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1. INTRODUCTION: Narrative that briefly (one paragraph) describes the subject, purpose and
scope of the research.
The goal of this study is to test the hypothesis that rOL protection through creatine improves CNS
remyelination. To this end, we will determine i) if creatine synthesis in rOLs is required for rOL
survival and remyelination, ii) if diminished creatine levels and rOL integrity contribute to
remyelination impairment associated with aging, and iii) if the systemic administration of creatine
and cyclocreatine (a blood brain barrier permeable creatine analog) can improve CNS
remyelination. We will also determine iv) what transcripts and pathways in rOLs are affected with
creatine deficiency.

2. KEYWORDS: Provide a brief list of keywords (limit to 20 words).
Creatine, guanidinoacetate methyltransferase (GAMT), remyelination, oligodendrocytes, transgenic
mice, experimental demyelination, aging.

3. ACCOMPLISHMENTS: The PI is reminded that the recipient organization is required to obtain
prior written approval from the awarding agency grants official whenever there are significant
changes in the project or its direction.

What were the major goals of the project?
Aim 1, Major Task 1: Analyze rOL viability and remyelination in OL-specific Gamt knockout
mouse.
Subtasks: Perform lysolecithin-mediated demyelination on conditional Gamt knockout mice; perfuse
mice; perform immunostaining analysis; perform electron microscopy.
Percentage of Task Completion: 90% ; We were unable to obtain enough tissues for electron
microscopy.

Aim 1, Major Task 2: Analyze effect of creatine/cyclocreatine administration on rOL survival and
remyelination in Gamt deficient mice.
Subtasks: Perform lysolecithin-mediated demyelination on Gamt KO and WT mice; Feed with
creatine, cyclocreatine, or regular diet; perfuse and section; perform immunostaining analysis;
perform electron microscopy.
Percentage of Task Completion: 100%

Aim 2, Major Task 1: Compare creatine levels and rOL survival between aged and young mice.
Subtasks: Perform lysolecithin-mediated demyelination on young and old mice; perform
immunostaining analysis; perform PCR/western blot; perform electron microscopy.
Percentage of Task Completion: 90% ; We were unable to obtain enough tissues for electron
microscopy.

Aim 2, Major Task 2: Analyze effect of systemic creatine/cyclocreatine administration on rOL
survival and remyelination in aged mice.
Subtasks: Perform lysolecithin-mediated demyelination on aged mice; Feed with creatine,
cyclocreatine, or regular diet; perfuse and section; perform immunostaining analysis; perform
electron microscopy.
Percentage of Task Completion: 100%

Aim 3, Major Task: Perform genomic analysis of CNS tissues from GAMT KO and WT mice.



Fig 1. Endogenously synthesized creatine supplies cerebral creatine and is dependent on Gamt expression. a) Diagram 
of Gamt knockout (KO) transgenic mouse model b) Region of magnetic resonance spectroscopy (MRS) voxel 
placement in mouse prefrontal cortex c) Representative trace from MRS from each group d) Quantification of 
metabolites, normalized to 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. Data presented with *p<0.05, **p<0.01, ***p<0.001, 
****p<0.0001, ns= not significant. 

Subtasks: Dissected CNS tissues (brain); purified single nuclei, generated library and perform single 
nuclei analysis; validate gene expression by PCR or in situ hybridization. 
Percentage of Task Completion: 75%. Single nuclei RNAseq was performed, but additional RNAseq 
study needs to be performed for validation studies. 

What was accomplished under these goals? 

1. Endogenously synthesized creatine supplies cerebral creatine and is dependent on Gamt
expression. To determine if cerebral creatine is detectable in the absence of Gamt expression, we
performed 1H-magnetic resonance spectroscopy (MRS) analysis in the prefrontal cortex of eight- 
week old Gamt knockout (KO) (Fig. 1a) and wild-type (WT) mice (Fig. 1b). We found that the KO
mice on a standard rodent diet displayed measurable, but significantly lower creatine levels in the
brain compared to WT (Fig. 1d), suggesting that dietary creatine can partially compensate for cerebral
creatine levels when GAMT is missing. MRS analysis was also performed on KO and WT mice on a
creatine deficient diet. We found that WT mice on creatine deficient diet displayed similar creatine
levels as those on standard diet. By contrast, Gamt KO mice on creatine deficient diet displayed
undetectable creatine levels in the prefrontal cortex (Fig. 1d). These data suggest that endogenously
synthesized creatine can supply adequate
cerebral creatine in the absence of dietary
creatine, and that GAMT is the main enzyme
responsible for creatine synthesis in the
mouse brain. Moreover, our data also suggest
that dietary creatine can supply cerebral
creatine in the absence of Gamt expression in
mice, providing an explanation for the lack of
obvious myelination impairment in our
previous study (Chamberlain et al., 2017). To
examine the effect of Gamt deletion on
postnatal CNS development, all subsequent
studies were performed on mice on creatine
deficient diet.

2. Gamt knock-in reporter mouse line reveals mature oligodendrocytes are the major producers
of creatine in the postnatal CNS. We 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. 2a). To delete Gamt developmentally
and in all tissues, Gamtfl/fl were crossed with a cytomegalovirus Cre recombinase-expressing mouse
line (CMV-Cre). Heterozygous mice containing one copy of Gamt (GamtGFP/+) were used to track



Fig 2. Gamt knock-in reporter mouse shows Gamt becomes highly expressed and restricted to oligodendrocyte 
lineage cells during active myelination. a) Diagram of transgenic mouse model showing heterozygous expression of 
Gamt with GFP expression. Postnatal (P) day P7 co-immunostaining analysis of GFP and b) Nestin+ cells around the 
subventricular zone (SVZ), c) Nestin+ cells at the adjacent striatum, d) Olig2+ oligodendrocyte lineage cells, and e) 
GFAP+ astrocytes in the corpus callosum. SVZ is outlined in white dotted line b-e. P14 co-immunostaining analysis 
of GFP and f) GFAP+ astrocytes, g) Iba1+ microglia/macrophages, h) NeuN+ neurons, i) Olig2+ oligodendrocyte 
lineage cells, j) NKX2.2+ OPCs, k) BCAS1+ premyelinating oligodendrocytes, and l) CC1+ oligodendrocytes in the 
corpus callosum. m) Percentage of OPCs, premyelinating and mature oligodendrocytes that express GFP. All data 
presented as mean±SEM with n=3 biological replicates. Scale bar is 20µm in b,c and 50µm in all other images. 

CNS cell populations that synthesize creatine while the mice with homozygous deletion 
(GamtGFP/GFP) were used for Gamt loss-of-function analysis. Controls are Gamtfl/fl without Cre 
recombinase. Immunohistochemistry was performed to co-localize GFP expression within CNS cell 
types in the cortex from postnatal (P) day P0 until P60. 

We observed low, but widespread GFP expression in neuroblasts/neural stem cells (Fig. 2b), neurons 
(Fig. 2c), oligodendrocytes (Fig. 2d), and astrocytes (Fig. 2e) at P0 and P7, which supports previously 
published Gamt expression data (Tachikawa et al., 2018). However, by P14, when large-scale active 
developmental myelination is occurring (Sturrock, 1980), this wide-spread expression was no longer 
observed, and GFP expression appeared to be restricted to distinctive cell populations in the CNS. 
We found that GFP was not expressed in GFAP+ astrocytes (Fig. 2f), Iba1+ microglia (Fig. 2g), or 
NeuN+ neurons (Fig. 2h), but was strongly expressed in Olig2+ oligodendrocyte lineage cells in 
corpus callosum (Fig. 2i). 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. We found that GFP was undetectable in OPCs (Fig. 2j), expressed in few premyelinating 
oligodendrocytes (Fig. 2k), and 
abundantly expressed in mature 
oligodendrocytes (Fig. 2l). 
Quantification revealed GFP 
expression in approximately 17% 
of premyelinating 
oligodendrocytes and 95% of 
mature oligodendrocytes (Fig. 
2m). These results suggest that 
during active myelination, 
endogenous creatine synthesis in 
the adult CNS occurs exclusively 
in oligodendrocytes during their 
maturation. 

3. Gamt deletion leads to reduced mature oligodendrocyte survival and delayed myelination.



Fig 3. Deletion of Gamt results in reduced mature oligodendrocytes at P14 and P21 and a delay in developmental 
myelination. a) Diagram of GamtGFP/GFP knockout mouse (top) and confirmation of GAMT deletion by western 
blot (bottom). b) Immunostaining of control and GamtGFP/GFP for Olig2+ oligodendrocyte lineage cells and CC1+ 
oligodendrocytes in the corpus callosum at P14. c) Quantification showing total Olig2+ oligodendrocyte lineage 
cells 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), CC1+ oligodendrocytes in the corpus callosum at P14 and P21 (two-way ANOVA with Sidak’s 
multiple comparisons; F (1, 12)=33.86, df=1, p<0.0001), and d) NKX2.2+ OPC numbers (p=0.1, ns). e) Myelin 
basic protein (MBP) staining coverage at P21 is reduced in GamtGFP/GFP compared to controls. f) Quantification 
of MBP coverage at P21 (two-tailed t-test; t=4.721, df=4, p=0.009). g) Western blot analysis for myelin 
oligodendrocyte glycoprotein (MOG) expression in GamtGFP/GFP cerebellar extract at P21. h) Quantification of 
MOG expression in GamtGFP/GFP mice (two-tailed t-test; t=4.494, df=4, p=0.01). All data presented as 
mean±SEM with n=3 biological replicates. Scale bar is 50µm in b,e. Data presented with *p<0.05, **p<0.01. 

We next determined the impact of Gamt loss-of-function on CNS myelination in homozygous 
GamtGFP/GFP, and control Gamtfl/fl (WT) mice. To confirm Gamt deletion, western blot analysis 
for GAMT protein expression in brain extracts of WT and GamtGFP/GFP mice at P21 were 
performed. We observed a complete loss of GAMT expression (26 kDa) in GamtGFP/GFP mice 
compared to control, indicating Gamt was effectively deleted in the CNS of GamtGFP/GFP mice 
(Fig. 3a). Next, we compared the total number of oligodendrocyte lineage cells in the corpus callosum 
in GamtGFP/GFP and control mice by immunostaining analysis (Fig. 3b). We 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. 3c; top). Moreover, we observed a significant 
decrease of CC1+ mature oligodendrocytes in GamtGFP/GFP mice at P14 and P21 (Fig 3c; bottom). 
However, this reduction in total number of oligodendrocytes was no longer significant by P60 (Fig 
3c). We also examined the number of NKX2.2 OPCs in the corpus callosum, and found no significant 
difference in the number of OPCs between GamtGFP/GFP and control mice at P7, P14 or P21 (Fig. 
3d). To determine if the lack of Gamt expression in mice affects myelination, immunostaining 
analysis for myelin basic protein (MBP) was performed. We found a significant decrease in MBP 
coverage in the corpus callosum at P21 (Fig. 3e and f). Moreover, we performed western blot analysis 
for myelin oligodendrocyte 
glycoprotein (MOG) expression 
in cerebellar extracts of 
GamtGFP/GFP and WT mice at 
P21, and found that 
GamtGFP/GFP mice exhibited 
reduced MOG expression 
compared to control (Fig. 3g and 
h). These results suggest that 
endogenously synthesized 
creatine is not involved in 
maintaining the OPC population 
in the adult corpus callosum, but 
plays a role in regulating 
oligodendrocyte differentiation 
and myelination. 

 

 
4. Gamt deletion leads to altered energetics and reduced brain creatine kinase (BCK) in neurons 
in the cortex of adult mice. Defects in oligodendrocytes have long term effects on the health and 



Fig 4. Loss of Gamt leads to activated AMPK signaling and reduced brain creatine kinase (BCK) in the cortex of 
adult mice. a) Western blot of cerebellar lysates for AMPK signaling in wildtype and GamtGFP/GFP knockout 
mouse at P21. b) Quantification of total AMPK (two-tailed t-test; t=2.884, df=4, p=0.045), and c) phosphorylated 
AMPK (two-tailed t-test; t=6.084, df=4, p=0.0037). d) Immunostaining of BCK and NeuN+ neurons in the motor 
cortex in controls and GamtGFP/GFP at P60. Quantification of e) BCK expression in neurons (two-tailed t-test; 
t=4.912, df=4, p=0.008), and f) total neurons in the motor cortex (p=0.16, ns). g) Quantification of GAD67+ 
inhibitory neurons in the motor cortex at P60 (p=0.695, ns). h) MRS analysis glutamate-glutamine ratio in GAMT 
KO on a creatine deficient diet compared to WT on creatine deficient diet at P56 (two-tailed t-test; t=3.417, df=4, 
p=0.027). All data presented as mean±SEM with n=3 biological replicates. Scale bar is 50µm in d. Data presented 
with *p<0.05, **p<0.01, ns=not significant. 

energetics of neurons since oligodendrocytes provide metabolic support, in addition to increasing 
axonal conduction velocity through myelin sheaths (Lee et al., 2012; Fünfschilling et al., 2012). 
AMPK is activated by increased levels of AMP and ADP stemming from a variety of cellular stresses 
in many cell types. Long term activation of AMPK leads to metabolic reprogramming within the brain 
including decreases in transcription, glucose synthesis and lipogenesis. Since creatine plays an 
important role in buffering ATP, and low ATP levels can lead to phosphorylation (activation) of 
AMP-kinase (AMPK) (Hardie et al., 2012), we examined AMPK signaling in the mouse cerebellum 
by Western blot analysis at P21 (Fig. 4a). We found that the GamtGFP/GFP mice displayed decreased 
total AMPK protein expression (Fig. 4b), and increased phospho-AMPK expression compared to 
control (Fig. 4c), suggesting a potential global shift in brain bioenergetics and metabolism in the 
absence of endogenously synthesized creatine. 

 
Since oligodendrocytes are the only cells expressing Gamt at P21, we next asked if the loss 
endogenously synthesized creatine also affects neuronal bioenergetics in the adult CNS. Brain 
creatine kinase (BCK), which is essential for shuttling of high-energy phosphate group from 
phosphocreatine for ATP biogenesis, is mainly expressed in inhibitory neurons and astrocytes, but 
not in oligodendrocytes (Lowe et al., 2013), and is known to cooperate with AMPK to maintain 
energy homeostasis within cells (Ramírez Ríos et al., 2014). To determine if loss of GAMT affects 
BCK expression in neurons, immunostaining analysis of GamtGFP/GFP and control mice at P60 was 
performed (Fig. 4d). We found a significant decrease of BCK expression in NeuN+ neurons in the 
motor cortex of GamtGFP/GFP mice compared to control (Fig. 4e). However, no difference in overall 
number of neurons in the cortex was observed (Fig. 4f). Since BCK has been shown to be localized 
mainly in inhibitory 
neurons, we also 
assessed whether the 
loss of cerebral 
creatine affected 
GAD67+ inhibitory 
neuron numbers in 
mice. 
Immunostaining 
analysis  revealed 
Gamt deletion had no 
effect on the total 
number of inhibitory 
neurons  between 
(Fig. 4g).  These 

 



Fig 5. Deletion of Gamt from oligodendrocyte lineage cells leads to reduced mature oligodendrocytes and myelin 
coverage in lesions during remyelination. a) Diagram showing strategy to delete Gamt from oligodendrocyte lineage 
cells in PDGFRɑ-CreERT;Gamtfl/fl mice by i.p. injections of tamoxifen for four days, followed by lysolecithin 
spinal cord demyelination. b) No GFP expression was detected at 5 days post lesion (dpl). c) GFP expression in 
CC1+ mature oligodendrocytes in lesions at 10 dpl. d) Quantification shows GFP colocalization in 79 percent of 
mature oligodendrocytes in the lesions. e) Immunostaining of Olig2+ oligodendrocyte lineage cells in lesion of 
tamoxifen treated control and PDGFRɑ-CreERT;Gamtfl/fl mice. f) Quantification showing Olig2+ oligodendrocyte 
lineage cells (two-way ANOVA with Tukey’s multiple comparisons; F(1, 8)=13.76, df=1, p=0.006) and g) CC1+ 
oligodendrocytes (two-way ANOVA with Tukey’s multiple comparisons; F(1, 8)=0.0016, df=1, p=0.0016) in 
lesions of PDGFRɑ-CreERT;Gamtfl/fl iKO compared to control at 10 dpl. h) Immunostaining of myelin basic 
protein (MBP) at 20 dpl. i) Quantification showing (MBP) coverage in lesions of PDGFRɑ-CreERT;Gamtfl/fl iKO 
compared to control 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. Scale bar is 50µm in b,c,e,h. Data presented with *p<0.05, **p<0.01. 

results suggest that the cerebral creatine deficiency resulted in long term changes in cellular 
metabolism and bioenergetics, which may lead to neuronal dysregulation without affecting neuronal 
survival in the adult CNS. Indeed, MRS analysis of Gamt knockout mice exhibited increased 
glutamate/glutamine ratio compared to WT at P56, suggesting altered glutamatergic 
neurotransmission in the adult CNS (Fig. 4h). 

 
5. Inducible knockout of Gamt in oligodendrocyte lineage cells leads to reduced 
oligodendrocytes and inefficient remyelination after demyelinating injury. We next investigated 
if Gamt expression in oligodendrocytes is required for remyelination. To this end, we crossed our 
Gamtfl/fl line with the PDGFRɑ-CreERT mouse line, and generated PDGFRɑ-CreERT;Gamtfl/fl to 
allow tamoxifen inducible knockout (iKO) of Gamt in oligodendrocyte lineage cells (Fig. 5a). To 
induce Gamt deletion in oligodendrocyte lineage cells, tamoxifen was injected intraperitoneally into 
mice at 10-11 weeks of age 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 
confirm Gamt deletion, 
we 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, we did not 
observe any GFP 
expression in or outside of 
the lesions of PDGFRɑ- 
CreERT;Gamtfl/fl iKO or 
control mice (Fig. 5b), 
suggesting that Gamt is 
not expressed at the OPC 
recruitment stage during 
remyelination. The lack of 

 



Fig 6. Cuprizone demyelination under creatine deficient diet results in greater loss of oligodendrocytes and 
oligodendrocyte precursor cells (OPC) in the corpus callosum. a) Diagram of cuprizone experiment and groups. b) 
Images of Olig2+CC1+ mature oligodendrocytes in the corpus callosum after five weeks of cuprizone with creatine 
deficient diet compared to cuprizone with normal diet. c) Quantification showing Olig2+ oligodendrocyte lineage 
cells (two-tailed t-test, t=7.717, df=6, p=0.0002) and d) CC1+ oligodendrocytes (two-tailed t-test; t=11.38, df=6, 
p<0.0001) in the corpus callosum. e) Images of Olig2+NKX2.2+ OPCs in corpus callosum after five weeks of 
cuprizone with creatine deficient diet compared to cuprizone with normal diet. f) Quantification showing NKX2.2+ 
OPCs in the 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. Scale bar is 50µm in b,e. Data presented with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. 

GFP expression also suggested that no mature oligodendrocytes that survived the lesion expressed 
GFP. However, at 10 dpl, when OPC are expected to have differentiated into oligodendrocytes, we 
found that GFP was expressed only in CC1+ oligodendrocytes in lesions and barely detectable outside 
of lesions (Fig. 5c). Quantification of GFP labeled oligodendrocytes showed approximately 79% of 
mature oligodendrocytes expressed GFP in lesions (Fig. 5d), suggesting that GFP+ oligodendrocytes 
were derived from OPCs that migrated into the lesion during remyelination. These results demonstrate 
the inducible GFP tagging approach using the PDGFRɑ-CreERT;Gamtfl/fl line allows for the 
tracking of newly regenerated oligodendrocytes in lesions, and the identification of Gamt deleted 
oligodendrocytes after demyelinating injury. 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. We 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. 5e–g). Moreover, MBP 
coverage in the lesion, which is an indicator of remyelination, was significantly reduced at 20 dpl 
(Fig. 5h and i). These results suggest that creatine synthesis in oligodendrocytes is necessary for 
efficient oligodendrocyte maturation and remyelination. 

 
6. Creatine or cyclocreatine supplemented recovery diet leads to increased mature 
oligodendrocytes and enhanced remyelination after cuprizone-mediated demyelination. Since 
50% of creatine in human comes from diet, we next asked if dietary creatine is important in regulating 
the function of oligodendrocyte lineage cells with intact Gamt expression under demyelinating 
environment. To this end, wild type mice were fed a 0.2 percent cuprizone in either creatine deficient 
or standard rodent diet for five 
weeks, starting at eight weeks-old. 
(Fig. 6a). We found that mice on 
the creatine deficient diet displayed 
a significant reduction in Olig2+ 
oligodendrocyte lineage cells and 
CC1+ oligodendrocytes in the 
corpus callosum after five weeks of 
cuprizone treatment compared to 
those on regular rodent diet (Fig. 
6b–d). Moreover, we observed a 
significant reduction in NKX2.2+ 
OPCs (Fig. 6e and f). These data 
suggest that the absence of dietary 
creatine leads to a greater loss of 
the entire oligodendrocyte lineage 

 



during cuprizone intoxication, suggesting dietary creatine is protective against oligodendrocyte 
lineage cell loss and may be necessary to rapidly replenish cerebral creatine pools to lessen the effects 
of systemic cuprizone toxicity. 

To determine if introduction of creatine into rodent diet enhances remyelination, a diet without 
cuprizone and containing 2% creatine or 0.1% cyclocreatine, a planar creatine analog with greater 
brain penetrance, were fed to mice for 2 weeks during the recovery period (Fig 6a) after 5 weeks of 
cuprizone demyelination. Control mice were fed a creatine deficient diet throughout the experiment. 
We found that both creatine and cyclocreatine fed mice displayed increased Olig2+CC1+ 
oligodendrocytes (Fig. 7a 
and b), and significantly 
greater Fluoromyelin 
staining (Fig. 7c and d) in 
the corpus callosum 
compared to control after 
two weeks of being on the 
recovery diet. Electron 
microscopy   analysis 
revealed that creatine and 
cyclocreatine diets led to 
more remyelinated axons 
compared to control, and 
displayed lower g-ratios 
(Fig. 7e and f, g). These 
results suggest that dietary 
creatine significantly 
enhances CNS 
remyelination. 

Single nuclear RNA-seq analysis reveals alteration in CNS associated genes in mice deficient in 
Gamt expression. To determine the effect of Gamt loss of function on the mouse CNS, dissociated 
nuclei from cortical tissues of Gamt KO and WT mice at P90 were obtained using the 10XGenomics 
chromium controller, cDNA libraries were generated and submitted for RNA-sequencing. 
Preliminary data indicates significant alteration in genes associated with neurons in the Gamt KO 
mice compare to control (Fig. 8). Since this was our first attempt, and involved two brains per mouse 
group, we plan to repeat this experiment and increase the number of mouse brains for analysis. 

Fig 7. Creatine or cyclocreatine supplemented recovery diet increases mature oligodendrocytes and enhances 
remyelination. a) Images of Olig2+CC1+ mature oligodendrocytes in corpus callosum after two weeks of recovery 
diet containing either no creatine (Crt Def), 2% creatine, or 0.1% cyclocreatine. b) Quantification of CC1+ 
oligodendrocytes following two weeks of recovery diet (one-way ANOVA with Sidak’s multiple comparisons; F(3, 
10)=29.58, df=13, p<0.0001). c) Images of Fluoromyelin in corpus callosum after the different recovery diets. d) 
Quantification of Fluoromyelin intensity in the corpus callosum following two weeks of recovery diet (one-way 
ANOVA with Dunnett’s multiple comparisons; F(3, 11)=4.279, df=14, p=0.03). e) EM images of axons in cross 
sections of corpus callosum from mice under the different recovery diets. Magnification x 5,000. f and g) G-ratio 
analysis of myelinated axons in the corpus callosum under the different recovery diets (one-way ANOVA with 
Tukey’s multiple comparisons; F(2, 237)=40.28, df=239, p<0.0001). All data presented as mean±SEM with n=3-4 
biological replicates in a-d. Representative EM analysis in e-g from n=1, 80 axons per animal. Scale bar is 100µm in 
a,c and 500nm in e. Data presented with *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns= not significant. 
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51 ABSTRACT 
 

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

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

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

55 remains poorly understood. Here, magnetic resonance spectroscopy (MRS) of adult 
 

56 mouse  brains  from  both  sexes  revealed  creatine  synthesis  is  dependent  on  the 
 

57 expression  of  the  enzyme  guanidinoacetate  methyltransferase  (GAMT).  To  identify 
 

58 Gamt-expressed  cells,  and  the  role  of  Gamt  in  postnatal  CNS  development,  we 
 

59 generated a mouse line by knocking-in a green fluorescent protein (GFP) that becomes 
 

60 expressed upon excision of Gamt. We found that Gamt is strongly expressed in mature 
 

61 oligodendrocytes during active myelination in the postnatal CNS. Homozygous deletion 
 

62 of Gamt resulted in significantly reduced mature oligodendrocytes and 
 

63 delayed myelination in the corpus callosum. Moreover, Gamt deletion resulted in altered 
 

64 AMPK signaling in the brain, and reduced brain creatine kinase expression in cortical 
 

65 neurons.  Experimental  demyelination  of  mice  after  tamoxifen  induced  conditional 
 

66 deletion   of   Gamt   in   oligodendrocyte   lineage   cells   resulted   in   reduced mature 
 

67 oligodendrocytes and myelin coverage in lesions. Moreover, creatine and cyclocreatine 
 

68 supplementation can enhance remyelination after demyelination. Our results suggest 
 

69 endogenously synthesized creatine controls the bioenergetic demand required for the 
 

70 timely  maturation  of  oligodendrocytes  during  postnatal  CNS  development,  and that 
 

71 delayed myelination and altered energetic metabolism in the CNS through the disruption 
 

72 of creatine synthesis in oligodendrocytes might contribute to CCDS. 
 

73 
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74 SIGNIFCANCE STATEMENT 
 

75 Cerebral creatine deficiency syndrome (CCDS) is a rare disease of inborn errors in 
 

76 metabolism,  which  is  characterized  by  intellectual  delays,  seizures,  and autism-like 
 

77 behavior.  We  found  that  oligodendrocytes  are  the  main  source  of  endogenously 
 

78 synthesized  creatine  in  the  adult  CNS,  and  the  loss  of  endogenously  synthesized 
 

79 creatine  led   to   delayed  myelination   and   altered  neuronal  metabolism.   Our study 
 

80 suggests impaired cerebral creatine synthesis affects timing of myelination, which may 
 

81 have widespread impact on brain bioenergetics and metabolism. 
 

82 
 

83 INTRODUCTION 
 

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

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

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

87 the  rapid  generation/regeneration  of  ATP,  thereby  maintaining  the  energetic supply 
 

88 required for cellular function (Wyss et al., 2007). About half of our daily creatine is 
 

89 derived from diet. The other half is endogenously synthesized by the conversion of 
 

90 glycine   and   arginine   into   guanidinoacetate   through   the   enzyme arginine:glycine 
 

91 amidinotransferase  (AGAT),  and  the  subsequent  transformation  of guanidinoacetate 
 

92 into creatine through the enzyme guanidinoacetate methyltransferase (GAMT). Creatine 
 

93 can  then  be  converted  to  phosphocreatine  and  utilized  by  cells  endogenously  or 
 

94 transferred  to  other  cells  through  the  creatine  transporter,  SLC6A8.  Humans  with 
 

95 mutations in AGAT, GAMT, or SLC6A8, display cerebral creatine deficiency syndromes 
 

96 (CCDS),  which  are  rare  diseases  that  are  characterized  by  the  disruption  of  the 
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97 synthesis or transfer of creatine (Wyss and Kaddurah-Daouk, 2000; Braissant et al., 
 

98 2011).  If  left  untreated,  children  with  CCDS  can  present  with  severe  intellectual 
 

99 disabilities,  seizures,  developmental  delays,  autistic-like  behaviors  and  movement 
 

100 disorders, suggesting that the brain is particularly vulnerable to creatine deficiency 
 

101  
 

102  

(Giusti et al., 2019). 

 

103 Previous studies suggest that two main waves of creatine synthesis occur during rodent 
 

104 CNS development: one from mitotic cells of the subventricular zone and the external 
 

105 layer of the cerebellum, and the second from oligodendrocytes starting at two weeks old 
 

106 and continuing into adulthood (Tachikawa et al., 2018; Tachikawa et al., 2004; Baker et 
 

107 al.,  2021).  The profound increase in postnatal  Gamt  expression  coincides  with active 
 

108 CNS myelination (Sturrock, 1980), and suggests oligodendrocytes may be the major 
 

109 source of endogenous creatine within the postnatal brain. During active myelination, 
 

110 oligodendrocytes require a tremendous amount of energy for myelination. An estimated 
 

111 3.24 × 1023 ATP molecules are required to synthesize one gram of myelin (Harris and 
 

112 Attwell, 2012), and disruption of oligodendrocyte energetic metabolism, i.e. from 
 

113 hypoglycemia, causes a significant delay in CNS myelination (Yan and Rivkees, 2006; 
 

114 Rinholm et al., 2011). We have previously found that creatine protects oligodendrocytes 
 

115 from mitochondrial-mediated apoptosis during injury, and promotes remyelination 
 

116 (Chamberlain et al., 2017). However, whether endogenously synthesized creatine is 
 

117 necessary for developmental myelination or remyelination remains unclear. Since 
 

118 myelination is an energetically demanding process, we hypothesized that 
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119 oligodendrocyte-derived creatine is required for developmental myelination and 
 

120  
 

121  

remyelination. 

 

122 Here, we show that GAMT is the primary enzyme responsible for endogenously 
 

123 synthesized creatine in the mouse CNS. To track creatine production in the CNS, we 
 

124 developed a novel transgenic floxed mouse line that expresses green fluorescent 
 

125 protein (GFP) upon the conditional excision of Gamt, to allow the tracking of cells 
 

126 producing creatine, and for the analysis of Gamt loss of function in the mouse CNS. We 
 

127 found that oligodendrocytes are the only cells expressing GFP in the adult CNS, and 
 

128 that Gamt deletion resulted in delayed myelination and remyelination. Additionally, 
 

129 Gamt deletion also led to altered neuronal bioenergetics in the adult brain. Our results 
 

130 suggest oligodendrocytes are the major producers of creatine in the adult CNS, and that 
 

131 oligodendrocyte dysfunction through the loss of Gamt expression may contribute to the 
 

132  
 

133  

CNS pathophysiology associated with CCDS. 

 

134 MATERIALS AND METHODS 
 

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

136 resonance spectroscopy (MRS) were a kind gift from Dr. Dirk Isbrandt (University of 
 

137 Cologne). Floxed Gamt (Gamtfl/fl) line was engineered by Cyagen Biosciences where a 
 

138 linearized vector was electroporated into embryonic stem cells (C57BL/6). After 
 

139 confirming clones by Southern Blotting, a chimera was produced by blastocyst 
 

140 microinjection. Floxed Gamt line was bred with Tg(CMV-cre)1Cgn (Stock 006054) line 
 

141 from Jackson Laboratory to generate a heterozygous mutant (GamtGFP/+) and knockout 
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142 mutant (GamtGFP/GFP). Tg(Pdgfra-cre/ERT)467Dbe (stock 018280) from Jackson was 
 

143 used to generate inducible removal of Gamt from oligodendrocytes (OL Gamt iKO). 
 

144 Wildtype C57BL/6J (Stock 000664) mice were also obtained from Jackson laboratory. 
 

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

146 experiments were performed according to the protocol approved by the Institutional 
 

147  
 

148  

Animal Care and Use Committee at Georgetown University. 

 

149 Magnetic Resonance Spectroscopy (MRS). Animals underwent small animal imaging 
 

150 at the Preclinical Imaging Research Laboratory and the Center for Translational Imaging 
 

151 at Georgetown-Lombardi University Medical Center in a Bruker 7T/20 Magnetic 
 

152 Resonance Imager spectrometer incorporating Bruker AVANCE III electronics and 
 

153 ParaVision software version 5.1. Briefly, animals were anesthetized (1.5% isoflurane in 
 

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

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

156 and cardio-respiratory monitoring engineered to fit a 25 mm Bruker mouse volume coil, 
 

157 as previously described (Albanese et al., 2013,Sirajuddin et al., 2012,Fricke et al., 
 

158 2006). A T2-weighted two-dimensional anatomical locator scan was run followed by a 
 

159 volume-localized PRESS sequence with the following parameters: TE: 20 ms, TR: 2500 
 

160 ms, averages: 1024, spectral width of 4 kHz, and 512 k complex data points and 6 Hz 
 

161 line broadening, using a single voxel localized on the frontal cortex. All in vivo peak 
 

162 integrated areas were analyzed using Bruker’s “TOPSPIN” software to assess relative 
 

163 differences in tissue chemistry, as described previously (Albanese et al., 2013; 
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164 Sirajuddin et al., 2012; Fricke et al., 2006). The concentrations of metabolites were 
 

165  
 

166  

normalized to choline. 

 

167 Immunohistochemistry (IHC). Mice were perfused with 4% PFA (Sigma) in PBS. 
 

168 Spinal cords and brains were removed and post fixed in PFA followed by 20% sucrose 
 

169 overnight. Brains were further cryoprotected in 30% sucrose before freezing in optimal 
 

170 cutting temperature medium (Sakura) on dry ice, then stored at -80°C. Twelve micron 
 

171 sections of spinal cord or brain were sectioned on a cryostat and mounted on 
 

172 SuperFrostPlus slides. Slides were incubated in blocking solution (10% goat serum, 1% 
 

173 donkey serum, 0.25% triton in TBS) for 1hr at RT. Mouse antibodies used an extra 1hr 
 

174 of mouse-on-mouse blocking reagent (Vector laboratories). Primary and secondary 
 

175 antibodies were diluted in blocking solutions. Primary antibodies for IHC were as 
 

176 follows: chicken GFP (1:2000, Thermo Fisher Cat# PA1-86341, RRID:AB_931091), 
 

177 mouse GFAP (1:500, Sigma-Aldrich Cat# G6171, RRID:AB_1840893), rabbit Iba1 
 

178 (1:1000, FUJIFILM Wako Shibayagi Cat# 019-19741, RRID:AB_839504), mouse NeuN 
 

179 (1:200, Millipore Cat# MAB377, RRID:AB_2298772), rabbit Olig2 (1:300, Millipore Cat# 
 

180 MABN50, RRID:AB_10807410), ms CC1 (1:200; Millipore Cat# OP80, 
 
181 

 
RRID:AB_2057371), rat myelin basic protein (1:500, Millipore Cat# MAB386, 

182 RRID:AB_94975), mouse NKX2.2 (1:100, DSHB Cat# 74.5A5, RRID:AB_531794), 

183 rabbit BCAS1 (1:1000, Synaptic Systems Cat# 445 003, RRID:AB_2864793), rabbit 

184 brain creatine kinase (1:200, Abcam Cat# ab2117, RRID:AB_2080889) and mouse 

185 Nestin (1:500, BD Biosciences Cat# 611658, RRID:AB_399176). Antigen retrieval 
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186 pretreatment was used for examining GFP expression. To use the 488 (green) channel 
 

187 
 

188 

in IHC without GFP interference, no antigen retrieval was used on slides. 

 

189 Western blot. Tissues were dissected from mice at various postnatal time points, flash 
 

190 frozen  and  stored  at  -80°C.  Tissues  were  digested  in  RIPA  lysis  buffer (Millipore), 
 

191 separated by SDS-PAGE and immunoblotted with antibodies: guinea pig GAMT  (1:500; 
 

192 Frontier   Inst),   rabbit   AMPKɑ1   (1:1000;   Abcam),   rabbit   p-AMPKɑ   (1:1000;  Cell 
 

193 signaling), mouse MOG (1:500; Santa Cruz), and rabbit β-actin (1:5k; Abcam). Proteins 
 

194 were  detected  using  horseradish  peroxidase-conjugated  secondary  antibodies  and 
 

195 Pierce  ECL  Western  blotting  substrate.  Membrane  stripping  was  done  with  mild 
 

196 stripping solution (ThermoFisher) and efficient stripping, or no signal, was confirmed by 
 

197  
 

198  

incubating with secondary antibody and re-incubating with ECL. 

 

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

200 situ apoptosis detection (Fisher; C10618). Steps followed the manufacturer’s 
 

201  
 

202  

instructions. A positive control slide was treated with DNase I. 

 

203 Tamoxifen. 4-hydroxytamoxifen (Sigma) was diluted in 100% ethanol and then diluted 
 

204 in peanut  oil  to  a  final concentration of  4mg/mL.  At   9-11  weeks  of  age,  tamoxifen 
 

205 injections (1mg) were administered by IP consecutively for four days ending five days 
 

206  
 

207  

before focal demyelination surgery. 
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208 Spinal cord demyelination. Focal demyelination was induced by injection of 1.0% 
 

209 lysolecithin (Sigma) diluted in sterile PBS into ventral funiculus. Mice were euthanized 
 

210  
 

211  

for analysis at 5, 10 or 20 days after surgery. 

 

212 Cuprizone and special diets. All animals were fed a creatine deficient amino acid diet 
 

213 (Crt def diet; Envigo; TD.01084) unless otherwise specified. Demyelination was induced 
 

214 in eight-week-old male and female mice by adding 0.2% cuprizone 
 

215 (Bis(cyclohexanone)oxaldihydrazone) into normal chow (LabDiet 5053) or crt def diet for 
 

216 5 weeks. Cuprizone diet was replaced every three days to prevent stability concerns. All 
 

217 recovery diets used TD.01084 and added creatine or cyclocreatine (Sigma). Recovery 
 

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

219 or 0.1% cyclocreatine. Animals were weighed once every two days to ensure animals 
 

220  
 

221  

did not lose more than ten percent body weight. 

 

222 Electron microscopy. Animals were perfused with EM fixation solution (4% PFA, 2% 
 

223 glutaraldehyde,  0.1M  sodium  cacodylate   buffer).   Tissues  were  postfixed  with   1% 
 

224 osmium  tetroxide,  and  embedded  in  EmBed812.  Ultrathin  sections  (70  nm)  were 
 

225 poststained with uranyl acetate and lead citrate and examined in the Hitachi H7600 
 

226 transmission electron  microscope  at  80 kV  located at  Georgetown University.  Digital 
 

227 electron micrographs were recorded with the TIA software (FEI). Morphometric  analysis 
 

228 was performed under blinded conditions by systematic uniform random sampling using 
 

229 25 randomly selected images. ImageJ software (NIH) was used to obtain axon diameter 
 

230 measurements from EM images taken at 5000X magnification and g-ratios using the 
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231 freehand selection tool (>80 axons per animal; n=1). For g-ratios, the inner myelin 
 

232  
 

233  

sheath diameter was divided by the outer myelin sheath diameter. 

 

234 Experimental design and statistical analyses. Images were collected on a Zeiss LSM 
 

235 800 completed system confocal imager. Quantification of immunostaining was done by 
 

236 1  or  2  blinded  investigators  using  the  ImageJ  cell  counter  manually.  For  corpus 
 

237 callosum imaging, one medial and two lateral images of corpus callosum and cingulum 
 

238 were taken from 3-4 sections per slide (n=3). For spinal cord demyelinating lesions, the 
 

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

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

241 for  cell  density.  For  cuprizone,  three  regions  from  four  sections  per  animal  were 
 

242 analyzed (n=4). Density per square millimeter was calculated in Microsoft Excel as 
 

243 previously described in Chamberlain et. al, 2017. All statistics were performed using 
 

244 Prism. Data are expressed as mean±SEM. Comparisons were analyzed by two-way 
 

245 ANOVA with Sidak’s multiple comparison test, one-way ANOVA with Tukey’s multiple 
 

246 comparison test or two-tailed t-test. Statistical significance is reported as *p≤0.05, **p≤ 
 

247  
 

248  

0.01, ***p≤ 0.001, ****p≤ 0.0001. 

 

249 RESULTS 
 

250 Endogenously synthesized creatine supplies cerebral creatine and is dependent 
 

251 on Gamt expression. 
 

252 Previous studies from our lab demonstrated that Gamt loss-of-function in mice impairs 
 

253 remyelination following experimental demyelinating injury (Chamberlain et al., 2017). 
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254 However,  these  mice  did  not  display  obvious  myelination  defects  or developmental 

255 abnormalities, suggesting that cerebral creatine levels may not have been disrupted 

256 during development. To determine if cerebral creatine is detectable in the absence of 

257 Gamt expression, we performed 1H-magnetic resonance spectroscopy (MRS) analysis 

258 in the prefrontal cortex of eight-week old Gamt knockout (KO) (Fig. 1a) and wild-type 

259 (WT) mice (Fig. 1b). MRS is a specialized, non-invasive imaging-based technique that 

260 enables  the  metabolic  profiling  of  tissues  in  vivo.  The  level  of  creatine  was  also 

261 compared to the levels of glutamate/glutamine, myo-inositol, taurine, choline and N- 

262 acetylaspartate in the mouse prefrontal cortex (Fig. 1c). We found that the KO mice on 

263 a standard rodent diet displayed measurable, but significantly lower creatine levels in 

264 the  brain  compared  to  WT  (Fig.  1d),  suggesting  that  dietary  creatine  can partially 

265 compensate for cerebral creatine levels when GAMT is missing. MRS analysis was also 

266 performed on KO and WT mice on a creatine deficient diet. We found that WT mice on 

267 creatine  deficient  diet  displayed  similar  creatine levels  as  those on standard diet. By 

268 contrast, Gamt KO mice on creatine deficient diet displayed undetectable creatine levels 

269 in the  prefrontal cortex (Fig.  1d).  These  data  suggest  that endogenously synthesized 

270 creatine can supply adequate cerebral creatine in the absence of dietary creatine, and 

271 that GAMT is the main enzyme responsible for creatine synthesis in the mouse brain. 

272 Moreover, our data also suggest that dietary creatine can supply cerebral creatine in the 

273 absence of  Gamt  expression in mice, providing  an  explanation for the lack  of obvious 

274 myelination impairment in our previous study (Chamberlain et al., 2017). To examine 

275 the  effect  of  Gamt  deletion  on  postnatal  CNS  development,  following  studies were 

276 performed on mice on creatine deficient diet. 
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277  
 

278 Gamt knock-in reporter mouse line reveals mature oligodendrocytes are the 
 

279 major producers of creatine in the postnatal CNS. 
 

280 Gamt  expression  does  not  begin  until  very  late  in  rodent  embryogenesis  and  is 
 

281 regionally   limited   before   birth   (Braissant   et   al.,   2005).   As   rodent development 
 

282 progresses,  Gamt  spatiotemporal  expression  changes  drastically  (Tachikawa  et al., 
 

283 2004; Braissant et al., 2005). To more effectively track the expression of Gamt and 
 

284 identify the cell populations that synthesize creatine endogenously, we developed a 
 

285 transgenic mouse model that expresses a green fluorescent protein (GFP) reporter 
 

286 upon the conditional excision of Gamt. This mouse line (Gamtfl/fl) contains LoxP sites 
 

287 flanking exons 2-6 of the Gamt gene (Fig. 2a and Extended Data Fig. 2-1). To delete 
 

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

289 Cre recombinase-expressing mouse line (CMV-Cre). Heterozygous mice containing one 
 

290 copy of Gamt (GamtGFP/+) were used to track CNS cell populations that synthesize 
 

291 creatine while the mice with homozygous deletion (GamtGFP/GFP) were used for Gamt 
 

292 loss-of-function analysis. Controls are Gamtfl/fl without Cre recombinase. 
 

293 Immunohistochemistry was performed to co-localize GFP expression within CNS cell 
 

294  
 

295  

types in the cortex from postnatal (P) day P0 until P60. 

 

296 We observed low, but widespread GFP expression in neuroblasts/neural stem cells 
 

297 (Fig. 2b), neurons (Fig. 2c), oligodendrocytes (Fig. 2d), and astrocytes (Fig. 2e) at P0 
 

298 and P7, which supports previously published Gamt expression data (Tachikawa et al., 
 

299 2018).  However,  by  P14,  when  large-scale  active  developmental  myelination  is 
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300 occurring (Sturrock, 1980), this wide-spread expression was no longer observed, and 
 

301 GFP expression appeared to be restricted to distinctive cell populations in the CNS. We 
 

302 found that GFP was not expressed in GFAP+ astrocytes (Fig. 2f), Iba1+ microglia (Fig. 
 

303 2g), or NeuN+ neurons (Fig. 2h), but was strongly expressed in Olig2+ oligodendrocyte 
 

304 lineage  cells  in  corpus  callosum  (Fig.  2i).  To  further  determine  when  endogenous 
 

305 creatine synthesis occurs during oligodendrocyte lineage cell progression, 
 

306 immunostaining analysis for GFP expression and NKX2.2+ OPCs, BCAS1+ 
 

307 premyelinating oligodendrocytes, and CC1+ mature oligodendrocytes was performed. 
 

308 We   found   that   GFP   was   undetectable   in  OPCs  (Fig. 2j), expressed in few 
 

309 premyelinating   oligodendrocytes   (Fig.   2k),   and   abundantly   expressed   in mature 
 

310 oligodendrocytes  (Fig.  2l).  Quantification  revealed  GFP  expression  in approximately 
 

311 17% of premyelinating oligodendrocytes and 95% of mature oligodendrocytes (Fig. 2m). 
 

312 These results suggest that during active myelination, endogenous creatine synthesis in 
 

313  
 

314  

the adult CNS occurs exclusively in oligodendrocytes during their maturation. 

 

315 Gamt deletion leads to reduced mature oligodendrocyte survival and delayed 
 

316 myelination. 
 

317 We next determined the impact of Gamt loss-of-function on CNS myelination in 
 

318 homozygous GamtGFP/GFP, and control Gamtfl/fl (WT) mice. To confirm Gamt deletion, 
 

319 western blot analysis for GAMT protein expression in brain extracts of WT and 
 

320 GamtGFP/GFP mice at P21 were performed. We observed a complete loss of GAMT 
 

321 expression (26 kDa) in GamtGFP/GFP mice compared to control, indicating Gamt was 
 

322 effectively deleted in the CNS of GamtGFP/GFP mice (Fig. 3a). Next, we compared the 
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323 total number of oligodendrocyte lineage cells in the corpus callosum in GamtGFP/GFP and 
 

324 control mice by immunostaining analysis (Fig. 3b). We observed a significant reduction 
 

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

326 P21 in GamtGFP/GFP mice compared to control (Fig. 3c; top). Moreover, we observed a 
 

327 significant decrease of CC1+ mature oligodendrocytes in GamtGFP/GFP mice at P14 and 
 

328 P21 (Fig 3c; bottom). However, this reduction in total number of oligodendrocytes was 
 

329 no longer significant by P60 (Fig 3c). We also examined the number of NKX2.2 OPCs in 
 

330 the  corpus  callosum,  and  found  no  significant  difference  in  the  number  of  OPCs 
 

331 between GamtGFP/GFP and control mice at P7, P14 or P21 (Fig. 3d). To determine if the 
 

332 lack of Gamt expression in mice affects myelination, immunostaining analysis for myelin 
 

333 basic protein (MBP) was performed. We found a significant decrease in MBP coverage 
 

334 in the corpus callosum at P21 (Fig. 3e and f). Moreover, we performed western blot 
 

335 analysis  for  myelin  oligodendrocyte  glycoprotein  (MOG)  expression  in  cerebellar 
 

336 extracts of GamtGFP/GFP and WT mice at P21, and found that GamtGFP/GFP mice exhibited 
 

337 reduced MOG expression compared to control (Fig. 3g and h). These results suggest 
 

338 that   endogenously  synthesized   creatine  is  not  involved  in   maintaining   the   OPC 
 

339 population  in the  adult corpus callosum,  but  plays a  role in regulating oligodendrocyte 
 

340 differentiation  and  myelination.  However,  since  the  number  of  oligodendrocytes  in 
 

341 GamtGFP/GFP mice eventually catches up to control levels by adulthood, our results 
 

342 suggest that endogenous creatine synthesis may be necessary to ensure 
 

343 oligodendrocyte differentiation and myelination occurs in a timely manner in the 
 

344  
 

345  

postnatal CNS. 
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346 To  investigate  whether  the  reduction  in  mature  oligodendrocytes  was  driven  by 
 

347 decreased proliferation or increased cell death, we performed immunohistochemistry at 
 

348 P14 and P21. First, we conducted a TUNEL assay for apoptosis, and found increased 
 

349 TUNEL staining in the corpus callosum in GamtGFP/GFP compared to control at P14 and 
 

350 P21 (Fig. 4a and b). Moreover, we observed that most of the dying cells were Olig2+ 
 

351 oligodendrocyte lineage cells (Fig. 4c). Interestingly, we found that the TUNEL positive 
 

352 cells  did  not  colocalize  with  markers  of  OPCs  or  mature  oligodendrocytes  in  the 
 

353 GamtGFP/GFP mice, but appeared to colocalize with BCAS1 (Fard et al., 2017), 
 

354 suggesting that premyelinating oligodendrocytes undergoes cell death in the absence of 
 

355 creatine (Fig. 4d and e). Next, we stained for Ki67 to examine the effect of Gamt loss  of 
 

356 function  on  cell  proliferation,  and  found  no  difference  in  proliferation  in  the corpus 
 

357 callosum between GamtGFP/GFP and control mice at P14 or P21 (Fig. 4f). Since 
 

358 myelination depends on lipogenesis, we also examined the expression of fatty acid 
 

359 synthase (FASN) in the corpus callosum (Dimas et al., 2019). We observed complete 
 

360 colocalization between FASN and mature oligodendrocyte marker, CC1, and 
 

361 unsurprisingly, decreased FASN expression in our GamtGFP/GFP model compared to WT, 
 

362 indicating  reduced oligodendrocyte  lipogenesis  in the corpus callosum (Extended Data 
 

363 Fig.  4-1).  These  results  suggest  that  endogenously  synthesized  creatine  may  be 
 

364 necessary to provide the energy necessary to promote the transition of premyelinating 
 

365 oligodendrocytes to mature oligodendrocytes, and that premyelinating oligodendrocytes 
 

366  
 

367  

are vulnerable to apoptosis in the absence of endogenously synthesized creatine. 
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368 Gamt deletion leads to altered energetics and reduced brain creatine kinase 
 

369 (BCK) in neurons in the cortex of adult mice. 
 

370 Defects in oligodendrocytes have long term effects on the health and energetics of 
 

371 neurons  since  oligodendrocytes  provide  metabolic  support,  in  addition  to increasing 
 

372 axonal conduction velocity through myelin sheaths (Lee et al., 2012; Fünfschilling et  al., 
 

373 2012). AMPK is activated by increased levels of AMP and ADP stemming from a variety 
 

374 of cellular stresses in many cell types. Long term activation of AMPK leads to  metabolic 
 

375 reprogramming within the brain including decreases in transcription, glucose synthesis 
 

376 and lipogenesis.  Since creatine  plays an important role in buffering ATP,  and low ATP 
 

377 levels can lead to phosphorylation (activation) of AMP-kinase (AMPK) (Hardie et al., 
 

378 2012), we examined AMPK signaling in the mouse cerebellum by Western blot  analysis 
 

379 at P21 (Fig. 5a). We found that the GamtGFP/GFP mice displayed decreased total AMPK 
 

380 protein expression (Fig.  5b),  and increased phospho-AMPK  expression  compared  to 
 

381 control  (Fig.  5c),  suggesting  a  potential  global  shift  in  brain  bioenergetics  and 
 

382  
 

383  

metabolism in the absence of endogenously synthesized creatine. 

 

384 Since oligodendrocytes are the only cells expressing Gamt at P21, we next asked if the 
 

385 loss endogenously synthesized creatine also affects neuronal bioenergetics in the adult 
 

386 CNS.  Brain  creatine  kinase  (BCK),  which  is  essential  for  shuttling  of  high-energy 
 

387 phosphate group from phosphocreatine for ATP biogenesis, is mainly expressed in 
 

388 inhibitory neurons and astrocytes, but not in oligodendrocytes (Lowe et al., 2013), and is 
 

389 known to cooperate with AMPK to maintain energy homeostasis within cells (Ramírez 
 

390 Ríos et al., 2014). To determine if loss of GAMT affects BCK expression in neurons, 
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391 immunostaining analysis of GamtGFP/GFP and control mice at P60 was performed (Fig. 
 

392 5d). We found a significant decrease of BCK expression in NeuN+ neurons in the motor 
 

393 cortex of GamtGFP/GFP mice compared to control (Fig. 5e). However, no difference in 
 

394 overall number of neurons in the cortex was observed (Fig. 5f). Since BCK has been 
 

395 shown to be localized mainly in inhibitory neurons, we also assessed whether the loss 
 

396 of cerebral creatine affected GAD67+ inhibitory neuron numbers in mice. 
 

397 Immunostaining analysis revealed Gamt deletion had no effect on the total number of 
 

398 inhibitory neurons between (Fig. 5g). These results suggest that the cerebral creatine 
 

399 deficiency  resulted  in  long  term  changes  in  cellular  metabolism  and  bioenergetics, 
 

400 which may lead to neuronal dysregulation without affecting neuronal survival in the adult 
 

401 CNS. Indeed, MRS analysis of Gamt knockout mice exhibited increased 
 

402 glutamate/glutamine ratio compared to WT at P56, suggesting altered glutamatergic 
 

403  
 

404  

neurotransmission in the adult CNS (Fig. 5h). 

 

405 Inducible knockout of Gamt in oligodendrocyte lineage cells leads to reduced 
 

406 oligodendrocytes and inefficient remyelination after demyelinating injury. 
 

407 We next investigated if Gamt expression in oligodendrocytes is required for 
 

408 remyelination. To this end, we crossed our Gamtfl/fl line with the PDGFRɑ-CreERT mouse 
 

409 line, and generated PDGFRɑ-CreERT;Gamtfl/fl to allow tamoxifen inducible knockout 
 

410 (iKO)  of Gamt  in oligodendrocyte lineage  cells  (Fig.  6a).  To induce Gamt  deletion in 
 

411 oligodendrocyte lineage cells, tamoxifen was injected intraperitoneally into mice at 10- 
 

412 11 weeks of age for four consecutive days, and focal experimental demyelination was 
 

413 then performed by lysolecithin injection into the mouse spinal cord ventral white matter. 
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414 Sibling tamoxifen-injected Gamtfl/fl mice without PDGFRɑ-CreERT expression were used 
 

415 as controls. To confirm Gamt deletion, we examined the expression of GFP in the 
 

416 lesioned spinal cord of PDGFRɑ-CreERT;Gamtfl/fl iKO and control mice. At 5 days post 
 

417 lesion (dpl), when OPCs are expected to migrate and proliferate into lesions, we did not 
 

418 observe any GFP expression in or outside of the lesions of PDGFRɑ-CreERT;Gamtfl/fl 
 

419 iKO  or  control  mice  (Fig.  6b),  suggesting  that  Gamt  is  not  expressed  at  the OPC 
 

420 recruitment stage during remyelination. The lack of GFP expression also suggested that 
 

421 no mature oligodendrocytes that survived the lesion expressed GFP. However, at 10 
 

422 dpl, when OPC are expected to have differentiated into oligodendrocytes, we found that 
 

423 GFP was  expressed  only  in CC1+  oligodendrocytes  in  lesions  and barely detectable 
 

424 outside of  lesions  (Fig.  6c).  Quantification  of  GFP labeled  oligodendrocytes showed 
 

425 approximately 79% of mature oligodendrocytes expressed GFP in lesions (Fig. 6d), 
 

426 suggesting that GFP+ oligodendrocytes were derived from OPCs that migrated into the 
 

427 lesion  during  remyelination.  These  results  demonstrate  the  inducible  GFP  tagging 
 

428 approach using the PDGFRɑ-CreERT;Gamtfl/fl line allows for the tracking of newly 
 

429 regenerated oligodendrocytes in lesions, and the identification of Gamt deleted 
 

430  
 

431  

oligodendrocytes after demyelinating injury. 

 

432 To  determine  if  tamoxifen  induced  Gamt  deletion  in  oligodendrocyte  lineage  cells 
 

433 affected oligodendrocyte lineage cell progression in lesions, immunostaining analysis 
 

434 for  oligodendrocyte  lineage  cell  markers  was  performed.  We  detected  a significant 
 

435 reduction of Olig2+ oligodendrocyte lineage cells and CC1+ oligodendrocytes in lesions 
 

436 in the PDGFRɑ-CreERT;Gamtfl/fl iKO compared to control at 10 dpl (Fig. 6e–g). 
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437 Moreover, MBP coverage in the lesion, which is an indicator of remyelination, was 
 

438 significantly reduced at 20 dpl (Fig. 6h and i). These results suggest that creatine 
 

439 synthesis in oligodendrocytes is necessary for efficient oligodendrocyte maturation and 
 

440  
 

441  

remyelination. 

 

442 Creatine or cyclocreatine supplemented recovery diet leads to increased mature 
 

443 oligodendrocytes and enhanced remyelination after cuprizone-mediated 
 

444 demyelination. 
 

445 Since 50% of creatine in human comes from diet, we next asked if dietary creatine is 
 

446 important in regulating the function of oligodendrocyte lineage cells with intact Gamt 
 

447 expression under demyelinating environment. To this end, wild type mice were fed a 0.2 
 

448 percent cuprizone in either creatine deficient or standard rodent diet for five weeks, 
 

449 starting at eight weeks-old. (Fig. 7a). We found that mice on the creatine deficient diet 
 

450 displayed  a  significant  reduction  in  Olig2+  oligodendrocyte  lineage  cells  and  CC1+ 
 

451 oligodendrocytes  in  the  corpus  callosum  after  five  weeks  of  cuprizone  treatment 
 

452 compared  to  those  on  regular  rodent  diet  (Fig.  7b–d).  Moreover,  we  observed  a 
 

453 significant reduction in NKX2.2+ OPCs (Fig. 7e and f). These data suggest that the 
 

454 absence of dietary creatine leads to a greater loss of the entire oligodendrocyte lineage 
 

455 during cuprizone intoxication, suggesting dietary creatine is protective against 
 

456 oligodendrocyte lineage cell loss and may be necessary to rapidly replenish cerebral 
 

457  
 

458  

creatine pools to lessen the effects of systemic cuprizone toxicity. 
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459 To determine if introduction of creatine into rodent diet enhances remyelination, a diet 
 

460 without cuprizone and containing 2% creatine or 0.1% cyclocreatine, a planar creatine 
 

461 analog with greater brain penetrance, were fed to mice for 2 weeks during the recovery 
 

462 period (Fig 7a) after 5 weeks of cuprizone demyelination. Control mice were fed a 
 

463 creatine  deficient  diet  throughout  the  experiment.  We  found  that  both  creatine and 
 

464 cyclocreatine fed mice displayed increased Olig2+CC1+ oligodendrocytes (Fig. 8a and 
 

465 b), and significantly greater Fluoromyelin staining (Fig. 8c and d) in the corpus callosum 
 

466 compared to control after two weeks of being on the recovery diet. Electron microscopy 
 

467 analysis revealed that creatine and cyclocreatine diets led to more remyelinated axons 
 

468 compared to control, and displayed lower g-ratios (Fig. 8e and f, g). These results 
 

469  
 

470  

suggest that dietary creatine significantly enhances CNS remyelination. 

 

471 DISCUSSION 
 

472 Creatine synthesis through Gamt supports oligodendrocyte maturation and 
 

473 survival during developmental myelination. 
 

474 Studying CCDS using cellular specific removal of Gamt could aid in understanding the 
 

475 etiology behind the development of the intellectual disabilities, seizures and behavior 
 

476 disorders in these patients. These clinical symptoms in patients suggest that the CNS is 
 

477 particularly vulnerable to creatine deficiency (Giusti et al., 2019). We have performed 
 

478 magnetic resonance spectroscopy analysis and showed that cerebral creatine levels are 
 

479 dependent on Gamt expression. Moreover, we have now generated a new transgenic 
 

480 mouse model to allow GFP tagging of cells normally displaying creatine synthesis and 
 

481 to determine the effect of endogenous creatine loss on cellular function. Due to large 
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482 energy   demands   required   for   developmental   myelination,   we   hypothesized that 
 

483 endogenous creatine synthesis may support this process. We found that Gamt is not 
 

484 expressed in OPCs, but is expressed in a small portion of premyelinating 
 

485 oligodendrocytes and highly expressed in mature oligodendrocytes, suggesting that 
 

486 creatine is necessary for oligodendrocyte maturation and myelination. Our GamtGFP/GFP 
 

487 knockout model showed significant reductions in mature oligodendrocytes and myelin 
 

488 proteins at P14 and P21 which coincides with increased cell death in premyelinating 
 

489 oligodendrocytes.  These  data  suggest  that  endogenously  synthesized  creatine may 
 

490 support the survival of premyelinating oligodendrocytes and their transition to mature 
 

491 myelinating oligodendrocytes (Hughes and Stockton, 2021). However, the reduction of 
 

492 oligodendrocytes was no longer observed in GamtGFP/GFP mice compared to controls by 
 

493 P60, suggesting that endogenous creatine synthesis is not required for myelination in 
 

494 mice, but may be necessary to ensure that oligodendrocyte maturation and myelination 
 

495 occur in a timely manner in the postnatal brain. It is known that alterations in the CNS 
 

496 critical windows of development can have long lasting impacts on brain function (Marín, 
 

497 2016). Importantly, the lack of any overt behavioral perturbations in our mouse model 
 

498 highlights the important difference in neocortical development and white matter volume 
 

499  
 

500  

between humans and rodents. 

 

501 We  also  found  widespread  activation  of  AMPK  signaling  in  mice  lacking  Gamt 
 

502 expression. Short term activation of AMPK has been shown to protect  oligodendrocytes 
 

503 and neurons from cell death, however, long term activation under creatine deficiency 
 

504 may cause a metabolic shift in the CNS leading to prolonged activation of catabolic 
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505 pathways (Paintlia et al., 2013; Hardie et al., 2012). Moreover, we found a shift in 
 

506 neuronal bioenergetics in mice lacking Gamt expression, in which neurons in the adult 
 

507 CNS exhibited decreased expression of brain creatine kinase at P60. It remains to be 
 

508 determined whether the dysregulation in neuronal bioenergetics is due to: a) a reduced 
 

509 supply of creatine from oligodendrocytes, b) a decreased number of oligodendrocytes 
 

510 during  development,  c)  less metabolically healthy  oligodendrocytes, or d) an unknown 
 

511 role  of   Gamt   expression  in  neural  stem   cell   differentiation   or  function  early   in 
 

512 development.  Although  we  showed  that  Gamt  is  uniquely  expressed  in  mature 
 

513 oligodendrocytes starting at P14, it also remained to be confirmed whether 
 

514  
 

515  

oligodendrocyte-derived creatine can be distributed to other cell types in the brain. 

 

516 Creatine synthesis through GAMT and dietary creatine supplementation support 
 

517 remyelination. 
 

518 We found that oligodendrocytes synthesized creatine is important for the process of 
 

519 remyelination  when  lysolecithin  induced  demyelination  was  performed  on tamoxifen 
 

520 injected PDGFRɑ-CreERT;Gamtfl/fl iKO mice. This result supports our previous work and 
 

521 confirms that no other cell types express Gamt under injury (Chamberlain et al., 2017). 
 

522 The inducible strategy ensured that any long term effects of the loss of endogenous 
 

523 creatine  during  development  did  not  influence  our  results  in  the  remyelination 
 

524 experiments. Interestingly, we saw no expression of the GFP reporter at 5 dpl and only 
 

525 in mature  oligodendrocytes in the lesion  at 10 dpl, and thus,  suggesting that  the  GFP 
 

526 tagged oligodendrocytes in lesions are newly regenerated oligodendrocytes involved in 
 

527 remyelination. The inducible GFP tagging approach may be useful for the identification 
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528 and tracking of newly regenerated oligodendrocytes and could be incorporated into 
 

529  
 

530  

other animal models of demyelination or experimental injury. 

 

531 Since half  of daily creatine level  in humans  comes from diet,  we investigated whether 
 

532 creatine is important during demyelination and remyelination using a toxic demyelination 
 

533 cuprizone method (Torkildsen et al., 2008). Here, we used a wild-type mouse to see if 
 

534 dietary  creatine and  cyclocreatine,  a lipophilic analog with  greater  brain   penetrance, 
 

535 can speed up the rate of remyelination after cuprizone. Interestingly, both creatine and 
 

536 cyclocreatine increased the number of oligodendrocytes and improved remyelination but 
 

537 there was  no significant  difference between  the two diets. Increasing the cyclocreatine 
 

538 dose or limiting the length of recovery diet may allow us to see greater differences 
 

539 between the diets. Overall, this experiment suggests that creatine supplementation can 
 

540  
 

541  

limit the extent of demyelination and improve the rate of remyelination. 

 

542 In   conclusion,   our   study   showed   that   Gamt   is   uniquely   expressed   in mature 
 

543 oligodendrocytes during active myelination, suggesting that oligodendrocytes are the 
 

544 main source of creatine synthesis in the adult CNS. Loss of Gamt led to impairments in 
 

545 developmental myelination and remyelination after injury,  and that  dietary  creatine can 
 

546 enhance CNS remyelination. Furthermore, the lack of endogenous creatine synthesis 
 

547 may have long term implications for neuronal energetics and metabolism. These results 
 

548 suggest  oligodendrocyte  dysfunction  might  contribute  to  the  CNS  pathophysiology 
 

549 associated   with   CCDS,   and  that  therapeutic  strategies  targeting   oligodendrocyte 
 

550 survival or energetics might reduce neurological impairment in CCDS. 
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644 FIGURE LEGENDS 
 

645 Fig  1.  Endogenously  synthesized  creatine  supplies  cerebral  creatine  and  is 
 

646 dependent  on  Gamt  expression.  a)  Diagram  of  Gamt  knockout  (KO)   transgenic 
 

647 mouse model b) Region of magnetic resonance spectroscopy (MRS) voxel placement in 
 

648 mouse  prefrontal  cortex   c)   Representative  trace  from   MRS  from   each   group d) 
 

649 Quantification of metabolites, normalized to choline, showing unmeasurable creatine 
 

650 levels in the brain in the KO on creatine deficient diet (one-way ANOVA with Tukey’s 
 

651 multiple comparisons; F (3, 8)=83.81, df=11, p<0.0001) and normal levels of creatine in 
 

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

653 normal diet had measurable, but significantly reduced levels of creatine compared to 
 

654 WT  (KO  normal vs.  WT  normal p=0.02). All data presented  as  mean±SEM  with n=3 
 

655 biological replicates.  Data presented with  *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, 
 

656 ns= not significant. 
 

657  
 

658 Fig 2. Gamt knock-in reporter mouse shows Gamt becomes highly expressed and 
 

659 restricted to oligodendrocyte lineage cells during active myelination. a) Diagram 
 

660 of transgenic mouse model showing heterozygous  expression  of  Gamt  with  GFP  

661   expression.  Postnatal (P) day P7 co-immunostaining analysis of GFP and b) Nestin+   

662 cells around the subventricular zone (SVZ), c) Nestin+ cells at the adjacent striatum, d)  

663     Olig2+ oligodendrocyte lineage cells, and e) GFAP+ astrocytes in the corpus callosum. 

664 SVZ is outlined in white dotted line b-e. P14 co-immunostaining analysis of GFP and f)  

665  GFAP+  astrocytes,  g)  Iba1+  microglia/macrophages,  h)  NeuN+  neurons,  i)  Olig2+   

666  oligodendrocyte    lineage    cells,    j)    NKX2.2+    OPCs,    k)    BCAS1+    premyelinating 
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667 oligodendrocytes, and l) CC1+ oligodendrocytes in the corpus callosum. m)  Percentage 
 

668 of  OPCs,  premyelinating  and  mature  oligodendrocytes  that  express  GFP.  All  data 
 

669 presented as mean±SEM with n=3 biological replicates. Scale bar is 20µm in b,c and 
 

670 
 

671 

50µm in all other images. 

 

672 Fig 3. Deletion of Gamt results in reduced mature oligodendrocytes at P14 and 
 

673 P21 and a delay in developmental myelination. a) Diagram of GamtGFP/GFP knockout 
 

674   mouse  (top)  and  confirmation  of  GAMT  deletion  by  western  blot  (bottom).    b)    

675 Immunostaining of control and GamtGFP/GFP for Olig2+ oligodendrocyte lineage cells and  676   

CC1+ oligodendrocytes in the corpus callosum at P14. c) Quantification showing total   677   

Olig2+ oligodendrocyte lineage cells at P14 (two-way ANOVA of genotype x age with    678 

Sidak’s multiple comparisons; F (1, 4)=19.77, df=1 for genotype; p=0.01), CC1+ 

679 oligodendrocytes in the corpus callosum at P14 and P21 (two-way ANOVA with  Sidak’s 
 

680 multiple comparisons; F (1, 12)=33.86, df=1, p<0.0001), and d) NKX2.2+ OPC numbers 
 

681 (p=0.1,  ns).  e)  Myelin  basic  protein  (MBP)  staining  coverage  at  P21  is  reduced in 
 

682 GamtGFP/GFP compared to controls. f) Quantification of MBP coverage at P21 (two-tailed 
 

683 t-test; t=4.721, df=4, p=0.009). g) Western blot analysis for myelin oligodendrocyte    

684   glycoprotein   (MOG)   expression   in   GamtGFP/GFP   cerebellar   extract   at   P21.   h)  

685      Quantification of MOG expression in GamtGFP/GFP mice (two-tailed t-test; t=4.494, df=4, 

686 p=0.01). All data presented as mean±SEM with n=3 biological replicates. Scale bar is 
 

687 
 

688 

50µm in b,e. Data presented with *p<0.05, **p<0.01. 
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689 Fig 4. Deletion of Gamt leads to increased death of premyelinating 
 

690  oligodendrocytes in the corpus callosum. a) Olig2 and TUNEL co-staining analysis  

691      in the CNS of control and GamtGFP/GFP knockout mouse at P14. Corpus callosum is        692     

outlined with white dashed lines. Arrows point to TUNEL+ cells at the corpus callosum. 

693 b) Quantification of TUNEL labeling in the corpus callosum at P14 and P21 (two-way 
 

694 ANOVA   with   Sidak’s   multiple   comparisons;   F(1,   10)=15.18,   df=1,   p=0.003). c) 
 

695 Quantification of TUNEL labeled oligodendrocyte lineage cells at P21 (two-tailed t-test; 
 

696    t=7.28, df=4, p=0.002). d) BCAS1 and TUNEL co-staining in the CNS of control and    

697   GamtGFP/GFP  knockout mouse at P14.  Corpus callosum is outlined with  white dashed  

698  lines.  e)  Insets  showing   colocalization   of   TUNEL   with   BCAS1+   premyelinating 

699      oligodendrocytes  (arrows) at P14.  f)  Ki67+  analysis  of control and  GamtGFP/GFP  mice 

700 shows no difference in cell proliferation at P14 or P21 (two-way ANOVA with Sidak’s 
 

701 multiple comparisons; F(1, 8)=0.06, p=0.8134, ns). All data presented as mean±SEM 
 

702 with n=3-4 biological replicates. Scale bar is 20µm in a, 50µm in d and 5µm in insets. 
 

703 
 

704 

Data presented with *p<0.05, **p<0.01, ns=not significant. 

 

705 Fig 5. Loss of Gamt leads to activated AMPK signaling and reduced brain creatine 
 

706 kinase (BCK) in the cortex of adult mice. a) Western blot of cerebellar lysates for 
 

707 AMPK signaling in wildtype and GamtGFP/GFP knockout mouse at P21. b) Quantification 
 

708  of total AMPK (two-tailed t-test; t=2.884, df=4, p=0.045), and c) phosphorylated AMPK  

709 (two-tailed t-test;  t=6.084,  df=4,  p=0.0037).  d)  Immunostaining  of  BCK  and  NeuN+ 

710 neurons in the motor cortex in controls and GamtGFP/GFP at P60. Quantification of e) 

711 BCK expression in neurons (two-tailed t-test; t=4.912, df=4, p=0.008), and f) total 
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712 neurons  in  the  motor  cortex  (p=0.16,  ns).  g)  Quantification  of  GAD67+  inhibitory 

713 neurons in the motor cortex at P60 (p=0.695, ns). h) MRS analysis glutamate-glutamine 

714 ratio in GAMT KO on a creatine deficient diet compared to WT  on creatine deficient diet 

715 at P56 (two-tailed t-test; t=3.417, df=4, p=0.027). All data presented as mean±SEM with 

716 n=3  biological  replicates.  Scale  bar  is  50µm  in  d.  Data  presented  with  *p<0.05, 

717  

718  

**p<0.01, ns=not significant. 

719 Fig  6.  Deletion  of  Gamt  from  oligodendrocyte  lineage  cells  leads  to reduced 

720 mature oligodendrocytes and myelin coverage in lesions during remyelination.  a) 

721 Diagram  showing  strategy  to  delete  Gamt  from  oligodendrocyte  lineage  cells  in 

722 PDGFRɑ-CreERT;Gamtfl/fl mice by i.p. injections of tamoxifen for four days, followed by 

723 lysolecithin spinal cord demyelination. b) No GFP expression was detected at 5 days 

724 post lesion (dpl). c) GFP expression  in CC1+ mature oligodendrocytes  in lesions  at 10 

725 dpl.  d)   Quantification   shows   GFP   colocalization   in   79   percent   of   mature 

726   oligodendrocytes in the lesions. e) Immunostaining of Olig2+ oligodendrocyte lineage 

727 cells  in  lesion  of  tamoxifen  treated  control  and  PDGFRɑ-CreERT;Gamtfl/fl  mice.  f)  

728 Quantification showing  Olig2+  oligodendrocyte  lineage  cells  (two-way  ANOVA  with 

729 Tukey’s multiple comparisons; F(1, 8)=13.76, df=1, p=0.006) and g) CC1+ 

730 oligodendrocytes (two-way ANOVA with Tukey’s multiple comparisons; F(1, 8)=0.0016, 

731 df=1, p=0.0016) in lesions of PDGFRɑ-CreERT;Gamtfl/fl iKO compared to control at 10 

732 dpl. h) Immunostaining of myelin basic protein (MBP) at 20 dpl. i) Quantification 

733 showing (MBP) coverage in lesions of PDGFRɑ-CreERT;Gamtfl/fl iKO compared to 

734 control at 20 dpl (two-tailed t-test; t=3.449, df=4, p=0.026). All data presented as 
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735 mean±SEM with n=3 biological replicates. Scale bar is 50µm in b,c,e,h. Data presented 
 

736  
 

737  

with *p<0.05, **p<0.01. 

 

738 Fig 7. Cuprizone demyelination under creatine deficient diet results in greater 
 

739 loss  of  oligodendrocytes  and  oligodendrocyte  precursor  cells  (OPC)  in  the 
 

740 corpus  callosum.  a)  Diagram  of  cuprizone  experiment  and  groups.  b)  Images  of 
 

741 Olig2+CC1+   mature  oligodendrocytes   in  the  corpus   callosum   after   five  weeks of 
 

742 cuprizone with creatine deficient diet compared  to  cuprizone  with  normal  diet.  c)  

743  Quantification showing Olig2+ oligodendrocyte lineage cells (two-tailed t-test, t=7.717,   

744   df=6,  p=0.0002)  and  d)  CC1+  oligodendrocytes  (two-tailed  t-test;  t=11.38,  df=6,    

745     p<0.0001)  in  the  corpus  callosum.  e)  Images  of  Olig2+NKX2.2+  OPCs  in  corpus 

746 callosum  after  five  weeks  of  cuprizone  with  creatine  deficient  diet  compared  to 
 

747 cuprizone  with  normal  diet.  f)  Quantification  showing  NKX2.2+  OPCs  in  the corpus 
 

748 callosum (two-tailed t-test; t=3.819, df=6, p=0.009). All data presented as mean±SEM 
 

749 with n=4 biological replicates. Scale bar is 50µm in b,e. Data presented with *p<0.05, 
 

750 
 

751 

**p<0.01, ***p<0.001, ****p<0.0001. 

 

752 Fig 8. Creatine or cyclocreatine supplemented recovery diet increases mature 
 

753 oligodendrocytes  and  enhances  remyelination.  a)  Images  of  Olig2+CC1+ mature 
 

754 oligodendrocytes in corpus callosum after two weeks of recovery diet containing either 
 

755 no creatine (Crt Def), 2% creatine, or 0.1% cyclocreatine. b) Quantification of CC1+ 
 

756 oligodendrocytes  following two  weeks of recovery diet  (one-way ANOVA  with  Sidak’s 
 

757 multiple comparisons; F(3, 10)=29.58, df=13, p<0.0001). c) Images of Fluoromyelin in 
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758 corpus  callosum  after  the  different  recovery  diets.  d)  Quantification  of Fluoromyelin 
 

759 intensity in the corpus callosum following two weeks of recovery diet (one-way ANOVA 
 

760 with Dunnett’s multiple comparisons; F(3, 11)=4.279, df=14, p=0.03). e) EM images of 
 

761 axons in cross sections of corpus callosum from mice under the different recovery diets. 
 

762 Magnification x 5,000. f and g) G-ratio analysis of myelinated axons in the corpus 
 

763 callosum  under  the  different  recovery  diets  (one-way  ANOVA  with  Tukey’s multiple 
 

764 comparisons; F(2, 237)=40.28, df=239, p<0.0001). All data presented as mean±SEM 
 

765 with n=3-4 biological replicates in a-d. Representative EM analysis in e-g from n=1, 80 
 

766 axons per animal. Scale bar is 100µm in a,c and 500nm in e. Data presented with 
 

767  
 

768  

*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, ns= not significant. 

 

769 Extended Data Fig 2-1. Overview of targeting strategy to generate a Gamt GFP 
 

770 knock-in transgenic mouse line. A linearized vector was generated to the Gamt gene 
 

771 in  C57BL/6  mice  on  chromosome  ten  and  delivered  to  embryonic  stem  cells  via 
 

772 electroporation. The targeted allele has loxP sites (purple) flanking exons 2-6 of the 
 

773 Gamt   gene  (yellow).  The  green  Rox  site   prevents  expression  of  enhanced   GFP 
 

774 cassette but upon cre recombination, Gamt along with the Rox site are removed and 
 

775  
 

776  

GFP is expressed. 

 

777 Extended Data Fig 4-1. Removal of Gamt leads to reduced fatty acid synthase in 

778 the corpus callosum. a) Images of FASN+CC1+ cells in the corpus callosum at P21. b) 

779 Quantification of FASN+CC1+ cells (two-tailed t-test; t=5.88, df=4, p=0.0042). All data 
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780 presented as mean±SEM with n=3 biological replicates. Scare bar is 50µm in a. Data 
 

781 presented with **p<0.01. 
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