roles in the development of speci fi c organs, such as the kidney 
 [  71  ] . Thorough investigations performed by Chen et al. demonstrate that Hoxb8 
mutant mice show behavioral de fi cits including excessive and pathological groom-
ing that is characteristic of human patients with the OCD trichotillomania  [  69  ] . 
Instead of  fi nding Hoxb8 expressed by cells in a neural circuit controlling 
grooming, Chen et al. established that Hoxb8 was expressed by bone marrow-
derived microglia in the brain. They came to this conclusion because (1) only a 
subpopulation of microglia in the brain, speci fi cally 40%, were Hoxb8+ and (2) in 
newborn mice these Hoxb8+ cells were found in the choroid plexus, meninges, and 
ventricular lining eventually populating cortical and forebrain regions by postnatal 
day 14  [  69  ] . This migration strongly suggests that the Hoxb8+ microglia are bone 
marrow derived. Though these studies were performed in the naïve brain, it would 
be interesting to determine whether blood-derived macrophages that enter the CNS 
during pathology were also Hoxb8+. This would help to elucidate whether Hoxb8 
could be used as a marker to distinguish yolk sac-derived microglia from bone 
marrow-derived macrophages in the brain tissue sections.  

    1.3.4   Do Microglia Have Different Functions 
than Macrophages? 

 Microglia and macrophages express many of the same markers including F4/80, 
Iba-1, and CD11b  [  15  ] . During an immune response, both cell types can induce 
molecules such as MHC class II, B7.2, and CD40 that allow them to communicate 
with and activate T cells in the presence of antigen  [  15  ] . Because of these similari-
ties, many have believed that these cell types are very similar, if not the same cell. 
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However, studies such as those performed by Chen and colleagues (discussed in the 
previous section) in relation to Hoxb8 expression, and also studies by Ford et al. 
showing that microglia express lower levels of CD45 than peripheral macrophages, 
clearly demonstrate that in the CNS, microglia may exhibit different functions than 
bone marrow-derived macrophages. 

 In seminal studies performed by Hickey and Kimura, bone marrow chimeric rats 
were used to demonstrate that antigen-speci fi c interactions between CNS-resident 
microglia and myelin-speci fi c T cells were not required to initiate or sustain autoim-
mune responses. In these studies, experimental autoimmune encephalomyelitis 
(EAE), an experimental model of multiple sclerosis in rodents, was used. Speci fi cally, 
these studies and others have nicely demonstrated that perivascular macrophages 
and dendritic cells are capable of initiating and sustaining EAE  [  72,   73  ] . Moreover, 
bone marrow chimeras lacking antigen-presenting cells (APC) in the periphery 
(macrophages, dendritic cells) were not able to induce EAE, indicating that CNS-
resident microglia were in some manner insuf fi cient to induce this autoimmune 
response  [  73  ] . 

 Differences between CNS microglia and macrophages have also been established 
in a model of facial axotomy. Used as a model to study the mechanisms of survival 
of the facial motoneuron cell body and regeneration of the axon, the facial axotomy 
model involves transecting the axon of the facial motoneuron at the site where it 
exits the CNS to the periphery  [  74  ] . This transection permanently prevents recon-
nection of the axon to the cell body while the neuron cell body survives  [  74  ] . 
Previous studies using the facial axotomy model showed that activated CD4+ T cells 
promote facial motoneuron survival  [  75  ] . Studies by Byram and colleagues support 
this study by demonstrating that bone marrow-derived peripheral APCs 
(macrophages, dendritic cells) are required to initiate CD4+ T cell activation but 
cannot suf fi ciently sustain a protective T cell response  [  76  ] . Furthermore, CNS-
resident microglia are required to reactivate CD4+ T cells in order to sustain sur-
vival of the facial motoneuron  [  76  ] . 

 Together, this data demonstrates that microglia and macrophages have certain 
similarities with respect to their functions and the repertoire of molecules they 
express in the naïve and in fl amed brain. However, their roles in different CNS 
pathologies differ greatly.   

    1.4   How Do Microglia Detect Changes 
in Their Microenvironment? 

 In the CNS, microglia are resident innate immune cells and are generally the  fi rst 
responders to in fl ammation or injury. As such, mechanisms must be in place that 
allow them to detect when the CNS has been damaged or invaded by pathogens. 
Research has shown that several cell types throughout the body and within the CNS 
are capable of detecting a number of evolutionarily conserved motifs on pathogens 
as well as molecules produced by CNS intrinsic cells following tissue damage. 
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These molecules are collectively referred to as pathogen-associated molecular 
patterns (PAMPs) and danger-associated molecular patterns (DAMPs), respectively. 
Moreover, by virtue of several receptor–ligand interactions, microglia are incredi-
bly sensitive to minute changes in the well-being of speci fi c cell types. 

    1.4.1   Recognition of Conserved Pathogenic Signals 

 Toll-like receptors (TLRs) are a class of pattern recognition receptors expressed by 
immune and nonimmune cells that can detect PAMPs  [  77,   78  ] . Though the Toll 
pathway was initially de fi ned as a family of genes involved in the dorsal–ventral 
patterning of the  Drosophila embryo , in mammals, TLRs have been shown to be 
involved in pathogen detection and in the initiation of immune responses  [  78–  80  ] . 
Both extracellular and intracellular TLRs have been found, and they are characterized 
by a cytosolic motif termed the Toll/IL-1 receptor domain (TIR)  [  78,   81  ] . Though 
studies have shown that astrocytes (TLRs 2, 4, 5, and 9) and neurons (TLRs 2, 6, 
and 8) express some TLRs, it has also been shown that microglia express the mRNA 
for all currently known murine TLRs (TLR 1–9)  [  82–  88  ] . This allows microglia to 
defend the brain from a wide range of pathogens. Speci fi cally, studies have shown 
that microglia can detect bacterial lipopeptides, double-stranded RNA, lipopolysac-
charides from gram-negative bacteria, bacterial  fl agellin, single-stranded RNA, and 
unmethylated CpG dinucleotides  [  85,   89  ] . There is some debate as to whether astro-
cytes express TLR2 in vivo, as labs have had dif fi culty reproducing the data using 
in situ hybridization  [  89  ] . These differences may be due to species differences used 
in experiments or even the route of PAMP administration  [  89  ] .  

    1.4.2   Recognition of Tissue Integrity 

 Microglia recognize tissue integrity by integrating both the presence and absence of 
signals. For example, microglia express multiple receptors to detect products of 
necrotic and apoptotic cells such as purinergic receptor and phosphatidylserine 
receptors. Conversely, stressed, infected, necrotic, or pre-apoptotic neurons and glia 
also trigger microglia activation by ceasing to produce “I am well” signals. 

 An important example of such an “I am happy” signal is the interaction between 
CD200 and CD200 receptor (CD200R). CD200 is a membrane glycoprotein of the 
immunoglobulin superfamily that is expressed by endothelial cells and neurons in the 
brain  [  90,   91  ] . CD200R is expressed by myeloid cells in the brain including microglia 
and macrophages  [  91  ] . Studies have shown that in the healthy CNS when CD200 is 
expressed, CD200R expressing microglia display a rami fi ed morphology, character-
istic of their “homeostatic” activation status. Using CD200 knockout (CD200KO) 
mice, Hoek and colleagues clearly demonstrate that even in the absence of any other 
in fl ammatory signal, microglia in the unmanipulated CD200 KO mice exhibit several 
features characteristic of activated microglia including shorter glial processes and 
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elevated CD11b and CD45 expression. This clearly indicates that the CD200–
CD200R interaction between neurons and microglia is required to prevent microglial 
activation in the nonin fl amed brain. Moreover, to determine whether CD200–CD200R 
interactions also regulate the degree of microglial activation in speci fi c disease pro-
cesses, Hoek and colleagues examined microglial activation and the timeline of dis-
ease onset in CD200 KO mice with EAE. Interestingly, Hoek et al. found that in 
CD200 KO mice with myelin oligodendrocyte glycoprotein (MOG)-induced EAE, 
the onset of EAE occurred 3 days before the onset in wild-type C57BL/6 mice. 

 Because EAE requires activation of autoreactive T cells, some have speculated 
as to whether these studies demonstrate a faulty T cell compartment, mainly the 
hyperactivation of T cells. Hoek et al. have performed various in vitro and in vivo 
experiments and have not observed T cell dysregulation in CD200R knockout mice, 
strengthening the hypothesis that the problem lies within the myeloid compartment. 
Together, these results demonstrate that CD200–CD200R interactions are required 
in the brain to maintain homeostatic functions of microglia and prevent unwanted 
microglial activation. 

 CX3CL1–CX3CR1 interactions have also been shown to regulate microglial 
activation in the brain and spinal cord. The chemokine CX3CL1 (fractalkine) is 
expressed in various organs in the body including the brain, heart, kidney, lung, and 
small intestine  [  92  ] . In the healthy brain, the chemokine CX3CL1 is expressed by 
neurons while the receptor is expressed by myeloid cells including microglia and 
macrophages  [  18,   93  ] . However, in vitro studies have also concluded that TNF a  and 
IFN g  stimulation can cause human astrocytes to express CX3CL1  [  94  ] . Though 
CX3CL1 exists as a membrane form, it can be cleaved to produce a soluble form as 
well. Parallel to these  fi ndings, studies have shown that the soluble form of frac-
talkine can be used as a chemoattractant for several leukocytes while the membrane-
bound form can facilitate adhesion of these cells  [  94,   95  ] . Several essential functions 
of this ligand–receptor pair have been established. However, the role that this 
chemokine and receptor pair may play in neuronal–microglial communication 
has not been explored until recently. 

 Various in vitro studies have demonstrated that the CX3CL1–CX3CR1 interac-
tion is neuroprotective. Using microglial cultures prepared from newborn rats, 
Zujovic et al. demonstrated that CX3CL1 lowered LPS-induced TNF a  release in a 
dose-dependent manner. Interestingly, Zujovic and colleagues also demonstrated 
that when a neutralizing anti-CX3CL1 antibody was added to neuronal cultures 
prior to the addition of microglia, neuronal death was detected (following the addi-
tion of microglia). This would illustrate that CX3CL1 expression by neurons is 
required to prevent neurotoxic microglial activation in the nonin fl amed brain. 
However, these results have not been replicated in vivo. What both of these results 
reveal is that the CX3CL1–CX3CR1 interaction does allow neurons and microglia 
to communicate and that this “communication” leads to a neuroprotective micro-
glial response. Though these in vitro studies were incredibly useful and informative, 
many qualities of in vitro studies, particularly with microglial cells, do not model 
what actually occurs in vivo. 

 To determine the roles of the CX3CL1–CX3CR1 interaction in the intact brain, 
Cardona et al. induced systemic in fl ammation in CX3CR1 +/GFP  mice (mice with 
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functional CX3CR1 and green microglia) and CX3CR1 GFP/GFP  mice (mice that lack 
functional CX3CR1 but have green microglia) and examined microglial morphol-
ogy and the degree of neuronal death in the hippocampus of the brain. Interestingly, 
Cardona and colleagues found that in LPS-injected CX3CR1 +/GFP  mice, microglia 
maintained a rami fi ed morphology, indicative of a “homeostatic” state. On the con-
trary, microglia from LPS-injected CX3CR1 GFP/GFP  mice had shorter and thicker pro-
cesses and a larger cell body, indicative of activated microglia  [  96  ] . These studies 
also nicely demonstrated that systemic in fl ammation in CX3CR1 GFP/GFP  mice caused 
a signi fi cant number of hippocampal neurons to become apoptotic, whereas no 
apoptotic neurons were detected in the CX3CR1 +/GFP  mice  [  96  ] . These studies clearly 
show that the threshold for microglial activation is perhaps lowered in mice lacking 
functional CX3CR1 and that the consequences of microglial hyperactivation to sys-
temic in fl ammation in the absence of CX3CR1 are neuronal damage and death. 

 Another somewhat surprising neuron–microglia signaling is one also shared 
with B cells. As discussed in a previous section, microglia constitutively express 
CD45, a protein tyrosine phosphatase that is also the receptor for CD22  [  30  ] . 
While CD22 has long been known to be expressed by B cells, Tan and colleagues 
discovered that neurons constitutively expressed and secreted CD22 as well  [  128  ] . 
To investigate whether neurons regulate microglial activation state through CD45, 
primary murine microglial cultures were treated with CD40 ligand (CD40L) and a 
cross-linking antibody for CD45  [  30  ] . These studies demonstrated that activation of 
CD45 led to a signi fi cant decrease in the amount of TNF a  produced by CD40 liga-
tion. Tan and colleagues further illustrated the fact that CD45 expression by micro-
glia is required to regulate the levels of TNF a  produced following CD40 ligation by 
exposing primary microglial cultures from CD45-de fi cient mice to CD40L. As one 
may predict, the microglia from this experiment produced signi fi cantly higher levels 
of TNF a  than CD45 expressing primary cultures. 

 These studies nicely illustrate that a molecule commonly used to identify micro-
glial activation and distinguish them from CNS-in fi ltrating macrophages in brain 
cell suspensions is also used by neurons to limit the degree of microglial activation. 
Moreover, it appears that microglial activation state in the healthy and in fl amed 
brain is tightly regulated by a variety of ligands that are expressed by neurons. The 
redundancy in receptor–ligand interactions between these two cell types that 
speci fi cally control microglial activation status strongly suggests that dysregulated 
microglial activation is not tolerated in the CNS. From another viewpoint, these 
interactions also allow microglia to monitor neuronal health.   

    1.5   What Is Systemic In fl ammation 
and How Does It Affect the CNS? 

 Viral and bacterial infections that occur outside of the CNS can cause immune 
responses within the brain and spinal cord. When viruses, bacteria, or parasites 
invade the body, PAMPs, or in the case of tissue injury, DAMPS, are detected by 
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cells of the innate immune system. Innate immune cells in the periphery including 
macrophages and neutrophils then produce in fl ammatory cytokines such as IL-1 b , 
IL-6, and TNF a  that can circulate in the blood  [  97  ] . It is well established from a 
variety of studies that systemic in fl ammation can lead to activation of microglia and 
astrocytes and changes in neurons. However, the methods by which these cells 
become activated are still being studied. In order for peripheral immune signals to 
affect cells within the brain, they must either (1) enter circumventricular (CVO) 
organs and diffuse directly from the blood into the brain parenchyma (though this is 
debatable), (2) activate endothelial cells forming the blood vessels in the brain that 
can in turn activate perivascular microglia, (3) be directly transported across the 
BBB, or (4) activate the vagus nerve which can then communicate with neuronal 
populations within the brainstem  [  97–  99  ] . 

 Speci fi c regions within the brain called CVOs are unique within the brain in that 
they lack a complete BBB. The blood vessels of most regions in the brain provide 
an extra level of protection for the CNS from a variety of molecules within the blood 
because the endothelial cells form tight junctions between one another. CVOs have 
fenestrated capillaries, and thus, many believe that cytokines can freely diffuse from 
the blood into the brain parenchyma and interact with immune cells such as the 
perivascular microglia in these regions  [  97  ] . However, other studies have estab-
lished that following systemic in fl ammation induced by LPS, perivascular phago-
cytic cells upregulate IL-1 b  in CVOs, and this expression gradually shifts from the 
CVOs to adjacent brain nuclei  [  100  ] . Furthermore, Konsman and colleagues nicely 
demonstrate that the IL-1 b  is bioactive since iNOS mRNA can be detected at the 
interface between the CVOs and the adjacent neural nuclei. This study nicely illus-
trates that systemic in fl ammation can lead to activation of cells and the production 
of in fl ammatory cytokines in CVOs that can then propagate the signal into the brain 
parenchyma. 

 Several studies have also demonstrated that brain cells become activated follow-
ing systemic in fl ammation due to endothelial cell production of in fl ammatory mol-
ecules. Speci fi cally, it is hypothesized that peripheral cytokines produced in response 
to systemic in fl ammation lead to the production of the rate limiting enzyme for 
prostanoid biosynthesis, cyclooxygenase-2 (COX-2), and membrane-associated 
prostaglandin synthase-1 (mPGES-1) by endothelial cells in the brain  [  99,   101, 
  102  ] . Depending on the dose and agent used to induce systemic in fl ammation, 
others have reported that perivascular microglia also induce COX-2 expression 
 [  103  ] . These in turn lead to the production of prostaglandin E2 in the brain which 
has been shown to activate neurons  [  99,   104  ] . Several studies have demonstrated 
that systemic in fl ammation leads to production of circulating IL-1 and that interac-
tion of IL-1 with its receptor on brain endothelial cells and some neurons can lead 
to the production of COX-2  [  102,   103  ] . Ching and colleagues demonstrated that 
knockdown of endothelial cell IL-1R1 prevented COX-2 induction, hypothalamic 
neuronal activation and fever induced by intravenous (IV), and intracerebroven-
tricular (ICV)-injected IL-1. Curiously, endothelial-speci fi c knockdown of IL-1R1 
suppressed intraperitoneal (IP) IL-1-induced fever but not neuronal activation in the 
hypothalamus  [  102  ] . These results suggest that the IL-1 injected into the peritoneal 
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cavity led to the activation of CNS neurons using another mechanism besides 
endothelial cell activation. 

 Several studies have illustrated that some cytokines are actively transported across 
the BBB. Although several cytokines are produced in the brain, many have also 
observed that cytokines that circulate in the blood can have effects on the CNS. For 
example, when cancer patients receive IV administration of TNF a  for its antitumor 
properties, they often experience several side effects that involve the CNS including 
headache, memory loss, and acute blindness which are dose dependent and resolve 
following therapy  [  105,   106  ] . These studies strongly suggest that the cytokines 
somehow cross the BBB to act directly on the brain. Following these studies, it was 
shown that TNF a  and other cytokines, such as IL-1 a , were able to exert direct effects 
on the CNS because they are transported across the BBB. Studies by Gutierrez et al. 
demonstrate that following IV injection, radiolabeled murine TNF a  (mTNF a ) was 
found in its intact form in brain tissue. By administering an IV injection of unla-
belled mTNF a  along with the radiolabeled form, Gutierrez and colleagues demon-
strated that TNF a  was transported into the CNS via a saturable mechanism. Further 
studies from this same group found that the TNF a  receptors on endothelial cells 
were required to transport the cytokine across the BBB  [  107  ] . Speci fi cally, in the 
absence of p55 and p75, the two TNF a  receptors, in fl ux of TNF a  into the brain was 
completely abolished following IV administration  [  107  ] . This suggests that speci fi c 
cytokines bind directly to a receptor and are then transported, via this receptor, into 
the brain. TNF a  is not the only cytokine that has been shown to cross the BBB. 
In similar studies, it has also been shown that cytokines such as IL-1 b  cross the BBB 
and that the type II IL-1 receptor plays a role in its transport  [  108,   109  ] . 

 So far, mainly BBB-dependent mechanisms of transferring peripheral immune 
signals to the brain have been discussed. However, studies have also nicely depicted 
that BBB-independent mechanisms exist that transmit peripheral immune signals to 
the brain. Speci fi cally, many have suggested that peripheral immune signals can be 
transmitted to the brain via sensory nerves. In 1994, Bluthe and colleagues demon-
strated that vagotomy could block LPS-induced changes in social investigative 
behavior. Moreover, several studies have also demonstrated that the intact vagal 
nerve is essential for a number of physiological changes that occur following sys-
temic immune challenge including hyperalgesia, fever, and increased levels of 
plasma corticosteroids  [  99,   110  ] . Multiple research groups have implicated many 
different neurotransmitter-speci fi c pathways of immune regulation most notably the 
cholinergic, PCAP, and VIP pathways  [  111,   112  ] . Though many of these studies 
present convincing data, it seems that the route through which the in fl ammatory 
inducing agent is administered, the in fl ammatory inducing agent itself and the dose 
given can lead to debatable and contrasting results. 

 It is clear that peripheral immune molecules can either be transmitted themselves 
or transmit the ensuing in fl ammatory response to the CNS. The routes through 
which this occurs have been widely studied and discussed here. What is not yet well 
understood is (1) what the physiological criteria must be in order to determine which 
route is used in what instance or (2) whether all routes are used following all periph-
eral immune challenges (though given the data this seems unlikely). 
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    1.5.1   How Is Systemic In fl ammation Correlated 
with the Development and/or Pathogenesis 
of Neurodevelopmental Disorders? 

 Systemic in fl ammation, such as colds and  fl u viruses, is commonly experienced by 
adults and children alike. In the adult, in addition to well-known sickness behaviors 
such as fever, loss of appetite, and reduced activity, peripheral in fl ammation causes 
activation of CNS-resident microglia and the acute in fl ux of blood-derived mac-
rophages into the brain and spinal cord  [  31,   97,   113  ] . Though newborns, infants, 
and toddlers also experience bouts of systemic in fl ammation, their brains and spinal 
cords are relatively immature. This adds an extra level of complexity in the compre-
hension of how peripheral in fl ammation experienced during periods of brain devel-
opment can affect the ensuing development of the CNS. Several epidemiological 
studies have strongly suggested that systemic in fl ammation experienced during the 
perinatal period may play a role in the development and/or pathogenesis of several 
neurodevelopmental disorders including cerebral palsy, autism, and schizophrenia. 
These studies loosely speculate that systemic in fl ammation experienced during the 
perinatal period causes glial activation and the production of in fl ammatory mole-
cules that can affect developing oligodendrocytes and white matter and lead to the 
loss of neurons  [  5,   114  ] . Though a great deal of research has been devoted to under-
standing neurodevelopmental disorders, the roles that microglia may have in these 
disorders are still relatively unknown. 

 Cerebral palsy (CP) is a neurodevelopmental disorder beginning in early child-
hood and persisting throughout the life of the individual  [  115  ] . This group of disor-
ders affects movement and posture and is believed to be the result of a disturbance in 
the developing fetal or infant brain  [  115,   116  ] . Clinical and epidemiological studies 
strongly suggest that the “disturbance” that leads to the development of periventricu-
lar leukomalacia (PVL), which is believed to precede many cases of CP, and CP 
itself, is systemic in fl ammation experienced during the perinatal period  [  115–  117  ] . 

 Systemic in fl ammation occurring in the pregnant mother, fetus, or neonate is cor-
related with the increased incidence of PVL and CP  [  118  ] . Haynes and colleagues 
clearly observed microglial and astrocyte activation and apoptotic oligodendrocytes 
in the periventricular white matter of brain tissue from deceased infants with PVL. 
Moreover, they also nicely illustrated that the microglia, astrocytes, and possibly 
in fi ltrating macrophages expressed oxidative stress markers and markers of protein 
nitration  [  9  ] . Experimental studies have shown that when mice or rats receive ICV, 
IV, intrauterine, or maternal exposure to LPS, gliosis and elevated levels of TNF a , 
IL-1 b , and IL-6 in the blood or in brain tissue are commonly observed  [  117  ] . These 
 fi ndings clearly demonstrate that microglia and other glial cells have intricate roles 
in the pathogenesis and perhaps the development of PVL and CP. However, their 
exact functions in this disorder and whether they exhibit phenotypes that promote 
and/or prevent the progression of the disorder are not well understood. 

 Studies have also demonstrated that systemic in fl ammation experienced dur-
ing the perinatal period may contribute, in part, to the development of autism. Autism 
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is a complex neurodevelopmental disorder characterized by impairments in social 
interaction, de fi cits in verbal and nonverbal communication, and repetitive and ste-
reotyped patterns of behavior  [  114,   119  ] . Though the phenotypic heterogeneity of 
autism leads many to believe that a variety of factors contribute to the development 
of this disorder, including environmental and genetic, there is a growing consensus 
that the immune system is involved in its development and/or pathogenesis as well 
 [  119  ] . Many have demonstrated that autistic patients have aberrant immunological 
responses in the peripheral compartment and abnormal cytoarchitectural organiza-
tion of the cerebral cortex and cerebellum  [  120,   121  ] . However, Vargas and col-
leagues published some of the  fi rst studies clearly illustrating glial activation and 
abnormal cytokine pro fi les in brain tissue from deceased autistic patients. 

 In postmortem autistic brains, Vargas and colleagues found microglial and astro-
cyte activation in cortical regions, in white matter, and in the cerebellum in areas 
with widespread Purkinje and granule cell loss. They also found elevated expression 
of monocyte chemoattractant protein-1 (MCP-1) and IL-6 in postmortem brain tis-
sue and cerebrospinal  fl uid (CSF) from living autistic patients and demonstrated 
that activated astrocytes were the main source of both of these in fl ammatory mole-
cules in the brain  [  114  ] . Moreover, they also observed elevated TGF- b  expression in 
postmortem brain tissue but not in CSF  [  114  ] . Interestingly, Vargas and colleagues 
found microglial nodules, or collections of activated microglia, in the postmortem 
autistic brains. This illustrates that there is persistent or chronic activation of micro-
glia, as is seen in chronic neurodegenerative disorders such as Alzheimer’s disease 
and Parkinson’s disease, and is also observed in the brains of patients with neurode-
velopmental disorders such as autism. 

 Though these studies elegantly depicted that glial cells are involved in the patho-
genesis of autism, this study has also left many questions unanswered. During devel-
opment, does a speci fi c environmental or genetic insult occur that causes microglia 
and astrocytes to become activated which then leads to abnormalities in the formation 
of the brain? Do abnormalities in brain development occur that then lead to microglial 
and astrocyte activation? Many researchers are undoubtedly attempting to answer 
these questions. However, with these results, we now know that glial cells are some-
how involved in autism progression and can only speculate on their speci fi c roles. 

 Schizophrenia is a chronic, severe, and disabling psychotic disorder believed to 
result, in part, from in fl ammation experienced during the prenatal or perinatal period 
 [  8,   122  ] . The etiology of schizophrenia is currently unknown. However, many spec-
ulate that like autism, genetic, environmental, and immunological factors contribute 
to its development  [  8  ] . In the schizophrenic brain, researchers have found elevated 
levels of the neurotransmitter dopamine and abnormalities in the prefrontal cortex, 
striatum, and limbic system  [  123,   124  ] . In the periphery, studies show that schizo-
phrenic patients have abnormal cytokine levels in the blood  [  125,   126  ] . These stud-
ies suggest that schizophrenic patients have abnormal levels of in fl ammatory 
molecules present in the blood and defects in speci fi c regions of the brain. What is 
currently not well understood is whether immune cells of the brain are affected by 
the circulating in fl ammatory molecules and also how brain immune cells are 
involved in the pathogenesis of this disease. 
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 Epidemiological studies strongly suggest that infections experienced during 
childhood can lead to the development of schizophrenia in the adult  [  127  ] . Using 
various imaging techniques, researchers have also demonstrated that activated glial 
cells, including microglia and astrocytes, could be detected in the brains of patients 
with schizophrenic psychosis, speci fi cally in the hippocampus  [  6,   8  ] . Though these 
results strongly suggest that microglia may have a role in the pathogenesis of this 
disease, fundamental experiments have not yet been performed to illustrate when 
these cells become activated in the disorder, what in fl ammatory molecules they 
produce, and whether they promote pathology or become activated to protect the 
brain from further pathology.   

    1.6   Conclusion: Do Long-Lived Microglia Serve 
as an “Immunologic Memory” of CNS Damage 
and Infection? 

 Like all macrophages, microglia are highly plastic in their ability to acquire a broad 
range of phenotypes (classical, cytotoxic pathogen defense functions to alternative, 
neuroprotective, tissue repair functions). Here we discussed multiple methods by 
which the state of neuronal function drives microglial phenotype toward activation 
or homeostasis. Because microglia are distinct from most other macrophages in 
being long-lived, microglia have the potential to generate “immune memory” within 
the CNS. Depending on the nature of prior insults, microglia may become partially 
polarized toward either classical or alternative activation states. Thus, it is tempting 
to speculate that exposure to pathogens or toxins that alter microglial phenotype 
directly (or indirectly by altering neuronal/glial function) may have long-lasting 
consequences on either increased or decreased risk of neurologic disorders associ-
ated with dysregulated neuroin fl ammatory responses.      
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          2.1   Introduction    

 When astrocytes were  fi rst visualized by Virchow in 1846, he characterized them as 
a type of “glue”  fi lling in the interstitial space. The term “astrocyte”  fi rst appeared 
in 1893 when improvements in histological techniques made it possible to distin-
guish individual cell morphology within this cerebral “glue”  [  1  ] . The importance of 
these cells, though not well understood, was appreciated by the fact that astrocytes 
occupy a substantial amount of space in the brain, representing up to 50% of cere-
bral volume  [  2  ] . Interestingly, the ratio of astrocytes to neurons varies among spe-
cies and according to the relative complexity of the brain  [  3  ] , increasing proportionally 
with the complexity of the neural network. This is perhaps one of the  fi rst pieces of 
evidence hinting at a role for astrocytes in the integration of neuronal activity. With 
the advancement of staining techniques came a greater appreciation for the unique 
structure of these cells which subsequently provided great insight into their diverse 
functions. Astrocytes have multiple primary processes and  fi ne branching processes 
which are able to expand and contract, allowing them to dynamically contact both 
synapses and microvasculature. In addition, by forming independent microdomains, 
with little or no overlap with neighboring astrocytes, astrocytes are able to effec-
tively modulate communication between neuronal networks and glial–vascular cou-
pling. For example, the end feet of astrocytes contact blood vessels and modulate 
blood  fl ow via Ca 2+ -dependent release of vasoactive agents, effectively regulating 
neuronal access to nutrients required to sustain metabolic demand. Similarly, astro-
cyte morphology can change in response to their environment. Hormonally respon-
sive astrocytes in the arcuate nucleus of the adult female rat respond to estradiol 
with dramatic changes in their morphology, including an increased coverage of 
neuronal perikarya, impacting synaptic communication  [  4  ] . These changes in 

    S.  R.   McIver   •     M.   Faideau   •     P.  G.   Haydon, Ph.D.   (*)
     Department of Neuroscience ,  Tufts University School of Medicine ,
  136 Harrison Avenue ,  Boston ,  MA   02111 ,  USA    
e-mail:  philip.haydon@tufts.edu   

    Chapter 2   
 Astrocyte–Neuron Communications       

      Sally   R.   McIver   ,    Mathilde   Faideau   , and    Philip   G.   Haydon          



32 S.R. McIver et al.

morphology have been recently correlated with changes in glutamate–glutamine 
cycling, indicating functional plasticity of neuronal–glial communication in the 
normal adult brain  [  5  ] . Another important function of astrocytes is their role in 
the “tripartite synapse,” or the communication between the astrocytic process and 
the pre- and postsynaptic terminals  [  6  ] . Despite the complex morphology and 
numerous rami fi cations of astrocytes, it is still rather surprising to consider that a 
single astrocyte residing in area CA1 of the rat hippocampus can contact up to 
140,000 synapses  [  7  ] . 

 Much of what is widely known about the function of astrocytes has been discov-
ered using in vitro and in situ preparations, providing valuable information on how 
these glial cells help maintain extracellular homeostasis by buffering potassium and 
reuptaking glutamate, for example. However, the dynamic nature of astrocyte physi-
ology is undoubtedly best appreciated in vivo. The recent progress in molecular 
genetic techniques has allowed for astrocyte-speci fi c expression of reporter pro-
teins, such as GFP and various transgenes of interest, and contributed to the surge in 
research investigating the multifaceted role of these cells as key players in brain 
function. It is now widely accepted that astrocytes are in direct communication with 
neurons, modulating neuronal function at the synaptic and network levels, ulti-
mately providing a signi fi cant impact on physiological and pathological conditions. 
This chapter begins by describing different types of glia–neuron communication at 
the synaptic and network levels. It then aims to link these glia–neuron signaling 
mechanisms to what is currently known regarding how glia–neuron communica-
tion, or perturbations thereof, contribute to healthy brain physiology as well as 
neuroin fl ammation and other related neurological conditions such as epilepsy, 
Alzheimer’s disease, amyotrophic lateral sclerosis (ALS), and addiction.  

    2.2   Gliotransmission 

 According to the de fi nition of “classical neurotransmitter,” the signaling molecule 
must be released from the presynaptic terminal. This de fi nition re fl ects the histori-
cally neuron-centric considerations of brain function. As neuroscience has progressed 
toward a greater encompassment of glial biology, it is now widely accepted that 
astrocytes are also capable of transmitter release through a process called “gliotrans-
mission.” Similar to neurons, astrocytes contain the cellular mechanics necessary for 
transmitter packaging and release, which can occur either via lysosomal or small 
vesicle fusion  [  8–  11  ] . Vesicle fusion and exocytosis of gliotransmitters is calcium-
dependent and involves formation of the SNARE complex, similar to neurons. Early 
demonstrations of gliotransmission, particularly those using calcium imaging, were 
primarily performed in cell culture, and though invaluable to the progress in current 
understanding of glial biology, these studies posed limitations that would later impact 
interpretations of astrocyte function  [  12–  16  ] . Thanks to recent advances in technol-
ogy and innovation, many of these early studies are being con fi rmed in situ and 
in vivo. This section summarizes the discoveries and current understanding of 
gliotransmission as a key player in glia–neuron communication. 
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    2.2.1   Glutamate 

 Glutamate is the major excitatory neurotransmitter in the nervous system and is 
critically involved in many functions, including cerebral development and motor 
and cognitive functions. It has been recognized as a neurotransmitter since the 
1950s  [  17  ] , but its role as a gliotransmitter, which was  fi rst demonstrated in the 
1990s in vitro  [  18–  21  ] , is currently under debate  [  22  ] . Using astrocyte–neuron 
cocultures and photostimulation of astrocytes, Parpura et al.  [  20  ]  was among the 
 fi rst to demonstrate that an increase in intracellular calcium in astrocytes causes an 
increase in intracellular calcium in neighboring neurons in vitro. This effect was 
blocked with administration of a broad-spectrum glutamate receptor antagonist 
( d -glutamylglycine), suggesting a calcium-dependent mechanism of glutamate 
release by astrocytes  [  20  ] . Subsequent studies using rat and mouse hippocampal 
and cortical slices employed either pharmacological or cell-speci fi c photolytic ele-
vation of Ca 2+  and substantiated the relevance of Ca 2+ -dependent glutamate release 
from astrocytes as a mechanism of gliotransmission that could modulate either neu-
ronal excitability or synaptic transmission and plasticity  [  23–  25  ] . 

 Further evidence supporting the capacity of astrocytes to release glutamate was 
later provided by biochemical and structural evidence demonstrating that VGLUT 
transporters and SNARE complex proteins are expressed in astrocyte processes 
in vitro and in acutely isolated brain slices, showing that these cells are potentially 
capable of vesicular glutamate release  [  10,   11,   26,   27  ] . Indeed, in puri fi ed astrocyte 
cultures, calcium-induced glutamate release depends on proteins involved in vesic-
ular function, including the SNARE element synaptobrevin 2 and the calcium-binding 
protein synaptotagmin IV  [  11,   28  ] . 

 Astrocytic glutamate can be synthesized de novo in astrocytes through conver-
sion of alpha-ketoglutarate by glutamate dehydrogenase (GDH), which is mainly 
expressed in astrocytes  [  29–  34  ] . Astrocytic glutamate also comes from the high-
capacity uptake of synaptic glutamate by the astrocytic transporters GLAST and 
GLT-1 and the Cl-dependent glutamate/cysteine exchanger  [  35,   36  ] . Following 
uptake, glutamate is quickly metabolized into glutamine by the glutamine– glutamate 
cycle via a reaction mediated by glutamine synthetase  [  36  ] . 

 Multiple factors have been shown to stimulate glutamate release from astrocytes 
in vitro, from the classic neurotransmitters, including glutamate itself, to 
in fl ammatory molecules such as TNF-alpha  [  37  ] , ATP  [  38,   39  ] , prostaglandins, and 
CXCL12  [  40,   41  ] . In some cases, multiple convergent signaling cascades are 
required to produce elevated calcium-induced release, suggesting that astrocytes 
are capable of integrating incoming signals to produce a response. For example, 
basal concentrations of TNF-alpha are required for P2Y1R-evoked and 
Ca 2+ -dependent glutamate release from astrocytes  [  41,   42  ] , whereas higher 
concentrations of TNF-alpha can directly increase the glutamate release, indepen-
dently of P2Y1R in granule cells of the mouse hippocampus  [  41  ] . 

 The release of glutamate from astrocytes has been shown to modulate synaptic 
activity in multiple brain regions in situ including the hippocampus, thalamus, 
nucleus accumbens, and olfactory bulb. In many cases, it produces these effects by 
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activating neuronal extrasynaptic NMDA and metabotropic glutamate receptors to 
modulate neuronal activity  [  23,   43–  49  ] . 

 These early studies were critical in demonstrating that astrocytes not only com-
municate with neurons but are capable of modulating neuronal activity via calcium-
dependent release of transmitters. However, further studies using slice preparations 
and in vivo models have become increasingly necessary for understanding the 
functional impact of astrocytic glutamate release. 

 Although numerous studies have shown the potential for glutamate to be released 
from astrocytes and signal directly to neurons, efforts to directly monitor glutamate-
mediated gliotransmission by many methods, including microdialysis and biosen-
sor detection, have been challenged by the fact that astrocytes are endowed with 
high-af fi nity glutamate transporters that rapidly and avidly remove glutamate from 
the extracellular space. Of course, the inability to detect does not mean that signal-
ing does not occur. Because of the dif fi culties inherent in direct measurements, 
more indirect approaches have been used to infer the functional relevance of gluta-
mate release. 

 Recently, studies from one laboratory used molecular-genetic approaches to alter 
intracellular calcium signaling in astrocytes and concluded that calcium-dependent 
glutamate-mediated gliotransmission does not occur in the hippocampus, contrary 
to other reports  [  13  ] . Speci fi cally, the authors used two lines of transgenic mice, one 
in which intracellular calcium levels could be selectively increased in astrocytes by 
pharmacological activation of ectopic expression of a receptor (MrgA1R+) and one 
in which the IP 

3
  signaling pathway was selectively impaired in astrocytes (IP 

3
 R2−/−), 

causing reduced intracellular calcium. Based on whole cell recordings of CA1 pyra-
midal neurons in hippocampal slices, the authors failed to detect a difference in 
evoked or spontaneous NMDA-mediated EPSCs, as well as LTP induction or main-
tenance, in either of the transgenic mouse lines compared to WT  [  13  ] . Results from 
this study directly challenged previous results from several independent laborato-
ries, fueling a debate concerning the importance of glutamate-mediated gliotrans-
mission. A crucial consideration, however, is that “absence of evidence is not 
evidence of absence.” The contradictions in results are likely to re fl ect variations in 
experimental approaches, all of which pose limitations  [  50  ] . For example, cell cul-
ture studies undoubtedly are restricted by the lack of intact physiology; slice prepa-
rations maintain network connections, but the electrophysiological approaches that 
are generally employed in these studies do not always abide by consistent para-
digms and on some occasions may depend upon a narrow range of physiological 
metrics (such as measurements of basal neuronal or synaptic currents) that may 
obscure functionally relevant responses. Finally, in vivo studies using astrocyte-
speci fi c manipulations in transgenic mice minimize the need for pharmacological 
approaches but should be regarded with careful criticism as well, since in many 
cases the transgenes expressed may function by introducing new cellular pathways 
that are not inherent in astrocytes (rather than introducing mutations in preexisting 
astrocyte pathways), or may be expressed constitutively, allowing for potential 
developmental compensations to impact function. These dif fi culties necessitate a 
combined approach employing multiple independent measurements to assess the 
role of glutamatergic gliotransmission in the regulation of neuronal function. 
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 In contrast to the reports indicating a lack of impact of disrupting astrocytic 
calcium on some forms of activity, other studies employed a multifaceted approach 
and demonstrated that glutamatergic gliotransmission does play a role in modulat-
ing synaptic plasticity in the hippocampus. For example, Navarette et al. recently 
showed that in vivo calcium signals in astrocytes are required for cholinergic-
induced LTP in the hippocampus  [  51  ] . Using in vivo calcium imaging and electro-
physiology, they demonstrated that somatosensory stimulation (via tail pinch) or 
electrical stimulation of cholinergic activity evoked increases in intracellular cal-
cium in hippocampal astrocytes along with subsequent cholinergic LTP, through a 
pathway that required activation of muscarinic receptors and, in the case of LTP, of 
metabotropic glutamate receptors (mGluRs). To further examine astrocytic mecha-
nisms contributing to cholinergic LTP, the authors use a combination of calcium 
imaging, electrophysiology, and calcium uncaging in hippocampal slice prepara-
tions. Consistent with the in vivo results, these experiments showed that cholinergic 
LTP required calcium-dependent glutamate release from astrocytes—LTP was abol-
ished when calcium chelators were applied to astrocytes in rat hippocampus and in 
hippocampal slices prepared from mice in which IP 

3
 -mediated calcium signaling in 

astrocytes is transgenically knocked out (IP 
3
 R2−/−). Interestingly, using simultane-

ous calcium uncaging in astrocytes and a minimal stimulation paradigm, they show 
that astrocytic calcium elevations induce release of glutamate that activates presyn-
aptic mGluRs and that LTP requires a tight coordination of these events with post-
synaptic depolarization. Thus, by using similar techniques (including the same 
IP 

3
 R2−/− as used in the aforementioned study) but also by broadening the scope of 

physiologically relevant paradigms for monitoring synaptic activity, this group pro-
vided rigorous evidence showing that calcium-dependent release of glutamate from 
astrocytes modulates cholinergic LTP in the hippocampus  [  51  ] . 

 Thus, the pendulum is swinging back in favor of substantial evidence supporting 
calcium-dependent glutamate-mediated gliotransmission. However, in the future, it 
will be important to use cell-speci fi c recombination of  fl oxed alleles of genes to 
understand the precise physiological and behavioral role of this form of glial–
neuronal interaction.  

    2.2.2    D -Serine 

  d -serine has been generally considered to be selectively expressed in astrocytes, along 
with serine racemase, which converts  l -serine into  d -serine  [  52,   53  ] .  d -serine is an 
endogenous co-agonist of NMDA receptors and binds to the “glycine-binding site” on 
the NR1 subunit, a subunit which is present on all NMDA receptor assemblies  [  54–
  56  ] . In vitro studies of astrocytes demonstrated that  d -serine release is Ca 2+ -dependent 
and occurs via SNARE-mediated exocytosis following AMPA receptor activation 
 [  57  ] . Evidence from in vitro cortical astrocyte cultures and in vivo hippocampal astro-
cytes studies show that  d -serine and glutamate are contained in similar vesicular 
organelles called synaptic-like microvesicles (SLMVs) in astrocytes  [  58,   59  ] . 

 In contrast to early studies showing astrocyte speci fi city of  d -serine, the recent 
development of new antibodies suggests that neurons express more serine racemase 



36 S.R. McIver et al.

than astrocytes  [  60–  64  ] . Serine racemase expression has been observed in pyramidal 
neurons of the cortex and hippocampus and GABAergic medium-spiny neurons of 
the striatum, but was not detected in glial cells  [  62,   63  ] . More recently, Ding et al. 
produced new antibodies against serine racemase and found immunoreactivity in 
mouse cortical neurons and to a lower extent in oligodendrocytes and astrocytes of 
the corpus callosum  [  64  ] . Similar to what was reported in astrocyte cultures, AMPA 
receptor stimulation on cortical neuronal cultures leads to  d -serine release; however 
this seems to occur independently of exocytosis  [  61  ] . Neuronal  d -serine release can 
be differentiated from astrocytic  d -serine release using application of veratridine in 
cortical slices, which enhances depolarization and subsequent neuronal release of 
 d -serine through Asc-1 transporters  [  61  ] . The precise mechanism of  d -serine signal-
ing pathways is still rather unclear, though Wolosker et al.  [  60  ]  proposed the exis-
tence of a neuron–astrocyte “serine shuttle,” where neurons and astrocytes provide 
sources of  d -serine and  l -serine, respectively. In this scenario, astrocytic  l -serine 
produced from glucose would be used by neurons to produce  d -serine, which would 
then accumulate in astrocytes  [  61  ] . 

 The action of  d -serine on the glutamatergic synapses of the supraoptic nucleus of 
the hypothalamus is  fi nely modulated by the distance between the astrocytic pro-
cesses and the postsynaptic element. During lactation, the astrocytic processes 
retract from the synapse, which reduces the  d -serine concentration at the synapse 
and thereby induces long-term depression (LTD)  [  49  ] . The contribution of  d -serine 
in synaptic plasticity also has been demonstrated within the hippocampus and cor-
tex  [  65,   66  ] . For example, impairing intracellular Ca 2+  within a single astrocyte 
prevents LTP induction at Schaffer collateral/CA1 synapses, and LTP can be res-
cued with subsequent application of  d -serine  [  65  ] . Furthermore, LTP is also sup-
pressed following treatment with a serine racemase inhibitor, which decreases 
astrocytic release of  d -serine. Astrocytic  d -serine was also shown to be involved in 
LTP formation in layers V/VI of the prefrontal cortex, where inhibition of astrocytic 
metabolic activity with  fl uoroacetate reduced LTP  [  66  ] . 

 Since several lines of evidence indicate localization of serine racemase expression 
in neurons as well as astrocytes, the relative contribution of astrocytic and neuronal 
 d -serine was investigated using cell-selective serine racemase KO mice  [  67  ] . These 
studies showed that neuronal absence of serine racemase signi fi cantly reduced LTP in 
Schaffer collateral/CA1, whereas astrocytic loss of serine racemase did not. This 
study does not necessarily contradict original reports of  d -serine as a gliotransmitter 
but suggests that in normal conditions neuronal  d -serine predominantly impacts syn-
aptic activity. Future studies using these mice or other cell-speci fi c approaches may 
determine whether astrocytic  d -serine plays a more important role in synaptic func-
tion under conditions of neuronal dysfunction or metabolic dysregulation.  

    2.2.3   GABA 

 Transient expression of the GABA-synthesizing enzyme, glutamic acid decarboxy-
lase (GAD), has been observed in astrocytes during development  [  68,   69  ] . GAD67 
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(67 kDa form of GAD) and the GABA transaminase, GABA-T, have also been 
reported to be expressed in human astrocytes  [  70  ] . However, the potential role of 
GABA release in astrocyte–neuron signaling has been unclear until recently, 
although an astrocytic inhibitory modulation on neuronal activity was suggested in 
the past  [  71,   72  ] . Kozlov et al. demonstrated that mitral cells of the olfactory bulb 
present synchronous slow outward currents, which are dependent on GABA release 
from astrocytes  [  48  ] . Since then, studies have con fi rmed a role for astrocytic 
GABAergic signaling in tonic inhibition, modulating a continuous current which 
was found to be dependent on extrasynaptic GABA-A receptors that control the 
neuronal excitability  [  73  ]  and which has been shown to be involved in sleep, mem-
ory, epilepsy, and alcohol vulnerability  [  74–  77  ] . 

 Tonic inhibition mediated by astrocytic GABA appears to be released by the anion 
channel Best1, as was shown recently in the cerebellum  [  78  ] . Best1 is activated by 
intracellular Ca 2+  and by changes in cell volume and is also permeable to glutamate. 
Although Best1 is expressed in astrocytes of the CA1 layer in the hippocampus, 
Yoon et al.  [  79  ]  observed a very low tonic inhibition correlated with low levels of 
GABA in astrocytes  [  79  ] . Bergmann glia of the cerebellum provide a higher tonic 
inhibition due to their higher concentration of intracellular GABA  [  79  ] . 

 In addition to providing a source of tonic inhibition to neurons, astrocytic GABA 
signaling has anti-in fl ammatory properties. GABA receptors expressed on astro-
cytes and microglia (GABA-A and GABA-B) inhibit the NF- k B and p38-MAP 
kinase pathways and the release of TNF-alpha and IL-6 under in fl ammatory stimu-
lation  [  70  ] . In return, activation of GABA-A and GABA-B on astrocytes increases 
their release of GABA in a Ca 2+ -dependent manner  [  80  ] . GABA transporters GAT1, 
GAT2, and GAT3 are able to release GABA from astrocytes via a Ca 2+ -independent 
pathway when intracellular GABA concentration is too high  [  80  ] , although these 
mechanisms are less clear.  

    2.2.4   Adenosine Triphosphate 

 Adenosine triphosphate (ATP) is critical for metabolic cellular processes but can 
also act as a transmitter. Astrocytes are equipped with machinery for ATP release, 
as was appreciated by visualization of ATP-containing vesicles in cultured 
astrocytes  [  39,   81  ] . Early studies using astrocyte cultures demonstrated that 
calcium wave propagation was mediated by astrocyte release of ATP  [  82–  84  ] . 
Astrocytic ATP signaling was thought to propagate calcium waves via chemical 
coupling  [  85  ] , providing a mechanism for rapid intercellular communication 
across broad domains. ATP also proved important for astrocyte cross talk with 
neurons. Zhang et al. elegantly demonstrated a functional impact of glia–neuron 
signaling by showing that ATP release from astrocytes tonically suppresses glu-
tamatergic synapses via activation of presynaptic purinergic receptors in vitro, an 
effect which was dependent on synaptic glutamate release and subsequent activa-
tion of glutamate receptors on astrocytes  [  84  ] . Similar  fi ndings were reported in 
studies of CA1 synapses in hippocampal slices, where adenosine, a metabolite of 
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ATP, was found to modulate synaptic depression  [  84  ] . A key role for purinergic 
gliotransmission was further established through the development of transgenic 
mice in which SNARE-dependent exocytosis was selectively blocked in astro-
cytes  [  86  ] . Speci fi cally, this study demonstrated that astrocytic ATP and its 
metabolite, adenosine, act to tonically suppress synaptic activity via activation of 
A1 receptors. 

 ATP release from astrocytes can occur through activation of purinergic P2Y and 
P2X receptors and impacts physiological and pathological responses  [  87–  89  ] . 
Indeed, activation of P2Y1 and P2Y2 receptors on astrocytes has been shown to be 
critical for intercellular calcium signaling  [  90  ] , the source of which is thought to 
be ATP. 

 Purinergic signaling from astrocytes extends beyond ATP release. Once 
released, ATP can be rapidly hydrolyzed into adenosine, which can act on adenos-
ine A1 and A2a receptors. Activation of presynaptic A1 receptors tonically inhibits 
glutamate release, whereas activation of A2a receptors upregulates synaptic trans-
mission, and there is evidence for dynamic astrocytic regulation of synaptic activ-
ity via both A1 and A2a receptors  [  86,   91,   92  ] . Several lines of evidence point to a 
critical role for this astrocytic source of adenosine in modulation of synaptic plas-
ticity, discussed in the subsequent sections, memory consolidation and sleep 
homeostasis.  

    2.2.5   TNF-Alpha 

 TNF-alpha is a well-known proin fl ammatory cytokine, but the studies of Beattie 
and Stellwagen in 2002 and 2006 suggest that it can also act as a gliotransmitter 
 [  93,   94  ] . When applied to neurons in vitro, TNF-alpha taken from conditional media 
of astrocyte cultures increases the amount of AMPAR expression at the membrane 
surface, thereby increasing neuronal sensitivity to glutamate  [  93  ] . In response to 
prolonged blockade of activity (via TTX treatment), TNF-alpha treatment still 
increases AMPAR surface expression  [  94  ] , suggesting that TNF-alpha is secreted 
by astrocytes and modulates neuronal activity by increasing surface AMPAR expres-
sion and increasing the synaptic strength.   

    2.3   Synaptic Plasticity 

 As part of the tripartite synapse, astrocytes are uniquely positioned to monitor 
synaptic activity. Signaling at the synapse can activate receptors on astrocytes, and 
astrocytes are readily equipped to modulate the uptake and release of neuroactive 
signaling molecules, including glutamate,  d -serine, ATP, and TNF-alpha, 
subsequently regulating activation of pre-, post-, and extrasynaptic receptors. 
Communication at the tripartite synapse, therefore, can be both static and 
dynamic, modulating synaptic plasticity and network activity through a variety of 
mechanisms, many of which are calcium-dependent. 
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    2.3.1   Intracellular Calcium Signaling 

 There has been con fl icting evidence regarding the role of calcium-dependent 
gliotransmitter release on LTP. Several different methods have been used to assess 
this, and it is likely that a difference in techniques accounts for the discrepancies. 
For example, several studies have shown that calcium clamping astrocytes impairs 
LTP in astrocytes  [  95  ] . However, results from Agulhon et al.  [  13  ]  stimulated quite a 
bit of controversy by demonstrating a lack of an effect on LTP in two transgenic 
mouse lines with an induced impairment in calcium signaling speci fi cally in astro-
cytes  [  13  ] . These authors failed to detect a difference in LTP induction and mainte-
nance in hippocampal slices isolated from transgenic mice with astrocyte-specifi c 
impairment in the IP

3
 signaling pathway. However, a recent study using the same 

IP 
3
  knockout mouse showed that calcium-dependent glutamate-mediated gliotrans-

mission does indeed contribute to cholinergic LTP in the hippocampus  [  51  ] . Despite 
con fl icting evidence, there are several additional sophisticated approaches that 
demonstrate the impact of intracellular calcium signaling on synaptic transmission 
(for review  [  96  ] ). For example, visualization of high spatial and temporal resolution 
using two-photon laser scanning microscopy revealed two types of local calcium 
dynamics in individual hippocampal astrocytes  [  97  ] . “Focal” events were character-
ized by small increases in calcium [Ca 2+ ] 

i
  that were highly localized to a small 

subregion and accounted for the majority of calcium events in astrocytic processes. 
“Expanded” events were detected simultaneously in contiguous segments of astro-
cytic processes and were marked by large calcium increases [Ca 2+ ] 

i
 . The expanded 

events showed a higher degree of dependence on neuronal activity, whereas the 
focal events only slightly decreased in frequency when neuronal activity was 
blocked and therefore appeared to primarily re fl ect spontaneous synaptic release. 
Furthermore, these calcium events were dependent on IP 

3
  receptor signaling and 

purinergic receptor activation and participated in bidirectional communication, such 
that activation of the purinergic receptor, P2Y1R, stimulated IP 

3
 -mediated release 

of intracellular calcium causing transmitter release at excitatory synapses. 
 Using combined techniques of whole cell recordings, calcium imaging in astro-

cytes and glutamate imaging in hippocampal slices, it is possible to measure 
simultaneous responses in neurons and astrocytes, providing solid evidence for 
astrocytic glutamate release. Panatier et al.  [  92  ]  visualized calcium dynamics local-
ized within “compartments” of astrocyte processes using real-time confocal imag-
ing and found that stimulation of single synapses induced calcium events con fi ned 
to a local astrocytic compartment and occurring simultaneously with postsynaptic 
glutamatergic transmission  [  92  ] . These events were dependent on mGluR5 activa-
tion of astrocytes, which induced calcium signaling and subsequent release of an 
astrocytic source of adenosine acting on presynaptic A2a receptors to modulate 
basal excitatory synaptic transmission. 

 Recent studies have also discovered that astrocytic calcium signaling can occur 
in microdomains of the astrocytic processes  [  98  ] , which further impacts the ability 
of these cells to communicate discretely at the synapse.  
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    2.3.2   Astrocyte Signaling Molecules and Synaptic Plasticity 

 Astrocyte–neuron signaling also occurs locally through interactions between signaling 
molecules and ligand receptors. These interactions are often bidirectional, impacting 
both astrocyte and neuron physiology and, in many cases, synaptic plasticity. 

    2.3.2.1   Ephrin 

 Ephrin ligands and their receptors are widely recognized for their role in axon guid-
ance and synapse development, but recent studies show that they are also involved 
in synaptic plasticity in the adult brain. For example, recent  [  99,   100  ]  studies indi-
cate that ephrin-mediated signaling among astrocytes and synapses impacts LTP in 
the hippocampus. Astrocytic processes express ephrin-A3, whose binding partner, 
EphA4, is expressed neuronally. LTP is attenuated in mice lacking either ephrin-A3 
or EphA4 in the CA1 region of the hippocampus. Furthermore, reduced synaptic 
plasticity in these knockout mice was associated with increased glutamate uptake 
via a selective increase in expression of the astrocytic glutamate transporters GLT1 
and GLAST, subsequently reducing the availability of synaptic glutamate  [  99  ] .  

    2.3.2.2   Endocannabinoid Signaling 

 Endocannabinoids and their endogenous receptor CB1 have widespread effects on 
neuronal activity, including synaptic plasticity, mainly by reducing presynaptic 
release of neurotransmitters. For example, astrocytes were recently shown to express 
functional CB1 receptors that, upon activation, regulate glutamate release from hip-
pocampal astrocytes in a calcium-dependent manner  [  101  ] . Further studies revealed 
that activation of CB1 receptors modulates synaptic plasticity in a bidirectional 
manner. Speci fi cally, activation of presynaptic CB1 receptors depresses synaptic 
activity, whereas activation of astrocytic CB1 receptors potentiates synaptic plasticity 
via calcium-dependent release of glutamate and subsequent activation of presynap-
tic mGluR1 receptors  [  102  ] . These results suggest that endocannabinoid signaling 
may induce inhibitory effects locally at the synapse but may also potentiate synaptic 
transmission across a broader network via CB1R activation (and subsequently cal-
cium signaling) on astrocytes. To investigate the speci fi c role of astrocytic CB1R, 
Han et al. recently generated a conditional transgenic mouse lacking CB1R selec-
tively in astrocytes, GABAergic, or glutamatergic neurons  [  103  ] . This study showed 
that CB1Rs expressed by astrocytes, but not by glutamatergic or GABAergic hip-
pocampal neurons, are necessary for endocannabinoid-induced synaptic depression 
in hippocampal CA3/CA1 synapses and cannabinoid-induced impairment of spatial 
working memory  [  103  ] . These studies provide further evidence of astrocytic modu-
lation of synaptic plasticity.  
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    2.3.2.3   Aquaporin 

 Aquaporin 4 (APQ4) is a water-permeable channel that is mainly expressed by 
astrocytes in the CNS. It responds to changes in extracellular milieu and has been 
implicated in cerebral edema following injury  [  104  ] . Since APQ4 is colocalized 
with K +  channels  [  104  ] , it was hypothesized that it has the potential to alter excit-
ability. Indeed, mice null for APQ4 show attenuated theta-burst stimulation (TBS) 
LTP and LTD, though baseline activity and short-term plasticity are intact  [  105  ] . 
Interestingly, LTP impairment in APQ4−/− mice was attributed to reduced BDNF, 
which is known to be required for TBS–LTP. How a lack of APQ4 modi fi es BDNF 
expression is unknown.    

    2.4   Network Modulation 

 While astrocytes are ideally situated to monitor synaptic activity at the tripartite 
synapse, they are also able to communicate long distances via the expression of gap 
junctions. Astrocytes have been shown to be organized in structurally nonoverlap-
ping domains  [  106  ]  and make contact with neurons and blood vessels. With its 
impressive volume, one astrocyte can contact tens of thousands of synapses  [  7,   106, 
  107  ] , while one synapse is surrounded by only one astrocyte. This anatomical aspect 
is essential for the comprehension of their role in the plasticity and regulation of 
synaptic activity. Indeed, astrocytes are organized in a network, or syncytium, to 
communicate with one another via gap junctions, which are formed by connexins 
that are permeable to compounds with molecular weights lower than 1,000 Da 
 [  108  ] . The astrocytic syncytium can then be easily visualized via dye propagation 
through gap junctions, where it is con fi ned within the network. 

 Though it is clear that astrocytic signaling modulates neuronal network activity, 
both through intercellular calcium signaling, gap junctions, and through lactate 
transport, the intricacies of the molecular mechanisms governing these pathways 
are still somewhat unclear. 

    2.4.1   Intercellular Calcium Signaling (“Calcium Waves”) 

 Unlike neurons, astrocytes do not produce action potentials. Their membrane poten-
tial is very stable and has low resistance due to the high resting permeability to K +  
ions and because of the gap junction connectivity in an astrocytic syncytium. In 
early work, Nedergaard used astrocyte–neuron cocultures to show that astrocytes 
communicate to each other and to neurons through calcium signals, or “waves” that 
propagate via gap junctions  [  109  ] . Since then, two forms of excitation have been 
characterized in astrocytes based on “calcium waves”: a spontaneous, autonomous 
excitation and an excitation which is dependent on chemical signals relayed within 
the neuronal circuit  [  107  ] . Until recently, calcium waves were mainly characterized 
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in vitro or in acute brain slices and were found to be independent of neuronal activity 
and relatively slow and localized  [  110,   111  ] . There are discrepancies in the results 
of these earlier studies, most of which were done in vitro or in situ, and subse-
quently there are two proposed mechanisms of calcium wave propagation: one 
poses that it occurs via cytosolic transfer of IP 

3
  through gap junctions  [  112  ] , whereas 

the other proposes that it occurs via ATP release and diffusion, activation of puriner-
gic P2YRs on astrocytes, and then subsequent activation of IP 

3
  signaling  [  85  ] . It is 

important to realize that these two pathways are not mutually exclusive, and it 
is likely that maintenance of calcium wave propagation varies according to brain 
region and the related heterogeneity of astrocyte cell types. Models of these two 
pathways have been described  [  113  ] . Further studies using in vivo techniques are 
required to determine the relevance of calcium wave propagation and the signaling 
mechanisms that govern it. 

 As an example, recent improvements in calcium imaging techniques in vivo con-
tributed to the con fi rmation that calcium waves, or “glissandi,” propagate through 
astrocytes en masse in the hippocampus  [  114  ] , occurring more frequently than spo-
radic calcium activity. Interestingly, glissandi were blocked by tetrodotoxin, dem-
onstrating for the  fi rst time that calcium wave propagation is dependent on neuronal 
activity, relative to sporadic activity, which is TTX-insensitive, and therefore results 
from intrinsic intracellular calcium signaling in individual astrocytes. Calcium wave 
propagation was also found to be initiated by ATP application and blocked by inhib-
itors of gap junctions or ATP receptors, suggesting a role for both intra- and extra-
cellular signaling molecules. Moreover, these large-scale calcium waves coincided 
with reduced  fl ow of red blood cells through vessels within the same region, provid-
ing even more evidence that astrocytic signaling coordinates network activity on 
multiple levels.  

    2.4.2   Gap Junctions 

 When a large number of gap junctions were detected among astrocytes over three 
decades ago, many scientists were led to the conclusion that this “glial syncytium” 
functioned as more of a support system. However, more recent studies indicate that 
astrocytes communicate through gap junctions to integrate intra- and extracellular 
signals in response to changes in neurovasculature and neuronal metabolic demands, 
effectively integrating signals to modulate network activity. Contrary to early belief, 
astrocytes are uniquely structured to morphologically occupy discrete anatomical 
domains, without structural overlap, therefore necessitating an ef fi cient mechanism 
for intercellular communication. This is achieved primarily by the formation of gap 
junctions, which are composed of connexins 30 and 43 (Cx30, Cx43) in astrocytes. 
Regulation of network activity by gap junction signaling in astrocytes can be easily 
appreciated in the somatosensory barrel cortex of rodents, where dye coupling of 
astrocytes shows strong coupling almost exclusively within a barrel  [  115  ] . Similarly, 
astrocytic networks also modulate sensory integration within olfactory glomeruli, 
which are highly structurally organized in functional units, mainly via 
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activity-dependent generation of extracellular potassium and Cx30-mediated gap 
junction communication  [  116  ] . 

 Studies from Cx30 and Cx43 knockout mice also highlight the impact of astro-
cytic regulation of hippocampal network activity. Hippocampal network activity is 
altered in these mice, with increased synaptic activity at CA1 pyramidal cells and 
increased basal excitatory synaptic transmission, which occludes LTP and enhances 
LTD  [  117  ] . This aberrant synaptic plasticity was attributed to decreased/slower 
glutamate uptake and slower K +  clearance. Despite the  fi nding that Cx30−/− and 
Cx43−/− astrocytes still uptake a signi fi cant amount of glutamate and potassium, they 
are uncoupled and therefore unable to redistribute it, causing cell swelling in response 
to neuronal activity. These results show the importance of astrocytic networks in 
maintaining extracellular homeostasis during basal synaptic transmission.  

    2.4.3   Energy Metabolism (Lactate Transport) 

 Neuronal activity, and in particular glutamatergic activity, requires a great quantity 
of energy resulting from the metabolism of glucose. Cerebral consumption of glu-
cose accounts for 20 % of the total body glucose utilization  [  2  ]  and is mainly uti-
lized in support of excitatory neuronal activity; action potentials, reestablishment of 
ion gradients and postsynaptic responses all rely on glucose availability  [  118  ] . 

 Astrocytes are ideally located to interact with both blood vessels, via end-feet 
contact, and neurons within the tripartite synapse. Here, astrocytes are critical regu-
lators of brain energy metabolism as they provide energy to neurons during synaptic 
activity  [  119–  121  ] . As proposed in the astrocyte–neuron lactate shuttle (ANLS) 
 [  122  ] , the astrocytic energy supply to neurons depends on their glutamate and 
glucose uptake and their high glycolytic activity  [  119,   120  ] . Astrocytes uptake 
glutamate via Na + -coupled glutamate transporters (GLAST and GLT-1) in response 
to glutamate release from neurons. The Na + /K +  pump then restores the Na +  gradient, 
requiring ATP consumption, which in turn stimulates glucose uptake by astrocytes 
via the transporter GLUT-1  [  123  ]  and glycolysis  [  122,   124–  127  ] . The glycolytic 
product, lactate, is then transported via the astrocytic MCT transporters (MCT1 and 
MCT4) to the neuronal MCT2. In addition to their direct utilization of glucose, 
neurons can rapidly use the lactate oxidative energy substrate  [  128–  131  ] . 

 An interesting study performed by Rouach et al.  [  132  ]  showed that within the 
hippocampus, an entire astrocyte syncytium, supported by the connexins Cx43 and 
Cx30, is able to restore neuronal activity under conditions of glucose deprivation 
due to lactate provided by the astrocytes and its ability to diffuse through the syncy-
tium  [  132  ] . This study showed that the  fl uorescent derivative of glucose 2-[ N -(7-
nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxyglucose (2-NBDG), injected in a 
perivascular astrocyte of a mouse hippocampal slice, can diffuse in a score of 
minutes in a network of astrocytes (60–90 astrocytes). This diffusion was shown to 
be dependent on the gap junction proteins, Cx43 and Cx30, and increased during 
neuronal activity. Moreover, it suggests that diffusion through the astrocytic net-
work, including the perivascular astrocyte, is capable of shifting differentially 
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according to energy demands. Speci fi cally, this study showed that the diffusion of 
2-NBDG propagated toward the electrically stimulated area, which was deprived of 
glucose, and subsequently restored neuronal activity. This restoration was shown to 
be dependent on lactate  [  132  ] . Thus, the ANLS is more than the response of one 
individual astrocyte to synaptic activity but is also a dynamic response to an entire 
network, with the ability to adapt its size to the intensity of the energetic demand. 
This metabolic coupling between the astrocytes, the neurons, and of course the 
blood capillaries is a perfect illustration of the complex integration of signaling in 
the cerebral parenchyma  [  133  ] .   

    2.5   Impact of Glia–Neuron Communication on Behavior 

 The previous sections were designed to introduce astrocyte–neuron signaling as it 
occurs at the synaptic and network levels. The recent surge in technology and inter-
est focused on the potential contribution of astrocyte signaling to brain function has 
challenged traditional views of neuroscience, which are primarily neuron-centric, 
promoting the idea that neuronal activity is the basis of cognition and behavior. 
Indeed, there are currently several lines of evidence that highlight the impact of 
astrocyte signaling on behavior. 

    2.5.1   Sleep Homeostasis 

 Ramon y Cajal was among the  fi rst neuroscientists to appreciate the unique struc-
ture of astrocytes, predicting the importance of these glial cells in brain function, 
namely, sleep–wake states  [  134  ] . Despite the availability of only static micrographs 
of astrocytes, Cajal imagined a very dynamic structure and function of astrocyte 
processes, based on their morphology and relative proximity to neurons. Indeed, he 
theorized that astrocytes retract their processes during wakefulness, allowing 
neurons to directly communicate, and then induce sleep by extending their pro-
cesses to the synapse, subsequently interrupting synaptic communication  [  134  ] . 
Over a century later, through the advancements in techniques applied to glial 
biology research, aspects of his precocious insight have been con fi rmed. Using a 
transgenic mouse line in which SNARE-mediated transmitter release is selectively 
attenuated in astrocytes (called “dnSNARE” mice  [  86  ] ), it was recently shown that 
gliotransmission regulates sleep pressure by providing a tonic source of adenosine 
acting on adenosine A1R  [  91  ] . Speci fi cally, 6-h sleep deprivation effectively 
increased sleep pressure (measured by the intensity of low-frequency SWA compo-
nent of NREM sleep in the cortex) in WT, but not in dnSNARE mice. This effect on 
sleep pressure was demonstrated to be dependent on A1R activation, as the A1R 
antagonist CPT mimicked the dnSNARE phenotype when administered to WT 
mice. Interestingly, the cognitive impairments associated with sleep deprivation, 
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while present in WT mice, were markedly attenuated in dnSNARE mice, suggesting 
that an astrocytic source of adenosine regulates the accumulation of sleep pressure 
that is associated with memory impairments following sleep loss. Extending on 
these  fi ndings, a recent study examined the late-phase LTP (L-LTP) in hippocampal 
slices of dnSNARE or WT mice after sleep deprivation and found that sleep loss 
does not impair L-LTP in hippocampus of dnSNARE mice, as it does in WT mice, 
an effect which was shown to be dependent on A1R activation  [  135  ] . Similarly, 
spatial object memory, a hippocampal-dependent function, was not impaired 
following sleep deprivation in dnSNARE mice or CPT-treated mice, as it was in WT 
and vehicle controls. These studies consistently demonstrate the impact of an astro-
cytic source of adenosine acting on synaptic A1Rs on sleep homeostasis and mem-
ory impairments following sleep loss. 

 Studies linking genetic in fl uences to sleep disorders also point to a role of ade-
nosine, which may likely include astrocytic-derived adenosine. Speci fi cally, a func-
tional polymorphism in adenosine deaminase (ADA), the enzyme responsible for 
the breakdown of adenosine into inosine, was linked to high sleep pressure in 
otherwise healthy individuals  [  136,   137  ] . These results are consistent with animal 
models showing the importance of ADA as a regulator of sleep homeostasis 
 [  138,   139  ] . In light of aforementioned studies of dnSNARE mice, and given that 
ADA is thought to be more abundantly expressed in astrocytes than neurons 
 [  138,   140  ] , adenosine signaling in astrocytes may be a critical regulator of sleep 
homeostasis.  

    2.5.2   Breathing 

 Recent evidence has shown a crucial role for astrocyte–neuron signaling in regulating 
respiration. In an elegant study by Gourine et al., astrocytes in the ventral medulla 
oblongata were genetically induced to selectively express a calcium indicator to exam-
ine whether astrocytes respond to respiratory pH changes via calcium signaling  [  141  ] . 
Indeed, arti fi cially induced decreases in pH stimulated immediate increases in astrocytic 
calcium, particularly in astrocytes adjacent to blood vessels, independent of neu-
ronal activation. pH-sensitive calcium signaling was found to partially involve gap 
junctions but was primarily dependent on activation of ionotropic ATP receptors. 
Using optogenetically controlled calcium channels in astrocytes, they next showed 
that calcium signaling in astrocytes induced release of ATP which subsequently 
depolarized neighboring neurons. The functional importance of this signaling was 
then remarkably demonstrated by optogenetic stimulation of calcium in fl ux in astro-
cytes that robustly induced respiratory activity in anesthetized rats  [  141  ] . 

 Astrocytes also couple with respiratory neurons and regulate rhythmic  fi ring in 
the pre-Botzinger complex in the midbrain. The burst  fi ring of action potentials 
causes an abundance of extracellular K +  and glutamate, which initiate astrocytic 
responses characterized by rhythmic inward currents carried by inward-rectifying 
K +  channels and electrogenic uptake of glutamate via GLT-1 transporter  [  142  ] .  
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    2.5.3   Circadian Regulation 

 Thanks to the amenability of genetic manipulations in Drosophila, Suh and Jackson 
discovered that glial cells synthesize (and secrete) biogenic amines necessary for 
circadian regulation of locomotor behaviors  [  143  ] . More recently, several different 
lines of transgenic mice were used to assay circadian release of ATP from cultured 
astrocytes  [  144  ]  and showed that it is dependent on clock genes. Using cultures 
isolated from dnSNARE mice, they show that circadian release of ATP does not rely 
on SNARE-dependent transmitter release. Using another line of transgenic mice in 
which IP 

3
  signaling (and therefore intracellular Ca 2+ ) is selectively upregulated in 

astrocytes, they showed that IP 
3
 -dependent calcium signaling contributes to the 

amplitude of rhythmic ATP release. In light of evidence showing astrocytic SNARE-
dependent modulation of sleep homeostasis  [  91  ] , it is interesting to consider the 
idea that two mechanisms of ATP release from astrocytes independently regulate 
two components of sleep and wake: circadian rhythms and sleep pressure.  

    2.5.4   Memory 

 Astrocytic modulation of network activity via lactate transport was recently demon-
strated in an elegant study by Suzuki et al.  [  145  ] , where it was shown to have an 
impact on plasticity and related memory impairments  [  145  ] . Speci fi cally, they 
showed that inhibition of glycolysis in the hippocampus impaired long-term mem-
ory but had no effect on acquisition (“training”) or short-term memory. Administration 
of lactate restored long-term memory, suggesting that there is rapid glycogenesis 
during training and, subsequently, lactate release that is important for long-term 
memory consolidation. Impairment of lactate release via the knockdown of the 
astrocytic lactate transporters MCT1 or MCT4 signi fi cantly impaired long-term 
memory (but not acquisition or short-term memory), an effect which could be res-
cued by injection of lactate, but not glucose. Furthermore, long-term memory was 
also impaired when the neuronal lactate transporter MCT2 was knocked down, but 
neither lactate nor glucose rescued it, suggesting lactate release by MCT1 and 
MCT4 from astrocytes and import by MCT2 into neurons is necessary for long-
term memory consolidation. 

 Mice lacking expression of the receptor for the cytokine IL1 (which is highly, but 
not exclusively, expressed in astrocytes) also exhibit impairments in hippocampal-
dependent memory and LTP  [  146–  148  ] . However, when neural stem cells (NSC) 
from wild-type mice were implanted into the hippocampus of IL1−/− mice and 
allowed to differentiate into astrocytes, spatial memory was recovered  [  149  ] , sug-
gesting that astrocytic IL1 signaling plays an important role in hippocampal- 
dependent memory. Similarly, LTP is impaired and learning and memory de fi cits 
manifest in transgenic mice with astrocyte-targeted deletion of nuclear factor-kappa 
B (NF- k B), a transcription factor originally recognized for its involvement in 
in fl ammatory and immune responses, but shown to play a role at the synapse 
 [  150–  153  ] . Interestingly, these de fi cits were associated with reduced expression of 
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the metabotropic glutamate receptor mGluR5 and PSD-95 in the hippocampus and 
cortex and importantly were exclusively pronounced in female mice  [  154  ] , impli-
cating a role for sexually dimorphic pathways in astrocytes.   

    2.6   Glia–Neuron Dysfunction in Disease 
and Neuroin fl ammation 

 Astrocytes have long been recognized as key players in neuroin fl ammatory condi-
tions. Notably, along with microglia, astrocytes respond to injury by becoming “reac-
tive,” a somewhat controversial term used to describe the morphological and 
histochemical pro fi le of these cells under injury conditions. Indisputable changes 
occurring in “reactive” astrocytes include hypertrophic morphology, upregulation of 
the cytoskeletal protein GFAP, proliferation, loss of nonoverlapping domains, and 
ultimately glial scar formation. The functional roles of reactive astrocytes appear to be 
both neuroprotective and neurotoxic. For example, selective ablation of reactive astro-
cytes increases neuronal death under several injury conditions (e.g.,  [  155  ] ), and induc-
ible, transgenic blockade of STAT3, a signaling molecule for several cytokines, 
impairs astrogliosis, increases in fl ammation, and impedes functional recovery after 
spinal cord injury  [  156,   157  ] . On the other hand, blockade of other in fl ammatory 
pathways in astrocytes, such as NF-kappa B, has been shown to be neuroprotective in 
models of spinal cord injury, ischemia, and experimental autoimmune encephalopa-
thy  [  158–  160  ] . To date, there are several reviews describing the role of astrocytes in 
neuroin fl ammation associated with neurodegenerative diseases (e.g., see  [  160–  164  ] ). 

 Collectively, these and other studies suggest that numerous signaling pathways 
are likely to be involved in astrocytic response to in fl ammation. 

    2.6.1   Epilepsy 

 Multiple osmotic functions of astrocytes are impaired in epilepsy, including ionic 
balance (K +  buffering), energy metabolism, vascular coupling, and glutamate uptake 
(for review, see  [  165  ] ). In general, these astrocytic changes were thought to occur 
secondary to neuronal dysfunction. However, recent evidence suggests that astrocyte 
signaling contributes to epileptogenesis and seizure activity through changes in glu-
tamate transport and release, energy metabolism, calcium signaling, and adenosine. 

 Regions affected by epilepsy in human brains show high extracellular levels of 
glutamate and the associated excitotoxic neuronal death. Both decreases and 
increases in expression of astrocytic glutamate transporters have been observed, so 
how these transporters are involved in aberrant levels of extracellular glutamate is 
not clear  [  166–  169  ] . Similarly, animal models usually exhibit an impairment in glu-
tamate transport function  [  170–  176  ] . Shortly after status epilepticus, an increased 
coupling and decreased ef fi ciency of glutamate uptake has been observed in the 
hippocampus of a kainate-induced status epilepticus rat model  [  177  ] , supporting a 
role for astrocytic glutamate transport in epileptogenesis. 
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 The glutamine–glutamate cycle in astrocytes modulates levels of glutamate and 
GABA produced by neurons. This cycle has been shown to be impaired in sclerotic 
hippocampus  [  178,   179  ] . Epileptiform activity is dependent on neuronal glutamine 
uptake  [  180  ] , and reactive astrocytes have a decreased expression of glutamine syn-
thetase, ultimately resulting in a decreased GABA inhibition  [  181  ] . In this manner, it 
is possible that astrocytes contribute to the hyperexcitability of epileptiform activity. 

 Furthermore, dysfunctional energy metabolism in astrocytes was recently shown 
to be involved in the latent phase of epileptogenesis, which marks the transition 
from status epilepticus to seizure behaviors. As described recently in Alvestad et al., 
impairment of glutamate–glutamine cycle and astrocytic GABA production from 
glucose have been observed speci fi cally in the latent phase of a kainate rat model of 
epilepsy  [  182  ] . Thus, changes in metabolism of both glutamate and GABA may 
contribute to epileptogenesis. 

 Astrocytic calcium signaling may also contribute to epileptiform activity. For 
example, seizure activity induces an upregulation of metabotropic glutamate recep-
tor expression in astrocytes and increases intracellular Ca 2+   [  183,   184  ] . As described 
previously, Ca 2+  signaling in astrocytes increases Ca 2+ -dependent gliotransmission. 
Though glutamate release from astrocytes does not generate epileptiform activity 
 [  185  ] , it is possible that it contributes to sustained hyperexcitability during seizures 
and subsequent excitotoxic neuronal death. Intracellular calcium signaling in astro-
cytes and extrasynaptic (potentially astrocytic) sources of glutamate have also been 
shown to contribute to aberrant depolarization during interictal events  [  186  ] , 
suggesting that an astrocytic source of glutamate contributes to epileptiform activ-
ity. Indeed, inhibition of astrocytic metabotropic glutamate receptors (mGluR5) 
after status epilepticus delays neuronal death, as does application of a Ca 2+  chelator 
 [  187  ] . To more closely examine the role of astrocytes on epileptiform activity, 
Gomez-Gonzalez et al. monitored astrocytic Ca 2+  signaling in parallel with neuronal 
epileptiform activity in entorhinal cortical slices from rat brain. Intracellular astro-
cytic Ca 2+  signaling increased during the development of a focal ictal event; selec-
tive inhibition of intracellular astrocytic Ca 2+  near the focal ictal event reduced the 
intensity of this event. Thus, these results showed that astrocytes can play a role in 
the initiation of ictal activity during seizures  [  188  ] . 

 Adenosine, a by-product of the gliotransmitter ATP, typically counteracts neu-
ronal hyperexcitability through its action on presynaptic A1 receptors. Along the 
same line, overexpression of adenosine kinase (ADK), which metabolizes adenosine 
into ADP and therefore reduces adenosine levels, is suf fi cient to induce epileptiform 
activity  [  189  ] . Immunohistology from brains of temporal lobe epilepsy patients 
reveals enhanced ADK expression in the hippocampus  [  190  ] , and inhibition of ADK 
expression is able to prevent seizures in mouse models of epilepsy  [  191  ] . 

 In addition to local signaling, the astrocytic syncytium has been shown to be 
involved in seizure development, as deletion of the gap junction proteins, Cx30 and 
Cx43, increases the potency of epileptiform activity  [  192  ] . Furthermore, astrocytic  
domains were shown to be disrupted in three different mouse models of epilepsy. 
Diolistic labeling in cortical slices showed that the domains normally occupied by 
independent astrocytes begin to overlap following seizure events, an effect which 
was lessened by treatment with antiepileptic drugs  [  193  ] . Interestingly, the loss of 
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astrocytic domains coincided with changes in dendritic morphology, including an 
increase in spine density, though it is yet unknown whether the changes in astrocyte 
morphology precede those in dendrites, or vice versa.  

    2.6.2   Neurodegenerative Diseases 

 Neurodegenerative diseases are characterized by neuronal degeneration and necrotic 
cell death and in later stages are often associated with severe cognitive and/or motor 
de fi cits. Though initially thought to result from a primary impairment in neuronal 
function, accumulating evidence suggests a role for dysfunction in astrocyte– neuron 
signaling as a critical contributor to pathology for most neurodegenerative diseases, 
including Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease 
(HD), and ALS  [  164,   194–  199  ] . AD, PD, and ALS primarily occur sporadically, 
with the few inherited forms resulting from abnormal mutation of speci fi c genes, 
while HD is inherited through acquisition of the well-known huntingtin gene muta-
tion. Reactive astrocytes are hallmark features of pathology in these diseases and 
correlate with the intensity of neuronal dysfunction and death  [  198,   200,   201  ] . 
This section will focus on AD and ALS, for which there is substantial evidence 
showing the role of astrocytes in neurodegeneration. 

 Accumulation of amyloid plaques is a hallmark pathology of AD and is generally 
associated with neighboring reactive astrocytes (e.g.,  [  202  ] ). Though astrocytes accu-
mulate around amyloid plaques, they are not able to degrade amyloid  b  (A b ) as they 
do in culture  [  203  ] . Rather, these reactive astrocytes, along with microglia, release 
proin fl ammatory cytokines, including interleukin 1 b , interleukin 6, and TNF a   [  204  ] , 
though whether this response is neuroprotective or toxic is not well understood. 
Inhibitors of proin fl ammatory cytokines were found to attenuate both synaptic and 
cognitive de fi cits in mice treated with A b  infusion, suggesting that these in fl ammatory 
responses of astrocytes have detrimental downstream effects  [  205  ] . However, the 
relevance of these  fi ndings to clinical evidence is questionable  [  206  ] . 

 Notably, an abnormally increased level of TNF a  is a characteristic feature of 
neuroin fl ammation in AD patients  [  207  ] , and there is convincing evidence high-
lighting a role for astrocytic release of TNF a  in aberrant Ca 2+  signaling and 
extracellular glutamate levels in a mouse model of AD  [  208,   209  ] . Speci fi cally, 
TNF a -stimulated, Ca 2+ -dependent release of glutamate was decreased in 
hippocampal slices isolated from aged AD mice  [  209  ] , a  fi nding which is somewhat 
incongruous with studies showing increased Ca 2+  signaling in astrocytes (which 
should increase glutamate gliotransmission) in AD mouse models  [  208,   210,   211  ] . 
The altered levels of glutamate transporter and receptor expression that is character-
istically pronounced in AD models  [  212,   213  ]  may partially account for these results 
(see for review  [  164  ] ). Given the established role of astrocytes in modulating syn-
aptic activity, as described in previous sections, it is likely that aberrations in astro-
cyte signaling contribute to the progression of impairments in synaptic transmission 
associated with cognitive decline in AD. The gliotransmitter ATP has recently been 
proposed as a neuroprotective agent in AD. A study on primary astrocyte cultures 
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observed an increased release of ATP after application of the peptide A b 42 in the 
medium  [  214  ] . ATP application on neuronal cultures prevented A b 42 toxicity via 
P2-type purinergic receptors and prevented A b 42-induced impairment of LTP on 
acute hippocampal slices. 

 ALS is characterized by a progressive paralysis due to motor neuron death. The 
etiology of ALS is mainly sporadic, but 10 % of the patients present a dominant nega-
tive mutation, and among them 25 % have a mutation of the antioxidant enzyme 
superoxide dismutase 1 gene (SOD1)  [  215  ] . Changes in microglia, macrophages, and 
astrocytes have been documented in transgenic mice that express mutant SOD1 ubiq-
uitously. Immunohistochemical examination of the CNS from these mice revealed 
that microglia activation was pronounced in the motor cortex, motor nuclei of the 
brainstem, corticospinal tract, and ventral horn of the spinal cord, and preceded the 
onset of motor neuron degeneration, which suggests the potential to serve as a pre-
clinical indicator of ALS  [  216,   217  ] . In fact, positron emission    tomography (PET) has 
been used to examine microglia activation in patients with ALS, revealing an associa-
tion between microgliosis and upper (but not lower) motor neuron damage, again 
suggesting that microglia responses may occur prior to motor neuron degeneration in 
humans  [  218  ] . Macrophage activation is prominent in the sciatic nerve in SOD1 
mutant mice, occurring throughout the disease onset and progression  [  219  ] . Astrogliosis 
appears in the dorsal and ventral horn of the spinal cord and is not restricted to motor 
areas of the brain, extending through both cortical gray and subcortical white matter 
in SOD1 mutant mice  [  220–  222  ] . The activation of astrocytes occurs later than that of 
microglia, in time with the onset of motor neuron degeneration. 

 Given the changes that occur in microglia and astrocytes in SOD1 model of 
ALS, transgenic mice with a speci fi c manipulation of mutant SOD1 expression in 
Cd11b-expressing microglia or GFAP-expressing astrocytes were created to exam-
ine more closely how these cells contribute to the initiation and progression of ALS 
 [  194,   223  ] . Transgenic mice expressing mutant SOD1 do not display features of 
neurodegeneration when transgene expression is restricted to motoneurons  [  224  ] . 
This observation suggests that neurodegeneration in ALS is not cell-autonomous, 
but rather it also results from dysfunction in nonneuronal cells. Speci fi c deletion of 
mutant SOD1 in Cd11b-expressing cells, including microglia and macrophages, or 
in GFAP-expressing astrocytes does not change the disease onset but slows the 
disease progression and increases the survival of mutant SOD1 mice  [  194,   223, 
  225  ] . When mutant SOD1 expression is absent in microglia only, astrogliosis and 
microgliosis persist  [  223  ] . When mutant SOD1 is absent in astrocytes only, astro-
gliosis, but not microgliosis, is delayed compared to mice with ubiquitous expres-
sion of mutant SOD1  [  225  ] . This suggests that the microglia response depends in 
part on factors released by astrocytes expressing mutant SOD1  [  225  ] . In conclusion, 
neuronal mutant SOD1 expression is necessary for the onset of SOD1-related ALS 
but expression in nonneuronal cells is involved in the progression of the disease. 
More particularly, both astrocytes and microglia are important in the late progres-
sion phase of the disease and in survival  [  223,   225  ] . 

 Several lines of evidence indicate that astrocytes are actively involved in ALS 
pathogenesis, particularly due to an impairment in glutamate uptake. For example, 
brain regions affected by the sporadic form of the ALS show a 95 % loss of the 
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astrocytic glutamate transporter EAAT2 and an increased level of glutamate in CSF 
 [  226,   227  ] . 

 The impairment in energy metabolism observed in ALS also appears to involve 
astrocytes. For example, mutant SOD1 expression in astrocytes decreases lactate 
ef fl ux to motor neurons in vitro, and this loss of metabolic support leads to a decrease 
in neuronal survival  [  228  ] . 

 Similar to AD pathology, in fl ammation is also a characteristic feature of ALS 
pathogenesis  [  229  ] . Depletion of SOD1 in microglia or astrocytes leads to secretion 
of cytokines  [  229  ] , and treatment with anti-in fl ammatory drugs slows down the 
progression of the disease in transgenic mice  [  230,   231  ] . 

 Collectively, this evidence suggests that neuron–astrocyte interactions have a 
strong impact on the progression of neurodegenerative diseases, and therefore, 
astrocytes may be a novel therapeutic target for treatment of these diseases.  

    2.6.3   Drugs of Abuse 

 To date, there are limited studies investigating the putative contribution of glial cells 
to drug and alcohol abuse and addiction. However, there is some evidence from both 
human and mouse models that suggest astrocytes may play a role in drug and alco-
hol behavior. For example, there are marked changes in the immunohistochemical 
pro fi le and morphology of astrocytes during chronic morphine treatment, such as 
increased GFAP expression and reduced expression of GLT-1 and GLAST  [  232, 
  233  ] , suggesting an alteration in glutamate clearance. Similar changes occur 
following alcohol exposure, with the degree (and direction) of GFAP expression 
dependent on the duration of alcohol exposure  [  234,   235  ] . Interestingly, the density 
of GFAP-positive astrocytes is decreased in the prefrontal cortex of alcohol- 
preferring rats compared to non-preferring rats  [  236,   237  ] , which may be either 
coincidental or meaningful to the same  fi nding in prefrontal cortex of depressed 
patients, who also show decreased GFAP protein and mRNA expression in prefron-
tal cortex, and have a high comorbidity with alcoholism  [  238–  242  ] . The link between 
astrocyte dysfunction and neuronal signaling is not yet clear in models of addiction; 
however, there is evidence from genetic screens and manipulations to suggest that it 
involves glutamate signaling. Notably, a single nucleotide mutation in the EAAT2 
(GLT-1) gene has been linked to impulsive behaviors in alcoholics  [  243  ] . Furthermore, 
mutations in the circadian clock gene,  Per2 , lead to increased alcohol consumption 
in mice, coincident with decreased expression of another glial glutamate transporter, 
EAAT1  [  244  ] . This phenotype is consistent with reports of associations between 
 Per2  mutations and increased alcohol intake in humans. 

 Both astrocytes and microglia have been recognized as key players in 
neuroin fl ammation and, as stated above, are often characterized as “reactive” based 
on changes in morphology and immunohistochemical pro fi le  [  245  ] . However, dys-
function in glia–neuron signaling during neuroin fl ammation has only recently 
received attention as a key contributor to neuropathological conditions. Toll-like 
receptor (TLR) type 4, which is responsible for immediate detection and response to 
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insults to the immune system, is mainly expressed in glial cells  [  246  ]  and is receiving 
increasing attention for its role in pathology associated with neurodegenerative dis-
eases and chronic alcohol exposure  [  247–  250  ] . For example, astrocyte and microglia 
activation and associated impairments in memory and anxiety behaviors that typi-
cally occur following chronic alcohol exposure were attenuated in mice lacking 
expression of TLR4  [  248  ] . Though TLR4 is expressed on microglia and astrocytes, 
and upregulated in response to a neuroimmune challenge (including chronic alcohol 
exposure), a recent study using mixed glial cultures with or without microglia deple-
tion showed that the astrocytic response to lipopolysaccharide, an activator of TLR4, 
was completely dependent on the presence of microglia  [  251  ] . This study suggests 
that activation of TLR4 on microglia precedes and induces subsequent activation of 
astrocytes in vitro. Further investigation is required to examine the extent to which 
microglia TLR4 signaling impacts astrocyte response in vivo.   

    2.7   Summary 

 Our understanding of astrocyte–neuron signaling mechanisms is ever-increasing. It 
is now widely appreciated that astrocytes’ contribution to brain function extends 
beyond the basic extracellular “housekeeping” tasks to include modulation of neu-
ronal communication at the synaptic, network, and behavioral levels. As a compo-
nent of the tripartite synapse, astrocytes are capable of  fi ne-tuning synaptic 
transmission via calcium-dependent gliotransmitter release, dynamically regulating 
the physiological range required for synaptic plasticity. Intercellular calcium signal-
ing, or calcium waves, among astrocytes helps to coordinate neuronal activity and 
neurovascular resources to satisfy the metabolic demands of network activity. 
Recent advances in molecular genetic techniques, including transgenic mice with 
astrocyte-speci fi c knockout, overexpression or mutation of genes, and in vivo 
application of optogenetics, especially when used in combination with rigorous 
electrophysiological, real-time imaging, and behavioral assays, are allowing glial 
biologists to more directly probe the functions of astrocytes. From studies published 
so far, there is now mounting evidence showing direct involvement of astrocytes in 
several behaviors, including sleep, circadian rhythms, memory, and respiration. It is 
also becoming increasingly clear, both in experimental models and clinical cases, 
that astrocytes play a role in neuropathological conditions, including neurodegenera-
tion, neuroin fl ammation, and addiction. Any remaining debate in regard to the 
signi fi cance of astrocyte–neuron communication should serve as an impetus to set 
higher and more speci fi ed experimental standards, incorporating in vivo techniques 
with acute slice preparations and pharmacology, and importantly sampling a range 
of electrophysiological parameters which may be more physiologically relevant to 
conditions in which astrocytes modulate synaptic activity. In summary, the under-
standing that astrocytes contribute to overall brain function, but do so by continu-
ously monitoring and tuning network activity rather than directly relaying it (as 
neurons do), is becoming an essential component to fundamental neuroscience and 
may be a key to the progression toward therapeutics for neurological conditions.  
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    2.8   Conclusion 

 Over the past decade, discoveries in glial biology have brought forth a new era in 
brain research, moving beyond a neuron-centric approach to encompass the increas-
ingly de fi ned impact of glial signaling. Glia not only play an active role in modulat-
ing synaptic activity but, through intercellular communication, serve to integrate 
information at the network level. In this manner, glia–neuron signaling has a much 
more signi fi cant impact on both physiological and pathological conditions than 
what was initially thought. For example, glial cell involvement in the onset and/or 
progression of pathology in many neurodegenerative diseases is now widely 
accepted. Though the role of astrocytes in drug and alcohol abuse is only beginning 
to be understood, progress made thus far has provided a greater potential for insight 
into mechanisms of addiction. Astrocytes express proteins known to be impacted by 
drugs and alcohol, but the signaling pathways that contribute to addiction are not 
known. Given the ever-increasing development of techniques for probing glial func-
tion, and what is currently known regarding the role of astrocytes in neurodegenera-
tive diseases and addiction, the future holds the possibility for identifying novel 
diagnostic techniques and therapeutics.      
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          3.1   Introduction 

 It is becoming increasingly clear that molecules classically associated with the 
peripheral immune system participate in the modulation of synaptic function. These 
molecules are from both the innate and adaptive immune systems, including cytok-
ines, class I major histocompatibility complex (MHCI), and complement cascade 
components, and are used constitutively by the nervous system as signaling mole-
cules that regulate developmental synapse formation and several forms of synaptic 
plasticity. In addition, the upregulation of immune molecules associated with 
neuroin fl ammatory pathological states such as stroke, trauma, and neurodegenera-
tive disease is likely to disrupt normal signaling events and result in maladaptive 
modulation of neurotransmission. This chapter will present and discuss current evi-
dence implicating neuroimmune molecules in the constitutive regulation of central 
nervous system (CNS) synapse function, under both normal and pathological 
conditions.  

    3.2   Neuroimmune Molecules Constitutively 
Expressed in the CNS 

 Formerly, the CNS was viewed as immune privileged, whereby the blood–brain 
barrier kept the brain largely devoid of immune cells under healthy conditions, and 
thus similarly devoid of immune signaling molecules, which were not thought to be 
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expressed in neuronal tissue. However, there is now general agreement that many 
immune signaling molecules are expressed in healthy nervous tissue, albeit at 
signi fi cantly lower levels than seen in the immune system, and that these proteins 
regulate normal neuronal functions  [  1–  3  ] . Conversely, a few proteins initially 
identi fi ed in the nervous system, such as DSCAM and semaphorins, have been 
found to have a role in the immune system. This chapter will focus on classic 
immune molecules having signi fi cant and distinct neuronal functions—cytokines, 
class I MHC, and members of the complement cascade. 

 Cytokines are primarily expressed by glia, particularly by astrocytes and micro-
glia, although neuronal expression has been observed in some studies  [  3,   4  ] . 
Cytokine receptors are ubiquitously expressed by all cell types in the nervous 
system  [  5  ] . All major cytokines are expressed in the CNS, including tumor necrosis 
factor- a  (TNF a ), interleukin 1 a  (IL-1 a ), IL-1 b , IL-4, IL-6, IL-10, IL-12, and IL-18 
 [  6,   7  ] . The pro-in fl ammatory cytokines TNF a , IL-1, and IL-6 are elevated in most 
in fl ammatory states  [  8  ] ; however, they are also constitutively expressed at low lev-
els in the normal brain  [  9  ] . This chapter will focus on these three pro-in fl ammatory 
cytokines because they have the clearest role in modulating synaptic function; how-
ever, future work may yet indentify fundament roles for the other cytokines in the 
nervous system. 

 TNF a  and TNF a  receptors (TNFRs) are members of the TNF- and TNFR-
related superfamily of proteins that have various functions in host defense, 
in fl ammation, apoptosis, autoimmunity, and organogenesis  [  10  ] . TNF a  is a 26-kDa 
single-pass transmembrane protein, cleaved at the membrane by TNF a -converting 
enzyme (TACE, also known as ADAM17) to generate a 17-kDa ectodomain that is 
soluble in the extracellular milieu  [  11,   12  ] . It is active as a homomeric trimer in both 
the transmembrane and soluble forms  [  13,   14  ]  and signals through two receptors: 
TNFR1 and TNFR2  [  15  ] . Under normal conditions, TNFRs are constitutively 
expressed throughout the CNS  [  16,   17  ]  by neurons, astrocytes, microglia, and oli-
godendrocytes  [  17–  19  ] . Similarly, in the normal brain, TNF a  mRNA is detectable 
at low levels  [  20  ] , and in vitro glial preparations constitutively secrete TNF a   [  21  ] . 
Expression of TNF a  and TNFRs is strongly upregulated in response to ischemia, 
head trauma, infections, stroke, and other pathological brain insults  [  22,   23  ] . Of 
note, elevated expression of TNF a  in response to endotoxins  [  24,   25  ]  or during 
prolonged action potential blockade in vitro  [  26  ]  is of glial origin. Taken together, 
these  fi ndings indicate that capacity for TNF a  signaling exists in both normal and 
pathological CNS states. 

 Like TNF a , IL-1 b  is a pro-in fl ammatory cytokine playing major roles in 
in fl ammatory and autoimmune diseases  [  8,   27  ] . IL-1 represents a family of cytok-
ines which includes IL-1 a , IL-1 b , IL-18, and other members  [  27  ] ; however, most 
evidence regarding regulation of synaptic strength through neurotransmitter recep-
tor traf fi cking focuses on IL-1 b . IL-1 b  is synthesized as a 31-kDa protein, which is 
cleaved by IL-1 b -converting enzyme (ICE) to generate a mature 17-kDa active pro-
tein that is released into the extracellular space  [  27  ] . IL-1 b  can bind to three differ-
ent receptors: IL-1RI, IL-1RII, and IL-1 receptor accessory protein (IL-1RAcP) 
 [  28  ] . IL-1RII is considered a “decoy” receptor owing to its lack of enzymatic activity 
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and presumably acts to buffer excessive concentrations of IL-1 ligands  [  29  ] . Upon 
binding of IL-1 b  to IL-1RI, IL-1RAcP is recruited, resulting in the initiation of vari-
ous signaling cascades  [  27  ] . The presence of the naturally occurring receptor antag-
onist IL-1Ra—which binds IL-1RI with af fi nity similar to IL-1 ligands but does not 
induce an intracellular response  [  30  ] —further increases the complexity of the IL-1 
signaling system. Components of the IL-1 signaling system are constitutively 
expressed in the CNS under normal physiological conditions: IL-1R1 and IL-1RII 
are expressed throughout the brain, in both neurons and glial cells  [  31,   32  ] ; endog-
enous IL-1 b  bioactivity is present in various brain regions including the cortex and 
hippocampus  [  33  ] , and IL-1 b  is immunolocalized sporadically to glial cells  [  34  ] ; 
IL-1Ra mRNA is also present in the cerebral cortex  [  35  ] . Expression of IL-1 b  is 
greatly elevated during CNS injury and neurodegenerative disease  [  36  ] , primarily 
in microglia  [  37,   38  ]  and astrocytes  [  38,   39  ] . 

 IL-6 belongs to a group of structurally related cytokines—referred to as either 
the IL-6 family, the gp-130 family, or the neuropoietic family—which includes 
IL-6, IL-11, IL-27, leukemia inhibitory factor (LIF), ciliary neurotrophic factor 
(CNTF), and several other members  [  40  ] . This family of cytokines is implicated in 
a broad range of physiological functions including infection, pregnancy, and bone, 
muscle, and cardiovascular functions; however, it has also been implicated in 
developing and mature brain functions such as neurogenesis, stem cell fate determi-
nation, synaptic plasticity, and the regulation of stress, feeding, sleep, and depres-
sive behaviors  [  40  ] . In the context of regulation of synaptic plasticity and ion 
channel traf fi cking, most studies implicate IL-6 itself. IL-6 is classi fi ed as having 
both pro-in fl ammatory (e.g., participates in the acute phase reaction and in 
in fl ammation) and anti-in fl ammatory actions (stimulation of intestinal cell prolif-
eration, inhibition of apoptosis)  [  41  ] . Following binding to the IL-6 receptor (IL-
6R), IL-6 signals through the ubiquitously expressed membrane glycoprotein gp130 
as do most members of the IL-6 family  [  42,   43  ] . Both IL-6 and IL-6R mRNAs are 
detectable at low levels in various brain regions including the hippocampal forma-
tion, cerebral cortex, hypothalamus, piriform cortex, cerebellum, and olfactory bulb 
 [  41,   43  ] ; in vitro, it is produced by both glial cells and neurons  [  41  ] . IL-6 expression 
in the CNS is induced dramatically in response to infectious diseases  [  41  ] , acute 
brain and spinal cord injury  [  44,   45  ] , stroke  [  46,   47  ] , and seizures  [  48,   49  ] . 

 MHCI are antigen-presenting molecules in the immune system, although it is 
unclear if they present peptides in the nervous system  [  2  ] . The complex consists of 
polymorphic and polygenic alpha heavy chain coupled with an invariant  b 2-micro-
globulin ( b 2m) light chain. Peptide loading, a prerequisite for MHCI surface expres-
sion in antigen-presenting cells, requires the transporter associated with antigen 
processing 1 (TAP1). The polygenic nature of MHCI makes it dif fi cult to eliminate 
genetically, but deletion of elements of the signaling complex is simpler. MHCI 
surface expression can be greatly reduced by removing the invariant  b 2m subunit 
and by deleting TAP1  [  50,   51  ] . In the immune system, MHCI binds to the T-cell 
receptor complex, which does not appear to be expressed in the nervous system 
 [  52  ] . MHCI also binds to a variety of natural killer cell receptors, which are 
expressed on neurons, including the paired immunoglobulin-like receptor B (PirB) 



68 H. Pribiag and D. Stellwagen

 [  53  ] , Ly49  [  54  ] , and the killer cell-immunoglobulin receptor (KIR)  [  55  ] . Based on 
available data, other neuronal receptors for MHCI are likely to exist but have not 
been identi fi ed. The associated effector protein CD3 z  also appears to be a compo-
nent of the neuronal receptor(s) for MHCI  [  56,   57  ] , although it is unknown if it 
associates with all the aforementioned receptors or just a subset. DAP12/KARAP 
encodes another transmembrane adaptor polypeptide structurally and functionally 
related to CD3 z   [  58–  60  ]  and associated with natural killer cell receptors. While 
neurons clearly express both MHCI and a variety of receptors, glial expression of 
most of these proteins is uncertain, though likely. CD3 z  is expressed in neurons 
 [  56  ] , but DAP12 is only expressed in microglia and not in neurons, astrocytes, or 
oligodendrocytes  [  58  ] . At the neuromuscular junction, motor neuron axons express 
MHCI, and Schwann cells (but not muscle  fi bers) express the PirB receptor  [  61  ] . 

 In the classic complement cascade, C1q initiates the cascade by binding to a 
target and recruiting the other elements of the C1 complex. This then cleaves C2 and 
C4 into active fragments, which ultimately leads to cleavage of C3 and formation of 
the effector complex. C3 cleavage and activation can also occur through nonclassi-
cal pathways, but as of yet there is no evidence that this occurs in the nervous 
system. C1q is expressed by astrocytes, as well as by astrocyte-stimulated neurons, 
while C3 is primarily expressed by microglia  [  62  ] . The signaling cascades down-
stream of C3 remain unclear. 

 Neuronal pentraxins are another class of immune-related molecules that regulate 
synapse function. Although neuronal pentraxins are speci fi c to the nervous system, 
they have homology to pentraxins, which are secreted members of the innate 
immune system and mark cells for degradation and phagocytosis. There are two 
neuronal pentraxins, NP1 and NP2 (which are also called Narp). Neuronal pentrax-
ins are secreted but can form heteromultimeric complexes tethered to the membrane 
by neuronal pentraxin receptor (NPR)  [  63  ] . NP1, NP2, and NPR are broadly 
expressed in the hippocampus, cerebral cortex, retina, and cerebellum but are likely 
absent from midbrain and thalamic structures  [  64–  66  ] .  

    3.3   Neuroimmune Molecules Contribute to Developmental 
Synapse Formation and Re fi nement 

    3.3.1   Synapse Formation 

 Immune signaling molecules may affect a number of basic neuronal processes, 
starting with early development and initial synapse formation. MHCI is present 
throughout development, including during the period of synapse formation, and is 
localized both pre- and postsynaptically  [  67  ] . In dissociated cortical cultures, MHCI 
overexpression negatively regulates synapse formation, while decreasing surface 
MHCI levels increases synapses density  [  68  ] . Similarly, synapse density is increased 
in  b 2m knockout mice, which also have reduced surface expression of MHCI  [  68  ] . 
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Curiously, no change in total content of synaptically localized proteins is observed 
in hippocampal cultures from  b 2m/TAP knockout mice  [  69  ] , although the cultures 
do have increased miniature excitatory postsynaptic current (mEPSC) frequency, 
which is consistent with an increase in synapse density  [  70  ] . Additionally, treating 
cortical cultures with anti-H2-K b  and H2-D b  MHCI antibodies decreases the number 
of synapsin puncta  [  54  ] , which suggests that MHCI signaling should increase syn-
apse number. Whether this represents a difference in preparations or manipulations, 
or that measuring synaptic protein content is a poor measure of functional synapse 
number is unclear. Indirect measures could be complicated by changes in synaptic 
strength induced by these molecules (see below). 

 There is limited evidence that cytokines can also impact synapse formation. 
A component of the IL-1 receptor complex, IL-1RAcP, appears synaptogenic as 
knockdown of it in cortical culture reduces synapse number, while overexpression 
increases it  [  71  ] . Furthermore, knockout mice have reduced cortical spine density 
in vivo  [  71  ] . However, IL-1 does not appear to be the relevant ligand for synapto-
genesis; rather, protein tyrosine phosphatase  d  (PTP) is the likely activator of the 
signaling complex. These data suggest that cytokine receptor complexes are capable 
of regulating synaptogenesis and indicate that it is possible that cytokines them-
selves may regulate this process. 

 Neuronal pentraxins are also immune-related molecules that can regulate syn-
apse formation. Both neuronal pentraxins (NP1 and NP2/Narp) appear to be syn-
aptogenic, with overexpression increasing the number of excitatory synapses  [  63, 
  72  ]  and dominant-negative expression decreasing synapse number  [  73  ] . By virtue 
of their sequence and structural homology to peripheral pentraxins, neuronal pen-
traxins may employ clustering mechanisms similar to those of the peripheral 
immune-related pentraxins. The clustering of synaptic components, including 
AMPA-type glutamate receptors, may trigger the stabilization or strengthening of 
nascent excitatory contacts. Indeed, cultured retinal ganglion cells (RGCs) from 
NP1/NP2 double-knockout mice display delayed functional maturation of excit-
atory synapses, despite no changes in the number of synaptic contacts  [  74  ] . 
Neuronal pentraxins may modulate synapse formation, but are clearly not the 
prime initiators, as the phenotype in the NP1/NP2 knockout mouse is relatively 
subtle  [  74  ] .  

    3.3.2   Synaptic Re fi nement 

 Activity-dependent re fi nement of neuronal connectivity has been best characterized 
in the developing visual system (reviewed in  [  75,   76  ] ). In the mammalian visual 
system, RGCs project to their thalamic target, the lateral geniculate nucleus (LGN). 
In binocular vision, RGC projections from the two eyes subserving the same visual 
 fi eld project to the same LGN. These projections from the two eyes are initially 
overlapping in the LGN but slowly segregate into eye-speci fi c layers in a manner 
dependent on spontaneous retinal activity  [  77,   78  ] . A similar process occurs 
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subsequently in the binocular zone of primary visual cortex of highly binocular 
mammals (such as carnivores or primates), where inputs from the eye-speci fi c lay-
ers of the LGN are initially intermingled in layer 4 but subsequently segregate into 
ocular dominance columns, again through an activity-mediated process  [  79  ] . 
Traditional immune molecules appear to regulate these processes. 

 In the LGN, the activity-dependent segregation of eye-speci fi c domains occurs 
over the  fi rst two postnatal weeks in rodents  [  77,   78  ] . Neuronal expression of MHCI 
was  fi rst observed in a screen for activity-regulated genes in the developing LGN 
 [  56  ] . Double-knockout mice of  b 2m/TAP1 have enlarged projections in the 
LGN from the ipsilateral eye, indicating a reduction in axonal re fi nement  [  80  ] . 
A similar phenotype is observed in knockout mice for CD3 z   [  80  ]  and for mice 
lacking both the H2-K b  and H2-D b  MHCI genes  [  81  ] . PirB does not appear to be 
the MHCI receptor in the LGN, as the PirB knockout mouse has no phenotype in 
the LGN  [  53  ] . It is unclear if the LGN phenotype is due to a change in plasticity 
in the LGN itself  [  80  ] , or due to a change in the patterns of retinal activity which 
drive the axonal re fi nement  [  57  ] , or both. Conditional knockouts may help address 
this issue, allowing tissue-speci fi c deletions. Such control would also help de fi ne 
which cells need to express the ligand (MHCI) or the receptor complex, helping to 
de fi ne the direction of signaling. 

 The complement cascade also regulates axonal re fi nement in the LGN. There is 
reduced segregation of eye-speci fi c inputs in animals de fi cient in either C1q or C3, 
and LGN neurons remain innervated by multiple RGCs  [  62  ] . Initially, LGN cells 
receive inputs from several ganglion cells, but this is slowly re fi ned to 1–2 domi-
nant inputs through activity-dependent competition. The C1q and C3 phenotype 
suggests a reduction in the normal process of synapse elimination, although the 
mechanistic details remain unclear. It also suggests a role for microglia, the primary 
cells expressing C3, in this process. Neuronal pentraxins also contribute to LGN 
re fi nement, as NP1/NP2 double-knockout mice have reduced re fi nement and segre-
gation of retinal axons, although again it is uncertain if this is due to pentraxins in 
the LGN itself or due to subtle changes in retinal activity patterns  [  74  ] . This de fi cit 
is striking in early development but largely resolved by adulthood  [  74  ] . It remains 
to be determined if MHCI, neuronal pentraxins, and the complement signaling path-
way interact, or if they independently regulate distinct aspects of re fi nement. 
Peripheral pentraxins are known to bind directly to C1q and can initiate or inhibit 
the cascade  [  82  ] . It is interesting that the LGN phenotypes are similar (though not 
identical), but it is unknown if they are additive. It is appealing to put these mole-
cules in the same pathway, targeting synapses for removal (and thus allowing 
re fi nement). It is unclear which of these factors are instructive in this process and 
which are permissive. The complement cascade would presumably be the end pro-
cess for synapse removal (perhaps by causing the phagocytosis of synaptic ele-
ments) and would therefore be unlikely to be instructive and determine the synapses 
to eliminate. Indeed, while C1q knockout mice retain inputs from higher numbers 
of RGCs, there is still only a single dominant input  [  62  ] , suggesting that activity-
dependent competition occurs but is unable to complete the process of synapse 
elimination. 
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 There is no established role for cytokines in retinogeniculate axonal re fi nement. 
TNF a  knockout mice have no obvious defect in this projection (D. Stellwagen, 
unpublished data), but it has never been examined in detail. However, chronic treat-
ment with TNF a  increases tectal interconnectivity in  Xenopus  tadpoles  [  83  ] , which 
suggests a lack of re fi nement in these connections. This could be due to an arti fi cial 
stabilization of nascent synapses, however, and does not establish a role for TNF a  
in normal tectal development and re fi nement. TNF a  does regulate morphological 
re fi nement of hippocampal neurons, but this could be due to alterations in synaptic 
maturation  [  84  ] . 

 Immune molecules also contribute to the developmental plasticity observed in 
the primary visual cortex. Mice unfortunately do not have ocular dominance col-
umns; instead, the thalamocortical inputs from the ipsilateral eye-speci fi c area of 
the LGN de fi ne a discrete binocular zone in layer 4 of the primary visual cortex. 
Manipulation of visual experience during a critical period alters the extent of this 
zone, with closing or removing the contralateral eye leading to an expansion of the 
ipsilateral input area. Genetic deletion of H2-K b  and H2-D b  MHCI genes  [  81  ]  or of 
receptor PirB  [  53  ]  enhances this plasticity—the deprivation-induced expansion of 
the ipsilateral eye inputs is greater in mice de fi cient in MHCI signaling. These data 
suggest that MHCI restricts the changes in thalamocortical axonal arbors induced 
by alterations in visual experience. There is also re fi nement of the layer 4 inputs to 
layer 2/3 cells, which is sensitive to a slightly later critical period. Layer 2/3 neurons 
are to varying degrees binocular, but generally preferentially respond to the contral-
ateral eye. Monocular deprivation during a critical period of heightened sensitivity 
in early postnatal life profoundly alters visual function by causing a shift of respon-
siveness toward the open eye  [  85  ] . This shift is comprised of two components: an 
initial loss of responsiveness to the closed eye and a subsequent gain of responsive-
ness to the open eye  [  86  ] . TNF a  knockout mice display the normal loss of respon-
siveness to the closed eye but are completely de fi cient in the gain of responsiveness 
to the open eye  [  87  ] . The phenotype may be explained by the types of plasticity 
involved in the individual components (see below). This de fi cit is phenocopied in 
mice cortically infused with a pharmacological inhibitor of TNF a  signaling, indi-
cating that the de fi ciency is not due to a developmental defect but rather due to a 
defect in plasticity  [  87  ] . Curiously, adult ocular dominance plasticity, which has a 
smaller and slower shift in responsiveness than that observed during the critical 
period and consists almost exclusively of a gain of responsiveness to the open eye, 
is normal in TNF a  knockout mice  [  88  ] . Again, it is unknown if the MHCI and 
TNF a  pathways interact in the visual cortex, or if MHCI regulates layer 2/3 plastic-
ity, or if TNF a  regulates layer 4 plasticity. Nor has a role for the complement cas-
cade been found in this system, although C1q knockout mice do have enhanced 
cortical interconnectivity  [  89  ] . Much work remains to be done to delineate the roles 
of these pathways in re fi nement. Clearly, the regulation of re fi nement will be system 
dependent. For example, MHCI does not regulate re fi nement in all systems, as 
re fi nement of the cerebellar climbing  fi ber axons is unaffected by alteration in 
MHCI signaling  [  90,   91  ] . In contrast, re fi nement of the number of motor neurons 
contacting a muscle does depend on MHCI signaling, as H2-K b  and H2-D b  knockout 
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mice have more multiply innervated muscle  fi bers  [  92  ] . It should be noted that PirB 
knockout mice have an extended critical period for experience-dependent plasticity 
of the visual cortex  [  53  ] . However, PirB, in addition to being an    MHCI receptor, is 
also a receptor for the myelin inhibitory protein Nogo and can complex with the 
Nogo receptor (NgR)  [  93  ] . Furthermore, the extension of the critical period mirrors 
the phenotype seen in the NogoA knockout mice and the NgR knockout mice, both 
of which do not have any phenotype related to monocular deprivation. Lastly, the 
critical period extension is not phenocopied in any of the other MHCI mutant mice. 
These data indicate that PirB participates in multiple signaling pathways in the same 
tissue and suggest that other neuroimmune receptor complexes may also have simi-
larly multifaceted roles.   

    3.4   Regulation of Neurotransmitter Release by Neuroimmune 
Molecules 

 Regulation of synapse function may occur presynaptically, by regulating the prob-
ability of neurotransmitter release, or postsynaptically, typically by regulating the 
availability of neurotransmitter receptors. Several neuroimmune molecules have 
been implicated in regulation of neurotransmitter release. IL-6 treatment reduces 
glutamate release from cerebrocortical synaptosomes, possibly by inhibiting 
MAPK/ERK-induced phosphorylation of synapsin I  [  94  ] . Recently, interferon- g  has 
been shown to decrease release probability at GABAergic synapses onto CA1 neu-
rons  [  95  ] . Acute treatment of cultured hippocampal neurons with TNF a  increases 
mESPC frequency  [  21,   96  ] , suggesting an increase in release probability. It is 
unclear if this is a direct effect as cytokines such as TNF a  may indirectly regulate 
transmitter release by controlling the release of potentiating factors from nearby 
glia (see below)  [  97  ] . The MHCI signaling system may also regulate basal synaptic 
transmission, although this regulation is more likely presynaptic than postsynaptic. 
Cultures de fi cient in  b 2M/TAP exhibit higher mEPSC frequency, stronger vesicular 
glutamate transporter (vGluT) staining, and more synaptic vesicles per bouton  [  70  ] . 
MHCI signaling in vivo regulates neurotransmitter release probability at cerebellar 
synapses  [  90,   98  ] . CD3 e  knockout mice display an enhanced paired-pulse facilita-
tion ratio at parallel  fi ber synapses onto Purkinje cells, signifying a lower probabil-
ity of neurotransmitter release compared to wild-type mice  [  98  ] . This is associated 
with poor rotarod behavioral task performance, suggesting an impairment in cere-
bellar function  [  98  ] . Conversely, double-knockout mice for the MHCI molecules 
H2-K b  and H2-D b  show reduced paired-pulse depression at climbing  fi ber synapses 
onto Purkinje cells, suggesting enhanced glutamate release compared to wild-type 
mice; these  fi ndings are associated with an improved performance on the rotarod 
behavioral task  [  90  ] . There is no evidence for changes in postsynaptic receptor con-
tent with MHCI de fi ciency. Mice de fi cient in DAP12, which associates with some 
MHCI receptors, do have a reduction in AMPA-type glutamate receptor levels in the 
postsynaptic density, changes in AMPA receptor recti fi cation, and changes in 
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AMPA/NMDA receptor current ratios  [  58,   59  ] , indicating changes in postsynaptic 
function.    However, MHCI is unlikely to be acting as the ligand at a DAP12-
associated receptor due to the discrepancy between the MHCI and DAP12 loss of 
function phenotypes. Taken together, these studies implicate several neuroimmune 
molecules in the modulation of neurotransmitter release at CNS synapses; however, 
further studies are needed in order to better characterize such effects.   

    3.5   Pro-in fl ammatory Cytokines Regulate Neurotransmitter 
Receptor Traf fi cking (Fig.  3.1 ) 

 Synaptic strength at excitatory and inhibitory synapses is in large part determined 
by the cell-surface abundance of ligand-gated ion channels clustered at the postsyn-
aptic specialization. AMPA receptors (AMPARs) are the primary mediators of fast 

  Fig. 3.1    Regulation of synapse function by pro-in fl ammatory cytokines. TNF a  and IL-1 b  acutely 
regulate both excitatory and inhibitory synapse function by inserting AMPARs and removing 
GABA(A)R from the synapse. IL-6 reduces glutamate release at excitatory synapses, and evidence 
suggests that it may also regulate receptor traf fi cking, particularly at inhibitory synapses. In dorsal 
root ganglion neurons, IL-6 enhances the function of the Na-K-Cl cotransporter NKCC1, thereby 
increasing intracellular chloride concentration. At perforant path synapses onto granule cells in the 
hippocampus, TNF a  potentiates excitatory neurotransmission by controlling the docking of gluta-
mate-controlling vesicles in astrocytes; the glutamate released acts on presynaptic NMDARs to 
increase neurotransmitter release probability       
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excitatory neurotransmission in the brain  [  99  ] . They are glutamate-gated channels 
permeable to monovalent cations and have a tetrameric dimer of dimers composi-
tion of subunits GluA1 through GluA4  [  100  ] . NMDA receptors (NMDARs) primar-
ily act as molecular switches controlling the induction of excitatory synaptic 
plasticity  [  99  ] , although they can also contribute to basal synaptic transmission par-
ticularly during early development  [  101  ] . NMDA receptors are also glutamate-gated 
ion channels and consist of a heterotetrameric structure of GluN1 through GluN3 
subunits  [  102,   103  ] . GABA 

A
  receptors (GABA(A)Rs) are the primary mediators of 

fast inhibitory neurotransmission in the brain  [  104  ] . They are GABA-gated chlo-
ride-permeable channels consisting of a pentameric assembly of 19 distinct subunits 
 [  105  ] . Cell-surface traf fi cking of all three types of receptors is modulated by pro-
in fl ammatory cytokines (TNF a , IL-1 b , and IL-6) on a rapid time scale. All three are 
known to exert strong effects on synaptic strength through traf fi cking of ligand-
gated ion channels. 

    3.5.1   TNF a  Regulates AMPAR and GABA(A)R Traf fi cking 

 Application of exogenous TNF a  to mature dissociated hippocampal neuron cul-
tures or acute hippocampal slices induces a rapid (within 15–20 min) increase in 
excitatory synaptic strength as indicated by an increase in average mEPSC ampli-
tude and frequency  [  21,   26,   106  ] . Similarly, increases in mEPSC, sEPSC (spontane-
ous excitatory postsynaptic current recorded in the absence of TTX), and 
AMPA-induced whole-cell current amplitudes are observed in spinal cord lamina II 
neurons  [  107  ]  and lumbar motoneurons  [  108  ] . Cell-surface immunostaining experi-
ments and electrophysiological recordings using polyamine block indicate that the 
increase in synaptic strength is mediated by a rapid exocytosis of GluA1-containing 
AMPARs that lack or have lower stoichiometric amounts of the GluA2 subunit 
 [  106  ] . Consistent with increased surface expression of GluA2-lacking AMPARs—
which are permeable to Ca 2+ —the neuronal response to TNF a  exposure includes an 
enhancement of AMPA-mediated Ca 2+  rises  [  109  ] , suggesting a plausible mechanism 
for neuroin fl ammatory disease progression through excitotoxicity  [  110,   111  ] . 
Signaling occurs through TNFR1, but not TNFR2, activation  [  106,   112  ] . Interestingly, 
genetic deletion of TNFR1 or application of TNFR1 neutralizing antibody to 
dissociated cortical/hippocampal cultures decreases surface GluA1 expression  [  106, 
  112  ]  and reduces mEPSC amplitude and frequency  [  112  ] , suggesting that TNF a  is 
used constitutively to regulate synaptic AMPAR expression. Downstream of TNFR1 
activation, the intracellular signaling cascade involves activation of PI3 kinase 
 [  106  ] ; other components of this pathway—speci fi c to the rapid surface delivery of 
AMPARs—remain unidenti fi ed. 

 The effects of TNF a  on NMDAR traf fi cking are ambiguous. Several lines of 
evidence from studies of cortical/hippocampal neurons indicate that NMDARs are 
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not traf fi cked in response to acute exposure to TNF a : synaptic localization of 
GluN1 and whole-cell currents in response to NMDA application are unaltered 
 [  21,   112  ] ; furthermore, the AMPAR to NMDAR current ratio is increased in response 
to TNF a   [  26  ] , suggesting that as synaptic AMPAR content increases, NMDAR con-
tent does not change signi fi cantly. Conversely, a few studies document an increase 
in NMDAR function using electrophysiological measurements  [  107,   108  ] , albeit at 
spinal cord synapses. Only one report describes a decrease in NMDAR function in 
response to TNF a   [  113  ] . 

 The plasticity of inhibitory synapses via traf fi cking of GABA(A)Rs provides a 
signi fi cant point of regulation for action potential  fi ring frequency and for synchro-
nization of neuronal activity oscillations  [  114,   115  ] . TNF a  induces a rapid (within 
20 min) decrease in surface expression of GABA(A)R  b  subunits, an increase in 
internalized  b  subunits, and a decrease in miniature inhibitory postsynaptic current 
(mIPSC) amplitude on CA1 pyramidal neurons in acute hippocampal slices  [  106  ] . 
This downregulation of phasic inhibition, in combination with an increase in excit-
atory synaptic transmission, increases the ratio of excitatory to inhibitory synaptic 
transmission in acute hippocampal slices  [  106  ] , which is likely to result in altered 
network properties in intact preparations. Similar effects are observed in the spinal 
cord. In spinal cord lamina II neurons (a critical site for nociceptive transmission to 
the brain), exogenous TNF a  application induces a decrease in the frequency of 
mIPSCs and sIPSCs (spontaneous inhibitory postsynaptic currents recorded in the 
absence of TTX) through activation of TNFR1 (but not TNFR2), p38 MAPK, and 
inhibition of hyperpolarization-activated cation currents (Ih)  [  17  ] . It remains 
unknown whether TNF a  can regulate tonic GABA(A)R currents, which have been 
implicated in numerous developmental processes and in adult dentate gyrus neuro-
genesis  [  115,   116  ] . 

 Several noteworthy questions remain unexplored, including the effects of chronic 
TNF a  exposure on synapse function, the persistent effects on synapse function fol-
lowing a brief exposure to TNF a , whether anti-in fl ammatory cytokines (such as 
IL-10) can interfere with the receptor traf fi cking function of pro-in fl ammatory 
cytokines like TNF a , and the role of the associated Ca 2+  in fl ux in regulating synapse 
function on longer time scales, perhaps through transcriptional activation.  

    3.5.2   IL-1 b  Regulates Excitatory and Inhibitory 
Neurotransmission 

 The effects of IL-1 b  on excitatory neurotransmission parallel those of TNF a . Acute 
exposure to IL-1 b  also rapidly increases the surface expression of GluA1 on hip-
pocampal neurons, although to a lesser extent than TNF a   [  106  ] . Similarly, applica-
tion of IL-1 b  to acute spinal cord slice lamina II neurons increases the frequency 
and amplitude of sEPSCs and potentiates AMPA-induced currents  [  107  ] . Treatment 
of acute hippocampal slices with IL-18—a member of the IL-1 family—also 
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increases mEPSC amplitude and frequency in CA1 pyramidal neurons  [  117  ] . More 
compellingly than the data for TNF a , evidence suggests that IL-1 b  upregulates 
NMDAR abundance and/or function. Following IL-1 b  treatment, NMDA-induced 
currents are potentiated in lamina II neurons  [  107  ] , and in hippocampal neurons, 
NMDA-induced Ca 2+  currents are enhanced through a mechanism involving Src 
family kinases  [  118,   119  ]  and enhanced GluN2B binding to the postsynaptic anchor-
ing protein PSD-95  [  120  ] . IL-1 b  activates p38 MAPK in neurons and activates both 
p38 MAPK and NF- k B in astrocytes  [  119  ] , pointing to potential signaling compo-
nents of traf fi cking mechanisms. The response of GABA(A)Rs to IL-1 b  remains 
largely unexplored, particularly in neocortical neurons; however, in spinal cord 
lamina II neurons, sIPSC amplitude and frequency are signi fi cantly lower after 
IL-1 b  treatment, with both GABA- and glycine-induced currents being 
downregulated  [  107  ] . Many of the studies on the effects of IL-1 b  should be supple-
mented by cell-surface immunostaining or cell-surface biotinylation experiments in 
order to show that acute traf fi cking mechanisms underlie the electrophysiological 
observations.  

    3.5.3   IL-6 Regulates Excitatory and Inhibitory 
Neurotransmission 

 IL-6 has less consistent effects on synaptic function. Acute IL-6 application does 
not appear to regulate AMPA receptor traf fi cking  [  106  ] . To our knowledge, only 
one report suggests rapid ion channel traf fi cking effects of IL-6: a 2-min expo-
sure to 10 ng/mL IL-6 reduces sIPSC frequency and GABA- and glycine-induced 
currents in spinal cord lamina II neurons  [  107  ] . However, on a chronic time 
scale, a 2-week exposure of cerebellar Purkinje neuron cultures to IL-6 leads to 
a reduction in action potential generation and enhanced AMPA-induced currents, 
while at lower doses of IL-6 increased calcium signals induced by DHPG (a 
group I mGluR agonist)  [  121  ]  and AMPA  [  122  ] . Unlike TNF a  and IL-1 b , IL-6 
appears to be neuroprotective against NMDA receptor-mediated excitotoxicity 
in the brain  [  123,   124  ] , suggesting IL-6 may downregulate NMDA receptor 
function or surface expression. Along with TNF a  and IL-1 b , IL-6 will be dis-
cussed in further detail below for its role in regulation of long-term potentiation 
(LTP). 

 While this topic remains largely unexplored for cytokine-dependent regu-
lation, one recent report implicates IL-6 in the regulation of intracellular Cl −  
concentration  [  125  ] . Intracellular Cl −  concentration is a crucial regulator of 
inhibition—the effect of open GABA(A)Rs on membrane potential (i.e., either 
hyperpolarizing, depolarizing, or simply shunting) depends on the Cl −  gradi-
ent established by transporters  [  126  ] . Sciatic nerve axotomy induces elevation 
of IL-6 expression in adult dorsal root ganglion neurons, which consequently 
phosphorylates NKCC1 and increases intracellular Cl −  concentration  [  125  ] . 
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The implications of this study for regulation of Cl −  concentration in neocortical 
neurons remain unknown.  

    3.5.4   Conclusion 

 Despite signaling through different receptor complexes, pro-in fl ammatory cytok-
ines generally exert similar effects on neuronal synaptic strength: (1) increased 
excitatory synaptic strength through upregulation of cell-surface AMPARs, (2) 
enhanced calcium in fl ux at the synapse—either through Ca 2+ -permeable AMPARs 
or NMDARs, and (3) decreased inhibitory synaptic strength, likely via downregula-
tion of surface GABA(A)Rs/glycine receptors or increased intracellular Cl −  concen-
tration. The combined action of these effects is likely to alter network behavior by 
increasing overall neuron  fi ring frequency. Furthermore, these effects constitute a 
form of synaptic plasticity that is distinct from Hebbian types of plasticity, such as 
LTP and LTD, which are input speci fi c and dependent on correlated  fi ring of pre- 
and postsynaptic sides. Rather, as discussed in further detail below, while pro-
in fl ammatory cytokines can affect LTP and LTD induction, their effects on baseline 
synaptic strength resemble a form of homeostatic synaptic plasticity that compen-
sates for chronic inactivity.   

    3.6   Modulation of Hebbian Plasticity by Class I MHC Proteins 
and Pro-in fl ammatory Cytokines 

 Many of the neuroimmune molecules implicated in synapse development and 
direct traf fi cking of ligand-gated ion channels also regulate long-term plasticity. 
LTP and long-term depression (LTD) are widely studied neurophysiological cor-
relates of learning and memory in the mammalian brain  [  127,   128  ] . Resulting from 
patterns of coincident pre- and postsynaptic activity, LTP and LTD are classi fi ed as 
“Hebbian” forms of synaptic plasticity owing to two characteristics they display: 
input speci fi city (i.e., the strength of single pathways can be altered without affect-
ing neighboring inputs to the same cell)  [  129  ]  and associativity (i.e., a stimulus not 
strong enough to induce plasticity by itself will induce plasticity when paired with 
a stronger stimulus)  [  130  ] . LTP and LTD have been studied most commonly using 
transverse hippocampal slice preparations, for which numerous induction proto-
cols have been documented (reviewed in  [  131,   132  ] ). However, more broadly 
de fi ned, several types of long-term plasticity have been characterized in the hip-
pocampus, cortex, amygdala, and cerebellum, including NMDAR-dependent LTP 
and LTD, mossy  fi ber LTP, mGluR-dependent LTD, and endocannabinoid-medi-
ated LTD (reviewed in  [  99,   133  ] ). Several of these involve NMDAR-dependent 
Ca 2+  in fl ux and postsynaptic expression through traf fi cking of AMPARs (reviewed 
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in  [  134  ] ), while others involve regulation of neurotransmitter release by NMDAR-
dependent or NMDAR-independent presynaptic mechanisms (reviewed in  [  99, 
  133,   135  ] ). 

    3.6.1   Loss of Class I MHCs Enhances Long-Term Plasticity 

 Class I MHC proteins, in addition to their roles in synapse development and 
re fi nement, also regulate several forms of long-term plasticity. LTP and LTD have 
been examined using knockout and knock-in strategies, targeting components 
required for MHCI receptor signaling or MHCI surface expression  [  58,   59,   80,   136, 
  137  ] ; more recently, MHCI molecules themselves have been knocked out  [  90  ] . 
At Schaffer collateral-CA1 synapses, both CD3 z  knockout mice and  b 2M/TAP1 
knockout mice display enhanced NMDAR-dependent LTP and abolished LTD  [  80  ] , 
while CD3 z  knockout mice have also been shown to display aberrant expression of 
long-lasting (likely transcription-dependent) LTP with subthreshold stimuli  [  136  ] . 
MHCI mRNAs are upregulated in mice constitutively expressing CREB  [  136  ] , 
which suggests that MHCIs may actively participate in the process of memory for-
mation. Enhanced Schaffer collateral-CA1 LTP is also observed in knock-in mice 
bearing a loss-of-function DAP12 gene  [  58,   59  ] . Unlike in CD3 z  knockout mice, 
which only display enhancement of NMDAR-dependent LTP  [  80  ] , enhanced LTP in 
DAP12 knockout mice is at least partially independent of NMDARs  [  58  ] . 
Furthermore, while basal neurotransmission is unaltered in CD3 z  knockout mice 
 [  80  ] , DAP12 knockout mice display an increased AMPAR to NMDAR current ratio 
 [  59  ] . These differences may be explained by differential expression pro fi les: CD3 z  
is expressed in neurons  [  56  ] , while DAP12 is only expressed in microglia, and not in 
neurons, astrocytes, or oligodendrocytes  [  58  ] . It is therefore conceivable that MHCIs 
make use of distinct neuron- and glial-mediated mechanisms to restrict LTP. MHCIs 
may also use different receptors to differentially affect structural plasticity versus 
activity-dependent plasticity: PirB knockout mice display normal LTP and LTD at 
Schaffer collateral-CA1 synapses  [  137  ]  but enhanced ocular dominance plasticity in 
the visual cortex  [  53  ] . More recently, the use of knockout mice for the classical 
MHCI molecules H2-K b  and H2-D b , both of which are expressed by Purkinje cells, 
has shown a lower threshold for induction of LTD at parallel  fi ber to PC synapses 
 [  90  ] . Thus, in agreement with their restrictive function on synaptogenesis  [  68  ] , loss 
of MHCI molecules or MHCI receptor signaling components enhances long-term 
plasticity, suggesting a similarly restrictive role for MHCI in Hebbian plasticity.  

    3.6.2   Pro-in fl ammatory Cytokines Inhibit LTP 

 Numerous studies have studied the impact of cytokines on LTP induction. As ele-
vated pro-in fl ammatory cytokine levels are associated with in fl ammatory disease 
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states and “sickness behavior”—that is, decreased motor activity, social withdrawal, 
reduced food and water intake, increased slow-wave sleep, and altered cognition 
 [  138  ] —it is perhaps not surprising that most pro-in fl ammatory cytokines affect 
long-term plasticity. 

 In contrast to its potentiating effects on basal neurotransmission  [  106,   139  ] , treat-
ment with TNF a  blocks the induction of perforant path-dentate gyrus LTP  [  140,   141  ] . 
Early-phase LTP blockade in the dentate gyrus requires signaling through TNFR1, 
p38 MAPK, mGluRI, and c-Jun N-terminal kinase (JNK)  [  141–  143  ] . However, late-
phase LTP (2–3 h post tetanus) blockade in the dentate gyrus is independent of p38 
MAPK  [  142  ] , suggesting that TNF a  may use distinct pathways to control receptor 
traf fi cking-dependent (early-phase) LTP versus transcription-dependent (late-phase) 
LTP. In contrast, TNF a  does not affect Schaffer collateral-CA1 LTP and LTD  [  26, 
  87  ] . While some reports have suggested that CA1 LTP is blocked by TNF a  treatment 
 [  139  ]  and that CA1 LTD is absent in TNFR knockout mice  [  144  ] , recent studies have 
convincingly shown that, despite increasing surface levels of GluA1 and increasing 
the AMPAR to NMDAR current ratio, treatment with TNF a  does not affect the 
induction of LTP or LTD at Schaffer collateral-CA1 synapses  [  26  ] ; similarly, TNF a  
knockout and TNFR1/TNFR2 double-knockout mice display normal CA1 LTP and 
LTD  [  26  ]  and normal LTP in TNF a  −/−  visual cortex slices  [  87  ] . 

 In contrast, IL-1 b  inhibits LTP broadly in the hippocampus: in areas CA1  [  145  ] , 
CA3  [  146  ] , and the dentate gyrus  [  140,   147  ] . Inhibition in the dentate gyrus is 
observed for both NMDAR-dependent  [  147  ]  and NMDAR-independent  [  148  ]  forms 
of LTP and is dependent on activation of p38 MAPK  [  148,   149  ]  and JNK  [  143  ] . In 
apparent contradiction, however, induction of LTP in the hippocampus increases 
IL-1 b  gene expression, and IL-1 b  appears to be required for the maintenance phase 
of CA1 LTP  [  150  ] . IL-18—a member of the IL-1 superfamily—also impairs LTP 
induction in the dentate gyrus through mechanisms involving mGluRI and the clas-
sic in fl ammatory signaling components cyclooxygenase-2 (COX-2), peroxisome 
proliferator-activated receptor-gamma (PPAR g ), and inducible nitric oxide synthase 
(iNOS)  [  151–  153  ] . The effects of IL-1 b  on hippocampal LTD remain largely unex-
plored, with only one study suggesting that LTD induction is unaffected at Schaffer 
collateral-CA1 synapses  [  154  ] . Similarly, CA1 LTP and LTD are normal in IL-1 a /
IL-1 b  double-knockout mice  [  154  ] . 

 Other cytokines also signi fi cantly inhibit LTP in the hippocampus. IL-6 inhibits 
LTP at Schaffer collateral-CA1 synapses  [  155,   156  ]  and in the dentate gyrus  [  157  ] . 
At least in the CA1 region, this occurs through activation of tyrosine kinases and 
potentially through activation of STAT3 and MAPK/ERK  [  156  ] . However, similar 
to IL-1 b , IL-6 gene expression is increased in the hippocampus following LTP 
induction, and blockade of IL-6 using an anti-IL-6 Ab sustains high levels of LTP at 
90 min after tetanus  [  158  ] . Lastly, several other cytokines have been reported to 
inhibit LTP induction or maintenance, including IL-2  [  159  ] , IL-8  [  160  ] , and inter-
feron  [  161,   162  ] . Given the varied and somewhat inconsistent results, it is likely that 
cytokines modulate various forms of Hebbian plasticity but are not part of the core 
mechanisms of this type of plasticity. The details of the modulation of plasticity 
induction thresholds or maintenance remain to be determined. 
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 Neuronal pentraxins may also regulate certain forms of plasticity. Cleavage of 
the NPR complex is required for mGluR1/5-dependent LTD  [  163  ] , although 
NMDAR-dependent LTP and LTD are normal in the NP1/NP2 knockout 
mouse  [  74  ] .   

    3.7   Requirement of Neuroimmune Molecules 
for Expression of Homeostatic Synaptic Plasticity 

    3.7.1   Introduction to Homeostatic Synaptic Plasticity 

 Under normal physiological conditions, neuronal network activity is stably main-
tained within a functional range. For example, excitation and inhibition must be set 
to appropriate levels in order to prevent network activity from ending prematurely 
or increasing to epileptiform levels  [  164  ] . Furthermore, because “Hebbian” forms 
of plasticity such as LTP and LTD can lead to unconstrained positive feedback and 
eventual occlusion of further plasticity, mechanisms that conserve total synaptic 
strength are thought to exist  [  165,   166  ] . It is conceivable that numerous mechanisms 
contribute to generating network stability and conserving total synaptic strength, for 
example, through regulation of synapse development and re fi nement, intrinsic 
excitability, intracellular chloride concentration, neurotransmitter release probabil-
ity, and metabotropic and ionotropic neurotransmitter-gated receptors. To date, the 
majority of experimental evidence has focused on mechanisms that regulate neu-
rotransmitter release and postsynaptic ef fi cacy through receptor traf fi cking 
(reviewed in  [  166,   167  ] ). Collectively referred to as homeostatic synaptic plasticity, 
these negative feedback mechanisms are used by neurons to compensate for experi-
mentally induced chronically elevated activity [typically induced pharmacologi-
cally by GABA(A)R blockade for 24–48 h] or chronic inactivity [typically induced 
by action potential blockade with tetrodotoxin (TTX) for 24–48 h]  [  168  ] . For exam-
ple, prolonged activity elevation results in a compensatory decrease in mEPSC 
amplitude (referred to as “scaling down”)  [  168–  172  ]  and an increase in mIPSC 
amplitude  [  173,   174  ]  on excitatory principal neurons. Conversely, prolonged activ-
ity blockade results in a compensatory increase in mEPSC amplitude (referred to as 
“scaling up”)  [  26,   168,   175–  177  ]  and a decrease in mIPSC amplitude  [  178,   179  ] . 
Homeostatic synaptic plasticity has been observed both globally (i.e., at all syn-
apses, in a multiplicative manner called “synaptic scaling”  [  166,   168  ] ) and locally 
(within dendritic regions or at individual synapses  [  180,   181  ] ). Several forms of 
homeostatic synaptic plasticity have been characterized on the basis of whether 
action potentials alone are blocked (typically slower expression, i.e., after >24 h 
 [  26,   168,   181  ] ) or whether both mEPSCs and action potentials are concurrently 
blocked (typically faster expression, as rapidly as within 3 h  [  181–  183  ] ). Distinct 
signaling mechanisms underlie each of these induction protocols (reviewed in  [  166, 
  167  ] ). The neuroimmune molecules TNF a , MHCI, and Narp have been implicated 
in homeostatic plasticity observed in response to activity blockade (Fig.  3.2 ).   
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    3.7.2   Requirement of TNF a  for Inactivity-Induced Homeostatic 
Synaptic Plasticity 

 As discussed above in this chapter, exogenous application of TNF a  to dissociated 
hippocampal neuron cultures or acute hippocampal slices concomitantly increases 
AMPAR-mediated currents while decreasing GABA(A)R-mediated currents  [  106  ] . 
The similarity of these  fi ndings to the compensatory response occurring following 
prolonged activity blockade  [  168,   178  ]  prompted an investigation into the role of 
TNF a  in homeostatic synaptic plasticity  [  26  ] . Indeed, interfering with TNF a  sig-
naling during prolonged TTX treatment by adding a soluble form of TNFR1 
(sTNFR) blocks scaling up of excitatory synapses and scaling down of inhibitory 
synapses  [  26  ] . Similarly, dissociated hippocampal cultures and hippocampal or 
visual cortex organotypic slice cultures from TNF a  knockout mice also do not 

  Fig. 3.2    Requirement of neuroimmune molecules for expression of homeostatic synaptic plasticity. 
 Right panel.  In response to activity blockade, GABAergic synapses onto pyramidal neurons are 
weakened through removal of postsynaptic GABA(A)Rs, while glutamatergic synapses onto pyra-
midal neurons are strengthened through addition of AMPARs. These homeostatic adaptations 
require soluble TNF a , which is elevated in response to activity blockade. At glutamatergic syn-
apses,  b 2M/TAP 1 (necessary for MHCI surface expression) is also required for the homeostatic 
response to activity blockade.  Left panel.  At glutamatergic synapses onto parvalbumin-expressing 
GABAergic interneurons (PV), Narp is required for an inverse form of homeostatic plasticity: 
activity blockade weakens glutamatergic synapse while elevated activity strengthens them through 
traf fi cking of GluA4-containing AMPARs. Surface expression of Narp is bidirectionally regulated 
in the same manner as GluA4 surface expression, suggesting that Narp controls the level of 
AMPARs at PV excitatory synapses in proportion to the level of circuit activity       
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display scaling up in response to prolonged treatment with TTX or CNQX/APV 
(AMPAR/NMDAR blockers)  [  26,   87  ] . The absence of scaling up in TNF a  −/−  cul-
tures when induced either by prolonged action potential blockade alone or concomi-
tant blockade of mEPSCs and action potentials suggests that TNF a  is required for 
several forms of scaling up. However, TNF a  is not involved in the process of scal-
ing down, as TNF a  −/−  cultures maintain the ability to tune down excitatory synapses 
in response to prolonged treatment with picrotoxin [PTX, a GABA(A)R antagonist] 
 [  26  ] . Moreover, the TNF a  is of glial origin, as TNF a  −/−  neurons grown on wild-type 
glia demonstrate synaptic scaling, while wild-type neurons grown on TNF a  −/−  glia 
do not  [  26  ] . Recent work has suggested that TNF a  may act as a permissive rather 
than instructive cue for scaling up because a brief blockade with sTNFR following 
24 h of TTX treatment cannot reverse scaling  [  184  ] . However, this interpretation is 
inconsistent with the previous  fi nding that acute application of conditioned medium 
from TTX-treated cultures to naïve sister cultures rapidly increases mEPSC ampli-
tudes—an effect prevented by pretreating the conditioned medium with sTNFR 
 [  26  ] . Further work is necessary to differentiate between the acute effects of TNF a  
on receptor traf fi cking versus the effects of prolonged exposure to TNF a , as the 
latter could also induce a persistent, transcription-dependent, scaled up state. 

 Studies have shown that the characteristics of homeostatic synaptic plasticity 
observed in vitro are also present in vivo for the visual cortex. Manipulations that 
decrease visual activity at developmental  [  185  ]  and adult  [  186  ]  stages result in the 
homeostatic increase in synaptic strength of the visual cortex. Similarly, the in vitro 
 fi ndings implicating TNF a  in homeostatic synaptic plasticity have been extended 
in vivo using a model for developmental plasticity involving the readjustment of the 
visual system to a chronic decrease in activity  [  87  ] . As noted above, during mon-
ocular deprivation during the critical period, TNF a  knockout mice display the nor-
mal loss of responsiveness to the closed eye but are completely de fi cient in the gain 
responsiveness to the open eye  [  87  ] . The failure to gain responsiveness to the open 
eye is consistent with a loss of homeostatic scaling up in response to deprivation of 
visual activity from the closed eye. In contrast to the  fi ndings in young animals, 
recent  fi ndings indicate that ocular dominance plasticity in the adult is independent 
of TNF a -mediated multiplicative scaling  [  88  ] , which is consistent with previous 
 fi ndings of a distinct non-multiplicative form of homeostatic synaptic plasticity in 
the adult visual cortex  [  186  ] .  

    3.7.3   Involvement of MHCI in Inactivity-Induced Homeostatic 
Synaptic Plasticity 

 A role for MHCI molecules in brain function was initially suggested by a screen for 
altered gene expression in response to action potential blockade in the developing 
LGN  [  56  ] . It is therefore not surprising that MHCI molecules play a role in homeo-
static regulation of synapse function. Mature (14DIV) cultures of dissociated hip-
pocampal neurons from  b 2M/TAP1 double-knockout mice fail to scale up mEPSC 
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amplitudes in response to several days of TTX treatment  [  70  ] . Younger (8DIV) 
dissociated cortical cultures treated with TTX for 24 h display decreased levels 
of surface MHCI and an increase in synapse density that is blocked by MHCI over-
expression  [  68  ] . Further studies are necessary to determine whether MHCI signal-
ing plays a role in synaptic scaling down at excitatory synapses or in homeostatic 
synaptic plasticity at inhibitory synapses.  

    3.7.4   Narp-Dependent Homeostatic Synaptic Plasticity 

 Evidence suggests that homeostatic synaptic plasticity at inhibitory (GABAergic) 
interneurons either does not occur or occurs in the opposite direction to that of glu-
tamatergic neurons  [  109,   168,   187  ] . This would either maintain the normal activity 
of interneurons, thus leaving the homeostatic response of principal neurons unaf-
fected, or the inverted homeostatic response of interneurons would enhance the 
homeostatic response of principal neurons. Narp (neuronal activity-regulated pen-
traxin, also referred to as NP2) is one example of a protein involved in regulating 
homeostatic scaling of excitatory synapses on parvalbumin (PV)-expressing 
interneurons (the most abundant subtype of interneuron in the hippocampus  [  188  ] ). 
Narp is enriched at excitatory synapses on PV interneurons, and its surface expres-
sion in vitro is bidirectionally controlled by chronic activity manipulation—48-h 
incubation with either TTX or bicuculline decreases or increases surface Narp, 
respectively  [  187  ] . The expression of the AMPAR subunit GluA4 parallels that of 
surface Narp in response to chronic activity manipulation and requires Narp. Indeed, 
compared to glutamatergic neurons, PV interneurons respond inversely to chronic 
activity manipulations by decreasing mEPSC amplitude in response to TTX treat-
ment and increasing mEPSC amplitude in response to bicuculline treatment  [  187  ] ; 
crucially, this inverse homeostatic response is absent in Narp −/−  cultures. Narp 
knockout mice are hypersensitive to kindling-induced seizures, suggesting that 
Narp-dependent regulation of PV interneuron excitatory synapses is essential to the 
adaptive homeostatic response of the network as a whole in response to seizure 
development  [  187  ] .  

    3.7.5   Conclusion 

 Accumulating evidence implicates the neuroimmune molecules TNF a , MHCI, and 
Narp in regulation of homeostatic synaptic plasticity. Despite belonging to three 
different classes of neuroimmune molecules, the expression of all three proteins is 
regulated by prolonged activity manipulations. There may be a common activity 
sensor that regulates the expression of one or several of these molecules, which 
could in turn regulate other components of the homeostatic plasticity response. For 
example, activity regulates  Narp  gene expression  [  63  ] , glutamate regulates TNF a  
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secretion  [  26  ] , and TNF a  is known to regulate MHCI expression in hippocampal 
neurons  [  189  ] .   

    3.8   Control of Gliotransmission by TNF a  

 Gliotransmission describes the process whereby glial cells (primarily astrocytes) 
participate in the control of synaptic neurotransmission by releasing neuroactive 
molecules (gliotransmitters) such as glutamate,  d -serine, ATP, adenosine, GABA, 
and others  [  190  ] . Typically, these molecules are released in response to Ca 2+  tran-
sients in astrocytes in response to neuronal activity  [  191  ] . One example of gliotrans-
mission occurs in the dentate gyrus molecular layer: activation of the perforant path 
synapses onto granule cells (PP–GC synapses) induces a Ca 2+ -dependent astrocytic 
release of glutamate which acts on presynaptic NMDARs to induce potentiation of 
excitatory transmission at PP–GC synapses  [  192  ] . This potentiation of excitatory 
transmission is associated with an increase in synaptic release probability as assessed 
by mEPSC frequency  [  97  ] . Intriguingly, in TNF a  −/−  slices, this phenomenon is 
absent despite a normal occurrence of astrocytic Ca 2+  transients  [  97  ] . In fact, mecha-
nistically, TNF a  controls the release of glutamate from astrocytes by promoting 
ef fi cient docking and synchronous exocytosis of glutamate-containing astrocytic 
vesicles. Thus, in the absence of TNF a , release of glutamate lacks temporal focus 
and likely does not reach the concentrations necessary to activate presynaptic 
NMDARs  [  97  ] . These  fi ndings highlight an additional role for normal brain levels 
of TNF a  in regulating exocytosis of gliotransmitter vesicles, perhaps in analogous 
fashion to its ability to induce rapid surface expression of AMPARs  [  26,   106  ] .  

    3.9   Neuroimmune Molecules Regulate Synapse Function 
in Pathological States 

 Dysregulation of CNS function occurs in a number of pathological states, including 
stroke, chronic pain, and common neurodegenerative diseases such as Alzheimer’s, 
Parkinson’s, Huntington’s, amyotrophic lateral sclerosis (ALS), and glaucoma. 
Dysregulation of synapse function is a major component of many of these condi-
tions, thus leading to the hypothesis that many of the neuroimmune molecules dis-
cussed above may also regulate synapse function in pathological CNS states. 

 In fl ammatory responses to injury and prolonged CNS disease lead to the produc-
tion of high levels of pro-in fl ammatory cytokines  [  193,   194  ] . Pro-in fl ammatory 
cytokines are prime candidates for the induction and maintenance of chronic pain, 
owing to their effects on AMPAR and GABA(A)R traf fi cking which result in 
increased excitatory synaptic transmission and decreased inhibitory transmission 
 [  106,   107,   117  ] . Furthermore, TNF a -induced delivery of calcium-permeable 
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AMPARs at the synapse  [  106,   109  ]  constitutes an important mechanism underlying 
neuronal death due to excitotoxicity  [  110,   194  ]  and spinal cord injury  [  111  ] . 
Similarly, an increase in synaptic GluA1 and a decrease of synaptic GluA2 in pres-
ymptomatic G93ASOD1 mice (a model of ALS)  [  195  ]  may result in increased Ca 2+ -
permeable (GluA2-lacking) AMPARs at the synapse, which in turn may contribute 
to neuronal death in ALS. Conversely, several studies have shown a neuroprotective 
effect of TNF a  and other pro-in fl ammatory cytokines in various models of excito-
toxicity  [  196–  198  ] . 

 Signi fi cant evidence implicates the complement cascade component C1q in early 
stages of neurodegenerative disease. C1q is elevated in the early stages of Alzheimer’s 
disease and is concentrated in amyloid beta (A b ) plaques  [  199–  202  ] . In addition, 
injections of C1q in the hippocampus and cortex of Alzheimer’s disease mouse 
models increase  fi brillar A b   [  203  ] , which is consistent with  fi ndings that C1q inhib-
its the uptake of A b  by microglia  [  204  ] . Taken together, these  fi ndings suggest that 
the presence of C1q contributes to Alzheimer’s pathology by modulating the 
immune response to A b . This hypothesis is supported by in vivo evidence showing 
that absence of C1q in mouse models of Alzheimer’s disease reduces neuropathol-
ogy  [  205  ] . C1q may also contribute to the neurodegeneration of RGCs characteris-
tic of glaucoma. C1q levels in the retina are upregulated in the early stages of a 
mouse model of glaucoma  [  62,   206,   207  ] . 

 In conclusion, the activation of microglia and the expression of immune-related 
molecules are commonly associated with various neurodegenerative diseases 
(reviewed in  [  208  ] ). However, the mechanistic roles played by immune molecules 
in development, maintenance, and resolution of CNS pathology remain largely 
unexplored.  

    3.10   Regulation of Cognitive Function by Cytokines 

 Much of this chapter has focused on the role of neuroimmune molecules in regulat-
ing synapse development and function. It is intriguing to consider how effects at the 
synaptic level may translate to the level of neural network activity and behavior. 
While an extensive review of this topic is beyond the scope of this chapter, a brief 
overview is offered here. As mentioned above, elevation of pro-in fl ammatory cyto-
kines induces a variety of behavioral effects—including decreased motor activity, 
social withdrawal, reduced food and water intake, and increased slow-wave sleep—
collectively termed “sickness behavior”  [  138  ] . It remains to be fully understood to 
what extent this behavioral phenotype relies on direct cytokine-mediated modula-
tion of synaptic ef fi cacy via effects on receptor traf fi cking and activity-dependent 
plasticity. Numerous cognitive-behavioral studies in rodents have investigated the 
involvement of the pro-in fl ammatory cytokines TNF a , IL-1, and IL-6 in learning 
and memory tasks (reviewed in  [  9  ] ),  fi nding either impairment or enhancement in 
cognitive tasks in the absence of the cytokine or its receptor(s). Many such studies 
would bene fi t from brain- or cell-type-speci fi c conditional knockout strategies in 
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order to differentiate between central and peripheral cytokine functions. Interestingly, 
pro-in fl ammatory cytokines may also regulate cognitive function by regulating 
adult neurogenesis: TNF a , IL-1 b , and IL-6 limit adult hippocampal neurogenesis, 
suggesting a common regulatory mechanism. To date, similar roles for C1q, MHCI, 
neuronal pentraxins, and other neuroimmune molecules in cognitive function remain 
largely unexplored.      
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          4.1   Introduction 

 In this chapter I will review the following areas: (1) basic immunology and the 
pathways through which the brain and the immune system communicate, (2) experi-
mental paradigms that can be used to activate the innate immune system in humans, 
(3) functional brain imaging and its use in combination with those paradigms, (4) 
symptoms induced by immune activation that are relevant to the core pathology of 
addiction (reward, anhedonia, and fatigue), (5) the use of medications to reduce the 
effects of immune activation on the brain, and (6) imaging of microglia, cells which 
may mediate some of the effect of immune activation on the brain.  

    4.2   Basic Innate Immunology 

 The  innate immune system  evolved to allow an organism to recognize and defend 
itself against pathogens.  Pathogen-associated molecular patterns  (PAMPs) are 
molecular “signatures” of whole classes of microorganisms that can be detected by 
receptors called  pathogen recognition receptors  (PRRs). Because of the survival 
advantage conferred by being able to defend against pathogens, the ability of an 
organism to detect the presence of pathogens arose very early in evolution. In plants, 
PRRs are expressed on individual cells; this allows each cell to recognize PAMPs 
and release antimicrobial chemicals  [  1,   2  ] . In the animal kingdom, specialized cells 
have developed to recognize PAMPs and  fi ght pathogens; these cells constitute 
what is referred to as the innate immune system  [  3  ] . When a PAMP binds to a PRR 
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on an innate immune cell, this cell responds by producing in fl ammatory cytokines, 
chemokines, and type I interferons, molecules which not only have antimicrobial 
properties but which also engage the adaptive immune system. Importantly, cells of 
the innate immune system are not able to distinguish between an isolated PAMP and 
the actual pathogen with the same PAMP embedded in its structure. This phenom-
enon is useful in research because a PAMP can be administered to an organism 
in vivo to induce an innate immune response without the risk of infection. That is, 
PAMPs can be used as sterile immune stimuli to study the immune response. For 
instance, the PAMP  lipopolysaccharide  (LPS or endotoxin) is a part of the external 
membrane of Gram-negative bacteria. When LPS is isolated from bacteria and 
introduced into an organism, it will elicit an initial immune response that is almost 
identical to that elicited by introduction of actual Gram-negative bacteria; however, 
the resulting immune response is shorter-lived because there is no replication of 
pathogens and further release of LPS. Whether attached to the bacterial wall or not, 
when LPS is introduced into an organism, it binds to a receptor called CD14 on 
innate immune cells. This enables LPS interaction with another receptor,  Toll-like 
receptor 4  (TLR4), which ultimately leads to the transcription (through the tran-
scription factor  nuclear factor kappa B ; NF k B) of genes that encode for in fl ammatory 
cytokines such as tumor necrosis factor alpha (TNF a ), interleukin-1 beta (IL-1 b ), 
IL-6, IL-8, and IL-18. These in fl ammatory cytokines have local and systemic 
effects, as discussed below. In the case of IL-1 b  and IL-18, even though transcrip-
tion of these genes is induced by binding of LPS to TLR4, the inactive precursor 
forms pro-IL-1 b  and pro-IL-18 require cleavage by the enzyme caspase-1 to become 
biologically active.  Caspase-1  is not induced by the TLR4 pathway directly, but can 
be induced by other signals from the pathogen or from intracellular crosstalk 
between various pathways  [  4  ] . Caspase-1-de fi cient mice, which cannot produce 
bioactive IL-1 b  or IL-18, have reduced in fl ammatory gene expression in the brain 
after systemic LPS administration  [  5  ] , which highlights the role of IL-1 b  in the 
systemic and brain response to LPS. Another important in fl ammatory mediator that 
is transcribed during an innate immune response is  cyclooxygenase-2  (COX-2), an 
enzyme that converts membrane-bound arachidonic acid into eicosanoids, for 
example, prostaglandins and leukotrienes. Eicosanoids are responsible for many of 
the local effects of in fl ammation (pain, increased vascular permeability, neutrophil 
chemotaxis). The so-called  acute phase proteins  include some components of the 
complement system as well as  C-reactive protein , which is often used as an index 
of systemic in fl ammation in human studies because of its association with increased 
risk of a variety of diseases. Lastly, an innate immune response may lead to tran-
scription of    inducible nitric oxide synthase (iNOS) and synthesis of nitric oxide, 
which has deleterious effects on neurons and brain function  [  6  ] . The in fl ammatory 
cytokines, chemokines, and eicosanoids produced during an innate immune response 
have local effects on vessel permeability and C- fi bers, producing the cardinal signs 
of in fl ammation:  dolor, calor, rubor, and tumor . If the PAMP stimulus is suf fi ciently 
strong (e.g., large doses of LPS or other PAMPs or the presence of large numbers of 
pathogens), these in fl ammatory mediators are released in higher quantities, which 
results in systemic effects (e.g., fever, malaise, autonomic changes). During an 
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innate immune response, so-called anti-in fl ammatory cytokines are also released. 
The role of these is believed to be a “brake” on the effects of the in fl ammatory 
mediators to prevent excessive damage from in fl ammation. There are also multiple 
intracellular “brakes” that keep the in fl ammatory response in check. This is impor-
tant because some of these molecules have very potent effects, for example, TNF a  
and IL-1 b . For instance, a de fi ciency of IL-1 b  receptor antagonist (IL1RA), which 
normally inhibits the effects of IL-1 b , causes a disorder characterized by sterile 
multifocal osteomyelitis with periostosis  [  7  ] . For readers interested in more details 
about the innate immune system, basic immunobiology textbooks are a good source. 
Discussed next are the brain’s immunomodulatory pathways, which are an impor-
tant complement to the immune system’s internal “brakes”    (Fig.  4.1 ).   

    4.3   Brain–Immune Interactions 

    4.3.1   Brain Immunomodulatory Functions 

 It is well established that the brain and the immune system communicate. The brain 
can modulate immune function through neuroendocrine and autonomic pathways 
and, indirectly, through behavior (see Sect.  4.3.2 ). Of these  immunomodulatory  
pathways, the most important one is the hypothalamic–pituitary–adrenal (HPA) 
axis, activation of which leads to release of cortisol, which has potent anti-
in fl ammatory effects  [  8  ] . Efferent vagal  fi bers also exert anti-in fl ammatory effects 
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through the release of acetylcholine, which can act directly on nicotinic receptors on 
immune cells  [  9  ]  or by activating the splenic nerve, which in turn releases anti-
in fl ammatory norepinephrine (NE) in the spleen  [  10  ] . NE inhibits innate immune 
cell activity through binding to  a - and  b -adrenergic receptors  [  11  ] . Other lines of 
evidence support the notion that catecholamines, particularly NE, inhibit 
in fl ammation: (1) monoamine depletion with reserpine resulted in an increase in 
LPS-induced production of TNF a   [  12  ] , (2) NE reuptake inhibition reduced LPS-
induced TNF a  production  [  13  ] , and (3) NE transporter-de fi cient mice produced less 
TNF a  after LPS administration  [  13  ] . A recent study showed a novel pathway 
through which the sympathetic nervous system can modulate immune function, 
speci fi cally cell traf fi c across the blood–brain barrier (BBB). In mouse experimen-
tal autoimmune encephalomyelitis, sensory neurons in the soleus muscle transmit a 
signal to lumbar spinal cord efferent sympathetic  fi bers, which produce IL-6-
dependent upregulation of the chemokine CCL20 in blood vessels, which allows 
autoreactive T lymphocytes to access the central nervous system  [  14  ] . Interestingly, 
NE also appears to have effects on in fl ammation in the brain. For instance, stress-
induced expression of IL-1 b  in the brain was inhibited by the  b -adrenergic blocker 
propranolol  [  15  ] , which suggests that stress causes release of NE, which binds to 
 b -adrenergic receptors and induces IL-1 b  expression. On the other hand, lesions of 
the locus coeruleus, which depletes the cortex of NE, caused increased expression 
of IL-1 b  and IL-6 in the cortex after an in fl ammatory stimulus  [  16  ] , indicating that 
NE can also have anti-in fl ammatory effects in the brain. In summary, the brain can 
modulate innate immune activity through the HPA axis and the parasympathetic 
nervous system. The effects of the sympathetic nervous system, and the effects of 
NE in the brain, can be either anti- or proin fl ammatory. 

 Some interventions suggest that the brain can have proin fl ammatory effects; 
however, it is unclear whether these are simply a result of an inhibition of the anti-
in fl ammatory mechanisms described above. For instance, in rats injected systemi-
cally with LPS, prior inactivation of neurons in the anterior hypothalamus resulted 
in reduced peripheral levels of TNF a   [  17  ] , suggesting that the anterior hypothala-
mus could have a proin fl ammatory effect. In general, the introduction of an immune 
stimulus (e.g., LPS) inside the brain (e.g., intraventricular or intraparenchymal) will 
cause sickness behavior (see Sect.  4.3.2 ) as well as increased release of in fl ammatory 
mediators systemically, especially in the liver. For instance, (1) adenoviral overex-
pression of IL-1 b  in the mouse brain led to increased systemic production of 
in fl ammatory cytokines  [  18  ] , and (2) injection of LPS into the cerebral ventricles 
caused increased systemic IL-6 production  [  19  ] . Administration of IL-1 b  in the 
anterior hypothalamus causes sickness behavior, which can be blocked by periph-
eral neutralization of TNF a   [  20  ] , suggesting that systemically released cytokines 
play a role in sickness behavior even when the immune stimulus is delivered directly 
into brain parenchyma. The presumed reason that in fl ammation increases systemi-
cally when an immune stimulus is introduced into the brain is because the brain 
needs to recruit the systemic immune system to  fi ght a pathogen. That is, when, for 
example, LPS is introduced into the brain, the brain “thinks” that there are Gram-
negative bacteria inside the brain and therefore “requests” help from the innate 
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immune system outside the brain. For instance, administration of LPS or IL-1 b  into 
the brain results in leukocyte adhesion to blood vessels  [  21,   22  ] . In summary, the 
brain exerts some inhibition on the innate immune system through anti-in fl ammatory 
regulation by the HPA axis and autonomic nervous system; however, the presence 
of in fl ammatory mediators in brain parenchyma can have proin fl ammatory effects 
peripherally. 

 In a similar manner that immune stimuli introduced into the brain have systemic 
effects, “psychological” stress not only increases the expression of in fl ammatory 
mediators in the rodent brain parenchyma  [  23–  25  ] , in humans it has been shown 
that psychological stressors can increase peripheral in fl ammation  [  8,   26–  28  ] . The 
effects of stress on immune parameters are likely mediated by the brain’s immuno-
modulatory functions. Whether the effect of stress in increasing systemic 
in fl ammation in humans involves increased expression of in fl ammatory mediators 
inside the brain is not known. Given the effects of stress on systemic in fl ammation, 
it is possible that in depression or alcoholism, both of which are associated with 
elevated serum levels of TNF a  and IL-6, this is due to the substantial stress associ-
ated with being in a depressive episode or heavy drinking. In a recent meta-analysis 
by our group, we did not  fi nd evidence that treatment of depression and resolution 
of depressive symptoms was associated with a normalization of elevated TNF a  
levels, whereas there was some indication that IL-6 levels may decrease  [  29  ] . This 
suggests that reducing the stress of being in a depressive episode with antidepres-
sant medications does not, at least in the short term, reduce systemic in fl ammation.  

    4.3.2   Brain Immunosensory Functions 

 As described in    Sect. 4.1, the brain can modulate immune function. Conversely, the 
immune system can modulate brain function, or, in a different conceptualization, 
the brain has  immunosensory  functions. The brain’s ability to detect and respond to 
immune signals must be distinguished conceptually from the disruption of brain 
function that can occur in instances of severe systemic in fl ammation. For instance, 
sepsis is associated with high levels of in fl ammatory cytokines, which can disrupt 
the BBB, allowing leukocytes, in fl ammatory cytokines, and bacterial toxins to enter 
the brain parenchyma from the circulation  [  30  ] . Sepsis may therefore lead to 
signi fi cant disruption of brain function, including neuronal death  [  31  ] . Such severe 
effects on the brain may explain why sepsis in humans is associated with short-term 
cognitive impairment (delirium)  [  30  ]  and long-term cognitive decline  [  32  ] . In 
milder forms of systemic in fl ammation, there are measurable effects on brain func-
tion in the absence of BBB disruption, neuronal death, or deleterious functional 
sequelae. Rodent studies have demonstrated that systemic in fl ammation causes 
increased expression of in fl ammatory mediators in the brain. This also occurs in 
human and nonhuman primates: systemic in fl ammatory stimuli cause increased 
CSF levels of IL-6  [  33,   34  ]  (Fig.  4.2 ).  
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 The effects on the brain of milder systemic in fl ammation include fever (mediated 
by the hypothalamus), activation of the HPA axis and the autonomic nervous system, 
and changes in behavior, emotions, and cognition  [  35  ] . The constellation of 
 behavioral changes is often called  sickness behavior , which in rodents includes 
behaviors such as reduced activity and reduced food intake  [  36  ] . Sickness behavior 
is phylogenetically old; for instance, locusts and caterpillars display reduced food 
intake during LPS-induced systemic in fl ammation  [  37,   38  ] . This phylogenetic con-
servation of the brain’s ability to sense and respond to immune signals suggests that 
this is adaptive. That is, the brain has evolved to detect and respond to immune 
signals so that it can optimize the ability of the immune system to  fi ght off the 
pathogen while minimizing in fl ammatory damage to tissues and organs  [  39  ] . In 
order for this to happen, the brain must receive and interpret information from the 
immune system. Experiments in rodents have helped elucidate the pathways through 
which this occurs  [  36,   40–  42  ] . 

    4.3.2.1   Signaling Through the Endothelium 

 The BBB is composed of tightly bound endothelial cells and perivascular astro-
cytes. Astrocytes promote the immune quiescence of BBB endothelial cells by 
decreasing the expression of proin fl ammatory mediators and the adhesion and 
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migration of leukocytes  [  43  ] . When in fl ammatory mediators or PAMPs are present 
in the circulation, signaling to the brain involves mainly endothelial cells of the 
BBB. Endothelial cells have receptors for LPS and other PAMPs, and they also 
have receptors for in fl ammatory cytokines such as TNF a  and IL-1 b . When PAMPs/
pathogens or in fl ammatory cytokines are present in the circulation and bind to these 
receptors, activation of intracellular pathways that lead to NF k B-dependent gene 
transcription occurs  [  44,   45  ] . The endothelium of the BBB appears to play an impor-
tant role in mediating in fl ammatory signals from both the circulation and cerebro-
spinal  fl uid to the brain parenchyma  [  46  ] . When IL-1 b  is administered 
intracerebroventricularly (i.c.v.), the presence of IL-1 b  receptors on endothelial 
cells is required for activation of hypothalamic neurons and the occurrence of sick-
ness behavior  [  22  ] , which indicates that the endothelium is required for signaling 
both from blood and from CSF. The core sign of systemic in fl ammation, fever, 
requires signaling through the endothelium. In vitro, IL-1 b  induces COX-2 tran-
scription in brain endothelial cells, and this results in prostaglandin E2 release, 
which leads to fever  [  47  ] . LPS-induced anhedonia is blocked by nonsteroidal anti-
in fl ammatory agents, but expression of IL-1 b  and IL-6 in the hypothalamus is not 
 [  48  ] , suggesting that eicosanoids are not involved in mediating the effects of endo-
toxin on brain expression of in fl ammatory cytokines.  

    4.3.2.2   Signaling Through the Afferent Vagus 

 When in fl ammatory mediators or PAMPs are present in viscera of the abdominal or 
thoracic cavities, signaling to the brain occurs through afferent vagal  fi bers  [  49–  51  ] . 
The primary central projection area of the vagus nerve is the nucleus tractus soli-
tarius, and secondary vagus nerve projection areas include parabrachial, paraven-
tricular, and hypothalamic nuclei; the amygdala and extended amygdala (bed 
nucleus of the stria terminalis); and the insula. In addition to the mechanism involv-
ing the BBB endothelium described above, fever can occur when eicosanoids bind 
to vagal afferents  [  52  ] .  

    4.3.2.3   Leukocyte Entry 

 Whether leukocytes can enter the brain parenchyma when there is no disruption of 
the BBB is controversial. In one study of hepatic in fl ammation in mice, monocytes 
from the blood entered the brain parenchyma, a process that was dependent on 
TNF a -induced expression of monocyte chemoattractant protein-1 in microglia  [  53  ] . 
Recently, a study found that T lymphocytes can be recruited into the central nervous 
system at the level of the lumbar spinal cord and that this is dependent on psoas 
muscle contraction  [  14  ] . 

 In summary, systemic immune stimuli can be detected by the brain through vari-
ous pathways, including signaling across the BBB, through vagal afferents, and 
potentially by direct entry of peripheral leukocytes into brain parenchyma. These 
signals affect the function of the brain.   
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    4.3.3   Sickness Behavior 

 When in fl ammatory signals are detected by the brain, rodents display a constellation 
of behaviors which in some respects are similar to depression in humans. These 
include anhedonia, decreases in novelty-induced and social behaviors, reduced food 
intake, and sleep disturbance  [  54  ] . Depending on the dose of LPS used, other 
depressive-like behaviors (e.g., as measured in the tail-suspension or forced-swim 
tests) in rodents may continue after the acute sickness behavior ends  [  55  ] . Delayed 
effects from in fl ammatory stimuli may occur because increased brain and periph-
eral levels of cytokines can last for several weeks, especially after high doses of LPS 
 [  56,   57  ] . LPS administration in humans also produces depressive-like symptoms, 
for example, fatigue and anhedonia  [  58–  60  ] . For instance, in fl ammatory cytokines 
released during viral infections are associated with changes in mood  [  61  ] . After 
experimental exposure of human subjects to rhinovirus or in fl uenza virus, blood 
levels of in fl ammatory cytokines predicted a reduction in positive affect the follow-
ing day  [  62  ] . In such instances, the infectious agent does not have access to the 
brain; therefore, the changes in mood are most likely due to the effect of in fl ammatory 
cytokines released by innate immune cells. Similarly, administration of sterile 
immune stimuli (e.g., vaccines, LPS) or cytokines such as interferon-alpha (IFN a ) 
or IL-6 is associated with transient depressive symptoms in humans  [  59,   63–  67  ] . 

 In summary, the brain’s immunosensory functions allow it to detect and monitor 
immune activity in the body. This information in turn causes the brain to respond, 
both through the immunomodulatory pathways described in Sect.  4.3.2  and through 
changes in behavior. Therefore, the relationship between the brain and the immune 
system is a loop in which the immune system provides information to the brain 
about immune “events” in the body, and the brain uses this information to modulate 
the function of the immune system. The impact on the brain, and the pathways 
through which this signaling occurs, depends on the degree and localization of the 
systemic in fl ammatory event. Whether dysregulation in these pathways plays a role 
in the pathogenesis of psychiatric disorders, including alcohol dependence, is a 
topic of great interest and controversy  [  35,   68  ] . Research in this area may lead to 
better understanding and improved treatments for a variety of neurobiological dis-
orders, including alcoholism.   

    4.4   Clinical Experimental Models of Immune Activation 

    4.4.1   Interferon-Alpha Model 

 IFN a  is used for the treatment of hepatitis C and melanoma. Up to 45% of patients 
treated with IFN a  develop depressive symptoms  [  69  ] , which in toto resemble idio-
pathic depression  [  66  ] , respond to treatment with antidepressants  [  70,   71  ] , and can 
be prevented by pretreatment with antidepressants  [  72  ] . This lends both face and 
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predictive validity to this model. Fatigue occurs early after patients start treatment 
with IFN a , and fatigue predicts later emergence of other depressive symptoms such 
as depressed mood  [  66,   73  ] . Of note, IFN a -induced depressive symptoms are asso-
ciated with increases in blood levels of IL-6 and TNF a , similar to levels found in 
depression  [  74,   75  ] , and increases in CSF levels of IL-6  [  76  ] . This suggests that the 
depressogenic effect of IFN a  may be mediated by the increase in levels of these 
in fl ammatory cytokines. In patients with melanoma, after 4 weeks of treatment with 
IFN a , there was an increase in the Montgomery–Åsberg Depression Rating Scale 
(MADRS) total score from 2.7 to 12.7, which indicates mild depression  [  77  ] . This 
increase in MADRS total score was mostly due to increases in the lassitude item, 
which measures fatigue and motivation, and to reduced appetite, reduced sleep, and 
anhedonia  [  77  ] , suggesting that IFN a  treatment is associated especially with an 
increase in the neurovegetative symptoms of depression  [  66  ] . One limitation of the 
IFN a  model is that, because the depressogenic effects of IFN a  do not usually occur 
until 8–12 weeks of treatment  [  69  ] , it cannot be used as an acute laboratory model. 
A second limitation, when IFN a  is used for treatment of hepatitis C, is that the 
hepatitis C virus is neurotropic and activates microglia  [  78  ] , which indicates that 
some of the behavioral effects of IFN a  treatment in patients with hepatitis C (but 
not in patients with melanoma) may occur due to indirect effects of IFN a  on viral 
load in neurons or microglia. Despite these real and theoretical drawbacks, the IFN a  
model has greatly expanded our knowledge of how the in fl ammation affects behav-
ior and brain function.  

    4.4.2   The Typhoid Vaccination Model 

 Acute administration of the typhoid ( Salmonella typhi ) vaccine induces a small 
increase in IL-6 levels but no change in TNF a  levels  [  64  ] , which suggest that it is a 
milder immune stimulus than IFN a  treatment. The mood effect of typhoid vaccina-
tion is also milder  [  79  ] : when measured with the total score on the Pro fi le of Mood 
States  [  80  ] , a scale that measures anxiety, depression, fatigue, “vigor,” and “confu-
sion,” there was a  fi ve-point mean difference, which was signi fi cant with 30 sub-
jects in a within-subject design  [  64  ] . Like IFN a  treatment, typhoid vaccination also 
produces fatigue  [  81  ] . The typhoid vaccination model has been combined with 
functional neuroimaging to answer important questions about the brain’s response 
to systemic in fl ammation (see Sect.  4.6 ).  

    4.4.3   The Human LPS Model 

 In rodents, the most commonly used immune stimulus is intraperitoneal (i.p.) or 
intracerebral administration of LPS. As described above, activation of the innate 
immune system with LPS leads to a constellation of behaviors similar to depression 
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in humans  [  54,   55  ] . The human LPS model was reviewed in detail recently  [  35  ] . 
LPS administration in humans is a safe experimental procedure that has been used 
for several decades to study the systemic response to innate immune system activa-
tion  [  82  ] . In humans, LPS doses of 2–4 ng/kg body weight cause  fl u-like symptoms 
(fever, chills, myalgia, headache, nausea) and increases in blood levels of TNF a  and 
IL-6, similar to those that occur in sepsis  [  83–  85  ] . Lower doses of LPS (0.4–0.8 ng/
kg) cause mild sickness symptoms, depressive symptoms (notably fatigue), and less 
pronounced increases in TNF a  and IL-6 levels  [  59,   65,   86  ] . Although there is a 
clear dose–response relationship between LPS and blood levels of TNF a  and IL-6, 
there are large individual differences in the immune response. There is also not a 
good correlation between blood levels of TNF a  or IL-6 and the behavioral response. 
Total MADRS score increased after LPS administration, but this was mostly due to 
the lassitude item, and we did not  fi nd a signi fi cant effect on mood with either the 
MADRS mood item or the POMS depression subscale  [  58  ] . Although other groups 
found an increase in depressed mood after low-dose LPS administration, this effect 
was reduced when controlling for fatigue  [  60  ] , which is consistent with our data, 
which show that the main effect of LPS is the induction of a state of fatigue and 
listlessness  [  87  ] . LPS administration does not appear to have an effect on cognition 
in young, healthy humans  [  88  ] . Women showed a more pronounced in fl ammatory 
response to LPS than men  [  84  ] . A recent study found that biofeedback can be used 
to reduce LPS-induced autonomic dysfunction, but this did not affect LPS-induced 
levels of in fl ammatory cytokines  [  89  ] . 

 In summary, LPS, typhoid vaccination, or IFN a  can be administered in human 
subjects to induce innate immune system activation, increased systemic levels of 
in fl ammatory cytokines, and various behavioral effects, most notably depressive-
like symptoms. Next, we will discuss the use of functional imaging to measure brain 
activity during immune system activation.   

    4.5   Functional Brain Imaging 

  Functional neuroimaging  refers to brain imaging modalities that are used to obtain 
an estimate of cellular (neuronal) activity. If a disease state or an experimental inter-
vention is associated with changes in neuronal activity, one can use functional imag-
ing to measure this and identify the brain regions involved. For instance, functional 
magnetic resonance imaging (fMRI) uses MR to measure changes in oxygenated 
blood in the brain. Changes in blood oxygenation correlate with blood  fl ow; there-
fore, the  blood oxygen level dependent  (BOLD) signal indicates changes in blood 
 fl ow. The assumption is that an increase in regional blood  fl ow (which is under tight 
physiologic control) is indicative of increased metabolic demand and therefore 
increased cellular activity in a brain region, an assumption that is supported by exper-
imental studies  [  90  ] .  Positron emission tomography  (PET) is an imaging modality 
that measures the amount of radioactivity emitted from a tissue or organ in vivo after 
the injection of a positron-emitting radiopharmaceutical. The radioactivity emitted is 
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used to quantify a physiologic process. Radiopharmaceuticals are interchangeably 
called radioligands or  radiotracers ; the latter refers to the fact that the mass dose of 
radiopharmaceutical administered is very low. Such “tracer” amounts rarely have 
any measurable physiologic or biochemical effects and therefore do not interfere 
with the metabolic process that they are designed to measure, for example, glucose 
metabolism, oxygen uptake, or blood  fl ow. PET imaging with  18 F-labeled 2-deoxy-
 d -glucose (FDG) is a commonly used functional PET modality. Deoxyglucose, like 
glucose, is taken up by cells in the brain and phosphorylated by hexokinase to FDG-
6-PO 

4
 . Unlike glucose-6-PO 

4
 , FDG-6-PO 

4
  is not a substrate of phosphoglucose 

isomerase; the biological half-life of FDG is therefore very long, which means that 
the effective half-life is equivalent to the physical half-life of  18 F (110 min). In other 
words, FDG will emit positrons for several hours after it was administered to a sub-
ject, and this radioactivity will occur in the cells that took up FDG shortly after it was 
administered. The degree of FDG uptake is proportional to the metabolic activity of 
the cell at the time of FDG administration. Therefore, the radioactive signal detected 
from a certain brain region is an indication of the metabolic activity in that region at 
the time of FDG administration. A detailed discussion of the theoretical underpin-
nings and limitations of FDG-PET imaging can be found in  [  91  ] . 

 The fact that the signal from FDG can be detected several hours after injection 
is an advantage of FDG-PET over fMRI because it allows us to use FDG-PET 
imaging to measure neuronal activity while the subject is not in the scanner. One 
can take advantage of this characteristic of FDG and design research studies in 
which a subject undergoes an experimental intervention that cannot be performed 
in the scanner but during which injection of FDG can be performed. This allows us 
to “capture” metabolic activity at the time of the experiment and measure it up to an 
hour later. Another factor in deciding to use FDG-PET over fMRI for functional 
imaging is whether it is important for the research question to measure absolute 
metabolism rather than relative changes in blood  fl ow. With FDG-PET, provided 
that one has an appropriate input function (either through an arterial line or cardiac 
imaging), one can obtain precise estimates of absolute glucose utilization in brain 
regions of interest.  

    4.6   Functional Imaging of Brain Immunosensory Functions 

 In rodents, systemic LPS administration has been associated with increases in neu-
ronal c-fos expression in various hypothalamic nuclei (including the paraventricular 
nucleus), in the central amygdala and in the bed nucleus of the stria terminalis 
(which is part of the extended amygdala), and in the nucleus tractus solitarius, locus 
coeruleus, parabrachial nucleus, and raphe nucleus  [  55,   92–  95  ] , while reduced neu-
ronal c-fos expression has been found in the hippocampus, striatum, and ventral 
tegmental area  [  92  ] . Electrical activity increases in the insula and amygdala 2–3 h 
after peripheral administration of either LPS or staphylococcal enterotoxin in rats 
 [  96  ] . In humans, the brain regions that respond to systemic in fl ammation have been 
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partially identi fi ed through the use of functional imaging in combination with vari-
ous immune stimuli (summarized in Table  4.1 ); however, there are still many con-
tradictory  fi ndings. Most importantly, a majority of studies in humans employed 
various behavioral paradigms that were done in combination with immune stimula-
tion, whereas in rodents most studies measured LPS-induced c-fos expression with 
no behavioral intervention.  

    4.6.1   IFN a  Treatment 

 In patients with hepatitis C treated with IFN a , compared to patients who received 
no treatment, fMRI showed increased activation in the dorsal anterior cingulate 
cortex during a task of visuospatial attention  [  97  ] . The authors attributed this 
increase to a need to exert greater mental effort to maintain performance. In patients 
with melanoma treated with IFN a , FDG-PET showed increased metabolism in 
basal ganglia and cerebellum and decreased metabolism in dorsolateral prefrontal 
cortex after 4 weeks of treatment, compared to baseline  [  77  ] . In these patients, the 
rating of “energy” on a visual analog scale decreased during treatment and corre-
lated inversely with the change in glucose metabolism in the left putamen and left 
nucleus accumbens, while the “fatigue” rating on the visual analog scale did not 
correlate with any brain metabolism changes  [  77  ] .  

    4.6.2   Typhoid Vaccination 

 In a cohort of male subjects who received typhoid vaccination on 1 day and placebo 
injection on the other day, fMRI showed no global effects of typhoid vaccination on 
blood  fl ow, but it was associated with increased blood  fl ow in the brainstem, thala-
mus, amygdala, cingulate, and insula during the presentation of various stimuli  [  81, 
  98,   99  ] . For instance, a greater IL-6 response to typhoid vaccination was associated 
with enhanced blood  fl ow in the substantia nigra during a test of reaction time  [  98  ] , 
suggesting that psychomotor slowing caused by systemic in fl ammation may be 
mediated by the substantia nigra. The subjective experience of fatigue induced by 
typhoid vaccination was predicted by blood  fl ow changes within the mid/posterior 
insula and the left anterior cingulate  [  81  ] . After typhoid vaccination, reduced posi-
tive mood during an emotional face perception task was associated with increased 
blood  fl ow in the subgenual anterior cingulate, and there was reduced connectivity 
of this region with the amygdala, medial prefrontal cortex, nucleus accumbens, and 
superior temporal sulcus  [  99  ] . Deterioration in total mood (see Sect.  4.4.2  for 
de fi nition) produced by typhoid vaccination was associated with a marked  decrease  
in activity in the amygdala.  
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    4.6.3   LPS Administration 

 Using fMRI it was found that LPS administration, which induces robust systemic 
in fl ammation, was associated with reduced blood  fl ow in the ventral striatum in 
response to monetary reward cues  [  101  ] . In a computerized social-rejection para-
digm, the only between-groups difference in blood  fl ow (social exclusion vs. inclu-
sion) in subjects who received LPS was found in a region of the occipital cortex 
 [  65  ] . In women subjects, LPS administration was associated with increased blood 
 fl ow in prefrontal cortex and anterior insula, and this increase in blood  fl ow medi-
ated the relationship between IL-6 levels and depressed mood in women  [  65  ] . 
Within the LPS group ( n  = 20) individual differences in IL-6 responses to LPS were 
associated with neural responses to social exclusion compared to social inclusion in 
various regions (see Table  4.1 ). In subjects who were presented with images, blood 
 fl ow in the amygdala in response to threatening images, especially social ones 
(faces), was higher after LPS administration than after placebo, and this was associ-
ated with increased perceived social disconnection  [  102  ] . Our group recently used 
FDG-PET and showed that LPS administration, in the absence of any computerized 
task or mood-eliciting stimulus, was associated with a 2.5% decrease in glucose 
metabolism in the cingulate, which was mostly due to a 4.5% decrease in the right 
anterior cingulate  [  100  ] . In the insula there was a 3% increase in glucose metabo-
lism, which was mostly due to a 6% increase in the right anterior insula. In second-
ary analyses, we found decreased metabolism in the left putamen and increased 
metabolism in the right ventrolateral thalamus. We did not  fi nd any changes in glu-
cose metabolism in the amygdala induced by LPS alone.  

    4.6.4   Summary of the Response of Brain Regions 
to In fl ammation in Humans 

    4.6.4.1   Amygdala 

 Typhoid vaccination was associated with a decrease in blood  fl ow to the amygdala 
that was associated with a decrease in mood, while LPS administration did not cause 
any change in amygdala glucose metabolism on its own  [  100  ]  or when combined with 
a social-exclusion paradigm  [  65  ] . When subjects received LPS and were presented 
with socially threatening visual stimuli, there was an increase in blood  fl ow to the 
amygdala  [  102  ] . In rodents, studies have found that LPS causes increased neuronal 
c-fos expression  [  55,   92,   103  ]  and increased electric activity  [  96  ]  in the amygdala.  

    4.6.4.2   Striatum 

 Treatment with IFN a  was associated with increased glucose metabolism in the 
putamen  [  77  ] , while acute LPS administration was associated with decreased 
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 glucose metabolism in the putamen  [  100  ] . This discrepancy between the effect of 
IFN a  and LPS on striatal neuronal activity may be because LPS induces acute, 
robust systemic in fl ammation while IFN a  treatment induces chronic, low-grade 
systemic in fl ammation. When combined with a social-exclusion paradigm, LPS 
administration was associated with increased blood  fl ow in the caudate  [  65  ] , while 
when combined with a monetary reward paradigm, LPS administration was asso-
ciated with decreased blood  fl ow in the ventral striatum  [  101  ] . In rodents, one 
study found decreased neuronal c-fos expression in the dorsal striatum after LPS 
 [  92  ] . Another study found that acute LPS administration caused decreased syn-
taxin expression in the ventral striatum, while chronic LPS administration caused 
no change in syntaxin expression  [  104  ] ; this is consistent with the difference 
between acute LPS administration and chronic IFN a  treatment in humans 
described above.  

    4.6.4.3   Cingulate 

 Treatment with IFN a  was associated with increased blood  fl ow in the dorsal ante-
rior cingulate  [  97  ] . Typhoid vaccination was associated with increased blood  fl ow 
in the right cingulate and with increased blood  fl ow to the subgenual anterior cingu-
late during presentation of emotional stimuli (faces)  [  99  ] . LPS administration com-
bined with a social-exclusion task was associated with increased blood  fl ow to the 
posterior cingulate, and the dorsal and perigenual anterior cingulate  [  65  ] , whereas 
LPS administration in the absence of any stimulus was associated with reduced 
glucose metabolism in the right anterior cingulate  [  100  ] .  

    4.6.4.4   Insula 

 Typhoid vaccination  [  81  ]  and LPS administration  [  65  ]  are associated with increased 
blood  fl ow/glucose metabolism in the insula, especially the anterior insula. On the 
other hand, there are no reported effects of IFN a  on neuronal activity in the human 
insula. This may suggest that the insula responds to acute, but not chronic, 
in fl ammatory stimuli. In rats, acute immune stimuli also increase electrical activity 
in the insula  [  96  ] . The similarity of the response of the insula to acute in fl ammatory 
stimuli in humans and rodents is consistent with its known role as one of the pri-
mary regions involved in interoception, including “sensing” immune events inside 
the body. The interoceptive information the insula receives is used to modulate 
peripheral responses to stress: through its projections to the hypothalamus, ante-
rior cingulate, orbitofrontal cortex, and parabrachial nucleus  [  105  ] , the insula par-
ticipates in the modulation of autonomic and neuroendocrine activity  [  106,   107  ] . 
For instance, electric stimulation of the right insula causes increased sympathetic 
output  [  108  ] .  
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    4.6.4.5   Correlations Between Brain Activity and Systemic In fl ammation 

 After LPS administration, we found a negative correlation between TNF a  or IL-6 
levels and glucose metabolism in the insula  [  100  ] , while others found a positive 
 correlation between IL-6 and blood  fl ow to the insula  [  65  ] . After typhoid vaccina-
tion, there was no correlation between IL-6 and blood  fl ow to the insula  [  81  ] . Several 
differences may explain these apparent contradictions, including the use of different 
imaging modalities (FDG-PET vs. fMRI), the timing of imaging relative to the 
immune stimulus, and whether imaging was performed during a computerized task 
or at rest. 

 In our cohort of subjects who received LPS, we found a positive correlation 
between levels of TNF a  and IL-6 and social anhedonia. Interestingly, there was a 
positive correlation between social anhedonia and change in metabolism in the 
insula, that is, the more metabolism increased, the less LPS-induced social anhedo-
nia the subject experienced, which suggests that the insula may have a “protective” 
role. Consistent with this, there was a negative correlation between levels of TNF a  
and IL-6 and metabolism in the insula, that is, subjects with higher TNF a  and IL-6 
levels had less LPS-induced increase in metabolism in the insula and more social 
anhedonia. Although these correlations may seem counterintuitive at  fi rst, they may 
indicate that increased metabolism in the insula has an inhibitory effect on the sys-
temic immune response. As described in Sect.  4.3 , the autonomic nervous system 
modulates systemic in fl ammatory responses  [  35  ] , and the insula is a core brain 
region involved in this  [  109  ] . In subjects with higher LPS-induced metabolism in 
the insula, serum cytokine levels may have been lower because of an active inhibi-
tion of the systemic in fl ammatory response. Lower cytokine levels may, in turn, 
have caused less reduction in social interest. In subjects with lower LPS-induced 
metabolism in the insula, less inhibition of systemic cytokine levels may have 
allowed higher TNF a  and IL-6 levels, which caused more social anhedonia. Because 
of the limited sample size, it was not possible to test this hypothesis statistically.    

    4.7   Reward, Anhedonia, and Fatigue 

 Reward, motivation, and fatigue are related neurobiological processes. Stimuli that 
elicit reward in the ventral striatum/nucleus accumbens are believed to be the main 
driver of approach behaviors. When there is a lack of ability to experience reward, 
there is a resultant lack of motivation. Anhedonia, the lack of ability to experience 
pleasure or reward, is a core symptom of depression  [  110  ] . Conversely, substances 
of abuse must cause increased reward in order to be abused; in the initial phases of 
substance use, reward drives the behavior to seek and continue to use the substance 
of abuse  [  111  ] . Our knowledge about the effect of in fl ammatory mediators on 
reward and motivation come largely from rodent studies, some of which will be 
reviewed brie fl y. 
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    4.7.1   Sucrose Preference 

 In rodents, sucrose preference, that is, increased preference for sweetened water or 
milk, is inhibited by administration of LPS, IL-1 b , or TNF a   [  48,   112,   113  ] . 
Nonsteroidal anti-in fl ammatory drugs block LPS-induced decreases in sucrose 
preference  [  48  ] , suggesting that eicosanoids are involved in mediating the effect of 
LPS on sucrose preference. Sucrose consumption causes release of dopamine in the 
nucleus accumbens  [  114  ] , which is involved in reward; however, sucrose preference 
is a complex behavior that also involves brain regions that control appetite and 
energy homeostasis such as the hypothalamus and brain stem  [  115,   116  ] .  

    4.7.2   Intracranial Self-Stimulation 

 Reinforcing electrical stimulation of the forebrain bundle at the level of the poste-
rior lateral hypothalamus is called  intracranial self-stimulation  (ICSS), which does 
not involve appetite regulation, and is therefore considered a better rodent model of 
anhedonia  [  117  ] . LPS administration inhibits ICSS, and this inhibition is associated 
with increased dopamine ef fl ux in the nucleus accumbens  [  104,   118  ] . Studies have 
failed to show an effect of IL-1 b  and IL-6 on ICSS, although both cause sickness 
behavior  [  119  ]  and IL-1 b  reduces sucrose preference  [  113  ] , suggesting that (1) the 
effects of LPS on ICSS may involve other cytokines and/or (2) ICSS and sucrose 
preference are mediated by different brain circuits (as discussed in Sect.  4.7.1 ). Of 
note, stimulation of the ventral tegmental area, which supplies dopamine to the 
ventral striatum, counteracted LPS-induced sickness behavior  [  120  ] , further 
 supporting the notion that LPS-induced anhedonia may be at the core of other 
 LPS-induced behavioral changes.  

    4.7.3   Exploratory and Social Behavior 

 In rodents, both LPS and IL-1 b  inhibit the exploration of novel environments and 
the engagement in social behaviors  [  54  ] , suggesting that in fl ammation inhibits 
motivation. In mice presented with a new environment, concurrent LPS administra-
tion inhibited c-fos expression in motor and cingulate cortex, and nucleus accum-
bens and locus coeruleus  [  121  ] . In summary, LPS administration in rodents produces 
anhedonia as assessed by sucrose preference, ICSS, and exploratory and social 
behaviors. This is consistent with human studies of the effect of LPS on reward 
 [  101  ]  and on social behavior  [  58,   60  ] . In substance abusers, if in fl ammatory stimuli 
produce anhedonia and reduce the ability to experience reward, it is possible that 
they increase the use of the substance of choice to override this reduction in reward. 
Supporting this, one recent study found that LPS administration increased alcohol 
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drinking in mice  [  122  ] , and another study found that inhibition of in fl ammation 
with minocycline reduced drinking  [  123  ] . This avenue of research has been 
insuf fi ciently pursued. For instance, no published studies assessed whether 
in fl ammation increased cocaine or opioid self-administration in rodents, and no 
studies have measured this in human substance abusers.  

    4.7.4   Fatigue and Psychomotor Slowing 

 Fatigue is common in depression and in a host of medical diseases associated with 
in fl ammation  [  110,   124–  127  ] . Fatigue can be induced in humans by administration 
of LPS, IFN a , and typhoid vaccination  [  58,   60,   77,   81,   128  ] . In cancer patients there 
is a correlation between fatigue and blood levels of IL-6, but not TNF a  or IL-1 b  
 [  129  ] . Fatigue and psychomotor slowing occur frequently during IFN a  treatment 
 [  66,   69  ] , which leads to increased IL-6 levels both peripherally and centrally  [  34, 
  130  ] . In humans, fatigue can be elicited directly by administration of IL-6  [  67  ] . In 
rodents LPS-induced reductions in wheel-running are blunted by the administration 
of antibodies against IL-6  [  131  ] . Taken together, these data suggest that IL-6 medi-
ates the effects of illness, LPS, typhoid vaccination, and IFN a  on fatigue, although 
IL-1 b  and TNF a  may play a role in the central mediation of fatigue  [  132,   133  ] .   

    4.8   Pharmacologic Studies of Brain–Immune Interactions 

 The largest gap in our understanding of how systemic in fl ammation produces vari-
ous behavioral changes is at the levels of cells and molecular pathways inside the 
brain. As described above, the mediators released by the immune system and the 
brain regions affected by these mediators are fairly well characterized, especially in 
the rodent. Comparatively less is known about how the signal is transmitted across 
the BBB, and even less about the subsequent events inside the brain parenchyma, 
particularly how in fl ammatory cytokines or other mediators such as eicosanoids can 
affect neuronal function and thus produce the behavioral effects we observe. 
Recently, it was found that IL-1 b  induces COX-2 transcription in brain endothelial 
cells, which results in prostaglandin E2 release and lethargy  [  47  ] . Consistent with 
this, in depressed patients who had not remitted with reboxetine treatment, augmen-
tation with a COX-2 inhibitor was superior to placebo  [  134  ] . One of the most stud-
ied potential mechanisms is the effect of in fl ammatory mediators on tryptophan 
metabolism and serotonin synthesis  [  135  ] . In fl ammatory cytokines such as TNF a  
and IL-1 b  induce the expression of indoleamine 2,3-dioxygenase (IDO) in mac-
rophages and microglia  [  135  ] . The potential effects of increased IDO are twofold. 
IDO converts tryptophan to kynurenic acid, leaving less tryptophan available for 
serotonin synthesis. This may have effects similar to tryptophan depletion, which 
induces depressive symptoms in susceptible individuals  [  136  ] . In fl ammatory cytok-
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ines also induce microglia to produce more quinolinic acid than kynurenic acid 
 [  137  ] . Quinolinic acid is an  N -methyl- d -aspartic acid receptor agonist and it can 
have neurotoxic effects  [  138,   139  ] , either of which can contribute to depressive 
symptoms  [  140  ] . Treatment with IFN a  activated IDO and central cytokine responses, 
which resulted in increased brain kynurenic and quinolinic acid, which correlated 
with depressive symptoms  [  76  ] . In summary, it appears that interference with sero-
tonergic and glutamatergic neurotransmission may be important pathways through 
which systemic in fl ammation interferes with brain function. 

    4.8.1   Pretreatment with Antidepressants 

 Based on the potential role of serotonin in LPS-induced behavioral responses, we 
designed a study to determine whether pretreatment with the serotonin reuptake 
inhibitor citalopram could inhibit LPS-induced symptoms  [  58  ] . Subjects received 
20 mg of citalopram daily for 5 days before each challenge. We found that the LPS-
induced increase in total MADRS score was halved by pretreatment with citalo-
pram, with a moderate effect size ( d  = 0.5). Most of this effect was due to an 
inhibition of the increase in the lassitude item score, which measures fatigue and 
motivation. Citalopram pretreatment halved the LPS-induced increase in fatigue, 
with a large effect size ( d  = 0.9). Citalopram pretreatment also reduced LPS-induced 
social anhedonia. These data suggest that citalopram treatment, which reduces sero-
tonin turnover  [  141  ] , can reduce the effects of systemic in fl ammation on fatigue and 
motivation in humans. In patients with Parkinson’s disease, fatigue is associated 
with lower serotonin transporter levels in the striatum, cingulate, and thalamus 
 [  142  ] , all regions in which glucose metabolism was affected by fatigue-inducing 
doses of LPS in humans  [  100  ] . Therefore, it is possible that citalopram reduces 
LPS-induced fatigue through inhibition of serotonin reuptake in the striatum, cingu-
late, or thalamus. In a rodent model of Parkinson’s, the serotonin reuptake inhibitor 
paroxetine enhanced survival of dopaminergic neurons by reducing expression of 
IL-1 b , TNF a , and iNOS in activated microglia  [  143  ] , suggesting that SSRIs may 
have direct anti-in fl ammatory effects in the brain. 

 Most imaging studies of immune-induced fatigue implicate the nigrostriatal dop-
amine pathway, which facilitates movement and drives motivational behavior  [  144  ] . 
As discussed above, in IFN a -induced fatigue, there was increased activity in the 
nucleus accumbens and putamen  [  77  ] , and in subjects who received a typhoid vac-
cine, psychomotor slowing correlated with activity in the substantia nigra  [  98  ] . 
In Parkinson’s, fatigue is associated with reduced dopamine turnover in the caudate 
and insula  [  142  ] . Based on these studies implicating dopamine in fatigue, we 
designed a follow-up study to determine whether pretreatment with the dopamine 
and norepinephrine reuptake inhibitor bupropion pretreatment (75 mg twice a day 
for 7 days) could reduce LPS-induced fatigue. Surprisingly, bupropion treatment 
does not appear to have any effect on LPS-induced fatigue (Hannestad, unpub-
lished). This may be because the dopamine reuptake effect of bupropion is com-
paratively less strong than the NE reuptake effect.   
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    4.9   PET Imaging of Microglia 

    4.9.1   Basics of Receptor PET Imaging 

 PET imaging can be used functionally (as discussed in Sect.  4.5 ), but more 
 importantly it can be used to measure the availability of a target molecule, for exam-
ple, a neurotransmitter receptor or transporter, or molecule that is found in a speci fi c 
cell type. PET radiotracers are synthetic or semisynthetic molecules that are designed 
to bind to a speci fi c target molecule and to have certain chemical and biological 
properties (e.g., ability to cross the BBB). In a radiotracer molecule, a positron-
emitting isotope has been substituted for an original nuclide (e.g., 11 C replaces 12 C). 
When this positron emitter decays in a tissue, the positron travels a short distance 
(usually <1 mm) before losing energy and interacting with an electron. This interac-
tion leads to the annihilation of both the positron and the electron and gives rise to 
two photons traveling in opposite (approximately 180°) direction. Because these 
annihilation photons have high (gamma spectrum) energy, many will escape the 
body and be detected by the PET camera. The PET camera has scintillation detec-
tors, which are crystal materials that produce visible-light photons (scintillations) 
when the annihilation photon is absorbed. A photomultiplier tube converts the 
energy of these photons into an electrical pulse; the pulses are ampli fi ed and sorted 
by a pulse-height analyzer. The photomultiplier tube only “accepts” photons within 
a certain energy window (usually 350–650 keV) to avoid scattered photons (i.e., 
photons that “collide” with other atoms and change direction). All the counts from 
all the detector pairs over the course of a PET scan are combined through a process 
called computed tomography, an algorithm that computes cross-sectional images 
that estimate the actual concentration of radioactivity in the tissue. This allows the 
event count for each pixel to be determined, which in turn is used to construct a 
three-dimensional image of radioactivity in the organ or tissue. The amount of 
radioactivity is an indication of how much radiotracer is present in a brain region. 
This in turn depends on how much of the target molecule is “available” for binding 
to the radiotracer. Therefore, PET imaging is used to estimate the amount (density) 
of the target molecule in a brain region. The PET image can be co-registered to a 
magnetic resonance image of the same brain, and the higher resolution facilitates 
region-of-interest analysis. 

 Although several measures of radiotracer binding are used in the literature, 
increasingly the  fi eld is moving toward a consensus nomenclature  [  145  ] . A detailed 
description of measures of binding is beyond the scope of this chapter; however, one 
frequently used measure is  volume of distribution  ( V  

T
 ), which refers to the ratio of 

how many ml of blood contain the same amount of radiotracer as 1 cm 3  of brain 
tissue. For instance,  V  

T
  = 20 ml/cm 3  indicates that 20 ml of blood has the same 

amount of radiotracer as 1 cm 3  of brain, that is, the concentration in the brain is 20 
times higher than in plasma. (Even though ml and cm 3  are both volumes and  V  

T
  is 

therefore technically unitless, the units of  V  
T
  are maintained.) The reason the con-

centration is higher in the brain is because the radiotracer binds to molecules in the 
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brain and less free radiotracer is available to diffuse back into the blood. However, 
 V  

T
  does not indicate whether the radiotracer in the brain is speci fi cally bound. Within 

the brain, binding may occur to the target molecule, to other molecules (nonspeci fi c 
binding), and not at all (free tissue radiotracer); therefore,  V  

T
  indicates the total 

amount of radiotracer in the tissue (speci fi cally bound, nonspeci fi cally bound, and 
free).  

    4.9.2   Microglia 

 Microglia are the brain’s innate immune cells, and they are involved in a variety of 
physiologic and pathologic processes  [  146  ] . Under physiologic conditions, resting 
microglia are tightly regulated by interactions with neurons  [  147  ] . When provided 
with molecular signals that indicate infection (e.g., PAMPs), tissue damage, or 
in fl ammation, microglia become activated; activation of microglia is a key event in 
the pathophysiology of brain ischemia, trauma, and infection, and in neurodegen-
erative, autoimmune, and possibly psychiatric disorders  [  146,   148,   149  ] . The sig-
nals that activate microglia can be local or systemic. The susceptibility of microglia 
to become activated depends on their baseline state; primed microglia are activated 
more easily; priming can occur by local signals or systemic signals  [  150  ] . Therefore, 
systemic in fl ammation and local signals interact and can lead to activation of micro-
glia. For instance, microglia can be primed by a pathologic process in the brain, and 
a subsequent systemic in fl ammatory event may cause activation of these primed 
microglia. Conversely, systemic in fl ammatory signals may prime microglia, and 
these may then be activated by signals from the brain parenchyma. Although acti-
vated microglia can serve important repair functions, activated microglia can also 
worsen brain function and the course of brain pathologies through the release of 
substances that have the potential to cause neuronal dysfunction and damage, for 
example, in fl ammatory cytokines, eicosanoids, and reactive oxygen species  [  140, 
  151,   152  ] . The in fl uence of systemic in fl ammatory signals on microglia is a mecha-
nism through which systemic in fl ammation can affect brain diseases  [  153  ] . For 
instance, systemic LPS administration in rodents leads to systemic release of 
in fl ammatory cytokines, which signal through receptors on brain endothelial cells 
and activate microglia  [  31,   154–  157  ] . Activation of microglia may therefore be a 
key pathogenic event in brain dysfunction associated with various degrees of sys-
temic in fl ammation, from severe (e.g., septic encephalopathy) to mild (sickness 
behavior and fatigue in autoimmune disorders and cancers). In depression, there is 
mild systemic in fl ammation  [  158  ] , and this may contribute to depressive symptoms 
through effects on microglia  [  140  ] . The effects of systemic in fl ammation on the 
diseased brain, for example, in neurodegenerative or autoimmune diseases, are 
much more pronounced than effects on a healthy brain  [  153,   159  ] . For instance, 
systemic infection can cause acute and long-term cognitive impairment in suscep-
tible subjects, that is, subjects with mild cognitive impairment or dementia  [  32, 
  160–  162  ] . This may be mediated by activation of microglia because activated 
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microglia have been found in postmortem samples of patients with sepsis  [  163  ] . 
Milder forms of systemic in fl ammation (e.g., urinary tract infections) can also cause 
brain dysfunction (delirium) in, for example, Alzheimer’s disease, and it is believed 
that repeated systemic in fl ammation can actually worsen the course of the 
Alzheimer’s disease itself  [  159  ] . When systemic infection occurs concurrently with 
a cerebrovascular accident, the ischemic lesion is larger  [  164  ] . Therefore, systemic 
in fl ammation may have an impact on the progression and severity of a variety of 
brain diseases through activation of microglia. 

 Once stimulated, microglia can stay activated for several months and continue to 
express in fl ammatory mediators  [  56,   152,   165  ] . Activation of microglia by endo-
toxin or in fl ammatory cytokines leads to further release in fl ammatory cytokines and 
other potentially neurotoxic substances  [  152  ] , while exposure to anti-in fl ammatory 
cytokines induces a neuroprotective microglial phenotype  [  166–  168  ] . Because of 
the pivotal role that microglia play in a variety of neurodegenerative, 
neuroin fl ammatory, and ischemic disorders of the brain, the ability to measure acti-
vation of microglia in vivo with PET imaging is an area of great interest.  

    4.9.3   Translocator Protein 

 The translocator protein (TSPO) is an 18-kDa mitochondrial protein that is expressed 
in steroid-synthesizing cells, in which its role is to allow transport of cholesterol 
across the mitochondrial membranes. The expression of TSPO is very low in healthy 
brain tissue, but it increases in pathologies associated with microglial activation 
including stroke, trauma, infection, and autoimmune and neurodegenerative disor-
ders  [  169,   170  ] ; therefore, PET imaging of TSPO is used to measure microglial 
activation in various disease states  [  171  ] . Several PET radiotracers that bind to 
TSPO are available  [  172  ] , including [ 11 C]PBR28  [  173,   174  ] . The 20-min half-life of 
 11 C permits multiple measurements of microglial activation within a short time 
period, which allows for a variety of research design options. Other ways of imag-
ing in fl ammation in the brain are being developed, including radiotracers that bind 
to COX-2  [  175  ] .  

    4.9.4   LPS-Induced Microglial Activation 

 Our group used PET and [ 11 C]PBR28 to measure binding to TSPO at various times 
after endotoxin administration in baboons, an example of which is illustrated in 
Fig.  4.3 . The baboon has a response to LPS that is physiologically and immuno-
logically very similar to humans  [  176  ] . Our hypothesis was that LPS administra-
tion would produce microglial activation and signi fi cantly increased [ 11 C]PBR28 
binding compared to baseline. We found a 29 ± 16% increase in binding at 1 h 
(range 12–47%) and a 62 ± 34% increase in binding at 4 h (range 36–101%). There 
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was a positive correlation between IL-1 b  levels at 2 h and the increase in [ 11 C]
PBR28 binding from baseline and between IL-6 levels at 3 h and the increase in 
[ 11 C]PBR28 binding from baseline to 4 h. There was a trend positive correlation 
between TNF a  levels at 3 h and the increase in [ 11 C]PBR28 binding from baseline 
to 4 h. LPS is eliminated rapidly from the circulation after intravenous administra-
tion in baboons  [  177  ] . It is therefore likely that the effect of LPS on TSPO expres-
sion in the brain is mediated by LPS-induced in fl ammatory cytokines  [  177  ] . 
Immunohistochemistry indicated that the increase in TSPO expression measured 
with PET was not largely due to in fi ltrating monocytes or perivascular mac-
rophages. This is consistent with data from humans, in whom a comparable dose of 
LPS does not cause a measurable disruption of the BBB  [  88  ] . The individual varia-
tion in the LPS-induced increase in [ 11 C]PBR28 binding (range: 12–47% at 1 h and 
36–101% at 4 h) may point to individual differences in the susceptibility of micro-
glia to a systemic in fl ammatory stimulus. The variability in microglial response 
within a group of animals of a similar age is consistent with data from young, 
healthy human subjects, in whom LPS-induced systemic in fl ammation can have 
highly variable effects on behavior  [  58  ]  and on brain glucose metabolism [ 100 ]. It 
is notable that this dose of LPS causes an increase in microglial expression of 
TSPO in baboons, while the equivalent dose of LPS in healthy human subjects does 

  Fig. 4.3    Increase in [ 11 C]PBR28 binding after LPS administration in a baboon that had a PET scan 
at baseline and 1 and 4 h post-LPS. ( A ) MRI from this baboon. ( B ) [ 11 C]PBR28 binding at baseline. 
( C ) [ 11 C]PBR28 binding 1 h post-LPS. ( D ) [ 11 C]PBR28 binding 4 h post-LPS. Abbreviations:  LPS  
lipopolysaccharide,  MRI  magnetic resonance imaging,  V  

T
  total volume of distribution (a measure 

of binding)       
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not cause disruption of the BBB or any detectable changes in cognition  [  88  ] . This 
suggests that systemic in fl ammation can have subtle effects on microglia, which do 
not result in measurable cognitive or other behavioral effects. Whether the effects 
of LPS on noncognitive brain functions such as motivation and fatigue are medi-
ated by microglial activation remains to be determined. Because microglial activa-
tion has been found in human alcoholics  [  178  ] , and because rodent studies suggest 
that alcohol consumption leads to activation of microglia  [  154,   179  ] , PET imaging 
with [ 11 C]PBR28 or similar ligands should be tested in alcoholics.    

    4.10   Clinical Relevance of Neuroimmune Dysregulation 

 In fl ammation is a basic immunologic process that is a core feature of a host of 
 diseases, both “medical” and neurobiological. Whether in fl ammation contributes to 
the pathophysiology of a disease, or whether it is simply a by-product of the core 
disease process, can be dif fi cult to determine. For instance, it is well established that 
in fl ammation is a core pathophysiologic process in atherosclerosis  [  180  ] ; however, 
in many other disorders, especially neurobiological ones, the evidence for this is 
less clear. In some psychiatric disorders (e.g., depression and alcohol dependence), 
there are systemic immune abnormalities; however, these may be a consequence of, 
rather than a contributing factor to, the core disease process. On the other hand, 
from the data discussed above, it is clear that systemic in fl ammation affects the 
brain and behavior. The susceptibility of the brain to the effects of systemic 
in fl ammation depends on whether the brain is healthy or diseased. Mild systemic 
in fl ammation (e.g., urinary tract infections) does not have any noticeable effects in 
most healthy persons, but it can cause brain dysfunction (delirium) in susceptible 
individuals such as those with mild cognitive impairment  [  159  ] . Similarly, when 
systemic in fl ammation occurs concurrently with a cerebrovascular accident, the 
ischemic lesion is larger  [  164  ] . In multiple sclerosis, systemic in fl ammation is asso-
ciated with faster progression  [  153  ] . 

    4.10.1   Depression 

 In depression, immunologic abnormalities have been described for decades  [  181, 
  182  ] , but it is still unclear whether these abnormalities play a role in the pathogen-
esis of depressive symptoms. Serum levels of TNF a , IL-6, and perhaps IL-1 b  are 
elevated in depression  [  158,   183,   184  ] . The causes for this could include the follow-
ing: (1) depression leads to a dysfunction in the brain’s immunomodulatory func-
tions and an increase in systemic TNF a  and IL-6 levels, (2) there is a primary de fi cit 
in the innate immune system, or (3) genes that predispose to depression also predis-
pose to increased in fl ammatory activity in the innate immune system  [  185  ] . 
Treatment with antidepressant medications that results in a reduction in symptoms 
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does not reduce elevated TNF a  or IL-6 levels  [  29  ] . This may indicate that (1) 
 elevated TNF a  and IL-6 levels do not contribute to depressive symptoms in depres-
sion, or (2) antidepressant medications “protect” the brain from the depressogenic 
effects of these cytokines, or (3) the dysfunction in the brain’s immunomodulatory 
functions that occurs in depression requires more time to normalize than the time 
that is required for antidepressants to exert their antidepressant effect.  

    4.10.2   Alcoholism 

 Systemic immune abnormalities have been found in alcohol dependence  [  186  ] . 
Blood levels of TNF a  are about twofold higher than in nonalcoholic subjects  [  187–
  190  ] ; whether these normalize with cessation of alcohol use is not clear. Excessive 
alcohol intake is associated with higher production of in fl ammatory cytokines by 
monocytes  [  191  ] . Potential mechanisms for the increase in systemic in fl ammation 
in alcoholism, illustrated in Fig.  4.4 , include the following: (1) effects of alcohol on 
gut permeability and  fl ora, with leakage of LPS endotoxin and other PAMPs that 
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  Fig. 4.4    Immune-brain pathways in alcohol dependence. (1) Potential pathways through which 
alcohol may increase systemic in fl ammation, (2) pathways through which systemic in fl ammation 
can activate microglia, (3) pathways through which microglia can affect neuronal function in 
regions involved in core behaviors of alcohol dependence, (4) pathways through which systemic 
in fl ammation can activate sensory vagal afferents, and (5) pathways through which vagal informa-
tion modulates activity in the same brain regions. Abbreviations:  LPS  lipopolysaccharide,  NF k B  
nuclear factor kappa B,  TLR4  Toll-like receptor 4 (the receptor for LPS)       
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stimulate the immune system  [  192  ] , (2) effects of stress on the peripheral immune 
system  [  8  ] , and (3) direct effects of alcohol on peripheral immune cells. Studies 
in vitro on the direct effect of alcohol on immune cells are inconclusive; some found 
an inhibitory effect  [  193–  196  ]  while others found a proin fl ammatory effect  [  197, 
  198  ] . It appears that acute alcohol exposure inhibits LPS-induced cytokine produc-
tion, while chronic alcohol exposure increases in fl ammatory cytokines  [  199  ] . There 
are several mechanisms through which alcohol can directly affect immune cells: (1) 
interference with TLR4  [  179,   200  ] , which mediates the proin fl ammatory effects of 
LPS; (2) interaction with the transcription factor NF k B, which is involved in tran-
scription of genes that encode for in fl ammatory mediators  [  201  ] ; and (3) signaling 
through the gamma-aminobutyric acid receptor  [  202  ] . Regardless of the mecha-
nisms involved, it is well established that systemic in fl ammation has important 
effects on the brain. It is therefore likely that systemic in fl ammation associated with 
chronic heavy alcohol drinking has similar effects on the brain. It was shown that 
peripheral blockade of TNF a  in alcoholics reverses electroencephalographic abnor-
malities in sleep  [  203  ] , which demonstrates that blocking systemic in fl ammatory 
cytokines can have bene fi cial effects on brain function.  

    4.10.2.1   Alcohol and Gut Permeability 

 The brain modulates gut motility, secretions, blood  fl ow, and immunity through 
autonomic and endocrine pathways. The brain also receives information from the 
gut, including information about gut microbes. Neuroendocrine cells in the gut 
epithelium relay information about luminal microbes to nerve  fi bers  [  204  ] , and 
M-cells sample microbial products and expose immune cells to these molecules 
 [  205  ] . The normal functioning of these pathways (brain-to-gut, gut-to-brain, and 
gut-to-immune-to-brain) is essential for maintaining health and optimal function-
ing of gut and immune function  [  204–  206  ] . Heavy alcohol use has profound effects 
on the gut. It promotes overgrowth of LPS-containing Gram-negative bacteria 
 [  207  ] , it alters the composition of immune cell subsets in gut-associated lymphoid 
tissues  [  208  ] , and it increases gut permeability  [  209,   210  ] , allowing in fl ux of endo-
toxin which leads to secretion of TNF a  and IL-6 by Kupffer cells and blood mono-
cytes  [  192  ]  (Fig.  4.4 ). Increased gut permeability may occur through effects of 
alcohol on tight junction proteins  [  211  ] . As chronic alcohol exposure sensitizes 
monocytes to the effects of LPS  [  199  ] , heavy alcohol use may have a synergistic 
effect on in fl ammation by allowing in fl ux of LPS from the gut and at the same 
time sensitizing monocytes to its effects. In summary, heavy, chronic alcohol 
intake may increase levels of in fl ammatory cytokines through direct effects on 
immune cells, effects on gut permeability (allowing in fl ux of LPS and other 
PAMPs), and by disrupting the brain’s immunomodulatory functions. Figure  4.4  
illustrates some of the complex gut–immune–brain pathways that may be affected 
in alcohol abuse.  
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    4.10.2.2   Alcohol and the HPA Axis 

 Corticotropin-releasing factor (CRF) from the hypothalamus activates the HPA 
axis, but CRF also affects brain structures such as the amygdala, ventral striatum, 
and locus coeruleus, effects which appear to play an important role in the dysphoric 
state that accompanies alcohol withdrawal, ultimately contributing to continued 
alcohol intake through negative reinforcement  [  212  ] . Consistent with this, both the 
negative state that accompanies alcohol withdrawal and alcohol drinking can be 
blocked by inhibition of CRF  [  111  ] . Interestingly, the most potent inducers of CRF 
release are in fl ammatory cytokines  [  213,   214  ] , which may be the mechanism 
through which LPS or TNF a  can sensitize to alcohol withdrawal anxiety-like 
behaviors  [  215  ]  and increase drinking  [  122  ] . It is thus possible that elevated levels 
of circulating cytokines in alcohol dependence increase brain CRF release and con-
tribute to negative reinforcement.    

    4.11   Conclusions and Future Directions 

 The brain has immunomodulatory functions, which may be disrupted in neurobio-
logical disorders such as alcoholism, contributing to systemic in fl ammation. The 
brain has immunosensory functions, which may allow systemic in fl ammation to 
in fl uence mood, cognition, and behavior, including functions such as reward and 
motivation, which are at the core of alcoholism. The study of the brain’s immu-
nosensory and immunomodulatory functions, using pharmacological interventions 
and/or neuroimaging in clinical populations (e.g., alcoholism), is only in its infancy. 
Potentially promising research avenues include (1) whether immune activation by, 
for example, LPS is associated with alcohol craving and increased alcohol con-
sumption in alcoholics; (2) whether drugs that reduce the effects of LPS-induced 
systemic in fl ammation, either peripherally or in the brain, can reduce the increase in 
craving and/or drinking induced by LPS; (3) whether drugs that inhibit microglial 
activation speci fi cally reduce craving/drinking at baseline or after LPS administra-
tion; and (4) whether drugs that tighten intestinal tight junctions can reduce sys-
temic in fl ammation, liver damage, and craving/drinking in alcoholics.      
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          5.1   Introduction    

 Central in fl ammatory processes evoked by immunological challenges are responsible 
for directing a whole host of neural, hormonal and behavioral reactions in order to 
defend against infection and initiate recuperative processes. In particular, activation 
of brain cytokines appear especially important to the induction of sickness behav-
iors that are meant to help coordinate recovery during infection. More recently, 
research has shown that exposure to stressors may also activate peripheral and brain 
immune processes, with activation/inhibition of central cytokines being a key com-
ponent of this response. Speci fi cally, dynamic changes in central cytokines and 
other key in fl ammatory signaling pathways have been demonstrated to ultimately 
result in the expression of sickness behaviors as well, suggesting that illness- and 
stress-related neural consequences may share common mechanisms. Limited studies 
have now begun to show that alcohol is yet another exogenous stimulus that may 
also in fl uence central cytokines. In addition to modulating behavioral responses 
incurred by alcohol exposure, early changes in cytokines may portend the develop-
ment of long-term neuropathological consequences associated with chronic alcohol 
exposure. The goal of this chapter, therefore, is to review the literature surrounding 
stress-related neuroin fl ammation and alcohol-related changes in cytokines as a 
means for understanding the complex interaction between stress-responsive sys-
tems, neuroin fl ammatory processes, and their interactions with alcohol exposure. 

 Subsequently, the in fl uence of alcohol exposure on the expression of cytokines will 
be addressed. Acute or chronic alcohol administration and its consequent withdrawal 
have been shown to alter cytokines, as well as to modulate the immune response to an 
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immunological challenge. Though limited thus far, what literature is available would 
suggest that alcohol exposure has the capacity to signi fi cantly change both peripheral 
and central cytokines that could, in turn, ultimately impact behavior, stress-related 
processes, and (under long-term exposure circumstances) alcohol-associated brain/
tissue damage. Alcohol-induced cytokine alterations may also interact with other pro-
cesses more traditionally associated with stress challenges, such as the sympathetic 
nervous system (SNS) and hypothalamic–pituitary–adrenal (HPA) axis, which could 
either positively or negatively, respectively, feed back onto cytokine signaling. 

 Before proceeding, however, it is necessary to acknowledge from the outset a few 
critical distinctions. For instance, the  fi eld of stress research readily accepts the view 
that immunological challenges produced by antigen, pathogen, or direct injection of 
cytokines represent one distinct form of a “stress challenge” (e.g.,  [  10  ] ). This issue is 
well established by empirical studies demonstrating that immune activation leads to 
activation of the HPA axis (e.g., see  [  11,   12  ] ) and SNS activity (e.g., see  [  13  ] ) in much 
the same way as exposure to psychological and/or physical stress challenges that are 
otherwise devoid of antigenic or pathogenic components. However, because the impact 
of antigen or pathogen exposure on cytokine expression in brain is largely to be expected, 
use of the term “stress” in the present context will speci fi cally exclude challenges that 
are, by their very nature, immunologically based. In this regard, much of what we 
describe as stress-related neuroin fl ammation really falls into the category of what the 
 fi eld is now referring to as “sterile in fl ammation,” which simply refers to induction of 
in fl ammatory processes in the absence of antigen/pathogen/wound exposure. 

 The second semantic issue we would like to address from the outset is what is 
meant by the term “neuroin fl ammation” or “in fl ammatory processes in brain.” This 
is a critical issue because, at some point, one would like to extrapolate from isolated 
changes in a speci fi c cytokine (such as interleukin-1; IL-1), cellular process (e.g., 
morphological changes in microglia), or physiological condition (e.g., hyper-
thermia) toward these broader constructs. Though we will seek to avoid use of terms 
like this that tend to amalgamate speci fi c features of the in fl ammatory response into 
broader statements, it will be occasionally necessary to make such extrapolations in 
order to synthesize the diverse range of in fl ammatory changes examined in brain 
after stress into some meaningful portrait of the relationship between stress, 
neuroin fl ammation, and larger issues surrounding central nervous system (CNS) 
dysfunction/function.  

    5.2   Stress and Neuroin fl ammation 

    5.2.1   Cytokines in the CNS Coordinate the Expression 
of Sickness Behaviors 

 Cytokines are a classi fi cation of small proteins, which are important for regulation 
of cell signaling processes within the immune system. Comprised of chemokines, 
interleukins, and lymphokines, these molecules are critical for initiation of the 
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immune response to infection or damage and are secreted by several cell types 
within the CNS, including microglia, perivascular and meningeal macrophages 
 [  14  ] , astrocytes  [  15  ] , and even neurons  [  16  ] . Additionally, cytokine receptors have 
been identi fi ed on virtually all cell types within the CNS, and there is evidence to 
suggest that genes coding for cytokines are expressed in both neurons and glia in the 
brain under nonpathological conditions  [  17  ] . 

 Following infection, it has been consistently shown that one especially important 
consequence of immune activation is expression of sickness behaviors. Studies have 
demonstrated that acute illness induced by LPS administration or other immuno-
gens produces a constellation of classic behavioral alterations including reduced 
social and sexual interaction, decreased exploration in a novel environment, reduced 
overall activity, hyperalgesia, and suppressed food and water intake  [  18–  25  ] . 
Collectively, these behavioral responses to acute illness are referred to as “sickness 
behaviors”  [  21  ]  and, in combination with the physiological responses to infection 
(e.g., fever), are thought to act in an adaptive manner to promote ef fi cient recovery 
from infection  [  21,   26  ] . Increased central expression of immune-derived factors, 
including the proin fl ammatory cytokines IL-1, tumor necrosis factor (TNF- a ), and 
interleukin-6 (IL-6), appears to coordinate the manifestation of sickness behaviors, 
with IL-1 playing a particularly prominent role in their initiation. For instance, many 
sickness behaviors can be produced by central administration of IL-1  [  24,   27,   28  ] , 
whereas inhibition of central IL-1 activity blocks many of the sickness responses 
normally observed following peripheral immune activation  [  25  ] . At a mechanistic 
level, cytokine signals originating in peripheral organs such as the liver, gut, and 
spleen are communicated to the CNS through a variety of pathways (for a review, 
see  [  29  ] ), ultimately leading to increased expression of proin fl ammatory cytokines 
in the CNS. Interestingly, both neurons and glia express cytokines under varying 
conditions  [  16,   30  ] , and the hypothalamus appears to be one crucial CNS structure 
where proin fl ammatory cytokines precipitate the behavioral sickness response 
 [  21,   31–  33  ] . 

 In contrast, research has shown that anti-in fl ammatory cytokines in the 
CNS inhibit sickness behaviors and suppress peripheral immunity. As with 
proin fl ammatory cytokines, there are of course numerous cytokines in the CNS that 
serve an anti-in fl ammatory role such as (but not limited to) interleukin-10 (IL-10), 
interleukin-1 receptor antagonist (IL-1ra), interleukin-4 (IL-4), and interleukin-13 
(IL-13) (for review, see  [  34  ] ). Indeed, the central regulation of in fl ammatory pro-
cesses—including sickness behaviors—is an intricate process involving a delicate 
balance between the expressions of both pro- and anti-in fl ammatory constituents in 
the CNS  [  35  ] . The anti-in fl ammatory cytokine, IL-10, has received a great deal of 
attention for its role in the CNS in counter-regulating the immune response (see 
 [  36  ]  for a review). For instance, central administration of IL-10 blocks the reduc-
tion in social interaction produced by peripheral LPS administration  [  20  ]  and inhib-
its the aphagia produced by central administration of the HIV envelope glycoprotein 
gp-120  [  37  ] . IL-10 is also upregulated site-speci fi cally within the CNS following 
immune activation, which is thought to prevent the development of certain neuro-
degenerative diseases with an in fl ammatory component  [  38  ] . The anti-in fl ammatory 
action of IL-10 is so powerful that researchers have recently employed adenoviral 
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delivery of IL-10 as a method for inhibiting neuropathic pain  [  39–  41  ] . Thus, 
endogenous expression of IL-10 appears to play a unique role in counter-regulating 
centrally mediated neuroin fl ammation, and central injection of IL-10 inhibits the 
expression of sickness behaviors during acute illness. 

 Though IL-10 is one prominent example, there are a wide variety of endogenous 
peptides that have anti-in fl ammatory properties. For instance, alpha-melanocyte-
stimulating hormone (alpha-MSH) has been shown to blunt or reverse in fl ammatory-
related changes evoked by stress  [  42  ]  and in response to other in fl ammatory 
conditions (for review, see  [  43  ] ). Similarly, the IL-1 superfamily includes two 
members with properties that can be considered anti-in fl ammatory. The  fi rst mem-
ber, IL-1ra, is an endogenous peptide ligand that binds to the IL-1 type I receptor 
without any known signaling consequences, thereby blocking the proin fl ammatory 
actions of endogenous IL-1. The second, IL-1 receptor type II, is a soluble receptor 
that, when released from the cell, binds to IL-1 and consequently prevents signal-
ing of IL-1. Similar mechanisms of counter-regulation exist within the TNF family 
via TNF-binding protein—a soluble peptide that binds TNF- a  and prevents inter-
action with its functional receptors. These hardwired mechanisms of regulation and 
counter-regulation among cytokine signaling systems emphasize the importance of 
understanding the complete in fl ammatory milieu under the conditions of interest, 
which has led to greater utilization of measurement techniques that permit analysis 
of multiple in fl ammatory factors within the same samples (e.g.,  [  44  ] ).  

    5.2.2   Historical Overview of Stress-Dependent Changes 
in Central Cytokines 

 Since cytokines are expressed at exquisitely low levels in the uninjured brain, isola-
tion and detection of cytokines under nonpathological conditions has been dif fi cult, 
therefore rendering the discovery of stress-induced alterations in cytokine levels 
problematic. Nevertheless, there is ample evidence that cytokines such as IL-1 serve 
a normal physiological function in brain. For instance, the expression of IL-1 in the 
CNS follows a circadian rhythm that is independent of corticosterone (CORT) 
secretion and appears to play a key role in the initiation of sleep  [  45–  49  ] . IL-1 is 
also increased in brain after consumption of novel food in rodent models  [  50  ] . 
Furthermore, IL-1 signaling is self-propagating and requires very low levels of 
expression to exert functional consequences on target cells  [  17  ] . Thus, small 
 fl uctuations in cytokine expression tend to exert a disproportionately large impact 
on target cells, at least in part through feed-forward actions of cytokine-receptor 
interactions and the ability of local injections of cytokine within the CNS to affect 
cytokine expression at distal targets (e.g.,  [  51–  53  ] ). 

 The impact of stress on cytokine expression and other in fl ammatory processes in 
brain has been an important line of inquiry due to its implications for disease states 
of the CNS and beyond. When it comes to stress-dependent changes in in fl ammatory 
processes, much more is known about IL-1 in brain and its modulation by stress 
than any other cytokine. For this reason, we will use these studies as a case example 
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of how stress exposure, and the hormonal systems activated by stress, interacts with 
in fl ammatory processes in brain. Although some initial papers in the mid-1990s 
reported that immobilization led to increased IL-1 expression using cellular tech-
niques (in situ hybridization and immunohistochemistry), the bulk of what we know 
about IL-1 regulation by stress comes from studies utilizing gross brain dissections 
followed by IL-1 protein detection via ELISA. Using this strategy, for example, in 
one of our original studies, we demonstrated that adrenalectomized (ADX) subjects 
exhibited increased IL-1 protein in rat brain following inescapable tailshock relative 
to non-stressed ADX controls, with these stress effects not evident in sham-operated 
and stressed subjects  [  54  ] . At the time, these  fi ndings were important because they 
were the  fi rst to demonstrate that stressors were capable of signi fi cantly increasing 
IL-1 protein in brain. Within a few years, however, tissue extraction and assay sen-
sitivity had improved to the point where it was no longer necessary to ADX rats in 
order to measure and detect tailshock-induced increases in IL-1 protein  [  45  ] . 
Furthermore, Nguyen et al.  [  45  ]  also demonstrated the profound impact of endoge-
nous CORT to inhibit brain cytokine responses evoked by stress, showing that both 
the magnitude and spatial distribution of IL-1 changes provoked by stress were 
augmented in ADX rats. Since then, our lab and others have gone on to successfully 
examine cytokine expression using gross dissections and ELISA detection (e.g., 
 [  22,   55–  57  ] ) or at the level of gene expression using RT-PCR  [  58–  61  ] , which 
together further support the view that stress challenges have the ability to drive 
cytokine changes in the uninjured brain. These changes, however, do not appear to 
be a universal response to all stress challenges  [  55,   61  ] . 

 Indeed, through an exhaustive series of studies, we have examined IL-1 protein 
expression in the hypothalamus (a key stress-responsive site) following most com-
monly used laboratory stress challenges. This exploration was necessary in order to 
resolve discrepancies in the literature and address the highly appropriate critiques 
provided by experts in the  fi eld. Speci fi cally, the primary issues we have worked to 
clarify can be summarized by three fundamental questions:  fi rst, does the increase 
in IL-1 produced by stress represent a universal response to all stress challenges? If 
this were the case, then we would expect systematic  fl uctuations in IL-1 (or other 
cytokines) in response to all stress challenges. Though early studies examining IL-1 
protein failed to provide support for this viewpoint, our recent studies  [  61  ]  may sug-
gest otherwise. Secondly, is there a speci fi c feature of the stress challenge (psycho-
logical distress, physical exertion, nociception) that is predictive of cytokine changes 
in brain? If this were true, then we would expect cytokine changes to vary across 
speci fi c dimensions of the stress challenge in easily discernible ways. Such studies 
are ongoing in our laboratory. Finally, is there a threshold of stress that is necessary 
to increase cytokine expression in brain? This scenario is perhaps the most dif fi cult 
to identify because, to our knowledge, there is no objective method for quantifying 
the intensity of a stress challenge, which would be essential for identi fi cation of a 
speci fi c threshold. 

 Though we have no de fi nitive answer to the conceptual issues raised above, we 
 fi nd them to be important theoretical considerations for understanding the relationship 
between stress and in fl ammatory processes in brain. Nevertheless, we have conducted 
a comprehensive series of experiments to try and tease these issues apart, as 
summarized below. 
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 Based on studies focusing on IL-1 protein in whole hypothalamic blocks as the 
key measure of stress-related neuroin fl ammation, we know that stress challenges 
which would likely be characterized as psychological in nature such as social defeat 
 [  61  ] , predator odor exposure  [  62  ] , simple restraint in a Plexiglas tube  [  63  ] , or mater-
nal separation of guinea pig pups  [  64  ]  have failed to alter hypothalamic IL-1 pro-
tein. Similar null effects have been observed following physiological stressors such 
as glucoprivic challenges evoked by injection of 2-deoxyglucose, or insulin-induced 
hypoglycemia  [  63  ] . However, when simple restraint in a Plexiglas tube was imposed 
on an orbital shaker as a method of “amplifying” the stress response (similar to 
 [  1,   63  ] ), or combined with an insulin-induced hypoglycemia challenge  [  63  ] , IL-1 
was signi fi cantly increased in response to both “compound” stress challenges 
(restraint + oscillation; restraint + hypoglycemia), yet unaffected by the individual 
ones (restraint alone; hypoglycemia alone). These  fi ndings do not discriminate 
between a categorical model (point 2 above) and a threshold model (point 3 above), 
but they do provide evidence that substantive changes in IL-1 protein probably 
relate in meaningful ways to the severity of the stress challenge. Importantly, 
plasma CORT was examined in all of these studies and was not positively or nega-
tively predictive of IL-1 changes  [  63  ] . This dissociation between IL-1 changes and 
CORT levels was true from simple observation of patterns in the data, as well as 
with more formalized statistical analyses performed later  [  65  ] . Additionally, one 
net outcome of these studies is that stress challenges involving exposure to an 
actively aversive stimulus (e.g., tailshock, footshock) appear to reliably produce 
telltale signs of in fl ammation such as elevated IL-1  [  54,   61  ] , which is in large part 
why many ongoing studies employ these types of stressors to pursue mechanisms 
of stress-dependent neuroin fl ammation (see  [  61  ]  for further discussion). 

 As previously mentioned, the bulk of studies having examined IL-1 protein or 
mRNA changes following stressor exposure generally used gross tissue dissections 
of the hypothalamus, hippocampus, or cortex (e.g.,  [  55,   56  ] ), each of which are 
vastly heterogeneous structures. These early studies also indicated that IL-1 was 
probably the most stress-responsive of the classic proin fl ammatory cytokines in the 
CNS  [  56  ] , an effect that we have validated more recently  [  61  ] . From these studies, 
IL-6 and TNF were either unaltered by stress exposure or were reduced as a result 
of stress, probably re fl ecting a CORT-mediated suppression (particularly for 
TNF- a ). Given the need for greater spatial resolution (which would require enhanced 
sensitivity for measurement of cytokines in smaller tissue punches), we switched to 
RT-PCR for detection of in fl ammatory-related factors at the level of gene expres-
sion. This strategy additionally provided us with the advantage of being capable of 
examining numerous in fl ammatory factors within the same CNS structure. 
Accordingly, in a recent study  [  58  ] , we examined a range of cytokines and other 
in fl ammatory markers in several brain structures after footshock, with a group of 
LPS-injected rats included as a control for assay sensitivity. Using this technique, it 
was again demonstrated that stress exposure resulted in signi fi cant IL-1 activation 
in the hypothalamus, as evidenced by increased IL-1 mRNA expression. Additional 
key outcomes of this experiment were that IL-1 changes in the hypothalamus were 
associated with increased CD14 expression (a cognate receptor for LPS), as well as 
decreased expression of CD200 receptor (which controls microglial activation state 
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via interactions with CD200 on neurons). Combined, these receptor-related changes 
suggest that microglia may be primed/activated by stress, which could ultimately 
account for priming effects that we and others had observed previously  [  6,   7,   9  ] . 
Moreover, these changes were restricted to the hypothalamus (no effects in hip-
pocampus, cortex, or pituitary gland) and were highly reproducible (replicated in 
four successive experiments  [  58  ] ). 

 Taken together, these gene expression changes intimated that increased IL-1 pro-
voked by stress may be part of a larger stress-induced in fl ammatory process 
involving microglial activation. In support of this hypothesis, administration of 
minocycline (a tetracycline antibiotic that appears to selectively target microglia as 
an inhibitor) was found to block the increase in IL-1 protein  [  57  ]  as well as other 
gene expression changes observed after footshock  [  58  ] . These  fi ndings complement 
prior studies suggesting that repeated restraint in mice led to microglial prolifera-
tion, which is often a downstream consequence of early microglial activation events 
 [  66  ] . Indeed, work from our lab and others has shown that stress exposure produces 
signs of microglial activation  [  58,   67  ] , priming  [  6  ] , and proliferation  [  66  ] . While 
these studies imply that microglia may be the cellular source of IL-1 produced by 
stress, there is also some evidence to suggest otherwise. For example, Kwon et al. 
 [  67  ]  showed that repeated exposure to immobilization led to morphological altera-
tions in microglia indicative of activation, yet their studies seemed to support the 
notion that IL-1 was expressed in neurons (not microglia or astrocytes) based on 
single-label immunohistochemistry. Another recent study also reported a similar 
localization of IL-6 in neurons after acute restraint in rats  [  68  ] . Thus, it seems likely 
that multiple cell types produce cytokines in response to stress, but the precise loca-
tion, cell type, and cytokine being expressed may vary as a function of species, 
strain, prior experience, or the nature of the stress challenge imposed. 

 Regardless of whether IL-1 changes are expressed by neurons, astrocytes, or 
microglia, it is clear that IL-1 changes in response to stress (1) are some of the most 
widely observed and reproducible changes across stress challenges; (2) are associ-
ated with other, more subtle cellular changes indicative of neuroin fl ammation; and 
(3) will have a functional impact upon all cells in the local cellular microenviron-
ment since IL-1 receptors are expressed broadly across cell type  [  69  ] . Whether the 
cellular source of cytokine changes produced by stress varies as a function of the 
nature or duration of the stress challenge or the cytokine being examined remains to 
be determined. Furthermore, despite these strong advances in our understanding of 
stress-related neuroin fl ammation, sensitivity of measurement and approach remain 
key challenges for the  fi eld. In particular, due to the low intrinsic expression of cytok-
ines under these conditions, future studies utilizing immunohistochemical approaches 
and microdialysis to detect picogram quantities that are expressed/released at the 
cellular level will be critical for clarifying the functional relationship between stress 
and/or alcohol exposure and the functional role of cytokines in the CNS. Such deter-
minations will have to be made with the strictest of controls and the highest sensitiv-
ity possible, with full acknowledgement that species, strain, stress challenge, and 
timing are likely to be key variables that signi fi cantly impact the outcomes and con-
clusions that are drawn. 
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 Given the widespread effects that increased central in fl ammation may have, it is 
therefore important to understand how exactly stress exposure relates to in fl ammatory 
processes in brain and the consequences of stress-related neuroin fl ammation for 
CNS dysfunction/function. With this in mind, we will turn our attention toward 
mechanisms involved in regulation and counter-regulation of brain in fl ammatory 
responses evoked by stress. Ultimately, a clear understanding of the acute mecha-
nisms by which stress leads to alterations in brain in fl ammatory processes will 
hopefully reveal novel insights and therapeutic targets for preventing the progres-
sive impact of stress-dependent in fl ammation on CNS function and, relevant to the 
present context, provide guidance for understanding the involvement of 
neuroin fl ammation in alcohol-related behavioral adaptations and brain damage.  

    5.2.3   The Interaction Between Stress Hormones 
and Stress-Dependent In fl ammatory Processes 

 Based on a long history of studies examining regulation of cytokines and other 
immunological processes by norepinephrine (NE) and CORT (reviewed more exten-
sively below), and the obvious impact of stress challenges on these transmitter/
hormonal systems, early studies examined the role of adrenergic receptor activation 
as a key driver of IL-1 changes produced by stress. For instance, intracerebroven-
tricular (icv) injection of the  b -adrenergic agonist isoproterenol  [  70  ]  or other agents 
that facilitate noradrenergic transmission  [  71  ]  markedly increase the expression of 
mRNA for IL-1 in the hypothalamus, an effect which may occur via receptors on 
microglia  [  72  ] . In this latter study, icv injections of isoproterenol increased mRNA 
for IL-1 in a number of hypothalamic nuclei, including the paraventricular, ventro-
medial, dorsomedial, and medial mammillary nuclei. A series of pharmacological 
studies performed by  [  60  ]  showed that increased IL-1 protein in brain (hypothala-
mus, hippocampus, etc.) occurs via activation of  b -adrenergic receptor activation 
since isoproterenol reproduced and propranolol reversed the effects of stress on 
IL-1 protein. These effects were synonymous with  fi ndings from our lab  [  57  ] , which 
replicated and extended the pharmacology by showing that desipramine (a NE 
reuptake inhibitor) increased both basal and stress-evoked IL-1 concentrations in 
brain. Furthermore, while administration of  a 1-adrenergic receptor antagonists had 
no effect on stress-induced IL-1 expression in the CNS, these compounds com-
pletely reversed the increase in  plasma  cytokines produced by tailshock (Johnson 
et al.  [  60  ] ). These intriguing  fi ndings suggest that plasma and brain cytokine 
responses may be controlled by different adrenergic receptor mechanisms, with  a 1 
receptor activation modulating plasma cytokine changes and  b -adrenergic receptor 
activation in fl uencing central cytokine changes. Perhaps even more importantly, 
these  fi ndings showed that plasma cytokine changes are dissociable from the brain 
cytokine changes and support the notion that neither effect appears to depend on the 
other. This is a crucial separation given the bidirectional interactions that occur 
between central and peripheral immune processes  [  29  ] . However, it should be noted 
that elevations in plasma concentrations of cytokines are highly variable across 
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experiments and laboratories, making it dif fi cult to establish clear functional rela-
tionships between plasma and brain cytokines. Whether this is due to low ambient 
expression, differential sample handling/processing, or the inherently unstable form 
of proteinaceous cytokines remains unclear. 

 Moving beyond pharmacological studies, the central mechanistic issues then 
turned toward neural circuits responsible for driving stress-dependent changes in 
IL-1 protein. With the NE system being the most logical target, Johnson et al.  [  60  ]  
injected the neurotoxin N-(2-chloroethyl)-N-ethyl-2-bromobenzylamine hydrochlo-
ride (DSP-4) into rats 3 weeks prior to tailshock exposure in order to selectively 
ablate central noradrenergic systems. This treatment was previously shown to target 
largely ascending adrenergic  fi bers through destruction of cells primarily in the locus 
coeruleus, which is a principle source of noradrenergic input to the hippocampus. 
Having used this procedure, NE levels in the hippocampus were reduced by approxi-
mately 87%, while the DSP-4 lesions only reduced NE levels in the hypothalamus 
by about 20%. The authors found that the lesion, as expected, blocked the increase 
in IL-1 protein in the hippocampus produced by tailshock, while stress-induced 
increases in IL-1 in the hypothalamus (where DSP-4 lesions had a lesser impact on 
NE levels) were largely unaffected by the lesion. It is probably important to note here 
that one key difference between studies conducted by Johnson’s group and our lab is 
that their studies use Fischer rats, while our studies use Sprague Dawley rats. The net 
result of these subject differences is that Fisher rats show a much larger and broader 
spatial distribution of IL-1 changes in brain than Sprague Dawley rats. These strain 
differences are probably due to the well-documented, hyperadrenergic nature of 
Fisher rats relative to Sprague Dawley rats, as the hippocampus has not been a 
cytokine-responsive site in our studies (e.g.,  [  55,   73  ] ). 

 In order to more selectively target noradrenergic cells projecting largely from the 
nucleus tractus solitarius (NTS) to the hypothalamus and other forebrain structures, 
we recently performed a series of studies examining the impact of 6-hydroxydop-
amine lesions of the ventral noradrenergic bundle (VNAB) 10 days prior to stress 
exposure. As predicted based upon connectivity studies  [  74–  77  ] , this lesion led to 
approximately 70% depletion of NE in the paraventricular nucleus (PVN) and other 
structures, while other catecholamines were largely unaffected. Despite this NE 
depletion, rats bearing lesions of the VNAB unexpectedly exhibited an equivalent 
increase in IL-1 gene expression in the PVN after footshock relative to sham-
lesioned controls (Blandino and Deak, unpublished observations). While these 
 fi ndings demonstrated that noradrenergic cells in the NTS likely do not modulate 
stress-induced increases in IL-1 in the hypothalamus, they do not conclusively 
determine the role of noradrenergic cells in the NTS as drivers of IL-1 changes in 
the PVN and suggest that the relationship between stress exposure and cytokine 
changes may be more complex than originally thought. Regardless, the evidence to 
date suggests that NE release is a key driver of in fl ammatory processes in at least 
some brain structures during times of stress. 

 In contrast to the actions of NE, which appear to stimulate the expression of IL-1 
and other cytokines, CORT appears to constrain cytokine gene and protein expres-
sion during times of stress, at least in broad strokes. Indeed, there is a plethora of 
studies demonstrating that removal of endogenous glucocorticoids through ADX 
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 [  45,   54  ]  or by injection of glucocorticoid synthesis inhibitors  [  58  ]  enhances the 
expression of IL-1 and other cytokines in brain as a result of stress exposure. These 
 fi ndings parallel earlier studies showing that ADX enhanced the plasma IL-6 
response evoked by exposure to a novel environment  [  78  ]  and  fi t with the canonical 
viewpoint that glucocorticoids have powerful anti-in fl ammatory properties. While 
we do not wish to dispute this viewpoint, it is interesting to note that anti-
in fl ammatory actions of CORT are most pronounced at high and supraphysiological 
concentrations, whereas lower concentrations of CORT appear to have some 
immune-potentiating effects (e.g.,  [  6  ] ). Whether these low-dose facilitation effects 
relate more directly to the timing of CORT injection relative to cytokine measure-
ments, or represent differential tissue sensitivity to glucocorticoids, remains to be 
determined  [  79,   80  ] . Moreover, ambient levels of CORT taken during or immedi-
ately after stress exposure do not appear to be predictive of central IL-1 expression 
 [  63,   65  ] . Regardless, the point here is that the long-held assumption that glucocor-
ticoids exert unilateral, anti-in fl ammatory actions does not broadly account for the 
literature writ large. 

 With that said, there are a variety of cellular mechanisms by which glucocorti-
coids impact gene expression for cytokines during times of stress, particularly in the 
case of IL-1 gene expression. Many of these effects are produced through interac-
tion of the CORT-receptor complex with repressor sites in the promoter region of 
the IL-1 gene, including the nGRE repressor site and interference with nuclear fac-
tor  k -light chain-enhancer of activated B cells (NFkB) signaling. In addition, CORT 
has been shown to block cAMP response element-binding (CREB) phosphoryla-
tion, prevent NFkB binding to the DNA, and destabilize mRNA for IL-1  [  81–  83  ] . 
As such, CORT can interfere with IL-1 gene expression (and expression of other 
cytokines) through numerous pathways. 

 When taken together, a simple framework for understanding the interaction 
between the major stress-responsive systems (SNS and HPA axis) and in fl ammatory 
consequences of stress is that neuroin fl ammatory consequences of stress are mecha-
nistically intertwined between the stimulatory actions of the SNS and the inhibitory 
actions of CORT (see  [  84  ]  for a review), though much work remains to be done in 
this area. This concept is depicted in Fig.  5.1 , which illustrates the basic mecha-
nisms and pathways that appear to be involved in IL-1 regulation by stress. Although 
not a primary focus here, it is important to note that others have established 
prostaglandins as another highly stress-responsive, proin fl ammatory mediator 
within the CNS. The conversion of arachidonic acid to a particular prostanoid occurs 
via a COX-2 dependent pathway during times of in fl ammation. Upregulation of 
COX-2 expression has been observed as a result of stressor exposure in several 
brain regions  [  85  ] , as has increased activity of other components of the pathway 
responsible for prostaglandin synthesis  [  86  ] . Furthermore, it seems that NE and 
CORT appear to exert opposing changes in prostanoid synthesis, with NE having 
been shown to stimulate prostaglandin E2 (PGE2) and CORT conversely inhibiting 
PGE2 (see  [  87  ]  for review). Taken together, these data suggest that the overarching 
mechanisms governing neuroin fl ammatory consequences of stress may generalize 
across multiple in fl ammatory signaling families.  
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 Though the review above is largely centered on the role of NE as a key driver of 
in fl ammatory processes during times of stress, we would be remiss if we did not 
also point out alternative mechanisms that may be involved in regulation of 
neuroin fl ammation by stress. For instance, Nair and Bonneau  [  66  ]  showed that the 
microglial proliferation associated with repeated stress was attenuated by adminis-
tration of MK-801. Considering that glutamate plays an equally important role in 
the initiation of the stress response  [  88  ] , and excitatory amino acids are directly 
coupled to in fl ammatory signaling pathways  [  86,   89,   90  ] , it is not surprising that 
the general level of cellular excitation in the CNS microenvironment appears to be 
predictive of cytokine release  [  16,   91  ] . With that said, it is tempting to conclude that 
the relative state of neuronal excitation of a brain site under stressful conditions may 
show a strong association with IL-1 gene expression or the expression of other 
cytokines. However, our recent studies  [  61  ]     (also Hueston et al. in prep) suggest that 
c-fos expression does not perfectly align with IL-1 expression but can serve as a 
useful comparator for understanding the relationship between cytokine expression 
and neuronal activation patterns more generally under certain conditions. In sum, 
the regulation of cytokine expression by stress is highly complex and probably 
involves a wide variety of ligands within the CNS, with a fair degree of convergence 
in signaling pathways known to be involved in cytokine gene expression. 

 In attempting to examine the stress-dependent changes in cytokines and the 
mechanisms responsible for these alterations, one of the major challenges associ-
ated with these studies has been the confounding impact of prior cranial surgery. 
This is largely to be expected due to the cellular trauma associated with implanta-
tion of guide cannula, microinjection of drugs, or insertion of injectors/electrodes to 
produce permanent lesions (e.g.,  [  92  ] ). However, designing studies without use of 
these conventional neuroscience techniques has proven to be quite dif fi cult for sev-
eral reasons. For instance, in microinjection studies, we have observed large and 
reliable increases in IL-1 protein expression after injection of sterile physiological 
saline into the third ventricle relative to noninjected (cannulated) controls despite 
agonizing attention to sterile process at all levels of the procedure. In fact, these 
changes are so large that they have masked our ability to detect increased IL-1 pro-
tein after injection of microgram quantities of LPS into the third ventricle (relative 
to vehicle-injected controls). The second, more subtle, problem associated with cra-
nial surgery is how the surgical experience impacts reactivity to later stress chal-
lenges. We have other unpublished studies demonstrating marginal increases in 
basal IL-1 expression 10 days after cranial surgery in sites distal to the microinjec-
tion, which appeared to relegate subjects nonresponsive to the stress challenge. That 
is, rats receiving prior cranial surgery failed to show stress-dependent changes in 
cytokines, which have been highly reproducible in all studies except those involv-
ing cranial surgery. While intracisterna magna injections under brief anesthesia 
probably offer one viable alternative to cranial surgery, this procedure is also not 
without impact on central in fl ammatory processes and certainly impacts other more 
acute, labile stress measures [adrenocorticotropic hormone (ACTH), CORT, and 
behavioral indices of stress/anxiety]. 

 With that said, these problems appear to be unique to situations where cranial 
surgery is performed and endogenous cytokine responses are being measured as 
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dependent variables. The use of cranial surgery to implant guide cannula for micro-
injection of compounds with anti-in fl ammatory properties to try and reverse some 
behavioral or neurochemical process that is expected to be driven by stress-dependent 
cytokines has been much more successful. While this may seem ironic at  fi rst, it 
should be noted that central injection of anti-in fl ammatory compounds would be 
expected to reduce in fl ammatory consequences evoked by the stress challenge as 
well as any ongoing in fl ammation evoked by cannula-associated damage and/or 
delivery of the vehicle as well. We raise these issues as a cautionary note to others 
who seek to pursue stress-dependent changes in cytokines and/or their behavioral 
consequences. Aside from closely monitoring sterile procedure, we recommend 
incorporation of ultimate controls (i.e., unoperated subjects) where possible to clar-
ify the in fl uence of invasive procedures on the outcomes of interest.    

    5.3   Ethanol and Neuroin fl ammation 

    5.3.1   Ethanol Exposure Alters Both Peripheral and Central 
Cytokine Expression 

 Research has consistently demonstrated that alcohol exposure is capable of inducing 
alterations in the expression of many cytokines across a variety of locations, includ-
ing the plasma, liver, and brain (e.g., see  [  93  ] ). Historically, the effects of alcohol on 
peripheral cytokine expression have been well investigated in terms of the role that 
immune signaling plays in liver and organ damage following long-term alcohol 
consumption in humans. Taken together, these types of studies have generally 
shown that in humans, following chronic heavy alcohol consumption, levels of 
cytokines such as TNF- a , IL-6, and IL-1 are signi fi cantly elevated in the plasma 
(for review, see Table 2 of  [  94  ] ). More speci fi cally, it has been hypothesized that 
initial alcohol-induced increases in cytokines leads to the activation of T helper 
cytokines, with increased T helper 1 (Th1) cytokines being associated with early 
liver damage (hepatitis) and a switch from expression of Th1 to Th2 cytokines 
related to more pronounced liver disease ( fi brosis/cirrhosis) (see  [  93  ]  for review). 

 The in fl uence of alcohol exposure on peripheral cytokine expression has also 
received considerable attention in animal models, with the effects of alcohol expo-
sure on central cytokine levels beginning to receive increasing research interest as 
well. The results from animal studies investigating alterations in peripheral and cen-
tral cytokines following alcohol exposure as well as antigen-stimulated production 
of cytokines after alcohol administration are presented in Table  5.1 . These studies 
have been organized according to location of cytokine change (i.e., central versus 
peripheral), species under investigation (rats versus mice), and type of alcohol expo-
sure (acute versus chronic).  

 We will  fi rst consider alterations in peripheral cytokines, which have primarily 
been examined as a means of understanding the effects of ethanol on peripheral 
organ damage and increased susceptibility to infection. In most instances, these 
experiments have explored the effects of alcohol exposure on antigen-stimulated 
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   Table 5.1    Studies investigating alcohol–cytokine interactions   
 Species  Ethanol exposure  Results  Reference 

 Central 
 Rat  Acute (cultured 

astrocytes treated 
with 50–300 mM) 

 Acute exposure of rat cortical 
astrocyte culture to EtOH lowered 
TNF- a  expression at 300 mM, 
while stimulating IL-6 secretion at 
100 mM and above 

 Sarc et al.  [  95  ]  

 Acute (cultured 
microglia 
stimulated with 10, 
50, and 100 mM) 

 EtOH-stimulated cells exhibited 
increased release of both TNF- a  
and IL-1 b  at all the concentrations 
used at 7, 24, and 48 h, relative to 
baseline 

 Fernandez-Lizarbe 
et al.  [  96  ]  

 Chronic 
(50–
300 mM × 7 days) 

 • Chronic exposure of rat cortical 
astrocytes to 50, 100, or 200 mM 
EtOH signi fi cantly elevated IL-6, 
with IL-6 decreased at concentra-
tions greater than 200 mM EtOH 

 • TNF- a  secretion was dose-
dependently reduced by EtOH 

 Sarc et al.  [  95  ]  

 Chronic (5 g/kg i.g. on 
3 consecutive 
days) 

 EtOH exposure on PND 7–9 resulted 
in a signi fi cant increase in levels 
of TNF- a  and IL-1 b  in both 
cerebral cortex and hippocampus 
compared with controls 

 Tiwari and Chopra 
 [  97  ]  

 Chronic (10 weeks of 
once daily10 g/kg 
EtOH i.g.) 

 Elevated levels of TNF- a  and IL-1 b  
in hippocampus and cerebral 
cortex of EtOH-consuming rats 
compared to controls 

 Tiwari et al.  [  98  ]  

 Chronic (4–6 weeks 
liquid EtOH diet) 

 Chronic EtOH diet led to an increase 
in TNF- a  and IL-6 expression in 
the hypothalamus, pituitary, and 
ovary of female rats 

 Emanuele et al. 
 [  99  ]  

 Chronic (5 mos of 
liquid diet 
exposure OR 
cultured astrocytes 
exposed to 75 mM 
EtOH for 7 days) 

 • Chronic EtOH exposure 
upregulated expression of IL-1 b  
and COX-2 in the cortex of EtOH-
fed rats relative to controls 

 • Cultured astrocytes exposed to 
long-term EtOH also exhibited 
increased production of IL-1 b  and 
COX-2 

 Valles et al.  [  100  ]  

 EtOH withdrawal 
(following chronic 
intermittent EtOH 
exposures) 

 Preexposure to systemic LPS, central 
IL-1 b , or central TNF- a  prior to 
chronic intermittent EtOH 
exposure resulted in sensitized 
withdrawal-induced anxiety 

 Breese et al.  [  101  ]  

(continued)
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 Species  Ethanol exposure  Results  Reference 

 Mouse  Acute (cultured 
microglia 
stimulated with 10, 
50, and 100 mM) 

 In wild-type mice, EtOH-stimulated 
cells exhibited increased release 
of TNF- a , whereas TLR-de fi cient 
mice did not show this EtOH-
related increase 

 Fernandez-Lizarbe 
et al.  [  96  ]  

 Acute (1 day 5 g/kg 
i.g.) 

 • Increased brain expression of 
TNF- a  and MCP-1 mRNA by an 
acute EtOH exposure, with 
cytokine gene expression either 
decreased or unchanged in the 
liver 

 • LPS-induced cytokine production 
was increased in EtOH challenged 
versus vehicle mice 

 Qin et al.  [  102  ]  

 Acute (BEC of 
100 mg/dl, i.p.) 

 Acute dose of EtOH increased levels 
of TNF- a , IL-1 b , and IL-6 protein 
in the hypothalamus 48 h after 
exposure 

 Emanuele 
et al.  [  103  ]  

 Acute (100 mM)  Exposure of BV-2 microglial cells to 
EtOH signi fi cantly decreased 
LPS-induced IL-1 b  release 

 Lee et al.  [  104  ]  

 Chronic (5 months 
ETOH-containing 
water, 10%) 

 Chronic EtOH consumption 
upregulated TNF- a , IL-1 b , and 
IL-6 mRNA expression in cortex 
in WT mice compared to pair-fed 
WT controls, with EtOH-related 
increases not observed in 
TLR4-knockout mice 

 Alfonso-Loeches 
et al.  [  105  ]  

 Chronic (daily 5 g/kg 
EtOH, i.g., for 
10 days) 

 Increased expression of TNF- a  and 
MCP-1 mRNA from EtOH 
exposure alone was reported in 
brain, with no changes in 
LPS-induced cytokine expression 
observed in relation to the EtOH 
exposure 

 Qin et al.  [  102  ]  

(continued)
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 Species  Ethanol exposure  Results  Reference 

 Peripheral 
 Rat  Acute (7 h i.v. EtOH 

infusion after 
priming dose) 

 In rats administered EtOH, TNF- a  
secretion was generally reduced in 
alveolar macrophages challenged 
in vitro with LPS relative to 
control rats 

 D’Souza et al. 
 [  106  ]  

 Acute (2 g/kg i.g.)  Acute EtOH challenged resulted in 
signi fi cantly attenuated endotoxin-
induced TNF levels in serum 
compared to vehicle rats 

 Honchel et al. 
 [  107  ]  

 Acute (BEC levels of 
75–175 mg/dl) 

 Endotoxin-induced serum levels of 
TNF- a  decreased dose-depend-
ently by prior EtOH 
administration 

 D’Souza et al. 
 [  108  ]  

 Acute  EtOH exposure attenuated LPS-
induced production of TNF in 
serum and lung 

 Nelson et al.  [  109  ]  

 Chronic (daily10 g/kg 
EtOH i.g. for 
10 weeks) 

 Increased TNF- a  and IL-1 b  in serum/
sciatic nerve of EtOH-exposed 
rats relative to controls 

 Tiwari et al.  [  110  ]  

 Chronic (Kupffer 
cells, 4 weeks of 
daily 5 g/kg EtOH 
i.g.) 

 Chronic EtOH exposure increased 
TNF- a  production in Kupffer 
cells after LPS stimulation 
compared to pair-fed controls 

 Enomoto et al. 
 [  111  ]  

 Chronic (20 weeks of 
EtOH liquid diet) 

 • EtOH diet increased levels of 
TNF- a , IL-1 b , and IL-10 in serum 

 • EtOH diet also further augmented 
LPS-induced increases in IL-10 
and IL-1 b  

 Valles et al.  [  112  ]  

 Chronic (4 weeks of 
EtOH diet) 

 Long-term EtOH consumption 
increased TNF- a , and decreased 
IL-1 b , production after LPS 
stimulation in Kupffer cells 

 Kishore et al. 
 [  113  ]  

 Chronic (Kupffer cells 
of rats on liquid 
diet of 17–35% 
EtOH for 2+ days) 

 Chronic EtOH exposure increased 
expression of TNF- a  following 
LPS stimulation 

 Kishore et al. 
 [  114  ]  

 Chronic (12–14 weeks 
liquid EtOH diet) 

 Both spontaneous and LPS-stimulated 
TNF- a  secretion was generally 
reduced in alveolar macrophages 
of rats consuming EtOH, relative 
to pair-fed control rats 

 D’Souza et al. 
 [  106  ]  

 Chronic (6 weeks 
liquid diet) 

 Long-term EtOH consumption 
resulted in exacerbated TNF 
serum levels in response to an 
endotoxin challenge, relative to 
pair-fed rats 

 Honchel et al. 
 [  107  ]  

(continued)
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 Species  Ethanol exposure  Results  Reference 

 Mouse  Acute (6 g/kg i.g.)  In WT mice, levels of all cytokines 
measured (except for IL-10 and 
MIP-2) were decreased by 
previous EtOH exposure in 
response to  E. coli  with far fewer 
affected by EtOH in TLR4 mutant 
mice 

 Bhatty et al.  [  115  ]  

 Acute (binge drinking 
model 4 
or 6 g/kg i.g.) 

 Acute EtOH decreased immunogen-
induced activation of 
proin fl ammatory cytokines for 
several hours after  E. coli  
administration. In serum, at 21 h 
post-EtOH, IL-1 b  and IL-6 were 
increased in EtOH plus LPS mice 

 Pruett et al.  [  116  ]  

 Acute (6 g/kg i.g.)  EtOH alone did not exact any 
changes on cytokines levels, while 
EtOH and poly I:C in combination 
suppressed serum TNF- a , but 
caused no changes in serum 
IL-1 b , IL-6, or IL-10 

 Glover et al.  [  117  ]  

 Acute (6 g/kg i.g.)  Acute EtOH (in vivo) delivered 
30 min before LPS administration 
generally blocked production of 
proin fl ammatory cytokines by 
LPS 

 Pruett and Fan 
 [  118  ]  

 Acute (cultured 
murine mac-
rophages treated 
with either 10, 50, 
100 mM EtOH) 

 • EtOH exposure alone generally 
increased release of TNF- a  and 
IL-1 b  

 • EtOH in combination with LPS 
attenuated LPS-induced TNF- a  
production 

 • EtOH exposure alone led to an 
increase release of IL-10 

 Fernandez-Lizarbe 
et al.  [  119  ]  

 Acute (binge EtOH, 
i.g.) 

 Suppression of LPS-induced cytokine 
production in peritoneal  fl uid and 
serum 

 Dai and Pruett 
 [  120  ]  

 Acute (3–6 g/kg i.g.)  Acute exposure suppressed LPS-
induced serum IL-6 levels in a 
dose-dependent manner 

 Pruett and Pruett 
 [  121  ]  

 Acute (treatment of 
macrophage cell 
culture line with 
0.05–0.4% wt/v 
EtOH) 

 Acute EtOH exposure suppressed the 
LPS-induced increases in TNF- a  
levels 

 Dai et al.  [  122  ]  

 Acute (2.9 g/kg i.p.)  Splenic macrophages isolated 3 h 
after EtOH exposure exhibited 
reduced IL-6 and TNF- a  
production in response to ligands 
on TLR4, TLR2, and TLR9 

 Goral and Kovacs 
 [  123  ]  

(continued)
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 Species  Ethanol exposure  Results  Reference 

 Acute (6 g/kg, i.g.)  In vivo, cytokines induced by either 
LPS or poly I:C were generally 
suppressed by EtOH (e.g., IL-6, 
IL-12), while IL-10 was 
increased, if changed at all. 
Results from the in vitro 
preparation where not the same as 
in the in vivo model 

 Pruett et al.  [  124  ]  

 Acute (150  m l i.p.)  Splenic macrophages isolated for 3 or 
24 h after EtOH exposure 
demonstrated decreased LPS-
induced IL-6 production; effect 
disappeared after 48 h and no IL-6 
changes in non-LPS-treated 
animals were observed 

 Goral et al.  [  125  ]  

 Acute (6 g/kg i.g.)  Binge EtOH exposure suppressed 
poly I:C-induced in fl ammation in 
peritoneal macrophages (e.g., 
decreased IL-6 and IL-12 mRNA) 

 Pruett et al.  [  126  ]  

 Acute (6 g/kg i.g.)  • Acute EtOH exposure generally 
suppressed the immune activating 
effects of several TLR ligands, 
although the exact cytokine/
chemokine suppressed depended 
on serum versus peritoneal sample 
and ligand of interest 

 • IL-10 production tended to be 
raised by EtOH exposure 

 Pruett et al.  [  127  ]  

 Acute (4–7 g/kg i.g.)  Binge EtOH exposure decreased poly 
I:C-induced production of many 
cytokines 
in serum (TNF- a , IFN- b , IFN- g , 
IL-6, IL-9, IL-12, and IL-15), yet 
increased poly I:C production of 
IL-10 

 Pruett et al.  [  128  ]  

 Acute (4 g/kg i.p.)  EtOH exposure lowered LPS-
stimulated IL-12 protein levels in 
blood and lung, but raised IL-10 
production 

 Mason et al.  [  129  ]  

 Acute (5–7 g/kg i.g.)  Binge EtOH exposure lowered  P. 
acnes -induced TNF- a  production 
in peritoneal samples 

 Vinson et al.  [  130  ]  

 Acute (6 g/kg i.g.)  Acute EtOH exposure signi fi cantly 
decreased of IL-1 b , IL-2, and IL-4 
in response to SRBC challenge 
compared to non-EtOH-exposed 
controls 

 Han and Pruett 
 [  131  ]  

(continued)
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immune responses and in general have reported that alcohol tends to have an overall 
dampening effect. It is noteworthy to mention that this trend parallels what was 
observed in the stress-immune literature when it was in its infancy as well. For 
instance, in mice, it has been found that acute binge-like doses (4–7 g/kg) of ethanol 
delivered intragastrically (i.g.) are capable of attenuating antigen-stimulated produc-
tion of several proin fl ammatory cytokines in both serum and peritoneal samples 
(e.g., see  [  120,   128,   130  ] ). Similarly, studies with rats have also shown that acute 
in vivo alcohol exposure suppresses later stimulation of proin fl ammatory cytokines 
by immunogens in serum (e.g.,  [  107,   109  ] ) and in lung (e.g.,  [  109  ] ). One way by 
which acute alcohol might decrease the proin fl ammatory response is through its 
interaction with toll-like receptors (TLRs), which are bound by immune challenges 
such as LPS and polyriboinosinic polyribocytidylic acid (poly I:C). This mechanism 
is supported by the observation that these attenuations in immunogen-precipitated 

 Species  Ethanol exposure  Results  Reference 

 Chronic (daily 5 g/kg 
EtOH, i.g., for 
10 days) 

 In liver, increased expression of 
TNF- a , MCP-1, IL-1 b , and IL-10 
mRNA was observed to the EtOH 
exposure alone, with LPS-induced 
increases in TNF- a  exacerbated 
by repeated EtOH exposure 

 Qin et al.  [  102  ]  

 Chronic (4 weeks 
EtOH-containing 
water, 20%) 

 Long-term exposure to EtOH resulted 
in general tolerance to EtOH-
related suppression of LPS-
induced cytokine production in 
serum and peritoneal  fl uid 

 Dai and Pruett 
 [  120  ]  

 Chronic (7 weeks 
EtOH diet) 

 No changes were observed in liver 
cytokines from exposure to EtOH 
diet alone 

 LPS-induced increases in cytokines 
were more pronounced in 
EtOH-fed mice compared to 
controls, particularly among IL-10 
mutants 

 Hill et al.  [  132  ]  

 Chronic (11 weeks of 
5% EtOH liquid 
diet) 

 Slight but signi fi cant decrease in 
LPS- and concanavalin A-induced 
production of several cytokines in 
both splenocytes and thymocytes 

 Wang 
et al.  [  133  ]  

  Notes: 
 Numbers listed in brackets refer to reference number in bibliography 
 Abbreviations used: blood ethanol concentration ( BEC ); cycloxygenase-2 ( COX-2 );  Escherichia 
coli  ( E. coli ); ethanol ( EtOH ); interferon-beta ( IFN- b  ); interferon-gamma ( IFN- g  ); interleukin-1 
beta ( IL-1 b  ), interleukin-2 ( IL-2 ); interleukin-4 ( IL-4 ); interleukin-6 ( IL-6 ); Interleukin-9 ( IL-9 ); 
interleukin-10 ( IL-10 ); interleukin-12 ( IL-12 ); interleukin-15 ( IL-15 ); intravenously ( i.v.) ; intra-
gastrically ( i.g. ); intraperitoneally ( i.p. ); lipopolysaccharide ( LPS ); monocyte chemoattractant pro-
tein-1 ( MCP-1 ); macrophage in fl ammatory protein-2 ( MIP-2 );  Propionibacterium acnes  ( P. 
acnes ); polyinosinic:polycytidylic acid ( poly I:C ); postnatal days ( PND ); toll-like receptor(s) 
( TLR ); toll-like receptor-4 ( TLR-4 ); tumor necrosis factor ( TNF ); tumor necrosis factor-alpha 
( TNF- a  ); sheep red blood cells ( SRBC )  

Table 5.1 (continued)
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proin fl ammatory cytokine production have been shown to depend upon the 
immunogen of interest. Speci fi cally, ethanol has been shown to differentially impact 
the effects of ligands to the various TLR subtypes (i.e., LPS as a TLR-4 ligand; poly 
I:C as a TLR-3 ligand) (see  [  127  ] ), with these effects also dependent upon the type 
of sample examined (i.e., serum versus peritoneal lavage versus alveolar sample). 
Additionally, though in vitro preparations also tend to show similar effects to the 
in vivo studies, differential effects of ethanol on antigen-stimulated cytokine produc-
tion may also be observed in these two preparations (e.g., see  [  124  ] ). In contrast to 
proin fl ammatory cytokines, in several instances, peripheral production of IL-10 (an 
anti-in fl ammatory cytokine) following immune challenge was shown to be  increased  
after acute ethanol exposure in mice  [  124,   127,   128  ] . Together, a suppression of 
proin fl ammatory cytokines coupled with enhancement of anti-in fl ammatory cytok-
ines, would lead to an immunosuppressive state, that is hypothesized to then act as a 
mechanism by which antigen exposure may lead to peripheral tissue damage. 

 While acute ethanol exposure has been shown to suppress peripheral production 
of proin fl ammatory cytokines after an immune challenge, in general, more chronic 
administration of ethanol has been reported to result in the opposite situation—an 
enhancement in production of these cytokines in response to an immunogen. In 
rats, long-term forced intake of ethanol via a liquid diet or ethanol-containing water 
source has been reported to increase levels of various proin fl ammatory cytokines 
in the periphery. For example, Valles et al.  [  112  ]  reported increased IL-1 b  in the 
serum following LPS challenge in rats fed an ethanol-containing liquid diet for 
20 weeks, compared to pair-fed rats. Similarly, only 6 weeks of exposure to an 
ethanol diet lead to enhanced endotoxin-induced increases in serum TNF- a  levels 
in rats  [  107  ] , while 4 weeks of daily ethanol (5 g/kg, i.g.) produced comparable 
results  [  111  ] . Parallel effects have also been observed using mice, with either 10 
repeated days of ethanol gavage (5 g/kg)  [  102  ]  or 7 weeks exposure to an ethanol-
containing diet  [  132  ]  exacerbating LPS-stimulated production of TNF- a  in liver 
relative to vehicle-exposed controls, although these long-term effects of ethanol 
have not been ubiquitously observed (see  [  133  ] ). 

 More recently, researchers have begun to investigate the impact of ethanol expo-
sure on antigen-stimulated cytokine expression in the brain. In a recent study using 
mice, for instance, it was reported that acute ethanol exposure further enhanced the 
production of brain cytokines following a systemic LPS challenge  [  102  ] . In the 
same study, a more chronic regimen of ethanol exposure (5 g/kg i.g. for 10 days) 
was also found to potentiate levels of LPS-induced central cytokine production, 
with these increases lasting much longer in the brain than in the periphery. 
Additionally, it has been observed that microglial cells exposed to ethanol and then 
given LPS exhibited reduced levels of IL-1 b  relative to microglia not exposed to 
ethanol but challenged with LPS  [  104  ] . Clearly, more studies are needed in order to 
truly understand the effects that ethanol has on central production of cytokines in 
response to an immune challenge, with factors such as species, in vivo versus 
in vitro models, and dose in fl uencing the results obtained. 

 Although an understanding of the involvement of cytokines in alcoholism-related 
tissue damage is of great importance, more recently researchers have begun to rec-
ognize the role that cytokines may play in the development of addictive processes 
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 [  93,   134,   135  ] . In particular, it is becoming apparent that alcohol exposure has the 
potential to alter peripheral or brain cytokines levels in the absence of an immune 
challenge, which may, in turn, impact behavioral responses to alcohol, stress-related 
processes [e.g., HPA axis; extrahypothalamic corticotropin-releasing hormone 
(CRH)], or physiological processes (e.g., SNS). Although the literature in this area 
is limited and has not always reported alcohol-induced changes in cytokines (e.g., 
see  [  117,   132  ] ), there is mounting evidence to suggest that alcohol in and of itself is 
capable of signi fi cantly altering both peripheral and central cytokine expression. 
For example, Tiwari and colleagues have shown that chronic (10 weeks) exposure 
to ethanol induces increased levels of TNF- a  and IL-1 b  in both the hippocampus 
and cortex in rats  [  98  ] , as well as in the serum and sciatic nerve  [  110  ] . The same 
group also demonstrated that early postnatal exposure to ethanol on postnatal days 
(PND) seven to nine increased expression of TNF- a  and IL-1 b  in the cortex and 
hippocampus  [  97  ] . Enhancement of cytokine expression in the serum  [  112  ]  and 
cortex  [  100  ]  following long-term ethanol intake has also reported by another group, 
and with mice as well  [  105  ] . Furthermore, when acute and chronic administration 
of ethanol was compared, Qin et al.  [  102  ]  reported that both a single ethanol expo-
sure, or ten repeated exposures to ethanol, resulted in increased levels of TNF- a  and 
MCP-1 in brain, whereas liver expression of TNF- a , MCP-1, IL-1 b , and IL-10 
mRNA in liver was signi fi cantly decreased by ethanol administration. 

 In terms of stress-responsivity and immunological function, the hypothalamus is 
a brain region that is of great importance, particularly in the production of cytokines. 
When male mice were exposed to an acute systemic injection of ethanol, hypotha-
lamic protein levels of TNF- a , IL-1 b , and IL-6 were signi fi cantly increased 48 h 
later  [  103  ] . Similarly, when female rats were given long-term oral exposure to an 
ethanol diet, TNF- a  and IL-6 levels were increased in both the hypothalamus and 
pituitary  [  99  ] . Indeed, recent data from our laboratory has shown that an acute binge 
dose of ethanol (4 g/kg) increased expression of IL-6 mRNA in several brain regions 
3 h after exposure, including the PVN and hippocampus, whereas IL-1 mRNA levels 
were decreased, at this same time point    (Deak et al. in prep). Recent in vitro work 
with both cultured astrocytes  [  95,   100  ]  and microglia  [  119  ]  has also demonstrated 
the capability of ethanol exposure alone to in fl uence cytokine expression in brain, 
although the directionality of these effects seems to depend upon many factors, 
including cytokine of interest, dose of ethanol used, and duration of exposure. 

 Importantly, the timing of the assessment of cytokine changes in relation to etha-
nol exposure may be a key factor dictating the type of alterations observed in either 
peripheral or central in fl ammatory responses. Research that has focused speci fi cally 
on the effects of withdrawal from ethanol administration on immune function has 
shown, for example, in response to a LPS challenge during alcohol withdrawal in 
humans monocyte derived cytokines, IL-1β, increased yet TNF-α and IL-12 
decreased in controls. In another study  [  136  ] , human alcoholics were shown to 
have decreased peripheral blood levels of CD4+ and CD8+ T cells during acute 
intoxication and withdrawal, as well as decreased levels of natural killer (NK) cells 
when compared to healthy controls, with, however, acute withdrawal increasing 
these subjects’ blood monocyte levels. In contrast, Laso and colleagues  [  137  ]  found 
increased peripheral blood levels of CD4+ T cells and NK cells during withdrawal 
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from chronic alcoholism, but this difference may be due to the length of time after 
drinking cessation, which was much longer in the latter study (9 months versus 
1 week). In other studies, Riikonen and colleagues  [  138  ]  observed an increase in 
cerebellar microglia following intermittent ethanol exposure, which they interpreted 
as an involvement of microglia in brain atrophy in alcoholism. Kim et al.  [  139  ]  found 
that certain blood cytokine (IL-10, IL-12, IFN- g ) levels were increased in humans 
during hangover, while others  [  140  ]  have found that serum levels of IL-8 are increased 
36 h after acute ethanol administration. Cytokine expression in the blood, however, 
does not necessarily re fl ect what is occurring in the brain. For instance, while LPS-
induced increases in serum TNF- a  in rats were found to last less than a day, these 
increases persisted for at least 10 months in the brain  [  141  ] . Interestingly, in an ani-
mal model of withdrawal sensitization, it was also recently found that immune chal-
lenges may impact behavioral expression of ethanol withdrawal. When an immune 
challenge (LPS exposure) or direct application of a cytokine (IL-1 B  or TNF- a ) was 
administered prior to repeated intermittent ethanol exposure, withdrawal-related 
anxiogenesis was sensitized in the rats that had previously received an immune chal-
lenge relative to controls  [  101  ] .   

    5.3.2   Multiple Mechanisms May Contribute to the Production 
of Proin fl ammatory Cytokines in the CNS After Acute 
Ethanol Exposure 

 Proin fl ammatory cytokines were initially characterized for their role in communica-
tion between immune cells in the body and only in more recent years have been 
recognized as critical signaling molecules within the CNS. Since cytokines are pro-
duced directly by cells in the CNS as well as by immune cells in the body, there are 
at least three speci fi c mechanisms by which acute ethanol administration might lead 
to increased expression of cytokines in the CNS. Although described as discrete 
mechanisms, these should not be regarded as mutually exclusive mechanisms by 
which acute ethanol in fl uences central cytokines. 

 The  fi rst possibility is that ethanol may increase cytokines via direct actions on 
neurons or glia in the CNS. As a lipophilic compound, ethanol passes readily across 
the blood–brain barrier where it exerts its effects through direct actions on paren-
chyma of the CNS. In this regard, ethanol may directly activate cells in the CNS 
(neurons, microglia, or astrocytes) to produce IL-1 or other cytokines since each of 
these cell types participates in central cytokine production under varying conditions 
 [  16,   30  ] , and active crosstalk between neurons and glia seems to promote adaptive 
CNS functioning  [  142  ] . Of particular relevance in the present context is the recent 
 fi nding that acute ethanol exposure has been shown to activate microglia as evidenced 
by changes in reactive oxygen species in vitro  [  143  ] . Such telltale signs of microglial 
activation are often accompanied by increased cytokine production by microglia, sug-
gesting these cells may be a potential source of cytokines during acute ethanol with-
drawal. Central expression of IL-1 is also known to increase during excessive neural 
activity such as that seen during seizure activity  [  62,   144  ] . Considering that ethanol 
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withdrawal leads to increased neuronal activity that oftentimes approaches seizure 
levels (particularly when ethanol use/abuse is chronic  [  145  ] ), it is quite possible that 
sustained high levels of neuronal activity produced during withdrawal from ethanol 
exposure might increase central cytokine expression. 

 Yet another possible mechanism for ethanol-associated alterations in cytokines 
may be through increased cytokine expression peripherally, thereby activating 
immune-to-brain communication pathways. For example, acute ethanol exposure 
has been shown to increase expression of proin fl ammatory cytokines (particularly 
IL-1 and IL-6) in the liver  [  112  ] . The liver is densely innervated by the vagus nerve, 
and the vagus is a well-established route of neural communication between the 
periphery and the CNS (e.g.,  [  146  ] ). In this scenario, proin fl ammatory cytokines 
produced and released in blood or organs bind to receptors on lymphoid tissue asso-
ciated with vagal paraganglia, activate vagal transmission, and induce de novo syn-
thesis of cytokines in projection regions of the vagus nerve, particularly in the NTS 
and hypothalamus  [  146  ] . At a functional level, electrical stimulation of the vagus 
nerve increases IL-1 expression in the hypothalamus  [  147  ] , and subdiaphragmatic 
vagotomy blocks IL-1 responses in the hypothalamus produced by low doses of 
LPS or IL-1 injection  [  148,   149  ] . Similar effects have been observed with the sciatic 
 [  150  ]  and glossopharyngeal  [  151,   152  ]  nerves as well, suggesting that peripheral 
nerves may be common paths for immune-to-brain communication. A comparable 
mechanism might be proposed in the case of voluntary ethanol intake or during 
intragastric intubation where ethanol might act as an irritant to the GI tract (e.g., 
 [  153  ] )—production of cytokines by intestinal epithelial cells may bind to receptors 
on peripheral nerves innervating the gut, thereby activating immune-to-brain signal-
ing pathways and increasing central cytokine expression. In any case, these sce-
narios would indicate that central expression of cytokines during acute ethanol 
exposure and/or withdrawal could occur secondary to peripheral production of 
cytokines rather than due to a direct action of ethanol on the CNS parenchyma. 

 Finally, withdrawal from acute ethanol may increase cytokine production through 
an NE-dependent pathway. Acute ethanol withdrawal elicits robust activation of the 
HPA axis as well as the autonomic nervous system  [  154,   155  ] . Increased NE activity 
in the hypothalamus during withdrawal contributes to this HPA activation and may 
account for a variety of withdrawal-related changes in behavior  [  156  ] . Interestingly, 
increased NE release during withdrawal does not appear to be unique to alcohol, as 
withdrawal from chronic morphine has been shown to activate catecholamine-con-
taining cells in brainstem autonomic nuclei, leading to NE release in the PVN and 
ultimately activation of the HPA axis  [  157  ] . Thus, there is considerable evidence to 
suggest that hypothalamic NE is increased during withdrawal from ethanol and other 
substances, ultimately contributing to withdrawal-related activation of HPA axis 
activity and expression of withdrawal-associated behaviors. As previously discussed 
(see above), NE has also been shown to be a powerful regulator of IL-1 expression, 
particularly in the hypothalamus. Therefore, it is a possibility that increased hypotha-
lamic noradrenergic activity during ethanol withdrawal may induced expression of 
cytokines, providing a direct neurochemical-to-cytokine pathway by which acute 
ethanol withdrawal leads to increased cytokine expression. Indeed, this is an intrigu-
ing hypothesis that  fi ts well with current theories of addiction/withdrawal  [  155  ] .  
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    5.3.3   Reciprocal Interactions Between Alcohol Effects 
and Stress Challenges: Timing of Events and Levels 
of Analysis Yield Many Interesting Questions 

 There is currently a rich literature investigating the interaction between stress and 
alcohol exposure. In particular, there has been a vast number of studies that have 
sought to elucidate the role that stressor exposure has on oral consumption of etha-
nol in both humans and in animal models (for review, see  [  158–  161  ] ). Although this 
is an especially important avenue of research, the in fl uence of stressors on neural, 
hormonal, and behavioral responses to later ethanol access/exposure is also of 
importance. Of course, there is the potential for multiple (and not mutually exclu-
sive) mechanisms to contribute to the effect of stressors on alcohol responsivity, 
with stress- and/or alcohol-induced alterations in central/peripheral cytokines just 
one of many possibilities. 

 Since studies examining alterations in cytokines following ethanol exposure 
alone (i.e., without immunological challenge) have, in fact, shown that ethanol is 
capable of altering central expression of some cytokines (see above), these alco-
hol-induced changes in cytokine levels may themselves contribute to changes in 
behavior during intoxication and/or withdrawal. In this sense, one might argue that 
cytokine changes observed during withdrawal could be the cause and/or conse-
quence of distress produced by withdrawal, thereby raising interesting questions 
about whether anti-in fl ammatory agents might have “therapeutic” bene fi ts for 
ameliorating the adverse consequences of ethanol withdrawal. If this is the case, 
then one might expect the pattern of cytokine expression to vary as a function of 
the phase of alcohol exposure (i.e., some cytokines might be elevated during intox-
ication, while others might relate more to alcohol withdrawal). Indeed, recent 
results from our laboratory have observed that both i.g. and intraperitoneal (i.p.) 
administration of ethanol changes cytokine expression in several brain regions. 
More speci fi cally, a 4-g/kg challenge of ethanol resulted in increased expression of 
IL-6 mRNA in hypothalamus and hippocampus (as well as in the periphery) during 
peak intoxication, whereas IL-1 mRNA levels were decreased during intoxication 
and signi fi cantly increased during acute withdrawal from the ethanol exposure 
(Deak et al. in prep). 

 Based on these  fi ndings, one would predict that if cytokines are responsible for 
behavioral changes following ethanol exposure, then pharmacological studies should 
be able to uncover the mechanisms by which cytokines in fl uence ethanol-induced 
behavioral alterations. More speci fi cally, pharmacological blockade of cytokine sig-
naling should be capable of attenuating behavioral consequences of ethanol expo-
sure, either through more general suppression of cytokine actions or more speci fi cally 
via antagonism of the action of particular cytokines. More recently, we have begun 
to explore this possibility by examining ethanol withdrawal-related behaviors. In 
animal models, acute ethanol withdrawal involves expression of a constellation of 
behavioral sequela, including hypoactivity, anxiogenesis, reduced social interac-
tions, decreased food and water intake, and fever  [  162  ] . As described above, these 
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behavioral alterations closely resemble sickness behaviors expressed following 
immune challenge. The possibility remains, therefore, that induction of cytokines 
following exposure to ethanol may play a key role in the initiation of these behav-
iors. Current work from our laboratory    [ 171 ] has begun to explore this possibility. 
Brie fl y, rats were given a large acute ethanol challenge (4 g/kg) in order to induce an 
acute withdrawal (or hangover) state  [  163–  165  ] , which was indexed as reduced 
exploration and social investigation in a modi fi ed social investigation task previ-
ously validated in our laboratory  [  59  ] . In two different experiments, we explored the 
ability of indomethacin or IL-1ra to reverse these acute withdrawal-associated 
behaviors, with these pharmacological treatments administered following the alco-
hol challenge, but prior to behavioral testing. Although administration of these anti-
in fl ammatory substances did not successfully block expression of acute 
withdrawal-associated behaviors under these particular circumstances, these results 
do not preclude the involvement of cytokines in the expression of ethanol-related 
behaviors since several variables (such as dose of drugs used, timing of drug appli-
cation relative to ethanol exposure, and the ability of drugs to distribute broadly 
throughout the CNS) could have impacted the results obtained. 

 Together, the studies described above provide some context for understanding 
how ethanol-induced cytokines might play a role in orchestration of ethanol-related 
behavioral changes. Another very interesting line of inquiry is how ethanol-related 
cytokine changes might impact the response to later stress challenge, or vice versa. 
In this regard, stress exposure before, during, or after intoxication (during acute 
withdrawal or beyond) may be signi fi cantly impacted by the individual’s recent 
and/ or lifelong history of alcohol exposure. This is relevant because cytokines are 
an important mechanism by which the HPA axis becomes sensitized  [  7  ] . Furthermore, 
as stressors themselves (such as footshock) have been shown to increase cytokine 
expression  [  57,   58,   63  ] , exposure to stress during intoxication or withdrawal could 
impact cytokine levels and feedback onto alcohol-induced alterations. Breese and 
colleagues have explored this possibility, for example, using a stress-sensitization 
model of ethanol withdrawal-related behaviors. Whereas a single 5-day exposure to 
an ethanol-containing diet did not result in acute withdrawal-induced anxiogenesis 
in a social interaction paradigm, this group has shown that repeated intermittent 
exposures to an alcohol diet did sensitize the withdrawal response and result in 
exacerbated anxiety during withdrawal  [  166  ] . Furthermore, repeated exposure to 
stress substituted for previous alcohol exposure, ultimately leading to signi fi cant 
withdrawal-related anxiogenesis after just one bout of ethanol diet exposure, which 
in and of itself, did not produce withdrawal-induced anxiety  [  167  ] . Recently, work 
from their laboratory examined cytokines as a mechanism underlying this stress 
sensitization of ethanol withdrawal behaviors, with repeated administrations of LPS 
or several other cytokines substituting for repeated stress or ethanol diet exposures 
in the expression of sensitization of withdrawal-related anxiety  [  101  ] . 

 In Fig.  5.2 , a potential framework for viewing the interactions between alcohol 
exposure, stress-related processes and in fl ammatory systems has been presented. 
Within our own laboratory, we have begun to explore the possible interaction 
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between stress, alcohol, and cytokines by investigating the HPA axis response to 
stress during withdrawal from an acute ethanol challenge since previous work has 
shown enhanced HPA activation to stressors during ethanol withdrawal  [  112,   168  ]  
(but see also  [  169  ] ). Furthermore, we have been interested in whether any possible 
stress-related alterations in HPA activation are related to cytokine responses evoked 
by the stress and/or ethanol exposure itself. Brie fl y, we have recently reported that 
moderate acute stressors (e.g., restraint stress or exposure to a novel environment) 
imposed on adult male rats during peak withdrawal from an acute ethanol challenge 
were shown to signi fi cantly exacerbate stress-induced increases in plasma CORT 
 [  170  ] . While this initial work observed a stress hyperresponsive state during acute 
withdrawal, at this time, these changes have not been directly linked to ethanol-
induced alterations in the expression of cytokines following stressor exposure  [  170  ] . 
Of course, the timing between ethanol exposure, stress exposure, and measurement of 
cytokines is certainly of importance and therefore does not necessarily rule out the 
involvement of cytokines in ethanol-withdrawal-related stress hyperresponsivity. 
Future studies in our lab will continue to explore these possibilities.  

Cytokines

Behavioral 
adaptations

Alcohol-related 
brain damage 

Alcohol 
Exposure 

and/or
Withdrawal

 
 

Alterations in mood/motivational 
state (e.g., sickness, anxiety, 
distress, depression, drug-seeking, 
etc)

Disruption of cognitive function 
(e.g., Wernicke-Korsakoff Syndrome, 
impaired learning & memory, 
decreased neurogenesis, etc. 

• HPA Axis (CORT) 
• Brain CRH & other systems 
• SNS (NE) 

Stress 

 The interaction between alcohol, 
cytokines and stress responsive systems 

  Fig. 5.2    The interaction between alcohol, cytokines, and stress-responsive systems. Exposure to 
and/or withdrawal from alcohol has the capacity to directly impact cytokine expression and is also 
associated with activation of stress-responsive systems. Given the powerful in fl uence that cytok-
ines exert over behavioral processes (e.g., sickness behaviors), it is likely that alcohol-induced 
changes in central cytokines play a key role in mediating alcohol-related behavioral adaptations. 
A growing body of research points toward long-term elevations in cytokines as a result of chronic 
alcohol use and abuse, which serve as a harbinger of alcohol-related brain damage. Given the 
cyclic interactions between alcohol exposure, cytokines, and stress-responsive systems, future 
studies delineating more precise mechanisms of central cytokine regulation by alcohol may hold 
promise for preventing the adverse consequences of long-term alcohol exposure       
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    5.4   Conclusions and Future Directions 

 Our overarching goal here was to provide a broad overview of mechanisms and 
tribulations surrounding examination of stress-related in fl ammatory processes as 
well as the  fl edging literature surrounding alcohol–cytokine interactions. The central 
message we hoped to convey is that, to fully understand the interaction between 
alcohol and cytokines in brain and their potential implications for alcohol-related 
brain pathology, one must take into account the multitude of integrative, system-
level interactions that are impacted by alcohol exposure, including, but not limited 
to, stress-responsive systems, liver–gut interactions, and the presence/absence of 
associated immunogenic stimuli (bacteria, viruses, etc.), as each of these will be 
determinants of cytokine expression in brain. Moreover, we assert that there is a 
wide body of literature now indicating a role for cytokines and other in fl ammatory 
processes in mediating the deleterious consequences of long-term alcohol exposure, 
whereas there is a relative paucity of studies seeking to identify early-term (acute), 
dynamic changes in cytokines in relation to alcohol, as well as how such effects 
might transform over the course of developmental history of the subject or in 
response to a growing number of alcohol exposures across the lifetime. Such studies 
will be instrumental in forging a near-certain link between initial alcohol exposure 
and the ultimate, adverse consequences of end-stage alcoholism.      
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    6.1   Introduction: The Link Between Substance Abuse 
and Depression 

 Depression is a common comorbid condition in substance abuse disorders. In 
 particular, comorbidity between alcoholism and depression occurs with extremely 
high prevalence in the general population. Early studies investigating this dual diag-
nosis issue reported alcohol abuse to occur in almost a quarter of patients with affec-
tive disorders  [  1,   2  ] . Prevalence rises as high as 32% if other substance abuse 
disorders are included  [  2  ] . These  fi ndings made it clear that enormous challenges lie 
ahead in tracing the individual etiology of substance abuse and depression, let alone 
their interaction. Clearly, this dilemma was to produce further dif fi culties in provid-
ing adequate and appropriate treatment for sufferers. 

 Little has changed in 25 years since these early epidemiological  fi ndings were 
published. Indeed, a recent study estimated comorbidity rates of alcohol depen-
dence and depression to be 17%  [  3  ] . This is unsurprising given the extremely het-
erogenous symptoms that characterize depression and substance abuse. For example, 
clinical depression can be manifested as either sleeping too much or not enough 
 [  4–  6  ] . Similarly, alcoholism has been associated with both food restriction and 
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overeating  [  7  ] . In addition to these problems, a number of studies have demon-
strated that remission rates of depressive symptoms vary dramatically depending on 
whether substance abuse precedes or follows the onset of depressive symptoms in 
clinical samples (reviewed in  [  8  ] ). 

 Typical approaches to examining possible causal factors for the interrelation-
ships between alcoholism and depression have largely focused around examining 
social risk factors, gene-speci fi c susceptibilities, and neurotransmission mecha-
nisms. Social explanations nominally argue that extended substance abuse often 
causes disruptions in interpersonal relationships, unemployment, reduced physical 
health, and legal issues, all of which can send individuals spiraling into depression 
(reviewed in  [  9  ] ). Unfortunately, this approach fails to provide a holistic explana-
tion for the comorbidity given that substance abuse is often initiated as a self-
medicating device following the onset of depression  [  10  ] . Other studies have 
determined that the correlation between addiction and depression remains even 
after accounting for a range of these social and environmental factors  [  11,   12  ] . 
Similarly, examination of genetic overlaps between alcoholism and depression has 
yielded putative candidate mechanisms  [  13–  15  ] . Once again, however, no speci fi c 
gene or set of genes have solely been linked to either disorder. Based upon studies 
with monozygotic twins, many have concluded that there is only a moderate causal 
role for genetics in either depression or alcoholism (e.g.,  [  16  ] ). Finally, many stud-
ies have been carried out on possible commonalities of neurochemical dysfunction 
affecting serotoninergic, gamma-aminobutyric acid (GABA), and noradrenergic 
de fi ciencies. However, antidepressant medications aimed at targeting such neu-
rotransmitters still produce nonresponse or only partial response rates of almost 
50% within clinical settings  [  17  ] . While there is little doubt that social risk factors, 
gene-speci fi c susceptibilities, and neurotransmission mechanisms contribute to 
substance abuse disorders, depression, and their comorbidity, they are clearly 
insuf fi cient to explain both the pathogenesis of each disorder and their consistent 
overlap. Furthermore, such approaches have only limited heuristic application. 
Clearly, research needs to diversify into additional contributive mechanisms. One 
such area of research which is contributing both valuable mechanistic insights and 
greater heuristic methodologies to this comorbidity of depression and substance 
abuse is that of psychoneuroimmunology. 

 The social and physical environment of individuals plays an important role in 
the development of both alcoholism and clinical depression, particularly when 
 considering the interaction of the environment with susceptible or resistant genes 
 [  13,   18  ] . One environmental factor that has recently been posited as a contributor 
to these disorders is the microbial environment and innate immune system. As 
such, it has been recently posited that neuroimmune mechanisms play a strong role 
in substance abuse and depression. Progress in in fl ammation research during the 
past two decades has led to a growing acceptance that in fl ammation plays an 
in fl uential role in the development of depression. Even more recently, a burgeoning 
area of investigation has demonstrated a strong relationship between the innate 
immune system and substance abuse disorders  [  19–  21  ] . For instance, ethanol 
(EtOH) and other addictive substances are known to activate monocytes and 
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 microglia  [  22  ] ; intraperitoneal lipopolysaccharide (LPS) administration to mice 
promotes alcohol consumption and alters alcohol reward and aversion  [  23  ] ; and 
chronic EtOH exposure elevates brain innate immune genes and increases depres-
sive-like behaviors in mice  [  24  ] . 

 Monoamines such as dopamine and serotonin have been strongly implicated in 
both depression and substance abuse. Depressed patients and alcohol abusers com-
monly display symptoms of anhedonia, psychomotor slowing, fatigue, and sleep 
disturbance. These symptoms are considered to largely involve dopaminergic trans-
mission, which is depleted in both depression and substance abuse. Cytokines have 
been demonstrated to play an important role in the regulation of dopaminergic 
transmission. For instance, these symptoms are commonly observed in individuals 
undergoing cytokine therapy for somatic illnesses  [  25  ] . These subjects also show 
altered glucose metabolism in the basal ganglia, which is a region rich in dopamine 
and responsible for many of these cognitive, emotional, and reward states  [  26  ] . The 
basal ganglia have also been demonstrated to be able to express a substantially high 
level of cytokines  [  27  ] . The increase in neuroin fl ammation occurring in both patients 
suffering from depression and addiction represents the potential for an immune-
mediated change in dopaminergic transmission. Similarly, serotonin de fi ciencies 
have been reported in depressed individuals as well as alcoholics, with cytokines 
again being a key factor. Interleukin (IL)-1 and tumor necrosis factor (TNF)- a  sub-
stantially increase serotonin uptake and bias the serotonin precursor tryptophan 
away from pathways that result in serotonin production  [  28  ] . 

 Glial cells, such as microglia and astrocytes, are increased in the brain of alco-
holics. These cells are largely responsible for the signaling of proin fl ammatory 
cytokines known to be elevated in depressed individuals. Ethanol has been shown 
to activate toll-like receptor (TLR) 4 expressed on microglia, resulting in increased 
nuclear factor (NF)  k  β transcript of immune genes  [  29  ] . Similar effects on TLR4 
occur in response to infection or exposure to the bacterial mimetic LPS  [  30  ] , which 
is known to result in increases in depressive-like behaviors. Thus, the characteristic 
elevation in cytokine production and increased activity of central glia that occurs in 
both clinical depression and addiction may be responsible for the regulatory changes 
in monoamine transmission observed in these disorders. 

 Finally, a great deal of research has been reported in relation to sleep distur-
bances in patients addicted to alcohol as well as those with clinical depression, and 
this change contributes substantially to comorbidity of these disorders. Sleep distur-
bances are common symptoms in both depression and alcoholism  [  31,   32  ] . Clark 
and colleagues  [  33  ]  showed that individuals with comorbid alcoholism and depres-
sion display elevated density of rapid eye movement (REM) sleep, resulting in a 
total sleep time reduction. It is no surprise that the degree of sleep deprivation in 
these subjects is also associated with relapse rates. A recent avenue of investigation 
in regard to sleep regulation has been the involvement of cytokines with the IL-1 
and TNF gene families being most often implicated  [  34  ] . Irwin et al.  [  31  ]  investi-
gated whether antagonism of TNF- a  by etanercept could normalize sleep patterns 
in individuals with alcohol dependence currently abstaining from alcohol. Indeed, 
etanercept administration dramatically reduced REM sleep density to levels 
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approaching those of the control groups, highlighting the importance of the immune 
system in the regulation of symptoms that occur in both alcohol addiction and clini-
cal depression. 

 While these  fi ndings are promising, our understanding of the neuroimmune 
mechanisms driving depression and substance abuse comorbidity remains in its 
infancy. Regardless, understanding the differential roles of the immune system in 
addiction and depression holds the promise to explain how and why substance abuse 
occurs so often on a backdrop of depression and vice versa. It also allows for the 
testing of very clear hypotheses with implied causality, such as the increase in 
depression or alcoholism following medical illness or immune therapies, elevations 
in in fl ammatory markers in individuals with depression or substance abuse, and 
increases in behavioral and emotional symptomologies of depression following 
immune activation in healthy controls. While other chapters in this book will focus 
more directly on in fl ammatory markers considered to in fl uence alcoholism and 
other drug addictions, it is important to provide a foundation of knowledge in regard 
to the neuroimmune factors demonstrated to regulate depression. Here we will 
attempt to provide a cohesive account of the known pathways believed to under-
score the relationship between in fl ammation and depression.  

    6.2   Sickness and Depression 

 The dissociation between behaviors that signify sickness and those that connote 
depression lies central to the area of in fl ammation-induced depression. During ill-
ness, a number of behavioral symptoms are manifested. People feel tired and sleep 
more, they lie around and become less mobile, motivation decreases, appetite is 
reduced, grooming habits fall, social isolation increases, and concentration becomes 
dif fi cult. These behavioral symptoms are easily identi fi ed as “sickness” in someone 
who is physically ill or who presents with a fever. These physiological changes 
represent adaptive responses aimed at conserving energy to  fi ght off infection and 
minimize the spread of the pathogen that caused the disease. Importantly, each of 
these behaviors can describe symptoms of an individual with clinical depression as 
well (see Table  6.1 ). In addition to these behavioral symptoms and cognitive decline, 
there is an increase in negative affect and anxiety. It is this emotional and behavioral 
overlap between sickness and depressive-like behaviors that  fi rst directed research-
ers towards the possible role of the immune system in depression. As early as 1989, 
Dantzer and Kelley proposed that the emergence of sickness behaviors during infec-
tion is not a coincidental occurrence but re fl ects direct action of the immune system 
on the brain to regulate behavioral responses to infection  [  35  ] . A number of subse-
quent publications con fi rmed that centrally administered cytokines are capable of 
inducing sickness behaviors in animals, such as reduced locomotor activity, 
increased sleep, decreased social exploration, and less consumption of both food 
and water  [  36–  38  ] . The suggestion that the same, or similar, neuroimmune pro-
cesses which are responsible for the modulation of sickness behaviors may also be 
responsible for depressive-like behavior given the strength of their similarities soon 
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followed. Convincing preclinical data in this vein was presented by Raz Yirmiya’s 
laboratory in 1996. Systemic injection of LPS to rats resulted in reduced motivation 
and anhedonia as measured by preference for saccharin solution and sexual 
 behaviors, which were rescued by chronic treatment with the antidepressant imip-
ramine  [  39  ] . Importantly, early studies such as this one conceptualized depression 
as another facet of sickness. Important work following this early conceptualization 
of depression and sickness allowed researchers and clinicians to dissociate between 
the two behavioral sequelae.  

 While the recognition that sickness and depressive behaviors appear quite identi-
cal has enhanced our insight into the etiology of depression, these similarities pose 
a predicament when investigating in fl ammation-induced depression. At the center of 
the debate lie two fundamental arguments. The  fi rst being that in order to advance 
our understanding of the etiology of depression, we must be able to discriminate 
between the adaptive behavioral responses that accompany sickness and the often 
maladaptive nature of depressive-like behaviors. While an argument that depressive-
like behaviors have adaptive evolutionary roots certainly holds merit  [  40  ] , there is no 
question that in the context of modern western medicine, clinical depression disrupts 
social networks, impairs functional activities, and places a burden on the commu-
nity. It is for this reason that many believe that a distinction between the two is 
necessary in experimental settings when studying in fl ammation-induced depressive-
like behavior. Others, however, believe it is within the blurring of sickness and 
depressive-like behaviors that most progress will occur. The various approaches to 
investigating in fl ammation-induced depression in humans exemplify this dilemma 
nicely. Studies that examine medically ill patients with depression capitalize on 
the overlap between sickness and depressive-like behaviors in this population. 
However, there is danger that the presence of sickness can in fl ate depressive-like 
effects in these  studies. Conversely, approaches that examine individuals with 

   Table 6.1    Comparison of sickness and depressive-like behaviors   

 Sickness behaviors  Depressive-like behaviors 

 Lethargy  Lethargy 
 Anorexia  Overeating/anorexia 
 Increased sleep  Increased sleep/sleep disturbance 
 Reduced grooming  Reduced grooming 
 Concentration dif fi culties  Neurovegetation 
 Psychomotor retardation  Cognitive decline 
 Decreased libido  Decreased libido 
 Reduced locomotion  Anhedonia 
 Hyperalgesia  Motivation loss 
 Decreased social exploration  Decreased social exploration 
 Negative effect  Negative effect 

  Note the similarities between both behavioral sequelae; however, more persistent cognitive and 
mood disruption is usually associated with depressive-like behaviors. Similarly, perturbations in 
the normal functioning of some behaviors with depression can appear more complex with a greater 
range of outcomes compared to sickness behaviors. For instance, sickness behaviors are usually 
characterized by sleeping more and anorexia, whereas in depression, individuals tend to either 
exhibit anorexia or can overeat as well as sleep more or exhibit sleep dif fi culties  
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 clinical depression in the absence of medical illness make it easier to conclude that 
neuroimmune  pathways contribute to the onset of depression alone but run the risk 
of underappreciating the role of in fl ammation. 

 Preclinical rodent models used to study in fl ammation-induced depressive-like 
behavior must be carefully controlled to be able to separate sickness from depres-
sive-like behaviors. On the one hand, rodent studies allow for greater control, which 
can enhance dissociation between sickness and depressive-like behaviors. 
Importantly, rodent models permit an in-depth biochemical evaluation of the brain, 
which is not possible in humans. Indeed, animal studies routinely measure depres-
sive-like behaviors after sickness behaviors have abated  [  41–  43  ] . It is widely recog-
nized that the depressive-like effects that occur as a result of in fl ammation can 
remain even after sickness behaviors have been terminated. This allows for animal 
models to investigate the more chronic outcomes of depression following acute 
in fl ammation in the absence of sickness. For instance, animals exposed intraperito-
neally to the cytokine inducer LPS show increased depressive-like symptoms such 
as anhedonia, as measured by sucrose preference, and immobility during forced 
swim (FST) and tail suspension (TST) tests at 24 h following injection. This is a 
time point when sickness behaviors, such as reduced locomotor activity and social 
exploration, no longer differ from controls  [  41–  45  ] . Similarly, infection in mice by 
Bacille Calmette–Guerin (BCG) produces chronic induction of sickness markers 
such as body weight loss and reduced food intake and locomotor activity for up to 
3 days postinfection. At 7 days after the exposure, these sickness markers do not 
differ from controls, but depressive-like behaviors on the FST and TST are main-
tained  [  41,   42  ] . Importantly, the ability for animal studies to identify the biochemi-
cal and molecular in fl uences driving this persistence of depressive-like behavior is 
represented in these studies as well. For instance, indoleamine 2,3-dioxygenase 
(IDO) is a rate-limiting enzyme involved in the metabolism of tryptophan and is 
considered to play an in fl uential role in in fl ammation-induced depression. 
Administration of an IDO antagonist, 1-methyl tryptophan (1-MT), abrogates the 
onset of depressive-like behaviors, while sickness behaviors remain, as is the case 
in IDO-de fi cient mice  [  42  ] . 

 The critical importance of time following introduction of a systemic in fl ammatory 
stimulus has indicated that in fl ammation-induced cytokine action on the brain pro-
duces complex changes in behavior beyond mere sickness behavior. We would 
argue, however, that caution is required when interpreting such data. While 
enhanced control in the animal laboratory is a necessity that aids the isolation of 
speci fi c biochemical pathways that give rise to in fl ammation-induced depression, it 
is important to ensure this does not come at the cost of ecological validity. In 
humans, depression commonly emerges on the background of illness, and illness 
on the backdrop of depression. As such, some degree of overlap between sickness 
and depressive-like behaviors is likely to enhance representation of the human con-
dition in rodent studies despite increased dif fi culty in identifying their respective 
neurobiological correlates. While there is no clear line which can be drawn to 
 dissociate sickness and depressive-like behaviors, answers as to which behavioral 
subset is being measured in any given study lie somewhere in between the two 
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approaches outlined here. As with the intricate co-expression of alcoholism with 
depression, sickness and depression need to be examined both separately and as a 
whole for progress in treatment of the disorder to occur. A graphical representation 
of the overlap in timing between sickness and depressive-like behaviors is provided 
in Fig.  6.1 .   

    6.3   Peripheral In fl ammation Versus Neuroin fl ammation 

 The old concept that the brain is relatively immune-privileged and that in fl ammation 
is largely con fi ned to the periphery is far too simplistic. Importantly, in fl ammation 
itself has several facets including, but not limited to, localized in fl ammation, sys-
temic in fl ammation, neuroin fl ammation, and sepsis  [  46  ] . It is now recognized that 
neuroin fl ammation is not simply the transposition of peripheral in fl ammation to the 
brain but has its own separate, distinct, and additional processes. Importantly, 
neuroin fl ammation must not be regarded as merely the presence of proin fl ammatory 
cytokines but should be considered to require changes in central nervous system 
(CNS) function  [  47  ] . In the absence of brain injury the molecular signature of 
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  Fig. 6.1    The relative onset, duration, and intensity of sickness behaviors and depressive-like 
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occurring some time after the onset of sickness behaviors. Importantly, the overlap between the 
two behavioral subsets often remains, highlighting the dif fi culty in distinguishing sickness behav-
iors from depressive-like behaviors following in fl ammation       
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in fl ammation emanates from resident immune cells, which results in functional 
changes such as behavioral consequences. It is in this way that neuroin fl ammation 
can be set apart from the normal regulatory roles of the immune system in the brain 
responsible for daily functioning. Behavioral alterations are a common outcome 
measure of such changes in the CNS. It is this capacity of neuroin fl ammation to 
produce measurable and distinct changes in behavior that has led to the  fi eld of 
research devoted to linking in fl ammation with depression. 

 As the majority of in fl ammatory insults occur in the periphery, a sophisticated 
communication system has evolved to allow exquisite cross talk between the brain 
and periphery via immune signaling. In response to an infection, phagocytic 
 macrophages and liver Kupffer cells stimulate the production of proin fl ammatory 
cytokines, such as TNF- a , IL-6, and IL-1 b . These cytokines can induce their own 
synthesis and that of other cytokines and can act on the brain via several pathways 
such as via the vagus, in the blood via circumventricular organs and speci fi c trans-
port mechanisms, chemokines, volume transmission, and central cytokine 
production. 

 Peripheral cytokines can take action on the brain via the targeting of neural 
 afferents, including vagal nerves that innervate organs of the abdominal cavity in 
the case of intraperitoneal administration of immune stimulants  [  48–  50  ] . IL-1 b  
receptors are expressed within the sensory neurons of the hepatic vagus nerve, and 
their activation stimulates vagal sensory activity. The primary vagal projection area 
is the nucleus of the tractus solitarius (NTS). The earliest  fi nding that the vagus can 
project immune information to the brain was reported by Wan and colleagues  [  51  ] . 
They determined immunohistochemically that peripheral LPS administration 
resulted in additional activation of the supraoptic nucleus, arcuate nucleus, and ven-
trolateral region of the brain stem compared to central LPS administration, sugges-
tive of a vagal pathway for immune signaling. Norepinephrinergic activation leads 
to afferent catecholaminergic signaling from the NTS and ventrolateral medulla to 
the periventricular nucleus (PVN)  [  52  ] , which in turn activates the hypothalamic–
pituitary–adrenal (HPA) axis. Thus, activation of stress response systems is initi-
ated, which assists in directing mood and behavior. 

 Blood-borne cytokines are also known to produce a central response by acting on 
cytokine receptors within the brain. However, given their size and hydrophilic 
nature, traf fi cking to the brain was once considered to be isolated to circumventricu-
lar organs. In 1983, Blatteis et al. demonstrated that lesioning of a circumventricular 
organ, the anteroventral third ventricle, abrogated the cytokine-induced febrile 
response  [  53  ] . Thus, it was established that circumventricular organs represent a 
mechanism for brain–immune communication, although some controversy remained 
as to whether lesioning simply blocked the neuroimmune signaling pathway or 
impaired the function of the surrounding brain regions  [  54  ] . Since then, it has been 
established that cytokines including IL-1 a  and TNF- a  are able to be transported 
across the blood–brain barrier (BBB) beyond simply enhanced leakiness of the 
BBB. In fact, intact IL-1 a  and TNF- a  can pass across the BBB via speci fi c trans-
port mechanisms which enhance saturability of the BBB  [  55,   56  ] . In addition to 
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their intact transportation across the BBB, peripheral cytokines can also stimulate 
the release of secondary mediators such as nitric oxide and E2 series prostaglandins 
(PGE2s)  [  57  ] , which more freely pass across the BBB. PGE2s are able to diffuse to 
nearby target sites involved in neuroendocrine and body temperature regulation, 
including the PVN, and catecholaminergic brainstem nuclei  [  50,   58,   59  ] . 

 In addition to immune-driven stress response activation, neuroin fl ammation can 
also alter neuronal activity in regard to both the inhibition or activation of action 
potentials and suppression or expression of neurotransmitter release, reuptake, and 
metabolism. For instance, numerous studies have associated increases in 
in fl ammatory cytokines, particularly TNF- a , IL-1 b , IL-1 a , and IL-6, with inhibi-
tion of long-term potentiation (LTP)  [  60–  63  ] . Such immune-mediated inhibition of 
LTP is associated with impaired hippocampal-dependent memory  [  64  ] . Convincing 
data regarding the importance of neuroin fl ammation for the regulation of LTP, and 
hence cognitive performance, has been recently published by Marina Lynch’s labo-
ratory in Dublin. They demonstrated that single-Ig-interleukin-1 related receptor 
(SIGIRR)-de fi cient mice exhibit impaired performance on cognitive tests such as 
novel object recognition and Y-maze exploration  [  65  ] . SIGIRR is a member of the 
TLR family. TLRs recognize microbial components and initiate signal transduction 
pathways resulting in anti-in fl ammatory outcomes  [  66  ] . Associated with the 
impaired performance on the novel object recognition and Y-maze exploration tasks 
was de fi cient LTP and elevated IL-1 a  in these SIGIRR-de fi cient mice  [  65  ] . 
In fl ammation-induced stress and metabolic and neurotransmission pathways that 
may lead to depressive outcomes will be discussed later in this chapter. 

 Importantly, regions of the brain responsible for emotional regulation, executive 
functioning, and their consequential behavioral outcomes are sensitive to 
in fl ammation  [  22  ] . The extended limbic system, primitively responsible for fear and 
pleasure responses, stress, memory, and learning, has been shown to be modulated 
by immune signaling. Early work established that there is a high density of IL-1 
receptors in the dentate gyrus and pyramidal cell layer of the hippocampus, the 
hypothalamus  [  67  ] , and basolateral amygdala  [  68  ] . Additionally, the prefrontal cor-
tex, involved in executive control of appropriate behavioral responses to stimuli, is 
vulnerable to in fl ammatory insults, especially during times of stress  [  69  ] . It is there-
fore no surprise that mood, memory, learning, executive function, and behavior are 
affected in in fl ammation-associated depression and together work to characterize 
what we refer to as depression. It must be emphasized, however, that the appearance 
of a particular sensitivity of these limbic processes (excluding the PFC) to an 
in fl ammatory insult may only exist as a re fl ection of these regions being among the 
 fi rst to respond to peripheral in fl ammation due to their circumventricular localiza-
tion. Indeed, once cytokines and secondary mediators have diffused to the brain side 
of the BBB, a process known as volume transmission slowly diffuses cytokines 
throughout the brain, whereby any region with receptors for cytokines will respond 
in turn  [  70  ] . Figure  6.2  shows the major pathways through which the peripheral 
immune system reaches the brain.   
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    6.4   Clinical Models of In fl ammation-Induced Depression 

 Physicians have long puzzled over the co-occurrence of depression with physical 
illness, particularly because it became apparent that such changes in patient mood 
went beyond the mere distress of being unwell. It was clear that the symptoms of 

  Fig. 6.2    Immune–brain communication pathways. Peripheral in fl ammation activates the release 
of proin fl ammatory cytokines and chemokines which can access the brain directly via circumven-
tricular organs or pass across the blood–brain barrier (BBB) using speci fi c transport mechanisms. 
Proin fl ammatory cytokines, especially IL-1 b , can bind to receptors on afferent vagal nerves and 
transmit information to the brain ending in the NTS and ventrolateral medulla causing cytokine 
release and activation of norepinephrinergic pathways which direct towards the hypothalamus to 
activate the hypothalamic–pituitary–adrenal (HPA) axis. Microglia, astrocytes and brain endothe-
lial cells can produce central cytokine release in response to in fl ammatory stimuli. Finally, once 
cytokines have entered the brain, a process referred to as volume transmission works to diffuse 
these cytokines throughout the brain, targeting cells with receptors viable for responding to 
immune signals       
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depression observed in these individuals were manifested as a result of the physical 
changes that occurred during sickness. This empirical observation led to the conclu-
sion that depression must not be restricted to being a disorder of the mind but is also 
a direct re fl ection of the health status of an individual. Unfortunately, the physio-
logic mechanisms that formed the basis for the association between mood and health 
were completely unknown. It was only in the 1980s that the  fi rst convincing evi-
dence to link the immune system with behavioral regulation and emotionality 
emerged. These early  fi ndings demonstrated that administration of newly cloned 
and expressed recombinant cytokines for therapeutic purposes in  fi ghting infection 
and suppressing tumor growth also induced activation of the HPA axis  [  71–  73  ]  as 
well as depressive-like symptoms which were considered as just another component 
of sickness in these early days. Nevertheless, a scienti fi c basis for the link between 
the brain, immune system, and behavior was beginning to become established. 
There are now numerous publications that show increased depressive symptoms in 
clinically unwell populations  [  25,   74–  76  ] , and a growing number of methodological 
approaches are now commonly employed to examine and characterize the nature of 
this immune–brain relationship in humans. These approaches can be broadly cate-
gorized into (1) the study of patients with a physical illness who develop depression, 
(2) the study of individuals with depression in the absence of any major physical 
illness, or (3) the study of healthy subjects by correlating mood with their cytokine 
pro fi les at baseline or following a minor in fl ammatory stimulus. Some of the major 
 fi ndings using each of these approaches are summarized below. 

 Given the high prevalence of depression in patients suffering from physical ill-
ness, it is no surprise that many researchers have taken advantage of this subject 
population to understand and characterize immune regulation of mood and behav-
ior—especially the etiology of in fl ammation-induced depression. However, the 
 fi eld began with early descriptions of the cell distributions in patients with depres-
sion in the absence of any physical ailment. Maes et al. reported depressive patient 
populations to be characterized by greater numbers of white blood cells (WBCs), 
monocytes, class II MHC HLA-DR, and T lymphocytes, as well as a negative cor-
relation between depression severity and mitogen-induced lymphocyte responsivity 
 [  77  ] . Since then, signi fi cant progress has been made in emphasizing the causality of 
in fl ammation in depression with detailed studies focusing on the ability of cytok-
ines to induce depression. For instance, a number of investigators have capitalized 
on hepatitis C or malignant melanoma patients undergoing innate cytokine treat-
ment with interferon (IFN)- a , which has been demonstrated to increase depressive 
symptoms and act as a biomarker for depression severity. IFN- a  is known to induce 
symptoms of depression in 30–50% of these patients  [  25,   75,   78  ]  with negative and 
anxious affect and cognitive symptoms occurring later in treatment following the 
onset of psychomotor decline  [  79  ] . Furthermore, while nearly all patients show neu-
rovegetative symptoms, in the form of fatigue, sleep disorders, and reduced appe-
tite, only a portion of patients display cognitive and psychological symptoms of 
depression. The differences in timing and variability in responses between neu-
rovegetative symptoms and depressed mood are suggestive of the need for enduring 
cytokine activation to yield changes in neuronal function and produce pronounced 
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effects on cognition, mood, and behavior. Notably, in 2001, Andrew Miller’s group 
reported a pronounced increase in the development of diagnosable depression in 
patients with malignant melanoma undergoing IFN- a  treatment  [  75  ] . In accord with 
their hypothesis, pretreatment with paroxetine, a selective serotonin reuptake inhib-
itor (SSRI   ), reduced the incidence of major depression in patients undergoing IFN- a  
therapy  [  75  ] . Work of this kind has been pivotal in demonstrating therapeutic links 
between cytokine activation and monoamine pharmacology in clinical populations. 
Similar effects continue to be reported. For instance, Prather and colleagues  [  80  ]  
observed nondepressed hepatitis C patients undergoing IFN- a  therapy over a period 
of 4 months. During this time, 22% of patients developed major depression, and 
IFN- a  therapy was associated with time-related elevations in Beck Depression 
Inventory (BDI) scores. Furthermore, bidirectional relationships between circulat-
ing IL-6 concentrations and scores on depression scales were observed, reiterating 
the role of cytokines in mood and behavior. Functional magnetic resonance imaging 
(fMRI) studies have demonstrated changes in brain activity for hepatitis C patients 
receiving IFN- a  treatment  [  81  ] . These patients demonstrate signi fi cant activation of 
the dorsal region of the anterior cingulate cortex (ACC) when conducting a visu-
ospatial attention task. Furthermore, this degree of activation positively correlated 
with their errors on this task  [  81  ] . A similar fMRI examination of hepatitis C patients 
undergoing IFN- a  therapy revealed that those patients who developed clinical 
depression exhibited elevated limbic activation and indeed an altered pattern of acti-
vation compared to patients with endogenous depression  [  82  ] . This may suggest 
underlying differences between in fl ammation-induced depression and other mani-
festations of the disorder. 

 In addition to the elevated prevalence of depression in individuals suffering from 
in fl ammatory illness described above, immune involvement in the comorbidity of 
depression with other illnesses has also been reported. For instance, diabetic popu-
lations exhibit at least a 7% increase in the prevalence of depression  [  83  ]  compared 
to nondiabetic groups. A meta-analysis examining comorbid depression in adults 
with diabetes has even reported the odds of depression being double that of nondia-
betic comparison groups in well-controlled studies  [  84  ] . Importantly, diabetes has 
been associated with an increase in circulating proin fl ammatory cytokines such as 
IL-6 and TNF- a   [  85  ] , with the latter cytokine contributing substantially to insulin 
resistance. These and other in fl ammatory markers that occur in diabetics are known 
to contribute to the pathogenesis of depression. Similarly, congestive heart failure 
(CHF) is also associated with a signi fi cant increase in the prevalence of depression 
(15–36%)  [  86  ] . Cytokines play an important role in heart failure progression fol-
lowing myocardial injury (e.g., myocardial infarction), promoting prolonged activa-
tion of the cytokine cascade. Of the cytokines that have been implicated in the 
pathogenesis of CHF, IL-1 b , IL-2, TNF- a , and IL-6 have also been implicated in 
the pathogenesis of depression. These  fi ndings are suggestive of a common immune-
driven pathway and the exacerbation of both symptomologies  [  86  ] . Thus, comor-
bidity of depression among a range of somatic illnesses outside of those traditionally 
considered to be in fl ammatory is likely to derive, at least in part, from immune 
dysregulation. 
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 Examination of individuals with depression who do not present with any 
 apparent physical illness has bolstered support for the notion that the immune 
 system is implicated in the etiology of depression. Such studies have identi fi ed 
 circulating cytokines, particularly IL-1 b  and IL-6, to be elevated in depressives 
compared to healthy controls and usually correlate positively with mood ratings 
 [  87–  90  ] . There is also evidence to indicate that not only is there an increase in 
proin fl ammatory cytokines in these patients but that the circadian rhythms of these 
cytokines are disrupted. This  fi nding is indicative of a major disruption in the 
expression of these cytokines in sufferers of depression  [  87  ] . Con fi rmation of 
increased immune activity in patients with depression is a robust and replicable 
effect as demonstrated by Zorilla et al.’s  [  91  ]  meta-analysis focusing on immune 
markers in studies of depressed individuals. They showed consistent reporting of 
increased IL-6, WBC counts, and elevated CD4/CD8 ratios in depressives. Note 
that the relationship between the immune system and depression is not simplistic as 
evidenced by the reduced T cell and natural killer (NK) cell function which also 
emerged from this meta-analysis. The dissociation between these  fi ndings remains 
rather unelucidated and likely represents the differential effects of long-term stress 
and depression on cognition, mood, and behavior, as well as that of immune suscep-
tibility to disease. Nonetheless, these  fi ndings certainly implicate in fl ammation in 
clinical depression. However, they fail to provide any  fi rm evidence that in fl ammation 
and neurotransmitter production may co-regulate each other to produce noticeable 
changes in mood and behavior. Such skepticism regarding the interrelationship 
between the immune system and neuronal function in depressed patients has been 
approached with studies examining the effect of antidepressants on immune param-
eters in these patients. An early study by Sluzewska et al.  [  92  ]  showed that serum 
IL-6 concentrations and the acute phase protein alpha-1-acid glycoprotein (AGP) 
were normalized following treatment with  fl uoxetine. The ability of antidepressants 
to reduce proin fl ammatory cytokine pro fi les and in fl ammatory markers in patients 
with depression has since been replicated  [  93–  95  ] , suggestive of an intricate rela-
tionship between cytokines and neurotransmitter function. However, a number of 
studies have also reported normalization of depressive symptoms by antidepres-
sants without normalization of cytokine pro fi les. A meta-analytic study investigat-
ing cytokine levels in response to antidepressant treatment found that across 22 
publications, a signi fi cant reduction in IL-1 b  was consistently reported following 
antidepressant medication, but consistent reductions in TNF- a  and IL-6 could not 
be convincingly argued  [  96  ] . Therefore, while there appears to be a link between 
cytokines and monoamine pharmacology, the exact nature of the relationship 
requires further elucidation and, as we will argue later in this chapter, may not rep-
resent the primary mediator in in fl ammation-induced depression. 

 Investigating healthy controls is a valuable exercise in strengthening our under-
standing of how immune regulation might result in changes in mood. It stands to 
reason that if the immune system is integral in regulating mood and behavior, then 
relationships between cytokines and behavior in healthy controls should also 
exist, albeit at lower concentrations than in clinical populations. One such study 
 [  97  ]  examined well-functioning aged participants, capitalizing on the naturally 
occurring increase in in fl ammation that occurs with age. Penninx and colleagues 
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observed that circulating levels of IL-6, TNF- a , and CRP signi fi cantly and 
 positively correlated with increases in depressed mood ratings. Medically healthy 
subjects may also be challenged with a minor in fl ammatory stimulus to determine 
its consequence on mood and behavior. Low-dose LPS administration as well as 
typhoid vaccination in healthy participants has con fi rmed that low-grade 
in fl ammation increases transient symptoms of depressed mood  [  98–  101  ] . For 
instance, Harrison and colleagues  [  98  ]  administered typhoid vaccination to 
healthy male volunteers and found that depression-like scores on mood question-
naires signi fi cantly increased 3 h following vaccination. MRI results showed that 
these individuals also displayed reduced connectivity of the subgenual ACC to the 
amygdala and medial prefrontal cortex among other regions during an emotional 
face processing task, which was modulated by IL-6. A similar study by Wright 
et al.  [  101  ]  demonstrated healthy volunteers to display increases in negative mood 
following Salmonella typhi vaccine, which signi fi cantly correlated with eleva-
tions in plasma IL-6. These studies further strengthen the functional biological 
importance of immune–brain–behavior relationships and assist in elucidating 
the basic underlying principles and mechanisms for in fl ammation-induced 
depression. 

 The two human-based approaches described above (i.e., examination of indi-
viduals suffering with depression with and without medical illness) indicate a strong 
role for systemic in fl ammation in the pathogenesis of symptoms of clinical depres-
sion. However, while the data are convincing, ethical and practical constraints limit 
the ability of most human studies to directly examine mechanisms, especially those 
in the brain. Too often, peripheral in fl ammatory markers are relied upon, which may 
not be entirely re fl ective of what is happening in the brain or at least do not elucidate 
the central processes that are involved. In order to identify speci fi c central mecha-
nisms, animal studies are required. In animal and ex vivo models, the biological 
pathways underlying neuroimmune regulation of mood and behavior in the brain 
can be thoroughly examined. These preclinical studies form the foundation from 
which future ef fi cacious immune-targeted therapies for depression can be devel-
oped for the human population. 

 Finally, relationships between the immune system and depression cannot be con-
sidered to be unidirectional. We have thus far discussed a top-down approach, which 
is the way in fl ammation can contribute to symptoms of depression. However, there 
are numerous examples of mood- and behavior-altering immune status. Uncovering 
this phenomenon in clinical studies has largely occurred through the use of longitu-
dinal prospective studies. For example, examination of healthy older men and 
women revealed that baseline BDI-II scores predicted a 6-year change in circulating 
IL-6 levels but baseline IL-6 did not predict future BDI-II scores  [  102  ] . Similarly, a 
recent longitudinal study in 1,420 children from 9 years old onward demonstrated 
that cumulative depressive episodes and depression variables on the child and ado-
lescent psychiatric assessment and young adult psychiatric assessment predicted 
later C-reactive protein (CRP) levels but CRP levels did not predict later depression 
status  [  103  ] . Thus, the relationship between mood and immunity is intricate and 
bidirectional.  
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    6.5   Animal Models of In fl ammation-Induced Depression 

 Rodent models of in fl ammation-induced depression have become a valuable tool 
for investigating mechanisms involved in the pathogenesis of the human disorder. 
Proposed pathways believed to be involved in in fl ammation-induced depression, 
such as monoamine transmission, cytokine production, cell traf fi cking, microglial 
activation, tryptophan metabolism, and HPA axis activation, are largely conserved 
throughout evolution. Of note, these investigations have sometimes been sidetracked 
because of important differences that exist between species. For example, human 
IFN- a  is not biologically active in rodents in the same way it is in humans. This was 
exempli fi ed by Loftis and colleagues  [  104  ]  who administered pegylated human 
IFN- a  to Lewis rats and were unable to observe sickness or depressive-like behav-
iors in these rats. IFN- a  in the brain and liver was examined via protein analysis 
with western blot and determined that signal transducer and activator of transcrip-
tion (STAT1) protein failed to be phosphorylated. The major difference appears to 
be that IFN- a -induced sickness in rodents requires mediation via opioid receptors 
 [  93  ] . It should be noted that species differences among rodents also yield striking 
variability in immune responsivity, especially in regard to cytokine sensitivity with 
mice appearing less sensitive than rats  [  105–  107  ] . 

 Humans and animals have been getting sick since the beginning of time. It is 
therefore reasonable to propose that effective ways of responding to infection, both 
physiologically and behaviorally, were developed early in the evolutionary history 
of both man and animals. Existence of these common pathways allows for animal 
models to inform many human pathologies. Rodent models permit more intensive 
examination of such pathways, particularly in the brain, acute versus chronic infec-
tion, and transgenic models. 

 Human studies are typically restricted to investigating peripheral immune pro-
cesses, making it dif fi cult to differentiate the effects of peripheral in fl ammation 
versus neuroin fl ammation. Hence, the major limitation of human-based approaches 
is that the processes that direct emotionality and behavior reside within the brain, 
and as such, many human studies require speculation regarding how peripheral 
cytokines may gain access to the brain and act on extended limbic and prefrontal 
processes. Peripheral in fl ammation in rodents has proven to yield reliable changes 
in behavior, especially in regard to depressive-like symptomologies such as immo-
bility, anhedonia measured by decreased preference for drinking a sweetened solu-
tion, and learned helplessness  [  108,   109  ] . In contrast to this important limitation in 
most human research, animal models of in fl ammation-induced depression can more 
effectively differentiate peripheral in fl ammation from neuroin fl ammation and the 
requirements of each to induce changes in behavior. A number of studies have dem-
onstrated that administration of the cytokine inducer LPS, or cytokines such as TNF 
and IL-1, directly into the brain is suf fi cient to produce sickness and depressive-like 
behaviors  [  41–  43,   110–  112  ] . Furthermore, central administration of cytokine antag-
onists  [  36,   113–  115  ]  or anti-in fl ammatory agents such as minocycline  [  43  ]  blocks the 
behavioral sequelae of sickness and depression-like behavior that follow peripheral 
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cytokine or LPS injection. One such early study con fi rmed this important link 
between the peripheral immune system and the brain. In 1992, Kent and colleagues 
showed that IL-1ra administered to the periphery blocks the development of physi-
cal markers of sickness such as body temperature rise and oxygen consumption 
following peripheral administration of IL-1. Importantly, intracerebroventricular 
administration of IL-1ra was able to abrogate the depressive-like effects, such as 
food-motivated behavior and social exploration, in response to either centrally or 
peripherally administered IL-1  [  115  ] . Thus, animal studies like this one have directly 
demonstrated that cytokines activated in the periphery are able to exert their effects 
in the brain. Please note that the high degree of overlap between sickness and depres-
sive behaviors is no coincidence, and it requires careful consideration when trying 
to isolate depressive-like behaviors from sickness behaviors in the laboratory. This 
will be covered in detail in the section below. 

 By far the most sophisticated animal models for investigating the precise mecha-
nisms responsible for in fl ammation-induced depression have emerged in only recent 
years. The advent of genetically modi fi ed mice has allowed researchers to ask more 
direct questions regarding the mechanisms responsible for in fl ammation-induced 
depression. A great deal of work has employed genetic knockout mice for speci fi c 
cytokines in order to determine the consequences on behavior. For instance, Bluthé 
and colleagues  [  36  ]  found that a number of cytokines can play common roles in 
in fl ammation-induced depression and sickness. For example, IL-1 b -converting 
enzyme (ICE)-de fi cient mice are largely resistant to centrally administered LPS, 
showing only a mild reduction in food-motivated behavior. These data implicate 
IL-1 b  as a primary cytokine responsible for the regulation of sickness behaviors 
 [  116  ] . The fact that ICE deletion did not completely abrogate LPS-induced sickness 
behavior was subsequently explained by further use of knockout strains. IL-1R1 
knockout mice administered either LPS or IL-1 b  either peripherally or centrally 
have been demonstrated to be resistant to the sickness-inducing effects of IL-1 b  but 
not LPS in regard to social exploration at 2, 4, and 6 h postinjection and immobility 
at 2 and 4 h postinjection. It was only when TNF- a  action was blocked centrally 
that these sickness behaviors were attenuated in response to LPS. Therefore, TNF- a  
replaced the role of IL-1 b  in this murine knockout model, highlighting the plasticity 
of function in the immune system and illuminating the roles of these proin fl ammatory 
cytokines in inducing in fl ammation-induced sickness. IL-6 knockout mice have 
also been extensively employed with a number of studies showing anxiety-related 
and depressive-like behaviors to be attenuated  [  36,   117  ] . However, these data are 
less convincing in IL-6-de fi cient mice with at least one study reporting no change 
in in fl ammation-induced depressive-like behavior  [  118  ] . Additionally, cytokine 
receptor knockout models have been instrumental in answering complex questions 
regarding the interactive effects of cytokines in producing behavioral outcomes. 
Some cytokines, such as IL-1 and TNF- a , bind to multiple receptors to cause differ-
ent effects. Murine knockout models have been used to determine which receptor is 
responsible for changes in behavior. For instance, examination of CD14-, TLR2-, 
and TLR4-de fi cient mice has shown TLR4 to be responsible for the anorexic effects 
of LPS, whereas TLR2 is involved in the response to gram-positive bacterial 
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 products, and CD14 is involved in both  [  119  ] . Palin et al.  [  120  ]  recently reported 
that only TNFR1 knockout mice but not TNFR2 knockout mice fail to present with 
sickness behaviors following central administration of TNF- a . Thus, TNFR1 is 
responsible for the mediation of TNF- a -induced sickness behavior. In addition to 
cytokine knockout murine models, a great deal of progress has been made by using 
IDO knockout mice. IDO is an enzyme that metabolizes tryptophan. In fl ammation-
induced catabolism of tryptophan produces cytotoxic metabolites believed to play a 
leading role in the pathogenesis of depression. Indeed, investigation of IDO-de fi cient 
mice has yielded interesting  fi ndings as to the relative roles of IDO, cytokines, and 
serotonin in in fl ammation-induced depression  [  42  ] . Importantly, IFN- g  receptor-
de fi cient mice also demonstrated this cytokine to be a crucial contributor to the 
activation of IDO following a live bacterial infection  [  41  ] . The use of transgenic 
models to determine the roles of cytokines and tryptophan metabolism will be dis-
cussed in greater detail later in this chapter. 

 Animal and human biomedical research often complements each other, and both 
are needed to advance and improve human health. It is the translation of these 
murine  fi ndings into ef fi cacious clinical practices that is important and should be 
considered as the ultimate goal. Clearly, rodent models serve to advise and direct 
clinical avenues of investigation, con fi rm  fi ndings in humans, and more precisely 
de fi ne the mechanisms that drive in fl ammation-induced depression. This is why 
greater emphasis is being directed towards such translation from preclinical animal 
research into the clinical  fi eld and vice versa.  

    6.6   Mechanisms of In fl ammation-Induced Depression 

 Several mechanisms have been proposed to account for the biological basis of 
depression. The most common of these include monoamine de fi ciencies, stress-
induced neuroendocrine alterations, central cytokine action, and activation of the 
kynurenine pathway of tryptophan metabolism. The following sections brie fl y 
describe and evaluate these pathways with a particular focus on in fl ammation-
induced depression. 

    6.6.1   The Monoamine De fi ciency Hypothesis of Depression: 
Is Serotonin Involved in Everything but Responsible 
for Nothing? 

 No discussion of the proposed causal pathways of depression would be complete 
without beginning with the monoamine de fi ciency hypothesis. For many decades, 
this has been the dominant account of the biological components that underlie 
depression. Serotonin remains the primary target for psychopharmacological 
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 treatments of depression. The main pivot of this theory is the pharmacological 
 property of selective serotonin reuptake inhibitors (SSRIs) that are supposed to 
exert their antidepressant properties by increasing the bioavailability of serotonin at 
the synapse. However, examination of the literature must result in the conclusion 
that the monoamine de fi ciency hypothesis simply cannot explain depression in its 
entirety nor that it may even be the most dominant pathway to depression. Therefore, 
while any account of depression would be incomplete without discussing monoam-
ine de fi ciency, critical evaluation is required. It is our intention to use this predomi-
nant theory as a means to highlight the need for research to continue to expand 
into other promising pathways, which are to be discussed subsequently. We will 
brie fl y describe the monoamine de fi ciency hypothesis and the psychopharmaco-
logical approaches which have been inappropriately applied as support for the 
hypothesis and discuss the experimental  fi ndings in regard to in fl ammation-induced 
depression. 

 Simply put, the monoamine de fi ciency hypothesis proposes that major depres-
sive disorders are caused by a reduction in the neurotransmission of monoamines 
such as noradrenaline, dopamine, and serotonin. This can result from a global reduc-
tion in monoamine levels or via ineffective functioning of the serotonin transporter, 
which removes serotonin from the synaptic cleft back into the synaptic boutons, 
diminishing free serotonin concentrations. The monoamine de fi ciency hypothesis 
arose following observations that treatments which target monoamine neurotrans-
mission, such as tricyclic antidepressants and monoamine oxidase inhibitors 
(MAOIs), alleviated the symptoms of depression. The newer generation of antide-
pressants (SSRIs) approved in the 1980s and the newer norepinephrine and dop-
amine speci fi c reuptake inhibitors act similarly on receptors and also increase 
central monoamine concentrations. Despite major symptoms being reduced in some 
patients with clinical depression following treatment with these monoamine-tar-
geted antidepressants, such pharmacological approaches are ineffective in at least 
one-third of clinically depressed patients  [  121  ] . Although the claim that the ability 
of monoamine-targeted antidepressants to reduce depressive symptoms is primary 
evidence for the role of these monoamines in depression, the theory suffers from 
teleological problems. Lacasse and Leo  [  122  ]  exemplify this problem nicely by 
asserting that aspirin’s ability to alleviate headaches does not prove that headaches 
result from low concentrations of aspirin in the brain. Such  fl awed logic regarding 
aspirin would still provide greater support for this hypothesis than that used for 
antidepressants given that aspirin can produce fast-acting alleviation of headaches. 
In contrast, despite the acute action of monoamine-targeted antidepressants on 
increasing monoamine levels at neuronal synapses, 2–3 weeks of continued antide-
pressant treatment is required for noticeable changes in depressive symptoms  [  123  ] . 
To date, no explanation can fully account for this disconnect between the acute 
effect of antidepressants on monoamine levels and the delayed effects on depressive 
symptoms. One possible explanation is that antidepressants may increase the levels 
of growth factors such as brain-derived neurotrophic factor (BDNF) in patients 
with depression  [  124  ] , thus promoting neuronal stem cell differentiation and the 
formation of new neuronal networks, which takes time to develop and take effect. 
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Pertinent to alcoholism, BDNF appears to play a role in alcohol consumption. 
Hensler and colleagues  [  125  ]  reported that BDNF knockdown mice exhibit elevated 
consumption and preference for ethanol compared to wild-type controls but no dif-
ference for other nonalcoholic tastants. Thus, monoamine de fi ciency in depressives 
and alcoholics may stem from reduced BDNF in these individuals. Given that acute 
ethanol exposure increases both serotoninergic and dopaminergic projections, alco-
holism may represent a self-medicating exercise to increase monoamine concentra-
tions and carry over increases in BDNF to maintain elevated levels. This, however, 
proves unsuccessful given that serotonin and dopamine responses to ethanol habitu-
ate over time. Regardless, drugs targeting other neurotransmission systems such as 
ketamine and MK-801, which antagonize NMDA receptors, have been able to pro-
duce acute antidepressant effects in humans and rodents  [  126–  128  ]  with evidence 
that these too can elevate BDNF  [  126  ] . 

 Finally, efforts to measure markers of monoamines in patients with clinical 
depression have been plagued with inconsistency  [  129  ] . Attempts to induce depres-
sion by reducing monoamine concentrations have also failed to produce consistent 
 fi ndings  [  129–  131  ] . Despite many scientists remaining unconvinced that the pri-
mary cause of clinical depression is merely a central de fi ciency in monoamine con-
centrations  [  123,   132,   133  ] , monoamine de fi ciencies are still likely to play a role in 
depression. This role, however, may be less robust than  fi rst believed. It is probable 
that simply modulating monoamine pathways is suf fi cient to modulate a range of 
diverse symptoms not limited to clinical depression but inclusive of schizophrenia, 
anxiety, and other disorders  [  123,   134  ] . 

 A number of studies have shown monoamines to also be implicated in the 
pathophysiology of in fl ammation-induced depression. These data should not be 
ignored given the ability of cytokines to activate pathways leading to metabolism of 
tryptophan into serotonin. For instance, Raison et al.  [  135  ]  found that IFN- a  treat-
ment of hepatitis C patients corresponded with elevated levels of IL-6 in the CSF. 
These increased concentrations of IL-6 were, in turn, negatively correlated with 
5-hydroxyindoleacetic acid (5-HIAA), the major serotonin metabolite. The associa-
tion between IL-6 and 5-HIAA was predictive of depression severity according to 
established psychological inventories. These  fi ndings re fl ect those of numerous 
studies that demonstrate the capacity of immunotherapies to increase monoamine 
turnover in humans  [  75,   136  ] . Evidence demonstrating signi fi cant changes in turn-
over rates of monoamine concentrations in models of in fl ammation-induced depres-
sion certainly supports the idea that the immune system is a contributor to the 
pathogenesis of depression. However, no direct evidence has surfaced that would 
implicate monoamine de fi ciency as the primary cause of depression, and inconsis-
tencies also plague the area of in fl ammation-induced depression in regard to the 
speci fi c roles of serotonin, noradrenaline, and dopamine  [  137  ] . In light of this lack 
of concrete evidence, we would argue that while monoamine de fi ciency is likely to 
contribute to depression, the available data clearly indicate that other key players are 
involved. 

 The ability of cytokines to regulate monoamine concentrations  [  138–  140  ]  and 
for anti-in fl ammatory antibiotics to produce antidepressant effects  [  141  ]  suggests 
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that monoamine de fi ciency may be a downstream consequence of other processes 
initiated by the synthesis of proin fl ammatory cytokines. An important study sup-
portive of this proposition was published in 2009. O’Connor and colleagues  [  43  ]  
investigated the role of the tryptophan-degrading enzyme IDO in a murine model 
of in fl ammation-induced depression. IDO is activated by IFN- g  and TNF- a . It 
degrades tryptophan along the kynurenine pathway. The kynurenine pathway will 
be explored in greater depth below; however, it is important to note that IDO 
metabolizes tryptophan from which the resulting metabolites can proceed down a 
number of pathways. These include the production of serotonin metabolites as well 
as neurotoxic metabolites depending on which arm the cascade follows (see 
Fig.  6.3 ). This study showed that LPS-induced depressive-like behaviors in mice 
were associated with reduced plasma tryptophan concentrations independent of 
changes in brain  serotonin turnover. Studies such as these are emerging that expand 
on potential biochemical targets other than monoamine de fi ciencies to treat clinical 
depression. These pathways are now being investigated more intensively and 
include the cytokine hypothesis of depression, neuroendocrine perturbations, and 
the kynurenine pathway. Importantly, the ability of these pathways to alter sero-
tonin action in the brain is clear, indicative of the ubiquitous involvement of the 
neurotransmitters in many central functions without any required speci fi city to 
major depression alone.   

    6.6.2   Cytokines, Growth Factors, and Depression 

 The association between stress and depression with impaired immune function pre-
cipitated the suggestion that cytokine dysregulation may be responsible for symp-
toms of clinical depression  [  142–  144  ] . Cytokines, such as IFN- g , activate astrocytes 
and microglia resulting in the production of more cytokines from these cells  [  145  ] . 
Furthermore, IFN- g  reduces the synthesis of neuroprotective growth factors like 
insulin-like growth factor (IGF-I)  [  146  ] . It can be easily imagined that this feed-
forward process that increases proin fl ammatory cytokines and reduces critical 
growth factors in the brain could produce profound changes in immunocompro-
mised and genetically susceptible individuals. However, what are the precise lines 
of evidence in support of this, and how might central cytokines produce changes in 
mood and behavior? The lines of evidence in support of the cytokine hypothesis of 
depression are severalfold. Firstly, cytokines produce alterations in neurochemistry 
and growth factors, akin to those produced by traditional stressors, which reliably 
induce symptoms of depression. Secondly, depression in humans is associated with 
increases in circulating cytokines, suggestive of their elevated action in the brain. 
Thirdly, peripheral and central cytokine administration to rodents induces behav-
ioral symptoms analogous to those observed in patients with depression. Lastly, 
anti-in fl ammatory agents administered to both humans and rodents can alleviate 
depressive-like behaviors. Each of these lines of evidence is discussed below with a 
particular focus on elucidating the actions that cytokines may be having on the brain 
to produce such changes in behavior. 
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 Cytokines have been demonstrated to produce a vast array of changes to brain 
function beyond the previously described effects on monoamine availability. As 
with traditional stressors, cytokines stimulate activation of the HPA axis. Acute 
cytokine administration, both centrally and peripherally, results in elevated expres-
sion of CRH, adrenocorticotropin-releasing hormone (ACTH), and glucocorticoids 

  Fig. 6.3    Kynurenine pathway of tryptophan metabolism in response to in fl ammation. Tryptophan 
is metabolized intracellularly by IDO1, IDO2, and TDO, producing kynurenine. Astrocytes, brain 
endothelial cells, and neurons appear to be biased towards metabolizing kynurenine into kynurenic 
acid, which antagonizes NMDA receptors and can be neuroprotective. Macrophages and microglia 
appear biased towards metabolizing kynurenine into downstream neurotoxic metabolites anthra-
nilic, quinolinic, and picolinic acid, which agonize NMDA receptors. Note that the relative roles 
of IDO1, IDO2, and TDO in producing downstream metabolites responsible for in fl ammation-
induced depression have not yet been fully elucidated       
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 [  71,   147–  150  ] . Glucocorticoids, in turn, reduce expression of growth factors such as 
BDNF and disrupt hippocampal neurogenesis (reviewed in  [  151  ] ). 

 Cytokine effects on negative feedback of the HPA axis have also been described 
 [  152  ] , which suggests that the circadian pathways needed for stress regulation at 
baseline and during stress are highly dependent on cytokine regulation. Later, in 
subsequent sections of this chapter, the precise neuroendocrine mechanisms impli-
cated in in fl ammation-induced depression will be discussed. However, it suf fi ces 
that the known neural responses following exposure to typical stressors largely 
apply in the presence of an immunological stressor. These responses are considered 
to be driven predominantly by proin fl ammatory cytokines. In addition to neuroen-
docrine activation, proin fl ammatory cytokine activation in the CNS results in com-
promised neurotrophic support. For instance, Guan and Fang  [  153  ]  reported almost 
ubiquitous reductions in BDNF, nerve growth factor (NGF), and neurotrophin-3 in 
the brains of rats intraperitoneally treated with LPS. Similarly, our laboratory has 
characterized the neuroprotective properties of IGF-I (reviewed in  [  154  ] ). We 
recently established that central administration of IGF-I reduces depressive-like 
behavior in mice given an intraperitoneal injection of LPS  [  155,   156  ] . Impaired 
neurotrophic support also appears to contribute to IFN- a -, IL-1 b -, and IL-6-induced 
reductions in neurogenesis  [  157–  159  ] . This may occur by the ability of 
proin fl ammatory cytokines to induce resistance to growth factor receptors, as has 
been demonstrated by the ability of both IL-1 b  and TNF- a  to induce resistance to 
IGF-I (reviewed in  [  154  ] ). Interestingly, Seguin et al.  [  160  ]  recently reported that 
systemic TNF- a  administration reduces hippocampal neurogenesis, whereas 
repeated intra-hippocampal IL-1 b  and IL-6 infusion appears to have promitotic 
effects. While these contrasting outcomes of peripheral versus central cytokine 
administration on neurogenesis require con fi rmation, these data hint towards a 
sophisticated interplay between cytokines and the processes governing neural plas-
ticity. Cytokines, such as TNF- a , and dysregulation of in fl ammatory chemokines 
like IL-8 are also known to enhance oxidative stress, glutamatergic activation and 
apoptosis  [  161–  163  ] . Functionally, these changes in the brain manifest as cognitive 
decline and behavioral symptoms which characterize depression  [  28  ] . 

 The second line of evidence in support of the cytokine hypothesis of depression 
revolves around the well-documented increases in circulating proin fl ammatory 
cytokines in patients with depression. Proin fl ammatory cytokines have been shown 
to be elevated in sufferers of depression with and without medical illness, as previ-
ously discussed. The most documented cytokines measured in these patients include 
IL-1 b , TNF- a , and IL-6  [  88,   144,   164  ] . A number of studies have also reported 
increases in the acute phase protein high-sensitivity C-reactive protein (hs-CRP) in 
patients with depression, whereby the severity of depressive episodes correlates 
positively with hs-CRP levels  [  165  ] . hs-CRP is a marker of in fl ammation due largely 
to the action of IL-6 in increasing its synthesis in the liver  [  166  ] . Reports of these 
increases in proin fl ammatory cytokines and in fl ammatory markers in patients with 
depression are being published with increased regularity. 

 The primary cytokine candidates as indicated by measures of depressive patients, 
IL-1 b , TNF- a , and IL-6, have all been shown to be instrumental to the onset of 
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depressive-like behaviors in rodent studies  [  36,   109,   117  ] . Inhibition of these 
 cytokines is often shown to lead to attenuation of depressive-like behaviors or the 
co-opting of their roles in depressive-like behavior by other cytokines  [  36,   133  ] . 
Similarly, antibiotic treatment with minocycline convincingly blocks neuro-
in fl ammation and abrogates cytokine-induced sickness and depressive-like behav-
iors in mice following LPS challenge  [  43,   45  ] . 

 Importantly, examination of both peripheral and central administration of cytok-
ines has led to a better understanding of the communication networks that exist 
between the brain and periphery for the immune system. Cytokines are vital com-
municators in signaling infection to the brain and regulating the subsequent behav-
ioral responses. The assumption that peripheral cytokines can act on the brain has 
been shown to occur via several pathways, including via HPA activation at the level 
of the hypothalamus, activation of afferent vagal  fi bers, passage into the CNS via 
circumventricular organs, and active transport across the BBB  [  167  ] . And, of course, 
it is now well accepted that cytokines in the periphery activate cytokines in the 
brain. Therefore, the local synthesis of cytokines in the brain is also important for 
inducing behavioral changes. The signaling cascade of each of these pathways has 
been described in Sect.  6.2  and is summarized in Fig.  6.2 . 

 Finally, acute stress alone can induce the synthesis of cytokines. For instance, 
peripheral IL-6 and DNA binding of NF κ β increase following exposure to the Trier 
Social Stress Test and are further elevated in patients with depression compared to 
healthy controls  [  168  ] . Animal studies have also demonstrated that typical stress 
paradigms elevate levels of brain IL-1 b   [  169,   170  ] . We will explore the relationship 
between the immune system and neuroendocrine stress responsivity in the follow-
ing section, focusing primarily on the ability of cytokines to regulate HPA axis 
function. However, bear in mind that the HPA axis also plays a strong regulatory 
role for cytokines as well and their communication network is not unidirectional.  

    6.6.3   Stress/Neuroendocrine Pathways in the Context of Immune 
Activation and Depression 

 The neuroendocrine system has been implicated for decades in affective disorders 
including anxiety and depression. The impact of stress on the development of 
depression has been well established, with many studies demonstrating that stress-
ful life events often precede the onset of depression (e.g.,  [  171, 172  ] ). Thus, neu-
roendocrine regulation of stress responses has been widely investigated and shown 
to be associated with the disorder at almost all of the fundamental levels of the HPA 
axis: centrally released CRH, peripherally released ACTH and cortisol, as well as 
glucocorticoid receptor (GR) involvement in negative feedback. Numerous studies 
have demonstrated depression and temperament changes to be positively correlated 
with cortisol concentrations in infants  [  171,   173  ] , adolescents  [  174  ] , and adults 
 [  175,   176  ] . Brain imaging studies are consistent with these  fi ndings and have 
 demonstrated depressive patients to have signi fi cantly smaller hippocampal 
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 volumes, suggestive of the prolonged neurotoxic effect of HPA axis activation  [  177, 
  178  ] . Furthermore, dysfunction of CRH neuronal circuitries has been implicated in 
affective disorders in humans  [  179  ] . 

 Neuroendocrine dysfunction has also been extensively studied in the context of 
in fl ammation-induced depression. This is no surprise given that cytokines and 
cytokine-inducing stimuli such as LPS activate the HPA axis and vice versa. This 
neuroimmune–neuroendocrine interaction has led to a body of work implicating 
immune-driven regulation of the HPA axis in the pathogenesis of depression. Studies 
in humans have reported an associative increase in both cytokines and glucocorti-
coids in depressive patients. For example, Humphreys et al.  [  180  ]  reported a positive 
correlation between ACTH concentrations and LPS-stimulated IL-6 in depressive 
patients, but no such relationship existed for control subjects. These  fi ndings repre-
sent the associated chronic hyperactivity of the HPA axis with systemic in fl ammation 
commonly observed in depressive patients, such as the association between elevated 
hs-CRP and depressive symptomology reported by Raison et al.  [  135  ]  in chronic 
fatigue patients. In vitro administration of TNF- a  has been shown to disproportion-
ately increase GR b  protein isoform over GR a  in HeLaS3 and lymphoid cells. GR a  
binds hormones, translocates them to the nucleus, and regulates gene transcription, 
whereas GR b  does not bind known ligands and attenuates GR a  action  [  181  ] . This 
change in expression between the two isoforms is predictive of glucocorticoid resis-
tance development, which often characterizes HPA axis dysfunction in depression 
patients  [  181  ] . Concentrations of circulating TNF- a  have been suggested to be par-
ticularly involved in depression severity scores and vasoconstriction responses (a 
marker of HPA axis function) in antidepressant-resistant depressives  [  182  ] . 
Examination of metastatic cancer patients has also determined associative increases 
in IL-6 and cortisol in those patients with depression  [  183  ] . 

 Rodent studies have similarly demonstrated associative increases in HPA axis 
activity and depressive-like behavior following immune activation  [  170  ] . Similarly, 
paradigms involving neonatal immune activation have demonstrated increased pro-
pensities to develop stress-related behaviors alongside hypersecretion of corticos-
terone, elevated hippocampal cytokines, and altered GR abundance in adulthood 
 [  184–  186  ] . Such animal studies have been useful in dissociating the relationship 
between the actions of cytokines and the HPA axis in the brain to provide a more 
direct account of how these factors may in fl uence behavior. Raz Yirmiya’s labora-
tory has been particularly in fl uential in this regard, reporting brain IL-1 b  to be 
responsible for depressive-like behavior in relation to stress physiology. They have 
determined that psychological stress results in decreased hippocampal neurogenesis 
alongside signi fi cant increases in hippocampal IL-1 b  protein, depressive-like 
behavior, and ACTH and corticosterone release  [  169,   170  ] . The importance of IL-1 
in producing these behavioral and HPA axis outcomes was con fi rmed both geneti-
cally using IL-1r knockout mice and pharmacologically using IL-1ra. In IL-1R1 
knockout mice stress-induced brain, behavioral and endocrine perturbations 
observed in the wild-type mice were all attenuated  [  169,   170  ] . More importantly, 
these perturbations were abolished if wild-type mice were adrenalectomized  [  170  ] . 
These studies clearly established that a chronic stressor increases expression of 
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IL-1 b  protein in the brain. Genetic or pharmacological antagonism of IL-1 prevents 
development of depressive-like behaviors—all of which are linked through the HPA 
axis. One explanation posited for the association between HPA axis activation and 
depression onset is the neurodegenerative effects of glucocorticoids. Elevated cor-
ticosterone concentrations in rats have been shown to reduce neurogenesis in the 
hippocampus  [  187,   188  ] , which coincides with increased depressive-like behavior 
in these animals. Antidepressant treatments increase hippocampal neurogenesis, 
and these progenitor cells develop and mature into neurons as opposed to glial cells 
 [  189  ] . Human studies have supported these effects in depression patients, whereby 
smaller hippocampal volumes were associated with poorer clinical outcomes  [  190  ] . 
Over a 3-year period, antidepressant treatment also increased hippocampal volume 
in these patients. 

 Some degree of inconsistency regarding the exact causal relationship between 
cytokine and neuroendocrine parameters in depression remains. For instance, Jehn 
and colleagues     [  191  ]  found that comorbidity of cancer and depression was typi fi ed 
by positive correlations between IL-6 concentrations and depression severity, 
whereas negative correlations were observed between cortisol and severity of 
depression. The authors concluded that immune and endocrine involvements in 
depression are independent of one another. Further confusion arises in the face of 
the apparent paradox that exists in relation to in fl ammation-induced depression and 
HPA axis activity. Glucocorticoids have well-characterized anti-in fl ammatory prop-
erties. As such, an immunological stressor, such as infection or a mimetic such as 
LPS which works to activate the HPA axis, will result in downstream glucocorticoid 
release. This secretion of glucocorticoids should, in turn, attenuate the originating 
in fl ammation. However, this is often not the case when studying for patients of 
depression showing enhanced immune activation, and hence, additional processes 
must also be at play such as the proin fl ammatory nature of cytokines and glucocor-
ticoid resistance (discussed below). 

 It is important to recognize that cytokine regulation of HPA axis function is com-
plex and requires a multifaceted approach to studying such complexity. This is par-
ticularly so when considering the multitude of actions that cytokines can impart on 
GR function. Proin fl ammatory cytokines inhibit GR function via translocation, GR 
protein–protein interactions, induction of GR isoforms that reduce access to hor-
mone, and GR binding to its DNA response element (see  [  192,   193  ] ). Additionally, 
p38 mitogen-activated protein kinase (MAPK) modulation of GR transcriptional 
activity also appears to be a crucial intermediary for cytokine-induced inhibition of 
GR function  [  61  ] . The obvious potential for immune-focused therapies to reduce 
GR inhibition in depression patients has not gone unnoticed. As such, stimulation of 
nuclear extracts of cells with celecoxib (an anti-in fl ammatory agent that acts via 
COX-2 pathways) increases GR nuclear localization and binding to glucocorticoid 
response element via a reduction of phosphorylated p38 MAPK  [  194  ] . Given the 
number of ways through which immune parameters can alter GR activity, it is clear 
that simply measuring downstream outcomes such as cortisol is unlikely to entirely 
elucidate the relationship between the immune system and neuroendocrine axis in 
regard to in fl ammation-induced depression. 
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 While a great deal of research has focused on cytokine mediation of the HPA axis 
in in fl ammation-induced depression, emerging evidence indicates that cytokines are 
also involved in regulation of the hypothalamic–pituitary–gonadal (HPG) axis. 
Gonadal hormones are potent behavioral mediators, with increased testosterone 
expression resulting in elevated aggression  [  195,   196  ] . A number of studies have 
reported associations between low testosterone and major depression  [  197  ] , which 
has been demonstrated to improve following testosterone treatment  [  198  ] . The HPG 
axis interacts with both the neuroimmune system and the HPA axis. Many studies 
have demonstrated that LPS administration to rodents suppresses HPG function, 
with lower frequency rates of gonadotropin-releasing hormone (GnRH) pulses 
being described  [  199  ]  as well as reduced luteinizing hormone (LH) concentrations 
 [  200  ] . The primary cytokines that mediated this suppression were IL-1 b  and TNF- a , 
which exerted their effects via cyclooxygenase formation of arachidonic acid and 
prostaglandins  [  199–  201  ] . Additionally, female attractiveness and sexual behavior 
appear to be mediated by these cytokines during in fl ammation  [  202,   203  ] , with 
particular involvement of IL-1 via the synthesis of prostaglandins  [  204  ] . Indeed, 
IL-1 and TNF- a  appear to play the most potent role in HPG axis regulation of the 
cytokines, whereby they can exert effects on centrally released GnRH, as well as 
gonadal secretion of estradiol and Leydig steroidogenesis. Notably, gonadal pro-
duction of IFNs also appears to act as autocrine and paracrine regulators (reviewed 
in  [  205  ] ). 

 The HPA axis is also widely acknowledged to impact on HPG function and vice 
versa  [  206  ] . While HPA and cytokine pathways have been recognized to impact on 
HPG activity for some time  [  201  ] , it is only recently that scientists have begun to 
question whether these pathways are as independent of one another as originally 
conceived. Matsuwaki et al.  [  207  ]  recently determined that the production of gluco-
corticoids following TNF- a  injection to rats counteracts the suppressive effects of 
cytokines on GnRH pulse generation. A number of studies have also demonstrated 
that neonatal immune activation (a critical period of HPA axis and HPG axis devel-
opment) produces long-term alterations in reproductive  fi tness, suppresses gonadal 
hormones, and changes behavior in adulthood  [  208–  210  ]  with likely involvement of 
the HPA axis in regulating these outcomes. While elucidation of the precise rela-
tionships between neuroin fl ammation, the HPA axis, and the HPG axis remains in 
its infancy, such examination may become fruitful for investigating the pathogene-
sis of in fl ammation-induced depression. Sex differences are reliably observed in 
regard to the prevalence of depression  [  211  ] , and one can speculate that within the 
cross talk of these systems may lie the answer to why depression is 1.68 times more 
prevalent among women than among men  [  212  ] .  

    6.6.4   Kynurenine Pathway of Depression 

 A promising theory for the pathogenesis of in fl ammation-induced depression is the 
kynurenine pathway of tryptophan metabolism. Tryptophan, the least abundant of 
the essential amino acids, has three basic fates: (1) it is used for general protein 
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synthesis, (2) it is used for serotonin synthesis, or (3) it is catabolized via the 
 kynurenine pathway to produce biologically active metabolites. Tryptophan is the 
biochemical precursor and rate-limiting substrate for the synthesis of serotonin, 
which is why tryptophan metabolism has been an attractive avenue of investigation 
for subscribers to the monoamine de fi ciency hypothesis of depression. If tryptophan 
is excessively metabolized, the reservoir from which tryptophan hydroxylase is able 
to synthesize serotonin is reduced. The end result can be lower concentrations of 
brain serotonin. Indeed, low levels of circulating tryptophan have been consistently 
reported in patients suffering depression  [  213–  217  ] . Three enzymes are responsible 
for the catabolism of tryptophan: tyrosine hydroxylase leads to the synthesis of 
serotonin, whereas IDO and tryptophan 2,3-dioxygenase (TDO) lead to the synthe-
sis of kynurenine. Thus, low tryptophan availability for serotonin synthesis was 
originally explained by activation of TDO/IDO and was seen to  fi t comfortably 
within the monoamine de fi ciency hypothesis of depression. 

 In spite of the coincident increase in IDO activation and reduced serotonin con-
centrations in depression patients, there is evidence to indicate that the driving 
mechanism behind in fl ammation-induced depression in regard to tryptophan metab-
olism is unlikely to be caused by reductions in either tryptophan or serotonin. 
Instead, these behavioral changes may be caused by downstream neurotoxic metab-
olites produced from the kynurenine pathway. Kynurenine itself is biologically 
inactive but can be further metabolized into biologically active metabolites. These 
are produced from three arms of the pathway. Kynurenine aminotransferases can 
metabolize kynurenine into kynurenic acid (KA). This metabolite has been shown 
to be largely neuroprotective as it antagonizes  N  - methyl- d -aspartate (NMDA) and 
 a -7 nicotinic acetylcholine receptors. Degradation of kynurenine into KA occurs in 
astrocytes, brain endothelial cells, and possibly neurons  [  218,   219  ] . Alternatively, 
kynurenine can be further metabolized into either anthranilic acid by kynurinase or 
further degraded into downstream quinolinic acid. Anthranilic acid and quinolinic 
acid, both of which generate oxidative radicals, are NMDA receptor agonists and 
can be neurotoxic. Microglia and macrophages are biased towards the arm of the 
kynurenine pathway that results in the production of anthranilic and quinolinic acids 
 [  218,   220  ] . Thus, the production of metabolites that serve either neuroprotective or 
neurotoxic roles is largely dependent on the cell type in which tryptophan is being 
metabolized. A recent study by Myint and colleagues  [  221  ]  supports the notion that 
neurotoxic metabolites may be responsible for depressive symptoms. They observed 
plasma kynurenine to tryptophan ratios to be increased in depressed patients com-
pared to controls. Depressed patients also demonstrated reduced KA to kynurenine 
ratio concentrations, suggestive of reduced neuroprotection in these individuals. 
A similar study has recently reported elevated plasma concentrations of kynurenine 
and lower concentrations of kynurenic acid in schizophrenic patients, which corre-
spond to clinical symptomology  [  222  ] . Interestingly, after 6 weeks of antipsychotic 
treatment, these comparative concentrations began to normalize. A diagrammatic 
representation of the kynurenine pathway is presented in Fig.  6.3 . 

 The fact that immune cells, such as microglia and macrophages, are biased 
towards producing the neurotoxic metabolites anthranilic and quinolinic acid 
 represents promise for the area of in fl ammation-induced depression. Indeed, the 
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relationship between the immune system and IDO is strong. IDO has both 
 immunoregulatory and tolerogenic mechanisms. For instance, IDO activity pro-
duces tryptophan-depleted microenvironments that limit the proliferation of T cells 
and enhance their susceptibility to apoptosis  [  223  ] , yet IDO is also important for 
limiting allogeneic rejection of the fetus during pregnancy  [  223–  225  ] . Conversely, 
in fl ammation represents a potent activator of IDO primarily via the actions of the 
cytokines IFN- g  and TNF- a   [  41  ] . Hence, neuroin fl ammation in depressed individ-
uals is likely to activate microglia and macrophages that, in turn, increase their 
intracellular IDO enzymatic activity and the release of these neurotoxic metabo-
lites. A number of clinical studies have reported increased IDO activation and qui-
nolinic acid to be associated with depressive symptoms and in fl ammatory markers. 
For instance, patients with malignant melanoma undergoing IFN- a  treatment dis-
play increased plasma kynurenine to tryptophan ratios that are associated with 
elevated levels of neopterin (a marker of macrophage activation)  [  226  ] . Importantly, 
both duration and degree of elevation in these markers were signi fi cantly greater in 
antidepressant-free patients who developed major depression compared to those 
who failed to develop depression. Similarly, cancer and hepatitis C patients under-
going cytokine therapy have been shown to exhibit lower tryptophan to large neu-
tral amino acid ratios and higher kynurenine concentrations which are predictive of 
depressive scores in these patients  [  227–  229  ] . A recent study also determined that 
plasma kynurenine and neopterin were higher in patients with major depressive 
disorder who have attempted suicide as opposed to major depressive disorder 
patients in the absence of suicide attempts as well as healthy controls, indicative of 
the kynurenine pathway being implicated as a potential marker of severity of 
depression  [  230  ] . 

 Animal studies have been instrumental in demonstrating that the onset of depres-
sive-like behaviors following immune activation is reliant upon IDO activity. 
Intraperitoneal administration of BCG to mice results in prolonged increases in 
serum IFN- g  alongside elevated IDO activity in both the lung and brain  [  231  ] . These 
animals also show peripheral and central reductions in tryptophan. This model of 
BCG infection in mice has been effective in establishing that IDO activation follow-
ing in fl ammation critically determines the behavioral outcome of these mice with 
depressive-like behaviors being measurable 7 days following the administration of 
BCG  [  41,   42  ] . BCG-treated mice also exhibit elevated levels of IDO mRNA and 
3-hydroxyanthranilic acid (the precursor to quinolinic acid), indicative of the rise in 
neurotoxic metabolites during in fl ammation  [  42  ] . The causative effect of IDO in 
depressive-like behavior has been con fi rmed by genetically or pharmaceutically 
blocking IDO activity. Administration of the competitive antagonist of IDO 1-methyl 
tryptophan (1-MT) normalizes the kynurenine to tryptophan ratio peripherally and 
centrally and prevents the onset of depressive-like behavior  [  42  ] . Similarly, IDO-
de fi cient mice develop no signs of depressive-like behavior following BCG infec-
tion despite obvious signs of sickness  [  42  ] . Cytokine signaling appears to be crucial 
for IDO activation for in fl ammation-induced depression, and most data suggest 
some cytokines are more in fl uential than others in this regard. In particular, IFN- g  
and TNF- a  are critical activators of IDO. While IFN- g , IL-1 b , TNF- a , and IL-6 
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have all been shown to increase during in fl ammation in these models  [  41,   42,   231  ] , 
it is IFN- g  receptor-de fi cient mice that fail to present with depressive-like behavior 
following BCG  [  41  ] . Similarly, the TNF- a  antagonist, etanercept, has been shown 
to be capable of attenuating IDO activation and depressive-like behaviors  [  41  ] . 
BCG exposure to IDO-de fi cient mice has established that while these mice fail to 
present with depressive-like behavior, their cytokine pro fi les remain normal  [  42  ] . 
Thus, it would appear that the primary role of proin fl ammatory cytokines in 
in fl ammation-induced depression is to activate IDO metabolism of tryptophan. 

 Murine models have been used to con fi rm that in fl ammation-induced depres-
sive-like behaviors are dependent upon IDO activation independently of changes in 
central serotonin turnover. These data stand in stark contrast to the notion that tryp-
tophan metabolism is a means to which serotonin neurotransmission is depleted and 
thus is the cause for depressive symptomologies. Administration of LPS or BCG to 
mice increases the kynurenine to tryptophan ratio in circulation  [  43  ] . However, 
kynurenine and tryptophan behavior in the brain tells a different story. These mice 
display increased central kynurenine in the absence of any concurrent reduction in 
tryptophan. Moreover, brain tryptophan and serotonin turnover actually increase 
 [  43,   232  ] . Several human studies are supportive of these data. Wichers et al.  [  228  ]  
found that hepatitis C patients undergoing IFN- a  therapy experience a concurrent 
rise in serum kynurenine to tryptophan ratios and depressive scores. However, the 
tryptophan to competing amino acids ratio did not differ, suggesting that tryptophan 
availability to the brain is not altered. This suggestion has since been con fi rmed by 
Raison et al.  [  229  ]  who showed that hepatitis C patients undergoing IFN- a  treat-
ment demonstrate decreased circulating tryptophan concentrations but no change in 
cerebrospinal (CSF) tryptophan concentrations. Importantly, kynurenine and quino-
linic acid were increased in the CSF of these patients that correlated with depressive 
inventory scores. Thus, it would appear that compensatory mechanisms in the brain 
work to ameliorate the fall in circulating tryptophan. The precise mechanisms 
responsible for this phenomenon remain to be elucidated, but one possible explana-
tion is the co-induction of tryptophanyl-tRNA synthetase (WRS) with IDO follow-
ing IFN- g  stimulation  [  233  ] . WRS catalyzes the attachment of tryptophan to its 
cognate transfer RNA molecule. This produces a tryptophan reservoir from which 
protein can be synthesized, protecting the cell against tryptophan starvation. For a 
review of the role of kynurenine pathway in in fl ammation-induced depression that 
can provide greater detail than is available to us here, see  [  234  ] . 

 It is important to note that IDO is not the only enzyme responsible for the metab-
olism of tryptophan into kynurenine. As mentioned above, TDO which is respon-
sible for the metabolism of dietary tryptophan was long thought to reside almost 
solely in the liver. Recently, it was determined that TDO is also present in other tis-
sues, including the brain. For instance, an examination of TDO-de fi cient mice found 
that these mice exhibit elevated levels of brain tryptophan, serotonin, and hydroxy-
indoleacetic acid, which corresponded with reduced anxiety-related behavior  [  235  ] . 
TDO is strongly activated by cortisol, a hormone that is commonly dysregulated in 
affective disorders  [  175,   176  ] . Thus, the potential for TDO to play a role in 
in fl ammation-induced depression is likely, but this possibility requires con fi rmation. 
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In addition to TDO, another enzyme, indoleamine 2,3-dioxygenase 2 (IDO2), has 
been discovered  [  236  ] . The primary human IDO2 transcript is derived from 11 
exons and encompasses a 74-kB region of chromosome 8p12.21  [  236  ] , which is 
encoded adjacent to IDO1 located at 8p12-p11. IDO2 is the more ancient of the two 
enzymes, and it catabolizes tryptophan with lower ef fi ciency. The expression of 
IDO1 and IDO2 proteins differs in response to various stimuli, and they do not 
coexist in all cell types, which may indicate that they are not functionally redundant 
despite their 43% homology at the amino acid level. Clearly, much more research is 
required to determine the respective roles of IDO1, IDO2, and TDO in in fl ammation-
induced depression before the precise cause for changes in kynurenine metabolites 
in in fl ammation-induced depression will be known. 

 Finally, it should be noted that the several glutamatergic pathways in fl uenced by 
kynurenine and its metabolites are also affected by ethanol, and thus, yet another 
common pathway between alcoholism and depression emerges. Alcohol abuse 
increases neuroin fl ammation and proin fl ammatory cytokines in the brain and liver 
via TLR4 activation  [  29  ] , increasing activity of IDO and TDO. For instance, chronic 
alcohol exposure to rats elevates hepatic TDO activity resulting in increased urinary 
kynurenine  [  237  ] . In humans, short-term alcohol exposure has been reported to 
decrease tryptophan concentration and lead to an elevation in kynurenine  [  238  ] . 
Hence, a person experiencing depression or a depressive episode and binge drinks 
may be likely to potentiate depressive symptoms due to the effects of short-term 
ethanol on kynurenine metabolites. One potential problem with this hypothesis 
resides in the opposing effects of ethanol and kynurenine metabolites on neurotrans-
mitter function. For example, while kynurenine metabolites such as quinolinic acid 
serve as agonists of NMDA receptor activity and increase glutamatergic transmis-
sion, ethanol antagonizes NMDA receptors, decreases glutamatergic transmission, 
and elevates inhibitory GABA. While these downstream outcomes on neurotrans-
mission appear contradictory to the commonality of comorbidity between alcoholism 
and depression, they may indeed hold the key for prolonged alcoholism in depressed 
individuals. Indeed, alcohol abuse may become a compensatory self-medicating 
mechanism for reducing the mood and cognitive effects of increased IDO activity in 
individuals with depression. Habituation to the effects of alcohol may lead to a spi-
raling effect of greater and greater alcohol abuse in an attempt to combat the effects 
of kynurenine metabolites on glutamatergic activity. While this possibility for the 
well-known comorbidity between alcoholism and depression appears reasonable, 
a great deal more research is required to con fi rm this proposition.   

    6.7   Summary and Conclusion 

 Understanding the relationship between substance abuse and depression is a com-
plicated endeavor. The overlap in the manifestation of these disorders along with 
their behavioral and biological similarities is akin to trying to solve a Rubik’s cube. 
Recent advancements in the area of brain, behavior, and immunity, however, have 
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revealed one possible face of the puzzle. We now recognize that multiple neuroimmune 
mechanisms are dysregulated in the pathogenesis of both addiction and depression. 
Moreover, there is potential for these neuroimmune events to contribute to both 
disorders, leading to their comorbidity. Research into in fl ammation-induced sick-
ness and depression is more developed than that of in fl ammation-induced substance 
abuse, and we have provided an overview of this more developed area in this 
chapter. 

 The impact of in fl ammation on emotionality, cognition, and behavior is clear. We 
can readily observe sickness behaviors such as anorexia, lethargy, and sexual decline 
in response to infection and now have the capacity with animal models to differenti-
ate between sickness and the subsequent development of similar depression-like 
behaviors. Furthermore, neuroin fl ammation is believed to cause the onset of depres-
sive-like behaviors via several putative causal mechanisms. In fl ammation-induced 
neuroendocrine perturbations have been closely linked to depression most likely via 
the development of glucocorticoid resistance. Cytokines are now accepted as play-
ing a strong role in the regulation of behavior, signaling the onset of sickness behav-
ior, activating the HPA axis, and stimulating microglial IDO activity. Tryptophan 
metabolism down the kynurenine pathway is a promising avenue of research. Recent 
experiments have demonstrated immune-regulated production of neurotoxic metab-
olites and oxidative damage using both pharmacologic and genetic models that have 
implicated IDO as a necessary component in the pathogenesis of in fl ammation-
induced depression. Finally, while we have argued against the dominance of the 
monoamine de fi ciency hypothesis in this chapter, this does not necessitate that this 
pathway has no contribution to the onset of in fl ammation-induced depression. 
Indeed, serotoninergic pathways either affect or are affected by each of the mecha-
nisms discussed, as is the case for all of these pathways. It is likely that multiple 
mechanisms intersect with all the symptoms of depression and contribute to its mul-
tifactorial pathogenesis—although this argument becomes facile without any 
attempt to systematically understand the nature of their interaction. The challenge 
that remains is to differentiate between the relative in fl uences of some mechanisms 
over other potentially spurious secondary mediators. Such a systems-based approach 
will yield greater insight into in fl ammation-induced depression and provide a  fi rm 
foundation from which to explore its comorbidity with substance abuse in the 
broader context of in fl ammation.      
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          7.1   Introduction 

    7.1.1   HIV Infection and Neurologic Complications 

 Human immunode fi ciency virus (HIV) infection is a global and devastating epidemic 
affecting the health, well-being, and social fabric of many of the world’s populations. 
UNAIDS estimates that 34 million people are infected with HIV with 2.7 million 
new infections yearly. The majority of infections are in sub-Saharan Africa 
(  http://www.who.int/hiv/data/en/    ). Viral infection is persistent despite vigorous 
host immune responses  [  1–  6  ] . HIV enters its CD4+ T lymphocyte, and mononu-
clear phagocyte (MP; dendritic cells, monocytes, macrophages, and microglial cells) 
targets through cell surface interaction of its envelope protein, gp120, and with 
its CD4 and chemokine receptor/co-receptors, CCR5 and CXCR4  [  7–  11  ]    . Following 
cell entry, HIV RNA is reverse transcribed and integrated into the host cell’s genome. 
Transcription of viral genes is controlled by interactions between HIV-1 regulatory 
proteins and host cell transcription factors such as nuclear factor kappa beta 
(NF- k B)  [  12–  15  ] . Viral assembly proceeds at the cell surface or in subcellular 
organelles and the viral RNA encapsulated by interactions with Gag, GagPol, and 
envelope proteins, with subsequent viral budding and release of mature virions  [  16–
  23  ] . Ongoing HIV infection results in profound CD4+ T cell losses with immune 
impairments resulting in a range of opportunistic infections, metabolic disorders, 
and malignancies  [  3,   5,   24–  26  ] . Less appreciated are primary manifestations of viral 
replication that include its effects on the central nervous system (CNS)  [  27–  29  ] . 
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Indeed, although HIV primarily affects immune function and integrity  [  3,   24–  26  ] , 
virus-associated effects on the nervous system are a signi fi cant cause of comorbid-
ity during the course of disease  [  27,   29,   30  ] . Prior to the introduction of combination 
antiretroviral therapy (cART), opportunistic infections (OIs) and advanced cogni-
tive, motor, and behavioral abnormalities commonly occurred as HIV disease 
advanced and was associated with virus-induced progressive immunosuppression. 
While cART has reduced the prevalence of OIs along with severity of virus-induced 
nervous system disorders, both remain active albeit less severe  [  27  ] .  

    7.1.2   Neurological Manifestations of Disease 

 Continuing in the cART era, HIV infection is tightly associated with a spectrum of 
cognitive impairments termed HIV-associated neurocognitive disorders (HAND). 
Symptoms range from more common asymptomatic and mild cognitive-motor 
impairments to the most severe but least common HIV-associated dementia (HAD) 
 [  31–  34  ] . HAD interferes with the person’s ability to perform day-to-day activities, 
and as such, patients are unable to work or care for themselves; such patients exhibit 
severe neurocognitive impairment, emotional disturbances, and motor abnormali-
ties  [  35  ] . Since the advent of cART and with the increasing longevity of infected 
people, the incidence of HAD has dropped to less than 7 %. In milder forms of 
HAND, dif fi culties in learning new information and in prospective memory, atten-
tion de fi cit, reduced cognition, and disruptions in executive functions, such as eval-
uating, planning, and abstract reasoning, are common, and verbal  fl uency is 
impaired. The initial patchy nature of brain involvement is re fl ected in variation of 
the severity and spectrum of performance decline among individuals. Such less pro-
found cognitive impairments adversely impact employment, medication adherence, 
and other aspects of daily life  [  36,   37  ] . 

 The exact mechanisms for HAND and what underlies its persistence is not com-
pletely understood. Likely, continued glial activation and peripheral effects on 
innate immune function are disease pathobiologic components  [  28  ] . The duration of 
HIV-1 infection, nadir CD4+ counts of <200, and repeated viral load peaks affect 
neuroin fl ammatory responses and as such may herald the development of HAND 
 [  38–  40  ] . Genotypic and phenotypic variations in the virus may affect the neuro-
pathogenicity of HIV. For example, HIV clades (clades A and C) are perhaps less 
neuropathogenic than clades B and D l  [  41–  44  ] . Recent works suggest speci fi c clade 
differences in Tat-induced apoptosis in neurons. C-Tat was shown to be less neuro-
toxic than B-Tat likely as a result of changes in the dicysteine motif within Tat’s 
neurotoxic region  [  45  ] . In addition, ART resistance is associated with reduced neu-
rocognitive performance  [  46  ] . The variation in susceptibility to development of 
HAND strongly suggests involvement of host genetic factors. Polymorphisms in the 
CCR2 receptor, the monocyte chemotactic protein-1 (MCP-1) promoter, apolipo-
protein E, and tumor necrosis factor alpha (TNF a ) have all been associated with 
progression of neurocognitive impairment  [  47–  53  ] . Other factors such as aging, 
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concurrent substance abuse, and hepatitis C virus infection can contribute to HAND 
onset and severity  [  54–  64  ] . 

 The relationship between cognitive impairments and neuropathology is not abso-
lute by any measure. Although the most severe disorder, HAD is associated, in 
measure, with an encephalitis; this is not true for milder disorders. Common in the 
pre-cART era, HIV encephalitis is characterized by robust viral CNS replication; 
formation of multinucleated giant cells; widespread reactive astrogliosis, microglio-
sis, and neuronal degeneration; loss of synaptic connections; and myelin pallor  [  29, 
  65,   66  ]  (Fig.  7.1 )   . With current widespread use of cART, a subtle neuropathology 
has emerged that is linked only to synaptodendritic damage  [  67  ] . Activation of mac-
rophages and microglial cells is observed; however, the in fl ammation appears to be 
shifted from the basal ganglia to the hippocampus and adjacent entorhinal and tem-
poral cortex areas  [  68,   69  ] . Neuropathology associated with HIV-1 infection is cer-
tainly metabolic, resulting from the production of viro- and cellular toxins released 
from infected and immune activated MP  [  70  ] . Control of viral growth and of disease 
is maintained by effector and regulatory T cell surveillance  [  71  ]  (Fig.  7.1 ).   

    7.1.3   Drugs of Abuse and HIV 

 Viral transmission and comorbid conditions can also be complicated by coexisting 
conditions such as hepatitis C virus infection and drug abuse  [  61,   72–  74  ] . Substance 
abuse can increase the risk of HIV-1 infection by promotion of risky behaviors such 
as needle sharing and sexual promiscuity. In addition, substance abuse may acceler-
ate HAND  [  75–  77  ] . HIV-1 infected patients who also abuse drugs commonly show 
neuropathologic features re fl ective of an encephalitis (leukocyte in fi ltration and glial 
activation)  [  78,   79  ] , increased microglial activation  [  80  ]  and giant cell formation 
 [  81  ] , and disruption of the blood–brain barrier (BBB)  [  78  ] . Thus, substance abuse 
may act with HIV-1 to promote development of neurological disorders  [  82  ] . 

 The drugs most commonly abused in HIV-1 infected individuals include alcohol, 
opioids, cocaine, and methamphetamine (Meth)  [  68,   83  ] , often in combination. 
Alcohol use among infected people is the most common with 55 % of HIV seroposi-
tive patients in one study  fi tting the criteria for current or past alcohol abuse  [  84  ] . Of 
special concern, alcohol addiction can adversely affect the treatment of hepatitis C 
infection in HIV-1 seropositive patients and can interact pharmacologically with the 
nucleoside reverse transcriptase inhibitor abacavir, resulting in increased plasma 
drug concentration, which may lead to increased drug-related toxicity  [  85  ] . 

    7.1.3.1   Opioids 

 Opioid drugs of abuse are known to have a broad array of functional effects on the 
cells of the immune system. Opioids such as morphine can enhance production of 
chemokines and induce expression of the CC-chemokine receptor type 5 (CCR5) 
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and the CXC chemokine receptor type 4 (CXCR4) on monocytes and T cells  [  86–  90  ] . 
Furthermore, increased HIV replication was reported in opioid-exposed human 
lymphoid, monocyte, and microglial cells. Whether opioid modulation of chemokine 
production and chemokine receptor expression can affect the progression of AIDS 
and development of neurodegeneration in vivo is a subject of interest and a focus of 
animal studies including the simian immune virus (SIV)-macaque model of the dis-
ease with data sets sometimes con fl icting  [  91,   92  ] .  

    7.1.3.2   Cocaine 

 Epidemiological studies in HIV-1 seropositive cocaine abusers link cocaine abuse to 
disease progression  [  93  ] . Cocaine mediates its effects on HIV-1 infection through a 
number of pathways  [  94  ] . Viral replication is enhanced by cocaine in MP and astro-
cytes with modulation of cytokine expression to T-helper 2 (Th2) responses by 
interleukin 10 (IL-10). Cocaine increases the transmigration of HIV-1-infected 
monocytes and dendritic cells across the BBB through enhanced endothelial cell 
adhesion molecules and production of matrix metalloproteinase (MMP) expression 
 [  95–  97  ] .  

    7.1.3.3   Meth 

 HIV-1-infected individuals with concurrent Meth abuse demonstrate a higher degree 
of neuropsychological impairment  [  61  ] . These patients also show higher plasma 
viral loads, possibly due to lack of adherence to ART or changes in drug metabolism 
 [  98–  102  ] . More direct interactions between Meth and HIV-1 infection for the CNS 
are suggested by studies demonstrating long-lasting dopamine depletion in the cor-
tex and striatum and decreased dopamine and homovanillic acid in the basal ganglia 
in Meth-HIV-infected people  [  103–  107  ] . Because of the dual effects of HIV-1 and 
Meth on the striatal dopaminergic system, an increased risk for developing other 
neurodegenerative disorders, such as Parkinson’s disease, may be seen in future 
years  [  107–  109  ] . Other interactive effects of Meth and HIV on neuronal damage are 
suggested by increased neuronal apoptosis and levels of autophagosome and multi-
lamellar bodies seen during cell treatments of combinations of Meth and Tat  [  110  ] .   

  Fig. 7.1    Innate and adaptive immunity in HIV-1 neuropathogenesis in the era of cART. A sche-
matic of the cascade of neuropathologic and immunologic events during progressive HIV-1 infec-
tion of the CNS. Activated monocytes are attracted to the CNS by chemokines released from 
activated astrocytes and resident microglia. Virus is spread to neighboring glial cells with con-
comitant neuroin fl ammation. Within the infected brain both proin fl ammatory (Teff, CTL, M1 
microglia) and anti-in fl ammatory (Treg, M2 microglia) aspects of the immune response are evi-
dent. Disease progresses when the proin fl ammatory environment becomes dominant. Combination 
antiretroviral therapy (cART) decreases host viral load leading to reduced levels of proin fl ammatory 
cytokines and neurotoxic factors in the CNS, which favors neuronal survival (reproduced with 
permission from Kraft-Terry et al.  [  71  ] )       
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    7.1.4   Changing Epidemiologic Patterns of HAND 
in the Era of cART 

 With effective and widespread use of cART, HIV-1 infection has become a chronic 
disorder. The increasing longevity of people with HIV infection has meant that age 
is now identi fi ed as a risk factor for development of HAD  [  51  ]  and development of 
motor and other neurological signs  [  111  ] . An association between chronic HIV-1 
infection and increased risk of development of Alzheimer’s disease (AD) and other 
neurodegenerative disorders was recently suggested by epidemiological studies 
 [  112  ] . Increased cerebral deposition of A b  and tau hyperphosphorylation and 
neuro fi brillary pathology are seen earlier than expected in brain tissue from HIV-
positive patients  [  113–  115  ] . Magnetic resonance spectroscopy (MRS) studies have 
shown greater age-related increases in glial activation in frontal white matter in 
virus-infected, ART-naïve patients compared to virus-seronegative controls  [  116  ] . 
The mechanism for enhanced age-related neurodegeneration in infected patients 
may be related to the actions of HIV-1 proteins such as Tat to inhibit A b  degrading 
enzymes such as neprilysin seen in AD  [  115,   117  ]  and to interfere with microglial 
phagocytosis of A b   [  118  ] . Long-term treatment with nel fi navir and saquinavir may 
promote cerebral accumulation of A b  through inhibition of insulin-degrading 
enzyme or proteasome peptidase  [  119,   120  ] . Nucleoside reverse transcriptase 
inhibitors may promote neuronal damage through induction of mitochondrial dys-
function and oxidative stress  [  121,   122  ] . Downregulation of leptin gene transcrip-
tion in adipose tissue by cART could affect neurocognitive function through 
inhibition of leptin-mediated development of learning and memory  [  123,   124  ] . In 
addition, long-term cART effects such as insulin resistance, hyperlipidemia, and 
fat redistribution may promote development of atherosclerotic disease in HIV-
positive patients  [  125,   126  ] .   

    7.2   The Neuropathogenesis of HIV Infection 

 A metabolic encephalopathy associated with HIV-1 infection is initiated by infec-
tion of brain MPs including perivascular and parenchymal brain macrophages and 
microglia. The encephalopathy is sustained by a cascade of in fl ammatory and neu-
rotoxic responses induced by the secretion of proin fl ammatory cytokines, chemok-
ines, platelet-activating factor, arachidonic acid and metabolites, nitric oxide, 
quinolinic acid   , progeny virions, and viral proteins. Neuronal damage can be elic-
ited by exposure to excitatory neurotransmitters such as glutamate or to cytokines 
and neurotoxins produced by infected and activated brain MP. 
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    7.2.1   Viral and Cellular Toxins 

 HIV-1 entry into the CNS occurs early in disease and after systemic infection and 
only later, after chronic viral infection in the periphery, initiates events leading to 
neurological damage. Although HIV-1 is carried to the CNS in infected macrophages 
responding to and inducing neuroin fl ammatory responses and resulting from initial 
host responses to infection, the interplay between what is ongoing in the periphery 
and CNS impairments are not completely understood. The likely scenario is that 
peripheral immune activation drives brain disease through diffusible proin fl ammatory 
factors that readily enter the brain and cause neuronal impairments  [  28  ] . This is 
perpetuated, as once in the CNS, the virus can infect MP and astrocytes in a restricted 
manner. Infected cells can release viral proteins that have known neurotoxic effects, 
including envelope proteins and accessory proteins such as Vpr, Tat, and Nef. 

 These proteins can elicit neurotoxic effects through direct interaction with neu-
rons and through interactions with nonneuronal cells such as astrocytes, mac-
rophages and microglial cells, and brain microvascular endothelial and neural 
progenitor cells. Induction of apoptosis, damage due to oxidative stress, Ca 2+  in fl ux, 
and membrane compositional changes can lead to neuronal injury and cell death 
 [  127  ] . These events can be initiated through direct interaction of HIV proteins with 
chemokine receptors and activation of excitatory neurotransmitter receptors such as 
the N-methyl- d -aspartate-type glutamate (NMDA) receptor  [  128–  132  ] . HIV-1gp120 
can bind to chemokine receptors such as CXCR4 and CCR5 on neurons, increasing 
intracellular Ca 2+  and leading to cell death. Both gp120 and the HIV regulatory 
protein Tat (a viral transactivator of transcription) can stimulate NMDA receptors 
on neurons, resulting in excitotoxicity with subsequent Ca 2+  dysregulation and cell 
death  [  131,   133  ] . HIV accessory proteins such as Vpr and Nef can induce neuronal 
apoptosis subsequent to the formation of ion channels in the cell membrane (Vpr) 
or by altering the conductance of potassium channels (Nef)  [  127,   134–  139  ] . 

 Viral proteins can indirectly affect neuronal integrity by their interactions with 
cells that serve support functions. Thus, HIV-1gp120 can interact with the chemokine 
receptors CXCR4 and CCR5 on macrophages, microglia, and astrocytes, leading to 
activation and release of cellular neurotoxic factors  [  138,   140–  151  ] . TNF a  and 
interleukin-1 beta (IL-1 b ) released from gp120-stimulated macrophages and micro-
glia can further stimulate macrophages and astrocytes to release  l -cysteine and glu-
tamate, which overstimulate NMDA receptors on neurons. Induction of neuronal 
apoptosis may occur by interaction of TNF a  with the TNFR1 receptor and activa-
tion of caspase 8. IL-1 b  can stimulate astrocytes to release glutamate and stromal 
cell-derived factor-1 alpha (SDF-1 a ), which can induce neuronal apoptosis. 
Production of nitric oxide through gp120-mediated activation of inducible nitric 
oxide synthase in astrocytes can lead to peroxynitrite-dependent neuronal damage 
 [  152,   153  ] . Furthermore, activation of the transcription factor p53 in neurons, 
microglia, and astrocytes has been reported in HAD patients  [  154,   155  ] ; and studies 
in p53-de fi cient mice suggest that such activation may play a role in HIV-1gp120-
mediated neurotoxicity  [  155–  157  ] . 
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 Tat can indirectly cause neuronal damage through stimulation of the release of a 
range of proin fl ammatory mediators from activated glial cells and MP. Tat stimu-
lates increased secretion of cytokines such as TNF a , interleukins, and chemokines, 
such as CC-chemokine ligand 2 (CCL2)/MCP-1 and CXC chemokine 10 (CXCL10)/
interferon inducible protein-10 (IP-10) from glial cells and macrophages. In addi-
tion, in fi ltration of monocytes into the brain is induced by upregulation of astrocyte 
production of chemoattractant proteins, such as MCP-1. 

 Vpr and Nef can induce indirect neurotoxicity by adverse interactions with astro-
cytes and by affecting the function of the BBB. Vpr is cytotoxic to both astrocytes 
and brain microvascular endothelial cells. Nef may increase permeability of the 
BBB by activation of MMP and may induce leukocyte transmigration by stimulat-
ing astrocyte production of CCL2/MCP-1  [  158–  160  ] . 

 HIV proteins can also affect the properties of neural progenitor cells. HIV-
1gp120 has been observed to induce quiescence in neural progenitor cells  [  161, 
  162  ] . Furthermore, HIV-infected progenitor cells exhibit increased expression of 
glial cell markers and morphological changes that indicate glial rather than neuronal 
progression  [  163  ] . Thus, the already limited capacity for de novo neuronal produc-
tion in the adult brain may be further compromised by HIV infection.  

    7.2.2   HIV Target Cells in the Nervous System 

 The target cells for HIV-1 are CD4+ T lymphocytes and MP. In addition to their 
inability to eradicate the virus, MP act as the viral storage sites and the means by 
which the virus is disseminated from the periphery to the CNS  [  164–  166  ] . HIV-1 
infection of the CNS is initiated by diapedesis of infected macrophages that occur 
at the BBB interface. Release of proin fl ammatory mediators and chemokines by 
activated microglial cells and perivascular macrophages results in continuous 
recruitment of circulating monocytes to the brain and underlies the cascade of 
immunologic events that lead to the development of an encephalitis. Production of 
the chemoattractant MCP-1 by activated glial cells affects the integrity of the BBB 
and enhances MP in fi ltration  [  167,   168  ] . The proin fl ammatory environment induced 
by continued viral infection leads to further MP activation and secretion of 
proin fl ammatory cytokines, chemokines, and arachidonic acid derivatives that com-
promise the function of the BBB and enhance neurodegeneration  [  169  ] . The 
proin fl ammatory environment can also induce the production of the chemokine 
fractalkine by neurons and endothelial cells, which recruit CD16+ monocyte sub-
sets to sites of in fl ammation and induces these cells to produce IL-6, MCP-1, and 
MMP-9, opening the way for additional MP in fi ltration. 

 The mechanisms whereby MPs effect neurodegeneration are complex and over-
lapping. Viral proteins such as gp120, Tat, Vpr, and Nef can induce the production 
of cytokines and chemokines by astrocytes and microglia and can promote the 
release of a broad range of proin fl ammatory and cytotoxic mediators from mac-
rophages. In addition, viral infection itself can elicit secretion of a broad array of 
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neurotoxic factors from activated MP. TNF a  is a proin fl ammatory cytokine released 
from macrophages and microglia that can cause further macrophage/microglia acti-
vation and recruitment, activate astrocytes, potentiate glutamate toxicity, and 
increase BBB permeability by enhancing endothelial cell expression of adhesion 
molecules and MCP-1  [  170,   171  ] . The in fl ammatory cascade induced by TNF a  can 
result in cytoskeletal remodeling in macrophages and increased cytokine secretion 
 [  172  ] . IL-1 b  is a neurotoxic cytokine produced by activated macrophages and, like 
TNF a , can induce expression of adhesion molecules on brain endothelial cells and 
astrocytes to increase monocyte in fi ltration. TNF a  and IL-1 b  also increase astro-
cyte secretion of the neutrophil chemoattractant IL-8. Other proin fl ammatory cyto-
kines produced by activated macrophages/microglia such as interferon gamma 
(IFN- g ) and macrophage colony-stimulating factor increase the release of the 
chemokines nitric oxide, RANTES (CCL5), macrophage inhibitory protein-1 alpha 
(MIP-1 a ), MIP-1 b , and eicosanoids. 

 Polarization of MP into M1 (classically activated) or M2 (alternatively activated) 
phenotype determines the response to infectious disease (Fig.  7.1 )  [  173  ] . A well-
accepted hypothesis is that MP polarization is central in the development of HAND. 
M1 responses include secretion of proin fl ammatory cytokines such as TNF a , IL-1 b , 
and IFN- g  and are driven by viral infection and immune activation. These responses, 
while of relatively short duration, affect HIV-1 replication and neurotoxicity. 
Antiviral M2 responses are driven through MP activation by IL-4 and IL-13 and 
include secretion of anti-in fl ammatory cytokines such as IL-10 and IFN- b . These 
responses are of more long-term duration and result in viral suppression and main-
tenance of neural homeostasis without changes in proviral DNA or protein produc-
tion  [  174,   175  ] . Whether MP polarization is reversible and phenotypes are 
interchangeable as a cause of or a consequence of disease is unclear. In vitro studies 
 [  175,   176  ]  suggest that MP can switch activation states based upon expression of 
CD163 and CD206 and secretion of CCL3 and CCL18, which suggests that MP 
polarization may regulate HIV-1 infection and viral replication in vivo.  

    7.2.3   Neurotoxicity 

 Ultimately, it is the interaction among virus, monocytes/macrophages, neurons, 
glial cells, the BBB, and cells of the adaptive immune system that determines the 
severity of neurotoxicity associated with HAND. 

    7.2.3.1   Neurons 

 HIV-1 related viral proteins can cause direct damage to neuronal function and struc-
tural integrity. Viral proteins such as gp120, Tat, Vpr, and Nef can elicit direct neu-
rotoxic effects through interaction with chemokine receptors and excitatory receptors 
such as the NMDA receptor. In addition, activation of neuroin fl ammatory cells by 
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HIV-infected monocytes/macrophages results in the release of chemokines, cytokines 
and neurotoxins that can, in association with HIV proteins, damage synaptodendritic 
associations of pyramidal neurons and lead to neuronal dysfunction and apoptosis 
 [  177  ] . Loss of speci fi c populations of neurons in the neocortex, putamen, globus 
pallidus, and hippocampus has been associated with memory loss and corticostri-
atal damage with resultant motor damage in patients with HIV encephalopathy 
(HIVE)  [  178  ]    . Recent studies have also demonstrated that HIV proteins and 
neuroin fl ammation may interfere with neurogenesis in the dentate gyrus, thus con-
tributing to overall neurodegeneration  [  179–  183  ] . Interaction of the viral envelope 
protein gp120 with the CXCR4 receptor has been shown to inhibit migration of 
fetal neuroprogenitor cells in vitro and to decrease proliferation of adult neuronal 
stem cells in vitro and in vivo  [  161,   162  ] . Other HIV coat proteins can promote 
quiescence of human neuroprogenitor cells through activation of p21 and p27 and 
downregulation of ERK  [  179  ] . The release of proin fl ammatory cytokines such as 
TNF a  and IL-1 b  by infected macrophages and glial cells can also affect neurogen-
esis. Recent studies have shown that TNFa can promote differentiation of neuro-
progenitor cells into astrocytes, thus decreasing neurogenesis  [  163  ] . In addition, 
IL-1 b  has been shown to decrease proliferation of neuronal stem cells in the den-
tate gyrus of rats  [  184  ] . Thus, HIV-1 infection in the CNS may not only result in 
neuronal injury but may also impair normal regenerative processes, further exacer-
bating neurodegeneration.  

    7.2.3.2   Glial Cells 

 The important role that macrophages and microglia play in HIV-1 infection of the 
CNS and development of neurological disorders in HIV-1 infection is well-known 
and appreciated  [  185  ] . However, other glial cell types such as astrocytes may play a 
crucial role in the development of HIV-induced neurotoxicity. Recent studies have 
demonstrated that restricted viral infection of astrocytes in HIV dementia may occur 
in most patients with HAD  [  186  ] . Latent HIV infection in astrocytes increases pro-
duction of neurotoxic and excitatory factors such as CCL2 and glutamate that can 
lead to glial cell and neuronal apoptosis. Toxic factors produced by latently infected 
astrocytes can also be passed to other astrocytes through gap junctions  [  187  ] . Recent 
studies also suggest that toxic mediators transferred from a few infected astrocytes 
to noninfected astrocytes by gap junctions can cause apoptosis of brain endothelial 
cells and affect the formation and signaling of astrocyte end feet, thus compromis-
ing BBB integrity  [  188  ] . Production of immunomodulatory cytokines and chemok-
ines by HIV-infected astrocytes also occurs. Secretion of chemokine ligand-10 and 
MMP-9 by astrocytes can serve to recruit immune cells and contribute to BBB deg-
radation  [  189,   190  ] . Furthermore, moderate increases in expression of TNF a  and 
IL-1 b  by astrocytes  [  191  ]  are detected in the CNS of patients with HIVE, indicating 
that secretion of proin fl ammatory cytokines by astrocytes can contribute to the 
neuroin fl ammatory response.  
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    7.2.3.3   Adaptive Immune Responses 

 In addition to the well-studied innate immune response, there is strong evidence for 
an adaptive immune response to HIV infection in the brain. Infected macrophages 
and microglial cells in the CNS secrete proin fl ammatory and neurotoxic cytokines 
and chemokines that attract activated lymphocytes [primarily CD4+ T-helper 1 (Th-1) 
and CD8+ cytotoxic (CTL) lymphocytes and natural killer (NK) cells] to the site of 
injury  [  192–  196  ] . Activated lymphocytes in turn further activate microglial cells via 
IFN- g  and induction of major histocompatibility (MHC) class II proteins to elicit an 
adaptive immune response  [  197  ] . The adaptive immune response (primarily CTL) 
in the majority of cases acts to control HIV (and SIV) replication in the CNS; how-
ever, it is insuf fi cient to eradicate the virus  [  198  ] . Unfortunately, the recruitment of 
lymphocytes susceptible to HIV-1 infection into the brain (CD4+ T cells) as well as 
the continued activity of CTL can accelerate HIV-1 replication and lead to develop-
ment of HIV-1 encephalitis and secondary OIs. 

 While CTL are the most effective in controlling HIV infection in the CNS, 
CD4+CD25+ regulatory T cells (Treg) and effector T cells (Teff) may also have an 
important role in the control of HAND (Fig.  7.1 )  [  199–  201  ] . Treg are well recog-
nized for their immunomodulatory functions and are active in suppressing autoim-
mune reactions and attenuating T cell-mediated immunity  [  202,   203  ] . The role of 
Treg in control of HAND is not entirely clear. Some studies have suggested that 
Treg are detrimental in HIV infection because of their immunosuppressive role, 
allowing HIV-1 progression  [  204,   205  ] . However, a bene fi cial function has also 
been ascribed to Treg because of their ability to suppress chronic immune activation 
and neuroin fl ammation  [  199,   201,   204  ] . Thus divergent roles for Treg early in infec-
tion and late in disease may apply. Early in infection, Treg suppress the immune 
response to HIV-1 infection, while later in infection Treg suppress chronic immune 
activation that may contribute to HAND  [  204,   206–  209  ] . 

 In contrast to Treg, Teff promote in fl ammatory responses and enhance immune 
recognition. Using an animal model of HIVE, it was demonstrated that adoptive 
transfer of Teff to mice injected intracerebrally with bone marrow macrophages 
infected with HIV-1/VSV-pseudotyped virus could promote development of HIV-
induced focal encephalitis  [  201  ] . Furthermore, adoptive transfer of Treg to these 
mice suppressed the development of HIV-1 induced lesions and reduced HIV-1 lev-
els in the brain. 

 Initiation of cART in HIV-infected patients has greatly improved CD4+ T cell 
counts and led to partial restoration of immune function. However, in approximately 
25 % of patients, initiation of ART can induce a variety of in fl ammatory symptoms, 
termed immune reconstitution in fl ammatory syndrome (IRIS)  [  210  ] . IRIS is mani-
fested in patients with underlying OIs or tumors that are responsive to ART and is 
usually self-limiting  [  210,   211  ] . While the immunopathogenesis of IRIS is unclear, 
studies have suggested an imbalance in reconstitution of Teff and Treg contributes to 
its development  [  211,   212  ] . Thus, independent of the original OI or tumor, rapid 
expansion of antigen-speci fi c CD4+ T cells upon initiation of ART may initiate a 
broad in fl ammatory response to residual antigen, manifesting as IRIS.   
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    7.2.4   Blood–Brain Barrier 

 Under normal physiologic conditions, the BBB acts to restrict and regulate the pas-
sage of substances from the peripheral blood compartment to the brain parenchyma 
(reviewed by  [  213,   214  ] ). The function of the barrier is determined by endothelial 
cell tight junctions  [  215–  220  ] . Its functional properties are governed by its few 
fenestrations, low pinocytotic activity, luminal ef fl ux transporters, integrity of the 
capillary basement membrane, and activities of closely associated pericytes and 
astrocytes  [  215,   219,   221–  223  ] . Under conditions of brain infection and tissue dam-
age, immune cells can enter the brain to remove infecting microbes or necrotic tis-
sue. Leukocyte transmigration across the endothelial layer occurs by integrin 
b1-mediated processes followed by penetration through the basement membrane by 
the action of MMPs  [  224  ] . The interaction of leukocytes with endothelial cells and 
their ability to pass through the basement membrane is affected by secretion of 
cytokines by activated glial cells that can alter basement membrane permeability 
and by enhanced expression of adhesion molecules on endothelial cells induced by 
HIV-1 viral proteins such as Tat  [  225–  227  ] . 

 Leukocyte transmigration occurs by interactions between the leukocyte and the 
cells of the BBB. Interactions of leukocytes with selectins on the surface of BBB 
endothelial cells are followed by responses to chemokines that promote leukocyte 
binding to endothelial cell adhesion molecules such as ICAM-1 and VCAM-1 
 [  228–  233  ] . Diapedesis across the endothelial layer is mediated by binding mole-
cules such as junctional adhesion molecules, platelet endothelial cell adhesion mol-
ecule 1 and CD99  [  234–  238  ] . Evidence suggests that increased expression of these 
molecules is associated with development of CNS pathology in HIV infection  [  167, 
  239,   240  ] . In addition, CCL2-dependent enhanced migration of HIV-infected mono-
cytes occurs as well as enhanced expression of MMP-2 and MMP-9, which disrupts 
the integrity of the BBB  [  167  ] . 

 Neuroimmune substances such as cytokines, chemokines, excitatory amino 
acids, and neuropeptides can disrupt the BBB and cause endothelial cell and neu-
ronal toxicity. Elevated levels of cytokines such as TNF a , IFN g , IL-1 b , and IL-6 
and the chemokine CCL2 have been detected in sera, brain, and cerebrospinal  fl uid 
(CSF) of HIVE patients. These substances are produced by HIV-1-infected and HIV 
protein-activated macrophages, microglial cells, and astrocytes and are known 
modulators of BBB function  [  239,   241,   242  ] .   

    7.3   Models for HIV-1 Neuropathogenesis 

    7.3.1   Laboratory Models 

 Laboratory models have been key in elucidating the interaction of HIV-1 with the 
cells of the immune system. Cell culture model systems have been used extensively 
for determining mechanisms of action of HIV-1 virus and viral proteins as well as 
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the potential antiviral activities of ART. Human or macaque peripheral blood 
lymphocytes and leukocytes can be isolated from donors and cultured in the pres-
ence of cytokines and activators to induce differentiation and select for speci fi c cell 
subtypes  [  200,   201,   243–  250  ] . The responses of these cells to HIV-1 proteins and 
HIV-1 infection in regard to cytokine production and chemokine response can be 
determined. The cellular response of HIV-1 replication requires appropriate cellular 
growth factors that are linked to viral protein production and reverse transcriptase 
activity  [  251  ] . BBB function and integrity can be modeled using a monolayer cul-
ture of human brain microvascular endothelial cells. By culturing the endothelial 
cells on a microporous membrane and astrocytes on the opposite side of the mem-
brane, the effect of activated monocytes on BBB integrity and the transmigration of 
the monocytes across the BBB construct was examined  [  252  ] . Cultures of human, 
simian, rodent, or feline astrocytes and microglia are used to determine glial cell 
responses to HIV-1 viral proteins  [  253–  257  ] . Rodent, simian, and feline neuronal 
cultures and cell lines have been used to determine neuroexcitotoxicity and neu-
ronal apoptosis in response to HIV-1 proteins  [  254,   258–  261  ] . By coculturing glial 
cells and neuronal cells, the interactive response to HIV-1 infection of glial cells and 
the effect of glial cell production of cytokines and cytotoxic mediators on neuronal 
integrity can be determined.  

    7.3.2   Animal Models 

 The HIV-1 encephalitis mouse model relies on the use of isolated and cultured 
human lymphocytes that have been infected with HIV-1 virus and administered 
intracranially to immune de fi cient mice. This mouse model has been used to deter-
mine effective ART therapy and the interaction between the innate and adaptive 
immune responses in CNS responses  [  262,   263  ] . Use of ex vivo systems has also 
been explored for expansion of CD8+ T cells from patients on cART to select for 
those cells with the highest cytolytic activity and reinfusion of these cells into 
patients to restore immune responsiveness  [  264  ] . 

 A particular challenge for the study of mechanisms of HIV neurodegeneration 
and development of new therapeutics is the speci fi city of HIV-1 infection for 
humans. The most widely used animal model has been the SIV-macaque model that 
accurately mimics many of the key clinical and pathological features of HIV infec-
tion including development of encephalitis and neurological impairment  [  177,   265–
  267  ] . In addition, insertion of portions of the HIV gene into SIV, creating hybrid 
simian-human immunode fi ciency virus (SHIV), allows for studying the actions of 
HIV genes in vivo in monkeys. The SIV/macaque model has been valuable for 
studying innate and adaptive immune functions and their involvement in the devel-
opment of late-stage CNS disease  [  267–  269  ] . This model has also proven valuable 
for the discovery of therapeutic options and identi fi cation of mechanisms of thera-
peutic insuf fi ciency and viral latency  [  270  ] . 

 A second model that recapitulates most aspects of HIV infection in humans is 
feline immunode fi ciency virus (FIV) infection of domestic and free-ranging large 
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cats  [  271  ] . FIV is a naturally occurring lentivirus similar to HIV that expresses 
conserved tropism for the chemokine CXCR4 receptor and rapidly penetrates the 
CNS, infecting macrophages and microglial cells  [  272  ] . The use of both in vivo and 
feline cell culture systems for FIV has led to the identi fi cation of interactions among 
neuronal, astrocytic, T cell, and BBB components in development of neurological 
disease and provides a system for investigating potential therapeutic interventions 
 [  273–  276  ] . 

 Because of the expense of these models and limitations in their use, model sys-
tems using “humanized” and transgenic rodents have been developed for studying 
HIV-1 pathogenesis and neuroAIDS  [  277  ] . Development of humanized mice 
became possible with the discovery of severe combined immunode fi ciency (SCID) 
mice  [  278  ]  that contained an autosomal recessive mutation in the  prkdc  (DNA-
dependent protein kinase, DNA-PK) gene resulting in de fi ciencies of mature T and 
B lymphocytes. This mutation allowed for the transplantation of foreign tissues into 
these mice and the development of animal models using transplanted human thy-
mus, fetal liver, and peripheral blood lymphocytes  [  279,   280  ] . The immune cells 
from the immunocompetent human tissues are able to reconstitute the immune sys-
tem of the SCID mouse. A SCID murine model of encephalitis, wherein HIV-1-
infected human monocyte-derived macrophages (MDM) are injected into the brains 
of CB-17/scid immunode fi cient mice, reproduces the key features of human neuro-
pathology  [  281  ] . A modi fi cation of this model was developed to study the dynamics 
between HIV-1-infected macrophages and the adaptive immune response. In this 
modi fi ed model, nonobese diabetic (NOD)-SCID mice are repopulated with human 
peripheral blood lymphocytes (huPBL) and then injected intracranially with HIV-1-
infected human MDM  [  262,   263  ] . The huPBL-HIVE model has demonstrated the 
role of the innate and adaptive immune systems in modulating the degree of CNS 
damage and repair. Long-term reconstitution of immune de fi cient mice with human 
immune cells has recently been demonstrated  [  282–  284  ] . These “humanized” mice 
support chronic infection with HIV-1 and demonstrate hallmarks of HIV-1 infec-
tion, namely, loss of CD4+ cells, development of HIV-1-speci fi c CTL, and humoral 
antiviral immune responses. In addition, CNS pathologies associated with human 
cell in fi ltration, microglial activation, and CD8+ cell depletion are observed in these 
mice following HIV-1 infection  [  283  ] . Although there are questions regarding the 
interaction between the murine system and human cell grafts that might limit mech-
anistic interpretations, the ability of these mice to survive long-term can help address 
questions of the interactions of aging and chronic HIV infection in the development 
of neurodegeneration and neuronal functional de fi cits  [  277  ] . 

 Transgenic rodent models have also been developed as a tool for studying the 
effects of HIV-1 infection on CD4 expressing cells and the systemic effects of HIV-1 
gene products. Rats engineered to express human CD4, CCR5, and cyclin T1 were 
observed to support limited HIV-1 expression which could be suppressed by treat-
ment with the antiretroviral drugs enfuvirtide (peptidic fusion inhibitor) and efa-
virenz (nonnucleoside reverse transcriptase inhibitor)  [  285,   286  ] . In other transgenic 
rodent models, HIV-1 genes have been inserted into the mouse genome, and these 
mice have proven useful in de fi ning tissue-speci fi c pathology of speci fi c HIV-1 
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gene products (reviewed by  [  287  ] ). These transgenic mouse models have been useful 
in elucidating the roles of Tat, Vpr, and envelope proteins in development of neurotoxicity 
and neurodegeneration  [  277  ] .   

    7.4   Translational Human Studies 

    7.4.1   Bioimaging 

 Neuroimaging studies have been used extensively to evaluate changes in the struc-
ture and function of the brain in patients with HAND. Because it is noninvasive, it 
presents the opportunity for both comparative measurements and monitoring pro-
gressive changes over time  [  288,   289  ] . Structural imaging using computed tomog-
raphy (CT) and magnetic resonance imaging (MRI) has been useful in detecting OIs 
and neurodegeneration in patients with HAD but is not useful for detecting early 
cognitive impairments. CT in particular has been used to study the effects of HIV in 
the brains of infected children due to its ready availability, lower cost, and decreased 
likelihood for the use of anesthesia. In adults, MRI has proven to be more sensitive 
than CT in detection of progressive multifocal leukoencephalopathy lesions  [  290  ] . 
Structural MRI has revealed common  fi ndings of atrophy of gray matter in the basal 
ganglia, white matter lesions, ventricular enlargement, and cerebral atrophy in HIV-
1-infected patients that correlate with disease progression (reviewed by  [  289  ] ). 
Other scanning techniques that use ionizing radiation such as single photon emis-
sion computed tomography (SPECT) and positron emission tomography (PET) can 
be used to identify focal perfusion defects but are not suitable for diagnosing HIVE 
 [  291–  293  ] . Imaging techniques that are useful during the early stages of neuroAIDS 
are those that can provide both functional and biochemical information. These tech-
niques include MRS, PET, and functional, perfusion and diffusion MRI. PET tech-
niques using radiolabeled tracers that target glial cell receptors, dopamine 
transporters, and dopamine receptors have been used to determine neuroin fl ammation 
and dopaminergic de fi cits in patients with HAND  [  294–  296  ] . The PET substrate 
[ 18 F] fl ourodeoxyglucose is used to measure glucose uptake in brain regions as an 
indication of local metabolism  [  289  ] . Using this substrate, a progression of early 
stage hypermetabolism in the basal ganglia to hypometabolism in the medial frontal 
lobes during onset of motor dysfunction in HIV-infected patients was deduced 
 [  297–  299  ] . Perfusion and functional MRI provide the ability to measure cerebral 
perfusion changes during the performance of speci fi c cognitive tasks. Functional 
MRI (fMRI) studies, using blood-oxygen-level-dependent (BOLD) contrast, have 
detected increased activation in the frontal lobes of HIV patients with mild cogni-
tive impairments  [  300–  302  ]  and suggest that increased utilization of brain reserve is 
needed to maintain normal cognitive function in these patients. Further studies have 
reported a correlation between disease severities as determined by nadir CD4 cell 
counts and increased viral load and enhanced activation during attention-related 
tasks in the right prefrontal and parietal regions and the left cerebellar region  [  303  ] . 
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Proton and phosphorous MRS have been used clinically and experimentally to study 
brain metabolism in patients with HIV-associated brain injury and OIs and neo-
plasms in AIDS patients. MRS studies have observed subtle changes in choline-
containing compounds and the medial glial marker M1 in white matter in early 
brain injury. In more advanced brain injury, a decrease in N-acetyl compounds and 
increases in choline-containing compounds and M1 are observed  [  304–  306  ] . 
Recently, MRS tests demonstrated persistence of cognitive impairment and brain 
injury in patients on chronic cART  [  307  ] . This study demonstrated that brain 
in fl ammatory changes are common among infected people; whereas, neuronal 
injury is closely associated with individuals in whom cognitive impairment is seen. 
The observations uncovered in this study suggest that despite the widespread use of 
cART, HAND and brain injury persist. With continued development of bioimaging 
techniques to assess regional brain differences, speci fi c metabolite pro fi les linked to 
neuronal injury can be identi fi ed. Imaging methods such as functional and structural 
MRI and MRS may also provide longitudinal measurements for disease 
progression.  

    7.4.2   Biomarkers 

 The persistence of HAND has led to the search for viral and host cellular biomarkers 
that may be indicators of effective cART and disease progression. Letendre and 
Ellis  [  308  ]  have reviewed viral and host biomarkers in CSF and their response to 
ART. While a de fi nitive diagnosis of HAND is not yet available, a panel of host 
CSF biomarkers has been proposed. This includes a viral and immune activation 
pro fi ling and indicators of neuronal injury  [  67,   309  ] . CSF levels of viral RNA are 
reduced in most patients by cART and remain suppressed as long as plasma viral 
levels remain low and immune activation is suppressed. Other studies that moni-
tored HIV RNA in the CSF and plasma and genotyped HIV-1 proteins such as pol 
or env suggested that drug resistant mutations are present in the CSF but not plasma 
in patients taking ART  [  310  ] . The presence of indicators of macrophage/microglial 
activation in the CSF is well known. Early studies identi fi ed elevated CSF levels of 
 b -2 microglobulin and neopterin in patients with encephalitis. Elevated protein lev-
els were reduced in patients on monotherapy or cART; however, in only 55 % of 
patients were neopterin levels reduced to normal, suggesting residual macrophage 
activation that is not suppressed by ART. The presence of soluble CD14 (sCD14), a 
marker of traf fi cking lymphocytes, in CSF has also been monitored in response to 
ART. In patients with severe HAND, cART has been shown to decrease sCD14 
levels in the CSF  [  311  ] . Elevated levels of TNF a  and the chemokines MIP-1 a , 
MIP-1 b , and RANTES in the CSF are seen during HAND and not affected by cART 
 [  312,   313  ] . Presence of the neuronal biomarker neuro fi lament light (NFL) has also 
been measured in CSF of HAND patients. Higher NFL levels have been reported in 
patients with HAND, and these levels can be reduced by initiation of cART  [  314, 
  315  ] . Interruption of cART resulted in a rebound in NFL levels in CSF  [  316  ] . 
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Other protein biomarkers that can indicate changes in BBB integrity, neuronal 
excitotoxicity, astrocyte activation, and oxidative stress are seen in CSF. CSF 
biomarkers may serve as an indicator of the need for regimen changes in cART or 
inclusion of anti-in fl ammatory or neuroprotective adjunct therapies.   

    7.5   Antiretroviral Drugs and the Nervous System 

    7.5.1   Treatment 

 cART has achieved remarkable progress in reducing HIV-1 morbidity and mortality. 
The trends toward initiating ART earlier in disease and in certain comorbid condi-
tions such as hepatitis B and C infection have served to greatly reduce the occur-
rence of HAD, and ART initiation can dramatically improve cognitive dysfunction 
in ART-naïve HAD patients  [  311,   317  ] . ART initiation in these patients decreases 
viral load and levels of neurotoxic compounds in plasma and CSF. 

 However, widespread use of ART for more than a decade has still not reduced the 
prevalence of HAND. Low penetration of ART into the CNS, complicated by lack 
of medication adherence by patients, may partially explain the persistence of 
HAND. To enter the CNS, drugs must pass the BBB or the blood CSF barrier for 
entry into the CSF. Physicochemical factors such as high protein binding and low 
lipophilicity can serve to reduce penetration across the BBB for some ART  [  312  ] . 
In addition, many ART are substrates for P-glycoprotein and other ATP-dependent 
ef fl ux pumps on the luminal surface of brain endothelial cells that serve to prevent 
entry of many drugs into the CNS  [  318–  320  ] . In an animal model of HIVE, inhibi-
tion of P-glycoprotein was effective at enhancing penetration of ART into the CNS 
and reducing CNS HIV-1 viral load  [  321  ] . Thus, inhibition of drug ef fl ux transport-
ers may enhance penetration of ART into the CNS, improving viral inhibition; how-
ever, increased CNS toxicity related to increased drug levels needs to be explored.  

    7.5.2   Long-Acting Nanoformulated ART (nanoART) 

 A broad range of nanoformulated medicines are currently under development for 
treatment of CNS diseases  [  322,   323  ] . These formulations have been designed for 
improving drug penetration across the BBB and enhancing therapeutic ef fi cacy. 
Drug penetrance across the BBB can be improved by using nanoformulations to 
interfere with endothelial ef fl ux pumps and metabolizing enzymes or by optimizing 
nanoART with respect to size, shape, and protein and lipid coatings to facilitate 
ART uptake, release, and transport across the BBB  [  324  ] . Conjugation of ritonavir 
nanoparticles with Tat peptide increased the transport of drug nanoparticles across 
the brain endothelial cells and resulted in CNS drug levels 800-fold higher than 
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when free drug was administered  [  325  ] . Additional studies are exploring the use of 
cell-based nanoparticle delivery for ART. In this context, nanoformulated ART are 
taken up by MP and stored in nondegrading recycling endosomal compartments for 
release at sites of injury in the CNS  [  326–  328  ] . Such formulations administered 
parenterally have proven effective in reducing viral infectivity in humanized mouse 
models of HIV-1 infection (our unpublished results).  

    7.5.3   Adjunctive Therapies 

 The pathophysiology of HAND shares many characteristics with that of other neu-
rodegenerative disorders. While HAND is initiated by virus, a cascade of contin-
ued in fl ammation mediated by peripheral and central immune effector cells, 
neurotoxicity, proin fl ammatory cytokines and chemokines, and reduced levels of 
trophic factors serves to promote disease progression. Thus, therapies that have 
been designed for treating other neurodegenerative diseases are being increasingly 
utilized for treatment of HAND. A small phase I–II clinical trial using the L-type 
calcium channel antagonist nimodipine showed a trend toward patient improve-
ment on quantitative neuropsychological testing and less painful peripheral neu-
ropathy compared to placebo  [  329  ] . A second recently completed clinical trial 
using the NMDA receptor antagonist memantine showed promising positive 
changes by MRS, but minimal long-term improvement in patient performance 
using neuropsychological tests  [  330,   331  ] . Clinical trials have also been carried 
out using antioxidant compounds such as the vitamin E analog OPC-14117, lipoic 
acid, selegiline, thioctic acid, and CP-1189; however, no improvements in perfor-
mance on cognitive tests compared to treatment with placebo were observed  [  332–
  337  ] . Trends toward improved cognitive performance were seen in clinical trials 
using inhibitors of platelet-activating factor (PAF) receptor. PAF, when released 
from NMDA-stimulated postsynaptic neurons, can increase presynaptic glutamate 
release and effect neuronal damage and is capable of inducing production of 
in fl ammatory cytokines such as TNF  [  338,   339  ] . Other clinical trials have shown 
trends toward improvement in neuropsychological performance and brain metabo-
lism using valproate and lithium as inhibitors of the glycogen synthase kinase 3 b  
(GSK-3 b ), an enzyme complex that can induce neuronal apoptosis when overacti-
vated by Tat and PAF  [  336,   340  ] . The use of growth factors such as platelet-derived 
growth factor (PDGF) for reducing neurotoxicity has also been suggested by 
in vitro studies. In these studies human neuroblastoma cells and rat neuronal cells 
were protected from gp120-induced apoptosis by PDGF through downregulation 
of the proapoptotic protein bax and inhibition of cytochrome c release from mito-
chondria  [  168,   341  ] . Use of therapies such as these to modulate the immune 
response indirectly in conjunction with ART intervention to reduce viral load will 
likely provide the best approach to controlling HAND.   
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    7.6   HIV and cART in Children and Adolescents 

    7.6.1   HIV-1 Encephalopathy in Children and Adolescents 

 The incidence of mother to child (vertical) transmission of HIV-1 has been greatly 
diminished by the advent of cART  [  342–  347  ] . However in resource-limited parts of 
the world, where access to ART and compliance with protocols to limit perinatal 
exposure is inadequate, HIV-1 infection in children is still a major public health 
crisis  [  348,   349  ] . HIV-1-associated progressive encephalopathy (PE) is a de fi ning 
clinical feature of HIV-1-associated neurological disease in children and is analo-
gous to HAND in adults. As with HAND, there are differing levels of neurological 
impairment ranging from asymptomatic to minor impairment to HAD  [  350–  356  ] . 
PE can cause impairment of brain growth and development, leading to motor dys-
function and a decline or plateau in neurodevelopment and neurocognition  [  350, 
  352–  355,   357–  359  ] . The direct and indirect effects of HIV-1 infection, as well as 
ART toxicities, are associated with increased incidences of seizures, stroke, myel-
opathies and neuropathies, OIs, CNS lymphomas, and neuropsychiatric disorders. 

 HIVE in children has many of the same pathological features seen in adults with 
AIDS and correlates roughly with PE. Activation of monocytes/macrophages is 
associated with CNS in fl ammatory cell in fi ltration consisting of infected microglia 
and macrophages and activated astrocytes, lymphocytes, and plasma cells. As in 
adults, the presence of multinucleated giant cells is common, and myelin pallor of 
the cerebral hemispheres associated with reactive astrocytosis is seen. HIV-1 infec-
tion of monocytes/macrophages and latent and restricted infection of astrocytes 
occur. However, unlike HIV-1-infected adults, over 90 % of children who die of 
HIV-1 infection exhibit basophilic mineralization in the basal ganglia and deep 
cerebral white matter. These deposits consist of calcium salts and other minerals 
such as iron and have been hypothesized to result from transient local disruptions in 
the BBB  [  360,   361  ] . In addition, in fi ltration of the parenchymal blood vessel walls 
in the hemispheric white matter and basal ganglia by lymphocytes, monocytes, and 
multinucleated giant cells can be observed in 25–30 % of children with AIDS.  

    7.6.2   Combination ART and Neuropathological Disease 
in Children 

 HIV-1 viral load and the presence of activated monocytes with accompanying 
in fl ammation in the CNS have been greatly reduced by the use of antiretroviral 
drugs. The early use of a single antiretroviral agent has been supplanted by initial 
therapeutic regimens that consist of combinations of antiretroviral drugs in order to 
limit spread and progression of the disease and to reduce development of drug resis-
tance. Indeed the use of cART has resulted in a dramatic decline in severe forms of 
HIV-1 encephalopathy in children. Improvements in neurodevelopment upon initiation 
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of cART in children with encephalopathy and the preservation of neurocognitive 
functioning in neurologically healthy children have been described  [  362–  364  ] . 
These improvements, however, appear to be limited to the use of non-nucleoside 
reverse transcriptase inhibitors rather than protease inhibitors  [  365,   366  ] . This effect 
may be due to the lower CNS penetration of many protease inhibitors and the use of 
CNS penetrating ART is recommended. Timing of ART initiation has been shown 
to be important in improving clinical outcomes in HIV-1 infected infants. In addi-
tion, treatment of infants before the age of 6 months may prevent early-onset of 
severe HIV encephalopathy. However, while development of severe PE can be pre-
vented with the use of cART, the occurrence of milder forms of neurodevelopmen-
tal delay and neurobehavioral problems may be increasing, especially in older 
children  [  367,   368  ] . Critical comprehensive assessment of neurodevelopment in 
HIV-1-infected children is dif fi cult, especially in developing countries. Studies on 
the interactive roles of environment and viral infection in mild developmental delay 
and cognitive impairment are urgently needed.   

    7.7   Future Perspectives 

 There are several key questions that remain in better understanding HIV neurobiology, 
in improving treatment, in positively effecting drug delivery, and in improving dis-
ease diagnostics and monitoring. In regard to disease, viral diversity and molecular 
signatures for CI are paramount. For treatment, improving cART regimens and 
brain penetrance will prove pivotal if HAND can be prevented. An important paral-
lel query that remains is a thorough examination of brain region-speci fi c ART neu-
rotoxicity and the effects that long-term peripheral immune activation may play on 
the nervous system. Key to addressing this query is  fi nding which drugs alone or in 
combination affect disease as well as when, how, and where disease occurs. Yet 
another future need revolves around the development of adjunctive therapies; those 
that can work as additives to existing cART regiments or perhaps can improve cog-
nitive function in synergy through targeting parallel disease-related pathways. This 
perhaps can be facilitated through improved drug delivery paradigms including 
works developed from our own laboratories using nanomedicines. The idea for both 
improved drug delivery paradigms and adjunctives (used alone or in combination) 
is that they are targeted to attenuate neuronal damage and its subsequent links to CI. 
It is fully understood that to date, neuroprotective and immune modulatory strate-
gies have all but failed and none are used as part of any neuroAIDS therapeutic 
plan. This perhaps would be improved when and if speci fi c biomarkers are found 
for disease and can be used to differentiate what disease components are caused by 
HIV itself or are secondary effects on aging or on other neurodegenerative disorders 
such as Alzheimer’s and Parkinson’s diseases. Last, there is no gold standard for 
determining adherence to cART and other medications. This is yet another impor-
tant issue, as adherence to treatment regimens may also in fl uence the development 
of HAND and affects its severity.  
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    7.8   Conclusions 

 The ultimate eradication of HIV disease can potentially be realized through effective 
immunization. So far, a vaccine to prevent infection has not been realized. Until 
then, research efforts need to focus on better understanding virus-host interactions, 
viral diversity and persistence, and tropisms. To this end, viral reservoirs including 
those maintained in the CNS are of vital importance to both comorbid disease mani-
festations and to viral eradication. To better understand disease mechanisms and 
antiretroviral biodistribution and to  fi nd drugs or drug combinations that speci fi cally 
effect nervous system function will prove key in improved outcomes for disease in 
any infected human viral host.      
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          8.1   Introduction 

 Chronic use of alcohol and other drugs of abuse have been demonstrated to activate 
the innate immune system of the CNS. This activation, in turn, may lead to progres-
sive changes to neurobiology that underlie loss of behavioral control and increased 
limbic negative affect common in addiction. Ethanol exerts effects on the systemic 
adaptive and innate immune systems  [  1  ] . Adaptive immunity comprises a class of 
highly specialized lymphocytic cells that recognize, remember, and target speci fi c 
pathogens through the production of antibodies. This system is protective in that it 
maintains an immunological memory of the pathogen in the lymphocytes in prepa-
ration for future insults. In contrast, the innate immune system mounts a nonspeci fi c 
immune response to a pathogen via secretion of cytokines and other chemical mes-
sages that activate cells. This chapter will focus on the effects of alcohol on innate 
immunity because the brain possesses few lymphocytes and, consequently, minimal 
adaptive immunity. Although beyond the scope of this chapter, it is important to 
note that ethanol causes the gut to become “leaky” resulting in the release of the 
endotoxin lipopolysaccharide (LPS). The increased gut permeability to LPS con-
tributes to liver in fl ammation and secretion of proin fl ammatory cytokines [e.g., 
tumor necrosis factor-alpha (TNF a )] into the blood. The blood is then transported 
into the brain where TNF a  and other cytokines are induced causing neuroin fl ammation 
that persists long after the resolution of the peripheral in fl ammatory response  [  2  ]  
(see Fig.  8.1 ).  

 The continued and often escalating negative events associated with persistently 
increased alcohol and drug consumption that result in addiction are well known  [  3,   4  ] . 
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Addiction involves excessive, compulsive drug use despite negative consequences 
(e.g., a loss of behavioral control over drug use). Initially, alcohol dependence was 
characterized by both neurological and physiological symptoms of withdrawal that 
included hyperexcitability, anxiety, pyrexia, and sickness behavior. However, more 
contemporary de fi nitions of alcohol dependence focus on the loss of behavioral 
control, preoccupation with alcohol, and increased impulsivity, anxiety, drug crav-
ing, and depression-like negative affect. Studies also  fi nd increased immediate 
reward-seeking behavior and preoccupation/perseverative sensitization to alcohol 
stimuli that promote compulsive habitual behavior  [  5,   6  ] . Thus, contemporary views 
of addiction de fi ne it as a chronic neurobiological disorder involving genetic, psy-
chosocial, and environmental factors that contribute to the complex dysfunction of 
alcoholism and alcohol dependence. These emerging views have led the diagnoses 
of substance abuse and substance dependence, which are currently used in the diag-
nostic and statistical manual of mental disorders (DSM)-IV text revision, to be com-
bined into a single substance use disorder in the DSM-V. 

 Although it is well accepted that alcohol and drug intoxication change neuro-
chemistry and behavior, the persistent effects of drugs of abuse on long-term immune 
and behavioral alterations are only beginning to be understood. Drug dependence 
and addiction involve a disruption of the normal balance between self-control 
mechanisms and emotional drive. Brain regions vulnerable to the harmful effects of 
alcohol and drugs of abuse are the frontal cortex and the limbic system. The frontal 
cortex regulates decision-making and other executive functions, such as motivation, 
planning and goal setting, and impulse inhibition. Limbic structures, such as the 
amygdala and hippocampus, contribute to memory, emotion, and mood. Continued 
use of alcohol and other drugs of abuse alters cortical and limbic neurobiology, 
culminating in a loss of attention, impaired decision-making, and increased impul-
sivity and anxious urgency that escalates a progressive loss of behavioral control 

  Fig. 8.1    Systemic ethanol-induced activation of cytokine signaling in the brain. Consumed ethanol 
(EtOH) enters the stomach and makes it “leaky” allowing lipopolysaccharide (LPS) to enter the 
blood. The circulating EtOH and LPS lead to liver in fl ammation, which results in the production 
and secretion of tumor necrosis factor-alpha (TNF a ) and other proin fl ammatory cytokines. These 
proin fl ammatory cytokines enter the brain through the blood and increase neuroin fl ammation 
through the synthesis of nuclear factor kappa-light-chain-enhancer of activated B cells (NF- k B) 
and other cytokines       
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over drug use. Thus, a key element of the behavioral pathology of addiction and 
substance dependence centers on the loss of frontal cortical executive behavioral 
control and  fl exibility and mounting limbic anxiety and urgency.  

    8.2   Cornerstones of Addiction: Loss of Frontal Cortical 
Behavioral Control and Increased Limbic System Negative 
Affect 

 The loss of behavioral control that characterizes addiction involves the reduction of 
frontal cortical regulation of attention and cognitive  fl exibility and increased limbic 
system anxiety and negative affect. The frontal lobes modulate decision-making and 
other executive functions, such as motivation, planning and goal setting, impulse 
inhibition, and regulation of limbic drive. Behavioral control mechanisms mediated 
by the frontal lobes involve blockade of impulsive errors as well as the prediction of 
future rewards  [  7  ] . In addition, the frontal lobes are involved in the retention of 
long-term emotional memories and adjustment of emotion to conform to societal 
norms allowing for successful integration into society. In agreement, alcohol depen-
dence is often associated with progressive social isolation and/or increased time in 
heavy drinking social environments. Thus, impaired frontal cortical function is a 
key cognitive component involved in the development of drug dependence and the 
neurobiology of addiction. 

 The limbic system consists of the amygdala and hippocampus, as well as the 
septal nuclei, limbic cortex, and anterior thalamic nuclei. Together, these intercon-
nected structures support a variety of functions, including emotion, anxiety, need 
and urgency, and long-term memory. Drug-induced negative affect, altered mood, 
and increased anxiety are the emotive components of addiction. Limbic system 
urgency propagates impulsive behaviors  [  8  ] . Impaired frontal cortical and limbic 
system function is a key element of drug dependence and the neurobiology of addic-
tion. In the sections to follow, we will provide compelling evidence supporting a 
role for activation of the innate immune system in the development of addiction 
symptomology, including reduced behavioral  fl exibility, increased negative affect 
and anxiety, and drug-seeking behavior. 

 Dependence on alcohol and other drugs of abuse leads to a loss of attention, poor 
decision-making, and increased impulsivity and anxious urgency that promote the 
progressive loss of behavioral control over drug use. Individuals addicted to alcohol 
and other drugs of abuse demonstrate impaired decision-making on tasks that 
involve delayed reward and cognitive  fl exibility, which is indicative of frontal cor-
tex dysfunction  [  9–  13  ] . The loss of behavioral control associated with drug addic-
tion likely involves relearning de fi cits and increased perseveration. Using animal 
models of drug abuse, our laboratory and others have found that ethanol  [  14,   15  ]  
and cocaine  [  16,   17  ]  exposure results in persistent reversal learning de fi cits, which 
parallels the frontal cortical dysfunction and a loss of behavioral  fl exibility observed 
in human alcoholics. The progression from abuse to addiction involves increased 
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drug wanting, negative emotional urgency, and decreased behavioral control  [  11, 
  18  ] . Although it has been established that drug intoxication leads to altered behav-
ior, the importance of persistent drug-induced changes to neurobiology that result in 
behavioral change has only recently begun to be appreciated. This chapter will pres-
ent evidence that innate immune gene induction diminishes frontal cortical behav-
ioral control while simultaneously increasing limbic system anxiety and negative 
affect to create the neurobiology of addiction (see Fig.  8.2 ).   

    8.3   The Innate Immune System of the CNS 

 Although the brain has historically been considered an immune-privileged organ, 
innate immune responses are increasingly linked to CNS disease  [  24,   25  ] . While 
astrocytes, oligodendrocytes, and neurons are all formed from neuroectoderm, 
microglia are brain innate immune cells that originate from the mesoderm, migrat-
ing to the brain early in fetal development  [  26  ] . Microglia are part of the innate 
immune system that express a series of pattern recognition receptors to bind highly 
conserved pathogen-associated molecular patterns (PAMPs) present on invading 
microorganisms  [  27,   28  ] . In addition to sensing and responding to PAMPs, micro-
glia were recently discovered to recognize endogenous danger signals. Although the 
innate immune system consists of several pattern recognition receptor families, 

The Neurobiology of Addiction

Stress- and Drug-Induced Innate Immune System Activation 

Addicted Brain

Diminished frontal cortical
behavioral control

Increased limbic
negative affect, 

craving, and anxiety

  Fig. 8.2    The neurobiology of addiction. A simpli fi ed schematic distinguishing the frontal cortical 
and limbic system behavioral changes that characterize drug-induced activation of the innate 
immune system. Both drug addiction and stress activate the innate immune system in the brain, 
which reduces glutamate transporters leading to prefrontal cortex hyperexcitability  [  19,   20  ]  and 
diminished cortical behavioral control and behavioral in fl exibility  [  21,   22  ] . Concurrently, induction 
of innate immune genes in limbic brain regions increases negative affect, craving, and anxiety-like 
behaviors prompting further drug abuse and self-medication  [  23  ] . The long-term deleterious effects 
of prolonged alcohol abuse are diminished activation of frontal cortical behavioral control circuits 
that lead to a progressive loss of attention and poor decision-making that combine with increased 
negative affect and anxiety that motivate further drug-taking behaviors. Taken together, these innate 
immune gene-induced behavioral changes characterize the drug-addicted brain       
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the Toll-like receptor (TLR) family has received the most attention with regard to 
ethanol- and drug-induced neuroin fl ammation. In general, receptors of this family 
consist of an extracellular domain of leucine-rich repeat motifs, a transmembrane 
domain that determines receptor location, and an intracellular domain containing 
the Toll/interleukin-1 receptor. To date, 13 TLRs have been identi fi ed (i.e., TLRs 
1–13) in mammals  [  28,   29  ] . Recent interest has also begun to highlight a role for 
another pattern recognition receptor, receptor for advanced glycation end products 
(RAGE), in neuroin fl ammation associated with drug addiction because of its 
involvement in Alzheimer’s disease and cancer  [  30–  32  ] . This multiligand trans-
membrane receptor is ubiquitously expressed at relatively low levels throughout the 
CNS, but its expression is increased as in fl ammatory signals accumulate in tissue 
 [  32  ]  (see Fig.  8.3 ).  

 More recently, TLRs and RAGE have been found to detect and respond to 
neuroin fl ammation associated with danger-associated molecular patterns (DAMPs), 
which are also endogenous innate immune activators. Although research is only 
beginning to identity potential DAMPs, likely examples include high-mobility group 
box 1 (HMGB1  [  33  ] ), heat shock proteins  [  34  ] , and extracellular matrix breakdown 
proteins  [  35  ] . The danger pattern that has received the most attention to date is 
HMGB1, which is a ubiquitous evolutionarily conserved protein present in the nucleus 
of most eukaryotic cells. Structurally, HMGB1 consists of three distinct domains: a 
tandem of high-mobility group box domains (Box A and Box B) and a C-terminal tail. 
As a nuclear protein, it is involved in DNA bending and transcription stability  [  36, 
  37  ] . However, upon its secretion from cells, by either active release from neuroim-
mune cells or passive release by leaky necrotic cells, HMGB1 exerts cytokine activity 
 [  32  ] . It is likely that alcohol, drugs of abuse, and stress also lead to the release of 
DAMPs that activate TLRs and RAGE, which contribute to innate immune gene 
induction  [  38  ]  in addiction (see Fig.  8.4 ). Although defense against invading patho-
gens is key to the survival of all mammals, timely resolution of the immune response 
is critical to prevent in fl ammation-induced tissue damage. However, persistent activa-
tion of the innate immune system can lead to chronic in fl ammation, which is associ-
ated with the development and progression of multiple diseases, including Parkinson’s 
disease, Alzheimer’s disease, and multiple sclerosis  [  43  ] .  

    8.3.1   Microglia and Astrocytes: The Vanguard 
of the Innate Immune System 

 Microglia, the resident innate immune macrophage-like cells of the CNS, and astro-
cytes contribute important metabolic, trophic, synaptic, and other brain functions, 
including responding to and amplifying innate immune responses in the CNS  [  44, 
  45  ] . Microglia communicate to sense the environment, remove unnecessary extra-
cellular matrix and damaged tissue, regulate healing responses to insult, and pro-
duce proin fl ammatory cascades that defend against infection. In the healthy brain, 
rami fi ed or “resting” microglia contribute to the integration of sensory systems and 
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  Fig. 8.3    Innate immune signaling cascade and evidence for involvement in alcohol-induced neu-
rodegeneration. A simpli fi ed schematic of the Toll-like receptor (TLR) and RAGE receptor signal-
ing cascades. Stimulation of TLRs leads to the generation of ROS and downstream activation of 
NF- k B. Similarly, activation of the RAGE receptor leads to caspase-3 induction and downstream 
activation of NF- k B. The production of NF- k B leads to the secretion of proin fl ammatory gene 
expression, neuroin fl ammation, and cell death.  AP-1  activator protein-1,  HMGB1  high-mobility 
group box-1,  I k B a   nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor-
alpha,  IRAK  interleukin-1 receptor-associated kinase,  JNK3  c-Jun N-terminal kinases,  MAPK  
mitogen-activated protein kinase,  MyD88  myeloid differentiation primary response gene 88, 
 NADPH oxidase  nicotinamide adenine dinucleotide phosphate-oxidase,  NF- k B  nuclear factor 
kappa-light-chain-enhancer of activated B cells,  PI3K  phosphatidylinositol 3-kinase,  RAGE  recep-
tor for advanced glycation end products,  RIP1  receptor interacting protein,  ROS  reactive oxygen 
species,  TAK1  transforming growth factor  b -activated kinase 1,  TRAF  TNF receptor-associated 
factor,  TRAM  TRIF-related adaptor molecule,  TRIF  TIR domain-containing adaptor-inducing 
interferon- b        
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overall survey of the brain milieu. In response to an endogenous or exogenous 
insult, microglia undergo distinct morphological and gene expression changes asso-
ciated with cellular activation  [  46  ] . During the initial stages of activation, microglia 
become enlarged and increase the expression of cell matrix and cell adhesion pro-
teins. They also begin to secrete signaling molecules that upregulate the expression 
of major histocompatibility complex (MHC) proteins and TLRs. In addition, acti-
vated microglia secrete cytokines [e.g., TNF a , interleukin (IL)-1 b , and IL-6], which 
are small cell-signaling molecules that regulate cell movement toward sites of tissue 
damage and initiate proin fl ammatory-oxidative activation. These signaling mole-
cules lead to further activation in an autocrine and paracrine fashion that ampli fi es 
microglial activation (see Fig.  8.5a ). As activation continues to progress, microglia 
progress toward mitosis, proliferation, and phagocytic oxidative surges that dissolve 
and engulf waste  [  46  ] . Highly activated microglia are termed “amoeboid” and are 
characterized by a phagocytic, rounded macrophage-like morphology (see Fig.  8.5b ). 
These phagocytic microglia are further characterized as either proin fl ammatory 
(M1) or anti-in fl ammatory (M2), depending on whether they are functioning to 
“kill” or “repair,” respectively  [  51,   52  ] . Astrocytes are also pivotal components of 
the neuroimmune system as they also secrete cytokines and in fl ammatory modulators 

  Fig. 8.4    Involvement of HMGB1 in ethanol-induced neuroin fl ammation. Simpli fi ed schematic 
demonstrating the cyclic nature of ethanol-induced activation of the endogenous TLR/RAGE ago-
nist and high-mobility group box-1 (HMGB1). Ethanol exposure stimulates nuclear release of 
HMGB1 into the extracellular environment where it activates and upregulates the expression of 
Toll-like receptors (TLRs) and receptors for advance glycation end products (RAGE) on micro-
glia. Activation of TLRs and RAGE leads to secretion of proin fl ammatory molecules [e.g., inter-
leukin-1 b  (IL-1 b ), tumor necrosis factor-alpha (TNF a )] that further increase and amplify HMGB1 
release in a cyclic fashion. Administration of naltrexone or genetic knockout of TLR4 blocks 
microglial activation and neuronal cell death  [  39–  41  ] . Similarly, administration of minocycline, an 
antibiotic that blocks microglial activation  [  40,   42  ] , and BHT, an NF- k B antagonist  [  19  ] , inhibits 
microglial activation and secretion of proin fl ammatory cytokines and chemokines       
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following insult-induced activation  [  53,   54  ] . In contrast to microglia, activation of 
astrocytes causes them to become transiently “reactive,” which involves cellular 
enlargement,  fi brillary process elongation and swelling, and increased expression of 
glial  fi brillary acidic protein. In addition to secretion of in fl ammatory mediators, 
reactive astrocytes also modify the extracellular matrix, which provides cellular 

  Fig. 8.5    Glial response to ethanol in the brain. ( a ) Simpli fi ed schematic of ethanol-induced 
HMGB1 activation and proliferation of glial cells. Ethanol exposure activates microglia and astro-
cytes [ 1 ], leading to secretion of HMGB1 to extracellular environment [ 2 ]. The secreted HMGB1 
further activates microglia and astrocytes in an autocrine and paracrine fashion that in turn leads to 
further HMGB1 secretion [ 3 ]. The cyclic release of HMGB1 results in glial cell proliferation and 
further activation [ 4 ]. ( b ) Representative  fi gures depicting characteristic stages of microglial acti-
vation. [ 1 ] Rami fi ed or “resting” microglia are characterized by long, highly rami fi ed processes 
with comparatively small cell bodies. Activated microglia are characterized by swollen, truncated 
processes and enlarged cell bodies. Amoeboid or “phagocytic” microglia are characterized by 
large, amoeba-like cell body with no or few small processes  [  47,   48  ] . Photomicrographs depict 
stages of microglial activation in postmortem human brain tissue  [  49  ] . Ethanol- and stress-acti-
vated microglia secrete NF- k B target genes but do not become the phagocytic oxidative burst 
macrophage phenotype associated with severe neurodegeneration diseases  [  50  ]        
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structure and segregation  [  55  ] . Together, microglia and astrocytes are the major 
constituents of the brain innate immune system.  

 Exposure to alcohol, drugs of abuse, and stress activates microglia and astro-
cytes  [  2,   56,   57  ] , which might lead to glial adaptive conditioning  [  58  ] . Glial adap-
tive conditioning occurs when the brain is exposed to a persistent low level of 
noxious insult resulting in neuroprotection by conditioning the brain (i.e., increased 
protection) for future insults  [  1  ] . However, repeated bouts of exposure to these 
stimuli also lead to persistent activation of microglia and astrocytes  [  59  ]  that 
secrete proin fl ammatory cytokines that promote neuronal damage and cell death 
 [  60  ] . Interestingly, microglial dysfunction has been found to contribute to trichotil-
lomania, an obsessive–compulsive disorder associated with hair pulling  [  61  ] , sup-
porting a role for altered glial function in the neurobiology of addiction. In another 
study, administration of prednisone, a synthetic glucocorticoid, increased anxiety-
like behavior on the elevated plus-maze as well as microglial populations in the 
frontal cortex and hippocampus  [  62  ] . Similarly, in human postmortem frontal cor-
tical tissue of depressed individuals that committed suicide, astrocytes were found 
to exhibit enlarged cell bodies and more rami fi ed processes, which is indicative of 
activated astrocytes  [  63  ] . Thus, microglia and astrocytes likely contribute to the 
neurobiology of addiction by inducing behavioral change associated with altered 
adaptive conditioning and/or persistent activation following repeated exposures to 
drugs of abuse and stress.   

    8.4   Stress, Alcohol, and Other Drugs of Abuse Foster 
Addiction and Stimulate NF- k B Transcription 
of Innate Immune Genes 

 Nuclear factor kappa-light-chain-enhancer of activated B cells (NF- k B) is a key 
transcription factor involved in the induction of innate immune genes in microglia 
and astrocytes. Although neuronal NF- k B has been implicated in some studies  [  64  ] , 
others suggest that NF- k B does not activate neuronal gene transcription  [  65  ] . 
Regardless, stimuli such as stress, cytokines, oxidative free radicals, bacterial and 
viral antigens, and other molecules increase NF- k B expression that lead to down-
stream transcription of chemokines, cytokines, oxidases, and proteases. For instance, 
restraint stress increases the expression of NF- k B, cytokines, prostaglandin E2, and 
cyclooxygenase-2 (COX-2) in the CNS  [  66,   67  ] . In addition, LPS exposure leads to 
the reversal of acute glucocorticoid anti-in fl ammatory responses to proin fl ammatory 
NF- k B activation in the cortex  [  68  ] . In a similar fashion, our laboratory has deter-
mined that ethanol increases NF- k B-DNA binding in the brain in vivo  [  19  ]  and 
in vitro in hippocampal–entorhinal cortex slice culture  [  69  ] . Furthermore, our labo-
ratory and others have found that ethanol increases the transcription of NF- k B tar-
get genes, including chemokine monocyte chemoattractant protein-1 (MCP-1, 
CCL2  [  49  ] ), proin fl ammatory cytokines (e.g., TNF a , IL-1 b , and IL-6  [  2  ] ), 
proin fl ammatory oxidases (inducible nitric oxide synthase  [  57,   70  ] , COX  [  57,   71  ] , 
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and NOX  [  50  ] ), and proteases (TNF a -converting enzyme [TACE] and tissue 
plasminogen activator [tPA]  [  70  ] ). Finally, all addictive drugs cause chronic basal 
elevations of glucocorticoids  [  62  ]  that could contribute to activation of the brain 
NF- k B cascade. Thus, activation of NF- k B by alcohol, stress, and other drugs of 
abuse is a common molecular mechanism involving innate immune gene induction 
that is consistent with a stress-drug synergy culminating in progressive increases in 
loss of behavioral control and addiction.  

    8.5   Positive Loops Amplify NF- k B Innate Immune Gene 
Induction Through Autocrine and Paracrine Processes 

 Alcohol- and stress-induced activation of the NF- k B pathway spreads through 
positive loops (see Fig.  8.6 ) that increase activation in an autocrine and para-
crine fashion  [  70  ] . In autocrine signaling, secreted molecules activate receptors 
on the secreting cell that results in further activation of that cell. In contrast, 
paracrine signaling involves the secreted molecule activating cells that are 
nearby resulting in the spread of the signal across cells. Alcohol-induced upreg-
ulation of reactive oxygen species (ROS) results in NF- k B-induced transcrip-
tion of TNF a  and TACE, the TNF a  activating protease, as well as increased 
expression of the TNF receptor (TNFR1). The release of TNF a  stimulates fur-
ther NF- k B transcription through activation of TNFR1 and is ampli fi ed in an 
autocrine and paracrine fashion.  

 Alcohol and stress signal through the NF- k B signaling pathway. Rats exposed to 
restraint stress evidence increased expression of the NF- k B target genes, TACE and 
TNF a  mRNA, within 30 min and free mature brain TNF a  levels within 1 h  [  66  ] . 
Similarly, an acute dose of ethanol activates NF- k B within 30 min in rat brain  [  73  ]  
and cultured human astrocytes  [  74  ] . Although NF- k B is expressed in most cells, 
NF- k B in the CNS is transcriptionally active primarily in glia  [  65  ] . Other 
proin fl ammatory interactions include NOX-ROS activation of proteases such as 
TACE that release mature TNF a   [  75  ] , which contributes to ethanol-induced 
increased transcription of the NF- k B target gene, TNF a   [  76  ] . These positive loops 
of activation lead to persistently increased oxidative free radicals from oxidases, 
increased TLR expression and formation of endogenous TLR agonists, and 
chemokine and cytokine receptor upregulation  [  50,   70  ] . In the frontal cortex, this 
perpetual signaling leads to hyperexcitability  [  19  ] . Ethanol and stress-activated 
microglia secrete NF- k B target genes but do not become the phagocytic oxidative 
burst macrophage phenotype associated with severe neurodegeneration diseases 
 [  50  ] . Taken together, these studies indicate that persistent exposure to stress and 
drugs of abuse leads to sustained activation of NF- k B loops that lead to transcrip-
tion of innate immune genes that appear to contribute to the development and sus-
tainment of the neurobiology of addiction.  



2618 Innate Immune Signaling and Alcoholism

  Fig. 8.6    Transcription of NF- k B increases the expression of chemokines, cytokines, oxidases, and 
proteases. The transcription factor NF- k B is involved in the induction of innate immune genes  [  49, 
  50,   57,   70,   71  ] . Stimuli such as stress, drugs of abuse, bacteria, viruses, trauma, and other factors 
all increase NF- k B–DNA binding and transcription. Reactive oxygen species resulting from oxi-
dases such as NADPH oxidase or ethanol metabolism increase NF- k B transcription of NOX2 phox  
(gp91), a key NOX catalytic subunit  [  72  ]  that produces ROS  [  50  ] . Loops of activation occur 
through induction of genes that stimulate further NF- k B activation leading to autocrine and para-
crine ampli fi cation and persistent signals. Cytokines and chemokines, such as TNF a , IL1 b , IL6, 
and MCP-1 as well as their receptors (TNFR in  fi gure), are also induced resulting in ampli fi cation 
loops. Toll-like receptors are increased by ethanol  [  40,   57  ]  as are other damage-associated molecu-
lar pattern receptors and their agonists resulting in the formation of positive activation loops  [  40  ] . 
Toll-like receptors and HMGB1 interact to create another activation-ampli fi cation loop. Persistent 
and repeated activation occurs through positive cycles of activation. These loops spread innate 
immune signaling across the brain causing altered neurocircuitry and neurobiology. Abbreviations: 
 AP-1  activator protein-1,  COX  cyclooxygenase,  DAMPs  damage (or danger)-associated molecular 
patterns,  ECM  extracellular matrix,  gp91  NADPH oxidase  fl avocytochrome b components, 
 HMGB1  high-mobility group box 1,  HSPs  heat shock proteins,  IL-1  interleukin-1,  MCP-1  mono-
cyte chemoattractant protein-1,  NF- k B  nuclear factor kappa-light-chain-enhancer of activated B 
cells,  NOX  nicotinamide adenine dinucleotide phosphate (NADPH) oxidases,  TACE  TNF a -
converting enzyme,  TLR  Toll-like receptor,  TNF a   tumor necrosis factor-alpha,  tPA  tissue plasmi-
nogen activator,  RAGE  receptor for advanced glycation end products,  ROS  reactive oxygen 
species       
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    8.6   Alcohol and Other Drugs of Abuse Activate the Innate 
Immune System Through Astrocytes and Microglia 

 There is an increasing body of literature supporting the hypothesis that alcohol and 
other drugs of abuse activate astrocytes and microglia. Through a series of elegant 
studies, Guerri’s laboratory has demonstrated both in vivo and in vitro that chronic 
ethanol treatment induces astrocytic and microglial activation  [  39,   57,   60,   77,   78  ] . 
For instance, in vitro administration of ethanol at physiologically relevant levels 
activates TLR4/type I IL-1 receptor signaling pathways in cultured astrocytes in a 
time-dependent fashion similar to what occurs following LPS and IL-1 b  adminis-
tration. Activation of this pathway leads to induction of NF- k B and activator pro-
tein-1 (AP-1) that is accompanied by an upregulation of inducible NOS and COX-2 
expression in astrocytes that, in turn, leads to further downstream activation of the 
NF- k B signaling pathway  [  39  ] . Interestingly, ethanol-induced activation of the 
NF- k B pathway in astrocytes is blocked in TLR4-knockout mice and mice exposed 
to small interfering (si) RNA that target TLR4  [  57  ] , supporting a role of TLR4 in 
ethanol-induced in fl ammation. Further support for the involvement of TLR4 recep-
tor activation in ethanol-induced in fl ammation was demonstrated in astrocyte cul-
tures wherein siRNA against MD-2 and CD14, which are both critical component 
of the TLR4 signaling cascade, blocked downstream NF- k B induction  [  57  ] . 

 Toll-like and IL-1 receptors are also expressed on microglia, and the expression 
of these receptors is induced during innate immune activation. Ethanol exposure 
causes microglia to adopt an activated state characterized by multiple radiating pro-
cesses and an amoeboid morphology in human studies  [  49  ]  and animal models  [  59, 
  78  ] . Indeed, Guerri’s laboratory  [  78  ]  found that ethanol activates microglia, leading 
to TLR4 induction and downstream secretion of cytokines and in fl ammatory media-
tors that culminate in neuronal cell death, an effect that was blocked in TLR4-
knockout mice. These studies are consistent with ethanol-induced induction of 
innate immunity leading to altered behavior and causing neurodegeneration related 
to addiction. In support of the role of innate immunity in addiction, treatment with 
indomethacin, an anti-in fl ammatory drug, reduces chronic intermittent ethanol 
induction of brain innate immune genes (iNOS and COX-2) in astrocytes and 
reduces markers of cell death and behavioral dysfunction  [  79  ] . In addition, admin-
istration of minocycline, an antibiotic that blocks microglial activation  [  40,   42  ] , 
reduces ethanol-induced in fl ammation and neural cell death  [  40  ] . 

 In addition to alcohol, opiates are known addictive drugs, and endogenous opioid 
receptors and agonists clearly contribute to the neurobiology of addiction  [  80  ] . Opiate 
antagonists are used in the treatment of both alcohol and opiate addiction. Interestingly, 
a potential therapeutic mechanism of opiate antagonists appears to involve blockade 
of innate immune gene activation. Studies have found that opiate antagonists blunt 
LPS-induced immune responses  [  81  ]  and protect dopaminergic neurons from micro-
glial-mediated toxicity via inhibition of microglial activation and reduced NOX for-
mation of ROS  [  82,   83  ] . Other studies have demonstrated that opiate antagonists 
block TLR4 activation of innate immune transcription, which is a site of action 
in innate immune loops  [  41,   84  ] . Thus, opiate antagonist therapy might exert some 
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of its bene fi cial effects through blockade of innate immune gene induction, and 
anti-in fl ammatory drugs might serve as anti-addiction agents. Given the progressive 
nature of innate immune gene induction and addictive behaviors, therapeutic treat-
ments aimed at reducing the induction of these genes might be advantageous for the 
alleviation of addiction. These studies support a role for innate immune induction in 
glia as important factors that contribute to the neurobiology of addiction.  

    8.7   Innate Immune Molecules Mimic Addiction-Like Behavior 

 A key element of the behavioral pathology of addiction and substance dependence is 
the increased anxiety and negative affect that accompanies mounting drug craving 
 [  80,   85  ] . A signi fi cant body of literature exists demonstrating that induction of innate 
immune genes alters behavior. Perhaps the most serious consequence of cancer treat-
ment with proin fl ammatory type 1 interferon- a  and IL-2 is the development of severe 
depression requiring treatment with antidepressant medication  [  86–  88  ] . In these cases, 
the severity of depressive symptoms led approximately 45% of patients treated with 
interferon- a  to terminate treatment due to increased suicidal ideation. Although these 
human cases are extreme examples, several other studies have linked negative affect 
and anxiety to innate immune activation. Indeed, human patients with chronic hepati-
tis C that received treatment with interferon- a  evidenced serious side effects, includ-
ing increased depression, anxiety, and cognitive impairment  [  89  ] . Similarly, bacterial 
endotoxin induces sickness behavior and negative affect across multiple species. 
Eisenberger and colleagues recently demonstrated that infusion of LPS into healthy 
humans reduced reward responses and increased depressed affect  [  90  ] . Breese and 
colleagues  [  87  ]  demonstrated that the effects of ethanol and stress on anxiety-like 
behavior can be mimicked by brain injections of the chemokine MCP-1, the cytokine 
TNF a , or the TLR4 agonist LPS. These  fi ndings are consistent with the notion that 
stress and ethanol act through induction of innate immune genes to progressively 
increase negative affect and anxiety. In addition, systemic administration of LPS-
induced sickness behavior as evidenced by reduced locomotor activity, diminished 
social interaction, and impaired cognitive function, which provides a model of depres-
sion  [  23,   91  ] . The discovery that direct injection of innate immune molecules into the 
brain facilitates stress and addiction-like anxiety further supports a role for the involve-
ment of the innate immune system in the neurobiology of addiction.  

    8.8   Alcoholism Increases Markers of Innate Immune 
Activation in Human Brain 

 Postmortem human brain studies provide insight into the neurobiology of alcohol-
ism and addiction. Our laboratory found upregulated levels of MCP-1 (CCL2) in 
the ventral tegmental area, substantia nigra, hippocampus, and amygdala of postmortem 
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human alcoholic brain tissue  [  49  ] . A similar increase in MCP-1 expression was 
found in mice exposed to chronic ethanol treatment  [  71  ] . Similarly, our laboratory 
recently found increased TLR2, TLR3, and TLR4 expression in the orbitofrontal 
cortex of human alcoholic and mice exposed to chronic ethanol  [  40  ]  (see Fig.  8.7 ). 
These MCP-1 and TLR studies indicate that rodent paradigms model the innate 
immune-induced neurobiological changes that occur in the addicted human brain. 
In another postmortem human alcoholic brain study, Okvist and colleagues  [  92  ]  
reported increased NF- k B nuclear binding of p50 subunits with 479 NF- k B-driven 
genes upregulated in the frontal cortex but not motor cortex. In addition, a human 
gene expression analysis conducted on postmortem tissue  [  93  ]  revealed altered 
expression of a group of cell adhesion genes that is consistent with altered extracel-
lular membrane components and innate immune activation. Studies of human meth-
amphetamine addicts and animal models of methamphetamine addiction also 
demonstrate persistently elevated levels of innate immune proteins, such as MCP-1 
 [  94  ] . Thus, postmortem human alcoholic brain and animal studies are consistent 
with the hypothesis that increased innate immune gene expression occurs in the 
addicted brain.  

 Substantial evidence has accumulated over the last decade implicating the innate 
immune system in ethanol-induced neurodegeneration. Recent  fi ndings implicate 
TLRs and RAGE in the neuroin fl ammation associated with ethanol, which are likely 
activated through danger signals. A potential signaling molecule that likely plays a 
role is HMGB1, which belongs to the class of molecules known as DAMPs. Upon 
upregulation of HMGB1, it is released from the nucleus to the cytoplasm and is then 
secreted into the extracellular space where it exerts its cytokine-like effects  [  95–  97  ] . 
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  Fig. 8.7    Increased expression of Toll-like receptors (TLRs) in the mouse brain following chronic 
ethanol treatment and postmortem human alcoholic brain  [  40  ] . ( a ) Male C57BL/6 mice were 
treated with ethanol (5 g/kg, i.g.) for 10 days. Ethanol treatment signi fi cantly increased the number 
of TLR2-, TLR3-, and TLR4-immunoreactive cells in the orbitofrontal cortex, relative to matched 
controls. ( b ) Postmortem human alcohol tissue from the orbitofrontal cortex has signi fi cantly more 
TLR2-, TLR3-, and TLR4-immunoreactive cells than age-matched controls. ** p  < 0.01, relative to 
corresponding control group       
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Following its release, HMGB1 activates TLRs, including TLR2 and TLR4, and 
RAGE, which facilitate in fl ammatory responses in a cyclic fashion  [  98–  101  ]  (see 
Fig.  8.4 ). Recently, our laboratory demonstrated that HMGB1 expression is elevated 
in postmortem human alcoholic brain tissue and mice exposed to chronic ethanol 
 [  40  ]  (see Fig.  8.8 ). These data implicate HMGB1 in the propagation of the alcohol-
induced innate immune responses, but it remains to be determined whether HMGB1 
is involved in overall addiction-induced innate immune activation or whether it is 
speci fi c to alcoholism. Taken together, these data demonstrate that alcohol activates 
the innate immune system providing further evidence that this pathway is involved 
in the neurobiology of addiction.   

  Fig. 8.8    High-mobility group box-1 (HMGB1) expression in the frontal cortex is increased in 
mice exposed to chronic ethanol and postmortem human alcoholic brain  [  40  ] . ( a ) Male C57BL/6 
mice were treated with ethanol (5 g/kg, i.g.) for 10 days. Ethanol treatment signi fi cantly increased 
HMGB1-immunoreactive cells in the orbitofrontal cortex than matched controls. ( b ) Postmortem 
human alcohol tissue from the orbitofrontal cortex has signi fi cantly more HMGB1-immunoreactive 
cells than age-matched controls       
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    8.9   Addiction-Induced Expression of Innate Immune Genes 
Creates the Neurobiology of Addiction 

 Although innate immunity plays a major role in neuroin fl ammation, recent studies 
have demonstrated that it also modulates cognitive and emotive functioning  [  91, 
  102–  104  ] . Given that ethanol promotes innate immune gene induction  [  49,   50  ] , it is 
plausible that ethanol-induced activation of innate immunity will alter behavior. 
Indeed, innate immunity activation via ethanol appears to contribute to addiction-
like behaviors. For instance, Pascual and colleagues  [  77  ]  demonstrated that ethanol-
induced innate immune activation in mice impaired short- and long-term memory 
for object recognition. This behavioral impairment was accompanied by a reduction 
of H3 and H4 histone acetylation as well as histone acetyltransferase activity in the 
frontal cortex, striatum, and hippocampus. Interestingly, ethanol neither impaired 
behavioral performance nor altered histone activity in TLR4 knockout mice. Another 
in fl ammatory pathway, mediated by the RAGE receptor, might be involved in the 
memory impairments associated with chronic alcohol exposure since 
neuroin fl ammation associated with increased expression of this receptor is impli-
cated in the memory impairments that accompany Alzheimer’s disease  [  105–  108  ] . 
Thus, it appears as though the innate immune system, particularly the TLRs and 
RAGE, is involved in the neurocognitive effects of ethanol. 

 The innate immune system also appears to modulate alcohol consumptive 
behavior. Gene expression studies of genetically paired rats and mice that differ 
primarily in their preference for ethanol consumption reveal that NF- k B, its regu-
latory proteins, and many innate immune genes are central to high-ethanol drink-
ing behaviors  [  109  ] . Beta-2 microglobulin (B2M), an NF- k B target gene involved 
in MHC immune signaling  [  110  ] , and other transcriptional regulation transcrip-
tomes (i.e., RNA molecules) were signi fi cantly overexpressed in high-ethanol-
preferring rodents compared to low-ethanol-preferring strains, suggesting that 
B2M might induce a predisposition for excessive ethanol consumption  [  109  ] . In 
addition, work from Blednov and colleagues provided interesting and novel data 
supporting the hypothesis that innate immune genes regulate ethanol drinking 
behavior  [  111,   112  ] . Across multiple strains of transgenic mice with innate immune 
gene deletion, these animals universally drink signi fi cantly less ethanol than 
matched controls across multiple ethanol drinking paradigms. Recently, Blednov 
and colleagues  [  113  ]  also demonstrated that innate immune activation through 
LPS can induce long-lasting increases in ethanol drinking. Indeed, strains of mice 
show varied innate immune responses to LPS that correspond to increases in the 
consumption of ethanol. Furthermore, a single injection of LPS is capable of pro-
ducing a delayed but long-lasting increase in ethanol consumption even in strains 
of high drinking mice. Recent data has revealed that the TLR family, especially 
TLR4, modulates ethanol intake. Administration of a GABA 

A
  a 2 siRNA vector 

into the central nucleus of the amygdala of alcohol-preferring rats diminished 
binge drinking, which was associated with reduced expression of TLR4  [  114  ] . 
Interestingly, the neuronal location of GABA 

A
  a 2 receptors suggests that the 
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in fl uence of TLR4 on binge drinking is at least partially mediated by neurons. 
Taken together, these  fi ndings are consistent with a modulatory role of innate 
immune genes in alcohol preference and consumption. 

    8.9.1   Innate Immune Genes Increase Negative Affect 
and Reduce Hippocampal Neurogenesis 

 Human patients with major depressive disorder evidence increased blood 
in fl ammatory markers, and treatment with antidepressant medication is associated 
with a reduction of these markers. In addition to increased innate immune gene 
expression, patients with depression evidence diminished hippocampal volumes 
relative to age-matched controls  [  115  ] . In animal studies, endotoxin-induced 
increases in innate immune genes increase depression-like behavior  [  23  ] . 
Furthermore, immune activation leads to induction of microglial tryptophan metab-
olism that could reduce serotonin thereby contributing to depression  [  23  ] . Recent 
 fi ndings suggest that reductions of adult hippocampal neurogenesis may underlie 
depression and provide an index of mood and negative affect that allow for molecu-
lar studies. Both alcoholism and depression may be mediated by changes in adult 
hippocampal neurogenesis  [  116,   117  ] . Indeed, stress, multiple addictive drugs, and 
other factors that precipitate depression also reduce neurogenesis  [  118–  120  ] . 

 Although neurogenesis is primarily an early developmental process with most 
neurons generated during the prenatal and early postnatal periods, it continues to 
occur throughout adulthood in discrete brain regions, including the forebrain sub-
ventricular zone and subgranular zone of the hippocampal dentate gyrus. The gen-
eration and functional integration of nascent neurons into preexisting adult neural 
circuits are believed to enable the hippocampus to adapt to novel and more complex 
situations  [  121  ] . Indeed, the contribution of hippocampal neurogenesis to learning 
and memory  [  122  ]  as well as mood and affective state  [  123  ]  is supported by many 
studies. These  fi ndings are consistent with depression-associated diminution of hip-
pocampal neurogenesis and antidepressant-induced increases in neurogenesis, hip-
pocampal volume in humans, and reversal of depressive symptomology  [  124  ] . 

 Many of the factors that increase depression-like behaviors also reduce neuro-
genesis  [  125  ] . Recent research has revealed that activation of NF- k B is necessary 
for stress-induced inhibition of neurogenesis and induction of depression-like 
behaviors  [  117  ] , such as the social defeat model of depression  [  126  ] . Interestingly, 
administration of the antioxidant butylated hydroxytoluene (BHT) to rats blocks the 
NF- k B cascade preventing the reduction of hippocampal neurogenesis associated 
with binge ethanol exposure  [  19  ] . In addition, antidepressant ef fi cacy in rodent 
behavioral models is dependent upon hippocampal neurogenesis  [  127  ] . In animal 
studies, endotoxin-induced increases in innate immune genes reduce hippocampal 
neurogenesis  [  23  ] . TLRs are necessary components of both ethanol neurotoxicity 
 [  57  ]  and innate immune-induced depressive behavior and reduction of neurogenesis 
 [  23  ] . We have found that chronic ethanol increases brain innate immune genes, 
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reduces brain neurogenesis, and increases depression-like behavior. Indeed, mice 
that self-administer ethanol in a chronic drinking model evidence depression-like 
behavior during abstinence that was associated with reduced neurogenesis  [  128  ]  
(see Fig.  8.9 ). Ethanol-induced loss of neurogenesis parallels the onset of depres-
sion-like behavior and is reversed via treatment with antidepressants. Similarly, 
stress-induced IL-1 b  reduces neurogenesis and increases depression-like behaviors 
 [  117  ] . Inhibition of neurogenesis is associated with increased negative affect and 
depression, which are key elements in the neurobiology of addiction. Thus, neuro-
genesis affects mood, and reduced neurogenesis is associated with innate immune 
gene induction, drug-induced negative affect, and depression-like behavior.   

    8.9.2   Frontal Cortical Hyperexcitability and Behavioral 
In fl exibility 

 The frontal cortex regulates decision-making and other executive functions, such as 
motivation, planning and goal setting, and behavioral  fl exibility. Studies of social 
drinkers have found that the heaviest binge drinkers reported more evidence of neg-
ative mood and performed poorly on executive functioning tasks  [  129,   130  ] . The 
frontal cortex regulates mood and cognition through reciprocal glutamatergic con-
nections with multiple brain regions. In astrocytes, ethanol exposure induces NF- k B 

Control

EtOH

**

50

75

100

125

150

175

Control EtOH

Im
m

ob
ili

ty
 (
se

c)
 

Forced Swim Test

0

20

40

60

80

100

120

Control EtOH

D
C

X
 D

en
si
ty

 (
%

 C
on

tr
ol

) 

DCX

**

0

20

40

60

80

100

120

Control EtOH

P
C

N
A

+
IR

 (
%

 C
on

tr
ol

) 

PCNA

**

a b c d

  Fig. 8.9    Chronic ethanol self-administration induces depression-like behavior and inhibits hip-
pocampal neurogenesis  [  128  ] . C57BL/6J mice self-administered either ethanol (10 %, v/v) or 
water for 28 days. ( a ) Increased immobility (seconds) on the forced swim test provides an index of 
depression-like behavior. Following a period of abstinence from chronic ethanol consumption, 
mice evidenced increased immobility time relative to controls. This demonstrates that ethanol 
exposure induces a depression-like state. ( b ) Ethanol self-administration decreased PCNA, a 
marker of cell proliferation, in the neurogenic region of the hippocampal dentate gyrus. ( c ) 
Doublecortin (DCX) expression, a marker of neurogenesis, was also reduced in the dentate gyrus 
of mice exposed to chronic ethanol self-administration. ( d ) Representative photomicrographs 
depicting the reduced DCX expression. Reduced progenitor cell proliferation and neurogenesis is 
associated with increased depression-like behavior. Scale bar = 200  m m. ** p  < 0.01, relative to cor-
responding control group       
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transcription leading to increased expression of proin fl ammatory innate immune 
genes  [  69,   70,   79  ]  and reduced astrocyte glutamate transport  [  131  ] . The increased 
extracellular glutamate levels lead to increased neuronal excitation, microglial acti-
vation, and excitotoxicity  [  69,   132  ] . Indeed, the increased glutamate excitotoxicity 
likely contributes to ethanol-induced increases of caspase-3 and COX-2 in the fron-
tal cortex  [  57,   71  ] . Glutamatergic hyperexcitability has also been demonstrated to 
occur in the cocaine- and stimulant-addicted brain  [  20  ] . The involvement of innate 
immune genes in the reduction of glutamate transporters and subsequent hyperex-
citability inactivates the frontal cortex and contributes to the neurobiology of addic-
tion  [  19  ]  as evidenced by increased behavioral in fl exibility  [  21  ] . 

 Frontal cortical dysfunction is common in the alcoholic brain  [  8  ]  and is manifest 
in impulsivity and behavioral in fl exibility. In animal models, reversal learning tasks 
are used to assess frontal cortical dysfunction. During reversal learning,  fl exible 
behavior in response to outcomes that do not match those predicted by the preced-
ing cues is necessary to successfully complete the task  [  22  ] . Indeed, proper frontal 
cortex function is necessary to weigh the value of decisions and is important when 
new learning and/or behavior is necessary. This behavioral paradigm models the 
perseveration and inability of human drug addicts to learn new behaviors. Using 
animal models of binge drinking, our laboratory found that ethanol exposure induces 
persistent de fi cits in reversal learning in rats  [  15  ]  and in adult mice following binge 
drinking  [  14  ] . Interestingly, these reversal learning de fi cits are common to drug 
addiction as others have demonstrated that rats exposed to either self-administration 
of cocaine or passive cocaine injections are abnormally slow to learn the reversal 
shift even though they learn initial contingencies at a normal rate  [  16,   17  ] . 

 The involvement of the frontal cortex in reversal learning is critical given that 
lesion produces reversal learning de fi cits similar in nature to chronic drug abuse-
induced de fi cits  [  133  ] . In addition, frontal cortical dysfunction results in persevera-
tion and repetition of previously learned behaviors due to failure to associate new 
information (e.g., negative consequences) into decision-making. Although there is 
no direct evidence of innate immunity on reversal learning, the persistence of addic-
tion clearly overlaps with the persistence of innate immune gene induction  [  2,   50  ] . 
Together, the increased hyperexcitability of the frontal cortex, coupled with the loss 
of behavioral control due to innate immune upregulation, is consistent with innate 
immune gene induction culminating in the neurobiology of addiction.   

    8.10   The Adolescent Brain Is Vulnerable to Drug-Induced 
Frontal Cortical Damage 

 The adolescent developmental period is a critical time of neural maturation that 
encompasses the transition from childhood to adulthood. The frontal cortex and the 
limbic system undergo prominent pruning and reorganization during adolescence. 
For instance, absolute prefrontal cortex gray matter volumes decline in humans 
 [  134,   135  ]  as well as in rats  [  136  ]  during adolescence. Similarly, a substantial loss 
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of synapses, especially excitatory glutamatergic inputs to the prefrontal cortex, 
occurs during the adolescent period in humans and nonhuman primates  [  137,   138  ] . 
In contrast to such adolescent-associated pruning, dopaminergic and serotonergic 
inputs to the prefrontal cortex increase to peak levels well above those observed 
earlier or later in life  [  139,   140  ] . In a similar fashion, cholinergic innervation of the 
prefrontal cortex increases at this time point, ultimately reaching mature levels in 
rats  [  141  ]  and humans  [  142  ] . 

 Maturation of the frontal cortex during adolescence is paralleled by the develop-
ment of behavioral control  [  143  ] . Adolescence is characterized by increased risk-
taking, environmental exploration, novelty and sensation seeking, and social 
interaction as well as higher levels of activity and play behavior that promote the 
acquisition of skills necessary for maturation and independence  [  143,   144  ] . 
Unfortunately, adolescence is also a period for the initiation of drug experimenta-
tion and addiction due to the vulnerability of the developing frontal cortex  [  145  ] . 
The effects of alcohol on the adolescent brain are different from those observed in 
adulthood. Adolescents are less sensitive to the sedative effects of alcohol  [  146  ] , 
which allows them to binge drink. In contrast, they are more vulnerable to alcohol-
induced neurotoxicity  [  145,   147  ] . The increased sensitivity of the adolescent brain 
to alcohol-induced toxicity, coupled with the dynamic synaptic remodeling that 
characterizes this stage, might strengthen the learning components of heavy drink-
ing behaviors and perpetuate the loss of important self-control and goal setting com-
ponents of the maturing brain’s executive centers. 

 Innate immune gene activation in the brain persists for long periods  [  2,   50  ]  con-
sistent with the persistence of addiction. This persistent nature is likely ampli fi ed in 
the adolescent brain  [  144  ]  because of their increased ethanol consumption  [  146  ]  
and greater vulnerability to the neurotoxic effects of alcohol  [  145,   147  ] . Animal 
models of adolescent binge drinking have found both impaired reversal learning 
 [  14  ]  and innate immune gene induction  [  79  ]  that persists into adulthood (see 
Fig.  8.10 ). Initiation of alcohol and drug use during adolescent maturation of the 
frontal cortical behavioral control circuitry likely sets the stage for the development 
of lifelong addiction. These data suggest that the adolescent brain might be more 
vulnerable to the neurocognitive effects of ethanol-induced innate immunity 
activation.   

    8.11   Summary 

 Over time, continued drug use and stress lead to the development of addiction- 
promoting behaviors. The neurobiology of addiction involves inhibition of frontal 
cortical behavioral control and increased limbic system negative affect. Stress and 
repeated drug use increase NF- k B transcription of chemokines, cytokines, oxidases, 
proteases, and other innate immune genes in a cyclic fashion that spreads across 
the CNS. Evidence supports the hypothesis that the spread and persistence of 
innate immune gene expression in the CNS creates the neurobiology of addiction 
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(see Fig.  8.11 ). Animal studies demonstrate that ethanol-induced activation of innate 
immunity leads to behavioral changes that involve increased impulsivity, anxiety, 
and negative affect that increase immediate reward-seeking behavior. Furthermore, 
hyperexcitability and behavioral in fl exibility are associated with innate immune 
gene expression in the frontal cortex. The emerging view that innate immunity 
underlies addiction has important rami fi cations for the early onset of drug and alco-
hol abuse. Furthermore, it suggests that therapies aimed at suppressing innate 
immune activation in the CNS might represent a novel therapeutic approach to the 
treatment of addiction and/or anxiety disorders.       

  Fig. 8.10    TLR4 and RAGE expressions are increased in the frontal cortex of adult rats exposed to 
adolescent binge ethanol exposure. Male Wistar rats were treated with ethanol (5 g/kg, i.g.) on a 
2-day on/2-day off binge ethanol exposure paradigm for the totality of adolescence [i.e., postnatal 
day (P) 25–55]. Following a period of abstinence, brain tissue was collected in adulthood (P80). 
( a ) Binge ethanol exposure during adolescence persistently upregulated TLR4 expression in the 
adult prefrontal cortex, relative to controls. ( b ) Adolescent binge ethanol exposure led to persis-
tently upregulated RAGE expression in the adult prefrontal cortex, relative to controls       
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          9.1   Introduction 

 Until quite recently, the central nervous system (CNS) has been considered an 
autonomous unit nourished by blood and shielded not only from circulating immune 
cells but also from pathogens and toxins originating from circulation. However, it is 
now well established that immune surveillance occurs in the normal CNS and that 
in fl ammatory responses can take place in the neural plasticity and disease context. 
The CNS presents a well-organized series of innate immune reactions in response 
to systematic bacterial and viral infections and to cerebral injury  [  1,   2  ] . Activation 
of the innate immune system is an important component of in fl ammatory response. 

 The neuroimmune system plays essential roles in both maintenance of tissue 
homeostasis and response to infection and injury. Neuroin fl ammatory stimuli induce 
bene fi cial effects, and in fl ammation is linked to tissue repair processes. Emerging 
evidence also indicates that the immune system positively regulates learning, mem-
ory, neural plasticity, and neurogenesis  [  3,   4  ] . However, sustained in fl ammation 
resulting in tissue implies persistence of an in fl ammatory stimulus or failure in nor-
mal resolution mechanisms. The cytokine production which characterizes this con-
dition can impair the bene fi cial role under quiescent conditions, resulting in impaired 
memory, neural plasticity, and neurogenesis  [  4  ] . A persistent stimulus may result 
from either environmental factors or the formation of endogenous factors (e.g., 
pathogens, protein aggregates, toxins, psychological stress) that are perceived by 
the immune system as “danger” signals. 
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 In fl ammatory responses to infectious agents are initiated by pattern recognition 
receptors that bind to  pathogen-associated molecular patterns  ( PAMPs , stranger 
signals), such as Toll-like receptors (TLRs) which recognize a diverse set of patho-
gen-associated molecules not present in the host  [  5  ] . Recent evidence indicates that 
TLRs are vital players in this orchestrated form of immune response in the CNS and 
that deregulation of this immunological response against CNS-associated antigens 
may play important roles in brain damage and neurodegeneration  [  6,   7  ] . 

 TLRs were originally discovered for the role they play in dorsal–ventral axis 
development in  Drosophila  embryos  [  8  ] , and plants, insects, and vertebrates all use 
homologous mechanisms that rely on Toll recognition to coordinate an immune 
response  [  9  ] . Recent studies indicate that TLRs respond not only to microbial 
infection but also to the host tissue injury  [  10  ]  participating in infectious diseases, 
CNS autoimmunity, neurodegeneration, and neural damage  [  7,   10,   11  ] . In the CNS, 
glial cells express numerous TLRs  [  12,   13  ]  and allow the recognition of different 
pathogens and potentially endogenous TLR agonists. The immediate activation of 
resident glia via TLRs likely serves as an ampli fi cation pathway to maximize the 
proin fl ammatory responses within the CNS compartment. Indeed, studies on TLR-
de fi cient mice have clearly shown the critical role of TLR activation in several 
neuropathological disorders  [  14,   15  ] . New evidence has further established the 
actions of TLR signaling in modulating multiple processes in the developing and 
adult CNS, including axonal growth and structural plasticity  [  16,   17  ] , as well as 
regulation of behaviors such as learning and anxiety  [  17,   18  ] . 

 Alcohol abuse can cause behavioral dysfunction and brain damage. Current evi-
dence demonstrates that the participation of TLR4 in these effects is an important 
target of alcohol action in the brain and provides a new perspective of the neuroim-
mune mechanisms in alcohol-related disorders. In this chapter, we review the mech-
anisms by which ethanol, acting as a TLR4 agonist, activates TLR4 signaling in 
glial cells which leads to neuroin fl ammation, brain injury, behavioral alteration, and 
addictive-like behavior.  

    9.2   Glial Cells as a Hallmark of Brain In fl ammation: 
Effects of Ethanol 

 It is increasingly recognized that the most important CNS disorders are not merely 
de fi ned by the enigmatic emergence of dysfunctional neurons but are in fact orches-
trated largely by glial-cell-controlled in fl ammatory processes. In multiple arche-
typical in fl ammatory CNS diseases, and in Alzheimer’s disease (AD), stroke, and 
Parkinson’s diseases (PD), they have been implicated in in fl ammatory disease pro-
cesses, and the involvement of glial cells has been clearly shown  [  11,   19,   20  ] . 

 It was only recently that glial cells were considered to contribute to merely feed-
ing and supporting neurons. However, rapidly accumulating evidence suggests glial 
cells are, in fact, very important players in CNS development, repair  [  21  ] , and neu-
rotransmission  [  22  ] . They are also functional elements in CNS vascularization  [  23  ] , 
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in fl ammation, neuroprotection  [  24  ] , and also innate immune responses  [  25  ] . 
Astroglial cells respond to various injuries and insults  [  26–  28  ]  and are capable of 
proliferating throughout life, acting as neural stem cells with the potential of gener-
ating neurons, even in the adult brain  [  29  ] . 

 In the human brain, glial cells outnumber neurons by a factor of approximately 
10, and this number includes both the microglia that mediates in fl ammatory 
responses in the CNS and macroglia. The latter type belongs to the class of oligo-
dendrocytes, which form the insulating myelin sheaths within the CNS, or to the 
class of astrocytes, these being most paradigmatic glial cells which are most abun-
dant, star-shaped, and perform important physiological functions. Both microglia 
and astrocytes are responsible for providing immune functions within the brain and 
are essential elements in the immune response in the nervous system. Resident 
microglia constitute 12 % of the cells in the CNS and are considered to be the resi-
dent immune system. Microglia regulates neuronal development, differentiation, 
and survival using immune mechanisms to elicit apoptosis or proliferation. Microglia 
enforce the programmed elimination of neurons through the properties related to 
CNS homeostasis  [  30,   31  ] , and they are necessary to elicit the differentiation and 
migration of neural precursor cells  [  32  ] . Under physiological conditions, microglia 
exhibit a deactivated phenotype that is associated with the production of anti-
in fl ammatory and neurotrophic factors  [  33,   34  ] . Microglia switch to an activated 
phenotype in response to pathogen invasion or tissue damage, promoting an 
in fl ammatory response that serves to further engage the immune system and to initi-
ate tissue damage. Considerable evidence indicates that microglial activation con-
tributes to neuronal damage in neurodegenerative diseases  [  11  ] . In response to 
certain environmental toxins and endogenous proteins, microglia can enter an over-
activated state and release reactive oxygen species (ROS) that cause neurotoxicity 
 [  35  ] . Pattern recognition receptors, expressed on the microglial surface, seem to be 
one of the primary, common pathways by which diverse toxin signals are trans-
duced into ROS production  [  36  ] . 

 Astrocytes constitute one of the major populations of glial cells in the CNS and 
are proposed to be actively engaged in diverse CNS functions, including control of 
water and ion homeostasis, uptake of neurotransmitters and excitatory amino acids, 
and growth factor production allowing for the induction and maintenance of neurite 
outgrowth, synapse formation, and neuronal survival  [  37  ] . Astrocytes also contrib-
ute to the establishment and maintenance of the blood–brain barrier (BBB)  [  38  ]  by 
modulating the migration of monocytes and lymphocytes across the BBB  [  39  ] . 
In addition, these cells respond vigorously to brain injury and are postulated to play 
an important role in the  fi ne-tuning of brain in fl ammation  [  40  ] . Indeed, injury to 
CNS damage is inevitably accompanied by astrocytic hypertrophy, proliferation, 
and altered gene expression, a process commonly referred to as reactive astrogliosis 
 [  41,   42  ] . This process is associated with in fl ammation  [  43  ] . However, depending on 
the disease context, astrogliosis can be seen as a positive event that promotes neu-
ronal and glial survival via the production of neurotrophins and growth factors or as 
a negative in fl uence on regeneration via the inhibition of neuronal and glial growth 
and migration. The diffuse nature of reactive astrogliosis in the CNS suggests a role 
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for either soluble mediators, such as cytokines, or the presence of an integrated 
astrocyte-to-astrocyte syncytium that permits information to be transferred across 
extended distances. 

 The cytokines for which evidence is most compelling in the initiation and modu-
lation of reactive astrogliosis include IL-1 b , TNF- a , IFN- g , and TGF- b . Activation 
of astrocytes, in response to a neuropathologic process, triggers the production of 
in fl ammatory cytokines, increases the expression of major express receptors for all 
these cytokines, and each appears to affect a different histocompatibility complex II 
and augments the production of free radicals  [  25  ] . This functional reprogramming 
may prove essential for maintaining homeostasis and the local regulation of 
in fl ammatory and immune reaction. Among cytokines, IL-1 b  has been considered an 
important mediator of in fl ammatory responses in the CNS, is involved in AD  [  44,   45  ] , 
and is a produced under conditions of brain damage, disease, or stress  [  46,   47  ] . This 
cytokine is initially released by glial cells, acting on astrocytes and microglia to 
induce production of additional cytokines and growth factors, thereby promoting 
in fl ammatory activity in the brain  [  48  ] . Indeed when directly injected into the CNS, 
IL-1 b  promotes glial scarring or astrogliosis, which suggests a potential role for 
IL-1 b  in mediating astrocytic hypertrophy upon neuronal damage  [  49  ] . 

 Although the primary stimuli for cytokine expression in the CNS are largely 
unknown, stress or injury condition might activate the innate immune response and 
TLRs by triggering the activation of transcription factors, such as nuclear factor-
kappa B (NF- k B), and the induction of cytokines (see below), which initiates a 
series of in fl ammatory responses in the brain. 

 Finally, as regards the relevance of CNS injury and recovery, the dual astroglio-
genic response has been clearly illustrated with mice in which reactive astrocytes 
were selectively targeted for ablation in the injured brain  [  50,   51  ] . The results of 
these experiments show that astrocyte loss is associated with a signi fi cant loss of 
neurons adjacent to the injury site, which can be prevented by chronic glutamate 
receptor blockade, thus demonstrating an essential role for both astrocytes and neu-
ronal survival. Loss of astrocytes was also associated not only with the prolonged 
in fi ltration of CD45 +  leukocytes but also with the BBB’s failure to reestablish itself 
following injury. However, astrocyte loss was also associated with a pronounced 
increase in local neurite outgrowth, indicating that reactive astrogliosis restricts 
neuronal outgrowth at these same sites. Taken together, these data illustrate the 
complex properties of reactive astrogliosis and also suggest that understanding the 
mechanisms underlying this response may help identify potential therapies to selec-
tively encourage repair in the injured CNS. 

 Substantial evidence demonstrates that the impact of alcohol on glial cells causes 
astrogliosis  [  52  ]  and loss of astrocytes in some brain areas, such as the prefrontal 
cortex and the hippocampus of human alcoholics’ brains  [  53–  56  ] . Changes in myeli-
nation can also occur during chronic alcoholism since the gene expression of sev-
eral myelin-associated genes is downregulated in alcoholics’ brains  [  57,   58  ] . In 
addition, ethanol is capable of activating microglia in vitro in cells in culture  [  59  ]  
and in vivo in both alcoholics’ brains  [  60  ]  and experimental animals with chronic or 
acute alcohol intake  [  52,   61  ] . 
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 The results provided above suggest that glial cells are important mediators of 
ethanol actions in the brain and that they might participate in neuroin fl ammation, 
neurodegeneration  [  52,   62,   63  ] , and alcohol dependence  [  56  ] .  

    9.3   TLR4 Expression in the CNS and Signaling Response 

    9.3.1   TLR4 Signaling Response 

 TLRs, type I integral membrane glycoproteins, are members of a large superfamily 
that includes interleukin-1 receptors (IL-1Rs)  [  64,   65  ] . TLRs and IL-1Rs have a 
conserved region of ~ 200 amino acids in their cytoplasmic tails known as the Toll/
IL-1R (TIR) domain  [  65  ] . In contrast, the extracellular regions of TLRs and IL-1Rs 
differ markedly: the extracellular region of TLRs contains leucine-rich repeats 
motifs; however, the extracellular region of IL-1Rs comprises three immunoglobu-
lin-like domains  [  65  ] . Activation of both IL-1R and TLR shares downstream signal-
ing molecules, which culminate in the activation of the NF- k B and the AP-1 nuclear 
factors, which are transcription factors that regulate the expression of a wide array 
of genes involved in immune responses  [  66  ] . A diagram depicting the major steps 
involved in the TLR4 and IL-1RI signaling pathways is presented in Fig.  9.1 .  

  Fig. 9.1    Schematic representation of the TLR4 and IL-1RI signaling pathways. LPS or ethanol 
activates the MyD88-dependent pathway, which triggers a fast downstream stimulation of NF- k B, 
and the MAPK and AP-1 nuclear factors, leading to the induction of in fl ammatory mediators 
(iNOS, COX-2) and cytokine (IL-1 b , TNF- a , IL-6, IL-8) genes. The second pathway involves the 
MyD88-independent pathway, in which adaptors TRAM and TRIF participate, and it activates the 
IRF-3 and a number of IFN- b -dependent genes (adapted from Blanco and Guerri  [  63  ] )       
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 TLRs and other PAMP receptors recognize molecular patterns. TLR4 is well 
known for its response to lipopolysaccharide (LPS), an outer cell wall component 
of gram-negative bacteria  [  67  ] . To confer a signal, TLR4 also requires its extracel-
lular binding partner MD-2, or myeloid differentiation factor 2, which associates 
before ligand-induced signaling takes place  [  67,   68  ] . Mice lacking MD-2 do not 
respond to LPS  [  68  ] . CD14 is a protein that acts as a co-receptor and its function 
is to enhance the sensitivity of the MD-2/TLR4 signaling complex  [  69  ] . In addition 
to LPS and its variants, a number of exogenous and endogenous molecules have 
caught our attention because of their TLR4-binding properties (Table  9.1 ). Although 
the exact way that TLR4 recognizes its many ligands is a long-standing question, the 
structural analyses of the TLR4-MD-2-ligand complexes may help us to assess the 
TLR4 activation mechanism by different molecules  [  70–  72  ] .  

 TLR response involves the recruitment and activation of complex intracellular 
signaling cascades which culminate with the induction of cytokines and other 
in fl ammatory mediators (Fig.  9.1 ). Upon ligand binding, TLR4 undergoes dimeriza-
tion and recruitment with different adaptor proteins into the membrane microdo-
main lipid rafts  [  73  ]  .  These adaptors couple two distinct signaling pathways. The 
 fi rst pathway utilizes adaptors MAL and TIRAP (MyD88-adaptor-like and TIR-
associated proteins) and activates serine/threonine IL-1R-associated kinases (IRAK) 
and triggers a fast downstream stimulation of NF- k B, along with the activation of 
mitogen-activated protein kinases (MAPK) and the AP-1 nuclear factor. The AP-1 
and RelA/P50 factors of NF- k B have been shown to regulate the transcription of 
proin fl ammatory cytokine and in fl ammatory mediators  [  74  ] . The MyD88-dependent 
signaling pathway is an important activator of NF- k B and the subsequent neuro-
regulatory effects of NF- k B signaling. It is important to note that NF- k B not only 
contributes to in fl ammatory reactions and apoptotic cell death after brain injury and 
stroke  [  75  ]  but is also essential for neuron survival, and its activation may protect 
neurons against oxidative stress or ischemic neurodegeneration  [  76  ] . 

 The second pathway, which is activated by TLR4, involves adaptors TRAM 
(Toll-receptor-associated molecule) and TRIF (TIR domain-containing adaptor-
inducing IFN- b ). This pathway triggers the expression of interferon response tran-
scription factor IFN regulatory factor-3 (IRF-3) and a number of IFN- b -dependent 
genes  [  65  ]  (Fig.  9.1 ). Under some conditions, TRIF-mediated IFN- b  release can 
counteract in fl ammation, whereas the MyD88-dependent pathway is usually 
proin fl ammatory. But when and why the IFN- b  anti-in fl ammatory pathway is 
induced is not well understood. The criteria for TRIF versus MyD88 signaling are 
unknown, but common TLR4 ligands appear to utilize the same pathway, or even 
both pathways, consistently  [  10  ] .  

    9.3.2   TLR4 in the CNS 

 TLRs are expressed mainly in the immune system-related cell types including B 
cells, mast cells, natural killer cells, regulatory T cells, macrophages, monocytes, 
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dendritic cells, neutrophils, and basophils, in addition to some nonimmune cells 
such as epithelial and endothelial cells. However, the presence of TLRs, including 
TLR4, has also been demonstrated in the CNS, while recent data have evidenced the 
impact of TLR response in the CNS on infectious and noninfectious CNS diseases/
injuries, in fl uencing in fl ammatory responses during tissue injury and autoimmunity. 
The expression of TLR4 has been found in glial cells, particularly microglia  [  77  ] , 
astrocytes  [  78,   79  ] , and oligodendrocytes  [  15  ] , and some studies have shown the 
expression of TLR4 in neurons  [  6,   15  ] . Nevertheless, the neuronal TLR4 response 
is mediated by a noncanonical pathway since no activation of NF- k B occurs  [  15  ] , 
suggesting that none of the known TLR4-induced signaling, such as MyD88 and 
TRIF, is activated in these cells as a result of TLR4 activation by LPS. 

 As mentioned earlier, microglia in the CNS is mainly responsible for the early 
control of infections and recruitment of the adaptive immune system cells required 
for pathogen clearance. Engagement of TLRs provides an important mechanism 
by which microglia are able to sense both pathogen- and host-derived ligands in 
the CNS. Activation of microglia can normally occur through the TLR4 signaling 
pathway, which leads to the induction of cytokines and other in fl ammatory media-
tors  [  59  ] . These neuromodulatory in fl ammatory mediators can act on both astro-
cytes to induce secondary in fl ammatory signals  [  80  ]  and neurons, which may 
have deleterious effects, as demonstrated in cells and animal models  [  81,   82  ] . 
Indeed, some studies have demonstrated that a conditioned medium of ethanol-
treated activated microglia induces apoptosis in cultured neurons, suggesting that 
TLR4 activation in microglia by acute ethanol intake can induce an in fl ammatory 
environment in the brain which may result in neuronal damage  [  59  ] . These results 
further support the role of TLR4 in neurotoxicity induced by activated microglia 
since a microglia-de fi cient TLR4 function protects neurons in culture from 
ethanol-induced damage  [  59  ] . 

 TLRs signaling can also in fl uence multiple dynamic processes in the developing 
and adult CNS, including neurogenesis, axonal growth, and structural plasticity in 
the absence of any underlying infectious etiology. In addition, TLRs are implicated 
in the regulation of certain behaviors including learning, memory, and anxiety. 
However, little is known about if and how TLR signaling interacts with other signal-
ing pathways involved in developmental and adult neuroplasticity. Glutamate is the 
major excitatory neurotransmitter in the CNS, and activation of both AMPA and 
NMDA subtypes of glutamate receptors is essential for synaptic plasticity/learning 
and memory. Neurons lacking either TLR2 or TLR4 exhibit increased resistance to 
the adverse effects of energy deprivation in an experimental model in which activa-
tion of glutamate receptors played a role in the cell death process  [  15  ] . Interestingly, 
TLR3 de fi ciency affects the levels of activated cAMP response element-binding 
(CREB), a transcription factor that performs important roles in learning and mem-
ory which is known to be activated in response to glutamate receptor stimulation  [  83  ] . 
Another signaling pathway which one or more TLRs may interact with is the phos-
phoinositide 3-kinase (PI3 kinase)/Akt pathway that is activated by neurotrophic 
factors, such as the brain-derived neurotrophic factor (BDNF) and insulin-like 
growth factors (IGFs). Because several TLRs (TLR2 and TLR4 in particular) 
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increase the vulnerability of neurons to oxidative and metabolic stresses, it may well 
be expected that BDNF and IGF-1 signaling counteracts the adverse effects of TLR2 
and 4 signaling  [  17  ] .   

    9.4   Implications of TLR4 in Neurodegenerative Diseases 

 As previously commented, the in fl ammatory response represents a highly regu-
lated biological program that enables the innate and adaptive immune systems to 
effectively deal with rapidly dividing microbial pathogens but also involves the 
production of factors that are capable of inducing signi fi cant tissue pathology. 
In fl ammatory responses to infectious agents are typically initiated by TLRs, 
which recognize a diverse set of pathogen-associated molecules that are not pres-
ent in the host. These pattern recognition receptors have more recently been found 
to be also capable of responding to endogenously derived molecules, such as the 
components released from necrotic cells (danger signals) and by molecules that 
may be formed as a result of pathogenic mechanisms. Growing evidence has dem-
onstrated the role of neuroin fl ammation as a pathogenic factor in many neurode-
generative diseases, including AD, PD, amyotrophic lateral sclerosis, and multiple 
sclerosis (see review  [  11  ] ). In all these disorders, activation not only of the innate 
immune cells in the CNS, such as microglia and astrocytes, but also of TLRs in 
glial cells signi fi cantly contributes to the initiation and progression of in fl ammatory 
responses in the brain. 

 The signi fi cance of TLR4 in neurodegenerative diseases has been clearly dem-
onstrated in experimental animals in which absence of TLR4 protects or amelio-
rates the effects observed in animal models of several chronic in fl ammatory diseases 
such as AD, multiple sclerosis, and ischemic brain stroke  [  84–  87  ] . Furthermore, 
TLR4 polymorphisms are associated with several human age-related diseases, 
including atherosclerosis  [  88  ] , type-2 diabetes  [  89  ] , and rheumatoid arthritis  [  90  ] . 

 Evidence of the role of TLR4 in AD stems from  fi ndings demonstrating that both 
microglia and astrocytes are apparently capable of activating microglia and astro-
cytes through TLR4 (together with CD14 and MD2 in microglia), leading to the 
activation of signal-dependent transcription factors that triggers the expression of 
downstream in fl ammatory response genes  [  91  ] . Consistently with this, the mice 
carrying a nonfunctional TLR4 crossed with a mouse AD model (APP/PS1 double 
transgenic mice) showed production of fewer in fl ammatory cytokines  [  92  ] , while 
the mice carrying mutant TLR4 crossed with AD transgenic mice exhibited more 
A b  plaques  [  93  ] . It is noteworthy that a polymorphism in the TLR4 extracellular 
domain has been reported to be associated with protection against late-onset AD in 
an Italian population  [  94  ] , suggesting that sterile in fl ammation may in fl uence AD 
pathology through TLR4 signaling. Activation of TLRs, such as TLR2, also seems 
to participate since the mice lacking TLR2 crossed with APP/PS1 transgenic AD 
mice have been reported to show a delay in A b  deposition and improved behavior 
in memory tests  [  95  ] . 
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 As regards other neurodegenerative diseases such as PD, several lines of evidence 
suggest that in fl ammatory mediators such as NO, TNF- a , IL-1 b , activation of NADPH 
oxidase, and production of oxygen radical species derived from nonneuronal cells 
modulate the progression of neuronal cell death in PD  [  96  ] . For instance, direct appli-
cation of LPS (speci fi c ligand of TLR4) to neurons has little effect on gene expression 
or survival. In contrast, the conditioned media from LPS-treated microglia are neuro-
toxic, and this effect is enhanced when conditioned media are added to mixed cultures 
of astrocytes and neurons  [  97  ] . These results indicate that activation of microglia 
TLR4 is the primary initial responder to produce mediators such as TNF- a  and IL-1 b  
that activate astrocytes  [  80  ]  which, in turn, can cause dopaminergic neurotoxicity. 
Accordingly, TLR4 and CD14 expressions were found to increase in the CNS of the 
MPTP mouse model of Parkinson’s-like symptoms  [  98  ] . 

 In summary, the above  fi ndings suggest the role of glial cells and TLR4 signaling 
in brain damage and in neurodegeneration  [  11  ] . Consistently, elimination of TLR4 
protects focal cerebral ischemia by abolishing TLR4 signaling  [  99  ]  and diminishing 
the neuronal apoptotic levels in AD  [  6  ] . It is intriguing to note that current data sug-
gest a link between the innate immune system/TLR response and cytokine induc-
tion with behavioral alterations  [  100  ] , as indicated by a new dimension of the innate 
immune system in the brain.  

    9.5   Participation of TLR4 in Ethanol-Induced Innate Immune 
Dysfunction, Neuroin fl ammation, and Brain Damage 

    9.5.1   Role of TLRs in the Ethanol-Induced Immune System 
Dysfunctions and in In fl ammatory Damage 

 Human and experimental animal studies have revealed that ethanol intake affects 
immune and in fl ammatory systems  [  101  ] , resulting in speci fi c defects in the cellular 
components of the innate immune responses to bacterial and viral pathogens  [  101  ] . 
Acute ethanol impairs immune functions by interfering with in fl ammatory response 
and increasing the risk of infectious complications in trauma and burn patients 
 [  102,   103  ] . A higher incidence of infectious diseases, bacterial pneumonia in par-
ticular, is observed in alcoholics  [  104  ] . 

 Several studies have also demonstrated the action of ethanol on TLRs. Thus, acute 
ethanol treatment has been shown to suppress TLR3  [  105  ]  and TLR4  [  106  ]  responses 
in monocytes or macrophages in vitro by decreasing the synthesis and secretion of 
numerous cytokines  [  107  ] . Conversely, prolonged alcohol treatment signi fi cantly 
augments both TLR8 and TLR4 signaling by increasing TNF- a  production in human 
monocytes  [  108  ] . Similarly, chronic ethanol treatment increases the innate immune 
response in the liver by participating in the development of alcoholic liver disease 
 [  109  ] . The gastrointestinal tract seems to be the initial target of ethanol since alcohol 
consumption impairs the intestinal mucosa’s barrier function  [  110  ]  by increasing the 
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plasma levels of LPS (a component of the gram-negative bacterial wall) which, in 
turn, activate TLR4 in Kupffer cells (resident macrophages in the liver). TLR4 sig-
naling leads to NF- k B stimulation and to in fl ammatory and  fi brogenic cytokine pro-
duction, triggering hepatocyte injury  [  109  ] . The role of TLR4 in the development of 
alcohol liver diseases is exempli fi ed by the demonstration that suppressing the TLR4 
function attenuates the ethanol-induced hepatocellular damage in mice  [  111  ] . 
However, while TLR4 de fi ciency is protective, MyD88 de fi ciency fails to prevent 
alcohol-induced liver damage and in fl ammation, suggesting that protection occurs 
via the TLR4-MyD88-independent pathway  [  112  ]  (see Fig.  9.1 ). Furthermore, TLR4 
also appears to participate in poor ethanol-induced sepsis prognosis  [  113  ]  and in 
pulmonary in fl ammation following ethanol and burn injury  [  114  ] .  

    9.5.2   TLR4 Is a Molecular Target for Ethanol-Induced 
Neuroin fl ammation and Brain Damage 

 As commented above, although the CNS has been viewed for many years as an 
immune-privileged organ, it is now well accepted that immune surveillance occurs 
in the normal CNS and that in fl ammatory responses can and do take place in the 
disease context. The CNS launches an organized series of innate immune responses 
during both localized and systemic infections  [  115  ] , and recent evidence suggests a 
role of innate immunity in response to injury  [  1,   2  ] . It is important to emphasize that 
although some in fl ammatory stimuli and the release of cytokines cause bene fi cial 
effects (e.g., phagocytosis of debris and apoptotic cells) and that in fl ammation is 
linked to tissue repair processes, uncontrolled in fl ammation would result in 
neuroin fl ammation, reduced neuroprotection and neuronal repair, and increased 
neurodegeneration. 

 In general, neuroin fl ammation or in fl ammation of the CNS is characterized by 
increased glial activation, proin fl ammatory cytokine concentration, and, in some 
cases, BBB permeability, allowing leukocyte invasion  [  116  ] . Disruption of the BBB 
allows the in fl ux of peripheral immune cells into the CNS at the injury site, thus 
contributing to the neuroin fl ammation associated in ischemia, edema, and AD 
 [  117–  119  ] . Immune cells respond to injuries by eliminating debris and by synthe-
sizing and releasing a host of powerful regulatory substances, like complements, 
cytokines, chemokines, nitric oxide, and reactive oxygen.  [  116  ] . These substances 
have both bene fi cial and harmful effects on the cellular environment by creating 
further damage. 

 Several studies support that CNS resident cells, as glial cells, are capable of 
mounting a quick and effective response to control infection until peripheral adap-
tive immune system cells can be recruited. Both microglia and astroglia express 
TLR2, TLR4, TLR5, and TLR9  [  120–  122  ] ; respond functionally with cytokine and 
chemokine production  [  120,   122  ] ; and are capable of contributing to an in fl ammatory 
environment in the CNS  [  25,   123  ]  following a variety of infectious or in fl ammatory 
insults  [  123  ] . 
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 Data emerging in recent years demonstrate that microglia and astrocytes in 
culture respond to ethanol by secreting cytokines and other in fl ammatory mediators 
 [  59,   79  ]  and that they contribute to an in fl ammatory environment in the brains of 
alcohol-fed animals  [  52,   124  ] . The mechanisms involved in these effects take place 
through the activation of TLR4/IL-1RI in glial cells. Indeed, it has been shown that 
ethanol, at physiological relevant concentrations (10 or 50 mM), is capable of rap-
idly inducing the activation of the TLR4/IL-1RI signal-transduction pathways  [  79  ]  
in astrocytes similar to when cells are stimulated with LPS and IL-1 b   [  125–  128  ] . 
Thus, upon ethanol stimulation, a rapid phosphorylation (within 10 min) of IRAK, 
p44/p42 ERK, SAPK/JNK, and p-38 MAPK occurs, along with the subsequent 
downstream activation of transcription factors NF- k B and AP-1 and the upregula-
tion of iNOS and COX-2 noted after a 30-min ethanol treatment. In line with the 
hypothesis that ethanol mediates in fl ammatory events by activating TLR4/IL-1RI, 
blocking the activation of these receptors with neutralizing Abs in astrocytes  [  79  ] , 
or downregulated TLR4 by siRNA, abolishes the ethanol-induced in fl ammatory 
mediators in microglia and astroglial in primary culture  [  59,   79  ] . These results sug-
gest that, by acting as a TLR4 agonist, ethanol triggers a similar fast response as 
LPS  [  59,   79  ] , although cytokine release is lower in cells treated with ethanol than in 
cells stimulated with LPS. The in vitro results were further con fi rmed in animals 
treated with ethanol. The results of Alfonso-Loeches et al.  [  52  ]  demonstrate that 
chronic ethanol intake triggers neuroin fl ammatory damage by activating microglia 
and astroglial cells and by also increasing both caspase-3 activity and proin fl ammatory 
mediators (iNOS, COX-2, IL-1 b , TNF- a , IL-6) in the cerebral cortex of female 
wild-type (WT) mice. However, chronic ethanol-treated mice lacking TLR4 are 
protected against ethanol-induced glial activation, induction of in fl ammatory medi-
ators, and apoptosis. In agreement with these in vivo  fi ndings, the conditioned 
medium of ethanol-treated microglia induces apoptosis in cultured neurons, while 
the microglia-de fi cient TLR4 function protects neurons in culture from ethanol-
induced damage  [  59  ] . These  fi ndings support the critical role of glial activation and 
the TLR4 response in neuroin fl ammation, brain injury, and possibly in neurodegen-
eration induced by chronic ethanol intake. 

 However, considering that TLR4 is activated by endogenous molecules (see 
Table  9.1 ), it is plausible that despite ethanol possibly initiating in fl ammatory events by 
activating TLR4 in glial cells, ampli fi cation of in fl ammatory events may occur after 
cell injury via a mechanism in which endogenous ligands activate TLRs, thus contrib-
uting to brain damage (see Fig.  9.2 ). Indeed, TLRs are considered important inducers 
and contributors in several neurodegenerative diseases  [  11  ] , and elimination of TLR4 
protects against several brain insults and neurodegeneration  [  6,   15,   99,   129  ] .  

 The above  fi nding suggests that unlike some neuroin fl ammatory disorders charac-
terized by cytokine production, which are associated with disruption of the BBB and 
with peripheral immune cells in fl ux into the CNS, ethanol can directly activate glial 
TLR4, as demonstrated in microglia and astrocytes in primary culture, triggering 
in fl ammatory mediators and causing neuroin fl ammation and brain damage in chroni-
cally ethanol-fed animals. Conversely, a transient exposure to low/moderate levels of 
ethanol in rats can induce not only microglia activation  [  59  ]  but also the release of 
proin fl ammatory and anti-in fl ammatory cytokines (e.g., IL-10) in both glial cells  [  59  ]  
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and peritoneal macrophages  [  130  ] , suggesting that one ethanol dose may offer some 
bene fi cial actions for the immune system response. Indeed, a number of studies have 
demonstrated that cytokine production elicits physiological and behavioral changes 
that are adaptive and bene fi cial to the host organism (e.g.,  [  131  ] ). 

 Demyelination is also a hallmark of diverse neurodegenerative autoimmune dis-
eases, including multiple sclerosis  [  132  ]  and acute disseminated encephalomyelitis 
 [  133  ] . In addition, alcohol causes demyelination and myelin disruptions in alcohol-
ics, as demonstrated by cerebral white matter atrophy, reduction in myelin-related 
genes, and spreading demyelination in postmortem  [  134–  137  ] . Neuroimaging 
studies have also revealed that chronic alcohol abuse disrupts the white matter 
microstructure as manifested by abnormally low fractional anisotropy in the corpus 
callosum and throughout the cortex  [  138  ] . The mechanisms by which ethanol 
induces myelin disruptions are presently unknown. Recent  fi ndings suggest the par-
ticipation of TLR4 in the effect that ethanol has on myelin disruptions. Studies from 
our group reveal that chronic ethanol treatment downregulates the proteins involved 
in myelination, alters myelin morphology, reduces the number of myelin basic 
protein positive  fi bers, and causes oligodendrocyte death in the cerebral cortex and 
corpus callosum of WT  [  139  ] . In contrast, most myelin alterations were not observed 
in brains from ethanol-treated TLR4-de fi cient mice. Electron microscopy studies 

  Fig. 9.2    Potential mechanism of ethanol-induced brain damage. Ethanol activates in fl ammatory 
signaling cascades (e.g., TLR4, IL-1RI) in astroglia and microglia, which trigger the release of 
in fl ammatory mediators and cytokines (iNOS, COX-2, IL-1 b , TNF- a ), leading to brain damage 
and apoptotic neuronal death, as well as myelin disarrangements (adapted from Alfonso-Loeches 
and Guerri  [  62  ] )       
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have further revealed myelin sheath disarrangements in the cerebral cortex and 
corpus callosum of ethanol-treated mice, but only small focal  fi ber disruptions were 
noted in the same brain areas of ethanol-treated TLR4 −/−  mice (see Fig.  9.3 ). These 
results highlight the importance of TLR4 and the in fl ammatory environment in the 
myelin alterations induced by alcohol abuse. However, other mechanisms might 
also participate in ethanol-induced myelin disruptions since some myelin altera-
tions have been noted in ethanol-treated TLR4 −/−  mice. Among the mechanisms 
which may participate, we  fi nd participation of the in fl ammasome, which is critical 
for caspase-1 activation and the proteolytic processing of pro-IL-1 b   [  140  ] , and the 
action of other TLRs  [  141  ] . Another possible alternative is that the TLR4-induced 
activation of macrophages or microglia could sequester the iron required for proper 
development and myelination, leading to demyelination in the brains of chronically 
ethanol-fed animals, as demonstrated in spinal cord injury  [  142  ] . Finally, further 
research in this area is required to improve our knowledge on the relationship 
between TLR4 and demyelination.   

  Fig. 9.3    Electron microscopic examination of the myelinated axons of the corpus callosum of WT 
and TLR4 −/−  KO mice treated with or without ethanol for 5 months. The WT mice treated with 
chronic ethanol show myelin sheath disarrangements when compared with their control counter-
parts, while minimal changes in myelin disruptions were noted in the ethanol-treated TLR4 −/−  KO 
mice. The scale bar is 100 nm. These images have been provided by Dr. Jaime Renau-Piqueras at 
the La Fe Research Hospital Center (Valencia, Spain)       
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    9.5.3   Molecular Mechanisms of Ethanol-Induced TLR4 
Activation: Role of Lipid Rafts 

 At present, it is not clear how ethanol interacts with TLR4 to either activate or 
inhibit its signaling response depending on the cell type and ethanol concentration. 
It is well established that ethanol interacts with membrane lipids and in fl uences the 
function of membrane proteins  [  143  ] . It has been proposed  [  52,   62,   63  ]  that, depend-
ing on the ethanol concentration and the physicochemical characteristics of the cell 
membrane, ethanol can facilitate or disrupt the recruitment of these receptors. 
A high ethanol concentration can perturb membrane lipid microdomains, such as 
lipid rafts, and result in a disruption of the receptor function. However, low ethanol 
concentrations can facilitate the aggregation and interaction of proteins within the 
membrane, thus allowing their activation and signaling through lipid rafts. 
Furthermore, ethanol in the presence of a TLR4-ligand, such as LPS, is capable of 
inhibiting a TLR4 signaling response. A schematic model of this hypothesis is pre-
sented in Fig.  9.4 .  

  Fig. 9.4    Ethanol mediates TLR4/IL-1RI activation through its interactions with lipid rafts. Ethanol 
at low concentrations (10–50 mM) might facilitate TLR4 and IL-1RI aggregation and recruitment 
into lipid rafts, leading to the clustering of these receptors and the activation of their signal trans-
duction. Conversely, ethanol at high concentrations (>50 mM) can perturb membrane lipids, 
including lipid rafts, resulting in a disruption of receptor clustering which suppresses TLR4 and 
IL-1RI activation by its ligands binding and signaling (adapted from Blanco and Guerri  [  63  ] )       
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 Lipid rafts are cholesterol/sphingomyelin-enriched membrane microdomains, 
which are involved in the recruitment of molecules that are implicated in signal 
transduction  [  144  ] , and are now recognized as important sites for initial immune 
cell activation. The presence of TLR2 and TLR4 within lipid rafts and their subse-
quent clustering in response to LPS  [  73,   145  ]  support their role in the innate immune 
response  [  73,   145  ] . Disruption of lipid rafts leads to the inhibition of TLR4 internal-
ization and signaling  [  73  ] . High ethanol concentrations act as lipid rafts disrupting 
agents, interfere with lipid raft clustering, and lead to the suppression of TLR4 sig-
naling in murine macrophages  [  146,   147  ] . However, low ethanol concentrations 
promote receptor recruitment into lipid rafts, leading to dimerization and signaling. 
Furthermore, ethanol in the presence of other stimuli (e.g., LPS, cytokines) inter-
feres with the recruitment of TLRs into lipid rafts, leading to an inhibitory, rather 
than an additive, effect on TLR signaling transduction  [  148  ]  (see Fig.  9.4 ). This may 
explain not only those  fi ndings demonstrating the suppressing effects of ethanol on 
the cytokine-induced iNOS expression  [  149  ]  and LPS-induced NO production  [  150  ]  
in glial cells but also an increasing risk of infections in alcoholics  [  151  ] . 

 In summary, in vitro studies support the idea that ethanol indirectly activates 
TLR4 receptors. Experimental evidence demonstrates that, by interacting with 
membrane microdomains  lipid rafts , ethanol can recruit TLR4 receptors into these 
microdomains by activating their signaling response. Experimental evidence also 
shows that the TLR4 co-receptors CD14 and MD-2 participate in ethanol-induced 
TLR4 activation since knocking down these proteins, by using siRNAs, reduces 
ethanol-induced pERK and the nuclear activation of the NF k B-p65 subunit  [  52  ] . 
These results suggest that ethanol-induced in vivo TLR4 activation could be medi-
ated by the same mechanism of the in vitro  fi ndings. Indeed, glial activation and 
cytokine production are observed after a transient acute ethanol dose and in the 
absence of brain damage  [  59  ] . However, under chronic ethanol treatment, although 
ethanol could initiate the in fl ammatory events by activating TLR4 in glial cells, 
ampli fi cation of the in fl ammatory events could occur after cell injury via a mecha-
nism by which endogenous ligands activate these receptors, thus contributing to 
brain damage.   

    9.6   TLR4 Response Is Associated with Cognitive and Behavior 
Alterations as well as with Addictive-Like Behavior 

    9.6.1   Immune Response and Cognitive De fi cits 

 A number of studies have demonstrated a link between activation of innate immune 
genes with behavioral alterations. For instance, cognitive and behavior alterations 
have been observed in patients with chronic neuroin fl ammation/neurodegeneration 
(e.g., AD)  [  11  ] . Depression has also been reported in people with cancer treated 
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with proin fl ammatory IFN  [  152  ] , or severe depressive behavioral symptoms have 
been associated with high IL-1 plasma levels  [  153  ] . Animal studies have also shown 
that administration of LPS into the fourth rat ventricle causes glial activation and 
degeneration of hippocampal pyramidal neurons and that these effects are associ-
ated with spatial memory  [  154–  156  ] . Similarly, the intracerebroventricular admin-
istration of LPS enhances the proin fl ammatory cytokine response (IL-1 b , IL-6, and 
TNF- a ) and the TLR4 expression in the cerebellum; these events are associated 
with an alteration in locomotor activity and social behavior  [  157  ] . These  fi ndings 
suggest that brain in fl ammatory mediators may lead to behavior alterations. 
Accordingly, attenuation of microglia and IL-1 signaling protects mice from acute 
ethanol-induced sedation and/or motor impairment  [  158  ] . Likewise, administration 
of indomethacin, an anti-in fl ammatory compound, reduces the expression of 
in fl ammatory mediators and protects both neural death and short- and long-term 
behavioral dysfunction  [  159  ] . 

 Other studies have also demonstrated an association between ethanol-induced 
activation of the glial cells in the frontal cortex with cognitive dysfunction and 
anxiety-like behavior during withdrawal. However, mice lacking TLR4 recep-
tors are protected against ethanol-induced in fl ammatory damage, cognitive dys-
functions, or behavioral-associated effects  [  18  ] . Consistently with these results, 
neuroin fl ammation induced by LPS administration is also associated with long-
term cognitive de fi cits and locomotor activity impairment. Deletion of COX-2 
 [  160  ]  or NOS-2  [  161  ] , two important downstream effectors of TLR4 signaling 
 [  63,   64  ] , abolishes or attenuates cognitive and motor activity dysfunctions in 
mice. Furthermore, TLR4-de fi cient mice subjected to subacute stress show better 
behavior conditions and a minor brain in fl ammatory response than WT mice  [  75  ]  
and are protected from cognitive impairment upon immunization with the amy-
loid- b  peptide  [  162  ] . These results suggest activation of the innate immune 
system or TLRs in the brain might cause some cognitive and behavior 
dysfunctions.  

    9.6.2   Addictive-Like Behavior 

 Addiction can be de fi ned as a primary, chronic, neurobiological disease with 
genetic, psychosocial, and environmental factors in fl uencing its development 
and manifestation. Although genetics may contribute to the high rate of addic-
tive-like behavior, studies into postmortem human brains support the notion that 
the expression of some genes of the immune system are upregulated in alcohol-
addictive individuals. Thus, monocyte chemoattractant protein-1 (MCP-1), a 
member of the  b -chemokine subfamily, has been seen to increase in the ventral 
tegmental area, the substantia nigra, the hippocampus, and the amygdala of alco-
holics  [  60  ] . Similarly, variations in gene NF- k B1  [  163  ] , which encodes a subunit 
of transcription factor NF- k B  [  164  ] , as well as changes in the DNA-binding 
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levels of NF- k B  [  164  ] , appear to not only be associated with alcohol dependence 
but especially contribute to an earlier onset of the disease. Similarly, human 
methamphetamine addicts and methamphetamine-treated mice show persistent 
increases in innate immune proteins  [  165  ] . 

 Animal models indicate that the glial TLR4 response is an important contributor 
to the neurobiology of addiction. For example, the GABA 

A
  receptor, a well-recog-

nized contributor in vulnerability to excessive alcohol drinking  [  166  ] , has been 
recently implicated in the stimulation of the TLR4 pathway either directly (as a 
ligand) or indirectly (through chemokine/cytokine networks)  [  167  ] . Recent data 
also demonstrate that the GABA 

A
   a 2-regulated TLR4 expression in the central 

nucleus of the amygdala contributes to binge drinking and to early neuroadaptation 
in excessive drinking  [  168  ] . 

 The association found between innate immune gene induction and drug addic-
tion has also been demonstrated using different transgenic knockout (KO) mice. 
Mutant mice lacking the genes related to the immune function show diminished 
alcohol consumption  [  169  ] . For instance, systemic administration of LPS enhances 
alcohol-induced motor impairment  [  170  ]  and alcohol consumption in both 
C57BL/6J(B6) inbred mice and B6xNZBF1 hybrid mice  [  171  ] . However, no 
increase of alcohol intake has been observed in those mice lacking CD14, a key 
component of TLR4 signaling. Blednov et al.  [  172  ]  further showed that LPS treat-
ment decreases ethanol-conditioned taste aversion but does not alter ethanol-condi-
tioned place preference (B6xNZBF1 mice), although LPS is able to lower the 
neuronal  fi ring rate in the ventral tegmental area. These results suggest that activa-
tion of immune signaling promotes alcohol consumption and alters certain aspects 
of alcohol reward/aversion. 

 Alterations in the immune function and cytokine production within the brain 
have also been associated with anxiety-like behavior and addiction. Breese et al. 
 [  173  ]  demonstrated that repeated LPS or TNF- a  treatment sensitizes ethanol 
withdrawal-induced anxiety-like behavior. These results suggest that cytokines 
may contribute to a cumulative adaptation, which sensitizes anxiety-like behavior 
upon withdrawal from alcohol exposure. Recent data also provide evidence of the 
role of glial TLR4 in the anxiety-like behavior. Thus, Pascual et al.  [  18  ]  demon-
strated that chronic ethanol intake induces anxiety-like behavior within a 15-day 
withdrawal period in WT mice, which still maintain microglia and astroglia acti-
vation. Nevertheless, mice lacking TLR4 receptors are protected against ethanol-
induced reactive gliosis and anxiety-like behavior  [  18  ] . Anxiety induced by 
repeated social defeat is also associated with microglia reactivity, along with 
upregulation of glial surface receptor, CD14/TLR4, and cytokine production in 
the brain (e.g., IL-1 b )  [  174  ] . These  fi ndings suggest that TLR4-dependent glial 
activation and proin fl ammatory cytokine release may contribute and maintain 
ethanol-induced anxiety-like behavior during the withdrawal period. 

 In short, the results provided above suggest that immune signaling activation 
might participate in alcohol consumption and in certain behavioral aspects of alco-
hol addiction.   
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    9.7   Impact of Opioids and Alcohol on TLR4 Signaling: 
Role of Naltrexone 

 Experimental evidence has demonstrated the action of opiates in inducing 
proin fl ammatory glial activation by modulating wide-ranging opioid pharmacology 
aspects  [  175,   176  ] . Indeed, several in vitro and in vivo  fi ndings have shown that mor-
phine can trigger microglial and astroglial activation  [  175  ]  which, in turn, promotes a 
proin fl ammatory response. This in fl ammatory response seems to contribute to several 
pharmacological and behavioral aspects of opioids, such as reduced acute opioid anal-
gesia, enhanced development of opioid tolerance, hyperalgesia, and allodynia follow-
ing chronic opioid administration  [  175,   177  ] . For example, morphine is able to enhance 
analgesia by blocking proin fl ammatory cytokine actions  [  178  ] , inhibitors for glial 
activation, such as  fl uorocitrate, minocycline, or ibudilast, modulate morphine effects 
 [  179–  181  ] . 

 Recent evidence indicates that opioid-induced glial activation occurs via TLR4 
activation, and not by the stereoselective  m -opioid receptors. Administration of 
naloxone, an opioid antagonist, ameliorates LPS-induced glial activation and behav-
ior, suggesting that opioids promote TLR4 signaling  [  181,   182  ] . Accordingly, TLR4 
inhibition has been associated with the concomitant potentiation of opioid analgesia 
and attenuates the development of opioid tolerance, hyperalgesia, withdrawal, or 
addictive-like behavior  [  181  ] . Blocking the TLR4 signaling pathway with genetic 
TLR4 −/−  KO potentiates the magnitude and duration of morphine analgesia  [  176  ] . 
The competitive opioid antagonist, naltrexone, suppresses microglial signaling, 
thereby decreasing the production of proin fl ammatory cytokines and ROS  [  182,   183  ] . 
Interestingly, naltrexone is used to treat both alcohol and opiate addictions  [  191  ] , 
suggesting that both addictive drugs share some common mechanisms of action. 
For instance, both drugs trigger TLR4 signaling, while naltrexone attenuates glial 
activation, along with in fl ammatory cytokine production and some behavioral 
effects. A recent study demonstrated that pharmacologically inhibiting TLR4 sig-
naling with naloxone or genetic de fi ciency of TLR4 or MyD88 signi fi cantly reduces 
acute alcohol-induced sedation and motor impairment in mice  [  192  ] . These  fi ndings 
provide new evidence that TLR4-MyD88 signaling is involved in the acute behav-
ioral actions of alcohol in mice and may also participate in alcohol dependence. 
Indeed, administration of naltrexone and disul fi ram to alcohol-dependent patients 
ameliorates the ethanol-induced activation of the immune response  [  193  ] . These 
results suggest that the bene fi cial actions of naltrexone and disul fi ram on alcohol 
dependence may be mediated in part via inhibition of the TLR4 signaling, prevent-
ing the glial activation, the immune response, and the behavioral dysfunctions.  

    9.8   Conclusion 

 In the last few years, new data have emerged that link the neuroimmune system 
response and ethanol actions in the brain. Previous results have shown that the genes 
encoding the proteins involved in “immune/stress responses” exhibit a differential 
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gene expression in the frontal cortex when comparing human alcoholics and nonal-
coholics  [  57  ] . The expression of these genes in the brain has also been related to a 
genetic predisposition for alcohol consumption in mice, indicating a role for 
proin fl ammatory mediators in regulating alcohol intake  [  194  ] . Recent  fi ndings 
con fi rm that ethanol treatment increases cytokine levels in rodents  [  52,   60,   124  ]  and 
in the brains of human alcoholics  [  60  ] . These  fi ndings also demonstrate that ethanol 
is capable of activating glial TLR4, a receptor of the innate immune system, by trig-
gering a signaling in fl ammatory response and glial activation and by causing 
neuroin fl ammation, brain damage, and behavioral alterations. Blocking these recep-
tors in vitro in glial cultures and in vivo protects against ethanol-induced glial acti-
vation, induction of in fl ammatory mediators, and apoptosis. Upregulation of the 
genes in the Toll and Imd innate immune signaling pathways in  Drosophila  exposed 
to ethanol  [  195  ]  further supports a link between alcohol and immune mediators to 
invertebrates. Novel insights into the interactions of ethanol with TLR4 indicate that 
the innate immune system might also participate in the cognitive and behavioral 
dysfunction associated with alcohol abuse. These novel  fi ndings in the role of the 
innate immune system on the effects of ethanol highlight new avenues for future 
research into the prevention and treatment of alcohol-related disorders.      
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          10.1   Introduction 

 Alcohol exposure  in utero  can have numerous adverse effects on a developing fetus. 
The term fetal alcohol spectrum disorder (FASD) refers to the broad spectrum of 
structural, neurocognitive, and behavioral abnormalities or de fi cits that can occur 
following prenatal alcohol (ethanol) exposure (PAE). At the most severe end of the 
spectrum is fetal alcohol syndrome (FAS), which involves the complete phenotype 
of characteristic facial anomalies, growth retardation, and central nervous system 
(CNS) abnormalities. Alcohol exposure at levels that result in some but not all com-
ponents of the facial, growth, and CNS de fi cits, and with evidence of neurobehav-
ioral abnormalities, is termed partial fetal alcohol syndrome (PFAS). In the absence 
of any facial anomalies or growth de fi cits, a range of effects can occur that may be 
primarily physical, termed alcohol-related birth defects (ARBD), or primarily neu-
rological and/or neurobehavioral, termed alcohol-related neurodevelopmental dis-
order (ARND)  [  1  ] . 

 Following the description of FAS by Jones and Smith in 1973, there has been 
extensive interest in investigating the effects of PAE on the function of the immune 
system. In general, studies on children exposed to alcohol prenatally have demon-
strated impairments in immune competence in both innate and adaptive immunity. 
Adaptive immunity is MHC (major histocompatibility complex) restricted and can 
be classi fi ed as either cellular immunity, mediated by T lymphocytes, or humoral 
immunity, mediated by B lymphocytes. Innate immunity is not MHC restricted. 
Through phagocytes such as monocytes, macrophages, and polymorphonuclear 
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 leukocytes (PMNL), as well as natural killer cells and mediators such as complement 
and C-reactive protein, innate immunity provides a  fi rst line of defense against many 
common pathogens. Importantly, interactions between the innate and adaptive com-
ponents of the immune system are necessary to launch effective immune responses. 

 In this chapter, we will review the normal development of the immune system, a 
complicated and multisystem process, to provide the context for understanding how 
and when PAE can impact immune function. We will then review data from both 
clinical studies and animal models that have demonstrated adverse effects of PAE 
on neuroendocrine activity and immune competence. We will describe the sexual 
dimorphism of the normal immune response and discuss sex differences in alco-
hol’s adverse effects on both neuroendocrine and immune functions. Examination 
of mechanisms underlying alcohol’s adverse effects will focus primarily on neu-
roendocrine–neuroimmune interactions and will probe how PAE alters the interac-
tion of hormonal and immune systems. Included in this section is a discussion of 
recent work from our laboratory utilizing an animal model of human rheumatoid 
arthritis, which reveals an increased susceptibility to in fl ammation in PAE offspring. 
Finally, we will examine fetal programming of stress and immune function by PAE 
and consider possible mechanisms mediating alcohol-induced fetal programming, 
including epigenetic mechanisms.  

    10.2   Normal Ontogeny of the Immune System 

    10.2.1   Timeline of Development 

 Although development of the immune system takes place throughout life, the basic 
framework of the immune system and immune competence develops before birth 
(see Fig.  10.1 ). The normal newborn is not immunologically naïve. Indeed, data 
have shown that neonatal T and B cells are matured to a stage that they can mount 
an antigen-speci fi c response to antigens encountered  in utero , such as the parasite 
 Ascaris  and tetanus toxoid vaccination  [  4,   5  ]     (Table  10.1 ).   

 The  fi rst stage of fetal hematopoiesis involves the formation and development of 
hematopoietic stem cells in the yolk sac over the  fi rst month of fetal life. These stem 
cells migrate to the liver 3–4 weeks later and subsequently migrate to the thymus 
and spleen. Stem cells can be found in the bone marrow at 11–12 weeks of gestation 
 [  6,   7  ] , and differentiated T and B cells can be identi fi ed in fetal blood  [  8  ]  and spleen 
 [  9  ]  as early as 14 weeks of gestation. Environmental in fl uences can affect 
 lymphopoiesis and cell migration as early as 7–10 weeks postconception  [  10  ] . 
The spleen is considered completely immunocompetent by 18 weeks of gestation. 
At this time, splenic T cells have adult levels of expression of CD3, CD4, and CD8 
and are able to respond to mitogens  [  11  ] , and splenic accessory cells are fully func-
tional in delivering co-stimulatory signals  [  7  ] . However, fetuses still have fewer 
memory T cells than adults at this time  [  7  ] . Yolk-sac-derived pro-B cells develop in 
the liver and acquire surface immunoglobulin (Ig) M, IgD, and CD20 expression by 
10–13 weeks of gestation  [  12  ] . B cells are detectable in lymph nodes from 16 to 
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      Table 10.1    Common immune terminology.   
 Immune term  De fi nition 

 Adaptive immune 
response 

 The response of specialized immune cells to foreign antigen. 
Adaptive immunity is activated approximately 3–7 days postinfec-
tion, allowing for the targeted elimination of pathogens as well as 
immunological memory. The adaptive immune system can be 
subdivided based on how immunity was achieved: (1)  naturally 
acquired immunity  develops following a natural occurring 
infection; (2)  arti fi cially acquired immunity  develops as a result of 
an external or arti fi cial challenge, as in the case of vaccination; (3) 
 passive immunity  develops through the transfer of antibodies and/
or activated immune cells from a host, for example, from mother 
to infant through breast milk 

 Antibody  Protein produced by plasma B cells in response to infection or 
vaccination. Every antibody has a unique structure, allowing it to 
bind to a speci fi c target substance, known as the  antigen . 
Antibodies bind to antigens, neutralizing them and targeting them 
for elimination by phagocytic cells 

 B lymphocyte 
(B cell) 

 A subset of white blood cell that mediates humoral immunity. B cells 
are generated in the bone marrow, and each B cell has a unique B 
cell receptor, allowing it to bind to a particular antigen. Prior to 
activation, B cells play an immune surveillance role and do not 
start producing antibodies until they become fully activated. There 
are many types of B cells, each having a different function; these 
include memory B cells, plasma B cells, B-1 cells, and B-2 cells 

 Cell-mediated 
immunity 

 Includes the aspects of the adaptive immune response in which 
antigen-speci fi c T cells have the primary role 

 Cluster of 
differentiation 

 Groups of antibodies that identify cell-surface markers. This method of 
identifying cell-surface markers is important for immunophenotyp-
ing of cells. The marker to which the antibody binds is termed CD, 
followed by a number (e.g., CD4, CD8). The surface markers 
expressed by a cell are informative as to the lineage and function of 
the cell. Thus, cell populations can be categorized based on the CD 
molecules they express. The symbols “+” and “−” are used to 
indicate whether the cell type expresses a given surface marker or not 

 CD45+: all hematopoietic cells 
 CD45+, CD3+: thymocytes, T cells 
 CD45+, CD3+, CD4+: T helper cells 
 CD45+, CD3+, CD8+: cytotoxic T cells 
 CD45+, CD19+ or CD45+, CD20+, CD24+: B cells (CD20 is not 

expressed during the  fi rst and last stage of B cell development) 
 Other important CD antigens: 
 CD7: expressed by pluripotential hematopoietic cells, thymocytes, 

and T cells 
 CD25: expressed by activated T cells, B cells, and monocytes 
 CD43: expressed by leukocytes (except resting B cells) 

 Cytokines  Signaling molecules secreted by immune system cells as a means 
of cellular communication. Cytokines include proteins, peptides, 
and glycoproteins, and their de fi ning feature is that they have a 
wide array of immunomodulating effects, including pro- and 
anti-in fl ammatory effects 

(continued)
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Table 10.1 (continued)
 Immune term  De fi nition 

 Humoral immunity  Includes the antibody-mediated aspects of the adaptive immune 
response. The main cell types involved in humoral immunity are 
cells of B lymphocyte lineage. Humoral immunity, unlike 
cell-mediated immunity, can be transferred to a recipient via 
serum (cell-free) 

 IgE  Class of immunoglobulin involved in defending the body against 
parasites; also implicated in allergic reactions 

 IgG  Class of immunoglobulin produced by plasma B cells; most abundant 
serum immunoglobulin in humans 

 IgM  Class of immunoglobulin produced by B cells;  fi rst antibody to be 
secreted by B cells following exposure to an antigen 

 Immunoglobulin (Ig)  Antibody molecules (plasma proteins) belonging to the immunoglob-
ulin superfamily, which includes an array of proteins with 
immunoglobulin domains and includes T and B cell receptors, 
antibodies, and MHC molecules. Immunoglobulins can exist in 
both membrane-bound and soluble forms. The speci fi c antigen 
receptor on B lymphocytes is an example of a membrane-bound 
immunoglobulin. Soluble immunoglobulins are generally 
composed using variations of the same building blocks, known as 
heavy chains and light chains, with two heavy and two light 
chains per antibody 

 Key examples of secreted immunoglobulins:  IgG ,  IgM ,  IgE  
 In fl ammation  Mechanism of the innate immune response resulting in the accumula-

tion of  fl uid and white blood cells in response to physical trauma, 
infection, or irritation. In fl ammation is a protective response 
designed to remove the noxious agent and initiate healing. 
   In fl ammation can be categorized as (1)  acute , the early and 
transient response to harmful stimuli resulting in a cascade of 
responses including movement of plasma and white blood cells to 
the site of trauma/infection, and (2)  chronic , persistent 
in fl ammation following persistent challenge or with autoimmune 
diseases and is associated with a shift in the immune cells present 
within the tissue as well as tissue destruction in addition to healing 

 Innate immune 
response 

 The nonspeci fi c immune mechanisms that act as a  fi rst line of defense 
against pathogens. Innate immunity is a critical component of the 
immune response; however, it does not increase with repeated 
exposures to a pathogen, and it is not long lasting or protective 
against future encounters with the same pathogen 

 Leukocytes  White blood cells; critical cells of the immune system involved in 
defending the body against pathogens. Leukocytes include 
lymphocytes, monocytes, and polymorphonuclear leukocytes 

 Lymphocytes  A class of white blood cells involved in mediating adaptive immune 
responses. Lymphocytes can be divided into two main catego-
ries— B lymphocytes  (B cells) and  T lymphocytes  (T cells) 

 Macrophage  Phagocytic cells that are of key importance in the innate immune 
response. Macrophages engulf foreign antigens and necrotic 
tissue, removing them from the environment. Macrophages also 
participate in the development of in fl ammation 

(continued)
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17 weeks, in spleen at 16–21 weeks, and are abundant in bone marrow at 16–20 weeks 
of gestation  [  10  ] .  

    10.2.2   Development of the Thymus 

 The structure of the human thymus develops as a result of epithelial–mesenchymal 
interactions. The endoderm of the third pharyngeal pouch differentiates into thymic 
epithelium. Neural crest cells then migrate and become the mesenchyme that will 
form the layers around the epithelial primordium of the thymus and the connective 
tissue framework  [  13  ] . T cell progenitors arrive in the thymus from the liver during 
the ninth week of gestation, and at about 10–12 weeks, a cortex and a medulla become 

Table 10.1 (continued)

 Immune term  De fi nition 

 Major histocompatibility 
complex (MHC) 

 Cluster of genes encoding cell-surface molecules (membrane 
glycoproteins) that mediate the interactions between leukocytes 
and other cells (includes other leukocytes) 

 Microglia  Nonneuronal cells within the brain. These cells are the resident 
macrophages of the central nervous system, scavenging the brain 
and spinal cord for infectious agents and damaged cells. Microglia 
also play many important roles during brain development 
including participating in neuronal pruning, phagocytosis of dying 
neurons, and producing cytokines 

 Monocyte  A type of leukocyte; the precursor to macrophages. Monocytes are 
attracted to damaged tissue from the circulation, and as they enter 
the tissue, through a process called leukocyte extravasation, they 
undergo changes, developing into macrophages 

 Pathogens  Infectious agents, including viruses, bacteria, or fungi that can cause 
disease in a host (human, animal, or plant) 

 T lymphocyte (T cell)  A subset of white blood cell that mediates cell-mediated immunity. 
These cells mature in the thymus and express unique cell-surface 
receptors (T cell receptors), allowing them to bind and recognize 
antigens. There are many different subsets of T lymphocytes, each 
undertaking speci fi c functions in the cell-mediated immune 
response; these include T helper cells, cytotoxic T cells, and 
memory T cells 

 T 
H
 1 cells  A subset of CD4+ T cells that are of key importance in adaptive 

immune functions including activating macrophages. These cells 
produce T 

H
 1 cytokines, which are involved primarily in cell-medi-

ated immunity and tend to produce proin fl ammatory responses. 
T 

H
 1 cytokines include IL-2 and IFN- g  

 T 
H
 2 cells  A subset of CD4+ T cells that are of key importance in adaptive 

immune functions including stimulating B cells to produce 
antibody. These cells produce T 

H
 2 cytokines, which are involved 

primarily in humoral immunity, and tend to be more anti-
in fl ammatory. T 

H
 2 cytokines include IL-3, IL-4, IL-5, and IL-13 
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differentiated  [  10  ] . Prothymocytes express CD7 and CD45 in the fetal liver at 7 weeks 
and CD3 at 8–9 weeks of gestation, when these cells migrate to the thymus  [  7  ] . 
Expression of the T cell receptors, CD4 and CD8, occurs around 12 weeks of gesta-
tion, and mature CD4+ and CD8+ (single positive) T cells leave the thymus after 
week 13. At 13–14 weeks, thymocytes acquire the ability to proliferate to most mito-
gens, and the T cell pool expands rapidly during 14–16 weeks of gestation  [  11,   14  ] . 
During the second trimester, susceptibility to environmental factors can disrupt the 
thymic development and T cell proliferation and lead to a defective T cell repertoire.  

    10.2.3   Comparison of Rodent and Human Timelines 

 Rodent gestation (~3 weeks) is substantially shorter than human gestation 
(~40 weeks) and as such, newborn rat and mouse pups are born developmentally 
and immunologically immature, at a time equivalent to the end of the second tri-
mester in humans  [  15  ] . Therefore, studies in rodent models of PAE have focused 
primarily on the early events in ontogeny of the immune system, that is, during the 
late gestational period and early postnatal life (the  fi rst 10 days of postnatal life are 
roughly equivalent to the third trimester of human gestation). Typically, these mod-
els involve alcohol exposure for the full period of gestation. As the formation of a 
functional immune system requires sequential, yet synchronized, developmental 
events, including the coordinated development of immune cells and organs, which 
begins during early embryonic development, administration of alcohol to the rat or 
mouse throughout gestation encompasses all of the key early developmental events. 
Figure  10.1     presents a comparative timeline of immune system development in 
humans and rodents. 

 As shown in this  fi gure, human gestation is approximately 40 weeks in duration 
with many of the key steps involved in maturation of the immune system being 
initiated in the  fi rst and second trimesters.

   At birth, the human neonate is immunocompetent and capable of initiating an • 
immune response. However, the neonate is immunologically naïve, having yet to 
encounter antigens. Thus, while an immune response can be elicited, the strength 
of the response has not yet achieved adult levels at birth.  
  In contrast, gestation in the rodent is approximately 21 days in duration, and in • 
general, shorter gestation periods are associated with relatively immature immune 
systems at parturition  [  250  ] . At birth, the rodent immune system is very imma-
ture, and the pre-weanling rodent is incapable of initiating an immune response.  
  Many key developmental milestones in the rodent are achieved during the equiv-• 
alent of the third trimester in the human, which is approximately the  fi rst ten 
postnatal days in the rodent. By weaning (approximately postnatal day 21), an 
immune response to pathogenic challenge can be initiated; however, maturation 
of the immune system is still occurring, and an adult level response cannot yet be 
achieved.  
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  Of note, both the rodent and human fetus are released from intrauterine maternal • 
in fl uences at birth, notably the restraint on Th1 responses. However, maternal 
in fl uences persist through lactation. As such, the maternal immunological milieu 
and response system can impact development of the fetal as well as the neonatal 
immune system.      

    10.3   Adverse Effects of PAE on the Immune System 

    10.3.1   De fi cits in Immune Competence in Children with FASD 

 Clinical data on de fi cits in immune competence in children with FASD remain 
somewhat limited. An early review of 13 documented cases of FAS in infants and 
children by Johnson and colleagues  [  16  ]  showed a higher incidence of minor infec-
tions, such as recurrent otitis media and respiratory infections, as well as major 
life-threatening bacterial infections, in alcohol-exposed compared to nonexposed 
children. 

 Inborn errors of immunocompetent cells in children with FAS result in 
immunode fi ciency disorders or increased susceptibility to infections. Recurrent 
opportunistic infection and infection caused by ubiquitous microorganisms, such as 
bacteria, viruses, and fungi, typically occur with de fi cits in cell-mediated immunity, 
whereas de fi cits in B cells, immunoglobulins, complement, and phagocytes usually 
lead to infection by encapsulated and pyrogenic bacteria, such as  Haemophilus 
in fl uenzae ,  Streptococcus pneumoniae , and  Staphylococcus aureus . In children with 
FASD, both types of recurrent infections have been reported, suggesting that both T 
and B cell-mediated immunities are compromised  [  16  ] . 

 Subsequent studies con fi rmed an increased vulnerability to recurrent serious otitis 
media and recurrent upper respiratory infections, both of which have signi fi cant impli-
cations for hearing loss and, consequently, speech and language problems, as well as 
learning disabilities in children with FAS  [  17  ] .  In utero  alcohol exposure has also been 
shown to have an adverse impact on numerous parameters of immune function, 
including decreased eosinophil and neutrophil cell counts and leukocyte responses to 
mitogens, resulting in an increased incidence of hypogammaglobulinemia  [  16  ] . 
Interestingly, a study by Ammann and colleagues  [  18  ]  described a number of charac-
teristics of patients with the DiGeorge syndrome (a congenital immune de fi ciency 
syndrome) that were paralleled in children with FAS. Children with both syndromes 
show de fi cits in immune function, including altered T cell function. Immune status 
was also assessed in subjects who were part of a longitudinal cohort of 320 mother–
child pairs  [  19  ] . Alcohol-exposed teens did not appear to have an increased suscepti-
bility to infectious diseases compared to controls. However, adolescents showing 
dysmorphic features appeared to have increased rates of asthma (threefold), allergic 
rhinitis, and persistent skin rashes and/or eczema. As well, absolute lymphocyte 
counts, including counts of T cells (both T helper and T cytotoxic/suppressor) and NK 
cells, but not B cells, were increased in alcohol-exposed adolescents, regardless of 
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dysmorphia or gender. It was suggested that this increase might have resulted from the 
acute stress of neuropsychological testing that had occurred during the morning, just 
prior to the blood draw. We will come back to this issue of stress, neuroendocrine 
activity, and immune function in FASD in Sects.  10.12  and  10.13  below. 

 A more recent study by Gauthier and colleagues  [  20  ]  lends additional support to 
the early  fi ndings of alterations in immune competence following  in utero  alcohol 
exposure in the human population. This study addressed whether maternal alcohol 
use would increase the risk of sepsis in very low-birth-weight, alcohol-exposed 
newborns. It has been well established that premature newborns are at a higher risk 
of infection in early life, and despite improvements in neonatal intensive care, the 
rate of infant death due to sepsis remains high  [  21  ] . In addition, research in animal 
models suggests that lung development may be impaired following  in utero  alcohol 
exposure (see Sect.  10.7 ), and as a result, alcohol-exposed neonates may be at a 
higher risk for the development of infection during early life. This was substantiated 
by the  fi ndings of Gauthier and colleagues  [  20  ] , which indicated that very low-birth-
weight newborns exposed to alcohol  in utero  have a 15-fold higher incidence of 
early-onset sepsis (de fi ned as presence of microorganisms in blood cultures col-
lected within the  fi rst 72 h post-birth) as compared to the matched control group 
 [  20  ] . It was hypothesized that this increased risk in the alcohol-exposed neonates is 
due not only to immune alterations in the neonate but also to alcohol-induced impair-
ments in immune function in the mother  [  20  ] . Adult alcohol exposure has been 
shown to impair immune function at many levels including negatively impacting the 
activation and response of macrophages and impairing lymphocyte proliferation and 
antibody production  [  22  ] . As a result, the immune milieu may also be signi fi cantly 
altered in the alcohol-consuming pregnant female, which may impact development, 
including development of the immune system in the offspring (see Sect.  10.2 ). 

 Gauthier and colleagues  [  23  ]  have also examined the risk of infection in new-
borns of alcohol-consuming and control mothers in one of the largest clinical stud-
ies of this type ( n  = 872). Due to the large sample size, timing and degree of alcohol 
consumption before and during pregnancy could be assessed and linked to neonatal 
infection risk. The level of alcohol intake was found to be an important factor in 
predicting neonatal infection risk, with increasing levels of alcohol consumption by 
the mother 3 months prior to conception or during the  fi rst, second, or third trimes-
ters of pregnancy resulting in a signi fi cantly increased risk. In addition, binge drink-
ing, de fi ned as consumption of seven or more drinks per week during the 3 months 
prior to conception or the second or third trimesters of pregnancy, was found to 
increase the risk of neonatal infection by approximately fourfold. When controlling 
for many possible confounds including maternal smoking, low maternal income, 
and being small for gestational age, high levels of maternal drinking (binge drink-
ing), speci fi cally during the second trimester, were found to increase the risk of 
infection by approximately fourfold, compared to that in unexposed newborns. 
Thus, while maternal drinking is often associated with factors such as concomitant 
smoking, drug use, or low socioeconomic status, which could themselves affect 
health outcomes, this study points toward a direct link between maternal alcohol 
consumption and decreased immune competence in the neonate. Interestingly, the 
second trimester appears to be particularly sensitive to the immunoteratogenic 
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effects of alcohol, perhaps as during this period many immunological milestones 
are achieved in the fetus. As such, alcohol exposure during the second trimester may 
permanently impact the fetal immune system, resulting in an increased risk of infec-
tion at birth and potentially extending to an increased infection risk in later life. 

 While studies to date on children with FASD have provided clear evidence of 
alterations in immune function, detailed information regarding the effects of alcohol 
on the developmental time course of the naïve immune system, including effects on T 
and B cell development, as well as susceptibility to infections and autoimmune disor-
ders can be dif fi cult to obtain in human studies. Human studies are also limited by the 
lack of information regarding the level, timing, and duration of alcohol consumption, 
as well as confounding factors such as concomitant exposure to maternal smoking, 
drugs of abuse, and stress, all of which have been shown to impact development of the 
immune system  [  24,   25  ] . Animal models, which allow for the precise control of 
genetic and environmental factors, are as important for research on the immune sys-
tem as they are for research on other aspects of alcohol’s adverse effects.  

    10.3.2   Studies in Rodent and Primate Models 
Demonstrate Impaired Development and Function 
of the Immune System 

 To date, a large proportion of the research examining the effects of maternal alcohol 
consumption on immune competence has been conducted in rodent models, in 
which there is extensive knowledge of physiology, pharmacokinetics, and behavior. 
Rodent models have been invaluable in addressing fundamental immunological 
questions and have served as an important tool in shaping our understanding of 
autoimmune disorders, transplant rejection, and immune responses to infectious 
agents  [  26  ] . Additionally, many inbred, mutant, and congenic rodent strains have 
been established to address immune system function, and microsurgical techniques 
have been tailored for immunological probing  [  26  ] . 

 Compared to rodent models of FASD, nonhuman primate models have distinct 
advantages due to the high degree of physiological, developmental, reproductive, 
and phylogenetic similarities to the human, making them especially important and 
relevant in assessing immunomodulatory agents  [  27,   28  ] . Nonhuman primates are 
also very similar to humans with regard to development and composition of the 
immune system. For example, important lymphoid tissues such as the spleen, ton-
sils, and thymus follow very similar developmental timelines in humans and nonhu-
man primates (reviewed in  [  2  ] ). Additionally, humans and nonhuman primates are 
highly comparable in early postnatal development of the immune system, in that 
newborns of both species display lower levels of memory T cells and higher levels 
of naïve T cells, compared to adults  [  29  ] . This indicates that the immune systems of 
newborn humans and nonhuman primates are developmentally mature at birth but 
that antigenic contact has yet to occur in the protective environment of the womb in 
both species  [  29  ] . In addition, both susceptibility to infectious agents and the 
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immune response are relatively conserved between humans and nonhuman primates. 
Species-speci fi c functional differences in immune responses do exist, due to the fact 
that these responses are quite malleable and may evolve relatively rapidly alongside 
the rapidly evolving microbe environment, an environment that differs between 
species  [  30  ] . Nonetheless, due to the strong phylogenic similarities between humans 
and nonhuman primates, functional overlap of the immune systems is expected to 
be relatively high. 

    10.3.2.1   Rodent Models 

 Research using rodent models has con fi rmed the clinical  fi ndings of alterations in 
immune function following  in utero  alcohol exposure (reviewed in  [  31,   32  ] ) and has 
increased our understanding of both the spectrum of effects in different organ sys-
tems and the mechanisms mediating the immunoteratogenic effects of alcohol. 
Interestingly, de fi cits in innate immunity have typically not been observed in animal 
studies. In contrast, marked de fi cits in adaptive immunity have been reported con-
sistently in PAE offspring. PAE alters development of the thymus in both rats and 
mice. In a mouse model, maternal consumption of an ethanol-containing diet (25% 
ethanol-derived calories (EDC), BALs ~90 mg/dl) delayed development of the thy-
mus  [  34  ] , decreased thymus cell numbers, and diminished mitogen-induced cell 
proliferation in late-term fetuses  [  35  ] . Decreased thymus weight, size, and cell 
counts have also been observed at birth in a rat model (liquid diet exposure, 35% 
EDC, BALs ~79–127 mg/dl)  [  36  ] . These changes have been shown to persist 
throughout the preweaning period and into adolescence  [  35,   37–  39  ] , although data 
on mice suggested that recovery or catch-up in total thymocyte numbers may occur 
 [  37  ] . Decreased mitogen-induced proliferation of thymic cells was reported to per-
sist until weaning in PAE male rats  [  36  ] , but paradoxically, proliferation was shown 
to be greater than control levels in adolescence  [  40,   41  ] . The mechanisms underly-
ing this increased thymocyte proliferation remain to be elucidated. 

 The adverse effects of alcohol on development of the thymus were con fi rmed by 
in vitro studies using organotypic cultures. Alcohol-treated organ cultures (alcohol 
concentrations of 0.2–0.8%) showed a concentration-dependent decrease in total 
cell numbers and percentages of immature fetal thymocytes (CD4+/CD8+)  [  42  ]  
likely due to increased apoptosis  [  34,   42–  44  ] . Furthermore, thymic cell counts, total 
numbers of CD4+ and CD8+ cells, and numbers of immature CD8+/TCR+ and 
CD8+/CD45RC+ thymocytes were decreased postweaning and into early adoles-
cence  [  39  ] , suggesting that prenatal exposure to alcohol alters the later stages of 
thymocyte maturation. 

 The adverse effects of PAE last well into adulthood and appear to involve pri-
marily alterations in cell-mediated rather than humoral immunity. PAE animals, 
typically exposed via maternal consumption of ethanol-containing liquid diets 
(~35–36% EDC), have decreased numbers of Thy1.2+, CD4+, CD8+, and IgG+ 
splenocytes  [  38,   45,   46  ] . In addition, data from both rodent and primate studies 
indicate that splenic lymphocytes taken from PAE males from adolescence through 
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young adulthood show decreased proliferative responses to mitogens  [  36,   47–  53  ] , 
although in some studies, it was shown that the proliferative response may normal-
ize by 8 months of age  [  51,   54  ] . Furthermore, de fi cits not only in the response of 
freshly isolated splenic T cells but also in the response of T lymphoblasts (obtained 
following treatment with concanavalin A [Con A]) to IL-2 or further Con A stimula-
tion have been observed in PAE rats  [  49,   52,   54,   55  ] . In contrast, the changes in 
mitogen-induced proliferation of thymocytes reported in PAE animals appear to 
normalize in young adulthood  [  40  ] . 

 Increased susceptibility to infections following PAE has also been reported in 
rodent models, in parallel with the human data, and provides further evidence of 
alterations in immune competence. For example, work by McGill and colleagues 
 [  56  ]  found that mice exposed to alcohol during gestation and lactation (10–12% 
ethanol in drinking water) showed enhanced disease severity as well as increased 
and sustained pulmonary viral titers following in fl uenza virus infection. Similarly, 
in a study of  Macaca nemestrina , 4 of 18 (22%) animals exposed to once weekly 
oral doses of alcohol died or were euthanized after infectious disease or failure to 
thrive during the  fi rst year of life, whereas none of the controls died  [  33  ] . 

 As noted, humoral immunity appears to be less affected by fetal alcohol exposure 
than cellular immunity. For example, in both rats  [  51  ]  and nonhuman primates  [  33  ] , 
the serum immunoglobulin response to immunization was shown to be unaffected 
by prenatal exposure to alcohol. On the other hand, abnormal development of B cell 
lineages in mouse bone marrow, spleen, and liver has been reported. Decreased 
numbers of splenic B cells and decreased B cell proliferative response to LPS 
(liquid diet, 25% EDC)  [  57  ] , as well as delayed B cell maturation  [  58  ] , have been 
observed. In addition, numbers of both immature and mature B cells in spleen and 
bone marrow were found to be decreased at birth, although most recovered to nor-
mal levels by 3–5 weeks after birth  [  59,   60  ] .  

    10.3.2.2   Primate Models 

 Studies using nonhuman primates, including pigtailed macaques  [  61–  63  ] , vervet 
monkeys  [  64  ] , and  M. nemestrina   [  65  ] , have demonstrated signi fi cant teratogenic 
effects of prenatal exposure to alcohol on numerous systems and behaviors (ethanol 
doses ranging from 0.3 to 4.1 g/kg maternal weight; BALs ~24–550 mg/dl). In gen-
eral, alcohol-exposed offspring showed neuroanatomical, neurological, develop-
mental, and facial anomalies similar to those seen in human FAS, with severity 
increasing as dose of alcohol increased  [  61–  65  ] . Numerous cognitive and behav-
ioral abnormalities were also observed, even in the absence of physical or facial 
anomalies, which increased with increasing dose of exposure, and were greater with 
earlier than with later gestational exposure  [  61  ] . At higher doses, facial features 
characteristic of FAS (1.8 g/kg) and microcephaly (4.1 g/kg) were observed  [  66  ] . 

 In contrast to these important studies, few researchers have utilized nonhuman 
primate models to assess immune status following  in utero  alcohol exposure. 
A study by Grossmann and colleagues  [  33  ]  was the  fi rst to examine immune func-
tion in the nonhuman primate  M. nemestrina . Interestingly, the initial focus of the 
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study was not immunological, but the focus shifted following death of a large 
proportion (4 of 18) of their alcohol-exposed animals from infectious disease. This 
high mortality rate from an otherwise treatable infection suggested profound altera-
tions in immune competence in this population and prompted a review of immune 
status  [  33  ] . Exposure to alcohol  (mean maternal BALs ~220 mg/dl) throughout 
gestation was shown to decrease T cell proliferative responses to tetanus toxin and 
result in lower tetanus toxoid titers after both initial vaccination and a booster, sug-
gesting a de fi cit in the development of immunological memory. This  fi nding clearly 
has important implications for the long-term health of the animals. In contrast, how-
ever, there were no signi fi cant effects of in utero alcohol exposure on total numbers 
of white blood cells, leukocyte subsets or monocyte phagocytic activity compared 
to that in control subjects.    

    10.4   Immunity at the Fetal–Placental Interface 

 Alterations in immunity at the fetal–placental interface could contribute to the 
increased incidence of spontaneous abortions and premature births that occur with 
maternal alcohol consumption. Under normal condition, immunity at the fetal–pla-
cental interface is biased toward humoral immunity, and cellular immunity is sup-
pressed to prevent fetal rejection. In addition, cell-mediated immunity is skewed 
toward Th2 responses and production of cytokines such as IL-3, IL-4, IL-5, and 
IL-13, rather than toward Th1 responses and production of cytokines such as IL-2 
and IFN- g   [  67  ] . Th1/Th2 responses refer to the functionally polarized responses by 
CD4+ T helper (Th)- and CD8+ T cytotoxic (Tc)-cell subsets that depend on the 
cytokines they produce. Th1 cytokines are involved primarily in cell-mediated 
immunity and tend to produce proin fl ammatory responses, whereas Th2 cytokines 
are involved primarily in humoral immunity and tend to be more anti-in fl ammatory 
and to counteract Th1-mediated responses. The Th1/Th2 concept suggests that 
modulation of the relative contribution of Th1- or Th2-type cytokines regulates the 
balance between protection and immunopathology, as well as the development and/
or the severity of some immunologic disorders. 

 It has been suggested that progesterone and CD4+ regulatory T cells are key fac-
tors enabling the fetus to evade immune rejection by the pregnant female and thus 
allowing the female to maintain pregnancy. Interestingly, progesterone appears to 
suppress cytotoxic activity of lymphocytes from pregnant women via interaction 
with progesterone receptors  [  68  ] . As well, CD4+/CD25+ regulatory T cells, which 
are suppressive in nature, may act at the interface between the fetus and the preg-
nant female to suppress allogeneic responses directed against the fetus  [  68–  70  ] . In 
utero exposure to alcohol could alter the balance between regulatory T cells and T 
effector cells and, thus, contribute to the increased incidence of spontaneous abor-
tions and premature births. This possibility is supported by observations of elevated 
cord-blood IgE concentrations in alcohol-exposed infants, indicating increased 
activity of Th2-type responses  [  71  ] .  
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    10.5   Lactational Transfer of Immunity 

 Human and animal milk contains cytokines and immunoglobulins that can pass to 
the newborn and likely play a role in augmenting immune defenses of neonates who 
are born with relatively immature immune systems  [  72,   73  ] . Alcohol consumption 
during pregnancy and/or lactation is known to alter maternal immune function. Of 
particular relevance, maternal alcohol consumption can result in alterations in the 
structure of the mammary gland and/or immune cells and soluble immune factors in 
the milk. A series of studies, using liquid diets with 36% EDC, have reported numer-
ous alterations in the maternal mammary gland, including lower mammary gland 
weight and length, and histological changes such as a decreased percentage of alve-
olar epithelium, an increased percentage of connective tissue and alterations in the 
density of the mammary epithelium  [  74,   75  ] . Similarly, Vilaro and colleagues  [  76  ]  
reported that alcohol consumption decreased both absolute and relative mammary 
gland weight and mammary tissue protein content and reduced daily milk produc-
tion. Immune components of the milk are also altered by alcohol consumption. 
Changes include altered numbers and distribution of T and B lymphocytes, primar-
ily within the connective tissue compartment of the lactating mammary gland  [  77  ] , 
increased IL-2 production by milk cells stimulated with Con A  [  78  ] , decreased milk 
NK cell levels, and reduced speci fi c IgG antibody levels following challenge with 
the intestinal parasite  Trichinella spiralis   [  79  ] . 

 Alterations in immune function of offspring nursed by alcohol-consuming dams 
have been reported. In a mouse model, with alcohol exposure (20% EDC, BALs 
~250–290 mg/dl) during pregnancy and lactation or lactation only, offspring showed 
reduced numbers of splenic lymphocytes overall and, particularly,    Thy 1.2+, CD4+, 
CD8+, and IgG+ lymphocyte subsets  [  38  ] . De fi cits in lactational transfer of immu-
nity have also been observed in the rat model utilizing  T. spiralis  challenge. Under 
normal conditions, T cell-mediated immunity to  T. spiralis  can be transferred from 
dam to neonate during lactation  [  251  ] . However, PAE neonates exhibited increased 
intestinal worm counts in response to  T. spiralis , suggesting a decreased capacity to 
mount an immune response to the pathogen  [  79–  81  ] . Abnormalities in the offspring 
involved depressed T and B cell-mediated responses such as lower serum IL-2 and 
tumor necrosis factor (TNF) contents and lower IgM and IgG antibody titers. 
Alterations in immune cells and soluble immune components in milk, as described 
above, could have direct effects on postnatal development and function of the off-
spring immune system and play a role in the depressed lactational immune transfer 
observed  [  79,   82  ] . Moreover, the detrimental effects of alcohol appear to increase 
across generations. That is, second-generation PAE pups mothered by  fi rst-generation 
PAE adults who themselves consumed alcohol during pregnancy showed signi fi cantly 
reduced proliferative responses to both  T. spiralis  antigen and stimulation with Con 
A, lower titers of serum antibodies, and lower percentages of T cells and cytotoxic T 
cells, compared to the  fi rst-generation PAE and pair-fed groups  [  83  ] . Of note, treat-
ing ethanol-consuming dams with an immunostimulatory drug, levamisole, during 
pregnancy and lactation was shown to reverse some of the deleterious effects of 
lactational transfer of immunity to suckling rat pups  [  84  ] . 
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 Rodent models such as these, in which alcohol exposure is extended to include 
the lactation period, are important in that they address one of the key limitations of 
rodent models in general, the fact that rodents are born developmentally immature, 
at a stage of development equivalent approximately to the end of the second trimes-
ter, compared to humans. The third trimester in the human is a sensitive period 
characterized by key development events including the development of immuno-
competence  [  2  ] . The third trimester equivalent in the rodent is approximately the 
 fi rst 10 days postnatal. The  fi nding that alcohol exposure during lactation (through 
maternal milk) results in long-term de fi cits in cellular immunity, in parallel with the 
human situation, supports the  fi nding of high sensitivity to alcohol’s immunoterato-
genic effects during the third trimester of human gestation.    These data have impor-
tant implications for understanding possible de fi cits in immune function that might 
occur in children of women who consume alcohol in the late gestation period.  

    10.6   PAE and Increased Susceptibility to Tumors 

 One index of immune function in children following in utero alcohol exposure is the 
incidence of various forms of cancer. Studies have reported, for example, an increased 
incidence of malignancies, particularly those of embryonic origin, including neuro-
blastoma, ganglioneuroblastoma, medulloblastoma, and embryonal rhabdomyosar-
coma in children ranging from birth to 12 years of age  [  53,   85  ] , although a large 
case–control study found no evidence of an association between maternal smoking or 
drinking alcohol and risk of childhood germ cell tumors  [  86  ] . One case report found 
an association between the development of an adrenal cortical carcinoma and a his-
tory of FAS  [  87  ] , and alcohol consumption has been identi fi ed as a prenatal risk factor 
for testicular cancer  [  88  ] . With only a few exceptions  [  89,   90  ] , studies have reported 
an association between maternal alcohol consumption and an increased risk for or 
incidence of infant or childhood leukemia. A comprehensive review and meta-analy-
sis of case–control studies found a link between alcohol consumption during preg-
nancy and increased risk of childhood leukemia, particularly acute myeloid leukemia 
(AML)  [  91  ] . Associations between maternal drinking and both acute lymphoblastic 
leukemia (ALL)  [  92  ]  and acute nonlymphocytic leukemia  [  93  ]  have also been 
reported. As well, positive dose–response associations between maternal alcohol con-
sumption and both AML  [  92,   94  ]  and ALL  [  94  ]  have been observed. Interestingly, 
data suggest that a possible interaction between PAE and polymorphisms of carcino-
gen-metabolizing genes may in fl uence the risk for ALL  [  95  ] . 

 Increased susceptibility to malignancies has been demonstrated in animal mod-
els of FASD as well  [  53  ] . For example, susceptibility to an estrogen-induced prolac-
tin-secreting tumor was increased in adult males prenatally exposed to alcohol 
(liquid diet, 35% EDC), as assessed by greater anterior pituitary weights and serum 
prolactin levels compared to those in control males  [  96  ] . Interestingly, whereas 
there were no effects of PAE on sensitivity to nitrosomethylbenzylamine (NMBA)-
induced esophageal tumors, PAE males showed a marked decrease in thymus to 
body weight ratio as well as adrenal gland hyperplasia compared to controls, 
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suggesting altered immune function  [  96  ] . Research by Hilakivi-Clarke and col-
leagues  [  75  ]  investigated the effects of maternal alcohol consumption [liquid diet, 
low (7% EDC) and moderate (15% EDC) alcohol concentrations] on pregnancy 
estradiol levels and risk of 7,12-dimethylbenz(a)anthracene (DMBA)-induced 
mammary tumors in female offspring. Somewhat surprisingly, they found that estra-
diol levels were signi fi cantly higher in dams in the 7% but not the 15% EDC diet 
condition compared to control dams. Female offspring from both alcohol groups 
had a signi fi cantly greater incidence of tumors than controls, and females from the 
15% EDC diet condition had greater tumor multiplicity (number of palpable tumors/
animal) and higher mammary gland estrogen receptor- a  (ER- a ) expression than 
control offspring. While the role of estradiol in the increased risk for mammary 
tumors in PAE females requires further investigation, these data suggest that PAE 
may increase breast cancer risk. Recent  fi ndings by Polanco et al.  [  97  ]  examining 
susceptibility to  N -nitroso- N -methylurea (NMU)-induced tumors in PAE offspring 
support and extend these  fi ndings. Consistent with Hilakivi-Clarke et al.  [  75  ] , these 
investigators found higher tumor multiplicity and decreased tumor latency in 
PAE females (dams consumed liquid ethanol diet, 35% EDC). In addition, 
PAE female offspring had more ER- a  negative tumors and higher circulating 
 estradiol and insulin-like growth factor (IGF)-1 levels compared to control females. 
As well, IGF-binding protein-5 (IGFBP5) mRNA and protein were decreased in 
tumors of PAE compared to control females. These  fi ndings suggest a more malig-
nant tumor phenotype in PAE compared to control females. 

 Together, these data demonstrating a relationship between PAE and carcinogen-
esis have important implication for understanding health risks of individuals prena-
tally exposed to alcohol. The mechanisms underlying the increased cancer risk 
remain to be determined. Estradiol and components of the IGF system may be 
involved. In addition, compromised immune status of fetal alcohol-exposed indi-
viduals may play a role  [  98  ] . A depressed immune system may impair the body’s 
ability to destroy cancer cells. Alternatively, defective neuroimmune feedback 
mechanisms may fail to control the immune response to challenge, leading to 
uncontrolled lymphocyte proliferation and increased risk for lymphomas and other 
hematopoietic cancers. Fetal alcohol-induced alterations in hormone levels or in 
neuroendocrine–neuroimmune interactions could also play a role in tumorigenesis. 
Furthermore, it may be that alcohol itself does not act as a carcinogen but rather acts 
as a cocarcinogen with a variety of chemical or hormonal agents and that suscepti-
bility to cancer is increased in the context of a depressed immune system. Future 
work in this area is important for elucidating mechanisms underlying the increased 
risk for cancers in individuals prenatally exposed to alcohol.  

    10.7   Effects of PAE on the Pulmonary Immune System 

 Recent data suggest that maternal alcohol use increases the risk of extreme prema-
ture delivery by 35-fold, with many of these infants born with underdeveloped lungs 
 [  99  ] . Extensive investigation into the functioning of the vulnerable pulmonary 
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system following  in utero  alcohol, particularly in the context of prematurity, has 
been conducted. The respiratory tract, being the conduit for vital oxygen to enter the 
lungs, is constantly challenged with foreign antigens, which are drawn into the sys-
tem along with oxygen. As a result, proper functioning of the respiratory system 
requires both pro- and anti-in fl ammatory responses, both of which must be tightly 
controlled in order for the primary function of the respiratory system to be 
maintained. 

 Given the high rate of premature births in alcohol-exposed infants, it is not sur-
prising that the incidence of sepsis and infection is higher. However, even when one 
controls for gestational age, alcohol-exposed newborns remain at a higher risk for 
infection compared to unexposed newborns  [  20,   23  ] . Recently there has been exten-
sive investigation into the immune function of the developing lung, with the hypoth-
esis that in utero alcohol exposure may alter the immune status of the lung, 
potentially resulting in an increased risk of early-life infection. Late gestational 
alcohol exposure has been shown to impact the immune status of the fetal ovine 
lung including decreasing surfactant levels and altering extracellular matrix compo-
sition, which may confer an increased risk of infection after birth  [  100  ] . Of note, at 
9 weeks of age, many of the de fi cits associated with in utero alcohol exposure in the 
ovine lung appear to have normalized, suggesting that the lung may be capable of a 
certain degree of repair  [  101  ] . Yet the  fi nding of increased infection risk in early life 
still warrants further investigation, as early life has been shown to be a critical 
period during which infection may permanently impact adult immune responses 
(see Sect.  10.14 ). 

 Investigation into the mechanism(s) underlying the altered pulmonary immune 
competence with in utero alcohol exposure has focused on the alveolar macrophage. 
The alveolar macrophage is the resident in fl ammatory cell of the lung. Given its 
connection to the outside world, the lung acts as a portal of entry for infection. 
Alveolar macrophages provide the  fi rst line of defense against foreign and infec-
tious particles in the lung, by initiating and regulating the in fl ammatory cascade and 
participating in phagocytosis of infectious particles. Timely clearance of infectious 
agents by alveolar macrophages is important for decreasing the risk of serious infec-
tion. Alcohol-induced disruption of macrophage activity or function could underlie 
at least some of the immune de fi cits observed following  in utero  alcohol exposure. 
Of note, newborns are particularly vulnerable to infection, as neonatal alveolar 
macrophage numbers are depressed at birth and the existing alveolar macrophages 
show decreased phagocytic abilities and de fi cient chemotaxis  [  102  ] . As a result, any 
alcohol-associated impairments in alveolar macrophage function have the potential 
to signi fi cantly impact health during the vulnerable early postnatal period. Indeed, 
alcohol exposure is known to have a number of adverse effects on macrophage 
function, which include decreases in both the percentage of cells that phagocytose 
bacteria and total phagocytosis, increases in expression of early apoptotic markers, 
and increases in the levels of the fatty acid oxidation product, malonyldialdehyde 
(MDA)   , which is indicative of chronic oxidative stress  [  100,   103,   104  ] . Overall, 
these data suggest that in utero alcohol exposure results in alveolar macrophage 
dysfunction, limiting their ability to survive and adequately clear an infection, 
which would pose a signi fi cant health risk to the newborn. 
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 Ping and colleagues  [  104  ]  propose that decreased availability of the antioxidant 
glutathione may underlie, at least in part, the increase in oxidative stress in the new-
born lung and that this may contribute to alveolar macrophage dysfunction. 
Glutathione is an essential antioxidant in the lung and is required for optimal func-
tioning of alveolar macrophages  [  105  ] . In utero alcohol exposure is known to alter 
glutathione levels in other tissues, including the fetal brain and liver, resulting in 
increased oxidative stress  [  106,   107  ] . It is possible that glutathione levels may also 
be low in the lung of alcohol-exposed neonates, at a time when glutathione levels 
are expected to be high  [  108  ] , and that this may underlie some of the alcohol-asso-
ciated immune de fi cits in the lung. This was explored by Ping and colleagues  [  104  ]  
through administration of  S -adenosyl-methionine (SAM), a key methyl donor in the 
methionine–homocysteine cycle, to the drinking water of alcohol-exposed and con-
trol animals, as SAM has been shown to restore glutathione levels following alcohol 
exposure  [  109  ] . SAM administration was found to signi fi cantly ameliorate many of 
the alcohol-induced de fi cits including increasing the level of alveolar macrophage 
phagocytosis per cell, decreasing expression of the early marker of apoptosis, and 
decreasing MDA, indicative of decreased oxidative stress, all to control levels 
 [  104  ] . The mechanism(s) underlying these SAM-mediated improvements remains 
to be determined. However, evidence suggests that the methionine–homocysteine 
cycle is disrupted with PAE and supplementation may be on approach for reversing 
some of the alcohol-induced de fi cits (see Sect.  10.16.1  for further discussion). In 
addition, antioxidant administration (e.g., glutathione) has been shown to restore 
growth, decrease neuronal apoptosis, and improve hepatic function  [  109–  111  ]  in 
animal models of PAE. 

 In a unique parallel to the clinical studies, which found a higher incidence of 
infection and sepsis in newborns exposed to alcohol in utero  [  20,   23  ] , Gauthier and 
colleagues  [  112  ]  examined the response to immune challenge using an in vivo model 
of  group B Streptococcus  pneumonia in a guinea pig model. In utero alcohol expo-
sure was found to increase the amount of  group B Streptococcus  detected in the 
lung, increase systemic sepsis (increased  group B Streptococcus  levels in the blood), 
and impair phagocytosis of  group B Streptococcus.  Overall, and in support of the 
clinical  fi ndings, this suggests that in utero alcohol exposure signi fi cantly impairs 
the lung’s ability to defend against bacterial infection in the newborn. Moreover, 
when SAM is administered to the alcohol-consuming dam, the newborn’s response 
to immune challenge is greatly improved, lending further support to the hypothesis 
that alcohol exposure disrupts key components of the methionine–homocysteine 
cycle (see Sect.  10.16.1 ). Interestingly, Gauthier and colleagues  [  112  ]  also showed 
that inhaled glutathione therapy, administered 6 h prior to  group B Streptococcus  
challenge, signi fi cantly improved health outcome in the pup. Glutathione levels 
have been supplemented in a similar manner in premature human infants, as low 
glutathione levels are associated with later chronic lung disease  [  113  ] . These results 
point toward important potential clinical implications. Maternal supplementation 
with glutathione may be one eventual application, although this would require early 
recognition of alcohol consumption during pregnancy, which is not generally fea-
sible. More hope, however, stems from the potential for administration of inhaled 
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glutathione in preterm infants as well as in infants with con fi rmed alcohol exposure 
to potentially reduce the incidence of lung infection and adverse health outcomes in 
these newborns.  

    10.8   Paternal Alcohol Exposure and Offspring 
Immune Function 

 A relatively understudied area is the effects of paternal alcohol exposure on off-
spring immune function. Reduced birth weight and length, reduced litter size, and 
increased malformations have been reported in offspring sired by alcohol-consum-
ing males  [  3,   114,   115  ] , although fetal vulnerability to depressed body weight was 
shown to have a maternal genetic contribution as well  [  116  ] . In addition, data sug-
gest that paternal alcohol exposure, either in combination with maternal alcohol 
exposure  [  117  ]  or alone  [  118  ] , may have adverse effects on offspring function, 
including immune function. It was shown, for example, that offspring sired by 
 alcohol-consuming males (17.5–35% EDC) exhibit decreased locomotor activity, an 
effect opposite to that seen with maternal alcohol exposure; show poorer adaptation 
to stress as measured in the forced swim task; and show increased susceptibility to 
infection  [  119  ] . Utilizing  Pseudomonas aeruginosa , a Gram negative opportunistic 
bacterium, and applying it topically to corneas that had been scari fi ed, an increased 
severity of ocular infection and an increased incidence of perforated corneas were 
observed in both mice and rats in adulthood  [  117,   118  ] . Interestingly, in mice (liquid 
ethanol diets, 5–25% EDC), the increased susceptibility to infection occurred despite 
the presence of high titers of antibody speci fi c to pseudomonas  [  118  ] . Further 
research is warranted on the role of paternal alcohol consumption in adverse devel-
opmental outcomes of their offspring.  

    10.9   Sexual Dimorphism in the Immune Response 

 Sex differences in responsiveness to immune challenges provide an additional level 
of complexity in understanding the data regarding the adverse effects of PAE. 
Sexual dimorphism of the immune system is well known  [  120,   121  ] . Both humoral 
and cell-mediated immune responses are more active in adult females than in males 
 [  120,   122  ] . For example, the thymus is larger in female than in male mice, and cas-
tration of young males leads to feminization (i.e., increased weights) of the immune 
organs. In response to immunization, women develop higher antibody titers than 
males, and they show a higher rate of transplant rejection. Females also represent 
the majority of patients affected with autoimmune disorders, ranging from 65 to 
75% of patients with rheumatoid arthritis to 85% of patients with Hashimoto’s thyroidi-
tis and Grave’s disease  [  121  ] . In humans, circulating levels of IgM are signi fi cantly 
elevated in girls compared to boys as early as 6 years of age, and juvenile rheumatoid 
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arthritis can appear before 5 years of age. Gonadal hormones clearly play an impor-
tant role in immune sexual dimorphism both in adulthood and during development. 
It appears that both the type and concentration of sex hormones within the microen-
vironment play a key role in lymphocyte maturation  [  120  ] . Both the immune organs 
and lymphocytes have receptors for the sex steroid hormones, linking the endocrine 
and immune systems  [  120,   121  ] . In addition, data suggest that other hormone sys-
tems and complex hormonal interactions can affect developing lymphocytes and 
regulate adult effector cells. Estrogen appears to be particularly important in the 
development of sexual dimorphism in the immune system, both through direct 
effects on immune cells and through modulation of other hormone systems, includ-
ing adrenal glucocorticoids, thyroid hormones, growth hormone, and prolactin. 
These hormonal systems interact with each other and with the immune system to 
in fl uence sexually dimorphic immune responses. Thymic hormones and cytokines 
generated by activated lymphocytes may also play a role in sexually dimorphic 
immune responses  [  120  ] . 

 Sexual dimorphism related to fetal alcohol-associated alterations in behavior 
 [  123,   124  ] , HPA function  [  124–  126  ] , neuroimmune interactions  [  127,   128  ] , and 
susceptibility to in fl ammatory disorders  [  129  ]  have been characterized (see further 
discussion below). Despite recognition that these sex differences exist, a large 
 proportion of studies using rodent and nonhuman primate models of FASD are con-
ducted only in males or with both sexes but too small a sample size to achieve the 
statistical power required to detect sexual dimorphism. Lending further support to 
the importance of considering sex differences are  fi ndings of sexual dimorphisms in 
the immune responses following PAE  [  49,   127,   128,   130,   131  ] , many of which may 
also be impacted by fetal alcohol-induced, sex-speci fi c HPA differences.  

    10.10   Mechanisms Underlying Alcohol Effects 
on the Developing Immune System 

    10.10.1   Direct Effects of Alcohol 

 Alcohol has a number of direct effects on the fetal immune system. Alcohol can 
directly disrupt the development of the fetal thymus. The thymus has a highly 
speci fi ed microenvironment provided by epithelial and mesenchymal cells. This 
environment is critical in attracting immature lymphoid precursors and enabling 
them to be selected and differentiated into mature T cells. Alcohol exposure during 
the period of thymus development inhibits the ontogeny of the thymic epithelium 
and disrupts the microenvironment necessary for T cell maturation, which in turn 
leads to impaired T cell-mediated immunity  [  13  ] . These data are interesting in light 
of the shared clinical characteristics of FAS and DiGeorge syndrome  [  18  ] . The latter 
is a congenital immune de fi ciency syndrome involving mainly T cells and caused 
by an abnormality in the development of several components of the thymus  [  132  ] .  
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    10.10.2   Indirect Effects of Alcohol 

 Alcohol can also alter immune function through numerous indirect effects. 

    10.10.2.1   Alcohol Effects on HPA Mediators of Thymic Function 

 Selective effects of alcohol on thymic corticotropin-releasing hormone (CRH) and 
pro-opiomelanocortin (POMC) gene expression in male fetuses have been reported. 
Signi fi cant increases in thymic CRH and decreases in thymic POMC gene expres-
sion were observed on G19  [  133  ] . These changes appear to be unrelated to corticos-
terone (CORT) concentrations in the fetus or pregnant female but are possibly 
induced by the fetal testosterone surge. Similarly, the development of glucocorticoid 
receptor (GR) sites on thymocytes of PAE animals during the  fi rst 2 months of life 
was shown to differ from that in control animals  [  40  ] . This indicates a role for the 
glucocorticoid  hormones and thus a possible role for prenatal or early-life stress in 
the differential thymic development described in PAE compared to control animals.  

    10.10.2.2   Altered IL-2/IL-2 Receptor Interactions 

 Altered IL-2/IL-2 receptor interactions may play a role in the development of altered 
immune function in PAE animals  [  49,   134,   135  ]  (these studies utilized liquid diets, 
35–36% EDC). For example, although PAE animals have normal levels of IL-2 
production, IL-2 receptor expression and distribution, calcium in fl ux into T cells, 
and binding of IL-2 to its receptor, they show a markedly reduced proliferative 
response to mitogens. In addition, the internalization and/or utilization of IL-2 by 
lymphoblasts is reduced, and the half-time for dissociation of IL-2 from its receptor 
is increased in T cells from PAE animals  [  135  ] . Therefore, impaired intracellular 
signaling events, mediated by altered IL-2/IL-2R interactions, may underlie, at least 
partly, the immune de fi cits observed in PAE animals.  

    10.10.2.3   Altered Neurotransmitter Function 

 Altered neurotransmitter regulation of immune function is another factor that could 
play a role in altered immune function of PAE animals. Prenatal exposure to alcohol 
(liquid diets, 36% EDC) was found to decrease concentrations of norepinephrine 
(NE) and  b -adrenoreceptors in the lymphoid organs and diminish synaptic trans-
mission in the spleen and thymus, but not the heart  [  55  ] . Altered noradrenergic 
synaptic transmission, including a higher rate of NE turnover leading to reduced NE 
concentration and reduced  b -adrenoceptor density, could affect immune capacity, in 
terms of NE-mediated IL-2 secretion and cytotoxic T cell responses.  
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    10.10.2.4   Altered Neuroendocrine–Neuroimmune Networks 

 Prenatal exposure to alcohol has been shown to have adverse effects on neuroendo-
crine function, which could in turn alter the bidirectional communication between 
neuroendocrine and neuroimmune networks. The nervous system, endocrine sys-
tem, and immune system exist within a complex regulatory network of connections 
through nerve pathways, hormonal cascades, and cellular interactions  [  136–  138  ]  
(Fig.  10.2 ). The CNS can regulate both the endocrine and immune systems directly, 
through autonomic innervation of lymphoid organs and tissues and endocrine 
glands, and indirectly, through release of neurotransmitters. In turn, the nervous 
system can “read” information from both the endocrine and immune systems. 
Cytokines produced by immune cells and hormones produced by endocrine glands 
may be similar or even identical in structure and function. Cytokines not only play 
an important role in regulating immune responses but also feed back to the CNS to 
affect neuronal function. Cytokines can also in fl uence or stimulate hormone release 
from the hypothalamus and pituitary and endocrine glands and in themselves may 
have neuroendocrine effects. Similarly, hormones produced by the endocrine glands 
and pituitary not only feed back to the CNS to in fl uence neural and endocrine func-
tion but also have immunoregulatory functions. Lymphocytes express receptors for 
hormones and neurotransmitters, including CRH, ACTH, glucocorticoids, norepi-
nephrine, and epinephrine. The glucocorticoid hormones can exert profound 
in fl uences on T cell function through their interaction with GRs on T cells, which 
modulate traf fi cking, homing, proliferation, activation, and apoptosis  [  139  ] . Of 
note, other endocrine systems besides the HPA axis are involved in mutual regula-
tion of immune function. Thyroid hormones and estradiol are known to have activa-
tional effects on the immune response, whereas progesterone, testosterone, and 
dehydroepiandrosterone (DHEA) reciprocally inhibit immune responses. In addi-
tion, the autonomic nervous system can exert regulatory actions on the immune 
system. Noradrenergic neurotransmitters can target most immune cells including 
thymocytes, T lymphocytes, macrophages, and plasma cells, resulting in selective 
suppression of Th1-mediated in fl ammation and cellular immunity, which, in turn, 
will favor humoral immunity as well as protecting the organism from the adverse 
effects of proin fl ammatory cytokines. Synergistic effects of catecholamines and 
glucocorticoids have also been described  [  136  ] . Indeed, the HPA response is 

  Fig. 10.2    Bidirectional communication between the nervous, endocrine, and immune systems. ( a ) 
Neuroendocrine–neuroimmune circuitry under normal conditions .  ( b ) Neuroendocrine–
neuroimmune circuitry following prenatal alcohol exposure.  RH  releasing hormones act on cells of 
the anterior pituitary to stimulate synthesis and secretion of appropriate tropic hormones; corti-
cotropin-releasing hormone ( CRH ) stimulates release of adrenocorticotropic hormone ( ACTH ); 
thyrotropin-releasing hormone ( TRH ) stimulates release of thyroid-stimulating hormone ( TSH ); 
gonadotropin-releasing hormones ( GnRH ) stimulate release of luteinizing hormone ( LH ) and folli-
cle-stimulating hormone ( FSH ). The pituitary tropic hormones then stimulate peripheral endocrine 
glands to release their hormones:  CORT  (corticosterone/cortisol), thyroid hormones, triiodothyro-
nine/tetraiodothyronine ( T3 ,  T4 ), and gonadal hormones (estradiol, E 

2
 , testosterone, T)       

 



32910 Prenatal Alcohol Exposure: Impact on Neuroendocrine–Neuroimmune Networks



330 T. Bodnar and J. Weinberg

coordinated with that of the autonomic nervous system to enable the organism to 
respond to stress. The autonomic response is extremely rapid and provides an imme-
diate response to a stressor through initiation of the sympathetic “ fi ght or  fl ight” 
response (increased heart rate and blood pressure, pupil dilation, bronchodilation, 
glucose release). The HPA response is slower, and the secretion of the glucocorti-
coid hormones initiates numerous metabolic and behavioral effects that mediate 
effective coping with a stressor in the longer term. The HPA and autonomic systems 
appear to be regulated by similar neurotransmitters (e.g., acetylcholine, serotonin, 
norepinephrine, GABA). In addition, there is reciprocal stimulation of HPA and 
autonomic activity by CRH and norepinephrine and reciprocal actions of the gluco-
corticoids and catecholamines. The glucocorticoids are thought to feed back to 
restrain activity of both systems. Further, the activity and sensitivity of both systems 
are modulated by stress and circadian in fl uences  [  140  ] .  

 Reciprocal expression of receptors for hormones, neurotransmitters, and neuro-
peptides and shared hormonal/peptide ligands or products by immune, endocrine, 
and neural cells underlie the bidirectional communication that allows these systems 
to “speak a common biochemical language”  [  137  ]  and thus in fl uence each other to 
maintain homeostasis. It has been suggested that the immune system acts as a 
“peripheral receptor organ” able to transmit information to the brain about responses 
to external or internal antigenic stimuli  [  136  ] . Similarly, Blalock and Smith  [  137  ]  
suggest that through the sharing of ligands and receptors, the immune system can 
serve as a “sixth sense” to detect things the body cannot otherwise hear, see, smell, 
taste, or touch and to signal and mobilize the body to respond to pathogens, tumors, 
allergens, and other immune    challenges. 

 Fig  10.2  illustrates the complex bidirectional communication between the 
 nervous system, the endocrine system and the immune system. As shown, recipro-
cal expression of receptors for hormones, neurotransmitters, and neuropeptides and 
shared hormonal/peptide ligands or products by immune, endocrine, and neural 
cells underlie the bidirectional communication that occurs. 

 Figure 2a shows neuroendocrine–neuroimmune circuitry under normal 
conditions.

   The CNS can regulate the endocrine and immune systems directly, through auto-• 
nomic innervation of lymphoid organs and tissues as well as endocrine glands, 
and indirectly, through release of neurotransmitters (not shown).  
  In turn, the nervous system can “read” information from both the endocrine and • 
immune systems.

    Peripheral cytokines  produced by immune cells not only play an important  –
role in regulating immune responses but also provide  feedback to the CNS  to 
affect neuronal function.  
  Furthermore,  cytokines can in fl uence or stimulate hormone release  from the  –
hypothalamus and pituitary and endocrine glands and in themselves may have 
neuroendocrine effects.  
  Similarly,  hormones produced by the endocrine glands  (glucocorticoids, thy- –
roid hormones, and the sex hormones)  and pituitary  (ACTH, TSH, LH, FSH) 
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not only provide  feedback to the CNS  to in fl uence neural and endocrine 
function but also have  immunoregulatory functions . Indeed, hormones pro-
duced by endocrine glands and cytokines produced by immune cells may be 
similar or even identical in structure and function.     

  The sex hormones as well as many other hormones play a role in the sexually • 
dimorphic nature of immune system function.  
  There is evidence for  local production of cytokines by microglia in the CNS  in • 
response to challenge, including stress.    

 Together, cytokine expression and activation of receptors in key brain areas such 
as the cortex, hippocampus, and hypothalamus have the potential to modulate the 
secretion of releasing hormones (RH) of the endocrine system and thus affect endo-
crine and immune responses to stress. Finally, mutual regulatory interactions 
between the autonomic nervous system and the HPA axis (not shown) play an 
important role in the organism’s ability to respond to stressors, and at the same time, 
the autonomic nervous system can exert important regulatory actions on the immune 
system (not shown). 

 Figure 2b shows neuroendocrine–neuroimmune circuitry following prenatal 
alcohol exposure. 

 PAE impacts neuroendocrine and neuroimmune function and the interactions 
between these networks.

   Alterations in hormonal activity under basal conditions and in response to • 
stressors:

   Increased HPA activity, decreased thyroid function, and decreased levels of  –
gonadal hormones. Altered hormone levels will differentially alter immune 
function.  
  However, PAE may increase facilitatory effects of estradiol (E  –

2
 ) and decrease 

inhibitory effects of testosterone (T) on HPA activity (dotted arrow), further 
altering immune function.  
  Impaired CORT negative feedback (broken arrow) will further increase HPA  –
activity and responsiveness to stressors.     

  Alterations in peripheral cytokine production (in response to challenge) may • 
alter how cytokine signals are transmitted (e.g., elaborated) to the brain (? in 
 fi gure).  
  Alterations in cytokine levels will alter feedback to HPA, thyroid, and gonadal • 
systems (Red arrow).    

 PAE can link into this    neuroimmune–neuro endocrine circuit to exert its terato-
genic effects in numerous ways. Alcohol may (1) have direct effects on the ontogeny 
of the immune and endocrine systems and on CNS development and function; (2) 
act indirectly through effects on neuroendocrine function; and (3) disrupt the inti-
mate bidirectional link between the neuroendocrine and neuro immune systems. 

 While several endocrine systems, including the adrenal, thyroid, and gonadal 
systems, interact with and modulate immune system function, the immune–HPA 
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axis circuit is of particular interest for our work. The HPA axis mediates the 
neuroendocrine response to stressors, both systemic stressors that threaten homeo-
stasis and/or survival and perceived threats or psychogenic stressors  [  141  ] . Inputs to 
the HPA axis provided by stressors and the endogenous circadian rhythm  [  142  ]  act 
through central neural pathways to the paraventricular nuclei (PVN) of the hypo-
thalamus, where CRH is synthesized. CRH (potentiated by arginine vasopressin 
[AVP])  [  143,   144  ]  stimulates the release of adrenocorticotropin (ACTH) from the 
anterior pituitary, which in turn stimulates synthesis and secretion of glucocorti-
coids from the adrenal cortex. The glucocorticoids, cortisol in humans and corticos-
terone in most rodents, have numerous metabolic and physiological effects and 
provide negative feedback to inhibit HPA activity at the level of the pituitary, PVN, 
hippocampus, prefrontal cortex, and other brain areas  [  142–  144  ] . Glucocorticoids, 
acting on their receptors (mineralocorticoid receptors, MR; glucocorticoid recep-
tors, GR), initiate metabolic and physiological responses that facilitate response to 
and coping with the stressor and, ultimately, dampen stress-activated defense reac-
tions, including immune responses, to prevent them from overshooting and them-
selves causing harm  [  145,   146  ] . In the short term, the metabolic and physiological 
changes induced by the glucocorticoids promote survival (increased gluconeogen-
esis and blood pressure, suppressed immune and reproductive function). However, 
prolonged exposure to glucocorticoids can result in metabolic, cognitive, and 
immune dysfunction  [  147  ] . Thus, it is important that the HPA axis be tightly 
 controlled through ef fi cient feedback and ef fi cient termination of the stress response; 
the ability to turn off the stress response is as important as the ability to respond 
initially  [  145  ] . The HPA axis acts in conjunction with the locus coeruleus–noradren-
ergic sympathetic adrenal medullary system (hereafter referred to as the LC-NE 
system) to maintain homeostasis. The LC-NE system is involved in the “ fi ght or 
 fl ight” response and enables the organism to react rapidly through the secretion of 
NE from sympathetic nerve terminals and epinephrine from the adrenal medulla. In 
contrast, through its various physiological and metabolic effects, the HPA axis acts 
over a longer time frame and helps orchestrate the response and adaptation of the 
body to the stressor.    

    10.11   Alcohol Consumption Alters HPA Activity 
of the Pregnant Female 

 Data from rodent models indicate that gestational alcohol consumption increases 
adrenal weights, basal corticosterone concentrations, and the corticosterone stress 
response in the pregnant dam  [  148  ] . This occurs as early as gestation day 11, per-
sists throughout gestation, may increase as gestation progresses, and occurs even 
with low–moderate concentrations of alcohol (BALs 42–150 mg/dl) in the diet 
 [  148,   149  ] . The stimulatory effects of alcohol on basal hormone concentrations and 
the corticoid response to stressors can also extend through parturition, even when 
alcohol administration is discontinued prior to parturition  [  150  ] . Thus, regular 
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consumption of high doses of alcohol during pregnancy not only raises the set point 
of HPA function in the pregnant female by increasing both basal and stress concen-
trations of CORT, but it also results in HPA hyperresponsiveness to stressors. 

 Because the pregnant female and fetus constitute an interrelated functional unit, 
alcohol-induced alterations in HPA activity in the pregnant female have implica-
tions for fetal HPA development. Corticosterone crosses the placenta, at least to 
some extent  [  151  ] , resulting in suppression of endogenous fetal HPA activity. At the 
same time, alcohol can cross the placenta and directly activate the fetal HPA axis.  

    10.12   Effects of Maternal Alcohol Consumption 
on Offspring HPA Activity 

 The complex interaction of the opposing direct and indirect effects of alcohol is 
apparent in studies using rat models (liquid diets, ~36% EDC), with offspring 
 showing differences from controls in HPA activity over the course of development. 
Fetuses exposed to alcohol have lower corticosterone concentrations than control 
fetuses on gestation day 19  [  133  ]  but elevated plasma corticosterone and  b -endor-
phin levels at birth  [  150,   152–  154  ] . Interestingly, throughout the preweaning period, 
PAE offspring exhibit blunted HPA and  b -endorphin responses to a wide range of 
stressors including ether, novelty, saline injection, and cold stress  [  150,   154,   155  ] . 
In addition, PAE appears to alter the development of expression of CRH and POMC 
mRNAs in a sexually dimorphic manner, delaying and exaggerating the rise in CRH 
expression in female (but not male) pups and suppressing POMC mRNA concentra-
tions in male (but not female) pups throughout the preweaning period  [  156  ] . 
Sexually dimorphic effects of PAE on these two important glucocorticoid-regulated 
genes may contribute to both the immediate and the long-term effects of prenatal 
alcohol on stress responsiveness of the offspring. 

 Interestingly, the blunted hormone responsiveness of PAE pups during prewean-
ing life is a transient phenomenon. It appears that maternal alcohol consumption, in 
the long term, programs the fetal HPA axis such that HPA tone is increased through-
out life. From weaning age on, although basal hormone levels are typically normal, 
PAE offspring are hyperresponsive to stressors and to drugs such as alcohol and 
morphine, showing increased HPA activation and/or delayed or de fi cient recovery 
following stress  [  157–  160  ] . In addition, central HPA regulation appears to be altered 
under both basal and stress conditions  [  31,   124,   161  ] . Findings in both nonhuman 
primates and human infants are consistent with those in the rodent model. In rhesus 
monkeys, prenatal exposure to moderate amounts of alcohol induced higher plasma 
ACTH and marginally higher plasma cortisol responses to the stress of maternal 
separation  [  162  ] . Similarly, Jacobson and colleagues  [  163  ]  found that heavy drink-
ing during pregnancy and at conception is associated with higher post-stress (blood 
draw) cortisol concentrations in 13-month-old infants. Basal cortisol was also 
shown to be higher in 2-month-old infants exposed in utero to alcohol or cigarettes 
 [  164  ] . Moreover, Haley and colleagues  [  165  ]  found that alcohol consumption during 
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the early postconception period was related to increases in cortisol reactivity, ele-
vated heart rate, and negative affect in infants in response to a modi fi ed “still-face” 
procedure, with differential effects in boys and girls. It was suggested that the effects 
of PAE on infant stress systems could underlie problems in cognitive and social–
emotional functioning that are common among individuals exposed prenatally to 
alcohol. 

    10.12.1   Sexual Dimorphism of the HPA Response 
in PAE Offspring 

 Sexually dimorphic effects of PAE on HPA activity may extend into adulthood. 
Beyond the normal sexual dimorphism of HPA activity, differences in the response 
of PAE male and female offspring compared to their control counterparts are often 
observed and may vary depending on the nature of the stressor, and the time course 
and hormonal endpoint measured  [  130,   166–  168  ] . For example, PAE males and 
females (liquid diets, 35–36% EDC) both exhibit increased hormone responses to 
stressors ranging from repeated restraint to footshock to immune challenges  [  130, 
  157,   159,   160,   169  ] , stress-induced increases in expression of mRNAs for immedi-
ate early genes and CRH  [  160  ] , and de fi cits in habituation to repeated restraint  [  170  ] . 
In contrast, in response to prolonged restraint or cold stress, HPA hyperactivity may 
be seen primarily in PAE males  [  167,   169  ] , whereas in response to acute restraint or 
acute alcohol or morphine challenge, greater corticosterone and ACTH increases 
occur primarily in PAE females  [  157,   166,   171  ] .  

    10.12.2   Role of Maternal Corticosterone in Offspring 
HPA Responsiveness 

 Whether the increased plasma corticosterone levels induced in the maternal female 
by alcohol consumption during pregnancy play a role in mediating HPA hyperre-
sponsiveness in PAE offspring is as yet unresolved. Interestingly, maternal adrena-
lectomy (ADX) was found to dramatically increase the corticosterone response to 
restraint stress in offspring of pair-fed mothers but to have no effect on the corticos-
terone response to stress in PAE offspring  [  172  ] . Similarly, corticosterone treatment 
of ADX dams did not mimic the effect of PAE on HPA activity of offspring  [  173  ] . 
Based on these data, one could conclude that the increased corticosterone concen-
trations in pregnant females are not the primary mediator of offspring hyperrespon-
siveness. In contrast, ADX of the pregnant female was shown to reverse the effects 
of PAE on pituitary POMC mRNA concentrations in PAE offspring  [  174  ] . In addi-
tion, a compensatory increase in fetal CORT that was seen following maternal ADX 
of control females was attenuated in fetuses of ethanol-consuming dams, suggest-
ing a direct effect of alcohol on fetal HPA activity  [  175  ] . Tritt and colleagues 
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reported that removal of the adrenal cortex, but not the medulla, in the pregnant 
female prevents the growth-retarding effects of PAE and may reverse the delay in 
postpartum weight gain in PAE offspring  [  176  ] . Moreover, whereas the febrile 
response to IL-1 b  is normally attenuated in PAE offspring, maternal ADX com-
pletely eliminated the effect of PAE on this response  [  177  ] . These  fi ndings suggest 
that at least some of the adverse effects of alcohol may be mediated fully or par-
tially through the adrenal gland and, possibly, through maternal–fetal HPA interac-
tions. Further studies are needed to resolve the role of corticosteroids derived from 
the pregnant female on the altered stress responsiveness of their offspring. It is 
likely, however, that the adverse consequences of alcohol consumption during 
pregnancy on fetal development and programming of fetal HPA activity arise from 
a complex interaction between direct and indirect effects of alcohol on both the 
mother and the fetus.   

    10.13   PAE Alters the Effects of Stress on Immune Function 

 Chronic or repeated stress in adulthood provides a challenge to the immune system 
that differentially affects PAE and control animals. Data suggest that exposure to 
stressors may unmask speci fi c de fi cits in the immune system that are not observed 
under nonstressed conditions. Furthermore, consistent with the  fi ndings that PAE 
may alter HPA responses to stress in a sexually dimorphic manner, sexually dimor-
phic effects of PAE on immune function may also be observed following stress. 

 In a rat model (liquid diet, 36% EDC), exposure to chronic intermittent stressors 
selectively downregulated the numbers of thymic and peripheral blood CD43+ and 
CD4+ T cells and marginally decreased the number of peripheral blood antigen-
presenting cells, whereas CD43 antigen expression on peripheral blood T cells 
was selectively upregulated in PAE males but not females  [  178  ] . The possible role 
for estrogen as an immunoprotective hormone and testosterone as an immunosup-
pressive hormone in these sexually dimorphic immune responses remains to be 
determined. 

 One of the  fi rst demonstrations of fetal alcohol effects on immune function of 
females is the data from Halasz and colleagues  [  168  ]  who found that the challenge 
of chronic alcohol exposure in adulthood selectively increased Con A-induced lym-
phocyte proliferation in PAE females, but not males. Consistent with these data, 
work from our laboratory  [  46  ]  reported an interaction between prenatal alcohol and 
chronic cold stress. After 1 day of cold stress, PAE females but not males exhibited 
increased lymphocyte proliferation in response to pokeweed mitogen (a T cell-
dependent B cell mitogen) and Con A challenge. In contrast, PAE males exposed to 
1 or 3 days of cold stress had increased basal CORT concentrations compared to 
PAE males not exposed to cold. Altered interactions between T and B cells may 
underlie the alcohol-induced alterations in immune responsiveness observed in 
response to stressors.  
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    10.14   PAE, Cytokines, and the HPA Axis 

 Cytokines secreted by immune cells, including IL-1, IL-2, IL-4, and IL-6, in fl uence 
the function of hypothalamic neurosecretory and thermoregulatory neurons and 
pituitary cells  [  179–  182  ] , resulting in activation of the HPA axis and inducing “sick-
ness behavior”  [  183,   184  ] . IL-1, IL-6, and TNF- a  are also produced in the hypo-
thalamus by microglia and macrophages  [  185,   186  ]  and, thus, can directly in fl uence 
neuroendocrine function. For example, IL-1 stimulates the release of CRH and AVP 
from the hypothalamus  [  187,   188  ] , and IL-1, IL-6, and TNF- a  stimulate ACTH 
secretion from the anterior pituitary  [  189–  191  ] . During prolonged stress, cytokines 
exert effects at the level of the pituitary and adrenal glands  [  136  ] . In turn, the gluco-
corticoids play a major role in the stress-induced suppression of immune/
in fl ammatory reactions. 

 PAE has been shown to alter neuroendocrine and behavioral responses to cytok-
ines. For example, the LPS-induced febrile response was shown to be blunted in 
PAE males  [  192,   193  ] . It was suggested that a decreased hypothalamic IL-1 b  
response to LPS administration, possibly due to an impaired release of endogenous 
pyrogens, could underlie the differential responsiveness observed  [  194–  196  ] . 
Interestingly, both ADX and sham surgery in the pregnant female abrogated the 
effect of alcohol on the febrile response of female offspring to IL-1 b , but only ADX 
had an effect on male offspring. This would suggest that maternal adrenal mediators 
play an important role in the blunted febrile response of PAE males and that non-
adrenal mediators participate in modulation of thermoregulatory systems in PAE 
females  [  177,   193  ] . 

 In parallel with the blunted hormonal responses to stressors observed in PAE 
animals during the preweaning period, preweaning PAE offspring exhibit reduced 
ACTH,  b -EP, and TNF- a  responses to the immune challenge of IL-1 b  and LPS. 
This reduction was found to persist into adolescence in PAE males, but not in 
females  [  197,   198  ] . An altered ability of IL-1 to stimulate secretion of ACTH and 
other peptides may underlie this reduced responsiveness  [  197  ] . Interestingly, ova-
riectomy prior to puberty eliminated the difference in the ACTH response between 
PAE and control females  [  130  ] , suggesting that alcohol and female sex hormones 
may regulate HPA activity through a common pathway. 

 Following weaning and into adulthood, in parallel with the observed HPA hyper-
responsiveness to stressors, hormonal responses to immune signals are also increased 
in PAE animals. Alcohol exposure in utero appears to induce a proin fl ammatory 
pro fi le bias, suggested by the  fi nding of greater ACTH and/or corticosterone 
responses to IL-1 b  and LPS in PAE compared to control offspring  [  130,   169,   199  ] . 
As well, embryos exposed in vitro to alcohol had greater tissue levels of TNF- a  and 
IL-6 than control embryos  [  200  ] . PAE males also exhibited increased plasma con-
centrations of proin fl ammatory cytokines (IL-1 b , TNF- a , IL-6) to LPS challenge 
following repeated restraint stress  [  31  ] . Importantly, however, corticosterone 
responses to LPS were comparable among groups. These data support and extend 
previous studies suggesting that although PAE animals may not differ in cytokine 
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responses under basal or nonstressed conditions, they may be more vulnerable to 
the adverse effects of stress on immune function  [  31  ] . Furthermore, these data have 
important implications for understanding differential vulnerability to in fl ammatory 
disorders such as arthritis in PAE offspring, as discussed below (Sect.  10.15 ). 

    10.14.1   Effects of Alcohol Intake During Pregnancy 
on the Maternal Immune System 

 In order to understand fully how maternal alcohol intake can alter maternal and fetal 
cytokine pro fi les and immune status, it is helpful to understand the effects of adult 
alcohol intake in general. Alcohol use has been shown to impact the immune defense 
system, altering how the body responds to an infection (reviewed in  [  201  ] ). These 
alterations can affect innate and adaptive immune responses, which in turn gives 
rise to an increased incidence of infections as well as alterations in antigen presenta-
tion postinfection  [  202  ] . Of note, the effects of alcohol on immune function appear 
to depend on the frequency of alcohol consumption. Acute alcohol administration 
has been shown to inhibit proin fl ammatory cell activation, an essential process in 
innate immune system activation, whereas chronic alcohol consumption is associated 
with increased proin fl ammatory cytokine activation (reviewed in  [  201  ] ). 

 Chronic alcohol exposure also affects the maternal immune system, increasing 
the levels of proin fl ammatory cytokines including TNF- a , IL-1 a , IL-1 b , IL-6, IL-8, 
IL-2, and MCP-1 and giving rise to alcohol-induced physiological alterations and 
tissue damage (reviewed in  [  201  ] ). To date, there is an absence of studies examining 
how an increased proin fl ammatory cytokine pro fi le in the alcohol-consuming 
mother will affect the offspring. However, there is a growing body of research 
examining the effects of prenatal and/or early postnatal infection and the resulting 
increase in proin fl ammatory cytokine levels on the developing fetus  [  203–  205  ] . 
As both PAE and early immune challenge are associated with increased pro-
in fl ammatory cytokines, which can have programming effects on the developing 
fetus, the early in fl ammation literature has signi fi cant implications for understand-
ing the immune effects of early alcohol exposure.  

    10.14.2   Early-Life Exposure to Maternally Derived Cytokines 

 It has been proposed that early-life exposure to maternally derived cytokines pro-
grams the developing fetus, affecting brain and immune system development and 
giving rise to altered cognitive and immune function in adulthood (reviewed in  [  3  ] ). 
Increased levels of proin fl ammatory cytokines occur following naturally occurring 
maternal infections and have also been simulated in experimental models through 
direct injection of the mother with cytokines such as IL-6  [  114  ]  or maternal immune 
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stimulation with the endotoxin LPS  [  203  ]  or  Escherichia coli   [  115  ] . An important 
question, however, remains to be answered—how the maternal cytokine signal is 
passed on to the fetus. The current literature is contradictory. Cytokines, being small 
proteins generally less than 50 kDa in size, have the potential to enter the amniotic 
 fl uid and affect the fetus  [  204  ] . However, while Gayle and colleagues  [  206  ]  found 
that maternal in fl ammation results in elevated levels of IL-1 b , TNF- a , and IL-6 in 
the amniotic  fl uid and the fetal brain, other studies suggest that there would be mini-
mal transfer of IL-1 b  and TNF- a  and only the potential for modest transfer of IL-6 
between mother and fetus  [  207,   208  ] . However, a recent study involving radiola-
beled IL-6 found that in rodents, this proin fl ammatory cytokine crosses to the fetus 
during mid-gestation (GD 11–13) but not late gestation (GD 17–19)  [  209  ] . Thus, it 
appears that cytokine passage to the fetus may depend on the cytokine in question 
as well as the gestational time point. Importantly, there may be additional, yet cur-
rently unknown, mechanisms in place that allow for the maternal cytokine signal to 
pass to the fetus. Late gestational (GD 18) maternal increases in cytokines, such as 
TNF- a , IL-1 b , and IL-6, that are unable to cross the placenta stimulate a concomi-
tant cytokine increase in the fetal brain  [  204  ] . As a result, it is hypothesized that 
there is a different mechanism in place in the fetus, resulting in local elaboration of 
the maternal cytokine signal  [  204  ] . While it may seem detrimental to increase 
cytokine levels in the fetal brain in response to maternal infection, this may be a 
required adaptive strategy, critical to fetal survival in the context of life-threatening 
infections but perhaps developmentally disadvantageous in the context of less 
severe infections. 

    10.14.2.1   Early-Life Exposure to Cytokines May Increase Vulnerability 
in Later Life 

 Regardless of the mode by which cytokines gain entry into the fetal system, many 
lines of evidence link early-life increases in cytokine levels with increased vulner-
ability to later-life infections and cytokine overproduction  [  205,   210,   211  ] . It is 
hypothesized that immune stimulation during sensitive periods of development may 
affect cytokine production, glial morphology, brain development, and neuroimmune 
responsiveness into adulthood (reviewed in  [  3  ] ). In the case of in utero alcohol 
exposure, maternal increases in cytokines may be transmitted or elaborated on by 
the fetus, and alcohol may directly activate the fetal immune system resulting in 
increased proin fl ammatory cytokines during development. It is important to note 
that cytokines, in addition to their role in immune system activation, are also 
involved in normal brain development, including a role in neuronal plasticity, mor-
phogenesis, growth, and differentiation  [  212,   213  ] . Cytokines play a role in mediat-
ing neuronal migration, synaptogenesis, synaptic pruning, and stem-cell fate during 
development  [  214,   215  ] . Abnormally high cytokine levels, however, may alter 
many of the important neuronal processes listed above, resulting in abnormal brain 
connectivity and ultimately increased immune system impairments and vulnerabil-
ity to neurodevelopmental disorders  [  3,   205,   210  ] .  
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    10.14.2.2   Possible Role of Microglia in Neuroimmune Changes in Later Life 

 It is hypothesized that cytokine-induced alterations in microglia may underlie many 
of the neuroimmune system alterations and increased susceptibilities to cognitive 
disorders in adulthood (reviewed in  [  3,   204  ] ). Microglia, resident macrophages of 
the CNS, are uniquely poised to retain immunological memory of early-life insults. 
Microglia arise by embryological day 14 in the rodent  [  216  ]  and exist in an acti-
vated, amoeboid state, producing cytokines and contributing to neuronal develop-
ment  [  217  ] . The precise role of microglia in the normal developing brain has yet to 
be determined; however, they likely play a role in processes such as neuronal prun-
ing and phagocytosis of dying neurons and act as a source of nerve growth factor 
(NGF) and brain-derived neurotrophic factor (BDNF)  [  218–  220  ] . Importantly, 
microglia are very long-lived cells  [  221  ] . Thus, early-life exposure to alcohol or 
immune insult may alter microglial morphology and activation, changes that may 
persist for long periods of time due to the long-lived nature of these immune cells 
amid a more ephemeral immune cell background. Importantly, while microglia 
arise early in development and exist in an increasingly activated state until postnatal 
day 6, by postnatal day 15, they transition into a quiescent, rami fi ed state and remain 
this way throughout adulthood and only become activated with immune challenge 
 [  216  ] . The current hypothesis in the  fi eld is that early-life immune stimulation, dur-
ing the developmental window in which microglia are activated, may prime these 
cells such that they are more easily stimulated in adulthood (reviewed in  [  3  ] ). As a 
result, later-life immune challenge may unveil the neuroimmune system de fi cits, 
which were engrained in the system during early development. This “two-hit” 
hypothesis is particularly relevant in the context of PAE, where exposure to alcohol 
and maternally derived proin fl ammatory cytokines may have sensitized the fetal 
system, making it easier for it to be pushed out of the optimal range when further 
challenged.    

    10.15   PAE Alters the Development and Course 
of Adjuvant-Induced Arthritis 

 Recent studies in our laboratory have utilized an adjuvant-induced arthritis (AA) 
model to extend our understanding of the adverse effects of PAE on the functional 
status of the immune system  [  222  ] . AA is widely used as a model of human rheuma-
toid arthritis. Like rheumatoid arthritis, AA in the rodent is an in fl ammatory disease 
of the joints, especially the hind paws, shown to be mediated by    CD4+ T cells. AA 
has been used to study disease pathogenesis, chronic pain, and stress and in the 
context of the involvement of the HPA axis in arthritis, neuroendocrine imbalance, 
and altered interactions between the neuroendocrine and neuro immune systems 
 [  223–  226  ] . 
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 In view of the known effects of PAE on HPA and immune function and the inter-
action between the HPA axis and the immune system, we undertook a study to test 
the hypothesis that the autoimmune response and the severity of arthritis would be 
increased in PAE females compared to their control counterparts  [  222  ] . At approxi-
mately 55 days of age, females from prenatal alcohol, pair-fed, and ad libitum-fed 
control conditions were    injected at the base of the tail with complete Freund’s adju-
vant. The incidence and clinical signs of arthritis, as well as immune markers and 
HPA hormone levels, were assessed over the course of in fl ammation. Our data dem-
onstrate, for the  fi rst time, an adverse effect of PAE on the course and severity of 
adjuvant-induced arthritis in adulthood, indicating an important and clinically rele-
vant long-term alteration in functional immune status. PAE females showed a delay 
in arthritis onset during the induction phase. However, during the resolution phase, 
PAE females showed a more prolonged course of disease and greater severity of 
in fl ammation compared to controls. In addition, PAE females showed a greater 
increase in basal ACTH levels than controls during the induction phase of arthritis. 
This increased HPA activation during induction could have played a role in the 
delayed onset of disease, either directly, by suppressing the in fl ammatory response, 
or indirectly, by suppressing the lymphocyte proliferative response to adjuvant. 
Consistent with this latter possibility and with previous work from our laboratory 
 [  49  ]  and others  [  35,   48  ] , we found an overall reduction in lymph node lymphocyte 
proliferative responses to Con A in PAE females. Interestingly, the differential ele-
vation in basal HPA activity observed during the induction phase was not sustained 
over the course of testing. We saw graded corticosterone and ACTH responses at the 
peak of in fl ammation, with the greatest activation in adjuvant-injected animals that 
developed arthritis, lesser activation in adjuvant-injected animals that did not 
develop arthritis, and low levels of activity in saline-injected controls. During the 
resolution phase of disease, hormone levels did not differ among the three prenatal 
groups, and if anything, corticosterone and ACTH levels were somewhat lower in 
PAE compared to control animals with clinical signs of arthritis. It has been sug-
gested  [  227  ]  that low levels of glucocorticoid hormones in the context of high levels 
of in fl ammation may re fl ect a disconnect between the immune and endocrine sys-
tems. As noted above, we have evidence for such a disconnect in our previous work. 
That is, following exposure to repeated restraint stress, PAE animals had signi fi cantly 
increased and sustained elevations in plasma levels of IL-1 b  and TNF- a  to LPS 
injection compared to controls but showed similar corticosterone responses to LPS 
 [  31  ] . These data suggest a possible disruption of the cytokine–HPA axis feedback 
circuit. It is possible that reduced HPA activity in PAE animals during the resolution 
phase, in the face of persisting in fl ammation, may be related to the prolonged course 
and severity of disease seen in PAE compared to control animals. 

 As noted above, later-life immune challenges may unveil neuroimmune system 
de fi cits, which were engrained in the system during early development. Our PAE 
model is a prime example of the “two-hit” hypothesis, where prenatal exposure to 
alcohol sensitizes the offspring neuroendocrine and neuroimmune systems, possibly 
through increased exposure to maternally derived proin fl ammatory cytokines, result-
ing in increased responsiveness to the later-life challenge of adjuvant injection.  
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    10.16   PAE Reprograms Fetal HPA and Immune Function 

 One conceptual framework for understanding the long-term adverse effects of alco-
hol on neuroendocrine and neuroimmune function is that of fetal programming. 
Programming refers to the concept that environmental factors acting during sensi-
tive periods of development can exert organizational effects on physiological/neu-
robiological systems, resulting in changes that can persist throughout life  [  228  ] . 
Data suggest that the HPA axis is particularly vulnerable to programming by prena-
tal and early-life events  [  228,   229  ] . The overall effect of early HPA programming is 
altered exposure to endogenous glucocorticoids throughout life  [  230,   231  ]  which, in 
turn, can modify behavior, cognition, learning, memory, and emotion and predis-
pose the individual to cardiovascular-, metabolic-, mental health-, and stress-related 
disorders and disorders of immune function, including the risk for rheumatoid 
arthritis  [  227,   232  ] . Although environmental factors play an important role in fetal 
programming, it is likely that perinatal environmental and genetic factors mutually 
in fl uence each other in determining HPA activity and behavior later in life. Moreover, 
though the effects of programming are often long lasting, postnatal and later envi-
ronmental events can modulate the effects of prenatal programming. 

 Fetal programming is generally thought to facilitate the organism’s adaptation to 
the postnatal environment. However, programming can be detrimental if stimuli 
program systems to function outside their normal physiological range, leading 
to high allostatic load  [  233  ] . In this regard, because HPA dysregulation has been 
implicated in the pathogenesis of rheumatoid arthritis in humans and adjuvant-
induced arthritis in animal models  [  226,   227  ] , it has been suggested that HPA pro-
gramming may be one potential mechanism through which early-life factors can 
predispose the individual to autoimmune diseases  [  200–  203  ] . As noted, we and oth-
ers have shown that alcohol exposure in utero programs the fetal HPA axis such that 
HPA tone is increased throughout life, resulting in increased HPA activation, delayed 
or de fi cient recovery  [  157,   160  ] , and altered central HPA regulation  [  124,   161  ] . We 
postulate that imposition of the chronic in fl ammatory stress of adjuvant-induced 
arthritis on a system already sensitized by prenatal exposure to alcohol could under-
lie the increased autoimmune responses and the altered course and severity of dis-
ease that we observed in our model. Alcohol-induced disruptions of normal 
   neuroendocrine–neuro immune interactions may provide an indirect route through 
which early-life experiences can have long-term effects on the immune system. 

    10.16.1   Possible Role of Epigenetic Mechanisms 
in Fetal Programming by Alcohol 

 Over the past decade, it has become apparent that epigenetic processes provide one 
mechanism for fetal programming of neurobiological systems  [  234  ] . Indeed, data 
suggest that investigation of possible epigenetic mechanisms as mediators of alcohol’s 
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adverse effects on the fetus provides a promising approach for understanding the 
complex phenotypes associated with FASD and the persistence of these character-
istics into adulthood  [  235,   236  ] . 

 Epigenetics refers to stable, but potentially reversible, alterations in a cell’s 
genetic information that result from environmental in fl uences. Epigenetic processes 
cause changes in gene expression without mutations or changes in the underlying 
DNA structure. Such changes persist through cell divisions for the remainder of the 
cell’s life and are potentially heritable. Epigenetic mechanisms appear to function 
as mediators connecting the genome to environmental stimuli and exposures, such 
as in utero alcohol exposure  [  236  ] . 

 In the cell nucleus, DNA is found spooled around histone proteins. Local changes 
in this packaging system can in fl uence gene expression. Two major types of epigenetic 
modi fi cations are methylation—addition of methyl groups to DNA building blocks 
(cytosine nucleotides) in a regulatory region of the gene called the promoter 
region—and the addition of various molecules or chemical groups to the histone 
proteins. Both DNA methylation and histone modi fi cations are dynamic processes. 
Numerous enzymes can remove and/or replace these chemical modi fi cations, which, 
in turn, results in increased or decreased expression of the gene. Activity and avail-
ability of these enzymes and chemical groups are in fl uenced by environmental 
 factors. Recent data support the possibility that adverse effects of alcohol exposure 
 in utero  may be mediated, at least partly, by epigenetic mechanisms  [  204,   205  ] . 

    10.16.1.1   Alcohol Exposure During Preconception, Preimplantation, 
and Gastrulation Periods of Development 

 Some of the strongest evidence for epigenetic programming comes from data sug-
gesting that both  preconception  and  preimplantation  alcohol exposure, when the 
embryo is not yet implanted in the uterus and thus not yet connected to the maternal 
system, can cause adverse effects. 

  Paternal alcohol consumption  may be one route through which preconception 
effects of alcohol can occur. As noted (Sect.  10.8 ), paternal alcohol exposure has 
numerous adverse effects of offspring developmental outcome, including immune 
function. Of relevance to the present discussion, alterations in the expression of 
DNA methyltransferase 1 (DNMT1), a key enzyme catalyzing DNA methylation, in 
the sperm of alcohol-consuming paternal rats suggest a potential mechanism medi-
ating paternal alcohol effects  [  207  ] . Interestingly, a correlation between chronic 
alcohol use and altered DNA methylation in sperm DNA from human volunteers 
has been reported  [  208  ] . 

  Preconception effects of maternal alcohol consumption  on birth weight and growth 
have been observed  [  237  ] . Moreover,    Kaminen-Ahola and colleagues  [  210  ]  found 
effects of preconception maternal alcohol consumption (peak BALs ~120 mg/dl) on 
DNA methylation of a promoter element for a gene called  Agouti viable yellow  ( A   vy  ). 
DNA hypomethylation of a promoter element for  A   vy   is associated with constitutive 
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expression of the  Agouti  gene, which is re fl ected phenotypically in a yellow coat 
color. Conversely, hypermethylation correlates with silencing of the  Agouti  gene 
and a brownish pseudo-agouti coat color, and intermediate methylation results in 
mottled coat color. Maternal alcohol consumption increased the probability of tran-
scriptional silencing of  A   vy  , and the percentage of pseudo-agouti offspring more than 
doubled compared with that in the control group, consistent with a higher probabil-
ity of hypermethylation and decreased expression of    A  vy  . 

 Several studies have examined the teratogenic effects of alcohol exposure during 
the preimplantation period (after the egg cell has been fertilized and before it 
implants in the uterus), which encompasses the  fi rst 4–6 days of mouse and rat 
development, corresponding roughly to the  fi rst 2 weeks of human pregnancy. 
Interestingly, a recent study by Haycock and Ramsay  [  238  ]  found that the alleles 
inherited from the fathers were signi fi cantly less methylated in the placentas of 
alcohol-exposed animals compared with the placentas of control animals, suggesting 
effects on imprinting (expression of speci fi c genes primarily from the alleles inher-
ited from one rather than from both parents). Similarly, a recent study  [  212  ]  reported 
strain-speci fi c vulnerability to PAE via hippocampal parent-of-origin expression of 
deiodinase-III ( Dio3 ), an imprinted thyroid hormone-inactivating gene. Moreover, 
alcohol effects on paternal and total expression of  Dio3  in the fetus and the adult 
male were paralleled by hippocampal-dependent behavioral alterations in male but 
not female offspring. Imprinting may be a novel mechanism underlying certain 
adverse effects of alcohol. 

 Global hypomethylation of fetal DNA, likely resulting from a direct inhibitory 
effect of alcohol on DNMT activity, was reported by Garro and colleagues  [  239  ]  
following alcohol exposure during  gastrulation  (onset of organ development, days 
7–14 of gestation in the mouse and gestation weeks 3–8 in humans). Consistent 
with these  fi ndings, Liu and colleagues  [  214  ] , utilizing whole mouse embryos in 
culture, observed not only delayed and reduced growth but also a more than tenfold 
increase in the number of genes with increased promoter DNA methylation on chro-
mosomes 10 and X in alcohol-exposed (dose of ~400 mg/dl for 44 h beginning on 
gestation day 8.5) embryos with a neural tube defect compared with embryos with-
out a neural tube defect. Importantly, alterations in DNA methylation were associ-
ated with signi fi cant changes in the expression of 84 genes. Consistent with these 
data, Zhou and colleagues  [  215  ]  examined cultured neural stem cells (NSCs) 
exposed to alcohol in a “binge-like pattern” (6 h, 88 mM alcohol) and found retarded 
migration, neuronal formation, and growth processes, as well as altered methylation 
patterns of these cells. Alcohol exposure appeared to prevent the normal DNA 
methylation programming of key NSC genes, including genes related to neural 
development, neuronal receptors, and olfaction. 

 Consistent with the studies above, Guo and colleagues  [  240  ] , using a rat model 
of FASD, demonstrated that moderate alcohol exposure (serum ethanol approxi-
mately 40–60 mM) during  early neonatal life  ( third trimester equivalent ) leads to an 
almost 50% reduction of CREB-binding protein expression in developing cerebel-
lar neurons, as well as a reduction in histone acetylation. These  fi ndings suggest one 
possible mechanism underlying de fi cits in motor coordination found in children 
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exposed to alcohol  in utero  and in animal models of FASD. Together, the studies 
discussed above suggest that the effects of alcohol exposure during critical develop-
mental periods may be mediated by epigenetic mechanisms.  

    10.16.1.2   A Possible Role for Epigenetic Mechanisms in Intervention 
for FASD 

 Important research led by Dr. Jennifer Thomas and colleagues  [  217–  219  ]  has 
focused on the effects of in utero alcohol exposure on choline, a nutrient important 
in the methionine–homocysteine cycle. This cycle involves conversion of methion-
ine to SAM with the subsequent generation of homocysteine and the regeneration 
of methionine through folate-dependent or folate-independent methylation of 
homocysteine. Of note, the folate-independent pathway involves the contribution of 
methyl groups from choline. Using well-established animal models involving either 
PAE or early postnatal exposure, these investigators demonstrated that choline sup-
plementation during the period of alcohol exposure may reduce the severity of a 
number of fetal alcohol effects, including reductions in birth and brain weights, 
delays in eye opening and incisor eruption, and impairments in performance on 
learning and memory tasks. Given the importance of choline in the methionine–
homocysteine cycle and the role of this cycle in generating methyl groups for reac-
tions central to the creation of epigenetic marks, it is tempting to speculate that 
the protective effects of choline are at least in part mediated by epigenetic 
mechanisms.   

    10.16.2   Possible Role of Epigenetic Mechanisms 
in Immune Function and In fl ammation 

 Accumulating evidence suggests that epigenetic mechanisms are likely involved in 
immune development and some immune system disorders  [  241  ] . T cell differentia-
tion, activation, and memory have been shown to be under epigenetic control  [  242  ] , 
and epigenetic mechanisms appear to play a role in both Th1 and Th2 differentiation 
and the development of regulatory T cells (Treg) and proin fl ammatory Th17 cells 
 [  243  ] . Recent data suggest, for example, that differences in immune responses of 
allergic and nonallergic children are evident at birth, suggesting that in utero envi-
ronmental exposures can in fl uence epigenetic programming of immune function. It 
has been suggested that a failure of epigenetic control may underlie an increased 
risk for allergic disease in infants, with greater immaturity of both Th1 and Treg 
function, and persistence of Th2 immune responses beyond gestation  [  243,   244  ] . 
Interestingly, dietary folate intake in pregnancy has been implicated in increased 
allergic risk of offspring through epigenetic mechanisms  [  245  ] . 
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 Epigenetic processes may play an important role in rheumatoid arthritis (RA). It 
has become clear that while genetic factors may predispose an individual to RA, the 
overall contribution of genetic factors is 50% or less, and thus, nongenetic factors, 
particularly epigenetic mechanisms, are likely important. The presence of hypom-
ethylated cells in the synovial tissue of RA patients suggests that genomic hypom-
ethylation has a role in the pathogenesis of RA. Support for this comes from the 
 fi nding that mimicking hypomethylation by treating synovial  fi broblasts with a 
DNMT1 inhibitor led to irreversible phenotypic changes such that normal synovial 
 fi broblasts resembled activated rheumatoid arthritis synovial  fi broblasts (RASFs) 
 [  225,   226  ] . Hyperacetylation may also be an underlying mechanism in RA. Histone 
deacetylase activity was found to be about twofold lower in tissue extracts from 
patients with RA compared to those with osteoarthritis  [  246,   247  ] . In addition, stud-
ies have suggested that altered expression and function of microRNAs (miRNA), 
small noncoding RNAs that act as posttranslational regulators, might also be 
involved in the pathogenesis of RA. Speci fi cally, miR-155 and miR-146 were shown 
to be constitutively more highly expressed in RASFs than in synovial  fi broblasts 
from patients with osteoarthritis and were upregulated by treating RASFs with 
TNF- a   [  247  ] . These miRNAs might play a role in the modulation of the destructive 
behavior of RASFs. 

 In summary, epigenetic processes appear to play a major role in the development 
of in fl ammatory and allergic disorders or diseases by directly in fl uencing the expres-
sion of genes involved in immune function. Indirect effects on in fl ammatory dis-
eases may occur through early-life programming of glucocorticoid sensitivity, either 
through environmental exposure or through adverse early-life events  [  248  ] . These 
 fi ndings have important implications for the development of drugs to target histone 
modi fi cations as well as DNA methylating and demethylating enzymes  [  249  ] .  

    10.16.3   Epigenetic Mechanisms May In fl uence Function 
Throughout Life 

 It is important to note that epigenetic mechanisms can act to in fl uence the epige-
nome and gene expression not only during early developmental periods but through-
out life. Although the organism is particularly vulnerable to environmental in fl uences 
on the genome and on gene expression during periods of rapid growth and develop-
ment, environmental events may in fl uence the epigenome later in life as well. Thus, 
positive environmental factors, such as a healthy diet and lifestyle, can positively 
in fl uence physiological and behavioral function over the life course and may pos-
sibly even rescue adverse effects of PAE or other early-life insults. Conversely, diet 
and other lifestyle factors may adversely in fl uence the epigenome and possibly alter 
gene expression over time, as indicated by the discussion above on the effects of 
adult alcohol intake on the epigenome.   
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    10.17   Summary and Conclusions 

 This chapter discusses the adverse effects of prenatal exposure to alcohol on off-
spring neuroendocrine and neuro immune function, with particular emphasis on the 
HPA axis, fetal programming, and interacting neuroendocrine–neuroimmune net-
works. Data are presented from both clinical studies and animal models to demon-
strate the adverse effects of PAE on immune development of offspring. The adverse 
impact of alcohol at the fetal–placental interface and on lactational transfer of immu-
nity has important clinical implications for understanding alcohol’s adverse effects. 
The discussion of the effects of alcohol exposure in utero on the pulmonary immune 
system and on susceptibility to tumors provides unique examples that highlight 
speci fi c de fi cits in immune function in alcohol-exposed offspring. A review of pos-
sible mechanisms underlying alcohol’s effects on the developing immune system 
suggests that adverse effects of PAE on the interaction between neuroendocrine and 
neuroimmune systems play a major role. Maternal alcohol consumption alters HPA 
activity and regulation in the pregnant female and has long-term effects on her off-
spring. The fetal HPA axis is reprogrammed by alcohol exposure such that HPA tone 
is increased throughout life, with increased HPA activation and/or delayed or 
de fi cient recovery following stress, as well as altered HPA regulation under both 
basal and stress conditions, which may manifest in a sexually dimorphic manner. 
Altered neuroendocrine activity can impact immune regulation as well as the bidi-
rectional communication among the nervous, endocrine, and immune systems. PAE 
can alter the effects of stress on the immune response as well as neuroendocrine and 
behavioral responses to cytokines. In addition, maternal alcohol consumption alters 
the cytokine pro fi le during pregnancy. Increased levels of proin fl ammatory cytok-
ines in the mother cause physiological changes, including changes in neuroendo-
crine function. Moreover, exposure to maternally derived cytokines plays a role in 
programming the developing fetus. While it is not clear how maternal cytokines 
gain entry into fetal systems, evidence links early-life exposure to increased cytokine 
levels with increased vulnerability to later-life infections and cytokine overproduc-
tion. Thus, fetal programming of HPA function is paralleled by fetal programming 
of immune function. It is likely that the complex interactions between direct and 
indirect effects of alcohol on both the mother and the fetus underlie the program-
ming of neuroendocrine and neuroimmune systems and mediate the dysregulation 
of these systems in alcohol-exposed offspring. Epigenetic mechanisms may, at least 
in part, mediate the programming effects of alcohol on the fetus. Increasing evi-
dence implicates epigenetic processes in mediating the adverse effects of alcohol 
exposure on numerous aspects of offspring development, including immune func-
tion and in fl ammation, and promising approaches to intervention have come from 
consideration of epigenetic mechanisms. Importantly, environmental events 
in fl uence the epigenome not only during vulnerable periods of development but 
throughout the life course. This provides hope that the adverse effects of early-life 
insults such as PAE may be attenuated in the long term. An increased understanding 
of how PAE impacts the “common biochemical language” of the nervous, endocrine, 
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and immune systems will guide us in the development of appropriate and targeted 
interventions and bring us closer to this goal.      
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          11.1   Introduction 

 A plethora of studies demonstrate a link between alcohol consumption and altered 
immune activity in the central nervous system (CNS). Alcohol-induced immune 
activity has been observed in animal models of fetal alcohol syndrome, in binge 
models associated with adolescence and adulthood, and in chronic models of alco-
hol consumption in adults and aged animals. The purpose of this chapter is to pro-
vide an overview of studies analyzing alcohol effects on immune activity in the 
CNS throughout the lifespan. 

    11.1.1   Alcohol Effects on Immune Activity in the CNS: 
An Overview 

 Alcohol abuse at all life stages can result in signi fi cant disability with tremendous 
personal and societal consequences. For example, fetal alcohol spectrum disorders 
(FASD) result from fetal exposure to alcohol and occur in approximately 2–5% of 
births in the United States  [  1–  3  ] . Binge drinking at all ages, beginning in adolescence 
and continuing with chronic alcohol abuse in adults and the elderly, occurs at alarm-
ing rates. Alcohol abuse at each of these life stages is associated with immune 
responses in the CNS. This may contribute to neurodegeneration and impaired neuro-
logical function associated with excessive alcohol consumption. In addition, intrigu-
ing recent studies demonstrate that neuroimmune molecules including cytokines 
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and chemokines modulate addiction to alcohol. This has resulted in an important 
paradigm shift linking immune response to alcohol-related disorders  [  4,   5  ] . 

 Alcohol modulates the peripheral innate immune response in a very complex 
manner which depends on factors including the amount of alcohol consumed, the 
pattern of consumption (acute, binge, or chronic), and the tissue or organ under 
investigation  [  6  ] . One example of this complexity is that chronic alcoholics are 
commonly immunosuppressed and prone to infections and, yet, often exhibit 
in fl ammation in the liver. Although a variety of studies have addressed the effect of 
alcohol in peripheral immune cells, the effects of alcohol on CNS immune responses 
by glial cells have been less extensively investigated  [  7–  9  ] . Initial studies indicated 
that alcohol altered microglial phagocytosis as well as glial production of 
proin fl ammatory molecules including nitric oxide (NO), COX-2, and cytokines. 
The transcription factors NF- k B and CREB were demonstrated to mediate the 
effects of alcohol on CNS in fl ammation and oxidative stress, and associated neuron 
cell death  [  10–  16  ] . In addition to direct effects of alcohol on CNS glia, alcohol 
effects on peripheral immune cells can also alter CNS function. Peripheral immune 
cells are capable of entering the CNS, where they interact with CNS glia and col-
lectively regulate both innate and adaptive immunity in the CNS. Little is known 
concerning the interactions of peripheral and CNS cells in response to alcohol, and 
future studies will undoubtedly address this important area of research.  

    11.1.2   Microglia 

    11.1.2.1   Overview 

 Microglia, together with astrocytes and oligodendrocytes, comprise the glial cell 
populations of the CNS. In the healthy CNS, microglia perform a variety of func-
tions which contribute to CNS homeostasis including protection of neurons. 
However, in response to CNS infection, trauma, or disease, microglia are stimulated 
to undergo morphological and functional changes. The stimulated microglia pro-
duce in fl ammatory molecules important in the clearance of pathogens and debris. 
However, chronic production of these in fl ammatory molecules by microglia can 
also damage the CNS and contribute to the pathology associated with various 
neuroin fl ammatory and neurodegenerative disorders.  

    11.1.2.2   Ontogeny of Microglia 

 The origin of microglia has been empirically evaluated and debated for many years. 
Today, it is generally believed that, distinct from other glia and neurons, microglia 
are of hematopoietic origin  [  17  ] . Speci fi cally, microglia are myeloid lineage cells. 
In the mouse, microglia are generated from primitive hematopoiesis in the fetal 
yolk sac and migrate to the CNS during early stages of fetal development. Among 
myeloid lineage cells, microglia are most closely related to macrophages and are 
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commonly classi fi ed as specialized resident macrophages of the CNS  [  17  ] . Microglia 
and macrophages express many common markers including CD11b, CD14, and 
EGF-like module containing mucin-like hormone receptor-like 1 (EMR1)  [  18  ] . 
Microglial differentiation is similar to that of macrophages and requires colony 
stimulating factor 1 (CSF1), CSF1 receptor, and the transcription factor PU.1. The 
observation that PU.1-de fi cient mice, which lack development of myeloid cells 
 [  19  ] , also lack microglia further supports the myeloid origin of microglia. 

 Controversy has also existed regarding whether there is turnover of microglia in 
the parenchyma and whether microglia can be replaced following microglial cell 
loss. It is unknown if monocytic cells from the periphery are capable of replenishing 
the microglial population. Bone marrow transfer studies in irradiated animals sug-
gest that bone marrow-derived monocytes can migrate into the CNS and form 
microglia  [  20–  24  ] . However, more recent parabiosis studies in which the circula-
tory systems of donor and recipient animals are connected indicated that few donor 
cells enter the CNS of the recipient in the absence of CNS irradiation  [  25,   26  ] . 
Circulating monocytes are known to in fi ltrate the CNS in animal models of disease 
associated with disruption of the blood–brain barrier including experimental auto-
immune encephalomyelitis (EAE), a model of the human disease multiple sclerosis. 
However, although these in fi ltrating monocytes contribute to the development of 
disease, they do not appear to differentiate into microglia  [  27  ] . Collectively, these 
studies indicate peripheral monocytes do not signi fi cantly replenish microglia in the 
adult CNS. Furthermore, microglia are believed to be long-lived cells which are 
capable of proliferation in response to changes in the CNS. Under pathological 
conditions, for example, microglia undergo proliferation or microgliosis  [  28–  31  ] . It 
is possible that microglia could be replenished from microglial cell progenitors 
present in the CNS parenchyma. However, little is known concerning this potential 
mechanism of generating microglia.  

    11.1.2.3   Function of Microglia in the Healthy CNS 

 Microglia constitute approximately 5–20% of all cells in the CNS. They are present 
throughout the CNS, but the relative density of these cells, as well as their morphol-
ogy, varies signi fi cantly in different regions  [  32  ] . In addition, white matter contains 
fewer microglia than gray matter  [  33  ] . It is interesting to speculate that variations in 
microglial cell density and morphology may re fl ect functional differences which 
could be associated with regional differences in CNS function. In the adult CNS, 
microglia generally exhibit a rami fi ed appearance characterized by a small soma 
with limited perinuclear cytoplasm and a number of  fi nely branched processes  [  34  ] . 
Microglia appear to occupy de fi ned territories that do not overlap with adjacent 
microglia. Although microglia in the healthy CNS have typically been referred to as 
quiescent, these cells in fact perform a variety of functions central to the mainte-
nance and homeostasis of the CNS. Microglia perform a critical surveillance func-
tion in the healthy CNS. There, they also exhibit phagocytic behavior. Microglial 
phagocytosis in the healthy CNS includes phagocytosis of apoptotic cells which 
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can occur at all life stages from early development through senescence  [  35  ] . In this 
manner, microglial surveillance removes cells and debris without activation of 
microglia and without associated in fl ammation. Phagocytic activity is further 
enhanced following microglial activation in response to neuroin fl ammatory or neu-
rodegenerative conditions. Multiphoton and high-resolution electron microscopy 
studies indicate that microglia are highly dynamic in vivo in the healthy CNS, extend-
ing and retracting processes and sampling the local environment especially at the 
synapse  [  36,   37  ] . In this manner, microglia are responsive to changes in the mac-
roenvironment and microenvironment of the CNS. Further, microglia respond to a 
variety of neurotransmitters, neurohormones, and neuromodulators with changes in 
metabolism and gene expression  [  18  ] . Microglia secrete a variety of growth factors 
critical to survival of CNS cells, including neurons, and thus maintain the health of 
these cells. 

 Microglia play important roles in synaptic establishment, structure, function, 
connectivity, and activity throughout life, from earliest CNS development through 
adolescence, adulthood, and aging. CNS development is associated with extensive 
plasticity involving formation and remodeling of synapses during activity-depen-
dent synaptic pruning  [  38,   39  ] . Support for a role of microglia in these processes 
includes the physical association of microglia with developing as well as mature 
synapses  [  40–  42  ] . Association of microglial processes with dendritic spines further 
supports a role of microglia in synaptic structure and function  [  38,   43  ] . Furthermore, 
microglia play a role in complement-mediated elimination of CNS synapses in the 
developing visual system  [  44,   45  ] . Microglial engulfment of dendritic spines and 
phagocytosis of synaptic structures occurs in other regions too, suggesting that syn-
aptic pruning by microglia may be a common mechanism resulting in synapse elim-
ination in the developing CNS  [  38,   46  ] . Neuroimmune molecules expressed by 
microglia, and in some cases astrocytes, are fundamental to synaptic development, 
structure, and function  [  47  ] . These include tumor necrosis factor (TNF)- a , interleu-
kin (IL)-6, complement proteins, pentraxins, Dscam, major histocompatibility com-
plex (MHC)-I proteins, and MHC-I binding receptors. In addition, the chemokine 
receptor CX3CR1 which is speci fi c to microglia binds to the chemokine CX3CL1 
present on neurons. CX3CR1 knockout mice exhibit fewer microglia and have 
de fi cient synapse formation and plasticity in the developing hippocampus  [  46  ] . 
Collectively, these studies indicate that microglia interact with neurons to modulate 
synapse development and plasticity. In summary, microglia are believed to be criti-
cal to neuronal integrity and to be capable of altering neuronal circuitry throughout 
the lifetime of an organism.  

    11.1.2.4   Response of Microglia to CNS Insult 

 Traditionally, the CNS was thought to be an immunoprivileged site where little or 
no immune activity occurs. This was based on observations that tissue grafted into 
the CNS demonstrated prolonged survival, that the blood–brain barrier limits 
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movement of peripheral immune cells into the CNS, and that the CNS lacks 
lymphatic drainage. However, it is clear that peripheral immune cells are capable of 
entering the CNS and, in addition, that resident CNS cells including neurons and 
glia are capable of modulating immune responses of in fi ltrating macrophages and 
lymphocytes  [  48  ] . As described above, in the healthy CNS, microglia perform a 
variety of homeostatic functions. However, following CNS infection, injury, or 
in fl ammation, microglia become activated and these cells exhibit increased prolif-
eration, motility, and phagocytosis, which collectively facilitates removal of patho-
gens and debris. 

 Activated microglia also undergo morphological changes converting from a 
rami fi ed to an ameboid appearance. Activated microglia also can serve as antigen-
presenting cells and produce a variety of cytokines, including TNF- a , IL-1 b , and 
IL-6, and chemokines including MCP-1, MIP-1 a , and MIP-1 b , as well as NO and 
reactive oxygen species. In this manner, microglia play a role in innate immunity 
within the CNS parenchyma. In addition, microglial products alter T cell function 
and modulate adaptive immunity in the CNS. Although molecules including NO, 
TNF- a , and IL-1 b  may be toxic to pathogens, these agents can also be toxic to resi-
dent CNS cells including neurons. Thus, although microglia are normally protective 
in the CNS, microglia can contribute to CNS pathology under conditions of CNS 
in fl ammation  [  17,   34  ] .  

    11.1.2.5   Microglia Morphology and Activation 

 Microglia that migrate into the parenchyma during CNS development initially exhibit 
an ameboid morphology  [  49,   50  ]  (Fig.  11.1 ). After moving into the parenchyma, they 
differentiate and develop a rami fi ed appearance common to microglia in the mature, 
healthy CNS. Relatively little is known regarding the factors that convert microglia 
from an ameboid to a rami fi ed morphology in the developing CNS. However, astro-
cytic products found in astrocyte-conditioned medium as well as ATP and adenosine 
appear to contribute to the conversion of microglia to a rami fi ed phenotype  [  52,   53  ] . 
Antibody neutralization studies suggest that TGF- b , M-CSF, and GM-CSF are 
astrocyte products involved in this morphological conversion of microglia  [  54  ] .  

 Cells of the innate immune system including microglia respond to pathogens 
principally through Toll-like receptors (TLRs) which recognize conserved motifs 
expressed by pathogens. TLRs are capable of responding to endogenous molecules 
termed danger signals such as high-mobility group box 1 protein and heat-shock 
protein 70, which are normally sequestered from the immune response but are 
released under conditions including trauma or in fl ammation. Following activation 
of TLR signaling pathways, microglia exhibit an ameboid morphology (Fig.  11.1 ) 
and exhibit characteristics of activated microglia as described above including 
increased production of proin fl ammatory molecules, antigen presentation, and 
phagocytosis. However, it is clear that microglia, activation is not an all-or-none 
phenomenon and microglia can exhibit distinct levels of activation which are asso-
ciated with distinct functional states  [  55–  60  ] . In addition, microglia may respond to 
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distinct stimuli to undergo classic or alternative activation in a manner similar to 
M1 or M2 activation originally described in macrophages  [  34  ] . 

 Following removal of in fl ammatory stimuli, microglia revert back toward a 
rami fi ed phenotype. However, there are suggestions that microglia may not com-
pletely revert to an inactive state and may be more prone to subsequent activation 
 [  57  ] . The mechanisms which regulate the phenotype and response of post-activated 
microglia are unknown. Interestingly, microglia from aged animals exhibit 
signi fi cant regional morphological heterogeneity  [  61–  63  ]  (Fig.  11.1 ), as well as 
morphological markers characteristic of deterioration and senescence  [  51,   64–  66  ] . 
Although there is a wealth of information concerning the mechanisms that regulate 
microglial cell activation, little is known concerning deactivation and suppression 
of microglial activation. In this regard, molecules such as TREM2 are believed to 
suppress microglial activation. Cytokines such as TGF- b  and IL-10 suppress activa-
tion of these cells as do steroid hormones and other ligands that interact with nuclear 
receptors  [  17  ] .   

    11.1.3   Astrocytes 

 Astrocytes comprise a highly heterogeneous cell population  [  67  ] . Distinct sub-
classes of astrocytes with distinct morphologies exist including  fi brous and proto-
plasmic forms. The astrocyte composition varies regionally with distinctions 
between gray and white matter astrocytes. Astrocytes play an important role in CNS 
functions including energy metabolism, regulation of blood  fl ow, ion metabolism, 
sequestration of neurotoxicants, neurotransmission, neurogenesis, and synapse for-
mation, modulation, and plasticity  [  68–  71  ] . Like microglia, astrocytes are capable 
of responding to infectious and traumatic stimuli, during which they undergo reac-
tive astrogliosis. Reactive astrocytes are capable of producing many of the same 
proin fl ammatory molecules as microglia including cytokines and chemokines and 
reactive oxygen and nitrogen species. However, astrocytes are not phagocytic and 
exhibit limited or no antigen presentation function in vivo.   

    11.2   Effects of Alcohol on the Neuroimmune Response 

 The following sections will provide an overview of alcohol effects on immune 
response in the human CNS as well as fetal/neonatal, adolescent, adult, and aged 
rodents. The role of glia in mediating alcohol-induced toxicity to neurons as well as 
drinking behavior and addiction will be discussed. Molecular and cellular mecha-
nisms mediating glial neuroimmune activity will be described. Finally, potential 
treatments for alcohol-induced neuropathologies will be considered. 
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    11.2.1   Human Studies 

 Several studies have highlighted links between alcohol consumption, glial activity 
and phenotype, and immune molecules in the CNS. Circulating TNF- a , IL-1 b , 
IL-6, and IL-12 are often observed in chronic alcoholics  [  72  ] . Peripheral blood 
monocytes release higher levels of these cytokines in individuals who chronically 
consume alcohol  [  73  ] . Alcoholic liver disease associated with chronic alcohol con-
sumption is often characterized by high levels of circulating TNF- a  and other 
cytokines. In addition, alcohol craving has been linked to levels of proin fl ammatory 
cytokines  [  74  ] . Proin fl ammatory cytokine levels are also increased under the condi-
tions of hangover in humans  [  75  ] . 

 Gene expression has been analyzed in human postmortem brain tissue in order to 
identify changes associated with chronic alcohol consumption. Microarray analysis 
of the frontal cortex revealed that a major difference in gene expression in alcoholic 
and non-alcoholic brains was a change in neuroimmune genes  [  76  ] . Human studies 
indicate that NF-ĸB expression is altered in the brains of alcoholics  [  77,   78  ] . These 
studies suggest that alterations of NF-ĸB-mediated in fl ammation and plasticity may 
play a role in alcohol dependence and cognitive de fi cits in alcoholics. In another 
study, aged alcoholics demonstrated a twofold to threefold increase in MCP-1 pro-
tein in the ventral tegmental area, substantia nigra, hippocampus, and amygdala 
compared to non-alcoholic individuals  [  79  ] . MCP-1 is a chemokine that attracts 
monocytic cells including microglia. Previous studies indicated that MCP-1-de fi cient 
mice exhibited altered CNS in fl ammation and drinking behavior, suggesting that 
MCP-1 may play a similar role in humans  [  80  ] . Notably, in the above study, there 
was no difference in the morphology of microglia in alcoholic individuals  [  79  ] . 
However, quanti fi cation of the microglial-speci fi c markers Iba-1 or GluT5 in tissue 
sections revealed upregulation in alcoholic brains, suggesting that microglia reacted 
to alcohol exposure. A caveat raised by the investigators in this study  [  79  ]  was a dif-
ference in the history of smoking in the alcohol versus the control group, which could 
not be further analyzed with the limited sample size. Nonetheless, it is clear that there 
was a difference in MCP-1 protein and microglial phenotype in individuals who 
chronically consumed alcohol. This may be particularly important because increased 
MCP-1 expression in the CNS of rodents has been demonstrated to alter hippocampal 
synaptic transmission  [  81  ] . Collectively, these studies suggest that alcohol-induced 
MCP-1 may result in decreased synaptic plasticity in alcoholics. 

 Alcohol induction of cytokine expression during human pregnancy has also been 
investigated  [  82  ]  using fetal cord blood and maternal blood collected at parturition. 
Chronic drinking, compared to moderate or no drinking, led to high levels of the 
cytokines TNF- a , IL-1 b , and IL-6 in both the maternal and fetal blood. This obser-
vation revealed that chronic alcohol use during pregnancy leads to synthesis of 
proin fl ammatory cytokines that freely cross the placenta. The maternal versus fetal 
source of the cytokines was not investigated, and either or both sources may be 
stimulated by chronic alcohol exposure.  
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    11.2.2   Animal Studies 

    11.2.2.1   Fetal and Neonatal 

 FASD, the most common cause of mental retardation, is associated with persistent 
cognitive dysfunction as well as structural and behavioral anomalies  [  3,   83  ] . In 
addition, individuals exposed to alcohol in utero have an increased risk of alcohol 
abuse and addiction later in life. Alcohol-induced pathological damage to the imma-
ture neuroimmune system and alcohol effects on neuroimmune activity appear to 
contribute to this spectrum of alcohol teratology. 

 Fetal and neonatal rodent models have contributed the majority of our under-
standing of alcohol effects on the developing neuroimmune system. Neonatal stud-
ies in mice or rats mimic the third trimester of human brain development which is 
highly vulnerable to fetal alcohol damage  [  84–  89  ] . Recent studies from our labora-
tory demonstrated that alcohol exposure in the neonatal mouse causes loss of micro-
glial cells and impairs development of the normal microglial population in the 
immature cerebellum  [  90  ]  (Fig.  11.2 ). In addition, the change in microglia was 
coincident with loss of Purkinje neurons. In this study, male and female mice were 
treated by gavage with 3.5 g/kg/day of alcohol (15%, w/v) on PD 3–5 and BAC was 
measured to be 250–325 mg/dl. The microglia that survived alcohol cytotoxicity 
exhibited altered morphology, with shorter and broader processes, reduced branch-
ing, and enlarged cell bodies compared to control animals. The morphologic changes 
suggest partial activation of the cells implying alteration of their normal function in 
the developing CNS. Loss of microglia is likely to be signi fi cant given the reper-
toire of microglial activity in the healthy CNS. Further, loss of cells is even more 
meaningful under circumstances in which the CNS is challenged by an outside 
insult. We hypothesize that direct alcohol impact on immature microglia may alter 
their developmental pro fi le to cause persistent changes in microglial function that 
lasts into adolescence and adulthood.  

 Alcohol exposure in neonatal rat brain produces changes in cytokines for 
extended periods following treatment  [  91  ] . Neonatal rats treated with alcohol exhibit 
changes in the cytokines TNF- a , IL-1  b , and TGF- b 1 in the cerebral cortex and hip-
pocampus 19 days posttreatment. In this study, male rats were treated with 5.0 g/kg/
day alcohol (12%, v/v) on PD7-9 with a BAC of 325 mg/dl. All three cytokines 
were increased twofold to sevenfold in both regions in alcohol-treated animals com-
pared to control animals. Quanti fi cation of the expression of the transcription factor 
NF-ĸB p65 in the same tissues indicated a fourfold to sixfold elevation. Together, 
these  fi ndings strongly suggest that exposure to alcohol during a vulnerable period 
of brain development produces persistent changes in synthesis of neuroimmune 
molecules. Because alcohol treatment during this same window of development 
causes neuron and glial loss  [  85–  90  ]  and de fi cits in cognition and behavior  [  92  ] , it 
is hypothesized that changes in the neuroimmune system contribute to the persistent 
neuropathologic and functional damage. 
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  Fig. 11.2    Alcohol exposure in the neonatal mouse model of FASD causes morphological change 
in microglia ( a , isolectin B4 stain) and loss of Purkinje cells ( b , anti-calbindin D28k stain) in the 
cerebellum. Treatment with the anti-in fl ammatory PPAR- g  agonists pioglitazone (PIO) or 
15-deoxy- D 12,15 prostaglandin J2 (PGJ) protects both cell types against alcohol. Figure reprinted 
from Kane et al.  [  90  ]  with permission       
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 Oxidative stress is one facet of the innate immune response that often leads to 
neurodegeneration. It is well documented that alcohol treatment during gestation or 
in the neonatal rodent produces oxidative stress and neuronal loss. For example, in 
the study by Tiwari et al.  [  91  ] , increased cytokine expression co-occurred with 
expression of the apoptosis marker activated caspase-3 in the cerebral cortex and 
hippocampus of alcohol-treated animals. In addition, several markers of oxidative 
stress were elevated in these regions including acetylcholinesterase, catalase, and 
superoxide dismutase activity, levels of reduced glutathione, NO production, and 
lipid peroxidation. A separate study indicates that even a single exposure to alcohol 
leads to activation of caspase-3, DNA fragmentation, and lipid peroxidation in the 
cerebellum  [  93  ]  in PD7 rats given alcohol by inhalation at a BAC of 368 mg/dl. 
Thus, oxidative stress is an important component of the innate immune response to 
alcohol exposure in the developing CNS. 

 Intriguing studies have revealed that fetal exposure to alcohol compromises the 
ability of the neuroimmune system to respond to insult in adulthood  [  94  ] . Pregnant 
rats were fed alcohol (unspeci fi ed dose as 2.2–4.5%, v/v, in liquid diet with BAC 
reported as 37–96 mg/dl) from gestational day 7 to birth, and the male offspring 
were raised to adulthood. The innate immune response was then challenged with a 
stab wound into the brain parenchyma. Expression of TNF- a , glial  fi brillary acidic 
protein (GFAP), ICAM-1, VCAM-1, and the microglial activation marker ED-1 
were quanti fi ed 4 days post-injury. Animals that were exposed to alcohol during 
fetal life exhibited suppression of the normal neuroin fl ammatory increase in TNF- a , 
GFAP, and ICAM-1 in response to injury. Suppression of these molecules may 
re fl ect alcohol-induced long-term damage to astrocytes. In contrast, expression 
of VCAM-1 and ED1 following injury was potentiated by fetal alcohol exposure 
suggesting that alcohol-primed endothelial and microglial cell responses to a 
 subsequent activating insult. Clearly, fetal exposure to alcohol has long-lasting 
 consequences for the adult neuroimmune system. A series of interesting studies 
indicate that alcohol exposure during development results in reprogramming of 
the hypothalamic–pituitary–adrenal axis and associated alterations in immune func-
tion  [  95  ] . This may represent an important general mechanism by which alcohol 
alters immune activity. Suppression of the neuroimmune response following fetal 
exposure to alcohol may be mediated by teratogenic damage to the immature glial 
populations in the developing brain. These results directly suggest that the lasting 
effects may increase the vulnerability of the adult brain to insult, injury, infection, 
neurodegeneration, or disease. However, given the recently discovered interplay 
between neuroimmune molecules and alcohol drinking behavior, it also raises the 
possibility that the adolescent or adult brain may be more vulnerable to alcohol 
abuse and addiction.  

    11.2.2.2   Adolescence 

 The adolescent brain is characterized by an extensive repertoire of developmental 
processes including synaptic remodeling. From a behavioral standpoint, adolescence 
is characterized by less developed control of inhibition and decision-making 
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pro fi ciency relative to adults. Alcohol is also less sedating in adolescents than adults 
 [  96  ] , and adolescents suffer less severe motor impairment than adults at equivalent 
blood alcohol concentrations  [  97  ] . These factors likely contribute to binge drinking 
behavior common to adolescents in which high levels of alcohol are consumed over 
short periods of time. The adolescent CNS is particularly vulnerable to the adverse 
effects of alcohol  [  98–  100  ] . As a result, alcohol consumption during adolescence has 
powerful long-term consequences for the brain and behavior  [  101–  103  ] . Given our 
growing understanding of the impact of alcohol in the adolescent brain, it is of high 
importance to fully understand the events, processes, and mechanisms involved. 

 Studies of adolescent rodents reinforce the importance of understanding the con-
sequences of alcohol exposure during this stage of life. Ongoing neurogenesis in the 
dentate gyrus of the hippocampus and the subventricular zone is important to nor-
mal function in the adolescent as well as the adult brain  [  104  ] . The adolescent stage 
of brain development is particularly characterized by elevated levels of neurogene-
sis in the hippocampus. Alcohol exposure during adolescence has signi fi cant impli-
cations for the integrity of the neurogenic process in this region  [  105  ] . 

 In a recent study  [  106  ] , alcohol was administered to adolescent male rats for 
4 days in a binge exposure model. The animals were PD35-39 when they were 
treated with 12.0 g/kg/day as a 25% (w/v) solution by gavage, achieving BAC of 
297 mg/dl. The number of proliferating neurons decreased 2 days posttreatment, 
and survival of newly generated neurons was reduced 28 days posttreatment. 
Treatment with alcohol did not change the size of the proliferating cell population 
and did not alter the fraction of the population in the G1 or G2/M phase. However, 
the S phase was highly vulnerable to alcohol with reductions in the fraction of the 
cell population in the S phase, the duration of the S phase, and the duration of the 
cell cycle. Shortening of the cell cycle was suggested to induce a compensatory 
acceleration in the rate and incidence of neural progenitor cell proliferation, and 
accordingly, there was a measurable increase in the number of progenitor cells in 
the hippocampus. The investigators suggest that accelerated cell cycle progression 
may be consistent with decreased neurogenesis because neurogenesis is a compos-
ite of several processes including cell proliferation, differentiation, migration, and 
survival  [  106  ] . Evidence of increased proliferation in the hippocampus of the ado-
lescent rat in this study is strikingly different than observations in the adult rat dis-
cussed below  [  13,   107  ] . 

 Glial activation promotes in fl ammatory processes through secretion of cytokines 
and chemokines and enhancement of oxidative stress. Recruitment of additional 
glia into the in fl ammatory cascade and recruitment of peripheral immune cells into 
the parenchyma propel an initial bene fi cial response of glia into an excessive, detri-
mental in fl ammatory milieu. Neurogenesis and proliferation of neural progenitor 
cells are particularly vulnerable to disruption by an ampli fi ed innate immune 
response or neuroin fl ammation  [  108  ] . Cytokines including TNF- a , IL-1 b , IL-6, and 
IFN- g , as well as reactive oxygen and nitrogen species, produced by both microglia 
and astrocytes, inhibit renewal of the stem cell population and inhibit proliferation 
of progenitors  [  109–  114  ] . TLR4 is expressed by neural progenitor cells and its acti-
vation with LPS inhibits proliferation through a NF-ĸB-dependent pathway  [  115  ] . 
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Activated microglia have been speci fi cally associated with suppression of neuro-
genesis  [  112,   116  ] . However, it is becoming increasingly clear that normal innate 
immune activity of glia can also be protective and enhance neurogenesis  [  57,   117, 
  118  ]  depending on the level and duration of glial activation. 

 It is meaningful, then, that studies in the adolescent also reveal that alcohol treat-
ment induces a partially activated microglial cell phenotype in the hippocampus 
 [  119  ]  as re fl ected by a signi fi cant change in the morphology of microglia in alcohol-
treated animals compared to controls. In this study, male mice PD35-39 were treated 
with 11–13 g/kg/day alcohol as a 25% (v/v) solution via gavage with a BAC range 
of 304–410 mg/dl. Activation was suggested to be less than maximum because there 
was not an increase in cells positive for MHC-II or the phagocytic marker ED-1. 
Additionally, there was no change in expression of TNF- a  protein in hippocampal 
tissue quanti fi ed 2 days posttreatment. However, alcohol treatment stimulated pro-
liferation of microglia, consistent with at least partial activation. The newly gener-
ated microglia survived at 30 days posttreatment. The consequences of an increase 
in the number of resident microglia are unknown, but particularly given their par-
tially activated morphology, it will be important to expand this knowledge to fully 
understand interactions between microglial-derived factors, alcohol-induced neuro-
pathology, and alcohol drinking behavior.  

    11.2.2.3   Adulthood 

 Chronic alcohol abuse can lead to neurodegeneration and associated cognitive 
impairment. Alcohol abuse and alcohol addiction can result in increased limbic neg-
ative emotion and depression, which can further exacerbate the addictive behavior. 
In addition, chronic alcohol abuse in adults can lead to impairment of other organ 
systems including damage to the gut and liver. Alcohol-induced damage to the gut 
can increase its permeability and allow the bacterial endotoxin LPS to enter the 
circulation  [  120  ] . Circulating LPS can stimulate the peripheral immune system, 
liver, and vasculature to release cytokines, chemokines, and other in fl ammatory 
molecules. Chronic exposure also leads to liver disease and elevation of circulating 
cytokines  [  72  ] . 

 Adult rodent models have been used to investigate the interaction between the 
gut, the liver, and the CNS in disease across the lifespan  [  121,   122  ] . Peripheral 
injection of LPS in 56-day old adult mice increased brain, serum, and liver levels of 
TNF- a  and levels of MCP-1 in the brain  [  123  ] . Peripheral injection of TNF- a  mim-
icked the effects of LPS. Within the brain, LPS-induced TNF- a  levels remained 
elevated as long as 10 months in contrast to peripheral serum and liver levels which 
rapidly returned to baseline. Mice with a null deletion mutation of the TNF receptor 
demonstrated that the effect of LPS or TNF- a  in the brain was mediated through 
TNF- a  and TNF receptors, respectively. Peripheral LPS injection also generated a 
signi fi cant change in microglial morphology in the substantia nigra, hippocampus, 
and cortex characteristic of the activated microglial phenotype. Evidence of con-
comitant LPS activation of microglia and production of parenchymal cytokines 
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opens the possibility that LPS induction of TNF- a  in the periphery may lead to 
activation of microglia and their long-term production of neuroimmune molecules. 

 In related experiments, alcohol treatment for 10 days increased TNF- a  levels 
threefold to fourfold and MCP-1 levels almost 1.5-fold in the brain when analyzed 
24 h posttreatment  [  124  ] . The study was performed in adult male mice given 5.0 g/
kg/day alcohol (25%, w/v) by gavage with BAC measured at 304–316 mg/dl. 
Alcohol treatment did not alter the levels of IL-1 b  in the brain. One week posttreat-
ment, the MCP-1 level remained elevated but the TNF- a  level returned to baseline. 
Because not all of these immune molecules were increased in the brain in associa-
tion with alcohol treatment, it is unlikely that their in fl ammatory activity is the only 
target of the selective alcohol-induced changes. The results support the emerging 
idea that these glial-derived molecules also have nonin fl ammatory roles in the brain 
and may be regulated independent of each other. It should be noted that some stud-
ies show no effect of alcohol on expression of cytokines and chemokines in the 
CNS  [  125  ] . This result was observed in adult male rats gavaged with 10.0 g/kg/day 
 alcohol (25%, w/v) with a BAC of 421 mg/dl. Thus, alcohol induction of 
neuroin fl ammation may depend on a variety of factors including the age and strain 
of animal and the experimental paradigm under which alcohol is administered. 

 Alcohol-induced neuropathology has recently been expanded to include changes 
in glia. In particular, evidence is accumulating for pathological changes in microglia 
and astrocytes. In early studies in adult rats exposed to alcohol, microglial changes 
were apparent. Exposure of adult male rats to chronic, intermittent alcohol from 
approximately 60 to 225 days of age increased the size of the microglial population 
in the molecular layer, but not the granular layer, of the cerebellar vermis  [  126  ] . 
Alcohol was administered in the drinking water as a 10% (v/v) solution (5.8 g/kg/
day). The investigators did not analyze the activation phenotype of the cells with 
respect to either morphology or antigen expression. Proliferation of microglial cells 
and astrocytes throughout the hippocampus and in the motor and somatosensory 
cortex has been observed in adult male rats treated with alcohol for 4 days  [  127  ] . 
The animals were treated with 8.0–10.4 g/kg/day (25%, w/v) by gavage with a BAC 
range of 230–372 mg/dl. The majority of proliferative cells differentiated into 
microglia. Expression of the phagocytic marker ED-1 and the morphology of the 
microglial cells were not different in alcohol-treated and control animals, indicating 
that full microglial activation was not produced in this alcohol exposure paradigm. 
In these two studies, however, an increase in the number of microglia and astrocytes 
is consistent with transition to at least a partially activated glial state in response to 
alcohol insult. 

 In the adult mouse, evidence is being uncovered that alcohol-induced neuroim-
mune activity is linked to the neurobiology of addiction. For example, neuroim-
mune gene expression data in alcohol-naïve adult mice can be correlated with an 
alcohol drinking behavioral phenotype  [  128  ] . Meta-analysis of microarray results 
from 13 strains of adult mice with well-characterized high or low preference for 
alcohol consumption revealed 3,800 unique genes that were signi fi cantly, reproduc-
ibly changed in the brain in correlation with preference for alcohol. Among the 
molecules overexpressed in alcohol-preferring lines, several genes encoding 
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 neuroimmune and neuroin fl ammatory proteins were found including IL-1, IL-6, 
and  b 2-microglobulin. Transcription factors that are central to in fl ammatory 
responses were also overexpressed including NF-ĸB, CREBBP, PKC- e , and MAP 
kinases. Thus, expression of cytokines and transcription factors that regulate neu-
roimmune function within the CNS is associated not only with classical neuroim-
mune and neuroin fl ammatory functions but also with the complex phenotype of 
preference for alcohol consumption. Furthermore, cytokines were demonstrated to 
contribute to alcohol withdrawal-induced anxiety behavior  [  129  ] . Thus, alcohol-
induced in fl ammation may contribute to alcohol addiction by increasing alcohol 
consumption and by increasing anxiety associated with alcohol withdrawal, result-
ing in relapse toward alcohol abuse behavior. 

 Focused investigation using transgenic null mutant mice has linked speci fi c neu-
roimmune molecules to drinking behavior  [  130  ] . The genetic targets for the study 
were identi fi ed by meta-analysis of existing microarray databases associated with 
predisposition to high alcohol consumption in mice  [  128  ]  and rats  [  131  ]  and com-
pared with gene expression changes identi fi ed in human alcoholics  [  76,   132  ] . Based 
on selection criteria and given that the mechanisms of interest were immune and 
in fl ammatory processes, molecules in the IL-1, IL-6, MHC-I and II, TLR2, and 
TLR4 signaling pathways were selected for investigation. Drinking was assessed in 
adult mice with a null deletion mutation of  b 2-microglobulin, cathepsin S, cathep-
sin F, IL-1 receptor antagonist, CD14, or IL-6. Both preference and voluntary con-
sumption were quanti fi ed using multiple drinking models. Deletion of any of the 
genes led to reduced preference and consumption in the 24-h two-bottle choice test, 
but only deletion of IL-1 receptor antagonist or cathepsin S led to reduced consump-
tion in the limited access one-bottle test. It is somewhat surprising that knockout 
of any of these six molecules, selected from the broad category of neuroimmune 
factors, produced a signi fi cant diminution of alcohol intake. This result appears to 
be speci fi c to these genes and does not suggest that null mutation of any neuroim-
mune gene will lead to reduced alcohol drinking. This is evidenced by other studies 
from the same investigators in which mice with a null mutation of MCP-1, CCR2, 
or CCL3/MIP-1 a , but not those with a null mutation of CCR5, exhibited reduced 
alcohol preference and consumption  [  80  ] . A functional link between the nine genes 
whose null mutation reduced alcohol consumption is that each is either expressed 
by microglia or acts on microglia. These results provide key evidence that several 
neuroimmune molecules and multiple neuroimmune pathways are instrumental in 
determining alcohol drinking behavior in adult animals. Additionally, perhaps 
microglia in their normal role in the naïve, healthy, and adult CNS shape the frame-
work of the neuroimmune system response to alcohol exposure.  

    11.2.2.4   Aging 

 Few studies have addressed the effects of alcohol in the aging brain. However, drink-
ing is a major health problem in the elderly population. This population is more 
vulnerable to the detrimental effects of alcohol including increased sensitivity to 
acute motor impairment and more severe withdrawal symptoms. Chronic activation 



374 P.D. Drew and C.J.M. Kane

of microglia and heightened astrocyte reactivity are believed to contribute to pathol-
ogies associated with aging and age-related neurodegenerative diseases  [  108,   133–
  135  ] . The morphology of microglia changes with aging, including an increase in the 
prevalence of dystrophic microglia. The dystrophic cells exhibit enlargement of the 
cell body, derami fi cation of branched processes, formation of spheroids, and frag-
mentation of the cell bodies. Additional changes to microglia with aging may include 
increased production of in fl ammatory molecules such as cytokines, chemokines, 
and reactive oxygen and nitrogen species, as well as altered mitochondrial function 
and increases in iron storage. Neurons in the aging CNS are provided with less 
trophic support in the form of reduced growth factor production and reduced synap-
tic function. Furthermore, neurogenesis dramatically declines with aging, thus 
restricting neuron regeneration. Alterations of microglial function may signi fi cantly 
contribute to these changes. Thus, it is intriguing to speculate that natural age-asso-
ciated changes in microglia and astrocytes may enhance alcohol neurotoxicity and 
the negative effects of alcohol on the neuroimmune system. Given this background 
and the knowledge that a high incidence of binge drinking occurs in the elderly 
population, it is plausible that age-associated changes in microglial activation and 
production of neuroimmune molecules contribute to this alcohol drinking behavior. 

 Studies of alcohol effects on glia in aged animals are limited  [  136,   137  ]  and 
employ different ages, strains, and alcohol exposure models. Two very long-term 
chronic treatment studies provide particular insights into alcohol impact on glia in the 
aging brain. In one study, male rats were given alcohol in liquid diet daily from 12 to 
22 months of age  [  136  ] . Analysis in the molecular layer of the cerebellum revealed 
that the numerical density of GFAP-positive Bergmann glial  fi bers and OX-42-
positive microglia was not different between alcohol exposed and control animals. 
There was no glial loss or activation observed. However, there are numerous reports 
in both humans and rodent models that astrocytes and microglia exhibit increased 
reactivity in the aged brain as described above. In this study, perhaps the glial activa-
tion response was already at a maximum in the control animals such that alcohol 
exposure could not elicit further activation. In another study, both sexes of alcohol-
preferring AA rats were given alcohol daily (3.2–6.6 g/kg/day as a 10–12%, v/v, 
solution in drinking water) from 3 to 24 months of age  [  137  ] . Similar to the above 
study, there were no morphological differences in GFAP-positive cells between alco-
hol consuming and control animals, but less GFAP immunoreactivity was present in 
the Bergmann glia in animals that received alcohol. Chronic alcohol consumption 
may have reduced the number of Bergmann glial cells, caused retraction of  fi bers, or 
suppressed expression of GFAP protein. Major differences in experimental design 
between these two studies could account for the distinct observations. 

 More recent studies indicate that alcohol induces molecular markers of 
neuroin fl ammation in the aged brain. In humans, the chemokine MCP-1 and the 
microglial glial markers Iba-1 and GluT5 were increased in postmortem brain from 
alcoholic individuals with a mean age of 61–64 years  [  79  ] . In addition, unpublished 
data from our laboratory demonstrates induction of in fl ammatory molecules in 
speci fi c brain regions in aged mice treated with alcohol compared to control ani-
mals. Further investigation is needed to understand the interaction of alcohol with 
the aging CNS and aging neuroimmune system.   
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    11.2.3   Role of TLR4 in Alcohol Induction of Immune 
Activity in the CNS 

 Microglia respond to pathogens and endogenous danger signals through activation 
of TLRs. Recent studies have begun to evaluate the role of speci fi c TLRs in modu-
lating alcohol effects on CNS in fl ammation. For example, alcohol was demonstrated 
to induce the expression of the in fl ammatory molecules iNOS and COX-2 in pri-
mary astrocyte cultures. In these studies, alcohol rapidly increased the phosphoryla-
tion of IL-1R-associated kinase (IRAK), ERK1/2, stress-associated protein kinase/
JNK, and p38 MAP kinase. Alcohol was further demonstrated to increase the acti-
vation of the transcription factors NF- k B and AP1. Activation of these signaling 
pathways and production of in fl ammatory molecules by alcohol were inhibited by 
antibodies speci fi c for TLR4 and IL-1R, supporting a role of the TLR-IL-1R path-
way in alcohol-induced production of in fl ammatory molecules by astrocytes  [  138  ] . 
Additional studies indicated that alcohol-induced phosphorylation of Src and TLR4 
played a signi fi cant role in the production of in fl ammatory molecules like COX-2 in 
astrocytes  [  139  ] . Alcohol was also demonstrated to induce the translocation of 
TLR4 and/or IL-1R into lipid rafts in astrocytes  [  140  ] . These studies suggest that 
alcohol triggers association of TLR and IL-1R with lipid rafts which are subse-
quently endocytosed and stimulate signaling pathways which result in production of 
in fl ammatory molecules. 

 Studies utilizing TLR4-de fi cient mice were particularly informative in evaluat-
ing the role of TLR4 in alcohol-induced modulation of in fl ammation in the CNS. 
Alcohol induced the activation of ERK, JNK, and p38 MAPK, as well as NF- k B, 
iNOS, COX-2, and cytokine expression by primary microglia derived from wild-
type mice, but not from TLR4-de fi cient animals. These studies further demonstrated 
that conditioned medium from alcohol-treated wild-type microglia increased the 
apoptosis of primary cortical neurons while conditioned medium from TLR4-
de fi cient microglia induced less apoptosis of these neurons  [  141  ] . Additional stud-
ies indicated that chronic administration of alcohol increased the expression of the 
astrocytic marker GFAP and the microglial marker CD11b in the medial frontal 
cortex of wild-type mice. Alcohol induction of CD11b was completely abrogated in 
TLR4-de fi cient mice, and alcohol induction of GFAP was partially suppressed in 
these animals. The study was performed in female mice of unspeci fi ed age exposed 
to 4.0 g/kg/day alcohol as a 25% (v/v) solution via intraperitoneal injection. 
Homogenates of brain cortex also exhibited alcohol-induced increases in TNF- a , 
IL-1 b , and IL-6 mRNA, as well as iNOS and COX-2 protein in wild type, but not 
TLR4 knockout mice. Altered NF- k B signaling in TLR4 knockout mice likely 
mediated the suppressed production of in fl ammatory molecules in these mice. This 
was demonstrated in studies indicating that I k B- a  expression was suppressed and 
NF- k B expression was increased in the cerebral cortex of alcohol-treated wild-type 
animals but not TLR4-de fi cient animals. In addition, alcohol induced the expression 
of caspase-3, which is associated with apoptosis, in the frontal cortex of wild type 
but not TLR4-de fi cient mice  [  142  ] . In this study, female mice 7 weeks of age were 
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treated with 12.8 g/kg/day alcohol (10%, v/v, in drinking water) for 5 months with 
a BAC range of 87–140 mg/dl. Collectively, these studies suggest that TLR4 plays 
a critical role in alcohol-induced glial activation in vitro and alcohol-induced 
neuroin fl ammation and neurotoxicity in vivo. Thus, alcohol-induced in fl ammation 
likely plays a signi fi cant role in alcohol-mediated neurotoxicity. 

 Recently, deletion of TLR4 was demonstrated to negate chronic alcohol con-
sumption-mediated cognitive and anxiety-associated behavioral impairment  [  143  ] . 
This study was performed in 6- to 7-week-old male mice treated with 10.3 g/kg/day 
(10%, v/v, in drinking water) for 5 months with a BAC of 110 mg/dl. Since TLR4-
de fi cient mice did not exhibit glial activation and cytokine production like wild-type 
mice, these studies further support a TLR4-mediated link between alcohol-induced 
neuroin fl ammation and behavioral and cognitive de fi cits. Interestingly, these studies 
also demonstrated that chronic alcohol administration decreased histone acetylation 
and histone acetyltransferase activity in the hippocampus, striatum, and cortex of 
wild-type but not TLR4 knockout mice. These studies suggest that TLR4-mediated 
alterations in chromatin con fi guration and epigenetic modi fi cations may play an 
important role in modulating alcohol effects in the brain including cognitive and 
behavioral dysfunction. In other studies, TLR4-de fi cient mice demonstrated a 
reduced period of sedation and impaired motor activity compared to wild-type ani-
mals. These altered behavioral responses in TLR4 knockout mice were suggested 
not to be due to altered alcohol pharmacokinetics  [  144  ]  based on a study in 10- to 
14-week-old male mice given 2.0–4.5 g/kg alcohol as a single intraperitoneal injec-
tion, achieving BAC of 368–574 mg/dl. Interestingly, infusion of TLR4 siRNA into 
the central nucleus of the amygdala inhibited binge drinking behavior in alcohol-
preferring rats. Other studies indicated that GABA 

A
   a 2 modulates TLR4-mediated 

alterations in drinking behavior in rats  [  145  ] . Collectively, the studies outlined sup-
port the hypothesis that alcohol-induced activation of the innate immune response 
in the CNS is mediated, at least in part, by TLR4. In addition, TLR4 plays a 
signi fi cant role in modulating the behavioral and cognitive effects of alcohol. 

 Ligand binding to the TLR4 receptor activates two distinct signaling pathways, 
the MyD88-dependent and the MyD88-independent pathways. In the MyD88-
dependent pathway, TLR4 interacts with the adaptor protein MyD88 which results in 
the activation of IRAK1/4 and TRAF6. Subsequently, the transcription factor NF- k B 
is activated followed by the induction of a variety of proin fl ammatory molecules 
such as cytokines and chemokines. In the MyD88-independent, or TRIF, pathway, 
the TLR4 complex interacts with the adaptor TRIF leading to activation of IKKTAK1 
kinase and phosphorylation of the transcription factor IRF-3 as well as late activation 
of NF- k B. Activated IRF-3 induces the expression of type I interferons and inter-
feron-responsive genes. Although it is clear that many of the effects of alcohol on the 
CNS are mediated by TLR4, little is known concerning whether these effects occur 
through MyD88-dependent or MyD88-independent pathways. Recent studies dem-
onstrated that the sedative and motor impairment effects of alcohol were muted in 
both TLR4 and MyD88 knockout mice suggesting that the MyD88-dependent path-
way is critical in controlling these alcohol-mediated effects. In other studies, alcohol 
was demonstrated to not only increase NF- k B but also IFR-3 activation in microglia 
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 [  141  ] , which may suggest that the MyD88-independent and possibly the MyD88-
dependent pathways are involved in these processes. Future studies utilizing MyD88 
and TRIF knockout mice are required to fully assess the role of MyD88-dependent 
and MyD88-independent signaling in alcohol responses in the CNS.  

    11.2.4   Alcohol Effects on Neurons: Role of Immune Activation 

 Alcohol is known to have toxic effects on neurons. For example, prenatal treatment 
with alcohol is toxic to hippocampal neurons, cortical neurons, Purkinje and gran-
ule cell neurons of the cerebellum, and hypothalamic neurons  [  89,   146–  151  ] . More 
recently, a primary cell culture model was utilized to evaluate the effects of alcohol 
on microglial activation and neuron cell viability  [  152  ] . Alcohol increased the 
expression of the cytokines TNF- a  and IL-6 and the chemokines MIP-1 and MIP-2 
in primary microglial cultures. Conditioned medium from alcohol-treated microglia 
increased the presence of nucleosomes in cultured mediobasal hypothalamic neu-
rons indicating that these neurons were undergoing apoptosis. Immunoneutralization 
studies indicated that microglial-produced TNF- a  played a critical role in the apop-
tosis of these neurons and, further, that cAMP suppressed TNF- a  production by 
microglia to protect these hypothalamic neurons.  

    11.2.5   Treatment of Alcohol-Induced Neuropathologies 
with Immunomodulatory Drugs 

 As discussed above, there is now a wealth of literature indicating that alcohol 
induces the expression of in fl ammatory molecules which can contribute to the 
pathologies associated with alcohol abuse as well as alcohol-mediated behaviors 
including alcohol addiction. This suggests that agents that suppress in fl ammation 
may be effective in obviating these pathologies. Recently, studies have begun to 
investigate the effects of immunosuppressive agents on CNS pathologies associated 
with alcohol abuse. Using a neonatal mouse model of FASD, we found that PPAR- g  
agonists, which were previously shown to suppress in fl ammation  [  153  ] , protected 
cerebellar Purkinje neurons and microglia from the toxic effects of alcohol  [  90  ]  
(Fig.  11.2 ). Interestingly, PPAR- g  agonists were also recently demonstrated to sup-
press alcohol consumption and relapse to alcohol-seeking behavior in alcohol-pre-
ferring rats  [  154  ] . Resveratrol, a polyphenolic compound possessing antioxidant 
and neuroprotective qualities, was shown to protect cerebellar neurons in a rat model 
of FASD  [  93  ] . In another study utilizing a rat model of FASD, resveratrol was shown 
to suppress alcohol induction of cytokines, NF- k B, oxidative stress, and caspase-3 
expression in the cortex and hippocampus, as well as alcohol-induced impairment 
of memory  [  91  ] . The nonsteroidal anti-in fl ammatory drug indomethacin was dem-
onstrated to suppress the production of the molecules COX-2 and iNOS as well as 
suppress alcohol-induced behavioral de fi cits. These studies were performed using a 
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binge model in adolescent rats which exhibited cognitive and motor de fi cits as 
adults  [  155  ] . The tetracycline antibiotic minocycline has previously been demon-
strated to suppress immune responses and was recently demonstrated to reduce 
alcohol consumption in mice  [  156  ] . Minocycline was also shown to decrease alco-
hol-induced sedation but interestingly increased motor impairment in mice. 
Collectively, these studies suggest that immunosuppressive compounds have poten-
tial as therapeutics in alcohol-induced pathologies.   

    11.3   Conclusion 

 Alcohol abuse throughout the lifetime can result in neuropathology ranging from 
FASD to long-term de fi cits resulting from binge drinking at all ages beginning in 
adolescence, and the effects of chronic alcohol ingestion in adults and the elderly. 
Alcohol abuse at each of these life stages is associated with CNS in fl ammation as 
determined by glial morphology and expression of in fl ammatory molecules. The 
resulting neuroin fl ammation is postulated to contribute to alcohol-induced neuropa-
thology. Further studies are needed to systematically compare the relative effects of 
alcohol-induced in fl ammation on CNS pathology over the lifespan. 

 Animal studies indicate that alcohol-stimulated in fl ammatory molecules play 
a critical role not only in neurodegeneration but also in modulation of alcohol 
 consumption, addiction, and the behavioral effects of alcohol. These animal studies 
are supported by human studies demonstrating CNS in fl ammation in postmortem 
brain from alcoholics. Human studies also indicate a correlation between genes 
encoding in fl ammatory molecules and the genetic risk for alcoholism. Questions 
remain regarding how alcohol alters the complex interactions that occur between 
glia and neurons and how this contributes to glial activation, glial loss, neurodegen-
eration, reduced neurogenesis, and changes in synaptic plasticity and physiology 
that may underlie drinking behavior and addiction. Current studies suggest that 
cytokines, chemokines, oxidative stress, and TLR4 signaling can initiate or main-
tain alcohol-induced in fl ammation in the CNS. The ef fi cacy of immunomodulatory 
therapeutics in preclinical animal models provides support for the hypothesized role 
of neuroin fl ammation in alcohol-induced neurodegeneration as well as alcohol 
drinking behavior and addiction. A more complete understanding of the mecha-
nisms by which alcohol induces in fl ammation in the CNS is required for directed 
therapies for alcohol-mediated neuropathologies. 

 The studies outlined in this review have been seminal in de fi ning our current 
understanding of the effects of alcohol on immune activity in the CNS throughout 
the lifespan. However, signi fi cant gaps in our knowledge continue to exist including 
the molecular mechanisms by which alcohol modulates CNS in fl ammation, the 
mechanisms by which immune molecules affect alcohol consumption and addic-
tion, and the mechanisms by which alcohol alters the interplay between peripheral 
and CNS immune cells. Future studies are needed to address these and other impor-
tant issues.      
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          12.1   Introduction 

 Chemokines are a large family of small, structurally related proteins (molecular 
weights ranging from 8 to 14 kDa) that are members of the cytokine family of 
immune factors. Chemokines share gene and amino acid sequence homology 
including conserved amino acids that are important for establishing their 3-dimen-
sional or tertiary structure. Chemokines were initially identi fi ed in the immune sys-
tem where they play an important role as mediators of directed cell migration, 
referred to as chemotaxis  [  1  ] . Chemotaxis plays a critical role in host defense against 
injury and disease and in normal processes of tissue maintenance or development. 
Chemokines that act to recruit cells of the immune system to a site of injury or 
infection are considered to be proin fl ammatory chemokines, whereas chemokines 
that are involved in chemotaxis during normal processes of tissue maintenance or 
development are considered to be homeostatic in function. 

 In addition to their role in the immune system, emerging research indicates that 
chemokines mediate a wide range of biological activities in many different cell 
types including cells of the central nervous system (CNS), where recent studies 
show that chemokines are important signaling molecules  [  2,   3  ] . It is now recognized 
that within the CNS, chemokines and other immune factors are produced by an 
innate immune system that performs many of the same functions as the peripheral 
immune system and utilizes many of the same factors. The cells that comprise 
the innate immune system of the CNS are the glial cells. CNS-produced immune 
factors are referred to as neuroimmune factors to distinguish them from factors 
produced by cells of the peripheral immune system. The CNS neuroimmune system 
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is now understood to participate in essential, normal CNS functions, including 
 neuronal development and processes of learning and memory, in addition to roles in 
CNS injury and disease  [  4–  6  ] . 

 Until recently, neuroimmune factors such as chemokines and their actions in the 
CNS were studied primarily with respect to a role in CNS injury and infection, such 
as occurs in stroke, trauma, viral or bacterial infection, and in immunoin fl ammatory 
disorders (e.g., multiple sclerosis), conditions where elevated levels of neuroim-
mune factors in the CNS were initially documented  [  7–  12  ] . However, emerging 
research shows that increased CNS expression of neuroimmune factors also occurs 
in other conditions associated with impaired CNS function such as aging, neurode-
generative disorders (e.g., Alzheimer’s disease, Parkinson’s disease), and psychiat-
ric disorders (e.g., depression, schizophrenia)  [  13  ] . Importantly, there is now 
convincing evidence that alcohol (ethanol) exposure induces the production of neu-
roimmune factors including chemokines within the CNS and that these factors par-
ticipate in or mediate the response of the CNS to alcohol  [  14–  17  ] . This discovery 
has led to a new area of research that will undoubtedly provide new insights into the 
actions of alcohol on the CNS and the mechanisms mediating CNS dysfunction 
associated with alcohol use and abuse. 

 While the realization that chemokines are present in the CNS and can alter CNS 
function is relatively new, the ability of alcohol to alter CNS function has been 
known and investigated for decades. One of the most important effects of alcohol 
on the CNS is cognitive impairment including disruption of memory and learning 
 [  18,   19  ] . Based on the known involvement of the hippocampus in memory and 
learning, this CNS region has become a focus of studies to understand actions of 
alcohol on the CNS. A number of studies have shown that alcohol exposure alters 
synaptic function in the hippocampus, and emerging research shows that chemok-
ines also regulate synaptic function in the hippocampus. This commonality of 
actions provides a substrate for alcohol–chemokine interactions that could play an 
important role in the effects of alcohol on the CNS. Few studies have investigated 
alcohol–chemokine interactions at the level of synaptic function in the hippocam-
pus or other CNS region. Therefore, this chapter will focus on research that has 
revealed actions of chemokines or alcohol at common targets. Future studies on 
alcohol–chemokine interactions are needed and will be instrumental to an under-
standing of the role of chemokines in the effects of alcohol on the CNS. 

    12.1.1   Chemokine Nomenclature 

 Chemokines and their receptors comprise a large family of signaling proteins, with 
over 45 different chemokines and 19 different chemokine receptors identi fi ed to 
date (Table  12.1 ). Historically chemokines were known by a variety of names related 
to their biological function or other properties. This complex and often confusing 
nomenclature has now been replaced by a systematic nomenclature paralleling that 
developed for other receptor systems  [  20,   21  ] . Chemokines are now classi fi ed into 
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four basic subfamilies, based primarily on the position of speci fi c conserved cysteine 
residues in the N-terminal structure: a-(or CXC) chemokines, b-(or CC) chemok-
ines, g-(or C) chemokines, and  d -(or CX3C) chemokines. Chemokines and their 
receptors are named according to the subfamily that they belong to and are distin-
guished by the family acronym (i.e., CXC, CC, C, or CX3C), a letter and a number. 
The letter “L” is used to designate ligands, and the letter “R” is used to designate 
receptors (e.g., CCL2 and CCR2) (Table  12.1 )  [  21  ] . The chemokine signaling system 
shows redundancy in that some chemokines can signal through several different 
chemokine receptor subtypes and several different chemokines can signal through the 
same chemokine receptor subtype. For example, both CXCL9 and CXCL10 can acti-
vate CXCR3, whereas CXCL12 can activate both CXCR4 and CXCR7 (Table  12.1 ).   

    12.1.2   Chemokine Receptors 

 Chemokines produce their biological effects in CNS cells and other cell types pri-
marily by acting at cognate seven transmembrane G-protein (Gi/Go) coupled recep-
tors (GPCRs). Much of our understanding about the function of chemokines and 
their receptors in CNS cells comes from concepts uncovered for other GPCRs and 
from studies of chemokines and their receptors in immune cells. As for other 
GPCRs, ligand binding to the receptor initiates dissociation of the G-protein het-
erotrimer coupled to the receptor into Ga and Gbg subunits (Fig.  12.1 ). The Ga and 
Gbg subunits then activate signal transduction pathways or directly act at down-
stream effectors such as ion channels  [  22,   23  ] . The parallel signaling pathways of 
Ga and Gbg engage several different signaling molecules and provide a variety of 
avenues for the regulation of cellular biology.  

 A number of studies have examined the cellular expression of chemokine recep-
tors in the CNS from both humans and animal models. Results indicate that all cells 
of the CNS express functional chemokine receptors, including astrocytes, micro-
glia, and neurons, although the particular chemokine receptors expressed depend on 
cell type  [  24–  30  ] .  

    12.1.3   Signal Transduction 

 The commonality of the signal transduction pathways linked to chemokine recep-
tors and other GPCRs known to regulate neuronal function (e.g., metabotropic glu-
tamate and g-aminobutyric acid (GABA) receptors) is consistent with the ability of 
chemokines to regulate neuronal function through receptor activation of signal 
transduction pathways. Because the physiological properties of CNS neurons vary 
across neuronal types, the effects of chemokines are also likely to vary across neu-
ronal types and to depend on physiological or pathological context. Therefore, 
speci fi c chemokines could selectively target certain neuronal functions through the 
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signal transduction pathway that they activate. Limited information is available on 
the signal transduction pathway activated by chemokines in CNS neurons, and more 
research is needed in this area. 

 Activation of signal transduction molecules typically involves phosphorylation 
of the molecules at speci fi c sites. Antibodies directed at the speci fi c phosphoryla-
tion sites are available for many signal transduction molecules and are commonly 
used in Western blot studies to identify alterations in the level of the phosphoryla-
tion and therefore activation of the molecule. Such studies have identi fi ed some of 
the signal transduction pathways used by chemokines in CNS cells. Many of these 
studies were carried out in hippocampal cultures containing neurons and glial cells. 
Cultured cells are advantageous for such studies because both acute and chronic 
exposure paradigms can be used. Although cultured cells and culture environments 
diverge from the in vivo condition in many respects, over the years, culture models 
have provided a wealth of information about cellular and molecular mechanisms 
that would not be easy to access in more intact preparations. A limitation of culture 
preparations is that typically immature CNS tissue (embryonic or early postnatal) is 
used to prepare the cultures, and although maturation of the cells occurs during the 

  Fig. 12.1    Diagram showing some of the signal transduction molecules that mediate the effects of 
chemokines acting through their cognate GPCRs in the CNS. The  O plus  symbol indicates 
activation of the target molecule, and the  O minus  symbol indicates inhibition of the target 
molecule.  Acyc  adenylate cyclase,  ATP  adenosine-5 ¢ -triphosphate,  cAMP  cyclic adenosine 
monophosphate,  DAG  diacylglycerol,  IP3  inositol trisphosphate,  IP3R  inositol trisphosphate 
receptor,  KC  potassium channel,  PKC  protein kinase C,  PI-3K  phosphatidylinositol-3-OH kinase, 
 PKB/akt  protein kinase identi fi ed in the AKT virus (also known as protein kinase B),  PLC  
phospholipase C,  VGCC  voltage-gated Ca 2+  channel       
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culture period, the results obtained from culture preparations may not be directly 
translatable to in vivo conditions. Moreover, effects of chemokines are likely to 
depend on context, and the culture model may not suf fi ciently re fl ect the in vivo 
context, especially in the case of disease models. Culture characteristics depend on 
the culture method, but in general, by 10 days to 2 weeks in vitro, hippocampal 
neurons and glia are well developed, and the cultures have numerous functional 
excitatory and inhibitory synaptic connections. 

 In studies of rat hippocampal cultures, acute exposure to CXCL10 (interferon- g  
protein-10, IP-10; 100 nM) was found to increase the level of activation (i.e., phos-
phorylation) of extracellular-signal-regulated kinase 1/2 (ERK1/2; also known as 
p42/p44 mitogen-activated protein kinase ,  MAPK) (Fig.  12.2 ). Chronic treatment of 
similar hippocampal cultures with CXCL10 (100–250 nM; from day 2 to day 11 
in vitro) also increased the level of ERK1/2 activation  [  31  ] . In addition, chronic 
treatment with CXCL10 increased the level of activation of the transcription factors 
cAMP response element-binding protein (CREB) and nuclear factor kappa-light-
chain-enhancer of activated B cells (NF- k B) in the hippocampal cultures. The levels 
of the antiapoptotic protein B-cell lymphoma 2 (Bcl-2) and the antioxidant enzyme 
manganese superoxide dismutase 2 (SOD2) were also increased  [  31  ] . ERK1/2, 
CREB, and NF- k B are known to have neuroprotective actions by inducing expres-
sion of Bcl-2 proteins and SOD2  [  32–  35  ] . Therefore, it is likely that these signaling 
molecules mediate the increased expression of Bcl-2 and SOD2 produced by 
CXCL10 in the hippocampal cultures. Taken together, these results indicate CXCL10 
may function in neuroprotection or repair, at least under some conditions. Studies of 
other chemokines also indicate the ability for positive, neurotrophic effects on hip-
pocampal cultures under some conditions including CXCL8 (IL-8; 500–1,000 ng/ml) 

  Fig. 12.2    Activation of ERK1/2 in hippocampal cultures by acute application of CXCL10. Graph 
shows relative level of phosphorylated ERK 1 and 2 normalized to total ERK 1 and 2 measured in 
Western blots of homogenates of hippocampal cultures at 14 days in vitro. The treated cultures 
were exposed to CXCL10 (100 nM in physiological saline) for 15 min. Saline-treated sibling cul-
tures were used as controls. Representative Western blots are shown above the graph. A phase 
contrast image of hippocampal neurons in the cultures is shown to the right (Bajova, Nelson, and 
Gruol, unpublished; methods were similar to that reported previously  [  31  ] )       
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 [  36  ]  and    CX3CL1 (fractalkine; 100 nM)  [  37  ] . For example, chronic treatment of 
hippocampal cultures with CXCL8 (500–1,000 ng/ml) from culture days 1–7 pro-
duced neurotrophic effects that increased with exposure time during the treatment 
period. The neurotrophic effects included increased neuronal survival and increased 
immunostaining for neuron-speci fi c enolase. Chronic treatment with CXCL8 also 
promoted growth of glia cells in the hippocampal cultures  [  36  ] .  

 CX3CL1 is expressed in the CNS in two forms, a soluble form and a membrane-
attached form. In rat hippocampal cultures, acute exposure to the soluble form of 
CX3CL1 (100 nM) was found to activate ERK1/2 and CREB in addition to the Ser/
Thr kinase Akt (protein kinase identi fi ed in the AKT virus) but not p38 MAPK  [  25, 
  37,   38  ] . Acute exposure to CX3CL1 (100 nM) has also been reported to reduce 
forskolin-stimulated cAMP production in rat hippocampal cultures, consistent with 
an inhibitory effect of CX3CL1 signaling on adenylate cyclase  [  39  ] . CXCL12 
(stromal cell-derived factor-1, SDF-1; 1–100 nM) was also shown to activate 
ERK1/2 and CREB when applied acutely to rat hippocampal cultures  [  40  ] . In con-
trast, no signi fi cant effect of acute CCL2 (monocyte chemotactic protein-1, MCP - 1; 
1–25 nM) on the level of activated ERK1/2 was observed in rat hippocampal cul-
tures  [  41  ] . Instead, acute application of CCL2 (1–25 nM) activated p38 MAPK in a 
dose- and time-dependent manner  [  41  ] . The kinases (mitogen-activated protein 
kinase kinase 3/6; MKK3/6) that activate p38 MAPK were also activated by CCL2 
in a corresponding time- and dose-dependent manner in the same study. Taken 
together, these results show that several chemokines activate signal transduction 
pathways linked to ERK1/2 and CREB in hippocampal cultures, whereas CCL2 
preferentially activates the p38 MAPK pathway.   

    12.2   Chemokine Expression in the CNS 

    12.2.1   Astrocytes and Microglia 

 The primary cell types involved in production of chemokines in the CNS are glial 
cells, particularly astrocytes and microglia, although some neurons can also produce 
chemokines  [  13,   42,   43  ] . Astrocytes and microglia are important components of the 
normal CNS and are found throughout the gray and white matter where they form 
signaling systems that enable cell-to-cell communication over long distances. 
Widespread increases in the levels of chemokines and other neuroin fl ammatory fac-
tors can be induced in the CNS by these pathways. Astrocytes are the most abundant 
cell type in the CNS, whereas microglia comprise up to 20 % of the total glial popula-
tion of the CNS  [  44  ] . Astrocytes are closely associated with neurons and play key roles 
in normal CNS function by regulating the levels of excitatory transmitters and ions at 
the synapse, controlling the  fl ow of materials across the blood–brain barrier, providing 
metabolic support for neurons, and secreting signaling molecules that regulate the 
functions of other cell types  [  45–  47  ] . Microglia provide a surveillance and scavenging 
function and play a major role in synaptic pruning and remodeling  [  48,   49  ] . 
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 Glial expression of chemokines in the CNS is generally low under normal condi-
tions. Adverse conditions such as disease or injury result in activation of glia (astrocytes 
and/or microglia) and increased production of neuroimmune factors including 
chemokines. For example, in a recent study of patients with traumatic CNS injury, 
cerebral microdialysis was used to measure the levels of neuroimmune factors in the 
cortex  [  10  ] . A variety of cytokines and chemokines were found to be upregulated 
with the largest increases observed for CCL2 (median value of 2,562 pg/ml of 
dialysate) and CXCL10 (median value of 2,834 pg/ml of dialysate). The upregulated 
production of neuroimmune factors can impact the surrounding neural and nonneu-
ral cells either bene fi cially or detrimentally depending on the context. In general, 
high concentrations of chemokines that re fl ect dysregulated production are thought 
to lead to detrimental effects on the CNS, whereas lower concentrations are consid-
ered to mediate bene fi cial actions. However, the relationship between chemokine 
levels and their bene fi cial or detrimental effects has yet to be fully resolved.  

    12.2.2   Chemokine Expression in CNS Disease 

 Studies showing a correlation between elevated levels of chemokines in the CNS 
parenchyma or cerebrospinal  fl uid (CSF) and cognitive dysfunction in disease states 
were instrumental to the recognition that chemokines are important signaling mol-
ecules in the CNS. For example, in studies of human immunode fi ciency virus 
(HIV)-infected patients, the levels of CCL2 in the CSF correlated with the severity 
of dementia and increased over time in patients who developed dementia  [  7  ] . CCL2 
has also been implicated in the detrimental effects of aging on the CNS. CCL2 lev-
els in the CSF signi fi cantly increase with the age of patients with and without neu-
ropsychiatric disease  [  50  ] . In Alzheimer’s patients, CCL2 and CXCL8 levels were 
signi fi cantly increased in individuals with neurocognitive impairment as compared 
with healthy controls  [  51  ] . In the same study, the level of CXCL10 was increased in 
the CSF of patients with mild neurocognitive impairment and mildly impaired 
Alzheimer’s disease, but not in Alzheimer’s patients with severe neurocognitive 
decline  [  51  ] . These results may re fl ect different roles of CXCL10 in different stages 
of a disease. CXCL10 expression has been described in a number of neurological 
disorders besides Alzheimer’s disease  [  52  ]  including HIV-associated dementia 
(HAD)  [  53  ]  and multiple sclerosis/experimental autoimmune encephalomyelitis 
(EAE)  [  9,   54  ] . Elevated levels of CXCL10 in the CSF were found to be highly 
prevalent in HIV infection and to strongly correlate with the severity of HIV-
associated neurologic disorders and the extent of lymphocyte chemotaxis  [  55  ] . 

 Measurements of chemokine levels in the CNS parenchyma or CSF have con-
tributed signi fi cantly to the identi fi cation of important neuroimmune players and 
their CNS levels during CNS disease and injury. However, the relationship between 
these measurements and chemokine levels at the most relevant CNS location, the 
interstitial space adjacent to cells expressing receptors, is unknown. Moreover, 
the  lack of understanding of the cellular and molecular actions of chemokines in 
the CNS often limits the impact of the correlative information. 
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 In addition to a role for chemokines in disease and injury, emerging research sup-
ports a physiological role for some chemokines. For example, selective deletion of 
either CXCL12 or its cognate receptor CXCR4 disrupts the normal migratory pro-
cesses occurring during morphogenesis of neurons in the cerebellum and hippocam-
pus and leads to abnormal formation of these CNS regions  [  56–  60  ] . These results 
are consistent with a role for CXCL12 in cerebellar and hippocampal development. 
Evidence for a role of CXCL12/CXCR4 in neuronal migration and axonal 
path fi nding during development of other CNS regions has also appeared  [  61  ] . 

 Research also indicates a role for some chemokines in normal cognitive function. 
For example, CXCR4 mRNA and protein expression were upregulated in rats 
trained in a behavioral paradigm, suggesting a role for CXCR4 in learning and 
memory  [  62  ] . In a mouse model of Alzheimer’s disease, CXCL12 and its receptor 
CXCR4 were found to be downregulated coincident with cognitive de fi cits  [  63  ] . In 
the same study, CXCL12 levels were found to be decreased in Alzheimer patients 
as compared to controls. These results are consistent with a role for CXCL12 in 
cognitive function. Studies also indicate a role for CX3CR1 in cognitive function. 
In mice with selective deletion of CX3CR1  ( CX3CR1  −/−   mice), cognitive function 
was signi fi cantly altered. In one study, CX3CR1  −/−   mice were shown to have 
de fi ciencies in associative and spatial memory and signi fi cantly reduced hippocam-
pal long-term synaptic plasticity (LTP) compared with wild-type control mice  [  64  ] . 
Synaptic plasticity is a modi fi cation of synaptic strength produced by intense syn-
aptic activity and is considered to be cellular mechanisms underlying learning and 
memory  [  65  ] . These effects of CX3CR1 de fi ciency were shown to involve actions 
of IL-1b, a cytokine that was upregulated in the CX3CR1-de fi cient mice  [  64  ] . 
In another study, CX3CR1  −/−   mice showed behavioral de fi cits and inability of hip-
pocampal LTP to be enhanced by an enriched housing environment that produced 
enhanced hippocampal LTP in wild-type mice  [  66  ] . These results are consistent 
with an involvement of CX 3 CL1/CX 3 CR1 signaling in experience-dependent hip-
pocampal processes that underlie learning and memory  [  66  ] .   

    12.3   Chemokines and the Hippocampus 

 The association of altered levels of chemokines in CNS disease states with impaired 
cognitive function has stimulated interest in the actions of chemokines on hip-
pocampal neurons and circuits that play a central role in learning and memory, 
processes that are essential for normal cognitive function  [  67,   68  ] . Many CNS 
regions participate in memory formation. However, the hippocampus is central to 
memory formation for a broad domain including memories that are generated within 
the hippocampus and memories that are generated in other CNS regions but depend 
on information that is processed in the hippocampus  [  69–  71  ] . It is well documented 
that memories formed in the hippocampus are encoded by long-term changes in the 
strength of synaptic transmission, the primary mechanism through which neurons 
of the CNS communicate to produce behavior, and that the information inherent 
in these synaptic changes is later reorganized and stored in other CNS regions. 
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The hippocampus sends projections to a large number of CNS regions including the 
cortex, hypothalamus, amygdala, nucleus accumbens, and septum  [  72,   73  ] . 
Therefore, alterations in hippocampal synaptic transmission can have widespread 
effects on the function of other CNS regions. Studies show that astrocytes and 
microglia, the primary sources of chemokines in the CNS, are closely associated 
with synapses and dynamically interact with neurons to regulate synaptic transmis-
sion and plasticity  [  74–  76  ] . This close association provides an avenue for chemokine 
signaling between glia and the pre- and postsynaptic mechanisms that mediate syn-
aptic transmission  [  47,   77  ] . 

 A variety of experimental approaches have been employed to assess the role of 
different chemokines and other biologically active molecules including alcohol on 
hippocampal synaptic function. One of the most frequently used approaches is elec-
trophysiological recording in hippocampal slices. A brief description of this 
approach is included in the Appendix. Results from studies using this and other 
approaches are described below. 

    12.3.1   Acute Exposure to Chemokines 

 One of the  fi rst chemokines to be studied with respect to potential effects on synap-
tic transmission in the hippocampus was the CXC chemokine, IL-8 (CXCL8)  [  78  ] . 
Field potential recordings of excitatory postsynaptic potential (fEPSPs) evoked in 
the CA1 pyramidal neurons by electrical stimulation of the Schaffer collaterals in 
hippocampal slices (see Appendix) from rats (15–36 days old) showed that exoge-
nous application of IL-8 did not alter basal synaptic transmission. However, LTP of 
the fEPSP was altered in a concentration-dependent manner. At the low concentra-
tion of IL-8 tested (5 ng/ml), LTP was enhanced, whereas at the high concentrations 
tested (50–100 ng/ml), LTP was depressed. A similar approach was used to deter-
mine if the CXC chemokine CXCL10 altered synaptic transmission and plasticity at 
the Schaffer collateral to CA1 pyramidal neuron synapse  [  79  ] . Exogenous applica-
tion of CXCL10 (10 ng/ml) to hippocampal slices from 5- to 6-month-old mice did 
not signi fi cantly alter the fEPSP, indicating the lack of an effect of CXCL10 on 
synaptic transmission at this synapse. However, CXCL10 signi fi cantly depressed 
three forms of synaptic plasticity of the fEPSP produced by a high-frequency LTP 
induction stimulation protocol—posttetanic potentiation (PTP), short-term synaptic 
plasticity (STP), and LTP (see Appendix)  [  79  ] . Because both PTP and LTP were 
altered, these results suggest that CXCL10 acts at both presynaptic and postsynaptic 
mechanisms to reduce synaptic plasticity. The concentration of CXCL10 used in 
these studies (10 ng/ml) was considered by the authors to be a high concentration 
relative to the Ki for recombinant CXCL10 at CXCR3 receptors. 

 The effect of CCL2 on synaptic transmission was also investigated in hippocam-
pal slices. In these studies, intracellular (whole-cell voltage clamp) recordings were 
used to measure current  fl ow (excitatory postsynaptic current, EPSC) through the 
glutamate receptors activated by synaptically released glutamate  [  80  ] . EPSCs 
underlie the synaptic response (fEPSP) measured in the  fi eld potential recordings. 
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Hippocampal slices from 15- to 30-day-old rats were used for these studies. 
Application of 0.023–2.3 nM CCL2 enhanced the amplitude of the EPSC in the 
CA1 pyramidal neurons elicited by stimulation of the Schaffer collaterals in a dose-
dependent manner. Further analysis of the effects of CCL2 on synaptic transmission 
at this synapse indicated that the enhanced synaptic response resulted from a pre-
synaptic action of CCL2 that produced an increase in transmitter release  [  80  ] . 

 In contrast to CCL2 and CXCL10, acute application of the chemokine CX 3 CL1 
(0.2–20 nM) produced a depression of the fEPSP at the Schaffer collateral to CA1 
pyramidal neuron synapse in hippocampal slices from 13- to 29-day-old mice and 
adult mice, indicating a reduction in synaptic transmission  [  81,   82  ]  (Fig.  12.3a ). 
CX 3 CL1 (2–5 nM) also inhibited LTP (Fig.  12.3b ) and produced long-term depres-
sion (LTD) of synaptic transmission  [  81,   82  ] . LTD is a long-lasting reduction in 
synaptic strength and can be experimentally induced by low-frequency stimulation. 
Studies on the mechanisms mediating the depressive effects of CX 3 CL1 using intra-
cellular recording methods revealed a complex mechanism involving adenosine 
receptors  [  82,   83  ] .  

 In addition to these studies where effects of chemokine on synaptic transmission 
were directly tested, other studies have examined neuronal properties that are impor-
tant for synaptic transmission. For example, in Cajal–Retzius cells, hippocampal 
interneurons that express CXCR4 of juvenile mice (postnatal day 12–24) exogenous 
application of CXCL12 (1–50 nM) reduced spontaneous spike activity measured in 
current clamp recordings  [  84  ] . In contrast, in current clamp recordings from CA1 
pyramidal neurons of hippocampal slices from 15- to 30-day-old rats, exogenous 
application of CCL2 (2.3 nM) was reported to depolarize the membrane potential 
and increased spontaneous spike  fi ring  [  80  ] . 

 Taken together, these in vitro studies show that exogenous application of chemok-
ines can regulate synaptic function in hippocampal circuits and that different 
chemokines produce different effects. However, an important aspect to note about 
these studies is the differences in the age of the animals studied, which could be an 
important factor relative to differences in chemokine actions. For example, typically 
rodents are not considered to be adults until around 2 months of age  [  85  ] . Therefore, 
studies of young animals may re fl ect chemokine actions speci fi c to the CNS of 
juveniles (younger than postnatal day 28   ) or adolescents (postnatal day 28–42), 
whereas studies in older animals would be most relevant to chemokine actions in the 
adult CNS  [  86  ] . In addition to their actions on synaptic function, emerging research 
indicates that chemokines play an important role in neuronal development (e.g., 
 [  87–  90  ] ), a topic that is not addressed in this chapter.  

    12.3.2   Chronic Exposure to Chemokines 

 Studies using acute application of chemokines have provided convincing evidence 
that chemokines can alter neuronal and synaptic function and, in some cases, have 
identi fi ed potential mechanisms involved in these actions. In the diseased state, 
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chemokines are often chronically present at elevated levels for at least some period 
of time. To gain an understanding of how such long-term exposure can affect syn-
aptic function, several investigators have constructed genetically modi fi ed mice that 
chronically express elevated levels of a speci fi c chemokine in the CNS. These ani-
mals offer a model system where the actions of a chemokine can be investigated 
without the complexities that exist in a disease state that could confound analyses. 
One strategy that is particularly advantageous for studies of chemokine actions in 
the CNS is genetic manipulation through altered astrocyte expression. Two trans-
genic lines, CCL2  [  91  ]  and CXCL10  [  92  ] , have been developed with this strategy 
and utilized for studies of hippocampal synaptic function. Wild-type mice or non-
transgenic littermates are used as controls. In both cases, elevated expression was 
accomplished by astrocyte-targeted gene expression under the transcriptional con-
trol of the GFAP promoter. Therefore, the source of the chemokine (i.e., astrocytes) 
in the CNS of the transgenic mice is consistent with an innate source in the CNS 
during physiological and pathological conditions. 

 Young CCL2 transgenic mice (>6 months of age) show little behavioral effects 
of the CCL2 overexpression in the CNS. However, progressive neurological impair-
ment was observed in aged mice (e.g., 1 year and older) with symptoms beginning 
after 7 months of age. The impairment is characterized by postural changes, reduced 
grooming, dif fi culty in righting re fl ex, limb weakness, and hind limb paralysis  [  93  ] . 
There are no anatomical studies on the hippocampus of the CCL2 transgenic mice. 
However, anatomical studies have been carried out on the cervical region of the 
spinal cord. Results showed only minimal alterations of axons, neuronal somata, 
and synapses in the CCL2 transgenic mice compared to non-transgenic littermate 
controls, and these changes were observed only in the older mice with neurological 
impairment  [  93  ] . Huang et al.  [  93  ]  reported that CCL2 levels in lysates of CNS tis-
sue from the CCL2 transgenic mice averaged 100 ng/ml (7.14 nM, measured by 
ELISA), a level similar to that observed in CNS tissues from mice with EAE. In the 
same study, cultured astrocytes from the transgenic mice secreted an average of 
3.5 ng/ml (0.25 nM) CCL2. 

 For the CXCL10 transgenic mice, other than leukocyte in fi ltration and accumu-
lation, no apparent pathologic alterations in the CNS (up to 12 months of age) were 
observed in a histological analysis of hematoxylin and eosin (H&E)-stained paraf fi n 
sections (nuclei and cellular proteins are stained)  [  92  ] . Assessment of genes associ-
ated with in fl ammation showed similar levels in CXCL10 transgenic mice and their 
non-transgenic littermate controls, consistent with an absence of degenerative 
pathology in the CNS of the CXCL10 transgenic mice  [  92  ] . 

 Field potential recordings in the CA1 region of synaptic transmission (fEPSPs) 
and synaptic plasticity (PTP, STP, LTP) produced by electrical stimulation of the 
Schaffer collaterals showed no signi fi cant differences between hippocampal slices 
from CXCL10 transgenic mice (5–6 months of age) and non-transgenic littermate 
controls  [  79  ] . However, when acute application of CXCL10 (10 ng/ml) was tested, 
PTP in the CXCL10 transgenic hippocampal slices was resistant to a depressing effect 
of acute CXCL10 observed in the non-transgenic hippocampal slices. These results 
indicate that chronic in vivo exposure to CXCL10 produces neuroadaptive changes 
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that alter the effect of CXCL10 on presynaptic mechanisms involved in transmitter 
release induced by high-frequency synaptic activity, with little or no effect on mech-
anisms that mediate basic synaptic transmission or LTP. 

 In contrast, in hippocampal slices from CCL2 transgenic mice (7–9 months of 
age), synaptic transmission (fEPSP) at the Schaffer collateral to CA1 pyramidal 
neuron synapse was signi fi cantly depressed compared with synaptic transmission in 
hippocampal slices from non-transgenic mice  [  94  ] . Moreover, PTP and STP were 
signi fi cantly enhanced in hippocampal slices from the CCL2 transgenic mice com-
pared with synaptic transmission in hippocampal slices from the non-transgenic 
mice, although there was no difference in LTP. These differences between CCL2 
transgenic and non-transgenic hippocampus were not observed at 2–3 months of 
age  [  95  ] . Thus, chronic in vivo exposure to CCL2 produces in time neuroadaptive 
changes that affect presynaptic mechanisms involved in transmitter release induced 
by high-frequency synaptic activity.  

    12.3.3   Studies in Hippocampal Cultures 

 In addition to studies in hippocampal slice preparations, effects of chemokines on 
synaptic transmission have been investigated in rodent hippocampal culture prepa-
rations. Neurons in the hippocampal cultures are immature at plating but develop 
many characteristics of mature neurons during the culture period including the for-
mation of synaptic networks. A population of the cultured hippocampal neurons is 
spontaneously active and can initiate spontaneous synaptic network activity in the 
cultures. The spontaneous synaptic activity is dependent on activation of NMDA 
receptors (NMDARs) and voltage-gated Ca 2+  channels (VGCCs). Ca 2+  in fl ux 
through NMDARs and VGCCs during the spontaneous synaptic activity produces 
Ca 2+  oscillations that are a re fl ection of the spontaneous synaptic activity  [  96  ] . 
A relatively noninvasive approach to studying this synaptic network activity is 
through the use of Ca 2+  imaging techniques to measure the Ca 2+  oscillations 
(Fig.  12.4 ). Recent studies using this approach showed that both acute and chronic 
applications of chemokines alter synaptic network activity in hippocampal 
cultures.  

 In studies using acute application, CCL5 (RANTES), CCL3 (MIP-1 a ), CXCL12 
(SDF-1), and soluble CX3CL1 (fractalkine) (50–100 nM) decreased the amplitude 
of the spontaneous Ca 2+  oscillations in cultured rat hippocampal neurons, re fl ecting 
a reduction in synaptic activity by these chemokines  [  25,   98  ] . In contrast, acute 
application of CXCL10 (100 nM) (Fig.  12.5 ) or CCL2 (25 nM) enhanced spontane-
ous Ca 2+  oscillations in cultured rat hippocampal neurons, re fl ecting increased syn-
aptic activity  [  97,   99  ] .  

 In cultures chronically treated with CXCL10 (100–250 nM; from 2 to 11 days 
in vitro), the spontaneous Ca 2+  oscillations were signi fi cantly larger in the CXCL10-
treated neurons compared with neurons in untreated control cultures  [  100  ] . Measurement 
of protein levels in the CXCL10-treated and control cultures by Western blot showed 
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alterations in neuronal and glial proteins consistent with the ability of chronic CXCL10 
to produce neuroadaptive changes that could affect neuronal and synaptic function  [  31, 
  100  ] . Thus, higher levels of synapsin I, a protein involved in transmitter release, the 
NR1 subunit of NMDAR, and group 2 metabotropic glutamate receptors (the antibody 
used detected both mGluR2 and mGluR3) were observed in the CXCL10-treated hip-
pocampal cultures compared with control cultures. In contrast, reduced protein levels 
were observed for glutamic acid decarboxylase (GAD) 65/67, the synthetic enzyme 
for the inhibitory transmitter  g -aminobutyric acid (GABA), and the metabotropic 
GABA receptor (GABA 

B
 R) in the CXCL10-treated cultures  [  100  ] . Higher levels of 

GFAP, an astrocyte-speci fi c structural protein, neuron-speci fi c enolase, a neuron-
speci fi c protein, and the housekeeping protein  b -actin, were also observed in the 
CXCL10-treated hippocampal cultures   . 

 The effect of chronic exposure to the chemokine CCL3 on neuronal function was 
also tested in hippocampal cultures  [  101  ] . The cultures were exposed to CCL3 (20–
200 nM) for 3 days starting on culture day 9. Non-treated sibling cultures were used 
as controls. Chronic exposure to CCL3 (20 nM) enhanced spontaneous Ca 2+  oscil-
lations in the hippocampal cultures, indicating increased synaptic network activity. 
In addition, the peak amplitude of the Ca 2+  signal evoked by brief application 
of NMDA to the neurons was enhanced. Western blot analysis showed that 
chronic exposure to CCL3 at low CCL3 concentration (20 nM) had no effect on the 
levels of b-actin but increased the levels of several proteins including GFAP, 
enolase, GAD65/67, NR1, and synapsin 1. The larger response to NMDA in the 
CCL3-treated neurons is consistent with the increased level of NR1 protein in the 
CCL2-treated hippocampal cultures  [  101  ] . At high concentrations (200 nM), chronic 
exposure to CCL3 produced no changes in the level of GFAP, enolase, GAD65/67, 
or NR1, but still decreased the level of synapsin 1. This negative concentration 
dependency may re fl ect dose-dependent actions of CCL3 at opposing sites. Taken 
together, these studies of acute and chronic chemokine exposure in hippocampal 

  Fig. 12.5    CXCL10 enhances spontaneous network activity in hippocampal cultures. ( a ,  b ) Ca 2+  
imaging recording of Ca 2+  oscillations produced by spontaneous synaptic network activity in two 
neurons in a rat hippocampal culture (14 days in vitro). CXCL10 was applied for 5 s by pressure 
application from a drug pipette placed near the neurons ( b ) and produced an increase in the ampli-
tude of the Ca 2+  oscillations. Pressure application of vehicle (saline,  a ) did not alter the network 
activity. The recorded fura-2-loaded neurons are shown in the  fl uorescent images in  c  (Nelson and 
Gruol, unpublished; methods were similar to that reported previously  [  97  ] )       
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slices and cultures show that chemokines can alter hippocampal synaptic function. 
In addition, these studies show that different chemokines can have both overlapping 
and distinctive actions.   

    12.4   Alcohol and Chemokines 

 Recent studies provide strong support for a role of neuroimmune factors, and in 
particular the chemokine CCL2, in alcohol use and abuse disorders. Importantly, 
increased levels of CCL2 have been observed in the CNS of alcoholics  [  102  ] , rais-
ing the possibility of a role for CCL2 in the actions of alcohol on the CNS. Consistent 
with these results, studies in experimental animals showed that levels of mRNA and 
protein for CCL2 were signi fi cantly increased in the CNS of mice (8 weeks old) 
subjected to either single or repetitive alcohol exposure (10 days; 5 g/kg body weight 
intragastrically). The increased levels of CCL2 persisted for days after the repetitive 
alcohol exposure, suggesting that mechanisms regulating levels of CCL2 in the CNS 
are particularly sensitive to alcohol  [  103  ] . In another study, intraperitoneal injec-
tions (i.p.) of alcohol (3 g/kg body weight) to mice (7–8 weeks old) increased the 
levels of CCL2 mRNA in the hippocampus but not in the corpus striatum, suggest-
ing that CNS regions differ in the degree to which alcohol induces CCL2 expression 
 [  104  ] . In behavioral tests, both CCL2 and CCR2 null mice (10–12 weeks of age) 
showed lower preference for alcohol and lower alcohol consumption than wild-type 
mice, consistent with a role for CCL2 in the motivational aspects of alcohol 
 consumption  [  105  ] . Mice (6 weeks of age) that were exposed to CCL2 at weekly 
intervals (two injections) by intracerebroventricular (i.c.v.) injection prior to being 
subjected to a 5-day chronic alcohol diet exhibited reduced social interaction during 
withdrawal, indicating an ability of CCL2 to sensitize the mice to withdrawal-
induced anxiety-like behavior  [  106  ] . In addition to in vivo studies, studies in cul-
tured preparations show that CCL2 and other neuroimmune factors are increased in 
CNS cells by alcohol exposure. For example, in rat hippocampal–entorhinal slice 
cultures, alcohol exposure (100 mM) increased mRNA levels for TNF-a and IL-1b    
in addition to mRNA levels for CCL2  [  107  ] . In a study of cultured microglia, expo-
sure to alcohol (50–100 mM) was shown to increase microglial secretion of TNF-a, 
IL-6, CCL3 (MIP-1a), and CXCL2 (MIP-2)  [  108  ] . 

    12.4.1   Alcohol and Glia 

 Alcohol-induced alterations in the levels of neuroimmune factors are likely to relate 
to the actions of alcohol on astrocytes and microglia, the primary producers of neu-
roimmune factors in the CNS  [  13,   42  ] . Studies show that the structure, function, and 
number of glia are altered by alcohol exposure  [  109–  112  ] . For example, studies in 
experimental animals and cultures of CNS neurons and glia showed that chronic 
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alcohol exposure increases the level of glial  fi brillary acidic protein (GFAP) in 
astrocytes, indicative of gliosis and glial activation  [  113–  115  ] . Microglial activation 
is also produced by alcohol exposure  [  116  ] . In the activated state, astrocytes and 
microglia release a range of biologically active factors, such as pro- and anti-
in fl ammatory cytokines, neurotrophic factors, chemokines, complement factors, 
and reactive oxygen species (ROS)  [  45  ] . These glial-produced factors can impact 
bene fi cially or detrimentally on the surrounding neural and nonneural cells  [  117  ] . 
Importantly, alcohol has been shown to activate toll-like receptor 4 (TLR4) signal-
ing in CNS astrocytes and microglia. TLR4 is a receptor that recognizes the bacte-
rial coat protein lipopolysaccharide (LPS) and is primarily expressed in astrocytes 
and microglia in the CNS, although some neurons also express TLR4  [  118,   119  ] . 
Studies in vivo and in vitro show that activation of TLR4 by alcohol results in acti-
vation of kinases (e.g., ERK1/2, p38 MAPK) and downstream transcription factors 
(NF- k B and AP-1), which in turn leads to the production of in fl ammatory mediators 
including cytokines, chemokines, and generators of ROS (e.g., inducible nitric 
oxide synthase and cyclooxygenase-2)  [  120–  122  ] . These effects of alcohol were not 
observed in TLR4-de fi cient astrocytes or microglia. In studies where wild-type and 
TLR4 knockout (KO) mice were subjected to a paradigm of chronic alcohol expo-
sure (5 months) and withdrawal (15 days), behavioral and cognitive de fi cits and 
glial activation persisted 2 weeks after alcohol withdrawal in the wild-type mice but 
were not observed in the TLR4 KO mice  [  123  ] . These results provide support for 
the idea that alcohol interactions with the innate immune system of the CNS play an 
important role in the actions of alcohol on the CNS and downstream behavioral 
consequences of alcohol use  [  15,   123  ] .   

    12.5   Alcohol and Hippocampal Synaptic Function 

 Considerable literature exists, showing that synaptic function is an important target 
of both acute and chronic alcohol in the CNS and that alcohol actions that affect 
synaptic function correlate with behavioral dysfunction produced by alcohol  [  124, 
  125  ] . An understanding of the mechanisms that underlie the effects of alcohol on 
synaptic function is an ongoing process, although much has already been learned. It 
is now widely accepted that alcohol alters synaptic function through a variety of 
mechanisms including alterations in transmitter release, the function of transmitter 
receptors and the function of signal transduction mechanisms that regulate receptor 
function or the mediate downstream effects of synaptic transmission. A number of 
excellent reviews are available that cover different aspects of the actions of alcohol 
on synaptic function  [  126–  130  ] . A brief summary of studies at hippocampal syn-
apses is provided below. Studies of chemokine actions on synaptic function, although 
limited, indicate that chemokines can alter some of the same synaptic functions as 
alcohol. However, it is unknown if alcohol-induced chemokine production plays a 
role in the actions of alcohol on synaptic function. 
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    12.5.1   Acute Exposure to Alcohol and Synaptic Function 

 Early in vivo studies using  fi eld potential or single unit recordings showed that 
acute alcohol applied by i.p. injection altered synaptic transmission in the hip-
pocampus  [  131,   132  ] . Early in vivo studies also showed that the altered synaptic 
activity in the dentate gyrus of the hippocampus involved an increase in recurrent 
inhibition mediated by GABAergic interneurons  [  133  ] . These effects were studied 
further using in vitro preparations and  fi eld potential or voltage clamp recordings. 

 Studies on the effects of acute alcohol on synaptic transmission at the Schaffer 
collateral to CA1 pyramidal neuron synapse in hippocampal slices from young rats 
(1–2 months old) revealed that at a low concentration (0.2 mM), acute alcohol 
enhanced the fEPSP, whereas at a high concentration (200 mM), acute alcohol 
reduced the fEPSP, indicating a dose-dependent sensitivity of excitatory synaptic 
transmission to alcohol. Excitatory synaptic transmission in the hippocampus is 
mediated by a variety of glutamate receptors including NMDA,  a -amino-3-hy-
droxy-5-methyl-4-isoxazolepropionic acid (AMPA), and kainate receptors. Synaptic 
responses mediated by a speci fi c receptor subtype can be isolated for study with 
pharmacological agents that block the action of other receptors. In studies using this 
approach, acute alcohol (25–100 mM) was found to inhibit NMDAR-mediated 
fEPSPs at the Schaffer collateral to CA1 pyramidal neuron synapse in  fi eld potential 
recordings from adult rat hippocampal slices  [  134  ] . In voltage clamp studies of 
cultured neurons from mouse hippocampus, acute alcohol exposure inhibited 
NMDAR-mediated ion currents produced by exogenous application of NMDA 
 [  135–  137  ] . These results and others identi fi ed NMDAR as an important target 
of alcohol and indicated that effects of alcohol on NMDAR-mediated synaptic 
transmission involve a postsynaptic action of alcohol at NMDARs or a protein that 
regulates NMDAR function  [  138–  142  ] . In other studies, a presynaptic effect of 
acute alcohol on NMDAR-mediated synaptic transmission was also identi fi ed, in 
addition to postsynaptic effects involving NMDARs  [  143  ] . In  fi eld potential stud-
ies, NMDAR-mediated fEPSPs recorded in the CA1 area and evoked by Schaffer 
collateral stimulation were found to be more sensitive to acute alcohol in hippocam-
pal slices from young rats (20–30 days old) than in hippocampal slices from adult 
rats (80–100 days old)  [  144  ] . This age-dependent differential sensitivity of NMDAR-
mediated responses to acute alcohol and differences in alcohol sensitivity of 
NMDAR-mediated responses across CNS regions is due in part to differences in the 
subunit composition of the receptor  [  140,   145,   146  ] . 

 Acute alcohol also produced an inhibition of kainate receptor-mediated excit-
atory synaptic transmission. For example, acute alcohol (80 mM) reduced postsyn-
aptic currents (EPSCs) elicited by stimulation of the mossy  fi ber pathway and 
mediated by kainate receptors in CA3 pyramidal neurons studied under voltage 
clamp in hippocampal slices from rats (20–40 days old)  [  147  ] . AMPA receptor 
(AMPAR)-mediated EPSCs were not altered by alcohol in these studies  [  147  ] . 
However, in studies of CA1 pyramidal neurons of the hippocampus, AMPAR-
mediated synaptic responses were inhibited by alcohol (100 mM) but to a lesser 
extent than NMDAR- and kainate receptor-mediated synaptic responses  [  134,   148, 



40712 Alcohol–Chemokine Interaction and Neurotransmission

  149  ] . Acute alcohol (5–20 mM) was also reported to inhibit responses mediated by 
kainate receptors activated either synaptically by local stimulation of  fi bers or by 
exogenous application of kainate receptor agonists to interneurons in the CA1 
region of hippocampus from rats (21–40 days old and adult)  [  150,   151  ] . This effect 
of alcohol could serve to reduce GABAergic inhibitory synaptic transmission and 
may explain some of the excitatory actions of alcohol reported in studies of the 
hippocampus. 

 In voltage clamp studies of CA1 pyramidal neurons in hippocampal slices from 
rats (40–90 days old), acute alcohol (10–50 mM) potentiated pharmacologically iso-
lated GABA 

A
  receptor (GABA 

A
 R)-mediated inhibitory postsynaptic currents (IPSCs) 

evoked by stimulation of inhibitory interneurons in the stratum radiatum  [  152  ] . Similar 
results were found when alcohol (80 mM) was tested on GABA 

A
 R-mediated IPSCs in 

CA1 pyramidal neurons in hippocampal slices from young adult mice (6–12 weeks 
old)  [  137  ] . Results from voltage clamp studies also showed that this effect of alcohol 
on the GABA 

A
 R-mediated IPSC could be in fl uenced by the activation of GABA 

B
  

receptors (GABA 
B
 R) such that simultaneous activation of GABA 

A
 Rs and GABA 

B
 Rs 

occluded the effects of alcohol on the GABA 
A
 R-mediated IPSCs  [  153  ] . Similarly, in 

hippocampal slices from mice (6–12 weeks old), blocking GABA 
A
 Rs caused 

GABA 
A
 R-mediated IPSCs to become more sensitive to alcohol  [  137  ] . Consistent 

with these results, a facilitatory effect of alcohol (80 mM) on presynaptic GABA 
B
 R 

function was observed in voltage clamp studies of GABAergic synapses in CA1 pyra-
midal neurons in hippocampal slices from mice (4–6 weeks old). This action of alco-
hol limited the potentiating effect of alcohol on GABA 

A
 R-mediated IPSCs  [  154  ] . 

Studies also showed that the effects of alcohol on GABA 
A
 R-mediated responses were 

in fl uenced by levels of protein kinase C (PKC) activation  [  152,   155  ] .  

    12.5.2   Chronic Exposure to Alcohol 

 Acute exposure to alcohol typically produces alterations in CNS function that 
recover within a relatively short period of time. In contrast, chronic exposure to 
alcohol causes persistent neuroadaptations that can alter CNS function for a pro-
longed period. Moreover, withdrawal from alcohol produces additional neuroadap-
tive changes that can compound the effects of alcohol exposure. A variety of 
experimental paradigms for alcohol exposure in animal models have been devel-
oped to enable studies on the effects of prolonged alcohol exposure. In these para-
digms, alcohol exposure can involve drinking, alcohol injection, forced alcohol 
consumption (gavage feeding), or exposure to alcohol vapor. The exposure proto-
cols can vary with respect to alcohol concentration and the duration and pattern of 
alcohol exposure. In spite of the differences in alcohol administration, taken together, 
results show that chronic exposure to alcohol results in altered excitatory and inhibi-
tory synaptic transmission and plasticity in the hippocampus. For example, the 
fEPSP at the Schaffer collateral to CA1 pyramidal neuron synapse was signi fi cantly 
smaller in slices from rats (young adults) treated by the chronic intermittent alcohol 
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vapor method (blood alcohol levels, 150–200 mg%) for 12–14 days compared with 
slices from control rats  [  156  ] . Further analysis suggested that altered transmitter 
release contributed to the effects of chronic alcohol exposure  [  156  ] . In another 
study, the Schaffer collateral stimulation frequency threshold necessary for LTP 
induction in CA1 neurons was reduced in hippocampal slices from rats fed a Lieber–
DeCarli liquid diet (ethanol 36 % of the total calories) for 12 weeks compared with 
hippocampal slices from control rats  [  157  ] . 

 Withdrawal from chronic alcohol produces hyperexcitability in the hippocampus, 
an effect that studies show is due in part to increased NMDAR-mediated synaptic 
activity  [  143,   158–  161  ] . For example, NMDAR-mediated fEPSPs evoked in the CA1 
region by Schaffer collateral stimulation were unaltered in hippocampal slices from 
rats (young adults) subjected to chronic intermittent alcohol vapor for 2 weeks (blood 
alcohol levels, 150–200 mg%) and prepared for recording shortly after cessation of 
alcohol treatment compared with slices from control rats. However, at 7 days of with-
drawal from alcohol, NMDAR-mediated fEPSPs in hippocampal slices were enhanced 
relative to NMDAR-mediated fEPSPs in hippocampal slices from age-matched con-
trols  [  156  ] . The enhanced NMDAR-mediated fEPSPs correlated with elevated levels 
of protein for NR2A and NR2B subunits observed in Western blots of the CA1 region 
of hippocampal slices from alcohol-treated animals compared with hippocampal 
slices from age-matched control animals  [  156  ] . Similar results were obtained in a hip-
pocampal explant culture model exposed chronically to alcohol (75 mM ethanol, 
5–9 days)  [  162  ] . In contrast, when young adult rats were subjected to 2 weeks of 
chronic alcohol liquid-diet consumption, NMDAR-mediated function in CA1 pyra-
midal neurons in hippocampal slices was altered compared with control slices, but 
there was no associated upregulation of NMDAR subunit expression  [  136  ] . These 
results are consistent with the involvement of mechanisms other than alterations in 
expression levels in alcohol withdrawal-induced hyperexcitability. For example, stud-
ies show that chronic exposure to alcohol can alter the function of signal transduction 
pathways that regulate the function of NMDARs and ion  channels that provide feed-
back control of the membrane depolarization produced by activation of NMDARs 
 [  163,   164  ] . Mechanisms involved in the effects of chronic alcohol exposure on synap-
tic function may be in fl uenced by the alcohol exposure paradigm used  [  165  ] . 

 In addition to effects on excitatory synaptic transmission, studies show that 
chronic exposure to alcohol followed by a period of withdrawal alters GABA 

A
 R 

receptor subunit composition, subunit expression, receptor pharmacology, and the 
relative function of synaptic vs. extrasynaptic GABA 

A
 Rs  [  126,   166–  168  ] . One or 

more of these changes presumably underlie the attenuation in GABA-mediated 
inhibitory transmission in the CA1 region of the hippocampus that results from 
chronic exposure to alcohol  [  169,   170  ] . For example, in voltage clamp studies of 
spontaneous miniature IPSPs (mIPSPs) recorded in CA1 pyramidal neurons of hip-
pocampal slices from control and chronic alcohol-treated rats (2–3 months of age), 
signi fi cant differences were observed for the amplitude and kinetics of the mIPSCs 
between the alcohol-treated and control hippocampal slices  [  171  ] . These alcohol-
induced changes are consistent with reduced synaptic transmission resulting from 
alcohol-induced presynaptic and postsynaptic actions  [  171  ] .  
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    12.5.3   Synaptic Plasticity 

 LTP induction is mediated by activation of the NMDAR, and the resulting Ca 2+   fl ux 
through the receptor channels is modulated by activation of GABAergic synaptic 
transmission. Therefore, it is not surprising that acute and chronic alcohol exposure 
can signi fi cantly alter LTP in rat hippocampus. A number of studies have shown that 
acute alcohol can reduce LTP at the Schaffer collateral to CA1 pyramidal neuron 
synapse  [  172–  178  ] . The sensitivity of LTP to alcohol appears to be dependent on the 
age of the animal, alcohol concentration, and LTP induction protocol used. For exam-
ple, in one study, LTP of the fEPSP was reduced by acute exposure to 60 mM alcohol 
in hippocampal slices from immature (15–25 days old) but not adult (70–100 days 
old) rats  [  179  ] . In another study, a different LTP induction stimulation protocol 
induces LTP in hippocampal slices from adult rats (2–3 months old) when a low 
concentration (4.3 mM) but not at higher concentration (8.6 or 17.1 mM) of acute 
alcohol was tested  [  157  ] . For acute alcohol to alter LTP, alcohol must be present dur-
ing the LTP induction stimulation protocol  [  180  ] . Studies indicate that the effects of 
acute alcohol on LTP primarily involve mechanisms linked to NMDAR function, 
although effects on GABA receptor-mediated synaptic transmission also contribute 
 [  175,   180,   181  ] . Acute alcohol has also been reported to alter LTD  [  175,   182  ] . 

 Chronic exposure to alcohol also alters LTP  [  183,   184  ] . Long periods of chronic 
alcohol treatment (e.g., several months) produce a lasting impairment of LTP in the 
hippocampus  [  185  ] , whereas short-term chronic alcohol treatment (e.g., 2 weeks) 
produces an impairment of LTP that is reversible  [  184  ] . For example, in hippocampal 
slices from control rats (2–3 months old) and rats exposed to a chronic intermittent 
alcohol vapor protocol (blood alcohol levels ~180 mg/dl), an LTP induction protocol 
that induced LTP in slices from control rats was ineffective in inducing LTP slices 
from alcohol-exposed rats. However, after 5 days of withdrawal, recovery of LTP 
was observed  [  184  ] . A recent detailed review on alcohol effects on synaptic plasticity 
is available for more detailed information on this topic  [  186  ] .  

    12.5.4   Signal Transduction 

 Alcohol exposure has been reported to activate or inhibit a variety of signal trans-
duction pathways, many of which are used by GPCRs including chemokine recep-
tors. For example, acute alcohol administered i.p. (3.5 g/kg; blood alcohol levels 
~370 mg/dl) reduced the level of ERK1/2 and CREB activation in hippocampal 
neurons of postnatal day (PN) 5, PN 21, and adult rats  [  187  ] . In contrast to another 
study, acute alcohol administered i.p. (3.2 or 1.6 g/kg) increased CRE-mediated 
gene transcription in the CA1 region of the hippocampus and other CNS regions 
 [  188  ] . CREB is a downstream effector of ERK1/2 and cAMP-dependent protein 
kinase A (PKA). CREB phosphorylation on Ser-133 promotes transcription of 
genes with an upstream cAMP response element (CRE). 
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 Other studies support a role for PKC in the actions of acute alcohol  [  189  ] . Acute 
alcohol administered to rats (58–64 days old) by gavage (0.5, 1.0, or 2 g/kg) was 
reported to increase the level of phosphorylated PKC immunoreactivity in the den-
tate granule cell layer and in the CA3 subregion of the hippocampus but not in the 
CA1 region of the hippocampus  [  190  ] . These results are consistent with differences 
in target sites of alcohol action in different CNS regions. Experiments in genetically 
modi fi ed mice also support a role for PKC in actions of alcohol in the CNS  [  191, 
  192  ]  as well as a role for fyn kinase  [  142,   193  ] . 

 Chronic exposure to alcohol also alters signal transduction pathways. For exam-
ple, in young adult rats (6–8 weeks old) maintained for 2 weeks on a liquid alcohol 
diet, a signi fi cant increase in the levels of phosphorylated p38 MAPK was observed 
in the CA1 region of hippocampal slices  [  136  ] . Chronic intermittent alcohol expo-
sure by the vapor method was also shown to reduce the level activated of ERK1/2 
in the hippocampus  [  194,   195  ] .   

    12.6   Summary and Conclusions 

 Effects of alcohol on the CNS have been intensively investigated both clinically and 
experimentally. In contrast, studies on the actions of chemokines in the CNS are 
limited. The discovery that alcohol induces neuroin fl ammation and the production 
of chemokines in the CNS is a signi fi cant  fi nding. By analogy with other CNS con-
ditions where elevated levels of chemokines have been shown to occur, we can 
expect that alcohol-induced production of chemokines in the CNS will play a role 
in the actions of alcohol on the CNS. The alcohol-induced chemokines could be 
helpful, for example, by providing neuroprotection, or could contribute to the 
impairment of CNS function produced by alcohol. 

 Emerging research shows that chemokines acting through chemokine receptors 
can interact with the same molecules and biological process as alcohol. This com-
monality provides a rational basis for the idea that alcohol-induced chemokines can 
mediate or modulate the effects of alcohol on the CNS. Our recent studies on synap-
tic function in hippocampal slices from CCL2 transgenic mice that express elevated 
levels of CCL2 in the CNS support this idea. The CCL2 transgenic mice model, one 
aspect of effects of chronic alcohol exposure on the CNS, elevated levels of CCL2 in 
the CNS. Our studies show that the actions of acute alcohol on hippocampal synaptic 
transmission and plasticity are altered in hippocampal slices from CCL2 transgenic 
mice compared with hippocampal slices from non-transgenic littermate controls 
 [  95  ] . These results are consistent with an important role for alcohol-induced chemok-
ines in alcohol use disorders. Research in this challenging, interesting, and important 
area is needed and will undoubtedly bring new insight and understanding of the 
effects and mechanisms of alcohol action on the CNS and behavior.      
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    Appendix:   Hippocampal Slice Recordings 

 A variety of experimental approaches have been employed to assess the role of dif-
ferent chemokines and other biologically active molecules including alcohol on hip-
pocampal synaptic function. Perhaps the most common approaches are (a) the 
manipulation of extracellular levels through exogenous application to in vivo, ex 
vivo, or culture models; (b) the use of genetically modi fi ed animals; and (c) the use 
of animal models of a disease condition. An important issue inherent in such studies 
is how the experimental protocols and preparations relate to the in vivo conditions 
of interest. Typically, models do not exactly simulate an in vivo condition. Moreover, 
differences in concentration, timing of exposure, and age of the animal when expo-
sure occurs are all likely to be important factors in the  fi nal consequences of 
chemokine action, as has been shown for the actions of alcohol. Therefore, integra-
tion of information from a variety of models and approaches will most likely be 
necessary for the most comprehensive understanding. Often, results from different 
models do not concur, a situation that re fl ects the limitations of models, complexity 
of the problem, and de fi cits in our knowledge base. 

 One of the most frequently used experimental approaches for studies on neuro-
active molecules such as chemokines and alcohol is to test their ability to alter 
synaptic function in an in vitro slice preparation of the hippocampus. An important 
advantage of the hippocampal slice preparation is that it enables studies of synaptic 
function in hippocampus from both young and adult animals under conditions that 
retain many features of the in vivo tissue. The well-characterized lamellar structure 
of the hippocampus makes it well suited for measurement of synaptic function 
within well-de fi ned circuits in a slice preparation, for example, in the CA1 pyrami-
dal layer at the site of synaptic input from the Schaffer collaterals (Fig.  12.6 ). The 
Schaffer collateral to CA1 pyramidal neuron synapse is one of the most highly stud-
ied synapses in the CNS. Two electrophysiological recording techniques are com-
monly used for such studies,  fi eld potential recordings and intracellular recordings. 
Field potential recordings detect changes in electrical activity produced by synaptic 
transmission from an extracellular vantage point (Figs.  12.7  and  12.8 ). The recorded 
activity re fl ects the summed electrical events of a population of neurons and can 
provide a useful and sensitive measure of synaptic function and changes in synaptic 
function including an overall assessment of changes in pre- and postsynaptic 
 components of synaptic transmission. In intracellular recordings, electrical activity 
is measured from an intracellular vantage point necessitating access to the intracel-
lular compartment by the recording electrode. Intracellular recordings are used to 
measure changes in membrane potential (current clamp recordings) (Fig.  12.8 ) or 
ion  fl ow through the membrane channels (voltage clamp) associated with synaptic 
transmission. Intracellular recordings are important for identi fi cation of cellular and 
molecular mechanisms mediating synaptic function and alterations in these cellular 
and molecular mechanisms produced by experimental manipulations such as expo-
sure to chemokines or alcohol.    

 An assessment of synaptic function typically involves studies of synaptic trans-
mission and synaptic plasticity. Synaptic transmission at the Schaffer collateral to 
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  Fig. 12.6    Simpli fi ed diagram showing pre- and postsynaptic aspects of synaptic transmission at 
the Schaffer collateral to CA1 pyramidal neuron synapse. Activation of the Schaffer collaterals 
results in a presynaptic action potential and Ca 2+  in fl ux through voltage-gated Ca 2+  channels 
(VGCC) in the axon terminals, which initiates glutamate release. Glutamate diffuses to the post-
synaptic membrane and evokes a membrane depolarization (excitatory postsynaptic potential, 
EPSP) mediated by AMPAR and, at strong stimulations, NMDARs in the dendritic synapse of the 
CA1 pyramidal neurons. The membrane depolarization spreads to the somatic region where it can 
evoke an action potential (not shown). The action potential can spread to axon terminals of the 
CA1 neurons that provide synaptic input to GABAergic inhibitory interneurons responsible for 
feedback control of somatic excitability. The inhibitory postsynaptic potential (IPSP) produced by 
this pathway summates with the EPSP to form an overlapping EPSP/IPSP at the somatic region 
(see Fig.  12.8 ). Receptors on the presynaptic terminals can modulate transmitter release       

CA1 pyramidal neuron synapse is elicited experimentally by electrical stimulation 
of the Schaffer collaterals, which induces transmitter (glutamate) release from the 
Schaffer collateral terminals. The released transmitter interacts with several gluta-
mate receptors at dendritic synapses of the CA1 pyramidal neurons and evokes a 
membrane depolarization referred to as an excitatory postsynaptic potential (EPSP; 
fEPSP in  fi eld potential recording) (Figs.  12.6 ,  12.7 , and  12.8 ). The dendritic mem-
brane depolarization spreads to the axosomatic region of the CA1 neurons where, if 
large enough, it elicits a somatic action potential [referred to as a population spike 
(PS) in  fi eld potential recordings]. The action potential is conducted to axon termi-
nals of CA1 pyramidal neurons that innervate other CNS regions and GABAergic 
inhibitory interneurons in the CA1 region responsible for feedback control of the 
excitability of the CA1 somatic region (Fig.  12.8 ). 

 Synaptic plasticity is induced experimentally by speci fi c stimulation protocols 
designed to simulate activity patterns of neuronal circuits. Two forms of synaptic 
plasticity, LTP and LTD, can be established at the Schaffer collateral to CA1 
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  Fig. 12.7    Simpli fi ed diagram showing the placement of electrodes and recorded responses in a 
 fi eld potential recording of synaptic transmission at the Schaffer collateral to CA1 pyramidal neu-
ron synapse in a hippocampal slice. Synaptic transmission is initiated experimentally by electrical 
stimulation of Schaffer collaterals, axons of the CA3 pyramidal neurons of the hippocampus. 
Stimulation of the Schaffer collateral elicits two electrical events at the CA1 synapse that are 
detected in  fi eld potential recordings as a presynaptic volley (PSV) and  fi eld excitatory postsynap-
tic potential (fEPSP). The PSV re fl ects a summation of the action potentials occurring in the stimu-
lated Schaffer collateral afferent terminals, while the fEPSP re fl ects a summation of excitatory 
postsynaptic responses occurring in the dendrites of CA1 pyramidal neurons activated by the affer-
ent  fi bers. A summated response of action potentials evoked by the synaptic responses and occur-
ring in the somatic region of the pyramidal neurons can be recorded as a somatic population spike 
(PS) in the  fi eld potential recordings. Typically measurements are made of the slope of the fEPSP 
and amplitude of the PS. Field potential recordings are advantages for certain types of studies 
because the recording technique has little impact on the physiology of the neurons. In contrast, 
intracellular recordings, another important recording technique, can disturb the biochemistry of 
the cell and thereby limit the types of information that can be obtained from the recording       

pyramidal neuron synapse by Schaffer collateral stimulation. Both LTP and LTD are 
thought to be cellular mechanisms underlying learning and memory  [  196,   197  ] . LTP 
and LTD are modi fi cations in synaptic strength resulting from alterations in the 
function or number of postsynaptic glutamate receptors of AMPA subtype  [  198  ] . 
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  Fig. 12.8    Representative  fi eld potential and intracellular recordings of synaptic events elicited by 
activation of the Schaffer collateral to CA1 pyramidal neuron synapse in a hippocampal slice from 
adult mice. ( a ) Simultaneous recording of PS and fEPSP elicited by a series of electrical stimula-
tions of increasing intensity applied to the Schaffer collaterals (SR stim). ( b ) Intracellular (current 
clamp) recording of synaptic responses in the somatic region of a CA1 pyramidal neuron elicited 
by series of electrical stimulations of increasing intensity applied to the Schaffer collaterals (SR 
stim). Stimulation of the Schaffer collaterals elicits an EPSP and feedback IPSP that summate. If 
the EPSP is large enough, an action potential (AP) is evoked ( top trace ). ( c ) Graph shows LTP of 
the fEPSP at the Schaffer collateral to CA1 pyramidal neuron synapse. At the left of the graph are 
shown representative  fi eld potential recordings of fEPSPs elicited by a standard test stimulation 
applied to the Schaffer collaterals during baseline recordings and at different times after applica-
tion of the high-frequency stimulation protocol (HFS) used to induce LTP. Each point on the graph 
represents the slope of the fEPSP elicited by the standard test stimulus at the time point shown 
(Nelson and Gruol, unpublished; methods were similar to that reported previously  [  94  ] )       
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LTP is induced by high-frequency stimulation that produces intense synaptic activity 
and results in a long-lasting enhancement of AMPAR-mediated synaptic strength 
(Fig.  12.8 ). LTD is induced by low-frequency stimulation and results in a long-
lasting depression of AMPAR-mediated synaptic strength. In addition to LTP, two 
short-term forms of synaptic plasticity are produced by the LTP induction protocol, 
PTP and STP (Fig.  12.8c ). PTP and STP are thought to be involved in short-term 
memory  [  199,   200  ] . PTP results from presynaptic mechanisms that produce an 
increase in transmitter release, whereas STP appears to result from both presynaptic 
and postsynaptic mechanisms  [  201–  203  ] . 

 Activity patterns that induce LTP or LTD also initiate downstream actions at 
signal transduction pathways leading to gene expression and protein synthesis, a 
process that is essential for encoding long-term memories. Numerous signaling mol-
ecules have been identi fi ed that mediate or regulate LTP or LTD including calcium/
calmodulin-dependent protein kinase II (CaMKII), calcium/calmodulin-dependent 
protein kinase IV (CaMKIV), p42/p44 MAPK, p38 MAPK, PKA, PKC, protein 
phosphatases 1/2A, protein phosphatase 2B (calcineurin), and tyrosine kinase  [  204–
  207  ] . For example, increased activation of p42 MAP kinase (i.e., ERK2) is neces-
sary for the induction of LTP  [  208  ] . In contrast, p38 MAPK is involved in LTD 
induction  [  209  ]  as well as cytokine-induced inhibition of LTP (TNF- a  and IL-1 b ) 
 [  210,   211  ] . CREB is also essential for the establishment of LTP and LTD by induc-
ing change in gene expression required for long-term changes in hippocampal func-
tion  [  212  ] .   
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          13.1   Introduction 

 Alcoholism (alcohol dependence) is one of the most expensive (more than $185 
billion/year for the USA) and damaging chronic diseases. Treatment options are 
limited (there are only three FDA-approved drugs for alcohol dependence), and 
there is a high rate of relapse for all treatments. Emerging results suggest that the 
cytokine responses to alcohol (perhaps via endotoxins) promote persistent and 
excessive alcohol consumption, which may in turn promote further in fl ammatory 
responses, producing a positive feedback loop which that spirals out of control. 
Although there is considerable effort to develop pharmacotherapies to reduce alco-
hol consumption, craving, and relapse, most are directed at “traditional” targets 
involved in synaptic transmission. Neuroin fl ammatory pathways in brain (and other 
organs) may be unexplored targets for medication development to reduce excessive 
alcohol consumption and prevent relapse. 

 In the liver, alcohol activates in fl ammatory processes, and these signals are cen-
tral to alcoholic liver disease  [  1  ] ; however, their role in brain function and regulation 
of alcohol consumption has received little attention. It is well known that alcohol 
increases the permeability of the gut to endotoxins, and the action of compounds 
such as lipopolysaccharide (LPS) on the liver is a key factor in development of 
alcoholic cirrhosis  [  2  ] . LPS is a bacterial endotoxin normally con fi ned to the gut, 
but it can leak from the gut as a result of chronic alcohol abuse  [  1  ] . LPS produces 
activation of the immune system when administered systemically by binding to 
Toll-like receptor 4 (TLR4) found on macrophages, Kupffer and stellate cells in the 
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liver, and endothelial cells  [  1,   3–  5  ] . TLR4 is also found in the brain on neurons, 
astrocytes, microglia, and endothelial cells  [  6,   7  ] . Some publications suggest that 
LPS can directly activate brain TLR4 receptors  [  8–  10  ] . However, LPS is a large 
molecule that would not be expected to cross the blood–brain barrier, and others 
have failed to  fi nd LPS within the brain parenchyma after systemic administration 
 [  11  ] . Activation of peripheral TLR4 by LPS produces the release of a number of 
immune mediators, including cytokines, and a “sickness” response characterized by 
decreased food and water intake, loss of weight, lethargy, and anhedonia  [  12  ] . As 
discussed above, these effects of LPS are likely due to indirect actions on the brain, 
apparently by cytokines that are released peripherally and that are transported across 
the blood–brain barrier. The increased levels of serum cytokines produced by LPS 
are transient (hours), and the sickness response lasts only a day or two. However, 
there are persistent actions of LPS exposure on brain neuroin fl ammatory signaling, 
including elevation of some brain cytokines, for up to 10 months  [  13,   14  ] . These 
studies showed that repeated injections of LPS or high doses of ethanol produce 
long-lasting increases in brain cytokine signaling and proliferation of brain micro-
glia, even though these treatments produce only transient changes in liver cytokines 
 [  13,   14  ] . Interestingly, one of the cytokines increased in rat brain, monocyte chemot-
actic protein 1 [also known as chemokine (C–C motif) ligand 2] (MCP-1, Ccl2), 
was also increased in the brain of human alcoholics  [  15  ] , and we found that deletion 
of Ccl2 decreased alcohol consumption in mice  [  16  ] . 

 Neuroimmune factors are emerging as important regulators of brain function, 
particularly synaptic plasticity  [  17–  20  ] . This role of neuroimmune signaling in nor-
mal, as well as pathological, brain function is a paradigm shift and may be a key to 
understanding the roles of these factors in regulating alcohol drinking. In this chap-
ter, we will discuss the link between proin fl ammatory signaling in and changes brain 
function critical to alcohol dependence. Many novel anti-in fl ammatory drugs are 
currently under development and in clinical trials, and drugs developed for other 
purposes (e.g., some statins and antibiotics) unexpectedly produce some of their 
bene fi cial effects by anti-in fl ammatory actions. This provides the possibility of “off-
the-shelf” compounds for future studies in human alcoholism. Uncovering the role 
for neuroimmunology in alcohol abuse opens the possibility that such processes are 
important for addiction to other drugs and that medications targeting these processes 
may be useful for treating multiple addictions. Although not a focus of this chapter, 
we are interested in the observations that stress can activate cytokine signaling and 
that proin fl ammatory events act as stressors  [  21  ] . Stress is known to increase alco-
hol intake in rodent models as well as humans, and this has been explored in the 
traditional framework of the hypothalamic–pituitary–adrenal axis. However, stress 
may instead regulate alcohol consumption through a cytokine network. This could 
have applications for conditions such as post-traumatic stress disorder, where alco-
hol abuse is a common comorbidity. Although beyond the scope of this chapter, 
studies showing that immune mediators produce long-lasting changes in brain func-
tion have important implications for other mental illnesses such as depression, 
Alzheimer’s disease, autism, and schizophrenia, where there is increasing evidence 
for a role of in fl ammatory responses  [  22–  27  ] . The role of in fl ammatory activation 
in depression may be particularly relevant to the comorbidity of depression and 
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alcoholism and new treatments that could target the neuroin fl ammatory component 
of both diseases  [  23,   28  ] . Also relevant for alcohol dependence is the  fi nding that 
activation of immune responses can lower seizure thresholds and trigger seizures 
 [  29  ] , suggesting that inhibitors of neuroimmune signaling might be useful for pre-
vention of alcohol withdrawal neurotoxicity. One hypothesis that we will consider 
is that compulsive, excessive alcohol consumption is mediated, at least in part, by 
signals from cytokines produced in brain as well as cytokines derived from the 
periphery that act on the brain.  

    13.2   Genetic and Genomic Evidence 

 Interest in the role of proin fl ammatory processes in alcoholism was initially 
prompted by comparisons of gene expression pro fi les in human brain tissue from 
alcoholic and nonalcoholic subjects. Genes classi fi ed as “immune/stress response” 
form one of the most prominent functional groups with differential expression in the 
frontal cortex of alcoholics in comparison with nonalcoholics  [  30  ] . Many of these 
changes in gene expression appear to be due to alterations in the coordinated func-
tion of the transcription factors, nuclear factor kappa-light-chain enhancer of acti-
vated B cells (NF- k B), and p50 homodimer in the alcoholic frontal cortex  [  31  ] . 
Human alcoholics also show altered levels of microRNAs (miR) compared to non-
alcoholics  [  32  ] , and six of these (miR-146, miR-203, miR-140, miR-194, miR-196, 
and miR-15) are known to regulate immune function  [  33  ] . 

 In addition, analysis of brain gene expression in mice that are genetically predis-
posed to alcohol consumption indicates a key role for proin fl ammatory mediators in 
regulating alcohol intake  [  34,   35  ] . Recently, Kong et al.  [  36  ]  found upregulation of 
genes in the Toll and immune de fi ciency (Imd) innate immune signaling pathways 
in Drosophila exposed to ethanol, extending the link between alcohol and immune 
mediators to invertebrates. Examples of gene changes from the human and mouse 
studies are shown in Table  13.1 , and several of these genes (e.g., Cd14, Toll-
interleukin 1 receptor domain-containing adaptor protein—Tirap, interleukins, 

   Table 13.1    Immune/in fl ammatory response genes in brain associated with increased alcohol 
 consumption in mouse genetic models  [  34  ]  and human alcoholics  [  30  ]    
 Functional group  Gene symbol  Species 

 Immune/in fl ammatory 
response 

  Cd14 ,  Csf2 ,  Cxcl1 ,  Fasl ,  Gbp2 ,  Il10 ,  Il1r1 ,  Il1rn , 
 Irak1 ,  Lif ,  Pglyrp1 ,  Ptx3 ,  Tirap ,  Tlr1 ,  Tlr6 ,  Tlr7  

 Mouse 

  Ripk2   Mouse/human 
  ZFP36 ,  SMAD3   Human 

 NFkB pathway   Casp8 ,  Fadd ,  Ikbkb ,  Ikbkg ,  Map3k1 ,  Map3k7 ,  Tradd   Mouse 
  Slc20a1   Mouse/human 

 Cytokine activity   Ebi3 ,  Ifnb1 ,  Irak4   Mouse 
 Other immune system 

process 
  Cd80 ,  Cdkn1a   Mouse 
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interferons) are part of the TLR4 signaling pathway shown in Fig.  13.1 . A series of 
elegant studies from the Guerri group showed that TLR4 signaling is activated by 
alcohol treatments in cultured macrophages, glial cells, and animals consuming 
alcohol, and that it is required for alcohol-induced neuroin fl ammation  [  37–  40  ] . This 
work, together with the gene expression data, suggests an intersection between 
human alcoholism and genetic animal models in regulation, or deregulation, of 
proin fl ammatory signaling in brain. It is interesting to note that there is extensive 
new literature suggesting endogenous ligands for TLR4 that can mimic the effects 
of LPS  [  41–  43  ] , and it is possible that alcohol consumption can promote this endog-
enous signaling.    

LPS

LBP

CD14

MD-2

TLR4

TIRAP TRAM

TRIF

MyD88

MyD88-dependent
pathway

MyD88-dependent
pathway

Type I
Interferons

NK-kB

Proinflammatory
cytokines

  Fig. 13.1    Overview of LPS/TLR4 signaling. Lipopolysaccharide (LPS) recognition is facilitated 
by lipopolysaccharide-binding protein (LBP) and the cluster of differentiation 14 (CD14) protein 
and is mediated by Toll-like receptor 4 (TLR4/MD-2) receptor complex. LPS/TLR4 signaling can 
be separated into myeloid differentiation primary response gene (MyD), MyD88-dependent and 
MyD88-independent pathways, which mediate the activation of proin fl ammatory cytokine and 
type I interferon genes, respectively. Other adaptor proteins shown are Toll-interleukin 1 receptor 
adaptor protein (TIRAP), Toll-interleukin-1 receptor domain-containing adaptor-inducing inter-
feron-beta (TRIF), and TRIF-related adaptor molecule (TRAM)       
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    13.3   Deletion of Neuroimmune Genes 

 The role of immune signaling in alcohol behaviors has been probed by testing of 13 
different mutant mice with deletion or null mutations in immune-related genes and 
one with transgenic overexpression (Table  13.2 ). Based on the gene expression dif-
ferences shown in Table  13.1 , we studied six lines of mice with deletion of different 
candidate genes  [  44  ] . To select these genes, we began with a meta-analysis of gene 
expression changes associated with genetic predisposition to high alcohol consump-
tion in mice (based on the 24-h, two-bottle choice test, or 2-BC)  [  34  ] . Initial exami-
nation of these data showed statistically signi fi cantly regulation of functional 
pathways related to immune/in fl ammatory responses, including interleukin (IL) 
IL-1, IL-2, IL-6, NFkB, Toll-like receptor, and tumor necrosis factor (TNF) receptor 
1 signaling pathways. We then compared functional groups and individual genes 
identi fi ed in mice with expression studies in rats with genetic predisposition to high 
alcohol consumption  [  46  ]  and in human alcoholics  [  30,   47,   48  ] . Examination of data 
from these four gene expression studies showed that a number of genes differen-
tially expressed in each study could be classi fi ed into a functional category broadly 
de fi ned as “immune/in fl ammatory/defense/stress response,” and we chose this path-

   Table 13.2       Summary of studies of behavioral effects of alcohol in immune-related mutant mice   

 Two-bottle choice 

 LORR  EtOH (g/kg/day)  Preference  Total  fl uid intake 

 Symbol  Reference  M  F  M  F  M  F  M  F 

 IL6   [  44  ]   ↓  ↓  ↓  ↓  0  ↑ 
 IL6 (tg)  Not published  0  0  0  0  0  ↑  ↓  ↓ 
 Ccr2   [  16  ]   0  0  ↓  ↓  ↓  ↓  ↑  ↑ 
 Ccr5   [  16  ]   0  0  0  ↑  0  0  ↑  ↑ 
 Ccl2   [  16  ]   ↑  ↑  0  ↓  0  ↓  ↑  0 
 Ccl3   [  16  ]   ↑  ↑  ↓  ↓  ↓  ↓  0  ↓ 
 IL1rn   [  44  ]   ↑  ↑  ↓  ↓  ↓  ↓  0  0 
 Cd14   [  44  ]   0  ↓  ↓  ↓  ↑  ↑ 
 B2m   [  44  ]   ↓  ↓  ↓  ↓  ↓  ↓ 
 Ctss   [  44  ]   ↓  ↓  ↓  ↓  ↓  ↓ 
 Ctsf   [  44  ]   ↓  0  ↓  0  0  0 
 Tlr4   [  74  ] ,  [  45  ]   ↓  0  0 
 MyD88   [  45  ]   ↓ 
 C3H/HeJ  Not published  ↓  ↓  ↓  ↓  ↓  0 

  All are null mutants (designated by gene symbols), except for the transgenic overexpression of IL6 
[IL6(tg)]. C3H/HeJ is a naturally occurring null mutant for TLR4; C3H/HeOuJ was used as the 
control strain. LORR indicates duration of loss of righting re fl ex after ethanol injection.    Alcohol 
consumption was measured in the continuous two-bottle choice drinking test, and results for 
amount of alcohol consumed (g/kg/day) and preference for alcohol compared to water and total 
 fl uid intake are given. Arrows indicate a change in mutant compared to wild type, 0 indicates no 
change, and a blank indicates not tested. Results are given for male (M) and female (F) mice  
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way for our validation study. We applied  fi ve criteria for selection of genes from this 
functional category: (1) statistical differences in gene expression (individual gene or 
overrepresented pathway) related to predisposition to alcohol consumption in mice 
 [  34  ] , (2) statistical differences in gene expression in a rat or human study  [  30,   46, 
  47  ] , (3) availability of knockout mice, (4) functional commonality, and (5) absence 
of publications linking the genes to alcohol consumption. This resulted in four genes 
that ful fi lled all criteria and two genes that ful fi lled three criteria and were found 
only in the Mulligan et al.  [  34  ]  data (Table  13.1 ). Thus, we evaluated null mutant 
mice for six genes: B2m (beta-2 microglobulin), Cd14 (cluster of differentiation 14 
or CD14 antigen), Il1rn (interleukin 1 receptor antagonist, also known as IL-1ra and 
IRAP), Il6 (interleukin 6), Ctss (cathepsin S), and Ctsf (cathepsin F). Deletion of 
any of these six genes resulted in decreased alcohol consumption in the two-bottle 
choice test, despite increasing total  fl uid consumption in most of the mutants 
(Table  13.2 ). It should be noted that several of the null mutations change alcohol 
consumption or preference in one sex but not the other (e.g., Ctsf, Cd14; Table  13.2 ). 
This is a common  fi nding for effects of mutation on alcohol phenotypes  [  49  ] , 
although the reasons are not known. Female mice consume more alcohol than males, 
and it is possible that levels of consumption may in fl uence genetic effects.  

 Other genes related to immune function have also been deleted or mutated and 
evaluated for effects on alcohol consumption. Deletion of a chemokine receptor 
(Ccr2) or chemokines (Ccl2, Ccl3) reduced alcohol consumption. TLR4 is the site 
of action of lipopolysaccharide (LPS, discussed below) and is central to several 
aspects of immune signaling (see Fig.  13.1 ), and several naturally occurring null (or 
impaired) mutants of TLR4 are available  [  50,   51  ] . The TLR4-de fi cient C3H/HeJ 
mice showed, as expected, decreased alcohol consumption as compared to the con-
trol strain (C3H/HeOuJ) with normal TLR4 function (Table  13.2 ). The mutation did 
not alter total  fl uid consumption, but it should be noted that alcohol consumption is 
low in the control strain, due to the C3H genetic background. As discussed below, 
RNAi has been used to reduce TLR4 in amygdala, and this reduces operant self-
administration of ethanol, consistent with the results from the C3H/HeJ mice. 
However, a null mutant for TLR4 has also been engineered, but this mouse did not 
show a change in alcohol consumption (Table  13.2 ). This is surprising, but may be 
due to differences in genetic background or differences in the consumption tests. 
Further studies are required to de fi ne the role of TLR4 in alcohol consumption. One 
transgenic overexpressing mutant (IL6 tg) has been tested and females (but not 
males) show increased preference for alcohol (Table  13.2 ). This is the opposite of 
the  fi nding for the IL6 null mouse (and for most of the null mutants), suggesting that 
increased immune signaling can increase alcohol preference. It is important to note 
that the IL6 transgene is controlled by the glial  fi brillary acidic protein (GFAP) 
promoter and is only expressed in brain astrocytes  [  52  ] , suggesting a role for astro-
cytes in controlling alcohol preference. However, the IL6 transgenic mice also 
showed a decrease in total  fl uid consumption which resulted in no change in the 
amount of alcohol consumed despite an increase in preference (Table  13.2 ). It will 
be important to evaluate these mice with other tests of alcohol consumption. 

 The mutants have been tested primarily for alcohol consumption in the continu-
ous two-bottle choice test, with only limited evaluation of other alcohol behaviors. 
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However, mice lacking  Ctss  and  Il1rn  genes also showed a reduction in ethanol 
intake in tests with limited access to alcohol (“Drinking in the Dark” or DID)  [  44  ] . 
In addition, the C3H/HeJ female mice which are de fi cient in TLR4 signaling show 
decreased alcohol consumption in the DID test (Fig.  13.2 ). A few neuroimmune 
mutants have been tested for the duration of loss of righting re fl ex (LORR) pro-
duced by ethanol with the TLR4 and MyD88 mutants showing decreases and sev-
eral chemokine deletions as well as deletion of IL1rn producing increased LORR 
(Table  13.2 ). It should be noted that the deletion of CD14 increased the duration of 
LORR in contrast to the reduction of LORR observed in mice lacking Tlr4. Because 
CD14 is required for TLR4 function, deletion of either gene should produce the 
same effect on LORR (as it does on alcohol consumption). One possible explana-
tion is that TLR2 has a role in LORR because CD14 is an adapter protein for TLR2 
as well as TLR4. An alternative to manipulation is delivery of protein regulators, 
and mice treated with IL-1ra (IL1 receptor antagonist) showed reduced acute alco-
hol-induced sedation (faster recovery from acute alcohol-induced motor impairment 
and shorter duration of LORR than control animals)  [  45  ] . Another technique for 
manipulating the level of an mRNA, and thus the level of the protein, is direct injec-
tion of an siRNA vector into brain regions to produce a “knock down.” This approach 
has been beautifully employed to answer several key questions about the role of 
TLR4 in alcohol self-administration. Injection of an siRNA for TLR4 into the cen-
tral amygdala of alcohol-preferring (P) rats reduced operant self-administration of 
ethanol, but not sucrose  [  53  ] . This con fi rms and extends the mouse studies in sev-
eral important ways: it extends the  fi nding to another species and another behavioral 
test and shows that reduction of TLR4 in a single brain region is suf fi cient to reduce 
alcohol consumption. The latter point is particularly critical because the mouse 
studies used global knockouts which compromise peripheral immune signaling as 
well as central neuroimmune function.  

  Fig. 13.2    A naturally occurring mutation in TLR4 reduces alcohol consumption in a two-bottle 
limited access test. C3H/HeJ inbred mice have defective TLR4 function and show decreased alco-
hol consumption when compared to a closely related strain of mice (C3H/HeOuJ) that have normal 
TLR4 signaling  [  51  ] . Data are from a two-bottle limited access (3 h) (modi fi ed “Drinking in the 
Dark” or DID) test and were obtained from female mice. The concentration of alcohol was 10 %. 
Values are mean ± SEM,  n  = 6 for the two strains of mice. Signi fi cant differences were found in 
amount of alcohol consumed ( p  < 0.001) (panel  a ) and preference ( p  < 0.01) (panel  b ), but the total 
 fl uid intake was not different (panel  c )       
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 Most of the mouse results discussed above were obtained from null mutants 
completely lacking the protein of interest, and it is important to ask if partial changes 
in function of immune proteins, as would be expected in a human population, are 
suf fi cient to alter consumption or behavioral actions of alcohol.    These can be 
accomplished with remarkable ease and effectiveness in silico using GeneNetwork 
and WebQTL (http://webqtl.org/webqtl/main.py). This site brings together a huge 
range of phenotypes that have been measured by many different laboratories in 
identical strains of recombinant inbred (RI) mice and rats. This allows visualization 
of the variation of the phenotype in the RI population and correlations among phe-
notypes measured in the same RI strains. The BXD RI published phenotypes data-
base listed 236 different “immune” measures and 78 “alcohol” measures as of 
October 25, 2011. There are also extensive gene expression databases for the RI 
mice and rats. As an example of the use of this resource to address a focused ques-
tion, we asked if the BXD RI mice showed variation in TLR4 function and if this 
variation was related to any alcohol-related behaviors. One of the immune pheno-
types is response of macrophages to stimulation by LPS (record 11001) which is a 
measure of the function of TLR4 receptors on the macrophages  [  50  ] . This function 
shows a wide range of variation and is correlated with several behavioral actions of 
alcohol such as preference in the two-bottle choice test, antianxiety actions of etha-
nol, and the severity of withdrawal signs (HIC) during acute alcohol withdrawal 
(Table  13.3 ). The possible role of TLR4 signaling in these behavioral effects of 
alcohol should be tested directly with tools such as RNAi, null mutants, and selec-
tive TLR4 antagonists. The importance of neuroin fl ammatory signaling in regula-
tion of alcohol consumption is also supported by our data using lipopolysaccharide 
(LPS) to activate neuroin fl ammatory signaling (discussed in Sect.  1.5 )  [  54  ] .   

    13.4   Anti-in fl ammatory Treatments 

 Because genetic reduction of in fl ammatory signaling decreases alcohol consump-
tion, it is possible that anti-in fl ammatory drug treatments might also reduce alcohol 
consumption. Many of these drugs are already used routinely in medicine and could 
easily be repurposed to treat alcoholism. This approach is complicated by the wide 
range of anti-in fl ammatory treatments with very different mechanisms of action. 
Many drugs including statins and antibiotics are anti-in fl ammatory, and even topi-
ramate, a drug with ef fi cacy in treating human alcoholism  [  55  ] , also has anti-
in fl ammatory effects  [  56  ] . 

 The tetracycline derivative, minocycline, reduces alcohol consumption in the 
continuous two-bottle choice test  [  57  ] . Minocycline has potent anti-in fl ammatory 
effects independent from its microbiocidal properties and inhibits macrophage and 
microglial activation. It is probably the most commonly used drug to inhibit neu-
roimmune signaling, and there are over 300 publications on the neuroprotective 
effects of minocycline  [  58  ] . Of all the tetracyclines, it has the greatest permeability 
through the blood–brain barrier  [  59  ] , and it confers therapeutic bene fi ts in many 
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CNS disease models, including ischemia  [  60  ] , Parkinson’s disease  [  61  ] , amyo-
trophic lateral sclerosis  [  62  ] , multiple sclerosis  [  59,   62  ] , and depressive-like behav-
ior  [  63  ] . Documented actions of minocycline which may be responsible for the 
therapeutic bene fi ts in neurodegenerative diseases include inhibition of microglial 
activation, attenuation of apoptosis, and suppression of reactive oxygen species pro-
duction.    In brain, minocycline treatment suppresses microglial proliferation/activa-
tion and subsequent release of cytokines such as IL 1 b  and 6 and TNF alpha and 
reduces expression of chemokines and their receptors  [  58  ] . 

 A second drug, pioglitazone, was recently shown to reduce alcohol self-adminis-
tration, consumption, and relapse in rats  [  64  ] . This drug was also found to protect 
from some of the toxic effects of fetal alcohol exposure  [  65  ]  and to protect against 
alcohol liver injury  [  66  ] . Pioglitazone is an agonist of peroxisome proliferator-acti-
vated-type gamma receptors (PPAR-gamma) and is FDA approved as a treatment for 
diabetes because it potentiates the action of insulin. PPAR-gamma is found on most 
brain cell types, and activation of this receptor protects striatal neurons against LPS 
 [  67  ]  and ameliorates symptoms of Alzheimer’s disease and traumatic brain injury in 
animal models  [  68–  70  ] . These effects are due, at least in part, to anti-in fl ammatory 
actions resulting from prevention of microglial activation and reduction of 
in fl ammatory cytokines and chemokines  [  71  ] . PPAR-gamma acts broadly to silence 
expression of a broad range of in fl ammatory genes in myeloid lineage cells, such as 
microglia and macrophages, and in the vasculature  [  70  ] . PPAR-gamma suppresses 
proin fl ammatory gene expression at the transcriptional level through antagonizing the 
actions of NF k B, AP-1, and STAT1 transcription factors; the main action of PPAR g  in 
this context is thought to be inhibition of NF k B-dependent gene expression  [  70  ] . 

 The importance of NFkB activity in regulation of voluntary alcohol intake is 
supported by our  fi nding that daily injections of an inhibitor of NFkB activation 
(caffeic acid phenethyl ester, CAPE)  [  72  ]  reduced ethanol intake and preference in 
the two-bottle choice paradigm without changes in total  fl uid intake (Fig.  13.3 ). 

  Fig. 13.3    Caffeic acid phenethyl ester (CAPE), an inhibitor of NFkappaB activation, reduces 
alcohol consumption. CAPE (40 mg/kg i.p. once daily just before the beginning of the dark cycle) 
reduced the amount of alcohol consumed ( p  < 0.05) (panel  a ) and alcohol preference ( p  < 0.01) 
(panel  b ) without changing total  fl uid intake (panel  c ). A continuous two-bottle choice test was 
used with a single concentration of alcohol (9 %) and daily (24 h) consumption is presented. Mixed 
genetic background (B6x129) female mice were used; values are mean ± SEM,  n  = 6 for saline- and 
drug-treated groups       
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CAPE reduced alcohol consumption by about 50 % without altering total  fl uid 
intake in these studies, but it should be noted that alcohol consumption was rela-
tively low (4–6 g/kg/day) because of the mixed genetic background of these mice. 
Testing of CAPE in other rodent models is justi fi ed by these initial results.   

    13.5   Neuroimmune Activation 

 In the liver, alcohol activates in fl ammatory processes, and these signals are central 
to alcoholic liver disease  [  1  ] ; however, their role in brain function and regulation of 
alcohol consumption has received little attention. It is well known that alcohol 
increases the permeability of the gut to endotoxins, and the action of compounds 
such as LPS on the liver is a key factor in development of alcoholic cirrhosis  [  2  ] . 
LPS is a bacterial endotoxin normally con fi ned to the gut, but it can leak from the 
gut as a result of chronic alcohol abuse  [  1  ] . LPS produces activation of the immune 
system when administered systemically by binding to TLR4 found on macrophages, 
Kupffer and stellate cells in the liver, and endothelial cells  [  1,   3–  5  ] . TLR4 is also 
found in the brain on neurons, astrocytes, microglia, and endothelial cells  [  6,   7  ] . 
Some publications suggest that LPS can directly activate brain TLR4 receptors 
 [  8–  10  ] . However, LPS is a large molecule that would not be expected to cross the 
blood–brain barrier, and others have failed to  fi nd LPS within the brain parenchyma 
after systemic administration  [  11  ] . Activation of peripheral TLR4 by LPS produces 
the release of a number of immune mediators, including cytokines, and produces a 
“sickness” response characterized by decreased food and water intake, loss of 
weight, lethargy, and anhedonia  [  12  ] . As discussed above, these effects of LPS are 
likely due to indirect actions on the brain, apparently by cytokines that are released 
peripherally and that are transported across the blood–brain barrier. The increased 
levels of serum cytokines produced by LPS are transient (hours), and the sickness 
response lasts only a day or two. However, there are persistent actions of LPS expo-
sure on brain neuroin fl ammatory signaling, including elevation of some brain cytok-
ines, for up to 10 months  [  13,   14  ] . These studies showed that repeated injections 
of LPS or high doses of ethanol produce long-lasting increases in brain cytokine 
signaling and proliferation of brain microglia, even though these treatments produce 
only transient changes in liver cytokines  [  13,   14  ] . This raises the possibility that 
injection of LPS may be a useful tool to produce long-lasting changes in behavior 
through persistent activation of brain cytokines. Indeed, we have discovered that 
one injection of LPS produces a long-lasting increase in alcohol consumption in 
mice that persists for up to 80 days after the last injection  [  54  ] . The action of LPS 
was absent in CD14 null mutant mice, indicating a requirement for TLR4/CD14 
signaling, consistent with TLR4 as the site of action of LPS  [  51  ] . This LPS treat-
ment also decreased ethanol conditioned taste aversion and decreased the  fi ring rate 
of dopamine neurons in the ventral tegmental area  [  54  ] . Thus, activation of the 
TLR4 signaling pathway can produce long-lasting increases in alcohol consump-
tion, decreased alcohol aversion, and changes in dopaminergic neuronal function.  
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    13.6   Conclusions and Future Directions 

 Based on the  fi ndings presented above, we propose the following sequence of events: 
(1) excessive, long-term alcohol consumption enhances the entry of LPS from the 
gut, where it is continually produced by bacteria, and this LPS activates TLR4 in 
liver and brain; (2) alcohol also stimulates TLR4 signaling in brain by release of 
endogenous ligands and other actions on the signaling complex; (3) activation of 
proin fl ammatory cytokines and anti-in fl ammatory interferon pathways downstream 
from TLR4 (see Fig.  13.1 ) in fl uences brain function and promotes alcohol consump-
tion. The cascade given above, namely, LPS release, activation of TLR4 signaling, 
and stimulation of cytokine production, is well documented in human alcoholic liver 
disease  [  1  ]  but is only beginning to be explored as a brain regulator of alcohol self-
administration. It is important to note that most mouse models of alcohol consump-
tion do not show the excessive increase in consumption that is characteristic of 
human alcoholism and do not show the liver damage seen in humans. It is possible 
that mouse models have less proin fl ammatory activation than human alcoholics and 
that LPS-enhanced alcohol consumption provides a better animal model for mecha-
nistic studies as well as medication development for alcoholism. 

 There is considerable interest in the role of cytokines, chemokines, and other 
in fl ammatory factors in neurodegenerative diseases. In particular, activation of 
microglia and subsequent release of cytokines damage dopamine neurons, and this 
is thought to be important for Parkinson’s disease  [  73  ] . Although this indicates an 
action of in fl ammatory factors on dopamine neurons, there is little information 
about possible regulation of function of these neurons by subtoxic levels of these 
factors. We found that a single injection of LPS decreases the  fi ring of VTA dop-
amine neurons for at least 1 week after injection, suggesting that cytokine signaling 
can regulate reward circuitry  [  54  ] . A critical question that is dif fi cult to address is 
the relative importance of the peripheral immune system in comparison to central 
neuroimmune signaling. The changes in brain gene expression discussed above as 
well as several experiments using brain delivery of RNAi or of transgenes discussed 
above indicate importance of central neuroimmune mechanisms, but do not rule out 
the participation of the peripheral immune system in the studies using global gene 
knockout or peripheral administration of LPS or anti-in fl ammatory drugs. 

 One hypothesis emerging from this  fi eld is that the normally functioning immune 
(or neuroimmune) system limits alcohol drinking, whereas overactivation of neu-
roimmune signaling promotes excessive alcohol consumption. This is supported by 
 fi ndings that null mutant mice with impaired immune signaling drink less alcohol 
(Table  13.2 ). In addition, activation of the immune system by injection of LPS 
increases alcohol consumption. It is possible that the well-known activation of 
in fl ammatory responses by alcohol is relayed to the brain by cytokines and other 
mediators. Actions of these immune mediators on the brain could promote exces-
sive alcohol consumption, which in turn produces further activation of neuroim-
mune responses. It is important to note that alcoholism is likely a multifactorial (or 
multiple-hit) disorder, with access to alcohol playing a central role, but with the 
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effects of alcohol on proin fl ammatory processes providing additional “hits,” along 
with other genetic and environmental factors. Thus, in fl ammatory events (e.g., non-
alcoholic steatohepatitis) alone would not be suf fi cient to produce alcohol depen-
dence. The future goals of this research area should be to explore an innovative, 
neuroimmunological model of excessive alcohol consumption; to de fi ne molecular 
pathways, neural mechanisms, and gene networks critical for immune modulation 
of alcohol consumption; and to develop medications that normalize the dysregula-
tions responsible for excessive alcohol consumption.      
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          14.1   Introduction 

 Biological changes that accrue during normal, healthy aging contribute to behav-
ioral (cognitive and motor) decline attributable to structural and metabolic altera-
tions in the brain. Superimposed on the pattern of the healthy aging brain are the 
consequences of frequent concomitants of aging such as hypertension and hormone 
de fi ciency. Even more complex are the brain modi fi cations that can occur in the 
presence of comorbidities such as infection with the human immunode fi ciency virus 
(HIV) and alcohol dependence, each of which has independent deleterious effects 
on selective brain systems. Highly active antiretroviral therapy (HAART) has 
extended the average life span of individuals infected with HIV  [  1–  3  ] . Accompanying 
longevity and improved health with treatment are increased opportunity to initiate 
or resume high-risk activities such as unsafe drinking (estimates of alcoholism 
among HIV patients range from 8 to 63%)  [  4–  9  ] , necessitating the consideration of 
the cumulative interactions of these disease processes on the aging brain  [  10  ] . 

 Classically de fi ned in fl ammation is a response to stimuli such as pathogens, 
damaged cells, or irritants. In acute in fl ammation, a cascade of biochemical events 
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involves the local vascular system, the immune system, and various cells within the 
target tissue. A cardinal sign of classic in fl ammation is the movement of mobile 
cells of the innate immune system (i.e., leukocytes) from blood vessels to the site of 
the triggering stimulus. Acute in fl ammation can lead to chronic, persistent 
in fl ammation, distinguished by a progressive shift in the type of cells present at the 
site of in fl ammation and simultaneous healing and destruction of the tissue. 

 Examples of classical in fl ammation in the central nervous system (CNS) include 
the response to exogenous factors, such as bacteria, parasites, or viruses (e.g., HIV); 
“sterile” in fl ammation is the term used for the CNS in fl ammatory response to 
endogenous events, such as trauma or stroke  [  11  ] . A consequence of classical 
in fl ammation in the CNS is compromise of the blood–brain barrier (BBB). The 
innate immune system in CNS includes perivascular macrophages and microglia. 
Perivascular macrophages act as the  fi rst line of defense  [  12  ] . Microglia scavenge 
the CNS for cellular debris (e.g., damaged neurons) and pathogens. Upon activa-
tion, microglia undergo dramatic morphologic alterations; their surface molecules 
[e.g., complement receptors and major histocompatibility complex (MHC) mole-
cules] are upregulated, and they release a variety of soluble factors  [  13  ] . They can 
remove waste by phagocytosis and act as antigen-presenting cells to T lymphocytes 
(i.e., T cells)  [  14  ] . Consequently, microglia can either promote a return to homeo-
stasis (acute neuroin fl ammation) or incite in fl ammation (chronic neuroin fl ammation) 
by the combination of secreted signaling molecules (i.e., cytokines and chemok-
ines)  [  15  ]  (Fig.  14.1 ).  

 The term “neuroin fl ammation” is widely used to describe conditions that demon-
strate activated microglia and the release of in fl ammatory mediators (e.g., cytok-
ines) that potentially contribute to destructive processes  [  240  ,     16–  21  ] ). However, 
for conditions that do not include the presence of mobile, in fi ltrating cells or a breach 
of the BBB, a more appropriate term might be “microglial activation” (cf.,  [  22  ] ) 
(Fig.  14.1 ). 

 Thus, in this chapter, “neuroin fl ammation” will refer to processes where 
in fl ammation represents a primary or independent process, such as occurs in 
response to HIV. In HIV, signi fi cant evidence supports the view that the mecha-
nisms contributing to brain alterations are due, at least in part, to neuroin fl ammatory 
processes  [  23  ] . In aging, the demonstration of “active” microglia, often interpreted 
as aging-related neuroin fl ammation, will instead be referred to as “microglial acti-
vation.” Similarly, a provocative hypothesis in the alcohol literature suggests that 
activation of microglia may promote the CNS damage seen in alcoholism  [  24  ] . To 
establish a framework for the interpretation of cellular and molecular  fi ndings 
regarding CNS immune recruitment, in vivo brain imaging and postmortem  fi ndings 
will be presented for anatomical localization and characterization of pathology in 
each of these diseases. In vivo brain magnetic resonance (MR) techniques are unique 
in their ability to longitudinally track disease course. Longitudinal study can assess 
exacerbation and remission of the natural course of disease, response to treatment, 
and interaction of co-occurring conditions such as alcoholism, HIV infection, and 
advancing age. Quantitative assessment tools include structural MR imaging (MRI), 
which provides quantitative assessment of brain macrostructure; diffusion tensor 
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imaging (DTI), which assesses the brain’s microstructural integrity; and MR spec-
troscopy, which quanti fi es brain chemicals. Each level of analysis has its strengths 
and limitations: cellular and molecular studies can reveal mechanisms at a micro-
scopic level but are largely limited to cross-sectional analysis; by contrast, neuroim-
aging studies can use in vivo paradigms in longitudinal design but have a highly 
restricted resolution. This chapter will survey primary literature regarding macro-
structural, microstructural, and biochemical CNS changes in HIV, alcoholism, and 
aging and explore evidence for neuroimmune mechanisms in contributing to age- 
and disease-related changes.  

    14.2   HIV Infection 

 HIV, a ribonucleic acid (RNA) virus that primarily infects cells in the human immune 
system (e.g., T cells, macrophages), can lower the number of T cells expressing    CD4 
(a co-receptor that interacts directly with MHC class II molecules on antigen-pre-
senting cells) and thereby increase the risk for opportunistic infections or malignan-
cies. An “acquired immunode fi ciency syndrome (AIDS)”-de fi ning event refers to the 
occurrence of either a CD4 T-cell count below 200 cells/ m L (i.e., below 15% of all 
lymphocytes) or one of the AIDS-de fi ning illnesses (e.g., toxoplasmosis of the brain 
or Kaposi’s sarcoma). Brain autopsy reveals in HIV with AIDS a characteristic neu-
ropathology including macrophage in fi ltration, microglial nodules, and multinucle-
ated giant cells  [  25–  27  ] . Indeed, CNS HIV infection appears to begin with the 
transmigration of peripheral HIV-infected cells (e.g., monocytes or macrophages) 
across the BBB  [  28–  36  ] . HIV primarily infects microglia, where CNS virus replica-
tion occurs  [  27,   37–  42  ] , via microglial chemokine receptors CXCR4 and CCR5 
which serve as co-receptors for HIV entry into target cells  [  30,   40,   43–  51  ] . This 
results in activation of microglia  [  52–  56  ] , as evidenced by microglial nodules and 
multinucleated giant cells, and the release of chemokine, cytokines, and neurotoxins 
that, in conjunction with secreted HIV protein, can damage the brain. Acute 
in fl ammation in HIV progresses to chronic in fl ammation because of the persistent 
presence of the noxious stimuli (i.e., HIV). Thus, the in fl ammatory process in HIV is 
composed of two essential components: (1) cellular traf fi cking into the brain and (2) 
the expression and release of various proin fl ammatory and toxic mediators. 

 Quantitative in vivo structural MRI studies report few abnormalities in asymp-
tomatic HIV-infected individuals  [  57–  59  ]  but have noted escalating brain damage in 
symptomatic cases associated with advancing center for disease control (CDC) 
clinical stage  [  60,   61  ]  or severity of cognitive de fi cits  [  41,   62,   63  ] . Gross brain 
abnormalities detected using MRI include global atrophy, cortical thinning, and 
ventricular enlargement  [  57,   60,   63–  68  ] . More extensive ventricular enlargement is 
observed in HIV-infected individuals who have experienced an AIDS-de fi ning 
event  [  61,   67  ] . Speci fi c regions demonstrating signi fi cant volume loss as quanti fi ed 
with MR include frontal white matter, corpus callosum, caudate nucleus  [  61,   67,   69, 
  70  ] , infratentorium  [  71  ] , and cerebellar vermis  [  72  ] . Although volume shrinkage is 
often interpreted to re fl ect neuronal loss, it is a nonspeci fi c indicator of neuronal 
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integrity; volume loss may also re fl ect shrinkage of neuron cell bodies and their 
processes, shrinkage or loss of glial cells (i.e., astrocytes or microglia), alterations 
to oligodendrocytes or white matter, or other changes to the brain’s neuropil  [  73  ] . 

 In later-stage AIDS, neocortical gray matter is compromised, and there is evi-
dence for frank neuronal loss, via apoptosis (but see  [  74,   75  ] ), in putamen  [  76  ] , 
substantia nigra  [  77  ] , and cerebellum  [  78  ] . Such  fi ndings are supported by in vivo 
MRS results in AIDS dementia demonstrating decreased  N -acetylaspartate (NAA) 
levels, assumed to re fl ect neuronal loss in frontal cortex, subjacent white matter, and 
basal ganglia  [  79–  83  ] . In HIV without AIDS, a few postmortem studies have 
reported neuronal loss in the frontal cortex  [  84–  86  ] , but only rarely have apoptotic 
neurons been observed in non-AIDS, HIV brains. In agreement, MRS results do not 
observe NAA decreases in asymptomatic HIV-infected patients (but see, e.g.,  [  87, 
  88  ] ). MRS experiments also show, early in HIV, abnormally high myoinositol (mI) 
levels, possible evidence of gliosis, and abnormally high choline (Cho) levels, pos-
sible evidence for in fl ammation in the basal ganglia  [  28,   79,   89,   90  ] . 

 Rather than compromising neurons, the preponderance of evidence suggests that 
HIV infection initially targets white matter  [  57,   91  ] . Postmortem histology reveals 
evidence for diffuse white matter degradation, widespread demyelination, and 
axonal injury  [  92–  99  ] . HIV may directly injure white matter by damaging myelin 
via viral proteins (e.g., gp120 or Tat) or by infecting or damaging oligodendrocytes 
and brain endothelial cells  [  100  ] . Microglia-derived vehicles of white matter dam-
age can include monocyte chemotactic protein-1 (CCL2/MCP-1), shown to be 
involved in demyelination in a variety of experimental animal models  [  97  ]  and 
interleukin (IL)-1, which can lead to reversible demyelination of axons  [  93,   96  ] . 

 Nonspeci fi c white matter hyperintensities (WMHI) can be detected with MRI 
using the  fl uid-attenuated inversion recovery (FLAIR) acquisition protocol. FLAIR-
identi fi ed WMHI occur in HIV patients  [  67,   69,   101  ] , especially those with progres-
sive multifocal leukoencephalopathy  [  102  ] , and can predict length of survival  [  103  ] . 
WMHI in HIV likely re fl ects myelin pallor and rarefaction associated with presence 
of multinucleated giant cells  [  32,   92,   104  ] . Diffusion tensor MR imaging (DTI) 
reveals that white matter regions showing microstructural changes with HIV disease 
progression include the genu and splenium of the corpus callosum, frontal and pari-
etal subcortical white matter, internal and external capsules, inferior longitudinal 
fascicules  [  105–  109  ] , superior cingulate bundles  [  110  ] , and the optic radiations 
 [  111  ] . Pontocerebellar and commissural  fi bers coursing through premotor and sen-
sorimotor callosal sectors appear resistant to HIV  [  110  ] . In unmedicated patients, 
particularly high transverse (i.e., radial) diffusivity, indicative of myelin compro-
mise, is noted in superior longitudinal fasciculi, inferior cingulate bundles, and 
occipital forceps  [  110,   112  ] . The loss of microstructural integrity in normal-appear-
ing periventricular white matter and corpus callosum of HIV-infected subjects cor-
relates with high viral load and low CD4 count  [  107  ] , while whole-brain 
microstructural integrity is predictive of cognitive compromise  [  113  ] . Thus, in HIV 
infection, it appears that CNS infection and the consequent neuroin fl ammation can 
contribute to CNS white matter damage and may underlie the macroscopic, micro-
scopic, and biochemical abnormalities detected with in vivo neuroimaging methods 
   (Fig.  14.2 ).   
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    14.3   Alcoholism 

 Alcohol use disorders, also known as alcoholism and alcohol dependence, are char-
acterized by excessive alcohol use despite harmful effects on normal functioning 
and activities of daily life (Diagnostic and Statistical Manual, DSM-IV-TR). 
Alcoholism is the product of multiple interacting factors including complex  genetics 

  Fig. 14.2     Top row : axial FLAIR ( fl uid-attenuated inversion recovery) images at the level of the 
lateral ventricles of 4 individuals: a young healthy man (age 31 years), an elderly healthy women 
(age 84 years), an alcoholic man (age 59 years), and an HIV-infected woman (age 48 years). 
FLAIR images are used to detect  white matter  hyperintensities (WMHI). This  fi gure demonstrates 
that aging, alcoholism, and HIV infection can result in similar phenotypes, that is, areas of periven-
tricular ( orange arrows ) and deep WMHI ( blue arrows ). However, the mechanisms underlying the 
presence of WMHI may differ: in HIV, WMHI are thought to re fl ect myelin pallor and rarefaction 
associated with presence of multinucleated giant cells, whereas in alcoholism and aging, the avail-
able evidence suggests that WMHI re fl ect covert vascular brain injury or periventricular extravasa-
tion of CSF.  Bottom row : axial diffusion tensor imaging ( DTI ) fractional anisotropy ( FA ) images at 
levels similar to those of the FLAIR images. FA provides an in vivo depiction and quantitative 
assessment of  white matter  microstructural integrity in terms of its linearity and orientational 
coherence of water diffusivity within voxels. FA ranges from 0 to 1; higher FA values are present 
in  white matter  regions and tracts that are highly linearly organized, such as the splenium of the 
corpus callosum ( yellow arrow ). Low FA values are present in  gray matter  and CSF- fi lled spaces, 
where diffusion is poorly organized. Low FA can also occur in areas of pathology or abnormality 
( orange arrows ), such as WMHI, notable in the perisplenial region of the elderly control and the 
perigenual area of the alcoholic and HIV-infected individuals       
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 [  114,   115  ] , the environment, predisposing personality characteristics, and a variety 
of psychiatric comorbidities that may be antecedent to or the consequence of the 
disease  [  116–  118  ] . 

 Similar to the distinction between HIV and AIDS, alcoholics may be distin-
guished by the absence (i.e., uncomplicated alcoholism) versus the presence of seri-
ous medical conditions such as cirrhosis, hepatic encephalopathy, alcoholic 
dementia, Wernicke’s encephalopathy (WE), or Korsakoff’s syndrome (KS). In KS, 
for example, there is evidence for frank neuronal loss in the thalamus  [  119  ] , basal 
forebrain  [  120  ] , and cerebellum  [  121  ] . In patients with uncomplicated alcoholism, 
neuropathological study provides little evidence for widespread cell loss  [  122–  124  ] : 
no changes have been documented in the number of neurons in the cerebellum, 
basal ganglia  [  125  ] , hippocampus  [  126,   127  ] , or serotonergic raphe nuclei. Instead, 
available data suggest neuronal dysmorphology (e.g., reduction in dendritic length) 
in selective structures  [  119,   121,   128–  133  ] . Postmortem evidence for loss of pyra-
midal neurons in the superior frontal and frontal association (dorsolateral portion) 
cortices  [  127,   134  ]  has been questioned by recent techniques that suggest that rather 
than ostensible neuronal loss, frontal cortex changes may be accounted for by 
reversible dendritic shrinkage  [  135  ]  or loss of astrocytes  [  136  ] . 

 Cross-sectional MRI studies of brains of alcoholics compared with controls 
demonstrate a compromised cortical mantle and complementary ventriculomegaly 
 [  137–  139  ] . Speci fi c brain regions identi fi ed by structural MRI to be affected by 
chronic alcoholism corroborate postmortem  fi ndings and include cortical gray and 
white matter  [  140,   141  ] , cerebellum  [  142,   143  ] , hippocampus  [  144,   145  ] , hypo-
thalamus  [  146–  148  ] , thalamus  [  142,   149  ] , and pons  [  150,   151  ] . 

 Exemplary MRS studies in alcoholics report abnormally low levels of NAA in 
frontal  [  152–  156  ]  and cerebellar  [  152,   154,   157  ]  regions compared with controls. 
Reversibility of NAA declines following abstinence from EtOH  [  152,   158  ] , how-
ever, suggests temporary dysfunction and reversible injury rather than incontrovert-
ible neuronal loss. Cho alterations vary across the course of alcoholism (e.g.,  [  152, 
  158–  160  ] ), but in actively drinking alcohol dependents, Cho levels are elevated 
 [  155,   161  ] . Although in HIV Cho elevations are interpreted as evidence for 
in fl ammation, a number of processes can lead to Cho elevations including liver 
dysfunction  [  162  ] , metabolic alterations  [  163–  165  ] , or demyelination  [  166  ] . 

 Thus, as in HIV, rather than directly causing neuronal death, evidence also clearly 
suggests that alcoholism targets white matter. Brain white matter vulnerability to 
alcoholism is evidenced by postmortem observations for demyelination, loss of 
myelinated  fi bers, and axonal deletion  [  122,   123,   127,   167–  173  ] . Structural MRI 
reveals pervasive white matter volume shrinkage  [  174–  178  ] . Several studies have 
identi fi ed WMHI in alcoholism (but see  [  179–  182  ] ). In two of those studies, a 
U-shaped relationship was found between alcohol dose and WMHI such that mod-
erate drinkers had the fewest number of WMHI relative to heavy drinkers and 
abstainers  [  180,   182  ] . Since some types of WMHI are thought to re fl ect vascular 
disease  [  183–  185  ] , such  fi ndings are consistent with studies regarding the bene fi cial 
effects of alcohol on the cardiovascular system  [  186–  189  ]  and suggest that low 
levels of alcohol consumption may be protective, while heavy alcohol consumption 
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can increase the risk for cerebral ischemia  [  190  ] . Microstructural white matter 
abnormalities in alcoholism include degradation of callosal, pericallosal, and cen-
trum semiovale tissue  [  191–  194  ] . Quantitative  fi ber tracking in uncomplicated alco-
holism reveals selective disruption of anterior and superior  fi ber systems and relative 
sparing of inferior and posterior  fi ber systems  [  195  ] . To the extent that DTI can 
discern the nature of the white matter degradation  [  196  ] , decomposition of the dif-
fusion metric indicates greater effect on the myelin sheath than the axon in alcohol-
ics  [  195,   197  ] . Consistent with this possibility is a series of gene and protein 
expression studies showing in human alcoholic relative to control brains low expres-
sion of genes  [  198,   199  ]  and proteins  [  200,   201  ]  associated with myelin. 

 “Microglial activation” has been proposed as a mechanism underlying brain 
compromise in alcoholism. Indeed, a variety of authors have correlated induction of 
in fl ammatory mediators in alcoholism with neurodegeneration. However, as just 
reviewed, there is limited evidence for neurodegeneration in uncomplicated human 
alcoholism. Thus, caution must be used in the interpretation of cellular and molecu-
lar  fi ndings from in vitro studies. The process implicated is an alcohol-induced 
elevation of serum and liver proin fl ammatory cytokines, particularly TNF- a , that 
carries the in fl ammatory signal to the brain  [  202  ]  where it activates microglia to 
increase the synthesis of additional cytokines and create a positive feedforward pro-
cess of in fl ammation  [  203  ] . While the immune system is clearly responsive to alco-
hol, the direction of change (i.e., up- or downregulation, suppression or ampli fi cation 
of response) can depend on a variety of factors, including (a) length (e.g., acute vs 
chronic)  [  204  ]  (b) schedule or pattern (e.g., chronic vs intermittent)  [  202  ]  of the 
alcohol exposure protocol, (c) blood alcohol levels (BALs) attained  [  205  ] , (d) sam-
pling times following exposure, (e) the cell type (e.g., human monocytes vs rat- or 
mouse-mixed glial cultures) studied  [  206  ] , (f) the species (e.g., rat vs mouse) or 
strains (Wistar vs Sprague-Dawley) examined, and (g) the sex of the animal. Further 
complexity is derived from the use of the bacterial toll-like receptor (TLR-4) ligand, 
lipopolysaccharide (LPS)  [  207  ] , to promote robust immune responsiveness in 
experimental models  [  202,   208–  210  ] . Finally, it is possible that disease concomi-
tants to alcoholism must be present in order to observe immune recruitment. There 
is substantial support for the presence of peripheral in fl ammation and cytokine pro-
duction in liver disease  [  211–  213  ]  and some experimental support for microglial 
activation and increased CNS proin fl ammatory cytokine production in animal mod-
els of thiamine de fi ciency  [  214–  216  ] . The evidence for neuroin fl ammation in 
uncomplicated human alcoholism, however, is tentative. 

 Although it has been suggested that TNF- a  transmits the peripheral alcohol-
induced in fl ammatory signal to the brain  [  202  ] , the evidence is at most preliminary. A 
critical gap in the alcohol literature is how the CNS immune system is recruited by 
exposure to chronic alcohol. There is currently no evidence for peripheral cell 
traf fi cking into the brain in alcoholism. By contrast, there is provisional evidence for 
microglial activation and expression and release of various proin fl ammatory and 
toxic mediators in the CNS in alcoholism. Signi fi cantly, human brain tissue recovered 
from chronic alcoholics compared with healthy donor tissue demonstrated increased 
levels of microglial markers Iba-1 and GlutT 

5
  in the cingulate cortex and midbrain 
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and elevated levels of the chemokine CCL2/MCP-1 in homogenates of the VTA, 
substantia nigra, hippocampus, and amygdala  [  217  ] . Importantly, however, four of 
the eight alcoholic brains examined were harvested from alcoholics who died of com-
plications related to liver disease, and within all brain regions examined, microglial 
morphology did not clearly distinguish control and alcoholic brains  [  217  ] . 

 Ethanol exposure activates TLR-4 signaling ( [  218  ] , but see  [  219  ] ). The TLR-4 
signaling cascade can initiate the transcription of proin fl ammatory cytokine genes 
in brain. In male    BALB/c wild-type mice, prevention of TLR-4 signaling through 
either genetic knockout or pharmacological antagonism attenuated the acute seda-
tive effects of ethanol as detected by sleep time and the motor effects of ethanol as 
detected by rotarod performance  [  220  ] . In male wild-type C57Bl mice, exposure to 
10% ethanol in drinking water for 5 months to BALs of ~100 mg/dL followed by 
15 days of ethanol withdrawal resulted in behavioral alterations, including decreased 
object recognition and an increase in astroglial (i.e., GFAP) and microglial (i.e., 
CD11b) markers in frontal cortex and striatum. In male TLR-4 knockout mice, 
however, behavioral responses and immunoreactivity changes following the ethanol 
exposure and withdrawal paradigm were attenuated  [  221  ] . In a similar study, female 
wild type compared with TLR-4 knockout C57Bl mice exposed to BALs of ~125 mg/
dL showed downregulation of proteins involved in myelination [proteolipid protein 
(PLP), myelin basic protein (MBP), myelin-oligodendrocyte glycoprotein, 
2,3-cyclic-nucleotide-3-phosphodiesterase, and myelin-associated glycoprotein], a 
reduced number of MBP-positive  fi bers, and an increase in caspase-3-positive oli-
godendrocytes indicating vulnerability of oligodendrocytes to chronic alcohol 
exposure  [  222  ] . Together, these data support a role for TLR-4 activation in the 
behavioral and structural changes in response to both ethanol exposure and with-
drawal. However, TLR-4 signaling pathways are just beginning to be explored and 
may signal downstream events such as the regulation of cell proliferation and sur-
vival  [  223  ]  independently of proin fl ammatory processes. 

 Ethanol via TLR-4 results in nuclear translocation of NF- k B, a ubiquitous tran-
scription factor that is involved in many cellular processes, including regulation of 
innate immune gene expression  [  224  ] , response to oxidative stress  [  225,   226  ] , excit-
atory neurotransmission  [  227  ] , synaptic plasticity, and pruning by apoptosis  [  228  ] . 
Ethanol has been shown to increase NF- k B–DNA binding following in vivo expo-
sure in whole brain  [  229,   230  ]  and in vitro exposure to hippocampal–entorhinal 
cortex brain slice cultures  [  231,   232  ] . However, by regulating transcription of a 
variety of targets, including glutamate receptors, growth factors, and kinases, NF- k B 
modulates synaptic plasticity and synaptic function and thus may play a role in 
plasticity, learning, and memory  [  227,   233–  235  ] . 

 In animal models, studies using various alcohol exposure protocols and several 
different markers suggest an increase in binding or staining of glial cells in response 
to alcohol. The hippocampus and entorhinal cortex of Sprague-Dawley rats exposed 
to binge alcohol treatment demonstrated increased [ 3 H]-PK-11195 binding  [  236  ] , 
indicating increased, nonspeci fi c binding to glial cells, including microglia, astro-
cytes, and in fi ltrating macrophages  [  237  ] . The dentate gyrus of the hippocampus of 
adolescent female Wistar rats exposed to alcohol intermittently showed increased 
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OX-6 immunohistochemical staining  [  238  ] . The molecular layer of the cerebellar 
vermis of adult male Wistar rats intermittently but not continuously exposed to an 
alcohol liquid diet for 5.5 months showed increased tomato lectin staining  [  239  ] , 
and the cerebral cortex of female wild type but not TLR-4-de fi cient mice exposed 
to an alcohol liquid diet for 5 months showed upregulation of another microglial 
marker, CD11b  [  240  ] . The increased presence of such markers is believed to indi-
cate enhanced microglial activation, but there is a question as to the quality and 
speci fi city of currently available microglial markers (e.g.,  [  241–  245  ] ), and it is 
dif fi cult to unambiguously identify activated microglia, especially in tissue from the 
human brain  [  246  ] . Inconsistency with respect to alcohol exposure protocols and 
types of microglial markers used emphasizes the limitation that only modest evi-
dence for increased microglial activation in alcoholism is currently available. 

 Whole-brain homogenates from mice exposed to alcohol for 10 days showed 
induction of CCL2/MCP-1 and TNF- a  proteins  [  202  ] . The cerebral cortex of adult 
female Wistar rats fed an alcohol liquid diet for 5 months demonstrated a signi fi cant 
increase in IL-1 b  protein  [  204  ] . Similarly, hippocampal–entorhinal cortex brain 
slice cultures exposed to alcohol showed increased expression of TNF- a , CCL2/
MCP-1, and IL-1 b   [  232  ] . Although microglia may be able to express such “immune 
molecules” (but see  [  247  ] ), this expression is not synonymous with in fl ammation 
because these molecules can have CNS-speci fi c roles independent of their roles in 
the immune or in fl ammatory response. Indeed, under physiological conditions, 
IL-1 b  can in fl uence synaptic plasticity  [  248,   249  ] . CCL2/MCP-1 can modulate syn-
aptic transmission through altering calcium channel excitability and neurotransmit-
ter release  [  250  ] . Similarly, TNF- a  has a neuromodulatory role in the brain  [  251  ] : it 
can modify glutamate homeostasis  [  252  ]  by upregulating surface expression of 
AMPA receptors  [  253  ]  and downregulating surface expression of GABA-A recep-
tors  [  254  ] , thus playing a critical role in homeostatic synaptic scaling  [  255  ] . 
Consequently, given the as yet limited understanding of the role of cytokines and 
chemokines in normal brain functioning, interpretation of the sparse data in the 
alcohol literature as evidence for immune activation is speculative.  

    14.4   Aging 

 A salient characteristic of normal aging is cognitive and motor slowing, which can 
attenuate response control for quick and accurate decisions, con fl ict resolution, and 
attention gating  [  256  ] . Successful aging includes functional neuro-adaptation to 
accommodate structural brain changes and the potential to enhance function with 
redistribution of resources, possibly at the expense of usurping functional reserve 
 [  257,   258  ] . 

 Cross-sectional and longitudinal MRI studies in the adult age range provide con-
sistent evidence for systematic age-related volume increases in CSF- fi lled spaces, 
including sulci,  fi ssures, and ventricles, that occur at the expense of cortical gray mat-
ter (cross-sectional  [  143,   259–  266  ]  longitudinal  [  267–  270  ] ). As is observed in HIV 
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and alcoholism, convergent data indicate an excessive vulnerability of the frontal 
cortex to aging  [  267,   268,   270–  272  ] . Other gray matter structures demonstrating 
cross-sectional decline in volume with age and also observed in HIV infection and 
alcoholism include, but are not limited to, the thalamus  [  265  ]  and cerebellum 
 [  143,   272–  275  ] . The caudate, putamen, nucleus accumbens, medial septum/diagonal 
band ( [  276  ]  but see  [  277,   278  ] ), and the pons  [  265,   279–  281  ]  do not show substantial 
age-related volume decline. 

 Although controversial (cf.,  [  282  ] ), hippocampal volume shrinks little with age 
 [  283–  285  ]  and remains intact in size in healthy elderly adults without concurrent 
hypertension  [  275  ]  or Alzheimer’s disease  [  286  ] . While volume loss in Alzheimer’s 
disease can re fl ect neuronal loss  [  287–  290  ] , volume loss in the various regions of 
the normal aging most likely re fl ects non-neuronal changes. Indeed, several MRS 
studies are consistent in reporting lack of age-related decline in NAA concentration 
per volume in healthy men and women  [  291–  296  ]  in various brain regions, includ-
ing frontal white  [  297  ]  and gray matter  [  298  ] , parietal white matter  [  299,   300  ] , and 
pons  [  301  ] . These  fi ndings suggest that the number of viable neurons per unit of 
gray matter is preserved with age. 

 Normal aging, like HIV infection and alcoholism, affects white matter integrity. 
Increasing age is a major risk factor for WMHI, and many studies have shown a 
positive correlation between age and WMHI volume  [  67,   302–  304  ] . In aging, 
WMHI are associated with vascular risk factors and probably reveal evidence for 
cerebrovascular disease  [  183,   184,   305–  308  ] , even in apparently healthy elderly 
 [  309,   310  ] . These white matter markers of aging represent heterogeneous processes 
related to size and location of the hyperintensity, genetic contribution, and underly-
ing pathology determined from postmortem correlation (for review  [  311  ] ). With 
DTI, the patterns of white matter microstructural sparing and compromise differen-
tiate regions,  fi ber type, and diffusivity characteristics  [  312–  318  ] . Greater age-
related compromise is observed in superior than inferior and anterior than posterior 
 fi ber bundles  [  319  ] . Higher Cho has been observed in elderly groups compared with 
younger groups  [  294,   320,   321  ]  in frontal and parietal white matter  [  297–  299,   322  ] , 
frontal and occipital gray matter  [  298,   322  ] , and in the pons  [  323  ]  and may be inter-
preted as evidence for demyelination, among other explanations. Age-related 
changes in white matter may be due to perturbation of axonal cytoskeleton or myelin 
microstructure  [  324  ] . Postmortem studies observe trapping of  fl uid between thin or 
lysed myelin sheathes and bulbous swelling of oligodendrocytes  [  325–  327  ] . 
Production of MBP is reduced in the aged brain  [  328  ] . 

 While there are suf fi cient data to suggest that microglial function is impaired in 
the aged brain  [  329  ] , the currently available evidence does not distinguish whether 
microglia secondarily react to age-related changes in their environment or whether 
the aging process directly affects microglia. There is no clear evidence for increased 
microglial numbers in brains from older compared with younger rats  [  330  ] , but 
MHC class II, a purported marker for activated microglia, is increased in brains of 
aged humans  [  331,   332  ] , monkeys  [  333,   334  ] , rats  [  335,   336  ] , and mice  [  337  ] . 
Microglia have the ability to respond to  [  338  ]  and phagocytose myelin  [  339  ] ; thus, 
age-related increases in myelin breakdown could account for the apparent increase 
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in microglial activation. Increased MHC class II staining could also represent a 
phenotypic change in microglia, marking their senescence, rather than their activa-
tion  [  246  ] . 

 In some studies, LPS  [  340  ]  or  Escherichia coli   [  341  ]  administration has been 
shown to exaggerate the in fl ammatory cytokine response in the aged versus adult 
mouse brain. Thus, some have argued that the aging process serves as a “priming” 
stimulus for microglia, so that in the presence of a trigger, microglia are predisposed 
to activation and the excessive release of toxic mediators  [  342–  344  ] . However, 
reports have indicated greater basal secretion of IL-6 from brain tissue from rats 
 [  345  ]  and mice  [  346  ]  but higher  [  345  ]  or lower  [  347  ]  secretion in response to 
stimulation (e.g., LPS) in older compared to younger animals. Similarly, while 
microglia from aged compared to young mice have been shown to constitutively 
secrete greater amounts of TNF- a  ( [  348  ]  but see  [  345,   347  ] ), stimulated TNF- a  
secretion is variable  [  345,   348  ] . Variability in stimulated responsiveness may 
depend on the triggering stimulus  [  346  ] , the animal model used, the anatomic 
region examined, or the marker evaluated. Altogether, current evidence does not 
support neuroinflammation as a primary contributor to age-related CNS decline; 
however, if microglia are typically protective, their dysfunction could have negative 
consequences for the aging brain.  

    14.5   Interactions 

 A variety of experimental models have been used to investigate the mechanisms of 
CNS toxicity in HIV, alcoholism, and aging. However, these entities do not exist 
independently, and these models do not recapitulate the full picture when studied 
separately. For example, it is widely accepted that aging is the only unequivocal risk 
factor for the development of Alzheimer’s disease and Parkinson’s disease, but few 
experimental studies examine these diseases in the context of aging. Similarly, there 
are limited animal models exploring the mechanisms of CNS injury in aging and its 
comorbidities such as HIV infection or alcohol dependence. Such studies are needed 
to  fi ll critical gaps in knowledge and to provide a comprehensive account of the 
impact of such interactions on pathology.  

    14.6   HIV + Alcoholism 

 The rate of heavy drinking among HIV-infected individuals is almost twice that of 
the general population  [  5  ] . Studies based on HIV clinic attendees  [  4,   6–  9  ]  report 
signi fi cant alcohol use in upward of 63% of HIV patients, whereas an analysis of a 
national probability sample  [  5  ]  reported that only 8% of patients with HIV infection 
reported heavy alcohol consumption. One study noted that of the 111 HIV-positive 
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clinic patients 45 (41%) met the criteria for alcoholism  [  6  ] . Further, those who abuse 
alcohol have a 5–10% higher risk of acquiring HIV than the general population  [  81  ] . 
With extended life spans made possible by HAART, HIV-infected individuals remain 
at high risk for continuing or reverting to hazardous behavior, including excessive 
alcohol consumption  [  3  ] , which can reduce medication compliance  [  1  ] . 

 Mechanisms of alcohol’s untoward effect on HIV disease include accelerated 
progression of the infection by contributing to immune suppression  [  349–  352  ] , 
diminished effectiveness of therapeutic regimens  [  7  ] , and potentiation of the neuro-
toxicity of retroviral proteins shed by the HIV virus during glial infection  [  353, 
  354  ] . In neuron cultures  [  355  ] , low to moderate alcohol concentrations potentiated 
gp120-induced neuronal apoptosis  [  353  ] . In hippocampal slice cultures, long-term 
exposure to alcohol (i.e., 12 months) enhanced hippocampal vulnerability to HIV 
toxicity through Tat- and NMDA-dependent mechanisms  [  354  ]  independent of 
microglial activation as measured by benzodiazepine receptor binding  [  356  ] . In 
another in vitro study, moderate alcohol pretreatment  [  357,   358  ]  was neuroprotec-
tive; higher levels potentiated damage  [  359  ] . Primate studies revealed that Rhesus 
monkeys that were pretreated with high doses of alcohol and then infected with the 
simian version of HIV (SIV) showed a greater presence of the virus than sucrose-
exposed and SIV-infected controls  [  360,   361  ] . 

 Elevations in HIV-positive blood-borne monocyte-derived macrophages in the 
alcoholic brain may be due to increased traf fi cking across the BBB  [  362  ] . HIV 
infection compromises the BBB and increases its permeability (for review, see 
 [  363  ] ). Support for EtOH-induced BBB disruption comes predominantly from 
in vitro studies. In cultures of brain microvascular endothelial cells (BMVEC), alco-
hol metabolism in endothelial cells results in oxidative stress associated with a deg-
radation of components of the BBB essential for its integrity, reduced barrier 
tightness, and enhanced permeability and monocyte migration  [  364,   365  ] . In animal 
models, long-term alcohol treatment markedly induced BBB leakage  [  366  ] . Other 
in vivo studies provide only provisional evidence for BBB disruption in alcoholism: 
rats exposed to 3 weeks of vaporized alcohol demonstrated increases in BBB per-
meability only if exposure was followed by starvation for 3 days  [  367  ] . Likewise, 
permeability was enhanced in alcohol-intoxicated relative to control rats only 
around small cerebral stab wounds in the frontal cortex  [  368  ] . Evidence for in vivo 
compromise of BBB in human alcoholics is largely inferential  [  369,   370  ] . 

 The extent to which alcohol and HIV have synergistic deleterious effects on 
brain structure is seldom considered (e.g.,  [  62,   81,   371–  373  ] ). In a structural MR 
study, the volume of the ventricular system and the cross-sectional area of the mid-
sagittal corpus callosum were compared in four groups: patients with HIV infec-
tion, with and without alcoholism comorbidity, alcoholics, and controls. Disregarding 
HIV disease severity, a graded pattern of modest enlargement of the total ventricular 
system was observed. The pattern of callosal thinning showed a similar but small 
graded effect. A different pattern emerged, however, when HIV severity in the con-
text of alcoholism comorbidity was factored into the analysis. Substantially greater 
volume abnormalities were present in individuals with a history of an AIDS-de fi ning 
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event or low CD4   T-cell counts irrespective of alcoholism comorbidity, and the effect 
of HIV severity was disproportionately exacerbated by alcoholism comorbidity, 
with a 1 standard deviation size de fi cit in the genu of corpus callosum and a nearly 
2 standard deviation greater volume of the frontal and body regions of the ventricles 
for the AIDS + alcohol comorbid group. The differences in brain volumes between 
the AIDS groups with versus without alcoholism could not be attributed to differ-
ences in HIV disease severity, de fi ned by CD4   T-cell count, viral load, or Karnofsky 
score. The substantial effect of the alcoholism–AIDS interaction on ventricular and 
callosal dysmorphology, in the context of the modest changes observed in non-
AIDS, non-alcohol-abusing HIV-infected individuals, highlights the need to con-
sider alcohol use disorders as a major risk factor for neuropathology among 
HIV-infected persons  [  67  ] . 

 In a DTI study with the same four-group cohort, compared with controls, all 
patient groups had diffusivity changes in callosal regions and  fi ber bundles coursing 
through the genu and splenium, but these effects were only signi fi cant in the two 
groups with alcoholism. When the HIV-infected groups were divided by disease 
severity de fi ned as an AIDS-de fi ning event or low CD4   counts and alcoholism 
comorbidity, the HIV-infected subgroup with AIDS and alcoholism exhibited dif-
fusivity abnormalities in the callosal sectors and  fi bers that were more than twice 
the effect sizes observed in the other HIV-infected subgroups. Degradation of cal-
losal microstructure was consistently associated with alcoholism, with evidence for 
compounded alcoholism and HIV effects  [  112  ] . 

 In a  31 phosphorus MRS study, the symptomatic HIV group and the alcoholic 
group both had low concentrations of brain energy metabolites in superior white 
matter, and patients with both conditions had augmented metabolite de fi cits  [  374  ] . 
In another MRS study including a four-group cohort, the two HIV groups were 
matched in T-cell count and were not demented; the two alcoholism groups were 
relatively matched in lifetime alcohol consumption. Signi fi cant group effects for 
NAA and Cr were observed only in the HIV + alcoholism group. The de fi cits were 
not related to HAART status. Neither HIV infection nor alcoholism independently 
resulted in parietal–occipital cortical metabolite abnormalities, yet each disease car-
ried a liability that put affected individuals at a heightened risk for compromise 
when the diseases were compounded  [  375  ] .  

    14.7   HIV + Aging 

 As of 2005, persons aged 50 and over accounted for 24% of individuals living with 
HIV/AIDS, increasing from 17% in 2001. This increase is due partially to the suc-
cess of therapies, such as HAART, which has increased patient longevity, and partly 
due to new diagnoses in individuals over age 50 (15% of new HIV/AIDS diagnoses) 
 [  376  ] . Older adults have a higher risk of HIV-associated neurocognitive dysfunction 
 [  377–  379  ] . 
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 Features that characterize CNS HIV infection and also present in normal aging 
include synaptodendritic damage and increased presence of reactive oxygen species 
 [  380–  383  ] .   Frontal cortex samples from HIV compared with age-matched controls 
reveal oxidative injury in the HIV-infected brain is worsened with aging  [  384  ] . 
Furthermore, HAART can promote formation of toxic free radicals  [  385  ] . Aged 
mice compared with their younger adult counterparts demonstrate enhanced hip-
pocampal IL-1 b  and IL-6 production in response to gp120  [  386  ] . Levels of sponta-
neous IL-6 secretion can be higher with age; in a microglia cell culture, IL-6 
increased the cell surface expression of CCR5  [  386  ]  suggesting that HIV can be 
more infectious in the aged brain. More work is required to determine whether 
behavioral dysfunction in HIV and aging is due to a greater neuroin fl ammatory 
response. 

 With respect to imaging  fi ndings, some studies have found clear evidence for an 
interaction between age and HIV infection, while others have not. For example, 
while both HIV and aging show decreases in baseline cerebral blood  fl ow and 
increases in functional blood  fl ow, no interactions were observed  [  387  ] . In another 
study conducted within subjects at baseline and follow-up a year later, DTI mea-
sures were more changed in HIV individuals compared with their age-matched con-
trols in the genu of the corpus callosum, evidence for an interaction, but not in other 
regions evaluated (i.e., frontal white matter, thalamus, caudate, globus pallidus) 
 [  388  ] . Similarly, the aging HIV-infected brain shows interactive increases in MRS 
markers for Cho and mI in frontal white matter and basal ganglia  [  389,   390  ]  and 
interactive decreases in NAA in basal ganglia  [  390  ] . More imaging studies are 
required in order to clearly demonstrate the potential interactions of age and HIV on 
the brain in vivo.  

    14.8   Alcoholism + Aging 

 Alcohol abuse and alcoholism are common but under-recognized problems among 
older adults. One third of older alcoholic persons develop a problem with alcohol in 
later life, while the other two thirds grow older with the medical and psychosocial 
sequelae of early-onset alcoholism  [  391  ] . There are currently few studies focused 
on alcohol and aging effects with respect to CNS immune recruitment. Given the 
available evidence, however, if microglia are typically protective, their senescence 
could make the elderly brain more sensitive to the damaging effects of alcohol. 

 In brains from aging alcoholics compared with age-matched control cases, loss of 
cells and a reduction in the size of cell bodies were noted in superior frontal and 
motor cortical regions  [  124  ] . Stereological assessment revealed no signi fi cant change 
in granule layer volume or in the total number of cerebellar granule neurons in aged, 
ethanol-fed rats  [  132  ] . However, the number of Purkinje neuron synapses signi fi cantly 
declined  [  392  ] , and terminal segments become abnormally elongated  [  393  ] . After a 
20-week abstinence, the number of synapses and length of terminal segments 
returned to the levels observed in the pair-fed animals prior to the abstinence period 
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 [  393  ] . These data indicate that remodeling and compensation can occur even in aged 
rodents during recovery from alcohol-related structural injury  [  393  ] . 

 Age–alcoholism interactions have been observed in callosal macrostructure, 
postmortem  [  394  ]  and in vivo  [  176  ] . An age–alcoholism interaction was also 
observed in both FA and diffusivity, where older alcoholics had greater abnormali-
ties for their age than younger ones  [  193  ] . Similarly, another MR study suggests that 
age-related gray matter shrinkage in treatment-naïve alcoholics compared with con-
trols is a function of age and not a lifetime alcohol burden  [  395  ] . These data cor-
roborate the premature aging hypothesis that suggests alcoholism accelerates aging 
such that brains of alcoholics are reminiscent of those of chronologically old, non-
alcoholic brains  [  396  ] .  

    14.9   Conclusion 

 MRI provides a powerful in vivo approach for anatomically localizing and charac-
terizing CNS pathology caused by HIV infection, alcoholism, and aging separately 
and can also be used to assess the consequences of the combination of these disease 
states. From postmortem data, con fi rmed and extended by vivo data from DTI, it 
appears that at least initially, HIV infection, alcoholism, and aging compromise 
CNS white matter microstructural integrity. Macrostructural MRI data reveal simi-
lar extents of gray matter and white matter volume shrinkage in alcoholics and 
greater gray than white matter volume shrinkage in healthy men and women. 

 HIV infection has a complicated CNS pathology that includes direct effects of 
the virus and indirect effects of neuroin fl ammation. Incontrovertible support for 
classical neuroin fl ammation in HIV infection is derived from evidence for cellular 
traf fi cking into the brain and the expression and release of various proin fl ammatory 
and toxic mediators. There is also support for the idea that neuroin fl ammation in 
HIV can target white matter, which appears initially to be more vulnerable than gray 
matter. In AIDS, evidence for frank neuronal loss may be accounted for by 
in fl ammation but likely occurs as a result of a variety of converging mechanisms. In 
uncomplicated human alcoholism, current evidence only poorly supports immune 
recruitment as a pathological mechanism in alcoholism. More research will be nec-
essary to determine whether “microglial activation” plays a primary role in the dam-
aging effects of chronic alcohol consumption on the CNS. With aging, the senescence 
of microglia likely contributes to brain vulnerability, but again, there is as yet little 
support for “microglial activation” as a fundamental process contributing to age-
related brain damage. Given that neuroimmune factors play multiple roles in the 
brain, more work is essential to determine how these molecules contribute to nor-
mal functioning, what in vivo neuroimaging signals speci fi cally mark microglial 
activity, and pathological changes in the brain postmortem.      
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          15.1   Introduction 

 The hypothalamic–pituitary–adrenal (HPA) axis is a feedback loop that includes the 
hypothalamus, pituitary, and adrenal glands. The HPA axis has been shown to regu-
late immune responses. The main hormones involved in the HPA axis are corticotro-
pin-releasing hormone (CRH), adrenocorticotropic hormone (ACTH), and 
glucocorticoids (GC), which are also called stress hormones. These hormones con-
tribute to the regulation of immune responses and can also affect neuronal survival, 
neurogenesis, synaptic plasticity, and behavioral responses  [  1,   2  ] . The HPA axis is 
a three-tiered biological system that begins at the highest level with the release of 
CRH from the hypothalamic paraventricular nucleus (PVN). CRH-expressing neu-
rons located in the PVN of the hypothalamus play a pivotal role in orchestrating the 
central stress response. CRH stimulates the release of ACTH from the anterior pitu-
itary gland. In turn, ACTH acts on the adrenal cortex to increase the production and 
release of GC hormones. Proper functioning of all of these neurons is essential for 
maintaining a homeostatic state following a stressful event. Several neuronal path-
ways modulate HPA axis activity. For example, the hippocampus and prefrontal 
cortex inhibit the HPA axis, and the amygdala and monoaminergic input from the 
brainstem stimulate CRH production by PVN neurons. GC hormones exert negative 
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feedback control of the HPA axis by binding to GC receptors on hippocampal and 
hypothalamic PVN neurons  [  3–  5  ] . 

 Bidirectional interactions exist between the nervous and immune systems. The 
brain can modulate immune functions by controlling the HPA axis and autonomic 
nervous system; the immune system can affect brain functions through the release 
of cytokines  [  6–  8  ] . CNS-mediated regulation of immunity occurs through local, 
regional, and systemic routes. The peripheral nervous system provides the  fi rst line 
of defense at local sites of in fl ammation through the release of neuropeptides that 
generally increase local in fl ammatory responses. The sympathetic (adrenergic) ner-
vous system and the parasympathetic (cholinergic) nervous system generally inhibit 
in fl ammation on a regional level through innervation of immune organs. 
Neuroendocrine responses control in fl ammation at a systemic level via the HPA 
axis through the anti-in fl ammatory effects of GC hormones released from the adre-
nal cortex, via the hypothalamic–pituitary–gonadal (HPG) axis through sex hor-
mones released from the ovaries and testes, and via the hypothalamic–pituitary–thyroid 
hormone (HPT) axis through hormones released from the thyroid gland  [  9  ] . 

 Alcohol, one of the oldest known psychoactive substances, can have a wide range 
of effects on the human body, including suppression of immune function and impair-
ment of cognitive behavior. Alcohol abuse has been closely associated with a num-
ber of infectious diseases and is a major factor in many neuropsychiatric disorders. 
Similarly, morphine, one of the most effective known analgesic substances, has 
been shown to induce immune dysfunction as well as physical and psychological 
dependence and tolerance, with a cluster of cognitive, behavioral, and physiological 
symptoms. Research has shown that morphine’s dysregulation of the HPA axis is 
one of the mechanisms by which morphine modulates immune responses. There is 
less known about the involvement of the HPA axis in alcohol’s actions on the 
immune system. This chapter will survey the literature regarding various mecha-
nisms by which these two substances of abuse, morphine and alcohol, modulate the 
HPA axis, affect cognition, and dysregulate the immune system.  

    15.2   Effects of Morphine on the HPA Axis, Immunity, 
and Cognitive Behavior 

 Morphine is the principal constituent of opium obtained from the opium poppy 
( Papaver somniferum ). It is one of the most effective analgesics for pain manage-
ment. It has been found so effective that, in the past two decades, there has been a 
threefold increase in the use of morphine products for therapeutic purposes in 
the United States  [  10  ] . Because of their euphoric effects, morphine and other mor-
phine-derived substances such as heroin have a high abuse liability. Whether used 
as part of a long-term morphine therapy regimen or illegally in a recreational fash-
ion, chronic morphine use results in tolerance and psychological and physical 
dependence. 
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 There are three primary opioid receptors, mu or  m  (MOR), delta or  d  (DOR), and 
kappa or  k  (KOR). These receptors belong to the G protein-coupled receptor 
(GPCR) superfamily. They are widely distributed in the nervous system and have 
been identi fi ed in various immune cells. They play an important role in mediating 
various opioid functions, including analgesia, reward, withdrawal, and modulation 
of immune responses  [  11–  16  ] . Morphine exerts its pharmacological effects primarily 
through the MOR  [  17  ]  and multiple signal transduction pathways, including activa-
tion of inhibitory GTP-binding protein (G 

i
 ) and  b -arrestin recruitment-mediated 

signaling cascades  [  18  ] . The binding of morphine to G 
i
 -coupled MOR inhibits ade-

nylyl cyclase activity and the cAMP-dependent pathway, inhibits voltage-dependent 
Ca 2+  channels, and activates inwardly rectifying K +  channels. The modulation of 
these signal transduction pathways is one of the molecular mechanisms by which 
morphine suppresses cellular activity  [  19  ] . The activation of G 

i
  protein also results in 

MOR phosphorylation, followed by the recruitment of GPCR-associated  b -arrestin 
to the receptor. Recruitment of GPCR-associated  b -arrestin further recruits intracel-
lular proteins involving receptor internalization and functions as a signaling inter-
mediate to activate other signaling pathways such as the mitogen-activated   protein 
kinase (MAPK)-dependent pathway  [  20,   21  ] . In addition, nuclear factor- k B 
(NF- k B), one of the most diverse and essential transcription factors, is involved in 
the biological actions of morphine. Morphine also modulates gene expression of a 
number of cytokines and chemokines through NF- k B action  [  11  ] .  

    15.3   Morphine’s Effects on the HPA Axis 

 Studies have demonstrated that chronic morphine exposure alters stress-response 
systems, indicating that alterations in the HPA axis are directly or indirectly involved 
 [  22  ] . Most of the studies investigating the effects of morphine on the HPA axis have 
been carried out using animal models; few studies have been performed using 
human subjects. Morphine’s activation of the HPA axis is mediated by both cate-
cholaminergic neurons in the hypothalamus and noradrenergic neurons in the 
nucleus tractus solitarius-A2 and ventrolateral medulla-A1 (NTS-A2/VLM-A1) 
that project to the PVN  [  23–  27  ] . Clinical research shows that pain patients receiving 
both short- and long-term morphine therapies have a decrease in blood cortisol 
concentrations, but a functional HPA axis, or no signi fi cant change in blood ACTH 
and cortisol levels  [  28,   29  ] . In other studies performed with healthy subjects, acute 
morphine treatment suppressed basal hormone levels and/or blunted the ACTH and 
cortisol responses to CRH  [  30,   31  ] . 

 In a rodent model, the HPA axis is affected differently by acute and chronic mor-
phine treatments. Acute treatment with morphine activates the HPA axis by increas-
ing both ACTH and corticosterone secretion and exaggerating the HPA response to 
stress. However, chronic morphine treatment (using morphine pellet implantation) 
either does not activate the HPA axis or attenuates the morphine- or stress-induced 
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ACTH and corticosterone responses  [  27,   32,   33  ] . Further, IL-1 b -induced neuronal 
activation of the hypothalamic PVN, CRH mRNA expression, and plasma corticos-
terone are attenuated in animals in a state of morphine tolerance  [  34  ] . House et al. 
 [  34  ]  conducted a series of studies using a rat model of morphine tolerance to deter-
mine possible mechanisms by which chronic exposure to morphine modulates the 
HPA axis. More speci fi cally, they looked at differences in leukocyte–endothelial 
adhesion (LEA), CRF expression in the hypothalamic PVN, and serum levels of 
corticosterone in morphine-naïve rats and rats made morphine-tolerant by exposure 
to a 2+4 regimen of chronic morphine. LEA is the initial step in the immune response 
cascade; the PVN is the site from which CRF initiates activation of the HPA axis, 
and corticosterone, an anti-in fl ammatory hormone, is the  fi nal product of the HPA 
axis. The data show that, while basal levels between groups are comparable, after 
treatment with IL-1 b , morphine-treated rats have a greater increase in LEA levels, 
attenuation of hypothalamic CRF production, and adrenal corticosterone produc-
tion. In morphine-naïve rats, IL-1 b  injection initiates the HPA axis cascade by stim-
ulating CRF expression in the hypothalamus, resulting in an increase in corticosterone 
via the HPA axis. In the case of chronic morphine exposure, IL-1 b -induced HPA 
activation is desensitized, and the entire cascade is weakened, resulting in a decrease 
in production of the HPA stress hormones (Fig.  15.1 ). In addition, rats rendered 

  Fig. 15.1    Chronic exposure to morphine may potentiate the in fl ammatory response by altering 
IL-1 b ’s modulatory actions on the HPA axis. ( a ) In the opiate-naive rat, IL-1 b  stimulates (+) the 
production of CRF, ACTH, and corticosterone by the HPA axis, which inhibits (−) LEA. Both IL-1 b  
and FMLP also have direct local stimulatory effects on LEA. ( b ) After chronic exposure to morphine, 
IL-1 b  is less effective in stimulating production of the HPA hormones (indicated by the  open arrows ), 
thereby reducing the inhibitory effects of these products on LEA. Although the local stimulatory 
effects of n-formyl-methionyl-leucyl-phenylalanine (FMLP) may be weakened by morphine (indi-
cated by the  gray arrow ), the loss of corticosterone inhibition disrupts the balance between IL-1 b -
mediated proin fl ammatory and anti-in fl ammatory effects, leading to a net increase in LEA (indicated 
by the  bold  and  bigger font  with an  arrow )       
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morphine-tolerant and administered a non-pyrogenic dosage of LPS have 
signi fi cantly enhanced LEA as well as reduced corticosterone secretion  [  15  ] . 
Attenuation of these anti-in fl ammatory stress hormones re fl ects a decrease in the 
inhibitory effects of GC on immune responses. Consequently, LPS-induced produc-
tion of proin fl ammatory cytokines, such as TNF-a, IL-1 b , and IL-6, is potentiated 
in the morphine-tolerant state.  

 In addition to morphine tolerance, the severe stress associated with morphine 
withdrawal also results in immune system dysregulation, and many serious affec-
tive and somatic symptoms  [  22,   35  ]  as well as activation of hypothalamic nuclei 
that control the HPA axis  [  22,   35  ] . Intermittent treatment with morphine, which 
re fl ects repeated cycles of partial morphine withdrawal, has been shown to elevate 
basal ACTH and corticosterone levels. In addition, repeated cycles of partial mor-
phine withdrawal enhance the pituitary–adrenal response to a novel restraint when 
the rat is tested immediately prior to its expected next injection  [  36  ] . Both PKC-
dependent pathways and L-type Ca 2+  channels appear to be involved in mediating 
morphine withdrawal-induced hyperactivity of the HPA axis  [  37–  39  ] .  

    15.4   Morphine’s Effects on Immunity 

 The immune system has two major components—innate or nonspeci fi c immunity 
and adaptive or speci fi c immunity. Cells of the innate immune system, such as 
monocytes, macrophages, dendritic cells, and neutrophils, can recognize pathogens 
by pattern recognition receptors (PRRs). Intracellular signaling cascades triggered 
by these PRRs, especially Toll-like receptors (TLRs), lead to transcriptional expres-
sion of various in fl ammatory cytokines, chemokines, and type I interferons that 
coordinate the elimination of pathogens and infected cells  [  40–  42  ] . The adaptive 
immune system acts as a second line of defense against invading organisms. The 
priming of adaptive immunity depends on both direct antigen recognition by the 
antigen receptors and essential signals delivered by the antigen-presenting cells 
(such as macrophages and dendritic cells) of the innate immune system and leads to 
T-cell-mediated cellular immune responses and B-cell-mediated humoral immune 
responses  [  43,   44  ] .  

    15.5   Morphine’s Effects on Innate Immunity 

 Recruitment of immune cells is an essential  fi rst step in a host’s defense against 
invading pathogens. Morphine inhibits recruitment of immune cells by altering the 
expression of cytokines and chemokines. For example, Breslow et al.  [  45  ]  found the 
percentage and total number of neutrophils and macrophages within the peritoneal 
cavity of mice implanted with morphine pellets 48 h before intraperitoneal injection 
(i.p.) with  Acinetobacter baumannii  to be signi fi cantly lower than those of control 
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animals  [  45  ] . They also found that morphine reduces the peritoneal exudate  fl uid 
levels of KC/CXCL1, a major chemokine for neutrophil recruitment, and IL-17A, 
which induces the expression of KC/CXCL1  [  45  ] . Martin et al.  [  46  ]  demonstrated 
that chronic morphine exposure decreases keratinocyte-derived cytokine (KC) and 
monocyte chemotactic protein-1 (MCP-1) levels, thus inhibiting recruitment of neu-
trophils and macrophages to injured tissues  [  46  ] . Treatment with morphine delays 
neutrophil migration and decreases the clearance of  Streptococcus pneumoniae  dur-
ing lung infection  [  47  ] . These effects are associated with impairment in production 
of IL-23 by alveolar macrophages and dendritic cells and IL-17 by  g  d T lympho-
cytes  [  47  ]     (Fig.  15.2 ).  

 Phagocytosis of invading pathogens by immune cells is the next important step 
in the defense against infection. Phagocytosis is suppressed by morphine via the 
MOR and DOR-2 receptors, but not KOR receptors  [  48,   49  ] . Phagocytosis by 
murine peritoneal macrophages and human monocyte-derived macrophages is 
inhibited following both acute morphine exposure and withdrawal from chronic 
morphine  [  50,   51  ] . Bosshart  [  233  ]  reported that prior treatment with morphine 
(10 −7  M, 60 min) can inhibit the phagocytic activity of human monocytic THP-1 
cells stably transfected with human CD14 following exposure to  Escherichia coli  
for 90 min. Morphine also inhibits  S. pneumoniae  clearance by alveolar mac-
rophages through impaired TLR9-mediated NF- k B signaling  [  52  ] . Further, chronic 
morphine exposure modulates LPS-induced dendritic cell maturation and enhances 
the antigen-presenting function of dendritic cells to activate T cells  [  53  ] . 

 Other immune cells, such as NK cells and mast cells, are also affected by mor-
phine. Chronic morphine treatment decreases the percentage of NK cells in the 
peripheral blood  [  54  ]  and suppresses NK cell activity in surgical patients  [  55  ] . 
Morphine inhibits TLR-4-mediated TNF- a  release from intraperitoneal mast cells 
in response to LPS  [  56  ] , indicating crosstalk between opioid receptor- and TLR-4 
receptor-mediated signaling pathways  [  56  ] . 

 Cytokines mediate a wide range of immune responses, and morphine has been 
shown to modulate the expression of cytokines by immune cells. In monocyte-
derived human dendritic cells, chronic morphine exposure increases LPS-induced 
production of IL-12 (p70), a proin fl ammatory cytokine, and decreases LPS-induced 
production of IL-10, an anti-in fl ammatory cytokine  [  53  ] . In a mouse model, mor-
phine enhances expression of TNF- a , IL-12 p40, and p70 expression  [  57  ]  and 
inhibits  S. pneumonia -induced IL-23 expression in bone marrow-derived dendritic 
cells through TLR2 and Nod2 signaling  [  58  ] . However, morphine inhibits the pro-
duction of cytokines, including TNF- a  and IL-6, in TLR2 agonist-stimulated human 
peripheral blood mononuclear cells and monocytes  [  59  ] .  

    15.6   Morphine’s Effects on Adaptive Immunity 

 In addition to its affects on innate immunity, morphine also affects adaptive immu-
nity. It does so by inhibiting IL-12 production, thus causing Th cell differentiation 
to be biased toward the Th2 lineage  [  60,   61  ] . Mice administered morphine show a 
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reduction in total number of B lymphocytes, CD4 +  T cells, and CD8 +  T cells in the 
spleen and lymph nodes  [  62  ] . While acute morphine treatment alone does not induce 
caspase activity, it does potentiate LPS-induced caspase activity in the spleen and 
thymus as well as bone marrow-derived immune cells  [  63  ] . This suggests a possible 
mechanism by which morphine induces loss of immune cells because activation of 
the caspase could lead to programmed cell death. 
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  Fig. 15.2    The effect of chronic morphine treatment on the levels of the proin fl ammatory cytok-
ines, IL-1β, TNF-a, and IL-6. ( a – c ) Serum cytokine levels were measured before and 5 days after 
the initiation of chronic morphine treatment. ( a ) IL-1β levels in chronic morphine-treated rats 
gradually increased until reaching a peak concentration on day 4. ( b ) The serum TNF-a concentra-
tion peaked on day 2 in chronic morphine-treated rats and declined on subsequent days. ( c ) IL-6 
levels peaked on day 3, but otherwise remained low during the other 4 days. ( d – f ) Serum cytokine 
levels in naïve and placebo- and chronic morphine-treated rats given an i.p. injection of either 
250 mg/kg LPS or normal saline (NS) were measured. There was no signi fi cant change in cytokine 
levels in naïve and placebo- and chronic morphine-treated rats given normal saline. LPS 
signi fi cantly increased serum concentrations of all three cytokines in both placebo- and chronic 
morphine-treated rats compared to NS treatment (* p  < 0.05). Serum IL-1β, TNF-a, and IL-6 levels 
were signi fi cantly higher in the chronic morphine-treated rats given LPS compared to LPS-treated 
placebo rats ( #  p  < 0.05) ( n  = 5 rats per group)       
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 Moreover, morphine can alter T-cell function. Acute morphine treatment reduces 
cell-mediated immunity in the spleen of mice infected with herpes simplex virus 
type 1 (HSV-1), reduces cytolytic lymphocyte responses, and inhibits proliferation 
of lymphocytes as well as the production of IFN- g . Morphine-induced suppression 
of these cellular immune responses may explain why reactivation of HSV-1 often 
occurs in opioid addicts  [  64  ] . MOR-mediated inhibition of IL-2 expression in acti-
vated T lymphocytes and attenuation of the activation of transcription factors, 
including AP-1 and NF-ĸB, may be one of the molecular mechanisms by which 
morphine suppresses immunity  [  65  ]  (Fig.  15.3 ).   

    15.7   Morphine’s Effects on the Neuroimmune Axis 

 Recent research has found that morphine can affect the central nervous system by 
multiple immunological mechanisms. For example, morphine promotes splenocyte 
in fi ltration into the central nervous system  [  66  ]  and can affect the permeability of 
the blood–brain barrier, which makes the brain more likely to be in fl uenced by 
peripheral immune cells or cytokines  [  67–  69  ] . Morphine also upregulates the pro-
duction of the chemokine, CCL2, in cultured neurons  [  70  ]  and alters the expression 
of alpha- and beta-chemokines and their receptors in astroglial cells  [  71  ] . Induction 
of proin fl ammatory cytokines by LPS is increased in the brain of rats in the mor-
phine-tolerant state  [  72  ] . 

Placebo + NS

Placebo + LPS

Morphine + NS

Morphine + LPS

30 µm

  Fig. 15.3    Representative photomicrographs showing LEA in chronic morphine-treated rats given 
LPS. ( a ,  b ) LEA is minimal ( arrows ) following normal saline injection in placebo- and morphine-
treated rats. ( c ,  d ) Injection with LPS led to an increase in LEA ( arrows ) in both placebo- and 
chronic morphine-treated groups. ( d ) Chronic morphine-treated rats demonstrated the greatest 
potentiation in the LEA response. Scale bar = 20  m m       
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 Morphine can also activate glial cells, which have been implicated in the devel-
opment of morphine tolerance and dependence  [  73–  79  ] . TLR2 plays an important 
role in morphine-induced microglial activation and dependence  [  80  ] . Unlike its 
actions at classical opioid receptors, morphine can selectively in fl uence TLR4 
 signaling in a non-stereotypic manner, leading to glial activation and production 
of cytokines  [  81  ] . Morphine induces NF- k B-dependent TNF- a  production in 
 microglia  [  82  ]  and increases microglial migration through interaction between the 
MOR and P2X4 receptors, which is dependent on the activation of the PI3K/Akt 
pathway  [  83  ] . 

 We now know that morphine directly affects both innate immunity and adaptive 
immunity by acting on opioid receptors in immune cells. Chronic morphine pro-
motes peripheral in fl ammatory reactions, in part, by disrupting the anti-in fl ammatory 
effects of the HPA axis  [  34,   84  ] . Morphine also induces apoptosis of thymocytes 
 [  85  ] ; suppresses splenic NK cell activity, which is dependent on activation of the 
dopamine D1 receptor in the nucleus accumbens; activates neuropeptide Y (NPY) 
Y1 receptors in the spleen  [  86–  88  ] ; and suppresses circulating B-lymphocyte 
MHC-II expression, which is important in antigen presentation  [  89  ] .  

    15.8   Morphine’s Effects on the Brain 

 Investigation of the effects of morphine on the brain focus on two distinct aspects: 
(1) analgesia and tolerance and (2) abuse and dependence. 

    15.8.1   Analgesia and Morphine Tolerance 

 Opioids have long been used to treat moderate to severe pain  [  90  ] . Morphine is the 
most widely used opioid analgesic and the standard by which other new analgesics 
are judged  [  91  ] . The analgesic effects of opioids are mediated through binding to 
three primary opioid receptors distributed within the neuronal nociceptive system. 
These include moderate-density MOR and KOR binding in the periaqueductal gray, 
locus coeruleus, substantia nigra, ventral tegmental area, raphe nuclei, and nucleus 
tractus solitarii, and low-density DOR binding in the substantia nigra and nucleus 
tractus solitarii  [  12  ] . The MOR can be found in many pain-controlling brain areas 
 [  92,   93  ] , and morphine exerts its analgesic effects mainly by binding to the MOR on 
both presynaptic and postsynaptic cells. Morphine binding on presynaptic cells 
causes the inhibition of presynaptic neurotransmitter release by blocking voltage-
gated Ca 2+  channels. Binding on postsynaptic cells promotes postsynaptic K +  ef fl ux 
via K +  channels, neuronal hyperpolarization, and  fi ring inhibition  [  94  ] . Further, 
chronic morphine treatment can activate the MAPK signaling pathway cascades, 
and the use of a MAPK inhibitor reduces morphine tolerance  [  95  ] . 



486 S.L. Chang and X. Liu

 The use of morphine for chronic pain is often limited by the need for dose escala-
tion due to the development of tolerance to the drug’s analgesic effects. In high 
doses, morphine can cause excessive and unwanted side effects  [  96  ] . Neuronal 
apoptosis has been associated with the development of morphine tolerance in a 
rodent model  [  97  ] . However, the mechanisms underlying morphine tolerance are 
complex and also involve adaptive changes in the MOR and post-receptor signaling 
elements  [  98,   99  ] . Research on opioid desensitization and tolerance has focused 
largely on adaptations which occur at the level of the MOR itself. These include, but 
are not limited to, MOR phosphorylation and ensuing traf fi cking events. Additional 
adaptations, such as covalent modi fi cation of signaling molecules and altered asso-
ciations occurring downstream from MOR sites, also affect morphine tolerance. 
More speci fi cally, augmented isoform-speci fi c synthesis of adenylyl cyclase (AC) 
and its phosphorylation, as well as augmented phosphorylation of the G b  subunit of 
G b  g , contribute to the development of opioid tolerance and desensitization. The 
aggregate effect of these changes shifts MOR-coupled signaling from predomi-
nantly Gi a  inhibitory to (Gi-derived) G b  g  stimulatory AC signaling  [  100  ] . 

 Adaptive changes which take place in the MOR over a period of prolonged opi-
oid exposure include receptor desensitization and downregulation of MOR expres-
sion  [  101  ] . Rapid receptor desensitization, endocytosis, and recycling following 
MOR activation are essential for maintaining MOR-mediated analgesic effects. 
Failure to promote MOR desensitization and endocytosis mediated, in part, by 
 b -arrestin 2 may be one of the mechanisms involved in morphine tolerance  [  102, 
  103  ] . In addition, it has been proposed that one of the key mechanisms by which the 
development of morphine tolerance occurs is heterodimerization of the MOR and 
DOR. Use of a DOR antagonist together with morphine can produce analgesia with 
reduced morphine tolerance  [  101,   104  ] . 

 Nitric oxide (NO) may also play a central role in the development of tolerance 
and desensitization. NO helps control physiological functions and is involved in 
mechanisms underlying both bene fi cial and detrimental actions of therapeutic 
agents  [  105  ] . It functions in the brain mainly as a neuromodulator and has been 
implicated in modulating the analgesic effects of morphine and potentiating mor-
phine tolerance  [  105  ]  by either enhancing or reducing anti-nociception  [  105  ] .  

    15.8.2   Morphine Abuse and Dependence 

 Despite numerous and varied attempts to control drug abuse, drug addiction, a state 
of compulsive drug use, persists in our society  [  106,   107  ] . Addiction involves the 
pathological usurpation of neural processes that normally serve reward-related learn-
ing. Persistent, compulsive drug use is related to molecular and cellular mechanisms 
that underlie long-term associative memory in several forebrain circuits that receive 
input from midbrain dopamine neurons. These circuits include the ventral and dorsal 
striatum and prefrontal cortex. The hippocampus is a central brain region involved 
in learning and memory  [  108,   109  ]  and has been implicated in morphine-induced 
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cognitive de fi cits with altered brain-derived neurotrophic factor (BDNF) signaling, 
or decreased neurogenesis  [  110,   111  ] . In rodents, morphine impairs acquisition of 
radial maze and Y-maze choice escape, radial maze performance, acquisition and 
retrieval of spatial recognition memory in the Y-maze, acquisition and performance 
of avoidance, and spatial memory acquisition in the Morris Water Maze task  [  112–
  116  ] . Transient anterograde and retrograde memory impairments are observed in 
patients receiving chronic opioid therapy in palliative care  [  117  ] .   

    15.9   Effects of Alcohol on the HPA Axis, Immunity, 
and Cognitive Behavior 

 Like morphine, alcohol, also referred to as ethanol, can have a wide range of molec-
ular and systemic effects on the human body. Alcohol abuse is the world’s third 
largest risk factor for disease burden and results in approximately 2.5 million deaths 
each year. The abuse of alcohol is associated with several infectious diseases and is 
a major factor in many neuropsychiatric disorders  [  118  ] .  

    15.10   Alcohol’s Effects on Regions of the Brain 

 Acute exposure to ethanol activates speci fi c areas in the rat brain, including the bed 
nucleus of the stria terminalis, PVN, the central nucleus of the amygdala, Edinger–
Westphal nucleus, locus coeruleus, and the parabrachial nucleus in a dose- and 
time-dependent manner  [  119  ] . Researchers now know that chronic alcohol abuse 
and alcohol dependence can affect both gray and white matters in more widespread 
brain regions, such as cortical and subcortical regions, the cerebellum, and brain-
stem  [  120–  124  ] .  

    15.11   Effects of Alcohol on the HPA Axis 

 Alcohol affects the activity of the HPA axis primarily by acting on the hypothala-
mus. Prolonged alcohol exposure can cause degeneration of hypothalamic neurons, 
resulting in HPA axis dysfunction. Silva et al.  [  125  ]  provided rats with an ethanol 
solution as their only available liquid source for either 6 or 10 months and found 
that chronic alcohol consumption leads to a loss of 35 % of the neurons located in 
the posterior magnocellular division of the PVN, the site where activation of the 
HPA axis is initiated  [  125  ] . In a human study, neuron loss and abnormal neuron 
morphology was noted in the hypothalamic supraoptic nucleus (SON) and PVN in 
postmortem brains of patients with chronic alcoholism  [  126,   127  ] . Acute treatment 
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of rats with 16 % (w/v) ethanol activates the PVN in a dose-dependent manner; 
however, repeated administration of ethanol (16 %, w/v) results in desensitization of 
the PVN  [  119  ] . Alcohol can alter gene transcription in the PVN and, like morphine, 
affects the release of CRH  [  128  ] . It enhances G protein-coupled CRH receptor 
1 a -mediated signal transduction, which activates adenylyl cyclase, leading to 
ACTH release  [  129  ] . Similar to morphine, alcohol’s effects on the HPA axis are 
dependent on dosage, frequency, and duration of alcohol administration. Rivier 
et al.  [  131  ]  showed that acute alcohol treatment (3 g/kg, i.p.) stimulates activity of 
hypothalamic neurons that express CRH and produces a rapid increase in plasma 
ACTH in the rat, whereas chronic intermittent exposure to alcohol vapors results in 
decreased PVN neuronal activity and decreases the ACTH response to certain stim-
uli  [  130–  132  ] . In addition, Sinha et al.  [  133  ]  reported that alcohol-dependent indi-
viduals have an abnormal HPA axis, including a higher basal ACTH level and a lack 
of stress- and cue-induced ACTH and cortisol responses  [  133  ] .  

    15.12   Alcohol’s Effects on Immunity 

 Alcohol is a potent immunomodulator  [  134  ]  that interferes with the host’s immune 
surveillance system. Research  fi ndings, using both animal models and human sub-
jects, point to a whole spectrum of alcohol-induced immune dysfunctions. Alcohol 
has been implicated in atrophy of the thymus and spleen, loss or redistribution of 
peripheral blood leukocytes, and diminished humoral and cell-mediated immune 
responses  [  135  ] . Alcohol causes abnormalities in the function and/or structure of a 
broad array of cells involved in humoral and cellular immunity, including lympho-
cytes, Kupffer cells, and other macrophages, as well as the endothelium of blood 
vessels and lymphatics. Regulatory cytokines and neuroendocrine factors mediate 
some of these immunomodulatory effects  [  136  ] . The severity of the alterations in 
the immune system caused by alcohol depends on different factors including age, 
race, gender, body composition, environmental factors, time of consumption, and 
amount and type of alcoholic beverage  [  137  ] .  

    15.13   Alcohol’s Effects on Innate Immunity 

 Challenges to innate immunity may directly or indirectly affect the body’s overall 
immune responses. Alcohol consumption has been shown to alter innate immunity 
in a biphasic manner. Acute alcohol exposure inhibits in fl ammatory cell activation 
and decreases production of in fl ammatory mediators, whereas chronic alcohol use 
leads to an increase in in fl ammatory cell responses to various microbial compounds, 
particularly lipopolysaccharide (LPS)  [  134,   138  ] . Szabo et al.  [  139–  141  ]  showed 
that, in vitro, acute treatment with alcohol inhibits induction of proin fl ammatory 
mediators, including IL-1 b , IL-6, and monocyte chemotactic protein-1 (MCP-1) in 
blood monocytes  [  139–  141  ] . In an in vivo binge drinking model, expression of the 
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proin fl ammatory cytokines, IL-1 b  and IL-6, and the chemokine, CCL2 (MCP-1), is 
signi fi cantly decreased in the spleen of adolescent rats administered a 52 % (4.8 g/
kg/day) ethanol solution for 3 days  [  142  ] . 

 Interestingly, females appear to have a greater sensitivity to the effects of alcohol 
than males. Acute ethanol intoxication in female rats is associated with lower 
phagocytic activity by liver-recruited polymorphonuclear leukocytes and Kupffer 
cells than in their male counterparts, and an LPS challenge elicits a lesser phago-
cytic response in liver-recruited polymorphonuclear leukocytes and Kupffer cells of 
acutely ethanol-intoxicated female rats than in males, which indicates a smaller 
phagocytic response to  fi ght infection in the liver of acutely alcohol-intoxicated 
female rats  [  143  ] . This could involve an indirect mechanism by which heavy drink-
ing decreases the production of estrogen and nulli fi es the stimulatory effects of 
estrogen on female immune responses  [  144  ] . 

 The liver plays an important role in innate immunity and is particularly impor-
tant in the body’s response to alcohol. The liver receives blood from both the sys-
temic circulation and the intestines. Cells involved in innate immunity are unusually 
abundant in the liver in order to effectively and quickly defend against potentially 
toxic agents. The liver is also involved in controlling systemic innate immunity 
through the biosynthesis of numerous soluble pathogen-recognition receptors and 
complement  [  145  ] . Chronic exposure to alcohol damages liver tissue and can have 
devastating effects on liver function. In the short-term, alcohol exposure enhances 
endotoxin hepatotoxicity and inactivates Kupffer cells  [  146  ] . These effects contrib-
ute to the impairment of innate immunity in alcoholism and the progression of alco-
holic liver injury. Moderate alcohol exposure increases TNF- a  and decreases NF- k B 
activity, leading to cellular apoptosis  [  147  ] . During acute alcohol intoxication, oxi-
dative stress mediates endotoxin-induced hepatic TNF- a  production  [  148  ] . Chronic 
alcohol intoxication is associated with increased basal H 

2
 O 

2
  formation, enhanced 

nuclear translocation, and binding of NF-kB, AP-1, and MNP-1 in Kupffer cells. 
Further, upregulation of chemokines during alcohol consumption is selective. 
During the early phase of alcoholic liver disease, alpha-chemokines predominate 
and are associated with neutrophil in fi ltration of the liver, whereas in the later stages 
of alcoholic liver disease, beta-chemokines predominate  [  149  ] . A de fi ciency of 
MCP-1 can protect against alcoholic liver injury independent of inhibition of 
proin fl ammatory cytokines and induction of genes related to fatty acid oxidation, 
thus linking chemokines to hepatic lipid metabolism  [  150  ] . 

 Examination of the effects of alcohol during HIV-1 infection is helpful in high-
lighting the importance of liver function in innate immunity. The SIV/nonhuman 
primate model has been used to examine the relationship between chronic alcohol 
exposure and SIV infection on chemokine secretion and innate immune functions in 
the liver. Excessive production of free radicals and chemokines suppresses chemot-
axis and phagocytosis by hepatic non-parenchymal cells. As a result, susceptible 
individuals become highly vulnerable to hepatitis and reduced microbial clearance 
by the liver  [  151  ] . Acute ethanol administration also attenuates the release of HIV-1 
gp120-induced chemokines from splenocytes and Kupffer cells, which could com-
promise inhibition of HIV-1 entry into target cells  [  152  ] .  
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    15.14   Alcohol’s Effects on Adaptive Immunity 

    15.14.1   Dendritic Cells 

 Alcohol use may affect adaptive immunity either directly or indirectly by inhibiting 
the antigen-presenting function of innate immune cells, including macrophages and 
dendritic cells (DCs)  [  134,   153  ] . DCs play a key role in initiation of adaptive 
immune responses. Alcohol exposure interferes with DC functions by inhibiting the 
generation of bone marrow-derived myeloid and plasmacytoid DC subsets, interfer-
ing with production of interferon- a  by plasmacytoid DCs, affecting the expression 
of B7 family co-signaling molecules on resting DC subsets following CpG oligode-
oxynucleotide (CpG-ODN) stimulation, and inhibiting splenic DC maturation and 
function  [  154  ] .  

    15.14.2   Natural Killer Cells 

 Natural killer (NK) cells are involved not only in innate immune responses against 
viral infection and tumor development but also participate in a complex network of 
cell-to-cell interaction that leads to the development of adaptive immune responses 
 [  155,   156  ] . Chronic alcohol consumption perturbs the balance between thymus-
derived and bone marrow-derived NK cells and decreases the percentage and num-
ber of NK cells in the spleen and peripheral lymph nodes  [  157,   158  ] .  

    15.14.3   Lymphocytes 

 Alcohol also has profound effects on lymphocyte production and function. As many 
as 13.3 % of alcohol-dependent male inpatients at the Wuhan Mental Health Center 
(China) with a history of alcohol use for at least 10 years had a low white blood cell 
count, and 26.7 % of this population had a low percentage of circulating lympho-
cytes (Chang et al. unpublished data). While B-cell functions appear to be relatively 
unaffected by acute alcohol exposure  [  134  ] , a number of investigators have shown 
diminished numbers of peripheral blood B cells (relative and absolute) after long-
term alcohol consumption. Alcoholics also exhibit poor antibody levels upon immu-
nization with the hepatitis B vaccine, a response that requires the participation of 
T-helper cells. These  fi ndings suggest not only attrition of B cells but diminished 
ability to generate protective antibodies. In contrast, it has been commonly reported 
that alcoholic patients have elevated concentration of serum IgA and IgG. A number 
of investigators have further demonstrated the presence of autoantibodies reactive 
against various self-tissues. Finally, in vitro studies have shown that peripheral 
blood B cells from alcoholics secrete higher levels of immunoglobulins compared 
to normal controls  [  159  ] . 
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 Many reports have documented chronic alcohol-induced T-cell subset abnormal-
ities. Heavy alcohol use by alcohol-dependent adolescents is associated with 
signi fi cantly lower mean numbers of circulating total T lymphocytes (CD3 + ) and 
T-lymphocyte subsets CD4 +  (T-helper) and CD8 +  (T-cytotoxic) compared with light/
nondrinking control groups  [  160  ] . This reduction in CD3 + , CD4 + , and CD8 +  cell 
numbers has also been found in the isolated splenocytes of male Fischer 344 rats fed 
an ethanol-containing liquid diet for 3 and 4 weeks  [  161  ] . Using an attenuated 
 Listeria monocytogenes  strain to inoculate mice, Gurung et al.  [  162  ]  found chronic 
ethanol consumption reduces antigen-speci fi c CD8 +  T-cell responses, but not 
antigen-speci fi c CD4 +  T-cell responses  [  162  ] . In addition, Zhang et al.  [  163  ]  reported 
that chronic alcohol intake, with 20 % (w/v) alcohol as the sole drinking source, 
inhibits tumor-induced memory CD8 +  T-cell proliferation in the spleen and acceler-
ates the decay of interferon- g -producing cells within the splenic CD8 +  T-cell popu-
lation in melanoma-bearing female mice  [  163  ] .   

    15.15   Alcohol’s Effects on the Neuroimmune Axis 

 Alcohol abuse can cause brain damage by multiple mechanisms. Robust immune 
responses occur in the brain even though the brain lacks major histocompatibility 
complex (MHC) molecules and normal lymphatic drainage and reduced immune 
surveillance  [  164  ] . Both neurons and glial cells in the brain express genes encoding 
several cytokines, chemokines, and their receptors. Microglial cells constitute the 
resident macrophage population in the CNS, and they play a key role in the 
in fl ammatory response of the brain  [  165,   166  ] . Microglial cells are sensitive to 
addictive drugs and stress, which can lead to progressive adaptation that can alter 
neurobiology and behavior through innate immune gene induction  [  167  ] . Astrocytes 
are the most abundant glial cell in the CNS and have various biological activities. 
The activation of astrocytes is associated with several neurodegenerative disorders 
 [  168,   169  ] . 

 Alcohol can stimulate both microglia and astrocytes to release in fl ammatory 
mediators via TLR4/NF- k B-activated signaling and induce neuronal cell death 
 [  170–  173  ] . NF- k B plays a key role in immune and in fl ammatory responses and is 
abundant in the brain. NF- k B regulates various functions in the brain, including 
synaptic plasticity and neuroin fl ammation  [  174  ] . Acute alcohol exposure activates 
NF- k B in the brain, which induces neuroin fl ammatory responses and leads to neu-
ronal damage  [  175,   176  ] . Postmortem studies on the brains of alcoholics suggest 
that repeated cycles of alcohol intoxication and withdrawal may cause adaptive 
changes in the NF- k B system, which alters the expression of multiple genes contrib-
uting to cognitive impairment and alcohol dependence  [  174,   177  ] . In addition, alco-
hol abuse may lead to blood–brain barrier disruption, enhancing leukocyte migration 
from blood to brain and promoting neuroin fl ammatory processes  [  178,   179  ] . 

 Besides the direct effects on the brain, alcohol can indirectly affect the brain 
through GC hormones produced through HPA axis activation. The level of circulating 
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GC hormones is one of the most powerful and well-controlled feedback mecha-
nisms of proin fl ammatory signal transduction  [  3,   180  ] . However, controversy still 
exists regarding whether the HPA axis itself mediates the effects of alcohol on the 
immune system. Some studies have reported that the immunological effects of etha-
nol are mediated through the immunosuppressive actions of GC hormones  [  181–
  183  ] , and ethanol-induced release of corticosteroids is suggested to be responsible 
for most of the cell loss in the thymus, spleen, mesenteric lymph nodes, and Peyer’s 
patches  [  184  ] . Excessive alcohol consumption, as well as withdrawal from chronic 
heavy alcohol consumption, reportedly increases circulating GC levels, causing 
adverse effects on neuronal functions and cognition  [  185,   186  ] . The immunosup-
pressive and anti-in fl ammatory activity of GCs, along with their cost-effectiveness, 
makes these compounds the treatment of choice for the majority of autoimmune and 
in fl ammatory diseases, despite serious side effects that frequently accompany GC 
therapy. The activated GC receptor (GR) engages a number of pathways to ulti-
mately suppress autoimmune responses. The primary mechanisms responsible for 
the anti-in fl ammatory actions of GC hormones are GC-mediated apoptosis of 
numerous hematopoietic cell types and suppression of proin fl ammatory cytokine 
gene expression. There are unexpected pathways, factors, and mechanisms that 
have recently begun to emerge as novel targets for GC-mediated immunosuppres-
sion. GC hormones are widely known for their ability to suppress, directly or indi-
rectly, the activation of proin fl ammatory cytokine genes. GC-mediated suppression 
of TNF- a  and IL-1 b  production has long been considered the basis for their ef fi cacy 
in relieving symptoms of rheumatoid arthritis, in fl ammatory bowel disease, and 
psoriasis  [  187  ] . Conversely, other studies suggest that GC hormones do not mediate 
the immunosuppressive effects of acute or chronic alcohol exposure  [  188,   189  ] . 
Repeated ethanol treatment desensitizes the HPA axis, and can lead to unexpected 
potentiation of LEA, the initial step in the immune response cascade  [  15,   119  ] . In 
addition, it has been suggested that stress and GC hormones may sensitize glial 
neuroin fl ammatory responses to drugs of abuse  [  190  ] . 

 Research indicates that cytokines and the HPA axis work together to regulate the 
neuroimmune axis. Alcohol can alter cytokine levels in a variety of tissues, includ-
ing plasma, lung, liver, and brain (see review:  [  191  ] ). High concentrations of etha-
nol have recently been shown to decrease the expression of splenic in fl ammatory 
mediators, such as IL-1 b , IL-6, and CCL2, in the rat independent of GC hormone 
levels  [  142  ] . Interestingly, alterations were found in neurotransmitter receptor 
expression, including a decrease in the GABA 

A
  receptor  a 2 subunit and an increase 

in mGluR5 and 5-HT3A receptors  [  142  ] .  

    15.16   Alcohol’s Effects on Cognitive Behavior 

 Cognition is considered a higher-level function of the brain and is responsible 
for processes such as perception, attention, working memory, long-term memory, 
executive functioning, language, and social cognition  [  192  ] . Circulating immune 
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cells play a key role in supporting brain plasticity manifested in normal behavior, 
cognition, and mental activity  [  193  ] . Because mental behavior cannot be studied 
directly, outward behavior is recorded in order to determine possible changes in 
cognitive function. Neuroin fl ammation is associated with a variety of neurologic 
and psychological disorders, including addictive behaviors  [  194–  196  ] . This sug-
gests a connection between the immune system and cognitive function. In the case 
of alcohol, the neuroimmune axis may be at least partially responsible for changes 
in performance and cognitive function. Alcohol can activate glial TLR4/NF- k B 
 signaling to release in fl ammatory mediators. The release of these mediators has 
been shown to result in behavioral and cognitive changes  [  197  ] . In addition, heavy 
alcohol use and acute phases of alcohol withdrawal can activate the HPA axis and 
increase circulating concentration of GCs. High concentrations of circulating GC 
have also been associated with cognitive de fi cits and addictive behavior  [  198  ] . 

 Chronic alcohol abuse affects several brain structures and results in various neu-
ropsychological impairments in terms of cognition, emotion, and behavior  [  199–
  203  ] . As many as 50–80 % of individuals with alcohol use disorders experience 
mild to severe neurocognitive impairment  [  204  ] . The effects of alcohol on cognitive 
processes depend, in part, on the quantity and pattern of consumption  [  205  ] . In 
comparison to their moderate drinking counterparts, young people who consume 
large quantities of alcohol performed signi fi cantly worse on tests of cognitive func-
tion  [  205  ] . Neafsey et al.  [  206  ]  reviewed 143 papers and found that, although earlier 
studies indicated that moderate drinking impairs cognition, light to moderate drink-
ing overall does not appear to impair cognition in younger subjects and actually 
seems to reduce the risk of dementia and cognitive decline in older subjects  [  206  ] . 

 Prolonged heavy alcohol consumption can result in the development of alcohol 
dependence, commonly known as alcoholism. Despite the vast research on alcohol-
ism, the complex mechanisms underlying alcoholism are not entirely understood. 
It is believed that neuroadaptation to an altered neurotransmitter balance is respon-
sible for the development of this disorder  [  207  ] . Alcohol has been shown to alter 
brain function by interacting with multiple neurotransmitter systems, such as gluta-
mate, gamma-aminobutyric acid (GABA), and dopamine  [  208–  211  ] . Repeated 
alcohol exposure can cause neuronal adaptations in various areas of the brain, 
including the prefrontal cortex and the hippocampus  [  177,   212  ] . Using a rat model 
of adolescent binge drinking, alcohol was found to alter the expression of multiple 
neurotransmitter system components in different areas of the brain, particularly the 
dopamine receptors in the striatum (Chang et al. unpublished data). Molecular and 
cellular adaptations in the nucleus accumbens, ventral tegmental area, amygdala, 
and prefrontal cortex have all been implicated in behavioral changes induced by 
chronic alcohol consumption, including craving and relapse  [  177  ] . 

 The developing brain is particularly vulnerable to the effects of alcohol. Alcohol 
exposure during adolescence is more likely to interfere with normal brain functions, 
such as the development of self-regulation, judgment, reasoning, problem solving, 
and impulse control, and can increase the likelihood of alcohol dependence in adult-
hood. A number of studies have reported altered brain structure and function in 
alcohol-dependent or abusing adolescents and young adults compared to healthy 
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individuals. These studies show smaller frontal and hippocampal volumes, altered 
white matter microstructure, and poorer memory  [  213–  217  ] . 

 While high alcohol consumption suppresses a wide range of immune responses, 
leading to an increased incidence in a number of infectious diseases, moderate alco-
hol consumption may have a bene fi cial impact on the immune system as compared 
to alcohol abuse or even abstinence. These seemingly contradictory effects are most 
likely due to the protective effects of the multiple components of polyphenol-rich 
alcoholic beverages on the immune system with moderate alcohol consumption 
 [  218  ] . However, it is clear that excessive alcohol drinking can cause cognitive and 
neuropathological changes. For example, acute alcohol intoxication can be followed 
by episodes of “blackout,” a period of alcohol-induced amnesia  [  219  ] . Further, 
“binge” drinking, a pattern of rapid alcohol consumption which results in a blood 
alcohol concentration (BAC) of 0.08 gram percent or above, can lead to increased 
impulsivity, impaired spatial working memory, impaired reversal and emotional 
learning, facilitated excitatory neurotransmission, reduced synaptic plasticity in the 
amygdala and hippocampus, and neurodegeneration in the olfactory bulb, piriform 
cortex, perirhinal cortex, entorhinal cortex, and dentate gyrus  [  220–  222  ] . For the 
typical male adult, a binge consists of consuming  fi ve or more drinks in a 2-h period, 
and for a female, four or more drinks within the same timeframe. Binge drinking is 
dangerous for both the drinker and society     [  207  ] . 

 Although alcoholics show neurodegeneration after decades of drinking, recent 
studies using an animal model of binge drinking have found corticolimbic damage 
after as few as 4 days of binge exposure. Neurodegeneration can occur through 
either apoptotic or necrotic mechanisms. Binge drinking causes necrotic neurode-
generation after 2 days and increased damage after 4 days, but neurodegeneration 
does not increase during withdrawal  [  221  ] . Studies on the relationship between 
binge drinking and cognitive and emotional functioning in young adults found evi-
dence for increased impulsivity, impairment in spatial working memory, and 
impaired emotional learning  [  220  ] . Even repetitive administration of a moderate 
dose of ethanol transiently impairs spatial learning and memory and promotes cog-
nitive in fl exibility.  

    15.17   Convergence of the Effects of Morphine 
and Alcohol on the HPA Axis 

 The endogenous opioid system is made up of three distinct families of opioid pep-
tides processed from their precursor molecules, proopiomelanocortin, proenkepha-
lin, and prodynorphin, and their opioid receptors. The endogenous opioid peptides, 
 b -endorphins, enkephalins, and dynorphins, and three major classes of opioid recep-
tor types,  m ,  d , and  k , have been well characterized. Opioid peptides and receptors 
are broadly expressed throughout the peripheral and central nervous systems 
and are involved in many functions, such as nociception and analgesia; mood and 



49515 Effects of Morphine and Alcohol on the Hypothalamic–Pituitary–Adrenal…

well-being; addictive behaviors; and regulation of numerous physiological func-
tions, including responses to stress, and endocrine and immune functions  [  223  ] . 
Morphine acts directly on opioid receptors, whereas alcohol interacts indirectly with 
opioid receptors by increasing endogenous levels of beta-endorphin and enkephalin, 
whose actions are mediated through the MOR  [  224  ] . The circulation level of corti-
costerone, the  fi nal product of the HPA axis, is not increased in MOR knockout mice 
in response to morphine injection  [  225  ] . Thus, it is evident that the MOR is at least 
one of the mechanisms underlying morphine and alcohol’s actions on the HPA axis. 

 Alcohol promotes the release of several endogenous opioid peptides (such as 
 b -endorphins), modi fi es their synthesis rate, and alters the binding properties of the 
opioid receptors  [  226  ] . Alterations in the activity of the brain and pituitary endog-
enous opioid system have been proposed to mediate or modulate, at least in part, 
many of the behavioral and neuroendocrine effects of alcohol. Acute ethanol expo-
sure stimulates the release of brain  b -endorphin. This enhanced  b -endorphin release 
may interact with speci fi c  m - and  d -opioid receptors in distinct regions of the brain 
and mediate, at least in part, many of the neurobehavioral effects of ethanol, includ-
ing that of reinforcement and acquisition of ethanol drinking behavior. Conversely, 
the decrease in  b -endorphin activity following prolonged exposure to ethanol can 
promote and maintain ethanol consumption through the mechanisms of negative 
rather than positive reinforcement. Alcohol administration, acute or chronic, can 
alter not only the activity of the endogenous opioid peptide systems but also the 
density or af fi nity of speci fi c classes of opioid receptors in distinct regions of the 
brain. Such changes would alter the interactions of the opioid receptors with their 
respective endogenous ligands and, as a result, alter the functional activity of the 
endogenous opioid system. These ethanol-induced changes can be important in 
mediating some of the neurobehavioral effects of ethanol (including ethanol rein-
forcement) and can play a role in controlling ethanol consumption  [  227  ] . Acute or 
light alcohol consumption stimulates the release of opioid peptides in brain regions 
that are associated with reward and reinforcement and that mediate, at least in part, 
the reinforcing effects of ethanol. However, chronic heavy alcohol consumption 
induces a central opioid de fi ciency, which can be perceived as opioid withdrawal 
and can promote alcohol consumption through the mechanisms of negative rein-
forcement  [  228  ] .  

    15.18   Conclusion 

 Table  15.1  summarizes and compares the effects of acute and chronic alcohol and 
morphine use on the HPA axis, innate immunity, adaptive immunity, neuroimmune 
axis, and cognition in order to give a comprehensive overview of the research dis-
cussed in this chapter.   
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    15.19   Summary 

 In summary, both alcohol and morphine cause neuroadaptative changes and immu-
nomodulation. Alcohol interacts with multiple neurotransmitter systems, with inhib-
itory effects occurring after a short-term alcohol exposure and the development of 
tolerance, craving, alcohol-seeking behaviors, and alcohol withdrawal syndrome 
after long-term alcohol intake  [  239  ] . Multiple signal transduction systems are 
engaged once the MOR is activated by morphine. Thus, the behavioral manifestation 
of morphine tolerance and dependence is likely caused by a complex interplay of 
several events or adaptations occurring in multiple neurotransmitter systems  [  240  ] . 
Interestingly, chronic morphine treatment results in desensitization of the HPA axis 
and, consequently, the potentiation of the immune response. There have been 
con fl icting results reported regarding the effects of exposure to alcohol on produc-
tion of GC, the  fi nal product of the HPA axis. Many similarities and differences in 
the mechanisms by which morphine and alcohol modulate immune responses have 
been presented; however, the question remains if the discrepancy in results reported 
in the production of GC following treatment with alcohol is due to desensitization of 
the HPA axis following chronic treatment with alcohol. As shown in the studies 
surveyed, the effects of both alcohol and morphine on the neuroimmune axis are 
complex, and their modulation of the HPA axis may be the key point underlying the 
complexity of their effects on immunity and cognitive behavior  [  241  ] .      
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    16.1   Introduction: Alcohol and HIV-1 Infection 

 Alcohol is the most commonly used and abused drug in the United States. 
Approximately 14 million Americans meet the criteria for alcohol abuse or depen-
dence  [  1  ] . Alcohol abuse signi fi cantly affects morbidity and mortality from infec-
tious diseases  [  2  ]  and contributes to 85,000 deaths each year in the United States  [  3  ] . 
Alcohol use is common among HIV-infected individuals, and its impact on HIV 
disease progression has been suggested. Since alcohol use is widespread and it is 
often heavy among HIV-infected individuals and among the most sexually active age 
groups at risk of HIV infection, it has been of a great interest to investigate the role 
of alcohol abuse in promoting HIV transmission and infection. It was suggested that 
acute and chronic alcohol use might increase host susceptibility to HIV infection 
 [  4,   5  ] . Heavy alcohol consumption was strongly associated with incidence of HIV 
infection  [  6  ] . Alcohol use and abuse have been identi fi ed as potential behavioral risk 
factors for the transmission of HIV, in the form of drinking before risky sexual events 
or frequent binge drinking as associated with HIV incidence  [  7–  9  ] . Alcohol con-
sumption, particularly at high levels, has a negative impact on adherence to medica-
tions in general  [  10  ]  and speci fi cally to combined antiretroviral therapy, cART 
 [  11–  14  ] . Chander et al. found that hazardous levels of alcohol use were associated 
with decreased cART utilization, adherence, and viral suppression, independent of 
active drug use. Combined alcohol and drug use was associated with lower odds of 
adherence and viral suppression than either drugs or alcohol alone  [  15  ] . 
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 It remains unclear whether alcohol intake increases HIV replication and facili-
tates HIV disease progression. Although earlier studies  [  16,   17  ]  did not  fi nd an 
association between alcohol consumption and markers of HIV disease progression, 
several lines of evidence pointed to a strong association between alcohol consump-
tion and worsening of HIV infection. In a cross-sectional study of HIV disease in 
intravenous drug users, the relative risk of AIDS was 3.8 times higher in heavier 
drinkers than in moderate drinkers  [  18  ] . Pol et al. showed that HIV-infected alcohol 
abusers had a 41% increase in the number of CD4 +  T cells after cessation of alcohol 
use, whereas only a 15% increase was seen in uninfected control subjects who 
stopped drinking  [  19  ] . Among patients who have a history of alcohol problems and 
who are receiving antiretroviral treatment, alcohol consumption was associated 
with higher HIV RNA levels and lower CD4 +  T cell counts  [  20  ] . In a prospective 
study of HIV-infected drug abusers, alcohol abuse did not correlate with changes in 
the percentage of CD4 +  T cells; however, the percentage of CD8 +  T cells signi fi cantly 
increased among the heaviest drinkers  [  21  ] . Recently, data from several groups 
indicated a signi fi cant association between heavy alcohol consumption and lower 
levels of CD4 +  T cells in HIV-infected alcoholic patients not receiving cART  [  20, 
  22  ] . Baum et al. demonstrated that frequent alcohol users receiving cART  [  23  ]  
showed higher HIV viral load  [  22  ] . Frequent alcohol intake and the combination of 
frequent alcohol and crack-cocaine accelerated progression of HIV infection  [  22  ] . 

 The  fi ndings from epidemiological studies are supported by several in vitro stud-
ies, indicating that alcohol augmented HIV replication (Table  16.1 ). Bagasra et al .  
 [  25–  28  ]  demonstrated that alcohol enhanced HIV replication in peripheral blood 

   Table 16.1       In vitro impact of alcohol on HIV/SIV and HCV   
 Virus  In vitro effect  Target cells  Host  References 

 HIV  ↑  Human macrophages  Human   [  24  ]  
 ↑  Human PBMCs  Human   [  25,   26  ]  

 Human PBMCs   [  27,   28  ]  
 ↑  Human oral keratinocytes  Human   [  29  ]  
 ↑  Human T lymphocytes  Human   [  30,   31  ]  
 No effect (ex vivo)  Human lymphocytes  Human   [  201  ]  

 SIV  ↑  Monkey PBMC and alveolar 
macrophages 

 Monkey   [  32  ]  

 HCV  ↑  Human HCV replicon hepatoma 
cell line (Huh8, Huh3, FCA-1) 

 Human   [  33,   34  ]  

 ↑  Huh7 HCV replicon cells  Human   [  35  ]  
 ↑  Human hepatocyte derived cellular 

carcinoma cell line (Huh7) 
 Human   [  36,   37  ]  

 ↑  Human primary hepatocytes  Human   [  36  ]  
 ↓  Human HCV replicon hepatoma 

cell line (BB7, FL-Neo) 
 Human   [  202  ]  

 ↓  Human hepatocyte derived cellular 
carcinoma cell line (Huh7) 

 Human   [  202  ]  
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mononuclear cells (PBMC). Alcohol also enhanced HIV infection in human blood 
mononuclear phagocytes  [  24  ]  and T lymphocytes  [  30  ] . Alcohol exposure facilitated 
the entry of CXCR4-tropic HIV in peripheral blood lymphocytes tenfold when 
compared to untreated cells  [  31  ] . In addition, alcohol promoted HIV infection of 
normal human oral keratinocytes by upregulating CXCR4 expression  [  29  ] . These 
in vitro  fi ndings are supported by animal studies (Table  16.2 ). Bagby et al. found 
that alcohol could promote simian immunode fi ciency virus (SIV) infection and rep-
lication in both PBMC and alveolar macrophages of rhesus monkeys  [  32  ] . Several 
recent studies using nonhuman primates (Table  16.2 ) also showed that, under physi-
ologic conditions, chronic alcohol exposure accelerated progression of SIV disease 
 [  39–  44  ] . Another aspect of alcohol exposure is accelerated AIDS wasting that has 
been suggested as a mechanism by which alcohol might result in more rapid HIV 
disease progression  [  41  ] .   

 Taken together, while it is still debatable, studies that have been reviewed indi-
cate that alcohol consumption acts as a cofactor that facilitates the severity of HIV-1 
infection  [  45  ] . This impact of alcohol on HIV is likely to be a consequence of its 
immune suppression in CD4 +  T cells and macrophages, the targets for HIV infec-
tion. Alcohol diminished exogenous and allogeneic antigen presentation and altered 
the formation of peptide–MHCII complexes and co-stimulatory molecule expres-
sion on the cell surface  [  46  ] . Haorah et al. showed alcohol and HIV decrease protea-
some and immunoproteasome function in macrophages and potentially affect antigen 
presentation, further dampening immune responses against HIV-1  [  47  ] . cART, 
including NRTIs and protease inhibitors (PIs), is metabolized via the cytochrome 
P450 system. It is known that alcohol consumption signi fi cantly alters the metabo-
lism of cART by two different mechanisms, enzymatic induction  [  48  ] , associ-
ated with chronic alcohol use, and enzymatic inhibition, due to competition of 
ethanol for various cytochrome P450 isozymes related to acute alcohol exposure. 

   Table 16.2    In vivo impact of alcohol on HIV/SIV and HCV   
 Virus  In vivo effect  Study materials  Host  References 

 HIV  ↑  Plasma, PBMC  Human   [  5  ,     8  ]  
 ↑  Plasma, PBMC  Human   [  9,   203  ]  

 HIV  ↑  Macrophages in HIVE/
SCID mice brain 

 Mice   [  38  ]  

 SIV  ↑  Plasma  Monkey   [  39,   40  ]  
 ↑  Plasma  Monkey   [  41,   42  ]  
 ↑  Plasma, CSF  Monkey   [  43  ]  
 No effect  Plasma  Monkey   [  44  ]  
 ↓  CSF  Monkey   [  44  ]  

 HCV  ↑  PBMC, plasma  Human   [  182  ,     187  ]  
 ↑  Plasma  Human   [  182  ]  
 ↑  Serum  Human   [  204  ]  
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Because P450 is involved in metabolism of multiple drugs, chronic alcohol users 
may be affected by altered drug concentrations in plasma. Due to the complexity of 
alcohol interactions with multiple organ systems involving in many types of cells, it is 
challenging to determine the precise mechanisms by which alcohol enhances suscep-
tibility of immune cells to HIV-1 infection and promotes HIV-1 disease progression.  

    16.2   Alcohol and HIV-1 Infection: Effects 
on Neurocognitive Performance 

 Despite introduction of cART achieving signi fi cant control of HIV-1 replication, 
prevalence of HIV-1-associated neurocognitive disorders (HAND) remains the 
same or increases  [  49  ] . It has been increasingly recognized that augmented levels of 
proin fl ammatory molecules  [  50,   51  ]  and an increase in speci fi c subsets of circulat-
ing blood monocytes  [  52  ]  are associated with cognitive impairment. Interestingly, 
both are linked to blood–brain barrier (BBB) compromise  [  53  ] , acknowledging 
their role in HAND with additional con fi rmation derived from well-controlled ani-
mal studies  [  54  ] . Such changes can be exacerbated by other conditions, like alcohol 
use disorders, that affect the nervous system. 

 While cognitive de fi cits associated with HIV-1 infection and chronic alcoholism 
have been well documented separately, few studies have addressed the combined 
effects of these conditions. Impaired verbal working memory has been reported 
 [  55  ] . Martin et al.  [  56  ]  documented enhanced cognitive impulsivity in studies of 
individuals with HIV-1 infection and alcoholism or drug use disorders when com-
pared with seronegative drug users. HIV-1 infection and concurrent heavy alcohol 
consumption had synergistic negative effects on motor and visual spatial tasks  [  57  ] . 
Additive and interactive effects of previous alcohol abuse and HIV-1 infection on 
verbal reasoning were found in HIV-1-infected individuals with past alcohol use 
disorders  [  58  ] . Schulte and colleagues  [  59  ]  introduced a novel test, the    Match-to-
Sample Stroop Task and showed that HIV-1-infected individuals with alcoholism 
had normally reduced reaction times when a valid match cue introduced a Stroop 
stimulus but were disproportionately slow when the cue was invalid, indicating 
impairment in attention disengagement. A number of reports indicated signi fi cantly 
impaired memory and executive functions both in HIV-1 infection and chronic alco-
holism  [  60–  62  ] . Pitel and colleagues  [  61,   62  ]  examined both memory and executive 
function abilities in abstinent alcoholics and demonstrated that executive function 
impairments did not account for the majority of variance in memory scores, con-
cluding the memory impairment to be “genuine” rather than solely the result of 
executive function de fi cits. Winsauer and colleagues demonstrated that alcohol 
administration in SIV-infected monkeys produced greater behavioral and cognitive 
de fi cits than either alcohol or SIV infection alone  [  63  ] . 

 There is an important link between high levels of alcohol use and progression of 
HIV-1 infection and its potential contribution to HAND. Increased monocyte acti-
vation markers and proin fl ammatory molecules (CD14, CCL2, and IL-6), together 
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with higher-plasma LPS levels, were associated with HAND  [  64  ] . LPS levels 
 predicted HIV-1-associated dementia (HAD), independent of viral load and CD4 
counts. Increased circulating LPS, a consequence of microbial translocation due to 
increased permeability of the gut barrier, can contribute to monocyte activation in 
chronic HIV-1 infection and AIDS  [  65  ]  and supports the idea that circulating LPS 
may be linked to development of HIV-1-associated cognitive decline via increased 
traf fi cking of activated monocytes into the brain. This study also indicated that both 
virologic and immune controls in the periphery are linked to key events involved in 
HIV-1 neuropathogenesis  [  66  ] . Importantly, it was shown that alcohol consumption 
increased permeability of the gut barrier, leading to increased LPS concentrations in 
plasma; elimination of LPS due to treatment with nonabsorbable antibiotics pre-
vented most of alcohol’s effects in the liver  [  65  ] . Furthermore, depletion of Kupffer 
cells (resident liver macrophages) resulted in similar effects, indicating the impor-
tant contribution of these cells to a state of chronic in fl ammation associated with 
alcohol exposure  [  67  ] . Chronic alcohol exposure results in signi fi cant changes in 
gut microbiota that could further promote endotoxemia and an in fl ammatory state 
in alcoholics  [  68  ] . It has been acknowledged that the combination of alcoholism and 
HIV-1 further lessened barrier tightness  [  69  ]  via induction of inducible nitric oxide 
synthase  [  70  ] . Therefore, immune dysfunction associated with alcohol abuse could 
further compromise antiviral responses and promote chronic neuroin fl ammation 
 [  45  ] . Validity of these observations was underscored by the  fi nding that immediate 
episodic memory was impaired in individuals comorbid with HIV-1 infection and 
alcoholism  [  71  ] . Imaging studies show faster brain atrophy in HIV-1-infected alco-
holics as compared to uninfected heavy drinkers  [  72,   73  ] .  

    16.3   Mechanisms of HIV-1 and Alcohol-Related Associated 
Neurodegeneration 

 Despite seemingly different effects, HIV-1 infection of the central nervous system 
(CNS) and chronic alcohol exposure appear to have similar targets, resulting in 
synergistic neurodegenerative effects. Indeed, oxidative stress, high levels of gluta-
mate, chronic in fl ammation, dysfunction of astrocytes and microglia, and blood–
brain barrier (BBB) compromise have been reported in both HIV-1 infection and 
alcohol-associated injury  [  74–  80  ] . All cell types of the CNS cells are affected by 
alcohol exposure. A wealth of evidence underscores the role of microglia cells in 
shaping neural networks. Microglia support neuronal function via production of 
neurotrophins and growth factors [like nerve growth factor (NGF), brain-derived 
neurotrophic factor (BDNF), neurotrophin (NT-4/5), glia-derived nerve factor 
(GDNF), and insulin-like growth factor (IGF)]  [  81–  90  ] . Through the expression of 
immune molecules and other neurotrophic factors, microglia guide neurodevelop-
ment, aid in the formation of new synapses, and help strengthen existing neuronal 
connections. Numerous studies  [  91,   92  ]  have demonstrated the role of microglia in 
immune surveillance in the brain, noting that microglia, while highly active under 
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normal conditions, rapidly deploy to sites of injury. Under physiologic conditions, 
microglia secrete neurotrophic factors, which support neuronal function, plasticity, 
survival, and differentiation  [  93  ] . However, as immune effector cells in the CNS 
 [  94  ] , microglia are activated in pathological conditions [including Alzheimer’s dis-
ease, Parkinson’s disease, multiple sclerosis, and HIV-1 encephalitis (HIVE)] 
undergoing transformation from the resting to the reactive state accompanied by 
changes in cell shape  [  95  ] , enhanced expression of macrophage-speci fi c activation 
markers, and secretion of cytokines and reactive oxygen species  [  96  ] , all contribut-
ing to neurodegeneration  [  97  ] . 

 In fl ammation is an underlying component of a diverse group of neurodegenera-
tive diseases and their associated neuropathology, and increasing evidence suggests 
that microglia are a key causative factor in this process. Microglial activation is an 
important pathogenic component of alcohol-mediated neurodegenerative disease 
 [  45  ] . Chronic alcohol use causes structural and functional abnormalities of the brain 
and has a profound impact on the neuroimmune system  [  73  ] . Several lines of evi-
dence both from humans and animal models suggest that alcohol induces 
in fl ammatory processes in the brain leading to neurodegeneration. Recently pub-
lished data demonstrate an increased amount of microglia in chronic alcoholics and 
animals exposed to alcohol  [  98  ]  and an overexpression of in fl ammatory markers in 
these cells  [  45  ] . Alcohol abuse and HIV-1 infection of the CNS result in combined 
toxic effects leading to neuronal injury and cognitive dysfunction (Fig.  16.1    ).  

 Previous studies clearly indicated that long-term alcohol abuse produced pro-
found functional or morphological changes in the CNS regardless of nutritional 
status. Neuropathologic examination of brain tissue from chronic alcoholics sug-
gested that alcohol abuse results in neuronal degeneration, ranging from minor den-
dritic structural changes and synaptic changes to neuronal cell death in the CNS 
 [  99  ] . Multiple lines of evidence suggest that chronic and excessive ethanol con-
sumption may enhance oxidative injury of neurons and result in cell death.    By 
mechanisms not well understood, ethanol induces activity of CYP2E1 (a major 
ethanol-metabolizing enzyme), enhances ROS generation, changes cytokine signal-
ing pathways [resulting in upregulation of iNOS and phospholipase A 

2
  (PLA 

2
 )], and 

produces prostanoids through the PLA 
2
 /cyclooxygenase (COX) pathways (for 

review, see  [  100  ] ). Knapp and Crews  [  101  ]  showed that COX-2 immunoreactivity 
was progressively increased in rat brains during chronic treatment. Expression of 
CYP2E1 (metabolizing ethanol to ROS and acetaldehyde) was detected in neuronal 
cell bodies and astroglia. Interestingly, staining of blood vessels was prominent in 
the white matter, and immunoreactive astrocytes were seen to have end-feet on the 
microvessels  [  102  ] . Ethanol could increase in fl ammation caused by other factors 
(e.g., HIV-1 CNS infection). Davis and Syapin demonstrated that exposure of an 
astrocytic cell line to ethanol (0.5–6 h, 50 mM) enhanced iNOS activity induced by 
a cytokine cocktail (IL-1 b , TNF- a , and IFN g ) via NF- k B activation)  [  103,   104  ] . 
Interestingly, chronic ethanol exposure resulted in an increased number of microglia 
in vivo before any ethanol-induced brain atrophy was detected  [  105  ] . 

 Our previous work uncovered a proin fl ammatory pathway of neurodegeneration 
associated with alcohol abuse  [  106  ] . We found that the ethanol-metabolizing 
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enzymes, CYP2E1/ADH, metabolized ethanol in primary human neurons and 
correlated with ROS production. We detected ROS levels in cultured neurons after 
ethanol/acetaldehyde (   AcH) exposure. The increase in ROS production (by 68%) 
after ethanol treatment was inhibited by 4-MP (an inhibitor of CY2E1 and ADH), 
suggesting that alcohol metabolism resulted in ROS generation. Inhibition of SOD 
further enhanced the ethanol-induced ROS level. AcH exposure also led to a 68% 
increase in ROS levels, suggesting the potential involvement of AcH in ROS gen-
eration. AcH is not an ROS donor, nor is AcH metabolism capable of producing 
ROS. Therefore, increased levels of reactive species might be due to AcH-mediated 
activation of the major ROS generating enzymes, NADPH/xanthine oxidase (NOX/
XOX). In order to address whether AcH increases ROS level via NOX/XOX activa-
tion, we studied the dose-dependent effects of AcH on ROS production in cultured 
neurons using the NOX inhibitor, apocynin (APC), or the XOX inhibitor, allopurinol 
(AP). There were dose-dependent increments of 38–69% in ROS production after 
AcH application. AP/APC individually or in combination inhibited (27–43%) the 
increased ROS production caused by AcH. These  fi ndings suggest that alcohol 
metabolism by ADH/CYP2E1 in human neurons generated ROS and AcH, and 
AcH subsequently activated NOX and XOX, exacerbating oxidative stress in the 
CNS associated with chronic alcohol exposure. Neuroimaging studies demonstrated 
more signi fi cant white matter abnormalities in HIV-1-positive alcohol abusers as 
compared to noninfected alcoholics  [  107  ] . Diffuse microglial activation is thought 
to be an underlying process in HIV-1-mediated neurodegeneration  [  108  ] . Using a 
small animal model of human immunode fi ciency viral encephalitis, we demon-
strated that alcohol abuse and HIV-1 infection synergistically enhance microglial 
activation  [  38  ] . These changes were associated with increased viral load and 
inef fi cient immune responses due to impairment of immunoproteasomes. 

 Ethanol exposure activates NF- k B transcription and increases proin fl ammatory 
cytokines and oxidative stress, thus promoting neurodegeneration. Furthermore, by 
reducing pCREB transcription, ethanol sensitizes neurons to insults (like oxidative 
stress) contributing to neuronal injury and impaired neurogenesis. It has been sug-
gested that alcohol-induced neurodegeneration is primarily due to increased oxida-
tive stress and neurotoxic proin fl ammatory proteins  [  109  ] . Although enhanced 
microglial reaction in alcohol exposure in vivo has been interpreted as a sign of 
neurotoxic activity of resident brain macrophages, it is plausible that the initiation 
and progression of alcohol-mediated neurodegeneration is driven in part by release 
of cytotoxic molecules from activated microglia such as proin fl ammatory cytok-
ines, ROS, proteinases, and complement proteins  [  110  ] . Alternatively, it could be 
hypothesized that alcohol-induced neuroin fl ammation and associated neurodegen-
eration are in part due to deregulation of microglial neuroprotective factors. One 
could consider that the microglial reaction is an indicator of a compensatory reac-
tion attempting to prevent neurodegeneration and that the imbalance between 
secreted molecules with pro- and anti-in fl ammatory effects contributes to the neuro-
pathology of alcohol-related brain damage. A key issue, therefore, is to elucidate the 
novel mechanism of alcohol-induced neurodegeneration and identi fi cation of sig-
naling pathways responsible for deregulation of microglial neuroprotective factors.  
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    16.4   BBB Dysfunction in HIV-1 Infection and Alcohol Abuse 

 The role of BBB dysfunction is being increasingly recognized in various neurode-
generative disorders, including HIV-1 infection and alcohol abuse  [  45  ] . For exam-
ple, the pathogenesis of HAND involves activation of monocytes and their 
subsequent recruitment into the CNS altering BBB function  [  111  ] . The molecules 
and mechanisms regulating monocyte migration across the BBB remain poorly 
de fi ned. Enhanced expression of adhesion molecules on brain microvascular 
endothelial cells (BMVEC) triggered by in fl ammatory mediators  [  112,   113  ]  control 
leukocyte traf fi cking into the CNS. Increased expression of adhesion molecules and 
BBB permeability has been demonstrated in HAND patients  [  114  ] . A disrupted 
BBB allows accumulation of toxic serum proteins and increased in fi ltration of 
monocytes and lymphocytes, thereby accelerating in fl ammation and viral entry into 
the CNS. cART failed to control BBB leakage and in fl ammation in HAND patients 
 [  115,   116  ] , in part because it does not reduce the high levels of CD40 ligand (CD40L) 
found in the plasma and cerebrospinal  fl uid (CSF) of HIV-1-infected patients  [  117, 
  118  ] . CD40L, a 33-kDa type II membrane glycoprotein, is expressed predominantly 
by activated leukocytes and platelets  [  119  ] . 31- and 18-kDa forms of soluble 
sCD40L are secreted or shed from activated cells. CD40L activates CD40, a 45- to 
50-kDa type I membrane glycoprotein expressed at a low level in resting cells of 
myeloid and vascular origin  [  118,   120,   121  ] . As shown in other organs  [  122–  124  ] , 
sCD40L can promote CNS in fl ammation at the level of the BBB. Upregulation of 
CD40 expression has been detected on microglia of HIV-1-infected brain tissues 
 [  125  ] , indicating its role in HIV-1 neuropathogenesis. CD40L was shown to potenti-
ate the ability of HIV-1 Tat protein to activate monocytes and microglia leading to 
the secretion of neurotoxic in fl ammatory mediators  [  118  ] . 

 CD40/CD40L interactions in brain endothelium have not been explored in detail; 
therefore, we used a combination of ex vivo and in vitro assays to investigate the 
role of CD40 activation by sCD40L in brain endothelium. We found that CD40 is 
upregulated in brain endothelial cells of patients affected by HIVE as compared to 
seronegative controls. Interestingly, CD40 expression on brain microvessels was 
also increased in HIV-1-infected patients without HIVE. These observations sug-
gested an important role for the CD40/CD40L dyad in regulating BBB functions. 
In vitro experiments further indicated validity of this idea. CD40L upregulated the 
expression of the adhesion molecules, ICAM-1 and VCAM-1, in primary human 
BMVEC causing a fourfold increase in monocyte adhesion to brain endothelium 
and stimulated migration across an in vitro BBB model. We studied the intracellular 
signaling pathways that govern these events and found that c-JUN N-terminal kinase 
(JNK) is critical to CD40 activation in the BMVEC. CD40L induced activation of 
mixed lineage kinase-3 and JNK leading to the subsequent activation of c-JUN/
activating protein-1. JNK inhibition in the BMVEC suppressed CD40L-mediated 
induction of adhesion molecules, monocyte adhesion, and transendothelial migra-
tion  [  53  ] . These  fi ndings support the concept that the CD40/CD40L dyad plays a 
major role in HAND pathogenesis. Importantly, levels of CD40L are increased in a 
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variety of in fl ammatory conditions [e.g., hepatitis C virus (HCV)] that could lead to 
subclinical impairment of the BBB, further exacerbated by alcohol exposure, a phe-
nomenon that has not been recognized until now. 

 Our previous work indicated that BBB dysfunction in HIV-1 CNS infection was 
associated with activation of small GTPases, RhoA, and Rac1 in brain endothelium 
after engagement by monocytes  [  126  ] . Activation of RhoA and its downstream 
enzyme, Rho kinase, led to phosphorylation of tight junction (TJ) proteins and BBB 
loosening  [  127  ] . Diminished BBB tightness and migration of HIV-1-infected mono-
cytes across the BBB can be diminished via RhoA, Rac1, and Rho kinase suppres-
sions  [  113,   126  ] . Importantly, TJ phosphorylation in brain endothelium was also 
found after ethanol exposure indicating potential synergistic mechanisms in BBB 
impairment by HIV-1 infection and alcohol abuse. We demonstrated molecular 
mechanisms of BBB disruption by alcohol in pathophysiologically relevant concen-
trations (25–50 mM). Such mechanisms include alcohol metabolism in primary 
human BMVEC (via CYP2E1) causing oxidative stress, leading to Ca 2+  release via 
IP 

3
 R stimulation, activation of myosin light-chain kinase, and phosphorylation of 

myosin light chain (MLC) and TJ proteins  [  78,   79,   128  ] . These changes decreased 
structural integrity of BMVEC monolayers, increased BBB permeability in vitro 
and in vivo, and enhanced monocyte migration across the BBB, events potentially 
enhancing neurotoxicity associated with HIV-1 CNS infection. We next established 
that chronic exposure to ethanol (24–72 h) resulted in activation of metalloprotease 
(MMP)-2 and -9 via activation of protein tyrosine kinase, degradation of basement 
membrane components, increased barrier “leakiness,” and monocyte migration 
across human brain endothelial monolayers  [  129  ] . Impairment of antioxidant sys-
tems, such as a reduction in catalase and SOD activity, by ethanol exposure may 
elevate the levels of ROS/NO in endothelium, resulting in BBB damage. We studied 
whether stabilization of antioxidant enzyme activity results in suppression of ROS 
levels by anti-in fl ammatory agents  [  130  ] . To explore this idea, we determined the 
effects of ethanol on the kinetic pro fi le of SOD and catalase activity and ROS/NO 
generation in primary human BMVEC. We found an enhanced production of ROS 
and NO levels due to the metabolism of ethanol in brain endothelium. Similar 
changes were observed after BMVEC exposure to AcH. Ethanol simultaneously 
augmented ROS generation and the activity of anti-oxidative enzymes. SOD activ-
ity was increased for a much longer period of time than catalase activity. A decline 
in SOD activity and protein levels preceded elevation of oxidant levels. SOD stabi-
lization by the antioxidant and mitochondria-protecting agent acetyl- l -carnitine 
(ALC) and the anti-in fl ammatory agent rosiglitazone suppressed ROS levels, with 
a marginal increase in NO levels. Mitochondrial membrane protein damage and 
decreased membrane potential after ethanol exposure indicated mitochondrial injury 
that was prevented by ALC. All functional alterations and signal transduction events 
caused by ethanol exposure can be reproduced by application of AcH or exogenous 
ROS donors  [  128,   131  ] ; therefore, other conditions associated with oxidative stress 
(like HIV-1 infection) may worsen the BBB impairment seen in alcohol exposure.  
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    16.5   Astrocyte Dysfunction in HIV-1 Infection 
and Alcohol Abuse 

 The induction of both CYP2E1 and ROS was also noted in astrocytes exposed to 
ethanol  [  132  ] , suggesting that glial activation might contribute to ethanol induction 
of oxidative stress in the brain. Blanco and colleagues demonstrated that chronic 
ethanol treatment activated iNOS/COX  [  133  ]  and increased the levels of IL-1 b  and 
TNF- a  in both rat brain and cultured astrocytes, activating signaling pathways that 
are usually associated with in fl ammation (MAPKs, NF- k B, AP-1). Such events 
coincided with an increase in cell death  [  134  ]  via RhoA activation  [  135  ] . These data 
suggest that ethanol can stimulate glial cells by triggering the production of toxic 
compounds, such as ROS or NO  [  134  ] , cytokines, and glutamate contributing to 
ethanol-induced brain damage, similar to what occurs in several brain disorders and 
neurodegenerative diseases including HAND  [  136–  138  ] . Therefore, alcohol abuse 
contributes to brain damage and neurodegeneration by increasing oxidative stress 
and exacerbating neuroin fl ammation causing astrocyte dysfunction. We investi-
gated the idea that alcohol could increase the production of reactive metabolites 
(ROS, AcH) due to ethanol metabolism by CYP2E1 in astrocytes. Pathophysiologically 
relevant concentration of 20 mM ethanol increased CYP2E1 activity, paralleling 
enhanced ROS production, similar to the  fi ndings in rat and human astrocytes  [  80, 
  132  ] , suggesting that CYP2E1 indeed has a prominent role in ROS generation in 
human astrocytes. Our results suggested that activation of NOX appeared to be the 
main source of ROS production because NOX inhibitor suppressed the ethanol/
AcH-induced ROS generation. Toll-like receptors (TLRs) could mediate alcohol-
induced astrocytic responses because TLRs activation by alcohol in glial cells pro-
moted secretion of proin fl ammatory molecules  [  139  ] . Ethanol exhibited biphasic 
effects on glial cells, where 10–50 mM ethanol activates TLR4/IL-1 receptor and 
100–300 mM ethanol inhibits TLR4/IL-1 receptor  [  133,   139  ] . Reactive metabolites 
(ROS) could activate (phosphorylate) Src (a non-receptor tyrosine kinase) through 
TLR4 recruitment. Indeed, ethanol exposure elevated secretion of prostaglandin E2 
(PGE2) in human astrocytes that was associated with induction of cPLA 

2
  activity 

and protein content and COX-2 protein level in a Src phosphorylation-dependent 
manner  [  80  ] . The interactive tyrosine phosphorylation of TLR4–Src complex at the 
cell membrane triggered the activation of cPLA 

2
  and COX-2 in the cytoplasm 

through Src signaling. Inhibition of ethanol metabolism, blockage of Src activity, or 
inactivation of TLR4 prevented the activation of cPLA 

2
  and COX-2 as well as 

diminished PGE2 production  [  80  ] , suggesting that interactive phosphorylation of 
TLR4–Src regulated the proin fl ammatory response in astrocytes. 

 Another aspect of astrocyte dysfunction seen in alcohol exposure and HIV-1 
infection is associated with the role astrocytes play in glutamate-mediated excitotox-
icity. Glutamate, being the main excitatory neurotransmitter  [  140  ] , is released from 
glutamatergic neuronal vesicles through a calcium-dependent mechanism (for 
review, see  [  141  ] ). The amount of glutamate is in the micromolar range in the syn-
aptic cleft under physiologic conditions  [  141  ]  because sustained glutamate receptor 
hyperstimulation induces neuronal death  [  142  ]  via calcium and sodium deregulation 
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(so-called excitotoxicity). Extracellular glutamate concentration is controlled by 
EAATs that include  fi ve cloned subtypes  [  143,   144  ] . EAAT-1 and EAAT-2 are pri-
marily detected in astrocytes  [  145  ] . The Na +  and K +  electrochemical gradients are 
used as a driving force by EAAT to take up extracellular glutamate against a several 
thousand-fold concentration gradient  [  146  ] . The astrocytic transporters, EAAT-1 and 
EAAT−2, are essential for protection against excitotoxicity as was shown in EAAT-
gene knockout experiments in mice  [  147  ] . Astrocytes protect from excitotoxicity via 
clearance of extracellular glutamate, and glutamate metabolism within glutamate-
scavenging cells is vital to prevent excitotoxicity. This is accomplished by astrocytic 
glutamine synthase (GS) rapidly converting glutamate into glutamine  [  148  ] . 

 Excitotoxicity is seen in many other acute and chronic neurological dis-
eases, including HIV-1 CNS infection  [  149,   150  ] . Among other mechanisms, 
HIV-1-associated neurotoxicity involves glutamate-related excitotoxicity and 
oxidative stress, resulting in neuronal injury and apoptosis  [  149  ] . In vitro experi-
ments demonstrated that EAAT expression and function in astrocytes were dimin-
ished by HIV-1, presumably due to the effects of in fl ammatory mediators and viral 
proteins  [  151–  153  ] . TNF- a  decreased astrocyte clearance of glutamate  [  151  ]  and 
decreased EAAT-2 expression in these cells  [  154  ] . Oxidative stress (present during 
HIV-1 brain infection  [  155  ] ) also results in decreased EAAT-2 expression and func-
tion  [  156  ] . Since oxidative stress plays an important role in ethanol-mediated neu-
rotoxicity, EAAT dysfunction seen in HIV-1 CNS infection could be further 
exacerbated by alcohol abuse leading to increased levels of extracellular glutamate. 
EAAT-2 could be modulated by RhoA in astrocytes  [  157  ] . As RhoA activation by 
alcohol exposure was described recently in astrocytes  [  135  ] , this could be one puta-
tive pathway controlling EAAT-2 in alcohol abuse. 

 While glutamate imbalance plays an important role in alcohol-associated brain 
effects, available data in the literature are somewhat con fl icting. Chronic exposure 
to ethanol (at high doses of 100 mM) increased EAAT-2 expression in organotypic 
cortical slice brain cultures  [  158  ] , did not change in brain tissues of animals exposed 
to ethanol  [  75  ] , or reduced (both density and function) in alcohol-preferring rats 
 [  159  ]  or in vitro systems  [  160  ] . In cortical astroglial cell cultures exposed to etha-
nol, uptake of radioactively labeled glutamate was increased, and this was inter-
preted as a maladaptive process  [  158  ] . Concentrations of extracellular glutamate 
were increased in animals exposed to ethanol for 4–8 days suggesting de fi cits in 
glutamate transport  [  75  ] . Increased gene expression for EAAT-1 was shown in the 
brains (frontal cortex) of alcoholics, while no results were presented for EAAT-2 
 [  161  ] . In contrast to discrepant experimental results, a number of clinical studies 
showed the ef fi cacy of anti-glutamatergic approaches for treating alcohol with-
drawal symptoms  [  162  ]  and dependence  [  163  ] . Furthermore, increased glutamate 
levels in animals with defective glutamate transporters enhanced their alcohol con-
sumption  [  164  ] , pointing to an association between dysfunction of glutamate trans-
porters and enhanced alcohol intake. Therefore, chronic neuroin fl ammation (like in 
HIV-1 CNS infection) could cause glutamate transporter dysfunction promoting an 
alcohol-craving phenotype and alcoholism. How the combination of chronic 
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in fl ammatory process (like HIVE) and alcohol abuse affects glutamate transport 
and resulting neurotoxicity is currently unknown.  

    16.6   Alcohol Derails Microglia-Mediated Neuroprotection 

 Neurotrophic factors play a vital role in neuronal survival and maturation and are 
important in regulating naturally occurring cell death through apoptosis. Also, neu-
rotrophins play a role in regulating the function of microglia through tropomyosin-
receptor-kinase (Trk) and/or LNGFRp75-mediated signal transduction. Reduced 
levels of trophic factors from glial cells can induce alterations in the pattern of neu-
ronal synaptic connections or cause cell death. Recent studies suggest that chronic 
exposure to ethanol can reduce the availability of brain-derived neurotrophic factors 
and alter its receptor TrkB function  [  165  ] . Receptors for nerve growth factor (TrkA) 
were also diminished after alcohol exposure  [  166  ] . Therefore, such changes may 
impede neuronal function, increase susceptibility to ethanol-induced cell injury, and 
neuronal death. Additionally, another group of receptors that are highly expressed 
on microglia and affected by alcohol are the purinergic receptors  [  167,   168  ] , which 
can contribute to alcohol-caused dysfunction of resident brain macrophages. Change 
in expression of receptors important for modulating in fl ammatory function, includ-
ing P 

2
  purinergic receptors (P 

2
 Y and P 

2
 X), is required for microglial process move-

ment  [  169  ] . Downregulation of CX3CR1, receptor for fractalkine (neurotactin) 
 [  170  ] , and TREM2 (triggering receptor expressed on myeloid cells-2)  [  171  ]  has 
been shown to increase proin fl ammatory cytokine expression promoting 
neuroin fl ammation. Effects of alcohol abuse on neurotrophin secretion by microglia 
and identi fi cation of mechanisms deregulating neurotrophin secretion may uncover 
novel pathways of alcohol-induced neurodegeneration. Interestingly, such events 
are operative in acute nervous system injury  [  89,   172  ] . In essence, we suggest that 
the proin fl ammatory microglia phenotype is an indicator of microglia compensa-
tory reaction, attempting to prevent neurodegeneration secondary to diminished 
secretion of neurotrophins. 

 Understanding the temporal expression of proin fl ammatory cytokines, neurotro-
phins, and growth factors will elucidate the unique pro fi le of secreted microglia 
 proteins that play a role in neuroregulatory functions. Downregulation of microglia-
mediated neuroprotection by alcohol abuse would tilt the balance in priming 
microglia to a proin fl ammatory phenotype and exacerbate alcohol-induced neurode-
generation. The yin and yang between various microglial factors would determine a 
protective/trophic or destructive/toxic role of microglia in a given disease or injury 
condition. Given the scenario, analysis of secretory pro fi les and pathways by which 
alcohol exposure changes the phenotypic and functional properties of microglia 
allows deciphering the cellular mechanism processes that contribute to alcohol-
mediated neurodegeneration. Furthermore, illustrating the genes associated with 
neurotrophic signaling molecules, neuronal cell growth and differentiation, neuronal 
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regeneration and survival, cytokines and receptors involved in neuronal signaling, 
and genes involved in neuronal apoptosis in response to neurotrophic factors, 
 transcription factors, and regulators indicative of the activation pathways down-
stream of the neuronal system will aid in this process. Insights into the effects of 
alcohol abuse on deregulation of microglia neuroprotective functions, as a potential 
cause of neurodegeneration, not only would add to our understanding but also would 
shed light on similar mechanisms that might play a role in other neurodegenerative 
diseases.  

    16.7   Alcohol and HCV in Combination with HIV-1 Infection 

 Alcohol consumption and viral hepatitis infection, both recognized as major causes 
of liver disease worldwide, frequently coexist in patients with chronic liver disease 
 [  173–  175  ]  and often coincide with HIV-1 infection leading to progression of liver 
injury  [  176  ] . Furthermore, HIV-1-infected adults coinfected with HCV are more 
likely to experience pain that interferes with daily living, muscle or joint pain, and 
headaches compared to those not coinfected  [  177  ] . It has been suggested that HIV-1 
infection per se without coinfection can cause liver disease as well  [  178  ] , a notion 
that requires further investigation. Alcohol abuse has become a major social as well 
as a clinical problem with nearly 20% of alcoholics developing  fi brosis and subse-
quent cirrhosis, neither of which has an acceptable cure outside of liver transplanta-
tion  [  179  ] . Almost one-third of alcoholics with clinical symptoms of liver disease 
have been infected with HCV, which is four times the rate of HCV infection found 
in alcoholics who do not have liver disease  [  3,   179  ] . When the etiology of liver 
disease in the United States is categorized by single cause, chronic alcohol use and 
HCV infection account for 70–90% of cases, with roughly equal prevalence of each 
 [  180  ] . Alcohol and HCV most likely act synergistically to promote the development 
and progression of liver damage  [  174,   175  ] . Multiple studies have con fi rmed this 
 fi nding and demonstrated that there are associations between heavy alcohol con-
sumption and increased rates of cirrhosis and risk of death in chronic HCV-infected 
patients  [  174,   181,   182  ] . Patients who drink more than 50 g of alcohol each day—an 
amount that is equivalent to approximately four to  fi ve alcoholic drinks (330 ml of 
beer, 120 ml of wine, or 40 ml of liquor)—have an increased rate of progression of 
liver  fi brosis  [  3  ] . 

 Clinical trials indicate a therapeutic bene fi t of IFN a  treatment in chronic HCV 
infection. Although a history of alcohol abuse is not a contraindication to clinical 
therapy of HCV infection, continued alcohol use during therapy adversely affects 
the response to HCV treatment. Heavy alcohol consumption reduces the ef fi cacy of 
IFN a  therapy for chronic HCV infection  [  23  ] , and this adverse effect of alcohol 
drinking on ef fi cacy can be partly reversed by abstinence from alcohol. Alcohol 
consumption accelerates liver damage, diminishes therapeutic response to IFN a , 
and increases the rate of hepatocellular carcinoma in patients with chronic HCV 
infection  [  182–  187  ] . Sustained virological response to IFN a  treatment is lower in 
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HCV-infected subjects with a recent history of alcohol use  [  3  ] ; the mechanism for 
this IFN a  resistance is unknown. These studies are supported by in vitro investiga-
tions, showing that alcohol treatment of HCV-infected hepatocytes compromised 
the anti-HCV effect of IFN a   [  33,   36  ] . 

 Although we do not fully understand how alcohol consumption accelerates liver 
injury in patients with HCV infection, it is likely that alcohol impairs immune func-
tion, thereby enhancing HCV replication in the liver. Alcohol ingestion has an addi-
tional effect of diminishing immune clearance and increasing viral burden to hasten 
the onset of cirrhosis and hepatocellular carcinoma  [  188  ] . High levels of alcohol 
intake have been associated with an accelerated course of chronic HCV infection. 
Several lines of evidence showed that greater alcohol consumption is related to 
higher HCV RNA load  [  188  ] . Oshita et al.  [  188  ]  reported that serum HCV RNA 
levels were signi fi cantly higher in habitual alcohol drinkers with chronic HCV 
infection than those in infrequent alcohol drinkers with chronic HCV infection. In 
addition, HCV RNA levels were signi fi cantly higher in alcohol drinkers than in 
abstainers  [  188  ] . These in vivo  fi ndings were supported by in vitro studies 
(Table  16.2 ) showing that alcohol potentiates both HCV replicon expression and 
full-cycle HCV replication in hepatic cells  [  34–  37,   39  ] . Although the underlying 
mechanisms responsible for the effect of alcohol on HCV replication remain to be 
determined, several mechanisms have been suggested, including alcohol-induced 
changes in oxidative stress and mitochondrial function  [  34,   189,   190  ]  and alcohol-
induced immune dysregulation  [  191  ] . McCartney et al.  [  34  ]  reported that CYP2E1 
metabolism of alcohol, which stimulates microsomal ROS production, may play a 
key role in the increase of HCV replication by alcohol. We showed that the expres-
sion of endogenous type I IFNs (both IFN a  and IFN b ) in human hepatocytes was 
signi fi cantly inhibited by alcohol treatment  [  36  ] . Such negative impact of alcohol 
on IFN a / b  was due to its modulating effect on both positive (IRF5 and IRF7) and 
negative (SOCS-2 and SOCS-3) regulators of the JAK-STAT pathway that is crucial 
for IFN-mediated signaling and activation of gene expression  [  36  ] . Because type I 
IFNs and their inducible antiviral factors can directly inhibit HCV at different steps 
of the viral replication cycle, alcohol-mediated suppression of these innate antiviral 
factors provides a favorable microenvironment for HCV growth in hepatocytes. 
These data in conjunction with studies by others  [  33,   34,   189  ]  indicate that alcohol 
abusers may have a compromised innate immunity within the liver, which may 
contribute to the chronicity of HCV infection and the poor ef fi cacy of IFN a -based 
therapy. 

 The impact of HIV-1–HCV coinfection on the CNS remains largely undeter-
mined. A number of studies have shown the impact of interactions between HCV 
and HIV-1 on the CNS and neuropsychological function  [  56,   192–  196  ] . It remains 
to be determined that HCV has an additive effect on HIV-1-associated cognitive 
impairment. It has been reported there is more severe neuropsychological impair-
ment among coinfected patients than mono-infected individuals  [  192–  194,   197  ] , as 
coinfected subjects had decreased processing speed and psychomotor speed. One 
study observed signi fi cantly slower reaction times among coinfected patients com-
pared to individuals with either HIV-1 or HCV mono-infection  [  198  ] . This  fi nding 



524 Y. Persidsky et al.

is supported by the report showing that coinfected individuals had slower reaction 
times on the task compared to mono-infected subjects  [  56  ] . It was reported that 80% 
of a coinfected group met criteria for cognitive impairment compared to 69% of 
HIV-1-mono-infected subjects that met criteria for impairment  [  199  ] . Further, it has 
also been reported that the primary cognitive domain affected in the coinfected 
subjects was psychomotor slowing, with 84% of the coinfected individuals impaired 
in this domain compared to 56% of the mono-infected individuals  [  193  ] . However, 
the  fi nding that there is greater cognitive impairment among coinfected subjects has 
not been con fi rmed in other studies. One study indicated that there was no signi fi cant 
difference between coinfected patients and a comparison group of HCV mono-
infected patients  [  195  ] . Several other studies also failed to  fi nd signi fi cant differ-
ences between coinfected and mono-infected persons on individual 
neuropsychological measures, although trends for greater impairment in coinfected 
persons were suggested  [  196  ] . Interestingly, although there was no difference in 
neuropsychological measures, one report demonstrated a differential pattern of 
impairment on a cognitive task of reaction time and response inhibition, with 
HCV-infected patients exhibiting overall slowed processing speed and HIV-1-infected 
patients showing impaired executive ability  [  56  ] . Winston et al.  [  200  ]  documented 
the synergistic effects of HIV-1 and acute HCV infection on cognitive performance 
associated with functional changes found by proton magnetic resonance spectros-
copy. Apparently, more studies are needed in order to determine how HIV-1 and/or 
HCV contribute to psychological and psychiatric signs.  

    16.8   Summary 

 Alcohol abuse affects numerous aspects of HIV infection including transmission, 
cell susceptibility (receptor expression), virus replication, innate and acquired 
immune responses to virus, compromise of the gut–blood and blood–brain barriers, 
poor adherence to cART, and neurocognitive performance. Accelerated progression 
of HIV infection in heavy drinkers might be associated with microbial translocation 
contributing to the state of immune activation, a de fi ning feature of HIV infection. 
Chronic in fl ammatory responses appear to play a signi fi cant role in alcohol-associ-
ated neurodegeneration due to dysfunction of microglia and astrocytes. Furthermore, 
new data suggest that neurotrophic factors are diminished by chronic alcohol expo-
sure, and this is further exacerbated in HIV infection. HCV infection is also affected 
by alcohol exposure, leading to progressive liver injury. HCV replication is enhanced 
in HIV coinfected individuals, and the combination with alcohol use further com-
promises immune responses (thereby controlling both viruses) and liver tissue 
injury. Better understanding of the complex interactions between alcohol, HIV, and 
HCV infection allows the design of therapeutic approaches protecting end organ 
injury and cognitive impairment in affected patients.      
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  IRAK    Serine/threonine kinase interleukin-1 receptor-associated kinase 4   
  IRF3    IFN regulatory factor 3   
  I k B a     NF k B inhibitor  a    
  JNK    c-Jun N-terminal kinase   
  LPS    Lipopolysaccharide   
  MAL    Myelin and lymphocyte protein   
  MAPK    Mitogen-activated protein kinase   
  MCP-1    Monocyte chemoattractant protein-1   
  MD-2    Myeloid differentiation factor 2   
  MHC    Major histocompatibility complex   
  MOR     m -Opioid receptor   
  MyD88    Myeloid differentiation primary response gene 88   
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  NF k B    Nuclear factor  k -light-chain-enhancer of activated B cells   
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  NO    Nitric oxide   
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  TRAM    TRIF-related adaptor molecule   
  TRIF    Toll/IL-1R domain containing adaptor inducing IFN- b    
  VTA    Ventral tegmental area     

        17.1   Introduction 

 With its consumption believed to have begun more than 10,000 years ago, alcohol 
continues to feature prominently in many societies and cultures worldwide. 
Unfortunately among the two billion annual consumers, alcohol abuse poses a 
signi fi cant issue, with over 76 million people diagnosed with an alcohol abuse dis-
order  [  1  ] . Related to more than 60 types of disease and injury, alcohol consumption 
is the third biggest risk factor for disease burden in developed countries, such as the 
United States, Canada, Germany, France, the United Kingdom, Australia, and Japan, 
and is the largest risk factor in developing countries, such as China, the Philippines, 
Vietnam, Indonesia, Thailand, Brazil, and Mexico  [  1  ] . As alcohol dependence and 
abuse remain continuing and important health problems, intervention strategies to 
overcome this drug addiction are urgently required to reduce the burden of their 
related diseases in society. 

 Understanding the mechanisms underpinning the effects of alcohol would have 
wide-reaching implications in developing targeted pharmacological intervention 
therapies for alcohol dependence. Much research has focused on how the nervous 
system adapts to alcohol exposure. However, despite several decades of investiga-
tion on the neuronal mechanisms of alcohol’s effects, the number of “unknowns” in 
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this research area has increased signi fi cantly. Apart from the neuronal consequences 
of alcohol exposure, recent studies have implicated alcohol-induced glial activation 
and Toll-like receptor (TLR)-dependent proin fl ammatory signaling in the central 
nervous system (CNS) in the neurotoxic effects and behavioral responses of alco-
hol. This chapter will focus on the new central immune signaling mechanisms of 
alcohol’s effects and the potential treatment and implications which can be devel-
oped from these mechanisms.  

    17.2   Alcohol and Central Immune Signaling 

    17.2.1   Glia: The Immunocompetent Cells in the CNS 

 Glia and immune factors within the CNS have been considered to be involved in the 
effects of alcohol since the 1980s  [  2–  4  ] . The de fi ning characteristic of neurons is 
their ability to  fi re action potentials. All the other cells in the brain that lack this 
property are classi fi ed into a broad class termed glia  [  5  ] . Glia, making up approxi-
mately 90% of the human brain and roughly 65% of the mouse brain, were thought 
by many that their purpose was to solely provide physical support and housekeeping 
for neurons  [  6  ] . Being called “brain glue” until the last two decades, glial cells are 
in fact not all the same and have different subtypes. They are pivotal to maintaining 
a healthy brain yet are also related to a variety of diseases. Glia are classi fi ed into 
microglia, astrocytes, and oligodendrocytes on the basis of morphology, function, 
and location in the CNS. Microglia are recognized as the prime component of the 
immune system in the brain  [  7  ] . They are quickly activated in acute pathological 
states such as those observed during infection, in fl ammation, and neurodegenera-
tion, and contribute to altered CNS function  [  8  ] . In contrast, astrocytes play an 
important role in the CNS through the “tripartite synapse”  [  9  ]  or the “neural three-
some” hypothesis  [  10  ] , which is a bidirectional communication system between 
astrocytes, presynaptic neurons, and postsynaptic neurons  [  11  ] . Oligodendrocytes 
produce a lipid-rich membrane called myelin, which enwraps axons, thereby speed-
ing up the conduction of electrical impulses  [  5,   12  ] . 

 Generally, as immunocompetent cells in the CNS, glial cells can be activated by 
different stimuli, including viruses and bacteria which contain factors termed patho-
gen-associated molecular patterns (PAMPs). The PAMPs are a variety of microbial 
molecules which share a number of different recognizable biochemical features 
which alert the organism via innate immune mechanisms to intruding pathogens 
 [  13  ] . In addition, endogenous signals can also drive central immune signaling, 
resulting from damage-associated molecular patterns (DAMPs). The PAMPs and 
DAMPs are recognized by hereditable innate immune system receptors, primarily 
the TLRs, and subsequently activating several different signaling pathways, in 
which the nuclear factor  k -light-chain-enhancer of activated B cells (NF k B) signal-
ing is the most distinctive  [  14  ] . Such signaling could in turn activate other glial cells 
to enhance this signal  [  15  ] .  
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    17.2.2   Alcohol and Proin fl ammatory Glial Activation 

 So, what does alcohol do to glial cells? Alcohol exposure can activate microglia and 
astrocytes in a proin fl ammatory fashion. It has been demonstrated that rodents 
chronically treated with alcohol display increased levels of glial  fi brillary acidic 
protein (GFAP, proin fl ammatory astrocyte marker) in the ventral tegmental area 
(VTA) and cerebral cortex  [  16,   17  ] , as well as CD11b (proin fl ammatory microglial 
marker) within the cerebral cortex  [  18  ] , implicating the activation of glial cells by 
alcohol exposure. The activation of microglia, as determined by the increased 
expression of activation markers, in the rat hippocampus post-binge alcohol expo-
sure lasted up to 28 days  [  19  ] . This microglial activation contributes to the behav-
ioral consequences of alcohol, including sedation, motor impairment  [  20  ] , and 
alcohol consumption  [  21  ] , in mouse models owing to the minocycline sensitivity of 
the response  [  20,   21  ] . Increased microglial activation was also found in the human 
postmortem brains from alcoholics compared to those from moderate drinking con-
trols  [  22  ] . However, the direct mechanisms by which alcohol acts on glial cells and 
produces this proin fl ammatory reactivity remains unclear. 

 Recently, Blanco et al .   [  23  ]  showed that alcohol directly acted on glia by inter-
acting with lipid rafts caveolae, which are the plasma membrane microdomains. 
Rafts/caveolae, which have been identi fi ed as platforms for receptor signaling, con-
stitute an important integrator of signal events and traf fi cking. The regulation of 
lipid rafts by alcohol promotes interleukin-1 b  receptor type I and TLR4 recruit-
ment, triggering their endocytosis via caveosomes and downstream signaling stimu-
lation  [  23  ] . Interestingly, Lee et al .   [  24  ]  demonstrated that astrocytes were capable 
of expressing gamma-aminobutyric acid (GABA) receptors (both class A and class 
B), and GABA could in turn suppress the reactive response of both astrocytes and 
microglia to lipopolysaccharide (LPS, the classical ligand for TLR4) and interferon-
 g  (IFN- g ) by inhibiting induction of in fl ammatory pathways mediated by NF k B and 
p38/mitogen-activated protein kinase (MAPK). Thus, the suppressed GABA recep-
tor signaling by acute alcohol exposure may lead to glial activation. Although many 
researchers have observed the central immune signaling induced by alcohol expo-
sure  [  18,   19,   25  ] , it is still debatable if alcohol directly or indirectly acts on glial 
cells, which requires further research. 

 Although both astrocytes and microglia can be activated by alcohol, microglia 
are possibly the initial cells where this neuroin fl ammation occurs, considering the 
pivotal role of TLR2 and TLR4 in alcohol-induced neuroin fl ammation (see Sect.  2 ). 
Human microglia express TLRs 1–9 mRNA, whereas human astrocytes express 
robust level of TLR3, low-level TLR1, 4, 5, and 9, and rare TLR2, 6, 7, 8, and 10 
mRNA  [  26  ] . In mice, microglia have been demonstrated to be the major non-neu-
ronal cell type in the CNS that express TLR4  [  27  ] . As such, pharmacological treat-
ment targeting microglial activation may inhibit the initial effect of alcohol on 
central immune signaling and therefore prevent the robust neuroimmune activation 
that follows. Microglial inhibitors may prove bene fi cial in the conditions related to 
acute alcohol exposure, such as binge drinking-induced brain damage.  



53917 Therapeutic Strategies to Treat Alcohol-Related Disorders Targeting Central…

    17.2.3   Glial–Neuronal Communication 

 Generally, activated glial cells release a variety of active substances, including 
proin fl ammatory cytokines, prostaglandins, brain-derived neurotrophic factor, ade-
nosine triphosphate (ATP), nitric oxide (NO),  d -serine, and glutamate  [  15  ] , which 
in turn modulate neuronal activity, although the mechanisms by which such modu-
lation occurs are only beginning to be understood  [  28  ] . There is a profound relation-
ship between the activation of TLR4 and cell-signaling proteins involved in innate 
immunity and altered neuronal receptor functions post-alcohol exposure. Neuronal 
 N -methyl- d -aspartate (NMDA) and GABA receptors are critical for the neuronal 
activities of alcohol  [  29,   30  ] . However, inhibition of GABA 

A
  a 2 attenuated TLR4 

expression in the central nucleus of the amygdale of rats and also inhibited binge 
drinking  [  31  ] . This  fi nding provides solid evidence for the relationship between 
GABA receptors, TLRs, and alcohol-drinking behavior. In addition, the NMDA 
receptor was resistant to its inhibition by acute alcohol exposure, following chronic 
alcohol consumption  [  32  ] . This resistance occurred with enhanced levels of p38 
phosphorylation and acquisition of tolerance to alcohol-induced sedation  [  32  ] , sug-
gesting the role of MAPK pathways in glial–neuronal crosstalk induced by alcohol 
exposure. 

 In neurons, it has been demonstrated that chronic alcohol exposure activated 
extracellular-regulated kinase (ERK)/p44 and c-Jun N-terminal kinase (JNK)/p46 
 [  33  ] . This chronic alcohol treatment also upregulated the effects of LPS on ERK, 
p38, and JNK phosphorylation, enhanced LPS-induced activation of NF k B/
RelA-p50, but blocked NF k B/p50–p50 activation by LPS  [  33  ] . These changes in 
signaling proteins in MAPK and NF k B pathways may be possible consequences of 
glial–neuronal communication following alcohol exposure. The activation of MAPK 
and NF k B signaling may accelerate the glial–neuronal crosstalk and extend the 
neuroimmune activation in the CNS. Pharmacological strategies attenuating these 
pathways could not only inhibit the activation of glia and neurons but also block the 
communication between those cells. 

 Alcohol may also modulate glutamate and GABA signaling in glia directly and 
therefore alter proin fl ammatory signaling. The expression of NMDA and GABA 
receptors on glia was not reported until recently  [  24,   34,   35  ] . Alcohol has been 
found to reduce kainate-induced glutamate secretion in rat hippocampal astrocytes 
 [  36  ] , and glutamate can mediate the signaling transmission between neurons and 
astrocytes  [  37  ] . GABA suppressed the LPS- or IFN- g -induced immune response in 
both astrocytes and microglia by inhibiting induction of NF k B and MAPK signal-
ing pathways, and this led to a reduction in tumor necrosis factor- a  (TNF- a ) and 
IL-6 release  [  24  ] . 

 The proin fl ammatory cytokines released by activated microglia and astrocytes 
are generally considered to be the mediators underpinning alcohol-induced neu-
ronal death caused as a result of neuroin fl ammatory damage  [  38–  40  ]  and the behav-
ioral effects of alcohol  [  20  ] . Interestingly, IL-1 b  signaling, which can be activated 
by alcohol exposure  [  40  ] , also reduces astrocytic glutamate transporter-1 expres-
sion and subsequently drives excitotoxic motor neuron injury  [  41  ] . In addition, 
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binding of glutamate to the NMDA receptor modulates LPS-induced innate immune 
activation, including TNF- a  signaling, in a TLR4-dependent manner  [  42  ] . With 
regard to GABA signaling, its synaptic activity could be enhanced by chemokine 
(C–X–C motif) ligand 12 (CXCL12) on serotonergic neurons in rats  [  43  ] . The above 
 fi ndings suggest that proin fl ammatory cytokines and chemokines are capable of 
altering the downstream signaling of NMDA and GABA receptors in neurons. 
Furthermore, in another type of central glial cells, oligodendrocytes, cytokines 
could reduce the toxic effects of alcohol  [  44  ] . As such, alcohol could activate micro-
glia and astrocytes and subsequently induce the release of cytokines and chemok-
ines, which could in turn modify the function of neurons through neuronal targets 
and oligodendrocytes. 

 In summary, the glial–neuronal crosstalk post-alcohol exposure is mediated by 
neuronal transmitters, TLRs, cytokines, and intracellular signaling proteins in 
MAPK and NF k B pathways. Alcohol could act on neuronal receptors, mainly 
GABA and NMDA receptors, on neurons and astrocytes, which further alters the 
release of neuronal transmitters. This in turn modi fi es the activation and release of 
cytokines and chemokines by glia. In contrast, alcohol activates microglia and 
astrocytes through TLRs, and the cytokines and chemokines released from acti-
vated glia could modify the function of neuronal targets. Thus, the receptors, neu-
ronal transmitters, cytokines, and chemokines that are involved in this neuroimmune 
communication could be potential therapeutic targets for alcohol dependence. 
Due to the interaction between glia and neurons, adding glial signaling inhibitors 
to the traditional treatment for alcohol dependence targeting neuronal receptors (see 
Sect.  3 ) may increase the therapeutic effects and decrease the side effects of these 
medications.  

    17.2.4   Behavioral Consequences of Alcohol-Induced 
Neuroimmune Activation 

 As discussed above, alcohol acts on both neurons and glia, and this neuroimmune 
modi fi cation in the CNS will subsequently alter behaviors. Recent study showed 
that minocycline (a microglial attenuator) administration decreased the acute seda-
tive effect of alcohol  [  20  ]  and reduced alcohol drinking  [  21  ]  in mice, and these were 
independent of minocycline-induced changes of body weight. These  fi ndings sug-
gest that microglial activation is related to the initial effect of alcohol and possibly 
in the development of alcohol dependence. 

 Multiple cytokines, including chemokines, have been demonstrated to play a 
role in the behavioral effects of alcohol in both animal alcohol models and human 
alcoholic experiments (Table  17.1 ). Animal evidence showed that deletion of 
chemokine (C–C motif) ligand receptor 2 (CCR2), chemokine (C–C) motif ligand 
2 (CCL2)/monocyte chemoattractant protein-1 (MCP-1) (females), or CCL3 in 
mice resulted in lower preference for alcohol, and CCL2- or CCL3-de fi cient mice 
showed longer duration of alcohol-induced loss of righting re fl ex than wild-type 
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mice  [  56  ] , which suggested the involvement of these chemokines and their receptors. 
This is further supported by work demonstrating elevated CCL2 expression in 
human brains of alcoholics  [  22,   46  ] . Mice de fi cient in interleukin-1 (IL-1) receptor 
antagonist (IL-1Ra, encoded by  IL1RN  gene) or IL-6 had reduced alcohol consump-
tion in the 24-h two-bottle choice test  [  50  ] , suggesting a role for IL-1Ra and IL-6 in 
alcohol-drinking behavior. Moreover, IL-1 receptor signaling could be activated 
acutely by alcohol administration, and this subsequently modulates the sedative 
and motor effects of alcohol  [  20  ] . Human immunogenetic studies have demon-
strated associations between  IL1B   [  53,   55  ] ,  IL1RN   [  53,   54  ] ,  IL10   [  52  ] , and  NFKB1  
 [  57  ]  genetic polymorphisms and alcohol dependence, thereby providing indirect 
evidence of a proin fl ammatory contribution to alcohol dependence.  

 In animal preclinical studies, LPS has been used as an immune stressor leading 
to proin fl ammatory signaling activation. The systemic administration of LPS 
enhanced alcohol-induced motor impairment 24 h later via the rotarod test  [  58  ] . A 
prolonged increase of voluntary alcohol intake in wild-type mice induced by LPS 
administration was lacking in mice de fi cient in CD14 (a key component of TLR4 
signaling; see the discussion in Sect.  2.1 )  [  59  ] . Although LPS unlikely passed the 
blood–brain barrier (BBB) to activate brain TLR4 signaling directly, the above evi-
dence still highlights the fact that immune activation facilitated the behavioral 
effects of alcohol. Together, the neuroimmune activation contributes to the behav-
ioral effects of alcohol, and therefore glia and immune factors could be the research 
targets for treating alcohol dependence. The potential pharmacotherapy based on 
alcohol-induced glial activation will be discussed in greater detail in Sect.  3 .   

    17.3   Alcohol and TLRs 

 How do glia become activated in a proin fl ammatory fashion? As many studies have 
indicated, TLR4 appears to be a key receptor in the mechanisms of alcohol’s effects 
on microglia and astrocytes  [  18,   39,   40,   48  ] . The activation of TLR4 signaling 
enhances proin fl ammatory mediators through NF k B  [  60,   61  ] . TLR2 can also be 
activated by alcohol administration, as the TLR2-de fi cient mice show reduced seda-
tive effects of alcohol  [  49  ] , although the cell type where this activation occurs 
remains to be determined. Therefore, pharmacotherapies inhibiting TLR signaling 
may have bene fi cial effects in the treatment of alcohol abuse. 

    17.3.1   Similarities and Differences Between TLR2 
and TLR4 Pathways 

 The well-understood function of TLR4, a homodimer  [  62,   63  ] , is to recognize LPS 
from gram-negative bacteria, cooperating with myeloid differentiation factor 2 
(MD-2) and CD14  [  62  ] . TLR4 signaling cascades are classi fi ed into the myeloid 
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differentiation primary response gene 88 (MyD88)-dependent and MyD88-
independent pathways. For the MyD88-dependent pathway, myelin and lymphocyte 
protein (MAL) and MyD88 lead to the activation of the serine/threonine kinase 
interleukin-1 receptor-associated kinase 4 (IRAK4), which engages with MAPK 
cascades (JNK, ERK, and p38) and leads to NF k B activation and the induction of 
proin fl ammatory cytokines such as IL-1 b  and TNF- a . Alternatively, downstream of 
TLR4, phosphoinositide 3-kinase (PI3K)/AKT pathways could also induce NF k B 
activation  [  64  ] . With regard to the MyD88-independent pathway, TLR4 recruits 
Toll/IL-1R domain-containing adaptor inducing IFN- b  (TRIF) and TRIF-related 
adaptor molecule (TRAM) in endosomes, which leads to the activation of the tran-
scription factor IFN regulatory factor 3 (IRF3) and the induction of genes such as 
those encoding Type I IFNs  [  65,   66  ] . In contrast, TLR2 heterodimerizes with TLR1 
or TLR6  [  67,   68  ] . After binding to lipopeptides, TLR2 is activated and subsequently 
leads to MyD88-dependent signaling  [  69,   70  ]  (Fig.  17.1 ). As at various conditions, 
TLR2 and TLR4 may be differently activated  [  49  ] , the activation of TLR2 and 
TLR4 at different alcohol concentrations, durations of alcohol exposure, cell types, 
and brain regions are worthy of investigating and comparing. The similarities and 
differences between TLR2 and TLR4 pathways provide potential therapeutic tar-
gets, acting on TLR2 or TLR4 selectively, for alcohol abuse. For example, TLR2-
de fi cient, but not TLR4-de fi cient, mice were lacking of the alcohol–morphine 

  Fig. 17.1    Schematic representation of the TLR2 and TLR4 pathways. The TLR4 downstream 
pathways are classi fi ed into the MyD88-dependent and MyD88-independent (TRIF-dependent) 
pathways. The activation of the MyD88-dependent pathway induces NF k B activation via the 
MAPK (JNK, ERK, and p38) or non-MAPK (AKT) pathways. The NF k B signaling activation 
triggers an increase in the expression of proin fl ammatory cytokines, such as IL-1 b  and TNF- a . 
The activation of the TRIF-dependent pathway leads to the activation of the transcription factor 
IRF3 and the induction of genes such as those encoding type I IFNs. In contrast, TLR2 signaling 
activation only leads to MyD88-dependent signaling       
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interaction as assessed by sedation  [  49  ] , and therefore, TLR2 signaling inhibitors 
may be suitable for this drug interaction. In contrast, alcohol exposure activates both 
TLR2 and TLR4 signaling acutely  [  48,   49  ] , and pharmacological blockade of the 
function of both TLR2 and TLR4 or their shared downstream signaling could be a 
candidate treatment. Due to the limited knowledge of the involvement of TLR2 in 
the effect of alcohol, the following section will focus on TLR4 signaling.   

    17.3.2   TLR4 Downstream Signaling Induced 
by Alcohol Exposure 

 The effect of alcohol on the activation of glial TLR4 signaling depends on the dose 
and time-course of alcohol exposure, as well as the speci fi c pathways involved  [  71  ] . 
It has been demonstrated that alcohol activates glial MAPK and NF k B pathways 
within minutes of stimulation in vitro, which is TLR4 dependent  [  18,   39,   40  ] . 
In wild-type astrocytic culture, 10–50 mM of alcohol increased ERK, IRAK, p38, 
and JNK phosphorylation and MyD88 protein levels, with peak levels at 10 min 
post-alcohol exposure. Moreover, the enhanced phosphorylation of NF k B inhibitor 
 a  (I k B a ), cyclooxygenase-2 (COX-2), and inducible nitric oxide synthase (iNOS) 
were also observed, with peak concentrations at 30 min post-alcohol treatment 
 [  18,   40  ] . The increase of both COX-2 and iNOS in astrocytes by 75 mM alcohol 
even lasted for 7 days  [  61  ] . However, in the presence of TLR4 or IL-1 receptor 
antibodies, neither wild-type  [  40  ]  nor TLR4-de fi cient astrocytes  [  18  ]  were activated 
by alcohol treatment, which implies the involvement of TLR4 and IL-1 pathways 
and the possibility that these pathways could be pharmacologically targeted. 
Similarly, in wild-type cortical microglial cells, 50 mM of alcohol induced the 
phosphorylation of ERK, JNK, p38, and IRAK, which peaked at 30 min to 1h post-
alcohol exposure then decreased to baseline after exposure to alcohol for 24 h  [  39  ] . 
Furthermore, mRNA or protein expression of TNF- a , IFN- b , and IRF-1 were 
increased after wild-type microglial cells being treated with alcohol for 3 h  [  39  ] . 
This result suggested the involvement of microglial MyD88-dependent and MyD88-
independent pathways in the effect of alcohol. However, this quick proin fl ammatory 
activation by alcohol was not found in TLR4-de fi cient microglia, which indicated 
the key role of TLR4 in the microglial activation induced by acute alcohol exposure. 
The above evidence implies that alcohol exposure is capable of rapidly activating 
TLR4-dependent MAPK and NF k B pathways in both astrocytes and microglia 
in vitro. The receptors, intracellular signaling proteins, and cytokines which are 
in fl uenced by alcohol exposure have been summarized in Table  17.1 . While the 
contributions of each of these pathways to the behavioral consequences of alcohol-
induced TLR signaling have yet to be determined, pharmacological targeting of the 
key mediators may prove bene fi cial, as will be reviewed in Sect.  3 . 

 During conditions of chronic alcohol treatment, MAPK, NF k B, and 
proin fl ammatory cytokine signaling are also found to be activated. Utilizing a 
chronic ex vivo animal model, 5 months of alcohol treatment elevated CD14, 
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MyD88, phosphorylated ERK, NF k B-p65, TNF- a , IL-1 b , IL-6, iNOS, and COX-2 
in the brains of female wild-type mice. However, these changes were lacking in the 
brains of female TLR4-de fi cient mice  [  18  ] . In male animals, on the other hand, four 
days of alcohol treatment triggered microglial activation, induction of NF k B-DNA 
binding, and enhancement of COX-2 expression in rat brain  [  45  ]  (Table  17.1 ). 

 Importantly, the role of alternative non-MAPK pathways has been highlighted. It 
has been demonstrated that alcohol challenge induces a robust AKT phosphoryla-
tion in mouse striatum ex vivo  [  72  ]  (Table 17.1), which suggests the involvement of 
AKT pathways (Fig.  17.1 ). This AKT signaling activation was blocked by (−)-nal-
trexone  [  72  ] , a TLR4 signaling inhibitor and  m -opioid receptor (MOR) antagonist 
 [  73  ] , which implies that such activation may be TLR4- or MOR-dependent or a 
combination of the two. In another study, the activation of AKT signaling occurred 
at 15 min post-alcohol administration in the nucleus accumbens (NAc) of rats, and 
inhibition of the AKT signaling within the NAc attenuated binge drinking of alco-
hol  [  74  ] . Chronic alcohol exposure also induced AKT signaling activation in neu-
rons  [  75  ] . However, if the AKT signaling induced by alcohol occurs in glia and if it 
is TLR4-dependent have not been examined to date. 

 Collectively,  fi rst of all, alcohol activated glial TLR4 signaling cascades in 
10 min post-alcohol exposure in vitro and in a long period or even 5 months of 
alcohol treatment ex vivo .  As such, there is a lack of evidence at present showing 
glial activation by acute alcohol exposure ex vivo. Secondly, the role of glial AKT 
signaling is worthy of investigation. Finally, the activation of TLR2-dependent sig-
naling and the communication between TLR2 and TLR4 pathways following alco-
hol exposure are to be examined. With a clear understanding of the effect of alcohol 
on TLR signaling, the new therapy targeting TLR cascade may be developed for 
treating different alcohol abuse-related conditions.  

    17.3.3   Behavioral Consequences of Alcohol-Induced TLR2 
and TLR4 Activation 

 TLR2 and TLR4 contribute signi fi cantly to the acute sedation and motor impair-
ment induced by alcohol and alcohol-drinking behavior. The acute sedative and 
motor effects of alcohol  [  48  ]  and chronic alcohol consumption  [  47  ]  were attenuated 
by inhibition of TLR4 activity using genetic-de fi cient mice models (TLR4-de fi cient 
and MyD88-de fi cient mice) or pharmacological blockade using (+)-naloxone (a 
TLR4 signaling inhibitor). Speci fi cally, selective knockdown of TLR4 using inhibi-
tory RNAs in the central nucleus of amygdala of alcohol-preferring rats inhibited 
binge drinking  [  31  ] . Furthermore, TLR2-de fi cient mice showed reduced acute seda-
tive effects of alcohol compared to their wild-type counterparts  [  49  ] . With regard to 
the downstream signaling of TLRs, the MAPK cascade activation may be related to 
alcohol consumption. The motivation to both consume and seek alcohol was reduced 
by activation of MAPK pathways by the glial cell line-derived neurotrophic factor 
(GDNF) administration  [  51  ] . In addition, several genes involved in the MAPK 
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 pathways, including  Mapk3 ,  p38 ,  Map2k1 , and  Map2k2 , were found to be upregu-
lated in the NAc of the high-alcohol-consuming rat strain  [  76  ] . These results provide 
solid evidence that TLR2 and TLR4 signaling activation by alcohol exposure is 
related to alcohol behaviors. Therefore, pharmacological treatment targeting TLR2 
and TLR4 pathways could be potential drug therapies for alcohol dependence.   

    17.4   Potential Drug Treatment for Alcohol Dependence 

 The pharmacotherapy of alcohol dependence has signi fi cantly changed during the 
past few years. Disul fi ram and lithium have been studied and used in alcohol depen-
dence for more than two decades  [  77,   78  ] . More recently, the pharmacotherapy for 
treating alcohol dependence has been switched to opioid receptor antagonists 
[(−)-isomers of naltrexone, naloxone, and nalmefene], acamprosate, and various 
serotonergic agents. Among these pharmacological agents, as several systematic 
reviews indicated  [  77,   79  ] , (−)-naltrexone and acamprosate improved therapeutic 
outcomes by decreasing alcohol consumption theoretically via opioid receptor 
antagonism and bene fi cial NMDA receptor modulation, respectively. However, 
most of the subjects did resume drinking alcohol during such treatments  [  77,   79  ] , 
which indicates the problematic ef fi cacy of these drugs. 

 Considering the emerging evidence of glia-mediated modulation of alcohol’s 
effects by TLR4 and IL-1 b  and the pivotal neuroin fl ammatory effects of alcohol, 
central immune signaling inhibitors could potentially be an additional treatment for 
alcohol abuse-related conditions. Alcohol and other drugs of abuse, such as mor-
phine  [  80  ]  and methamphetamine  [  81  ] , activate glial TLR4-IL-1 signaling and share 
similar reward pathways  [  82  ] . Therefore, central immune signaling inhibitors which 
have been studied to alter the effect of other drugs of abuse may modulate the effects 
of alcohol. These central immune signaling inhibitors and their effects on alcohol 
and other drugs of abuse are discussed below. 

    17.4.1   Glial Attenuators 

 Glial attenuators, including minocycline, ibudilast (AV411/MN-166), and pro-
pentofylline (HWA 285), have been reported to modulate the effects of drugs of 
abuse in animal studies. Minocycline, a putative microglial attenuator, was found to 
suppress the acute sedative effect of alcohol  [  20  ]  and alcohol consumption  [  21  ]  but 
facilitated alcohol-induced motor impairment  [  20  ] . In addition, minocycline 
decreased morphine-induced respiratory depression and reward and enhanced sys-
temic morphine administration-induced analgesia  [  80,   83  ] ; inhibited the develop-
ment of cocaine-induced locomotor sensitization  [  84,   85  ] ; and attenuated 
methamphetamine-induced hyperlocomotion, behavioral sensitization, and impair-
ment of recognition memory  [  81,   86  ] . Similar to minocycline, administration of 
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ibudilast attenuated several effects of morphine, including its activation of brain 
microglia and astrocytes and induction of elevated dopamine levels  [  87  ] , reward, 
tolerance, and withdrawal  [  88,   89  ] . Furthermore, ibudilast inhibited prime- and 
stress-induced methamphetamine relapse  [  90  ] . Propentofylline, another glial attenu-
ator, diminished the rewarding effects induced by morphine and methamphetamine 
 [  91  ] , morphine tolerance, and withdrawal-induced hyperalgesia  [  92  ] . Since alcohol, 
similar to other drugs of abuse, activates proin fl ammatory central glial signaling  [  18, 
  93  ] , ibudilast and propentofylline may modulate the behavioral effects of alcohol. 

 As a semisynthetic tetracycline that has been used for more than 30 years, mino-
cycline has an overall good safety record for its clinical use  [  94  ] . Minocycline is a 
small (457 g/mol) and highly lipophilic molecule at physiological pH (apparent par-
tition coef fi cients with octanol–aqueous buffer at pH 6.6: tetracycline, 0.052; doxy-
cycline, 0.92; minocycline, 0.48  [  95  ] ), which is capable of crossing the BBB better 
than other tetracyclines, such as doxycycline  [  96,   97  ] . The neuroprotective effect of 
minocycline has been studied and established in numerous disease studies using 
animal models, such as ischemic and hemorrhagic stroke, multiple sclerosis, spinal 
cord injury, Parkinson’s disease, Huntington’s disease, and amyotrophic lateral 
sclerosis models  [  98  ] . Although the mechanisms of minocycline’s effects are still 
unclear, minocycline is considered to be a potent inhibitor of microglial activation 
and of apoptotic pathways, because microglial activation and the attendant neuro-
toxic products generated by persistently activated microglia are common features of 
these diseases summarized above  [  98  ] . Collectively, since minocycline is safe to use 
in humans and it modulates drinking, sedative, and motor behaviors of alcohol in 
mice, it is worthy of investigating the effect of minocycline on the behavioral actions 
of alcohol in human clinical studies. 

 Ibudilast (AV411/MN-166, molecular weight: 230 g/mol), a nonselective phos-
phodiesterase (PDE) inhibitor  [  99  ] , attenuates the activation of microglia and astro-
cytes, proin fl ammatory cytokine release, TLR4 signaling, migration inhibitory 
factor (MIF), and the release of leukotrienes and reactive oxygen species  [  100  ] . 
It has been generally prescribed for the indication of asthma since the 1980s and is 
considered to be well tolerated by humans at the regular as well as higher doses used 
in asthma. Importantly, ibudilast shows CNS activities since it is able to partition 
into the CNS  [  101,   102  ] . In animal models, ibudilast bene fi cially altered the behav-
ioral effects of methamphetamine and opioids  [  89,   90  ] . Preliminary clinical studies 
of ibudilast have been conducted in patients of poststroke dizziness, neuropathic 
pain, and multiple sclerosis, and more recently ibudilast was studied for treating 
opioid withdrawal symptoms  [  100  ] . Considering the CNS activity of ibudilast and 
its effects on drugs of abuse, it could also be a good candidate in alcohol abuse-
related studies. 

 Propentofylline (HWA 285, molecular weight: 306 g/mol), a novel xanthine 
derivative, is known to depress the activation of microglia and astrocytes under 
pathological conditions  [  103  ] . The mechanism of glial modulation and 
proin fl ammatory cytokine suppression  [  104  ]  by propentofylline is considered to be 
via its inhibitory action on PDE and subsequent augmentation of cAMP signaling 
 [  103,   105  ] . Although propentofylline has been shown in human preclinical studies 
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to have its effects on the processes of Alzheimer’s disease and vascular dementia 
 [  106  ] , it has not been used clinically because of some negative results  [  107  ] . The 
effect of propentofylline on the actions of alcohol in both preclinical and clinical 
settings remains to be uncovered.  

    17.4.2   TLRs Signaling Inhibitors 

 As TLR4 signaling has only been considered to be involved in the abuse mecha-
nisms of drugs since the 2000s, only a few of these signaling inhibitors, including 
(+)-naloxone and (+)-naltrexone  [  108  ] , have been examined in this area. Other 
TLR4 signaling inhibitors, such as eritoran (E5564), resatorvid (TAK-242), and 
anti-TLR4 antibodies (NI-0101 and 1A6), and anti-TLR2 antibodies (OPN-305) 
 [  63,   65,   109,   110  ]  have been tested in clinical studies for treating severe sepsis and 
in fl ammation. It is possible that these TLRs signaling inhibitors could modulate the 
effect of drugs of abuse, including alcohol. 

 Unlike their (−)-isomers, (+)-naloxone and (+)-naltrexone (molecular weight: 
327 and 341 g/mol) are inactive at classical neuronal opioid receptors  [  73  ] , and the 
result of in silico docking analysis indicated that they were human MD-2 (signaling 
protein facilitating TLR4 responses) sensitive  [  108  ] . In mice, (+)-naloxone inhib-
ited acute sedative and motor effects of alcohol  [  48  ] . Regarding other drugs of 
abuse, (+)-isomers of naloxone and naltrexone blocked morphine-induced hyperal-
gesia  [  108,   111  ] , and (+)-naloxone reduced amphetamine- or cocaine-induced 
hyperactivity  [  112,   113  ]  in rodents. Importantly, (+)-naloxone and (+)-naltrexone 
are capable of passing the BBB of rodents and have actions in the CNS, unlike many 
other available TLR4 inhibitors. Since the TLR4 signaling activities of (+)-nalox-
one and (+)-naltrexone were discovered only in 2008  [  73  ] , human clinical data of 
these two drugs are still not available. 

 Eritoran (E5564, molecular weight: 1,314 g/mol), an analog of LPS, antagonizes 
the activity of LPS by binding to the TLR4-MD-2 complex  [  63  ] . It is shown to be 
well tolerated with a comparatively long half-life in healthy volunteers  [  109,   114  ] . 
However, in phase II clinical studies, administration of eritoran did not appear to 
confer any clear bene fi t to patients of severe sepsis  [  115  ]  and elective cardiac sur-
gery  [  116  ] .    The CNS permeability and activity of eritoran and its effects on alcohol 
action should be conducted. 

 Resatorvid (TAK-242, molecular weight: 362 g/mol), a small-molecule inhibitor 
of TLR4-mediated signaling, suppresses the production of multiple cytokines 
induced by LPS exposure  [  110,   117  ] . It selectively binds to TLR4 among TLR2, 3, 
4, 5, and 9  [  118,   119  ]  by directly binding to Cys747 of TLR4  [  118  ] . Acting by 
inhibiting the association between TLR4 and TIRAP or TRAM, resatorvid disrupts 
TLR4 signal transduction and downstream signaling  [  119  ] . Although promising 
results have been drawn from animal studies  [  120  ] , the human clinical study showed 
that resatorvid failed to suppress the increased cytokine levels in severe sepsis 
patients  [  121  ] . Again, the activity of resatorvid in the CNS is yet to be determined. 
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 Compared to glial attenuators, the TLR inhibitors may have signi fi cant advantages 
in their selectivity. Since both glial and neuronal TLRs are involved in the mecha-
nisms of drugs of abuse  [  39,   122  ] , selectively blocking TLRs may increase the 
ef fi ciency of treatment. We have demonstrated that minocycline-treated mice had 
decreased sedative effect but increased motor dysfunction induced by alcohol admin-
istration. In contrast, (+)-naloxone-treated mice were protected from both sedation 
and motor incoordination following alcohol exposure  [  20,   48  ] . The differential effects 
of minocycline are possibly due to its nonselective blockade of immune signaling in 
microglia. Together, (+)-isomers of naloxone and naltrexone as well as other TLR4 
signaling inhibitors that have been investigated in clinical studies might offer further 
possibilities of therapeutic manipulation for alcohol abuse-related conditions.  

    17.4.3   Other Anti-in fl ammatory Therapies 

 Numerous drugs of abuse, including alcohol, increase the production of 
proin fl ammatory cytokines in the CNS  [  18,   93  ] . Treatments blocking these cytokine 
signaling pathways could potentially be therapies for dependence and other condi-
tions related to alcohol abuse. Among anti-in fl ammatory drugs, human recombinant 
IL-1Ra is capable of inhibiting acute sedative and motor effects of alcohol  [  20  ]  and 
preventing the development of morphine tolerance  [  123  ]  in rodents via systemic 
injection. 

 Human recombinant IL-1Ra (Anakinra), consisting of 153 amino acids, blocks 
the biological activity of IL-1, including IL-1 a  and IL-1 b , by competitively inhibit-
ing both IL-1 a  and IL-1 b  binding to IL-1 receptor I  [  124  ] . It is indicated for the 
treatment of active adult rheumatoid arthritis and has shown modest bene fi ts in 
clinical trials  [  125,   126  ] . Human recombinant IL-1Ra not only is capable of cross-
ing the BBB of rodents  [  123  ]  but also reduces CNS in fl ammation in humans  [  127  ] . 
Considering its effects on the behavioral actions of alcohol in mice  [  20  ] , it is pos-
sible that it could prove bene fi cial for alcohol dependence in clinical studies. 
However, as a recombinant protein, anakinra is administered by subcutaneous injec-
tion. Therefore, it is not as convenient as drugs with oral formulations. 

 The various drugs summarized above, all acting on glial or TLRs signaling cas-
cades, have shown their effectiveness on altering the behavioral effects of drugs of 
abuse, including alcohol, in animals. In addition, some of them have been demon-
strated to be well tolerated in human clinical studies  [  65  ] . Thus, these medications 
may provide new targeted therapies for alcohol and possibly other drug dependence. 
Notably, alcohol also triggers peripheral TLR4 activation and subsequently induces 
liver diseases  [  128  ] . On the other hand, recovery from alcoholic liver diseases may 
also help the treatment for alcohol dependence. Other key processes in alcohol-
induced neuroimmune activation, such as MAPK and NF k B cascades, present new 
opportunities for developing therapeutic drugs for alcohol dependence. Notably, 
these immune signaling inhibitors may in fl uence the immune pro fi le of patients, 
and therefore bene fi t or risk the patients on immune therapies. These new questions 
raised by the current  fi ndings will be discussed below.   
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    17.5   Speculative Mechanistic Contributors to the Propensity 
for Alcoholism 

 The modi fi cation of central immune signaling by alcohol may be in fl uenced by 
preexisted immune activation or underlying propensity for proin fl ammatory central 
immune signaling, which leads to various questions about alcohol abuse detailed 
below. 

    17.5.1   Alcohol and Other Drugs of Abuse 

 What is the mechanism of the cross-tolerance and synergistic interactions between 
alcohol and other drugs of abuse  [  129  ] ? Why does alcohol consumption increase 
the risk of heroin-related deaths  [  130,   131  ] ? Since alcohol and other drugs of abuse 
share similar neuronal and immune signaling cascades, this may be a possible 
explanation for the above questions owing to a possible common site of action. 
The sedative interaction between alcohol and morphine has been demonstrated to 
be TLR2 dependent  [  49  ] , which indicates the role of innate immune signaling in 
the interaction between alcohol and opioids. The neuroimmune activation by drugs 
of abuse may mediate multidrug abuse-induced toxicity, synergism, and cross-
tolerance, thereby providing a novel pharmacological intervention target. Future 
studies are required to test this hypothesis.  

    17.5.2   Alcohol and Immunosuppressants 

 As alcohol activates both peripheral  [  132  ]  and central immune signaling  [  133  ] , 
alcohol consumption may potentially decrease the ef fi cacy and increase the side 
effects of immunosuppressants. For example, the variation of  TLR4  Asp299Gly 
single nucleotide polymorphism (SNP) which leads to diminished TLR4-NF k B sig-
naling  [  134,   135  ]  is correlated with increased development of adverse drug events 
of methotrexate  [  136  ] . This may serve as one of the mechanisms of alcohol-elicited 
methotrexate toxicity; however, studies are required to test this hypothesis. In addi-
tion, FK506 (tacrolimus), used for the graft versus host disease after transplantation, 
is found to impact microglia and astrocyte function, providing neuroprotection 
 [  137  ] . As such, alcohol exposure may modify the immune function complicating 
the primary indication of immunosuppressant usage by patients and therefore may 
be a risk factor for patients on immunosuppressants. Further research is required to 
test this hypothesis.  
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    17.5.3   Alcohol and Liver Disease 

 Liver transplantation is becoming a more frequent procedure for the patients of 
end-stage alcoholic liver disease. The risk of relapse to alcohol drinking after liver 
transplantation contributes substantially to the selection criteria for liver transplan-
tation  [  138  ] . However, the risk factor for relapse is poorly understood  [  139  ] . An 
average alcohol relapse rate of 5.6% per year and a relapse rate of 2.5% per year for 
heavy alcohol use have been reported in transplant patients  [  139  ] . In contrast, in 
randomized clinical trials for the treatment of alcoholism in patients with alcohol 
dependence, 37% of (−)-naltrexone-treated and 48% of placebo-treated patients 
relapsed drinking in 12 weeks  [  140  ] . Clearly there are signi fi cant discrepancies 
between the two populations and transplantation is a special case, with signi fi cant 
motivation and support mechanisms put in place to support the individual. It is 
nonetheless surprising that the transplant recipients achieved a very low relapse 
rate for drinking alcohol. Is it possible that the removal of the diseased liver or the 
immunosuppressants prescribed to the patients prevent them from drinking again? 
Is it possible therefore, that the chronic in fl ammatory consequences of liver disease 
contribute to alcohol abuse via a central immune signaling mechanism? Such 
hypotheses raise the question of whether treatment of liver disease should be a 
higher priority in alcohol abuse settings. Further research is required to test these 
hypotheses.  

    17.5.4   Alcohol and Other In fl ammatory Conditions 

 Other preexisting conditions, such as human immunode fi ciency virus (HIV) infec-
tion  [  141  ] , stress  [  142  ] , and Alzheimer’s disease  [  143  ] , may be in fl uenced by the 
neuroimmune activation of alcohol as discussed in previous literatures. Alcohol 
consumption may contribute to more severe neuroin fl ammation in these conditions, 
and these conditions may lead to increased alcohol consumption owing to existing 
proin fl ammatory central immune signaling. Therefore, many more studies are 
urgently required in these new research areas.   

    17.6   Conclusion 

 Overall, there is signi fi cant evidence that alcohol activates proin fl ammatory central 
immune signaling, microglia, and astrocytes through TLRs, which contributes 
signi fi cantly to alcohol actions. This neuroimmune mechanism of alcohol offers 
novel insights and approaches that form the foundation of a new era of research 
in the pursuit of more effective pharmacotherapies for alcohol abuse and 
dependence.      
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    18.1   Introduction 

 The recent progress in the understanding of the immune response within the CNS and 
the novel  fi ndings that neuroimmune factors, such as the cytokines and the 
chemokines, have a role beyond immune response including developmental changes 
and modulation of behavior add new perspective to interpreting brain function. These 
advances also invite reexamination of mechanisms involved in brain dysfunction and 
diseases. This book attempts to bring forth the most recent advances in the neuroim-
mune  fi eld and to summarize the recent  fi ndings implicating neuroimmune factors in 
the response to alcohol and in the modulation of drinking behaviors. This chapter tries 
to integrate these recent observations linking neuroimmune response and neuroim-
mune modulators to the mechanisms producing alcoholism and the neuroadaptations 
responsible for alcohol dependence. Since this area of alcohol research is at its begin-
ning, signifi cant advance is expected in the near future. The recent  fi ndings in neu-
roimmune research may identify new processes through which alcohol impacts health. 
Several of the novel neuroimmune  fi ndings with potential relevance for future alcohol 
research are noted here.  

    18.2   Interaction Between Alcohol Consumption 
and Neuroimmune Function 

 In the interaction between alcohol use and the neuroimmune system, there are two 
aspects with critical relevance to alcoholism. First is the effect of alcohol exposure 
on neuroimmune activity. Alcohol exposure can alter production of cytokines, 
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chemokines, and other neuroimmune factors leading to a proin fl ammatory state 
within the CNS and, with chronic exposure, contribute to neurodegeneration. The 
second aspect, only recently appreciated, is the effect of enhanced neuroimmune 
activity on alcohol consumption including heavy drinking, the transition from social 
drinking to uncontrolled drinking, and the affective states associated with alcohol 
dependence. This summary chapter will focus on those  fi ndings described in earlier 
chapters that directly examine these two issues.  

    18.3   Effects of Alcohol on Immune Response 
and CNS Neuroimmune Activity 

 It has been well established that alcohol consumption will diminish the peripheral 
immune response as evidenced by higher incidences of infections and decreased 
indicators of immune reaction following acute alcohol exposure. Alcohol affects 
both adaptive and innate immune responses in the periphery. Within the CNS, it has 
its action primarily on the innate immune cells since there are few, if any, resident 
cells within the brain that have the capacity for adaptive immune response. The 
immune response to alcohol is dependent on the dose and duration of exposure, and 
recently, it has been appreciated that the immunological response in the periphery 
and in the CNS can be desynchronized  [  2  ] . Within the CNS, alcohol can enhance 
neuroimmune response, activate neuroinfl ammatory signal, and as a long-term 
consequence, these actions may contribute to the neurodegenerative effects of 
chronic alcohol use.  

    18.4   Alcohol-Induced Proin fl ammatory Response 
Within the CNS 

 Alcohol consumption can lead to a proin fl ammatory response within the CNS. This 
effect is complex involving several mechanisms both indirect and direct that lead to 
activation of a neuroimmune response. Alcohol induces the breakdown of gut epi-
thelium and entry of endotoxins into the blood. Once in the blood, endotoxins acti-
vate liver Kupffer cells with the associated release of cytokines such as TNF-alpha. 
Serum-borne TNF-alpha can be transported to the brain and act on perivascular 
cells to trigger CNS reactivity or be translocated across the blood–brain barrier into 
the CNS where it directly activates glia to release proin fl ammatory cytokines such 
as TNF-alpha, interleukin-1beta, and monocyte chemotactic protein-1 (MCP-1). In 
addition, metabolism of alcohol leads to reactive oxidative species and damage to 
the perivascular cells of the brain. These stressed cells are the locus of peripheral 
immune cell adhesion and migration across the blood–brain barrier into the neu-
ronal environment  [  1  ] . This indirect effect of alcohol has been well characterized 
and recognized earlier; however, alcohol does act directly on the CNS to in fl uence 
neuroimmune activity  [  2  ] . 
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 In the absence of an immunological challenge “resting” microglia are dynamic 
and have a role in synaptic pruning during development, in neuroplasticity and in 
experience dependent remodeling  [  32  ] . However microglia can be induced through 
several levels of activation. Alcohol exposure depending on dose and duration can 
produce microglial activation and even cytokine release. Acute alcohol exposure 
can activate microglia in vitro and induce the release of IL-1beta as well as the pro-
duction of other neuroimmune factors such as MCP-1  [  3–  4  ] . Within the CNS, the 
alcohol-induced activation of microglia produces a feed forward response in which 
cytokines can act on surrounding microglia to induce further cytokine release. In 
addition to inducing cytokines, alcohol can also increase expression of the receptors 
for the cytokines (Qin et al. in press). With chronic, intermittent exposure, alcohol 
has been shown to induce microgliosis  [  5  ] . The direct effect of alcohol on the neu-
roimmune system is further discussed next. 

 The interconnected yet separable control of the peripheral versus central immune 
response is demonstrated by the time course of cytokine production following sys-
temic immunological challenge. In response to peripheral endotoxin, blood levels 
of cytokines increase acutely, returning to base line within 7 days. However, from 
this same stimulus, cytokine production within the CNS can persist for upward of 
10 months  [  6  ] .  

    18.5   Direct Effects of Alcohol on the CNS 
Neuroimmune System 

 Ethanol can act on microglia, the primary immune-responsive cells of the CNS. 
Recent investigation has indicated that ethanol activation of cultured microglia 
involves Toll-like receptor 4 (TLR-4)  [  7  ] . Exposure of microglia cells to ethanol was 
associated with induction of the same second messengers and the release of the same 
immunomodulators as occurs after TLR4 activation. These responses to ethanol 
were absent in microglia lacking TLR4  [  7  ] . By acting through TLR4 on the micro-
glia, ethanol can induce release of cytokines which in turn can induce in fl ammation 
and, if suf fi ciently prolonged, neurodegenerative responses. 

 However, the action of ethanol on TLR4 appears to be dependent on dose and 
duration of exposure. Acute exposure to ethanol was found to downregulate TLR4 
response in monocytes and macrophage  [  8  ] , while chronic exposure to ethanol was 
associated with increased cytokine production in response to the TLR4 agonist, 
Lipopolysaccharide (LPS), a bacterial membrane molecule  [  9,   10  ] . 

 It is proposed that ethanol may interact within the microdomain of lipid rafts on 
the plasma membrane to either activate or inhibit the TLR4 response  [  11  ] . Exposure 
of macrophage to moderate doses of ethanol (10–50 mM) initiates within 10 min the 
phosphorylation of ERK, JNK, and p38 and by 30 min the recruitment into lipid 
rafts of second messenger signaling molecules and the translocation of NF-KB to 
the nucleus. NF-KB is a transcription factor that regulates the expression of many 
neuroimmune factors. After 18 h of exposure to a low concentration of ethanol 
(10 mM), TNF-alpha was increased. These responses were absent when the 
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 concentration of ethanol was increased to 100 mM  [  7  ] . While these low  concentrations 
of ethanol activated TLR4, these same low concentrations interfered with LPS acti-
vation of TLR4. 

 In microglia, 100 mM ethanol but not 200 mM induced activation through TRL4 
and involved both My88- and MyD88-independent pathways  [  7  ] . These studies 
have been extended to indicate that TLR4 has an essential role in mediating the 
neuroin fl ammation associated with chronic ethanol exposure  [  12,    13 ]   . 

 In addition, other signal transduction pathways have been proposed for alcohol-
induced neuroin fl ammation. Using cultured human astrocytes, Florean et al. have 
implicated ethanol in the initiation of a proin fl ammatory response  [  14  ] . Evidence 
was provided to show that ethanol was metabolized by P450-2E1 generating acety-
laldehyde and reactive oxygen species (ROS) primarily through NADPH oxidase. 
As a result of elevated ROS, the TLR4 recruited and interacted with the cytosolic 
tyrosine kinase Src through autophosphorylation. This led to phosphorylation and 
activation of cPLA 

2
  increasing free arachidonate. COX2 was also increased and 

converted the arachidonate to the proin fl ammatory mediator prostaglandin E2. 
 With chronic exposure, alcohol can induce neural degeneration and promote cell 

death. During cell necrosis, HMGB1 (high-mobility group box 1) protein is released. 
It can bind to the receptor for advanced glycation end products (RAGE) on healthy 
cells to activate the transcription factor NF-KB. This alarmin protein, HMGB1, is 
increased in alcoholics and in mice exposed to alcohol  [  33  ] .  

    18.6   Fetal Alcohol Exposure 

 Chronic alcohol consumption during pregnancy is associated with elevated cord 
blood levels of cytokines including TNF-alpha, IL-1beta, and IL-6  [  15  ] . Elevations 
in maternal blood cytokines, induced by other stimuli, have been implicated in 
increased fetal brain concentration of these cytokines  [  16  ] . However, the ability of 
a stimulus to induce increased cytokines within the fetus may be restricted to a win-
dow of time within the period of pregnancy. Further, it appears that only a subset of 
maternally produced cytokines may be transferred to the fetus. Elevations in fetal 
cytokines are attributed to both transfer across the placental barrier and induction of 
cytokine production in the fetus. The mechanism of transfer across the placental 
barrier remains to be resolved. Fetal cytokines can impact CNS development and, 
later in the life of the offspring, vulnerability to infections and increased cytokine 
production. Furthermore, the early exposure to cytokines has the potential to set the 
sensitivity of the hypothalamic–pituitary–adrenal axis making it more responsive to 
stress in adulthood and slower to deactivate following a stress-induced increase in 
glucocorticoid. The effects of alcohol exposure in utero at critical developmental 
stages may potentially involve the action of alcohol on maternal and fetal cytokine 
production. The role of neuroimmune perturbations in fetal alcohol spectrum disor-
ders is in the early stages of investigation.  
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    18.7   Effects of Neuroimmune Activation on Behavior 

 Molecules released from activated immune cells of the CNS regulate the immune 
response but also have been implicated in a broader range of CNS functioning. 
Cytokines, chemokines, and signal transduction pathways that were previously 
thought to have an exclusive neuroimmune role have recently been appreciated to 
have an expanded role  [  17,   18  ] . Some of these neuroimmune modulators may 
in fl uence alcohol intake, promote neuroadaptation between controlled drinking and 
compulsive drinking, perpetuate alcohol dependence, and lastly, mediate alcohol-
induced neurocognitive impairments. 

 Analysis of gene expression has been done in an attempt to identify the factors 
which contribute to alcohol intake in lines of mice exhibiting high alcohol con-
sumption  [  19,   20  ] , in rats selectively bred for high alcohol intake  [  21  ] , and in human 
alcoholics  [  22  ] . An analysis of these studies indicated that one of the common fea-
tures associated with enhanced alcohol intake was an alteration in expression of 
genes related to the neuroimmune response  [  23  ] . 

 The relevance for alcohol consumption of the neuroimmune genes identi fi ed in 
animal lines with a trait of high alcohol intake has been further examined by deter-
mining alcohol consumption in the null mutants of these neuroimmune genes. 
Deletion of beta-2-microglobulin, cathepsin S, cathepsin F, interleukin-1 receptor 
antagonist, CD14, or interleukin-6 was associated with a decrease in alcohol con-
sumption. However, the effect varied dependent on gender and the protocol for 
assessing alcohol self-administration  [  23  ] . 

 Reduction in the TLR4 in central amygdala resulting from local injection 
of a siRNA vector was associated with decreased drinking in P rats  [  22,    24   ] . GABA 
has been implicated in modulation of alcohol consumption, and changes in GABA 
receptor expression have been shown to affect TLR4 expression. 

 Consistent with the hypothesis that immunomodulators contribute to increased 
alcohol intake is the observation that LPS, a potent activator of immune response, 
was found to increase alcohol consumption  [  25  ] . Conversely, minocycline which 
disrupts the activation of microglia  [  26  ]  and pioglitazone which prevents microglial 
activation and reduces proin fl ammatory cytokines and chemokines  [  27  ]  have been 
found to reduce alcohol drinking  [  24,   28  ] . Another molecule found to disrupt acti-
vation of microglia by blocking TLR4 signal transduction is the opioid receptor 
antagonist naloxone. Both stereoisomers of naloxone (− and + naloxone) are effec-
tive in blocking the TLR4 receptor whereas blockade of opioid receptors is pro-
duced only by the [-] stereoisomer of naloxone. Naltrexone, a long-acting, modi fi ed 
naloxone molecule, is one of the three clinically approved treatments for alcohol 
dependence. It is not known whether naltrexone blockade of TLR4 has a role in its 
reduction of alcohol consumption. Within the microglia, activation of the transcrip-
tion factor NF-kappa B leads to increased expression of many cytokines. Blockade 
of NF-kappa B with caffeic acid phenethyl ester reduced ethanol intake (see Harris 
and Blednov). 
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    Alcohol induces sedation and motor impairment, and these effects can be reduced 
by blocking TLR4 receptor signaling  [  29  ] ; (+) naloxone reduced alcohol sedative 
effects and motor impairment. Similarly, these effects of alcohol were reduced when 
the TLR signaling was eliminated by a null mutation of TLR4 gene or a null muta-
tion of the MyD88 gene, which is an essential component of the TLR4 signaling 
cascade.  

    18.8   Effects of Cytokines on Neurons and Alcohol-Related 
Responses 

 LPS binds to the TLR4 receptors on microglia and astrocytes and activates these 
neuroimmune cells to produce cytokines. When LPS was superfused onto a brain 
slice of the central amygdala, a brain site implicated in regulation of alcohol-drink-
ing behavior, the amplitude of IPSPs was increased. The effects resulted predomi-
nately from postsynaptic mechanisms. This action of LPS is similar to the effect of 
ethanol on these same neurons. Knocking out CD14 (an essential accessory mole-
cule for initiation of signal transduction through TLR4) reduced the effect of both 
LPS and ethanol on IPSPs  [  30  ] . In contrast to LPS which activates microglia, inter-
leukin-1 b  (IL-1 b ), which is released from microglia, produced the opposite effects. 
IL-1b superfused onto a slice of the central nucleus of the amygdala decreased IPSP 
amplitude. 

 Ethanol exposure increased production of Interleukin 10 (IL-10), an anti-
in fl ammatory cytokine. Interleukin-10 (IL-10) has been found to decrease mIPSCs 
of both cultured cortical neurons and dentate granule cells in brain slices  [  31  ] . IL-10 
was also found to decrease expression of the alpha-1 subunit of the GABAA recep-
tor. These observations suggest a potential role for IL-10 in the neuroadaptation of 
GABA receptors following ethanol exposure.  

    18.9   Conclusion 

 These results have extended the  fi ndings that alcohol can modulate peripheral 
immune function to now include its action on neuroimmune reactivity in the CNS. 
They demonstrate the separate effects of alcohol on the peripheral and the CNS 
immune response. These observations provide evidence for a role of alcohol-
induced neuroimmune response in the immediate reaction but potentially, more 
importantly, in the long-term adverse consequences of chronic alcohol consump-
tion. More intriguing is the  fi ndings implicating a role for alcohol-induced neuroim-
mune response in regulation of alcohol consumption. These observations expand 
the role of neuroimmune signaling to include a contribution to reward and addiction 
behaviors. While the evidence implicating neuroimmune signaling in alcohol 
response and alcohol consumption is compelling, the  relative role of neuroimmunce 
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activity in the overall response to alcohol is poorly de fi ned. However, these 
observations do provide new target candidates for treatment intervention for 
alcoholism, a disease that currently has few effective treatment options.  

    18.10   Opportunities for Future Advances in Alcohol Research 

 The rapid advance in neuroimmune research and the recognition only recently of 
the involvement of neuroimmune molecules in alcohol response and in alcohol con-
sumption have provided opportunities for further understanding the mechanisms of 
alcoholism. The neuroimmune advances described here could have direct relevance 
for alcohol research. Several of these new  fi ndings raise interest because alcohol has 
been implicated with a process that is now observed to be in fl uenced by neuroim-
mune factors. While links exist, large gaps remain in understanding. Filling these 
gaps could provide new medication targets or identify other routes of intervention 
or repair. 

 There is much promise for continuing the investigations that have been noted in 
earlier chapters on the effects of neuroimmune and alcohol interactions. Interventions 
targeting neuroimmune signaling may yield new medications for treatment, relapse 
prevention, or reduction of alcohol effects. In addition, there are areas of neuroim-
mune function that have not yet been examined or exploited in the effort to advance 
alcohol research. Further understanding is needed on how alcohol impacts micro-
glia activities in the healthy brain and development (see Davis and Carson). The 
role of immune molecules in synaptic function including both development and 
plasticity has been reviewed (see Pribiag and Stellwagen; Groul; McIver et al.). 
While alcohol is known to act within this compartment, the mechanism and full 
extent of response are poorly de fi ned. Early alcohol exposure produces fetal alcohol 
spectrum disorders (FASD). There are effects of early alcohol exposure on neuroim-
mune function. The role for a disrupted neuroimmune function in mediating some 
of the FASD consequences requires further examination (see Drew and Kane; 
Bodnar and Weinberg). One of the hypotheses of alcohol dependence suggests that 
chronic alcohol produces an allostatic load involving a negative affective state and 
that this altered state motivates further alcohol consumption as a way to relieve the 
negative state. Stress, mood disorders, and drugs of abuse are associated with the 
dysregulation of the neuroimmune and neuroendocrine networks (see Deak et al.; 
Walker et al.; Chang and Liu). The effect of the immune activator LPS to enhance 
anxiety and potentiate alcohol withdrawal anxiety (Breese et al.) suggests there 
could be a connection. Yet much further examination would be necessary to link 
these processes. The importance of alcohol use to the progression and treatment of 
HIV-associated neurocognitive disorders (McMillian and Gendelman; Zahr et al.; 
Persidsky et al.) has immediate relevance. The use of neuroimaging approaches to 
de fi ne the involvement of neuroimmune processes in alcohol response (see 
Hannestad; Zahr et al.) may provide new insights. While many topics have been 
noted, still others remain to be developed, e.g., potential role of alcohol and 
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neuroimmune response in stem cell development, sleep disorders, and pain. The 
seminal observations of these investigators will provide the opportunities and start-
ing points for future advances.      
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