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1. INTRODUCTION 

1.1 PHYSIOLOGY OF CREATINE AND ITS 

TRANSPORTER 

1.1.1 Creatine Biochemistry 

Creatine (Cr) is an organic compound with many physiologic functions. In particular, Cr                         

is essential in energy metabolism acting as transient intracellular storage of high-energy                       

phosphates and as a shuttle for high-energy phosphate bonds from the sites of production                           

(mitochondria, glycolysis) to the sites of consumption inside the cells. The enzyme                       

creatine kinase (CK), indeed, catalyses the following reversible enzymatic reaction (Fig. 1): 

Cr + ATP ↔ PCr + ADP  

The mitochondrial form of CK phosphorylates Cr to PCr reducing the ATP/ADP ratio                         

and allowing ATP synthase to continue its work. Then, PCr is used in the cytoplasm at                               

sites of high metabolic requirement. Here, high energy phosphates are transferred to                       

convert ADP into ATP and dephosphorylated Cr produced in this last process diffuses                         

back to mitochondria completing the creatine cycle. Cr and PCr, as molecules, are smaller                           

and less negatively charged compared to ATP or ADP; these properties allow the reaching                           

of higher concentration and then a more efficient flux of high-energy phosphates in cells                           

strongly relying upon Cr cycle1. 

The major share of creatine (and phosphocreatine) in the human body is found in muscle,                             

up to 30 mM. The brain, as expected by its metabolic rate, contains a concentration of                               

creatine of about 10 mM1 

Many other functions of Cr have been described. First, it is an osmolyte and has                             

antioxidant and anti-apoptotic effects2. This work will highlights many other functions                     

Cr exerts in the brain; the energy-buffer function exerted by Cr in the brain is in fact                                 

pivotal for the correct development of cognitive functions, neurovascular coupling and                     

the correct maintenance of EEG rhythms. Moreover, the release of Cr into the synaptic                           
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cleft has been observed3, and a putative role as neuromodulator or even as true                           

neurotransmitter has been envisaged, as suggested by the observation that in rat brain                         

slices Cr was released in an action-potential dependent manner, abolished removing Ca++                       

from perfusion medium or blocking Na+ channels, and enhanced when K+ channels                       

were blocked instead3 .  

1.1.2 Creatine Biosynthesis 

In physiological conditions, Cr is obtained by diet and endogenous synthesis4. The                       

synthesis of Cr is a two-step reaction requiring the amino acids arginine (Arg) and glycine                             

(Gly) as initial reagents. The enzyme L-arginine:glycine amidinotransferase (AGAT)                 

transfers the amidino group of Arg to Gly in order to produce L-ornithine and                           

guanidinoacetic acid (GAA). In the second step, the enzyme                 

S-adenosyl-L-methionine:N-guanidinoacetate methyltransferase methylates the amidino         

group of GAA to yield Cr (Fig. 2)4.  

Despite the seeming simplicity of the Cr cycle, the biochemical picture is complicated by                           

the fact that many tissues seem to lack one of the enzymes involved in the synthesis of Cr.                                   

In most mammalian species, the kidney expresses high levels of AGAT and low levels of                             

GAMT, while the liver contains low levels of AGAT and high amounts of GAMT. At the                               

opposite sides of the spectrum, we have common laboratory mammals, such as rats and                           

mice, which seem to be devoid of AGAT activity in the liver, and monkeys and humans                               

that, in turn, show high amounts of AGAT in the liver as well1. Thus, the following                               

outline about Cr synthesis in mammals has been proposed: the kidney would be the main                             

site of GAA production; this metabolite is then transported through blood to the liver                           

where it is methylated to Cr (Fig. 3). Eventually, Cr is again transported by blood and                               

distributed to all tissues.  

Cr and PCr are non-enzimatically converted into creatinine, which diffuses out of the                         

cells and is excreted by the kidneys into the urine. By this catabolic pathway about 1.7% of                                 

the total creatine pool of the body is lost every day and needs to be replaced1. 
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1.1.3 Creatine Transporter 

Cr is a hydrophilic molecule requiring an active transport system to cross the plasmatic                           

membranes. For this purpose, a cellular membrane Cr transporter (CrT) exists that is                         

responsible for a saturable Na+ and Cl- dependent uptake into cells against a large                           

concentration gradient5.  

The CrT is encoded by the Slc6a8 gene that in humans is located on Xq28. The gene is                                   

made up of 13 exons, with a predicted protein of 635 amino acids and a molecular mass of                                   

70.5 kDa6.  

Like the other members of the SLC6 family, CrT consists of 12 transmembrane domains,                           

containing sites for N-glycosylation and several sites for phosphorylation. 

In humans, CrT is expressed predominantly in muscle, kidney and heart, and also in                           

many other tissues including the brain7. This pattern of expression reflects the high levels                           

of creatine in muscle and heart, as well as the important role of kidney in the creatine                                 

reuptake from urine6. 

CrT is expressed in many regions of the brain, particularly in the olfactory bulb,                           

cerebellum, hippocampus, cortex and several brainstem nuclei8. CrT expression is found                     

in both neurons and glial cells, and a recent transcriptional analysis led to the discovery                             

that CrT is highly expressed in fast-spiking neurons parvalbumin-positive inhibitory                   

interneurons9. However, the results about glial cells are still debated. In some studies, CrT                           

results to be expressed in oligodendrocytes but not in astrocytes10, whereas other authors                         

found expression in astrocytes as well11.  

According to in vitro studies of rat hippocampal neurons, CrT is mainly expressed in                           

dendrites and in some axon terminals12; this localization can be explained by the high                           

energy requirements for re-establishing the ion electrochemical gradients disrupted during                   

neuronal signaling but also for its envisaged role as neurotransmitter. Evidence was found                         

of the presence of CrT in synaptosomal membrane, which would precisely be the                         

expected place where CrT should be found if Cr were secreted as neurotransmitter13. 

8 

https://paperpile.com/c/Oegn5S/aPGmv
https://paperpile.com/c/Oegn5S/nBxgY
https://paperpile.com/c/Oegn5S/cIhWB
https://paperpile.com/c/Oegn5S/nBxgY
https://paperpile.com/c/Oegn5S/DEE79
https://paperpile.com/c/Oegn5S/r5sOp
https://paperpile.com/c/Oegn5S/UE36d
https://paperpile.com/c/Oegn5S/vuWoS
https://paperpile.com/c/Oegn5S/YGKO7
https://paperpile.com/c/Oegn5S/ACsGK


1.1.4 Brain Creatine Supplying 

Brain is a highly energy demanding organ, despite representing just 2% of the total body                             

weight, and it spends most of its energy demand to maintain the transmembrane ionic                           

gradient and neurotransmission14. It is general consensus that most, if not all, Cr supplied                           

to the brain is of peripheral origin1 and synthetized by the two-step process described                           

above. However, recent findings shows that both AGAT and GAMT are expressed in                         

brain cells15,16, thus suggesting that endogenous Cr biosynthesis is somewhat present in                       

the brain. A confirmation of this hypothesis is represented by the observation that rats                           

and mice fed with 3-guanidinopropionic acid (GPA), a competitive inhibitor of Cr entry                         

into cells, showed a marked decrease of Cr and PCr contents in heart and skeletal muscle,                               

but only little effect in the brain17. However approximately only 12% of brain cells possess                             

the entire biosynthetic pathway (AGAT+GAMT) and approximately 43% of brain cells                     

contain only one of the two biosynthetic enzymes, with the remaining 45% of brain cells                             

devoid of both18,19. To further complicate the picture, CrT is expressed by microcapillary                         

endothelial cells at the blood brain barrier15,20,21, but not in astrocytes, suggesting that the                           

blood brain barrier has a limited permeability for peripheral Cr8,15. 

It is thus possible that the brain has to rely on endogenous synthesis to provide most of its                                   

Cr demand. It is possible that Cr synthesis in the brain may be dissociated, just like it is in                                     

peripheral tissues, with GAA being transported via CrT from AGAT- to                     

GAMT-expressing cells to allow Cr synthesis22. This finding expands the knowledge of                       

the usefulness of CrT function in the brain and further underlines its importance in                           

providing brain cells with the correct amount of Cr necessary to perform their function. 

1.1.5 Creatine Uptake Regulation 

Intracellular levels of Cr are finely regulated to prevent its accumulation that would                         

ultimately lead to ATP depletion. Activity of CrT is directly regulated by extracellular Cr                           

levels: CrT activity is higher with low Cr levels and vice versa23. 

AMP activated protein kinase (AMPK) gives another means of regulation. AMPK                     

switches cellular metabolism from energy consuming pathways to energy generating                   

processes. With regard to CrT, AMPK activates protein kinase C (PKC) which is a                           
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known downregulator of CrT24. Another possible mean of regulation is offered by                       

AMPK-dependent activation of a cascade involving mTOR (mammalian target of                   

rapamycin), SGK1 and SGK3 (serum- and glucocorticoid-regulated kinase isoforms)25. 

These findings highlight the complex signaling network responsible for Cr regulation,                     

aimed at matching Cr concentration to current cell energy requirements.  

 

1.2 CEREBRAL CREATINE DEFICIENCY SYNDROMES 

(CCDS): A PARTICULAR FOCUS ON CREATINE 

TRANSPORTER DEFICIENCY 

 

Proton magnetic-resonance spectroscopy (1H-MRS) allows measuring the concentration               

of Cr, and other metabolites, in the brain. This technique led to the discovery of Cr                               

deficiency conditions as definite disorders of Cr metabolism. Three cerebral Cr deficiency                       

syndromes (CCDS) have been described so far, all of them characterized by severe                         

intellectual disability: GAMT-deficiency, AGAT-deficiency, and Creatine Transporter             

Deficiency (CTD).  

GAMT-deficiency (GAMT chromosomal location 19p13) was the first CCDS to be                     

described in 199426, followed by the discovery of the other two conditions AGAT                         

(AGAT chromosomal location 15q15.1) and CTD (CrT chromosomal location Xq28)                   

deficiency (also called CCDS1)27,28. The two enzymatic disorders (AGAT and                   

GAMT-deficiency) impair Cr synthesis and are inherited in an autosomal recessive                     

manner while CrT deficiency is inherited in an X-linked manner and affects the creatine                           

uptake27. Due to their rarity, it is difficult to establish the real incidence of the three                               

disorders, but a French study investigating 6353 subjects with unexplained neurological                     

symptoms found a prevalence of 0,09% for GAMT-deficiency, <0,02% for                   

AGAT-deficiency, and 0,16% for CTD29. 
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Some studies for CTD incidence have a pure focus on males with diagnosis of autism                             

and/or with X-linked intellectual delays and found a prevalence rate ranging between                       

0,4-1,4% among the examined cohorts30–35. 

This paragraph will describe GAMT and AGAT deficiency syndromes. For CrT                     

deficiency syndrome a more in-depth description will be provided in the next paragraphs,                         

as it is the main focus of this work. 

1.2.1 GAMT-deficiency   

This pathology was first described in a patient who normally developed until 4 months of                             

age, but developmental arrest, hypotonia, hyperkinetic (hemiballistic) extrapyramidal               

movements and head nodding, emerged later at 22 months of age26. GAMT deficiency                         

presents the most severe phenotype with frequently intractable seizures, extrapyramidal                   

movement abnormalities, and sometimes aggressive or self-injurious behavior27 By mean                   

of in-vivo 1H-MRS of the brain, it was found that the spectrum lacked the creatine signal                               

but was positive for GAA signal26. Moreover, GAMT activity was lacking in liver36.                         

Following this report, many other cases were diagnosed37–39,40. However, it is general                       

consensus to treat GAMT-deficiency patients with a combination of creatine                   

monohydrate supplementation and dietary arginine removal to prevent GAA                 

accumulation and its neurotoxic effects41, and it has been shown that treatment starting at                           

the pre-symptomatic stage of the disease might widely prevent neurological                   

manifestations42,43. 

1.2.2 AGAT-deficiency   

Affecting the first enzyme involved in creatine biosynthesis, this disorder was described in                         

patients that at an in vivo 1H-MRS showed low cerebral creatine and low GAA in body                               

fluids (in contrast to GAMT-deficiency patients) suggesting a defect in GAA                     

biosynthesis. This hypothesis was later confirmed by finding the deficient enzyme activity                       

and identification of a homozygous nonsense mutation in the AGAT gene28.  
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AGAT-deficiency is rarely associated with seizures, but is frequently associated with                     

progressive muscle weakness and myopathic electromyography, occurring either early                 

(4-14 months of age44) or later in life (6-11 years45)27. 

In these patients, creatine monohydrate supplementation appears to have a better positive                       

outcome46, with respect to GAMT-deficiency patients, even when started later in life,                       

although the best outcome is still obtained the sooner the treatment it’s started43,47. 

1.2.3 Creatine Transporter Deficiency (CTD) and its clinical features 

CTD was originally described in a patient presenting hypotonia, epileptic events, delayed                       

speech, language development and creatine deficiency in the brain. In this patient GAA                         

levels were normal, but oral creatine supplementation was ineffective in restoring cerebral                       

creatine levels48. Subsequently it was demonstrated its X-linked pattern inheritance when                     

a hemizygous mutation in the SLC6A8 gene mapped to the X-chromosome was found,                         

and linked to a deficiency in creatine uptake in fibroblasts49.  

The defect of the creatine transporter (CrT) impairs Cr uptake by the cells and this                             

accounts for an increased urinary creatine to creatinine (Crn) ratio, which is also the main                             

biochemical hallmark of the pathology50.  

Patients affected by CTD are characterized by cognitive deficits with symptoms partially                       

overlapping with autism spectrum disorder, severe speech delay, behavioral abnormalities                   

and seizures14,27. Intellectual disability seems to be progressive as suggested by the                       

observation that in some patients behavioral symptoms become more marked during the                       

course of the disease51,52. Speech defects are characterized by dysarthria, oral dyspraxia and                         

deficiency in acquiring a semantic-pragmatic language53. The motor system is less                     

impaired: a delay in acquisition of independent walking can be observed, as well as subtle                             

extrapyramidal alterations in some cases52, but a clear muscle weakness has only rarely                         

been described in patients34. Accordingly, MRS reveals that the most characteristic feature                       

of CrT deficiency is a severe depletion of Cr in the brain. Cr content in human muscle                                 

seems preserved in CrT defects, whereas it is reduced in defects involving the two                           

biosynthetic enzymes54–56. The epileptic phenotype is variegated, ranging from patients                   

with no seizure manifestation, to patients with refractory epilepsy; anyhow in most cases                         
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seizures present as febrile-induced and easily controllable52,57. Gastrointestinal problems                 

are also frequent in CTD patients, presenting in early life with feeding difficulties and                           

frequent vomiting27,52,58,59. 

1.2.4 Diagnosis of Creatine Deficiency Syndromes 

When it comes to diagnose CCDS, the main and foremost analysys to undertake is the                             

chromatographic measurement of Cr/Crn ration in urine by means of high performance                       

liquid chromatography, tandem mass spectrometry, or gas chromatography and mass                   

spectrometry, as it makes possible the identification of AGAT-deficiency (low creatine                     

with low GAA excretion) and GAMT- deficiency (low creatine with high GAA                       

excretion), as well as SLC6A8 defects (high creatine/creatinine and GAA/creatinine ratios                     

in urine)60–64. GAA can also be measured in plasma to confirm altered results in urine65.  

In addition, AGAT- and GAMT- deficiencies can be further confirmed by enzymatic                       

studies in which enzyme activity is determined in cultured cells by the measure of formed                             

product in the presence of a labeled substrate of the enzyme28,66,67. CTD can be confirmed                             

by the creatine-uptake test which consists in measuring creatine uptake by fibroblasts                       

cultured in medium containing creatine. In cells from affected patients no uptake is                         

observed after incubation with 25umol/L creatine; at 500 mmol/L, uptake is 25% of that                           

found in controls. When the uptake inhibitor guanidinoproprionate is added to the                       

medium, the uptake is decreased in cells from healthy subjects, while no change in uptake                             

is observed in cells from patients. This results also indicates that at high creatine                           

concentration, some passive transport or uptake by means of other transporters is                       

possible66. 

Lastly a highly reliable and precise method for diagnosis of CTD is the in-vivo proton                             

magnetic resonance spectroscopy. Positivity to a CCDS is underlined by a spectrum                       

presenting the total absence of creatine and a normal spectral pattern of the remaining                           

metabolites. The employment of this method is though hindered by its expensiveness and                         

the fact that patients with behavior disorders or mental retardation usually need to be                           

sedated8,68,69. 
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1.2.5 CTD in female heterozygotes 

The disorder mainly affects male patients, but heterozygous females can show a mild                         

symptomatic phenotype70. In these cases, diagnosis can be difficult as the urinary Cr/Crn                         

ratio is often in normal range and cerebral creatine levels measured by mean of 1H-MRS,                             

although lower than normal controls, show a partial overlap70. However, learning                     

difficulties and mild intellectual disability have been reported in several cases                     
48,49,51,53,58,59,70–75 together with behavioral problems and seizures57,76,77.  

An experiment with cultured fibroblasts highlighted that Cr uptake in females varied                       

between normal and deficient levels, due to severe skewing of X-inactivation arising                       

during culture of fibroblasts, and unrelated to SLC6A8 deficiency70. Moreover, in some                       

of the previously cited study, there was found no skewed X-inactivation in peripheral                         

blood leukocytes, hairs, and saliva of heterozygous females57,70,76,77. Taken together, these                     

findings demonstrate that there is no selection during development against SLC6A8                     

mutations, and the phenotype in females is expected to vary from less to more favorable                             

along a continuous gradient depending on the X-inactivation pattern, posing an                     

additional difficulty layer for the identification of mutated SLC6A8 gene carriers. 

1.2.6 Genetic and Inheritance 

Many different types of genetic mutations affecting the Slc6a8 gene have been described                         

in CTD: missense and nonsense mutations, splice error mutations (intronic or                     

synonymous variants with aberrant splicing), a translation initiation site mutation and                     

multi-exon deletions (LOVD database, http://www.LOVD.nl/SLC6A8)78,79. Most of the               

genetic alterations observed are concentrated in the transmembrane domains 7 and 8 of                         

the protein80. About one third of the cases are due to de novo mutations52 In some cases, a                                   

missense mutation can result in a residual transporter function, which in turn can in some                             

cases be associated with a milder phenotype78. 

1.2.7 Limited success of therapeutic strategies. 

While for AGAT- and GAMT-deficient patients, oral supplementation of Cr is sufficient                       

to increase brain Cr levels leading to the improvement of the symptomatology42,43,47, the                         

attempts to rescue Cr content in the CTD brain by exploiting nutritional                       
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supplementations have been of limited success14. Cr supplementation, alone or combined                     

with arginine (Arg), glycine (Gly), and/or S-adenosyl methionine, failed to restore brain                       

Cr content and to resolve clinical signs in the majority of patients with CTD57,76,81–83.                           

Indeed, dietary strategies increased cerebral Cr and improved clinical parameters only in                       

milder cases where there was baseline residual brain Cr, and probable residual CrT                         

protein function82. In summary, no satisfactory treatment is still available for CTD                       

disorder; therapeutic strategies are palliative for managing seizure and patients need                     

lifelong assistance.  

1.3 MOUSE MODELS: A MEAN TO UNDERSTAND CTD 

1.3.1 Mouse models of CTD 

Recently, both ubiquitous54,84,85 and brain-specific CrT-knockout (Crt-/y) mouse models                 

have become available, reproducing to various extents the pathological endophenotype of                     

this disorder. These models are fundamental to gain a deeper knowledge of pathology as                           

well as for the pre-clinical study of possible therapies.  

Two ubiquitous knockout models have been generated by two different research groups                       

through the deletion of exons 2-486 or 5-785. Ubiquitous knock-out models are supposed                         

to offer a higher face-validity as they reproduce both the cognitive deficits and the                           

autistic-like behaviors observed in patients85. Crt-/y mice have a reduced Cr concentration                       

in the brain, in both cortex and hippocampus, and in various peripheral tissues, such as                             

muscle, heart and kidney compared to wild-type (Crt+/y) littermates85,86. A remarkable                     

difference compared to humans is the finding of reduced Cr levels in Crt-/y mice muscle                             

which is not observed in patients. This finding is not an idiosyncrasy of the specific model                               

because it is shared by the other ubiquitous model87 indicating that this alteration is an                             

intrinsic difference between mouse and human physiology. 

One brain specific CrT-knockout model has been obtained by using a CaMKII promoter                         

to drive Cre-recombinase expression in order to achieve a selective CrT deletion in                         

postnatal forebrain excitatory neurons88 while in another model, the conditional deletion                     

of Slc6a8 gene in neuronal and glial cells by crossing CrT floxed mice with the                             

15 

https://paperpile.com/c/Oegn5S/5H8WO
https://paperpile.com/c/Oegn5S/7nV7k+F1F0A+noMvA+PAjAS+45tje
https://paperpile.com/c/Oegn5S/PAjAS
https://paperpile.com/c/Oegn5S/mq2lv+RL2n1+2AuhB
https://paperpile.com/c/Oegn5S/2AuhB
https://paperpile.com/c/Oegn5S/2AuhB
https://paperpile.com/c/Oegn5S/LBDqG
https://paperpile.com/c/Oegn5S/j4wb3
https://paperpile.com/c/Oegn5S/xmLOu


Nestin::Cre recombinase Tg (Nes-cre) 1Kln mouse, leads to ablation of CrT in all CNS                           

cells89,90. These models recapitulate quite well the cognitive defects observed in human                       

patients, but show some limitations when it comes to reproducing the autistic-like                       

features observed in many human patients. Moreover phenotypic alterations in                   

brain-specific CrT-knockout models emerge later in life with respect to ubiquitous                     

models, and this marks a substantial discrepancy with the human pathology. Ubiquitous                       

CrT-knockout models are deemed a better model to study CTD and test possible                         

therapies, and for these reasons will be the main tool used in this study. The following                               

sections will report first line findings drawn by the ubiquitous knock-out model obtained                         

by deletion of exon 5-785 because it is the same adopted for the present study. These                               

findings were the state of knowledge about the characterization of this model from which                           

the present study started.  

1.3.2 First line behavioral characterization 

A preliminary characterization of the model assessed CrT-/y mice behavior at P40 was                         

carried out to identify behavioral alteration in order to evaluate the face validity of the                             

ubiquitous CrT knockout model. To this mean, various aspects were taken into                       

consideration, from locomotor activity to different kinds of memory.  

To test general locomotor activity and anxiety-related behavior, the open field arena was                         

used. Both Crt+/y and Crt-/y mice spent more time in peripheral regions avoiding the                           

center. No difference was found in the amount of time spent in the centre and the                               

periphery of the arena, in motion speed and in total distance covered by animals between                             

the two genotypes. General locomotor activity can also be assessed in a non-aversive                         

environment (compared to the open field arena which has an aversive component) simply                         

measuring home-cage locomotor activity. In this context Crt-/y showed decreased activity                     

during the night period compared to Crt+/y. The day-time activity was normal. 

Spatial working memory was evaluated by measuring the rate of spontaneous alternation                       

in the Y maze. Both groups explored all the three arms of the maze without any difference                                 

in the total number of entries and any bias for one of the arms, further confirming that                                 

general exploratory behavior was preserved in KO. In contrast, the alternation rate was                         
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reduced in Crt-/y compared to Crt+/y, indicating a specific mnestic alteration in the field of                             

working memories. 

Declarative memory was assessed by using the object recognition test (ORT) evaluating                       

the capacity of recognizing a familiar object from a novel one. Both experimental groups                           

explored the objects for the same amount of time during the familiarization phase and                           

showed no difference in object preference during the short term test at 1h, whereas during                             

the test phase at 24h, Crt+/y showed higher preference for the novel object compared to                             

KO. The Morris water maze (MWM) was used to assess spatial learning and memory.                           

Lower swimming speed was detected in KO, and the performance in the training phase                           

was expressed as the distance covered by each animal to find the hidden platform. This                             

distance was longer in Crt-/y compared to Crt+/y in the last three days of training. In order                                 

to evaluate the strength of learning and to discriminate between spatial and non-spatial                         

strategies to find the platform, on the last day of MWM the platform was removed and                               

the time spent in the different quadrants of the pool was measured. Crt+/y mice spent                             

more time in the target quadrant, whereas Crt-/y showed no significant preference. 

Thus, the Crt-/y model seems to well recapitulate the genetic, neurochemical and clinical                         

features of patients affected by CTD. Consistent with muscle Cr impairment, motor                       

performances were impaired in Crt-/y mice.  

1.3.3 Pre-clinical therapy attempts 

As described above, Cr is a polar molecule that requires a specific transporter in order to                               

enter cells. Thus, while for AGAT- and GAMT-deficiency patients, oral supplementation                     

of Cr is sufficient to ameliorate symptomatology, the same strategy is not effective in                           

CTD patients.  

The main strategy applied in recent pre-clinical trials is indeed the employment of                         

molecules capable of crossing the cellular membrane, or finding a means of delivering                         

them inside the cell with no need of a dedicated transporter. 

In one of these pre-clinical study, three Cr salts (Cr-ascorbate, Cr-gluconate and                       

Cr-glucose) were employed in-vitro, and their ability to increase concentration of Cr and                         
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PCr in hippocampal slices after GPA-mediated pharmacological block of CrT, was tested.                       

The authors report that Cr-gluconate was superior to Cr in increasing tissue content of                           

Cr after transporter block and restore synaptic transmission120. However, in their study                       

the transporter was pharmacologically blocked but it retained its functionality, which is a                         

very different scenario than that observed in CTD, where the transporter is totally                         

non-functional. Moreover GPA is a competitive inhibitor of CrT91, so the effect observed                         

was most likely due to a better kinetic of Cr-gluconate with the transporter with respect to                               

Cr. 

Recently the idea that lipophilic derivative of Cr, able to freely cross the cellular                           

membrane and then cleaved to Cr, has arisen, and in a subsequent study of the same                               

group, a similar approach of the previous study was employed to test di-acetyl creatine                           

ethyl ester (DAC), a lipophilic Cr derivative. They report that DAC was able to increase                             

concentration of Cr and restore synaptic plasticity122. Again, the block of CrT-mediated                       

Cr transport was obtained pharmacologically, but the “lipophilic approach” has proven to                       

be definitely promising. 

In an evolution of this approach, a pre-clinical in-vivo study employed another lipholic Cr                           

derivative, dodecyl creatine ester (DCE)118,121. In this study DCE was loaded into                       

microemulsion (ME) particles and intranasally delivered. This approach possibly allows a                     

reliable mean of delivery of the substance to the brain, and the authors report beneficial                             

effects in one behavioral test, novel object recognition test (NOR), suggesting that both                         

the combination of DCE and ME could be a promising candidate for the treatment of                             

CTD92. 

Lastly, another promising molecule for CTD treatment is represented by the lipophilic Cr                         

analogues cyclocreatine, cCr. This molecule was already tested in a previous study. In this                           

study, brain specific CrT knock-out mice at PND365 were treated with a high dose of                             

cCr and an improvement in cognitive abilities was reported88. This study, however, had                         

some limitations as it only tested the ability of cCr to enter the brain, the behavioral                               

assessment was limited and the treatment had a short duration. 
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1.4 AIM OF THE STUDY 

CTD is a severe disorder, with high negative impact on life quality and expectancy of                             

patients as well as their families. Social impact is great as well, due to the lack of any                                   

effective treatment and, thus, to the requirement for long health assistance, with                       

economic burden. Effective treatments can only come from a deep understanding of                       

etiology and pathophysiology of this disorder, and in vivo models are precious to achieve                           

this goal. 

To date, various CrT knock-out models, as previously described, are available, supporting                       

the preclinical development of therapeutics and a better understanding of CTD                     

pathophysiology54,85,88–90,92. However, the efficacy study of novel potential treatments is                   

also hindered by the scarcity of unbiased, quantitative biomarkers for monitoring brain                       

development and function. 

EEG and sensory-evoked responses are readily applicable to humans and widely used for                         

non-invasive assessment of cortical function, making electrophysiological measurements               

or functional imaging ecologically ideal translational tools for functional analyses in                     

children with neurodevelopmental disorders93–96 . Accordingly, previous studies reported                 

that a standardized inspection of EEG and cortical responses to sensory stimuli is suitable                           

to reveal, both in animal models and patients, stage-specific alterations in other disorders                         

affecting neurodevelopment97–103. Aim of this study was to perform an extensive                     

functional analysis in knock-out mice lacking CrT in order to further expand the                         

knowledge around the pathophysiology of CTD. Since creatine is, given its function,                       

important throughout all of an individual life, we asked ourself if the deficits observed in                             

the first line characterization could worsen with age. This piece of knowledge is important                           

to understand whether CTD is a neurodegenerative or a neurodevelopmental disorder,                     

and it is fundamental for the development and planning of therapeutic strategies as well.                           

To investigate this aspect we planned a longitudinal study in which CrT-/y were tested                           

both behaviorally and with IOS at three different time point: at P40, right after the                             

reaching of the brain development maturity, at P110, when the animal reaches maturity,                         

and at P180, when senescence begins. In addition, once reached the ending point of our                             

timeline, part of our experimental subjects were destined to perform an EEG                       
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characterization of CrT-/y mice at P180. To further understand the aspect related to aging                           

in CTD, we employed mice that did not undergo EEG characterization to investigate the                           

presence, at cellular level, of age-related biomarkers in CrT-/y mice at the ending point,                           

P180, of our longitudinal protocol.  

Another important aspect to take into consideration is the possible alteration in the                         

neuronal circuitry. Some patients present an epileptic phenotype, and this could hint an                         

excitatory-inhibitory circuits imbalance. We investigated this possibility in the attempt to                     

understand if there is some specific alteration in the neuronal circuitry, possibly affecting                         

some specific neuronal class. 

We then used the results obtained to identify reliable biomarkers (behavior, IOS, EEG                         

pattern) that could be used to evaluate therapeutics in the animal model and that could                             

easily be translated to the clinical evaluation of the same therapeutic. The biomarkers so                           

identified were finally used to test a pharmacological approach for CTD treatment. 

Importantly, we also took advantage of the availability of data of a few human CTD                             

patients to look for alteration in the EEG pattern. We compared the EEG pattern from                             

human patients with those obtained from CrT-/y mice as identifying a reliable biomarker                         

that could be used both with mice models and in clinical practice would represent a                             

significant breakthrough in the study and in the search of a cure for CTD.  
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2. RESULTS 

2.1 LONGITUDINAL NEUROCHEMICAL 

CHARACTERIZATION OF THE MOUSE MODEL 

2.1.1 CrT deletion led to a widespread Cr reduction in young and                       

adult mice  

To understand whether the progression of cognitive deficits in CrT-/y mice was due to a                             

gradual reduction of brain Cr content, we measured Cr levels in various tissues in                           

1-month- and 6-month-old animals using GC/MS. At both ages, we observed a                       

significant reduction of Cr in the brain, muscle, heart and kidney of CrT-/y mice with                             

respect to wild-type littermates (Table 1). Importantly, no difference was detected in Cr                         

levels measured in the different tissues between P30 and P180 CrT-/y mice, except for the                             

muscle: a Three way ANOVA on rank transformed data analysis revealed a significant                         

interaction between genotype and age only at level of muscular tissue with a significant                           

reduction of Cr levels in P180 CrT-/y mice. A moderate change in GAA levels was                             

observed in some tissues (Table 2) suggesting that Cr deficiency leads to a compensatory                           

attempt by upregulating Cr biosynthesis. Also in this case GAA content measured in                         

P180 animals reproduced the levels reported in younger tissues: a Three way ANOVA on                           

rank transformed data revealed a significant interaction between genotype and age only at                         

level of muscular tissue, but this analysis only stressed a significant reduction of GAA                           

levels in P180 CrT-/y and Crt+/y mice. These results allow rejecting the hypothesis that                           

higher GAA toxicity could underlie the age-related decline of cognitive functions in                       

CrT-/y animals. 
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2.1.2 Reduced body weight growth in CrT-/y mice  

A first clue indicating that CrT deficiency elicits age-related detrimental effects emerged                       

from the general appearance of mutant animals. Mice were weighed at different ages and                           

compared with Crt+/y littermates. Even though no particular problems of breeding were                       

observed and the face of CrT-/y mice was normal till P40, CrT-/y animals showed a                             

significantly reduced body weight compared to CrT-/y animals at P60, P100 and P180                         

(Fig. 4). 

 

2.2 BEHAVIORAL CHARACTERISTICS  

2.2.1 Age-related deterioration of cognitive functions in Cr deficiency                 

conditions  

In the behavioral investigation performed at P40, it was highlighted that CrT-/y mice                         

exhibit a general cognitive impairment across different learning and memory tests85 . To                         

understand whether a progressive deterioration of behavioral impairment is present in                     

CrT-/y mice, we studied four different stages: 1. during the early brain development                         

(postnatal day (P) 28 at the beginning of testing), 2. during the late brain development                             

(P40 at the beginning of testing), 3. in the adult age (P100 at the beginning of testing),                                 

and 4. in the middle age (P180 at the beginning of testing). Interestingly, a progressive                             

worsening of cognitive symptoms was detectable in CrT-/y mutant mice, suggesting that                       

age is a key feature of Cr deficiency disease. 

2.2.2 Y maze  

We first analysed the performance of CrT-/y animals at P28 using the Y maze spontaneous                             

alternation, which is an optimal task for probing memory in juveniles (Fig. 1A;104).                         

Animals of both groups equally explored all the three arms of the maze. Indeed, no effect                               

of genotype was detected for either the number of entries in the single arms of the maze                                 

(designated A, B, C) or the total number of arm entries, indicating that the exploratory                             

disposition of mutant animals was not altered compared to Crt+/y littermates (Fig. 5A).                         
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However, while in young Crt+/y mice alternation rate was about 60% of total arm choices,                             

in CrT-/y animals it dropped to a lower level (Fig. 5B), demonstrating that CrT disruption                             

in the mouse model could reproduce the early pathological phenotype of CTD patients.                         

The same impairment was detected at P40, P100 and P180 with CrT-/y mice performing                           

again at around 50% level whereas Crt+/y age-matched controls showed significant                     

spontaneous alternation (t-test, P < 0.01 for P40, P < 0.05 for P100 and P180, Fig. 6).                                 

These data also indicated that the spontaneous alternation paradigm cannot reveal                     

age-dependent cognitive decline in CrT mutants because of the ceiling effect in the arm                           

alternation deficit masking the effect of the age variable. 

2.2.3 Object recognition test (ORT)  

We assessed declarative memory abilities in the ORT, a test based on the spontaneous                           

tendency of rodents to spend more time exploring a novel object than a familiar one. No                               

difference in short-term recognition memory between P40 CrT-/y mice and age-matched                     

Crt+/y animals could be detected. In contrast, the discrimination index at 24 h was                           

significantly lower in mutant mice, indicating that their capacity to recall the familiar                         

object was impaired (Fig. 7A). This memory deficit became more pronounced two                       

months later (Fig. 7B), eventually affecting both short- and long-term memories at P180.                         

Indeed, at P180 CrT-/y mice showed a marked memory deficit both at 1- and 24-h interval                               

between the sample and the test phase with respect to CrT+/y mice (Fig. 7C), indicating                             

that the longer the time during which neural circuits are forced to work without Cr                             

energy buffer the worse the cognitive performance of CrT-/y animals. 

2.2.4 Morris water maze (MWM)  

We further assessed memory abilities in the MWM, a cognitive paradigm that allows                         

testing spatial learning and memory. The probe test highlighted a spatial memory                       

impairment in Cr deficient mice at all the different ages tested: Crt+/y animals, indeed,                           

spent significantly longer time in the quadrant where the platform was located during the                           

training days, while mutant mice did not remember the location of the hidden platform                           

and equally explored the four quadrants of the maze (Fig. 8). The results obtained in the                               

training phase of the MWM test, however, showed a clear progression of cognitive deficits                           

in CrT-/y mice. Since a main effect of genotype was found on mean swimming speed                             
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recorded all along the training phase at the different ages tested (Fig. 9), we analysed the                               

length of path covered to find the submerged platform. At P40 CrT-/y animals were able                             

to learn the task as well as their age matched Crt+/y controls: although the mean distance                               

to locate the submerged platform on the last three days of training was longer in mutant                               

mice compared to CrT+/y littermates, they exhibited a progressive reduction of the path                         

length similar to Crt+/y littermates with a significant difference between the two groups                         

only at the day 5 of training (Fig. 10A). The same was true in P100 animals (Fig. 10B). In                                     

contrast, CrT-/y mice (n = 7) were significantly slower learners with respect to                         

age-matched Crt+/y mice (n = 9) at P180 so much so that the distance to locate the                                 

platform was different between the two groups at days 3, 4, 5 and 6 of training (Fig. 10C).                                   

To further corroborate the hypothesis of a premature cognitive decline in CrT null mice,                           

we compared the performance in the MWM of P180 CrT-/y animals and one-year old                           

wild-type mice (n= 4). The mean distance to locate the platform on the last three days of                                 

training (Fig. 11A) and the probe test revealed a similar learning and memory impairment                           

in these two experimental groups (Fig. 11B). 

2.2.5 Emotional phenotype is not altered in CrT mutant animals  

To rule out the possibility that significant differences in cognitive capacities reflect                       

changes in the ability to cope with stress in challenging task conditions, we analysed the                             

general activity and anxiety-related behavior of CrT-/y and CrT+/y mice in the open field                           

arena at the different ages used for cognitive assessment. We found that the time spent by                               

CrT-/y mutant mice in both the central and peripheral portion of the apparatus was not                             

different from that recorded for Crt+/y animals at any of the time point tested, indicating                             

that the vulnerability to stress and anxiety responses are not sensitive to CrT deletion and                             

excluding the hypothesis that the progression of cognitive deficit might be related to                         

altered emotionality (Fig. 12). 

2.2.6 CrT-/y mice exhibit increased repetitive and stereotyped               

behavior  

Since the clinical picture of CTD patients includes multiple traits linked to autism                         

spectrum disorders (ASDs), we also examined social behavior in CrT null mice. Although                         
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we used two different social interaction paradigms, we detected no abnormalities in CrT-/y                         

mice at P180. In the social preference test, indeed, both CrT-/y and CrT+/y animals spent                             

significantly more time exploring the wire cup housing the conspecific subject (Fig. 13 A).                           

Similarly, the index measured in the social novelty task did not differ between mutant and                             

Crt+/y mice (Fig. 13 A). The second core ASD symptom domain includes repetitive and                           

stereotyped movements, routines, and rituals105 and several mouse lines with                   

ASD-associated mutations exhibit enhanced learning on the accelerating rotarod, a task                     

that requires formation and consolidation of a repetitive motor routine106. Thus, we                       

tested rotarod abilities of CrT-/y and CrT+/y animals, with the speed of rotation                         

accelerating from 4 to 40 rpm over 600 s. The performance of CrT-/y mutant mice                             

diverged from that of wild-type mice, with a significant increase of fall latency from the                             

drum at all ages tested (Fig. 13B). We next examined self-grooming, another stereotyped                         

behavior in mice107. While no difference was present at P40 CrT null mice spent about                             

threefold as much time grooming themselves as littermate Crt+/y mice at P180 (Fig. 13C). 

2.3 Morphological characterization of neural circuits in 

CrT-/y mice  

The morpho-functional organization of neural circuits in mice carrying CrT mutations                     

has never been studied so far. Thus, we have investigated whether the accelerated decline                           

of learning and memory functions in CrT-deficient mice was accompanied by                     

pathological changes in brain morphology. The cerebral cortex and the hippocampus                     

were analysed because they are strictly involved with the symptoms caused by CrT                         

deficiency in mice and in humans. In the same animals subjected to behavioral                         

characterization, we first evaluated the neuroanatomical architecture of prefrontal (PFC)                   

and cingulate cortex (ACC) of P180 mice. Cortical thickness and neuronal cell density                         

was estimated on NeuN stained sections. No difference in the cortical thickness and                         

neuronal density across cortical layers was observed in mutant animals (Fig. 14). 

2.3.1 Loss of GABAergic synapses in the cerebral cortex of CrT-/y mice  

Since synaptic dysfunction is a feature commonly observed in normal aging and                       

neurodegenerative disorders likely contributing to the pathology progression108, we                 
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analysed the synaptic punctate expression of vGlut1 and vGAT, respectively as synaptic                       

markers of excitatory and inhibitory neurons, in the cerebral cortex of CrT-/y mice. While                           

excitatory synapses were not affected by Cr deficiency (Fig. 15 A), we detected a                           

prominent loss of vGAT staining both in PFC and ACC, suggesting a specific                         

contribution of GABAergic synaptic alterations to the neuropathological phenotype of                   

CTD (Fig. 15 B). Importantly, the loss of vGAT-positive synapses overspread all the                         

cortical layers. These results are also consistent with previous studies on CTD patients                         

exhibiting evidence for an epileptic phenotype109 that could be predictive of a dysfunction                         

of inhibitory interneurons.  

2.3.2 Microglial cell dysregulation in Cr deficient brain  

Since aberrant microglia activation is one of the main pathological hallmarks of brain                         

aging110,111, we have also evaluated Iba-1 expression as a marker of possible morphological                         

changes of microglia in the cerebral cortex (PFC) and the hippocampus (HP) of mutant                           

mice. During aging microglia cells undergo morphological changes towards a reactive                     

phenotype with short, thickened and less ramified processes112. We found a strong                       

increase of activated microglial cells in the brain of CrT null animals as compared to                             

wild-type controls, with a parallel reduction of resting cells (Fig. 16 A and B), indicating                             

that the metabolic deficit caused by Cr deficiency leads to a dysfunction of brain-immune                           

cells interactions and to a neuroinflammatory state that can contribute to the cognitive                         

decline reported in CrT-/y mice. 

2.3.3 Reduced neurogenesis and enhanced lipofuscin accumulation in               

the hippocampus of CrT-/y mice  

It is well-known that the rate of neurogenesis declines dramatically with age and                         

dysregulation of hippocampal neurogenesis is an important mechanism underlying the                   

cognitive impairment associated with normal aging113. In order to investigate whether                     

CrT deficiency could affect hippocampal structure and impinge on the neurogenesis                     

process, we examined neuronal proliferation through Ki67 labelling in the dentate gyrus                       

(DG) of wild type and CrT-/y mice. Stereological analysis first revealed that the                         

hippocampal volume of mutant animals was markedly reduced with respect to that                       
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measured in control mice (Fig. 17 A). The number of Ki67-positive cell was significantly                           

lower in the DG of CrT-/y animal at P180, with approximately 30% reduction (Fig. 17 B                               

and D). We also evaluated the number of immature neurons in hippocampal DG using                           

the neuroblast marker doublecortin (DCX). DCX-positive cells were also significantly                   

reduced in CrT null mice DG (Fig. 17 C and E), demonstrating the impairment of adult                               

hippocampal neurogenesis and suggesting another cellular substrate of the cognitive                   

deficit present in the CrT null model. Another characteristic neuropathological finding in                       

CrT mice was the massive accumulation of autofluorescent material (lipofuscin).                   

Lipofuscin is a lipopigment consisting of aggregated products of lysosomal degradation,                     

including oxidized and misfolded proteins, lipids, defective mitochondria and metal                   

ions114. We observed a marked accumulation of autofluorescent lipofuscin throughout                   

the brain, but the most prominent autofluorescent signal was seen in the DG                         

hippocampal region. Lipofuscin deposition and accumulation within the hippocampal                 

neurons is a marker of cellular senescence115,116. Thus, we compared the area of lipofuscin                           

granules in the brain cells of 6-month-old CrT-/y mice and their CrT+/y siblings. The                           

accumulation of lipofuscin was significantly exacerbated in the hippocampal DG of                     

CrT-/y animals at P180 (Fig. 17 F and G). 

  

2.4 LOOKING FOR CTD BIOMARKERS 

Quantitative and unbiased biomarkers for monitoring brain function are needed for the                       

efficacy study of novel potential treatment. We characterized our mouse model using                       

EEG and sensory evoked responses and then applied a machine-learning based algorithm                       

to measure the robustness of those data as biomarkers readily applicable in human                         

patients. 

2.4.1 CrT deficiency causes an alteration of cortical oscillations in                   

mice and humans 

We analyzed EEG data obtained from non-anesthetized freely-moving CrT-/y mice and                     

their Crt+/y littermates (Fig. 18A). We found that CrT-/y animals showed a significantly                         

altered power in a wide range of EEG frequencies, including the theta (4-8 Hz), alpha                             
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(8-12 Hz), beta (12-30 Hz) and gamma (30-45 Hz) bands, both during active/passive                         

wake and sleep, regardless of the light or dark phase (Fig. 18B and Fig.19 A-F).                             

Interestingly, a correlation matrix to summarize spectral density data in Crt+/y and CrT-/y                         

mice suggests an anomalous synchronization of brain activity and, possibly, functional                     

connectivity in the brain of CrT-/y animals with a lower number of positive correlations                           

(blue patches) and a higher percentage of inversely correlated frequency bands (red                       

patches) compared to Crt+/y animals (Fig. 20).  

To obtain a clinical validation of results obtained in the mouse model, we analyzed EEG                             

data from patients in an attempt to identify cortical network changes and regional                         

alterations associated with CTD. We report a significant difference between CTD                     

patients and age-matched controls for frequency oscillations in the delta, theta, alpha and                         

gamma bands, with CTD subjects having a higher power in delta and gamma frequency                           

and a lower power in theta and alpha frequency. These alterations are particularly                         

prominent in the signal recorded from C3 electrode, but some of them are recurring in                             

different sites of the cortex (Fig. 21 A-L). Noteworthy, the same power bands are altered                             

in the same direction in mice and patients, indicating that EEG alterations in the mouse                             

model might be predictive of those recorded in CTD patients (Fig. 18 C-D) 

2.4.2 Epileptic phenotype in CrT-/y mice 

To test if our model was able to reproduce the epileptic phenotype observed in CTD                             

patients, we used EEG to examine spontaneous epilepsy and kainic acid (KA)-induced                       

seizure susceptibility in CrT-/y mice. We found that approximately 30% of CrT-/y animals                         

showed at least one spontaneous seizure detectable both at behavioral level and as                         

epileptiform activity in EEG during baseline recording (24h), whereas no ictal events were                         

detected in Crt+/y littermates (Fig. 22 A). Notably, mice presenting with the spontaneous                         

epileptic phenotype display on average one electrographical seizure every 2h (Fig. 22 B),                         

with a mean duration of about 20 s (Fig. 22 C), that simultaneously presented as clonic or                                 

tonic-clonic convulsions at the behavioural level in most cases (1.4% of tonic seizures,                         

54.3% of clonic seizures, 44.3% of tonic-clonic seizures). The larger portion of                       

spontaneous seizures occurred during passive wake (7.1% during active wake, 62.9%                     

during passive wake, 30.0% during sleep). The stratification of power spectra revealed a                         
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specific decrease of theta band in CrT-/y animals displaying spontaneous epilepsy (Fig. 22                         

D-I). Moreover, CrT-/y mice presented a distinct response to kainic acid (KA) challenge                         

compared to CrT+/y mice. Statistical analysis revealed a significant effect of genotype with                         

a higher Racine behavioural score following KA administration (Fig. 23 B), lower latency                         

to epileptiform activity bursts (Fig. 23 C), and higher frequency and mean duration of                           

epileptiform bursts in CrT-/y with respect to CrT+/y mice (Fig. 23 D,E). In addition, the                             

distribution of seizure severity was significantly different between the two groups with                       

CrT-/y mice presenting a high percentage of tonic-clonic seizures (Fig. 23 F).  

Taken together, these data reveal that CrT-/y mice exhibit spontaneous seizures and                       

increased susceptibility to pro-convulsant treatment. Moreover, the power of theta EEG                     

band in CrT-/y animals appears to be predictive of spontaneous seizures phenotype.   

2.4.3 Altered neurovascular coupling in CrT-/y mutants 

We examined cortical responses to visual stimulation with different contrast using intact                       

skull IOS imaging in juvenile (PND40) CrT-/y animals. Fig. 24 A shows typical examples                           

of responses from CrT-/y and age-matched Crt+/y littermates. Data analysis revealed that                       

IOS amplitude of the responses driven by contralateral eye stimulation was significantly                       

higher in CrT-/y compared to control mice and the effect was particularly evident at higher                             

contrasts of visual stimuli (Fig. 24 B). We longitudinally tracked visual responses in the                           

same animals as they aged using the 90% contrast visual stimuli. The response to the                             

contralateral eye showed a similar pattern at PND110 and PND180 with a significantly                         

increased amplitude in CrT-/y compared to Crt+/y mice (Fig. 24 C). Moreover, the latency                           

to response peak was higher in CrT-/y at PND110 and PND180 (Fig. 24 D). These results                               

show that hemodynamic response is markedly altered in the cortex of mutant animals,                         

and that this phenotype progresses with age. To clarify whether this is related to a                             

corresponding change of ongoing neuronal activity, we assessed visual responses in a                       

separate group of CrT-/y mice using intracortical visually-evoked potential (VEP)                   

recordings by means of a multielectrode inserted in the binocular visual cortex of                         

PND110 animals. Data quantification revealed a decoupling between IOS and VEP                     

recordings with a comparable VEP amplitude and latency in CrT-/y and Crt+/y animals                         

(Fig. 24 E). These findings suggest that CTD condition affects neurovascular coupling                       
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and that increased perfusion signals detected in CTD animals by IOS imaging may reflect                           

a major dysregulation of vascular regulation. Regardless, hemodynamic measurements                 

emerge as a sensitive biomarker for classifying CrT-/y and Crt+/y mice. 

2.4.4 A Random Forest classifier quantify robustness of CTD                 

biomarkers 

Longitudinal IOS imaging was conducted along with serial neurobehavioral assessments                   

of cognitive and psychomotor functions (Y maze, Rotarod, Morris Water Maze). At the                         

end of the experimental schedule, EEG recordings were performed in the same animals at                           

PND180. Results of behavioral testing confirmed what was previously reported by our                       

group117, further establishing the robustness and reliability of the endophenotype in our                       

mouse model. To evaluate the reliability of the behavioral phenotype, imaging and                       

electrophysiological recordings as biomarkers of CTD disorder, we computed accuracy                   

using a Random Forest (RF) binary classifier, a supervised machine-learning algorithm for                       

data classification. When trained with the entire dataset, the algorithm showed a                       

remarkable capability to discriminate between CrT-/y and Crt+/y animals (Full; accuracy =                       

95.67%; Fig. 25 B). As a control, we also repeated the procedure after bootstrapping the                             

dataset (Bootstrap; accuracy = 54.86%). We then assessed the discriminative performance                     

of smaller subsets of data dividing the entire dataset in behavioral (beh), imaging (IOS)                           

and electrophysiological (EEG) variables. We found that behavioral (accuracy = 95.45%),                     

IOS (accuracy = 90.84%) and EEG (accuracy = 88.1%) models showed a significantly                         

better performances than the bootstrap condition. The behavioral subset displayed higher                     

accuracy in segregating CrT-/y and Crt+/y mice than either IOS or EEG, with a                           

performance comparable to the full dataset. Moreover, a principal component analysis                     

(PCA) revealed a significant segregation degree between the two groups in the space of                           

the two first principal components for the Full dataset and the smaller subsets (Fig. 25                             

A,B). Importantly, the analysis of feature importance highlighted that the most                     

informative variables are Y maze, IOS amplitude and alpha band (night, active wake) in                           

EEG recordings (Fig. 25 C). 
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2.5 CYCLOCREATINE: A PHARMACOLOGICAL 

APPROACH TO CTD 

To investigate whether behavioral measurements and functional biomarkers can be used                     

to study the efficacy of a potential therapeutic agent in CrT-/y mice, we performed a                             

randomized, blind, placebo-controlled, preclinical trial to explore the therapeutic efficacy                   

of a chronic (24 week) daily treatment with cyclocreatine (cCr) (Fig. 27 A). It has been                               

reported that lipophilic analogs and other derivatives of Cr can enter cells independently                         

of CrT and could represent a promising approach for CTD treatment88,92,118–122. In                       

particular, cCr is a nearly planar Cr analog that can be phospho/dephosphorylated by Cr                           

kinase, thus mimicking the metabolic function of Cr88,123–125. However, the evaluation of                       

these treatment options has been limited to biochemical measurements, behavioral                   

outcomes and in vitro assays of neuronal function. 

Here, we combined functional biomarker assessment with well-established behavioral                 

readouts for CTD to monitor brain function of CrT-/y mice at three time points (P40,                             

P110, P180) in response to pharmacological intervention.  

2.5.1 Effects of CCr on hemodynamic responses of CTD brain 

Since we found that hemodynamic responses are altered in CrT-/y mice and that                         

hemodynamic measurements obtained with optical imaging are a reliable biomarker of                     

brain function in CrT-/y animals, we longitudinally tracked visual responses in the same                         

animals used for behavioral assessment at the three different time points. While no                         

difference was detected between non-treated animals and vehicle-treated mice for every                     

age examined, we found a dose-dependent effect in mice administered CCr. More                       

specifically, responses of mice treated with 140 mg/Kg CCr were significantly lower with                         

respect to untreated animals at every time point tested, moving the amplitude of signals                           

closer to that measured for Crt+/y animals; the medium dose ameliorates IOS signal at                           

P110 and P180 and the low dose was effective only at P180 (Fig. 27 B-C).  
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2.5.2 CCr does not rescue reduced body weight growth of CrT-/y mice 

CrT-/y mice have a significantly reduced body weight with respect to Crt+/y                       

littermates85,117. We weighed the mice every other day starting from P20, concurrent with                         

the start of CCr treatment. No treatment was effective in ameliorating the decreased body                           

weight in CrT-/y mice; CCr treatment did not result in any decreases in body weight either                               

(Fig. 26). 

2.5.3 CCr partially prevents age-related cognitive decline in CrT-/y                 

mice 

Since we previously reported that the Y-maze is a behavioral test with very high                           

performance in discriminating between CrT-/y and Crt+/y animals (Mazziotti, Cacciante et                     

al., BrainComm in press),we first assessed spatial working memory to evaluate for cCr                         

effects on cognitive function. Untreated CrT-/y mice performed worse than CrT+/y                     

littermates, confirming our previously published data regarding the mouse model                   

characterization117. We found a small but statistically significant increase in the                     

spontaneous alternation rate for CrT-/y mice treated with the high and the medium dose                           

levels of CCr at P40; no beneficial effects were observed at P110, while all three CCr dose                                 

levels improved the cognitive performance of CrT-/y animals at P180 (Fig. 27 D).                         

Importantly, CrT-/y animals treated with vehicle had an alternation rate comparable to                       

untreated animals at every time point. There were no differences in the total number of                             

entries in the 3 arms of the maze between the different groups.  

We also investigated spatial learning memory using the Morris Water Maze (MWM) at                         

P110 and P180. We already found that CrT-/y mice are significantly slower swimmers                         

with respect to CrT+/y littermates117 and cCr had only a partial effect in ameliorating this                             

phenotype. No dose levels showed a beneficial effect in either the training phase or in the                               

probe trial at P110 (Fig. 28 A-C), whereas treatment with 46mg/kg of CCr was able to                               

reduce the distance needed to locate the platform during the training phase at P180 with                             

no change in velocity (Fig. 27 E-F). A partial effect was also detected in the probe trial for                                   

the high and medium dose level at P180: despite the lack of a specific preference for the                                 

target quadrant, CrT-/y mice treated with 140mg/kg and 46mg/kg CCr mostly explored                       

32 

https://paperpile.com/c/Oegn5S/2AuhB
https://paperpile.com/c/Oegn5S/SsUkK
https://paperpile.com/c/Oegn5S/SsUkK
https://paperpile.com/c/Oegn5S/SsUkK


the target quadrant and adjacent ones, suggesting the presence of a memory trace (Fig. 27                             

G). No differences were observed between non-treated animals and vehicle-treated                   

animals at any time point (Fig. 27 D-G). Differences in MWM performance between                         

untreated CrT-/y and CrT+/y confirms our previous findings117.  

Altogether, these results suggest that CCr has a partial effect in recovering learning and                           

memory functions, potentially acting to prevent its age-related decline. 

2.5.4 Stereotypical behavior is reverted with CCr treatment  

Another important hallmark characterizing CrT-/y mice and CTD patients is the presence                       

of stereotypical and autistic-like behaviors52,117. Accordingly, we reported that CrT-/y mice                     

perform better than their Crt+/y littermates in the rotarod test, with a longer fall latency                             

from the rotating drum, and spend considerably more time grooming117. Here, we found                         

that all three cCr dose levels were effective in reducing stereotyped movements in the                           

rotarod at P40, whereas at P110 and P180 only the high and medium doses displayed the                               

same beneficial effect (Fig. 27 H). CCr treatment reverted fall latency effects to those                           

observed in Crt+/y animals in most of the cases. 

Reversion to Crt+/y phenotype was also observed in self-grooming assessments; CrT-/y                     

animals treated with every CCr dose tested showed a drastic reduction in the time spent                             

grooming at P180 (Fig. 27 I). This evidence strongly suggests that CCr might ameliorate                           

stereotypic and autistic-like behaviors in CTD. 

2.5.5 CCr ameliorates the epileptic phenotype and increases resistance                 

to chemically- induced seizure events  

Since we have shown that CrT deficiency causes an alteration of cortical oscillations and                           

the manifestation of a full-blown epileptic phenotype in the mouse model at P180                         

(Mazziotti, Cacciante et al., BrainComm in press), we used EEG recordings of                       

spontaneous activity and following KA administration to characterize the outcome of                     

chronic CCr treatment on this relevant pathological feature. We previously reported                     

behavioral and IOS variables exhibit a very high power in discriminating between CrT+/y                         

and CrT-/y mice (Mazziotti, Cacciante et al., BrainComm in press).  

33 

https://paperpile.com/c/Oegn5S/SsUkK
https://paperpile.com/c/Oegn5S/C6iay+SsUkK
https://paperpile.com/c/Oegn5S/SsUkK


The analysis of spontaneous EEG showed no influence of vehicle treatment in any                         

frequency band or behavioral state measured (multiple t-tests, two-stage step-up method                     

of Benjamini, Krieger and Yekutieli for False Discovery Rate). cCr-treated mice showed                       

differences compared to V-CrT-/y only for theta band during passive wake (all doses;                         

One-way ANOVA post-hoc Dunnett’s multiple comparisons test, p < 0.05) and sleep                       

(H-CrT-/y animals, p < 0.05) in the night phase, with non-significant trends (p < 0.1) for                               

theta band during passive wake (M-CrT-/y mice, p = 0.061) in the day phase, and alpha                               

band during sleep both in the day and night phase (H-CrT-/y animals, p = 0.078 and p =                                   

0.098). However, a much clearer response to cCr emerged by pooling together untreated                         

and V-CrT-/y mice. 

Indeed, we found that cCr increases cortical theta band activity in the passive states of                             

vigilance (H and M doses) and sleep (only H, during night), with H-CrT-/y also showing                             

an increase of low alpha band in sleep phase both during day and night (Fig. 29 A-F).  

The percentage of animals experiencing spontaneous seizures at the clinical and                     

electrographical level was significantly lower in H-CrT-/y and M-CrT-/y groups (Fig. 30A)                       

and a significant increase of theta band power was detected in the brain of CrT-/y mice                               

treated with cCr compared to CrT-/y animals showing spontaneous seizures (Fig. 30 B-G).                         

Based on these results, we assessed the response to KA challenge in H-CrT-/y and                           

M-CrT-/y. Electrographical analysis and behavioral scoring revealed that H-CrT-/y animals                   

display a more prolonged latency and a shorter duration of epileptiform bursts (Fig. 30                           

H,J), although cCr treatment did not affect the frequency of evoked seizures (Fig. 30 I).                             

The distribution of seizure severity was also statistically different among the different                       

groups, with H-CrT-/y and M-CrT-/y mice presenting a lower amount of tonic-clonic                       

seizures (Fig. 30 K).  

Taken together, these results suggest that cCr can protect against spontaneous seizures                       

and shift epileptic susceptibility towards a milder phenotype.  
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2.6 CELL SPECIFIC IMPAIRMENT OF 

PARVALBUMINERGIC INTERNEURONS 

We asked ourselves if the deficit found in GABAergic puncta could involve a specific class                             

of interneurons. Parvalbuminergic (PV) neurons seemed like a good candidate as with                       

their characteristic burst-firing activity they are high energy-demanding cells126–130. Our                   

hypothesis is further corroborated by the fact that CrT expression is strongly correlated                         

and high in fast-firing cell types9. Moreover parvalbumin interneurons are the primary                       

source of direct inhibition to the soma or initial segment of the pyramidal neuron axon131.                             

Reduction in cortical PV neurons number has been observed in post-mortem analysis of                         

autistic patients132 and an alterations in PV neurons network have been found in animal                           

models of autism, schizophrenia and attention-deficit hyperactivity disorder133–136. Lastly,                 

parvalbuminergic network alterations have been linked with the onset of seizures in                       

various epilepsy models137,138,139. 

We analysed both parvalbumin-positive cell number and parvalbumin-positive puncta                 

density in the cortex of CrT-/y mice by mean of immunohistochemistry, and we found no                             

differences in the cortical cell density in the PFC (Fig. 31 A), a decreased cell density in                                 

ACC (Fig. 31 A), and a marked decrease in parvalbumin puncta both in PFC and in ACC                                 

(Fig. 31 B). This finding further strengthens our hypothesis and can offer a direct link                             

between the alteration in the inhibitory circuitry and the epileptic phenotype observed in                         

human patients.  

The following sections will describe our first and preliminary results obtained employing                       

a conditional PC-CrT knockout model. 

2.6.1 A conditional PV-CrT knockout mice model recapitulates               

phenotype displayed by CrT-/y mice. 

We developed a PV specific knockout model in which a conditional CrT allele was                           

deleted in postmitotic PV-neurons, by using the PV promoter to drive Cre-recombinase                       

expression (PV-CrT-/y mice) only in parvalbumin interneurons140. 
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We tested this model employing a combination of y-maze, IOS and EEG as these three                             

experiments represent, according to the random forest classifier previously described, the                     

most effective, reliable and exhaustive way to evaluate the phenotype linked to CTD. 

We behaviorally tested PV-CrT-/y mice with the Y-Maze test, since it is the behavioral test                             

that better discriminate between genotypes, and we found that PV-CrT-/y mice show a                         

spontaneous alternation rate lower than PV-CrT+/y (Fig. 32 B), confirming that cognitive                       

deficits may arise due to alterations in the parvalbuminergic neurons. 

IOS has been revealed in our study to be an effective and reliable biomarker capable of                               

discriminating between CrT+/y and CrT-/y genotypes. Here, we recorded visual evoked                     

IOS in PV-CrT+/y and PV-CrT-/y mice and we found an increase in the signal amplitude                             

in PV-CrT-/y with respect to PV-CrT+/y mice (Fig. 32 C), same as we previously observed                             

in CrT-/y mice, confirming the validity of the model. To note that the delta of response                               

amplitude may not be as pronounced as for the naive model, but since parvalbuminergic                           

neurons represent just a small fraction of cortical cells, the result is remarkable. 

2.6.2 Preliminary results on the epileptic phenotype in PV-CrT-/y                 

mice 

We applied the same KA-challenge protocol to PV-CrT-/y mice in order to assess the                           

contribution of parvalbuminergic interneurons in the development of seizures events. 

This experiment is at a preliminary stage, nonetheless we already were able to observe that                             

after the first KA-injection PV-CrT-/y mice display a racine scale score higher than                         

PV-CrT+/y mice (Fig. 33A); PV-CrT-/y mice also display a decrease in the latency to first                             

seizures following first KA-injection, a higher frequency and duration of seizures, with                       

respect to PV-CrT+/y mice (Fig. B-D); seizure events are also more severe as the percentage                             

of tonic seizures is decreased, whereas the percentage of tonic-clonic seizures is increased                         

(Fig. E). 

Altough the preliminary nature of these findings, the differences between PV-CrT+/y and                         

PV-CrT-/y already seems to suggest a major role of parvalbuminergic neurons in the                         

development of the epileptic phenotype. 
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3. DISCUSSION 

3.1 Characterization and face validity of the mouse model 

CTD is known to cause brain Cr depletion and several neurological deficits, but nothing                           

is known about the neurobiological basis of this disease. We performed the first analysis of                             

morphological, cellular and behavioral impairments in a CTD mouse model. The results                       

report the earliest cognitive phenotype observed so far in CTD mice, and a novel                           

behavioral phenotype consisting of enhanced stereotypies. Moreover, we found that                   

phenotypes associated with brain aging, including a progressive learning and memory                     

deterioration, synaptic loss, microglial cell activation, neurogenesis impairment and                 

lipofuscin deposition already occur in adult animals. The significant differences in                     

learning and memory performance of CrT-/y mice reflected changes in cognitive abilities                       

per se: indeed, the open field test revealed that mutant mice display anxiety levels in the                               

range of normal values, indicating that their capacity to cope with stressful conditions of                           

behavioral tests is not altered. 

Since epilepsy is common in CTD27,109 and seizures are one of the symptoms with the                             

greatest impact on quality of life of patients and caregivers, these findings fill a                           
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considerable gap in the current literature and substantially expand the translational                     

validity of our CTD murine model for the evaluation of therapeutic strategies. 

An important question raised by the premature aging of CrT-/y mice concerns the role of                             

Cr deficiency in the aging process. It is worth noting that the cognitive regression of                             

CrT-/y animals was not paralleled by either a decrease of Cr levels in the brain tissue or a                                   

rise of GAA toxicity, suggesting that the prolonged lack of Cr energy buffer may set in                               

motion cellular compensatory mechanisms, such as a continuous synthesis of ATP and                       

corresponding generation of ROS, leading to the gradual deterioration of brain function.                       

We detected a significant reduction of Cr levels in P180 CrT-/y mice with respect to P30                               

CrT null mice only at level of muscular tissue, indicating that compensatory upregulation                         

of Cr in the muscle declines with age. Despite the ubiquitary pattern of CrT deletion,                             

only few CTD patients displayed an alteration of muscular Cr levels and strength34. Our                           

results raise the possibility that a muscular phenotype could occur also in patients later in                             

life. 

We have considered the possibility that the accelerated decline in cognitive performance                       

in mature CrT-/y animals could be related to the documented neuroprotective34,141–143 and                       

anti-apoptotic effects of Cr144. However, when we examined the neuronal density in the                         

cerebral cortex, we did not detect any significant reduction in the number of                         

NeuN-positive cells either in the PFC or in the ACC. In contrast, we found a marked                               

impairment of hippocampal neurogenesis in the brain of mature CrT-/y mice. This was                         

assessed by observing significantly reduced numbers of Ki67-positive proliferating cells                   

along with DCX-positive immature neurons in the hippocampal DG region. These                     

results are consistent with the notion that the creation of new neurons is an energetically                             

expensive process145 and that the hippocampus is particularly vulnerable to metabolic                     

alterations146. Since adult hippocampal neurogenesis plays a vital role in maintaining                     

normal cognitive processing146,147, an impairment of this process could conceivably                   

compromise hippocampal function and represent a key substrate of the cognitive defects                       

seen in CrT-/y mice. Accordingly, most studies indicate a correlation between a                       

compromised neurogenic niche and impaired performance in hippocampus-dependent               

cognitive tasks in aged mice113. 
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In addition, we observed that long-term Cr deficiency induce a more subtle and specific                           

reorganization of neuronal circuits consisting in significantly lower expression of the                     

vesicular GABA transporter. This alteration, which has been detected in two brain                       

regions fundamentally involved in the processing of learning and memory tasks such as                         

the PFC and the ACC, could be mirrored by a significant dysfunction of synaptic activity                             

leading to increased cognitive frailty. It has been reported, indeed, that alterations in                         

inhibitory interneurons contribute to cognitive deficits associated with aging and                   

neurological diseases148,149. 

One of the principal findings of this work is the demonstration that neuroinflammation                         

plays a critical role in the progression of CrT disorder. It is apparent that Cr deficiency                               

causes an aberrant activation of microglial cells in the brain of mature CrT-/y animals and                             

activated microglia may release a number of cytokines and chemokines, which in turn                         

activate many proinflammatory signal transduction pathways. It is known that                   

co-activation of proinflammatory and cytotoxic products during neuroinflammation               

process is detrimental to neurons and may alter synaptic proteins150. . Recent evidence                         

demonstrates that neuroinflammation also negatively affects hippocampal             

neurogenesis151,152. We could hypothesize that activated microglia-neuron crosstalk has                 

detrimental effects on hippocampal neurogenesis and brain synaptic connectivity in                   

CrT-/y animals. Thus, the dysregulation of microglial behavior appears to be a critical                         

component of the negative progression of CrT deficiency pathology. 

A possible trigger of neuroinflammation is the increased concentration of damaged                     

macromolecules and protein aggregates as a result of an increase in oxidative stress as well                             

as of mitochondrial dysfunction leading to excessive generation of reactive oxygen species                       

(ROS) and oxidative damage to lipids, proteins and DNA. The Cr/PCr system is strongly                           

implicated in the cellular bioenergetic function and several studies have revealed a                       

correlation between Cr levels and intracellular ROS in as much Cr exhibits antioxidant                         

activity through either direct interaction with oxidant species or metabolic action                     

conferring antioxidant protection153,154. Accordingly, we found an enhanced               

accumulation of lipofuscin in the brain of CrT-/y mice that could be the result of                             

increased oxidative damage155. The presence of lipofuscin can also influence important                     

cellular processes, such as autophagy, by inhibiting the fusion between autophagosomes                     
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and lysosomes, thus further exacerbating the accumulation of degradation products and                     

cognitive impairment156. 

Present results suggests that CrT null mice may undergo an early onset of brain aging.                             

One fundamental conclusion emerging from this work is that CTD is a metabolic                         

disorder associated with early brain aging and that age should be a key factor to deal with                                 

in the clinical evaluation of patients. It has been previously reported that patient                         

intellectual disability becomes more pronounced with age27, but longitudinal studies in                     

patients are totally lacking and little is known about the progression of the disease. 

In addition, our CrT mouse model allowed us to discover alterations of cellular and                           

molecular mechanisms that play a pivotal role in the generation of the CTD neurological                           

phenotype. Mutant mice displayed alteration of GABAergic system, reduction of                   

hippocampal neurogenesis, marked activation of microglia, and altered oxidative                 

metabolism, leading to a general cognitive deterioration progressively worsening with age.  

We further investigated the alteration of the GABAergic system assuming that the                       

observed alteration could be specific of a specific interneuron class. To test this hypothesis                           

we choose to investigate the parvalbuminergic neurons, because these interneurons have a                       

very high metabolic rate so it was an educated guess to assume they would be the ones to                                   

suffer the most from the lack of creatine. Indeed we found that cortical parvalbuminergic                           

puncta density was decreased in CrT-/y mice, thus confirming our hypothesis. 

To better understand the parvalbuminergic network involvement into the development                   

of the deficits observed in CTD we developed a conditional knock-out model in which                           

the creatine transporter was ablated only into parvalbuminergic interneurons.                 

Experiments in this model showed the same behavioral deficit observed in the total                         

knock-out model and IOS responses confirmed the same neurovascular coupling                   

alterations found in the total knock-out model. Moreover, our preliminary data indicates                       

a higher susceptibility to epileptic seizures, suggesting that parvalbuminergic neurons may                     

in fact be largely responsible for the phenotype observed in the total knock-out model. 

This knowledge opens the important possibility to design targeted-drug intervention                   

protocols aimed at overcoming brain alterations. If we could rescue brain alterations                       
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underlying CTD, indeed, both clinical and behavioral amelioration should be achieved.                     

The use of non-invasive methods for behavioral assessment suitable for longitudinal                     

analysis and the morphological characterization of brain alterations in CrT-/y mice set a                         

firm background for translational studies using this model, providing normative data and                       

protocols necessary to validate potential treatment strategies prior to launching costly                     

clinical trials.  

Our data also suggest that CrT-/y animals may serve as a useful model for exploring the                               

mechanisms of age-related damage in the brain. A large number of neurodevelopmental                       

and neurological disorders, including Down syndrome, Batten disease, progranulin                 

deficiency, brain iron dysregulation, have been associated with early brain aging157–160.                     

Thus, a better understanding of factors that accelerate age-related deterioration of                     

cognitive performance is critical both for improving the likelihood for successful aging                       

and for revealing pathological changes of translational value. 

3.2 The importance of reliable biomarkers in the 

development of therapeutic strategies for CTD 

Quantitative biomarkers measuring cortical function are a fundamental tool for the                     

development of therapeutics, and different techniques have been recently and successfully                     

introduced in clinical and research settings for neurodevelopmental disorders99,102,161,162.                 

Following this approach, we report novel functional CTD biomarkers capable of                     

classifying mutants at single animal level with high accuracy and sensitivity (>85%), and to                           

measure disease progression and amelioration. These data provide an accurate protocol                     

for CTD assessment with tools of high translational value constituting a paradigm for                         

future preclinical trials on this condition, and more broadly for neurodevelopmental                     

disorders presenting with cognitive dysfunction, autistic-like features and brain                 

hyperexcitability.  

The clinical relevance of spectral changes of EEG signal apparent in CrT-/y mice was                           

proved by our findings showing a comparable dysfunction of neural oscillations in CTD                         

patients. More specifically, theta (4-8Hz) and alpha (8-12Hz) power was decreased in the                         

cerebral cortex of CrT-/y mice compared to Crt+/y animals, whereas beta (12-30Hz) and                         
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gamma (>30Hz) power was increased, highlighting a transition from physiological to                     

pathological network activity similar to that observed in other neurodevelopmental                   

disorders and patients in the autistic spectrum163–165. Importantly, the same power bands                       

were altered in the same direction in mice and patients, identifying a “network biomarker”                           

of CTD disorder. Moreover, we demonstrated that CrT-/y mice display an epileptic                       

phenotype, with spontaneous seizure occurrence and increased susceptibility to kainic                   

acid, as assessed through behavioral observation and video-EEG recordings in awake                     

animals. The stratification of animals based on the manifestation of spontaneous seizures                       

revealed that epileptic mice exhibit a specific decrease of theta power band with respect to                             

non-epileptic animals. This result is in agreement with previous literature showing that                       

changes in theta band power can be predictive of epilepsy166–168.  

Since the timing of rhythmic activity in cortical networks strongly affects the                       

coordination of neuronal responses throughout the cortex, the EEG alterations found in                       

CTD mice and patients establish a robust link between alterations in brain oscillatory                         

activity and the pervasive cognitive and behavioral impairment of this condition,                     

suggesting that a derangement in local and long-range cortical connectivity and plasticity                       

could be a good candidate to explain at the network level the pathological endophenotype                           

of CTD169–181. The increase of beta and gamma power could seem at odds with the                             

observed cognitive deficits and natural history of CTD, but excessive beta/gamma activity                       

was previously associated with increased brain excitability and seizures182–185 

We also found a highly specific increase of cortical IOS responses in CrT-/y mice. Since                             

IOS imaging measures BOLD-like signals, these data suggest that the assessment of brain                         

metabolic consumption might represent a further non-invasive and sensitive biomarker                   

for the analysis of brain function in CTD. In light of the ubiquitous expression of Slc6a8                               

gene in the brain at the cellular and regional level186, the normal VEP amplitude recorded                             

in the visual cortex of CrT-/y mice suggests that glial and vascular cells might be the cellular                                 

basis of altered IOS. Accordingly, the forced metabolic phenotype and the resultant                       

increase of cellular oxidative stress observed in the brain of CrT-/y animals117,187 could                         

dynamically upregulate the cerebral blood flow stimulating vasodilation 188. Abnormal                   

neurovascular coupling could significantly affect fMRI responses in CTD patients and                     

represent another CTD biomarker of relatively easy assessment in children using                     
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functional near infrared spectroscopy (fNIRS), an imaging method of cerebrovascular                   

dynamics particularly suitable to patients with neurodevelopmental disorders94,95. 

Using a Random Forest machine-learning algorithm for data classification, we showed                     

that behavioral, imaging and EEG assessment can be used to automatically classify single                         

subjects, providing a very reliable protocol to longitudinally monitor the efficacy of                       

potential therapeutic strategies in preclinical studies for CTD. Since ease of testing is a key                             

factor in complex multidose assessments, we also showed that smaller subsets of variables                         

could reach a similar discriminative performance. In this framework, Y maze and IOS                         

amplitude emerged as the two more informative variables, indicating that even simpler                       

sets of physiological parameters could be a powerful tool for tracking disease progression                         

and the efficacy of treatments.  

Overall, our findings identify novel, translational and non-invasive biomarkers for the                     

analysis investigation of brain function in CTD. Despite the availability of reliable tools                         

for CTD diagnosis, including biochemical, magnetic resonance spectroscopy and genetic                   

analyses, the biomarkers discovered in this work will have a fundamental impact in the                           

research and clinical setting at multiple levels: (i) their evaluation will allow clinicians to                           

optimize the follow-up of patients, recognizing possible alterations of brain circuits                     

during the progression of CTD disorder; (ii) the study of EEG pattern could be predictive                             

of the epileptic phenotype; (iii) the combination of behavioral, IOS and EEG testing                         

provides, providing a very reliable protocol to longitudinally monitor the efficacy of                       

potential therapeutic strategies in preclinical, and possibly clinical, studies. 

 

3.3 Cyclocreatine treatment: a pharmacological approach and 

an excellent benchmark for biomarkers testing. 

By using our battery of functional and behavioral assessment, we found that chronic cCr                           

treatment was effective on different aspects of CTD, including cognitive dysfunction,                     

autistic-like features and epilepsy.  
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We found that cCr was able to rescue loss of working memory and prevent age-related                             

long-term memory loss, even though to a lesser extent. Moreover, a reduced performance                         

in rotarod and shorter time spent grooming themselves demonstrate that cCr treatment is                         

very effective in ameliorating the autistic-like phenotype in CrT-/y mice, strongly                     

downsizing the manifestation of stereotypical movements, motor routine and rituals.                   

Importantly, cCr has a positive effect in counteracting the epileptic phenotype of CrT-/y                         

mice, with a lower percentage of animals experiencing spontaneous seizures and a higher                         

resistance to chemically-induced convulsions. This is mirrored by increased theta power                     

in basal EEG activity, strengthening the hypothesis that alterations in theta band                       

frequency can be predictive of epilepsy166–168.  

The outcome of this pharmacological approach has been previously evaluated in                     

brain-specific CrT conditional knockout mice, reporting a beneficial outcome for                   

learning and memory deficits88. This study, however, was mainly oriented in testing the                         

effective ability of cCr to enter brain cells and to serve as substrate for Cr kinase, and the                                   

face and construct validity of the brain-specific model are limited, as a milder pathological                           

endophenotype seems to emerge quite late in this breed of mice (see also 89). Kurosawa                             

and colleagues probed only cognitive aspects of CTD clinical picture in aged animals                         

(PND365) and in response to a short treatment with highly concentrated cCr. Some                         

discrepancies between our studies further confirm this interpretation: Kurosawa used a                     

harder protocol for MWM and the fact he didn’t observe a difference in the baseline time                               

spent in platform area between CrT+/y and CrT-/y corroborates the idea that the                         

brain-specific knockout manifests a milder phenotype; in addition he reports that                     

impaired and cognitive performance are normalized after 9-weeks of treatment whereas                     

we only found a partial rescue, despite our 24-weeks of treatment, again possibly because                           

of the milder phenotype of brain-specific knockout model.  

Here, we employed an ubiquitous CrT-/y knockout model, exhibiting a precocious                     

impairment of cognitive functions and sharing all the main hallmarks of human                       

pathology, and a comprehensive experimental design to longitudinally assess the                   

therapeutic validity of chronic cCr treatment and to determine the minimum effective                       

dose (MED) on different aspects of CTD pathological framework. We designed the study                         

to fulfil the best-practice guidelines for rigorous assessment in preclinical trials, including                       
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the use of a mouse model of well-established face and construct validity (the ubiquitous                           

CrT-/y knockout model;117), robust statistical design with a priori computation of the                       

sample size based on primary endpoints, minimization of genetic variability with                     

littermates, random allocation of subjects to experimental groups, blinded assessment of                     

readouts, longitudinal quantification of multiple robust and reproducible outcome                 

measures, and dose-response analyses with placebo controls to determine the minimum                     

effective dose (MED) on different aspects of CTD pathological framework. To stick as                         

closely as possible to expected clinical trial indications, the treatment started in already                         

symptomatic mice and involved chronic intervention. Our results clearly indicate that the                       

high (140 mg/kg) and the medium (46 mg/kg) doses have the stronger therapeutic effect                           

in CrT-/y mice and MED is potentially 46 mg/kg for cognitive defects and network                           

hyperexcitability, whereas 14 mg/kg emerge to be sufficient to drastically reduce                     

autistic-like stereotyped movements. This variability might reflect distinct metabolic                 

constraints of different brain processes, with the circuitry involved in the government of                         

stereotyped movements possibly demanding less energy than those related to working and                       

declarative memory189.  

Importantly, we did not report any detrimental product of cCr treatment. The only                         

possible side effect could be the decrease of delta frequency power and the gain of alpha                               

power during the sleep phase observed following the treatment with the 140 mg/kg cCr                           

dose, potentially causing sleep disturbances. Together with the lack of preservation                     

against chemically-induced convulsions in H-CrT-/y mice, these data raise the possibility                     

that an excess of cCr could have adverse effects on brain circuitry and future toxicology                             

studies in wild-type and knock-out animals are needed to assess the safety window of this                             

prodrug. However, our findings strongly support the efficacy of cCr for treating CTD,                         

opening the possibility to design intervention protocols for this drug or other chemically                         

modified, lipophilic compounds that could be readily translated to the bedside. 
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4. MATERIALS AND METHODS 

4.1 Animals  

As CrT deficiency is an X-linked pathology, male mice were selected for this study. CrT-/y                             

and CrT+/y mice on a C57BL/6 J background were generated as described previously85.                         

Animals were maintained at 22°C under a 12-h light–dark cycle (average illumination                       

levels of 1.2 cd/m2 ). Food (4RF25 GLP Certificate, Mucedola) and water were available                           

ad libitum. To target CrT deletion to parvalbuminergic cells of the central nervous system                           

we used a mouse190 expressing Cre recombinase under the PV promoter (PV:Cre). CrT+/fl                         

females were crossed with Nestin:Cre male mice to generate a mouse line carrying the                           

floxed CrT and Nestin:Cre alleles. Mice with three genotypes were used as experimental                         

animals: mice carrying the brain specific deletion of CrT (PV:Cre-CrT-/y, PV-CrT-/y),                     

mice expressing the floxed allele but not Cre-recombinase (CrTfl/y), and mice expressing                       

Cre-recombinase but not carrying the floxed allele (PV:Cre-CrT+/y, PV-CrT+/y). These                   

genotypes were obtained in the same litters. Since CrTfl/y mice did not display any                           

difference in Cr levels with respect to PV-CrT+/y animals, we performed behavioral and                         

anatomical investigation only in the other two experimental groups. All experiments were                       

carried out in accordance with the European Communities Council Directive of 24                       

November 1986 (86/609/EEC) and were approved by the Italian Ministry of Health                       

(authorization number 259/ 2016-PR).  

4.2 Detection of Slc6a8 mutation by PCR  

Genomic DNA was isolated from mouse tail using a kit, and the protocol suggested by                             

the manufacturer (DNeasy Blood & Tissue Kit, Qiagen, USA). DNA was amplified for                         

CrT mutant and wild-type alleles using a standard PCR protocol with the following                         

primers: F:AGGTTTCCTCAGGTTATAGAGA; R:CCCTAGGT     
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GTATCTAACATCT; R1: TCGTGGTATCGTTATGCGCC. Primers for Cre           

recombinase expression were: F: AACGCACTGATTTCGACC; R:           

CAACACCATTTTTTCTGACCC. For PCR amplification, we used 300 ng of DNA                   

in a 25 ll reaction volume containing 0.2 mM of each dNTP, 2 lM of F primer, 1 lM of R                                         

primer, 1 lM of R1 primer and 0.5 U/ll Red Taq DNA polymerase (Sigma-Aldrich, Italy).                             

The PCR conditions were as follows: 94 C for 4 min followed by 37 cycles at 94 C for 30                                       

s, 58 C for 30 s, 72 C for 40 s and a final extension at 72 C for 7 min. Amplicons were                                             

separated using 2% agarose gel and visualized under UV light after staining with Green                           

Gel Plus (Fisher Molecular Biology, Rome, Italy). Amplicon sizes were: Crt+/y allele = 462                           

bp; mutant allele = 371 bp; Cre allele = 310 bp.  

4.3 Experimental design of longitudinal mouse experiments 

The same animals were subjected to longitudinal IOS recordings at PND40, PND110                       

and PND180. At least 4 days after the completion of each IOS recording, the animals                             

were each subjected to serial neurobehavioral assessments of cognitive and psychomotor                     

functions (Y maze, Rotarod, Morris Water Maze (PND110 and PND180 only)).                     

Behavioral assessments were performed as previously described117. At the end of the                       

experimental schedule, EEG electrode surgeries followed by EEG recordings were                   

performed. A separate group of animals were used for VEP experiments. 

This preclinical trial was a randomized, double-blind study of three fixed doses of CCr.                           

CrT-/y mice were divided in 5 groups, each one receiving either no treatment (NT), vehicle                             

treatment (VEH), or three different CCr dosages (H, high = 140 mg/kg; M, medium = 46                               

mg/kg; L, low = 14 mg/kg). The treatment started at P20. CCr was dissolved in 1% low                                 

fat chocolate milk (in a volume of 2.5 ml/kg) and daily administered per os. Animals were                               

weighed every other day to adjust the drug solution volume. Animals were randomly                         

assigned to the different arms of the study. All treatments, experiments and analysis were                           

performed in blind with the respect to the genotype of animals and the treatment                           

administered. The same animals were subjected to longitudinal IOS recordings at P40,                       

P110 and P180. At least four days after the completion of each IOS recording, the animals                               

were each subjected to serial neurobehavioral assessments of cognitive and psychomotor                     

functions. The testing order for behavioral assessment performed in the same animals                       
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consisted of: Y maze (1 day), Morris water maze (MWM) with hidden platform (7 days),                             

rotarod (1day), and self-grooming (1day). The mice were tested on one task at a time with                               

the next behavioral test starting at least 1 day after the completion of the previous one.                               

While Y maze, MWM and rotarod were longitudinally administered to the same animals                         

at P40, P110 and P180 (only P110 and P180 for MWM), self-grooming has been tested                             

only at P180. At the end of the experimental schedule, EEG electrode surgeries followed                           

by EEG recordings were performed.  

4.4 Open field and object recognition test (ORT)  

The apparatus consisted of a square arena (60 x 60 x 30 cm) constructed in poly(vinyl                               

chloride) with black walls and a white floor. The mice received one session of 10-min                             

duration in the empty arena to habituate them to the apparatus and test room. Animal                             

position was continuously recorded by a video tracking system (Noldus Ethovision XT).                       

In the recording software an area corresponding to the centre of the arena (a central                             

square 30 x 30 cm), and a peripheral region (corresponding to the remaining portion of                             

the arena) were defined. The total movement of the animal and the time spent in the                               

center or in the periphery area were automatically computed. Mouse activity during this                         

habituation session was analysed for evaluating the behavior in the open field arena. The                           

ORT consisted of two phases: sample and testing phase. During the sample phase, two                           

identical objects were placed in diagonally opposite corners of the arena, approximately 6                         

cm from the walls, and mice were allowed 10 min to explore the objects, then they were                                 

returned to their cage. The objects to be discriminated were made of plastic, metal, or                             

glass material and were too heavy to be displaced by the mice. The testing phase was                               

performed either 1h or 24h after the sample phase. One of the two familiar objects was                               

replaced with a new one, while the other object was replaced by an identical copy. The                               

objects were placed in the same locations as the previous ones. The mice were allowed to                               

explore objects for 5 min. To avoid possible preferences for one of two objects, the choice                               

of the new and old object and the position of the new one were randomized among                               

animals. The amount of time spent exploring each object (nose sniffing and head                         

orientation within <1.0 cm) was recorded and evaluated by the experimenter blind to the                           

mouse genotype. Arena and objects were cleaned with 10% ethanol between trials to stop                           

the build-up of olfactory cues. Mice exploring the two objects for less than 10s during the                               
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sample phase were excluded from testing. A discrimination index was computed as DI =                           

(T new - T old)/(T new +T old), where T new is the time spent exploring the new object,                                     

and T old is the time spent exploring the old one 85.  

4.5 Y maze spontaneous alternation  

We used a Y-shaped maze with three symmetrical grey solid plastic arms at a 120-degree                             

angle (26 cm length, 10 cm width, and 15 cm height). Mice were placed in the centre of                                   

the maze and allowed to freely explore the maze for 8 minutes. The apparatus was cleaned                               

with 10% ethanol between trials to avoid the build-up of odour traces. All sessions were                             

video-recorded (Noldus Ethovision XT) for offline blind analysis. The arm entry was                       

defined as all four limbs within the arm. A triad was defined as a set of three arm entries,                                     

when each entry was to a different arm of the maze. The number of arm entries and the                                   

number of triads were recorded in order to calculate the alternation percentage (generated                         

by dividing the number of triads by the number of possible alternations and then                           

multiplying by 10085).  

4.6 Morris water maze  

Mice were trained for four trials per day and for a total of 7 days (11) in a circular water                                       

tank, made from grey polypropylene (diameter, 120 cm; height, 40 cm), filled to a depth                             

of 25 cm with water (23°C) rendered opaque by the addition of a non-toxic white paint.                               

Four positions around the edge of the tank were arbitrarily designated North (N), South                           

(S), East (E), and West (W), which provided four alternative start positions and also                           

defined the division of the tank into four quadrants, i.e. NE, SE, SW, and NW. A square                                 

clear Perspex escape platform (11 x 11 cm) was submerged 0.5 cm below the water surface                               

and placed at the midpoint of one of the four quadrants. The hidden platform remained                             

in the same quadrant during training, while the starting positions (N, S, E, or W) were                               

randomized across trials. The pool was situated in a room containing extra-maze cues that                           

provide specific visual reference points for locating the submerged platform. Mice were                       

allowed up to 60 s to locate the escape platform, and their swimming paths were                             

automatically recorded by the Noldus Ethovision system. If the mouse failed to reach the                           

platform within 60 s, the trial was terminated, and the mouse was guided onto the                             

platform for 15 s. On the last trial of the last training day, mice received a probe trial,                                   
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during which the escape platform was removed from the tank and the swimming paths                           

were recorded over 60 s while mice searched for the missing platform. The swimming                           

paths were recorded and analysed with the Noldus Ethovision system.  

4.7 Rotarod  

Motor coordination and abilities were assessed using the rotarod test as described in191.                         

Animals were placed on a drum with increasing rotation speed from 4 to 40 rpm. The                               

time spent on the drum was recorded by an automated unit, which stops as the mouse                               

fall. Motor abilities were assessed by conducting the test for four consecutive times with                           

an interval of 5 min in the same day.  

4.8 Three-chamber social test  

The three-chamber paradigm test has been successfully employed to study sociability and                       

preference for social novelty in several mutant mouse lines. ‘Sociability’ is defined as a                           

propensity to spend time with a conspecific, as compared to time spent alone in an                             

identical but empty chamber; ‘preference for social novelty’ is defined as propensity to                         

spend time with a new mouse rather than with a familiar mouse192. We adapted the                             

protocol reported in193. The apparatus consisted in a rectangular, three-chamber box                     

made from clear Plexiglas (72 cm wide x 50 cm length x 33 high). Each chamber is 24 x 50                                       

cm and the dividing walls are made from clear Plexiglas, with an open middle section,                             

which allows free access to each chamber. Two identical, wire cup-like containers with                         

removable lids were placed inside the apparatus, one in each side chamber. Each container                           

was made of metal wires allowing for air exchange between the interior and exterior of the                               

cup but small enough to prevent direct physical interactions between the inside animal                         

and the subject mouse. Two classes of mouse were used in this experiment, one acting as a                                 

control, naı¨ve animal, while the other is the test subject. The control mouse was a mouse                               

of the same background, age, gender and weight, without any prior contact with the                           

subject mouse. Two control mice were required per experiment, one used for session I                           

(Stranger 1) and another for session II (Stranger 2). The same control mice were used                             

between trials. Control mice were gradually habituated to wire-cup housing in the                       

three-chamber box for 4 days (30 min per day) before the starting of test session. After 10                                 

min of habituation in the arena with empty wire cups of the subject mouse, we placed                               
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Stranger 1 inside one of the wire cups. The subject mice were allowed to explore each of                                 

the three chambers for 10 min (session I). Animal position was continuously recorded by                           

a video tracking system (Noldus Ethovision XT). The amount of time spent exploring                         

each wire cup was recorded and evaluated by the experimenter blind to the mouse                           

genotype. A discrimination index was computed as DI = (Tsoc - Tobj)/ (Tsoc + Tobj),                             

where Tsoc is the time spent exploring the cup housing the Stranger 1, and Tobj is the                                 

time spent exploring the other cup. In session II we placed Stranger 2 inside the wire cup                                 

in the opposite side chamber. Duration of session II was 10 min and we calculated the                               

same DI described above, differentiating the exploration time of the subject mouse                       

between Stranger 1 and Stranger 2. The placement of Stranger 1 and Stranger 2 in the left                                 

or right side of the box was randomized between trials. Arena and wire cups were cleaned                               

with 10% ethanol between trials to prevent olfactory cue bias.  

 

4.9 Self-grooming  

Mice were scored for spontaneous grooming behaviors as described earlier194. Each mouse                       

was placed individually into a clean, empty, standard mouse cage (27 cm length x 20 cm                               

wide x 15 cm high) without bedding. Animal behaviors were videotaped for 20 min. After                             

a 10-min habituation period in the test cage, each mouse was scored with a stopwatch for                               

10 min for cumulative time spent grooming all body regions.  

4.10 Behavioral analysis of seizure severity in mice 

Seizures were scored according to Racine (1972): stage 0, normal behavior; stage 1,                         

immobility; stage 2, forelimb and/or tail extension, rigid posture; stage 3, repetitive                       

movements, head bobbing; stage 4, forelimb clonus with rearing and falling; stage 5,                         

continuous rearing and falling; stage 6, severe whole-body convulsions; stage 7, death.                       

Seizure severity was scored every 10 min for 1 h after each KA injection. The maximum                               

rating scale values reached by each animal over each 10 min interval were used to calculate                               

the behavioral rating scale value for the different experimental groups. Similarly, severity                       

of each seizure detected in EEG traces was established based on the inspection of video                             

recordings, using the same scale. Seizures of stage 1 and 2 were classified as tonic events,                               
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seizures of stage 3 were assigned to clonic events and seizures of stage 4, 5 and 6 were                                   

categorized as tonic-clonic events. 

4.11 EEG recordings and data analysis in mice 

A two-channel headmount (8201, Pinnacle Technology) for EEG recordings was placed                     

on the skull of mice anesthetized with isoflurane (1-3%). EEG electrodes were stainless                         

steel screws implanted epidurally over the frontal and the occipital areas. Mice were                         

allowed to recover for at least 4-5 days with antalgic therapy (paracetamol, 100 mg/kg, per                             

os). EEG signals were recorded using a preamplifier (8202-SL) connected to a data                         

acquisition system (8206, Pinnacle Technology) and Sirenia Software 1.7.9 (Pinnacle                   

Technology). Signals were recorded at 400 Hz sampling frequency to evaluate baseline                       

(spontaneous) activity for 24 hours followed by treatment with i.p. kainic acid (KA) at 10                             

mg/kg to evoke seizure activity. Video was recorded in parallel during the entire duration                           

of the EEG assessments. For the analysis of baseline EEG, signals were segmented in 30s                             

epochs. The vigilance state in each epoch was manually classified as active wake, passive                           

wake or sleep, based on the inspection of video recordings by an operator blind to the                               

genotypes and the treatment administered. EEG signals were converted into power                     

spectra by Fast Fourier Transform (FFT) for at least 12 epochs in each light/dark cycle                             

and wake/sleep condition. Consecutive epochs of the same vigilance state were selected to                         

be spaced at least 10 minutes apart between each other. The spectra were normalized to                             

the total power of the signal. The power spectra were averaged over subjects in each                             

light/dark cycle and wake/sleep condition at frequency ranges divided into five bands as                         

follows: 0.5–4 (delta), 4–8 (theta), 8–12 (alpha), 12–30 (beta), and 30–45 (gamma) Hz.                         

This part of the analysis was performed using custom software written in Matlab. A                           

correlation matrix of EEG spectral power in CrT-/y and WT animals was obtained using                           

Spearman correlation, with Benjamini-Hochberg adjustment (Python, scipy library). To                 

quantify both baseline (spontaneous) and KA-evoked seizure episodes we used Sirenia                     

Seizure Pro 1.8.4 (Pinnacle Technology). The baseline period of each animal was used as a                             

cutoff threshold (mean line length + 8xSD). Events in the 2-10 Hz frequency range, with                             

a line length higher than the defined threshold, and lasting at least 10 seconds were                             

identified as seizures. 
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4.12 Patients 

Five subjects with CTD aged to the present date between 7.7 and 22.7 years were                             

diagnosed at IRCCS Stella Maris Foundation at the age ranging between 5.1 and 9 years                             

(mean age = 7.2 years; SD = 1.8 years). Diagnosis of CTD was confirmed in all five                                 

patients, using clinical, neurochemical (Cr/Crn urine levels and lack of brain Cr in                         
1HMRS) and genetical assessments. Twelve healthy subjects served as age-matched                   

controls (mean age = 7.7 years; SD = 2.3 years). Data have been anonymized using an                               

alphanumeric code. EEG recordings were performed as part of routine examination of                       

patients with intellectual disability and language deficits. The experiment has been                     

subjected to approval by the Ethics Board (201/2019, Pediatric Ethics Board of Tuscany)                         

and has been performed in accordance with the Declaration of Helsinki. 

4.13 EEG recordings and data analysis in humans 

EEG data in patients were collected using a Micromed or Grass EEG recording system.                           

Gold ring electrodes were placed following the international 10–20 convention for a                       

32-channel cap and signals were recorded at a sampling rate of 500 Hz. For this analysis,                               

we used the first EEG recorded at the time of diagnosis; thus, patients were not prescribed                               

anticonvulsant medications yet. 

EEG recordings were screened and divided into artefact-free segments (10-s duration for                       

eyes closed condition, 20-s duration for eyes open and sleep conditions). EEG signal was                           

then exported in European Data Format (EDF) and subjected to FFT. Power spectra were                           

estimated by averaging at least 8 segments for each behavioral state. The spectral power                           

values in the same frequency bands described above for mice were evaluated in humans.                           

The spectra were normalized to the total power of the signal. 

4.14 Intrinsic optical signal (IOS) imaging 

For IOS preparations, mice were anesthetized with isoflurane (1-3%), and fixed on a                         

stereotaxic apparatus using ear bars. Surgery was performed as previously described102. A                       

thin layer of cyanoacrylate was poured over the exposed skull to affix a custom-made                           

metal ring (9 mm internal diameter) in correspondence with the binocular visual cortex                         

and a drop of transparent nail polish was used to improve the optical access. Mice were                               
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left to recover for at least 72 h and administered paracetamol (100 mg/kg, in drinking                           

water). IOS recordings were performed under isoflurane (0.5-1%) and chlorprothixene                   

anesthesia (1.5 mg/kg, i.p.) longitudinally in each animal at postnatal day (PND)40,                       

PND110 and PND180. Images were visualized using a custom Leica microscope (Leica                       

Microsystems). The animals were secured under the objective using a ring-shaped magnet                       

mounted on an arduino-based imaging chamber. Red light illumination (630 nm) was                       

obtained with 8 individually addressable LEDs (WS2812) fixed to the objective (Leica Z6                         

APO coupled with a Leica PanApo 2.0X 10447170) by a custom 3D printed conical                           

holder103. Visual stimuli were generated using Matlab Psychtoolbox and presented on a                       

monitor placed 13 cm away from the eyes of the mouse. Sinusoidal wave gratings were                           

presented in the binocular portion of the visual field with spatial frequency 0.03 cyc/deg,                           

mean luminance 20 cd/m 2 and contrast up to 90%. The stimulus consisted in the abrupt                             

contrast reversal of a grating with a temporal frequency of 4 Hz for 1 s. Frames were                             

acquired at 30 fps with a resolution of 512×512 pixels. The signal was averaged for at least                                 

80 trials. Fluctuations of reflectance (R) for each pixel were computed as the normalized                           

difference from the average baseline (ΔR/R). A region of interest (ROI) was calculated                         

on the mean image of contralateral eye response by selecting the pixels in the lowest 30%                               

ΔR/R of the range between the maximal and minimal intensity pixel, and mean evoked                           

response was quantitatively estimated as the average intensity within the ROI. See102 for                         

further details on signal analysis. 

4.15 Visually evoked potentials (VEPs) 

Mice were anesthetized with isoflurane (1-3%), and head-fixed on a stereotaxic frame.                       

After exposing the skull, a small craniotomy (2× 2 mm) overlying the visual cortex was                           

performed. Then, a multichannel neural probe (Q-trode tetrode configuration,                 

Neuronexus) was slowly inserted at a depth of 150−200 μm in the binocular visual cortex                           

(coordinates: 3.2 mm lateral, 0.2 mm rostral with respect to lambda landmark). Signal was                     

acquired using Cheetah 32 (Neuralynx) recording system at 30.3 kHz of sampling rate                       

with a band pass filter of 0.1−250 Hz. Signal from each channel was averaged to obtain                             

VEPs. Visual stimuli were generated using Matlab Psychtoolbox and presented on a                       

monitor placed 20 cm away from the mouse. Stimuli consisted in sinusoidal wave gratings                         

with spatial frequency 0.03 cyc/deg, temporal frequency 2Hz, mean luminance 25 cd/m 2                       
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and contrast 90%. VEP responses were averaged for at least 100 trials per eye. The                             

amplitude of VEP response was calculated as the peak to baseline difference of the first                             

positive component (at ∼100 ms). 

4.16 Machine learning-based classification 

Scikit-learn, a Python-based library (http://scikit-learn.org/stable/), was used to compute                 

both principal component analysis (PCA) and train the classification model. The model is                         

a supervised machine learning algorithm called Random Forest (RF) that is based on                         

multiple decision tree learning. We used the Scikit-learn implementation for this                     

algorithm, called ExtraTreesClassifier function. To determine an optimal set of                   

hyparameters for the classifier we used the function RandomizedSearchCV on the dataset                       

with all the variables. 

Then, we applied the RF classifier adopting the function cross_val_score with cv = 3 to                             

perform 3-fold cross-validation. To calculate feature importance in classifier decision, we                     

used the attribute feature_importance that is an instance of the ExtraTreesClassifier                     

expressing the fraction of relative importance for each feature. Data from all ages of                           

phenotyping (PND40, PND110 and PND180) were combined together. 

4.17 Biochemical analysis  

For Cr and GAA assay, mouse tissues, immediately frozen on dry ice and stored at -80 C                                 

until the analysis, were homogenized in 0.7 ml PBS buffer (Sigma-Aldrich, Italy) at 4 C                             

using a ultrasonic disruptor (Microson Heat System, NY, USA) for brain or a glass                           

manual homogenizer (VWR, Italy) for kidney, heart and muscle. After centrifugation                     

(600 g for 10 min at 4 C) an aliquot of the homogenate (50 ml) was assayed for protein                                     

content and the supernatant used for Cr assay as previously described195. Briefly, 50 ml of                             

saturated sodium hydrogen carbonate and 50 ml of a mixture containing 2-phenylbutyric                       

acid (I.S.) in toluene (6.09 mmol/l; Sigma-Aldrich, Italy) were added to 200 ml of                           

homogenate or to 100 ml of serum and urine, respectively. After adding 1 ml of toluene                               

and 50 ml of hexafluoro-2,4-pentanedione (Sigma-Aldrich, Italy) to form                 

bistrifluoromethyl-pyrimidine derivatives, the mixture was stirred overnight at 80 C. The                     

organic layer was centrifuged, dried under nitrogen and 2 ml of the residue derivatized at                             
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room temperature with 100 ml of BSTFA + TMCS (Sigma-Aldrich, Italy) injected into                         

the Gas Chromatography/Mass Spectrometry (GC/ MS) instrument. GC analyses were                   

performed using an Agilent 6890N GC equipped with an HP5MS capillary column (0.25                         

mm 30 m, film thickness 0.25 ım) and an Agilent mass spectrometer 5973N (Agilent                           

Technologies, Italy). The mass spectrometer was set in EI- single ion monitoring mode                         

(SIM). The ions with m/z of 192 for I.S., 258 for Cr and 225 for guanidinoacetic acid                                 

(GAA) were used for calculation of the metabolites, using standard curves ranging 5–90                         

mmol/l and 0.30–6 mmol/l for Cr and GAA, respectively. Data were processed by the                           

G1701DA MSD ChemStation software. All the aqueous solutions were prepared using                     

ultrapure water produced by a Millipore system.  

4.18 Immunohistochemistry  

Animals were perfused transcardially with 4% paraformaldehyde in phosphate buffer.                   

Brains were post-fixed and impregnated with 30% sucrose in phosphate buffered saline                       

(PBS). Coronal brain sections (40 mm) were cut on a freezing microtome and collected in                             

PBS before being processed for immunohistochemistry. After a blocking step,                   

free-floating slices were incubated O/N at 4°C in a solution of primary antibody (NeuN,                           

Millipore, 1:500; Ki67, Abcam, 1:400; DCX, Abcam, 1:200; vGlut1, Synaptic System,                     

1:500; vGAT, Synaptic System, 1:1,000; Iba-1, Wako, 1:400) and antigen-antibody                   

interaction was revealed with suitable Alexa Fluor-conjugated secondary antibodies                 

(1:400, Invitrogen). Immunostaining for Ki67 involved an additional treatment with                   

sodium citrate for antigen retrieval. Sections were then counterstained with Hoechst dye                       

(1:500, Sigma), mounted on microscope slides and coverslipped using Vectashield                   

mounting medium for fluorescence (Vector Laboratories Inc.).  

4.19 Image analysis  

NeuN and Iba1- To quantify the density of neuronal and microglial cells in the cerebral                             

cortex we used the StereoInvestigator software (MicroBrightField) equipped with                 

motorized X–Y sensitive stage and video camera connected to a computerized image                       

analysis system. NeuN-positive cells were counted using 20x magnification and sampling                     

boxes (250 x 250 x 40 um) located in both superficial and deep layers of PFC and ACC                                   

cortex. Iba1- positive cells were counted using 40x magnification and sampling boxes (250                         
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x 250 x 40 um) located in both superficial and deep layers of PFC cortex. Cell density was                                   

calculated by averaging values obtained from at least 6-8 counting boxes per animal.  

Ki67 and DCX- Examination of Ki67 and DCX-positively labelled cells was confined to                         

the hippocampal dentate gyrus (DG), specifically to the granule cell layer (GCL) and the                           

subgranular zone of the hippocampus defined as a two-cell body-wide zone along the                         

border between the GCL and hilus. Quantification of Ki67 or DCX-immunoreactive                     

cells was conducted from 1-in-6 series of immunolabeled sections using 20x magnification                       

and spanning the rostrocaudal extent of DG. All immunostained sections were analysed                       

using the StereoInvestigator software. The reference volume was determined as the sum of                         

the traced areas multiplied by the distance between the sampled sections. Densities of                         

immunopositive cells were then calculated by dividing the number of positive cells by the                           

reference volume. Numbers of positively labelled neurons were normalized as density per                       

unit of volume (mm3 ). 

vGlut1 and vGAT- To quantify the density of vGlut1- and vGAT-positive puncta, the                         

parameters of acquisition (laser intensity, gain, offset) were optimized at the beginning of                         

the acquisition and then held constant throughout image acquisition. All sections were                       

acquired in random order in a single session to minimize fluctuation in laser output and                             

degradation of fluorescence. We imaged superficial and deep layers of PFC and ACC on a                             

Zeiss laser-scanning Apotome microscope using a 63x oil immersion objective. For each                       

section, we imaged serial optical sections at 0.33 lm intervals for a total of at least 15                                 

optical sections (5 um). From each animal we imaged 6 sections (3 in superficial layers and                               

3 in deep layers). Maximum intensity projections (MIPs) were generated from the group                         

of 5 consecutive sections yielding the higher mean pixel intensity. These MIPs were                         

imported in ImageJ and quantified using Puncta analyzer plugin196. The number of                       

positive puncta was measured within the entire acquired area.  

4.20 Determination of lipofuscin accumulation by autofluorescence  

Coronal brain sections were mounted on microscope slides and coverslipped using                     

Vectashield mounting medium for fluorescence (Vector Laboratories Inc.). We imaged                   

hippocampal DG on a Zeiss laser-scanning Apotome microscope using a 40 oil immersion                         

objective. The parameters of acquisition were optimized at the beginning of the                       
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experiment and then held constant. Lipofuscin level was measured as the presence of                         

autofluorescence at 550 nm in the region of interest. For each section, we imaged serial                             

optical sections at 0.5 lm intervals for a total of at least 80 optical sections (40 um). From                                   

each animal we imaged 3–4 sections. MIPs were generated from the group of 5                           

consecutive sections yielding the higher mean pixel intensity. These MIPs were imported                       

in ImageJ and quantified using Threshold plugin. The area of positive puncta and mean                           

pixel intensity were measured within the entire acquired area.  

4.21 Statistical analysis 

All statistical analyses were performed using GraphPad Prism 8.0.1. Differences between                     

two groups were assessed with a two-tailed t-test. Multiple t-test was used for the analys of                               

EEG spectral power. The significance of factorial effects and differences among more                       

than two groups were evaluated with ANOVA/RM ANOVA followed by post hoc                       

Holm-Sidak test. Rank transformation was exploited for data not normally distributed.                     

The level of significance was p < 0.05 or as otherwise stated in the Figure Legends. 
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5. FIGURES 

 

 

Fig. 1: The creatine cycle. 
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Fig. 2: The synthesis of creatine. 
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Fig. 3: Hypothesized model of Cr synthesis in mammals (Wyss & Kaddurah-Daouk                       

2000). 
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Fig. 4: reduced body weight in CrT-/y mice (n = 13; Two way ANOVA on rank                               

transformed data, P < 0.001 effect of genotype, P < 0.001 interaction between genotype                           

and age; post hoc Holm Sidak method, P = 0.092 at P40, P < 0.001 in all other                                   

comparisons) 
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Fig. 5: Early deficiency of working memory in CrT-/y mice. (A) Schematic diagram                         

of the Y maze apparatus. The mean number of entries in the single arms of the maze (A,                                   

B, C) and the total number of arm entries were comparable for the different experimental                             

groups (Two-Way ANOVA on rank transformed data, post hoc Holm-Sidak method, p                       

= 0.506, p = 0.941, p = 0.276, p = 0.391, respectively). (B) Alternation rate in the Y maze                                     

was significantly lower in CrT-/y mice (n=9) compared to that recorded for CrT+/y                         

littermates (n = 11; t test, p < 0.05) at P28. *p < 0.05. Error bars, SEM. 
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Fig. 6: Impaired working memory in CrT-/y mice. Alternation rate in the Y maze was                             

significantly lower in CrT-/y mice compared to that recorded for CrT+/y littermates at P40                           

(CrT+/y, n = 13, CrT-/y, n = 12; t-test, p < 0.01, panel a), P100 (CrT+/y, n = 13, CrT-/y, n =                                           

12; t-test, p < 0.05, panel b) and P180 (CrT+/y, n = 9, CrT-/y, n = 7; t-test, p < 0.05, panel                                           

c). * p < 0.05; ** p < 0.01. Error bars, SEM. 
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Fig. 7: Progressive impairment of object recognition memory in CrT-/y mice. Top,                       

a schematic representation of the object recognition task. Histograms display object                     

discrimination indexes of CrT+/y and CrT-/y during the testing phase performed after a                         

delay of 1 and 24h since the sample phase at different ages. (A) P40. While both                               

experimental groups can recognize the new object in the test at 1h (t-test, p = 0.285), a                                 

significantly lower discrimination index was found in CrT-/y mice (n = 9) compared to                           

CrT+/y animals (n = 7; t-test, p < 0.05). (B) P100. Even if still not significant, the recall                                   

capacity of CrT-/y animals at 1h was reduced (t-test, p = 0.242). At 24h, a t-test revealed                                 

that the performance of CrT-/y animals (n = 11) was strongly impaired with respect to                             

controls (n = 10; p < 0.01). (C) P180. A significant deficit of both short (t-test, p < 0.05)                                     

and long-term (t-test, p < 0.05) memory was detected in mutant mice (n = 10) compared                               

to controls (n = 9). *p < 0.05; **p < 0.01. Error bars, SEM. 
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Fig. 8: Spatial memory impairment in CrT-/y mice. A Two-Way RM ANOVA                       

followed by Holm-Sidak multiple comparison revealed that while CrT+/y spent                   

significantly more time in the NE* quadrant than in the other ones, CrT-/y did not show                               

any preference for the target quadrant at P40 (CrT+/y, n = 10, CrT-/y, n = 12; panel a),                                   

P100 (CrT+/y, n = 7, CrT-/y, n = 8; panel b) and P180 (CrT+/y, n = 9, CrT-/y, n = 7;                                         

Two-Way RM ANOVA, post hoc Holm-Sidak method, panel c). At all ages tested, the                           

percentage of time spent in the target quadrant was shorter in CrT-/y mice than in the                               

control group (Two-Way RM ANOVA, post hoc Holm-Sidak method, p < 0.05 at P40                           

and p <0.01 at P100 and P180). At P180, a significant difference was also detected in the                                 

percentage of time spent in the SO quadrant by CrT+/y and CrT-/y mice (p < 0.05). * p <                                     

0.05; ** p < 0.01. Error bars, SEM. 
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Fig. 9: Slower swimming velocity in CrT-/y mice. Mean swimming speed measured all                         

along the training phase of the Morris water maze for CrT+/y and CrT-/y animals at P40                               

(CrT+/y, n = 10, CrT-/y, n = 12; panel a), P100 (CrT+/y, n = 7, CrT-/y, n = 8; panel b) and                                           

P180 (CrT+/y, n = 9, CrT-/y, n = 7; panel c). At all ages tested mutant mice resulted to be                                       

slower swimmers with respect to control littermates (t-test, p < 0.05 at P40 and p < 0.01 at                                   

P180; Mann-Whitney Rank Sum test, p < 0.05 at P100). * p < 0.05; ** p < 0.01. Error                                     

bars, SEM. 
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Fig. 10: CrT deletion progressively deteriorates spatial learning and memory in                     

mutant mice. (A) Left, learning curves for CrT+/y (n = 10, white) and CrT-/y mice (n =                                 

12, grey) at P40. A significant difference was detected at day 5 (Two-Way RM ANOVA,                             

post hoc Holm-Sidak method, p < 0.05). Right, histograms showing the mean swimming                         

path covered to locate the submerged platform on the last three days of training for the                               

two groups. A significant difference between CrT-/y and CrT+/y animals was present                       

(t-test, p < 0.01). Representative examples of swimming path during the day 3 of the                             

training phase for a CrT+/y (top) and a CrT-/y mouse (bottom) are also reported. (B) Left,                               

learning curves for CrT+/y (n = 7, white) and CrT-/y mice (n = 8, grey) at P100. A                                   

significant difference was detected at day 5 (Two-Way RM ANOVA, post hoc                       

Holm-Sidak method, p < 0.05). Right, histograms showing the mean swimming path on                         
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the last three training days for the two groups. A significant difference between CrT+/y                           

and CrT-/y animals was present (t-test, p < 0.05). Representative examples of swimming                         

path during the day 3 of the training phase for a CrT+/y (top) and a CrT-/y mouse                                 

(bottom) are also reported. (C) Left, learning curves for CrT+/y (n = 9, white) and CrT-/y                               

mice (n = 7, grey) at P180: mutant mice were poorer learners with respect to control                               

littermates and a significant difference was detected at day 3, 4, 5 and 6 (Two-Way RM                               

ANOVA on rank transformed data, post hoc Holm-Sidak method, p < 0.05 for day 3 and                               

6, p < 0.01 for day 4 and 5). Right, histograms showing the mean swimming path on the                                   

last three days of training. A t-test analysis showed a statistical difference between CrT+/y                           

and CrT-/y animals (p < 0.01). Representative examples of swimming path during the day                           

3 of the training phase for a CrT+/y (top) and a CrT-/y mouse (bottom) are also depicted.                                 

*p < 0.05; #p < 0.01. Error bars, SEM. 
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Fig. 11: Premature cognitive decline in CrT null mice. (a) No difference was found                           

in the mean swimming path on the last three days of training between P365 CrT+/y (n = 4)                                   

and P180 CrT-/y animals (n = 7; t-test, p = 0.968). (b) In the probe test, the percentage of                                     

time spent in the different two quadrants was totally comparable in P180 CrT-/y mice and                             

six-month older CrT+/y animals (Two-Way RM ANOVA, p = 0.479). Error bars, SEM. 
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Fig. 12: Normal behavior of CrT mutant mice in the open field arena. Left, CrT+/y                             

and CrT-/y mice spent a comparable amount of time in the center and in the peripheral                               

region of the open field arena. A Two-Way ANOVA analysis shows no significant effect                           

of genotype at P40 (CrT+/y n = 13, CrT-/y n = 12; p = 0.725; panel A), P100 (CrT+/y, n =                                         

13, CrT-/y, n = 12; p = 0.508; panel B) and P180 (CrT+/y, n = 11, CrT-/y, n = 11; panel c; p                                             

= 0.348). Right, total distance moved did not differ between CrT mutants and wild-type                           

animals at all ages tested (t-test, p = 0.363, p = 0.452 and p = 0.101, respectively).                                 

Representative examples of movement path during the open field session for a CrT+/y and                           

a CrT-/y mouse are also reported. Error bars, SEM. 
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Fig. 13: CrT mutation enhances repetitive and stereotyped behaviors. (A) Social                     

interaction behaviors in CrT-/y mice. Histograms display discrimination indexes of CrT+/y                     

(n = 6) and CrT-/y (n = 8) mice during the social preference (session I) and the social                                   

novelty phase (session II). No difference was detected between the two groups                       

(Mann–Whitney Rank Sum test, P>0.662 for session I; t-test, p = 0.784 for session II). A                               

schematic representation of the three-chamber test is also depicted. (B) Performance of                       

littermate wild-type (n = 11) and CrT-/y mice (n = 9) on the accelerating rotarod. Inset                               

shows an illustration of the rotarod apparatus. A two-way ANOVA showed a significant                         

effect of genotype (p < 0.001). Post hoc Holm-Sidak test revealed that the fall latency of                               

mutant animals was significantly different from that of wild-type mice at all ages tested (p                             

< 0.01 at P40 and P100, p < 0.05 at P180). (C) Histograms display mean time spent                                 

self-grooming in CrT+/y and CrT-/y animals at P40 and P180. While no difference was                           
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detected at P40 (CrT+/y, n = 7; CrT-/y, n = 9; Two Way ANOVA on rank transformed                                 

data, post hoc Holm-Sidak method, p = 0.912), CrT null mice exhibit increased grooming                           

behavior at P180 (CrT+/y, n = 11; CrT-/y, n = 7; p < 0.01). A schematic representation of                                   

self-grooming behavior is reported. *p < 0.05; #p < 0.01. Error bars, SEM. 
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Fig. 14: Morphological characterization of cerebral cortex in CrT+/y and CrT-/y                     

animals at P180. (n = 6 for both groups). (a) Left, cortical thickness of prefrontal cortex                               
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was comparable in the two groups of animals (t-test, p = 0.838). Right, no difference in                               

neuronal cell density measured in different layers (layer I/II/III, layer V, layer VI) and in                             

the entire cortical thickness was detected between CrT+/y and CrT-/y mice (Two-Way                       

ANOVA, post hoc Holm-Sidak method, p = 0.414, p = 0.670, p = 0.526 and p = 0.837,                                   

respectively). (b) Left, cortical thickness of cingulate cortex was similar in the two                         

experimental groups (t-test, p = 0.824). Neuronal cell density measured in different layers                         

and in the entire cortical thickness was not different in the two groups (Two- Way                             

ANOVA, post hoc Holm-Sidak method, p = 0.197, p = 0.454, p = 0.302 and p = 0.262,                                   

respectively). Representative immunostaining for NeuN from PFC and ACC of a CrT+/y                       

and a CrT-/y mouse are also reported. Calibration bars: 100 μm. Error bars, SEM. 
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Fig. 15. Synaptic neurotransmission in CrT+/y and CrT-/y animals at P180. (A)                       

Left, representative immunostaining for vGlut1 from PFC and ACC of a CrT+/y and a                           

CrT-/y mouse. Right, no difference in vGlut1 staining was detected between the two                         

experimental groups (n = 6 for both groups) either in PFC (t-test, p = 0.792) or ACC                                 

(t-test, p = 0.340). (B) Left, representative immunostaining for vGAT from PFC and                         

ACC of a CrT+/y and a CrT-/y mouse. The number of vGAT-positive puncta was                           

significantly reduced both in the PFC and the ACC of mutant animals (n = 9) with                               

respect to controls (n = 8; t-test, p < 0.05 for both comparisons). *p < 0.05. Calibration                                 

bars: 25 lm. Error bars, SEM. 
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Fig. 16: Pathological activation of microglial cells in CrT−/y animals. (A) Left,                       

representative immunostaining for Iba-1 from prefrontal cortex (PFC) of a CrT+/y and a                         

CrT-/y mouse. Right, a significant increase of the percentage of activated microglial cells,                         

with a parallel decrease of resting microglia, was detected in mutant mice with respect to                             

wild-type animals (n = 8 for both groups; Two Way ANOVA, post hoc Holm Sidak                         

method, P < 0.01). (B) Left, representative immunostaining for Iba-1 from the                   

hippocampus (HP) of a CrT+/y and a CrT-/y mouse. Right, the percentage of activated                           

microglia was increased in mutant mice, whereas the relative number of resting cells was                           

reduced compared to controls (n = 8 for both groups; Two Way ANOVA, post hoc                         

Holm Sidak method, P < 0.05). *P < 0.05; **P < 0.01. Calibration bar: 100 μm. Error bars,                     

s.e.m. 
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Fig. 17: Neurogenesis impairment and enhanced lipofuscin accumulation in the                   

hippocampus of CrT−/y animals at P180. (A) The hippocampal volume of CrT-/y mice                         

was smaller compared to CrT+/y mice (n = 6 for both groups; t-test, P < 0.05). (B)                         

Stereological counting revealed that the density of Ki67-positive cells was significantly                     

reduced in the DG of CrT-/y mice, with approximately 30% reduction with respect to                           

wild-type littermates (n = 6 for both groups; t-test, P < 0.01). (C) A significant decrease of                         

the DCX-positive immature neurons was detected in the hippocampus of adult CrT-/y                       

mice compared to controls (n = 6 for both groups; t-test, P < 0.001). (D) Representative                       

immunostaining for Ki-67, a nuclear protein required for cellular proliferation, from a                       

CrT+/y and a CrT-/y mouse. (E) Representative immunostaining for DCX, a                     

microtubule-associated phosphoprotein expressed in early neuronal differentiation, from               

a CrT+/y and a CrT-/y mouse. (F) Representative images for lipofuscin autofluorescence                       

from a CrT+/y and a CrT-/y mouse. (G) Six-month-old CrT-/y mice (n = 6) show extensive                           

accumulation of autofluorescent material throughout the brain when compared to the                     

wild-type control (n = 5). A significant increase of abnormal autofluorescent storage was                     

mainly found in DG granular and polymorph layer of CrT-/y mice (t-test, P < 0.05).                         

*P < 0.05; **P < 0.01; §P < 0.001. Calibration bars: 50 μm. Error bars, s.e.m. 
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Fig. 18. Altered neural oscillations in CrT-/y mice. (A) Schematic diagram of the                         

apparatus used for video-EEG recordings in awake, freely-moving mice. (B) The patch                       

color indicates the relative difference between WT and CrT-/y mice in the amplitude of                           

EEG power bands, measured in three different behavioral states (active wake, passive wake                         

and sleep) both during the day and the night phase. A single asterisk or a triple asterisk in                                   

the colored patch indicates p < 0.05 and p < 0.001 (multiple t-test, corrected using the                               

Benjamini, Krieger and Yekutieli procedure), respectively. (C) Schematic diagram of                   

electrode location in the 10-20 international system for EEG recordings. We used this                         

electrode configuration for EEG recordings in CTD patients and age-matched controls.                     

Electrodes used for the analysis were FP1 (frontopolar 1), C3 (central 3), T3 (temporal 3)                             

and O1 (occipital 1). (D) The patch color indicates the relative difference between                         

healthy controls and CTD patients in the amplitude of EEG power bands, measured in                           

three different behavioral states (eyes open, eyes closed and sleep). A single asterisk or a                             

double asterisk in the colored patch indicates p < 0.05 and p < 0.01 (multiple t-test),                               

respectively. 
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Fig. 19. Details of alterated neural oscillations in CrT-/y mice during the light and                           

the dark phase. Normalized power spectrum of cortical EEG recordings from adult WT                         

CrT+/y (n = 22) and CrT-/y mice (n = 24). (A) Decreased power of 8-12 Hz alpha                                 

frequency and increased power of 13-30 Hz beta and 30-45 Hz gamma frequency in                           

CrT-/y mice during the active wakefulness of light phase. (B) Decreased power of 4-8 Hz                             

theta and increased power of 13-30 Hz beta frequency in CrT-/y mice during the passive                             

wakefulness of light phase. (C) Decreased power of 4-8 Hz theta frequency, and increased                           

power of 13-30 Hz beta and 30-45 Hz gamma frequency in CrT-/y mice during sleep in                               

the light phase. (D) Decreased power of 8-12 Hz alpha frequency and increased power of                             

13-30 Hz beta frequency in CrT-/y mice during the active wakefulness of dark phase. (E)                             

Decreased power of 4-8 Hz theta and increased power of 13-30 Hz beta frequency in                             

CrT-/y mice during the passive wakefulness of dark phase. (F) Decreased power 4-8 Hz                           

theta frequency, and increased power of 13-30 Hz beta and 30-45 Hz gamma frequency                           

in CrT-/y mice during sleep in the dark phase. Vigilance state was classified by video                             

inspection. Multiple t tests with adjusted p-value: * p < 0.05, § p< 0.001. Error bars, SEM. 
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Fig. 20. Correlation matrix showing the relationships between EEG power bands                     

measured in three different behavioral states (active wake, passive wake and sleep)                       

both during the day and the night phase in WT and CrT-/y animals. The patch                             

color indicates the correlation between the horizontal and vertical variables (Spearman’s                     

rho test). A single asterisk or a double asterisk in the colored patch indicates p < 0.05 and                                   

p < 0.01 (corrected using the Benjamini-Hochberg procedure), respectively. The bottom                     

left panel contains the matrix for CrT+/y animals; the upper right panel contains the                           

matrix for CrT-/y mice. The different correlation pattern suggests an altered                     

synchronization of neural networks and anomalous functional connectivity in the brain                     

of CrT-/y animals. It is worth noting that only 41 correlations are in common between                             

WT (out of 99) and CrT-/y (out of 107) mice. The distribution between positively and                             

negatively correlated bands was significantly different between the two groups (Fisher’s                     
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exact test, p < 0.05), with CrT-/y animals showing a lower proportion of positive                           

correlations and higher percentage of inverse correlations. 
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Fig. 21. Altered neural oscillations in CTD patients in different behavioral states                       

(eyes closed, eyes open and sleep). Normalized power spectrum of cortical EEG                       

recordings from CTD patients (n = 5) and age-matched controls (n = 12). Electrodes were                             

placed following the international 10–20 convention. (A-C) No difference was found in                       

the signal recorded from frontopolar (Fp1) electrode. (D-F) Increased power of 0.5-4 Hz                         

delta frequency band and decreased power of 4-8 Hz theta frequency band in the signal                             

recorded from central (C3) electrode in eyes open condition (D). Increased power of 0.5-4                           

Hz delta and 30-45 Hz gamma frequency band, and decreased power of 4-8 Hz theta and                               

8-12 Hz alpha frequency band in the signal recorded from C3 electrode in eyes closed                             

condition (E). No difference in C3 electrode was found during sleep. (G-I) Increased                         
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power of 0.5-4 Hz delta frequency band and decreased power of 4-8 Hz theta frequency                             

band in the signal recorded from temporal (T3) electrode in eyes open and eyes closed                             

condition (G, H). No difference in T3 electrode was found during sleep. (J-L) Increased                           

power of 0.5-4 Hz delta frequency band and decreased power of 8-12 Hz alpha frequency                             

band in the signal recorded from occipital (O1) electrode in eyes closed condition (K). No                             

difference in O1 electrode was found in eyes open condition and during sleep (J, L).                             

Multiple t tests: * p < 0.05. Error bars, SEM. 
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Fig. 22: Spontaneous epileptic phenotype in CrT-/y animals and stratification of                     

EEG power data according to this phenotype. (A) Using baseline EEG recordings                       

(24h), we found that 30% of CrT-/y mice (n = 24) display spontaneous seizures, while no                               

ictal events were detected in CrT+/y animals (n = 22). On the right, a representative seizure                               

in a CrT-/y mouse is shown. Calibration bar: 100 μV, 10s. (B) Frequency of spontaneous                             

seizures in CrT-/y epileptic animals. (C) Average duration of spontaneous seizures in                       

CrT-/y epileptic animals. (D-I) Violin plots with individual values depict normalized theta                       

power spectrum of cortical EEG recordings from epileptic (Seizures, n = 7) and                         

non-epileptic CrT-/y mice (No seizures, n = 17). Decreased power of 4-8 Hz theta                           

frequency band in epileptic CrT-/y mice during the passive wakefulness and sleep in the                           

light phase, and during the active and passive wakefulness in the dark phase. Multiple                           

t-tests with adjusted p-value: * p < 0.05, # p< 0.01. Error bars, SEM. 
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Fig. 23: Kainic acid (KA) challenge in the brain of CrT-/y mice. (A) Kainic acid                             

injection (10 mg/kg) induced overt seizures in 100% of CrT-/y mice (n = 24), whereas only                               

14/22 WT animals displayed epileptic bursts at electrographical level over 1h of                       

observation. (B) Effect of KA treatment at the behavioural level. Circles represent the                         

maximum seizure rating score of individual WT and CrT-/y mice over a period of 1 hr                               

after KA administration. Black lines represent mean with 95% CI. CrT-/y mice displayed a                           

higher Racine score (t-test, p < 0.001). (C-F) Severity of KA-induced seizures in WT and                             

CrT-/y mice at electrophysiological level. EEG analysis was performed on the same animals                         

used for behavioural scoring. CrT-/y mice showed a lower latency to the first seizure (C,                             

t-test, p < 0.001), and increased frequency (D, t-test, p < 0.001) and duration E, t-test, p <                                   

0.05) of seizure events with respect to age-matched littermates. For WT animals not                         

presenting seizures during the 1h of monitoring, we extended the observation until the                         

occurrence of the first electrographical burst to provide a latency value. Circles represent                         

single data values; black lines indicate mean with 95% CI. Relative percentage of tonic,                           

clonic and tonic-clonic seizures WT and CrT-/y mice (F) indicates that seizure severity is                           

more pronounced in CrT-/y animals (χ2 test; p < 0.001). * p < 0.05, *** p < 0.001.  
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Fig. 24. Altered hemodynamic response in CrT-/y animals. (A) Typical IOS response                       

to visual stimulation in the binocular visual field for a WT (CrT+/y) and a CrT-/y animal.                               

(B) Contrast-response function for contralateral eye stimulation in male WT (n = 6) and                           

CrT-/y (n = 9) mice at PND40. IOS amplitude was increased in CrT-/y animals in                             

particular at high contrast of visual stimuli (Two-way ANOVA, effect of genotype p <                           

0.05, genotype x contrast interaction p < 0.05, post- hoc Holm Sidak method, p < 0.01 at                                 

90% of contrast). (C) Response for contralateral eye stimulation in male WT and CrT-/y                           

mice at three different time points (n = 15 for each group at each time point). IOS                                 

amplitude was significantly increased in CrT-/y animals (Two-way ANOVA, effect of                     

genotype p < 0.001, post-hoc Holm Sidak method p < 0.001 at all ages tested). (D) The                                 

latency of IOS responses was longer in CrT-/y mice at PND110 and PND180 (Two-way                           

ANOVA, effect of genotype p < 0.001, post-hoc Holm Sidak method p < 0.001). (E-F)                             

No differences in VEP amplitude (E) and latency (F) were detected between WT (n = 10)                               

and CrT-/y animals (n = 7; t-test, p = 0.767 and p = 0.087, respectively). Representative                               

VEP traces for a WT (continuous black line) and a CrT-/y (dashed blue line) mouse are                               

also shown on the right. # p < 0.01, § p < 0.001. Error bars, SEM. 
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Fig. 25. Random Forest analysis of the dataset. (A) Scatter plot of all the                           

experimental subjects analyzed with the full dataset (Full), behavioral (Behavior), IOS                     

imaging (IOS) and EEG variables plotted in the space of the first two principal                           

components of PCA. (B) Comparison of accuracy for different Random Forest classifiers                       

trained and tested, respectively, with the entire dataset, behavioral, IOS, EEG variables                       

and randomly permuted dataset (Bootstrap). A Kruskal-Wallis analysis followed by                   

Dunn’s multiple comparisons revealed that the behavioral variable has an accuracy                     

comparable to the full dataset, whereas the accuracy of IOS and EEG variables is slightly                             

lower. All classifiers displayed a higher accuracy than Bootstrap (p < 0.001 for all                           

comparisons). (C) Histogram depicts the relative importance of top 14 features in the                         

Random Forest model. The following abbreviations were used: ios-amp, amplitude of                     

IOS signal; naw, night active wake; rot, rotarod; dpw, day passive wake; ds, day sleep;                             

ios-lat, latency of IOS signal; mwm-train, training distance of Morris water maze; ns, night                           

sleep; npw, night passive wake; daw, day active wake; KAfreq, frequency of seizures after                           

KA challenge. * p < 0.05, # p < 0.01, § p < 0.001, ns, not significant. Error bars, SEM. 
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Fig. 26. No effect of cCr treatment on body weight. The weight of CrT-/y mice                             

treated with the different doses of cCr (H-CrT-/y, n = 19; M-CrT-/y, n = 17; L-CrT-/y, n =                                   

16) was comparable to that of untreated (n = 18) and vehicle-treated CrT-/y animals (n =                               

16) at any age tested (mixed effects analysis, effect of treatment p = 0.989). Error bars,                               

SEM. 
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Fig. 27. cCr treatment improves hemodynamic responses and behavior in CrT-/y                     

mice. (A) Schematic diagram of the experimental design. We employed IOS imaging,                       

behavioral assessment (Y maze and Morris water maze, MWM) and video-EEG recordings                       

to evaluate the therapeutic efficacy of longitudinal treatment with cCr at three different                         

doses (high dose, H: 140 mg/kg, medium dose, M: 46 mg/kg, low dose, L: 14 mg/kg).                               

Untreated mice (CrT-/y) and animals administered with placebo (only chocolate milk,                     

V-CrT-/y) were used as controls (n = 15 for each group at each time point, except n = 17                                     

each for H-CrT-/y and M-CrT-/y mice at PND180). (B) Representative IOS response                       

images collected at different ages (PND40, PND110 and PND180) in CrT-/y, V-CrT-/y,                       
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H-CrT-/y, M-CrT-/y and L-CrT-/y mice. (C) Mean amplitude of visually evoked IOS                       

responses measured after 20 (PND40), 90 (PND110) and 160 (PND180) days of cCr                         

delivery. Two-way ANOVA revealed a significant effect of treatment (p < 0.001) and                         

post-hoc Dunnett’s multiple comparisons test showed an amelioration of hemodynamic                   

responses in H-CrT-/y mice at every time point tested (p < 0.01 at PND40, p < 0.001 at                                   

PND110 and PND180), whereas IOS signals were attenuated at PND110 (p < 0.001) and                           

PND180 (p < 0.01) in M-CrT-/y animals, and only at PND180 (p < 0.05) in L-CrT-/y                               

mice. No difference was present between untreated CrT-/y animals and V-CrT-/y mice (p =                           

0.965 at PND40, p = 0.728 at PND110, p = 0.739 at PND180). (D) Histograms depict                               

the spontaneous alteration rate in the Y maze for the different experimental groups at                           

PND40, PND110 and PND180. The performance of H-CrT-/y and M-CrT-/y animals                     

was statistically higher than CrT-/y littermates at PND40 (Two-way ANOVA, effect of                       

treatment p < 0.001, post-hoc Dunnett’s multiple comparisons test, p < 0.05) and                         

PND180 (p < 0.01 for H-CrT-/y group, p < 0.001 for M-CrT-/y mice); L-CrT-/y showed a                               

slightly improved spontaneous alternation only at PND180 (p < 0.01). No difference                       

emerged between CrT-/y animals and V-CrT-/y mice at every age tested (p = 0.767 at                             

PND40, p = 0.999 at PND110, p = 0.112 at PND180). The inset depicts a schematic                               

diagram of the Y maze apparatus. (E-G) MWM at PND180. The mean swimming path                           

covered prior to locate the submerged platform on the last three days of training (E) was                               

statistically shorter in M-CrT-/y mice (One-way ANOVA, p < 0.05, post-hoc Dunnett’s                       

multiple comparisons test, p < 0.05). The inset shows a representative example of                         

swimming path during the training phase. Mean swimming speed (F) was unaffected by                         

cCr treatment (One-way ANOVA, p = 0.774). (G) Probe trial. A Two-Way RM                         

ANOVA followed by Dunnett’s multiple comparisons revealed that while CrT-/y animals                     

did not show any exploration preference, H-CrT-/y mice spent significantly more time in                         

the T quadrant than in the opposite (O, p < 0.01) and in the left (L, p < 0.01) quadrants.                                       

No difference was present between the time in the T and the right (R) quadrant (p =                                 

0.968). M-CrT-/y mice spent significantly more time in the T quadrant than in the L                             

quadrant (p < 0.01). No effect of the low cCr dose or vehicle treatment was detected. The                                 

inset shows a representative example of swimming path during the probe phase. (H) A                           

Two-way ANOVA highlighted a significant effect of treatment (p < 0.001) in the                         

performance of CrT-/y animals on the accelerating rotarod. Post hoc Dunnett’s multiple                       
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comparison test showed that the fall latency of H-CrT-/y, M-CrT-/y and L-CrT-/y mice was                           

significantly lower from that of CrT-/y animals at PND40 (p < 0.001 for all groups),                             

whereas only H-CrT-/y and M-CrT-/y mice exhibited an improved performance at                     

PND110 (p < 0.05 for H-CrT-/y and p < 0.01 for M-CrT-/y) and PND180 (p < 0.001 for                                   

both groups). No difference was present between CrT-/y animals and V-CrT-/y mice (p =                           

0.293 at PND40, p = 0.876 at PND110, p = 0.888 at PND180). Inset shows an                               

illustration of the rotarod apparatus. (K) H-CrT-/y, M-CrT-/y and L-CrT-/y mice showed                       

decreased self-grooming behavior at PND180 (One-way ANOVA, effect of treatment p <                       

0.001, post-hoc Dunnett’s multiple comparisons test, p < 0.001 for H-CrT-/y and                       

M-CrT-/y animals, p < 0.01 for L-CrT-/y mice). No effect of vehicle treatment was detected                             

(p = 0.793). A schematic representation of self-grooming behavior is also shown. * p <                             

0.05, # p < 0.01, § p < 0.001. Error bars, SEM. 
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Fig. 28. Spatial learning and memory at PND110. (A) No effect of cCr was found in                               

the average distance covered to locate the platform in the last three days of training                             

(One-way ANOVA, p = 0.09) and (B) in swimming velocity of mice (p = 0.469). (C) The                                 

probe test shows lack of preferential exploration of the target (T) quadrant where the                           

platform was located during the training phase for all experimental groups (Two-way RM                         

ANOVA, effect of treatment p = 0.718, interaction treatment x quadrant p = 0.182). R,                             

right; O, opposite; L, left. Error bars, SEM. 
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Fig. 29. Rescue of theta brain oscillations following cCr treatment. (A-F)                     

Normalized power spectrum of cortical EEG recordings from CrT-/y (n = 24), H-CrT-/y (n                           

= 15), M-CrT-/y (n = 12) and L-CrT-/y mice (n = 8). Untreated and V-CrT-/y mice were                                 

pooled together in the CrT-/y group. Increased power of 4-8 Hz theta frequency in                           

H-CrT-/y and M-CrT-/y animals during the passive wakefulness (One-way ANOVA, p <                       

0.01, post-hoc Dunnett’s multiple comparisons test, p < 0.05 for H-CrT-/y and p < 0.01                             

for M-CrT-/y), and increased power of 8-12 Hz alpha frequency in H-CrT-/y mice (p <                             

0.05) during sleep of light phase. Increased power of 4-8 Hz theta frequency in H-CrT-/y,                             

M-CrT-/y and L-CrT-/y animals during the passive wakefulness (p < 0.01 for all                         

comparisons), and increased power of 4-8 Hz theta (p < 0.01) and 8-12 Hz alpha                             

frequency (p < 0.05) in H-CrT-/y mice during sleep of night phase. Vigilance state was                             

classified by video inspection. * p < 0.05, # p < 0.01. Error bars, SEM. 
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Fig. 30. cCr treatment protects CrT-/y mice against spontaneous and evoked                     

epilepsy. (A) The percentage of animals experiencing spontaneous seizures at the clinical                       

and electrographical level was significantly lower in H-CrT-/y (Fisher’s exact test, p < 0.01)                           

and M-CrT-/y mice (p < 0.001) than in CrT-/y group. No beneficial effect was detected in                               

L-CrT-/y animals (p = 0.431). (B-G) The comparison of power spectra of cortical EEG                           

recordings with epileptic CrT-/y mice (CrT-/y -seizures, n = 7) revealed an increased power                           

of 4-8 Hz theta frequency in cCr-treated animals (One-way ANOVA, post-hoc Dunnett’s                       

multiple comparisons test). (H-K) Effect of KA treatment in CrT-/y, H-CrT-/y and                       

M-CrT-/ mice at behavioral and electrophysiological level. While no difference was                     

present in the frequency of ictal events (I, One-way ANOVA, p = 0.897), H-CrT-/y mice                             

displayed a longer latency (H, One-way ANOVA, effect of treatment p < 0.05, post-hoc                           

Dunnett’s multiple comparisons test, p < 0.05) and a shorter duration (J, One-way                         

ANOVA, effect of treatment p < 0.05, post-hoc Dunnett’s multiple comparisons test, p <                           

0.05) of epileptiform bursts compared to CrT-/y animals. (K) Relative percentage of tonic,                         

clonic and tonic-clonic seizures indicates that seizure severity is less pronounced in                       
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H-CrT-/y and M-CrT-/y animals at 10 mg/kg (χ2 test; p < 0.001). * p < 0.05, # p < 0.01, § p                                           

< 0.001. Error bars, SEM. 
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Fig. 31. Cortical parvalbuminergic interneurons alterations in CrT-/y mice. (A)                   

PV+ interneurons density is not altered in PFC of CrT-/y mice (unpaired t-test, p = 0.28)                               

but is lower in ACC (unpaired t-test, p < 0.05). (B) Cortical PV+ puncta density is lower                                 

both in PFC and in ACC of CrT-/y mice (PFC, unpaired t-test, p < 0.05; ACC, unpaired                                 

t-test, p < 0.05). N = 5 for all groups in every experiments. Representative                           

immunostaining images for PV+ cells are shown in top left and middle panel.                         

Representative immunostaining images for PV+ puncta are shown in bottom left and                       

middle panel. 
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Fig. 32. CrT-/y biomarkers analysis in PV-CrT-/y reveals common features. (A)                     

Representative image of PV-CrT+/y and PV-CrT-/y mice. (B) Spontaneous alternation rate                     

is decreased in PV-CrT-/y mice (unpaired t-test, p < 0.05). (C) IOS response amplitude is                             

higher in PV-CrT-/y mice (unpaired t-test, p < 0.05). 
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Fig. 33. Epileptic phenotipe of PV-CrT-/y mice. PV-CrT-/y mice show a higher                       

susceptibility to KA challenge proved by (A) the increased severity of convulsions scored                         

at behavioural level (Mann-Whitney, p < 0.05), (B) shorter latency to first seizure                         

(Mann-Whitney, p < 0.05), (C) increased frequency (Mann-Whitney, p < 0.05) and (D)                         

duration of epileptic episodes (Mann-Whitney, p < 0.01), and a major occurrence of                         

tonic-clonic seizures (E). 

 

 

 

 

99 



6. TABLES 

 
Table 1: Cr levels (mean ± s.e.m.) in CrT+/y and CrT-/y animals at P30 and P180 (n = 4                                     
per tissue for both groups). Cr levels have been measured by GC/MS. A reduction of Cr                               
content was evident in the brain, muscle, heart and kidney of mutant animals at both P30                               
and P180 (Two-Way ANOVA on rank transformed data, post hoc Holm-Sidak method).                       
*p < 0.05; **p < 0.01; ***p < 0.001 

 

 

Table 2: GAA levels (mean ± s.e.m.) in CrT+/y and CrT-/y animals at P30 and P180 (n = 4                                     
per tissue for both groups). At P30, a moderate increase of GAA content was evident in                               
the brain and the muscle of mutant animals (Two-Way ANOVA on rank transformed                         
data, post hoc Holm-Sidak method, p < 0.05), whereas GAA was decreased in the heart of                               
CrT-/y animals (p < 0.05) and no difference was detected in the kidney tissue (p = 0.359).                                 
At P180, GAA levels were higher in the hippocampus and the muscle of mutant animals                             
(Two-Way ANOVA on rank transformed data, post hoc Holm-Sidak method, p < 0.01),                         
whereas no difference was detected in cortex, heart and kidney (p = 0.175, p = 0.320 and                                 
p = 0.920, respectively). **p < 0.01; ***p < 0.001. 
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