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ABSTRACT 

 Cerebral creatine deficiency syndrome (CCDS) is an inborn error of metabolism 

characterized by intellectual delays, seizures, and autistic-like behavior. Exactly how 

endogenously synthesized creatine regulates central nervous system (CNS) function remains 

poorly understood. In this study, magnetic resonance spectroscopy (MRS) of adult mouse brains 

revealed creatine synthesis is primarily dependent on the expression of the enzyme 

guanidinoacetate methyltransferase (GAMT). To identify Gamt-expressed cells, and how Gamt 

affects postnatal CNS development, I generated a mouse line by knocking-in a green fluorescent 

protein (GFP) which is expressed upon excision of Gamt. During early postnatal life, Gamt was 

expressed with neural stem cells, neuronal precursor cells, astrocytes and oligodendrocytes. 

Starting at two weeks old, I found that Gamt is uniquely expressed in mature oligodendrocytes 

during active myelination in the postnatal CNS, with expression continuing into adulthood. 

Homozygous deletion of Gamt resulted in the significant reduction of mature oligodendrocytes, 

and delayed myelination in the corpus callosum. Moreover, the absence of Gamt expression also 

resulted in altered AMPK signaling in the brain, and reduced brain creatine kinase expression in 

cortical neurons. The dependence of timely myelination on creatine synthesis, which was also 

observed after experimental demyelination in mice with conditional deletion of Gamt in 

oligodendrocytes, led to delayed remyelination.  
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 As half of daily creatine comes from diet, I also showed that creatine and cyclocreatine 

supplementation in a cuprizone-mediated demyelination can enhance remyelination. Our results 

suggest endogenously synthesized creatine controls the bioenergetic demand required for the 

timely maturation of oligodendrocytes during postnatal CNS development and that altered 

energetic metabolism in the CNS and delayed myelination through the disruption of creatine 

synthesis in oligodendrocytes may contribute to CCDS.  
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CHAPTER 1 INTRODUCTION 

 The human brain weighs approximately two percent of the body; however, it consumes 

about 20 percent of a person’s total energy intake. Cellular bioenergetics in the central nervous 

system (CNS) involves a delicate balance between biochemical processes engaged in energy 

conversion and those responsible for respiration. Neurons have high energy demands, which rely 

on metabolic coupling with glia, such as with oligodendrocytes, which are the cells responsible for 

forming the myelin sheath. Previous work from the Huang laboratory shows that creatine, a 

nitrogenous organic acid, can improve adenosine triphosphate (ATP) production and 

mitochondrial function in oligodendrocytes, and improve myelin repair, or remyelination. Cerebral 

creatine deficiency syndrome (CCDS) is characterized by intellectual delays, seizures and autism-

like behavior, suggesting that the CNS is particularly vulnerable to creatine deficiency (Wyss and 

Kaddurah-Daouk, 2000, Giusti et al., 2019). How endogenously synthesized creatine regulates 

CNS function remains poorly understood. Creatine is important for energy buffering	within cells 

which is particularly important in tissues with highly fluctuating energy demands such as brain, 

muscle, retina and spermatozoa (Wyss and Kaddurah-Daouk, 2000). Creatine is synthesized in a 

two-step conversion, first by arginine:glycine amidinotransferase (AGAT) and the subsequent 

transformation of guanidinoacetate into creatine through the enzyme guanidinoacetate 

methyltransferase (GAMT). Creatine kinases transfer the g-phosphate group to the guanidino 

group of creatine. Under high energy demands, the phosphate group can be donated from 

phosphocreatine to replenish ATP. Previous literature suggests that the oligodendrocyte is the 

primary cell expressing Gamt, but there is no consensus on whether other glia and neurons have 

the capability for endogenous creatine synthesis. Since myelination is extremely energy 

demanding, with an estimated 3.24 × 1023 ATP molecules required to synthesize one gram of 
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myelin, a disruption of oligodendrocyte energetic metabolism, i.e. from hypoglycemia, causes a 

significant delay in CNS myelination. Therefore, I hypothesized that creatine may support CNS 

postnatal development.  

 This dissertation focuses on the importance of creatine synthesis and creatine 

supplementation in the maturation of oligodendrocytes and myelin. To introduce context for the 

study aims and aid in interpretation, the following sections will explore the importance of 

oligodendrocyte bioenergetics, highlighting metabolites that improve oligodendrocyte function. I 

will then focus on creatine with a discussion of the mechanism of action, current research about 

creatine in the periphery and CNS. The overall hypothesis for my dissertation is depicted below, 

suggesting that endogenous creatine synthesis through Gamt and creatine supplementation support 

oligodendrocyte maturation and myelination (Fig 1-1).  

 

 

 

 

  

 

 

 

 

 

Figure 1-1 Graphic hypothesis depicting endogenous creatine synthesis through Gamt and dietary 

creatine support oligodendrocyte maturation and myelination. Oligodendrocyte is depicted in dark 

blue. Creatine is taken into the oligodendrocyte by the creatine transporter (CrT) or made within the cell 
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through GAMT. Both creatine sources help to promote postnatal developmental myelination and 

remyelination after injury.  

	
Bioenergetics of oligodendrocytes1    

	 Oligodendrocytes are specialized glia cells of the CNS involved in generating the myelin 

sheath, which facilitate saltatory conduction and supply metabolites to the ensheathed axon. 

During peak myelination, an oligodendrocyte expands its membrane three times its weight per day 

and eventually supports a membrane weight of one hundred times its cell body (Pfeiffer et al., 

1993). Oligodendrocytes consume large amounts of metabolites, such as glucose and lactate for 

energy-demanding tasks of myelination during development, and remyelination after 

demyelinating injury (Rinholm et al., 2011). The significant energy and metabolic substrate 

demands for myelination are supplied from the diet or from reserves of protein, fat or glycogen 

that must later be replaced. It is estimated that 3.24x1023 ATP molecules are needed for 

oligodendrocytes to synthesize just one gram of myelin (Harris and Attwell, 2012). Despite the 

large initial energy demands necessary for myelin synthesis, mature myelin is energetically 

favorable because it reduces the energy demands required for action potentials. Like axons, 

oligodendrocytes have high energy demands and are extremely vulnerable to energy deprivation 

(Pantoni et al., 1996). Occlusion of the middle cerebral artery leads to oligodendrocyte swelling 

within 30 minutes and chromatin condensation within six hours, which precedes neuronal death 

by several hours (Pantoni et al., 1996). Therefore, it is important to understand how 

oligodendrocyte bioenergetics regulate healthy brain function and how their dysfunction 

contributes to demyelinating diseases such as multiple sclerosis (MS) and leukodystrophy. 

																																																								
1	Adapted from (Rosko et al., 2019)		
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 MS is a chronic inflammatory demyelinating disorder of the CNS that shows evidence of 

altered cellular bioenergetics (Compston and Coles, 2008, Reich et al., 2018). MS patients display 

hypoxia-like white matter lesions with demyelination, inflammation and glial reaction (Reich et 

al., 2018). These acute hypoxia-like lesions display mitochondrial impairment and reduction in the 

expression of complex I and complex IV of the tricarboxylic acid (TCA) cycle, suggesting 

mitochondrial abnormalities (Mahad et al., 2008). Impaired mitochondria can also lead to the 

increased presence of reactive oxygen species that induce peroxidation of lipids, proteins and 

DNA, resulting in axonal energy failure and subsequent neurodegeneration (Adiele and Adiele, 

2017). In addition to reactive oxygen species, MS lesions show upregulation of endoplasmic 

reticulum (ER) stress proteins in multiple cell types including oligodendrocytes, T cells, 

microglia/macrophages and astrocytes suggesting evidence for dysregulation of calcium 

homeostasis (Mháille et al., 2008).  

 Leukodystrophy is a collection of about 50 different inherited diseases that affect the 

myelin sheath. Some of these diseases are degenerative and some only affect white matter 

development. Leukodystrophies are progressive diseases that affect myelin by direct or indirect 

effects on oligodendrocytes (van der Knaap and Bugiani, 2017). The term leukodystrophy is used 

to characterize a wide range of white matter disorders including hypomyelinating diseases, 

demyelinating diseases, dysmyelinating diseases and myelinolytic diseases (myelin vacuolization) 

(van der Knaap and Bugiani, 2017). One of the most common leukodystrophy, Pelizaeus-

Merzbacher disease (PMD), is caused by genetic mutations in the proteolipid protein 1 (PLP1) 

gene. The lack of myelin in PMD is thought to result from upregulated and unresolved unfolded 

protein response and increased ER stress leading to oligodendrocyte cell death (Lin and Stone, 

2019). Therefore, improving oligodendrocyte bioenergetics has potential to improve MS and white 
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matter impairments in leukodystrophy. The indication of metabolic dysfunction in MS and 

leukodystrophy demands the need to better understand the role of bioenergetic metabolites and 

their associated mechanisms in regulating oligodendrocyte function. 

 Glucose and lactate are metabolites known to improve oligodendrocyte function and 

support myelination. Oligodendrocyte function depends on glucose concentrations since 

hypoglycemia inhibits myelin development (Yan and Rivkees, 2006). Upon glucose deprivation, 

OPCs show fewer and thinner processes while mature oligodendrocytes show little morphological 

change in branching upon stress (Zhang et al., 2017), suggesting that OPCs, which have high 

mitochondrial demand, are highly susceptible to metabolic stress injury. Moreover, although 

mature oligodendrocytes do not display morphological changes under an acute stress condition, 

metabolic stress has been shown to cause oligodendrocytes to shift to a predominately glycolytic 

metabolism in favor of survival rather than the maintenance of myelin membranes (Rone et al., 

2016). Addition of lactate to brain slices cultured in low glucose conditions was shown to rescue 

oligodendrocyte lineage cells and promote remyelination (Rinholm et al., 2011). Moreover, 

oligodendrocytes may prefer lactate over glucose as a substrate for myelin production as lactate 

application to brain slices resulted in greater myelination than slices treated with glucose.  

 In addition to the role ATP plays in oligodendrocyte metabolism, ATP and its derivatives 

(ADP, AMP and adenosine) are signal ligands that bind to purinergic receptors on a variety of cell 

types including oligodendrocyte lineage cells. Purinergic signaling has been shown to influence 

oligodendrocyte development, differentiation and myelination (Welsh and Kucenas, 2018). 

Purinergic receptors are broken down into P1 receptors that are activated by adenosine and P2 

receptors that are activated by ATP or ADP with a variety of purinergic receptors expressed in 

OPCs, premyelinating oligodendrocytes and mature oligodendrocytes. OPCs from isolated optical 
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nerves show increased calcium signaling upon ATP addition (Hamilton et al., 2010). OPCs express 

adenosine receptors that are activated in response to action potentials causing inhibition of OPC 

proliferation, increased differentiation and stimulation of myelination (Stevens et al., 2002). These 

findings were also confirmed in cerebellar slices where adenosine administration increased 

differentiation of OPCs and stimulated myelination (Stevens et al., 2002). In addition to glucose, 

lactate and ATP, creatine is another metabolite that supports oligodendrocyte bioenergetics and 

will be the focus of the rest of this dissertation.  

         

Creatine supports cellular bioenergetics 

 Creatine is one of the most popular ergogenic compounds used by athletes to improve 

anaerobic exercise performance (Riesberg et al., 2016). Creatine buffers ATP concentrations 

within cells and is particularly important in tissues with highly fluctuating energy demands such 

as brain and muscle (Wyss and Schulze, 2002). ATP is particularly important in neurons for 

maintaining membrane potentials, regulating calcium homeostasis, neurotransmitter recycling and 

intra and intercellular signaling (Wyss et al., 2007). During development, cell migration requires 

a large bioenergetic demand with protein synthesis and recycling for structural remodeling 

(Bressan et al., 2020). Most cellular ATP in the brain is synthesized during aerobic respiration, 

beginning with glycolysis and ending with the TCA cycle. However, this multi-step enzymatic 

cycle requires time and energy so in times of large energy demands, creatine functions to quickly 

replenish energy demands. An estimated one gram per day of creatine comes from diet and one 

gram is endogenously synthesized within the body from arginine and glycine. Creatine was 

discovered as a component of meat in 1847, but it was not until the 1990’s when studies began to 

investigate creatine supplementation and athletes started using creatine to enhance resistance 
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training (Bemben and Lamont, 2005, Hall and Trojian, 2013). Recently, creatine has shown 

potential in treating disorders with energy metabolism dysfunction such as those seen in 

Huntington’s disease and Parkinson’s disease (Allen, 2012). Furthermore, creatine shows 

beneficial effects on short term memory and intelligence/reasoning in healthy individuals 

(Avgerinos et al., 2018). Vegetarians have reduced plasma and muscle creatine levels compared 

to omnivores, suggesting that vegetarians could benefit from creatine supplementation (Brosnan 

and Brosnan, 2016). In one study, supplementing vegetarians with creatine lead to enhanced 

working memory (Rae et al., 2003). Creatine also increased verbal and spatial memory in elderly 

adults (McMorris et al., 2007). In humans, creatine supplementation (up to 30g/day for 5 years) 

has been shown to be safe and effective in increasing creatine levels in the body (Kreider et al., 

2017). Since creatine acts as a natural regulator of energy homeostasis, some researchers have 

recently been investigating whether creatine can be used to treat mental illness such as 

psychological stress, schizophrenia and mood and anxiety disorders (Allen, 2012).  

 The creatine-phosphocreatine shuttle plays an essential role in energy metabolism within 

cells (Wyss et al., 2007). During periods of high energetic demand, creatine kinases catalyze the 

transfer of the high-energy phosphate group in phosphocreatine to ADP, allowing for the rapid 

generation/regeneration of ATP, thereby maintaining the energetic supply required for cellular 

function (Wyss et al., 2007). There are four isoforms of creatine kinase found within humans that 

vary based on development and tissue specificity. Within the cytoplasm, there are muscle creatine 

kinase (M-CK) and brain creatine kinase (B-CK) subunits that dimerize to give rise to MM-CK, 

MB-CK or BB-CK isoenzymes. In the mitochondrial intermembrane space, there are two types of 

creatine kinases: a sarcomeric MtCK in striated muscle and a ubiquitous MtCK in most other 

tissues (Wyss and Kaddurah-Daouk, 2000).  
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 About half of our daily creatine is derived from diet; the majority of dietary creatine is 

derived from red meat and seafood (Kreider et al., 2017). The other half is endogenously 

synthesized by the conversion of glycine and arginine into guanidinoacetate through the enzyme 

arginine:glycine amidinotransferase (AGAT) and the subsequent transformation of 

guanidinoacetate into creatine through the enzyme guanidinoacetate methyltransferase (GAMT) 

(Fig 1-2).  

 

 

 

 

 

 

Figure 1-2 Enzymatic synthesis of creatine. Arginine and glycine are converted to guanidioacetic acid by 

arginine;glycine amidinotransferase (AGAT) and then subsequently converted to creatine by 

guanidinoacetate methyltransferase (GAMT). 

 

The liver and kidneys are the main organs for creatine synthesis in the human body. However, in 

rodents, the kidney expresses AGAT and the liver expresses GAMT, suggesting that creatine is 

synthesized in a two-step process where guanidinoacetate is transported to the liver to be 

methylated to creatine (Wyss and Kaddurah-Daouk, 2000). About 1.7 percent of creatine pools is 

non-enzymatically metabolized into creatinine and excreted through urine each day (Allen, 2012). 

Creatinine excretion varies depending on muscle mass and age with the highest levels of creatinine 

excretion being in males between 18 and 29 years old (Brosnan and Brosnan, 2016).  
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 Creatine can be converted to phosphocreatine and utilized by cells endogenously or 

transferred to other cells through the creatine transporter, SLC6A8. Phosphocreatine is a 

convenient energy storage for tissues with high energetic needs with about two thirds of creatine 

in the body stored as phosphocreatine and the rest as free creatine (Kreider et al., 2017). In addition 

to the role creatine plays in ATP replenishment, there is evidence that creatine acts directly and 

indirectly as an antioxidant (Sestili et al., 2011). The total bioavailability of creatine is unclear, 

however, there are reasons it may be less than 100 percent. Creatine is degraded in acidic 

environments such as in the stomach, creatine can be degraded by intestinal bacteria, creatine 

absorption is time-consuming and creatine is not absorbed unless fully dissolved (McCall and 

Persky, 2007). All four of these reason can lead to reduced bioavailability of creatine in mammals. 

According to the American College of Sports Medicine, creatine supplementation is well-tolerated 

and safe for humans (American Dietetic Association et al., 2009). Over the years, anecdotal reports 

suggested that high creatine dosage could lead to renal damage in humans, but a long term 

supplementation of up to 20mg per day for up to five years did not lead to any health issues 

(Poortmans and Francaux, 1999). Some studies also report increased body weight after creatine 

intake but this increase is likely due to creatine acting as an osmolyte to increase water retention 

in cells. This slight increase in water weight reverses after creatine is stopped (Sobolewski et al., 

2011). Overall, creatine supplementation is safe and tolerable to humans.  

 

Creatine supplementation improves skeletal and cardiac muscle function 

 Creatine is a key player in muscle contraction and energy metabolism. Therefore, creatine 

has been extensively studied in skeletal and cardiac muscle. In 1992, creatine supplementation was 

shown to increase muscle creatine and phosphocreatine levels (Harris et al., 1992). Creatine is the 
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most effective food supplement for increasing muscle mass and enhancing high-intensity exercise 

performance (Kreider et al., 2010). In addition to the role creatine plays in ATP replenishment, 

creatine is also an osmolyte and some suggest that creatine supplementation can preserve hydration 

and lower heart rate during exercise (Easton et al., 2007). Creatine has hypertrophic effects in 

skeletal muscle after short and long term use (Negro et al., 2019). Some researchers believed these 

hypertrophic effects were due to water retention, but creatine leads to increased protein synthesis 

in muscles. After twelve weeks of creatine supplementation, heavy resistance training lead to 

increased skeletal M-CK mRNA and increased levels of myogenic regulatory factor proteins and 

mRNA including myogenin and MRF-4 (Willoughby and Rosene, 2003). However, the 

mechanism by which creatine enhances protein synthesis in muscles remains unclear. 

 Administration of phosphocreatine protects rodent hearts from ischemic damage, likely by 

binding to phospholipid membrane to stabilize them. Stabilizing membranes leads to reduced loss 

of cytoplasmic contents including important intracellular enzymes (Sharov et al., 1987). Treating 

rabbit hearts with phosphocreatine also increased excitation conduction velocity in ischemic 

myocardium (Rosenshtraukh et al., 1988). There is evidence that creatine supplementation can 

reduce metabolic stress in cardiomyocytes (Constantin-Teodosiu et al., 1995). These animal 

studies suggest that creatine may protect against damage from myocardial infarction but to date, 

there have been no clinical trials to investigate creatine supplementation in patients with 

myocardial infarction (Balestrino, 2021). Furthermore, it is unclear whether phosphocreatine 

treatment leads to the ergogenic effects in a similar mechanism as creatine because 

phosphocreatine is unable to use the creatine transporter and does not show uptake into brain slices 

in vitro (Perasso et al., 2008). Although about 95% of creatine in stored in muscle, the brain 

consumes about 20% of the body’s total energy and neurological symptoms of cerebral creatine 
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deficiency syndrome (CCDS) suggests that the brain in particularly vulnerable to creatine 

deficiency (Giusti et al., 2019). 

 

Exogenous creatine enhances neuron and oligodendrocyte function 

 In addition to the ergogenic properties of creatine, creatine supplementation shows 

significant anti-apoptotic effects and antioxidative properties in the CNS (Andres et al., 2008). In 

vitro studies with creatine uptake in brain slices led to release of creatine in an action potential 

dependent manner, suggesting the possibility of creatine acting as a neuromodulator (Almeida et 

al., 2006). Creatine may also lead to neuroprotection in a mouse stroke model by improving 

circulation in the brain (Prass et al., 2007). Creatine protects against neuronal excitotoxicity and 

promotes actin dynamics in the growth of Purkinje cell dendrites (Genius et al., 2012, Fukumitsu 

et al., 2015). Furthermore, creatine has been shown to enhance mitochondrial membrane potentials 

and increases synaptic density in hippocampal neurons (Li et al., 2004). Animals fed a diet 

supplemented with one percent creatine increased life span, decreased excitotoxicity and reactive 

oxygen species, and improved learning and memory (Bender et al., 2008). These promising 

neuroprotective effects of creatine on neurons have led to a variety of clinical trials to improve 

neurodegenerative diseases such as Huntington’s disease, amyotrophic lateral sclerosis (ALS) and 

Parkinson’s disease. Each of these clinical trials have shown little or no behavioral improvements 

but have raised questions about appropriate creatine dosing and timing in patients (Andres et al., 

2008). The schedule of creatine administration varies widely between clinical studies because 

guidelines have not been fully established (Allen, 2012). One clinical trial with creatine which 

showed beneficial effects was for patients with traumatic brain injury (TBI). Adolescent patients 

were given creatine for six months following TBI and reported significantly fewer headaches, 
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bouts of dizziness and periods of fatigue compared to patients without supplementation. However, 

more work needs to be done to study optimal duration and manner of creatine supplementation to 

TBI patients (Sakellaris et al., 2008).  

 Our lab has previously shown that exogenous creatine can improve oligodendrocyte 

function and survival without affecting membrane expansion or oligodendrocyte differentiation 

(Chamberlain et al., 2017a). Creatine treatment to oligodendrocytes in vitro increased 

mitochondrial density, membrane potential and ATP production (Chamberlain et al., 2017a). It 

was long thought that creatine was derived from diet and peripheral synthesis by the kidney and 

liver but in the 1970’s, researchers discovered that creatine is synthesized endogenously within the 

mammalian brain (Van Pilsum et al., 1972). Data from our lab and others suggest that GAMT is 

expressed within oligodendrocytes in the adult brain, implying that oligodendrocytes have capacity 

for endogenous creatine synthesis (Zhang et al., 2014, Tachikawa et al., 2018a, Baker et al., 2021).  

 Gamt KO animals display normal CNS development, suggesting that creatine from diet 

may compensate for the lack of creatine synthesis. However, focal experimental demyelination in 

this model led to significantly increased apoptosis in mature oligodendrocytes within the lesion. 

This reduction in mature oligodendrocytes can be rescued with exogenous creatine treatment into 

the lesion and suggests that creatine synthesis is required for the survival of newly generated 

oligodendrocytes and creatine administration can improve this survival after demyelinating injury 

(Chamberlain et al., 2017a). The lack of overt developmental abnormalities in these GAMT KO 

mice lead to the hypothesis that dietary creatine can compensate for cerebral creatine levels. In the 

development portion of this dissertation, animals will be on an amino acid based creatine deficient 

diet to control for creatine compensation from diet which allows us to study endogenous creatine 

synthesis. Many experiments show benefits of creatine supplementation, but the brain also 
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endogenously synthesizes creatine and it remains unclear whether creatine synthesis is important 

in CNS postnatal development and function. 

	

Endogenous creatine in the central nervous system (CNS) 

 Our lab became interested in Gamt based on a transcriptional profile suggesting that Gamt 

is upregulated during spontaneous remyelination of the rodent CNS (Huang et al., 2011). Patients 

with cerebral creatine deficiency syndromes (CCDS) have impaired creatine metabolism from 

inborn errors in genes encoding for AGAT, GAMT or SLC6A8 (Mercimek-Andrews and 

Salomons, 1993). Patients with CCDS all display intellectual disabilities and seizures and the 

major hallmark of CCDS is reduced cerebral creatine levels via MR spectroscopy. CCDS should 

be suspected if children display developmental delays, movement disorder, seizures and hypotonia 

(Mercimek-Andrews and Salomons, 1993). Screening tests of levels of guanidinoacetate (GAA), 

creatine and creatinine can be measured in either urine, plasma or cerebrospinal fluid. The levels 

of these metabolites can guide for molecular genetic testing for specific CCDS mutations.  

 Autosomal recessively inherited mutations in AGAT-encoding gene, GATM, is the least 

commonly diagnosed CCDS with all well-studied cases coming from patients in two families 

(Edvardson et al., 2010). Patients with AGAT deficiency have mild-moderate mental retardation, 

muscle weakness and low weight. Low creatine on brain MRS and low guanidinoacetate in urine 

are characteristic of AGAT deficiency. Patients with AGAT deficiency respond well to creatine 

supplementation with significant improvements in neurological symptoms (Edvardson et al., 

2010).  

 GAMT deficiency is also due to autosomal recessively inherited mutations in the GAMT 

gene with over 70 different mutations identified in the GAMT gene (Mercimek-Mahmutoglu et al., 
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2014). GAMT deficiency is the easiest of the CCDS to diagnose due to elevated guanidinoacetate 

in urine and plasma. Patients develop clinical symptoms between three months and three years of 

age with intellectual disability and seizures being the most common features (Mercimek-Andrews 

and Salomons, 1993). Movement disorders and behavior disorders are also common with 77% of 

patients exhibiting autism, hyperactivity or self-injurious behavior (Mercimek-Andrews and 

Salomons, 1993). Normal neurodevelopment was observed after diagnosis and treatment of 

GAMT deficiency during the neonatal period (Mercimek-Mahmutoglu et al., 2014).  

 SLC6A8 deficiency has X-linked inheritance with males exhibiting moderate to severe 

mental disability with female carriers exhibiting normal or only partial depletion of cerebral 

creatine (van de Kamp et al., 2011). SLC6A8 deficiency is the most commonly diagnosed of the 

CCDS. Speech development is severely delayed in SLC6A8 deficiency compared to GAMT and 

AGAT deficiency (van de Kamp et al., 2013). In addition to neurological disability, patients with 

SLC6A8 deficiency display extrapyramidal movement disorders and gastrointestinal problems 

(van de Kamp et al., 2013). SLC6A8 is the most difficult of the CCDS to treat with typical 

treatment involving high dose creatine monohydrate with high dose of arginine and glycine, the 

precursors for creatine synthesis. Studies show these strategies do not significantly increase 

cerebral creatine levels (van de Kamp et al., 2014). Investigational therapies using cyclocreatine, 

a planar creatine analog, and transport of dodecyl creatine ester in lipid nanocapsules are currently 

being explored for the treating this disease.  

 Animal models of AGAT, GAMT and SLC6A8 deficiency have all been developed to 

study these rare CCDS pathology and to investigate new targeted therapies. In humans, GAMT 

deficiency displays the most severe clinical symptoms of CCDS. However, rodent models of 

GAMT deficiency, i.e. Gamt knockout (KO) model which was first developed in 2000, display 
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similar biochemical phenotyping patterns as humans but with less severe behavioral deficits 

(Schmidt et al., 2004, Rossi et al., 2021). Gamt KO animals display elevated guanidinoacetate in 

urine and plasma, the absence of a creatine peak on proton magnetic resonance spectroscopy 

(MRS) and reduced body weight throughout life (Schmidt et al., 2004). Despite the elevated levels 

of guanidinoacetate in Gamt KO brains, these animals do not display epilepsy and some suggest 

that rodents can phosphorylate guanidinoacetate to partially compensate for low levels of 

phosphocreatine (Rossi et al., 2021).  

 Many studies have investigated behavioral differences in Gamt KO animals including 

testing of movement, learning and memory. Studies of home cage activity, open field, rotarod and 

voluntary exercise all revealed little difference in motor activity in these mice. However, Gamt 

KO animals display reduced grip strength compared to controls (Schmidt et al., 2004). Since 

intellectual disability is the clinical hallmark of GAMT deficiency, many learning and memory 

tasks have been performed in this model. However, all these behavioral tests were done after six 

months old, so little investigation has been done in early postnatal behavioral development (Rossi 

et al., 2021). Despite numerous learning and memory tasks performed, only one paper shows a 

mild cognitive impairment in Gamt KO mice via the Morris water maze, a spatial learning 

navigation task (Torremans et al., 2005). Little investigation has been done into social interaction 

in the Gamt KO mouse and behavioral tests for investigating autistic-like behaviors have expanded 

greatly over the past two decades (Silverman et al., 2010). Exploring social interactions in this 

animal model may add further validity to the Gamt KO model.     

  Expression of Gamt is low during embryonic development but expression of Slc6a8 begins 

at embryonic day (E) 12.5, suggesting that early creatine is received from maternal supply 

(Braissant et al., 2005).  However, during the first three weeks of life, the expression of Gamt 
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changes with a variety of cell types expressing Gamt in a spatiotemporal pattern (Tachikawa et al., 

2018a). In adult rodent studies, it is estimated that only about 12 percent of cells in the brain 

express both Agat and Gamt, suggesting an inter-cellular pathway for creatine synthesis (Braissant 

and Henry, 2008). Some suggest that Agat-expressing cells release guanidinoacetate that is taken 

up for Gamt-expressing cells to synthesize creatine (Braissant and Henry, 2008). The literature is 

still unclear about whether astrocytes and neurons express Gamt during adulthood and whether 

endogenous creatine synthesis is important in development. In this study, Iinvestigate the cellular 

expression of Gamt during development and whether the loss of Gamt alters CNS postnatal 

development and remyelination, with a focus on oligodendrocytes.  

  

Current study 

	 This study addresses the gap in knowledge regarding the expression of Gamt during 

development, the effects of the loss of Gamt on postnatal CNS development and the impact of the 

loss of Gamt from oligodendrocytes during demyelinating injury. There is also data from 

experiments to understand whether dietary creatine can lessen demyelination and improve 

remyelination in wild-type animals. The background information about creatine and 

oligodendrocytes gives a premise the work and after a short description of methods, I will discuss 

the following data-driven chapters:  

Chapter 3 Measuring brain metabolites via magnetic resonance spectroscopy 

Chapter 4 Gamt in oligodendrocyte development 

Chapter 5 Impact of creatine deficiency on brain energetics 

Chapter 6 Gamt and exogenous creatine in demyelinating injury 

Chapter 7 Role of Gamt in other cell types. 
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CHAPTER 2 METHODS 

Mice 

 Mice of both sexes were used for each experiment. GAMT-/- mice for magnetic resonance 

spectroscopy (MRS) were a kind gift from Dr. Dirk Isbrandt (University of Cologne). Floxed Gamt 

(Gamtfl/fl) line was engineered by Cyagen Biosciences where a linearized vector was electroporated 

into embryonic stem cells (C57BL/6). After confirming clones by Southern Blotting, a chimera 

was produced by blastocyst microinjection. A floxed Gamt line was sent to Georgetown University 

after removal of the neo cassette (Fig 2-1). The floxed Gamt line was bred with Tg(CMV-cre)1Cgn 

(Stock 006054) line from Jackson Laboratory to generate a heterozygous mutant (GamtGFP/+) for 

expression studies and knockout mutant (GamtGFP/GFP) for developmental studies.  Tg(Pdgfra-

cre/ERT)467Dbe (stock 018280) from Jackson was used to generate inducible removal of Gamt 

from oligodendrocytes (Oligodendrocyte Gamt iKO) for lysolecithin lesions. Wildtype C57BL/6J 

(Stock 000664) mice were also obtained from Jackson laboratory for the cuprizone experiments. 

Mice were maintained on a 12hr light/dark cycle with food and water ad libitum. All experiments 

were performed according to the protocol approved by the Institutional Animal Care and Use 

Committee at Georgetown University. 
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Figure 2-1 Overview of targeting strategy of transgenic mouse line engineered to remove Gamt and 

express a green fluorescent protein (GFP) upon excision. A linearized vector was generated to the Gamt 

gene in C57BL/6 mice on chromosome ten and delivered to embryonic stem cells via electroporation. The 

targeted allele has loxP sites (purple) flanking exons 2-6 of the Gamt gene (yellow). The green Rox site 

prevents expression of enhanced GFP cassette but upon cre recombination, Gamt along with the Rox site 

are removed and GFP is expressed. 

 

Genotyping 

 Tailsnips were taken from mice and digested in lysis buffer with 0.2% Proteinase K 

overnight at 55°C and deactivated at 100°C for 13 minutes the next morning. Generic cre primers 

(4) were used from Jackson lab protocols. Global Gamt-/- used 3 primers (5’-3’ for all) including: 

Forward Gamt primer CCTCAGGCTCCCACCCACTTG,  

KO reverse primer AGGCCTACCCGCTTCCATTG  

WT reverse primer GGTCTCCCAACGCTCCATCACT.  

For GamtGFP/GFP model, the primers were as follows: 

 

Vector Report 
 
 
Quote TKC-160617-ACD-01 

Gene          Gamt 

 
Objective Mouse Gamt Conditional Knockout Project 

- Species Mouse 

- Strain C57BL/6 

� Gene Gamt 

� Chr. # 10 

� GenBank NM_010255.3 

� Ensembl ENSMUSG00000020150 

 

Targeting Strategy  

   

 

Method Mouse genomic fragments containing homology arms (HAs) and conditional knockout (cKO) region 

were amplified from BAC clone by using high fidelity Taq, and were sequentially assembled into a 

targeting vector together with recombination sites and selection markers shown below 

  

y Page 1 / 9 y 

www.cyagen.com 
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Floxed forward primer was GTGAGGCTTGTGCTTGTCGGGAAC 

Floxed reverse was CCTCCACGTTTCATTCTGCACCTA  

KO reverse was CCCCAGCAGTGGCTAGTGAAGAGA.   

 

Magnetic resonance spectroscopy (MRS) 

 Animals underwent small animal imaging at the Preclinical Imaging Research Laboratory 

and the Center for Translational Imaging at Georgetown-Lombardi University Medical Center in 

a Bruker 7T/20 Magnetic Resonance Imager spectrometer incorporating Bruker AVANCE III 

electronics and ParaVision software version 5.1. Briefly, animals were anesthetized (1.5% 

isoflurane in a gas mixture of 30% oxygen and 70% nitrous oxide) and placed on a custom-

manufactured (ASI Instruments, Warren, MI) stereotaxic device with built-in temperature and 

cardio-respiratory monitoring engineered to fit a 25 mm Bruker mouse volume coil, as previously 

described (Albanese et al., 2013, Sirajuddin et al., 2012). A T2-weighted two-dimensional 

anatomical locator scan was run followed by a volume-localized PRESS sequence with the 

following parameters: TE: 20 ms, TR: 2500 ms, averages: 1024, spectral width of 4 kHz, and 512 

k complex data points and 6 Hz line broadening, using a single voxel localized on the frontal 

cortex. All in vivo peak integrated areas were analyzed using Bruker’s “TOPSPIN” software to 

assess relative differences in tissue chemistry, as described previously (Albanese et al., 2013, 

Sirajuddin et al., 2012, Fricke et al., 2006). The concentrations of metabolites were normalized to 

choline.  
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Immunofluorescence (IF) 

 Mice were perfused with 4% PFA (Sigma) in PBS. Spinal cords and brains were removed 

and post fixed in PFA followed by 20% sucrose overnight. Brains were further cryoprotected in 

30% sucrose before freezing in optimal cutting temperature medium (Sakura) on dry ice, then 

stored at -80°C. Twelve micron sections of spinal cord or brain were  

sectioned on a cryostat and mounted on SuperFrostPlus slides. Slides were incubated in blocking 

solution (10% goat serum, 1% donkey serum, 0.25% triton in TBS) for 1hr at RT. Mouse 

antibodies used an extra 1hr of mouse-on-mouse blocking reagent (Vector laboratories). Primary 

and secondary antibodies were diluted in blocking solutions. Primary antibodies for IF are in chart 

below (Table 2-1). Antigen retrieval pretreatment was used for examining GFP expression. Slides 

were dried overnight at room temperature prior to cover slipping. No antigen retrieval was used 

on slides to utilize the 488 (green) channel in IF without GFP interference.  

 

 Table 2-1 Primary antibodies used for immunofluorescence 

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
 

Antibody		 Species	 Dilution	 Company		 RRID	
GFP	 Chicken	 1:2k	 Fisher	 AB_931091	
GFAP	 Mouse	 1:500	 Sigma	 AB_476889	
Iba1	 Rabbit	 1:1000	 Wako	 AB_839504	
NeuN	 Mouse	 1:200	 Synaptic	Systems	 AB_2713971	
Olig2	 Rabbit	 1:300	 LSBio	 AB_2157675	
CC1	 Mouse	 1:200	 LSBio	 AB_1589576	
MBP	 Rat	 1:300	 LSBio	 AB_904530	
NKX2.2	 Mouse	 1:100	 DSHB	 AB_531794	
BCAS1	 Rabbit	 1:1000	 Synaptic	Systems	 AB_2864793	
Nestin	 Mouse	 1:1000	 BD	biosciences		 AB_399176	
Pax6	 Rabbit	 1:1000	 Abcam	 AB_2050161	
Ki67	 Mouse	 1:1000	 Fisher	 AB_934373	
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Western blot 

 Tissues were dissected from mice at various postnatal time points, flash frozen and stored 

at -80°C. Tissues were digested in RIPA lysis buffer (Millipore), separated by SDS-PAGE and 

immunoblotted with antibodies: guinea pig GAMT (1:500; Frontier Inst), rabbit AMPKɑ1 

(1:1000; Abcam), rabbit p-AMPKɑ (1:1000; Cell signaling), mouse MOG (1:500; Santa Cruz), 

and rabbit β-actin (1:5k; Abcam). Proteins were detected using horseradish peroxidase-conjugated 

secondary antibodies and Pierce enhanced chemiluminescent substrate (ECL) Western blotting 

substrate. Membrane stripping was done with mild stripping solution (ThermoFisher) and efficient 

stripping, or no signal, was confirmed by incubating with secondary antibody and re-incubating 

with ECL.  

 

TUNEL  

 Slides were dried for 1hr before staining with Click-iT Plus TUNEL assay for in situ 

apoptosis detection after permeablization with 0.25 percent Proteinase K (Fisher; C10618). Steps 

followed the manufacturer’s instructions. A positive control slide was treated with DNase I. After 

TUNEL completion, immunohistochemistry was performed.  

 

Tamoxifen 

 4-hydroxytamoxifen (Sigma) was diluted in 100% ethanol at 60°C and then diluted in 

peanut oil to a final concentration of 4 mg/mL. At 9-11 weeks of age, tamoxifen injections (1mg) 

were administered by intraperitoneal injections consecutively for four days ending five days before 

focal demyelination surgery.  

 



 22 

Spinal cord demyelination  

 Focal demyelination was induced by injection of 1ml of 1.0% lysolecithin (Sigma) diluted 

in sterile PBS into ventral funiculus using aseptic techniques while animals were under 3% 

isoflurane. Mice were euthanized and perfused for analysis at 5, 10 or 20 days after surgery.  

 

EdU experiments  

 Following lysolecithin demyelination lesion with either PBS or 1% creatine in PBS, 

animals were injected IP for 4 days, twice a day, with 20 mg/kg EdU (ThermoFisher). Animals 

were sacrificed at 5, 10 and 20dpl and spinal cord lesion lesions were stained with Click-iT Plus 

EdU and followed by immunohistochemistry.  

 

Cuprizone and special diets  

 All animals were fed a creatine deficient amino acid diet (Crt def diet; Envigo; TD.01084) 

unless otherwise specified. Demyelination was induced in eight-week-old male and female mice 

by adding 0.2% cuprizone (bis-cyclohexanone oxaldihydrazone) into normal chow (LabDiet 5053) 

or crt def diet for 5 weeks. Cuprizone diet was replaced every three days to prevent stability 

concerns. All recovery diets used TD.01084 and added creatine or cyclocreatine (Sigma). 

Recovery diets after cuprizone were one of the following: Normal chow, crt def diet, 2% creatine, 

or 0.1% cyclocreatine. Animals were weighed once every two days to ensure animals did not lose 

more than ten percent body weight.  
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Electron microscopy  

 Animals were perfused with EM fixation solution (4% PFA, 2% glutaraldehyde, 0.1M 

sodium cacodylate buffer). Tissues were postfixed with 1% osmium tetroxide, and embedded in 

EmBed812. Ultrathin sections (70 nm) were poststained with uranyl acetate and lead citrate and 

examined in the Hitachi H7600 transmission electron microscope at 80 kV located at Georgetown 

University. Digital electron micrographs were recorded with the TIA software (FEI). 

Morphometric analysis was performed under blinded conditions by systematic uniform random 

sampling using 25 randomly selected images. ImageJ software (NIH) was used to obtain axon 

diameter measurements from EM images taken at 5000X magnification and g-ratios using the 

freehand selection tool (>80 axons per animal; n=1). For g-ratios, the inner myelin sheath diameter 

was divided by the outer myelin sheath diameter.  

 

Image acquisition, analysis and statistics  

 Images were collected on a Zeiss LSM 800 completed system confocal imager. 

Quantification of immunostaining was done by 1 or 2 blinded investigators using the ImageJ cell 

counter manually. For corpus callosum imaging, one medial and two lateral images of corpus 

callosum and cingulum were taken from 3-4 sections per slide (n=3). For spinal cord demyelinating 

lesions, the lesion was located by visualizing the accumulation of Hoechst-positive nuclei within 

the ventral white matter. A minimum of three lesion sections from three mice were analyzed for 

cell density. For cuprizone, three regions from four sections per animal were analyzed (n=4). 

Density per square millimeter was calculated in Microsoft Excel as previously described in 

Chamberlain et. al, 2017 (Chamberlain et al., 2017a). All statistics were performed using Prism. 

Data are expressed as mean±SEM. Comparisons were analyzed by two-way ANOVA with Sidak’s 
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multiple comparison test, one-way ANOVA with Tukey’s multiple comparison test or two-tailed 

t-test. Statistical significance is reported as *p≤0.05, **p≤ 0.01, ***p≤ 0.001, ****p≤ 0.0001. 

 

Illustrations  

 Illustrations were generated in Biorender or Mind the Graph.  
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CHAPTER 3 MEASURING BRAIN METABOLITES VIA MAGNETIC RESONANCE 

SPECTROSCOPY 

Introduction 

	 Magnetic resonance spectroscopy (MRS) involves a combination of nuclear magnetic 

resonance and magnetic resonance imaging to recognize molecules and specify biophysical 

features in bodily tissues (Faghihi et al., 2017). MRS has been widely used in a variety of clinical 

and preclinical studies to understand brain metabolism. Instead of absolute metabolite 

concentrations, metabolites are normalized in a ratio to a control metabolite. In this study, Iused 

proton MRS (1H-MRS) at the Preclinical Imaging Research Laboratory and the Center for 

Translational Imaging at Georgetown-Lombardi University Medical Center to detect small, mobile 

molecules including: creatine, choline, N-acetylaspartate (NAA), Glutamate/glutamine, myo-

inositol, and taurine. Creatine, choline and NAA are measurable in the normal brain with long 

echo times (TE) while short TEs allow for measurement of compounds such as 

glutamate/glutamine, myo-inositol and other lipids and macromolecules (Zhu and Barker, 2011). 

The significance of the compounds measured in this study will be discussed below.  

 Creatine and phosphocreatine (total creatine) create peaks at 3.03 parts per million (ppm) 

and 3.91ppm (from resonance of the methyl group on creatine) (Zhu and Barker, 2011). They are 

easily distinguishable on MRS and give insight into energy metabolism within tissues. An in vitro 

MRS experiment cultured different CNS cell types and showed that oligodendrocyte cultures had 

the highest concentration of creatine compared to neurons, astrocytes, meningeal cells and O-2A 

progenitors (Urenjak et al., 1993). Creatine levels in vivo show the largest regional variability in 

all metabolites with healthy humans having the largest concentration of creatine within the 

cerebellum (Jacobs et al., 2001). Commonly, creatine is used as a reference peak to normal 
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metabolites within the spectra. Unfortunately, this leads to unclear understanding of how creatine 

changes with age and neurological disorders. However, changes in creatine peaks have been 

observed in CCDS, stroke and ischemia (Rackayova et al., 2017). There is some evidence that 

creatine is slightly lower in patients with multiple sclerosis (MS). Similarly, MS literature shows 

that acute lesions in large superficial regions have lower creatine levels compared to normal 

healthy white matter (Ostojic, 2020). Post mortem sections of patients with secondary progressive 

MS show decreased brain creatine kinase levels (Steen et al., 2010).  

 Choline peaks at 3.20 ppm with contributions from glycerophosphocholine, 

phosphocholine and free choline. Choline is typically upregulated in diseases with increased 

membrane turnover and proliferation such as in cancer. Since these choline-containing 

phospholipids are present in membranes and myelin, an elevated choline level has been seen in 

patients with multiple sclerosis, suggesting inflammation and remyelination (Narayana, 2005). 

However, our experiment showed little variation in choline peaks, so metabolite concentrations 

were normalized to choline.  

  NAA is one of the most abundant amino acids in the CNS and typically exhibits the largest 

MRS peak at 2.01 ppm. NAA is synthesized within neurons from aspartate and acetyl-coenzyme 

A and then transported to oligodendrocytes where it is broken down to acetate and aspartate by the 

enzyme, aspartoacylase (ASPA). These byproducts are used by oligodendrocytes to support 

myelin synthesis (Moffett et al., 2011). NAA levels are generally associated with neuronal 

integrity but in vitro experiments have shown that in addition to NAA concentrations being high 

in neuronal cultures, oligodendrocyte precursor cells and immature oligodendrocytes also have 

significant levels of NAA (Urenjak et al., 1992). Since neurons and oligodendrocytes are involved 

in the processing of NAA, dysregulation of NAA levels is associated with impaired axon-glial 



 27 

signaling. In the fatal leukodystrophy, Canavan disease, NAA is upregulated due to mutations in 

the gene encoding for ASPA. Decreases in NAA concentrations are seen in a variety of diseases 

including brain ischemia, MS and Alzheimer’s disease (Moffett et al., 2011). In MS patients, the 

ratio of NAA to creatine is decreased by about 23 percent compared to healthy controls (Steen et 

al., 2010).  

 Glutamine (Glu)- glutamine (Gln) ratio in MRS resonates at a peak at 3.80 ppm and another 

between 2.10 and 2.50 ppm (Zhu and Barker, 2011). Since the two amino acids have such similar 

structures, the spectra are unable to be distinguished between with our MRS protocol. Glu is the 

most abundant amino acid and the predominate neurotransmitter in the brain. Glu is typically 

stored as Gln within glia with the cycling between these two amino acids playing a critical role in 

healthy brain signaling (Ramadan et al., 2013). Alterations in cycling of Glu-Gln has recently been 

studied in the pathogenesis of a variety of diseases including brain cancer, epilepsy, schizophrenia 

and neurodegenerative disorders (Ramadan et al., 2013). Changes in this cycling suggests that 

abnormalities in glutamatergic neurotransmission may play a large role in brain pathophysiology.  

 Myo-inositol is a pentose sugar at peaks between 3.5 and 3.6 ppm and is considered a glial 

marker as myo-inositol is primarily made within astrocytes (Zhu and Barker, 2011). Elevation of 

myo-inositol is therefore associated with gliosis in the brain. Myo-inositol is currently being 

investigated as a biomarker for Alzheimer’s disease with elevation in this metabolite seen in pre-

dementia Down syndrome, familial Alzheimer’s disease and mouse models of Alzheimer’s disease 

(Voevodskaya et al., 2019).  

 Taurine is sulfurous, semi-essential amino acid that is highly abundant in the brain and 

creates a MRS peak at 3.43 ppm. Taurine has a variety of biological roles including pH buffering 

in the mitochondria to prevent swelling (Hansen et al., 2010). Interestingly, taurine levels in the 



 28 

brain are increased during oligodendrocyte differentiation and exogenous addition of taurine to 

OPC cultures can increase oligodendrocyte differentiation and maturation (Beyer et al., 2018). In 

rodent models, taurine decreases significantly at old age (starting at 18 months old) and coincides 

with neuronal loss in the hippocampus.  

 Investigating changes in these energy metabolites in the brain can give insight into the 

underlying pathology. The previous work in the Huang lab investigating creatine saw no overt 

developmental abnormalities in a GAMT KO animal, so I decided to look at cerebral creatine 

levels in the brain to see whether dietary creatine could compensate for Gamt loss of function. 

Previous studies show low transport of creatine from the periphery to the brain because the 

astrocytic end feet of the blood-brain barrier are lacking the creatine transporter, SLC6A8 

(Braissant et al., 2001).  

 

Results 

Creatine 

	 To determine if cerebral creatine is detectable in the absence of Gamt expression, I 

performed magnetic resonance spectroscopy (MRS) analysis in the prefrontal cortex (Fig 3-1a) of 

eight-week old Gamt KO and WT animals (Fig 3-1b). I found that the KO mice on a standard 

rodent diet displayed measurable, but significantly lower creatine levels in the brain compared to 

WT (Fig. 3-1c; red vs blue bars), suggesting that dietary creatine can partially compensate for 

cerebral creatine levels when GAMT is missing. I also performed MRS on an amino acid based, 

creatine deficient diet. I found that WT mice on creatine deficient diet displayed similar creatine 

levels as those on standard diet (Fig 3-1c; purple vs blue). By contrast, Gamt KO mice on creatine 

deficient diet displayed undetectable creatine levels in the prefrontal cortex (Fig 3-1c; green). 
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These data suggest that endogenously synthesized creatine can supply adequate cerebral creatine 

in the absence of dietary creatine, and that GAMT is a primary enzyme responsible for creatine 

synthesis in the mouse brain. Our data also suggests dietary creatine supply cerebral creatine and 

may provide evidence for the lack of developmental abnormalities in our previous study 

(Chamberlain et al., 2017a). This MRS validated the use of this creatine deficient diet for our 

development studies (chapter 4).  

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1 Endogenously synthesized creatine supplies cerebral creatine and is dependent on Gamt 

expression. a) Region of magnetic resonance spectroscopy (MRS) voxel placement in mouse prefrontal 

cortex b) Representative trace from MRS from each group c) Quantification of metabolites, normalized to 
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choline, showing unmeasurable creatine levels in the brain in the KO on creatine deficient diet (one-way 

ANOVA with Tukey’s multiple comparisons; F (3, 8)=83.81, df=11, p<0.0001) and normal levels of 

creatine in the WT on creatine deficient diet (WT normal vs. WT crt def p=0.70, ns). KO on a normal diet 

had measurable, but significantly reduced levels of creatine compared to WT (KO normal vs. WT normal 

p=0.02). All data presented as mean±SEM with n=3 biological replicates.  

 

N-acetylaspartate (NAA) 

 In addition to changes in creatine levels in the prefrontal cortex, there were also significant 

differences in NAA concentrations in our Gamt KO animal. NAA is significantly increased in our 

Gamt KO animals on a creatine deficient diet compared to KO on a normal rodent diet (Fig 3-2; 

green vs blue bars). This increase in NAA in the KO on a creatine deficient diet was also significant 

compared to WT on normal diet and trending compared to WT on a creatine deficient diet 

(p=0.055). This data suggests that the lack of cerebral creatine in the prefrontal cortex, is correlated 

with a change in axon-glia signaling and neuronal integrity. An increase in NAA is also seen in 

patients with Canavan disease where oligodendrocytes are unable to breakdown NAA from 

neurons, leading to oligodendrocyte toxicity and hypomyelination. Secondary to oligodendrocyte 

loss are the neuronal and astrocytic dysregulations. Therefore, our data suggests that the KO on a 

creatine deficient diet display a breakdown in oligodendrocyte-neuron interactions.  
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Figure 3-2 Loss of cerebral creatine is associated with upregulation of N-acetylaspartate (NAA) levels 

in the prefrontal cortex. Quantification of metabolites, normalized to choline, show significant increase 

in NAA in the brain in the KO on a creatine deficient diet (one-way ANOVA with Tukey’s multiple 

comparisons; F (3, 8)=8.585, df=11, p=0.007). Gamt KO also have significantly increased NAA compared 

to WT normal diet. All data presented as mean±SEM with n=3 biological replicates. 

 

Glutamate-glutamine (Glu-Gln) 

 Glu-Gln concentration is altered in animals lacking cerebral creatine. The Gamt KO 

animals on a creatine deficient diet displayed increased Glu-Gln levels in the prefrontal cortex (Fig 

3-3). Since this MRS was done in adult animals, these data suggest that the lack cerebral creatine 

may have long-term effects on neuronal glutamatergic signaling.  
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Figure 3-3 Loss of cerebral creatine is associated with upregulation of glutamate-glutamine 

concentration in the prefrontal cortex. Quantification of metabolites, normalized to choline, showing 

significant increase in glutamate-glutamine (Glu-Gln) in the brain in the KO on a creatine deficient diet 

compared to KO on a normal diet (one-way ANOVA with Tukey’s multiple comparisons; F (3, 8)=5.372, 

df=11, p=0.02). All data presented as mean±SEM with n=3 biological replicates. 

 

Other metabolites 

 No significant differences observed in concentrations of taurine or myo-inositol in the 

prefrontal cortex between any groups.  

 

Conclusions and discussion 

	 Magnetic resonance spectroscopy analysis was performed to measure metabolites within 

the prefrontal cortex. This non-invasive in vivo technique to measure metabolites gives insight into 

metabolic functioning within healthy and pathological tissues throughout the body. I showed that 

in a Gamt KO animal, dietary creatine can lead to measurable, yet reduced, cerebral creatine levels. 

This data recapitulates clinical studies where patients with Gamt deficiency can significantly 

increase cerebral creatine levels when genetic testing is done before birth and dietary creatine is 
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supplied in neonatal life (Mercimek-Andrews and Salomons, 1993). Normal levels of cerebral 

creatine in WT animals on a creatine deficient diet shows that without dietary creatine, the rodent 

brain can endogenously synthesize normal levels of creatine. However, how endogenously 

synthesized creatine regulates CNS function remains poorly understood. The undetectable creatine 

in the prefrontal cortex of our Gamt KO animal on a creatine deficient diet shows that cerebral 

creatine levels are dependent on Gamt expression. Based on this data, I continued to use of the 

creatine deficient diet in our new conditional Gamt transgenic mouse model which I will discuss 

in the next four chapters.  

 Interestingly, animals lacking cerebral creatine had a dysregulation in N-acetylaspartate 

and glutamate-glutamine concentrations in the cortex. Each of these metabolites are involved in 

axon-glia interactions and suggest that a Gamt KO on creatine deficient diet display altered 

communication between neurons and glia. Neuron-glia interaction are essential for efficient 

signaling and processing within the brain, and the dysregulation in these interactions are known to 

contribute to the pathogenesis of neurodevelopment disorders (Kim et al., 2020). Alterations in 

neuron-glia interactions could contribute to the developmental impairments seen in CCDS.  
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CHAPTER 4 GAMT IN OLIGODENDROCYTE DEVELOPMENT 

Introduction 

 Oligodendrocytes are the glia cells of the CNS involved in generating the myelin sheath, 

which increases neuronal signaling and supplies trophic support from oligodendrocytes to the 

underlying axon. Oligodendrocytes are derived from oligodendrocyte precursor cells (OPCs), 

which form from the embryonic neural tube. OPCs proliferate and migrate throughout the CNS 

during development and remain abundant in the brain into adulthood (Bergles and Richardson, 

2016). There are three main waves of OPC proliferation in the developing rodent brain: one wave 

from the medial ganglionic eminence at embryonic day (E) 12.5, one from the lateral ganglionic 

eminence starting at E15, and a dorsal wave from the cortex starting at birth (Richardson et al., 

2006). These OPCs begin to differentiation into oligodendrocytes in a caudal to rostral manner 

throughout the brain. OPCs migrate throughout white and gray matter and some differentiate into 

premyelinating oligodendrocytes, before beginning their primary function of myelination and 

trophic support to axons. The formation of premyelinating oligodendrocytes is thought to be 

extremely inefficient with about 20-50 percent of newly formed oligodendrocytes undergoing 

apoptosis (Trapp et al., 1997). There are a variety of stressors and mechanisms by which cells can 

undergo cell death, and in turn, regulate the size and shape of the developing CNS. Therefore, 

strategies to promote survival and integration of newly formed oligodendrocytes may have 

beneficial effects on developmental myelination and remyelination (Hughes and Stockton, 2021). 

As OPCs differentiate into premyelinating oligodendrocyte and mature into a myelinating 

oligodendrocyte, the cells increase in morphological complexity and express specific cell markers 

for each part of the oligodendrocyte lifespan. An overview of the cellular expression of different 

markers used in these experiments is seen below (Fig 4-1). OPCs express NKX2.2, premyelinating 
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oligodendrocytes express BCAS1, and mature oligodendrocytes express CC1 and MBP. Olig2 is 

a pan lineage marker for oligodendrocytes.  

 

 

 

 

Figure 4-1 Schematic illustration of the phases of oligodendrocyte maturation and the relative 

expression of NKX2.2, BCAS1, CC1, MBP and Olig2.  

 

 An interesting subtype of oligodendrocytes are the perineuronal oligodendrocytes located 

in gray matter close to neuronal cell bodies. Perineuronal oligodendrocytes are nonmyelinating 

and serve as metabolic support to neurons. However, many studies show that these cells have the 

capacity to start myelinating axons (Battefeld et al., 2016). Perineuronal oligodendrocytes can be 

labeled with similar markers to other oligodendrocytes but have one unique marker, 

oligodendrocyte transmembrane protein (OTMP) (Bernstein et al., 2019). These cells are thought 

to be involved in glutamate recycling in a similar manner to astrocytes with glutamine synthetase 
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being expressed in both perineuronal oligodendrocytes and astrocytes. There is also evidence that 

perineuronal oligodendrocytes express excitatory amino acid transporters 1 and 2, but this 

expression is debated in the literature (Newcombe et al., 2008, Takasaki et al., 2010). Currently, it 

is unclear how perineuronal oligodendrocytes contribute to healthy CNS function and what impact 

they have on neurological or neurodegenerative disorders.  

 Mature oligodendrocytes require tremendous energy and biosynthetic precursors for 

myelination. Myelin is composed of about 80 percent lipids and a defined set of proteins including 

myelin basic protein (MBP) and proteolipid protein (PLP). Unlike PLP, which is synthesized in 

the endoplasmic reticulum and transported by vesicles to the myelin membrane, MBP is locally 

translated at the axon-oligodendrocyte contact zone (Baron et al., 2015). Oligodendrocytes require 

substantial lipogenesis and protein synthesis as a single oligodendrocyte expands at a rate of 5-50 

X 103 µm2 per day compared to the surface area of its soma (0.3 x 103 µm2) (Chrast et al., 2011). 

This corresponds to production of about 105 myelin proteins per minute (Pfeiffer et al., 1993). 

Intriguingly, mature oligodendrocytes rely heavily on glycolysis for ATP production even in the 

presence of oxygen, as shown in studies with adult rat oligodendrocytes (Funfschilling et al., 2012, 

Rao et al., 2017). Aerobic glycolysis, in which glucose is converted to lactate in the presence of 

oxygen, is also known as the Warburg effect, a hallmark of cancer cells (Warburg, 1956). The shift 

to glycolysis after completion of developmental myelination suggests a strategy in 

oligodendrocytes to reduce energetic metabolism through oxidative phosphorylation in favor of 

glycolysis for myelin maintenance and axonal integrity (Funfschilling et al., 2012). Metabolic 

stress has been shown to cause oligodendrocytes to shift to a predominately glycolytic metabolism 

in favor of survival rather than the maintenance of myelin membranes (Rone et al., 2016). 
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Therefore, metabolites, such as creatine, which support glycolytic metabolism and energy 

production may aid in survival of oligodendrocytes.  

 One of the main enzymes for creatine synthesis, guanidinoacetate methyltransferase 

(GAMT) is highly expressed in mature oligodendrocytes, suggesting that oligodendrocytes have 

the capacity for endogenous creatine synthesis in the CNS (Giusti et al., 2019, Zhang et al., 2014, 

Tachikawa et al., 2018a). Gamt expression begins very late in rodent embryogenesis and is limited 

before birth, but as rodent development progresses, Gamt spatiotemporal expression changes 

drastically (Braissant et al., 2005, Tachikawa et al., 2004). However, cellular expression of Gamt 

also varies drastically within the literature. To track the expression of Gamt and identify the cell 

populations that synthesize creatine endogenously, I developed a transgenic mouse model that 

expresses a green fluorescent protein (GFP) reporter upon the conditional excision of Gamt. This 

mouse line (Gamtfl/fl) contains LoxP sites flanking exons 2-6 of the Gamt gene (Fig 2.1). To delete 

Gamt developmentally and in all tissues, Gamtfl/fl were crossed with a cytomegalovirus cre 

recombinase containing mouse line (Cmv-Cre). Mice with one copy of Gamt (GamtGFP/+) were 

used to track CNS cell populations that synthesize creatine and the mice with homozygous deletion 

(GamtGFP/GFP) were used for Gamt loss-of-function analysis. Immunohistochemistry was 

performed to co-localize GFP expression within CNS cell types in the cortex from postnatal (P) 

day P0 until P60.  

 

 



 38 

Results 

Expression of green fluorescent protein upon excision of Gamt reveals that mature 

oligodendrocytes are the major producers of creatine in the postnatal CNS during active 

myelination. 

 By P14, when large-scale active developmental myelination is occurring (Sturrock, 1980), 

GFP expression appeared to be restricted to distinctive cell populations in the CNS. I found that 

GFP was not expressed in GFAP+ astrocytes (Fig 4-2a), Iba1+ microglia (Fig 4-2b), or NeuN+ 

neurons (Fig 4-2c), but was strongly expressed in Olig2+ oligodendrocyte lineage cells in the 

corpus callosum (Fig 4-2d). To further determine when endogenous creatine synthesis occurs 

during oligodendrocyte lineage cell progression, immunostaining analysis for GFP expression and 

NKX2.2+ OPCs, BCAS1+ premyelinating oligodendrocytes, and CC1+ mature oligodendrocytes 

was performed. I found that GFP was undetectable in OPCs (Fig 4-2e), expressed in few 

premyelinating oligodendrocytes (Fig 4-2f), and abundantly expressed in mature oligodendrocytes 

(Fig 4-2g). Quantification revealed GFP expression in approximately 17% of premyelinating 

oligodendrocytes and 95% of mature oligodendrocytes (Fig 4-2h). The GFP tag is also seen in 

perineuronal oligodendrocytes, suggesting that creatine synthesis is important for this non-

myelinating population of oligodendrocytes. These results suggest that during active myelination, 

endogenous creatine synthesis in the adult CNS occurs exclusively in oligodendrocytes during 

their maturation. 
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Figure 4-2 GFP is restricted to oligodendrocyte lineage cells during active myelination. At P14, during 

active myelination, GFP is not expressed in a) GFAP+ astrocytes, b) Iba1+ microglia/macrophages or c) 

NeuN+ neurons. d) At P14, GFP colocalizes with oligodendrocyte lineage cells (Olig2+). Ishow the GFP is 

not specifically localized within e) NKX2.2+ OPCs, but there is some colocalization within f) BCAS1+ 

premyelinating oligodendrocytes and high colocalization within g) mature CC1+ oligodendrocytes. h) 

Percentage of OPCs, premyelinating and mature oligodendrocytes that express GFP. i) GFP is expressed 

within perineuronal oligodendrocytes in the striatum. All data presented as mean±SEM with n=3 biological 

replicates. Three regions of corpus callosum (1 medial and 2 lateral) analyzed for 3 sections per animal in 

h. Scale bar is 20µm in b,c and 50µm in all other images. 
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Deletion of Gamt leads to reduced mature oligodendrocyte survival and delayed myelination 

 I next determined the impact of Gamt loss-of-function on CNS myelination in GamtGFP/GFP 

mice, and control Gamtfl/fl (WT) mice. I first investigated GAMT protein levels in brain extracts 

of WT and GamtGFP/GFP mice at P21. Western blot analysis showed a complete loss of GAMT 

expression (26 kDa) in GamtGFP/GFP mice compared to control, confirming Gamt deletion in 

GamtGFP/GFP mice (Fig 4-3a). Next, I compared the total number of oligodendrocyte lineage cells 

in the corpus callosum by immunostaining analysis (Fig 4-3b). I observed a significant reduction 

of total Olig2+ oligodendrocyte lineage cell numbers at P14 and a trending decrease at P21 in 

GamtGFP/GFP mice compared to control (Fig 4-3c; top). This reduction was driven by the significant 

decrease in CC1+ mature oligodendrocytes at P14 and P21 (Fig 4-3c; bottom). Moreover, 

immunostaining analysis with NKX2.2 showed no difference in the number of OPCs at P7, P14 

or P21 (Fig 4-3d). These results suggest that endogenous creatine synthesis is not involved in 

maintaining the OPC population in the adult corpus callosum, but is important in regulating mature 

oligodendrocyte levels. However, this reduction in total number of oligodendrocytes was no longer 

significant by P60 (Fig 4-3c), suggesting that developmental myelination eventually catches up to 

controls by adulthood. These animals remain slightly smaller than WT from P0 to P60 but there 

were no significant different in brain weight, suggesting that this trending weight reduction is 

driven by less muscle presence. This similar disruption in body homeostasis was seen in the global 

Gamt KO animal in literature (Schmidt et al., 2004).  
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Figure 4-3 Deletion of Gamt leads to a reduction in mature oligodendrocytes at P14 and P21 a) Visual 

representation of GamtGFP/GFP transgenic mouse (left) and confirmation of removal of GAMT in transgenic 

line via cerebellar western blot (right).  b) Staining of control and GamtGFP/GFP at P14 for total 

oligodendrocytes (Olig2+) and mature oligodendrocytes (CC1+) c) Quantification showing reduced total 

oligodendrocytes at P14 (two-way ANOVA of genotype x age with Sidak’s multiple comparisons; F (1, 

4)=19.77, df=1 for genotype; p=0.01) and reduced mature oligodendrocytes in corpus callosum at P14 and 

P21 (two-way ANOVA with Sidak’s multiple comparisons; F (1, 12)=33.86, df=1, p<0.0001). This 
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reduction is trending and no longer significant by P60 (p=0.07). d) Quantification indicating no difference 

in NKX2.2+ OPC numbers (p=0.1, ns). e) A trending reduction in weight over the first two months of life 

(One-way ANOVA, p=0.057). All data presented as mean±SEM with n=3 biological replicates. Three 

regions of corpus callosum (1 medial and 2 lateral) analyzed for 3 sections per animal in c,d. Scale bar is 

50µm in b.  

 

 Next, I investigated whether the lack of Gamt expression in mice affects myelination using 

immunostaining analysis for myelin basic protein (MBP). I found a significant decrease in MBP 

coverage in the corpus callosum at P21 (Fig 4-4a,b). Moreover, I performed western blot analysis 

for myelin oligodendrocyte glycoprotein (MOG) expression in cerebellar extract of GamtGFP/GFP 

and WT mice at P21, and found that GamtGFP/GFP mice exhibited reduced MOG expression 

compared to control (Fig 4-4c,d). These results suggest that endogenous creatine synthesis through 

Gamt expression is required to maintain sufficient oligodendrocyte numbers and timely 

myelination in the corpus callosum. 
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Figure 4-4 Deletion of Gamt leads to reduced myelination at P21. a) Myelin basic protein (MBP) 

staining coverage is reduced in GamtGFP/GFP at P21 compared to controls. b) Quantification of reduced MBP 

coverage at P21 (two-tailed t-test; t=4.721, df=4, p=0.009) and c) reduced myelin oligodendrocyte 

glycoprotein in GamtGFP/GFP line at P21 via Western blot. d) Quantification of MOG western blot showing 

reduced protein GamtGFP/GFP line (two-tailed t-test; t=4.494, df=4, p=0.01). All data presented as 

mean±SEM with n=3 biological replicates. Three regions of corpus callosum (1 medial and 2 lateral) 

analyzed for 3 sections per animal in b. Scale bar is 50µm in e. 

 

 To investigate whether the reduction in mature oligodendrocytes was driven by decreased 

proliferation or increased cell death, immunohistochemistry was performed at P14 and P21. First, 

I conducted a TUNEL assay for apoptosis, and observed increased TUNEL staining in the corpus 

callosum in GamtGFP/GFP compared to control at P14 and P21 (Fig 4-5a,b). TUNEL stains for 

damaged DNA in late stages of apoptosis. Moreover, I observed that most of the dying cells were 

Olig2+ oligodendrocyte lineage cells (Fig 4-5c). Interestingly, I found that the TUNEL positive 
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cells did not colocalize with markers of OPCs or mature oligodendrocytes in the GamtGFP/GFP mice, 

but appeared to colocalize with BCAS1 (Fard et al., 2017), suggesting that premyelinating 

oligodendrocytes undergoes cell death in the absence of creatine (Fig 4-5d,e). Next, I stained for 

Ki67 to examine the effect of Gamt loss of function on cell proliferation, and found no difference 

in proliferation in the corpus callosum between GamtGFP/GFP and control mice at P14 or P21 (Fig 

4-5f). Since myelination depends on lipogenesis, I also examined the expression of fatty acid 

synthase (FASN) in the corpus callosum (Dimas et al., 2017). I observed complete colocalization 

between FASN and mature oligodendrocyte marker, CC1, and unsurprisingly, decreased FASN 

expression in our GamtGFP/GFP model compared to WT, suggesting reduced oligodendrocyte 

lipogenesis in the corpus callosum (Fig 4-5g,h). These results suggest that endogenously 

synthesized creatine may be necessary to provide the energy necessary to promote the transition 

of premyelinating oligodendrocytes to mature oligodendrocytes, and that premyelinating 

oligodendrocytes are vulnerable to apoptosis in the absence of endogenously synthesized creatine. 
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Figure 4-5 Deletion of Gamt leads to increased cell death of premyelinating oligodendrocytes and no 

difference in proliferation in corpus callosum. a) Images of TUNEL staining showing increased cell 

death in the GamtGFP/GFP animals at P14 and P21 in corpus callosum. b) Quantification of increased TUNEL 

positive oligodendrocytes (two-way ANOVA with Sidak’s multiple comparisons; F(1, 10)=15.18, df=1, 

p=0.003). c) Quantification at P21, showing increased cell death of oligodendrocyte lineage cells (two-

tailed t-test; t=7.28, df=4, p=0.002). d) Images showing increased cell death in BCAS1+ premyelinating 

oligodendrocytes with e) Insets showing colocalization of TUNEL in premyelinating oligodendrocytes at 

P14. f) No difference in proliferation at P14 and P21 in corpus callosum (two-way ANOVA with Sidak’s 

multiple comparisons; F(1, 8)=0.06, p=0.8134, ns). g) Images of fatty acid synthase (FASN) expression in 

mature oligodendrocytes. h) Significant reduction in FASN GamtGFP/GFP animals at P21 (two-tailed t-test; 

t=5.88, df=4, p=0.0042). All data presented as mean±SEM with n=3-4 biological replicates. Three regions 

of corpus callosum (1 medial and 2 lateral) analyzed for 3 sections per animal in b,c,f,h. Scale bar is 20µm 

in a, 50µm in d and 5µm in insets. 

 

 When observing GFP expression in GamtGFP/+, I noticed that the GFP brightness in mature 

oligodendrocytes decreased over age (Fig 4-6). This could suggest that Gamt in highly expressed 
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during myelin formation to promote survival and maturation of premyelinating oligodendrocytes 

but less important for the later maintenance of myelination.  

 

 

 

 

Figure 4-6 Reduced GFP brightness over developmental age. Images taken from GamtGFP/+ animals at 

same exposure. Scale bar is 20um.  

	
Conclusions and discussion 

 This study focuses on oligodendrocytes since I and others have shown that Gamt 

expression starting in the two-week-old rodent brain is high within the mature oligodendrocyte 

(Tachikawa 2004). Due to large energy demands required for developmental myelination, I 

hypothesized that endogenous creatine synthesis may support this process. I showed a reduction 

in mature oligodendrocytes due to increased cell death and delay in myelination without creatine 

synthesis. Interestingly, Gamt is not expressed in OPCs and only a small portion of premyelinating 

oligodendrocytes, which are terminally differentiated but have not yet formed mature myelin 

sheaths, so I suggest that creatine is not important for the population of OPCs in the brain. The 

data showing creatine synthesis begins in the premyelinating oligodendrocyte suggests that 

creatine synthesis may be important for survival and integration of the premyelinating 

oligodendrocyte (Hughes and Stockton, 2021). However, the marker BCAS1 stains immature 

oligodendrocytes, including the branching cell processes, making it difficult to confirm that our 

animal model had increased cell death within premyelinating oligodendrocytes (Fard et al., 2017). 

Further investigations into the cell biology of the premyelinating oligodendrocytes and new 
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markers for these immature cells will help confirm whether creatine is important for the survival 

and integration into mature oligodendrocytes in the CNS.   

 Our GamtGFP/GFP knockout model shows significant reductions in mature oligodendrocytes 

and myelin proteins at P14 and P21 which catches up to controls by young adulthood (P60). The 

healthy CNS depends on strict critical windows of development where alterations in these sensitive 

periods can have long lasting impacts on brain function (Marín, 2016). Although this myelination 

delay in rodents catches up by early adulthood, humans with untreated CCDS display long term 

developmental delays and intellectual disability. The lack of any overt behavioral perturbations in 

our mouse model and in other CCDS animal models highlights the important difference between 

neocortical development in humans and rodents. Although rodents are commonly used in research 

relating to white matter development and injury, they develop only about 14 percent the volume 

of white matter as humans (Zhang and Sejnowski, 2000). Human-specific aspects of brain 

development such as cortical expansion and increased complexity help to carry out higher-order 

functions and impairments to these higher-order functions lead to intellectual disability (Zhao and 

Bhattacharyya, 2018).  

 The observation that the GFP decreases brightness over development suggests that creatine 

synthesis may be important for oligodendrocyte maturation and myelination and less essential for 

the long-term maintenance of the myelin sheaths. However, the GFP did not completely disappear 

even at the latest adult time points studied (P360), suggesting that the ability for creatine synthesis 

remains into adulthood. This data makes me curious whether Gamt is upregulated in activities 

known to induce oligodendrogenesis such as the complex wheel task (McKenzie et al., 2014). If 

creatine synthesis is important for the survival and integration of the premyelinating 
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oligodendrocyte, I would hypothesize that Gamt is upregulated in the motor cortex when rodents 

are learning a new motor skill.   

 These results suggest that timely oligodendrocyte development and myelination may be 

impaired and contribute to the pathophysiology of CCDS. Since creatine support oligodendrocytes, 

improving bioenergetics of oligodendrocytes with creatine may aid in protecting immature 

premyelinating oligodendrocytes from cell death and has the potential to enhance myelination in 

leukodystrophies and multiple sclerosis (MS). 
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CHAPTER 5  IMPACT OF CREATINE DEFICIENCY ON BRAIN ENERGETICS  

Introduction 

	 Defects in oligodendrocytes have long-term effects on health and energetics of neurons 

since oligodendrocytes provide metabolic support in addition to increasing axonal conduction 

velocity (Funfschilling et al., 2012, Lee et al., 2012). Since creatine plays an important role in 

buffering ATP and low levels of ATP leads to activation and phosphorylation of AMP-kinase 

(AMPK), lack of creatine could activate AMPK. AMPK is an evolutionarily conserved, 

heterotrimer protein that monitors cellular energy levels. It is composed of a catalytic a-subunit 

and regulatory b- and g-subunits (Hardie et al., 2012). During times of low energy, AMP or ADP 

can bind the regulatory g-subunit of AMPK, which primes it for phosphorylation (activation). 

Upstream kinases such as liver kinase B1 (LKB1) and Ca(2+)/calmodulin-dependent protein 

kinase kinase beta (CaMKKb) phosphorylate the catalytic a-subunit at Threonine 172 (Woods et 

al., 2005). AMPK is activated by increases in cellular AMP, ADP or calcium and switches on 

catabolic pathways that make ATP and downregulate anabolic pathways that consume ATP 

(Hardie et al., 2012). Since creatine supports ATP production, I hypothesized that our animals 

lacking Gamt may have increased activation of AMPK.  

 AMPK is also thought to interact with brain creatine kinase (B-CK) during energy stress 

to stimulate ATP generation. The CK system reacts to acute energy changes but AMPK activation 

is associated with more long-term adaptations. An in vitro screen showed that AMPK directly 

phosphorylates B-CK at Serine 6 in rodent astrocyte cultures and causes translocation of B-CK to 

the ER membrane (Ramírez Ríos et al., 2014). There are still many unanswered questions about 

whether AMPK alters B-CK enzymatic activity, but this study gives direct evidence that AMPK 

interacts with B-CK. Changes in B-CK levels or energy levels have been implicated in a variety 
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of neurodegenerative diseases including Alzheimer’s disease (AD), Huntington’s disease (HD) 

and ALS. There is evidence that B-CK is significantly oxidized and inactivated in AD patients and 

mouse models of AD (Bürklen et al., 2006). Mouse models of HD display 60 percent reduction in 

CK activity in brain homogenates (Zhang et al., 2011). B-CK is highly expressed in the adult brain 

and localized mainly to astrocytes and inhibitory neurons (Tachikawa et al., 2004). Some have 

suggested that astrocytes and oligodendrocytes express B-CK early in development but as neurons 

mature, the expression of B-CK increases (Shen et al., 2002). Therefore, I decided to investigate 

whether our animal model has changes in B-CK levels in the adult brain compared to wild-type.  

 Interestingly, maximal expression of B-CK in the cerebellum coincided with maximum 

myelin basic protein expression (Shen et al., 2002). B-CK is usually found within the cytoplasm 

of cells but can also be localized to the plasma membrane and possibly coupled to the Na+/K+ 

ATPase pump (Shen et al., 2002). However, cells in the brain express two CK isoenzymes, one 

within the mitochondria and one in the cytosol, suggesting that each fulfills different roles in the 

cell. The mitochondrial CK (MtCK), shows impairment in activity in cardiac function but there is 

no evidence of impairment of MtCK in the brain (Schlattner et al., 2006). Therefore, I will focus 

on B-CK in adult neurons as evidence of any changes in neuronal energetics.  

 

Results 

Gamt loss-of-function leads to altered energetics and reduced brain creatine kinase (B-CK) in 

neurons in the cortex of adult mice. 

	 I examined AMPK signaling in whole mouse cerebellum by western blot analysis at P21 

(Fig 5-1a). I found that the GamtGFP/GFP mice displayed decreased total AMPK protein expression 

(Fig 5-1b), and increased phospho-AMPK (p-AMPK) expression compared to control (Fig 5-1c), 
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suggesting a potential global shift in brain bioenergetics and metabolism in the absence of 

endogenously synthesized creatine. 

 

	

 

 

 

 

 

 

Figure 5-1 Removal of Gamt leads to activated AMPK signaling in the brain. a) Western blot of 

cerebellar lysates showing widespread increased activation of AMPK signaling. b) Quantification of 

western blot showing decreased total AMPK protein (two-tailed t-test; t=2.884, df=4, p=0.045). c) 

Quantification showing increased phosphorylation of AMPK (two-tailed t-test; t=6.084, df=4, p=0.0037). 

All data presented as mean±SEM with n=3 biological replicates.  

	

	 Since oligodendrocytes are the main cells expressing Gamt starting at two weeks of age, I 

next asked if the loss of endogenously synthesized creatine affects bioenergetics in cortical neurons 

in the adult CNS. To determine if the loss of GAMT affects B-CK expression in neurons, 

immunostaining analysis of GamtGFP/GFP and control mice at P60 was performed (Fig 5-2a). I 

found a significant decrease of B-CK expression in NeuN+ neurons in the motor cortex of 

GamtGFP/GFP mice compared to control (Fig 5-2b). However, no difference in overall number of 
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neurons in the cortex was observed (Fig 5-2c). Since B-CK has been shown to be localized mainly 

in inhibitory neurons, I also determined if loss of cerebral creatine affected GAD67+ inhibitory 

neuron numbers in mice. However, I found no difference in the total number of inhibitory neurons 

between GamtGFP/GFP and control mice (Fig 5-2d). These results suggest that the lack of cerebral 

creatine resulted in long term changes in cellular metabolism and bioenergetics, which may lead 

to neuronal dysregulation in the adult CNS. 

 
 

	
 

 

 

Figure 5-2 Removal of Gamt leads to reduced brain creatine kinase (B-CK) in cortical neurons in 

cortex of young adult mice (P60). a) Images of B-CK in neurons in the motor cortex at P60 in controls 

and GamtGFP/GFP. b) Quantification showing reduced B-CK in neurons in the motor cortex at P60 (two-

tailed t-test; t=4.912, df=4, p=0.008). c) No change in overall number of neurons in the motor cortex 

(p=0.16, ns). d) No changes in inhibitory neurons in the motor cortex at P60 (p=0.695, ns). All data 

presented as mean±SEM with n=3 biological replicates. Two regions of cortex analyzed for 3 sections per 

animal in b-d. Scale bar is 50µm in d.  
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Conclusions and discussion 

	 I found widespread activation of AMPK signaling in mice lacking Gamt expression. Short 

term activation of AMPK has been shown to protect oligodendrocytes and neurons from cell death, 

yet long term activation under creatine deficiency may cause a metabolic shift in the CNS leading 

to prolonged activation of catabolic pathways (Paintlia et al., 2013, Hardie et al., 2012). This 

activation AMPK goes along well with the data in chapter 4 showing a reduction in fatty acid 

synthase in the corpus callosum of the GamtGFP/GFP model. Pathways that promote lipogenesis and 

protein synthesis are known to be downregulated upon AMPK activation (Hardie et al., 2012). 

However, I was only able to look at whole cerebellum by western blot analysis and was unable to 

use the antibody to co-localize which specific cell types are undergoing phosphorylation of 

AMPK. Since AMPK is all cell types, separating oligodendrocytes using magnetic activated cell 

sorting would clarify whether oligodendrocytes are the cells exhibiting increased activation of 

AMPK. Phosphorylated AMPK is known to phosphorylate acetyl-CoA carboxylase (ACC) 1 to 

inhibit fatty acid synthesis and promote fatty acid oxidation (Galic et al., 2018). Therefore, if 

oligodendrocytes are isolated, I would be able to explore whether this pathway is being altered in 

oligodendrocytes when Gamt is removed.  

 The data also show a shift in neuronal bioenergetics in mice lacking Gamt expression, in 

which neurons in the adult CNS exhibited decreased expression of brain creatine kinase at P60. 

This change in neuronal bioenergetics was also suggested in chapter 3 with our MRS results in 8-

week-old young adult mice. There is evidence of dysregulation of neuron-glia interactions with 

increased N-acetylaspartate concentrations and changes in glutamatergic signaling by increased 

glutamate/glutamine levels. Synaptically released glutamate is mainly taken up by astrocytes and 

requires 1.33 ATP molecules to recycle glutamate (Attwell and Laughlin, 2001). Therefore, 
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reducing ATP replenishment without creatine could lead to wide-spread changes in glutamatergic 

signaling and glutamate cycling.  

 It remains to be determined whether the dysregulation in neuronal bioenergetics is due to: 

a) reduced supply of creatine from oligodendrocytes, b) decreased number of oligodendrocytes 

during development, c) less metabolically healthy oligodendrocytes, or d) an unknown role of 

Gamt expression in neural stem cell differentiation or function early in development. In chapter 7 

I will explore early postnatal expression (< P14) of Gamt in neural stem cells and expression of 

Gamt in neuronal precursors in the cerebellum. Although I showed that Gamt is uniquely expressed 

in mature oligodendrocytes starting at P14, it also remains to be confirmed whether 

oligodendrocyte-derived creatine can be distributed to other cell types in the brain. 
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CHAPTER 6 GAMT AND EXOGENOUS CREATINE IN DEMYELINATING INJURY 

Introduction 

	 There are many human disorders that affect myelin in the CNS, which ranges from rare 

genetic disorders to the most common demyelinating disease, multiple sclerosis (MS). There are a 

variety of ways to damage the myelin sheath or oligodendrocytes. The myelin sheath can have 

direct damage or be indirectly changed by a genetic disorder or oligodendrocytes can be affected 

through inflammation or toxins. Since most oligodendrocytes myelinate between 20 to 60 different 

axons (Simons and Trajkovic, 2006), small changes in oligodendrocyte numbers during 

development can have large effects on developmental myelination. During peak development, 

oligodendrocytes expand their membrane by 5000 µm2 per day (Pfeiffer et al., 1993). Small 

changes in oligodendrocyte bioenergetics could prolong this critical time window for 

developmental myelination and lead to impairments in remyelination.  

 The most commonly acquired demyelinating disease, MS, is the most prevalent debilitating 

disease in young adults (Compston and Coles, 2008). About 85 percent of patients develop the 

relapsing-remitting form of MS with the other 15 percent acquiring the primary progressive form 

in which there is no remission (Compston and Coles, 2008). Patients have lesions that fall within 

four main subtypes that are characterized with autopsy. Type I and II lesions display demyelination 

around vasculature without oligodendrocyte loss while type II also display IgG deposition and 

complement activation. By type III and IV, there is widespread demyelination, loss of 

oligodendrocytes and inflammation (Lucchinetti et al., 2000).  Although MS was first described 

in 1838, the cause of the disease remains unknown (Duncan and Radcliff, 2016). However, there 

are a variety of animal models to study different aspects of the disease.   
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 Experimental autoimmune encelphalomyelitis (EAE) is the most common model for 

studying MS. This model generates an immune response to myelin and oligodendrocytes by 

immunizing animals with myelin proteins or defined peptides. Although this is the most commonly 

studied model, it does not recapitulate MS. In fact, EAE only generates lesions within the spinal 

cord and does not typically affect the brain (Duncan and Radcliff, 2016). The primary hallmarks 

of EAE are inflammation and axonal degeneration but EAE is not a great model for investigating 

remyelination.  

 There are a variety of chemicals that damage oligodendrocytes and myelin and can be 

utilized to study the demyelination and remyelination processes. In this dissertation, I used both 

focal demyelination with lysolecithin and oral administration of cuprizone. Lysolecithin is injected 

into spinal cord or brain to create focal regions of myelin loss. Lysolecithin acts directly on the 

myelin sheath and works as a detergent to disrupt the myelin membrane almost immediately. This 

myelin debris is phagocytosed after the initial insult. About 5 days post lesion (dpl), OPCs begin 

to migrate and proliferate within the lesion. By 10 dpl, these OPCs have differentiated into mature 

oligodendrocytes and by 20 dpl there is widespread remyelination of the lesion. This is a highly 

tractable model for studying the remyelination process.  

 Cuprizone (bis-cyclohexanone oxaldihydrazone) is a copper chelating agent commonly 

added to chow to cause oligodendrocyte cell death and subsequent demyelination (Torkildsen et 

al., 2008a). Cuprizone likely causes oligodendrocyte cell death by inhibiting the copper-dependent 

mitochondrial enzymes, cytochrome oxidase and monoamine oxidase. Oligodendrocyte are highly 

vulnerable CNS cells and this disturbance in energy metabolism is thought to lead to apoptosis. 

However, it remains unclear why cuprizone specifically affects oligodendrocytes and one study 

shows that cuprizone toxicity cannot be mediated by treating with copper (Carlton, 1967). 
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Cuprizone leads to demyelination with microglia/macrophage response but unlike EAE and MS, 

the blood brain barrier remains intact (Torkildsen et al., 2008a). Each of these models help to 

recapitulate different aspects of MS.  

 In this chapter, I investigated whether oligodendrocyte-derived creatine is important for 

remyelination and whether supplementation with dietary creatine can enhance the remyelination 

process in wild-type animals. To investigate if Gamt expression in oligodendrocytes is required 

for remyelination, I conditionally deleted Gamt in adult oligodendrocyte lineage cells prior to 

experimental demyelination. To do this, I crossed our Gamtfl/fl line with the tamoxifen inducible 

PDGFRɑ-CreERT mouse line, and generated an oligodendrocyte specific Gamt inducible KO (iKO) 

mouse line, PDGFRɑ-CreERT;Gamtfl/fl. For Gamt deletion in oligodendrocyte lineage cells, 

tamoxifen was injected intraperitoneally into mice at 10-11 weeks old for four consecutive days, 

and focal experimental demyelination was then performed by lysolecithin injection into the mouse 

spinal cord ventral white matter. Sibling tamoxifen-injected Gamtfl/fl mice without PDGFRɑ-

CreERT expression were used as controls. 

 To investigate whether dietary creatine can limit demyelination and enhance remyelination, 

I used the cuprizone toxic demyelination method mentioned above. In addition to looking at 2 

percent creatine, which is similar to the human loading dose used in exercise studies, I also looked 

at cyclocreatine which is a planar analog of creatine that passes into cells without the use of the 

creatine transporter. Cyclocreatine has shown promising results in lessening the behavioral deficits 

in mouse models of creatine transporter deficiency (Cacciante et al., 2020). In this study, I looked 

at a lower dose of cyclocreatine because some cancer studies show liver toxicity in diets higher 

than 0.5% cyclocreatine (Kristensen et al., 1999). The use of cuprizone for this study allows us to 
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alter dietary creatine and observe how that impacts demyelination and remyelination in the corpus 

callosum.  

 

Results 

Conditional deletion of Gamt from oligodendrocyte lineage cells leads to reduced 

oligodendrocytes and inefficient remyelination after demyelinating injury. 

 I first designed the experiment to remove oligodendrocyte derived Gamt expression using 

the PDGFRɑ-CreERT.  I bred animals to get an oligodendrocyte specific Gamt inducible KO (iKO) 

mouse line, PDGFRɑ-CreERT;Gamtfl/fl. Four days of tamoxifen injections were done the week 

before lysolecithin injection in mouse ventral spinal cord. Animals were collected and lesions were 

analyzed at 5 dpl, 10 dpl and 20 dpl (Fig 6-1).  

 

 

  

 

Figure 6-1 Diagram of transgenic mouse model showing removal of Gamt from oligodendrocyte 

lineage cells after four days of intraperitoneal tamoxifen injections. Lysolecithin injection was done 

into ventral white matter of the spinal cord and animals collected at 5, 10 and 20 dpl.  

  

 As a proxy for Gamt deletion, I examined the expression of GFP in the lesioned spinal cord 

of PDGFRɑ-CreERT;Gamtfl/fl iKO and control mice. At 5 days post lesion (dpl), when OPCs are 

expected to migrate and proliferate into lesions, I did not observe any GFP expression in or outside 
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of the lesions of PDGFRɑ-CreERT;Gamtfl/fl iKO or control mice (Fig 6-2a), suggesting that Gamt 

is not expressed in the early stage of remyelination. The lack of GFP expression also suggested 

that no mature oligodendrocytes that survived the lesion expressed GFP. However, at 10 dpl, when 

OPCs are expected to have differentiated into oligodendrocytes, I found that GFP was  expressed 

only in CC1+ oligodendrocytes in lesions and barely detectable outside of lesions (Fig 6-2b). 

Quantification of GFP-labeled oligodendrocytes showed approximately 79% of mature 

oligodendrocytes expressed GFP in lesions (Fig 6-2c), suggesting that GFP+ oligodendrocytes 

were derived from OPCs that migrated into the lesion during remyelination. These results 

demonstrate that the inducible GFP tagging approach using the PDGFRɑ-CreERT;Gamtfl/fl line 

allows the identification of Gamt deleted oligodendrocyte lineage cells after demyelinating injury 

and the tracking of newly regenerated oligodendrocytes in lesions.  

	
	
	
	
	
	
	
	
	

	

	
Figure 6-2 GFP is labeling newly regenerated mature oligodendrocytes since the lesion a) No GFP 

expression at 5 days post lesion (dpl). b) At 10 dpl, GFP only localizes within CC1+ mature 

oligodendrocytes within lesions. c) Quantification showing GFP co-localization in 79 percent of mature 
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oligodendrocytes in the lesion at 10 dpl. Three sections of lesion per animal were analyzed in c. All data 

presented as mean±SEM with n=3 biological replicates. Scale bar is 50µm in a,b.  

	
	 Another experiment was conducted to investigate whether creatine administration into 

demyelinating lesions increased regeneration of mature oligodendrocytes using 4 days of 5-

ethynyl-2′-deoxyuridine (EdU) administration (Fig 6-3a). EdU is a stable thymidine analog that 

incorporates into newly synthesized DNA. Preliminary data using immunohistochemistry shows 

that treating a WT animal with creatine directly into the lesion leads to increased EdU+ cells at 10 

dpl, suggesting that creatine treatment increases regenerated mature oligodendrocytes (Fig 6-3b,c).  

	

	

	
	 	

	 	

	

Figure 6-3 Wild-type demyelinating lesions treated directly with one percent creatine monohydrate 

leads to increased regenerated oligodendrocytes (CC1+ EdU+) at 10 dpl. a) Diagram of the EdU 

injections for two days after the lysolecithin lesion in ventral white matter. b) Images showing increased 

regenerated mature oligodendrocytes in the WT treated with creatine. c) Quantification showing 
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significantly increased regenerated mature oligodendrocytes in lesions treated with creatine over those with 

PBS. Three sections of lesion per animal were analyzed in c. All data presented as mean±SEM with n=3 

biological replicates. Scale bar is 50µm in b.  

	

 To determine if tamoxifen induced Gamt deletion in oligodendrocyte lineage cells affected 

oligodendrocyte lineage cell progression in lesions, immunostaining analysis for oligodendrocyte 

lineage cell markers was performed. I detected a significant reduction of Olig2+ oligodendrocyte 

lineage cells and CC1+ oligodendrocytes in lesions in the PDGFRɑ-CreERT;Gamtfl/fl iKO compared 

to control at 10 dpl (Fig 6-4a-c). Moreover, MBP coverage in the lesion, which is an indicator of 

remyelination, was significantly reduced at 20 dpl (Fig 6-4d,e). These results suggest that creatine 

synthesis in oligodendrocytes is necessary for efficient oligodendrocyte maturation and 

remyelination.  
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Figure 6-4 Deletion of Gamt from oligodendrocyte lineage cells leads to a reduction in mature 

oligodendrocytes after demyelinating injury at 10 days post lesion (dpl) and reduced myelin coverage 

at 20 dpl. a) Images of total oligodendrocytes in the lesion. b) Quantification showing reduced 

oligodendrocytes in the 10 dpl lesion of oligodendrocyte Gamt iKO animals (two-way ANOVA with 

Tukey’s multiple comparisons; F(1, 8)=13.76, df=1, p=0.006). c) Quantification of significant reduction in 

mature oligodendrocytes at 10 dpl (two-way ANOVA with Tukey’s multiple comparisons; F(1, 8)=0.0016, 

df=1, p=0.0016). d) Images of reduced myelin basic protein (MBP) staining at 20 dpl. e) Quantification of 

reduced (MBP) coverage at 20 dpl (two-tailed t-test; t=3.449, df=4, p=0.026). All data presented as 

mean±SEM with n=3 biological replicates. Three sections of lesion per animal were analyzed in b,c,e. Scale 

bar is 50µm in a,d. 
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Creatine or cyclocreatine supplemented recovery diet leads to increased mature oligodendrocytes 

and enhanced remyelination after cuprizone-mediated demyelination.  

 To determine if dietary creatine protects oligodendrocytes in wild-type mice from 

demyelination, I performed cuprizone-induced demyelination in mice under either creatine 

deficient or standard rodent diet. Mice were fed 0.2 percent cuprizone in either creatine deficient 

diet or standard diet for 5 weeks before analysis (Fig 6-4a). I found that mice eating the creatine 

deficient cuprizone diet displayed a significant reduction in Olig2+ oligodendrocyte lineage cells 

and CC1+ oligodendrocytes in the corpus callosum after five weeks of cuprizone (Fig 6-4b-d). 

Moreover, I observed a significant reduction in NKX2.2+ OPCs (Fig 6-4e,f). These data suggest 

that the absence of dietary creatine resulted in a greater loss of the entire oligodendrocyte lineage 

after cuprizone intoxication. However, since oligodendrocytes in the mice used in this experiment 

express Gamt, and therefore are expected to produce creatine endogenously, it is possible that 

dietary creatine may be necessary to rapidly replenish cerebral creatine pools to lessen the effects 

of systemic cuprizone toxicity.  
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Figure 6-5 Creatine deficiency during cuprizone insult leads to significantly fewer mature 

oligodendrocytes and oligodendrocyte precursor cells (OPC) compared to normal diet cuprizone. a) 

Diagram of cuprizone experiment and groups. b) Images of Olig2+CC1+ mature oligodendrocytes in the 

corpus callosum after five weeks of creatine deficient cuprizone compared to normal diet cuprizone. c) 

Quantification of reduced total oligodendrocytes after five weeks of creatine deficient cuprizone (two-tailed 

t-test, t=7.717, df=6, p=0.0002). d) Quantification of reduced Olig2+CC1+ mature oligodendrocytes (two-

tailed t-test; t=11.38, df=6, p<0.0001). e) Images of Olig2+NKX2.2+ OPC reduction in corpus callosum in 

the creatine deficient cuprizone diet group. f) Quantification of reduced OPC numbers in corpus callosum 

(two-tailed t-test; t=3.819, df=6, p=0.009). All data presented as mean±SEM with n=4 biological replicates. 
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Three regions of corpus callosum (1 medial and 2 lateral) analyzed for 3 sections per animal in c,d,f. Scale 

bar is 50µm in b,e. 

 

	 To determine if introduction of creatine to rodent diets can enhance remyelination, 

cuprizone demyelination was performed on wildtype mice under creatine deficient diet for 5 

weeks, followed by removal of cuprizone and introduction of diet containing 2% creatine or 0.1% 

cyclocreatine, a planar creatine analog with greater brain penetrance, for 2 weeks (recovery period; 

Fig 6-5a). Control mice were fed a creatine deficient diet throughout the experiment. I found that 

both creatine and cyclocreatine fed mice displayed increased Olig2+CC1+ oligodendrocytes (Fig 

6-6a,b), and significantly greater fluoromyelin staining (Fig 6-6c,d) in the corpus callosum 

compared to control after two weeks of recovery diet. Electron microscopy analysis of 

representative animals revealed that creatine and cyclocreatine diets led to more remyelinated 

axons compared to control, and displayed lower g-ratios (Fig 6-7a-c). These results suggest that 

dietary creatine significantly enhances CNS remyelination. However, EM processing and analysis 

are continuing to increase the current n of 1.  
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Figure 6-6 Creatine and cyclocreatine supplemented recovery diets lead to increased number of 

mature oligodendrocytes and enhanced fluoromyelin staining. a) Images of Olig2+CC1+ mature 

oligodendrocytes in corpus callosum after two weeks of recovery diet (crt def, 2% creatine and 0.1% 

cyclocreatine) b) Increased mature oligodendrocytes with 0.1% cyclocreatine and a trending increase with 

2% creatine (one-way ANOVA with Sidak’s multiple comparisons; F(3, 10)=29.58, df=13, p<0.0001) 

compared to creatine deficient recovery diet. c) Images of fluoromyelin in corpus callosum after various 

recovery diets. d) Increased fluoromyelin intensity in creatine and cyclocreatine groups (one-way ANOVA 

with Dunnett’s multiple comparisons; F(3, 11)=4.279, df=14, p=0.03). All data presented as mean±SEM 

with n=3-4 biological replicates in a-d. Three regions of corpus callosum (1 medial and 2 lateral) analyzed 

for 3 sections per animal in b,d. Scale bar is 100µm in a,c.  
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Figure 6-7 Creatine and cyclocreatine supplemented recovery diets lead to enhanced remyelination 

via electron microscopy (EM). a) EM images of axons in cross sections of corpus callosum. Magnification 

x 5,000. b) G-ratio trend by axon diameter c) Increased remyelination in creatine and cyclocreatine groups 

by g-ratio analysis (one-way ANOVA with Tukey’s multiple comparisons; F(2, 237)=40.28, df=239, 

p<0.0001). Representative EM analysis in a-c from n=1, 80 axons per animal. Scale bar is 500nm in e.  

 

Conclusions and discussion 

 This study shows that oligodendrocyte synthesized creatine is important for the process of 

remyelination when lysolecithin induced demyelination was performed on tamoxifen injected 
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PDGFRɑ-CreERT;Gamtfl/fl iKO mice. This supports our previous work and confirms that 

oligodendrocytes express Gamt under injury (Chamberlain et al., 2017b). The inducible strategy 

ensured that any long-term effects of the loss of endogenous creatine during development did not 

influence our results in the remyelination experiments. Interestingly, I saw no expression of the 

GFP reporter at 5 dpl and only in mature oligodendrocytes in the lesion at 10 dpl, and thus, 

suggesting that the GFP tagged oligodendrocytes in lesions are newly regenerated 

oligodendrocytes involved in remyelination. The inducible GFP tagging approach may be useful 

for the identification and tracking of newly regenerated oligodendrocytes and could be 

incorporated into other animal models of demyelination or experimental injury. The preliminary 

EdU experiment shows that creatine may help to increase the number of regenerated 

oligodendrocytes during remyelination.  

 Since half of daily creatine level in humans comes from diet, I investigated whether 

creatine is important during demyelination and remyelination using a toxic demyelination 

cuprizone method (Torkildsen et al., 2008b). Here, I used a wild-type mouse to see if dietary 

creatine or cyclocreatine can speed up the rate of remyelination after cuprizone. Interestingly, both 

creatine and cyclocreatine increased the number of oligodendrocytes and improved remyelination 

but there was no significant difference between the two diets. Increasing the cyclocreatine dose or 

limiting the length of recovery diet may allow us to see greater differences between the diets. 

Overall, this experiment suggests that creatine supplementation can limit the extent of 

demyelination and improve the rate of remyelination. 

 These data suggest that both endogenous creatine and creatine supplementation may help 

to limit demyelination and improve remyelination. Since creatine supplementation has been shown 

to be safe and effective in humans for decades, a cheap oral creatine monohydrate may be an 
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exciting prospect for those living with MS. Although previous studies have looked at creatine to 

treat other energy metabolism diseases including Parkinson’s disease, Huntington’s disease, 

Alzheimer’s disease and ALS, MS patients may benefit from a prophylactic treatment with 

creatine. Since creatine helps with survival of premyelinating oligodendrocytes, a creatine 

supplement may protect these important glial cells. MS is a complex and incompletely understood 

disease but is thought to arise due to a combination of genetic predisposition and environmental 

factors. Changing diet is an attractive avenue for altering environmental interaction in MS patients. 

There are many MS researchers exploring dietary factors for limiting CNS inflammation, oxidative 

stress and protecting mitochondrial health (Katz Sand, 2018). However, large-scale clinical trials 

are needed to further this line of research.  
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CHAPTER 7 ROLE OF GAMT IN OTHER CELL TYPES 

Introduction 

 Gamt is highly expressed within skeletal muscle, liver and kidney but also localized within 

the brain. The corpus callosum is the region of highest Gamt expression in the brain based on 

RNA-seq data in the literature (Baker et al., 2021). In humans, GAMT is located on chromosome 

19p13 but in rodents, Gamt is located on chromosome 10. Deficiency in GAMT was the first CCDS 

discovered in a human with profound muscle hypotonia and intellectual disability (Mercimek-

Andrews and Salomons, 1993). This severe developmental disorder suggests that creatine is 

important for brain development and function. In 2001, enzymes for creatine synthesis were 

localized in the brain by the Braissant group (Braissant et al., 2001). Since then, this group as well 

as others have explored with expression of Gamt in the brain with varying results.  

  The literature shows that Gamt expression in the embryonic brain does not begin until late 

in embryogenesis while expression for Slc6a8 begins by E12.5, suggesting that the developing 

embryo likely receives creatine from maternal sources before birth (Braissant et al., 2001). Data 

from literature and observations in our lab show that Gamt may be important in the first few days 

of life since Gamt KO animals have increased neonatal fatality (Schmidt et al., 2004). For decades, 

it has been known that creatine kinases are abundantly used in sperm flagella and inactivating 

creatine kinases leads to disruptions in respiration and sperm motility, showing that the 

phosphocreatine shuttle is important for sperm motility (Tombes and Shapiro, 1985). Creatine 

kinase activity is also high within the growth cone of migrating neurons in vitro, suggesting that 

creatine is important for neuronal migration (Wang et al., 1998). In vitro mixed cell studies also 

show that creatine addition can enhance dendritic and axonal elongation of neurons but only in the 

presence of glia (Braissant et al., 2002). Furthermore, studies suggest that creatine may be released 
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as a neuromodulator in an action-dependent manner (Almeida et al., 2006). These important roles 

of creatine early in neuronal development led me to investigate Gamt expression prior to mature 

oligodendrocyte development.  

 To explore the expression of Gamt during early postnatal development, I focused on the 

subventricular zone and the external granule layer of the cerebellum, which are two regions where 

neurogenesis persists in the postnatal brain. However, cell fate from the subventricular zone is less 

restricted than those from the external granule layer, which only forms mature granule cells. The 

subventricular zone is a complex, multicellular niche where cells divide and migrate through the 

rostral migratory stream to the olfactory bulb where they mature into interneurons. The 

subventricular zone is also an area of gliogenesis in addition to neurogenesis. The subventricular 

zone has migrating neuroblasts (type A), the slowly proliferating type B astrocytes and rapidly 

dividing immature precursors (type C) (Doetsch et al., 1999).   

 The external granule layer of the cerebellum is a secondary germinal layer derived from 

the rhombic lip during development. This region contains the granule precursor cells that will 

proliferate and migrate into the mature internal granule layer. During development of the 

cerebellum, Pax6 is highly expressed within all glutamatergic neurons. The cerebellum is known 

to be involved in motor control and balance but has increasingly been recognized for its role in 

higher cognitive functions. Early on in my study, I wondered whether the deficits in 

oligodendrocytes could lead to the severe mental disability seen in children with CCDS. I now 

hypothesize that the role Gamt plays in neural progenitors may have long-lasting impacts on higher 

cognitive functioning. Intriguingly, the cerebellum is one of the main region of histoanatomic 

abnormality in autism spectrum disorder (ASD) patients. Studies in ASD show functional and 

structural abnormalities in the cerebellum, with post mortem analyses of ASD individuals 
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displaying alterations in cerebellar layering and reductions in the number of Purkinje cells, the 

main cerebellar output cells (Fatemi et al., 2012). Furthermore, the cerebellum has a protracted 

development, which means it undergoes dramatic changes well into adolescence. This protracted 

development makes it particularly susceptible to environmental influences over a large time 

period. Due to my interest in the development of the cerebellum and autism, with the understanding 

that the cerebellum contains large white matter tracts, I decided to investigate Gamt in the 

developing cerebellum in addition to the subventricular zone.  

 

Results  

 Between postnatal day (P) 0 and P7, I observed low, but wide-spread GFP expression in 

neuroblasts/neural stem cells (Fig 7-1a), neurons (Fig 7-1b), oligodendrocytes (Fig 7-1c), and 

astrocytes (Fig 7-1d), in the subventricular zone and the granule precursor cells of external granule 

layer of the cerebellum. These data from our GamtGFP/+ model recapitulated previously published 

Gamt expression data (Tachikawa et al., 2018a). Previous literature suggests that Gamt expression 

early in neural precursors and immature neurons and glia may be important for migration. 

However, the literature also suggests that Gamt in early cortical neuronal populations may be 

important for synaptogenesis and dendritogenesis (Tachikawa et al., 2018b). 
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Figure 7-1 GFP is expressed in mitotic cells and a variety of immature neurons and glia early in 

postnatal development. a) At postnatal (P) day P7, GFP is lightly expressed in Nestin+ cells mainly in 

subventricular zone (SVZ; outlined in white dotted line b-e), b) immature neurons in adjacent striatum, c) 

oligodendrocytes and d) astrocytes mainly in corpus callosum.  

  

 At P14, I investigated proliferation and cell death in the subventricular zone of GamtGFP/GFP 

and WT animals. Preliminary data shows that the animals lacking Gamt had both increased 

proliferation (Fig 7-2a,b) and increased cell death (Fig 7-2c) within the subventricular zone. These 

data show an increased turnover of cells within the proliferative zone and suggest that endogenous 

creatine synthesis may be important for survival within the subventricular zone or migration out 

of this niche. However, it is unclear which cell types are proliferating and dying at this time. Earlier 

time points are needed to further explore the role of Gamt in the subventricular zone.  
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Figure 7-2 Animals lacking Gamt have increased proliferation and cell death in the subventricular 

zone at P14. a) Images of proliferating cells using Ki67 in the subventricular zone. Top shows Ki67 with 

Dapi nuclear staining and below shows the Ki67 channel in red. b) Quantification showing significant 

increase in proliferating cells in GamtGFP/GFP model (two-tailed t-test, t=3.779, df=4, p=0.0195). c) 

Quantification showing significant increase in TUNEL+ dying cells in the subventricular zone (two-tailed 

t-test, t=2.865, df=4, p=0.046). All data presented as mean±SEM with n=3 biological replicates. Two 

regions of subventricular zone analyzed for 3 sections per animal in b,c.  

 

 Next, the expression of Gamt was explored in the cerebellum during postnatal 

development. The GamtGFP/+ animals showed high expression within the granule precursor cells in 

the external granule layer at P7 (Fig 7-3a) and P14 (Fig 7-3b). Interestingly, this GFP was co-

localized within Pax6 cells in the external granule layer but also cells that were beginning to 
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GFP	Olig2	DAPI GFP	CC1	DAPI 

P21 P21 

migrate out of the layer (Fig 7-3b inset). This region was no longer present by P21, when this 

germinal layer disappears and all the immature granule cells have matured and migrated to the 

granule layer. However, at P21, GFP was still expressed within mature CC1+ cells, like the corpus 

callosum and other white matter tracts.  

 

 

 

 

 

 

  

 

 

 

Figure 7-3 GFP is localized within granule precursor cells in the external granule layer of the 

cerebellum in addition to the presence in mature oligodendrocytes. a) Representative images from P7 
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showing co-localization of GFP with Pax6 cells in the external granule layer. b) Representative images also 

showing GFP expression in Pax6 cells at P14. c) GFP is expressed in some oligodendrocytes in white matter 

of the cerebellum at P21. d) GFP is highly expressed in mature oligodendrocytes in white matter of the 

cerebellum at P21.   

 

 Our transgenic mouse gives us a unique opportunity to characterize the expression of Gamt 

throughout development. Non-specific staining may be the reason for the literature suggesting 

Gamt expression in neuronal populations as adults. For instance, when you stain the cerebellum 

using the GAMT antibody from the Tachikawa group (Tachikawa et al., 2004), you see light 

expression within Purkinje cell populations (Fig 7-4, between white dotted lines) which isn’t 

present with our GFP tag (Fig 7-3a,b). This transgenic model will be helpful for those studying 

CCDS but also interested in Gamt in other tissues such as skeletal and cardiac muscle.  

 

Figure 7-4 Likely non-specific staining of GAMT antibody in Purkinje neurons in the developing 

cerebellum in WT animal at P14. There is no GFP within Purkinje cells at P14 in GamtGFP/+ animals.  

 

 To summarize the GFP expression within the developing CNS, the table below gives an 

overview of expression (Table 7-1). In this table, the subventricular zone, corpus callosum and 

GAMT Pax6 GAMT	Pax6 

WM 

EGL 
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cortex are collectively labeled as prefrontal cortex (PFC). Since the cellular expression varies 

slightly between PFC and the cerebellum, they were separated in the chart. The label of n/a means 

that this cell type was not yet present at the time point explored or the staining was not done for 

that cell type. Low expression is defined as below 1500 raw integrated density and high expression 

is above 1500 raw integrated density via ImageJ. The viewer can appreciate that at P14, the PFC 

only exhibits GFP expression within mature oligodendrocytes and cerebellum only expresses GFP 

in mature oligodendrocytes and granule precursor cells (GPC). By P21, GFP is only found within 

mature oligodendrocytes.  

	

Table 7-1	Expression of GFP throughout development separated by prefrontal cortex (PFC) and 

cerebellum. By P14, expression in PFC is limited to mature oligodendrocytes and to mature 

oligodendrocytes and granule precursor cells (GPC) in the cerebellum. By P21, expression is limited to 

only mature oligodendrocytes. 

 

 

 Since Gamt is normally expressed within granule precursor cells, I wondered whether the 

loss of Gamt led to changes in cerebellar layering. Sections of cerebellum from Gamtfl/fl WT and 

+	expression           ++	high	expression       +/-	low	expression 
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GamtGFP/GFP were stained to assess the thickness of each layer. Over the course of early postnatal 

development of the cerebellum, the external granule layer shrinks as the granule precursors mature 

and migrate the granule layer. First, I compared the thickness of the external granule layer and 

observed increased thickness of the external granule layer in the GamtGFP/GFP animals at P14 (Fig 

7-5a,b). Next, I looked at the thickness of the internal granule layer at P21, when the external 

granule layer is no longer present and observed that the internal granule layer was thinner than 

controls (Fig 7-6a,b). There were no significant differences in other inhibitory neurons in the 

molecular layer or Purkinje layer density (Fig 7-6c,d).  

 

 

	

 

Figure 7-5 External granule layer is thicker in the GamtGFP/GFP cerebellum at P14. a) Images showing 

thicker outer layer of the cerebellum in the GamtGFP/GFP compared to control. b) Quantification showing 

significantly increased external granule layer (two-tailed t-test, t=9.689, df=4, p=0.0006). All data presented 

as mean±SEM with n=3 biological replicates. One region of external granule layer (Crus 2) analyzed for 3 

sections per animal in b.  
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Figure 7-6 Internal granule layer is thinner in the GamtGFP/GFP cerebellum compared to controls at 

P21. a) Images showing thinner internal granule layer in transgenic mice compared to controls. b) 

Quantification showing decreased internal granule layer thickness in the mice lacking Gamt (two-tailed t 

test, t=8.267, df=4, p=0.0012). c) No significant differences in Purkinje cell density or in density of stellate 

and basket interneurons were found in the molecular layer. All data presented as mean±SEM with n=3 

biological replicates. One region of cerebellum analyzed for 3 sections per animal in b,c,d. 

 

Conclusions and discussion 

	 Neural stem cells and neuronal precursors are highly mitotic and localized to proliferative 

niches within the developing brain. In the postnatal rodent brain, the main area of neurogenesis is 

limited to the cerebellum, the subventricular zone and the hippocampus (Bressan et al., 2020). 

Neural stem cells have self-renewing properties and are multipotent meaning they can populate 
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the major cell types in the CNS including neurons, astrocytes and oligodendrocytes. Neural 

progenitors are also proliferative but have limited self-renewal capacity and are commonly 

unipotent. Differentiation and neurotrophic factors regulate neural stem cell fate and function (Hsu 

et al., 2007). Embryonic stem cells develop from the inner cell mass of the blastocyst, which gain 

the neural stem cell fate by default. It is unclear what role endogenous creatine synthesis plays in 

neural stem cell function in the subventricular zone. Gamt is expressed in a variety of cell types 

including neural stem cells, neuroblasts, astrocytes and oligodendrocytes in the early 

developmental brain. Literature shows that creatine can enhance neuronal growth cone migration 

in vitro, suggesting that Gamt may play a role in migration. In vitro studies using pups from our 

mouse model could help to elucidate whether endogenous creatine supports migration. It would 

also be interesting to investigate whether our GamtGFP/GFP model has any changes in cortical 

layering in vivo. The data suggesting that the subventricular zone has increase proliferation and 

cell death suggests increased turnover of cells in this proliferative zone.  

 The development of the cerebellum, known as the “little brain”, happens over a protracted 

time making it vulnerable to a wide range of development disorders (ten Donkelaar et al., 2003). 

In rodent, this cerebellar development continues for about 21 days after birth and in humans, the 

development persists for two years (Butts et al., 2014). The cerebellum is a particularly helpful 

model for investigating neurogenesis and circuit assembly. In humans, the cerebellum contains 

more than half of all the neurons in the adult brain (Butts et al., 2014). Preterm damage to the 

developing cerebellum has long term cognitive deficits. Impairments in the cerebellum could be 

adding to CCDS symptoms, especially to the cognitive deficits and autism. However, the Purkinje 

cells in the cerebellum are highly myelinated, which impacts the synaptic transmission to the 

cerebellar nuclei, and any significant reductions in oligodendrocytes in development could impact 
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these myelinated tracts in the cerebellum. Therefore, I will discuss different models to study 

whether creatine synthesis impacts the development and function of the cerebellum.  
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CHAPTER 8 FUTURE DIRECTIONS 

In vitro approaches  

 There are numerous avenues to explore when continuing this project investigating creatine 

in postnatal development and injury. In vitro cultures of our GamtGFP/GFP line would help to clarify 

whether creatine synthesis is particularly important for the survival of the premyelinating 

oligodendrocyte. The marker, BCAS1, stains cell processes making it difficult to quantify 

premyelinating oligodendrocytes and making it hard to ensure that these are the vulnerable 

population undergoing cell death. Co-labeling for GFP and BCAS1 in vivo in the GamtGFP/GFP 

model leads to difficulty due to the staining in the cell processes. Literature estimates that about 

half of premyelinating oligodendrocytes do not survive during development, suggesting that a 

metabolite to improve this survival may be therapeutically relevant. Culturing oligodendrocytes 

from controls and GamtGFP/GFP animals would allow us to look at process extensions and 

understand whether creatine is important for oligodendrocyte maturation. Repeating the 

mechanistic energetics work in vitro would help to see which cells are exhibiting increased AMPK 

phosphorylation. Although the antibody worked well for western blot, the p-AMPK did not clearly 

identify cells well via immunohistochemistry. As mentioned in the bioenergetics chapter, 

phosphorylated AMPK is known to phosphorylate acetyl-CoA carboxylase (ACC) 1 to inhibit fatty 

acid synthesis and promote fatty acid oxidation (Galic et al., 2018). In vitro studies show that p-

AMPK directly interacts with B-CK to sequester cytoplasmic calcium into the endoplasmic 

reticulum (ER). I would be interested in testing whether this pathway is activated in 

oligodendrocytes and leads to increased ER stress priming cells for apoptosis (hypothesis in Fig 

8-1). Some preliminary experiments would investigate whether AMPK is becoming activated in 

oligodendrocytes cultures and whether stress leads to ER-stress-induced programmed cell death. I 
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would isolate OPC cultures from WT and GamtGFP/GFP, differentiate the cells and investigate 

phosphorylation of AMPK either with immunocytochemistry or Western blot. ER-stress-induced 

cell death is mainly mediated by the PERK/eIF2a pathway so I could use similar techniques to 

investigate whether oligodendrocytes from GamtGFP/GFP exhibit increased phosphorylated of eIFa. 

Also, using seahorse analysis in isolated oligodendrocytes would be extremely interesting to 

observe changes in oligodendrocyte bioenergetics. Understanding which cells are exhibiting 

changes in energetics would help to tease apart which cells are vulnerable to the loss of Gamt.   

 

  

 

 

 

 

 

 

 

Figure 8-1 Visual hypothesis of how reduced creatine levels inhibits lipogenesis and could lead to 

increased ER stress and apoptosis.  

 

Behavioral testing 

 To further investigate the validity of using our GamtGFP/GFP to study CCDS, I would 

perform behavioral tests. Previous work in the global Gamt knockout animal were very crude 

(Schmidt et al., 2004) and could be expanded upon due to many new developments in behavioral 
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testing. In particular, little social interaction tests were performed and many new social tasks have 

been refined over the past two decades (Silverman et al., 2010). Understanding whether an Gamt 

knockout animal displays social deficits could be very insightful for studying CCDS since autism 

is a common affliction.  

 

Embryonic time points 

 I would also further the developmental studies in the GamtGFP/GFP animals by examining 

brains from embryonic time points. Neurons develop prior to glia development in the brain, so 

investigating E12.5, E15.5 and E18.5 would give insight into whether the lack of Gamt leads to 

changes in neuronal populations. Much of neurogenesis is limited after birth, with postnatal 

neurogenesis and migration being localized mainly in the cerebellum, subventricular zone and 

hippocampus (Bressan et al., 2020). I examined cortical layering in young adult brains (P21) but 

did not see any overall differences in the neuronal populations. Examining earlier time points will 

help to see whether I have a delay in maturation or migration of neuronal populations like the delay 

in myelination I see later in oligodendrocyte development.  

 

Separating the effects of Gamt in neurons and oligodendrocytes 

 To separate the impact of Gamt in early neural stem cell populations and mature 

oligodendrocytes, I would use a 2',3'-Cyclic-nucleotide 3'-phosphodiesterase (CNPase) cre 

recombinase animal to knockout creatine synthesis from oligodendrocytes without induction with 

tamoxifen. First, I would repeat the magnetic resonance spectroscopy in our GamtGFP/GFP line to 

confirm the patterns I show in our global Gamt KO animal and then use MRS to see whether 

animals missing Gamt specifically from oligodendrocytes (Cnp-cre) have any measurable creatine 
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in the brain. If creatine is undetectable when Gamt is deleted from oligodendrocytes, I can assume 

that oligodendrocytes are the main cells synthesizing creatine in the adult brain. MRS would also 

give data about whether neuronal energetics are impaired without creatine synthesis in 

oligodendrocytes. Observing changes in neuronal bioenergetics in an adult Cnp-cre; Gamtfl/fl 

suggests that the loss of Gamt from oligodendrocytes has widespread effects on energetics in the 

brain. However, this model would still be unable to decipher whether changes in neuronal 

bioenergetics are due to indirect effects of less healthy oligodendrocytes supplying less metabolites 

to neurons or the idea that oligodendrocytes directly supply creatine to neurons. Unfortunately, in 

my data, it is impossible to separate the role of Gamt from neural stem cells and mature 

oligodendrocytes. I would repeat the behavioral studies to ensure than any changes I am observing 

in adult neurons is due to impairments in oligodendrocytes, and not an early impact of the lack of 

Gamt in neural stem cells/ progenitors. In humans, learning new tasks such as juggling or playing 

the piano, leads to new myelination in the prefrontal cortex (Bengtsson et al., 2005). I am also 

interested in whether the Cnp-cre; Gamtfl/fl has any impairments in adaptive myelination using the 

complex wheel task. The complex wheel has a running wheel with varying numbers of rungs 

missing from the wheel which requires oligodendrogenesis and new central myelination 

(McKenzie et al., 2014). It would be interesting to investigate whether creatine synthesis is 

important for remodeling of myelin sheaths and regeneration of new oligodendrocytes. Research 

has shown that learning new tasks alters white matter structure in the brain (McKenzie et al., 2014).  

 

Using Gamtfl/fl to study cerebellar development 

 The cerebellum is fascinating due to the simplistic microcircuitry and its role in higher 

cognitive functioning. Traditionally, the cerebellum was mainly thought of as a structure 
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associated with motor control. However, the cerebellum has recently been shown to underlie social 

circuitry in the brain (Fernández et al., 2019). The cerebellum displays a complex intricate network 

structure made up of Purkinje, granule, basket, stellate and Golgi cells, each with classically 

different morphological features. The Purkinje cells are the inhibitory output cells that synapse on 

the deep cerebellar nuclei and vestibular nuclei neurons of the cerebellum. Granule cells are 

glutamatergic cells and are the smallest and most numerous neurons in the brain. They are 

important for integrating information coming into the cerebellum and modulating the activity of 

Purkinje cells through parallel fibers (Ito, 2006). It is estimated that 50 simultaneously active 

granule cells are needed to activate one Purkinje cell (Ito, 2006). The granule precursor cells 

develop from the rhombic lip and then migrate tangentially to a secondary proliferative zone, the 

external granule layer of the cerebellum. During development in rodents, granule precursor cells 

begin to mature and migrate along Bergmann glia through the molecular layer and mature granule 

cells reside within the internal granule layer. The granule precursor cell highly expresses Gamt in 

the external granule layer and as they begin to migrate internally. Migration requires large amount 

of energy and therefore, I hypothesize that creatine synthesis is important for the migration of 

granule precursor cells to their final location in the internal granule layer (Fig 8-2). Preliminary 

data from our lab suggests that late in development, the internal granule layer is significantly 

thinner in the Gamt KO animal. If granule cells do not migrate to the correct location, they are 

likely to go through apoptosis and will not be able to modulate the activity of Purkinje cells, 

thereby altering the social network in the cerebellum. I hypothesize that the alterations in cerebellar 

layering of our CCDS model will recapitulate autistic social behavior. To investigate whether the 

loss of Gamt from granule precursor cells, I would utilize a Math1(Atoh1) cre recombinase to 

knockout out Gamt in these select cells (Machold and Fishell, 2005). After ensuring normal 
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activity, muscle strength and audition, I would subject animals to the social approach task to study 

social interaction. Since mouse pups receive nutrition from maternal sources both during 

pregnancy and during nursing, I could even alter the maternal diet to supplement with creatine (or 

cyclocreatine) to see whether I can ameliorate any neuronal deficits/delays by supplementing 

creatine to the dam.  

 

 

 

 

 

 

 

 

 

Figure 8-2 Visual hypothesis of role of GAMT in promoting the migration of granule cells from 

external granule layer (EGL) to internal granule layer (IGL). GAMT conditional KO cerebellum 

leads to impaired migration and apoptosis. Bergmann glia are shown here in purple.   

 

Cuprizone experiments 

 Our data showed significant improvements in oligodendrocyte numbers and remyelination 

in both the groups fed two percent creatine recovery diet and 0.1 percent cyclocreatine for two 

weeks. Increasing the cyclocreatine percentage in diet or shortening the recovery diet time (to 

about 1 week) may give a more dramatic improvement over the creatine diet. I may have hit a 
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ceiling effect after two weeks so I do not see significant differences between the diets. Before the 

0.1 percent cyclocreatine experiment, a previous lab member showed beneficial effects of two 

percent cyclocreatine, but our mice did not eat that same diet leading to well over ten percent 

weight loss and subsequent euthanasia of the mice. Therefore, when planning the next experiment, 

I erred on the side of staying well below the limit of 0.5 percent that showed any evidence of liver 

toxicity from the literature.  

 

Expanding on current limitations 

 Furthermore, increasing the sample size for the electron microscopy from the cuprizone 

experiments and more animals for the cerebellar experiments would be essential for expanding on 

the preliminary data presented here. I originally planned to conduct my cuprizone experiments on 

my GamtGFP/GFP animals but due to low birth rates and high postnatal death, it was not possible to 

get enough animals at once to perform the cuprizone experiments. A creatine treatment study 

would be very interesting to see whether our developmental delay and reduced remyelination can 

be reversed with creatine supplementation in the diet. If I was to repeat this experiment, I would 

use a Cnp-cre; Gamtfl/fl because this early neonatal death is likely due to the importance of 

endogenous creatine synthesis in neural stem/ progenitor cells. This model would allow us to 

separate the effects of the loss of Gamt on development of neuronal populations and 

oligodendrocyte populations.  
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CHAPTER 9 CONCLUSIONS 

 Overall, this dissertation investigated endogenous creatine synthesis in developmental 

myelination and remyelination with experiments to highlight the importance of dietary creatine in 

demyelination and remyelination. Up until the past couple decades, creatine synthesis was thought 

to be sourced mainly from peripheral organs such as liver and kidney. However, it is now known 

that creatine is synthesized endogenously in the brain. Creatine is generated in a two-step process 

of enzyme synthesis where arginine:glycine amidinotransferase (AGAT) and guanidinoacetate 

methyltransferase (GAMT) are the two main enzyme for creatine synthesis and there is a specific 

creatine transporter (SLC6a8) for creatine entry into cells. Patients with deficiencies in either of 

these enzymes or creatine transporter, display developmental delays, autism, speech impairments 

and seizures but the main role of creatine synthesis in postnatal development and injury remains 

incompletely understood.  

 The data from these experiments in this dissertation show that Gamt is uniquely expressed 

in mature oligodendrocytes during active myelination suggesting that oligodendrocytes are the 

main source of creatine synthesis in the CNS. However, there is also data showing that before two 

weeks of age, Gamt is also expressed in a variety of other cell types including neural stem/ 

progenitor cells, astrocytes and oligodendrocytes. When you remove Gamt, there is increased 

turnover of cells within the subventricular zone suggesting that creatine may be involved in 

survival or migration of cells out of this proliferative niche. I would be interested in further 

investigating what role creatine plays in this early development time point.  

 However, the data presented here show that creatine plays an essential role in the survival 

of premyelinating oligodendrocytes and timely myelination within the corpus callosum and 

cerebellum. The human brain has strict critical windows of development where delay in 
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development can have lifelong effects on cognitive functioning. The lack of overt behavioral 

impairments in our animal model may highlight the vastly increased volume of white matter in 

humans compared to rodents. The lack of endogenous creatine synthesis may have long term 

impacts in neuronal health and energetics. I showed that knocking out creatine synthesis led to 

whole brain changes in energetics by the phosphorylation of AMPK and reduction in brain creatine 

kinase in cortical neurons. This suggests that changes in neuronal energetics may also be present 

in patients with CCDS. Similar changes in energetics are seen in a variety of neurodegenerative 

diseases including MS. Since MS leads to cell death of oligodendrocytes, creatine could aid in 

promoting survival of premyelinating oligodendrocytes and enhancing neuronal bioenergetics.  

 The lysolecithin data in this dissertation suggests that oligodendrocyte derived creatine is 

particularly important during the process of remyelination. This validated previous work from our 

lab and raises questions about whether oligodendrocytes are the only cells that make creatine in 

the brain. Here, I show an cell autonomous effect of creatine on oligodendrocytes but it is unclear 

whether creatine is transported to other cell types in the brain.  

 In addition to all the extensive work done showing creatine enhancement of skeletal and 

cardiac muscle, creatine also enhances brain function. Supplementation of creatine on neurons and 

oligodendrocytes are shown to have neuroprotective, bioenergetic and antioxidative effects in the 

CNS. Here, I show that creatine supplementation has beneficial effects on demyelination and 

remyelination. Most creatine in the brain is stored as phosphocreatine, and although most 

omnivorous humans gain creatine commonly from diet, times of high energy use such as exercise 

or injury could lead to depletion of these pools of phosphocreatine. Studies show that creatine 

absorption in the body is slow and synthesis of creatine is metabolically taxing, so increasing 

creatine storage quickly may not be possible under injury or large energy demands. Therefore, 
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prophylactic administration and accumulation of creatine in cells has potential to protect them 

during stress. Increasing creatine levels through simple and inexpensive supplementation has the 

potential to improve oligodendrocyte health and improve myelin repair with little side effects 

reported in humans supplementing for up to five years. The cuprizone data presented here show 

that during an oral toxin administration to wild-type animals on a creatine deficient diet, which are 

normally able to endogenously synthesize creatine, showed increased demyelination compared to 

normal diet cuprizone. This suggests that even though creatine can be made in the brain, an 

extended period of injury may lead to phosphocreatine pool depletion and increased demyelinating 

damage. The data also show that creatine can help to enhance oligodendrocyte numbers and 

remyelination after cuprizone injury. However, it remains unclear whether cyclocreatine has any 

added benefit to simple creatine supplementation.  

 Creatine is a commonly used ergogenic compound that can promote health in peripheral 

organs and in the CNS. Here, I show that endogenous creatine synthesis is important for postnatal 

development of oligodendrocytes and myelination in the rodent brain and leaves many open 

questions about what role Gamt plays in neuronal development. I also suggest that endogenous 

creatine synthesis from oligodendrocytes is important for the process of remyelination. 

Furthermore, I show that even in wildtype animals, creatine supplementation may help to 

ameliorate demyelination and enhance remyelination efficiency. The data presented here and the 

lack of any studies showing major side effects of creatine use enhances the idea that creatine 

supplementation protocols should be further explored in clinical trials.   
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