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FOREWORD - CREATINE AND CREATINE KINASE

IN HEALTH AND DISEASE - A WORTHY PASSION
GAJJA S. SALOMONS' AND MARKUS WYSS?

V' VU University Medical Center, Department of Clinical Chemistry, Metabolic Unit, De Boelelaan
1117, 1081 HV Amsterdam, The Netherlands

2 DSM Nutritional Products Ltd., Biotechnology R&D, Bldg. 203/17B, P.O. Box 3255, 4002 Basel,
Switzerland

To make a project a success, you typically need to have three things: a good idea, an enthu-
siastic team, and a committed ‘customer’ (in this case, the Springer publishing company).
When J. Robin Harris, the Series Editor of Subcellular Biochemistry, first approached us with
the idea of a book on “Creatine and Creatine Kinase in Health and Disease”, we were both
surprised and delighted. Next, we were impressed by the dedicated participation of many
of the key players in creatine and creatine kinase research from all over the world. In fact,
all authors we asked to participate accepted the invitation, and have submitted high-quality
manuscripts in a timely manner. Consequently, the book is up to date, and both editors
and authors are confident that this book will become an important contribution to expand
the knowledge and funding of creatine and creatine kinase research. Finally, the continuous
support of the Springer publishing company and, in particular, of Mike van den Bosch, Marie
Johnson, Marlies Vlot, Max Haring and Priyaa Menon was important for the realization of
this project. We are greatly indebted to all those who have contributed to this book for their
enthusiasm, dedication, and efforts, and for their passion for creatine and creatine kinase
research. Similarly, we greatly acknowledge our colleagues for their support and patience in
situations where our attention was partially redirected to this book.

It is worthwhile mentioning that recently, two other notable books covering creatine and
creatine kinase research have been published (Vial, 2006; Saks, 2007). Rather than being
redundant, these books focus their attention on different aspects of creatine and creatine
kinase research. Thus, the three books are complementary and, together, provide an even
broader basis for comprehensive understanding of the roles of creatine and creatine kinase

in health and disease.
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CHAPTER 1

INTRODUCTION - CREATINE: CHEAP ERGOGENIC
SUPPLEMENT WITH GREAT POTENTIAL FOR HEALTH
AND DISEASE

THEO WALLIMANN

Institute of Cell Biology, ETH Zurich, Honggerberg HPM-D24.1,
Schafmattstrasse 18, CH-8093 Zurich, Switzerland

1. THE BOOK

The appearance in print of the present volume of the “Subcellular Biochemistry”
Series entitled “Creatine and Creatine Kinase in Health and Disease”, edited by
Gajja S. Salomons and Markus Wyss, seems entirely timely. The importance
and physiological significance of creatine kinase (CK) as well as the pleiotropic
effects of creatine (Cr) and phosphocreatine (PCr) in health and disease have been
largely underappreciated historically. Based on new discoveries in recent years,
however, they are currently attracting much interest and even experience center
stage attention, for instance with the recently announced large clinical Cr study
with Parkinson’s patients in the USA (Couzin, 2007). The comprehensive earlier
review on “Creatine and Creatinine Metabolism” by Markus Wyss and Kaddurah-
Daouk (2000), as well as the most recent review on Cr by John and Margaret
Brosnan (2007), give a pre-taste of this new and exciting era of CK- and Cr-related
research to come.

The volume presented here, as well as a new book on “Molecular Systems Bioen-
ergetics: Energy for Life, Basic Principles, Organization and Dynamics of Cellular
Energetics”, edited by Valdur A. Saks (2007), provide a comprehensive overview
of the field, with emphasis on complementary facets of this broad topic. The Saks
book focuses on new data and theories derived mainly from basic science, taking
a holistic systems biology approach to explain CK and related phosphotransfer
systems, including mathematical modeling of metabolic and signaling networks
related to bioenergetics. Conversely, the present volume links the basics of the CK

1
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2 Wallimann

system and of Cr action to their practical relevance for health, sports, rehabilitation,
neuromuscular and neurodegenerative diseases, as well as for patients suffering
from Cr deficiency syndromes. The discovery of the latter syndromes, the clinical
manifestation of which is described here in detail, is living proof that CK and Cr
are indeed essential for normal body function, especially for brain development
and mental performance. The bridge from basic science — unravelling the structure
and physiological function(s) of the CK isoenzymes and their substrate Cr in cells
with high and fluctuating energy turnover (chapters 1-3; this chapter; Ellington
and Suzuki, 2007; Saks et al., 2007) — to clinical applications — including the
power of Cr supplementation to positively influence human health (chapters 10-12;
Tarnopolsky, 2007; Klein and Ferrante, 2007; Hespel and Derave, 2007) and
actually prevent clinical symptoms in patients with certain forms of inherited Cr
deficiency syndromes if treated early in life (chapters 8 and 9; Stockler et al., 2007,
Schulze and Battini, 2007) — is extremely rewarding, not to speak of the potential
socioeconomic and health benefits of such cheap intervention which, apparently,
lacks any serious side effects (chapter 14; Persky and Rawson, 2007).

In the present book, after a short excursion into the basics of CK evolution
(chapter 2; Ellington and Suzuki, 2007) and the thermodynamics and modeling
aspects of the CK phosphotransfer network (chapter 3; Saks ef al., 2007), topics
on Cr synthesis, trafficking and metabolism in brain and across the blood-brain
and blood-retina barriers are discussed in detail in chapters 4 and 5 (Braissant
et al., 2007; Tachikawa et al., 2007), followed by new insights into the function
of the Cr transporter (CRT) that is responsible for specific uptake of Cr into
target cells (chapter 6; Christie, 2007). Then, the physiological consequences of
CK and guanidinoacetate methyltransferase (GAMT) gene knock-outs in trans-
genic mouse models (chapter 7; Heerschap et al., 2007), the pathophysiology and
treatment of human Cr deficiency syndromes (chapters 8 and 9; Stockler et al., 2007,
Schulze and Battini, 2007), as well as the clinical use of Cr in neuromuscular and
neurometabolic disorders (chapter 10; Tarnopolsky, 2007) are discussed, followed
by a general presentation of the neuroprotective role of Cr (chapter 11; Klein and
Ferrante, 2007). After these chapters, more applied topics, such as the ergogenic
effects of Cr in sports and rehabilitation (chapter 12; Hespel and Derave, 2007),
the pharmacokinetics of Cr (chapter 13; McCall and Persky, 2007), the safety of
Cr supplementation in general (chapter 14; Persky and Rawson, 2007), as well as
aspects concerned with chemical synthesis, purity and regulatory status of Cr as a
nutritional supplement (chapter 15; Pischel and Gastner, 2007) are presented. The
book concludes with an outlook on some promising future avenues of Cr-related
research (chapter 16; Wyss e al., 2007).

This volume truly reflects the present state of the art on CK and Cr, written by
international experts with experience and recognition in the field. The present set
of chapters represents a balanced mix from basic science and applied research to
sport, rehabilitation and clinical subjects and thus makes good reading for CK and
Cr specialists, but also for educated laymen and persons with a strong interest in
Cr-related topics. This volume will serve as a solid basis for a new and exciting
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wave of innovative Cr research, which among others will encompass systems
biology approaches, including proteomics and phospho-proteomics, to elucidate the
pleiotropic effects of Cr supplementation on the cellular and whole-body level, with
a great potential for unexpected novel findings concerning the multiple facets of the
CK system, as well as of Cr supplementation. The fact that many decades of basic
research on the functions of CK and Cr have finally led to practical applications for
human health and disease, as well as to clinical treatments of patients, is rewarding
both for basic scientists and clinicians. Thus, the present book makes good reading
also from the perspective of science history and idea development.

2. HISTORICAL ASPECTS OF CREATINE KINASE
AND CREATINE

2.1. Functions of Creatine Kinase and Phosphocreatine
in Muscle Contraction

Historically, over the last century, the CK and Cr field went through alternating
periods of excitement and depression, concerning new ideas and concepts of
CK/PCr/Cr function, particularly in the area of muscle biochemistry. New discov-
eries related to the “true” function of PCr, the “energy-rich” version of Cr that
had been discovered in 1927 simultaneously by Eggleton and Eggleton and by
Fiske and Subbarow, met with great enthusiasm. For instance, the idea that PCr
would represent the long sought-for “immediate” source of energy for muscle
contraction, as suggested by the findings of Lundsgaard in 1930, led to the
abolition of Otto Meyerhof’s “lactate theory of muscle contraction”. However,
this excitement started to slowly wane after Lohmann and Lehmann discovered
the CK reaction in the mid 1930ies, indicating that PCr could only be used as
energy source for muscle contraction in the presence of adenine nucleotides, and
in particular ADP. This view was supported in 1939 by the finding of Engelhardt
and Lyubimova that myosin possesses ATPase activity, and in 1941 by the proof
of the Nobel laureate Albert Szent-Gyotrgyi that muscle contraction in vitro was
inevitably associated with ATP utilization. However, this latter fact could never
be confirmed in contracting intact muscle in vivo, but rather, as in the Lunds-
gaard experiment, contraction was always paralleled by a depletion in PCr. Thus, a
long-lasting controversy was stirring up the muscle research community for many
years to come, until Cain and Davies, who in 1962 used 2,4-dinitro-1-fluorobenzene
(DNFB) to specifically inhibit the CK reaction in muscle, finally managed to prove
that under these conditions, it was indeed MgATP, and not PCr, that was used as
the immediate source of energy for muscle contraction in vivo. This data proved
that PCr, the substrate of the CK reaction in conjunction with ADP, is used to
regenerate the ATP hydrolyzed by the Ca’*-regulated Mg?*-dependent acto-myosin
ATPase. This then concluded the “phosphocreatine theory” of muscle contraction,
and the CK system got a rather dismal stamp for representing a trivial, simple,
homogeneously distributed cellular ATP-buffering system. Accordingly, the muscle
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research community placed its focus fully on questions on how exactly ATP was
used for muscle contraction and cell motility, taking for granted its replenishment
for these processes (for reviews on these historical events, including a list of original
publications, see (Lipmann, 1977, 1979; Mommaerts, 1969; Rapoport, 1977).

2.2. Development of the PCr-shuttle or CK/PCr-circuit Concept

By contrast, the PCr-shuttle or CK/PCr circuit concept that was developed in
the 1970ies (see below) initially faced rather vicious scepticism that persisted for
a lengthy period of time (Wallimann, 1996; Wiseman and Kushmerick, 1995).
Over the years, however, this opposition seemed to slowly fade away (Chance
et al., 2006). The physiological concept of the PCr-shuttle or CK/PCr-circuit (for
reviews, see Bessman and Carpenter, 1985; Bessman and Geiger, 1981; Saks
et al., 1978; Wallimann and Hemmer, 1994; Wallimann et al., 1992, 2007) has
followed the general destiny of many discoveries in science: first, it must not be
true and therefore cannot be true; second, it may be true, but it is not important; and
third, it is generally accepted but mostly trivial knowledge already around for years.
It seems, however, that time has come that this concept reaches the “accepted” if
not “generally accepted” status, since nowadays, it is discussed and visualized as
back-up support figures without the need for citation, as for example in a recent
review on “The failing heart — an engine out of fuel” (Neubauer, 2007).

As already mentioned, CK was considered a strictly soluble metabolic enzyme
just for trivial buffering of cellular ATP levels according to its equilibrium constant
(Meyer et al., 1984). The facts that (i) CK existed as several tissue-specific and
developmentally regulated cytosolic isoforms (Eppenberger et al., 1964, 1967),
that (i) a CK isoform was identified that is located within mitochondria (Jacobs
et al., 1964; Jacobus and Lehninger, 1973), and that (iii) a small but significant
fraction of soluble muscle-type MM-CK was shown to bind specifically to the
sarcomeric M-band of skeletal muscle (Turner et al., 1973; Wallimann, 1975), to
the sarcoplasmic reticulum (SR) (Rossi et al., 1990), as well as to the plasma
membrane (Saks and Kupriyanov, 1982; for a recent review, see Wallimann
et al., 2007), were met with some resistance by the muscle research community.
It was said that a soluble enzyme cannot be compartmentalized in a cell, that
neither mitochondria nor myofibrils would depend functionally on CK bound at
these locations, and — above all — that myofibrillar CK would certainly not play
a structural role in the M-line architecture as proposed by us (Wallimann, 1983).
As a matter of fact, the first notion of the existence of a PCr-shuttle in
muscle, put forward by Martin Klingenberg and colleagues in 1964 (Jacobs
et al., 1964), was based on the identification of an unique mitochondrial CK
(mtCK) isoform, while the evidence for myofibrillar-bound CK was only incidental.
These rather intuitive ideas concerning a PCr-shuttle were further developed by
Naegle et al. (1964), Bessman and Fonyo (1966), Scholte (1973) and Jacobus and
Lehninger (1973) into an “acceptor control concept”. According to this concept,
extra-mitochondrial creatine is able to stimulate mitochondrial respiration, with the
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stimulation being mediated by mtCK. In other words, mitochondria are able to
produce PCr as high-energy phosphate output by a process called “Cr-stimulated
respiration” (Dolder et al., 2003). With the unambiguous demonstration that a
fraction of “cytosolic” muscle-type MM-CK is bound to the sarcomeric M-band,
a more complete picture of the PCr-shuttle concept slowly emerged (Bessman
and Geiger, 1981; Saks et al., 1978; Schlattner et al., 2006; Wallimann 1975;
Wallimann et al., 1977, 1992, 2007; Wegmann et al., 1992; Wyss et al., 1992;
see also chapter 3; Saks et al., 2007). Now, more than thirty years after these
historical findings, many excellent publications from independent laboratories have
corroborated (i) the concept of microcompartmentation of the CK isoenzymes,
(ii) directional flux and transport of high-energy phosphates within a cell, (iii)
functional coupling of mtCK to the adenine nucleotide translocase (ANT) of the
inner and the voltage-gated anion carrier (VDAC = porin) of the outer mitochondrial
membrane, thereby forming a mitochondrial energy channeling unit (Schlattner
et al., 2006; Wallimann et al., 1998; see also chapter 3; Saks et al., 2007), and
(iv) the physiological function of the CK/PCr system in alleviating the diffusional
limitations of adenine nucleotides, especially in polar cells such as spermatozoa
(Kaldis et al., 1997; Tombes and Shapiro, 1985), photoreceptor cells of the retina
(Hemmer et al., 1993) or inner ear sensory hair bundle cells (Shin et al., 2007). The
PCr-shuttle concept was also helped by integrating structural and functional aspects
of the aesthetically rewarding three-dimensional structure of mitochondrial mtCK
(Fritz-Wolf et al., 1996; Schlattner et al., 1998) and by experiments showing that
muscle-type MM-CK was specifically anchored to the M-band by two lysine-charge
clamps that are symmetrically exposed on the MM-CK dimer to make contact with
the M-band proteins, myomesin and M-protein (Hornemann et al., 2003; Wallimann
et al., 2007). It is important to note that the octameric structure of mtCK has been
“invented” very early in evolution; that is, mtCK octamers are found already in
certain species of sponges (Hoffman and Ellington, 2005; Hoffman et al., 2006; see
also chapter 2; Ellington and Suzuki, 2007), thus reinforcing the eminent importance
of this octameric enzyme for cell and organ function.

2.3. Phenotypes of Creatine Kinase Knockout Mice

If CK, Cr and the PCr-shuttle were so important, how should we explain that the
various CK isoenzyme knock-out mice are not lethal and show, at first glance, only
relatively mild phenotypes (Steeghs er al., 1995; see also chapter 7; Heerschap
et al., 2007)? As a matter of fact, these CK isoenzyme knock-out mice are around
now for more than 10 years, and each year, by virtue of more in-depth studies and by
using more sophisticated methods, some new severe and rather interesting impair-
ments of normal cell and organ function are being discovered. The latest addition to
this list is the finding that cytosolic brain-type BB-CK and ubiquitous mtCK double
knock-out animals show significant impairment in inner ear physiology, exhibiting
a great reduction in hearing threshold and abnormal tympanic function for body
balance (Shin ef al., 2007). This is an interesting lesson for mouse geneticists, who
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initially thought that the severity of phenotypes, after knocking out a given gene,
would be proportional to the “importance” of this gene. Fact is, however, that the
principle successfully used in the aviation industry, namely that the most important
functionalities have to be backed-up by several independent alternative mechanisms,
also seems to apply to biological systems. In other words, it became obvious that
tampering with the CK system leads to a host of compensatory events that can be
uncovered when analyzing these transgenic animals with appropriate diligence. For
example, an amazing proliferation of mitochondria is seen in glycolytic fast-twitch
fibers of CK knock-out animals that makes them look like insect flight muscle fibers
(Novotova et al., 2006; van Deursen et al., 1993; Ventura-Clapier et al., 2004). This
compensation mechanism represents an effective means of decreasing diffusion
distances for ATP from mitochondria to myofibrils, since it is no longer PCr and
Cr, but ATP and ADP, that have to be shuttled along this line in these muscle
fibers. Such compensatory measures of cells and organs are teaching a great lesson,
in particular on the plasticity of biological organisms with their remarkable ability
to adapt to challenging situations. In addition, they can provide direct hints at
the deleted gene’s functions. Despite the above-mentioned back-up systems and
compensation mechanisms, the phenotypes of some CK knock-out mice are severe
enough to make their survival in the wild seem unlikely, due to impaired voluntary
running capacity (Momken et al., 2005), reduced cardiac performance at high work-
load (Crozatier et al., 2002), as well as a number of neuro-behavioral deficits
(Jost et al., 2002; Streijger et al., 2004, 2005). In addition, double knock-out mice
with a deletion in both the cytosolic BB-CK and the ubiquitous mtCK isoenzymes
displayed severe problems to hold body temperature and to breed (own unpublished
observation), which can be deadly in a harsh natural environment.

24. Discovery of Creatine and First Trials with Creatine
Supplementation

The French scientist, Michel Eugene Chevreul, discovered Cr in 1832 as a new
organic constituent that could be extracted from meat (“kreas” in Greek). In
1847, the German scientist, Justus von Liebig, chemically identified Cr as methyl-
guanidino-acetic acid, a relatively simple guanidino compound. Today, we know
that Cr is found in fresh meat and fish in concentrations ranging from 3 to 10 grams
per kg wet weight. Justus von Liebig supported his laboratory largely by producing
and selling meat broth, the famous Liebig’s meat extract or Fleischbriihe in German,
which contained about 8% Cr (Sulser, 1968). This was obviously the first attempt
to bring Cr supplementation into the public domain with a small spin-off company,
as one would call it today, with more such to come in the 1990ies for selling Cr
to athletes. In the 1880ies, creatinine (Crn) was discovered and it was realized that
this compound was likely the natural breakdown product of Cr. In 1926, Chanutin
surmised, based on what was probably one of the first Cr supplementation trials
in the history of mankind, that creatine is absorbed by the intestine and, thus, can
be taken up rather quantitatively from alimentary sources such as fresh fish and
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meat (Chanutin, 1926). In 1927, about a century from the discovery of Cr, PCr
was discovered (Eggleton and Eggleton, Fiske and Subbarow). For a review on the
historic aspects of Cr, see Conway and Clark (1996).

Unfortunately, during the next decades, Cr supplementation was followed-up
only with low-key research at most. Reminiscent of this time is that some body
builders and weight-lifters resorted, as it was told, to “sweated beef”, a method to
extract Cr from meat by hot steam, resulting in a highly Cr-enriched meat juice
that was anecdotally said among the members of the “scene” to be beneficial for
muscle growth and performance. Not to forget is the so-called “Jewish medicine”,
a concentrated chicken soup from a fresh chicken boiled to perfection, used as
traditionally inherited panacea within the Jewish community that served to “cure”
almost everything. Finally, worth mentioning in the same context is the ritual
consumption by the new mother of the after-birth placenta, which is also rich in Cr,
a tradition followed by many ancestral civilizations. Could one of the most active
ingredients in these concoctions have been Cr? Nobody knows, but in hindsight and
in light of the present knowledge on the pleiotropic effects of Cr supplementation,
it could have been the decisive active principle.

Serious, double-blinded and placebo-controlled research with Cr supplementation
was started in the early 1990ies only, and the seminal papers on “Elevation of
creatine in resting and exercised muscle of normal subjects by creatine supplemen-
tation” (Harris et al., 1992) and on the “Influence of oral creatine supplementation
on muscle torque during repeated bouts of maximal voluntary exercise in man”
(Greenhaff et al., 1993) initiated a big boost in Cr supplementation studies, mostly
with athletes (chapter 12; Hespel and Derave, 2007). Interestingly, Roger Harris
published his study in the very same year as Linford Christie (100 m dash) and Sally
Gunnell (400 m hurdles) celebrated their Olympic victories, thereafter mentioning
that they both ingested Cr. It seems that, once again, top athletes with the help of
sports doctors did out-run the basic scientists.

Many of the several hundreds of publications from leading sports physiology
laboratories around the world are clearly proving that Cr, in contrast to many
other sports nutrition supplements, is a true ergogenic aid (chapter 12; Hespel and
Derave, 2007). Nowadays, hundreds of thousands, if not millions of athletes of all
proveniences are consuming Cr worldwide to boost physical performance, without
any serious side effects, it seems (chapter 14; Persky and Rawson, 2007).

2.5. Human Patients with Cr Deficiency Syndromes

The ultimate proof that the CK system and Cr as such are essential for normal brain
development and brain function came actually from the discovery of Cr deficiency
patients (see chapters 8 and 9; Stockler et al., 2007; Schulze and Battini, 2007).
The findings in man were subsequently supported by a transgenic mouse model,
where one of the Cr biosynthesis enzymes, guanidinoacetate methyltransferase
(GAMT), had been ablated (Renema et al., 2003; Schmidt er al., 2004; see also
chapter 7; Heerschap et al., 2007). Patients which lack Cr in the brain, either
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due to a defect in Cr biosynthesis (Schulze, 2003; Stockler-Ipsiroglu, 1997,
Verhoeven et al, 2005) or in the Cr transporter (deGrauw et al, 2003;
Kleefstra et al., 2005; Rosenberg et al., 2004), present with mental retardation,
speech- and language delay, epilepsy and autistic-like behaviour (for details, see
the relevant chapters 8 and 9 in this book; Stockler et al., 2007; Schulze and
Battini, 2007). Patients with a defect in Cr biosynthesis can be treated with Cr
supplementation in combination with dietary restriction and/or additional supple-
ments. These treatments, if started early, may prevent the development of clinical
symptoms (Bianchi et al., 2007; Schulze, 2003; Verbruggen et al., 2007). These new
and clinically relevant discoveries, supporting (i) the importance of the CK system
and of Cr for normal physiological function of the human body, most importantly
the brain, and (ii) justifying CK and Cr-related research in the realm of rare human
diseases, gave a new wave of recognition to the CK/Cr system.

3. PLEIOTROPIC EFFECTS OF CREATINE

Common denominators for many muscular, neuromuscular and neurodegener-
ative diseases are (i) lowered energy status, that is decreased cellular energy
reserves (PCr and ATP), (ii) accompanying chronic calcium overload, due to
a misbalance in the energetics of calcium homeostasis, and (iii) concomitant
formation of reactive oxygen species (ROS) (Rodriguez et al., 2007; Tarnopolsky
and Beal, 2001). Incidentally, the most obvious phenotype of knockout mice
lacking CK in muscle were difficulties with calcium sequestration and muscle
relaxation (Steeghs et al., 1997). Accordingly, Cr supplementation was shown to
improve calcium homeostasis in the mdx muscular dystrophy mouse model (Pulido
et al., 1998) and muscle relaxation in humans (Hespel et al., 2002). These findings
are easily explainable by the fact that the calcium pump ATPase of the SR is
energetically very demanding and only works efficiently if a high local ATP/ADP
ratio is maintained by the action of CK functionally coupled to this very SR calcium
pump (Wallimann and Hemmer, 1994; Wallimann et al., 2007). Cr supplemen-
tation in general increases the PCr pool of cells, provided that ATP synthesis is
not impaired and that sufficient free ATP is available to reload the PCr buffer
(Vandenberghe et al., 1997). Thus indirectly, through an improved energy state, Cr
would stabilize cellular calcium homeostasis and thereby prevent prolonged calcium
overload which is thought to be responsible for the initiation of apoptosis, necrosis
(Kroemer et al., 2007) or cell destruction in general (Passaquin ef al., 2002), due
to the initiation of mitochondrial permeability transition pore opening or due to the
action of calcium-activated proteases, respectively.

As evidence for the above, in vitro treatment of cells as well as dietary supple-
mentation of animals with Cr are highly beneficial with regard to protection
from injury and enhancement of survival following noxious treatment (Brewer
and Wallimann, 2000; Brustovetsky et al, 2001; Sullivan er al, 2000). Since
Cr supplementation leads to an increase in intracellular PCr levels, a higher
PCr/ATP ratio (Vandenberghe et al., 1997) and thereby to a higher buffering
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capacity for intracellular ATP and ADP concentrations, one could explain at least
part of the Cr-dependent protection of cells from various stressors, especially
the neuroprotective effects of Cr (see chapters 8-11; Stockler er al, 2007,
Schulze and Battini, 2007; Tarnopolsky, 2007; Klein and Ferrante, 2007), by the
classical beneficial effects of Cr in improving the cellular energy state. Cr supple-
mentation mediates remarkable neuroprotection in experimental animal models
of amyotrophic lateral sclerosis (ALS), Huntington’s disease (HD), Parkinson’s
disease, and traumatic brain and spinal cord injury (see chapters 10 and 11 herein;
Tarnopolsky, 2007; Klein and Ferrante, 2007). Prophylactic Cr administration
also mediates neuroprotection in cerebral ischemia in mice (Adcock et al., 2002;
Prass et al., 2007; Zhu et al., 2004). Transgenic mice expressing high levels of
BB-CK in liver cells, which normally express only very low levels of this enzyme,
show a high degree of resistance to tumour necrosis factor-induced and hypoxia-
induced apoptosis of liver cells when supplemented with dietary creatine (Hatano
et al., 2004). Furthermore, Cr exhibits a protective effect against ROS in cultured
mammalian cells (Sestili et al., 2006) and against UV-induced oxidative stress in
intact human skin (Berneburg et al., 2005; Lenz et al., 2005).

It is thus believed that the presence of the CK system improves the stress resis-
tance of cells, making them less susceptible to injury. Congruent with the above
discussion, three non-exclusive mechanisms of action underlying the protective
effect of creatine are presently discussed: (1) The energy buffer and storage function
of the CK/PCr system is thought to keep the ATP/ADP ratio high during situations
of stress, which otherwise might lead to cellular dysfunction and, eventually, cell
death. A high cellular energy state and high local ATP/ADP ratios are particularly
critical for efficient calcium pump function (Minajeva et al., 1996; Wallimann
and Hemmer, 1994). Thus, compromised cellular energetics lead to a unbalance
in calcium homeostasis and, in the long run, to chronic calcium overload. A
convincing proof for the utmost importance of the CK system for cellular calcium
homeostasis is the phenotype of mice with ablated CK genes (de Groof et al., 2002)
that show problems with muscle relaxation and calcium re-uptake into the SR.
(2) Cr is thought to act in concert with mtCK in inhibiting mitochondrial perme-
ability transition pore opening, an early trigger of apoptosis (Dolder ef al., 2003;
O’Gorman et al., 1997). MtCK, a cubical-shaped octamer with a central channel,
was shown to form a multienzyme complex with porin of the outer mitochon-
drial membrane and adenine nucleotide translocase (ANT) of the inner membrane
(Brdiczka et al., 1998; Schlattner et al., 2006). This complex crosslinks the two
mitochondrial membranes and forms a functionally coupled microcompartment for
vectorial export of PCr into the cytosol. Disruption of the octameric structure of
mtCK leads to an impairment of energy homeostasis and facilitated transition pore
opening (O’Gorman et al., 1997), which eventually results in activation of caspase
cell-death pathways (Kroemer et al., 2007). (3) A coordinated action of mtCK
activity with oxidative phosphorylation is facilitated by tight functional coupling
of mtCK with ANT (Dolder et al., 2003), leading to the well-known phenomenon
termed “creatine-stimulated respiration” that can also be demonstrated in vivo
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(Kay et al., 2000). Under physiological conditions, when mitochondrial respiration
is directly stimulated by Cr, endogenous intramitochondrial adenine nucleotides
are recycled inside mitochondria, and PCr is leaving the mitochondria as the
energy-rich end product of respiration (Dolder et al., 2003). The addition of Cr to
respiring mitochondria also induces an optimal coupling of the respiratory chain to
ATP generation by the F1-ATPase. This leads to a significantly reduced production
by the respiratory chain of ROS in mitochondria, compared to mitochondria without
Cr. Thus, the accompanying deleterious consequences of mitochondrial ROS for
cell damage are minimized by Cr, as has recently been demonstrated convincingly
with brain mitochondria (Meyer et al., 2006).

In addition to the above, Cr is released from cells after hypo-osmotic swelling
(Bothwell et al., 2001) and, conversely, serves as an osmolyte that is taken up
by cells under hypertonic stress (Alfieri et al., 2006). Recent evidence indicates
that Cr is not only synthesized in the brain where it is trafficking back and forth
between various neuronal cell types and being taken up by neurons (chapters 4 and
5; Braissant et al., 2007; Tachikawa et al., 2007), but that it can also be released
from neurons in an action-potential-dependent way, e.g. upon excitation of neurons
(Almeida et al., 2006). This exocytotic release of Cr, together with its action
as a partial GABA, receptor agonist (De Deyn and Macdonald, 1990), indicates
that Cr may act as a neuromodulator. The actions of Cr as an osmolyte and a
neuromodulator, as well as its direct or indirect effects as an anti-oxidant (Berneburg
et al., 2005; Lenz et al., 2005; Sestili et al., 2006), represent non-energy related
functions of Cr that may contribute to the pleiotropic effects observed with Cr.

Systems biology approaches involving the study of global gene expression of Cr-
substituted versus Cr-depleted cells and organs or whole animals are likely to reveal
novel and unexpected effects of Cr. A particularly interesting topic for study will
be the connection of PCr and Cr to cellular signaling networks and, in particular,
the AMPK signaling cascade. Recent breakthroughs in phosphoproteomics (Boden-
miller et al., 2007) should facilitate investigation of whether Cr supplementation
stimulates phosphorylation of AMPK and, thereby, triggers the AMPK signaling
cascade.

4. CONCLUSIONS

After a continuous up-hill battle for most who have been active in the CK- and
Cr-related research field, to obtain grants and funding over all those years, I would
never have dreamed that, one day, some of the ideas and concepts elaborated by
basic laboratory scientists would come to fruition with respect to human health
and disease and that they could, potentially, have significant health and socio-
economic benefits. This is certainly rewarding, and this spirit, together with a
positive outlook for an interesting future for CK- and Cr-related research ahead,
prevails throughout the book, including the concluding chapter (chapter 16; Wyss
et al., 2007). Again, this book is important, for it represents a timely synopsis of
past achievements and new developments in the field. Significant advances have
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been made in deciphering some important aspects of the molecular structure and
function of CK, the involvement of this enzyme in cellular energy distribution
networks, and in revealing new and unexpected facts on the pleiotropic effects of
Cr. These effects are important for normal cell function and can be exploited for
practical application in health and disease. The reader can expect to learn much
about the multifaceted role of CK and Cr in the context of cellular bioenergetics and
will appreciate the broad spectrum of multidisciplinary approaches from molecular
to cellular and finally to clinical Cr-related research.

Again, overall, this book makes a highly recommended reading for everybody
interested in bioenergetics, energy homeostasis, as well as in theoretical and applied
aspects of CK and Cr research, including the potential benefits of Cr supplemen-
tation for human health and disease. I can endorse the outlook given in the final
chapter (chapter 16; Wyss et al., 2007), where some interesting new aspects and
possibilities concerning the future directions of Cr-related research are given, more
appropriate Cr supplementation dosages are recommended, a list of clinical appli-
cations of Cr is provided, and potentially valuable new applications of Cr are
presented for healthy people, both young and old. Thus, it is obvious that Cr has
evolved from a simple “energy precursor metabolite” to a “true” ergogenic dietary
supplement and, finally, to a promising cheap therapeutic agent with a potentially
huge health and socio-economic impact. An exciting new era for the Cr field is
conveyed not only for the Cr research community but also for the general reader
of this book.
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Abstract: The creatine kinase (CK)/phosphocreatine (PCr) energy buffering system is widespread
in animal groups. Recent genomic sequencing and experimental results support the view
that the capacity for creatine biosynthesis and membrane transport may have evolved
quite early, perhaps coincident with CK. Conventional wisdom would suggest that CK
evolved from an ancestral protein most similar to the CK homologue, arginine kinase.
This early CK gene subsequently diverged into the cytoplasmic, mitochondrial and
flagellar CK gene families. It is now clear that both the mitochondrial and cytoplasmic-
flagellar genes were present prior to the divergence of sponges from the multi-cellular
animal (metazoan) lineage, possibly as long as a billion years ago. Sponges constitute
the most ancient, extant metazoan group. It is likely that the primary function of the CK-
PCr system in these primitive animals was to mitigate reaction-diffusion constraints in
highly polarized cells such as spermatozoa and choanocytes, the water current generating
cells in sponges

1. CELLULAR REQUISITES FOR CK-BASED ATP, INORGANIC
PHOSPHATE AND PROTON BUFFERING

Creatine kinase (CK) is a member of a highly conserved family of phosphoryl
transfer enzymes called phosphagen (guanidino) kinases. Phosphagen kinases
catalyze the reversible transfer of phosphate from a phosphorylated guanidine
compound (phosphagen) to ADP yielding ATP and the guanidino substrate. In
addition to CK, a broad range of other phosphagen kinases have been discovered
and characterized including arginine, glycocyamine, hypotaurocyamine, lombricine,
opheline, taurocyamine and thalassemine kinases (reviewed by Ellington, 2001).
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The CK reaction (phosphocreatine [PCr] + MgADP + H™ < creatine [Cr] +
MgATP) fulfills a variety of physiological roles in cells displaying high and
variable rates of ATP turnover including (a) temporal and spatial ATP buffering,
(b) regulation of glycogenolysis through the sequestration and release of inorganic
phosphate and (c) intracellular pH regulation via the liberation of inorganic
phosphate, an effective proton buffer, upon net PCr hydrolysis (Ellington, 2001).
Much of our understanding of these physiological roles as well as the nature of CK
is based on studies of higher animals, mostly mammals and birds. However, the
CK/PCr system is widespread in higher and lower invertebrate groups.

Creatine is isolated from the mainstream of amino acid metabolism and as such
is a dead-end compound; its sole known metabolic fate is to be phosphorylated
and dephosphorylated by the CK reaction (Walker, 1979). Creatine and phospho-
creatine are subject to a spontaneous, non-enzymatic conversion to creatinine and
phosphocreatinine which amounts to a significant drain on the cellular Cr/PCr
pool (Walker, 1979). Clearly, a major requisite for a functional CK/PCr system
is a source of Cr either from de novo biosynthesis and/or dietary uptake (Wyss
and Kaddurah-Daouk, 2000). This former process is mediated by a biosynthetic
pathway involving arginine:glycine amidinotransferase (AGAT) and guanidinoac-
etate methyltransferase (GAMT) (Wyss and Kaddurah-Daouk, 2000). If Cr is
acquired from the diet, or its biosynthesis is compartmentalized within a given
organism, for phosphorylation to take place Cr must be transported across plasma
membranes into cells containing CK. A Nat-and Cl~-dependent Cr transporter
(CreaT) appears to facilitate this process (Wyss and Kaddurah-Daouk, 2000; Snow
and Murphy, 2001). The last, essential requisite is the presence of CK. In higher
organisms, the original CK gene has diverged into three CK isoform families,
cytoplasmic, mitochondrial and flagellar (Cyt-, Mt- and FIgCKs), each targeted to
different cellular micro-compartments (Wallimann et al., 1992, Ellington, 2001).

This chapter will demonstrate that the bulk of the critical requisites for the
functioning of the CK/PCr system — Cr biosynthetic capacity, CreaT and CK isoform
diversity — were likely present early in the radiation of metazoans. Furthermore,
we will argue that the driving force for the evolution of this system was related to
problems of spatial mismatch of ATP supply and demand in highly polarized cells.

2. Cr/PCr AND Cr BIOSYNTHETIC CAPACITY
ARE WIDESPREAD IN LOWER GROUPS

The presence of Cr and PCr in protochordates and invertebrates has long been
recognized (Roche er al., 1957; Robin, 1964; Van Pilsum et al, 1972; Beis
and Newsholme, 1975; reviewed in Ellington, 2001). While the capacity for Cr
biosynthesis in vertebrates is well established (Walker, 1979; Wyss and Kaddurah-
Daouk, 2000), until recently considerable doubt has existed as to whether lower
groups such as protochordates and invertebrates possessed such a capacity. In an
extensive survey of Cr levels and potential activities of AGAT and GAMT in
higher and lower animals, Van Pilsum et al. (1972) were unable to detect significant
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Cr biosynthetic enzyme activities in selected protochordates and invertebrates, even
in groups that exhibited substantial tissue levels of Cr. These authors argued that
these organisms likely maintained Cr/PCr pools from dietary sources and/or direct
uptake from seawater in the case of marine species (Van Pilsum et al., 1972). In
support of the latter possibility, they subsequently demonstrated that the marine
worm Glycera dibranchiata, a species that maintains high muscle Cr/PCr levels
(Van Pilsum et al., 1972), is capable of taking up Cr directly from seawater
in a process that demonstrated transporter-like saturation kinetics (Van Pilsum
et al., 1975).

The potential for Cr biosynthesis in lower groups was recently re-examined
by DeLigio and Ellington (2006). These authors argued that dietary uptake as a
generic source of Cr is unlikely due to spectacular diversity of feeding strategies
in these groups — strict herbivores, omnivores, raptors, detritus/deposit feeders and
filter feeders (DeLigio and Ellington, 2006). Furthermore, they also discounted the
potential for direct uptake from seawater given the low and variable natural levels
of Cr and the fact that Cr would be subjected to the same non-enzymatic conversion
to creatinine as takes place in living systems.

DeLigio and Ellington (2006) found that the protochordate tunicate (sea squirt)
Ciona intestinalis expresses GAMT in four different tissues. When the cDNA
for this GAMT was expressed in E. coli, the resulting recombinant GAMT
displayed similar specific activities and apparent K, for guanidinoacetate as typical
mammalian GAMTs. Furthermore, quantitative PCR demonstrated that this GAMT
is expressed primarily in the stomach and gonad, close to the site of packaging of Cr
into the primitive-type spermatozoa of this organism (DeLigio and Ellington, 2006).
In addition to the empirical studies, DeLigio and Ellington (2006) also conducted
extensive mining of genomic and EST sequences available in GenBank and
other on-line data repositories. GAMT sequences were found in the protochordate
lancelet Branchiostoma, the sea urchin Strongylocentrotus and in the primitive
colonial hydroid Hydractinia. Furthermore, AGAT sequences were found in Ciona,
Branchiostoma and Strongylocentrotus (DeLigio and Ellington, 2006).

The available data support the view that the capacity for de novo Cr biosynthesis
is likely widespread in the higher and lower invertebrate groups that maintain
significant Cr/PCr pools and express CK. Validation of this assertion will come from
the numerous genome and EST sequencing projects that are currently underway.

3. CreaT IS PRESENT IN PROTOCHORDATES AND LIKELY
IN INVERTEBRATE GROUPS

CreaT couples the movement of Na™ and Cl~ down their concentration gradients
with the movement of Cr across the plasma membrane. CreaT is a member of a
family of solute transporters (see chapter 6; Christie, 2007; Wyss and Kaddurah-
Daouk, 2000). The annotated genomic database for the tunicate Ciona shows that
this protochordate does have the gene that codes for CreaT, as shown in Figure 1.
Although the solute specificity of the Ciona transporter has not been experimentally
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1 50

ci01001489 MNPQPSTGTR-CPSCCASNPCGDLPCNCNMVSAS --GQRETWDKKLDFIL
Torpedo MPSRAVRRCPGHLCKEMRAPRRAQPPDVPAGEPGSRVIWSRQMDFIM

51 100

ci01001489 SCVGFAVGLGNVWRFPYLCYKNGGGAFLIPYLLFIVTSGVPVFFLETSLG
Torpedo SCVGFAVGLGNVWRFPYLCYKNGGGVFLIPYLLVAVFGGIPIFFLEISLG
101 150
ci01001489 QFMKQGGIGIWNICPLMKGIGFASTVIVFFCNCYYILVLTWAIYYLYRSF
Torpedo QFMKAGGINAWNIAPLFKGLGYASMVIVFFCNTYYILVLTWSSFYLVQSF
151 200
ci01001489 TAVLPWATCGNAWNTNGSTNTSLLNSTSSFNFTS-LSSPVIEFWEREVLK
Torpedo SSPLPWASCNNTWNTAACYEAGANASTEIYPPTAPAQSSIVQFWERRVLR
201 250
ci01001489 ITSDITETGSIRWELAICLFIAWVLCYVCICKGVRATGKIVYFTALFPYV
Torpedo LSSGLGDVGEIGWELTLCLTATWMLVYFCIWKGVKTSGKVVYVTATFPYI
251 300
ci01001489 VLLCLLIRGSMLPGALKGVEFYIKPNWTKLQEAQVWIDAGTQVFFSYAIG
Torpedo ILVILLVRGVTLHGAVQGIVYYLQPDWGKLGEAQVWIDAGTQIFFSYAIG
301 350
ci01001489 LGALSALGSYNLYNNDCFKDCLILATVNSATSFFAGFVIFTFLGFMAHEQ
Torpedo LGTLTALGSYNQLHNDCYKDAFILSLVNSATSFFAGLVVFSILGFMAVEE
351 400
ci01001489 RVPIERVAESGPGLAFIAYPKGVTLMPLSPLWSCLFFLMILMLGLDSQFV
Torpedo GVDISVVAESGPGLAFIAYPKAVTLMPFPQVWAVLFFIMLLCLGLGSQFV
401 450
ci01001489 GVEGFLTAIIDMYPRVL--RPKRAIFAAVTCSVCFLVALSMITEGGMYVF
Torpedo GVEGFVTAILDLWPSKFSFRYLREVVVAMVICLSFLIDLSMITEGGMYIF
451 500
ci01001489 QIFDYYSASGMTLLWMSLWECVTIAWIYGAERYYQDLKDMIGYRPPSLFK
Torpedo QIFDYYSASGTTLLWTAFWECVAVAWVYGGDRYLDDLAWMLGYRPWALVK
501 550
ci01001489 YCWLFVTPAVALGILIFVLVSHKPLTYNRTYEYPWWGLLIGWVLALSSML
Torpedo WCWSVITPLVCMGIFTFHLVNYKPLTYNKTYTYPWWGEAIGWCLALASML
551 600
ci01001489 CVPIVAAYRLAKAKGSTFLQRFSNAIRPQFKSHH-SEKYWDGKLMQNIFI
Torpedo CVPTTVLYSLSRGRGS-LKERWRKLTTPVWASHHLAYKMAGAKINQPCEG
601 615
ci01001489 TE
Torpedo VVSCEEKVVIFESVL

Figure 1. Multalin (http://prodes.toulouse.inra.fr/multalin/) sequence alignment of a deduced
amino acid sequence from a genomic sequence contig (ci01001489; http://genome.jgi-psf.org/
ciona4/ciona4.home.html) of a CreaT from Ciona with the CreaT from the electric ray Torpedo (Guimbal
and Kilimann, 1994).

validated, our BLAST searches consistently have shown that this protein is most
similar to vertebrate CreaTs (Ellington, unpublished observations).

tBLASTn searches of the sea urchin Strongylocentrotus genomic database
(http://www.ncbi.nlm.nih.gov/genome/guide/sea_urchin/) using the Ciona CreaT
deduced amino acid sequence as a query have revealed a number of promising CreaT
gene candidates (Ellington, unpublished observations). The previously mentioned
observation that the marine worm Glycera has carrier-mediated capacity for Cr
uptake (Van Pilsum et al., 1975) supports the view that CreaT is also present in
this protostome invertebrate. It should be noted that the apparent K, for Cr uptake
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in Glycera was 37 pM (Van Pilsum et al., 1975), which falls in the middle of
the range of corresponding K,, values for vertebrate CreaTs (Wyss and Kaddurah-
Daouk, 2000). The available evidence is highly suggestive that CreaTs are widely
distributed in lower animal groups.

4. CK ISOFORM DIVERGENCE OCCURRED AT THE DAWN
OF THE RADIATION OF THE METAZOA

Creatine kinases actually constitute a superfamily of three isoform gene families
each targeted to different intracellular compartments — cytoplasmic (CytCK),
mitochondrial (MtCK) and flagellar (FIlgCK) CKs. The former two gene families
code for proteins that exist as oligomers — CytCKs are dimers while typical MtCKs
exist as both dimers and octamers, with the latter predominating under physiological
conditions (Wallimann et al., 1992; Wyss et al., 1992). FlgCKs are “contiguous
trimers” consisting of three fused, complete CK domains in a single polypeptide
chain and most likely resulted from a gene duplication/fusion event followed
by unequal crossing over (Wothe ef al., 1990). CytCKs, octameric MtCKs and
FlgCKs evolved before the divergence of the protostome (most invertebrates such
as arthropods, mollusks, worms) and deuterostome (echinoderms, protochordates,
vertebrates) lineages, at least 650 million years ago (Ellington et al., 1998; Suzuki
et al., 2004).

Sponges (phylum Porifera) are the most ancient, extant group of multi-cellular
animals, having diverged from the metazoan lineage as much as a billion years
ago (West and Powers, 1993). Early (Roche et al., 1957; Robin and Guillou, 1980)
and more recent (Ellington, 2000) studies showed that these organisms contain Cr
and CK activity. Sona et al. (2004) cloned and expressed in E. coli the cDNAs
for three CKs from the sponge Tethya aurantia. One of these CKs, denoted CK2,
corresponded to a true MtCK and contained a mitochondrial targeting sequence.
Interestingly, when CK2 was expressed, it was found to be an obligate dimer (Sona
et al., 2004). The other two CKs, denoted CK1 and CK3, displayed great sequence
similarities to the domains of the FIgCKs from the marine worm Chaetopterus, the
sea urchin Strongylocentrotus and the tunicate Ciona; these CKs were found to be
dimeric in quaternary structure (Sona et al., 2004).

A phylogenetic analysis of these Tethya CK sequences with other CKs is shown
in Figure 2. Three distinct clusters are evident — mitochondrial, flagellar and
cytoplasmic CKs. Tethya MtCK (CK2), not surprisingly, is at the base of the MtCK
lineage, which consists of octameric MtCKs from protostomes and deuterostomes
(Figure 2). Given its dimeric quaternary structure and basal position in the MtCK
lineage, it is clear that the sponge MtCK is an immediate ancestor of MtCKs in
higher groups. The CytCKs form a distinct lineage with the protostome CytCKs
forming a distinct sub-cluster (Figure 2). The protochordate tunicate Ciona is at the
base of the sub-cluster containing the muscle-type (M) and brain-type (B) CytCKs
found in the vertebrates (Figure 2).
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Figure 2. Neighbor Joining (NJ) tree showing the position of the sponge Tethya CKs in relation to the
Mt-, Flg- and CytCK clusters [vertical lines] (from Sona et al., 2004). FlgCKs are denoted fCK.

The two dimeric CK1 and CK3 from Tethya do not cluster with the CytCKs but
rather are weakly associated with the FIgCK cluster (Figure 2). Previous phyloge-
netic analyses have shown that the FIgCKs are much more closely related to the
CytCKs than MtCKs (Suzuki et al., 2004). Given the sequence similarities between
Tethya CK1 and CK3 and the domains of the FIgCKs as well as the phyloge-
netic results (Figure 2), these CKs have been referred to as protoflagellar CKs
(protoflgCKs; Sona et al., 2004). It is possible that these protoflgCKs in sponges
constitute the immediate ancestors of the FlgCKs and are basal to the CytCKs,
which evolved later.

CKs are thought to have evolved from an ancestral protein most similar to arginine
kinase (AK) (Watts, 1971). AKs are considered basal because these proteins are
typically functional monomers, utilize an unmodified amino acid substrate, arginine,
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and are widely distributed in the invertebrates and protozoa (Ellington, 2001; Uda
et al., 2006). CKs likely emerged as a result of an AK gene duplication event
followed by divergence leading ultimately to the acquisition of creatine specificity
and dimeric quaternary structure. Subsequent gene duplication events led to the
evolution of the CK isoform system.

5. THE EARLY PHYSIOLOGICAL ROLE OF THE CK/PCr
SYSTEM

The MtCK and protoflg/FIgCK lineages were present prior to the divergence of the
most ancient, living group of multi-cellular animals — the sponges. CK isoform genes
are clearly ancient. This observation sets the stage for a number of fundamental
questions: (a) What were the driving forces that led to CK isoform diversity? And
(b) what is (are) the physiological role(s) of the CK/PCr system in sponges and
their immediate ancestors?

To answer the above questions, it is useful to point out an interesting
set of puzzling patterns with respect to the distribution of phosphagens and
their corresponding phosphagen kinases. Many protochordates and invertebrates
display what has been termed the “pluriphosphagen” phenomenon (Robin, 1964;
Ellington, 1989). That is, within a given organism, more than one phosphagen and
its corresponding phosphagen kinase may be present. This is particularly true of
marine worms where as many as three different phosphagen systems may be present
in a single organism. However, a very consistent pattern of cellular distribution
with respect to CK/PCr is seen. In marine worms, echinoderms and protochor-
dates, regardless of which phosphagen system is present in somatic cells and eggs,
the spermatozoa in these groups, without exception, express CK and accumulate
significant pools of PCr and Cr (Ellington, 1989, 2001).

The CK/PCr system plays a critical role in sperm motility due to the extreme
polarization of ATP source (mitochondria in the sperm mid-piece) and ATP sink
(dynein ATPases in the flagellum), creating reaction-diffusion constraints. This
role in spatial ATP buffering in spermatozoa has been validated experimentally
(Tombes et al. , 1985; Van Dorsten et al., 1995). Primitive-type sperm contain
true Mt- and FlgCKs (Tombes and Shapiro, 1989); FlgCKs are localized in the
flagellar membrane via a myristate anchor (Quest ez al., 1992). Thus, CK activities
are localized at ATP source and sink providing the elements for a spatial ATP
buffering and energy transport pathway as is shown in the right portion of Figure 3.

Sponges and other basal metazoans typically shed gametes into the water column
for external fertilization. The primitive type sperm of these organisms are highly
motile. Certainly, one likely site where Mt- and protoflgCKs could be expressed
in sponges is in sperm. While the sponge protoflgCKs do not appear to undergo
myristoylation, these proteins are most likely cytoplasmic and would be distributed
throughout the cell, including the flagellum. Thus, these cells would have the CK
elements necessary for a fully functional spatial ATP buffering system.
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Figure 3. Spatial ATP buffering by the CK/PCr system in spermatozoa and sponge choanocytes.
Abbreviations: Mt (mitochondrion); N (nucleus); oxphos (oxidative phosphorylation).

A second cell type in sponges may also be a likely site for CK isoform expression.
Sponges have unique and highly specialized, flagellated cells called choanocytes
(Figure 3), which generate the water currents in these organisms that provide
nutrients and oxygen and remove wastes. Choanocytes form water-filled chambers
within sponges and generate flow velocities as high as 22 cm/sec (Reiswig, 1975)
and replace their entire body volume in water in 5 sec (Vogel, 1977). Flow gener-
ation is continuous. Mt- and protoflgCKs could potentially mediate spatial ATP
buffering (see Figure 3). Choanocytes and sperm are developmentally related as it
has been shown that sponge spermatozoa develop from choanocytes during gameto-
genesis (Kay and Reiswig, 1991).

The presence of these CK isoforms in sponge spermatozoa and choanocytes
remains to be experimentally validated. However, it seems highly likely that CK
isoform systems evolved in flagellated cells of early metazoans or their immediate
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protozoan ancestors as a means of mitigating reaction-diffusion constraints with
respect to energy homeostasis. We have argued elsewhere that spatial ATP buffering
was the early, primitive functional role of the CK reaction (Ellington, 2001). An
extension of this argument is that the temporal ATP buffering role was acquired
later with the advent of high power output neuromuscular systems.

6. SUMMARY

In this chapter we have shown that the CK/PCr system likely evolved in the
earliest animals to facilitate energy transport in flagellated cells. The system of CK
isoforms evolved very early with the Mt- and protoflg/FIgCKs being present in
the most ancient, extant group of multi-cellular animals, the sponges. The selective
pressure for the origin and divergence of these isoforms is related to the spatial ATP
buffering role of the reaction in these cells. Available evidence would suggest that
the enzymes of Cr biosynthesis, AGAT and GAMT, evolved very early, most likely
coincident with the origin of CK. Furthermore, the capacity for membrane transport
of Cr, as mediated by CreaT, may be present in invertebrate groups that maintain
significant pools of Cr/PCr. Thus, the acquisition of CK, the CK isoform system
and the capacity for Cr biosynthesis and transport can be viewed as a unique series
of co-evolutionary events. The ultimate output of these events is manifested in the
CK/PCr system and its critical physiological roles in higher organisms including
man.
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Abstract: In this review, we summarize the main structural and functional data on the role of the
phosphocreatine (PCr) — creatine kinase (CK) pathway for compartmentalized energy
transfer in cardiac cells. Mitochondrial creatine kinase, MtCK, fixed by cardiolipin
molecules in the vicinity of the adenine nucleotide translocator, is a key enzyme in this
pathway. Direct transfer of ATP and ADP between these proteins has been revealed both
in experimental studies on the kinetics of the regulation of mitochondrial respiration
and by mathematical modelling as a main mechanism of functional coupling of PCr
production to oxidative phosphorylation. In cells in vivo or in permeabilized cells in
situ, this coupling is reinforced by limited permeability of the outer membrane of the
mitochondria for adenine nucleotides due to the contacts with cytoskeletal proteins. Due
to these mechanisms, at least 80% of total energy is exported from mitochondria by
PCr molecules. Mathematical modelling of intracellular diffusion and energy transfer
shows that the main function of the PCr — CK pathway is to connect different pools
(compartments) of ATP and, by this way, to overcome the local restrictions and diffusion
limitation of adenine nucleotides due to the high degree of structural organization of
cardiac cells
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1. GENERAL DESCRIPTION OF THE CREATINE KINASE
SYSTEM IN MUSCLE CELLS

High work requirements and the unique contractile function of the heart have made
cardiac muscle the most intensively studied object in bioenergetics. Among other
items, the role of the creatine kinase (CK) system has been thoroughly studied
in cardiac cells during several decades in many laboratories. In this review, we
summarize the data regarding the role of the CK system in heart, with the aim to
emphasize the most important evidences of functioning of this system. Its role is
equally important both in skeletal and smooth muscle, in brain, and in many other
types of cells, as described elsewhere (Wallimann and Hemmer, 1994; Ames, 2000).

Energy metabolism of cardiac cells is based on aerobic oxidation of fatty
acids and carbohydrate substrates, coupled to ATP production by mitochondrial
oxidative phosphorylation (Neely and Morgan, 1974; Williamson et al., 1979;
Opie, 1998; Stanley et al., 2005; Taegtmeyer et al., 2005). Then, the energy is
supplied to the sites of its utilization via structurally and functionally organized
phosphotransfer networks (Wallimann et al., 1992; Dzeja and Terzic, 2003; Saks
et al., 1994, 2006a). The cardiac cell is structurally and functionally highly ordered,
with very regular crystal-like arrangement of mitochondria and a unitary (modular)
nature of energy metabolism (Saks et al., 2001; Seppet et al., 2001; Vendelin
et al., 2005; Weiss et al., 2006), organized into intracellular energetic units, ICEUs
(Figure 1). All CK isoenzymes are compartmentalized in the cells, within these
ICEUs. Mitochondrial isoforms of CK were discovered in Klingenberg’s laboratory
in 1964 (Klingenberg, 1964), shortly after the discovery of the cytosolic MM- and
BB-CK isoforms (see Eppenberger et al., 1967). In muscle cells, significant fractions
of the MM isozyme are connected structurally to the myofibrils, to the membrane of
sarcoplasmic reticulum (SR) and to the sarcolemma (Wallimann et al., 1992, 1998;
Dzeja et al., 1998; Wyss and Kaddurah-Daouk, 2000; Dzeja and Terzic, 2003;
Bessman and Geiger, 1981; Scholte, 1973; Saks et al., 1974, 1977, 2006b;
Sharov et al., 1977, Wallimann and Hemmer, 1994; Schlegel et al., 1988a;
Haas and Strauss, 1990; Fritz-Wolf et al., 1996; Qin et al., 1998; Schlattner
et al., 2000; Burklen et al., 2006). This intracellular compartmentation of the CK
isozymes forms the structural basis for an energy transfer network — the so-called
phosphocreatine (PCr) circuit. Below, we first describe the structural evidence
for the CK pathway and then the mechanisms of functioning for each of the
CK isoenzymes.

2. STRUCTURAL STUDIES

The molecular structure and structure-function relationships of creatine kinase
isoenzymes have been studied in much detail by some of us and other groups
(Fritz-Wolf et al., 1996; McLeish and Kenyon, 2005; Schlattner et al., 1998;
Schlegel et al., 1988b; Schnyder et al., 1994). In particular, the MtCK isoenzymes
and their proteolipid complexes have been analyzed by various approaches. This
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Figure 1. The coupled CK and adenylate kinase (AK) reactions within the intracellular energetic units
(ICEUs) in muscle cells. By interaction with cytoskeletal elements, the mitochondria and sarcoplasmic
reticulum are precisely fixed with respect to the structure of a sarcomere of myofibrils, i.e. between
two Z-lines and, correspondingly, between two T-tubules. Calcium is released from the sarcoplasmic
reticulum into the ICEU space in the vicinity of mitochondria and sarcomeres to activate contraction
and mitochondrial dehydrogenases. Adenine nucleotides within the ICEU do not equilibrate rapidly with
adenine nucleotides in the bulk water phase. ANT is mitochondrial adenine nucleotide translocase, and
FyF, is the ATP synthase complex. The mitochondria, sarcoplasmic reticulum, MgATPase of myofibrils
as well as ATP-sensitive systems in the sarcolemma are interconnected by metabolic channeling of
reaction intermediates and by high-energy phosphate transfer within the ICEU by the CK-PCr system.
Protein factors (still unknown and marked as “X”), most probably connected to the cytoskeleton, fix
the position of mitochondria and probably also control the permeability of the voltage-dependent anion
carrier (VDAC) channels for ADP and ATP. Adenine nucleotides within the ICEU and the bulk water
phase may be connected by some more rapidly diffusing metabolites such as Cr and PCr. Synchronization
of the functioning of ICEUs within the cell may occur by the same metabolites (for example, P; or
PCr) and/or by synchronized release of calcium during the excitation-contraction coupling process. This
scheme is an artwork of Christian Linke, a student of the Erasmus programme.

work has been summarized in several recent reviews (McLeish and Kenyon, 2005;
Schlattner et al., 1998, 2006; Schlattner and Wallimann, 2004, 2006; Wallimann
et al., 1992). Only a brief summary is given here, and the reader is referred to the
cited reviews for a more detailed description and original references.

The solution of atomic structures of all four CK isoenzymes during the last
decade, most of them with participation of some of us (Eder et al., 1999, 2000;
Fritz-Wolf et al., 1996; Rao et al., 1998), as well as of the transition state structure
of a related arginine kinase (Zhou er al., 1998) were an enormous contribution to
the field. It allowed for the first time to put earlier data in a structure-function
framework and to design new experiments that specifically target CK functions, for
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example, the specific association of CK isoenzymes with partner proteins involved
in ATP-delivering or -consuming processes.

Mitochondrial creatine kinase differs from cytosolic CK not only by its organellar
localization, but also by two important other properties (Figure 2). First, while the
cytosolic CK isozymes are strictly dimeric, MtCK forms not only dimers but is
able to reversibly associate into highly ordered, cuboidal octamers, the predominant
form in vitro as well as in vivo. Second, octameric MtCK behaves as a peripheral
membrane protein, interacting with different protein and lipid components of the
mitochondrial membranes.

The MtCK octamer is stabilized in vivo by high protein concentrations
in the mitochondrial intermembrane space and its binding to mitochondrial
membranes. Kinetic and thermodynamic properties of octamer/dimer transitions
were suggested as regulatory parameters for energy transduction in mitochon-
drial intermembrane contact sites. However, octamer/dimer transitions are too
slow for fast metabolic adaptations, although they might play a role in long-
term adaptations or modulation of energy metabolism. In contrast, octamer/dimer
transitions may be crucial in pathological situations (Stachowiak et al, 1998,
Schlattner et al., 2006).

Octameric MtCK is characterized by specific membrane-binding properties that
are absent or less developed in dimeric MtCK. Also cytosolic CK isoenzymes are
mainly soluble, and only a fraction is bound to particular subcellular structures like
myofibrils, sarcoplasmic reticulum or plasma membrane (Wallimann et al., 1992).
By contrast, octameric MtCK behaves as a typical peripheral membrane protein
(Schlattner et al., 2006). It occurs in cristac and the peripheral intermembrane
space of mitochondria (Figure 3) and shows a strong affinity for acidic phospho-
lipids, in particular cardiolipin (diphosphatidyl glycerol) in the outer leaflet of
the inner membrane, and to mitochondrial porin (VDAC, voltage dependent anion
channel) in the outer membrane. Thus, by its size and its binding properties,
MtCK can bridge the intermembrane space. There is also good evidence for a
functional interaction of MtCK with the transmembrane protein adenine nucleotide
translocator (ANT) in the inner mitochondrial membrane. However, the associ-
ation between these two proteins seems to be indirect and mediated by cardi-
olipin. Both MtCK and ANT show a high affinity for cardiolipin (K, < 100nM),
which may lead to close co-localization in cardiolipin membrane patches. It is
well known that cardiolipin-protein interactions are important for subunit assembly
and complex formation of mitochondrial inner membrane proteins. Two recent
studies are in full support of the MtCK-cardiolipin-ANT model. In collaboration
with Epand’s group, we could show that octameric MtCK can indeed induce cardi-
olipin clusters in model membranes (Epand et al., 2007), and that the resulting
proteolipid complexes can even play a role in transmembrane lipid transfer (Epand
et al., 20006).

The proteolipid complexes containing octameric MtCK, situated in the peripheral
intermembrane space and the cristae (Figure 3), are perfectly suited to sustain the
channeling of substrates and products of the reaction, thus avoiding dissipation
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Figure 2. Proteolipid-complex formation of MtCK in the mitochondrial intermembrane space.
(A) Nascent MtCK is imported into the mitochondrial intermembrane space, the mitochondrial targeting
sequence is cleaved off, and folding is accompanied by assembly into dimers (blue banana-shaped
molecule). (B) MtCK dimers rapidly associate into cube-like octamers with four-fold symmetry; this is
a reversible association, but octamers are strongly favored at the pH values and MtCK concentrations
present at this location. (C) Octameric MtCK binds to both mitochondrial membranes and assembles into
proteolipid complexes containing the voltage-dependent anion carrier (VDAC = porin) and the adenine
nucleotide transporter (ANT). Principal high-affinity receptors for MtCK are cardiolipin in the inner
membrane (black rectangles in the vicinity of ANT) and VDAC together with other anionic phospho-
lipids in the outer membrane. (D) Enlarged C-terminal membrane- (cardiolipin-) binding domain of
MtCK, showing the involved basic lysine residues (indicated as K369, K379 and K380 of the C-terminus
of MtCK) that bind to acidic phospholipids (cardiolipin). Interaction of MtCK with ANT is most likely
indirect and involves common cardiolipin patches (see dark rectangles in the vicinity of ANT in C).
Due to the symmetrical nature of the MtCK octamer, MtCK mediates contacts between the inner and
outer membrane through four C-terminal proteolipid complexes with the outer membrane and four with
the inner membrane, one of them depicted by a circle in C. The membrane-bound state of octameric
MtCK is strongly favored by the large membrane interaction surface and the high affinity of MtCK for
cardiolipin (K = 80nM) and VDAC (K, < 100nM). Binding of dimers to phospholipid membranes
occurs with much lower affinity and probably involves association into octamers while bound to the
membrane. (A)-(C) show the X-ray structure of chicken sarcomeric MtCK in cartoon representation;
each dimer is represented in a different color; (D) shows human sMtCK in space-filling representation
with the following amino acid color code: red — acidic, blue — basic, yellow — hydrophobic. Figure
modified from Schlattner et al., 2004, 2006; Schlattner and Wallimann, 2006 with kind permission from
J. Biol. Chem. and Nova Publishers.

of ATP into the bulk solution and driving the reaction towards phosphocreatine
generation (for details see Figure 3). In contrast to octamers, dimeric MtCK has
only low affinity to membranes and is much less efficient for cardiolipin clustering
and channeling of energy-rich metabolites in mitochondrial contact sites (Epand
et al., 2007; Khuchua et al., 1998).
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Figure 3. MtCK microcompartments in mitochondria: dual localization of MtCK and putative metabolite
routes. MtCK is found at two mitochondrial locations: (A) the peripheral intermembrane space, mainly
in so-called mitochondrial contact sites in association with adenine nucleotide transporter (ANT) and
voltage-dependent anion carrier (VDAC), as well as (B) along the cristae space in association with ANT
only. (C) Visualization by post-embedding immuno-gold labeling of MtCK in a mitochondrion from
a photoreceptor cell of chicken retina. The proteolipid complexes assembled by MtCK (see Figure 2)
create microcompartments that allow for a direct exchange (called metabolite channeling or functional
coupling) of MtCK substrates and products, which is depicted by arrows: (A) In contact sites, octameric
MtCK binds simultaneously to inner (IM) and outer mitochondrial membranes (OM), due to the identical
top and bottom faces of the octamer. Binding partner in the inner membrane is the two-fold negatively
charged cardiolipin, which allows a functional interaction with the ANT that is situated in cardiolipin
membrane patches. In the outer membrane, MtCK interacts with other acidic phospholipids and, in a
calcium-dependent manner, directly with the pore-forming VDAC. In contact sites, metabolite channeling
allows for a constant supply of substrates to and removal of products from the active sites of MtCK.
By preventing the dissipation of mitochondrially generated ATP into the cytosol, its energy content
is directly transferred by MtCK to creatine to yield phosphocreatine, a metabolically inert compound.
Phosphocreatine is then diffusing via VDAC into the cytosol, where it is available to CKs at various
locations for in situ regeneration of ATP. Vice versa, intramitochondrial regeneration of ADP stimulates
oxidative phosphorylation. (B) In cristae, ATP/ADP exchange occurs as in contact sites, while creatine
and phosphocreatine have to diffuse along the cristae space to reach VDAC. Figure modified from
Schlattner and Wallimann, 2004, 2006; Schlattner et al., 2006 with kind permission from J. Biol. Chem.
and Nova Publishers.
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3. FUNCTIONAL STUDIES
3.1. Mitochondrial Creatine Kinases

In 1939, Belitzer and Tsybakova showed that in muscle homogenates, oxygen
consumption was stimulated by creatine (Cr) and resulted in PCr production with
a ratio of PCr/O of approximately 3 (Belitzer and Tsybakova, 1939). This result
was the earliest indication for a functional coupling between MtCK and oxidative
phosphorylation (see below). It is interesting to note that in their experiments on
well washed skeletal muscle homogenates, Belitzer and Tsybakova observed strong
stimulation of respiration by Cr without addition of exogenous adenine nucleotides.
Much later, the same effect was described by Kim and Lee (1987) for isolated
pig heart mitochondria and by Dolder er al. (2003) for liver mitochondria from
transgenic mice expressing active MtCK. The results of these latter studies could be
explained by very efficient use of endogenous adenine nucleotides by the coupled
MtCK reaction. Bessman and Fonyo (1966) as well as Vial et al. (1972) showed in
studies on isolated heart muscle mitochondria that in the presence of ATP, addition
of Cr significantly increased the state 4 respiration rate. In 1973, Jacobus and
Lehninger studied the kinetics of the stimulatory effect of Cr on the state 4 respi-
ration rate and found that at its physiological concentration of 10—15 mM, Cr stimu-
lated the respiration maximally to the state 3 level (Jacobus and Lehninger, 1973).
The details of this effective mechanism of PCr production coupled to oxidative
phosphorylation in isolated rat heart mitochondria were studied by applying kinetic
analysis with some elements of mathematical modelling (Saks et al., 1975; Jacobus
and Saks, 1982). The results showed that oxidative phosphorylation controls PCr
production in heart mitochondria. When uncoupled from oxidative phosphorylation
(if the latter is not activated, for example), the MtCK reaction does not differ
kinetically and thermodynamically from other CK isoenzymes: the reaction always
favours ATP production and — according to the Haldane relationship — ADP and
PCr binding is more effective due to higher affinities than that of ATP and Cer,
respectively (Saks ef al., 1974, 1975). When the calculated predicted rates of the
reaction were compared with the experimental ones, good agreement was seen in
the absence of oxidative phosphorylation but not when the latter was activated:
under conditions of oxidative phosphorylation, the MtCK reaction was strongly
shifted towards PCr synthesis (Saks et al., 1975). This suggested that ATP produced
by mitochondrial oxidative phosphorylation is a much more effective substrate for
MtCK than exogenous MgATP in the medium, and it was proposed that this is
due to direct ANT-mediated transfer of ATP from the matrix space to MtCK,
which should be located in close proximity to ANT to make such direct channeling
possible (Saks et al., 1975; Jacobus and Saks, 1982).

3.1.1. Kinetic evidence for the functional coupling between MtCK
and ANT by direct transfer of ATP

A simple kinetic protocol was developed for demonstration of the mechanism of
functional coupling between MtCK and ANT, which is shown in Figure 4 for
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isolated mitochondria. In these experiments, isolated mitochondria were incubated
in the presence of 10mM Cr, and the rate of PCr production in the MtCK
reaction was measured by either one of two approaches: (1) spectrophotometri-
cally by a coupled enzyme assay (involving phosphoenolpyruvate, pyruvate kinase
and lactate dehydrogenase; PEP-PK-LDH) while oxidative phosphorylation was
inhibited by rotenone (10 wM) and oligomycin (1 wM); or (ii) by measuring the rate
of Cr-dependent oxygen consumption, followed by calculation of the rates of PCr
production by using experimentally determined P/O ratios (Figure 4A). Figure 4B
shows that in the presence of oxidative phosphorylation, the rate of the MtCK
reaction in direction of PCr and ADP synthesis is significantly higher than in its
absence, due to significantly decreased apparent K values for ATP in the CK
reaction (Figure 4C) (Saks et al., 1975; Jacobus and Saks, 1982).

To describe better the mechanism of this phenomenon, a complete kinetic analysis
of the CK reaction in isolated rat heart mitochondria under both conditions — i.e.
with and without oxidative phosphorylation (Jacobus and Saks, 1982) — was found
to be very useful and informative. Figure 5 shows the principles and value of
this approach. Figure 5SA shows the complete kinetic scheme of the CK reaction,
assuming a Bi-Bi quasi-equilibrium random-type reaction mechanism, according to
Cleland’s classification (Cleland, 1963). The rate equation of this reaction is:

Ve Vm.[Cr].[MgATP]
~ Kia.Kb+ Ka.[Cr] 4+ Kb.[MgATP] + [Cr].[MgATP]

To determine the values of the dissociation constants for all substrates, the initial
rates in both directions (in the absence of products) were determined for six different
concentrations of both substrates (Figure 5B and D). The data were analyzed by
performing, successively, primary (Figure 5C) and secondary analyses (Figure SE)

»
»

Figure 4. Comparison of normalised CK kinetics in isolated cardiac mitochondria with and without
oxidative phosphorylation (£ ox.phos.), in the presence of 10mM Cr. MIM, MOM and ANT are
mitochondrial inner membrane, mitochondrial outer membrane, and adenine nucleotide transporter,
respectively. (A) Scheme of experiments to measure the kinetics of the mitochondrial creatine kinase
(MtCK) reaction in isolated cardiac mitochondria. On the left: studies of MtCK kinetics with oxidative
phosphorylation; reaction rates were calculated from oxygen consumption rates and P/O ratios. On the
right: studies of MtCK kinetics in the absence of oxidative phosphorylation; reaction rates were measured
with a coupled enzyme assay (PEP-PK-LDH) after inhibition of the respiratory chain (RC) and ATP
synthase by rotenone (10 M) and oligomycin (1 wM), respectively. (B) MtCK kinetics with oxidative
phosphorylation (+ox.phos.) were measured by respirometry in mitomed solution (final concentrations:
110 mM sucrose, 60 mM K-lactobionate, 0.5 mM dithiothreitol, 0.5 mM EGTA, 3 mM MgCl,, 20 mM
taurine, 3 mM KH,PO,, 20 mM K-HEPES, 5 mM glutamate, 2 mM malate, 2 mg/ml essentially fatty acid
free bovine serum albumin and pH = 7.1), followed by normalization of the data (for V,, = 304 £ 12 nmol
0,-mg protein~!-min~!). MtCK kinetics in the absence of oxidative phosphorylation (-ox.phos.) were
measured in the same medium by spectrophotometry with the system described on the right-hand side
of Figure 4A. (C) Normalised MtCK kinetics in double-reciprocal plots for illustrating the decrease in
apparent K, for ATP with oxidative phosphorylation.
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by a simple linearization method in double reciprocal plots, according to the
following equations.

1 1 Kb Kia 1))+ 1 Ka 41
V= —— —_— _— —_— —
[Cr] \ Vm \ [MgATP] Vm \ [MgATP]
This family of straight lines could be used for a secondary analysis of ordinate
intercepts, i,:

. 1 - Ka
1], = —— S
°  Vm [MgATP]

or slopes:

1 Kb ( Kia
slope = — [ ———
Pe= Vm \ [MgATP]

to find directly the values of dissociation constants K, and K,, for MgATP, respec-
tively, as shown in Figure 5F. Similar analysis of 1/v versus 1/[MgATP] and
secondary analysis allowed to determine the dissociation constants for Cr, K;;, and K,
(Figure 5G). This linearization method is very illustrative, since secondary analysis
directly shows the reciprocal values of the dissociation constants for both substrates,
ATP (Figure 5F) and Cr (Figure 5G). While the kinetic constants for guanidino
substrates — Cr and PCr — were the same in both conditions, oxidative phospho-
rylation had a specific effect on the kinetic parameters for adenine nucleotides;
in particular, the K, value was decreased by an order of magnitude. The Haldane
relationship for the CK reaction was no longer valid, showing the involvement
of some other processes — oxidative phosphorylation and ANT (Jacobus and
Saks, 1982). The most likely explanation is the direct transfer of ATP from ANT
to MtCK due to their spatial proximity which results also in increased uptake of
ADP from MtCK (reversed direct transfer); as a result, the turnover of adenine
nucleotides is increased manifold at low external concentrations of MgATP, thereby
maintaining high rates of oxidative phosphorylation and coupled PCr production in
the presence of high Cr concentrations.

The conclusions of the privileged access of mitochondrial ATP to MtCK and
increased mitochondrial turnover of adenine nucleotides in the presence of Cr
were directly confirmed by Barbour er al. (1984) with the use of an isotopic
method, and with a thermodynamic approach by De Furia et al. (1980), Saks
et al. (1985) and Soboll et al. (1994). Finally, an effective competitive enzyme
method for studying the functional coupling phenomenon, namely the pathway of
ADP movement from MtCK back to mitochondria, was developed by Gellerich
et al. (1982, 1987, 1994, 1998, 2002). These authors used an external PEP-
PK system to trap ADP and thus to compete with ANT for this substrate. This
competitive enzyme system was never able to suppress more than 50% of Cr-
stimulated respiration in isolated heart mitochondria, thereby showing the rather
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Figure 5. CK kinetics without oxidative phosphorylation in isolated cardiac mitochondria. (A) The
complete kinetic scheme of the CK reaction. (B) Initial rates of the MtCK reaction without oxidative
phosphorylation as a function of Cr concentration with different fixed ATP concentrations. (C) Secondary
analysis of CK kinetics for fixed ATP concentrations, for finding values of i, and slopes for calculation
of dissociation constants K, and K;,. (D) Initial rates of the MtCK reaction without oxidative phospho-
rylation as a function of ATP concentration, when Cr concentrations are fixed. (E) Secondary analysis of
CK kinetics for fixed Cr concentrations, for finding values of i, and slopes for calculation of dissociation
constants K;, and K,. (F) Determination of kinetic constants for ATP — K, and K;, — by secondary
analysis of data obtained both in the absence (Figure SE) and presence (not shown) of oxidative phospho-
rylation. (G) Determination of kinetic constants for Cr — K, and Kj, — by secondary analysis of data
obtained both in the absence (Figure 5C) and presence (not shown) of oxidative phosphorylation.
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Figure 5. (continued)

effective channelling of ADP from MtCK to the ANT (Gellerich et al., 1982).
Gellerich’s group has explained these latter data by the hypothesis of dynamic
compartmentation of adenine nucleotides in the intermembrane space, meaning that
there is some control of the permeability of the outer mitochondrial membrane,
which would result in ADP and ATP concentration gradients across this membrane
(Gellerich et al., 1987, 1994, 1998, 2002). This represents an alternative hypothetical
mechanism of coupling between MtCK and ANT without a need for direct transfer
of the substrates between ANT and MtCK. Interestingly, this hypothesis focused
attention on the role of the mitochondrial outer membrane in the control of mitochon-
drial function, and foresaw many important aspects of the control of mitochon-
drial function in vivo, but appeared to be insufficient to explain quantitatively the
functional coupling between MtCK and ANT.

3.1.2. Mathematical modelling of the functional coupling
between MtCK and ANT

Mathematical modelling of the coupling of the MtCK reaction with ANT was used
to test both hypotheses — dynamic compartmentation described above and direct
transfer of ATP from ANT to MtCK (Figure 6) — to explain the shifts in kinetic
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constants of the MtCK reaction caused by oxidative phosphorylation, as shown in
Figure 5F and G (Jacobus and Saks, 1982).

The simplest kinetic scheme that was proposed to explain the kinetic data on
MtCK-ANT coupling is based on dynamic compartmentation of adenine nucleotides
as referred to above (Gellerich er al., 1987). According to this hypothesis, there
are metabolite gradients between the solution surrounding isolated mitochondria
and the vicinity of the mitochondrial inner membrane in the intermembrane space.
Due to the close vicinity of MtCK and ANT at and within the inner mitochondrial
membrane, respectively, ATP and ADP are exchanged between MtCK and ANT.
The kinetic properties of MtCK and ANT are not changed during interaction, and
all the changes in apparent kinetic constants measured in the experiment are due
to inability of experimentalists to measure local ATP and ADP concentrations next
to these proteins. Since the gradients of ATP and ADP between the surrounding
solution and the vicinity of the mitochondrial inner membrane are dependent on the
activity of the mitochondria (i.e. are changing), this hypothesis is usually referred
to as “dynamic compartmentation” hypothesis.

To check whether the dynamic compartmentation hypothesis is in correspon-
dence with the data, one could compose a simple mathematical model and compare
the model solutions with the experimental data (Vendelin et al., 2004a). To find
out whether a set of parameter values exists that can reproduce both dissoci-
ation constants for ATP, altered by oxidative phosphorylation at the same time, a
number of parameters were varied across the entire allowable range: (a) ATP and
ADP exchange coefficients across the outer mitochondrial membrane, (b) ATPase
activity, and (c) ANT activity. Regardless of the selected parameter set, the model
could not reproduce quantitatively the experimental data obtained in the presence of
oxidative phosphorylation (Figure 7A). Thus, it is clear that the dynamic compart-
mentation hypothesis is not sufficient to reproduce the measurements, and a more
complex mechanism of interaction between MtCK and ANT should be used to
reproduce the data (Vendelin et al., 2004a). Therefore, the alternative direct local
transfer of ATP — generated by oxidative phosphorylation — to MtCK should be
considered as a main mechanism of acceleration of aerobic PCr production in heart,
skeletal muscle and brain mitochondria.

In mitochondria, ANT transports ADP from the mitochondrial intermembrane
space into the matrix space. The stoichiometry of imported ADP to exported ATP
is normally one. In mitochondria, the number of MtCK dimers is approximately
equal to the number of ANT tetramers (Kuznetsov and Saks, 1986). Irrespective
of the exact stoichiometry of ANT/MtCK complexes, the juxtaposition of these
molecular entities creates a structural basis for direct transfer (channelling) of
metabolites from one entity to the other without dissociation of metabolites into the
intermembrane space of mitochondria. ANT in the inner mitochondrial membrane
forms tight complexes with negatively charged cardiolipin in a ratio of 1 to 6
(Beyer and Klingenberg, 1985; Beyer and Nuscher, 1996). It has been shown
that positively charged MtCK is fixed to this cluster by electrostatic forces due
to three C-terminal lysine residues which strongly interact with the negatively
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Figure 6. Scheme of interactions between mitochondrial CK (MtCK) and adenine nucleotide translocase
(ANT) according to the direct transfer hypothesis. Interaction between the proteins is considered as a
sum of two interaction modes: ATP and ADP are transferred through solution or directly channelled
between the proteins. In this scheme, only the direct transfer of ATP and ADP between proteins is
reflected. In direct transfer mode, ATP is transferred from ANT to MtCK without leaving the two-protein
complex into solution. Since MtCK has only one binding site for ATP and ADP, such transfer is possible
only if this site is free, i.e. MtCK is either free (“CK”) or has only Cr or PCr bound (“CK.Cr” and
“CK.PCr”). In the scheme, we grouped the states of MtCK according to whether ATP or ADP is bound
to enzyme or not (white boxes in the scheme with three states of MtCK in each group). During direct
transfer of ATP from ANT to MtCK, MtCK is transferred from states CK, CK.Cr, and CK.PCr to states
CK.MgATP, CK.Cr.MgATP, and CK.PCr.MgATP, respectively. In the scheme, this transfer is shown as
a link between ANTi.ATP and two corresponding groups of MtCK states. Next, after the MtCK reaction
(link between states CK.Cr.MgATP and CK.PCr.MgADP in the scheme), ADP is transferred directly
to ANT. Note that MtCK operates with Mg-bound ATP and ADP and ANT requires Mg-free ATP and
ADP forms. Thus, during direct transfer between MtCK and ANT, Mg is either bound or released, as it
is shown in the scheme. This complete scheme was the basis for thermodynamically consistent analysis
of coupling (see the text). This figure is reproduced from Vendelin ef al. (2004a) with permission from
the Biophysical Society, USA.
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Figure 7. Analyses of the interaction between mitochondrial CK (MtCK) and adenine nucleotide
translocase (ANT). (A) Calculated apparent dissociation constants K, and K;, of the MtCK reaction in
the presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled according to the dynamic compartmentation hypothesis. The dynamic compartmentation
hypothesis assumes that ‘interaction’ between the proteins is the result of large ATP and ADP gradients
between the vicinity of the mitochondrial inner membrane and the solution surrounding the mitochondria.
Apparent dissociation constants K, and K;, (represented by small dots in the figure) were computed
for different combinations of ATPase activities (Vopae) and exchange constants (Drp and Dapp). The
measured values are shown by open circles in the upper right corner (no oxidative phosphorylation) and
lower left corner (with oxidative phosphorylation). When using the default kinetic constants of ANT
transport, all combinations of computed K, and K;, values are aligned along line 1. By increasing the
maximal activity of ANT 10- or 100-fold, the line can be shifted to the left (lines 2 and 3, respectively).
When, instead of increasing the maximal activity of ANT, the apparent dissociation constant for ATP
and ADP is increased, the line shifts to the right (line 4). Note that regardless of the used values of
ANT Kkinetic constants, all computed combinations of K, and K;, were considerably adrift from the
measured values in the presence of oxidative phosphorylation. Reproduced from Vendelin et al. (2004a)
with permission from the Biophysical Society, USA.

(B) Calculated apparent dissociation constants K, and K;, of MgATP in the MtCK reaction in the
presence of oxidative phosphorylation, with coupling between MtCK and oxidative phosphorylation
being modelled assuming direct transfer of metabolites between ANT and MtCK. Apparent dissociation
constants K, and K;, (represented by small dots in the figure) were computed for different combinations
of free energies of MtCK-ANT complex states and free energies of transition. The measured values are
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charged cardiolipin in complex with ANT (Figures 2 and 3) (Muller et al., 1985;
Khuchua et al., 1998; Schlattner et al., 2004). The structure of the ANT was recently
solved at 2.2 A resolution by Brandolin’s group (Pebay-Peyroula et al., 2003). The
translocation of both ATP*~ and ADP?~ in the Mg-free anionic forms is brought
about by conformational changes of pore-forming ANT protomers (Pebay-Peyroula
et al., 2003). Klingenberg’s group suggested that both protomers within an ANT
dimer are involved in an alternating manner in the translocation, one accepting for
example ATP from the matrix and translocating it towards the intermembrane space,
while the second protomer only releases ADP translocated in the previous cycle
(“half-site reactivity”) (Gropp et al., 1999; Huber et al., 1999; Huang et al., 2001;
Brustovetsky et al., 1996). This conformational change (“pore”) mechanism leads
in its simplest version to a ping-pong reaction mechanism of transport (Huang
et al., 2001). On the other hand, the kinetics of ATP-ADP exchange conform
to a sequential mechanism involving binding of nucleotides on both sides before
transport (Duyckaerts et al., 1980). The structural data of Brandolin’s group and
the kinetics of ATP-ADP exchange by ANT are fitting well with the hypothesis
that the dimers with alternatively activated protomers function in a coordinated
manner in oligomeric ANT clusters, where the export of ATP from mitochondria
by one protomer in a dimer occurs simultaneously with import of ADP by another
protomer in another dimer (Kramer and Palmieri, 1992; Aliev and Saks, 2003; Nuri
et al., 2005, 2006).

The functional coupling between MtCK and ANT can be considered as the sum
of two interaction modes. In the first mode, ATP and ADP are liberated into the
intermembrane space and then bound to MtCK or ANT. This mode corresponds
to an ‘interaction’ between MtCK and ANT as two separate proteins without any
coupling (see Figure 6). In this case, ATP as well as all other substrates are in
fast equilibrium with MtCK, and the reaction would follow a random Bi-Bi type
mechanism. In the second mode, ATP and ADP would be directly channelled
between the proteins. Such channelling is possible if the acceptor protein (ANT or
MtCK) has no bound ATP or ADP molecule, i.e. it can accept ATP or ADP from
the other protein. Additionally, we assume that when MtCK accepts ATP or ADP
from ANT directly, bound ATP or ADP cannot be in fast equilibrium with the
surrounding solution. Thus, the equilibration of the MtCK binding site for ATP and
ADP with the surrounding solution is prevented and the system may have different
kinetics if compared with the kinetics of isolated MtCK in solution.

With this model, we were able to reproduce the measured values of apparent
kinetic constants of the MtCK reaction. During this test, the free energies of the
states of the coupled system were varied as well as the free energies of activation.

4
<

Figure 7. shown by open circles in the upper right corner (no oxidative phosphorylation) and lower left
corner (with oxidative phosphorylation). Note that the range of computed K,-K;, combinations covers
the area near the measured values of these constants in the presence of oxidative phosphorylation. The
figure is reproduced from Vendelin et al. (2004b) with permission from the Biophysical Society, USA.
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The simulation results are shown in Figure 7B. Note that the region with the
measured values of K, and K, is covered by the model solutions, and it is possible
to find model parameters which lead to the measured combination of K, and
K,, values under conditions of oxidative phosphorylation. One can also reproduce
the following experiments with the same set of model parameters: (a) changes
in apparent kinetic properties of the MtCK reaction when coupled to oxidative
phosphorylation (Jacobus and Saks, 1982; Saks er al., 1985); (b) competition
between MtCK-activated mitochondrial respiration and a separate ATP-regenerating
system (Gellerich and Saks, 1982); and (c) studies on radioactively labelled adenine
nucleotide uptake by mitochondria in the presence of MtCK activity (Barbour
etal., 1984). As aresult, a free energy profile of the coupled MtCK-ANT system was
proposed (Vendelin et al., 2004a). According to our analysis, the main difference
in free energy profiles between uncoupled and coupled MtCK-ANT reaction is the
free energy change during reaction. In the coupled reaction, due to an increase in
the free energy of the ANT;.ATP state (Figure 6), the free energy decreases when
ATP bound to ANT is used to synthesize PCr in the MtCK reaction. If compared
with the models of the direct transfer using the probability approach, the proposed
mechanism does not require strong changes in the free energy profile of the reaction
of phosphate transfer itself (Vendelin et al., 2004a). The proposed detailed kinetic
scheme (Figure 6) can be used for further analysis of the kinetics of the MtCK-
ANT interaction. In particular, the possible mechanism of an increase in the free
energy level of the ANT,. ATP complex when coupled to oxidative phosphorylation
is intriguing and requires further experimental study.

Thus, both structural and functional data available now show convincingly that
oxidative phosphorylation controls, via ANT, the MtCK reaction and forces it to
produce PCr in spite of unfavourable kinetic and thermodynamic characteristics for
this reaction. At the same time, MtCK plays the same role for ANT and oxidative
phosphorylation, by channelling back ADP and, thus, directly controlling the rate
of respiration.

Experimentally, the role of functional coupling between MtCK and ANT was
verified recently in studies on energy metabolism of the heart of MtCK knock-out
mice: as predicted by the model described above, these hearts had lower levels
of PCr and reduced post-ischemic recovery (Spindler et al., 2002, 2004). A new
important role of MtCK-mediated control of ANT is the prevention of opening of
the mitochondrial permeability transition pore, as recently discovered by Dolder
et al. (2003), thereby inhibiting apoptosis and necrosis and, thus, preventing cell
death. This illustrates once again the vital importance of the functional coupling
phenomenon. Most important new data have recently been published by Meyer
et al. (2006) showing that the functional coupling between MtCK and ANT strongly
decreases production of reactive oxygen species (ROS) in mitochondria. Taking into
account that ROS production is now considered a main reason for many age-related
diseases and ageing itself (Jezek and Hlavata, 2005), it is difficult to overestimate
the importance of these findings.
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It is important to stress that the structural and functional coupling between MtCK
and ANT does not prevent its participants from working in completely independent
modes under some conditions. For example, it is well known that in a medium
with only ADP, mitochondria can carry out oxidative phosphorylation without any
limitation, despite the structural association of ANT with MtCK. On the other hand,
inhibition of oxidative phosphorylation does not result in inhibition of MtCK but
only alters its apparent Kinetic behaviour (Saks et al., 1975). These facts clearly
indicate that the structural association of ANT with MtCK is rather dynamic and
does not result in formation of a completely isolated space within these complexes.
The substrates and products can leave this space, but can be arrested within to
realize functional coupling between the partners, ANT and MtCK.

3.1.3. Heterogeneity of intracellular diffusion of ADP and the possible role
of the outer mitochondrial membrane

Unusually high values of apparent K for exogenous ADP in regulation of
the rate of mitochondrial respiration in permeabilized cardiac cells (up to
300-400 M), as compared to isolated mitochondria (10-20 uM), have been found
in many laboratories since 1988 (Saks et al., 1989, 1991, 1993, 1994; Veksler
et al., 1995; Kuznetsov et al., 1996; Kay et al., 1997, 2000; Kummel et al., 1988;
Anflous er al., 2001; Liobikas et al., 2001; Boudina er al., 2002; Burelle and
Hochachka, 2002). Similarly high values of this parameter were found in several
other oxidative muscles (Kay er al.,, 1997; Kaasik er al, 2001), in hepatocytes
(Fontaine et al., 1995), but not in fast-twitch skeletal muscles (Veksler ez al., 1995;
Kuznetsov et al., 1996; Burelle and Hochachka, 2002). Thus, this phenomenon is
tissue specific. Figure 8 illustrates these results for isolated adult rat cardiomyocytes.
Figure 8A and B show that in isolated mitochondria, respiration is rapidly activated
by exogenous ADP in micromolar concentrations, with an apparent K, = 17 uM
(Appaix et al., 2003). When permeabilized cardiomyocytes (Figure 8C) are used,
activation of respiration requires addition of exogenous ADP in millimolar concen-
trations (Figure 8D), with an apparent K, for ADP of 339 wM. However, in the
presence of Cr (20 mM), these kinetics are changed, and the apparent K, for ADP
decreased 3—4-fold due to local production of ADP in the MtCK reaction (Appaix
et al., 2003). Figure 8E demonstrates most clearly the strong control of respiration by
the MtCK reaction. In these experiments, respiration was activated in permeabilized
cardiomyocytes by addition of exogenous MgATP (2 mM) in the presence of 3 mM
PEP, and then PK was added in increasing amounts which decreased effectively
the respiration rate due to trapping of ADP produced by ATPases. In the presence
of this powerful PEP-PK system, stepwise addition of Cr rapidly and maximally
activated respiration. Figure 8F shows that increases in PK activity up to 100 [U/ml
were not able to suppress Cr-activated respiration. That means that ADP produced
in the MtCK reaction coupled to the ANT was not accessible for the powerful
ADP trapping system. Interestingly, however, when permeabilized cardiomyocytes
were treated with trypsin (Figure 8F), Cr-activated respiration became sensitive to
successive additions of PK (Figure 8G). Evidently, digestion by trypsin of some
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Figure 8. Regulation of respiration by exogenous ADP or ATP and Cr in rat heart mitochondria and
permeabilized cardiomyocytes. Respiration rates were recorded using a two-channel high-resolution
respirometer (Oroboros oxygraph-2k, Oroboros, Innsbruck, Austria). (A) Electron micrograph of isolated
mitochondria. (B) Regulation of respiration of isolated cardiac mitochondria by exogenous ADP. JO, =
rate of oxygen consumption. (C) Confocal microscopy of permeabilized cardiomyocytes: left: autofluo-
rescence of NADH; right: preloaded with MitoTracker Green. (D) Regulation of respiration in perme-
abilized cardiomyocytes by exogenous ADP. At the end of the measurement, addition of cytochrome c
(Cyt ¢, 8 M) did not change respiration, indicating that the outer membrane was intact. Atractyloside
(Atr, 30 uM) resulted in a decrease in respiration back to V, due to inhibition of adenine nucleotide
translocase. The respiratory control index in this experiment was 6.2. (E) Effective control of respiration
by the CK system in permeabilized cardiomyocytes. Respiration was activated by addition of exogenous
MgATP in the presence of 3 mM PEP, and then pyruvate kinase (PK) was added in increasing amounts
up to 5 IU/ml. In the presence of this powerful PEP-PK system, stepwise addition of Cr maximally
activated respiration. (F) Confocal microscopy image of the random arrangement of mitochondria in
permeabilized cardiomyocytes preloaded with MitoTracker Red CMX Ros after treatment with trypsin;
bar length = 10 pm; (G) Effect of the competing pyruvate kinase/phosphoenolpyruvate (PEP-PK) system
on the relative respiration rate of isolated permeabilized cardiomyocytes initiated by endogenous ADP
produced by 2mM ATP and 20 mM Cr at optimal (0.4 uM) free [Ca’"] after trypsin treatment (4°C, 5
min). Trypsin concentrations: 0nM (e); 25nM (A); and 50nM (H). (A)-(C) have been reproduced from
Appaix et al. (2003) with kind permission from Experimental Physiology (The Physiological Society
and Blackwell Publishing).
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cytoskeletal proteins that normally control mitochondrial positioning also opened
the outer membrane for ADP, thus making it possible for some fraction of ADP to
leave the intermembrane space and to be trapped by the PEP-PK system, showing
that regulation of respiration is dependent on intracellular organization as well as
on mitochondrial arrangement and/or integrity.

The high values of apparent K for exogenous ADP in permeabilized cardiac
cells could be explained by heterogeneity of ADP diffusion inside cells, caused
by contacts of mitochondria with the cytoskeleton and other cellular systems and,
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thus, by intracellular organization (Saks er al., 2003; Vendelin et al., 2004b).
This conclusion was confirmed by results of mathematical modelling, which are
described below.

On the way from the surrounding solution to the mitochondrial inner membrane,
ATP and ADP molecules encounter two diffusion restrictions. The first one is on
the level of the mitochondrial outer membrane and can be regulated by the state
of VDAC (Colombini, 2004). The second one is due to macromolecular crowding
in the cell. In addition, when simulating experiments performed on permeabilized
fibers and cells, the endogenous ATPases have to be taken into account. The
complete system used in the model is shown in Figure 9A. The aim of this particular
model is to find a set of model parameters that can reproduce the experimental
results on stimulation of respiration by exogenously added ADP, as well as on
inhibition of respiration by an exogenously added ADP trapping system (PEP-PK).
The model was used to determine possible values for two factors describing the
restriction of ADP and ATP diffusion: the diffusion factor (DF) and the permeability
factor (PF). DF describes the restriction of diffusion of adenine nucleotides within
the cytoplasmic (extramitochondrial) space due to macromolecular crowding and
cytoskeletal structures, and PF describes the decrease in permeability of the outer
mitochondrial membrane due to the control of VDAC by some cytoskeletal proteins
(Saks et al., 1994, 1995; Capetanaki, 2002).

Diffusion restrictions between the mitochondrial inner membrane and the external
solution influence the apparent K,, for exogenous ADP in regulation of respi-
ration by shifting it to higher values, as referred to above. For example, if
there are no considerable diffusion restrictions encountered by molecules between
solution and ANT, then respiration should be stimulated by exogenous ADP as
in isolated mitochondria. Indeed, when we assume diffusion coefficients equal to
those measured in the bulk phase, assuming fast diffusion of nucleotides through
the mitochondrial outer membrane, the computed respiration rate is very close to the
values measured for isolated mitochondria (open squares in Figure 9B, simulations
with large PF values). However, by increasing diffusion restriction imposed by the
mitochondrial outer membrane (reduction in PF), the model managed to reproduce
data on permeabilized cells and muscle fibers (closed circles in Figure 9B). Similar
results can be obtained by reducing the apparent diffusion coefficient DF and by
keeping PF at large values (Saks et al., 2003). Thus, the effects of both diffusion
restrictions on the model’s solution are similar when the measurements of apparent
K, for exogenous ADP are simulated for permeabilized muscle fibers or cells.
Therefore, by using only this approach, it is impossible to distinguish between the
contributions of the two types of diffusion restrictions.

Determination of diffusion coefficients in muscle tissue yielded about two times
lower values than in water (de Graaf er al., 2000). The apparent diffusion coeffi-
cients for ADP obtained in the analysis of our data were lower by at least an
order of magnitude (Saks et al., 2003). Thus, it seems that there are some diffusion
restrictions for ADP which are not visible in overall (average) diffusion coefficient
measurements in muscle tissue, but which play an important role in permeabilized
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Figure 9. (A) Schematic representation of ADP (and ATP) diffusion pathways from solution into the
mitochondrial matrix. Met,, Met, Met;, and Met, are metabolite concentrations in the solution, in
the vicinity of the mitochondria (VIM, inside ICEU), in the mitochondrial intermembrane space, and
in the mitochondrial matrix, respectively. MOM, IMS, and MIM are mitochondrial outer membrane,
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diffusion coefficient, the diffusion coefficient of the metabolite in bulk water phase, and the diffusion
factor, respectively (see the text). R, is the permeability coefficient for passive diffusion of the metabolite
across the outer mitochondrial membrane, and PF is the permeability factor for this metabolite. (B)
Analysis of experimental data on regulation of respiration in permeabilized cardiac cells and fibers by
mathematical modelling. Dependence of the calculated mitochondrial respiration rate in permeabilized
cardiac fibers on the concentration of exogenous ADP computed with different mitochondrial outer
membrane permeability factors (PF). The diffusion coefficients of the metabolites within the fiber were
taken to be equal to the coefficients measured in bulk water phase of the cells, i.e. no diffusion restriction
by macromolecular crowding was imposed. Simulations are compared with measurements of respiration
in isolated mitochondria (open squares) and in skinned fibers (solid circles). Note that a reduction in outer
membrane permeability increases the apparent K, (ADP) of mitochondrial respiration. For permeabilized
fibers, good fit with the experimental data is obtained for PF = 0.014. For isolated mitochondria, good
fit is obtained for PF = 0.5 and higher. The figure was reproduced from Saks er al. (2003) with kind
permission from the Biophysical Society, USA.
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muscle fiber measurements when mitochondrial respiration rate is used as a probe
for local ADP concentrations. Therefore, in addition to the value specifying diffusion
restriction for ADP, DF, we tried to estimate the distribution of this restriction
throughout the cell (Vendelin et al., 2004b). These simulations indicate that the intra-
cellular diffusion restrictions are not distributed uniformly, but are rather localized
in certain areas in the cell (Vendelin er al., 2004b). However, their precise local-
ization is still unknown.

These results are consistent with the conclusions of strong localized diffusion
restrictions for ADP and ATP in cardiac cells made by Abraham et al. (2002)
and Selivanov et al. (2004). In particular, these authors studied the metabolic
regulation of the sarcolemmal K,;p, channel, using both experimental methods
and mathematical modelling, and concluded that the ATP diffusion coefficient is
decreased in the subsarcolemmal area by several orders of magnitude. Earlier, a
similar conclusion was drawn by Weiss and Lamp (1987). By using a microin-
jection technique, Bereiter-Hahn and Voth (1994) showed that the average diffusion
coefficient of ATP in cells was decreased by an order of magnitude. Heterogeneity
of ATP diffusion was also evidenced by using a targeted recombinant luciferase
technique (Kennedy et al., 1999).

To conclude, a model with localized diffusion restrictions for adenine nucleotides
should be considered at present as a first approximation only, and insightful exper-
iments are needed for measurement of local diffusion rates of ATP or ADP by
modern experimental techniques. Under conditions of strong local restriction of
diffusion of adenine nucleotides, compartmentalized energy transfer by the CK-PCr
and other systems is likely to become vitally important for the cell.

3.2 Functionally Coupled MM-creatine Kinases

3.2.1. Mpyofibrillar creatine kinases

The function and roles of myofibrillar creatine kinase (MM-CK) have been
studied and described extensively (Wallimann et al, 1984; Ventura-Clapier
et al., 1987, 1998; Krause and Jacobus, 1992; Hornemann et al., 2000, 2003).
Wallimann’s group has shown that MM-CK is bound specifically to the M-line
(Wallimann et al., 1984; Hornemann et al., 2000, 2003), and that significant propor-
tions of this isozyme are found in the space of the I-band of sarcomeres (Wegmann
et al., 1992). In vitro, the interactions of myosin with CK have been known for a
long time (Yagi and Mase, 1962). Studies by Ventura-Clapier et al., (1987, 1998)
have shown that PCr accelerates the release of muscle from rigor tension in
the presence of exogenous ATP, decreasing the necessary ATP concentration by
an order of magnitude. Krause and Jacobus (1982) have shown close functional
coupling between the actomyosin ATPase and the CK reaction in isolated rat heart
myofibrils, seen as a decrease in the apparent K value for ATP from 79.9 £ 13.3
to 13.6 £ 1.4 uM after addition of 12.2mM of phosphocreatine. In accordance
with this finding, Sata et al. (1996) found that sliding velocity of fluorescently



52 Saks et al.

labeled actin on a cardiac myosin layer co-immobilized with CK showed a signifi-
cantly lower apparent K,, value for MgATP than in the absence of CK. Ogut and
Brozovich (2003) studied the kinetics of force development in skinned trabeculae
from mouse hearts and found that in spite of the presence of 5 mM MgATP, the
rate of force development depended on the concentration of PCr, and concluded
that there is a direct functional link between the CK reaction and the actomyosin
contraction cycle at the step of ADP release in myofibrils. Most probably, this
efficient interaction occurs via small microcompartments of adenine nucleotides in
myofibrils and is facilitated by anisotropy of their diffusion.

3.2.2. Membrane-bound creatine kinases

The role of MM-CK connected to the SR membrane and functionally coupled
to the Ca,MgATP-dependent ATPase (SERCA) has been described in detail in
many studies (Rossi et al., 1990; Korge et al., 1993; Korge and Campbell, 1994;
Minajeva et al., 1996). This coupling has been shown both for isolated SR vesicles
and for intact SR in permeabilized cardiac fibers. Addition of PCr increased the
rate of calcium uptake and the maximum SR Ca*" content, while the exogenous
ATP-regenerating PEP-PK system was less effective (Minajeva er al., 1996). It
was also shown in experiments with permeabilized cardiomyocytes that withdrawal
of PCr from the medium reduced the frequency and amplitude, but increased the
duration of spontaneous Ca®* sparks (Yang and Steele, 2002). Thus, despite the
presence of millimolar levels of cytosolic ATP, depletion of PCr impaired Ca**
uptake (Korge et al., 1993; Korge and Campbell, 1994; Minajeva et al., 1996;
Yang and Steele, 2002). All these data clearly show the importance of MM-CK,
bound to the SR membrane, in rapid rephosphorylation of local MgADP produced
in the Ca,MgATPase reaction, independently from the cytoplasmic environment,
thus clearly demonstrating that SR-bound MM-CK is acting in a non-equilibrium
manner.

An important player in the control of excitation-contraction coupling in the
heart is the sarcolemmal membrane metabolic sensor complex. Its main part is the
sarcolemmal ATP-sensitive K,rp channel acting as an alarm system to adjust cell
electrical activity to the metabolic state of the cell (Lederer and Nichols, 1989;
Lorenz and Terzic, 1999; Abraham et al., 2002). ATP closes the channel by inter-
acting with its Kir6.2 subunit, but active membrane ATPases constantly reduce
the local ATP concentration, which is distinct from that in the cytosol (Abraham
et al., 2002; Crawford et al., 2002). Sarcolemmal MM-CK participates in this
system by rephosphorylating local ADP and by maintaining a high ATP/ADP
ratio in these microcompartments, with associated impacts on the coordination
of membrane electrical activity with cellular metabolic status, and most notably
with the PCr level. In this way, the PCr-CK network becomes the main intra-
cellular regulatory pathway for cardiac cells, controlling electrical activity and
cell excitability, calcium cycling, contraction and mitochondrial respiration. These
energy transfer and control functions are shared by several systems including,
besides CK, also the adenylate kinase (AK) and glycolytic systems, as it was seen in
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experiments with gene manipulation (Selivanov et al., 2004; Carrasco et al., 2001).
MM-CK was first described in purified rat heart sarcolemmal preparations in 1977
(Saks et al., 1977). Later, in experiments involving immunoprecipitation of guinea-
pig cardiac membrane fractions with antibodies against the K,p channel’s subunit
SUR2, MM-CK was found to be physically associated with the cardiac K,p
channel (Crawford et al., 2002). Due to the sarcolemmal localization of MM-CK,
the K,rp channel’s closed-open transitions are dependent upon PCr concentration
at ATP concentrations higher than the threshold level for channel closure, as
shown in experiments with isolated permeabilized cardiomyocytes for open cell-
attached patch formation (Abraham et al., 2002; Selivanov et al., 2004). It was also
concluded in these studies that strong local restrictions for ATP diffusion exist in
the subsarcolemmal area of cardiac cells, which are by-passed by the CK system.
This is in good concord with results of studies by Sasaki er al. (2001) showing
that activation of mitochondrial ATP hydrolysis by uncouplers also activated
sarcolemmal K,p channels in dependence of the activity of the CK system, which
could be influenced by its inhibitor, 2,4-dinitrofluorobenzene. Similar functional
coupling of CK with the K, , channel was described for pancreatic [(3-cells
(Krippeit-Drews et al., 2003).

Investigations in Wieringa’s laboratory on genetic modification of CK and
adenylate kinase (AK) provided firm evidence for the importance of this system:
‘knock-outs’ of the CK and AK genes result in significant adaptive changes in the
cells such as structural remodelling (Janssen et al., 2003; de Groof et al., 2001;
Ventura-Clapier et al., 2004; Novatova et al., 2006). A remarkable change
associated with a M-CK knock-out was a manifold increase in the volume of the
SR system, to compensate for the loss of efficiency of calcium uptake due to the
absence of MM-CK (Steeghs et al., 1997).

4. MATHEMATICAL MODELS OF THE PCr CIRCUIT
IN HEART CELLS

4.1. Modelling Feedback Metabolic Regulation of Mitochondrial
Respiration

The mitochondrial respiration rate in vivo may vary 20-fold, from
8-10 pmol min~!' g=! dry mass in resting (KCl-arrested) aerobic hearts to at least
170 wmol min~! g=! dry mass in beating rat hearts (Williamson et al., 1976).
As shown by Neely et al. (1967, 1972), Williamson et al. (1976) and Balaban
et al. (1986), oxygen consumption of the heart muscle is linearly dependent on the
workload under conditions of metabolic stability of the heart. Parallel activation of
energy-producing and -consuming processes is not required to explain these obser-
vations in the heart muscle if CK compartmentation and the functional coupling
mechanisms described above are taken into account. A model of compartmen-
talized energy transfer in heart muscle cells was initially developed by Aliev and
Saks (1997) and later adapted by Vendelin and co-workers (Saks et al., 2003;
Vendelin et al., 2000).
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Mathematical modelling studies on energy exchange in working cardiac cells have
been performed to gain insight into fundamental questions of cellular energetics:
1) is the cellular CK reaction always in equilibrium state during in vivo steady-
state contractions of cardiac muscle? If so, ADP levels in the cytoplasm could
be predicted from measured intracellular metabolite levels. 2) Is mitochondrial
high-energy phosphate export in vivo mediated by ATP, according to the classical
concept, or in the form of PCr, according to the concept of the CK phosphotransfer
pathway? 3) Do metabolite levels in the myoplasm oscillate during cardiac contrac-
tions in vivo? 4) How can the cell maintain its metabolic stability at times when
linearly interrelated manifold increases in cardiac work and oxygen consumption
take place at practically constant metabolite levels and PCr/ATP ratios in the cells?
In the absence of experimental methods for direct monitoring of cellular ADP levels,
mathematical modelling of dynamic events in the cellular cytoplasm remains the
only option.

4.2. Description of a Model

A new class of dynamic mathematical models of intracellular compartmentalized
energy transport in cardiac cells was constructed, leading ultimately to the formu-
lation of the “Intracellular Energetic Unit” (ICEU) concept (Saks et al., 2001;
Seppet et al., 2001). These models are based mainly on the principles of chemical
kinetics and the mass action law (Aliev and Saks, 1997; Dos Santos et al., 2000). In
addition, they consider the time dynamics of basic events of cellular energetics: ATP
hydrolysis by actomyosin ATPase during a contraction cycle; diffusional exchange
of metabolites between myofibrillar and mitochondrial compartments; VDAC-
restricted diffusion of ATP and ADP across the mitochondrial outer membrane;
mitochondrial synthesis of ATP by ATP synthase; P; and ADP transport into the
mitochondrial matrix controlled by the mitochondrial membrane potential, which
is a function of ApH and AW; and PCr production in the coupled MtCK reaction
and its utilization by cytoplasmic CKs. These factors are considered in a system
consisting of a myofibril with a radius of 1um, a mitochondrion, and a thin
layer of cytoplasm interposed between them (Aliev and Saks, 1997; Dos Santos
et al., 2000). The computations of diffusion and chemical events were performed for
every 0.1-wm segment of the chosen diffusion path at each 0.01 ms time step (Aliev
and Saks, 1997). This allowed simulation of space-dependent changes throughout
the entire cardiac cycle. This system, with adjacent ADP-producing systems in
myofibrils and in the SR, is supposed to represent the basic pattern of organization
of muscle cell energy metabolism, the ICEU of cardiac cell energetics (see above).

In mitochondria, the ANT and the P, carrier control the matrix concentra-
tions of ATP, ADP and P; available for ATP synthase. These carriers establish
constant positive (i.e., higher concentration inside) ADP and P; gradients between
the mitochondrial matrix and intermembrane space. In the model, the ATP/ADP
ratios in the matrix and the activity of ATP synthase are dependent on AW,
the electric component of the mitochondrial membrane potential. The model also
employs a complete mathematical description of the P, carrier based on a probability
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approach, allowing prediction of the dynamics of P, accumulation in the matrix in
exchange for matrix OH™ ions, i.e. at the expense of mitochondrial proton-motive
force, ApH. The model considers CK compartmentation as discussed above. In
particular, cytoplasmic CK (MM-CK) molecules, representing 69% of total CK
activity, are freely distributed in the myofibrillar and cytoplasmic spaces. The
intrinsic thermodynamic parameters of MM-CK favour its functioning in the reverse
direction of the CK reaction to transphosphorylate ADP to ATP at the expense
of PCr utilization. The remaining part of cellular CK, i.e. the MtCK isoenzyme,
is localized in the mitochondrial compartment. In mitochondria, MtCK is tightly
anchored by cardiolipin molecules to the ANT at the outer surface of the inner
mitochondrial membrane. The resulting close proximity of MtCK and ANT allows
direct channelling of adenine nucleotides between their adjacent active sites; this
channelling is the actual base for shifting the MtCK reaction towards synthesis of
PCr from translocase-supplied ATP, even at high levels of ATP in the myoplasm
of in vivo heart cells.

Mathematical modelling of the cellular CK circuit system was developed further
by (i) more sophisticated modelling of the kinetics of mitochondrial ANT by a
probability approach and (ii) a simplified modelling approach for the functional
coupling between ANT and MtCK (see below). In both versions of the model (Aliev
and Saks, 1997; Dos Santos et al., 2000), functional coupling of MtCK to ANT
was simulated by means of dynamically changing high local ATP concentrations
in a 10-nm narrow space (microcompartment) between coupled molecules. This
simplified approach — coupling by local dynamic compartmentation — was used
because of a high demand for computing power in the original probability model
of coupling. The probability model was used to check the validity of calculations
in this simplified approach (Aliev and Saks, 1997).

A distinctive feature of this modelling approach is that we avoided, as much as
possible, the formal description of chemical phenomena by adjustable mathematical
terms. The living cell is a self-regulating chemical machine; therefore, relying
on the principles of chemical and enzyme kinetics decreases the probability of
errors during mathematical modelling. Proper choice of maximum rates of enzyme
activities, taken from in vivo and biochemical data (Aliev and Saks, 1997), also
served this goal. All details of modelling can be found in our publications (Aliev
and Saks, 1997; Dos Santos et al., 2000).

4.3. Main Results: Mathematical Evidence
for the Phosphocreatine Circuit

Modelling revealed oscillations of all metabolite levels in the cytoplasm of the
working heart (Figure 10A). Activation of contraction results in a small spike-like,
transient (40 ms) decrease in ATP concentration and a symmetrical increase in ADP
levels in the systole, followed by more pronounced and longer-lasting changes in
PCr (transient decrease) and Cr (transient increase) concentrations. P; concentrations
change in a similar manner as free Cr concentrations (Aliev and Saks, 1997; Dos
Santos et al., 2000).



56 Saks et al.

800

400 7

200 A

-200 7

-400

Changes in concentrations (uM)
(=)

-600 T
0 60 120 180

Time within contraction cycle (ms)

.J.- Equilibrium

Net ATP synthesis (mmol*s ' *(kg wm)'1)

o] 80 120 180
Time (ms)

Figure 10. (A) Phasic changes in metabolite concentrations in a myofibril’s core during a cardiac
contraction cycle. Modelling for a high workload corresponding to a rate of oxygen consumption of
46 patoms of O-(g wm)~'-min~'. (B) Modelling results of non-equilibrium behaviour of ATP-synthase
(Syn), myofibrillar and mitochondrial CK (CKmyo and CKmit, respectively) under conditions with (solid
lines) or without (dotted lines) restrictions for adenine nucleotide diffusion through the mitochondrial
outer membrane. An arrow indicates the equilibrium position, when net ATP production is equal to zero.
Reproduced from Aliev and Saks (1997) with kind permission from the Biophysical Society, USA.
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These metabolite changes are the basis for respective changes in the corre-
sponding chemical reactions. At very high workload, corresponding to a rate of
oxygen consumption of 46y atoms of O-(g wet mass)!-min~!, an increase in
myoplasmic ADP concentration from basal diastolic levels (383 vs. 58 uM) is
responsible for activation of net ATP synthesis by MM-CK from —0.2 to 8.5 mmol
ATP-s~!-(kg wet mass)~! (Aliev and Saks, 1997) (Figure 10B).

The simulation data indicate that myoplasmic MM-CK is clearly out
of equilibrium in cyclically contracting cells (Figure 10B). Non-equilibrium
behaviour of MM-CK is caused by cyclic increases in myoplasmic ADP
levels during the systole of the cell. These oscillations cannot be dampened
completely even when the activity of MM-CK is increased artificially by 10-fold
(Saks and Aliev, 1996).

In such a system, based on published experimental data, regeneration of consumed
myoplasmic PCr takes place mostly in mitochondria, as evidenced by a permanent
shift of the MtCK reaction towards net PCr and ADP synthesis (Aliev and
Saks, 1997) (Figure 10B). The mean value of net PCr synthesis in the mitochon-
drial compartment is 1.91 mmol PCr-s~!-(kg wet mass)~'. The sustained shift of the
MtCK reaction towards PCr synthesis results both from local coupling of MtCK
to ANT and from dynamic compartmentation imposed by restrictions for ADP
diffusion through the mitochondrial outer membrane. The relative contribution of
the former mechanism, i.e. local coupling, to this phenomenon is about 54%: in the
same system, but without restrictions for ADP diffusion (Aliev and Saks, 1997), the
mean value of net PCr synthesis by mitochondria drops to 1.03 mmol PCr-s~!-(kg
wet mass)~! (Figure 11).
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Figure 11. Modelling results of diffusional ATP and PCr export through the mitochondrial outer
membrane under conditions without (A) or with (B) restrictions for adenine nucleotide diffusion through
the mitochondrial outer membrane. The shaded area indicates PCr efflux. Reproduced from Aliev and
Saks (1997) with kind permission from the Biophysical Society, USA.
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As a whole, in a system with compartmentalized CK, the functional local coupling
of CK to ANT leads to complete separation of functional roles of cellular CK isoen-
zymes: MM-CK becomes responsible for ATP regeneration in the myoplasm during
the systole at the expense of PCr breakdown, while regeneration of myoplasmic Cr
to PCr takes place in mitochondria in the coupled MtCK reaction throughout the
contraction-relaxation cycle (Figure 11). Such a separation of functions is important
for realization of metabolic stability of the working heart (Dos Santos et al., 2000;
Aliev et al., 2003)
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Abstract: In mammals, creatine is taken up from the diet and can be synthesized endogenously
by a two-step mechanism involving the enzymes arginine:glycine amidinotransferase
(AGAT) and guanidinoacetate methyltransferase (GAMT). Creatine (Cr) is taken up by
cells through a specific transporter, CT1. While the major part of endogenous synthesis
of Cr is thought to occur in kidney, pancreas and liver, the brain widely expresses
AGAT, GAMT and CT1I, both during development and in adulthood. The adult central
nervous system (CNS) has a limited capacity to take up Cr from periphery, and seems
to rely more on its endogenous Cr synthesis. In contrast, the embryonic CNS might
be more dependent on Cr supply from periphery than on endogenous synthesis. This
review will focus on the expression and function of AGAT, GAMT and CT1 in the
mammalian CNS, both during development and in adulthood. Emphasis will also be
placed on their specific roles in the different cell types of the brain, to analyze which
brain cells are responsible for the CNS capacity of (i) endogenous Cr synthesis and
(ii) Cr uptake from the periphery, and which brain cells are the main Cr consumers.
The potential role of CT1 as guanidinoacetate transporter between “AGAT-only” and
“GAMT-only” expressing cells will also be explored

1. INTRODUCTION

The creatine (Cr)/phosphocreatine (PCr)/creatine kinase (CK) system is essential
for the buffering and transport of high-energy phosphates. In the central nervous
system (CNS), Cr has been demonstrated to play a role in the migration of growth
cones and the growth of dendrites and axons, in the activity of Na*/K*-ATPase,
in the release of different neurotransmitters, in the maintenance of the membrane
potential, in Ca** homeostasis or in the restoration of ion gradients (Wallimann
et al., 1992; Wyss and Kaddurah-Daouk, 2000). Cr was also recently hypothesized
to act as a central neuromodulator (Almeida ez al., 2006).
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In mammals, Cr is taken up from the diet, and can be synthesized endogenously
by a two-step mechanism involving the two enzymes arginine:glycine amidinotrans-
ferase (AGAT) and guanidinoacetate methyltransferase (GAMT). Cr is distributed
through the blood and is taken up by cells with high energy demands through a
specific Cr transporter, CT1, which belongs to the Na* and Cl1~ dependent neuro-
transmitter transporter family (for a review, see Wyss and Kaddurah-Daouk, 2000).
In adult mammals, AGAT is mainly expressed in kidney and pancreas, and GAMT
in liver and pancreas. In addition, both enzymes are expressed in various other
tissues, albeit at lower levels. The highest expression of CT/ is found in kidney
(see Wyss and Kaddurah-Daouk, 2000, and references therein).

The mammalian brain, as well as primary cultures of brain cells and nerve cell
lines, are also able to synthesize Cr (Pisano et al., 1963; Van Pilsum et al., 1972;
Daly, 1985; Dringen et al., 1998; Braissant et al., 2002). In the adult CNS,
AGAT and GAMT genes are expressed by all the main cell types of the brain
(Lee et al., 1998; Braissant et al., 2001b). Primary brain cell cultures, either
neuronal, glial or mixed, and neuroblastoma cell cultures, have Cr transport activity
(Daly, 1985; Moller and Hamprecht, 1989; Braissant ef al., 2002). In the adult
mammalian brain, the CTI gene is expressed in neurons and oligodendrocytes
while astrocytes, including those at the blood brain barrier (BBB), do not express
it (Guimbal and Kilimann, 1993; Schloss et al., 1994; Happe and Murrin, 1995;
Saltarelli et al., 1996; Braissant et al., 2001b; Ohtsuki et al., 2002; Tachikawa
et al., 2004). The brain capillary endothelial cells, however, which establish the
BBB, express CT/ (Braissant et al., 2001b) and are able to import Cr (Ohtsuki
et al., 2002).

Until recently, the materno-fetal transport of Cr had been demonstrated (Koszalka
etal., 1975; Davis et al., 1978; Walker, 1979), but little information was available on
AGAT, GAMT and CT1 gene expression during embryonic development, particularly
for the CNS. AGAT and GAMT were found in whole extracts of the developing
mouse embryo (Sandell er al., 2003; Schmidt et al., 2004), and CTI has been
demonstrated in the neuraxis of the rat embryo (Schloss et al., 1994). Our recent
detailed analysis of AGAT, GAMT and CTI expression during the development of
the rat embryo has revealed that AGAT and CTI are widely expressed as soon as
E12.5, while GAMT expression could only be demontrated at a later stage (E18.5)
in the developing rat brain (Braissant et al., 2005b).

The CNS is the main organ affected in patients suffering from Cr deficiency
syndromes due to either AGAT, GAMT or CT1 deficiency (Stockler ef al., 1994,
Salomons et al., 2001; Item et al., 2001). These patients present neurological
symptoms in infancy and have mental retardation (see chapter 8; Stockler
et al., 2007; (Schulze et al., 1997; Battini ef al., 2002; DeGrauw et al., 2002)). All
three deficiencies are characterized by an absence, or a severe decrease, of Cr in
CNS (Stromberger et al., 2003; Sykut-Cegielska et al., 2004). AGAT and GAMT
deficient patients can be treated with oral Cr supplementation. Although very high
doses of Cr are being used, the replenishment of cerebral Cr takes months and
results only in partial restoration of the cerebral Cr pool (Stockler et al., 1996;



Expression and Function of AGAT, GAMT and CT1I in the Mammalian Brain 69

Ganesan et al., 1997; Schulze et al., 1998; Item et al., 2001; Battini et al., 2002). Cr
supplementation of CT1 deficient patients does not restore cerebral Cr levels (Cecil
et al., 2001; DeGrauw et al., 2002; Bizzi et al., 2002; Poo-Arguelles et al., 2006).

The expression of AGAT and GAMT in the mammalian brain, the absence of CT/
in the astrocytes lining the BBB (Braissant et al., 2001b), and the fact that Cr poorly
crosses the BBB of rodents (Ohtsuki et al., 2002; Perasso et al., 2003) as well as that
of AGAT and GAMT deficient patients (Stromberger et al., 2003; Sykut-Cegielska
et al., 2004) has led us to hypothesize that the postnatal and adult CNS might
depend, at least in part, on its own Cr synthesis (Braissant et al., 2001b). However,
this question remains open, as CT1 deficient patients, who are expected to express
AGAT and GAMT in their CNS, are nevertheless also depleted in intracerebral Cr
(Salomons et al., 2003). In contrast, our studies on develpmental biology of the rat
brain suggest that in the early embryo, Cr uptake by the CNS from the periphery
must predominate, with endogenous synthesis of Cr appearing only late in the
embryonic development of the brain (Braissant et al., 2005b).

2. EXPRESSION OF AGAT, GAMT AND CT1
IN THE ADULT BRAIN

It has long been thought that most, if not all, of the Cr necessary for the brain was of
peripheral origin, be it taken from the diet or synthesized endogenously through the
AGAT and GAMT activities in kidney, pancreas and liver (Wyss and Kaddurah-
Daouk, 2000). However, since a long time it is also known that the mammalian
brain is able to synthesize Cr (Pisano et al., 1963; Van Pilsum et al., 1972), which
is also true for primary cultures of brain cells and nerve cell lines (Daly, 1985;
Dringen et al., 1998; Braissant et al., 2002). While the highest expression of AGAT
and GAMT is indeed found in kidney, pancreas and liver, these genes are also
expressed, at lower levels, in various other tissues, including CNS (Lee e al., 1998,
Wyss and Kaddurah-Daouk, 2000; Braissant et al., 2001b; Schmidt et al., 2004;
Tachikawa et al., 2004; Nakashima et al., 2005).

AGAT is expressed throughout the adult rat brain, shown both at the mRNA
and protein levels in all the main CNS structures, with particularly high levels in
the telencephalon and cerebellum (Braissant et al., 2001b, 2005a). AGAT mRNA
is also expressed in the rat retina (Nakashima er al., 2005). The adult rat CNS
expresses AGAT in all its main cell types, namely neurons, astrocytes and oligoden-
drocytes (Table 1 and Figure 1; Braissant et al., 2001b). In the structures regulating
the exchanges between the periphery and the CNS as well as between the brain
parenchyma and cerebrospinal fluid (CSF), AGAT is expressed in microcapillary
endothelial cells (MCEC) and the astrocytes contacting them (at the BBB), as well
as in the choroid plexus and ependymal epithelia (Table 1 and Figure 1; Braissant
et al., 2001b).

GAMT is also expressed throughout the main structures of the adult mammalian
brain, as shown in rat, mouse and human both at the mRNA and protein levels
(Braissant er al., 2001b, 2005a; Schmidt et al., 2004; Tachikawa et al., 2004).
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Table 1. Expression of AGAT, GAMT and CT1 mRNAs and
proteins in the different cell types of the adult brain, including
blood brain barrier and blood CSF barrier. Presence (+) or
absence (—) in the different cell types. For detailed structures
of the brain, see Braissant et al., 2001b; Ohtsuki et al., 2002;
Schmidt er al., 2004; Tachikawa et al., 2004).

AGAT GAMT CTI

Neurons + + +
Oligodendrocytes + + +
Astrocytes + + —
Microcapillary endothelial cells — + - +
Choroid plexus + + +
Ependymal epithelium + + +

Particularly high levels were identified in telencephalon (corpus callosum and
hippocampus in particular), pons nuclei and cerebellum. Furthermore, GAMT is
expressed in neurons, astrocytes and oligodendrocytes, with higher levels found
in both glial cell types (Table 1 and Figure 1; Braissant et al., 2001b; Schmidt
et al., 2004; Tachikawa et al., 2004; Nakashima et al., 2005). GAMT is not expressed
in MCEC but is present in the astrocytes contacting them (at the BBB), as well
as in the choroid plexus and ependymal epithelia (Table 1 and Figure 1; Braissant
et al., 2001b; Tachikawa et al., 2004).

Organotypic rat cortical cultures, primary brain cell cultures — either neuronal,
glial or mixed — and neuroblastoma cell cultures present Cr transport activity
(Daly, 1985; Moller and Hamprecht, 1989; Braissant et al., 2002; Almeida

CP

Figure 1. Expression of AGAT (e), GAMT (e) and CT1 (e) in the different cell types of the adult brain.
AGAT and GAMT are expressed by neurons (N), astrocytes (A) and oligodendrocytes (O), as well as
in choroid plexus (CP) and ependymal (EE) epithelia. AGAT is also found in microcapillary endothelial
cells (MCEC). CT1 is expressed by MCEC but not by astrocytes sheathing them, and is also found in
neurons and oligodendrocytes, as well as in choroid plexus and ependymal epithelia. CSF: cerebrospinal
fluid; MC: microcapillary.
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et al., 2006). In vivo, mouse and rat CNS are able to take up Cr from the blood
against its concentration gradient, but this uptake of Cr through the BBB seems
relatively inefficient (Ohtsuki et al., 2002; Perasso et al., 2003). The CTI gene
is expressed throughout the main regions of the adult mammalian brain (Guimbal
and Kilimann, 1993; Schloss er al., 1994; Happe and Murrin, 1995; Saltarelli
et al., 1996; Braissant et al., 2001b). In rat and mouse, CT! is found — both at the
mRNA and protein levels — in neurons and oligodendrocytes, but, in contrast to
AGAT and GAMT, cannot be detected in astrocytes (Table 1 and Figure 1; Braissant
et al., 2001b, 2005a; Ohtsuki et al., 2002; Tachikawa et al., 2004). This holds true
also for the retina, where CT1 is expressed in retinal neurons, but not in astrocytes
(Nakashima et al., 2004; Acosta et al., 2005). In contrast to the absence of CT1 in
astrocytes lining microcapillaries, MCEC which form the BBB and the blood-retina
barrier do express CT1 (Table 1 and Figure 1; Braissant er al., 2001b; Ohtsuki
et al., 2002; Tachikawa et al., 2004; Nakashima et al., 2004; Acosta et al., 2005),
and are able to take up Cr (Ohtsuki ef al., 2002). CT1 is also expressed by choroid
plexus and the ependymal epithelia (Table 1 and Figure 1; Braissant et al., 2001b).

3. EXPRESSION OF AGAT, GAMT AND CT1
IN THE DEVELOPING BRAIN

The Cr/PCr/CK system plays essential roles in energy homeostasis during verte-
brate embryonic development, in particular in tissues such as developing CNS and
muscles (Wallimann et al., 1992). Many structures of the vertebrate embryo express
the CK genes at very early stages (Lyons et al., 1991; Dickmeis et al., 2001), and
Cr concentrations between 5 and 8 mmol/kg wet weight have been measured in the
fetal brain of rat and human, depending on the gestational stage (Miller et al., 2000;
Kreis et al., 2002). Parts of the developmental needs of the CNS for Cr can be
fulfilled by transport of Cr from the mother to the embryo (Koszalka et al., 1975;
Davis et al., 1978; Walker, 1979). However, until recently, little information was
available on AGAT, GAMT and CTI gene expression in the developing embryonic
mammalian CNS: AGAT and GAMT had been found in whole extracts of the devel-
oping mouse embryo (Sandell et al., 2003; Schmidt et al., 2004), and CTI had
been demonstrated in the neuraxis of the rat embryo (Schloss et al., 1994). So far,
it is not known whether alterations in Cr metabolism, as found in AGAT, GAMT
or CT1 deficiencies, impair the development of the embryo, and particularly its
CNS. The only functional indication that Cr metabolism genes are important for the
mammalian embryo comes from GAMT knock-out mice, which present an increase
in perinatal mortality (Schmidt et al., 2004). Our recent detailed analysis, both at
the mRNA and protein level, during the development of the rat embryo, has shed
new light on AGAT, GAMT and CT1 expression and function in the developing
mammalian CNS (Braissant et al., 2005b).

We have shown that AGAT and GAMT are expressed in the hepatic primordium
as soon as day 12.5, and then progressively acquire their adult pattern of expression,
with high levels of AGAT in kidney and pancreas, and high levels of GAMT in
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liver and pancreas. As in adulthood, however, many other embryonic tissues also
express AGAT and/or GAMT, including CNS. As soon as E12.5 in the rat, AGAT is
expressed in the whole nervous system parenchyma, and remains expressed in CNS
until birth (Table 2). In contrast, GAMT appears later, and only in scarce regions
of the developing brain (Table 2): at E15.5, GAMT is detected only in striatum
and pons, while at E18.5, it is found in neocortex, hippocampus, striatum, pallidum
and spinal cord. In CNS, CT1 is found expressed throughout development in all
the main regions of the brain, with a similar pattern as that found for AGAT. An
interesting pattern of expression was observed in the two structures responsible for
metabolite exchange between the periphery and the CNS, i.e. the choroid plexus,
and MCEC which build the BBB. CT1 is found highly expressed in the choroid
plexus (E15.5 and E18.5), but is absent from MCEC (E18.5), a situation reversed
as compared to adulthood (see above, and Braissant et al., 2001b). AGAT is absent
from choroid plexus but appears in MCEC at E18.5, while GAMT is absent from
both structures during the whole embryonic development (Table 2).

Table 2. Expression of AGAT, GAMT and CT1 mRNA and
protein in the main structures of the developing embryonic
brain, including the blood-brain and blood-CSF barriers.
Presence (4) or absence (—) in the different cell types is
indicated. E12.5, E15.5, E18.5: embryonic days 12.5, 15.5
and 18.5; S: striatum; P: pons nuclei. For detailed structures
of the brain, see Braissant et al. (2005b).

E12.,5 EI55 EI85

AGAT

Forebrain + + +
Midbrain + + +
Hindbrain + + +
Spinal cord + +
Choroid plexus — -
Microcapillary endothelial cells +
GAMT

Forebrain - +(S) +
Midbrain - - -
Hindbrain - +P) -
Spinal cord - +
Choroid plexus — -
Microcapillary endothelial cells -
CT1

Forebrain + + +
Midbrain + + +
Hindbrain + + +
Spinal cord + +
Choroid plexus + +

Microcapillary endothelial cells
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AGAT, GAMT and CT1 deficiencies induce neurological symptoms in infancy
and can lead to severe neurodevelopmental delay (Stromberger et al., 2003;
Salomons et al., 2003). Despite developmental improvement upon Cr supple-
mentation and partial recovery of the cerebral Cr pool in AGAT and GAMT
deficient patients, sequelae of the developmental delay and mental retardation
remain (Stromberger et al., 2003; Schulze, 2003; Sykut-Cegielska et al., 2004). In
the case of GAMT deficiency, this may be partly due to toxicity of guanidinoacetic
acid (GAA) accumulating in the CNS (Schulze et al., 2001; Neu et al., 2002).
Despite the fact that most patients with AGAT, GAMT or CT1 deficiencies are
diagnosed during infancy, and that significant damage to their brain occurs postna-
tally, the patterns of expression of AGAT, GAMT and CT1I during CNS embryoge-
nesis suggest that some of the irreversible damage observed in Cr deficient patients,
while pre-symptomatic, may already occur in utero or in early post-natal devel-
opment (Braissant et al., 2005b). This is coherent with recent studies on Cr deficient
neonates who, already at birth, present (i) a decreased Cr concentration together
with either a decreased (AGAT deficiency) or increased (GAMT deficiency) GAA
concentration in plasma and urine, and (ii) an absence or significant decrease of
cerebral Cr levels. In addition, pre-symptomatic treatment of neonates by Cr supple-
mentation prevents the phenotypic expression of AGAT and GAMT deficiencies
(Battini ef al., 2006; Schulze et al., 2006).

4. FUNCTION OF AGAT, GAMT AND CT1
IN THE MAMMALIAN BRAIN

The total level of Cr (Cr+ PCr) and the CK activity are well correlated in the
mammalian brain (Wyss and Kaddurah-Daouk, 2000), and their highest levels are
reached in brain cells with particularly high and fluctuating energy demands, where
AGAT, GAMT and CTI are also expressed (Holtzman et al., 1989; Wallimann and
Hemmer, 1994; Hemmer et al., 1994; Whittingham et al., 1995; Kaldis et al., 1996;
Wang and Li, 1998; Braissant et al., 2001b, 2005b; Ohtsuki et al., 2002; Tachikawa
et al., 2004; Acosta et al., 2005).

The presence of AGAT and GAMT in every cell type of the brain (see above)
suggests that the adult CNS must be able to synthesize Cr and thus secure part,
if not all, of its Cr needs (Braissant et al, 2001b, 2005b; Ohtsuki et al., 2002;
Schmidt et al., 2004; Tachikawa et al., 2004). The presence of CT1 in neurons and
oligodendrocytes (but not in astrocytes, see above) suggests transport of Cr between
cells synthesizing Cr and cells with high energy requests (Braissant et al., 2001b;
Ohtsuki et al., 2002).

Higher amounts of CK and PCr have been found in glial cells compared to
neurons (Holtzman et al., 1989; Hemmer et al., 1994). Brain cell primary 3D
cultures composed of mixed oligodendrocytes, astrocytes and neurons synthesize
10 times more Cr than their neuron-enriched counterparts (Braissant et al., 2002),
and primary astrocytes are able to synthesize Cr (Dringen et al., 1998). Miiller glial
cells in the retina synthesize their own Cr (Nakashima et al., 2005), and the GAMT
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protein is enriched in glial cells (oligodendrocytes and astrocytes) as compared to
neurons in the mouse brain (Tachikawa et al., 2004). These data suggest that glial
cells may actually not only cover their own Cr needs but also partially those of the
neurons.

Interestingly, we have observed the presence of GAMT and CTI/ mRNAs in
neuronal processes (axons and dendrites), suggesting that GAMT and CT1 transcripts
might be transported along these processes in order to allow brain cells to translate
these proteins at the sites where they are needed (Braissant et al., 2001b). This would
allow the cell to respond rapidly to immediate peripheral needs in, or recycling
of, Cr. This process is of primary importance 1) in CNS development during
synaptogenesis or growth cone migration which has been shown to be coupled
directly to CK (mammals) or arginine kinase (insects) activity (Wang et al., 1998),
and 2) in adulthood for the recently described role of Cr as central neuromodulator
(see chapter 8; Stockler et al., 2007; Almeida er al., 2006). The transcript of the
neuronal cationic amino acid transporter CAT3, which allows the uptake of arginine,
the limiting substrate for Cr synthesis, is also found in neuronal processes (Braissant
et al., 1999).

S. ENDOGENOUS SYNTHESIS VERSUS UPTAKE OF CREATINE
BY THE BRAIN

The long-term treatment of AGAT and GAMT deficient patients with very high
doses of Cr replenishes their brain Cr pools very slowly and only partially
(Stromberger et al., 2003; Sykut-Cegielska et al., 2004). Moreover, the blood to
brain transport of Cr through the BBB has been demonstrated, but is relatively
inefficient (Ohtsuki et al., 2002; Perasso et al., 2003). These in vivo data suggest
that in the adult brain, the BBB has a limited permeability for Cr, which might be
explained — despite the expression of CT7 by MCEC and their capacity to import
Cr — by the absence of CTI from astrocytes sheathing microcapillaries (Figure 2;
Braissant et al., 2001b; Ohtsuki et al., 2002; Tachikawa et al., 2004; Nakashima
et al., 2004; Acosta et al., 2005).

One possibility for the restricted entry of Cr into the brain parenchyma, without
going through astrocytes, could be the use of the limited surface of CNS capillary
endothelium that is free of astrocytic endings (Figure 2; Virgintino et al., 1997,
Ohtsuki ef al., 2004). Thus, under normal physiological conditions, the adult
mammalian brain might depend more on its own Cr synthesis, through the
expression of AGAT and GAMT, than on Cr supply from the blood (Braissant
et al., 2001b). The brain capacity for Cr synthesis would thus depend on the efficient
supply of arginine, the limiting substrate for Cr synthesis, from blood to CNS, and
then also on the local trafficking of arginine between brain cells. We have shown
that the cationic amino acid transporters might fulfill these roles in the adult rat
brain, as CATI is expressed at the BBB as well as ubiquitously in neuronal and
glial cells, as CAT2(B) is present in neurons and oligodendrocytes, and as CAT3 is
restricted to neurons (Braissant et al., 1999, 2001a).
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Figure 2. Expression of CT1 (e) in the adult BBB. CT1 is expressed on luminal and basal sides of
microcapillary endothelial cells (MCEC), but not by astrocytes (A). CT1 is expressed by neurons (N)
and oligodendrocytes. The restricted transport of creatine (Cr) from blood to brain through the BBB
might be due to the limited surface of microcapillaries that are not covered by astrocytic endings. e:
tight junctions; e: gap junctions.

The developing brain, in particular during embryogenesis, presents a different
situation. While AGAT is expressed as soon as E12.5 in the whole CNS parenchyma
and increases towards E18.5, GAMT expression is delayed in the developing brain,
and remains at low levels (Table 2). Thus, in contrast to the adult rat CNS which
appears able to synthesize its own Cr by expressing AGAT and GAMT in most
brain cell types (Braissant ef al., 2001b), endogenous synthesis of Cr in CNS might
appear only at the end of embryogenesis, and be restricted to discrete regions of
the brain (Braissant er al., 2005b). In consequence, the embryonic mammalian
brain might depend mainly on extra-CNS supply of Cr, be it of maternal origin or
synthesized in other tissues of the embryo, for the main part of its development
time. This is supported by the high expression of CT/ in the whole embryonic
CNS. Interestingly, CT1 is expressed in the choroid plexus of the rat, both in
embryos and adults (Figure 3; Braissant et al., 2001b, 2005b). In contrast, CT1 is
absent from embryonic MCEC, while these cells express it in the adult rat CNS
(Figure 3; Braissant et al., 2001b, 2005b; Ohtsuki et al., 2002). As choroid plexus
differentiates earlier than brain capillaries and participates in early trophic supply
for CNS (Dziegielewska et al., 2001; Engelhardt, 2003), one might speculate that
before angiogenesis occurs in CNS parenchyma, extra-CNS Cr is supplied from
blood to CSF through the choroid plexus. Cr would then be available for the whole
embryonic brain through CSF circulation (Segal, 2000) and through the observed
high levels of CT1 in the developing neuroepithelium, particularly in ependymal
epithelium along ventricles (Figure 3; Braissant et al., 2005b).

As the brain develops and enlarges and CNS angiogenesis progresses, the
ratio of exchange surfaces in choroid plexus and CNS microcapillaries shifts
to predominance of brain microcapillaries (Segal, 2000; Dziegielewska et al.,
2001; Engelhardt, 2003). Thus, at the end of embryonic development and then
postnatally, Cr supply to the brain may occur preferentially at microcapillaries, with
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Figure 3. Expression of CTI (e) in the developing blood-cerebrospinal fluid (CSF) and blood-brain
(BBB) barriers of the rat. During the embryonic life, the brain uptake of Cr through CT1 probably occurs
predominantly through choroid plexus (CP), while in adulthood, the ratio is reversed and Cr principally
enters through the BBB. E15.5, E18.5: embryonic days 15.5 and 18.5; EE: ependymal epithelium, SVZ:
cortical subventricular zone, MCEC: microcapillary endothelial cells.

CTI being up-regulated in MCEC at the end of the fetal life and postnatally
(Figure 3; Braissant et al., 2001b; Ohtsuki et al., 2002). It should be emphasized,
however, that supply of Cr from blood to postnatal or adult brain is very likely of
less quantitative importance than intra-cerebral Cr synthesis, as described above.

6. DEFICIENCIES IN AGAT, GAMT AND CT1: WHAT
CAN WE LEARN FROM THEIR RESPECTIVE EXPRESSION?

The wide pattern of expression of AGAT, GAMT and CTI genes in the mammalian
brain, which has been documented in every main region of rat (AGAT, GAMT and
CT1), mouse (GAMT and CT1) and human (GAMT) CNS (Braissant et al., 2001a,
2005b; Schmidt et al., 2004; Tachikawa et al., 2004; Galbraith et al., 2006), probably
accounts for the diverse phenotypic neurological spectrum observed in AGAT,
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Figure 4. AGAT and GAMT expression in distinct brain cells. Is GAA transported through CT1,
from AGAT expressing cells to GAMT expressing cells, to allow endogenous synthesis of Cr
within the CNS?.

GAMT and CT1 deficient patients (Schulze, 2003; Battini et al., 2006; Mercimek-
Mahmutoglu et al., 2006; Anselm et al., 2006). The activation of GABA receptors
by GAA (Neu et al., 2002) and the recently proposed role of Cr as co-transmitter on
the widely distributed GABA postsynaptic receptors (Almeida et al., 2006) might
also contribute to this phenotypic diversity. The same is true, in case of GAMT
deficiency and therefore accumulation of GAA, for the potential epileptogenic role
of GAA (Schulze et al., 2001), and its inhibitory effect on Na*/K™-ATPase and
CK (Zugno et al., 2006).

More particularly, specific features of AGAT, GAMT and CTI expression may
contribute in the future to the understanding of the clinical characteristics of CT1
deficiency. The hypothesis of endogenous Cr synthesis in the brain might seem
contradictory with the in vivo characteristics of CT1 deficiency. Despite the presence
of AGAT and GAMT expression in the CNS of patients affected with CT1 deficiency,
an absence or very low level of Cr in the brain is found, as in the case of AGAT
or GAMT deficiency (Salomons et al., 2003). This apparent contradiction might be
explained by a recent observation we have made on the CNS expression of AGAT,
GAMT and CT1: while AGAT and GAMT can be found in every cell type of the
brain (Braissant et al., 2001b), they rarely seem co-expressed within the same cell.
This suggests that GAA, which is known to compete for Cr uptake through CT1
(Saltarelli et al., 1996; Ohtsuki et al., 2002), might be transported, through CT1,
from AGAT to GAMT expressing cells, for Cr to be synthesized within the CNS
(Figure 4; Braissant et al., 2005a; Braissant and Henry, unpublished data). This
could explain the absence of Cr synthesis in the brain of CT1 deficient patients.

7. CONCLUSIONS

AGAT, GAMT and CT1 are widely expressed in the CNS, both during development
and in adulthood. Most probably due to the absence of CT1 on the astrocytic
feet sheathing microcapillaries, the adult brain has a limited capacity to take up
Cr from the periphery, as has been shown in vivo both for mouse and human.
Thus, the adult CNS seems to rely more on endogenous Cr synthesis than on Cr
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uptake from the blood. In contrast, GAMT is expressed only at the end of the
embryonic brain development, while CT1 is present on the first exchange structures
between CNS and periphery, namely choroid plexus and ependymal epithelia. Thus,
the embryonic CNS might be more dependent on Cr supply from periphery than
on endogenous synthesis, at least in its first stages of development. Among the
questions remaining, more work is needed to understand the fine cell-to-cell and
region-specific expression and function of AGAT, GAMT and CT1 in the brain.
In particular, the potential role of CT1 as GAA transporter between “AGAT-only”
and “GAMT-only” expressing cells has to be considered.
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CHAPTER 5
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Abstract:

Evidence is increasing that the creatine/phosphocreatine shuttle system plays an essential
role in energy homeostasis in the brain and retina to ensure proper development and
function. Thus, our understanding of the mechanism of creatine supply and creatine
usage in the brain and retina and of creatine supplementation in patients with creatine
deficiency syndromes is an important step towards improved therapeutic strategies for
brain and retinal disorders. Our recent research provides novel molecular-anatomical
evidence that (i) at the blood-brain barrier and the inner blood-retinal barrier, the creatine
transporter (CRT/SLC6AS) functions as a major pathway for supplying creatine to the
brain and retina, and that (ii) local creatine is preferentially synthesized in the glial
cells, e.g., oligodendrocytes, astrocytes, and Miiller cells, in the brain and retina. Thus,
the blood-brain barrier and inner blood-retinal barrier play important roles not only in
supplying energy sources (glucose and lactate), but also in supplying an energy ‘buffer’
(creatine). These findings lead to the novel insight that the creatine/phosphocreatine
shuttle system is based on an intricate relationship between the blood-brain barrier, inner
blood-retinal barrier, glia, and neurons (photoreceptor cells) to maintain and ensure
energy homeostasis in the brain and retina

1. INTRODUCTION

The creatine/phosphocreatine shuttle system plays an important role in energy
homeostasis in the brain and retina to ensure proper development and function.
Brain cells have only a few seconds supply of ATP which, in part, accounts for
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Figure 1. The structures of the blood-brain barrier (BBB) (A) and the blood-retinal barrier (BRB) (B).
The BBB forms complex tight-junctions of brain capillary endothelial cells. The BRB forms complex
tight junctions of retinal capillary endothelial cells (inner BRB, iBRB) and retinal pigment epithelial
cells (outer BRB, 0BRB). The inner two thirds of the human retina are nourished by the iBRB and the
remainder is covered by the choriocapillaris via the oBRB. GC, ganglion cell; AC, amacrine cell; BC,
bipolar cell; HC, horizontal cell; MC, Miiller cell; RC, photoreceptor cell (rod cell); CC, photoreceptor

cell (cone cell).
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the rapid deterioration of brain tissue following oxygen deprivation (Voat and
Voat, 1995). The phosphate group of ATP is transferred to creatine and ‘stored’
as phosphocreatine which can later-on be used to regenerate ATP from ADP.
Indeed, in vitro studies of the hippocampus have demonstrated that exogenous
supply of creatine increases the neuronal phosphocreatine store and protects neurons
from hypoxic damage, glutamate excitotoxicity and [(3-amyloid-induced toxicity
(Balestrino et al., 1999; Brewer and Wallimann, 2000). However, there is only
limited information available about the mechanisms underlying the constant supply
and use of creatine in the brain and retina.

Recently, a model of the functional coupling between the blood-brain barrier
(BBB) and inner blood-retinal barrier (iBRB), glia, and neurons (photoreceptor
cells) has been proposed to explain the maintenance of constant energy supply in
the brain and retina (Magistretti, 2006; Poitry-Yamate et al., 1995). In particular,
the BBB and iBRB (Figure 1) play a key role in the constant supply of energy
sources (glucose and lactate) from the circulating blood to the brain and retina
via facilitative glucose transporter 1 (GLUT1) and monocarboxylate transporter 1
(MCT1) (Enerson and Drewes, 2003; Gerhart et al., 1999; Ohtsuki et al., 2006,
Pardridge et al., 1990; Takata et al., 1992). Therefore, it is conceivable that the
functional relationships between the BBB, iBRB, glia, and neurons (photoreceptor
cells) are also essential for the creatine/phosphocreatine shuttle system in the brain
and retina. In this chapter, we describe the recent advances in our research on the
cellular and molecular mechanisms of creatine transport at the BBB and iBRB,
creatine biosynthesis, and the use of creatine in the brain and retina.

2. CREATINE TURNOVER IN BRAIN AND RETINA,
IN HEALTH AND DISEASE

The creatine/phosphocreatine shuttle system operates in particular in tissues with
high and fluctuating energy demands, such as striated muscle, brain, and retina
(Wyss and Kaddurah-Daouk, 2000). In the human brain, the creatine concen-
tration is 180-fold greater than in plasma (Marescau et al., 1992). Indeed, the brain
is one of the main targets of creatine deficiency syndromes, which are charac-
terized by the absence or severe reduction of creatine in the brain. Patients exhibit
mental retardation, delayed speech and language, epilepsy, extra-pyramidal signs
and autistic behavior (see chapter 8; Almeida et al., 2004; Stockler et al., 2007).
Creatine deficiency syndromes are caused by defects in the creatine biosynthesis
enzymes, L-arginine:glycine amidinotransferase (AGAT) (Bianchi et al., 2000; Item
et al., 2001) and S-adenosyl-L-methionine:guanidinoacetate N-methyltransferase
(GAMT) (Stockler et al., 1994), or in the creatine transporter (CRT/SLC6AS)
(Salomons et al., 2001). Although the recent advances in creatine research make
it clear that creatine plays an important role in brain function and development,
the mechanisms controlling the maintenance of cerebral creatine levels remain
uncertain. Furthermore, higher levels of creatine in the chicken retina (3 mM) and
in photoreceptor cells (10-15 mM) suggest that the creatine/phosphocreatine system
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also plays a significant role in the retina, where photoreceptor cells require a large
amount of metabolic energy for phototransduction maintained by ionic gradients
across the plasma membrane (Hall and Kiihn, 1986; Sather and Detwiler 1987,
Wallimann et al., 1986). In fact, it has been shown that gyrate atrophy of the choroid
and retina is characterized by hyperornithinemia and hypocreatinemia, implying
that excessive ornithine leads to chorioretinal degeneration through suspension of
creatine synthesis (Sipild et al., 1992). Therefore, it is important to gain new insights
into how creatine is supplied to the brain and retina.

Creatine levels in the body are maintained by biosynthesis, which occurs mainly
in the kidney and in the liver, and by dietary supplementation. In the brain, the
creatine supply from the circulating blood is believed to be limited due to the
presence of the BBB, since oral administration of 20 g creatine per day for 4
weeks produces only a 9% increase in total creatine in human brain (Dechent
et al., 1999). Braissant et al. (2001) also reported that the signal for CRT mRNA was
absent in astrocytes, particularly those in contact with capillary endothelial cells,
suggesting that the rat brain is dependent — at least in part — on endogenous creatine
synthesis (see also chapter 4; Braissant et al., 2007). In contrast, it has been reported
that patients with CRT deficiency failed to improve their neurological symptoms
following oral creatine supplementation (Bizzi et al., 2002; Cecil et al., 2001; de
Grauw et al., 2002; Poo-Arguelles et al., 2006), despite the presence of creatine
biosynthesis enzymes and normal levels of plasma creatine. On the other hand, in
patients with AGAT and GAMT deficiency, oral administration of creatine increased
the creatine level in the brain (Stockler et al., 1994) and improved their neuro-
logic symptoms (Bianchi et al., 2000; Stockler et al., 1996). Oral administration of
creatine has been reported to protect the neurons in animal models of amyotrophic
lateral sclerosis (ALS), Huntington’s disease and Parkinson’s disease (Klivenyi
et al., 1999; Matthews et al., 1998, 1999). Creatine has a net positive charge and an
estimated log partition coefficient of -2.7 (Persky and Brazeau, 2001), which does
not allow it to diffuse through plasma membranes. This body of evidence prompted
us to hypothesize on a major contribution from a specific creatine transport system
at the BBB, and/or on a neuron-glial interplay for local creatine biosynthesis and
supply in the brain. Therefore, the processes of creatine transport are important for
understanding the mechanisms governing the supply of creatine to the brain and
retina and could help in designing improved regimens of oral creatine supplemen-
tation for the treatment of neurodegenerative diseases and gyrate atrophy of the
choroid and retina.

3. MOLECULAR MECHANISMS OF CREATINE TRANSPORT
AT THE BBB AND iBRB: A CONTRIBUTION FROM CRT

3.1. Transport of Creatine Across the BBB and BRB

The in vivo blood-to-brain and blood-to-retina transport of creatine across the BBB
and BRB, including both the iBRB and the outer BRB (0BRB, see Figure 1), was
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evaluated by integration plot analysis after intravenous injection of ['*C]creatine
in rats (Ohtsuki er al., 2002; Nakashima et al., 2004). This approach allows deter-
mination of the apparent brain and retinal creatine uptake, or clearance (CLggpg,
CLggp; in pL/(ming tissue)) even if there is only low permeability across the
BBB and BRB. As an index of the brain and retinal distribution characteristics of
[**C]creatine at a particular time point, the apparent brain-to-plasma or retina-to-
plasma concentration ratio [K,, ,,,(t)] is used. This value [K, ,,,(t); in mL/(g brain or
retina)] is defined as the amount of ['*C]creatine per gram brain or retina divided by
the amount of ['*C]creatine per milliliter plasma, calculated for a particular, defined
time point (t). The CLggg or CLggg can be described by the following
equation:

K, app(1) = (CLygy or CLygg) x AUC(1)/Cp(1) +V;

where AUC(t) (dpm - min/mL), Cp(t) (dpm/mL), and V; (mL/(g brain or retina))
represent the area under the plasma concentration time curve of ['*C]creatine from
time O to t, the plasma ['*C]creatine concentration at time t, and the rapidly equili-
brated distribution volume of ['*C]creatine in the brain or retina, respectively. V,
is usually comparable to the vascular volume of the brain or retina. The CLggg
or CLggp can be obtained from the initial slope of a plot of K, (t) versus
AUC(t)/Cp(t), as an integration plot.

Integration plot analysis shows that creatine is transported from the circu-
lating blood to the brain and retina. The CLggy and CLygzg of ['*C]creatine
through the BBB and BRB were 1.61 and 10.7 pL/(min-g tissue), respectively
(Figure 2A,B). The CLygp and CLgy are about 6-fold and 40-fold greater than those
of ["*C]sucrose in rats [0.29 and 0.26 wL/(min-g tissue)], respectively. ['*C]Sucrose
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Figure 2. In vivo transport of ['#C]creatine from the circulating blood to the brain (A) and retina (B).
The solid line represents the apparent brain or retinal uptake clearance of ['*C]creatine (CLypg, or
CLggg) that can be obtained from the initial slope of a plot of K, ,,.,(t) versus AUC(t)/Cp(t). Each point
represents the mean = SEM (n = 3-4). From Ohtsuki ef al., 2002 (A) and Nakashima et al., 2004 (B)
with kind permission from Nature Publishing Group and Blackwell Publishing.
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is used as a non-permeable paracellular marker (Lightman et al., 1987). Furthermore,
the apparent cerebrum-to-plasma concentration ratio (K, ) of ['*C]creatine was
30.8 mL/g tissue 24 hours after exogenous administration of ['*C]creatine to mice.
This value is consistent with the endogenous brain-to-serum concentration ratio of
creatine (Marescau et al., 1992), supporting the proposal that the BBB is a major
pathway for supplying creatine to the brain. Such evidence strongly suggests that
creatine is transported via a carrier-mediated transport system at the BBB and BRB,
rather than by passive diffusion, from the circulating blood to the brain and retina
against its concentration gradient.

3.2. Characteristics of Creatine Transport Across the BBB and iBRB

The molecular mechanisms responsible for creatine transport across the BBB and
iBRB have been elucidated by using our newly established conditionally immor-
talized mouse brain capillary endothelial cell line (TM-BBB) and rat retinal capillary
endothelial cell line (TR-iBRB). These cell lines retain the in vivo expression and
function of several transporters and are a suitable in vitro model for the BBB
and iBRB, respectively (Hosoya and Tomi, 2005; Terasaki et al., 2003). Using
TM-BBB and TR-iBRB cells, a number of transporters expressed at the BBB and
iBRB have already been identified, which are involved in nutrient supply and drug
distribution to the brain and retina (see recent reviews: Hosoya and Tomi, 2005;
Ohtsuki, 2004; Terasaki and Ohtsuki, 2005). The characteristics of ['*C]creatine
uptake by TM-BBB and TR-iBRB cells are summarized in Table 1 (Nakashima
et al., 2004; Ohtsuki et al., 2002), supporting the notion that CRT is involved in
creatine transport across the BBB and iBRB. ['*C]Creatine uptake by TM-BBB and
TR-iBRB cells takes place in a Na®-, CI™- and concentration-dependent manner
with a Michaelis-Menten constant (K,,) for creatine of 16.2 and 14.9 uM, respec-
tively. The maximal rate (V) of ['#C]creatine uptake by TM-BBB and TR-iBRB
cells is 105 and 49.3 pmol/(min-mg protein), respectively. The BBB clearance of
creatine per gram brain (CLggg ;, ,i,) has been estimated to be 2.1 wL/(min-g
brain) by using the above kinetic parameters of in vitro ['*C]creatine uptake by TM-
BBB cells (Ohtsuki et al., 2002). This is in good agreement with the CLggg 4, 4ivo
value (1.6 wL/(min-g brain)), suggesting that the in vitro uptake study using TM-
BBB cells reflects the in vivo situation. The corresponding K, values are consistent
with an apparent K, for creatine of 15 and 29 uM for human and rat CRT, respec-
tively (Saltarelli ef al., 1996, Sora et al., 1994). These K, values are 10- to 40-fold
lower than the plasma concentrations of creatine (140-600 uM) in the mouse and
rat (Marescau et al., 1986); this suggests that the blood-to-brain and blood-to-retina
transport of creatine is more than 90% saturated by endogenous plasma creatine and
that the creatine transport system at the BBB and iBRB plays a role in continuously
supplying creatine from the circulating blood to the brain and retina at a rate close
to V.« This physiological role of the BBB and iBRB may be important for a better
understanding of creatine turnover in the brain and retina. Indeed, oral adminis-
tration of a relatively large amount of creatine for 4 weeks produces only about
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Table 1. Characteristics of ['“C]creatine uptake by TM-BBB and TR-iBRB cells. (A) Na*- and
Cl~-dependent ['“C]creatine uptake by TM-BBB and TR-iBRB cells at 37°C. Each value repre-
sents the mean + SEM (n = 3-4). (B) Kinetic parameters of ['*C]creatine uptake by TM-BBB and
TR-iBRB cells at 37°C. (C) Effect of several compounds (I mM) on ['“C]creatine uptake by TM-
BBB and TR-iBRB cells at 37°C. Each value represents the mean £+ SEM (n = 3-4). xp < 0.001,
**p < 0.01: significantly different from control. ND, not determined. From Ohtsuki er al. (2002)
and Nakashima et al. (2004) with kind permission from Nature Publishing Group and Blackwell
Publishing .

TM-BBB TR-iBRB
(A) Na*- and Cl™-dependence Relative uptake (% of control)
Control 100 + 4 100 £ 9
Na*-free condition 3.60 £ 0.13* 9.16 £ 0.58%%*
Cl~-free condition 8.83 £ 0.75* 18.8 £ 0.8%*
(B) Kinetic parameters
K,uM 16.2 14.9
Vinax 10 pmol/(min.mg protein) 105 49.3
(C) Inhibitory effects (1 mM) Relative uptake (% of control)
Control 100 £ 6.5 100 £ 2
Creatine 6.75 £ 0.34%** 5.97 £ 0.56%*
B-Guanidinopropionate 4.52 £ 0.88** 8.74 £ 1.01%*
Guanidinoacetate 30.2 £ 3.8%* ND
v-Guanidinobutyrate ND 27.7 £ 3.0%*
Phosphocreatine 67.5 £ 6.7 57.7 £ 3.2%%*
Creatinine 82.7+£22 91.1 £ 19
L-Arginine 799 £ 44 86.1 £3.9
Glycine 81.1 £43 ND
y-Aminobutyric acid 887+ 13 939 £22
Choline 75.0 £ 11 ND

a 9% increase in total creatine in human brain (Dechent et al., 1999). Therefore,
oral creatine treatment for patients with ALS or gyrate atrophy may depend on the
transport mechanism at the BBB and iBRB.

In vitro inhibition studies further suggest that creatine is mainly transported
via CRT, since B-guanidinopropionate produces marked inhibition of ['*C]creatine
uptake by TM-BBB and TR-iBRB cells, as reported elsewhere (Guimbal and
Kilimann, 1993), whereas precursors (glycine and L-arginine) and metabolites
of creatine (creatinine) do not. RT-PCR and Western blot analyses revealed
that CRT mRNA and protein are expressed in TM-BBB and TR-iBRB cells.
Furthermore, Bélanger et al. (2007) recently reported that mRNA expression
and function of CRT in TM-BBB cells are increased under hyperammonemic
conditions. This evidence suggests that the CRT at the BBB and iBRB plays a
major role in supplying creatine to the brain and retina under pathophysiological
conditions.
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3.3. Localization of CRT in the Brain and Retinal Capillary
Endothelial Cells

Immunohistochemical studies have shown that CRT is localized at both the luminal
and abluminal sides of adult mouse brain (Figure 3A,B) and rat retinal (Figure 3C)
capillary endothelial cells. In the adult mouse brain, CRT is also found to be
expressed in neurons, suggesting that creatine is transported into neuronal cells by
CRT following BBB transport. CRT mRNA can also be detected in rat neurons
by in situ hybridization (Braissant et al., 2001). Regarding expression of CRT
in retinal capillaries, our evidence is in good agreement with a recent report by
Acosta et al. (2005) showing that CRT is expressed in the cow retinal inner
blood vessels. CRT is also expressed in photoreceptor inner segments, inner
neuronal cells, and retinal pigment epithelial cells (Acosta et al, 2005). This
evidence suggests that creatine is transported into photoreceptor and/or neuronal
cells by CRT following iBRB transport in the retina. The role of CRT in the
abluminal membrane of the BBB and iBRB and the contribution of o0BRB to the
supply of creatine to the retina remain unclear and are the subject of ongoing
investigations.

T

Figure 3. Localization of CRT in the brain (A, B) and retinal (C) capillary endothelial cells. (A) Abundant
immunofluorescence of brain capillaries branching in all cortical layers (arrows) with moderate staining
in neuronal perikarya (arrowheads). (B) Immunogold labeling of CRT in a cortical capillary. Inmunogold
particles (arrowheads) are associated with both the luminal and abluminal cell membranes of mouse
brain capillary endothelial cells (End). (C) Immunoperoxidase labeling (arrowheads) was detected on
the surface of both the luminal and abluminal cell membranes of rat retinal capillary endothelial cells
(End). Scale bars: (A) 10wm, (B, C) 0.5 wm. From Ohtsuki er al., 2002 (A), Tachikawa et al., 2004
(B) and Nakashima et al., 2004 (C) with kind permission from Nature Publishing Group and Blackwell
Publishing.
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4. CELLULAR SYSTEMS OF CREATINE BIOSYNTHESIS
AND USE IN THE BRAIN AND RETINA

4.1. Differential Cellular Expression of the Creatine Biosynthesis
Enzyme, GAMT, and Creatine Kinases, uCK-Mi and CK-B,
in the Adult Mouse Brain

The cellular system of creatine biosynthesis and its function in the adult mouse brain
have been investigated by immunohistochemical localization studies for GAMT,
ubiquitous mitochondrial creatine kinase (uCK-Mi) and brain-type cytoplasmic
creatine kinase (CK-B) (Tachikawa et al., 2004). GAMT is highly expressed in
oligodendrocytes (Figure 4A, arrow) and olfactory ensheathing glia and moder-
ately in astrocytes (Figure 4A, arrowhead), whereas the level of GAMT is very
low in neurons and microglia and below the detection threshold in capillaries.

Figure 4. Cellular expression of GAMT (A) and uCK-Mi (B) in the mouse brain, and of GAMT (C)
in the rat retina. (A) Confocal immunofluorescence microscope image of GAMT localization in the
mouse cerebral cortex. Cells expressing GAMT strongly or moderately are indicated by arrows (oligo-
dendrocyte) and arrowheads (astrocyte). (B) Selective localization of uCK-Mi in neuronal mitochondria
(arrows) as revealed by postembedding immunogold electron microscopy. Nu, nucleus. (C) Confocal
immunofluorescence microscope image of GAMT localization in the rat retina. ONL, outer nuclear
layer; OPL, outer plexiform layer; INL, inner nuclear layer; IPL, inner plexiform layer; GCL, ganglion
cell layer. Scale bars: (A) 10pm, (B) 0.1wm, (C) 10 wm. From Tachikawa et al., 2004 (A, B) and
Nakashima ez al., 2005 (C) with kind permission from Blackwell Publishing and John Wiley & Sons.
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The ability to synthesize creatine from glycine has been confirmed for astrocytes:
when ['3C]glycine was added to the culture medium, radioactive creatine was
detected in cell extracts of astrocyte-rich primary cultures (Dringen et al., 1998).
It remains unknown whether oligodendrocytes and olfactory ensheathing glia can
synthesize creatine at higher rates than astrocytes.

uCK-Mi is expressed selectively in neurons and localized in mitochondria within
cell bodies (Figure 4B, arrows), dendrites, axons, and terminals, suggesting that the
creatine/phosphocreatine shuttle system is coupled with ATP production in neuronal
mitochondria, but not in glial mitochondria. Indeed, this shuttle system has been
reported to be involved in neuronal growth cone activity and axonal elongation
(Wang et al., 1998). The preferential glial expression of GAMT and selective
neuronal expression of uCK-Mi support the notion that the neuron-glial relationship
is essential for the functioning of this shuttle system. High GAMT expression
in oligodendrocytes and olfactory ensheathing glia may suggest, in particular,
preferential supply of creatine to axonal mitochondria. In this regard, neurological
symptoms in patients with GAMT deficiency, such as epilepsy, bilateral myeli-
nation delay and extra-pyramidal movement disorder (Kahler and Fahey, 2003,
Schulze, 2003, Stockler et al., 1994), can thus be ascribed not only to a reduced
creatine supply from the circulating blood (Ohtsuki et al., 2002), but also to a
disrupted supply from local glial cells.

Immunohistochemical and immunoelectron microscopy investigations have
shown that CK-B is expressed selectively in astrocytes among glial populations,
and expressed exclusively in inhibitory neurons among neuronal populations. In
contrast, CK-B immunoreactivity is virtually absent in excitatory neurons. Inter-
estingly, the cell types with high CK-B immunoreactivity are known to be highly
resistant to acute energy loss, such as in hypoxia or hypoglycemia.

Considering that phosphocreatine regenerates ATP much faster than the processes
of glycolysis and oxidative phosphorylation (Wallimann et al., 1992), the highly
regulated cellular expression of creatine biosynthesis and metabolic enzymes
suggests that the creatine/phosphocreatine shuttle system plays a role in brain energy
homeostasis through a novel neuron-glial relationship.

4.2 Creatine is Preferentially Synthesized in Miiller Glial
Cells of the Retina

RT-PCR analysis has shown that AGAT and GAMT mRNAs are expressed in the
retina and the Miiller glial cell line, TR-MUL (Nakashima et al., 2005). TR-MUL
is a conditionally immortalized rat Miiller cell line with properties of normal
retinal Miiller cells (Hosoya and Tomi, 2005). Western blot analysis confirmed
the expression of GAMT protein in the rat retina and TR-MUL cells. Confocal
immunofluorescence microscopy of rat retinal sections demonstrated that GAMT is
preferentially localized in glutamine synthetase-positive Miiller cells (Figure 4C).
In contrast, there is little immunoreactivity in photoreceptor cells located in the
outer nuclear layer. Furthermore, ['*C]creatine was detected in the isolated rat
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retina and TR-MUL cells after a 24 h-incubation with ["*C]glycine added to
the culture medium, suggesting creatine biosynthesis in Miiller glia (Nakashima
et al., 2005). Interestingly, creatine kinases are more concentrated in photoreceptor
cells compared with other cells in the chicken retina (Wallimann et al., 1986).
Mitochondrial CK is present in the inner segments of bovine rod and cone cells,
while the cytoplasmic brain isoform of creatine kinase is also located in the
rod outer segments. The localization of creatine kinase isoforms supports the
existence of a creatine/phosphocreatine shuttle in the highly polar photoreceptor
cells. Although the function and destination of creatine synthesized in the retinal
Miiller cells remain unknown, it appears likely that synthesized creatine is not
only used by Miiller cells, but also supplied to other cells, most likely photore-
ceptor cells, as do lactate and amino acids which are assumed to be shuttled
between Miiller cells and photoreceptor cells (Poitry-Yamate er al., 1995, Rauen
and Wiessner, 2000). Bearing in mind the fact that creatine is also supplied
from the circulating blood via CRT at the iBRB (Nakashima et al., 2004), the
creatine concentration in photoreceptor cells may be controlled by a dual system of
creatine supply from the local retinal glial cells and from capillaries. Chorioretinal
degeneration in patients with gyrate atrophy can be ascribed both to a reduced
creatine supply from the circulating blood and a disrupted supply from the local
Miiller glia due to inhibition of creatine biosynthesis by hyperornithinemia (Sipild
et al., 1980).

5. CONCLUSIONS

Our recent research provides novel molecular-anatomical evidence that (i) CRT at
the BBB and iBRB is involved in regulating the creatine concentration in the brain
and retina and that (ii) local creatine is preferentially synthesized in the glial cells in
the brain and retina. These findings provide important information that will increase
our understanding of the mechanism of creatine supply and creatine use in the
brain and retina and of creatine supplementation in patients with creatine deficiency
syndromes. In particular, the BBB and iBRB play essential roles in maintaining
energy homeostasis not only in terms of supplying energy sources (glucose and
lactate), but also for supplying an energy ‘buffer’ (creatine). Although oral creatine
supplementation is reported to be an effective treatment for AGAT- and GAMT-
deficient patients (Stockler et al., 1994, 1996), high doses of creatine given over a
long period of time only partially replenish brain creatine pools. In this regard, the
creatine concentration in the brain and retina appears to be dependent on BBB and
iBRB functions.

Figure 5 summarizes the putative cellular mechanisms of creatine transport,
biosynthesis and use in the brain and retina. This leads to a novel insight that
the creatine/phosphocreatine shuttle system is based on an intricate relationship
between the BBB, iBRB, glia, and neurons (photoreceptor cells) to maintain and
ensure energy homeostasis in the brain and retina.
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Figure 5. Schematic diagram of the functional relationships between creatine transport at the BBB and
iBRB, creatine biosynthesis, and its use for brain and retinal energy homeostasis. The role of CRT in
the abluminal membrane of the BBB and iBRB (isolated black squares) in the supply of creatine to the
brain and retina remains unclear. CK, creatine kinase; CRT, creatine transporter; GAMT, S-adenosyl-L-
methionine:guanidinoacetate N-methyltransferase; GLUT, glucose transporter; MCT, monocarboxylate
transporter.

6. RESEARCH OUTLOOK

Multidisciplinary approaches to creatine research will lead to new insights into the
functional relationships between the BBB and iBRB, glia, and neurons (photore-
ceptor cells) for brain and retinal energy homeostasis and will offer improved
therapeutic strategies for brain and retinal disorders.

Genetic manipulation of BBB and iBRB function in mice or rats, e.g. by BBB-,
iBRB- or glia-selective gene transfer and silencing, will be a future key method.
Using such techniques will be a particularly important issue to investigate the
relationships between creatine transport dysfunction at the BBB and iBRB and
mental retardation, speech problems, language delay, and epilepsy. We recently
produced a transgenic rat harboring the mouse Tie2 promoter/enhancer linked
green fluorescent protein (GFP) gene (Ohtsuki et al., 2005). The mouse Tie2
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promoter/enhancer induces selective gene expression in vascular endothelial cells in
the brain and retina of transgenic rats. Therefore, use of the Tie2 promoter/enhancer
for the induction or silencing of the CRT gene selectively in the BBB and iBRB
will be an important strategy for analyzing the relevance of CRT at the BBB and
iBRB under physiological and pathophysiological conditions.

Oral administration of creatine is a potentially promising treatment for neurode-
generative diseases owing to the neuroprotective effects found in animal models of
ALS, Huntington’s disease and Parkinson’s disease. However, the blood-to-brain
transport of creatine is apparently limited due to the almost complete saturation
of CRT at the BBB. Indeed, it has been reported that the effect of creatine
supplementation in patients with ALS or gyrate atrophy appears to be limited
(Shefner et al., 2004, Vannas-Sulonen et al., 1985). Therefore, the regulatory
mechanisms of CRT expression and function need to be further clarified for a
more rational creatine therapy of neurodegenerative diseases and gyrate atrophy of
the choroid and retina. This may lead to the discovery and development of drugs
which increase the density of CRT on the plasma membrane and/or CRT transport
activity at the BBB and iBRB.
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CHAPTER 6

FUNCTIONAL INSIGHTS INTO THE CREATINE
TRANSPORTER

DAVID L. CHRISTIE

Molecular, Cell and Developmental Biology Section, School of Biological Sciences, University of
Auckland, Private Bag 92019, Auckland, New Zealand

Abstract:

Creatine and phosphocreatine provide an intracellular, high-energy phosphate buffering
system, essential to maintain ATP levels in tissues with high energy demands. A specific
plasma membrane creatine transporter (CRT) is required for the cellular uptake of creatine.
This transporter is related to the <y-aminobutyric acid (GAT) and norepinephrine (NET)
transporters and is part of a large gene family of Na*- and Cl~-dependent neurotransmitter
transporters, now known as solute carrier family 6 (SLC6). CRT is essential for normal
brain function as mutations in the CRT gene (SLC6AS8) result in X-linked mental retardation,
associated with the almost complete lack of creatine in the brain, severe speech and
language delay, epilepsy, and autistic behaviour. Insight into the structure and function of
the CRT has come from studies of creatine transport by tissues and cells, in vitro studies
of CRT mutations, identification of mutations associated with CRT deficiency, and from
the recent high resolution structure of a prokaryotic homologue of the SLC6 transporters.
CRT antibodies have been developed enabling the localization of creatine uptake sites
in the brain, retina, muscle and other tissues. These tools in conjunction with the use of
appropriate cell models should allow further progress in our knowledge on the regulation
and cellular trafficking of the CRT. Development of suitable mouse models may allow
improved understanding of the importance of the CRT for normal brain function and how
the transporter is regulated in vivo

1. INTRODUCTION

The physiological importance of creatine transport was first appreciated for muscle
where high concentrations of phosphocreatine are required for muscle contractions.
Creatine biosynthesis occurs mostly in other tissues, so ~2 g/day of creatine must be
taken up by skeletal muscle to compensate for losses due to its irreversible conversion
to creatinine. Uptake of ['*C]creatine in isolated rat muscle tissue was shown to be a
saturable transport process (Fitch and Shields, 1966). Uptake was inhibited by creatine
analogues such as B-guandinopropionate and guanidinoacetate, but not by amino acids
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or other compounds lacking an amidino group (Fitch er al., 1968). The kinetics and
specificity of creatine transport were subsequently studied in cultured cell preparations
(Daly and Seifter, 1980), human monocytes and macrophages (Loike et al., 1986) and
astroglial-rich cultures from neonatal rats and mice (Moller and Hamprecht, 1989). The
creatine uptake system was confirmed to be saturable, sodium-dependent and highly
specific. The properties of the CRT have been confirmed and extended through the
functional expression of the cloned creatine transporter from a variety of species.

2. MOLECULAR CHARACTERIZATION OF THE CRT

2.1. The CRT is a Member of the Family of Neurotransmitter
Transporters

Molecular cloning showed the CRT to be a member of solute carrier family 6, a large
family of membrane transporters that mediate the translocation of a range of solutes
across plasma membranes, through the co-transport of sodium and chloride down their
electrochemical gradients (Chen et al., 2004). The y-aminobutryic acid (GABA) and
norepinephrine transporters (Guastella er al., 1990; Paczkowski et al., 1999) were the
first to be discovered, followed rapidly by identification of transporters for dopamine
and serotonin, accounting for reference to this family as Nat/Cl~-dependent neuro-
transmitter transporters or neurotransmitter:sodium symporters (NSS) (Saier, 1999).
Subsequently, homologous transporters for solutes other than neurotransmitters were
discovered, e.g. for taurine, betaine and creatine. The human genome encodes twenty
SLC6 transporters, a large sub-branch of which are Na*-dependent amino acid trans-
porters (Broer, 2006). A role in amino acid transport is likely to account for the large
number of SLC6 homologues in bacteria (Androutsellis-Theotokis et al., 2003; Quick
et al., 2006; Saier, 1999). SLC6 transporters are absent in yeast, fungi and plants
(Nelson, 1998).

2.2.  The CRT Gene (SLC6AS)

The CRT gene (SLC6AS) is located on human chromosome Xq28, contains 13 exons
and spans ~8.5kb of genomic DNA (Gregor et al., 1995; Sandoval et al., 1996).
Mutations in SLC6AS were first discovered in a boy with mental retardation who
had severe speech and language delay, cerebral creatine deficiency and an increased
urinary creatine/creatinine ratio (see chapter 8; Stockler et al., 2007; Cecil et al., 2003;
Salomons et al., 2001). Subsequently, SLC6A8 was shown to be an X-linked mental
retardation gene (Hahn er al., 2002). Three studies have reported the presence of a
second CRT gene (SLC6A10) on chromosome 16 (Eichler et al., 1996; Iyer et al., 1996;
Xu et al., 1997). The physiological significance of the second CRT gene is unclear.
Evidence has been obtained supporting the expression of SLC6A 10 transcripts specific
to the testis (Iyer et al., 1996). However, it has also been stated that SLC6AI0 is a
pseudogene as the predicted amino acid sequence indicated the presence of a premature
stop codon in exon 4 (Eichler er al., 1996). There appears to be no correlate of
SLC6A10 in the mouse (Broer, 2006).
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2.3. Molecular Cloning of the CRT cDNA

Our understanding of the CRT has progressed in a similar way to other members
of the neurotransmitter transporter family. The cDNAs from a variety of tissues and
species were cloned and characterized by functional expression in Xenopus oocytes
or mammalian cell lines. The first structural and functional characterization of the
CRT came with the cloning of cDNAs from rabbit brain and muscle (Guimbal and
Kilimann, 1993). Functional expression of the cDNA in COS-7 cells demonstrated
Na*- and Cl™-dependent creatine uptake. The cDNA was 98% identical to a cDNA
isolated from rat brain, first described as a Na'-dependent choline transporter and
later confirmed to be a creatine transporter (Mayser et al., 1992; Schloss et al., 1994).
Subsequently cDNAs encoding CRTs from human were identified (Nash et al., 1994;
Saltarelli et al., 1996; Sora et al., 1994). Several non-mammalian CRTs have also been
cloned. The CRT from the electric lobe of the ray, Torpedo marmorata, was found
to be 64% identical to the rabbit CRT (Guimbal and Kilimann, 1994). More recently,
the sequence of the CRT has been deduced from genome sequencing of zebrafish,
Danio rerio (accession no. XP_695932) and the pufferfish, Tetraodon nigroviridis
(accession no. CAF95116). The functional properties of these fish CRTs have not been
investigated so far.

3. SUBSTRATE SPECIFICITY AND TRANSPORT MECHANISM
OF THE CRT

The CRT is highly specific for creatine. Neither creatinine nor phosphocreatine
are substrates. The key features for substrate specificity are a carboxyl group and
a guanidino group, separated by no more than 2-3 carbon atoms (Guimbal and
Kilimann, 1993; Moller and Hamprecht, 1989; Saltarelli et al., 1996; Sora et al., 1994).
A benzyl ester derivative of creatine which no longer contains a free carboxyl group
is not a substrate for the transporter although it can be taken up by brain slices in a
non-transporter dependent manner (Lunardi et al., 2006). B-Guanidinopropionate is a
better competitive inhibitor than guanidinoacetate or 4-guanidinobutyrate. 2-Amino-
3-guandinopropionate competes more efficiently with creatine for rabbit than electric
ray CRT, suggesting slightly altered binding sites in different species (Guimbal and
Kilimann, 1993, 1994). Arginine, citrulline, carnitine, GABA and choline are all
without a significant effect on creatine transport.

Many studies have shown that the CRT is Na'-dependent. Sodium cannot be
replaced by other cations such as lithium, choline or N-methylglucamine (Dodd
et al., 1999; Guimbal and Kilimann, 1993, 1994; Moller and Hamprecht, 1989;
Saltarelli et al., 1996; Sora et al., 1994). The creatine transporter is also Cl~-dependent
(Dai et al., 1999; Guimbal and Kilimann, 1993; Walzel et al., 2002). This is an
important consideration as not all SLC6 transporters are dependent on chloride. The
mammalian neutral amino acid transporter B°AT1 (SLC6A19) is not Cl~-dependent
(Broer et al., 2004; Broer, 2006). It appears that the CRT has a coupling ratio of 2 Na™:1
CI7:1 creatine molecule based on studies on the expression of human CRT in Xenopus
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oocytes (Dai et al., 1999) and creatine transport by brush-border membranes of rat
kidney cortex (Garcia-Delgado et al., 2001), rat jejunal enterocytes (Tosco et al., 2004)
and chicken enterocytes (Peral et al., 2002). These studies make it clear that the CRT
in apical membranes of intestinal enterocytes and proximal kidney epithelial cells has
an important role in absorption and reabsorption of creatine, respectively. However,
kinetic studies and consideration of electrogenicity make it unlikely that the CRT plays
a role in the export of creatine from the enterocyte across the basolateral membrane
(Orsenigo et al., 2005).

The transport of creatine through the CRT is saturable. K, values for the rat
(Garcia-Delgado et al., 2001; Moller and Hamprecht, 1989; Saltarelli et al., 1996;
Tosco et al., 2004), human (Dai ef al., 1999; Loike et al., 1986; Nash et al., 1994; Sora
et al., 1994), rabbit (Guimbal and Kilimann, 1993) and bovine CRT (Dodd et al., 1999)
have been determined as 15-46 uM, 15-77 pM, 35 uM and 188 wM, respectively. By
comparison, the serum creatine concentrations for rats, rabbits and humans have been
estimated as 528, 149 and 58 wM, respectively (Marescau et al., 1986). It should be
noted that plasma creatine levels may decrease with age. In humans, plasma creatine
concentrations were found to range from 17-109 uM and from 6-50uM at <10
and > 10 years, respectively (Almeida er al., 2004). It is apparent, however, from the
concentration of creatine in plasma that CRTs work close to saturation, suggesting that
the amount of transporter in the cell membrane may limit creatine accumulation.

4. STRUCTURE AND FUNCTION OF THE CRT
4.1. Properties of the CRT Protein

Mammalian CRTs from mouse, rat, rabbit, cow and man contain 635 amino acids and
are ~96% identical at the amino acid level. Each is predicted to contain 12 trans-
membrane spanning domains (TMs) with the amino- and carboxy-terminal regions
facing the cytoplasmic side of the membrane. Two potential sites for N-linked glyco-
sylation are found in the extracellular loop between TM3 and TM4. There is another
predicted glycosylation site located in the extracellular loop between TMs 11 and
12 (Snow and Murphy, 2001; Sora et al., 1994). However, this is a very short loop
and it may not be accessible for glycosylation. The lectin, wheat germ agglutinin
(specificity for N-acetylglucosamine), was used in the purification of bovine CRT
from membranes of HEK293 cells expressing high levels of the transporter (West
et al., 2005). N-glycosidase F digestion reduced the mass for the purified CRT
(70-80kDa) to ~50kDa. The mass for deglycosylated CRT is less than predicted
from the amino acid sequence (70.68 kDa) suggesting that this hydrophobic protein
may run faster on SDS polyacrylamide gels than expected from its molecular mass.
The mobility of the CRT on SDS gels varies if other detergents are present. Western
blotting of HEK293-CRT cell membranes solubilized directly into SDS gel loading
buffer demonstrated a 70-80 kDa CRT-immunoreactive protein. However, cell lysates,
prepared first in a buffer containing 1% Triton X-100, 1% sodium deoxycholate and
0.1% SDS, gave 80-90kDa immunoreactive protein bands (Dodd and Christie, 2001;
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West et al., 2005). This apparent size agrees with the ~80 kDa immunoreactive protein
band seen for the expression of the related norepinephrine transporter in HEK293
cells (Burton et al., 1998; Galli et al., 1995). It is difficult to reconcile this data with
a recent report indicating a molecular mass of 58 kDa for the glycosylated form of
haemagglutinin-tagged rat CRT expressed in HEK293 cells (Straumann ez al., 2006).

4.2 Structure of LeuT,,, a Bacterial Homologue of SLC6 Transporters

The key question for the CRT and other transporters is how they are able to recognize
their substrates and translocate them across the lipid bilayer. Determination of the
crystal structure of a bacterial leucine transporter (LeuT,,) has provided the very
first structure for a member of the SLC6 transporter family (Yamashita et al., 2005).
Remarkably, for a membrane protein, the structure of LeuT,, from Aquifex aeolicus
was solved by Gouaux and coworkers at extraordinarily high resolution (1.65 A).
This structure not only revealed the protein folds of the transporter but also provided
clear details of the substrate binding site, with leucine and two Na™ ions bound.
The importance of the LeuT,, structure in relation to the structure and function of
SLC6 transporters has been reviewed recently (Broer, 2006; Gether et al., 2006; Henry
et al., 2006; Kanner, 2005).

As predicted from hydropathy models of mammalian SLC6 transporters (Guastella
et al., 1990; Paczkowski et al., 1999), LeuT,, contains 12 TM domains with the N-
and C-termini facing the cytoplasm. The core structure shows the substrate binding
site for leucine buried within a unique fold. An unexpected structural repeat was found
in the first ten TMs. Amino acid residues in TMs 1-5 can be superimposed on those
from TMs 6-10 by rotation through a pseudo-twofold axis of symmetry in the plane
of the membrane. TMs 1 and 6 are highly conserved in SLC6 transporters and are
orientated anti-parallel to each other. Both the TM1 and TM6 helices are partially
unwound in the middle of the lipid bilayer. The exposed main chain carbonyl oxygen
and nitrogen atoms are involved in direct interactions with the substrate, leucine. The
two Na' ions also interact with the unwound portions of these helices. LeuT,, is not
Cl™-dependent, so its structure could not provide information on the C1~ binding site.
TMs 3 and 8 also relate to each other through the two-fold symmetry axis. These are
strongly tilted (~50°) and contribute a few key residues located near the unwound
portions of TMs 1 and 6 that are also involved in substrate binding.

The structure of LeuT,, supports the two gate theory for transporters. In this model,
exposure of the binding site to the outside of the cell enables the substrate to bind.
Then, closure of the external gate, traps the substrate within the membrane. Subsequent
opening of an internal gate, on the other side of the membrane, allows the release of
the substrate into the cell. In the structure of LeuT,, the external and inner gates are
closed and leucine and Na™ are bound within the binding site formed by residues from
TMs 1, 3, 6 and 8. The transport process was suggested to require major movements of
TM1 and TMG6 relative to TM3 and TM8 (Yamashita ez al., 2005). A few residues from
extracellular loop 4 (ECL4) between TMs 7 and 8 form the external gate and cover
the substrate binding site. The intracellular gate extends from the substrate binding site
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to the cytoplasmic face of the membrane, spanning ~20 A, and consists of ordered
protein structure from regions of TMs 1, 6 and 8.

4.3. Is LeuT,, a Suitable Model for the CRT?

LeuT,, is only 20-25% identical to the mammalian SLC6 transporters. However, the
conservation of residues in SLC6 transporters at key positions and the topology of
LeuT,, suggest that this bacterial SLC6 homologue will prove to be a valuable model
for the CRT and other SLC6 transporters. A schematic diagram for the topology of
the CRT based on LeuT,, is shown in Figure 1.

It is interesting to review studies of in vitro mutagenesis and mutations associated
with CRT deficiency in relation to a structural template based on LeuT,,. Comparison
of the phylogenetically distant Torpedo marmorata and mammalian CRTs indicated
that only a few residues were better conserved in CRTs than other members of the
neurotransmitter transporter family (Guimbal and Kilimann, 1994). One of the ‘CRT-
specific’ residues was Cys-144 in TM3. The importance of this residue was investigated
by chemical modification with methanethiosulfonates (MTS), membrane imper-
meable sulphydryl-modifying reagents, and by site-directed mutagenesis (Dodd and
Christie, 2001). Low concentrations of 2-aminoethyl methanethiosulfonate (MTSEA)
rapidly inactivated the transporter. A Cys144Ser mutant retained 70% of activity and
was completely resistant to MTSEA while a Cysl44Leu mutant had a much higher
K, for creatine. Creatine and its close analogues, but not arginine or GABA, protected
Cysl144 from modification. It was concluded that Cys144 may be close to a binding
site or part of a permeation channel for creatine. A very good way of identifying
channels and pores in membrane proteins is the substituted cysteine accessibility
method (SCAM). The functionally active and MTS-resistant p.Cys144Ser mutant was
used as a background to replace 22 residues in TM3, one at a time, with cysteine (Dodd

Figure 1. Schematic representation of transmembrane topology of the CRT. The topology of the CRT is
based on LeuT,, (Yamashita ez al., 2005). TMs 1-5 are related to TMs 6-10 by rotation through a pseudo-
twofold axis of symmetry in the plane of the membrane. The CRT, as indicated, has much longer N- and
C-terminal domains than LeuT,,. The figure also shows two predicted disulphide bonds and two N-linked
carbohydrate groups in extracellular loop 2 (ECL2). The predicted binding site for creatine (Cr) is indicated.
The small black dots indicate bound Na*. TMs 1, 3, 6 and 8, involved in substrate binding are shaded
dark grey.
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and Christie, 2005). The activity of each Cys substitution mutant was tested before
and after reaction with MTS reagents to determine substituted cysteine accessibility.
Inactive and MTS-sensitive Cys mutants corresponded to positions Trp154, Vall51,
Tyr148, Tyr147, Cys144 and Ile140. These were aligned 3—4 amino acids apart along
one face of the predicted a-helix of TM3. It was suggested that these residues face
the substrate binding pocket and that three residues, Ile140, Cys144 and Tyr147, each
protected from MTSEA inactivation by creatine, may be close to the substrate binding
site. Residues equivalent to these positions in the CRT have also been shown to be
involved in substrate specificity through SCAM analysis of the human serotonin trans-
porter (Chen and Rudnick, 2000; Chen et al., 1997). Thus, biochemical analysis of
the creatine and serotonin transporters, indicating the involvement of TM3 in substrate
binding, are in excellent agreement with the LeuT,, structural model (Yamashita
et al., 2005). This gives us confidence that LeuT,, is an appropriate structural template
for mammalian SLC6 transporters.

We have attempted to obtain a preliminary model of the CRT based on the coordi-
nates of LeuT,, (Yamashita et al., 2005). In the model of the creatine binding site,
Cys144 and Tyr148 in TM3 are opposite to Phe315 and Leu321 in TM6 and Tyr68
in TM1 (Figure 2). This model agrees well with previous biochemical studies of the
binding site of the CRT. A close-up view of the predicted substrate binding site is
shown in Figure 3. Interestingly, of the 12 residues involved in the binding of Na* and
leucine in LeuT,,, only 4 of the CRT and the GABA transporter (GAT-1) residues
differ at the equivalent positions (Guastella et al., 1990; Yamashita et al., 2005). Phe68,
Cysl144, Ala318 and Gly421 are found in CRT and Tyr, Leu, Gly and Thr in GAT-1
in place of Asn, Val, Ser and Ile in LeuT ,,, respectively (Yamashita er al., 2005). One

Figure 2. Model of CRT substrate binding site. An approximate model of the bovine CRT binding site was
obtained by exchanging the sequences of TMs 1, 3, 6 and 8 in LeuT,, with the sequences of the equivalent
regions of the bovine CRT. The modified LeuT,,/CRT sequence was fitted to the coordinates of LeuT,,
(PDB, ID 2A65) using SWISS-MODEL (http://swissmodel.expasy.org/). Residues thought to be involved
in substrate binding are shown by stick representation. The figure was generated using PyMOL v0.99. The
shaded oval indicates the predicted binding site for creatine.
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Phe 315 Cr

Ser417

Leu 321

Figure 3. Predicted hydrophobic CRT binding pocket. The predicted hydrophobic pocket of the CRT based
on LeuT,, and the model shown in Figure 6.2. The side chains of Phe68 in TM1, Cys144 in TM3, Phe315
and Leu321 in TM6 and Ser417 and Gly421 in TMS8 are indicated by semitransparent van der Waals
surface spheres, coloured red, orange, green and blue, respectively. A stick representation of creatine is
shown (oxygen, carbon and nitrogen atoms are shown in red, yellow and blue, respectively). The position of
creatine was aligned with respect to the carboxyl group and C, atom of leucine in LeuT,,. Some residues
predicted to be involved in substrate binding (CRT residues Leu72 and Gly73 in TM1, Tyr148 in TM3, as
well as Phe314 and Ala318) were omitted for clarity.

can imagine that small changes can alter the shape of the binding site to accommodate
different substrates. We have also tested the model by asking the following question: if
the model for the substrate binding site is correct, can we alter the substrate specificity
of the CRT? We find that substitution of just three of the four above described amino
acids results in the complete loss of creatine transport and the gain of specific GABA
transport function (Dodd and Christie, 2007).

44. How do Pathogenic SLC6A8 Mutations Relate to the Proposed
CRT Structural Model?

Mutations in SLC6AS are found in families with (X-linked) mental retardation. In order
to assess the frequency of SLC6A8 mutations, males with no known cause for mental
retardation were screened by sequencing genomic DNA (Clark et al., 2006). It was
concluded that SLC6A8 mutations occur in ~1% of males with mental retardation of
unknown etiology. This study identified six novel mutations and summarized known
mutations in the SLC6AS gene. In total 18 mutations, from 20 unrelated families, have
been reported and occur throughout the gene. Criteria used to classify the variants
as pathogenic included absence of creatine in the brain, a high creatine:creatinine
ratio in the urine and in some cases, demonstration of impaired uptake of creatine
by fibroblasts from affected males (Cecil et al., 2003; Clark ef al., 2006; Salomons
et al., 2001, 2003). It is not surprising that major changes (e.g. large genomic deletion,
frameshift, splice error, nonsense mutation (i.e. premature stop codon)) would lead
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to inactive CRT. Analysis of missense mutations (i.e. one amino acid substitution by
another amino acid) and perhaps also one amino acid deletions may provide greater
insight into regions critical for the function of the CRT.

The missense mutation p.Gly87Arg is part of a highly conserved sequence (Asn-Gly-
Gly-Gly-Ala/Val-Phe) found in all animal and bacterial SLC6 transporters. Insertion
of the larger, positively charged Arg residue is expected to disrupt this loop, possibly
interfering with the orientation of TM1, one of the 4 TMs known to be important for
substrate binding in LeuT,,.

Interestingly, other pathogenic mutations have also been found in loops. The
mutation p.Cys337Trp is at the end of TM7 that faces the cytoplasm. LeuT,, and
GAT-1 have Ile and Val at this position, respectively, and Trp may be too large and
bulky to be tolerated. Three other missense mutations, p.Gly381Arg, p.Pro390Leu
and p.Arg391Trp are located in ECL4. This is an important loop that is likely to
participate in conformational changes during transport. This loop forms a lid that
covers the substrate binding site, extends into the centre of the transporter and
interacts with residues in TM1. Evidence supporting conformational changes have
come from engineering of Zn>* binding sites and accessibility studies in the dopamine,
serotonin and GABA transporters (Loland et al., 1999; MacAulay et al., 2001; Mitchell
et al., 2004; Norregaard et al., 2003). The ECL4 loop contains two short helices
separated by a sharp bend (Yamashita et al., 2005). Gly-381 is adjacent to the second
short helix and substitution by Arg would have a major affect on this loop. In vitro
studies in the author’s laboratory have shown that p.Gly381Arg-containing bovine
CRT was inactive and failed to be inserted into the membrane of HEK293 cells,
suggesting a problem with the folding of the transporter protein. Overexpression of
a p.Gly381Cys mutation, on the other hand, was expressed in the membrane but
remained inactive (Lisa Tolich, Joanna Dodd and David Christie, unpublished data).
The mutations (p.Pro390Leu and p.Arg391Trp) were found in the second short helix.
It is likely that each of these mutations disrupts this functionally important segment
of secondary structure.

The pathogenic mutation p.Pro554Leu was attributed to the loop between TMs 11
and 12 based on the predicted topology of mammalian SL.C6 transporters (Rosenberg
et al., 2004). However, revision of the topology based on LeuT,, (Figure 1) suggests
that this conserved proline may be part of the helix of TM11 (Yamashita et al., 2005).
Proline residues are known to introduce twists in TM helices and, for this reason,
leucine may not be tolerated at this position.

LeuT,, has very short N- and C-terminal domains so its structure does not help
with interpretation on the effect of mutations in the much longer N-terminal and
C-terminal domains of CRT. While these domains are not highly conserved in
mammalian SLC6 transporters, they do have some functional importance. Syntaxin
1A regulates the activity of the GABA and noradrenaline transporters by binding to
their N-terminal domains (Deken et al., 2000; Sung et al.,, 2003). The unclassified
variant p.Lys4Arg, discovered through sequencing of CRT genomic sequences, may
represent a rare polymorphism. Although Lys-4 is conserved in mammalian CRTs
(Rosenberg et al., 2004), an Arg residue is found at a similar position in the electric
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ray CRT (Guimbal and Kilimann, 1994). The p.Gly26Arg mutation is also unclas-
sified as no biological material was available from the patient. A glycine is found at
this position in mammalian CRTs and proline, another neutral amino acid, is present
in the electric ray CRT. The effect of introduction of the positively charged Arg
residue at this position needs investigation through in vitro studies. There have been
no reported studies of the functional importance of the C-terminal region of the CRT.
However the sequence of the C-terminal four amino acids (-Glu-Ser-Val-Met) may
constitute a binding motif recognized by PDZ-domain proteins which are known to
regulate many channel and transporter proteins (Brone and Eggermont, 2005; Sheng
and Sala, 2001). A similar sequence (-Glu-Thr-Val-Met) at the C-terminus of the
parathyroid hormone receptor is recognized by the PDZ domain protein Na*/H*
regulatory factor 2 (Mahon er al.,, 2002). The unclassified variation p.Val629lle is
likely to represent a polymorphism as Ile is found in the marble electric ray (Guimbal
and Kilimann, 1994; Rosenberg et al., 2004) and the zebrafish CRTs (accession no.
XP_695932).

5. TISSUE DISTRIBUTION OF THE CRT
5.1. Localization of CRT mRNA

The distribution of the CRT mRNA was determined soon after cloning of the cDNA.
Initially, the CRT cDNA was thought to encode a choline transporter. However, local-
ization of CRT mRNA indicated that the transporter was present in many tissues
outside the nervous system, being most abundant in tissues with high energy demands
such as skeletal muscle, heart, brain and retina, or with absorptive functions such as
kidney and intestine (Gonzalez and Uhl, 1994; Guimbal and Kilimann, 1993; Peral
et al., 2002; Saltarelli et al., 1996; Schloss et al., 1994). In situ hybridization has
revealed further details of the distribution of the CRT mRNA in brain (Happe and
Murrin, 1995; Saltarelli et al., 1996; Schloss ef al., 1994). Transporter expression was
high in the cerebellum (Purkinje and granule cell layers), hippocampus (pyramidal
cell layer) and some brain stem nuclei with moderate levels detected in the cortex,
globus pallidus and most white matter tracts. The striatum, nucleus accumbens,
hippocampus molecular layer, and cerebellar molecular layer showed very low
levels of CRT mRNA (Happe and Murrin, 1995). In the rat auditory brain stem,
most auditory nuclei expressed CRT mRNA although the amounts varied among
auditory nuclei, possibly reflecting differences in high-energy phosphate metabolism
(Hiel et al., 1996).

5.2. Localization of CRT Protein

Localization of the CRT protein identifies sites of creatine uptake and thus has
functional significance. Unfortunately, studies of the localization of the CRT protein
have been scarce due to the limited availability and specificity of CRT antibodies.
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Several antibodies are available that appear to give reliable identification of the CRT by
immunocytochemistry (Acosta et al., 2005; Murphy et al., 2001; Ohtsuki et al., 2002;
Peral et al., 2002). However, the development of antibodies with adequate specificity
and sensitivity to detect the CRT in tissue extracts by Western blotting has been
more problematic. The CRT does not appear to be an abundant component of plasma
membranes, even in tissues containing high levels of creatine and phosphocreatine.
Also, depending on conditions and possibly different glycosylation states, the CRT
may run with different apparent molecular masses on SDS polyacrylamide gels. The
CRT may also aggregate once solubilized from membranes.

Antibodies to the CRT, developed against peptide sequences corresponding to the
N- and C-terminal regions of the CRT (Guerrero-Ontiveros and Wallimann, 1998)
have been used to localize the CRT in rat skeletal muscle (Murphy et al., 2001).
Immunohistochemical analysis indicated that the CRT was predominantly associated
with the sarcolemmal membrane in both type I and II fibres. The CRT was localized
with the N-terminally directed CRT antibody to the apical membrane of cells lining the
villus from rat, chicken and human ileum (Peral et al., 2002). The immunolocalization
of the CRT in muscle and intestinal enterocytes is entirely consistent with its known
role for creatine transport in these tissues. However, some caution is required when
considering the results for studies in which these antibodies were used to quantify up-
or down-regulation of the CRT protein, especially if analyzed by Western blotting.
The N- and C-terminal CRT anti-peptide antibodies cross-react with 55- and 70 kDa
species also present in mitochondria, and the C-terminal antibody has been shown to
recognize E2 components of mitochondrial dehydrogenases (Speer et al., 2004).

An affinity-purified antibody directed to the C-terminal 21 amino acids of the CRT
(Dodd and Christie, 2001) was used to localize the CRT in adult vertebrate retinas
and the retina of the developing mouse (Acosta ef al., 2005). Strong labeling for the
CRT was seen for inner segments and a variety of inner neuronal cells. CRT local-
ization revealed the sites of creatine transport into the retina at the retinal pigment
epithelium, inner retinal blood vessels and perivascular astrocytes. This antibody
detected a ~65kDa protein in membranes from bovine retina. Detection of this
band was prevented when the antibody was blocked with the fusion protein used to
generate the antibody. Based on the known CRT content of HEK293-CRT cells, it was
estimated that the CRT content in retina and choriocapillaris membranes represents
less than 0.03% of retina membrane protein, indicating that the CRT is not abundant,
even in tissues like retina with known requirements for high levels of creatine and
phosphocreatine (Hemmer et al., 1993). A C-terminal antibody prepared by a different
group detected 85- and 71kDa CRT species in rat brain and retina (Nakashima
et al., 2004; Ohtsuki et al., 2002). CRT was detected at both the luminal and abluminal
membranes from rat retinal capillary cells by immunoperoxidase electron microscopy
(Nakashima et al., 2004). The CRT was also shown to be expressed in mouse brain
capillaries, indicating an important role in supplying creatine to the brain via the
blood-brain barrier (Ohtsuki er al., 2002). CRT antibodies have also localized the
CRT to the plasma membrane of keratinocytes of human skin (Lenz et al., 2005;
Schlattner et al., 2002).
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6. REGULATION OF THE CRT

The prime function of the CRT is for the cellular accumulation of creatine which,
in turn, is crucial for the maintenance of ATP in tissues with high energy demands
like brain and muscle. Also, creatine is neuroprotective in many animal models of
neurological diseases (Wyss and Schulze, 2002). Consequently, the regulation of the
CRT is an important topic. It is essential to know whether creatine supplementation
down-regulates the transporter. Alternatively, if we can learn how to up-regulate the
transporter, then it may be possible to enhance the uptake of creatine into the brain,
facilitating its use as a neuroprotective agent. Efforts have been made to understand
how the CRT is regulated in relation to tissue creatine levels, particularly for muscle.
However, deficiencies in the specificity of some of the available CRT antibodies
(discussed in section 5.2 above) have so far limited our understanding of the regulation
of CRT activity at the cellular level. Understanding of the regulation of the CRT
lags well behind that of regulation for other members or the SLC6 neurotransmitter
transporter family.

CRT homologues are known to be regulated by changes in their distribution between
intracellular and plasma membrane pools (see section 6.2, below). It will be important
to consider this mode of regulation for the CRT. The K values determined for CRTs
are lower than the concentration of creatine in the blood, meaning that the transporter
normally works close to saturation. If the creatine uptake rate is close to its maximal
capacity, then it follows that regulation of the level of CRT in the plasma membrane
would alter creatine uptake.

6.1. Relationship of Skeletal Muscle and Heart Creatine Levels
and CRT Activity

The relationship between creatine content of muscle and the levels and activity of the
CRT has been studied following dietary supplementation with creatine or its analogues.
Feeding rats with 3% creatine for 6 weeks resulted in a 30% decrease in the V, . of
creatine transport activity of isolated perfused hearts. In contrast, feeding rats with
B-guanidinopropionate (3-GPA), an analogue of creatine that depleted intracellular
creatine, decreased the K|, and increased the V,,, (~70%) for creatine uptake (Boehm
et al., 2003). Plasma membrane CRT (~60- and 75-kDa immunoreactive bands)
decreased 30% in cardiac myocytes from the creatine-fed group, and increased ~5-
fold in B-GPA-fed rats. Interestingly, neither treatment changed CRT content (72- and
52 kDa bands) of whole cell extracts of cardiac myocytes. It was concluded that in
heart, creatine transport is determined by the plasma membrane content of the CRT
and not by its total cellular content.

In a separate study, rats were fed 1% creatine or 1% [B-GPA for up to 7
weeks, followed by hindlimb perfusion to assess ['*C]creatine accumulation. A rabbit
polyclonal antiserum, raised against a bacterial fusion protein containing a 50 amino
acid, non-conserved region of the CRT, was used to determine CRT content by Western
blotting (Brault ez al., 2003). In white gastrocnemius muscle creatine supplementation
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significantly decreased the creatine uptake rate but did not alter the CRT content
(55- and 58-kDa bands). Creatine depletion from B-GPA supplementation increased
creatine uptake capacity in the soleus and red gastrocnemius muscle, a change accom-
panied by 70-150% increases in CRT protein. However, the creatine uptake rate of
white gastrocnemius muscle was unchanged, even though its CRT content increased
by 230%, suggesting that total CRT content is unrelated to creatine uptake activity. It
should be noted that unlike the previous study, this study determined the total rather
than the plasma membrane content of the CRT. The relationship between creatine
content and the levels of CRT remains unclear. In a human study, moderate supplemen-
tation with creatine increased creatine content of skeletal muscle without significant
changes in levels of CRT protein or mRNA (Tarnopolsky et al., 2003). Disease states
also affect the CRT content of skeletal and heart muscle. In humans, the CRT content
of skeletal muscle was lower in inflammatory myopathy, mitochondrial myopathy and
muscular dystrophy/congenital myopathy (Tarnopolsky et al., 2001). In a rat model,
heart failure led to a 30% decrease in intracellular creatine and a 26% decrease in
creatine uptake capacity (Ten Hove er al., 2005), making the CRT a potential thera-
peutic target. Growth hormone administration was able to significantly increase CRT
mRNA in a rat model of myocardial infarction (Omerovic et al., 2003). However, too
much CRT may be harmful. Overexpression of the CRT in transgenic mice resulted
in supranormal levels of myocardial creatine and phosphocreatine. However, the mice
developed substantial left ventricular dysfunction and hypertrophy. It was suggested
that these defects resulted from increased free ADP levels from the need to phospho-
rylate the abnormally high intracellular creatine pool (Wallis et al., 2005).

6.2. Cellular Mechanisms for the Regulation of the CRT

The prime function of the CRT is for the cellular accumulation of creatine. This role
appears distinct from the role of ‘true’ neurotransmitter transporters to rapidly clear
transiently high concentrations of a neurotransmitter from the synapse. However, this
assumption may need some revision, as a recent paper has shown that central neurons
release creatine by exocytosis in a similar manner to neurotransmitters (Almeida
et al., 2006). Neurotransmitter transporters are known to be regulated by acute changes
in their rate of endocytosis from the plasma membrane to a pool of recycling endosomes
(Buckley et al., 2000; Melikian, 2004). Exposure of cultured neurons and glial cells to
GABA increased GABA transport activity rapidly by increasing the expression of the
transporter at the plasma membrane (Bernstein and Quick, 1999), an effect mediated
by substrate-induced phosphorylation of the transporter (Law et al., 2000; Whitworth
and Quick, 2001). While the CRT does not normally need to respond to rapid changes
in extracellular creatine, there is growing evidence to suggest that mechanisms similar
to those identified for other SLC6 transporters may be involved in regulating the CRT.

Creatine accumulation by G8 cultured skeletal myoblasts is increased by a range
of hormones, including insulin, insulin-like growth factor I, 3,3’,5-triiodothyronine,
amylin and a -receptor agonist, isoproterenol (Odoom et al., 1996). It was suggested
that some of these agents may work by increasing the Nat concentration gradient,
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thus stimulating Na't/creatine co-transport. However, it appears that the CRT also
becomes activated through cell signaling pathways. Phorbol esters, activators of protein
kinase C, are known to decrease the activity of the creatine transporter in the same
manner that has been observed for other SLC6 transporters (Dai et al., 1999). It is
likely that activation of protein kinase C promotes the internalization of the CRT by
endocytosis. A decrease in cell surface expression was shown to be responsible for
the reduction in creatine uptake through the recombinant human CRT in Xenopus
oocytes and the endogenous CRT in cultured C,C,, muscle cells in response to the
immunosuppressive drug, cyclosporine A (Tran et al, 2000). The CRT has been
shown to be upregulated by serum and glucocorticoid inducible kinase, isoforms
SGK1 and SGK3, in Xenopus oocytes (Shojaiefard er al., 2005). SGK1 is known
to regulate a number of carriers and channels (Lang et al., 2003). While the CRT
does not contain sites for SGK phosphorylation, SGK may prolong CRT half-life
at the cell surface by phosphorylating Nedd4-2, which decreases the affinity of this
ubiquitin ligase for the CRT. The activity of SGKI1 is stimulated by IGF-1, so SGK1
could also participate in the regulation of the CRT by growth hormone (Omerovic
et al., 2003). The mammalian target of rapamycin, mTOR, has also been shown to
stimulate creatine transport in Xenopus oocytes (Shojaiefard et al., 2006). Both SGK1
and mTOR could be involved in the increased CRT expression in C,C,, muscle cells
following exposure to hyperosmotic stress (Alfieri ef al., 2006). A significant increase
in tyrosine phosphorylation of the CRT, possibly through its association with c-Src
tyrosine kinase, occurred following caecal ligation and puncture, a surgical rat model
for polymicrobial sepsis. This was associated with an increase in the creatine content
of fast-twitch gastrocnemius muscle (Wang ef al., 2002). In a recent study, electric
field stimulation of isolated mouse skeletal muscle was used as a model to study the
effect of contractions on creatine uptake (Derave et al., 2006). Interestingly, it was not
muscle contractions but electrolysis, a process often overlooked in field stimulation
experiments, that stimulated both creatine transport and surface expression of the CRT.
The mechanism is likely to involve the production of reactive oxygen species due to
electrolysis in the highly oxygenated medium used to incubate the isolated muscle.

There is evidence that the plasma membrane levels of the CRT may be regulated
in response to extracellular creatine levels. In rat L6 myoblasts and human myoblasts,
extracellular creatine was found to down-regulate the CRT (Loike ef al., 1988). This
down-regulation was reduced if protein synthesis inhibitors were present, suggesting
that a protein may inhibit the CRT or be involved in its removal from the plasma
membrane. Exposure to creatine-free medium resulted in a time-dependent increase
in creatine transport capacity. To date, changes in the plasma membrane expression
of the CRT in response to extracellular creatine have not been confirmed by Western
blotting. The CRT may also be regulated in response to nutrient availability. Total
creatine concentrations were found to be increased in gastrocnemius muscles in rats
that were starved for 4 days to model severe nutrient deprivation commonly seen in
surgical patients. A combined approach of immunoprecipitation and Western blotting
indicated that the increase in CRT activity was associated with a 30% reduction in the
phosphorylation of the CRT on serine residues (Zhao et al., 2002).
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7. FUTURE DIRECTIONS

The importance of the CRT for brain function and the growing interest in creatine as
a neuropotective agent are likely to stimulate more detailed studies of the regulation
of the CRT. We need a much better understanding of the membrane trafficking of
the CRT. To achieve this, the CRT needs to be studied in suitable cell models, both
in cell lines overexpressing the CRT and expressing the endogenous transporter. We
need to know whether, like other SLC6 transporters (Deken et al., 2003; Loder and
Melikian, 2003), the CRT cycles between the cytosol and the plasma membrane. If
so, can this flux be altered by levels of creatine, growth factors and other regulatory
factors? What is the role of phosphorylation of the CRT or interacting proteins on the
membrane turnover of the CRT? What is the fate of the CRT internalized from the
plasma membrane?

We also know very little about the targeting of the CRT to defined regions of plasma
membranes. The CRT works at the apical surface of intestinal and kidney epithelial
cells but what is the nature of its sorting determinants? Is the CRT localized to axonal
or dendritic surfaces of neurons?

Transgenic mice overexpressing the CRT, despite their limitations (Wallis
et al., 2005), may enable testing of the hypothesis that creatine is neuroprotective in
vivo. It would be important to know if these transgenic mice exhibit greater resistance
to paradigms that mimic neurological disease. Furthermore, fusions between CRT and
green fluorescent protein (GFP) could be used to generate a strain of knock-in mice
that produce GFP-CRT in place of the wild-type CRT as has been done for the GABA
transporter (Chiu et al., 2002). Cells expressing low and high levels of CRT could
be identified from GFP fluorescence. Questions could be asked whether cells with
low CRT were more susceptible to ischemic or anoxic damage. Also, the effects of
creatine supplementation or deficiency and growth factors on CRT levels could be
studied more easily.
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Abstract: Mice with an under- or over-expression of enzymes catalyzing phosphoryl transfer in
high-energy supplying reactions are particulary attractive for in vivo magnetic resonance
spectroscopy (MRS) studies as substrates of these enzymes are visible in MR spectra.

This chapter reviews results of in vivo MRS studies on transgenic mice with alterations
in the expression of the enzymes creatine kinase and guanidinoacetate methyltrans-
ferase. The particular metabolic consequences of these enzyme deficiencies in skeletal
muscle, brain, heart and liver are addressed. An overview is given of metabolite levels
determined by in vivo MRS in skeletal muscle and brain of wild-type and transgenic
mice.

MRS studies on mice lacking guanidinoacetate methyltransferase have demonstrated
metabolic changes comparable to those found in the deficiency of this enzyme in
humans, which are (partly) reversible upon creatine feeding. Apart from being a model
for a creatine deficiency syndrome, these mice are also of interest to study fundamental
aspects of the biological role of creatine.

MRS studies on transgenic mice lacking creatine kinase isoenzymes have contributed
significantly to the view that the creatine kinase reaction together with other enzymatic
steps involved in high-energy phosphate transfer builds a large metabolic energy
network, which is highly versatile and can dynamically adapt to genotoxic or physio-
logical challenges
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1. INTRODUCTION

Studies of genetically altered mice have proven to be important in our under-
standing of the biological role of specific enzymes or pathways involved
in cell signaling, metabolism, or structural organization of organismal form
and function. It is now widely recognized that non-invasive bio-imaging and
mapping can significantly contribute to the proper phenotyping of these animals
(Budinger et al., 1999; MacLaren ef al., 2000; Ntziachristos et al., 2003). A partic-
ularly useful tool to investigate metabolism in vivo and in vitro is MRS. The MR
sensitive nuclei mostly used in MRS of living beings, 3'P, 'H and '3C, each offer
unique information on distinct metabolic and physiologic processes or conditions.
MRS of transgenic animals is most powerful when genetic modifications have
an effect on enzymes that interact directly with MR-visible metabolites, such as
creatine (Cr) and phosphocreatine (PCr). MRS can also be applied to tissues ex vivo
and to isolated body fluid samples for obtaining detailed metabolic information.
MRS approaches thus offer new opportunities in the area of metabolomics and
metabonomics.

One of the first MRS studies on genetically altered mice — in this case a
natural mutant model — was performed on the ReJ 129 dy/dy strain, a model
for human myopathy (Heerschap er al., 1988). Since then, MRS studies were
conducted on classical transgenic mice (Koretsky ef al., 1990) and on metabolic
knock-out mice with mutations created by embryonic stem cell technology (van
Deursen et al., 1993). This chapter focuses on animal models with alterations in the
expression of the enzyme guanidinoacetate methyltransferase (GAMT), catalyzing
the last step in the synthesis of creatine, and of isoenzymes of creatine kinase (CK),
involved in the phosphorylation of creatine. Deficiencies in these enzymes either
cause depletion of creatine or affect its use in energy supplying pathways. We first
briefly introduce in vivo MRS. Then we will provide an overview of MRS studies
on transgenic mouse models with altered GAMT and CK expression, emphazising
findings in mouse skeletal muscle, brain, heart and liver.

2. IN VIVO MAGNETIC RESONANCE SPECTROSCOPY (MRS)

In vivo MRS has been applied extensively in studies of several tissues, including
skeletal muscle, brain, heart and liver, in which it has opened new windows on
metabolism, physiology and biochemistry in selected volumes of interest. Here only
a brief introduction is provided in basic principles of MR which are relevant for the
studies described in this chapter. A detailed review of the classical and quantum
mechanical principles of nuclear magnetic resonance and its localized application
in living tissues is beyond the scope of this chapter and can be found in several
textbooks (e.g. de Graaf, 1998; Gadian, 1982; Macomber, 1998).

MR is based on a quantum mechanical property of atomic nuclei called spin.
Nuclei most commonly used for biomedical MR are the spin !/, nuclei of hydrogen
(H), phosphorus-31 (3'P), carbon-13 (**C) and fluorine-19 (*°F), which naturally
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occur in bodily compounds or drugs. When placed in the field of the magnet
of a MR machine, these spins become aligned parallel or anti-parallel to the
direction of the main field. At body temperature, there is a small difference in
the population of these two energy levels, which is exploited to generate an MR
signal. The MR signal strength is proportional to this polarization and the number
of spins. The magnetized state can be perturbed by applying a short radiofrequency
field (RF) with an external coil. After this RF pulse the spin system induces a
current in this coil with a specific frequency proportional to the magnetic field
and nature of the nucleus. Simultaneously the spin system relaxes back to its
equilibrium state. The position of a nucleus in a molecule results in a slightly
different magnetic field, by which the resonance frequency of its signal is shifted,
which is called the chemical shift. Thus nuclei at different positions in a molecule
will have different chemical shifts and hence they will show signals at different
resonance frequencies. This is commonly plotted in a spectrum in which the x-axis
is expressed in parts per million (ppm), a measure for the chemical shift relative to
a reference signal. The y-axis in a MR spectrum is expressed in arbitrary units, and
the surface area under the signals is a measure for the concentration of the nuclei
(see Figures 1 and 2).

At field strengths commonly employed for in vivo studies the direct MR visibility
of molecules is generally restricted to those that are present at tissue concentrations
in the millimolar range or higher. Furthermore, only molecular components that are
small and/or mobile generate peaks with sufficiently small line widths to be visible
by MRS. Thus, most of the compounds visible in an MR spectrum arise from small
metabolites. The unique property of MRS is that these molecules can be assessed
in a non-invasive and dynamic or longitudinal way. The sensitivity of MRS usually
does not allow the direct assessment of tissue metabolites at a spatial resolution
down to (sub-)cellular size, but prior knowledge on the compartmentalization of
metabolites may be used to interpret data at this level. Localized measurements can
be performed for single voxels or multiple voxels (metabolite mapping).

Of the nuclei described in this chapter, 'H has the highest sensitivity and a
natural abundance of nearly 100%, enabling MRS of relatively small volumes of
interest or voxels (about a few 1) in mice or rats (in’t Zandt et al., 2004; Pfeuffer
et al., 1999; Renema et al., 2003). As the high signal for water (~45 M) may perturb
the signal contributions from other MR visible molecules (~0.1-15mM), it is
commonly suppressed. In "H MR spectra of brain, signals of up to about 30 different
molecules may be detected of which those of creatine, N-acetyl aspartate (NAA)
and choline compounds (Cho) are usually dominating the spectrum (Figure 1). 'H
MR spectra of skeletal muscle reveal mainly signals of creatine, taurine (Tau), and
lipids (Figure 1). When acquiring '"H MR spectra of mouse skeletal muscle, the
orientation of the muscle fibers with respect to B, is important as the orientation of
the fibers may result in splitting of the signals of Cr and of other molecules (in’t
Zandt et al., 2000).

3'P has a natural abundance of 100%, but its sensitivity is lower than that
of '"H (~7%). Therefore, *'P MR spectra are usually acquired for larger regions
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Figure 1. Left: "HMR spectra of a central region in the cerebrum of the mouse brain. Right: 'H MR spectra
of the triceps surae region in mouse hind leg skeletal muscle. The two bottom spectra are from a control
animal. Signals for tCr (PCrand Cr) are clearly distinguishable at 3.0 (methylene group) and 3.9 ppm (methyl
group). Methyl and methylene lipid protons resonate at about 0.8-1.5 ppm in the muscle spectra (right, not
shown). Peak assignments: PCr = phosphocreatine; Cr = creatine; Gln = glutamine; Glu = glutamate; Ins =
myo-inositol; Tau = taurine; Cho = choline; NAA = N-acetylaspartate. The spectra above were obtained
from GAMT deficient mice during creatine supplementation. The number of days on supplementation is
indicated

of interest as compared to those for 'H MRS. In mouse hind leg, for example,
3P MR spectra are usually acquired of the whole hind leg, while 'H MR spectra
can be localized in specific muscle groups. *'P MRS has been applied extensively
in the study of energy metabolism, as important phosphates in energy metabolism
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Figure 2. Typical >'P MR spectrum of normal mouse skeletal muscle (hindleg) under resting conditions.
The difference in resonance position between the PCr and Pi peak can be used to calculate tissue
pH. Peak assignments: Pi = inorganic phosphate, PCr = phosphocreatine, -, a-, B-ATP = resonance
frequencies of ATP

are clearly visible in an in vivo ¥'P MR spectrum (Figure 2). Apart from signals
for inorganic phosphate (Pi), PCr and ATP, also the intracellular tissue pH can be
calculated from the shift in resonance position between Pi and PCr (Brindle, 1988;
Moon and Richards, 1973; Taylor er al., 1983). By a method called magneti-
zation transfer, flux rates in some biochemical pathways can be determined by 3!P
MRS (Brindle, 1988; Forsén and Hoffman, 1963; Rudin and Sauter, 1992). This
technique can be applied to determine the flux rates in the CK reaction, involving
the phosphorylation of Cr to PCr.

The *C nucleus has the lowest MR sensitivity of those nuclei described in this
chapter (~0.02% of that of 'H), and also a low natural abundance (1.1%). Therefore,
a natural abundance '3C MR spectrum of tissues only shows signals for a few
compounds present at high concentrations, like long chain fatty acids, or glucosyl
elements of glycogen in skeletal muscle. This low natural presence of '3C enables
the dynamic detection of several metabolites by infusing compounds labeled with
13C. For instance, in brain studies, glucose labeled at the C1 position can be infused,
and over time, the transfer of this label to other metabolites enables the calculation
of flux rates (e.g. de Graaf et al., 2003; Gruetter et al., 2003). A similar approach
has been applied in skeletal muscle studies, where the transfer of the label to lactate
and glycogen can be monitored (Jucker et al., 1997; Jue et al., 1989). Cr can also
be labeled with *C, and this enables the detection of the specific increase in Cr
after supplementation. As in a 3C MR spectrum, signals for both Cr and PCr
can be observed separately, this technique further enables the determination of the
phosphorylated fraction of the total Cr pool (in’t Zandt et al., 2003) (Figure 3).
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Figure 3. Selected region of '*C MR spectra of adult hindlimb muscle after administration of 3C-4
labeled creatine. M-CK/ScCKmit--/-- double knockout animals show uptake and phosphorylation of
13C-labeled creatine (right) although PCr/tCr ratios are significantly lower than in wild-type animals
(left). Adapted from in’t Zandt et al. (2003) and reprinted with permission

3. METABOLIC REACTIONS CATALYZED
BY GUANIDINOACETATE METHYLTRANSFERASE
AND CREATINE KINASE

Creatine is a small metabolite that fulfills a central role in energy metabolism.
The final step in its biosynthesis is controlled by the enzyme guanidinoacetate
methyltransferase (GAMT), which catalyzes the methylation of guanidinoacetate
to form Cr. In mammals, this biosynthesis is assumed to take place mainly in the
pancreas and liver. Subsequently, Cr is exported into the blood and taken up by
tissues requiring Cr, such as muscle and brain (Wyss and Kaddurah-Daouk, 2000).
Intake of creatine-containing food may also increase the blood level of creatine, and
tissues such as muscle and brain may have the enzymatic machinery to synthesize
creatine themselves.

Tissues taking up creatine are generally characterized as having high and fluctu-
ating energy demands. In these tissues, Cr is reversibly phosphorylated to phospho-
creatine (PCr) in the near-equilibrium reaction Cr + ATP <> PCr + ADP + HT,
which is catalyzed by the enzyme creatine kinase (CK). This reaction is thought
to be important for the temporal buffering of the levels of so-called high-energy
phosphates (~P) to balance (local) ATP/ADP ratios, and also for pH buffering (for
more comprehensive reviews see Wallimann, 1994; Wallimann et al., 1992; Wyss
and Kaddurah-Daouk, 2000; Wyss et al., 1992). Over the years, discussion has
arisen concerning the role of the Cr/CK system in the distribution and intracellular
transport of high-energy phosphates, the importance of which is related to cellular
diffusion distances. The presence and partitioning of different iso-enzymes of CK,
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apparently specifically associated with loci of energy production and consumption
in the cell, has stimulated the idea of a structured uni-directional high-energy
phosphate transport system, the so-called CK shuttle. This shuttle concept was origi-
nally proposed in the late last century (Bessman and Fonyo, 1966; Bessman and
Geiger, 1981) and implicates cellular compartmentation of the reactants of the CK
reaction. However, the spatial transport role of the Cr/CK system can also be under-
stood in a simpler way, as a specific case of facilitated diffusion not necessitating
the structural organization proposed for shuttle-type systems (Meyer et al., 1984).

In vertebrates, four CK genes have been identified, coding for altogether five
different isoenzymes. Two genes for cytoplasmatic CK encode for muscle (M-CK)
and brain (B-CK) isoforms, which assemble into active homo-dimeric (MM-CK,
BB-CK) and hetero-dimeric (MB-CK) enzymes in the cytosol. MM-CK is expressed
at high levels in muscle, representing between 85% and 95% of total CK activity
depending on fiber type (Wallimann er al., 1992) and stage of development. In
embryonic or young mouse skeletal muscle, trace amounts of BB-CK also occur (in’t
Zandt et al., 2003). MB-CK is a transitional isoform, which is present in immature
stages of skeletal muscle. In heart, this isoform is permanently expressed at relatively
low amounts. BB-CK is expressed at high levels in brain and various other tissues
in adult mice. Expression of the other class of CKs, ubiquitous (UbCKmit) and
sarcomeric mitochondrial CK (ScCKmit), is also cell-type dependent. UbCKmit is
mostly co-expressed with BB-CK. Recent studies indicate that in the brain, BB-CK
is preferentially expressed in astrocytes and inhibitory neurons, while mitochondrial
CK seems to be restricted primarily to neurons (Tachikawa et al., 2004). The
expression of ScCKmit is confined to muscle. UbCKmit and ScCKmit isoforms
occur as dimeric or octameric enzymes and reside between the inner and outer
membranes of mitochondria (Wallimann et al., 1992).

Another key enzyme in ~P transfer that may be assessed by MRS is adenylate
kinase (AK), which serves to balance ATP/ADP ratios by catalyzing the reaction
2 ADP < ATP + AMP. The CK and AK catalyzed reactions appear to be closely
connected in a metabolic network (see, e.g., Dzeja and Terzic, 2003; Zeleznikar
et al., 1995).

4. TRANSGENIC MICE LACKING GUANIDINOACETATE
METHYLTRANSFERASE (GAMT)

4.1. General Phenotype of GAMT Deficient Mice

Recently, GAMT knockout mice were generated by gene targeting in embryonic
stem cells (Schmidt ef al., 2004), as a model for the first-discovered Cr deficiency
syndrome in humans (Stockler et al., 1994). As these animals are not able to
synthesize their own Cr, their tissues are completely deprived of Cr unless Cr is
orally ingested. GAMT knockout mice have markedly increased guanidinoacetate
(GAA) and reduced creatine and creatinine levels in brain, serum and urine, which
are the typical abnormal metabolic findings also seen in GAMT deficient patients.
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Biochemical alterations were highly reminiscent to those found in GAMT deficient
patients and can be attributed to the overall similar GAMT expression patterns in
human and mouse tissues. GAMT deficiency in mouse is associated with increased
neonatal mortality, muscular hypotonia, decreased male fertility and a non-leptin-
mediated life-long reduction in body weight due to reduced body fat mass. Apart
from the lack of creatine, the genotoxic effects of this mutation may also be caused
by accumulation of guanidinoacetate (Kan et al., 2005; Schmidt et al., 2004).

4.2. MRS Studies on GAMT Deficient Mice

Localized '"H MRS of mice lacking the GAMT enzyme (GAMT-/-) showed reduced
levels of Cr in muscle and brain although residual Cr may still be present due to
oral intake (Renema et al., 2003). In 'H MR spectra of skeletal muscle, a broad
signal of GAA is present, the immediate biosynthetic precursor of Cr, but this
signal only becomes clearly visible when Cr is almost completely depleted. GAA
is phosphorylated (PGAA) and metabolically active in skeletal muscle (Renema
et al., 2003). In ischemia-reperfusion experiments monitored by 3'P MRS, the
PGAA signal decreased similarly to the PCr signal. The recovery of the PGAA
signal, however, was significantly delayed (Kan et al., 2004), similar to the recovery
of the PCr signal in skeletal muscle lacking M-CK and AK (Renema, 2005), but
the nature of this delay was different. As the recovery rate of PGAA did not change
upon Cr feeding in GAMT-/- mice, it was concluded that the slower recovery
is caused by a lower affinity of CK for GAA (Kan et al., 2004). Accordingly,
saturation transfer experiments showed negligible transfer of the y-phosphate group
of ATP to PGAA indicating slower enzymatic kinetics (Figure 4; Kan et al., 2004).

Another interesting phenotype of GAMT-/- mice was an increased Pi signal
in skeletal muscle during basal conditions which was similar as observed in
M-CK/ScCKmit--/-- mice (Table 2; Kan et al., 2004). This increased Pi was
only detected when PCr was fully depleted for an extended time period. Upon
(intentional) Cr feeding the Pi signal normalized, the PGAA signal decreased and
a PCr signal appeared, quickly exceeding the PGAA signal in skeletal muscle
(Kan et al., 2004).

In 3P MR spectra of the brain a PGAA signal could be observed in GAMT-
deficient mice (Renema et al., 2003; Schmidt et al., 2004), but this signal had a
much lower intensity than the corresponding signal in spectra of skeletal muscle.
Large fluctuations of the PGAA signal, as seen in skeletal muscle, were not observed
in the brain of different animals. Limited permeability of the blood-brain barrier
for Cr (Wyss and Kaddurah-Daouk, 2000) could explain these observations. This
limited permeability was already suspected from the slow recovery of the Cr signal
after long-term feeding of high amounts of Cr to GAMT-deficient patients (von
Figura et al., 2001; Wyss and Kaddurah-Daouk, 2000). In a recent study, we
indeed observed a slower uptake of Cr in brain as compared to skeletal muscle of
GAMT deficient mice upon Cr feeding (Figure 1). However, the faster uptake in
skeletal muscle only occurred during the first day of Cr supplementation, thereafter
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Figure 4. Typical saturation transfer spectra of a GAMT-/- (D,E,F; n = 6) and a wild-type (A,B,C; n = 3)
mouse hindleg. The appropriate control spectra (C, F), a spectrum with a 5000 ms (B) or a 3000 ms (E)
saturation pulse applied at the frequency of y-ATP and the corresponding difference spectra (A, D).
Arrows denote the frequency of the selective saturation pulse. Adapted from Kan e al. (2004) and
reprinted with permission

the uptake in brain and muscle was similar (Kan er al., 2007). This suggests a
more subtle difference in Cr transport into these tissues of GAMT deficient mice.
NAA levels in the brain of GAMT lacking mice were increased, but significantly
decreased at higher Cr levels (see also section 5.2.2). At the end of the supple-
mentation period, Cr levels were typically higher than in wild-type animals not
supplemented with Cr.

Also in MR spectra of the heart, a signal for PGAA was observed (Figure 5)
and, as for skeletal muscle, fluctuations in oral Cr ingestion seemed to play a role
in the fluctuations of the PGAA signal as can be concluded from a comparison
of three MRS studies (Schmidt et al., 2004; Schneider et al., 2004; ten Hove
et al., 2005). In one study (Schmidt et al., 2004), similar PCr and PGAA concen-
trations were observed in GAMT-deficient animals; the PCr level was reduced
by 67% compared to control PCr values. In contrast, in two other studies, PCr
was undetectable in the knockout animals (Schneider et al., 2004; ten Hove
et al., 2005) while PGAA concentrations were only reduced by 33% compared to
PCr in control hearts. These differences in (P)Cr concentrations are most likely
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Figure 5. MR images and spectra of wild-type and GAMT-deficient heart. In vivo end-diastolic MR
images from a wild-type (A) and a GAMT-/- (B) mouse (bar = 2 mm applies to both panels). Note that
the GAMT-/- heart is smaller. Typical 3'P-MR spectra of a heart from a wild-type (C) and a GAMT-/-
(D) mouse. In wild-type hearts, PCr and 3 peaks for ATP are visible. In GAMT-/- hearts, ATP is
visible, but no PCr could be detected. Instead, PGAA (= P-GA in the figure) appears at 0.5 ppm. In
both spectra, the phenylphosphonic acid (PPA) resonance originates from a PPA solution inside the
intraventricular balloon. Reprinted from ten Hove et al. (2005) with permission

caused by coprophagia (Kan er al., 2004; ten Hove er al., 2005). Besides the
fluctuations in PGAA content, another parallel between skeletal muscle and heart
is the response in ischemia/reperfusion experiments, where a delayed recovery
of PGAA compared to PCr in control animals is observed in both tissues (Kan
et al., 2004).

In general, MRS experiments on GAMT-/- mice showed that despite the
lower affinity of CK for PGAA, the latter compound functions surprisingly
well in vivo to match moderate energy demands. Only small amounts of
PCr were necessary to prevent elevated levels of Pi in skeletal muscle, and
increased levels of Pi itself may be an adaptation to stimulate glycolysis, yet
another pathway for relatively fast energy production. To optimize treatment
regimens in patients, further experiments may be performed on GAMT deficient
mice that not only include Cr supplementation but also efforts to lower GAA
levels.
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S. MRS OF MICE TRANSGENIC FOR CREATINE KINASE
ISOENZYMES

This section reviews the literature on MRS of mice in which CK isoenzymes are
lacking, substituted or overexpressed, in skeletal muscle, brain, heart and/or liver.
In many MRS studies that have been performed in the past on ~P transfer systems
in these organs, the CK reaction has played an essential role as levels of key
substrates in this reaction (PCr, ATP, H") can be determined non-invasively from
3P MR spectra of living tissue. In addition, the kinetics of the CK reaction can be
determined from magnetization transfer experiments.

Research on high-energy phosphoryl transfer in skeletal muscle benefited
enormously from the availability of mice with null mutations in the M-CK
gene (M-CK-/-; van Deursen et al, 1993), the ScCKmit gene (ScCKmit-/-;
Steeghs ef al., 1997b), or both mutations combined (M-CK/ScCKmit --/--; Steeghs
et al., 1997a). Also the availibility of animals with a leaky mutation in the M-
CK gene (and graded levels of MM-CK activity) helped in these studies (van
Deursen et al., 1994b). Mice lacking either the cytosolic B-CK (B-CK-/- mice)
(Jost et al., 2002), the ubiquitous mitochondrial CK isoenzyme (UbCKmit-/- mice;
Kekelidze et al., 2001) or both enzymes (B-CK/UbCKmit--/-- mice; in’t Zandt
et al., 2004) have been generated to study the role of the CK reaction in other
tissues than muscle, most notably in brain.

5.1. Skeletal Muscle

5.1.1. Single creatine kinase knock-outs

Initially it came as a surprise that >'P MRS studies of resting skeletal muscle of mice
with reduced or absent M-CK expression showed no significant difference in PCr,
Pi or ATP levels, nor in tissue pH, compared to wild-type (Table 1; (van Deursen
et al., 1993, 1994b)). Nevertheless, during a short ischemic period of 20 minutes,
more pronounced acidification was observed in M-CK-/- compared to wild-type
muscle (in’t Zandt et al., 1999), which may be due to diminished proton buffering.
In wild-type animals, chemically determined PCr/ATP ratios were somewhat lower
than PCr/ATP ratios determined by in vivo MRS (van Deursen et al., 1993) and PCr
levels determined chemically were higher in M-CK-/- mice than in control mice
while MRS analysis showed similar levels. This discrepancy between in vivo MRS
and in vitro chemical analysis of PCr levels can be ascribed to the hydrolysis of
PCr during the isolation and freezing of tissues and/or tissue extraction (Ackerman
et al., 1980; Meyer et al., 1985). Support for this view came from a study in which,
despite rapid resection and quick freezing of the muscle, higher PCr levels were
detected in rats treated with a CK inhibitor (Brault et al., 2003). This illustrates
the value of non-invasive assessment by MRS of metabolites involved in rapid
biochemical conversions.

Skeletal muscles of mice deficient in cytosolic CK were unable to phosphorylate
B-GPA (B-guanidinopropionic acid), demonstrating that M-CK is the only isoform
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Table 2. Tissue levels and ratios of metabolites in mouse skeletal muscle of GAMT transgenic mice

Renema et al., 2003 Kan et al., 2004a
wild-type GAMT-/-¢4 wild-type GAMT-/- GAMT-/- ¢
(suppl. 1 month)

Ratios (by MRS) ¢*

PCr/ATP 2.77+0.1 0.8 &£ 0.3* 32+£03 n.d. 2.9 &+ 0.06
PGAA/ATP - 1.8 + 0.4* n.d. 3.0+02 n.d.

Pi/ATP 040 £0.06 0.40+£0.08 0.40=£0.1 0.65 £0.1*  0.26 + 0.05%
pH 724 +0.09 7.18+0.06 7.20+£0.04 7.19+£0.11 -

Concentrations (mM)
[tCr] 284 £26 8.9 £ 3.8* - - -
[ATP] - - 50+09¢ 35+09°¢ -

Data obtained in vivo, essentially from the hind limb GPS complex by quantitative MRS, except
when indicated otherwise. Concentrations are expressed in mmol-(l tissue)~' (mean = s.d.). n.d. = not
detectable.

* Significantly different from wt animals; §significantly different from value before supplementation.

* Ratios were determined from fully relaxed MR spectra. Studies not using not fully relaxed spectra to
compare wt and transgenic animals were not included in this table.

b Unless stated otherwise, ratios are based on the 3-ATP signal.

¢ Concentrations determined chemically in mmol-(g dry weight)~! and reverted to mM by assuming the
fraction dw:ww to be 0.3:0.7 and a tissue density of 1.06.

4 Some creatine is detectable in these GAMT deficient animals because of coprophagia.

¢ After 1 month of Cr supplementation.

that can phosphorylate this Cr analogue in muscle (van Deursen et al., 1994a), as
was previously observed in in vitro studies (Boehm et al., 1996; Clark et al., 1994).

Physiological experiments in which skeletal muscles of mice were electri-
cally stimulated to contract unequivocally demonstrated lack of burst activity in
M-CK-/- muscles. However, MRS analysis of electrical stimulation of muscle by
1 or 5Hz (van Deursen et al., 1993) or a challenge by ischemia-reperfusion (in’t
Zandt et al., 1999) initially showed a similar breakdown of PCr and accumulation of
Pi in wild-type and M-CK-/- muscle, within the time resolution of the experiments
(~140s per spectrum). If the duration of the assessment was shortened, however,
as done in gated *'P MRS experiments, a faster initial decrease of PCr was found
during the first few seconds of 5 Hz stimulation in wild-type mice as compared to
the mutant mice (Roman et al., 2002). This latter observation is in agreement with an
important role for PCr in burst activity. Impairment of the CK reaction in M-CK-/-
mice was demonstrated earlier in inversion transfer (van Deursen ez al., 1993) and
saturation transfer (van Dorsten ef al., 1997) experiments of skeletal muscles at
rest. These studies revealed that rapid high-energy phosphate transfer from PCr
to ATP or visa versa was not detectable in M-CK-/- mice. In fact, this apparent
lack of activity was already observed in mice expressing 34% or less of wild-type
MM-CK activity (van Deursen et al., 1994b), indicating that the phosphate transfer
rate was below the detection threshold of the MRS experiment. Interestingly, the
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fact that reciprocal PCr to Cr conversions occurs in the M-CK knockout animals
demonstrates that ScCKmit can catalyze the CK reaction bi-directionally in vivo.

Similar to what was observed with M-CK-/- mice, the single mitochondrial
CK knock-out mice (ScCKmit-/-) showed no difference in PCr, Pi and pH levels
compared to wild-type mice at rest. Both inversion and saturation transfer exper-
iments (Nicolay et al., 1998; Steeghs et al., 1997b) revealed no difference in the
flux through the CK reaction. Small differences compared to wild-type animals
were observed in ischemia experiments. Recovery of PCr and Pi levels appeared to
be faster than in wild-type animals, and the hydrolysis of PCr was not completely
compensated for by increases in Pi and phosphomonoesters (PME). This may be
related to changes in the mitochondrial membrane microenvironment (in’t Zandt
et al., 1999).

5.1.2. Mice lacking both creatine kinase isoenzymes in skeletal muscle

Inbreeding of M-CK-/- and ScCKmit-/- mice resulted in mice lacking both isoen-
zymes: M-CK/ScCKmit--/-- double knockout mice, which have virtually no CK
activity in skeletal muscle (Steeghs er al., 1997a). In the course of aging, the
level of total Cr (tCr; i.e. the sum of Cr and PCr levels) rose in parallel in
M-CK/ScCKmit--/-- and wild-type mice as shown by 'H MRS and biochemical
methods (in’t Zandt et al., 2003), both yielding the same tissue concentrations.
This latter finding demonstrated that virtually all Cr is visible in 'H MR spectra if
measured under the proper conditions (in’t Zandt et al., 2000, 2003). Remarkably,
the postnatal increase in PCr levels in these knockout mice was the same as in wild-
type animals. We have attributed this to the presence of residual BB-CK activity,
which is present in muscle of M-CK/ScCKmit--/-- mice during the first postnatal
weeks (in’t Zandt et al., 2003). In muscle of mature M-CK/ScCKmit--/-- mice, PCr
levels decreased with age, possibly reflecting decreasing deposition of CK from
fusing satellite cells. When M-CK/ScCKmit--/-- mice were three weeks old, they
still were able to fully hydrolyze PCr (in’t Zandt et al., 2003). At older age, this CK
activity decreased to an undetectably low level and as a consequence, conversion
through the CK reaction gradually decreased (in’t Zandt et al., 2003) until, in adult
mice, the MRS-detectable flux through the CK reaction was fully absent (Nicolay
et al., 1998; Steeghs et al., 1997a). The silencing of the CK reaction in adult animals
was reflected by a decrease in ATP levels and a profound immediate decline of
tissue pH during 20 minutes of ischemia (in’t Zandt ez al., 1999).

The Cr signals in 'H MRS spectra of skeletal muscle show so-called off-
resonance magnetization transfer and dipolar coupling effects which are likely
due to weak interactions between Cr and macromolecular structures, affecting the
mobility of (P)Cr molecules to some extent. A potential candidate could be the
interaction of Cr with CK isoenzymes. However, studies with single and double CK
knockouts showed no differences in these effects (in’t Zandt et al., 2000; Kruiskamp
et al., 2000), implying that other physical interactions of (P)Cr in myofibers are
responsible for these phenomena.
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By using *C MRS and '3C-4 labeled Cr, simultaneous observation of Cr
and PCr became possible in mice. After injection with *C-labeled Cr in adult
M-CK/ScCKmit--/-- mice, Cr uptake and phosphorylation was observed in muscle,
demonstrating that very low CK activity is sufficient for this process (Figure 3; in’t
Zandt et al., 2003). Using this '*C MRS data, it was possible to calculate PCr/tCr
ratios. This PCr/tCr ratio, together with the absolute tCr tissue content, obtained
from 'H MR spectra, and the metabolite ratios determined from 3!'P MR spectra,
enabled complete non-invasive determination of the tissue levels of ATP and PCr
in skeletal muscle (Table 1; in’t Zandt et al., 2003), thus avoiding artifacts due to
hydrolysis associated with freeze clamping as described above.

5.1.3. Creatine kinase overexpression or isoenzyme replacement

To test whether the proposed specific localization of MM-CK in muscle, which is
close to the M-line and the sarcoplasmic reticulum, is important, M-CK-/- mice
(van Deursen et al., 1993) were crossed with mice expressing B-CK in muscle
(Brosnan et al., 1993) to generate mice in which M-CK has been ‘replaced’ by
B-CK, which lacks the above-mentioned M-CK-specific subcellular localization
(Roman et al., 1997). In vivo, *'P saturation transfer experiments showed a decrease
in CK activity at rest to only 58% of that of wild-type animals. As the contractile
phenotype of M-CK-/- mice returned to normal in mice containing B-CK instead,
it was concluded that partitioning and compartmentation of CK to the myofibril is
not an essential prerequisite for proper contractile function (Roman et al., 1997).
Another implication of these results is that the CK shuttle, as originally proposed by
Bessman and co-workers (Bessman and Fonyo, 1966; Bessman and Geiger, 1981),
is not of vital importance to skeletal muscle, at least under the conditions tested.
Interesting findings about the function of CK were not only obtained by knocking
out the enzyme or enzyme swapping, but also by over-expression approaches.
Ectopic over-expression of the B-CK isoform in muscle of transgenic mice resulted
in the formation of the stable dimers MB-CK and BB-CK, and increased total muscle
CK activity as assessed under maximal velocity conditions in tissue extracts (up to
150% of that of controls; Brosnan et al., 1991b, 1993). Using saturation transfer
techniques, the in vivo CK activity appeared to be two-fold up-regulated (Brosnan
et al., 1993). This up-regulation of CK had no effect on PCt/ATP or Pi/ATP
ratios as measured by 3'P MRS, or the ATP or Cr concentrations as measured by
HPLC, which is expected for the CK reaction being at (near) equilibrium under
resting conditions. The above studies were initially performed in animals that were
heterozygous for the transgene, but subsequent analysis of homozygous transgenics
showed similar effects (Roman et al., 1996). The only difference between wild-type
and homozygous transgenic mice was a decrease in the rise time of force of a
5s tetanic stimulation, which showed that only during severe metabolic demand,
extra CK may increase performance (Roman et al., 1996). It may be of note that
adaptation in other phosphotransfer enzymes occurred as a result of overexpression,
as AK activity appeared to be decreased by 9% (Roman et al., 1996). This may
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reflect the close harmony in which CK and AK work in an integrated network
(Dzeja and Terzic, 2003).

Altogether, MRS studies on skeletal muscle of transgenic mice lacking one
or more CK isoenzymes, or with a replacement of M-CK by B-CK, or with
over-expression of CK have provided the most direct evidence as yet under in
vivo conditions for the ‘classical’ role of CK in buffering global ATP levels, in
maintaining tissue pH and in the liberation of Pi. Moreover, these studies have
revealed metabolic reasons for the critical role of CK in burst activity of skeletal
muscle, but at the same time indicate that the CK-shuttle is not of vital importance
for maintenance of (twitch) contractile function. It remains to be seen whether this
is also true under more demanding conditions. Further conclusions from the MRS
studies are that CK has little effect on cellular uptake of Cr and its physical state
in the muscle cell. If the remaining PCr levels in the double knockout mice indeed
reflect B-CK activity in satellite cells, this provides us with a new and non-invasive
window on the role of satellite cells in muscle aging and repair.

5.2. MR Examinations of the Brain of Single and Double Creatine
Kinase Knock-out Mice

5.2.1. General phenotype of brain CK deficiency

Using gene-knockout in embryonic stem cells, mouse strains were generated that
carry null mutations for either B-CK (B-CK-/-) or UbCKmit (UbCKmit-/-), or
for both enzymes (B-CK/UbCKmit--/--). The double mutant B-CK/UbCKmit--/--
mice, which were studied most intensively (Streijger et al., 2005), appeared viable,
but their development was affected, resulting in an overall smaller body posture.
Furthermore, the complete lack of CK in brain in these animals severely impaired
spatial learning and was coupled to abnormal startle responses and hearing problems.
In contrast, the visual and motor functions, exploration behavior, and anxiety-related
responses were not changed, suggesting no global deficit in sensorimotor function or
motivation. Various effects on behavior were consistent with underlying anatomical
changes in the hippocampus. Others can best be explained by loss of functional
integrity that may occur in development. Parallel to the anatomical and behavioral
abnormalities, B-CK/UbCKmit--/-- mice also had problems with thermoregulation,
presumably due to an altered hypothalamic thermostat. Furthermore, their response
to chemical seizure induction appeared suppressed.

5.2.2. MRS studies of brain CK isoenzyme deficiency

Localized *'P MRS measurements of a major part of the brain of transgenic mice
without cytosolic CK (B-CK-/- mice) showed normal PCr, Pi and ATP levels
and pH values, but the flux of ~P transfer through the CK reaction measured by
saturation transfer experiments was dramatically lowered, although still measurable
(Jost et al., 2002). Because the brain is an oxidative organ, the mitochondrial
content and fractional contribution of mitochondrial CK activity (up to 30% of
total CK activity; Bé Wieringa et al., unpublished result) is much higher than in
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muscle. Unlike in muscle, mitochondrial CK in brain may therefore be present
at large enough quantities to mediate a visible exchange between the high-energy
phosphates of y-ATP and PCr. As compared to muscle, the brain is composed of a
much more heterogeneous mixture of cell types. Moreover, the cell-type distribution
and co-expression of B-CK and UbCKmit isoforms in glial and neuronal cells
appears to be rather variable and does not seem to support the co-existence of
cytosolic and mitochondrial endpoints of the CK circuit in various brain regions (see,
e.g., Streijger et al., 2005 and references therein). Evidence from several studies
showed close metabolic collaboration between glial and neuronal systems for brain
energetics (Kasischke er al., 2004; Pellerin and Magistretti, 2004), which makes it
intrinsically difficult to know how the PCr shuttle — if present — is integrated into
the energy network of brain. Recently, Cr and the CK reaction have been proposed
as players in a neuron-glial shuttle (Tachikawa et al., 2004).

UbCKmit-/- mice appeared to have rather normal basal PCr, Pi, ATP and pH
levels (in’t Zandt et al., 2004), although a significantly lower PCr/ATP ratio
in homozygous UbCKmit-/- mice was also reported in one study (Kekelidze
et al., 2001). During seizure induction by PTZ injection, UbCKmit-/- mice showed
a more pronounced decrease in PCr and B-ATP signals while the PCr/B-ATP ratio
remained lower than in wild-type mice (Kekelidze et al., 2001).

PCr in brains of double-knockout B-CK/UbCKmit--/-- mice appeared to be
fully depleted, while Pi and ATP levels and pH were virtually normal (Figure 6;
in’t Zandt et al., 2004). This picture is different from that in muscle, where PCr
is still present in double-knockout animals despite the absence of cytosolic and
mitochondrial CK as outlined above. In the brain of B-CK/UbCKmit double-
knockout mutant, tCr was decreased by 30% and levels of N-acetyl aspartate (NAA)
increased (Figure 7, Table 3), which could point to an osmolar redistribution or
other adaptation mechanisms (in’t Zandt et al., 2004). Interestingly, a similar inverse
relationship between Cr and NAA was observed during Cr feeding in GAMT
deficient mice (see section 4.2).

The role of the PCt/CK circuit in the brain is far less well understood than in
muscle. Apparently the circuit is not vital to basic brain physiology, but behavioral
studies have demonstrated structural, sensory and cognitive deficiencies in brain CK
mutants (Streijger et al., 2004, 2005). Testing brain function and metabolism under
energy stress conditions in these mice is needed to uncover more specific functions
of the circuit such as, for instance, in metabolic coupling between neuroactivation
and hemodynamic response (Aubert et al., 2007).

5.3. Studies of the Heart in Creatine Kinase Knockouts

Cardiac muscle cells possess a relatively high mitochondrial capacity as compared
to skeletal muscle cells, and therefore have a more oxidative character with
smaller diffusion distances between energy-producing and energy-consuming sites.
Although the total CK activity (activity units per mg tissue) is only 10-30% of
that in skeletal muscle, the relative contribution by mitochondrial ScCKmit activity
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Figure 6. 3'P MR spectra of volumes covering the major part of the cerebrum of a wild-type (wt) mouse
(top) and of a B-CK/UbCKmit--/-- mouse (bottom). The obvious difference is the absence of a signal
for PCr in the mouse brain completely lacking creatine kinase. NTP is nucleoside triphosphate, mainly
ATP; PME is phosphomonoester; Pi is inorganic phosphate; PCr is phosphocreatine

is much higher. Moreover, a small fraction of cytosolic CK activity stems from
MB-CK (Veksler et al., 1995).

3IP MRS revealed that M-CK-/- hearts displayed normal PCr/ATP ratios as well
as normal absolute PCr and ATP levels, thus keeping the phosphorylation potential
high (Saupe er al., 1998; van Dorsten et al., 1998). At different workloads (i.e.
at different pacing frequencies), PCr and other 3'P MRS-detectable metabolites
appeared to be equal in M-CK-/- and wild-type mice. However, differences in very
fast events may have been missed in these studies as rather long acquisition times
were used (~8-10 minutes per spectrum). Free ADP levels were also equal, or
somewhat higher in transgenic mice at a workload of 600 beats per minute (Saupe
et al., 1998; van Dorsten et al., 1998). In contrast to skeletal muscle lacking M-
CK, saturation transfer experiments clearly demonstrated phosphoryl transfer from
PCr to ATP in the heart. Again, this is most easily explained by the presence of
relatively large amounts of mitochondrial CK (van Dorsten et al., 1997, 1998).
At higher workloads, however, CK flux increased less in M-CK-/- mice than in
wild-type mice (van Dorsten ef al., 1998). From these studies, it was concluded
that mitochondrial CK activity is sufficient to maintain most of the CK functions
in heart. The authors of this work hypothesized that mitochondrial CK, although
quantitatively present at lower concentrations, has a higher contribution to the total
measured CK flux than M-CK in the wild-type heart (van Dorsten et al., 1998).

This conclusion was further corroborated by *'P MRS experiments performed
on ScCKmit-/- hearts, which showed that mitochondrial CK was necessary to
maintain normal high-energy phosphate levels (Spindler et al., 2002). Mice lacking
only mitochondrial CK showed 20-30% lower PCr levels in the heart (Spindler
et al., 2002, 2003), which is in contrast to the situation in skeletal muscle, where PCr
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Figure 7. "H MR spectra of selected regions in the brain of wild type (wt) mice (left) and of double
knockout (B-CK/UbCKmit--/--) mice (right). Peak assignments: PCr = phosphocreatine; Cr = creatine;
Gln = glutamine; Glu = glutamate; Ins = myo-inositol; Tau = taurine; GPC = glycerolphosphocholine;
PC= phosphocholine; NAA = N-acetylaspartate. Reprinted from in’t Zandt ef al. (2004) with permission

levels remained unaltered (Steeghs et al., 1997b). Furthermore, ScCKmit-/- hearts
showed two-fold elevated ADP levels, as calculated from the CK equilibrium, while
Pi and ATP levels appeared normal (Spindler et al., 2002). This remarkable finding
underlines the role of ScCKmit in maintaining (local) ADP concentrations. At
increased workload, the ScCKmit-/- mice were still able to hydrolyze PCr, although
the decrease in PCr was less than in wild-type mice (24% vs. 37% of baseline
PCr). When recovering from this higher workload, ScCKmit-/- mice resynthesized
PCr. Therefore, it was concluded that bidirectional ~P transfer is maintained even
if CK is lacking in the inter-membrane compartment of mitochondria (Spindler
et al., 2002), similar to what was found for skeletal muscle lacking ScCKmit (in’t
Zandt et al., 1999).

As demonstrated by 3'P MRS, intact hearts of M-CK/ScCKmit--/-- mice have a
lower basal PCr level as compared to wild-type animals (Table 3; Saupe et al., 1998).
This lower PCr level resembles the situation in skeletal muscle. However, hearts of
double knockout M-CK/ScCKmit--/-- mice are able to hydrolyze PCr at increased
workload while maintaining ATP concentrations. This is in sharp contrast to an
ischemic challenge of skeletal muscle of adult M-CK/ScCKmit--/-- mice where PCr
was virtually metabolically inert and ATP levels decreased considerably (in’t Zandt
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et al., 2003). This difference can be explained by the presence of BB-CK in cardiac
muscle although the remaining CK activity is only approximately twice as high as
that in skeletal muscle of CK double-knockouts (1.9 mM-s~! vs. 0.5-1.0mM-s~!;
in’t Zandt et al., 2003; Saupe et al., 1998). Localization of the BB-CK enzyme and its
substrates in different compartments may play a role here.

The amount of PCr hydrolyzed is larger in double CK knockouts than in
M-CK-/- or wild-type hearts in response to the same workload (Ingwall, 1998;
Saupe et al., 1998). Since the tissue content of PCr is a net balance between Cr
phosphorylation and PCr hydrolysis, this effect was attributed to impaired synthesis
(normally primarily mediated by ScCKmit, now only by BB-CK) during cardiac
work. As calculated from the CK equilibrium reaction (Veech et al., 1979), [ADP]
was increased by 95% in hearts of M-CK/ScCKmit--/-- mice, which may also be
the result of the disrupted functioning of mitochondrial CK in balancing ATP/ADP
levels. Interestingly, as ScCKmit-/- single knock-outs (relying on M-CK and B-CK)
do not display altered PCr behavior at increased workload, the total CK activity is
probably an important factor besides the presence of ScCKmit.

Altogether, these studies show that the different distribution of CK isoenzymes
in the heart of mice as compared to that in skeletal muscle results in a different
metabolic phenotype upon deletion of the enzymes. In particular, mitochondrial CK
has a more prominent role, but as in skeletal muscle, different CK isoenzymes may
behave in a compensatory way.

54. Transgenic Expression of Creatine Kinase in Liver

Liver is an ideal tissue model to study Cr metabolism and CK function in a
null background, since it normally does not express CK. When CK is ectopically
expressed from a transgene, differences from the normal situation in liver can
provide direct information on the working mechanisms and importance of CK.
Moreover, as the CK reaction in equilibrium enables to calculate free ADP levels,
its presence opens a possibility to study this important parameter in liver.

One of the first genetic manipulations involving the CK system was by expressing
the B subunit of CK in liver (Koretsky et al, 1990). Livers were analyzed by
3P MRS using a radiofrequency probe adjacent to a surgically exposed liver. The
ability to phosphorylate Cr was only observed after Cr feeding (Figure 8), and
the concentration of PCr measured correlated with the quantity of Cr ingested
(Brosnan et al., 1990). This represented the first use of MRS to detect a change
in gene expression, and the idea to use CK as reporter for MRS detection of
gene expression was suggested (Koretsky et al., 1990). Subsequently, a number
of papers have appeared, demonstrating the use of CK, or a related guanidino
or arginine kinase, as reporters for MRS detection of gene expression (Walter
et al., 2000; Auricchio et al., 2001). With CK expression in the liver, it became
possible to calculate the amount of free ADP. Consistent with values in brain
and heart, the free ADP levels in the liver were low, as might be expected
for well-perfused tissue. Moreover, these levels were lower than total ADP
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Figure 8. 3'P MR spectra obtained from wild-type liver (A) and CK-positive (B) liver. Reprinted from
Koretsky et al. (1990) with permission

levels measured in tissue extracts, also consistent with results from heart and
brain. Furthermore, a non-natural CK substrate, cyclocreatine, was fed to the
animals, which resulted in high levels of phosphocyclocreatine. ADP levels were
similar with cyclocreatine and Cr (Brosnan et al., 1990, 1991b). These results all
support a passive buffering role for the CK-catalyzed reaction in these transgenic
livers.

In studies of the perfused liver during an ischemia protocol, *'P MRS showed
that upon introduction of CK in the liver, the dramatic decrease in ATP and pH
observed in wild-type mice is prevented (Miller et al., 1993). Thus CK rescues
the liver from the adverse effects of the ischemic challenge. As in skeletal muscle
studies, this unambiguously demonstrates the energetic and pH stabilization that
CK imparts on tissues. As expected, Pi was increasing more during ischemia in
CK-expressing livers than in wild-type livers. After reperfusion, Pi and ATP levels
in the CK-expressing livers returned to pre-ischemia values within 30 minutes, in
contrast to normal livers for which ATP remained reduced and Pi increased (Miller
et al., 1993). Besides protecting the liver from ischemia (where the tissue is deprived
of nutrients and oxygen), the CK system could also protect the liver from only
oxygen deprivation, depending on the amount of PCr present (Miller et al., 1993).
The protection from ischemia and hypoxia afforded by CK represents an as yet
unexplored opportunity to engineer liver to be saved from the consequences of
such events. The pH of the perfusate was also shown to have a large influence on
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the amount and rate of PCr formed with varying Cr concentrations in the buffer
(Masson and Quistorff, 1994).

A fructose load is a severe challenge of energy metabolism in the liver due
to the consumption of ATP and Pi in the conversion of fructose to fructose-
1-phosphate. When fructose was injected intraperitoneally, *'P MRS revealed
that PME levels rose two- to three-fold, and Pi and ATP levels decreased by
60% and 50%, respectively, similarly in wild-type and in transgenic mice not
fed with Cr. While Pi returned to resting levels in about 30 minutes, ATP
and PME failed to do so even after one hour. Upon feeding of Cr, the fall
in ATP levels was prevented, and only a small decrease in ATP was observed
for relatively low PCr values (PCr/ATP = 1.0-1.5; Brosnan et al., 1991a). In
addition, the changes in Pi and PME levels were diminished in the presence of
PCr. ADP levels as calculated from the CK reaction, however, changed indepen-
dently of Cr feeding (Brosnan et al., 1991a). Based on these findings, it was
concluded that prevention of the decline in ATP must be due to the newly
available source of high-energy phosphates from PCr (Brosnan er al., 1991a).
Interestingly, these results demonstrated for the first time that small amounts of
PCr already have a significant role in the buffering of high-energy phosphates,
a finding that was confirmed in later studies on Cr-deficient mice (see section
4.2). The results also explain why large losses in ATP in the normal liver under a
fructose challenge is associated with a decrease in Pi rather than with an increase
in ADP.

In addition to mice expressing cytosolic CK, mice have been generated that
express the mitochondrial UbCKmit isoenzyme in liver (Miller et al., 1997).
These mice were able to synthesize PCr upon Cr feeding, and during ischemia of
perfused livers PCr decreased, indicating that it is utilized (Miller et al., 1997).
Furthermore, mice were generated which express both cytosolic and mitochondrial
CKin liver, in this way providing a series of mice expressing a range of CK activities
(B-CK, UbCKmit or both, ranging in activity from 28-1635pmol-(g wet
wt)~!-min~!; Askenasy and Koretsky, 2002). Saturation transfer experiments on
perfused livers showed a linear relation between the CK rate in vivo and the
biochemically determined CK activity. Furthermore, it was demonstrated in this
study that the forward and backward flux through the CK reaction were similar
because kg, /k., of the simplified (pseudo first order) CK reaction PCr <> ATP
was equal to [ATP]/[PCr], even in mouse liver expressing only mitochondrial CK.
These results point to the absence of any vectorial predeliction in the mitochon-
drial CK reaction, which would have been expected for common PCr shuttle
models. Variable expression of CK also had a large effect on ADP levels: only in
mice expressing very low levels of CK, ADP levels were relatively high. When a
certain threshold in CK activity was reached, apparent ADP levels dropped signif-
icantly, which could be due to functional incorporation of the mitochondrial CK
isoform in the livers of these transgenic mice (Askenasy and Koretsky, 2002).
It is possible that this CK stabilizes the mitochondrial membrane in a way
that enables increased efficiency of oxidative phosphorylation (Speer et al., 2005).



In Vivo Magnetic Resonance Spectroscopy of Transgenic Mice 143

6. CONCLUDING REMARKS

As described in this chapter, MRS provides unique contributions to the under-
standing of creatine-related bioenergetics and metabolism in tissues of transgenic
animals. Typical properties of MRS, such as its non-destructive and non-invasive
character, which enables dynamic and longitudinal studies, are major assets as
compared to more invasive approaches in investigations of tissues in which rapid
changes in bioenergetics and metabolism may occur. Because of its relatively crude
spatial resolution, the use of results from MRS examinations in the interpretation
of processes at the (sub)cellular level may not be trivial and will require careful
consideration of morphological, physiological, and biochemical knowledge of the
tissue being examined, or dedicated experimental approaches (e.g., Wiseman and
Kushmerick, 1995). Cellular heterogeneity in tissues may be an issue when the tissue
composition changes due to the mutation introduced. Phenotypic consequences may
also not be 100% penetrant, as was shown for ventricle enlargement by MR imaging
of B-CK and other knockout mice (Auerbach et al., 2001; in’t Zandt et al., 2004).
When only average values are evaluated, such changes may remain unnoticed.

Knockout mice often show a remarkable plasticity in coping with the effects of
gene deficiency. Unexpected secondary adaptations may occur with wider metabolic
consequences than the direct effect of gene deletion. For example, muscle of CK
double knock-out mice showed a shift in fiber type characteristics, an upregulation
of glycolytic and oxidative potential (Steeghs et al., 1998) and lowered mitochon-
drial affinity for ADP (ter Veld et al., 2005). In a complex biological system,
interpretation of a protein’s function may not be straightforward (Bailey, 1999),
due to partial redundancy or overlap with functions of other proteins. However,
although numerous adaptations can occur that may obscure the identification of
the primary function of a (deleted) enzyme, the adaptations themselves provide
valuable information on the flexibility of the cellular network in which the enzyme
is involved. For CK, which was long considered an irreplaceable element in tissues
with high energy demand, a more subtle and dynamic picture of the protein within
such a network has emerged due to studies with genetic manipulation. Further work
under different challenging conditions in vivo is needed to uncover more specific
functions of ~P-metabolizing iso-enzymes and the role(s) of creatine, in particular
in the brain.

Besides as a tool to gain insight in the biological significance of metabolic
enzymes, MRS of transgenic mice that represent models for disorders caused by
defects in these enzymes may have clinical relevance. A typical example of such
use is the study of the mousemodel for GAMT deficiency, for which the previously
unknown in vivo metabolic activity of PGAA in skeletal muscle was demon-
strated by MRS. This particular model provides unique possibilities to study the
potential reversibility of disease consequences, by studying the uptake of Cr in
muscle and brain. Moreover, the effects of a genetic lesion causing deficiency in
creatine synthesis can be studied without interfering developmental adaptations by
suppressing these adaptations with Cr feeding until switching to a Cr-free diet.
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MRS of tissues in living mice is certainly not without technical challenges, but
the studies described in this paper and many other MRS studies on mice have
demonstrated that it is feasible if proper conditions are met. New dedicated practical
solutions for MRS measurements will make MRS of mice more widely applicable.
In the future, the development of new MRS equipment (e.g., higher fields, better
radiofrequency probes) and methods dedicated to mice are expected to uncover still
more physiological details of energy transfer systems.

ACKNOWLEDGEMENT

This work was supported by NWO-ZONMW grants 901-01191 (BW) and
902-37-088 (AH), and NWO-ALW grant 834-04-007 (AH). The authors would like
to thank Dr. Alan Koretsky for useful suggestions.

REFERENCES

Ackerman, J.J., Grove, T.H., Wong, G.G., Gadian, D.G., and Radda, G.K., 1980, Mapping of metabolites
in whole animals by 3'P NMR using surface coils. Nature 283: 167-170.

Askenasy, N., and Koretsky, A.P., 2002, Transgenic livers expressing mitochondrial and cytosolic CK:
mitochondrial CK modulates free ADP levels. Am. J. Physiol. Cell Physiol. 282: C338-C346.

Aubert, A., Pellerin, L., Magistretti, P.J., and Costalat, R., 2007, A coherent neurobiological framework
for functional neuroimaging provided by a model integrating compartmentalized energy metabolism.
Proc. Natl. Acad. Sci. USA 104: 4188-4193.

Auerbach, W., Hurlbert, M.S., Hilditch-Maguire, P., Wadghiri, Y.Z., Wheeler, V.C., Cohen, S.I., Joyner,
A.L., MacDonald, M.E., and Turnbull, D.H., 2001, The HD mutation causes progressive lethal
neurological disease in mice expressing reduced levels of huntingtin. Hum. Mol. Genet. 10: 2515-2523.

Auricchio, A., Zhou, R., Wilson, J.M., and Glickson, J.D., 2001, In vivo detection of gene expression
in liver by 3'P nuclear magnetic resonance spectroscopy employing creatine kinase as a marker gene.
Proc. Natl. Acad. Sci. USA 98: 5205-5210.

Bailey, J.E., 1999, Lessons from metabolic engineering for functional genomics and drug discovery.
Nat. Biotechnol. 17: 616-618.

Bessman, S.P., and Fonyo, A., 1966, The possible role of the mitochondrial bound creatine kinase in
regulation of mitochondrial respiration. Biochem. Biophys. Res. Commun. 22: 597-602.

Bessman, S.P., and Geiger, P.J., 1981, Transport of energy in muscle: the phosphorylcreatine shuttle.
Science 211: 448-452.

Boehm, E.A., Radda, G.K., Tomlin, H., and Clark, J.F., 1996, The utilisation of creatine and its analogues
by cytosolic and mitochondrial creatine kinase. Biochim. Biophys. Acta 1274: 119-128.

Brault, J.J., Abraham, K.A., and Terjung, R.L., 2003, Phosphocreatine content of freeze-clamped muscle:
influence of creatine kinase inhibition. J. Appl. Physiol. 94: 1751-1756.

Brindle, K.M., 1988, NMR methods for measuring enzyme kinetics in vivo. Progr. NMR Spectr. 20:
257-293.

Brosnan, M.J., Chen, L., Van Dyke, T.A., and Koretsky, A.P., 1990, Free ADP levels in transgenic
mouse liver expressing creatine kinase. Effects of enzyme activity, phosphagen type, and substrate
concentration. J. Biol. Chem. 265: 20849-20855.

Brosnan, M.J., Chen, L.H., Wheeler, C.E., Van Dyke, T.A., and Koretsky, A.P., 1991a, Phosphocreatine
protects ATP from a fructose load in transgenic mouse liver expressing creatine kinase. Am. J. Physiol.
260: C1191-C1200.

Brosnan, M.J., Halow, J.M., and Koretsky, A.P., 1991b, Manipulating creatine kinase activity in trans-
genic mice to study control of energy metabolism. Biochem. Soc. Trans. 19: 1010-1014.



In Vivo Magnetic Resonance Spectroscopy of Transgenic Mice 145

Brosnan, M.J., Raman, S.P., Chen, L., and Koretsky, A.P., 1993, Altering creatine kinase isoenzymes
in transgenic mouse muscle by overexpression of the B subunit. Am. J. Physiol. 264: C151-C160.
Budinger, T.F., Benaron, D.A., and Koretsky, A.P., 1999, Imaging transgenic animals. Annu. Rev.

Biomed. Eng. 1: 611-648.

Clark, J.F., Khuchua, Z., Kuznetsov, A.V., Vassil’eva, E., Boehm, E., Radda, G.K., and Saks, V., 1994,
Actions of the creatine analogue beta-guanidinopropionic acid on rat heart mitochondria. Biochem. J.
300: 211-216.

de Graaf, R.A., 1998, In vivo NMR spectroscopy. Principles and techniques. John Wiley, Chichester.

de Graaf, R.A., Mason, G.F., Patel, A.B., Behar, K.L., and Rothman, D.L., 2003, In vivo 'H-['*C]-NMR
spectroscopy of cerebral metabolism. NMR Biomed. 16: 339-357.

Dzeja, P.P., and Terzic, A., 2003, Phosphotransfer networks and cellular energetics. J. Exp. Biol. 206:
2039-2047.

Forsén, S., and Hoffman, R.A., 1963, Study of moderately rapid chemical exchange reactions by means
of nuclear magnetic double resonance. J. Chem. Phys. 39: 2892-2901.

Gadian, D.G., 1982, NMR and its application to living systems. Clarendon Press, Oxford.

Gruetter, R., Adriany, G., Choi, LY., Henry, P.G., Lei, H., and Oz, G., 2003, Localized in vivo '3C
NMR spectroscopy of the brain. NMR Biomed. 16: 313-338.

Heerschap, A., Bergman, A.H., van Vaals, J.J., Wirtz, P., Loermans, HM., and Veerkamp, J.H.,
1988, Alterations in relative phosphocreatine concentrations in preclinical mouse muscular dystrophy
revealed by in vivo NMR. NMR Biomed. 1: 27-31.

in 't Zandt, H.J., Oerlemans, F., Wieringa, B., and Heerschap, A., 1999, Effects of ischemia on skeletal
muscle energy metabolism in mice lacking creatine kinase monitored by in vivo 3'P nuclear magnetic
resonance spectroscopy. NMR Biomed. 12: 327-334.

in 't Zandt, H.J., Klomp, D.W., Oerlemans, F., Wieringa, B., Hilbers, C.W., and Heerschap, A., 2000,
Proton MR spectroscopy of wild-type and creatine kinase deficient mouse skeletal muscle: dipole-
dipole coupling effects and post-mortem changes. Magn. Reson. Med. 43: 517-524.

in 't Zandt, H.J., Groof, A.J., Renema, W.K., Oerlemans, F.T., Klomp, D.W., Wieringa, B., and
Heerschap, A., 2003, Presence of (phospho)creatine in developing and adult skeletal muscle of mice
without mitochondrial and cytosolic muscle creatine kinase isoforms. J. Physiol. 548: 847-858.

in 't Zandt, H.J.A., Renema, W.K.J., Streijger, F., Jost, C., Klomp, D.W.J., Oerlemans, F.,
van der Zee, C.E.E.M., Wieringa, B., and Heerschap, A., 2004, Cerebral creatine kinase deficiency
influences metabolite levels and morphology in the mouse brain: a quantitative in vivo 'H and 3'P
magnetic resonance study. J. Neurochem. 90: 1321-1330.

Ingwall, J.S., 1998, Creatine kinase knockout mice - what is the phenotype: heart. Magma 6: 120-121.

Jost, C.R.,, Van Der Zee, C.E., In 't Zandt, HJ., Oerlemans, F., Verheij, M., Streijger, F.,
Fransen, J., Heerschap, A., Cools, A.R., and Wieringa, B., 2002, Creatine kinase B-driven energy
transfer in the brain is important for habituation and spatial learning behaviour, mossy fibre field size
and determination of seizure susceptibility. Eur. J. Neurosci. 15: 1692-1706.

Jucker, B.M., Rennings, A.J., Cline, G.W., Petersen, K.F., and Shulman, G.I., 1997, In vivo NMR
investigation of intramuscular glucose metabolism in conscious rats. Am. J. Physiol. 273: E139-E148.

Jue, T., Rothman, D.L., Shulman, G.I., Tavitian, B.A., DeFronzo, R.A., and Shulman, R.G., 1989, Direct
observation of glycogen synthesis in human muscle with '3C NMR. Proc. Natl. Acad. Sci. USA 86:
4489-4491.

Kan, H.E., Buse-Pot, T.E., Peco, R., Isbrandt, D., Heerschap, A., and de Haan, A., 2005, Lower force
and impaired performance during high-intensity electrical stimulation in skeletal muscle of GAMT-
deficient knockout mice. Am. J. Physiol. Cell Physiol. 289: C113-C119.

Kan, H.E., Meeuwissen, E., van Asten, J.J., Veltien, A., Isbrandt, D., and Heerschap, A., 2007, Creatine
uptake in brain and skeletal muscle of mice lacking guanidinoacetate methyltransferase assessed by
magnetic resonance spectroscopy. J. Appl. Physiol., 102: 2121-2127.

Kan, H.E., Renema, W.K., Isbrandt, D., and Heerschap, A., 2004, Phosphorylated guanidinoacetate
partly compensates for the lack of phosphocreatine in skeletal muscle of mice lacking guanidinoacetate
methyltransferase. J. Physiol. 560: 219-229.



146 Heerschap et al.

Kasischke, K.A., Vishwasrao, H.D., Fisher, P.J., Zipfel, W.R., and Webb, W.W., 2004, Neural activity
triggers neuronal oxidative metabolism followed by astrocytic glycolysis. Science 305: 99—-103.

Kekelidze, T., Khait, 1., Togliatti, A., Benzecry, J.M., Wieringa, B., and Holtzman, D., 2001, Altered
brain phosphocreatine and ATP regulation when mitochondrial creatine kinase is absent. J. Neurosci.
Res. 66: 866-872.

Koretsky, A.P., Brosnan, M.J., Chen, L., and Van Dyke, T., 1990, NMR detection of creatine kinase
expressed in liver of transgenic mice: Determination of free ADP levels. Proc. Natl. Acad. Sci. USA
87: 3112-3116.

Kruiskamp, M.J., van Vliet, G., and Nicolay, K., 2000, 'H and 3'P magnetization transfer studies of
hindleg muscle in wild-type and creatine kinase-deficient mice. Magn. Reson. Med. 43: 657-664.
MacLaren, D.C., Toyokuni, T., Cherry, S.R., Barrio, J.R., Phelps, M.E., Herschman, H.R., and Gambhir,

S.S., 2000, PET imaging of transgene expression. Biol. Psychiatry 48: 337-348.

Macomber, R.S., 1998, A complete introduction to modern NMR spectroscopy. John Wiley & Sons,
New York.

Masson, S., and Quistorff, B., 1994, Kinetics of creatine uptake in the perfused mouse liver: a 3'P-n.m.r.
study of transgenic mice expressing creatine kinase (CKBB) in the liver. Biochem. J. 303: 531-538.

Meyer, R.A., Brown, T.R., and Kushmerick, M.J., 1985, Phosphorus nuclear magnetic resonance of
fast- and slow-twitch muscle. Am. J. Physiol. 248: C279-C287.

Meyer, R.A., Sweeney, H.L., and Kushmerick, M.J., 1984, A simple analysis of the “phosphocreatine
shuttle”. Am. J. Physiol. 246: C365-C377.

Miller, K., Halow, J., and Koretsky, A.P., 1993, Phosphocreatine protects transgenic mouse liver
expressing creatine kinase from hypoxia and ischemia. Am. J. Physiol. 265: C1544-C1551.

Miller, K., Sharer, K., Suhan, J., and Koretsky, A.P., 1997, Expression of functional mitochondrial
creatine kinase in liver of transgenic mice. Am. J. Physiol. 272: C1193-C1202.

Moon, R.B., and Richards, J.H., 1973, Determination of intracellular pH by *'P magnetic resonance. J.
Biol. Chem. 248: 7276-7278.

Nicolay, K., van Dorsten, F.A., Reese, T., Kruiskamp, M.J., Gellerich, J.F., and van Echteld, C.J., 1998,
In situ measurements of creatine kinase flux by NMR. The lessons from bioengineered mice. Mol.
Cell. Biochem. 184: 195-208.

Ntziachristos, V., Bremer, C., and Weissleder, R., 2003, Fluorescence imaging with near-infrared light:
new technological advances that enable in vivo molecular imaging. Eur. Radiol. 13: 195-208.

Pellerin, L., and Magistretti, P.J., 2004, Neuroscience. Let there be (NADH) light. Science 305: 50-52.

Pfeuffer, J., Tkac, L., Provencher, S.W., and Gruetter, R., 1999, Toward an in vivo neurochemical profile:
quantification of 18 metabolites in short-echo-time '"H NMR spectra of the rat brain. J. Magn. Reson.
141: 104-120.

Renema, W.K., Schmidt, A., Van Asten, J.J., Oerlemans, F., Ullrich, K., Wieringa, B., Isbrandt, D., and
Heerschap, A., 2003, MR spectroscopy of muscle and brain in guanidinoacetate methyltransferase
(GAMT)-deficient mice: Validation of an animal model to study creatine deficiency. Magn. Reson.
Med. 50: 936-943.

Renema, W.K.J., 2005, Magnetic resonance spectroscopy of creatine-related energy metabolism in
skeletal muscle and brain. PhD Thesis, Radboud University, Nijmegen, The Netherlands.

Roman, B.B., Foley, J.M., Meyer, R.A., and Koretsky, A.P., 1996, Contractile and metabolic effects of
increased creatine kinase activity in mouse skeletal muscle. Am. J. Physiol. 270: C1236-C1245.

Roman, B.B., Meyer, R.A., and Wiseman, R.W., 2002, Phosphocreatine kinetics at the onset of contrac-
tions in skeletal muscle of MM creatine kinase knockout mice. Am. J. Physiol. Cell Physiol. 283:
C1776-C1783.

Roman, B.B., Wieringa, B., and Koretsky, A.P., 1997, Functional equivalence of creatine kinase isoforms
in mouse skeletal muscle. J. Biol. Chem. 272: 17790-17794.

Rudin, M., and Sauter, A., 1992, Measurement of reaction rates in vivo using magnetization transfer
techniques. NMR Basic Princ. Progr. 27: 257-293.

Saupe, K.W., Spindler, M., Tian, R., and Ingwall, J.S., 1998, Impaired cardiac energetics in mice lacking
muscle-specific isoenzymes of creatine kinase. Circ. Res. 82: 898-907.



In Vivo Magnetic Resonance Spectroscopy of Transgenic Mice 147

Schmidt, A., Marescau, B., Boehm, E.A., Renema, W .K., Peco, R., Das, A., Steinfeld, R., Chan, S.,
Wallis, J., Davidoff, M., Ullrich, K., Waldschutz, R., Heerschap, A., De Deyn, P.P., Neubauer, S., and
Isbrandt, D., 2004, Severely altered guanidino compound levels, disturbed body weight homeostasis
and impaired fertility in a mouse model of guanidinoacetate N-methyltransferase (GAMT) deficiency.
Hum. Mol. Genet. 13: 905-921.

Schneider, J.E., Tyler, D.J., ten Hove, M., Sang, A.E. Cassidy, P.J., Fischer, A., Wallis, J.,
Sebag-Montefiore, L.M., Watkins, H., Isbrandt, D., Clarke, K., and Neubauer, S., 2004, In vivo cardiac
'H-MRS in the mouse. Magn. Reson. Med. 52: 1029-1035.

Speer, O., Back, N., Buerklen, T., Brdiczka, D., Koretsky, A., Wallimann, T., and Eriksson, O., 2005,
Octameric mitochondrial creatine kinase induces and stabilizes contact sites between the inner and
outer membrane. Biochem. J. 385: 445-450.

Spindler, M., Engelhardt, S., Niebler, R., Wagner, H., Hein, L., Lohse, M.J., and Neubauer, S.,
2003, Alterations in the myocardial creatine kinase system precede the development of contractile
dysfunction in (8,-adrenergic receptor transgenic mice. J. Mol. Cell. Cardiol. 35: 389-397.

Spindler, M., Niebler, R., Remkes, H., Horn, M., Lanz, T., and Neubauer, S., 2002, Mitochondrial
creatine kinase is critically necessary for normal myocardial high-energy phosphate metabolism. Am.
J. Physiol. Heart Circ. Physiol. 283: H680-H687.

Steeghs, K., Benders, A., Oerlemans, F., de Haan, A., Heerschap, A., Ruitenbeek, W., Jost, C., van
Deursen, J., Perryman, B., Pette, D., Bruckwilder, M., Koudijs, J., Jap, P., Veerkamp, J., and Wieringa,
B., 1997a, Altered Ca%t responses in muscles with combined mitochondrial and cytosolic creatine
kinase deficiencies. Cell 89: 93-103.

Steeghs, K., Heerschap, A., de Haan, A., Ruitenbeek, W., Oerlemans, F., van Deursen, J., Perryman, B.,
Pette, D., Brueckwilder, M., Koudijs, J., Jap, P., and Wieringa, B., 1997b, Use of gene targeting for
compromising energy homeostasis in neuro-muscular tissues: The role of sarcomeric mitochondrial
creatine kinase. J. Neurosci. Meth. 71: 29-41.

Steeghs, K., Oerlemans, F., de Haan, A., Heerschap, A., Verdoodt, L., de Bie, M., Ruitenbeek, W.,
Benders, A., Jost, C., van Deursen, J., Tullson, P., Terjung, R., Jap, P., Jacob, W., Pette, D., and
Wieringa, B., 1998, Cytoarchitectural and metabolic adaptations in muscles with mitochondrial and
cytosolic creatine kinase deficiencies. Mol. Cell. Biochem. 184: 183-194.

Stockler, S., Holzbach, U., Hanefeld, F., Marquardt, 1., Helms, G., Requart, M., Hanicke, W., and
Frahm, J., 1994, Creatine deficiency in the brain: a new, treatable inborn error of metabolism. Pediatr.
Res. 36: 409-413.

Streijger, F., Jost, C.R., Oerlemans, F., Ellenbroek, B.A., Cools, A.R., Wieringa, B., and
Van der Zee, C.E., 2004, Mice lacking the UbCKmit isoform of creatine kinase reveal slower
spatial learning acquisition, diminished exploration and habituation, and reduced acoustic startle reflex
responses. Mol. Cell. Biochem. 256-257: 305-318.

Streijger, F., Oerlemans, F., Ellenbroek, B.A., Jost, C.R., Wieringa, B., and Van der Zee, C.E., 2005,
Structural and behavioural consequences of double deficiency for creatine kinases BCK and UbCKmit.
Behav. Brain Res. 157: 219-234.

Tachikawa, M., Fukaya, M., Terasaki, T., Ohtsuki, S., and Watanabe, M., 2004, Distinct cellular
expressions of creatine synthetic enzyme GAMT and creatine kinases uCK-Mi and CK-B suggest a
novel neuron-glial relationship for brain energy homeostasis. Eur. J. Neurosci. 20: 144-160.

Taylor, D.J., Bore, P.J., Styles, P., Gadian, D.G., and Radda, G.K., 1983, Bioenergetics of intact human
muscle. A 3'P nuclear magnetic resonance study. Mol. Biol. Med. 1: 77-94.

ten Hove, M., Lygate, C.A., Fischer, A., Schneider, J.E., Sang, A.E., Hulbert, K., Sebag-Montefiore, L.,
Watkins, H., Clarke, K., Isbrandt, D., Wallis, J., and Neubauer, S., 2005, Reduced
inotropic reserve and increased susceptibility to cardiac ischemia/reperfusion injury in
phosphocreatine-deficient guanidinoacetate-N-methyltransferase-knockout mice. Circulation 111:
2477-24385.

ter Veld, F., Jeneson, J.A., and Nicolay, K., 2005, Mitochondrial affinity for ADP is twofold lower in
creatine kinase knock-out muscles. Possible role in rescuing cellular energy homeostasis. FEBS J.
272: 956-965.



148 Heerschap et al.

Tkac, 1., Henry, P.G., Andersen, P., Keene, C.D., Low, W.C., and Gruetter, R., 2004, Highly resolved
in vivo 'H NMR spectroscopy of the mouse brain at 9.4 T. Magn. Reson. Med. 52: 478-484.

van Deursen, J., Heerschap, A., Oerlemans, F., Ruitenbeek, W., Jap, P., ter Laak, H., and Wieringa,
B., 1993, Skeletal muscles of mice deficient in muscle creatine kinase lack burst activity. Cell 74:
621-631.

van Deursen, J., Jap, P., Heerschap, A., ter Laak, H., Ruitenbeek, W., and Wieringa, B., 1994a, Effects
of the creatine analogue beta-guanidinopropionic acid on skeletal muscles of mice deficient in muscle
creatine kinase. Biochim. Biophys. Acta 1185: 327-335.

van Deursen, J., Ruitenbeek, W., Heerschap, A., Jap, P., ter Laak, H., and Wieringa, B., 1994b, Creatine
kinase (CK) in skeletal muscle energy metabolism: a study of mouse mutants with graded reduction
in muscle CK expression. Proc. Natl. Acad. Sci. USA 91: 9091-9095.

van Dorsten, F.A., Reese, T., Gellerich, J.F., van Echteld, C.J., Nederhoff, M.G., Muller, H.J., van Vliet,
G., and Nicolay, K., 1997, Fluxes through cytosolic and mitochondrial creatine kinase, measured by
P-31 NMR. Mol. Cell. Biochem. 174: 33-42.

van Dorsten, F.A., Nederhoff, M.G., Nicolay, K., and Van Echteld, C.J., 1998, 3'p NMR studies of
creatine kinase flux in M-creatine kinase-deficient mouse heart. Am. J. Physiol. 275: H1191-H1199.

Veech, R.L., Lawson, J.W., Cornell, N.-W., and Krebs, H.A., 1979, Cytosolic phosphorylation potential.
J. Biol. Chem. 254: 6538-6547.

Veksler, V.I., Kuznetsov, A.V., Anflous, K., Mateo, P., van Deursen, J., Wieringa, B., and
Ventura-Clapier, R., 1995, Muscle creatine kinase-deficient mice. II. Cardiac and skeletal muscles
exhibit tissue-specific adaptation of the mitochondrial function. J. Biol. Chem. 270: 19921-19929.

von Figura, K., Hanefeld, F., Isbrandt, D., and Stockler-Ipsiroglu, S., 2001, Guanidinoacetate methyl-
transferase deficiency. In: Scriver, C.R., Beaudet, A.L., Sly, W.S., Valle, D., and Childs, V., eds., The
Metabolic and Molecular Bases of Inherited Disease, Chapter 84, pp. 3695-3724, McGraw-Hill, USA.

Wallimann, T., 1994, Bioenergetics. Dissecting the role of creatine kinase. Curr. Biol. 4: 42-46.

Wallimann, T., Wyss, M., Brdiczka, D., Nicolay, K., and Eppenberger, H.M., 1992, Intracellular compart-
mentation, structure and function of creatine kinase isoenzymes in tissues with high and fluctuating
energy demands: the phosphocreatine circuit for cellular energy homeostatis. Biochem. J. 281: 21-40.

Walter, G., Barton, E.R., and Sweeney, H.L., 2000, Noninvasive measurement of gene expression in
skeletal muscle. Proc. Natl. Acad. Sci. USA 97: 5151-5155.

Wiseman, R.W., and Kushmerick, M.J., 1995, Creatine kinase equilibration follows solution thermody-
namics in skeletal muscle. *'P NMR studies using creatine analogs. J. Biol. Chem. 270: 12428-12438.

Wyss, M., and Kaddurah-Daouk, R., 2000, Creatine and creatinine metabolism. Physiol. Rev. 80:
1107-1213.

Wyss, M., Smeitink, J., Wevers, R.A., and Wallimann, T., 1992, Mitochondrial creatine kinase: a key
enzyme of aerobic energy metabolism. Biochim. Biophys. Acta 1102: 119-166.

Zeleznikar, R.J., Dzeja, P.P., and Goldberg, N.D., 1995, Adenylate kinase-catalyzed phosphoryl transfer
couples ATP utilization with its generation by glycolysis in intact muscle. J. Biol. Chem. 270:
7311-7319.



CHAPTER 8

CEREBRAL CREATINE DEFICIENCY SYNDROMES:
CLINICAL ASPECTS, TREATMENT

AND PAT

HOPHYSIOLOGY

SYLVIA STOCKLER!, PETER W. SCHUTZ? AND GAIJJA S. SALOMONS?

! Department of

Pediatrics, University of British Columbia, Division of Biochemical Diseases,

British Columbia Children’s Hospital, Vancouver, B.C., V6H 3V4, Canada
2 Departments of Pediatrics, Pathology and Laboratory Medicine, University of British Columbia,
Division of Biochemical Diseases, British Columbia Children’s Hospital, Vancouver, B.C., V6H 3V4,

Canada

3 Department of Clinical Chemistry, Metabolic Unit, VU University Medical Center, Amsterdam,

The Netherlands

Abstract:

G.S. Salomons a

Cerebral creatine deficiency syndromes (CCDSs) are a group of inborn errors of creatine
metabolism comprising two autosomal recessive disorders that affect the biosynthesis
of creatine — i.e. arginine:glycine amidinotransferase deficiency (AGAT; MIM 602360)
and guanidinoacetate methyltransferase deficiency (GAMT; MIM 601240) — and an
X-linked defect that affects the creatine transporter, SLC6A8 deficiency (SLC6AS;
MIM 300036). The biochemical hallmarks of these disorders include cerebral creatine
deficiency as detected in vivo by 'H magnetic resonance spectroscopy (MRS) of the
brain, and specific disturbances in metabolites of creatine metabolism in body fluids.
In urine and plasma, abnormal guanidinoacetic acid (GAA) levels are found in AGAT
deficiency (reduced GAA) and in GAMT deficiency (increased GAA). In urine of
males with SLC6AS8 deficiency, an increased creatine/creatinine ratio is detected. The
common clinical presentation in CCDS includes mental retardation, expressive speech
and language delay, autistic like behaviour and epilepsy. Treatment of the creatine
biosynthesis defects has yielded clinical improvement, while for creatine transporter
deficiency, successful treatment strategies still need to be discovered. CCDSs may
be responsible for a considerable fraction of children and adults affected with mental
retardation of unknown etiology. Thus, screening for this group of disorders should
be included in the differential diagnosis of this population. In this review, also the
importance of CCDSs for the unravelling of the (patho)physiology of cerebral creatine
metabolism is discussed
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1. INTRODUCTION

Over the last decade, a novel group of inborn errors affecting proteins involved
in creatine biosynthesis and its transport (Figure 1) has been identified, the
cerebral creatine deficiency syndromes (CCDSs). Creatine is synthesized in a
two-step process: 1) transfer of the amidino group from arginine to glycine,
yielding guanidinoacetic acid (GAA) and ornithine. This reaction is catalyzed by
L-arginine:glycine amidinotransferase (AGAT); 2) transfer of a methyl group from
S-adenosylmethionine to GAA, yielding creatine and S-adenosylhomocysteine.
This reaction is catalyzed by S-adenosyl-L-methionine: N-guanidinoacetate methyl-
transferase (GAMT) (Walker, 1979; Wyss and Kaddurah-Daouk, 2000). Creatine
synthesis primarily occurs in the kidney and pancreas which have high AGAT
activity, and in liver which has high GAMT activity. From these organs and from
nutritional sources (e.g. meat and fish), creatine is distributed via the bloodstream
to the organs of usage — mainly muscle and brain — and is taken up into these
tissues by a Na*- and Cl -dependent creatine transporter (SLC6AS8). The rate-
limiting step in creatine biosynthesis is catalyzed by the AGAT enzyme. AGAT
activity is repressed by high creatine concentrations at the pretranslational level.
Additional allosteric inhibition is effected by high ornithine concentrations (Wyss
and Kaddurah-Daouk, 2000). In vitro, GAMT activity is inhibited allosterically
by high S-adenosylhomocysteine concentrations. However, no in vivo regulatory
mechanism is known for GAMT activity. Understanding the regulation of the
creatine transporter by investigating its expression and its activity is of signif-
icant importance, especially in the development or improvement of treatment
strategies for CCDSs. Unfortunately, there is only limited information available
so far on this topic, and particularly on creatine transporter regulation in brain.
Early experiments suggested that creatine uptake is down-regulated in cultured
rat myoblasts in the presence of high levels of extracellular creatine (Loike
et al., 1988). However, this has not been proven at the protein level due to the
lack of specific antibodies against the creatine transporter (Speer et al., 2004). In
human skeletal muscle, creatine-monohydrate supplementation resulted in increased
muscular creatine content without affecting the SLC6A8 mRNA levels (Tarnopolsky
et al., 2003). Various factors may be involved in the activation and regulation
of the creatine transporter, including signal transduction proteins, hormones and
nutrition as discussed in chapter 6 of this book (Christie, 2007). Intracellularly,
creatine is reversibly converted into the high-energy compound phosphocreatine by
the action of creatine kinase (CK). Cytosolic CK transphosphorylates glycolytically
generated ATP to phosphocreatine, or it uses phosphocreatine of either cytosolic
or mitochondrial origin to regenerate ATP in the vicinity of energy-expending
ATPases. Mitochondrial CK catalyses phosphate transfer from mitochondrial ATP
to creatine in the mitochondrial intermembrane space, in a concerted manner with
the ATP/ADP translocator of the inner mitochondrial membrane. The reversible
transfer of high-energy phosphate groups to creatine as storage and carrier vehicle
facilitates intracellular delivery of high-energy phosphates and provides additional
energy resources during peak energy demands (Wyss and Kaddurah-Daouk, 2000).
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Figure 1. Schematic representation of creatine metabolism and transport, illustrating the proteins
involved in the cerebral creatine deficiency syndromes. Creatine biosynthesis is a two-step process:
L-arginine:glycine amidinotransferase (AGAT) catalyses the formation of guanidinoacetic acid from the
amino acids arginine and glycine. If AGAT is impaired due to the presence of homozygous or compound
heterozygous mutations, patients are affected with AGAT deficiency (MIM 602360). The second
step involves the methylation of guanidinoacetic acid by S-adenosyl-L-methionine:N-guanidinoacetate
methyltransferase (GAMT), which results in the formation of creatine and S-adenosylhomocysteine
(SAH). S-Adenosylmethionine (SAM) functions as the donor of the methyl group. In case GAMT is
impaired due to the presence of homozygous or compound heterozygous mutations, patients are affected
with GAMT deficiency (MIM 601240). Creatine is distributed via the bloodstream and is subsequently
taken up by cells via the creatine transporter (SLC6A8). The X-linked form of CCDSs — SLC6A8
deficiency (SLC6A8; MIM 300036) — is caused by hemizygous mutations in the SLC6AS8 gene in males,
resulting in impaired creatine uptake. Due to skewed X-inactivation, the presence of a heterozygous
SLC6A8 mutation in females is associated with clinical symptoms of varying degrees. Creatine kinase
(CK) catalyzes the (de)phosphorylation of creatine and phosphocreatine during ATP synthesis and usage.
Reproduced from Almeida er al. (2006) with kind permission of Future Medicine Ltd.
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Creatine and phosphocreatine are non-enzymatically converted into creatinine,
with a constant daily turnover of approximately 1.5% of body creatine. Creatinine
is mainly excreted in urine. Its daily excretion is directly proportional to total body
creatine and, thus, in good approximation to muscle mass (i.e., 20-25 mg/kg/24 h in
children and adults, and somewhat lower in infants younger than 2 years; Stockler-
Ipsiroglu and Salomons, 2006). Until recently, the group of creatine biosynthesis
defects and the creatine transporter defect were referred to as creatine deficiency
syndromes (CDSs). However, in body fluids, no creatine deficiency exists in creatine
transporter deficient patients; thus, this term may be misleading. Therefore, it
may be more appropriate to use the term cerebral creatine deficiency syndromes
(CCDSs), which correlates better to the main clinical hallmarks that are related to
CNS involvement. The discovery of CCDSs has brought new diagnostic options
in patients with unexplained mental retardation, speech and language disorders,
autism and epilepsy. Moreover, these defects are important for the unravelling of
the physiologic functions and pharmacologic potential of creatine as well as of
intermediates of creatine biosynthesis.

2. GAMT DEFICIENCY

GAMT deficiency was the first CCDS to be recognized in humans in 1994 (Stockler
et al., 1994). The disorder affects the second step in creatine biosynthesis. The first
patient, a German boy, seemed to develop normally until 4 months of age, when
he was noted to have developmental arrest, hypotonia, hyperkinetic (hemiballistic)
extra-pyramidal movements and head nodding. A diagnostic hint was given by in
vivo '"H MRS of the brain, showing a spectrum lacking the creatine signal but
positive for a signal which finally was identified as GAA. The combination of
deficient creatine with a high GAA signal was suggestive of GAMT deficiency.
Subsequent studies confirmed the absence of GAMT activity in liver and identified
the pathogenic mutations in the GAMT gene (Stockler et al., 1996b). The GAMT
gene has been mapped to chromosome 15q15.3, thus confirming that GAMT
deficiency is an autosomal recessive disorder. Oral supplementation with creatine
monohydrate resulted in a rise of cerebral creatine levels up to 50% of normal within
the first 3 months of treatment. After 24 months of treatment, cerebral creatine levels
had reached up to 90% of normal levels. The restoration of cerebral creatine levels
was accompanied by significant clinical improvement: extra-pyramidal movement
disorder and head nodding resolved, and the patient was able to walk at the age of 4
years. The EEG, which had shown theta delta background activity with multifocal
spikes, normalised, as did the bilateral pathologic signal intensities in the globus
pallidus (Stockler et al., 1996a). Disappointingly, the long-term outcome revealed
that the severe mental retardation remained, and there was no improvement in
speech development and progressive autistic and aggressive behaviour disorder.
One reason for the incomplete clinical improvement seems to be the accumulation
of GAA which is not normalised by creatine supplementation (Stockler et al., 1997).
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Shortly after the description of the first patient with GAMT deficiency, a second
patient was described (Schulze et al., 1998). In this patient, the authors could show
convincingly that dietary restriction of arginine, the immediate precursor of GAA,
results in significant reduction in GAA accumulation (Schulze et al., 1998). Since
the description of the first patient with GAMT deficiency, approximately 29 patients
have been diagnosed worldwide (Almeida et al., 2007; Mercimek-Mahmutoglu
et al., 2006). An overview of 27 cases shows that mental retardation and epilepsy
are the most consistent clinical features (Mercimek-Mahmutoglu et al., 2006). The
severity may range from mild to severe mental retardation and from occasional to
drug-resistant seizures. Additional extra-pyramidal movement disorder and patho-
logic signal intensities in the basal ganglia on brain MRI are observed in the
most severe cases. The clinical onset of the disease is between an age of four
months to three years. Treatment with creatine monohydrate consistently resulted in
improvement of epilepsy and movement disorder. However, this treatment did not
have an impact on the intellectual deficit of the patients. A few patients were treated
with a combination of creatine monohydrate supplementation and dietary arginine
restriction (i.e., protein restriction), resulting in reduction in GAA accumulation,
but in all patients taking this diet, complete normalisation of GAA levels could
not be achieved. On such a case-by-case basis, final conclusions about the clinical
effects of additional dietary arginine restriction cannot be made. However, as GAA
is considered neurotoxic, it is now a general consensus to treat all patients with
the combined approach and to aim at reduction in GAA accumulation as much as
possible. Besides dietary arginine restriction, ornithine and sodium benzoate supple-
mentation were proposed as strategies for reducing GAA accumulation. Experience
with the only patient diagnosed at birth and treated at a pre-symptomatic stage
of the disease suggests that early treatment might widely prevent neurological
manifestations (Schulze et al., 2006; see also chapter 9; Schulze and Battini, 2007).

So far, 15 different GAMT mutations have been described (Almeida et al., 2007,
Mercimek-Mahmutoglu et al., 2006), including nonsense and missense mutations,
splice errors, insertions, deletions and frameshifts. There is no evidence for a
hotspot region, although certain mutations appear to occur more frequently than
others (¢.59G > A; p.Trp20Ser and a mutation that results in erroneous splicing:
¢.327G > A). A relatively high carrier rate for the ¢.59G > A mutation has been
detected in certain areas of Portugal, and 10 out of the 29 patients affected with
GAMT deficiency are of Portuguese origin (Almeida et al., 2007). Comparison of
the type and severity of clinical presentation of the patients who are homozygous
for any one of these mutations does not show any genotype-phenotype correlation
yet (Mercimek-Mahmutoglu et al., 2006).

3. AGAT DEFICIENCY

AGAT deficiency affects the first enzyme in creatine biosynthesis. This disorder
was first described in two Italian sisters with unspecific developmental and
speech delay, and occasional (fever-induced) seizures in one of them. In vivo



154 Stockler et al.

'H MRS of the brain revealed creatine deficiency, but opposite to GAMT deficiency,
GAA levels were low in body fluids. This combination pointed to a defect in GAA
biosynthesis, and AGAT deficiency was finally confirmed by deficient enzyme
activity and identification of a homozygous nonsense mutation in the AGAT gene
(Item et al., 2001). The AGAT gene has been mapped to chromosome 19p13.3,
thus confirming that AGAT deficiency is an autosomal recessive disorder. Supple-
mentation with creatine monohydrate resulted in almost complete normalisation
of cerebral creatine levels and a catch-up in psychomental development (Bianchi
et al., 2000). Although, after 6 years of treatment, the 13- and 11-year-old sisters
still have a moderate intellectual deficit, there was improvement and stabilisation
of their condition. In a younger sibling, AGAT deficiency was diagnosed prena-
tally and creatine supplementation was started at the age of 4 months. This patient
revealed normal development at the age of 18 months, while his sisters at this age
already showed signs of retardation (Battini et al., 2006; see also chapter 9; Schulze
and Battini, 2007). Observations on this limited number of patients (n = 3) suggest
that, compared to GAMT deficiency, AGAT deficiency is associated with a milder
phenotype, and/or with a better response to creatine supplementation. More impor-
tantly, early neurological sequelae may be prevented by early treatment. Currently,
five patients are known worldwide with this condition, of whom four are from one
Italian family. Only two mutations have been found so far: a nonsense mutation
(in the Italian family; Battini et al., 2002; Item et al., 2001), and a splice error
mutation (Almeida er al., 2006a). Both mutations are associated with impaired
AGAT activity in lymphoblasts.

4. CREATINE TRANSPORTER (SLC6A8) DEFICIENCY
4.1. Creatine Transporter (SLC6AS8) Deficiency in Males

SLC6AS deficiency — a defect of the creatine transporter — was originally described
in a 6-year-old American boy with a history of central hypotonia, one episode
of status epilepticus, multifocal epileptiform discharges in his EEG recordings,
delayed speech and language development, and creatine deficiency in the brain.
In contrast to GAMT and AGAT deficiency, GAA levels were normal and oral
creatine supplementation was not effective in restoring cerebral creatine levels
(Cecil et al., 2001). Due to these findings, and the X-linked pattern of inheritance in
the family, cerebral creatine transporter deficiency was suspected. This hypothesis
was confirmed by demonstration of deficient creatine uptake in fibroblasts and by
identification of a hemizygous mutation in the SLC6AS gene mapped to the X
chromosome (Salomons et al., 2001).

Since the first description of SLC6AS deficiency in 2001, more than 150 patients
from 60 families have been diagnosed. In boys as well as adult males (age
range 2-66 years), the diagnosis of SLC6A8 deficiency has been ascertained. The
main biochemical hallmark is an increased urinary creatine to creatinine ratio in
males (Stockler-Ipsiroglu and Salomons, 2006). The clinical phenotype of males
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with SLC6AS deficiency varies from mild to severe mental retardation associated
with speech and language delay, expressive language disorder, epileptic seizures,
behaviour disorders and gastrointestinal problems in adult patients (Kleefstra
et al., 2005). A neuropsychological profile was obtained for four affected Dutch
boys from two unrelated families and revealed hyperactive impulsive attention
deficit and a semantic-pragmatic language disorder with oral dyspraxia (Mancini
et al., 2005). Growth retardation, dysmorphic features, microcephaly, and brain
atrophy have been described as accompanying structural characteristics in some,
but not all patients (Kleefstra et al., 2005). Brain atrophy may become more marked
during the course of the disease, as may the behavioural symptoms (Degrauw
et al., 2002). Muscular hypotrophy and hypotonia and secondary mitochondriopathy
have been reported as additional features in selected SLC6AS8 deficient patients
(Anselm et al., 2006).

According to numerous reports, SLC6A8 deficiency is responsible for a
substantial number of males with mental retardation of unknown cause. In a recently
studied cohort of males presenting with risk symptoms, the urinary creatine to
creatinine ratio was used to analyze SLC6AS frequency. The frequency of SLC6A8
deficiency was confirmed by molecular and functional studies (i.e., creatine uptake
in fibroblasts) to be 2.1% (2 out of 96 males; Mercimek-Mahmutoglu et al., 2007).
This frequency is consistent with results from other studies. SLC6AS deficiency was
detected in 5.4% (2 out of 37) and 2.1% (6 out of 288) of males with non-syndromic
X-linked mental retardation (Lion-Francois et al., 2006; Rosenberg et al., 2004), in
2.2% (2 out of 92) of males with global developmental delay (IQ < 70) (Newmeyer
et al., 2005), as well as in 0.8% (4 out of 478) and 3.5% (4 out of 114) of males
with mental retardation of unknown causes and negative for fragile X syndrome
(Clark et al., 2006; Lion-Francois et al., 2006).

SLC6AS8 deficiency appears not to be treatable by any of the approaches
described above. Treatment of both males and females affected with SLC6AS
deficiency with creatine monohydrate has not proven to be successful (Anselm
et al., 2006; Poo-Arguelles et al., 2006; Stockler-Ipsiroglu and Salomons, 2006).
Currently, supplementation with high doses of arginine and glycine, which are
the primary substrates for creatine biosynthesis, combined with high doses of
creatine monohydrate is being investigated. The rationale for this protocol is based
on an increased cerebral uptake of both amino acids with the aim to enhance
intracerebral creatine synthesis (Gracia M. Mancini, Marjo S. van der Knaap,
and Gajja S. Salomons, unpublished data). In addition, alternative strategies may
be developed that facilitate creatine transport into the brain either by modified
transport via carrier molecules (e.g., peptides) or by supplementation with suitable
creatine analogs.

Since the first description of SLC6AS8 deficiency in 2001, 24 families have
been described at the molecular level, and 20 different mutations have been
identified. Four mutations have been identified in at least two unrelated families
(c.321_323delCTT;p.Phe107del, ¢.1169C > T;p.Pro390Leu, c.1222_1224delTTC;
p-Phe408del; c.1631C > T;p.Pro544Leu; Almeida et al., 2006a; Stockler-Ipsiroglu
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and Salomons, 2006). The most frequently identified type of mutations in SLC6AS
are missense mutations (i.e., single amino acid substitutions) and single amino
acid deletions located throughout the gene. Especially in case of novel missense
mutations, the diagnosis should be confirmed by investigating creatine uptake in
cultured fibroblasts or by 'H-MRS of the brain. The pathogenicity of the mutation
can be studied by overexpression of the mutant allele in SLC6A8-deficient cells, as
recently described by Rosenberg et al. (2007). Approximately 10% of the mutations
were shown to occur de novo, indicating that the mothers of children with such a
de novo mutation will not have any clinical phenotype. Therefore, also in sporadic
mental retardation, SLC6AS8 deficiency should be considered in the differential
diagnosis. Analyses of genotype-phenotype correlation have not been made so far.
Characterization of a variety of missense mutations and one-amino acid deletions
may provide insights into the structure and function of the protein.

4.2. Creatine Transporter (SLC6A8) Deficiency in Females

In addition to affected males who have a hemizygous mutation in SLC6AS, at
least 80 female relatives as well as three index girls with a heterozygous mutation
(carriers) have been identified so far; however, for the majority of them, no
neuropsychological profiles have been obtained. Clinical symptoms of the index
girls included learning disabilities and therapy-resistant epilepsy. Based on data on
the first described females (Degrauw et al., 2002, 2003), it is expected that approx-
imately 50% of heterozygous females have learning and behavioural problems.
Skewed X-inactivation may cause pronounced clinical manifestations in these cases
that are similar to the male phenotype, whereas others remain seemingly asymp-
tomatic. This phenomenon also applies to the biochemical hallmarks of the disease,
which makes screening for a creatine transporter defect in females more difficult:
1) the urinary creatine to creatinine ratio is usually not informative; 2) the creatine
signal in brain may be reduced only slightly; and 3) uptake studies in fibroblasts are
also not informative and, thus, cannot be used as primary screening. Therefore, a
combination of diagnostic tests may be needed, including molecular analysis of the
SLC6AS gene. Treatment data is available for only one heterozygous female patient
with learning disability and mildly decreased creatine concentration as revealed by
brain 'H MRS. This data showed mild improvement on neuropsychological testing
after 18 weeks of treatment with creatine monohydrate (250750 mg/kg/day; Cecil
et al., 2001).

S. BIOCHEMICAL PATHOLOGY AND LABORATORY
DIAGNOSIS

CCDSs are characterized by an almost complete lack of creatine in the brain, which
is shown in vivo by brain 'H MRS. It should be noted that in females with a
heterozygous mutation in the SLC6AS8 gene, a milder reduction in cerebral creatine
is usually detected. However, cerebral creatine can vary in heterozygous females
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from being absent to normal levels, depending on the skewing in X-inactivation.
Interestingly, in CCDS patients, creatine deficiency is much less severe in muscle
than in brain. Although creatine levels in skeletal muscle have not been investigated
extensively in CCDS patients and insights are based on case studies only, creatine
content of skeletal muscle was measured in vivo by proton MRS and in vitro in a
muscle biopsy of a SLC6A8-deficient patient (Pyne-Geithman et al., 2004). This
case report revealed normal creatine levels, suggesting that endogenous creatine
biosynthesis is able to maintain proper creatine levels, and/or that another creatine
transporter is able to take up creatine. It is worthy of note that phosphorus MRS of
skeletal muscle of a GAMT-deficient patient showed reduced phosphocreatine levels
(Schulze et al., 2003). Alternatively, the high levels of GAA in GAMT deficiency
may interfere with sufficient uptake of creatine via the creatine transporter. This
data is in agreement with GAMT knock-out mice that show reduced creatine levels
in muscle and high levels of GAA (Renema et al., 2003; Schmidt et al., 2004). No
data are available on creatine levels in heart muscle of affected patients. Clinically,
however, there is no evidence of cardiac dysfunction in the patients who underwent
cardiologic evaluation.

GAA is the main intermediary product in creatine biosynthesis. In GAMT
deficiency, GAA accumulates 2- to 30-fold in urine and plasma, and about 200-fold
in CSF (Mercimek-Mahmutoglu et al., 2006). The high GAA concentrations in
GAMT deficiency are due to at least two mechanisms: firstly, defective GAMT
activity causes an accumulation of GAA per se. Secondly, creatine deficiency and
consequent absence of AGAT repression cause an increased rate of GAA biosyn-
thesis. Creatine’s regulatory feedback mechanism on GAA synthesis is confirmed in
GAMT-deficient patients who show a significant decrease (but not normalisation)
in GAA concentrations as a response to oral creatine supplementation (Mercimek-
Mahmutoglu et al., 2006; Stockler et al., 1997). In AGAT deficiency, GAA is low
as a result of defective synthesis (Battini ef al., 2002; Item ef al., 2001). In SLC6AS
deficiency, the main site of metabolic disturbance is the intracellular creatine pool,
whereas plasma GAA and creatine levels are in the normal range. However, the
ratio of creatine to creatinine concentrations in urine of affected males is increased
(Stockler-Ipsiroglu and Salomons, 2006). This could be the result of an elevated
creatine excretion due to impaired tubular reabsorption and a reduced creatinine
excretion due to reduced intracellular creatine pools (e.g. in muscle and brain).
Since the urinary creatine to creatinine ratio is usually only mildly increased, it is
important to realize that there is an inverse relationship between this ratio and age
(Almeida et al., 2004). Moreover, as mentioned above, the creatine to creatinine
ratio is usually not increased in urine of females with a heterozygous mutation. The
biochemical profile of the individual CCDS determines its laboratory diagnosis.
In practical terms, this means that determination of urinary GAA concentrations
allows to differentiate between AGAT (low concentration) and GAMT deficiency
(high concentration). The determination of the urinary creatine/creatinine ratio has
been found to be a useful diagnostic marker of SLC6AS8 deficiency in males.
Laboratory diagnosis is confirmed by demonstration of the enzyme or transporter
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activity in either fibroblasts or lymphoblasts, and by DNA analysis of the relevant
gene. Recently, we reviewed the biochemical changes in CCDSs (Stockler-Ipsiroglu
and Salomons, 2006).

6. PATHOPHYSIOLOGICAL CONSIDERATIONS

Present evidence suggests that each of the CCDSs has potential effects on several
aspects of creatine physiology, including the intermediates of creatine biosyn-
thesis and their biochemical reactions, the transfer of creatine from biosynthesis to
usage compartments, intracellular creatine phosphorylation cycles, and all cellular
functions normally supported by creatine in developing and mature brain.

6.1. Disrupted Creatine Transport

The concept of an organ-specific transfer of creatine from sites of biosynthesis in
liver, pancreas and kidney to sites of usage in brain and muscle must be refined,
at least with regard to the brain. Immunohistochemical and functional studies have
established the presence of AGAT and GAMT in all types of brain cells in vivo
(Braissant et al., 2001) and the capacity of cultured astrocytes to synthesise creatine
(Dringen et al., 1998). This suggests a dual origin of cerebral creatine: from intrac-
erebral biosynthesis and from transport across the blood-brain barrier. The creatine
transporter, SLC6AS, is found in capillary endothelial cells, neurons, and oligoden-
drocytes (Braissant et al., 2001). Based on these findings, creatine is thought to be
transferred between different cell types within the brain, for instance from astrocytes
to neurons (Tachikawa et al., 2004), but also among the same cell type (Braissant
et al., 2005; see also chapters 4 and 5; Braissant et al., 2007; Tachikawa et al., 2007).
Creatine transport across the blood-brain barrier and its transfer within the brain
are the basis of our understanding of the pattern of cerebral creatine concentrations
upon replacement therapy in the creatine biosynthesis deficiency syndromes, and of
our understanding of the pathogenesis of SLC6AS deficiency. Oral supplementation
with creatine in patients with AGAT and GAMT deficiency results in a biphasic
restoration of the cerebral creatine pool, with initially fast creatine accumulation
followed by a slow, but continuous increase over several months to 80-90% of
normal levels. Increasing the dosage or changing the time intervals between creatine
administration do not result in any further increase in brain creatine levels (Stockler
et al., 1997). The biphasic and incomplete restoration of the cerebral creatine pool
suggests different intracerebral compartments of creatine metabolism, which may
reflect creatine pools predominantly supplied by intracerebral creatine biosynthesis
as opposed to those predominantly supplied by blood. In SLC6AS8 deficiency,
cerebral creatine levels are very low or even undetectable in in vivo 'H MRS
measurements. This indicates that the fraction of intracerebral creatine biosynthesis
under these conditions is rather low. SLC6A8 may be indispensable for the intrac-
erebral redistribution of locally synthesised GAA and/or creatine. GAA is a known
competitive inhibitor of the creatine transporter and is thought to be taken up via
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the SLC6AS8 transporter (Wyss and Kaddurah-Daouk, 2000). Therefore, due to the
absence of a functional creatine transporter, GAA uptake might not be possible
either. This may interfere with GAA methylation and, thus, creatine biosynthesis. In
addition, low creatine levels may also result from disrupted intracerebral transport
of creatine.

6.2. Intracellular Creatine Depletion in the Developing Brain

An important role for creatine during embryogenesis is suggested by the appearance
of AGAT and SLC6AS transcripts in rat brain from as early as embryonal day 12.5
(Braissant et al., 2005). Cell culture experiments on developing neurons suggest
that creatine is needed for regular axonal growth (Braissant er al., 2002; Wang
et al., 1998). Taken together, these findings indicate that creatine deficiency during
brain development may cause impoverished axonal networks and reduced synaptic
density. Microstructural anomalies of dendrites and neuronal networks are thought to
be a morphological hallmark of mental retardation in Down syndrome and fragile X
syndrome (Volpe, 2001). These considerations support the view that microstructural
defects may be responsible, at least in part, for those clinical symptoms that are not
reversible upon restoration of creatine content after a CCDS has manifested itself.
Detailed morphological studies will be necessary to evaluate this hypothesis. Should
these mechanisms indeed contribute to the clinical phenotype, pre-symptomatic
treatment may be obligatory.

6.3. Intracellular Creatine Depletion in the Mature Brain

Creatine deficiency may cause a disruption of cellular energy homeostasis. The
absence of creatine and phosphocreatine in the cytosol is expected to reduce the
buffering capacity for peak ATP demands and the transport capacity for high-
energy phosphate compounds. Since phosphocreatine is in part responsible for
high-energy phosphate transport from mitochondria to ATPases elsewhere in the
cell, its lack may resemble mitochondrial dysfunction. Its lack may also result in
chronic energy failure. Such energy failure may explain pathologic signal inten-
sities in the globus pallidus as observed in severe cases of GAMT deficiency
(Mercimek-Mahmutoglu et al., 2006). Comparable changes are found in patients
with mitochondrial encephalopathies (e.g., cytochrome C oxidase deficiency), and
in other cases of disrupted maintenance of cerebral energy state such as in hypoxic-
ischemic events in newborns and in carbon monoxide intoxication. Recent observa-
tions suggest that oxidative phosphorylation may be impaired in patients affected by
GAMT or SLC6AS deficiency, as some patients with these conditions present with
signs of myopathy and, at the biochemical level, mitochondrial dysfunction (e.g.,
lactic acidemia, or decreased ATP production in muscle biopsy samples; Anselm
et al., 2006; De Vries et al., 2005; Stockler et al., 1996a).

Creatine has a protective effect on neuronal survival. This has been shown
in neuronal cultures during exposure to high glutamate concentrations and in
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animal models of various neurodegenerative diseases (Brewer and Wallimann, 2000;
Klivenyi et al., 1999; Matthews et al., 1998, 1999). The mechanisms by which intra-
cellular creatine reduces excitotoxic neuronal death have been studied, including
effects on the mitochondrial permeability transition (Dolder et al., 2003) and on
apoptotic signalling (Juravleva et al., 2005). However, no definitive conclusions
can yet be drawn. Regardless of the cellular mediators, if the presence of creatine
confers advantages for neuronal survival, its absence may facilitate cellular apoptotic
pathways. This could result in increased apoptotic rates during the regressive phase
of brain development, or in an enhanced apoptotic response to excitotoxic or
oxidative stress. The latter may contribute to the brain atrophy observed in some
SLC6AS patients.

6.4. Interstitial and Intracellular Accumulation of Guanidino
Compounds and Other Metabolites

Accumulation of guanidino compounds in tissues and bodily fluids is a characteristic
of GAMT deficiency. GAA is most prominent among these, but changes in other
intermediates of guanidino compound metabolism have also been described and
may contribute to the neurotoxic load. GAA displays epileptogenic potential and
is held to be the main cause of intractable seizures which occur in about one
third of GAMT patients (Mercimek-Mahmutoglu et al., 2006). A clear correlation
between seizure activity and GAA levels in plasma was demonstrated in one patient
in whom intractable seizures were independent of cerebral creatine status, but
responded promptly to a reduction in plasma GAA by dietary arginine restriction
(which is the rate-limiting substrate for GAA synthesis; Schulze er al., 1998).
On a molecular level, GAA interacts as partial agonist with GABA, receptors at
pathophysiologically relevant concentrations (Neu et al., 2002). Based on these
findings, it has been speculated that GAA may also be responsible in part for
the development of the extra-pyramidal movement disorder, which manifests in
about 50% of GAMT-deficient patients, primarily as athetosis, chorea, and/or ataxia
(Mercimek-Mahmutoglu et al., 2006).

Changes in guanidino compounds secondary to GAA accumulation may also
play a role in the development of neurological manifestations in GAMT deficiency.
Analyses of samples from a GAMT-deficient patient (Stockler et al., 1997) and of
brain homogenates from a GAMT knock-out mouse model (Torremans et al., 2005)
revealed additional accumulation of (-guanidinosuccinate, 3-guanidinopropionate,
and y-guanidinobutyrate in the brain. Guanidinosuccinate may cause seizures and
activate NMDA receptors (De Deyn et al., 2001), B-guanidinopropionate is a
competitive inhibitor of the creatine transporter, SLC6A8 (Peral et al., 2002),
whereas convulsive properties have been ascribed to y-guanidinobutyrate (Jinnai
et al., 1966). The relative contribution of these substances to the neurological
symptoms in GAMT deficiency is unclear, and synergistic effects cannot be
excluded at the present stage.
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Creatine synthesis requires a high percentage of total body ‘labile’ methyl groups.
Therefore, one might expect that in GAMT deficiency, S-adenosylmethionine
accumulates, which acts as a methyl donor for the GAMT reaction. Analysis of this
compound in CSF from GAMT-deficient patients and in brain homogenates of the
GAMT knock-out mouse model will answer the question whether changes in the
methylation/remethylation pathway contribute to the pathophysiology of GAMT
deficiency.

6.5. A Role for Creatine in Neurotransmission?

In stress-induced anxiety studies in chickens, creatine was reported to mediate
an anxiolytic (sedative-hypnotic) effect as partial agonist at the central GABA,
receptors (Koga et al., 2005). These findings suggest that, in vivo, creatine modulates
GABAergic neurotransmission throughout the brain. However, it should be noted
that conflicting data regarding this effect of creatine has been published in in
vitro studies on cultured cortex neurons of neonatal mice (Neu er al., 2002).
Nevertheless, the ubiquitous presence of creatine as well as of its biosynthesis
enzymes in brain, including central neurons (Braissant et al., 2005), and the possible
effects at the GABA, receptors suggest a putative role of creatine as a neuro-
modulator in the brain. In agreement with this putative role, it was shown that
[*H]creatine is taken up into rat brain (neocortex) slices in a Na*-dependent manner,
likely mediated by the SLC6AS transporter. Additionally, both [*H]creatine and
endogenous creatine were shown to be released upon electrical field stimulation
from superfused neocortex slices (Almeida et al., 2006b). This release was Na*- and
Ca**-dependent, indicating the involvement of an exocytotic release mechanism.
Moreover, this electrically evoked creatine release appeared to depend not only
on the activation of voltage-gated Na™-channels (i.e., electrically evoked creatine
release blocked by tetrodotoxin), but also on that of K*-channels (i.e., electrically
evoked creatine release strongly increased by 4-aminopyridine), demonstrating that
the release is action potential dependent. Similar findings have previously been
reported for radiolabelled classical neurotransmitters (e.g., Limberger et al., 1986;
Schoffelmeer et al., 1981). These novel findings in brain may very well contribute
to an explanation of the clinical phenotype in CCDSs, and await further studies.

7. PROSPECTS

The knowledge of the natural history of CCDSs is limited to the clinical presen-
tations of a few patients only. Most of the known patients are children, but also a
few young adults as well as a few elderly have been diagnosed. As these patients
have been followed for a few years only, no definite conclusions can be drawn in
terms of disease progression and life expectancy. Furthermore, only patients with
the most severe clinical phenotypes may have been diagnosed so far, while milder
phenotypes might still be under-recognised.
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CCDSs are potentially treatable disorders. However, progress in understanding
efficacy of treatment and development of new treatment strategies has been delayed
due to the rareness of the single disorders. As with other rare inborn errors of
metabolism, worldwide networks and orphan disease registries are needed to facil-
itate progress in understanding the natural history and in the development of
strategies for treatment and prevention. Creatine deficiency syndromes should be
investigated using these tools in the future.

Development of treatment strategies depends on the understanding of pathophys-
iology. Our understanding of pathophysiology and pathobiochemistry in CCDSs
is still incomplete. The pathobiochemical actions and pathophysiological conse-
quences of accumulation of GAA, GAA’s role in brain function, and pharmaco-
logical inhibition of GAA’s action in the brain need to be understood fundamentally
in order to develop more effective treatment strategies for GAMT deficiency.
The lack of neurological symptoms in the GAMT knock-out mouse model makes
the exploration of this issue even more difficult (Torremans et al., 2005). New
concepts are also needed for understanding the pathogenesis of brain dysfunction
in creatine transporter or AGAT deficiency. What is the pathogenetic impact of
creatine deficiency? Knowledge about the regulation of creatine transporter activity
and its interaction with other genes might provide promising targets for alternative
treatment strategies such as pharmacological gene therapy.

The development of SLC6AS8 knock-out mice will yield further insights into
these questions. Better understanding of creatine’s neuroprotective role may be
another source of inspiration for the development of new treatment strategies. An
AGAT knock-out mouse model would represent a biological system of creatine
depletion and would be fundamental for understanding creatine’s effects beyond
its energy-buffering function. This would also allow investigations into a possible
neuroprotective role of creatine which still has not been proven convincingly in
humans. The final goal of diagnosis and treatment of CCDSs is the prevention
of the clinical phenotype. Therefore, it is mandatory that CCDSs are part of the
routine diagnostic work-up in patients with mental retardation and/or epilepsy,
and determination of marker substances (urinary GAA and the urinary creatine to
creatinine ratio) needs to be introduced in metabolic laboratory panels.
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CHAPTER 9

PRE-SYMPTOMATIC TREATMENT OF CREATINE
BIOSYNTHESIS DEFECTS

ANDREAS SCHULZE' AND ROBERTA BATTINI?
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2 Department of Developmental Neuroscience, IRCCS Stella Maris, Calambrone, Pisa, Italy

Abstract: Recent observations in two patients, one with AGAT deficiency (AGAT-D) and one with
GAMT deficiency (GAMT-D), both diagnosed already at birth, provide first evidence
for important therapeutic effects of pre-symptomatic treatment with creatine (Cr) supple-
mentation in AGAT-D and Cr supplementation plus guanidinoacetate lowering strategies
in GAMT-D. Although long-term data are lacking, the results suggest that complete
prevention of neurological sequelae in early treated patients could be feasible (Battini
et al., 2006; Schulze et al., 2006)

1. INTRODUCTION

Creatine (Cr) deficiency syndromes represent a group of recently discovered inborn
errors of metabolism (Stockler et al.,, 1994; Schulze, 2003; Bianchi ef al., 2000;
Salomons et al., 2001). Cr deficiency syndromes are caused by defects in either
the biosynthesis or the transport proteins of Cr, resulting in deficiency of Cr
and phosphocreatine (PCr), mainly in the brain (Schulze, 2003). Within this
group of disorders, there are two synthesis defects (arginine:glycine amidinotrans-
ferase deficiency, AGAT-D, and guanidinoacetate methyltransferase deficiency,
GAMT-D) and one cellular Cr transport defect (CT1, SLC6AS); the first two defects
respond to Cr supplementation.

2. CREATINE REPLACEMENT THERAPY IN AGAT
AND GAMT DEFICIENCY

Cr is substituted as oral Cr monohydrate at a 15- to 20-fold dosage of the normal
daily Cr requirement, corresponding to 350-400 mg/kg/d in children aged 4 to
12 years. A high blood Cr concentration is achieved by frequent administration of Cr
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monohydrate (6-8 times a day) which might be favourable with respect to transport
of Cr across the blood-brain barrier (BBB) (Stockler et al., 1997). Administration of
higher amounts of Cr (up to 1.5-2.0 g/lkg/d), with larger time intervals in between
individual servings (e.g. every 8—12 hours), or in an alternating manner (e.g. 4 days
application followed by a break for 3 days) do not seem to be more effective in
further enhancing transport of Cr across the BBB (Schulze, 2005).

The optimal dosage of Cr monohydrate for recovery and maintenance of the cerebral
Cr pool still has to be established. Long-term observation of the three AGAT-D
patients described so far has allowed confirmation of clinical and neuropsycho-
logical improvement even after a reduction of the dosage of daily Cr supplemen-
tation to 200 mg/kg after three years from the start of therapy (Bianchi ez al., 2007).
Accordingly, when studied with proton magnetic resonance spectroscopy ('H-MRS),
the Cr pool did not change significantly over that time interval.

Besides only incomplete restoration of brain Cr pools by Cr replacement therapy
in both AGAT-D and GAMT-D patients, the 'H-MRS results indicate a faster slope
and a more complete recovery of brain Cr concentrations in AGAT-D patients
than in GAMT-D patients (Figure 1) (Schulze, 2005; Bianchi et al., 2007). This

Creatine Replenishment in Brain
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Figure 1. Creatine replenishment in the brain of patients with GAMT-D and AGAT-D in the course
of creatine supplementation, estimated by in vivo proton magnetic resonance spectroscopy. WM, white
matter; GM, grey matter; nsp, not specified. Reprinted from Schulze (2005) with kind permission from
SPS Verlagsgesellschaft mbH, Heilbronn, Germany.
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difference is likely correlated to guanidinoacetate (GAA) accumulation in GAMT-D.
GAA, like some other guanidino compounds, is a competitive inhibitor of Cr
transport (Ohtsuki et al., 2002). In accordance with these findings, the clinical
response to oral Cr supplementation is more pronounced for AGAT-D patients
than for GAMT-D patients, including good language development and complete
disappearance of autistic-like behaviour (Battini et al., 2002; Bianchi et al., 2000).

3. GUANIDINOACETATE LOWERING THERAPY
IN GAMT DEFICIENCY

Accumulation of GAA, known for its neurotoxic and epileptogenic effects,
contributes to the pathophysiology in GAMT-D. Cr replacement therapy causes an
approximately 50% reduction of GAA in body fluids. Considering the 10- to 100-
fold elevated GAA concentrations in affected individuals (Mercimek-Mahmutoglu
et al., 2006), this reduction is far from normal GAA levels. Two different approaches
have proven effective in further lowering GAA in GAMT-D patients, namely
(i) dietary arginine restriction by a protein restricted diet combined with low-
dose ornithine supplementation (Schulze er al., 2001) and (ii) high-dose ornithine
treatment (Schulze, 2005).

The strategy for dietary treatment is substrate deprivation (arginine, glycine) of
the AGAT reaction, and consists of protein restriction, supplementation of arginine-
free amino acids, low-dose ornithine, and sodium benzoate. Intake of arginine
by nutritional protein is restricted to 15-25mg arginine/kg/d (corresponding to
0.4-0.7 g natural protein/kg/d). An arginine-free essential amino acid mixture is
substituted with 0.2-0.7 g/kg/d to meet age-dependent physiological protein require-
ments. Ornithine in low dosage (50-100 mg/kg/d) seems necessary to keep arginine
low. Sodium benzoate (100 mg/kg/d) is given for additional substrate deprivation.
It removes glycine, the other substrate of the AGAT reaction, and lowers the flux
through the arginine-forming urea cycle (Schulze ef al., 2001; Stoeckler-Ipsiroglu
et al., 2006).

More recently, treatment with high-dose ornithine has shown to be at least as
effective in lowering GAA levels as dietary arginine restriction. Ornithine is a
competitive inhibitor of the AGAT enzyme. AGAT inhibition is achieved by admin-
istration of 800 mg ornithine/kg/d given in 5-6 doses per day (dpd) (Schulze, 2005).
Whether a combination of dietary treatment with high-dose ornithine therapy is best
for decreasing GAA levels still has to be elucidated. Figure 2 illustrates our current
knowledge about the effectiveness of different treatments on GAA reduction in
blood and urine.

Cr replenishment and GAA lowering improve the clinical symptoms in GAMT-
D patients. This applies mainly to the autistic behaviour, the movement disorder,
and to some cognitive capabilities, whereas language skills and general cognitive
development remain poor or improve only slightly. Control of severe seizures so
far refractory to antiepileptic drugs and Cr treatment is obviously achievable by
GAA lowering therapy (Schulze er al., 2001). Even treatment only initiated in
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Figure 2. Effect of different treatments on guanidinoacetate levels in urine and plasma of patients with
GAMT-D. Pre-Tx, pre-treatment (n = 6 patients), CT, Cr treatment (n = 3); CT+Diet, Cr treatment plus
dietary arginine restriction (n = 1); CT+Orn, Cr treatment plus high-dose ornithine treatment (n = 5);
CT+D+O0rm, Cr treatment plus dietary arginine restriction plus high-dose ornithine treatment (n = 2).

adulthood led to an impressive improvement in epileptic seizures, mental capabil-
ities, movement disorder and behaviour in one patient (Schulze, 2003).

4. PRE-SYMPTOMATIC TREATMENT IN AN AGAT-D PATIENT

AGAT-D (MIM 602360) is an autosomal recessive disease characterized by mental
retardation, severe language impairment and behavioural disturbances. Supplemen-
tation of Cr has been shown to improve clinical symptoms in previously reported
symptomatic cases (Battini et al., 2002; Bianchi ef al., 2000). Pre-symptomatic
treatment has been reported in only one subject (Battini et al., 2006).

The boy is the third child of healthy non-consanguineous Italian parents. Both
parents are carrying the c¢.446G>A mutation that results in the replacement of
tryptophan by a stop codon at residue 149 (p.Trp149X) in the AGAT gene. His two
older sisters were previously diagnosed with AGAT-D and are being treated for
6 years. Both sisters are homozygous for the above described pathogenic nonsense
mutation (Bianchi et al., 2000). The boy was born after unremarkable pregnancy
and delivery (birth weight: 3 kg; length: 49 cm; head circumference: 35 cm). Neuro-
logical examination at the age of 3 days was normal. He was breast-fed. Serum
panel chemistries were normal. Analysis of Cr deficiency metabolites by GC/MS
showed the following: serum GAA (0.13uM vs. normal range 0.22-3.14 M)
and Cr (16.2uM vs. 18-141 uM); urine GAA (0.54 uM vs. 55-698 uM) and Cr
(24.6 M vs. 200-5500 uM). Sequencing of the proband’s AGAT gene confirmed
the presence of the same homozygous mutation as previously detected in DNA of the
sisters. The diagnosis was also confirmed by means of a new AGAT activity assay
in lymphocytes or lymphoblasts, using GC coupled with a quadrupole detector,
without using labelled substrates. The lymphocytes or lymphoblasts were incubated
in a reaction mixture containing glycine and arginine at pH 7.5. The reaction was
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Figure 3. '"H-MRS of the patient with AGAT deficiency at birth (grey line) and at 24 months, after
20 months of oral creatine supplementation (black line). Note the absence of a creatine (Cr) peak at
3.05ppm at birth and its partial restoration after early treatment. Other differences in the spectrum
represent the physiological changes with age and mainly reflect myelination during the first years of
life. Myo-inositol (ml) is higher and N-acetylaspartate (NAA) is lower at birth.

stopped by addition of 1 N PCA after 4 hours of incubation at 37 °C. The end-product
of the reaction (GAA) was separated and quantified with an Agilent GC/MS, set
in Electron Ionization — SIM mode (Alessandri ef al., 2005). In control samples,
AGAT activity was 0.243-0.425 and 0.950-1.470 nmol/mg/h for lymphocytes and
lymphoblasts, respectively. Enzyme activity in AGAT-D patients was below the
detection limit in both cell types.

During the first 15 days after birth, serum and urine Cr and GAA levels decreased
even further (serum Cr 3.2 wM; serum GAA 0.04 wM; urine Cr 20.7 uM; urine GAA
0.34 wM). Brain MRI was normal but 'H-MRS showed an almost complete absence
of the cerebral Cr peak at 3.05 ppm, confirming the diagnosis of AGAT-D (Figure 3)
(Battini et al., 2006). In order to replenish the Cr depletion and considering that
the child was breast-fed, we initially tried to supplement the maternal diet with Cr
monohydrate (3 to 9 g/d). After one month of maternal supplementation, an increase
in Cr concentration in the maternal milk (190 wuM; normal range 82.3—128.9 uM)
was detected; the serum and urine Cr concentrations were 4.04 uM and 6.3 uM,
respectively, while GAA was undetectable in both serum and urine. Unfortunately,
the Cr increase in blood, urine and brain of the child was unremarkable. At the
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age of 4 months, following weaning, dietary supplementation of the child with Cr
monohydrate was initiated. We started with a low dosage of oral Cr (100 mg/kg/d)
divided in five dpd. This dosage was selected based on (i) the lack of toxico-
logical data in neonates and (ii) results obtained in his affected relatives for which
optimization of Cr therapy led to the conclusion that 100 mg/kg/d might be the
minimal optimal dose of Cr to be administered chronically (Bianchi et al., 2007).
Subsequent assessment of serum and urine Cr levels revealed a progressive replen-
ishment of body Cr pools by the end of the first week of treatment: after 1 month of
supplementation of the child, serum and urine Cr concentrations were 222 uM and
1.75 mM respectively; after 3 months 164 uM and 4.32 mM after 6 months 172 uM
and 5.35 mM, and after 20 months 67.7 uM and 12.7 mM respectively. GAA levels
in body fluids remained undetectable (Battini ef al., 2006). Serum concentration
of Cr overlapped with those obtained in the affected relatives which were treated
with a higher dosage of Cr (Battini et al., 2002; Bianchi et al., 2000). At the age
of 12 months, after 8 months of treatment, we performed a control examination
with brain 'H-MRS and demonstrated the restoration of about 60% of normal brain
Cr levels. Growth and psychomotor development of the child remained completely
normal. At the age of 12 months, he walked unaided and uttered single words.
At the age of 16 months he was able to ask by gestures and from the age of 18
months he produced some two-word combinations and understood simple verbal
requests. His general developmental quotient was 105 (Griffiths Developmental
Scales), and his growth was normal (Battini et al., 2006). It is of interest that in
the affected relatives, the first clinical symptoms appeared at an age of around
8—10 months, while at around 18 months, an important delay in somatic growth
and psychomotor development, associated with hypotonia or autistic-like behaviour,
was already apparent (Battini et al., 2002; Bianchi et al., 2000). At the age of
24 months, after 20 months of therapy at the same oral Cr dosage as from the
start (100 mg/kg/d), a new 'H-MRS examination showed similar Cr replenishment
as at 12 months (Figure 3). The baby was healthy; his psychomotor development
and social interaction were according to age. Cr supplementation was always well
tolerated. No side effects were observed except for some episodes of diarrhoea
at the beginning of treatment and when the dosage was increased according to
weight gain.

This patient is the first subject with AGAT-D diagnosed in the neonatal period and
treated when still asymptomatic. The observation in this patient has proven that blood
GAA and Cr levels, which can be measured both in plasma and dried blood spots, are
significantly low from the first days of life, supporting their use as early diagnostic
markers for AGAT-D (Carducci et al., 2002, 2006). Severe brain Cr depletion, as
detected by '"H-MRS, was already present since the first days of life and, even with Cr
being a component of maternal milk, we found that this nutrient has a limited efficacy
in the maintenance of Cr pools when a defect in endogenous Cr synthesis is present.
The latency in clinical manifestation in Cr disorders may be related to a relatively
low need for the Cr/PCr system during the early phases of brain development.

Despite the expression of the GAMT, AGAT and CT! genes in different stages
of the developing rat embryo (Braissant et al., 2005) and the disturbed Cr and
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GAA levels in brain of neonates affected with AGAT-D or GAMT-D, no clinical
abnormalities are found in newborns. Probably, brain Cr depletion causes a slow and
cumulative effect on nervous development, in particular on higher cortical function,
as shown by the presence of mental retardation and severe language deficits as
specific hallmarks of all Cr disorders (Battini et al., 2002; Schulze, 2003; Mancini
et al., 2005; Mercimek-Mahmutoglu et al., 2006). Although congenital depletion of
brain Cr would support very early treatment, it is of interest that a 4-month delay
in starting Cr administration does not seem to have affected the development of the
child so far. The Cr dosage we used was about a quarter of that administered initially
in previously reported AGAT-D patients (Battini et al., 2002; Bianchi et al., 2000)
and proved to be safe and effective in replenishing both the peripheral Cr pools and
partially also the brain Cr pool.

S. PRE-SYMPTOMATIC TREATMENT IN A GAMT-D PATIENT

GAMT-D (MIM 601240) is an autosomal-recessive inherited Cr synthesis defect
and has the most severe phenotype among the Cr deficiency syndromes. Patients are
clinically affected by mental retardation, lack of speech, autistic behaviour, extra-
pyramidal movement disorder, and epilepsy (sometimes refractory to therapeutic
intervention) (Schulze, 2003). Cr deficiency and accumulation of GAA, the latter
known for its neurotoxic and epileptogenic effects (da Silva er al., 1999; D’Hooge
et al., 1992; Neu et al., 2002), contribute to the pathophysiology of GAMT-D
(Schulze et al., 2001). Treatment in GAMT-D is directed towards Cr replenishment
and decreasing of GAA levels (Schulze, 2005). Despite treatment, the clinical
outcome of patients diagnosed in childhood or adulthood is still unfavourable
(Mercimek-Mahmutoglu et al., 2006). Pre-symptomatic disease detection and early
initiation of treatment, which are potentially essential for a good outcome, have
only been reported in one patient (Schulze et al., 2006).

The girl is the second child of healthy, non-related Turkish parents. Her 5-year-
old brother has GAMT-D which was diagnosed and treated at age 2 3/, years.
Because of the 25% probability of being affected, the girl was followed clinically
and biochemically since birth. She was born at term by spontaneous delivery after
an unremarkable pregnancy. Clinical examination up to age 3 weeks was normal.
She was breast-fed with addition of preterm formula. Red blood cell count and
serum chemistries (electrolytes, liver function tests, urea, glucose, protein) as well
as clotting were normal. EEG and brain MRI revealed no abnormalities.

Blood was taken from the umbilical cord and subsequently every 12 hours until
day 5 by heel prick, and was spotted onto filter paper. In the dried blood spot
specimens, measurement of GAA, Cr, and creatinine was performed by means
of electrospray-ionization tandem mass spectrometry (modified from Bodamer
et al., 2001). The results were informative for the diagnosis of GAMT-D in all
specimens from birth to day 5 (Figure 4). GAA was already elevated in cord blood.
A subsequent increase during the first 24 hours of life was followed by a decline
thereafter. However, GAA remained permanently elevated until day 5 by exceeding
the 99.5th percentile for healthy newborns. The levels of Cr and creatinine, both
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Figure 4. Course of guanidinoacetate (GAA) level and GAA-to-creatinine ratio (GAA/CTN) in dried
blood spots of a patient with GAMT-D during the first 5 days of life and at the start of treatment.
Guanidino compounds were analyzed by tandem-mass spectrometry. Normal range of GAA (£2 standard
deviations, SD) and cut-off limit for GAA and GAA/CTN in neonates (99.5th percentile, pc) were calcu-
lated from results in healthy neonates (n = 3, 407). SIR, signal intensity ratio (Permitted reprint from:
Schulze A., Hoffmann G.F., Bachert P., Kirsch S., Salomons G.S., Verhoeven N.M., and Mayatepek E.,

2006, Presymptomatic treatment of neonatal guanidinoacetate methyltransferase deficiency. Neurology
67: 719-721).

usually decreased in GAMT-D, were of no diagnostic relevance during the neonatal
period. Creatinine was within the normal range at birth and decreased only gradually
until day 5. The resulting GAA/creatinine ratio was unrevealing. Only in the third
week of life did the GAA/creatinine ratio reach higher diagnostic sensitivity owing
to a decrease in creatinine levels after the first week of life (Figure 4) (Schulze
et al., 2006).

Guanidino compounds in urine and plasma were measured by cation-exchange
liquid chromatography (Schulze et al., 1997). In urine, GAA was already slightly
increased from the second day of life, whereas Cr was below the normal range.
In the third week of life, the GAA increase in urine was even more pronounced,
and in plasma, the GAA concentration was elevated, Cr decreased, and creatinine
close to the lower limit of controls (Table 1). We investigated the total Cr content
in brain by single-voxel 'H-MRS (Schulze, 2003). Intensity ratios calculated from
'H-MR spectra showed a largely decreased but still detectable Cr level in the brain
at the age of three weeks (I, /L0 ~ 8 x 107%) (Figure 5) (Schulze et al., 2006).
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Table 1. Guanidino compounds in plasma and urine prior and during treatment of a pre-symptomatically
diagnosed and treated patient with GAMT-D (Permitted reprint from: Schulze A., Hoffmann G.F.,
Bachert P., Kirsch S., Salomons G.S., Verhoeven N.M., and Mayatepek E., 2006, Presymptomatic
treatment of neonatal guanidinoacetate methyltransferase deficiency. Neurology 67: 719-721) .

Age, d Plasma [pmol/L] Urine [mmol/mol creatinine]
Guanidinoacetate ~ Creatine  Creatinine  Guanidinoacetate Creatine
2 232 13

19 8.27 6 13 340 11

20 326 20

21 9.09 5 7 349 35

22

Start of Treatment

23 3.60 238 54 456 6,795

26 6.75 258 39 454 8,026

28 2.88 512 14

62 3.21 795 39 133 10,352
113 4.07 278 109
216 4.15 388 16 174 8,297
419 4.10 498 25 179 13,195
421 3.23 251 28 173 8,665
Controls  0.20-1.46* 50-124*  5.2-35.2* 28-180" 28-1,7007

* Normal range, derived from healthy subjects at age 1 week to 2 years (n = 17)
+ Normal range, derived from healthy subjects at age 1 month to 2 years (n = 16)

Mutation analysis of the GAMT gene of the girl (and her parents) using
direct sequencing of genomic DNA (Caldeira Araujo et al., 2005) confirmed
compound heterozygosity for the two mutations known from her brother (Item
et al., 2004). ¢.152A>C in exon 1 results in replacement of a highly conserved
histidine by proline at position 51 (p.His51Pro) and was not detected in 210
control chromosomes, suggesting that the mutation is pathogenic. The frameshift
mutation ¢.526dupG in exon 5 (p.Glul76GlyfsX15) predicts a truncated protein.
This indicates that the mutation is pathogenic. GAMT activity in lymphoblasts
was analyzed by an enzyme assay using substrates labelled with stable isotopes
(Verhoeven et al., 2004). Activity was < 1 pmol/h/mg protein (control range:
63-443 pmol/h/mg protein) confirming the diagnosis of GAMT-D.

At the age of 22 days, treatment was initiated. Oral Cr monohydrate was given
(400 mg/kg/d in 6dpd). Sodium benzoate was given at 100 mg/kg/d in 3 dpd. We
started oral ornithine hydrochloride supplementation with a dosage of 400 mg/kg/d
in 6 dpd, increased the dosage to 600 mg/kg/d after two days, and to the final
dosage of 800 mg/kg/d after another two days. The parents opted for an additional
dietary treatment for their baby. Dietary arginine restriction was started with (per
day) 50 ml breast milk, 8 g preterm formula, 35 g basic-p® (SHS, Germany), 20 g
maltodextrin® (SHS, Germany), and 6 g E-AM1® (SHS, Germany). Thus, the
daily intake of natural protein, of protein from arginine-free amino acid mixture,
and of calories was 0.4 g/kg, 1.0 g/kg, and 102 kcal/kg, respectively. As a result of



176 Schulze and Battini

treatment, an immediate and distinct decrease of GAA levels in dried blood and
plasma and, with some delay, in urine was observed (Figure 4 and Table 1) (Schulze
et al., 2006). At the age of 4 weeks after weaning, the diet was adapted to (per day)
27 g infant formula, 40 g basic-p®, 20 g maltodextrin®, and 7g E-AM 1®. The
resulting daily intake of natural protein, of protein from arginine-free amino acid
mixture, and of calories was 0.6 g/kg, 1.0 g/lkg, and 96 kcal/kg, respectively. At the
age of 4 months, the parents felt comfortable with the treatment and the development
of their child. Somatic growth, clinical status, and routine laboratory chemistries
were normal, except for a slight metabolic acidosis (base excess [BE] ~ —5 mM).
The diet and medication were adjusted further according to the child’s weight.
The Cr/PCr signal in '"H-MRS increased significantly after 4 months of treatment
(Ie; /Tiao ~ 2.5 x 107*) and remained constant after 11 months of treatment. While
Ieho/Lino did not change, a continuous increase in the N-acetylaspartate level was
seen during the examination period, indicating growth and formation of neuronal
tissue (Figure 5) (Schulze et al., 2006).

At the age of 7 months, the child’s behaviour was reported as agile and friendly.
She fixed and followed objects, and was babbling busily. She was able to freely
sit without support already from the age of 6 months. Special neurodevelopmental
investigation was normal except for slight dissociated motor development because
she had not yet attained rotating skills. Medications and diet were tolerated well.
The metabolic acidosis (BE —5.7 mM) persisted. The treatment was continued with
adjustment for weight gain.

At 14 months of age, the girl is healthy and is developing normally. In the special
neurodevelopmental investigation, her psychomotor and psychosocial development
is according to age. She uses at least five meaning words correctly, understands
simple verbal demands, and knows and shows several social gestures. Her gait is
normal. Neurological status including muscle tone, tendon reflexes, and brain nerves
are unaffected. She acquired the skills of crawling and free standing at 8 months,
walking without support at 11 months, and stair climbing at 12 months. During
treatment, the GAA concentration in plasma remained permanently reduced to about
50-60%, although still elevated compared to controls. GAA in urine was perma-
nently close to normal. Creatinine in plasma and urine was normal. Cr levels in urine

»
»

Figure 5. Single-voxel 64-MHz "H-MR spectra of the brain of the patient with GAMT-D obtained at
age 3 weeks (A), after 4 months (B) and after 11 months (C) of treatment. Measurement technique:
double-spin echo sequence (PRESS), repetition time TR = 1500 ms, echo time TE = 135 ms, number of
excitations nex = 256, water-signal suppression; BO = 1.5 T, imaging head coil. The voxel [(1.5 cm)?]
was placed in the left occipital region. Peak assignments: N-acetyl-L-aspartate (NAA, chemical shift
8 =2.0ppm), creatines (Cr, 8 = 3.0 ppm), cholines (Cho, 8 = 3.2 ppm). These signals were normalized
to the unsuppressed water signal obtained from the same voxel with the same measurement parameters
except nex = 10. The intensity ratios .., /Ijp0 are given in the boxes (Permitted reprint from: Schulze A.,
Hoffmann G.F., Bachert P., Kirsch S., Salomons G.S., Verhoeven N.M., and Mayatepek E., 2006,
Presymptomatic treatment of neonatal guanidinoacetate methyltransferase deficiency. Neurology 67:
719-721).
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and plasma, due to supplementation, were elevated approximately 5-fold (Table 1).
The mean plasma ornithine concentration was 160 WM, close to the treatment target
concentration of ~ 200 wM. The persistent metabolic acidosis (BE —4.1 mM), also
observed in other GAMT-D patients receiving high-dose ornithine hydrochloride,
was assigned to the administration of ornithine as hydrochloride. We therefore
changed to ornithine aspartate (800 mg ornithine/kg/d), which resolved the slight
acidosis immediately and permanently. This approach resulted in a similar decrease
of GAA levels, without having other adverse effects.

The first prospective observation and treatment in a neonate with GAMT-D thus
provides evidence that diagnosis is possible at birth and that early treatment might
be beneficial in the prevention of clinical symptoms. Biochemical findings at the
age of 3 weeks were similar to those found in older patients, except for Cr in the
brain which — in contrast to the findings in the AGAT patient above — did not
seem to be lacking entirely. This suggests (near) normal prenatal Cr supply. This
hypothesis is further supported by our finding of normal Cr and creatinine levels
in dried blood during the early neonatal period. Slow postnatal release of Cr/PCr
pools might explain the pre-symptomatic period of 3—6 months in all GAMT-D
patients.

Treatment in GAMT-D is directed towards replenishment of Cr and reduction
of GAA. GAA reduction is achieved by dietary arginine restriction combined
with low-dose ornithine (100 mg/kg/d) (Schulze et al., 2001). In addition, benzoate
is given for substrate deprivation of the AGAT reaction. In our patient we
have chosen a higher ornithine dosage because high-dose ornithine supplemen-
tation (800 mg/kg/d) is supposed to inhibit AGAT and to lower GAA formation
more efficiently (Schulze, 2005). The treatment was well tolerated without
adverse effects, except for slight metabolic acidosis which was caused by the
ornithine hydrochloride formulation. Acidosis resolved after changing to ornithine
aspartate. The biochemical effect of treatment comprised, besides partial Cr
replenishment, the distinct and permanent reduction of GAA levels in plasma
and urine.

Diagnostic work-up in patients is generally started only when deficits in cognitive
function and absence of speech become clinically evident. If these symptoms are
caused by irreversible brain impairment, it is self-evident why treatment usually
fails. On the other hand, when treatment can be initiated before irreversible damage
occurs, clinical symptoms may possibly be prevented entirely and permanently.
These considerations may explain why the clinical course for the girl diagnosed
and treated early is distinct from that of her brother who was treated late. His
first clinical symptoms became obvious at age 6-9 months with few spontaneous
movements, little interest in surrounding and playing, and delayed general devel-
opment. At age 2 years he was able to use only few words correctly with no further
speech development. At age 2 !/, years he developed epileptic seizures. The normal
psychomotor and psychosocial development in the pre-symptomatically treated girl
also differs from the common clinical course of all other GAMT-D patients reported
so far.
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6. CONCLUSION

Unspecific symptoms and normal results in standard metabolic testing may mean
that a substantial number of AGAT-D and GAMT-D patients remain undiscovered
and others will be diagnosed late. Independent of the age at diagnosis, all patients
benefit from treatment. Different treatment approaches have shown to be efficient,
even if neither Cr normalisation nor GAA normalisation is completely achieved.
Perhaps, complete recovery is not required for normal functioning, and early
treatment prior to irreversible brain impairment is much more crucial. Besides
clinical and animal studies to further improve treatment, attempts at early diagnosis
are mandatory. Both cases described above have proven not only the benefit of pre-
symptomatic treatment but also that diagnosis is feasible already at birth. Classical
criteria for the inclusion of inherited disorders in neonatal screening programmes
are a pre-symptomatic phase of the disease, the availability of treatment options,
the presence of simple diagnostic tools, and a relatively high frequency of the
disease. Therefore, pilot studies for neonatal screening of AGAT-D and GAMT-D
are warranted.
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MARK A. TARNOPOLSKY

Department of Pediatrics and Medicine (Neurology and Rehabilitation), Neuromuscular
and Neurometabolic Clinic, Rm 2H26, McMaster University Medical Center,

1200 Main St. W., Hamilton, Ontario, Canada, L8N 3Z5

Abstract:

Many of the neuromuscular (e.g., muscular dystrophy) and neurometabolic (e.g., mitochon-
drial cytopathies) disorders share similar final common pathways of cellular dysfunction
that may be favorably influenced by creatine monohydrate (CrM) supplementation. Studies
using the mdx model of Duchenne muscular dystrophy have found evidence of enhanced
mitochondrial function, reduced intra-cellular calcium and improved performance with CrM
supplementation. Clinical trials in patients with Duchenne and Becker’s muscular dystrophy
have shown improved function, fat-free mass, and some evidence of improved bone
health with CrM supplementation. In contrast, the improvements in function in myotonic
dystrophy and inherited neuropathies (e.g., Charcot-Marie-Tooth) have not been significant.
Some studies in patients with mitochondrial cytopathies have shown improved muscle
endurance and body composition, yet other studies did not find significant improvements
in patients with mitochondrial cytopathy. Lower-dose CrM supplementation in patients
with McArdle’s disease (myophosphorylase deficiency) improved exercise capacity, yet
higher doses actually showed some indication of worsened function. Based upon known
cellular pathologies, there are potential benefits from CrM supplementation in patients with
steroid myopathy, inflammatory myopathy, myoadenylate deaminase deficiency, and fatty
acid oxidation defects. Larger randomized control trials (RCT) using homogeneous patient
groups and objective and clinically relevant outcome variables are needed to determine
whether creatine supplementation will be of therapeutic benefit to patients with neuro-
muscular or neurometabolic disorders. Given the relatively low prevalence of some of the
neuromuscular and neurometabolic disorders, it will be necessary to use surrogate markers
of potential clinical efficacy including markers of oxidative stress, cellular energy charge,
and gene expression patterns

1. BACKGROUND OF THE CHAPTER

The focus of this chapter will be on the potential clinical utility of CrM as an adjunctive
therapy for the treatment of patients with neuromuscular and neurometabolic disorders.
By definition, the neuromuscular disorders represent genetic and acquired conditions
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that alter peripheral nerve and skeletal muscle function. Included in this category
are also the neuromuscular junction defects such as myasthenia gravis which can be
acquired (autoimmune) or congenital (due to defects in proteins involved in neuro-
muscular transition). The peripheral neuropathies affect motor and/or sensory function
and often lead to distal atrophy and weakness with or without sensory symptoms. The
resultant atrophy of skeletal muscle is due to the denervation process and could be
a potential target for therapeutic intervention with CrM. Traditionally, amyotrophic
lateral sclerosis (ALS) has been considered to be in the category of the neuromuscular
disorders. ALS is a rapidly progressive neurological disorder affecting predominantly
middle- and older-aged adults and leading to alpha motor neuron drop-out with resultant
muscle weakness and death in, on average, three years. The topic of neurodegeneration
and the potential role for creatine in the treatment of ALS have been well studied
in the past and are the subject of chapter 11 (Klein and Ferrante, 2007). A list of
some of the more common neuromuscular and neurometabolic disorders is presented
in Table 1.

The most common peripheral neuropathy in North America and Europe is diabetic
predominantly sensory polyneuropathy, with vitamin B12 deficiency being the next
most common cause. The main peripheral neuropathy that will be discussed in this
chapter will be Charcot-Marie-Tooth (CMT) disease which represents a group of
hereditary motor and sensory neuropathies affecting either the myelin sheath or the
axons. These patients have progressive distal atrophy with and without clinical sensory
loss that initially affects gait but often impairs hand function. The estimated prevalence
of CMT disease is 1:2,500 in the population.

Table 1. Common neuromuscular disorders .

Condition Example

A. Myopathy

Inherited

Muscular dystrophy Duchenne, limb-girdle, myotonic
Channelopathy Thomsen’s disease, malignant hyperthermia
Acquired

Inflammatory Dermatomyositis, inclusion body myositis
Toxin Statins, corticosteroids

B. Neuropathy

Inherited

Charcot-Marie-Tooth disease 1A (PMP22 duplication), 1B (MPZ deletion)
Spinal muscular atrophy SM1 (smn deletion)

Acquired

Nutritional deficiency B,,, thiamine

Diabetes Distal diabetic polyneuropathy
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The myopathies represent a heterogenous group of disorders where skeletal muscle
is the prime target for dysfunction. In general, the myopathies are classified as
hereditary (muscular dystrophy, metabolic myopathies, channelopathies) or acquired
(polymyositis, statin-induced myopathy). Most of the research evaluating the potential
utility of CrM in neuromuscular disorders has focused on the dystrophinopathies,
Duchenne muscular dystrophy (DMD) and Becker’s muscular dystrophy (BMD). DMD
is an X-linked progressive myopathy due to mutations within the dystrophin gene,
with most boys becoming wheelchair-bound by age 12 y and dying in their early
20s of respiratory or cardiac failure (Brooke er al., 1981a, 1989). The only therapy
that has had any beneficial impact on the course of the disease are the corticosteroids
(prednisone and deflazacort); however, they are associated with major side effects
including osteopenia, dysglycemia, fluid retention, cataracts, and myopathy (Moxley
et al., 2005).

The neurometabolic disorders represent inborn errors of metabolism affecting
intermediary metabolism. For purposes of this chapter, the focus will be on
mitochondrial myopathies/cytopathies (e.g., mitochondrial encephalopathy, lactic
acidosis, and stroke-like episodes, MELAS), glycolytic and glycogenolytic defects
(e.g., McArdle’s disease), and fat oxidation defects (e.g., carnitine palmitoyl
transferase deficiency). The mitochondrial cytopathies are a group of disorders
with a primary defect of the electron transport chain as the major feature.
They can show maternal (MELAS), autosomal recessive (Leigh’s disease) or
autosomal dominant (chronic progressive external ophthalmoplegia, CPEO) inher-
itance patterns. They occur with a prevalence of about 1:8,000 and reveal
extreme clinical and molecular heterogeneity, yet have reduced mitochondrial
function/aerobic energy transduction as a common feature. The clinical symptoms
include exercise intolerance, muscle weakness, peripheral neuropathy, strokes,
migraines, seizures, cardiomyopathy, and ataxia. Defects in glycogenolysis are
usually autosomal recessive and include myophosphorylase deficiency (glycogen
storage disease [GSD] V, McArdle’s disease) and acid maltase deficiency (GSD
I, Pompe’s disease); while an example of a glycolytic defect would be
phosphofructokinase deficiency (GSD VII, Tarui’s disease). Patients with these
types of muscle GSDs have varying combinations of muscle cramping with
exercise, myoglobinuria, proximal weakness (GSD II), and abdominal symptoms
(GSD V).

One of the confounding issues when evaluating the neuromuscular and
neurometabolic disorders is the fact that these diseases per se lead to inactivity
which can lead to disuse atrophy. It is known that disuse of skeletal muscle leads
to atrophy, and some of the potential benefits of CrM supplementation could be
merely functioning as a counter measure to the atrophy component. Nevertheless, there
are a number of fundamental pathologic features that characterize the neuromuscular
and neurometabolic disorders that could be amenable to creatine supplementation as
outlined below (Table 2).
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Table 2. Potential benefits of creatine monohydrate supple-
mentation in neuromuscular and neurometabolic disorders.
CHF = chronic heart failure; 1 = increase; | = decrease .

Potential Benefit

A. General
Weakness 1 Strength
Fatigue 1 Endurance
Muscle atrophy 1 Muscle mass
1 Oxidative stress J Oxidative stress
B. Neuromuscular-specific
4 Intracellular Ca?* | Ca%
Side effects of corticosteroids 1 Type II fibers
J Mitochondrial function 1 Mitochondrial function
C. Neurometabolic-specific
1 Risk of strokes CNS anoxia protection
Cardiomyopathy Cardiac benefits,
1 Strength in CHF patients
J Mitochondrial function 1 Mitochondrial function
| Phosphocreatine 1 Phosphocreatine

2. THEORY FOR THE CLINICAL USE OF CREATINE
2.1. Neuromuscular Disorders

There are a number of final common pathways that lead to skeletal muscle necrosis,
apoptosis and autophagy in myopathies. These final pathways include cytoskeletal
disruption, increased reactive oxygen species, electron transport chain dysfunction,
increased protein degradation, secondary inflammation and elevated intracellular
calcium levels (Mallouk et al., 2000; Pulido et al., 1998; Tarnopolsky and Beal, 2001).
A number of studies have demonstrated that CrM supplementation can lead to
a reduction in markers of oxidative stress in a variety of tissues, especially the
central nervous system (Adcock et al, 2002; Andreassen et al., 2001; Klivenyi
etal., 1999, 2004; Lawler et al., 2002; Malcon et al., 2000; Sullivan et al., 2000). Given
the importance of the PCr system to calcium homeostasis (Duke and Steele, 1999) and
the ability of creatine supplementation to enhance calcium ATPase function (SERCA
channels) (Hespel et al., 2002; Pulido et al., 1998), this may be a mechanism whereby
elevated intracellular calcium levels could be attenuated. Our group has shown a
reduction in whole-body protein breakdown following creatine supplementation in
young men (Parise er al., 2001). Studies in mdx myoblasts (a murine model of
DMD) have demonstrated that the pre-treatment with creatine (20 mM) attenuated the
elevation of intracellular calcium and this appeared to be through a stimulation of
calcium ATPase channels (Pulido et al., 1998). Furthermore, myotube formation and
survival were enhanced with the creatine supplementation strategy (Pulido et al., 1998).
In a second study by the same group, supplementation of newborn mdx mice with
creatine caused an attenuation of the first wave of necrosis predominantly in white
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muscle, which was associated with enhancement of the mitochondrial respiratory
capacity (Passaquin e al., 2002).

Improved clinical outcomes such as increased strength have also been observed
in trials with mdx mice (Granchelli et al., 2000). Another group found that one
month of creatine supplementation tended to increase tetanic tension (by 9.2%,
P = 0.08), and significantly altered muscle relaxation time (P < 0.001) (Louis
et al., 2004). Our group found some benefits from creatine in slightly older mdx
mice; however, the benefits were much more apparent when the animals were given
a combination therapy consisting of conjugated linoleic acid, prednisolone (a corti-
costeroid), a-lipoic acid, CrM and B-OH-methylbutyrate (Payne et al., 2006). These
latter data suggest that while CrM may confer some therapeutic benefits on its
own, it is likely more effective as part of a combination therapy with compounds
that target overlapping and complementary pathways involved in muscle dysfunction
in myopathies.

In the case of peripheral neuropathy, there is usually distal muscle atrophy and
weakness due to the denervation process. Given that CrM may increase muscle mass
and strength (Mihic et al., 2000; Terjung et al., 2000), and possibly through a long-term
neuroprotective effect (Adcock et al., 2002; Dedeoglu et al., 2003; Malcon et al., 2000;
Sullivan et al., 2000; Wilken ef al., 2000; Zhu et al., 2004), there may be some role
for creatine therapy in patients with CMT. Studies have demonstrated an increase in
muscle strength with weight training in these patients (Chetlin ez al., 2004), and given
that creatine may potentiate some of the strength-induced gains consequent to weight
training in younger and older adults (Brose et al., 2003; Burke et al., 2003a; Chilibeck
et al., 2005; Tarnopolsky et al., 2001; Terjung et al., 2000), there could be a potential
for an interactive role between creatine and strength training. To date, there have been
no studies looking at potential therapeutic efficacy of CrM in diabetic neuropathy;
however, it would be of interest to evaluate a potential role for creatine plus a-lipoic
acid, given that a-lipoic acid can enhance creatine uptake (Burke et al., 2003b), and
that a-lipoic acid alone has demonstrated benefits in diabetic neuropathy (Ziegler
et al., 2004).

2.2. Neurometabolic Disorders

Mitochondrial disorders are associated with a reduction in aerobic ATP production
and stores, increased utilization of anaerobic energy sources, and an increase in
oxidative stress (Piccolo et al., 1991; Raha and Robinson, 2000; Tarnopolsky and
Beal, 2001; Tarnopolsky and Parise, 1999). Relevant to a potential for creatine as a
therapy, patients with mitochondrial myopathy also show reductions in basal levels
of phosphocreatine (Tarnopolsky and Parise, 1999), and impairment in phosphocre-
atine (PCr) re-synthesis (Argov et al., 1996; Tartaglia et al., 2000). Strategies to
mitigate against these consequences have included: antioxidants (e.g., a-lipoic acid,
vitamin E); bypass to overcome a specific defect (e.g., succinate to bypass complex I);
direct cofactor provision (e.g., coenzyme Q,,); and CrM supplementation to provide
an alternative energy route (Mahoney et al., 2002; Tarnopolsky and Beal, 2001;
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Tarnopolsky and Raha, 2005). Given that several of the mitochondrial cytopathies also
predispose to cardiomyopathy and stroke-like episodes, there may be further neuro-
and cardio-protective benefits from the administration of CrM in the long-term. Studies
have demonstrated preservation of cerebral synaptic transmission during anoxia with
creatine supplementation in hippocampal slices (Carter et al., 1995; Whittingham and
Lipton, 1981). This has also been demonstrated in the neonatal mouse brainstem
where creatine supplementation maintained ATP and phosphocreatine concentrations
higher than in control animals and demonstrated a neuroprotective effect (Wilken
et al., 2000). The neuroprotective effects of CrM are discussed in more detail in
chapter 11 (Klein and Ferrante, 2007). Cardiomyopathy appears to be one of the
more ominous signs in mitochondrial cytopathies, for its development is a negative
predictive factor for survival (Scaglia et al., 2004). It is unclear whether creatine
would have any beneficial effects at the prevention of cardiomyopathy; however, in
adult patients with congestive heart failure, CrM did enhance exercise performance
(Gordon et al., 1995; Kuethe et al., 2006), and exercise is a potent and effective therapy
for mitochondrial cytopathies (Taivassalo and Haller, 2005; Tartaglia et al., 2000).
Our group has reported a reversal of paracrystalline inclusions in skeletal muscle
from a patient with a novel cytochrome b mutation (G15497A) following treatment
with CrM (10 g/d x 5 wk) (Tarnopolsky et al., 2004c). We generated neuroblastoma-
based cybrids from platelets of the male patient and found enhanced production of
reactive oxygen species, lower ATP content, and that these cybrids were much more
sensitive to oxygen and glucose deprivation, as well as to peroxynitrite toxicity,
as compared to control cybrids harboring wild-type mitochondrial DNA. Impor-
tantly, we found that the toxic effects of oxygen and glucose deprivation, as well as
of peroxynitrite, were completely abolished with CrM administration (Tarnopolsky
et al., 2004c).

In disorders of glycogenolysis and glycolysis there is a “knock-out” of the major
anaerobic energy yielding pathway in skeletal muscle. The pathways available for
compensatory up-regulation are the PCr/Cr and myoadenylate deaminase pathways.
The increased flux through myoadenylate deaminase in patients with McArdle’s disease
and phosphofructokinase (PFK) deficiency leads to hyperammonemia and hyper-
uricemia which can result in gout (myogenic hyperuricemia). The PCr/Cr pathway has
a greater quantitative capacity for buffering energy charge during anaerobic exercise
and was a major rationale for clinical studies of its use in McArdle’s disease. Patients
with McArdle’s disease may develop fixed proximal weakness with aging, and patients
with glycogen storage disease type 2 (acid maltase deficiency) usually have fixed
and progressive proximal weakness with respiratory insufficiency. Given the potential
for creatine to enhance muscle strength (Tarnopolsky et al., 2004b; Tarnopolsky and
Parise, 1999; Terjung et al., 2000), there may be theoretical benefits in these groups
of patients.

In patients with fatty acid oxidation defects there is often exercise impairment as the
only manifestation during prolonged endurance activity and/or in the fasted state, and
the quantitative contribution from the PCr/Cr pathway would be expected to be quite
small. In contrast, in some of the B-oxidation defects including LCHAD, SCHAD
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and LCAD deficiency, there is progressive neuropathy and myopathy with severe
atrophy. These latter individuals may derive benefit from creatine supplementation
more from the strength and muscle mass perspective as opposed to an energy bypass
strategy. There is only one published study which demonstrated “striking improvement
of muscle strength...” and ataxia following creatine therapy in a girl with LCHAD
deficiency (Korenke et al., 2003).

3. STUDY DESIGN ISSUES IN CLINICAL TRIALS

The ultimate goal of a therapeutic intervention is to cure the disease. Given that a cure
is not possible for essentially every neuromuscular and neurometabolic disorder, the
goal is control of symptoms and functional improvement. Consequently, to determine
the efficacy of a therapeutic intervention, the ultimate evidence of efficacy is an
improvement in quality of life and functional capacity as well as a reduction in
morbidity and mortality. An evaluation of the effect of an intervention on these
clinical outcomes usually requires very large numbers of subjects followed for a
long period of time to detect significant differences as is possible with common
conditions such as cancer, heart disease and diabetes. Most of the neuromuscular
and neurometabolic disorders are relatively rare and the recruitment of hundreds to
thousands of patients is not feasible. Another issue is that of the cost of running such
trials which can run into millions of dollars for clinical outcome evaluations. With
the specific case of CrM, these types of resources are not likely to be invested by the
large pharmaceutical companies given that creatine is a dietary supplement, and that
many of the neuromuscular conditions are considered so rare that they only qualify
for orphan drug trials with limited funding opportunities.

In order to complete trials in relatively rare diseases, study design issues and
outcome variables become extremely important. From a design perspective, when
subjects are limited, it is best to consider a repeated measures cross-over design where
the individual becomes his or her own control (during the placebo arm). This design
reduces biological variance between subjects and improves statistical power. An issue
with this design is that there can be a carry-over effect and, in the case of CrM,
the washout interval needs to be at least five to six weeks (Terjung et al., 2000).
Furthermore, certain disorders such as ALS or polymyositis show either a rapid decline
or improvement in function, respectively, and a parallel design is more appropriate
(however, sample size has to be larger). With smaller sample sizes it is also important
to have outcome variables that have both validity and reliability. For example, it is
clearly evident that manual muscle testing has a much higher variance than objective
strength measurements in muscular dystrophy (Escolar et al., 2001), which implies that
either the effect size has to be much larger or the sample size increased to deal with the
increased variance with manual muscle testing. Another important consideration is the
use of surrogate markers. It is important that reproducible and valid surrogate markers
are utilized that represent known pathophysiologic consequences of the disease. For
example, the use of a-lipoic acid would be expected to reduce markers of oxidative
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stress (8-isoprostanes) in a two to four week trial; however, an improvement in strength
or muscle function may not be measurable or apparent for many years.

The aforementioned design issues need to be considered when evaluating the liter-
ature and in the design of future studies. In the case of DMD, an evaluation of the use
of prednisone as a therapy took many years, multiple centers, and millions of dollars to
obtain the background information sufficient to initiate the early clinical trials (Brooke
et al., 1981a,b, 1989; Moxley et al., 2005). In spite of these trials being completed
almost 20 years ago, there still is uncertainty around the timing, type, dose and even
need for corticosteroid therapy in DMD. In order to determine whether CrM has a
therapeutic affect in a given disease state these design issues need to be considered,
and it is likely that national and international collaborative efforts will be required to
avoid type 2 errors (i.e. concluding that there is no effective therapy when in reality
there is).

4. CLINICAL UTILITY OF CREATINE IN NEUROMUSCULAR
DISORDERS

4.1. Muscular Dystrophy

Some of the earliest interest in the role of creatine and muscular dystrophy emerged in
the 1950’s (Benedict et al., 1955; Milhorat, 1953). A review on biochemical aspects of
muscular dystrophy summarized the available data showing that there was a marked
increase in creatine excretion (Benedict et al., 1955), to the extent that some investi-
gators were suggesting that muscular dystrophy could be due to disturbance of creatine
metabolism (which we now know is not correct). The hypothesis that the increased
urinary creatine was due to an inability of the dystrophic muscle to transport creatine
(Benedict ef al., 1955) is likely to be correct (Tarnopolsky et al., 2003; Tarnopolsky
and Parise, 1999). A re-emergence of the interest in the clinical utility of CrM in
patients with neuromuscular disorders emerged following the increased interest in
creatine metabolism in the early 1990’s.

Our group reported the results of an open study (N = 21) followed by a single-blinded
study looking at objective measures of strength and body composition in patients with
a variety of neuromuscular disorders. On average the participants consumed 0.11g
creatine/kg/day for 11 days, and we found significant increases in dorsi-flexion, hand-
grip strength, and total body weight (we did not measure fat free mass) (Tarnopolsky
and Martin, 1999). In the open study there was an equal distribution of patients with
mitochondrial cytopathies (see below), inflammatory myopathies, muscular dystrophy,
and peripheral neuropathic disorders (including CMT disease and post-polio muscle
dysfunction). Most of the participants in the single-blinded component of the study
had myoadenylate deaminase deficiency or muscular dystrophy (Tarnopolsky and
Martin, 1999).

Further evidence for a role for creatine in muscle disorders came from a randomized
double-blind cross-over study conducted by Walter and colleagues on 36 patients with
muscular dystrophy (fascioscapulohumeral MD, N = 12; BMD, N = 10; DMD, N = §;
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and limb girdle muscular dystrophy, N = 6) (Klopstock et al., 2000). The participants
consumed 10 g creatine/d (children 5 g/d) or placebo for eight weeks with a three week
washout and a cross-over. There was a statistically significant increase in the mean
Medical Research Council score (MRC) and improvement in the mean neuromuscular
symptoms score. In the proportion of patients who felt subjective improvement during
the creatine phase, no change in vital capacity and serum creatine kinase activity, and
no side effects were noted (Klopstock et al., 2000).

In each of the previous two studies, the participants were not analyzed by
specific subgroup. Subsequent studies have examined the clinical utility of creatine
predominantly in the muscular dystrophy group, particularly in the dystrophinopathy
(BMD and DMD) and myotonic (DM1 and DM2) muscular dystrophy groups.

Given the beneficial effects of creatine seen in heterogenous groups of patients
with muscular dystrophy (Klopstock er al., 2000; Tarnopolsky and Parise, 1999),
several studies have evaluated its efficacy in boys with dystrophinopathy. The Cooper-
ative International Neuromuscular Research Group (CINRG) completed a randomized
parallel group double-blind placebo controlled study in 50 ambulant boys with DMD
(Escolar et al., 2005). Creatine was provided at 5g/d for a six-month period with
manual muscle testing and quantitative muscle testing completed as primary outcome
variables and with time functional tests in pulmonary function as secondary outcome
variables. A total of 16 boys were randomized to placebo and 15 to creatine (Escolar
et al., 2005). This study demonstrated a smaller decline in strength over the six month
period for creatine versus placebo (P = 0.07). Secondary analysis showed significantly
less deterioration in timed functional task scores in the creatine group compared to the
placebo group in boys under 7 years of age, and lesser deterioration of strength in boys
greater than 7 years of age. The functional task of timed climbing was significantly
better at P = 0.015 for the creatine group (Escolar et al., 2005). The conclusion of this
group was that the effects seen with creatine were not as significant as those previously
observed for prednisone or deflazacort (however, a parallel group randomized to corti-
costeroids was not included in this study). They concluded that a disease-modifying
effect of treatment could not be excluded and suggested that larger age-stratified studies
be completed with quantitative muscle strength testing (Escolar et al., 2005).

Another study evaluated 12 boys with DMD and 3 boys with BMD using a
randomized double-blind cross-over design with three months of CrM or placebo and
a two-month washout period in between (Louis ef al., 2003). While on creatine supple-
mentation, there was an improvement in maximal voluntary contraction strength and
an increase in fatigue resistance with no change in total joint stiffness (whereas it was
increased in the placebo group by 25%). In boys who were still ambulating there was
an increase in bone mineral density and, interestingly, there was also a reduction in
urinary N-telopeptide excretion (a marker of bone breakdown) (Louis et al., 2003).

We studied 30 boys with Duchenne muscular dystrophy who completed a
randomized double-blind crossover trial with two treatment periods (CrM = 0.1 g/kg/d,
or placebo) of 4 months duration and a six-week washout period in between
(Tarnopolsky et al., 2004b). Fifty percent of the boys were taking corticosteroids
throughout the duration of this study (Tarnopolsky et al., 2004b). CrM treatment
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increased dominant handgrip strength and fat-free mass and reduced urinary N-
telopeptide excretion (all at P < 0.05). We also found a strong trend towards an
attenuated loss of global muscle strength (P = 0.056) for the creatine-treated arm of
the trial. There was no effect on serum CK activity and liver function tests, but an
expected slight increase in serum creatinine concentration (Tarnopolsky et al., 2004b).

In summary, there have been three randomized double-blind trials looking at
creatine supplementation in boys and men with dystrophinopathy (Escolar et al., 2005;
Louis et al., 2003; Tarnopolsky et al., 2004b). Each of these studies showed statis-
tically significant improvements in strength and function. Given that most boys with
dystrophinopathy are treated with corticosteroids, a very interesting finding was the
reduction of N-telopeptide (a marker of bone breakdown) excretion with creatine
supplementation in both studies that measured this outcome variable. This suggests
that over a longer period of time there may be some bone protective effects of creatine
which may provide a more inexpensive and safer treatment than with bisphosphonates
which are currently the standard for treating osteoporosis.

The research group of Walter evaluated the potential efficacy of CrM (10.6 g/d for
days 1to 10, 5.3 g/d for days 11 to 56) in 34 patients with myotonic muscular dystrophy
type 1 (DMI1) using a double-blind cross-over design (Klopstock et al., 2000).
Treatment and placebo periods were eight weeks each, with a six-week washout period
in between. There was a non-significant improvement in strength for the creatine versus
the placebo group (P = 0.11) and during the second cross-over period, there was inter-
action where creatine-treated patients improved, while placebo patients worsened (P =
0.005) (Klopstock et al., 2000). Similar trends were noted for neuromuscular symptom
score with an overall improvement with creatine supplementation that failed to reach
significance (P = 0.15); however, in the second cross-over period, the comparison
between the groups showed a strong trend towards a significant effect for creatine
supplementation (P = 0.064). A similar trend was noted for quantitative muscle testing
of arm flexion with the creatine treatment arm showing improvement and the placebo
showing a decline in function (P = 0.067). There were no effects seen for body
composition or vital capacity, and the patients did not have a global perception of
improvement in either phase. There were no adverse effects, and blood chemistries
were not altered. Although several of the outcome trends consistently favored the
creatine arm of the study, they were not statistically significant, which could indicate
a type 2 error (Klopstock et al., 2000).

We subsequently completed a randomized double-blind cross-over trial in 31 patients
with DM1 with two four-month phases (creatine, 5 g/d and placebo) and a six-week
washout period in between (Tarnopolsky et al., 2004a). We found no effect of creatine
supplementation on manual muscle strength testing, quantitative strength testing for
hand-grip, dorsi-flexion and knee extension, high intensity exercise endurance, activ-
ities of daily living scales, urinary creatine kinase activity, body composition, liver
function test and serum creatinine concentration. We also measured PCr/ATP ratios in
forearm flexors using magnetic resonance spectroscopy (MRS) and did not find any
significant increase in this ratio (Tarnopolsky et al., 2004a). The conclusion from both
studies was that there were no statistically significant changes; however, it will be of
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interest to combine the results from the two trials to increase sample size and determine
whether some of the trends in the Walter study were due to a type 2 error or random
chance. Given the lack of an increase in PCr content in the patients in response to
creatine supplementation, strategies to enhance uptake into dystrophic muscle may be
worth pursuing (for instance, a higher dose of creatine, or combination with a-lipoic
acid supplementation).

Finally, a study on twenty patients with myotonic dystrophy type 2 (DM2) evaluated
the efficacy of CrM supplementation (10 g/d) (Schneider-Gold et al., 2003). This was
a randomized parallel group design where half of the participants were randomized
to creatine supplementation and half to placebo for a period of twelve weeks. Ten
participants completed each arm of the trial. There was a significantly greater number
of patients in the creatine group who reported subjective improvement in their overall
function (P < 0.01). There was a non-significant trend towards an increase in MRC
score (CtM = + 3.2 %; PL = + 1.8 %) and hand-held dynamometry strength of the
proximal arms and legs (CrtM = + 9.4%; PL = + 4.1%), with no effect on neuromuscular
symptoms score or peak grip strength. Given that myalgias are a common symptom
in DM2, it was interesting, and perhaps worthy of further investigation, that during
the creatine administration period, leg pain resolved in two patients and chest pain
resolved in another patient, with no improvements noted in those randomized to
placebo (Schneider-Gold et al., 2003).

Overall, there appears to be a consistent increase in several measurements of strength
and an increase in fat-free mass in studies evaluating the short- (weeks) to intermediate-
(months) term effects of CrM supplementation in patients with muscular dystrophy,
with minimal changes seen in the myotonic muscular dystrophies. These conclusions
are supported by a recent Cochrane review meta-analysis of all published literature on
the subject (Kley et al., 2007).

4.2. Peripheral Neuropathy

Our group evaluated a total of 39 participants with confirmed CMT disease type 1
(N = 34) and type 2 (N = 5) (Doherty et al., 2001). This was a randomized double-
blinded placebo-controlled cross-over study. Our participants took CrM (5 g/d) and
a corresponding placebo for one month each, with a five-week washout period in
between. We found no effect of creatine treatment on body composition, peak maximal
voluntary contraction strength for grip, dorsi-flexion and knee extension, as well as on
functional tasks (30 m walk and stair climbing) (Doherty et al., 2001).

Another study evaluated 20 patients with CMT disease who completed a 12-week
resistance exercise training program, with 50% of the patients taking creatine (5 g/d)
and the balance taking placebo (Chetlin et al., 2004). Although there were significant
improvements in type 1 muscle fiber diameter, activities of daily living scores and
objective measures of strength with training, there were no interactive affects with
CrM supplementation. There were a few trends towards a greater response in the
CrM supplemented group (Chetlin er al., 2004). Consequently, the same group did
further analysis on 18 of the subjects in the latter study, evaluating myosin heavy
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chain composition and relating this to functional outcomes (Smith et al., 2006). There
was a significant reduction in MHC type 1 in the participants who received creatine
as compared to placebo, and the reduction in MHC type 1 content correlated with
improved muscle performance (increase in chair rise). There was a non-significant
increase in MHC type 2X and 2A content that was greater for the creatine group, and
the training-induced increase in MHC type 2A content was inversely correlated with
chair rise time for the creatine-supplemented group (i.e. an increase in MHC type 2A
content improved performance) (Smith et al., 2006).

Although further research needs to be conducted, it appears that CrM supplemen-
tation per se does not appear to improve muscle strength or body composition in
patients with CMT disease in the short-term (one month). When combined with resis-
tance exercise training, there is some suggestion that the patients receiving creatine
showed greater improvement in function; however, this would be an expected finding
given the consistency of studies in healthy and older adults showing evidence of
enhancement of strength exercise induced gains in those supplemented with creatine
versus placebo (Brose et al., 2003; Burke et al., 2003a; Chilibeck et al., 2005;
Tarnopolsky et al., 2001). In the future, studies using techniques such as motor unit
counting, nerve conduction studies and objective strength testing over long periods of
time (one to two years) will be required to determine if there are long-lasting effects of
creatine supplementation in patients with CMT disease, particularly when combined
with resistance exercise training.

4.3. Other Disorders

Patients with chronic renal failure show evidence of mitochondrial dysfunction,
muscular atrophy and weakness (Johansen et al., 2005). Patients who are receiving
dialysis for chronic renal failure often experience painful muscle cramps due to
electrolyte imbalance. One study found that CrM given prior to dialysis over a period
of four weeks reduced the frequency of muscle cramps by 60% in those randomized to
CrM (Chang et al., 2002). As expected there was a slight increase in serum creatinine
due to an increased rate of appearance and decreased removal.

There are a large number of neuromuscular (Schneider-Gold e al., 2005), and indeed
many other rheumatologic (Rindfleisch and Muller, 2005), disorders where corticos-
teroids are a mainstay of therapy. As mentioned previously, corticosteroids are used
also in the treatment of Duchenne muscular dystrophy (Moxley et al., 2005). The side
effects of corticosteroid use are well known and include type 2 muscle fiber atrophy
with weakness, osteopenia and growth retardation in children. Studies using chondro-
cytes in culture have demonstrated a potential beneficial affect of creatine supple-
mentation, enhancing their metabolic activity and mineralization (Gerber et al., 2005).
Furthermore, we have completed a study in growing Sprague-Dawley rats randomized
to placebo, prednisolone injection, creatine, and prednisolone plus creatine. The
animals taking creatine showed an increase in type 2 muscle fiber area even with
concomitant corticosteroid treatment (Roy et al., 2002). Importantly, from a pediatric
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perspective, the creatine treated rats also did not show the corticosteroid induced attenu-
ation of growth in the latter study (Roy et al., 2002). A similar paper in Golden hamsters
showed that creatine administration prevented dexamethasone induced muscle fiber
atrophy and impairment of spontaneous running (Campos et al., 2006). This same group
also showed that CrM prevented the dexamethasone induced loss of gastrocnemius
and diaphragm muscle loss and type II fiber atrophy in the gastrocnemius (Menezes
et al., 2007). As mentioned above with our Duchenne muscular dystrophy trial, we
found evidence that the clinical efficacy of creatine supplementation is equivalent for
boys who are taking corticosteroids and those who are not (Tarnopolsky, 2004). This
suggests that creatine can provide additive effects to the already well-known beneficial
effects of prednisone in boys with DMD. The animal data suggests that there could
be further benefit by attenuating some of the side effects of corticosteroids. Given the
widespread use of corticosteroids and their severe and well-known side effects, further
research to explore the potential for creatine to attenuate side effects is warranted.

Given that there is a reduction in PCr in patients with inflammatory myopathies (Park
et al., 1994, 1995, 2000), and that the mainstay of treatment for dermatomyositis and
polymyositis is prednisone, there may well be a role for creatine supplementation in this
group of patients. We had 14 patients with myositis in an initial open label study, and
they showed improvements in function with creatine supplementation (Tarnopolsky
and Parise, 1999); however, these findings clearly need to be repeated in a randomized
double-blind crossover fashion. At the current time, inclusion body myositis is resistant
to any immunosuppressive therapy, and the only intervention that has shown any
benefit is resistance exercise training (Alexanderson, 2005; Arnardottir et al., 2003;
Isenberg et al., 2004). Therefore, there is a need to complete a randomized double-
blind trial to determine whether there are independent or interactive effects of CrM
supplementation with exercise training in this group of individuals.

S. CLINICAL UTILITY OF CREATINE IN NEUROMETABOLIC
DISORDERS

5.1. Mitochondrial Cytopathy

There have been a number of small case series and case reports on the effects of creatine
supplementation in mitochondrial cytopathies. A case report of an 18 year old with
MELAS syndrome taking creatine at 12 g/d for 12 days followed by 5g/d for 28 months
showed a definite improvement in MRI and MR spectroscopy values with an increase
in brain creatine as well as marked behavior and cognitive improvements. There
appeared to be a deterioration of renal function with an impairment of renal creatinine
clearance in this patient who had pre-existing nephropathy (Barisic et al., 2002).
A small open study in four patients with mitochondrial cytopathy (Kearns Sayre
syndrome, NARP and MELAS) evaluated the effects of CrM supplementation (0.1-
0.35 g/kg/day) (Komura et al., 2003). This was actually a retrospective study for nine
months to almost five years and found an improvement in cycle ergometry performance
of about 12% during steady-state exercise with no significant effects on peak power
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(Komura et al., 2003). A similar study in four patients (Kearns Sayre syndrome,
NARP and MELAS) evaluated the efficacy of CrM (0.1-0.2 g/kg/day for three months)
on cycle ergometry performance (Borchert et al., 1999). There was an increase in
maximal power ranging from 8 to 17% with an increase in endurance performance
ranging from 30 to 57%. The latter two studies, with a total of 9 patients, demonstrated
improvements in cycle ergometry performance.

Our group used a randomized double-blind cross-over design in 7 patients with
MELAS syndrome randomized to CrM (10 g/day for 2wk — 3g/d for 1wk) and
a placebo (3 wk) with a five week wash-out period (Tarnopolsky et al., 1997). We
found improvements in high-intensity repetitive grip strength and dorsi-flexion strength
during a two-minute performance trial with no improvement in VO, .. in a cycle
ergometry test, and no statistically significant improvements in body composition
(Tarnopolsky et al., 1997). Subsequent to this study, there were two randomized
double-blind trials in patients with mitochondrial DNA deletions (predominantly
CPEO) with a few patients with Kearns Sayre syndrome (Klopstock et al., 2000;
Kornblum et al., 2005). One study evaluated the efficacy of CrM supplementation
(20 g/d) in 16 patients with CPEO or isolated mitochondrial myopathy using a four-
week randomized, double-blind, cross-over design. There were small trends towards
an improvement in MRC score (P = 0.14) and non-ischemic isokinetic biceps flexion
strength (P = 0.16); yet neuromuscular symptoms and Hammer-Smith score, functional
tasks, ataxia and peak biceps strength were not different. The authors’ conclusions were
that the power of the study was limited and that in the future, larger multi-center trials
are needed (Klopstock et al., 2000). A subsequent study in patients with CPEO and
Kearns Sayre syndrome evaluated the efficacy of CrM (150 mg/kg/d) or placebo using
a cross-over design (Kornblum et al., 2005). 3'P-MRS did not show any improvement
with supplementation nor was there an enhancement in post-exercise PCr recovery (an
indicator of mitochondrial function). There were no significant differences measured
between the treatment arms; however, some of the outcomes such as the maximal
voluntary contraction strength after aerobic exercise showed some trends towards an
improvement on creatine (P = 0.14). The authors’ conclusion was that the short study
duration and limited number of patients may have led to a type 2 error (Kornblum
et al., 2005). Finally, our group has recently published the results of a randomized,
double-blind trial showing that a combination of CrM + coenzyme Q10 + a-lipoic acid
resulted in lower lactate and 8-isoprostanes (a marker of oxidative stress) and higher
fat-free mass (only in the MELAS sub-group) as compared with a placebo (Rodriguez
et al., 2007). An issue with the latter study is that it was not possible to determine
what proportion of the effects observed were due to the CrM component. Overall, the
data with respect to the use of CrM supplementation in mitochondrial cytopathy is
equivocal in spite of the strong theoretical evidence for benefit. Findings similar to
those seen in young healthy individuals (e.g., an increase in repetitive high intensity
activity) (Casey et al., 1996; Mihic et al., 2000) have been reported in these patients;
however, whether this translates into functional improvement and long-term benefit
remains to be seen. With a disease such as MELAS that has huge variability in clinical
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signs and symptoms (Tarnopolsky and Raha, 2005), the ability to detect differences in
functional outcomes will be difficult and clearly will require large multi-center trials.

5.2 Glycogen Storage Disease

Given the increased reliance on alternative anaerobic energy pathways in response to
severely attenuated glycogenolysis seen in McArdle’s disease, it would appear to be
an ideal candidate for a disease that should respond to CrM supplementation. One
study evaluated 9 patients with McArdle’s disease randomized to CrM (150 mg/kg/d
for one week, followed by 60mg/kg/d for 4 wk) versus placebo with a five-week
washout period in between (Vorgerd et al., 2000). There was a non-significant increase
in muscle PCr content (P = 0.15) with no enhancement in PCr recovery following
either aerobic or ischemic exercise. During ischemic exercise, the force-time integral
(P = 0.03), PCr depletion and P, accumulation (P = 0.05) were higher on creatine
(Vorgerd et al., 2000). During aerobic exercise there was a significant increase in PCr
depletion (P = 0.006), and surface electromyography improved with respect to the mean
frequency in the creatine group. There was no evidence of serological or clinical side
effects during the trial (Vorgerd et al., 2000). This same group completed a larger trial
with 19 patients with McArdle’s disease patients, using a similar design but a constant
higher dose of CrM (150 mg/kg/d for 5 wk) (Vorgerd et al., 2002). Interestingly, there
was a worsening of muscle pain limitations in daily activity and negative affects on
the surface EMG values for the creatine group (Vorgerd et al., 2002). The overall
conclusion from both studies was that high-dose creatine administration has a negative
effect on function yet a dose of around 60 mg/kg/d appears to confer benefit with
respect to muscle function. It may be that a limited ability to load muscle with creatine
in these patients may play some role (Vorgerd et al., 2002); however, that would not
explain the worsening of symptoms with the higher dose. It is likely that some of the
failure for creatine to be of clinical benefit in these patients is due to the inabili