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Glycyl–tRNA synthetase mutations are associated to the Charcot–Marie–Tooth disease type-2D. The GarsP278KY/þ model for

Charcot–Marie–Tooth disease type-2D is known best for its early onset severe neuropathic phenotype with findings including

reduced axon size, slow conduction velocities and abnormal neuromuscular junction. Muscle involvement remains largely unexam-

ined. We tested the efficacy of neurotrophin 3 gene transfer therapy in two Gars mutants with severe (GarsP278KY/þ) and milder

(GarsDETAQ/þ) phenotypes via intramuscular injection of adeno-associated virus setoype-1, triple tandem muscle creatine kinase

promoter, neurotrophin 3 (AAV1.tMCK.NT-3) at 1 � 1011 vg dose. In the GarsP278KY/þ mice, the treatment efficacy was assessed

at 12 weeks post-injection using rotarod test, electrophysiology and detailed quantitative histopathological studies of the peripheral

nervous system including neuromuscular junction and muscle. Neurotrophin 3 gene transfer therapy in GarsP278KY/þ mice resulted

in significant functional and electrophysiological improvements, supported with increases in myelin thickness and improvements in

the denervated status of neuromuscular junctions as well as increases in muscle fibre size along with attenuation of myopathic

changes. Improvements in the milder phenotype GarsDETAQ/þ was less pronounced. Furthermore, oxidative enzyme histochemistry

in muscles from Gars mutants revealed alterations in the content and distribution of oxidative enzymes with increased expression

levels of Pgc1a. Cox1, Cox3 and Atp5d transcripts were significantly decreased suggesting that the muscle phenotype might be

related to mitochondrial dysfunction. Neurotrophin 3 gene therapy attenuated these abnormalities in the muscle. This study shows

that neurotrophin 3 gene transfer therapy has disease modifying effect in a mouse model for Charcot–Marie–Tooth disease type-

2D, leading to meaningful improvements in peripheral nerve myelination and neuromuscular junction integrity as well as in a

unique myopathic process, associated with mitochondria dysfunction, all in combination contributing to functional outcome.

Based on the multiple biological effects of this versatile molecule, we predict neurotrophin 3 has the potential to be beneficial in

other aminoacyl-tRNA synthetase-linked Charcot–Marie–Tooth disease subtypes.
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Introduction
Mutations in several aminoacyl–tRNA synthetase (ARS)

genes have been linked to different forms of Charcot–

Marie–Tooth disease.1–6 ARSs are ubiquitously expressed

enzymes responsible for charging tRNAs with their cog-

nate amino acids, the essential first step in protein synthe-

sis. The nuclear-encoded glycyl–tRNA synthetase gene

(GARS1) is required for protein translation in both cyto-

plasm and mitochondria.7 So far, autosomal-dominant

missense/nonsense, splicing and small deletions in GARS1

are known to present with axonal type Charcot–Marie–

Tooth disease type-2D, distal hereditary motor neuronop-

athy type VA1 or infantile spinal muscular atrophy, James

type (resulting from de novo heterozygous missense muta-

tions),8,9 while some autosomal recessive mutations have

been reported to display a wide range of conditions com-

patible with mitochondrial phenotype including early-onset

severe cardiomyopathy, exercise-induced myalgia, increased

lactate, periventricular white matter brain lesions or multi-

system disease with growth retardation.10–13 Extensive

studies of compound heterozygous GARS1 variants from

patients with mitochondria phenotype lead to a conclusion

that these mutations are associated with loss of function.

Contrary, studies in the rodent model for Charcot–Marie–

Tooth disease type-2D showing dominant mutations in

Gars were thought secondary to a toxic gain of function

with a neuropathic phenotype that could not be corrected

by overexpression of wildtype (WT) Gars.14–16 The down-

stream events explaining tissue-specific phenotype–genotype

relations, however, remain unclear. Studies using human-

induced neuronal progenitor cells (iNPCs) carrying domin-

ant and recessive GARS mutations have emphasized under-

lying mitochondrial dysfunction with alterations of

mitochondrial proteins, which were found more prominent

in iNPCs with dominant neuropathy-causing mutations.17

However, mitochondrial functions have gone largely un-

examined in the disease and its models.

Neurotrophin 3 (NT-3) is an important autocrine factor

supporting Schwann cell survival and differentiation and

stimulates axon regeneration and myelination.18–20 Other

biological effects of NT-3 relevant to this study include its

role in the maintenance of neuromuscular junction (NMJ)

integrity, radial growth of muscle fibres through activation
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of Akt/mTOR pathway and the activation of mitochondria

biogenesis regulator, peroxisome proliferator-activated recep-

tor c coactivator 1 alpha (PGC1a) in neurogenic muscle.21

NT-3 gene therapy via intramuscular injection provides

sustained NT-3 delivery through secretion by the muscle

cells.20 In this study, we tested the efficacy of NT-3 gene

transfer therapy using self-complementary adeno-associ-

ated virus serotype 1 (scAAV1) and triple muscle-specific

creatine kinase (tMCK) promoter22,23 in two Charcot–

Marie–Tooth disease type-2D mouse models with differ-

ent GARS mutations: the strain with a severe phenotype,

CAST; B6-GarsNmf249/Rwb, which was extensively used

in previous studies and also referred as GarsP278KY/þ, and

B6; FVB-Gars<em2Rwb>/Rwb, referred as GarsDETAQ/þ

with a milder phenotype.24 The treatment efficacy was

assessed using rotarod test, electrophysiology and detailed

quantitative histopathological studies of the peripheral

nervous system including NMJ and muscle.

Collectively, these studies have shown that AAV1.NT-3

gene therapy in GarsP278KY/þ mice resulted in significant

functional and electrophysiological improvements, sup-

ported with increases in myelin thickness and improve-

ments in the denervated status of NMJs as well as

increases in muscle fibre size along with attenuation of

myopathic changes. Improvements in the milder phenotype

GarsDETAQ/þ was less pronounced. In addition, we found

no evidence of length-dependent axonal loss at distal tibial

nerves (dying-back process typical for classical Charcot–

Marie–Tooth phenotype),25 therefore, furthering the classi-

fication of the neuropathic process as distal-terminal axon-

opathy. Additional characterization of these Gars mutants

using routine histopathology and oxidative enzyme histo-

chemistry in muscle revealed the presence of a primary

myopathic process associated with alterations in the con-

tent and distribution of oxidative enzymes in muscle and

increased expression levels of Pgc1a, which is an import-

ant transcriptional coactivator of mitochondrial biogenesis

and respiration.26 Moreover, complex I, III and Atp5d

transcripts were significantly decreased suggesting that the

muscle phenotype might be related to mitochondrial dys-

function. NT-3 gene therapy attenuated these abnormalities

in muscle, which we report here as a novel finding.

Materials and methods

Animals and treatment groups

Two different Charcot–Marie–Tooth disease type-2D

mouse models obtained from the Jackson Laboratory were

included in the study. The initial characterization of

GarsP278KY/þ (B6; CAST-GarsNmf249/RwbJ, JAX stock

#033165) and GarsDETAQ/þ mice have been described pre-

viously.24,27 Heterozygous GarsP278KY/þ and GarsDETAQ/þ

mice were outbred with C57BL/6 mice and heterozygous

offspring were used. Genotypes were established by PCR

analysis of genomic DNA isolated from tail clips. All

animal experiments were performed according to the ethic-

al guidelines approved by The Research Institute at

Nationwide Children’s Hospital Animal Care and Use

Committee (IACUC approval number: AR18-00076).

Four to six weeks old GarsP278KY/þ mice (6 females and

7 males, n¼ 13) and of 8–10 weeks old GarsDETAQ/þ (6

females and 5 males, n¼ 11) were injected with 1 � 1011

vg (qPCR titer with supercoiled standard) of

scAAV1.tMCK.NT-3 vector equally divided into right and

left gastrocnemius muscles. Age-matched GarsP278KY/þ

(4 females and 4 males, n¼ 8) and GarsDETAQ/þ (5 females

and 7 males, n¼ 12) mice injected with Ringer’s lactate

served as controls. Over-dosage of xylazine/ketamine an-

aesthesia was used to euthanize GarsP278KY/þ mice at 12

weeks, and GarsDETAQ/þ mice at 30 weeks post-gene

treatment.

rAAV.NT-3 vector production and
potency

scAAV1 carrying the human NT-3 transgene under the

control of tMCK promoter was previously described.20

Vector was produced in the Viral Vector Core at

Nationwide Children’s Hospital, Columbus, USA. Blood

samples were collected by cardiac puncture after anaes-

thetizing the treated and untreated mice at the corre-

sponding endpoints. Serum NT-3 levels were assessed by

ELISA test as previously reported.20

Rotarod testing

Accelerating rotarod (Columbus Instruments, Ohio, USA)

was used to test mouse motor function and balance.

GarsP278KY/þ mice were tested at baseline and endpoint

and the performance of GarsDETAQ/þ mice was examined

at the endpoint. Mice were acclimated to the rotarod ap-

paratus at least 24 h prior to the test run. The protocol

was run at 5 rpm with a constant acceleration of 0.2 rpm/

s for GarsP278KY/þ mice and 0.5 rpm/s for GarsDETAQ/þ

mice. The average of the best two out of three runs was

included in the analysis.

Nerve conduction studies

The animals were anaesthetized under 2% isoflurane and

a heating pad was used to maintain body temperature at

37�C. Nerve conduction studies were performed on the

right sciatic using a Nicolet Viasys Viking Select EMG

EP System (Nicolet Biomedical, Wisconsin, USA); 27 G

disposable needle electrodes were used for both stimula-

tion and recording as described previously.28

Peripheral nerve histology and
quantitative studies

The sciatic and tibial nerves were removed under a dis-

secting microscope. Tissues were fixed in glutaraldehyde
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and were embedded in plastic for light microscopy using

previously described standard methods.29 Samples were

selected for morphometric analysis based on the suitabil-

ity of the tissue sections, including staining quality, con-

trast and lack of artefacts such as wrinkles in the section,

and not based on outcomes of behavioural or physio-

logical analyses.

Myelinated fibre density
determinations

One mm-thick toluidine blue-stained cross-sections from

mid sciatic and tibial nerve segments from treated and

untreated cohorts and age-matched WT mice were ana-

lysed. Five randomly selected areas (one from the centre

and four from each quadrant) were photographed at

�100 magnification and axon diameter measurements

were obtained from the computer screen image frames

using BioQuant Life Sciences imaging software as previ-

ously described (2014, V15.5.6; BioQuant Image Analysis

Corporation, Nashville, Tennessee).28 A total of 0.0502

mm2 of endoneurial area per mouse was analysed.

Composites of fibre size distribution histograms expressed

as number per 0.01 mm2 of endoneurial areas and mean

myelinated fibre (MF) densities (mean 6 SEM, number/

0.1 mm2) were generated. Measurements from age-

matched WT mice were also generated for comparison.

G ratio of the MFs

Measurements were done by outlining the myelin interior

and exteriors in AxioVision (AxioVs40x64 V 4.9.1.0) to

determine the area, which was used to derive diameters

to yield g-ratio, as described previously.28 For each ani-

mal, measurements from all MFs in three random images

(photographed at �100 magnification) from mid-sciatic

nerves were obtained from scAAV1.tMCK.NT-3 injected

and untreated GarsP278KY/þ and GarsDETAQ/þ mice to

generate scattergrams and the percent g ratio distribution

histograms. Slopes of AAV.NT3 treated versus untreated

were compared using GraphPad software (GraphPad

Prism 8.2.0).

Histological analysis of muscle

Gastrocnemius and tibialis anterior muscles from

scAAV1.tMCK.NT-3 and Ringer’s lactate injected

GarsP278KY/þ mice and GarsDETAQ/þ mice with an equal

number of males and females in each group were cut to

12 mm thick cross cryostat sections and were stained with

H&E. Details of quantitative analysis of muscle is given

in the Supplementary data. Histochemical assessment of

mitochondria function was done in gastrocnemius muscles

from GarsP278KY/þ mice and GarsDETAQ/þ mice using

cytochrome c oxidase (COX) and succinic dehydrogenase

(SDH) enzyme histochemistry protocols established in our

laboratory.

Immunohistochemical analysis of
NMJs

Lumbrical muscles30 from GarsP278KY/þ and GarsDETAQ/þ

mice were processed (antibodies: acetylcholine receptor

antibody, a-bungarotoxin, T1175, 1:500; anti-neurofila-

ment 200 antibody, N4142, 1:500; SV2 antibody,

AB_2315387, 1:50)31,32 and interpreted27 as described

previously (details in the Supplementary data).

RNA isolation and mRNA
expression

Total RNA was isolated from muscles tissues using the

QIAzol lysis reagent, treated with DNase and purified

using RNeasy Plus Universal Kit (Qiagen). ProtoScript II

cDNA Synthesis Kit (New England Biolabs) was used for

first-strand DNA synthesis. Primer sets for PGC-1a,

Cox1, Cox3 and Atp5d were obtained from previous

publications33–35 (details in the Supplementary data).

Quantification of mitochondrial
DNA

Total DNA was isolated using the QIAamp DNA Mini

Kit (Qiagen). Primers for mitochondrial (mtDNA) and

genomic DNA were obtained from previous publica-

tion.36 qPCR was performed using SYBR Green Master

Mix and the 7500 Fast Real-Time PCR detection system

(Applied Biosystems). Quantification was performed as

given in the previous publication37 by normalizing quan-

tity of mtDNA to genomic DNA.

Primary myoblast cell culture

Skeletal muscles were collected from two 4 weeks old

GarsP278KY/þ mice and two age-matched C57BL/6 mice.

Protocol was adapted from previous publications38,39

(details in the Supplementary data). Randomly selected

areas were photographed at �20 magnification (Nikon

Eclipse Ti2-E, Japan). Fusion index was calculated for

each image as a percentage of the total number of nuclei

in myotubes (more than one nucleus) out of the total

number of nuclei.

Statistical analysis

Adequate sample size was determined according to our

previous studies that performed analogous experi-

ments.28,40 For comparisons between treated and non-

treated groups, statistical analyses were performed in

GraphPad Prism 8.2 software. Two-tail Student’s t-test,

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

two-way ANOVA with Tukey’s or Bonferonni’s multiple

comparison test or linear regression analysis were per-

formed based on the data, and the significance level was

set at P� 0.05. The tests that meet the best assumptions
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of the data were chosen. Results were given as mean 6

SEM in all experiments and the number of animals was

mentioned in figure legends along with the name of the

statistical analysis performed. Other than the functional

tests, no blinding was used. Blinding was not possible for

histopathological analysis due to the presence of recogniz-

able treatment effects.

Data availability

The data that support the findings of the study are

available from the corresponding author upon reason-

able request.

Results

rAAV.NT-3 vector production and
potency

scAAV1.tMCK.NT-3 design (Supplementary Fig. 1A) and

production followed previously described methods at

Nationwide Children’s Hospital, Columbus.20

scAAV1.tMCK.NT-3 was delivered to the gastrocnemius

muscle of two mouse models of Charcot–Marie–Tooth

disease type-2D, GarsP278KY/þ representing a severe

phenotype and GarsDETAQ/þ, a milder phenotype; blood

samples from anaesthetized treated and untreated mice

were collected by cardiac puncture at 12- and 30-weeks

post-gene delivery, respectively. Serum NT-3 levels were

detected in the treated cohorts (Supplementary Fig. 1B)

using a capture ELISA as previously reported.20

NT-3 gene transfer improves clinical
phenotype of GarsP278KY/þ mice

Functional and electrophysiological studies

Rotarod test was performed in GarsP278KY/þ mice at

4 weeks post-gene injection as an initial evaluation

(referred to as baseline) and at the endpoint when mice

reached 17–18 weeks of age, 12 weeks after NT-3 gene

transfer. The endpoint performance with treatment was

significantly higher corresponding to a 33% increase com-

pared to the untreated cohort (Fig. 1A). Compared to the

initial evaluation (56.31 6 5.54 s), the endpoint perform-

ance of the AAV1.NT-3 group increased 27% (P¼ 0.044),

while the untreated group remained unchanged (P¼ 0.90).

Improvements in the rotarod test in the treated group

were associated with clinical observations of improved toe

spreading (Supplementary Fig. 2A–D).

Sciatic nerve conduction outcome studies supported the

efficacy of NT-3 gene transfer therapy. The nerve con-

duction velocities (NCV) were significantly improved with

treatment resulting in a 42% increase in the sciatic NCV

compared to the untreated cohort (Fig. 1B), which were

slower than WT as reported previously.27 Mean CMAP

amplitude was also increased significantly in the

AAV1.NT-3-treated GarsP278KY/þ mice (Fig. 1C and D),

correlating with functional outcome.

We assessed the efficacy of scAAV1.tMCK.NT-3 deliv-

ery in the GarsDETAQ/þ mutant when mice reached 10

(38–40 weeks) months of age, at 30 weeks post-gene de-

livery. Rotarod performance, CMAP and sciatic NCV

values in the treated cohort were not statistically different

from the untreated, which might be related to the milder

manifestation of the phenotype in GarsDETAQ/þ mice

(Supplementary Fig. 3).

Efficacy of NT-3 gene transfer
therapy in peripheral nerves of
GarsP278KY/þ and GarsDETAQ/þ mice

Neuropathic process in Gars mutants is a

distal-terminal axonopathy

Gars mutants have early onset, severe sensory motor

phenotype with reduced axon size and loss of NMJ con-

nectivity.24,27 It is not clear if there is an associated

length-dependent distal axon loss. Compared to WT

(Supplementary Fig. 4), peripheral nerves from

GarsP278KY/þ mice showed strikingly small axon size

along with an increase in the density of MFs as illus-

trated in samples from ventral roots, mid sciatic and dis-

tal tibial nerves (Supplementary Fig. 4). To assess the

efficacy of NT-3 gene therapy, it was important to have

a detailed understanding of the disease process according

to the anatomical site of involvement in peripheral nerves

of the GarsP278KY/þ model. One possibility is that the

neuropathic process may be a length-dependent distal

axonopathy causing axonal loss in distal nerves (‘dying

back’ process41), a feature of many neuropathic condi-

tions including classical Charcot–Marie–Tooth phenotype.

To investigate this, we carried out detailed quantification

of MFs (MF density per unit area of endoneurium, MF-

axon size distribution and actual MF number per nerve)

at mid-sciatic (proximal) and tibial nerves (distal) from

Gars mutants and age-matched WT controls

(Supplementary Table 1).

In WT nerves, compared to sciatic nerve (proximal),

the endoneurial cross-sectional area-decrease at the tibial

level was about 70% and the mean density of MFs was

1.5 times higher than that of the proximal level. This

density increase can be explained by the fact that in WT,

axon size decreases along the nerve from proximal-distal

direction.42 In GarsP278KY/þ nerves, we found significantly

smaller endoneurial cross-sectional areas; there was also

an increase in MF density about 2.6-fold at the sciatic

level and 2-fold at the tibial level compared to WT

nerves (Supplementary Table 1). Interestingly, however,

the decrease in endoneurial cross-sectional area at tibial

level (about 54%) was not as prominent as in WT, and

proximal to distal MF density change was not significant,

1.15 times higher than that of the proximal level

(Supplementary Fig. 4, depicting morphometric values
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from Supplementary Table 1). The analysis of proximo-

distal MF-axon size distribution in WT sciatic nerves

show a wide range of axon size distribution with diame-

ters >6mm, constituting 48% of all fibres; in the tibial

nerve, this subpopulation was only 7%, confirming previ-

ous observations of decrease in proximodistal axon size42

(Supplementary Fig. 5). In GarsP278KY/þ nerves, however,

due to a much narrower distribution of axon size and

Figure 2 NT-3 gene transfer improves myelin thickness of peripheral nerves in GarsP278KY/1 and GarsDETAQ/1 mice.

Representative 1 mm-thick, toluidine blue-stained cross-sections of, shown in A and B, ventral roots and, shown in C and D, sciatic nerves from,

shown in A and C, untreated and, shown in B and D, treated GarsP278KY/þ mice. Scale bar¼ 10 lm. A notable increase of myelin thickness is seen

with treatment, shown in B and D, compared to samples from untreated, shown in A and B. G ratios calculated for the sciatic nerve of the

treated and untreated, shown in E, GarsP278KY/þ and shown in G, GarsDETAQ/þ mice are shown as scatterplots against respective axon diameters

[total number of analysed MFs¼ 1840 for untreated (460 6 45.1 measurements per mouse) and 1792 for NT-3 treated (448 6 20.09

measurements per mouse) GarsP278KY/þ mice and 1270 for untreated (317.5 6 11.1 measurements per mouse) and 1042 for NT-3 treated

(260.5 6 20.1 measurements per mouse) GarsDETAQ/þ mice; n¼ 4 per cohort]. Lines indicate linear regression. The slopes are significantly

different between the two groups for both mutants (in E: NT-3, r2 ¼ 0.1893; UT, r2 ¼ 0.2770; Linear regression, P< 0.0001 and G: NT-3, r2 ¼
0.3545; UT, r2 ¼ 0.2279; Linear regression, P< 0.0001). G-ratios shown as percent distribution indicate a shift to the left with an increase in the

number of axons with thicker myelin with NT-3 gene transfer therapy in both GarsP278KY/þ, shown in F, and GarsDETAQ/þ mice, shown in H.

Figure 1 Efficacy of AAV1.NT-3 gene transfer therapy in GarsP278KY/1 mice by functional and electrophysiological studies.

Rotarod performance of GarsP278KY/þ mice, shown in A, tested at 12 weeks post-treatment showed significant improvement in the AAV1.NT-3-

treated mice (NT-3: 71.54 s, n¼ 12 versus UT: 47.94 s, n¼ 8; P¼ 0.0008). There was no statistical difference between UTand NT-3-treated

cohorts at baseline (47.06 s versus 56.31 s, P¼ 0.30). Over a 12-week time period, the performance of the treated mice improved (56.31 s versus

71.54 s, P¼ 0.044), while in the UT mice, no change was observed (47.06 s versus 47.94 s, P¼ 0.90). Sciatic nerve conduction studies in

GarsP278KY/þ mice performed at the endpoint is shown in B. NCV was significantly improved with treatment corresponding to a 42% increase

compared to UT cohort (P¼ 0.024). CMAP was also increased in the NT-3 cohort compared to UT (P¼ 0.013), shown in C. Representative

waveforms of the sciatic nerve motor nerve conduction from UTand NT-3 cohorts are shown in D; base time is 1 ms for both panels. Data are

represented as mean 6 SEM, unpaired t-test.
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the absence of large-diameter axons, the proximodistal

axon size change and resulting MF density increase

appeared less pronounced. Moreover, the total number

of MFs in the tibial nerve from GarsP278KY/þ was not

statistically different than that was obtained from the

WT tibial nerve (Supplementary Table 1). In accordance

with these qualitative data as well as our microscopic

observations on the tibial nerve and intramuscular nerve

bundles of lumbrical muscles, which showed no evidence

of acute Wallerian degeneration or myelin ovoids, we

concluded that there is no length-dependent MF loss in

GarsP278KY/þ mice in the age group we studied. In the

presence of well-defined abnormal NMJ morphology27,43

and the current findings described here, the disease pro-

cess in this model can best be classified as a distal ter-

minal axonopathy.

Similar quantitative studies carried out in GarsDETAQ/þ

mice revealed that MF density increase per unit area of

peripheral nerves was less conspicuous compared to

GarsP278KY/þ mice.

NT-3 improved myelin thickness in GARS mutants

Examination of 1mm thick cross-sections from roots, sci-

atic and tibial nerves revealed an apparent increase in

myelin thickness in the scAAV1.tMCK.NT-3-injected

GarsP278KY/þ and GarsDETAQ/þ mice compared to the un-

treated samples (Fig. 2A–D). At 12-week post-NT-3

gene transfer, g ratio (axon diameter/fibre diameter) of

the MFs in the sciatic nerves from GarsP278KY/þ mice

showed an increase in myelin thickness corroborating the

electrophysiological studies (Fig. 2E). The average g ratio

in the Ringer’s lactate-injected GarsP278KY/þ mice

(GarsP278KY/þ: 0.715 6 0.002 versus WT: 0.61 6 0.002,

P< 0.0001) and GarsDETAQ/þ mice (GarsDETAQ/þ:

0.691 6 0.003 versus 0.624 6 0.003, P< 0.0001) is sig-

nificantly greater than that obtained from age-matched

WT counterparts, reflecting the presence of thinner mye-

lin in these models. In the AAV1.tMCK.NT-3-injected

GarsP278KY/þ mice, the g ratio was significantly reduced

(AAV1.NT-3: 0.649 6 0.002 versus untreated:

0.715 6 0.002, P< 0.0001) and the percent of fibres

with g ratio > 0.6 was down to 31%, which constituted

about 59% of MFs in the untreated group (Fig. 2F). G

ratio values obtained from GarsDETAQ/þ mutant

(GarsDETAQ/þ: 0.691 6 0.003 versus GarsP278KY/þ:

0.715 6 0.002; P< 0.0001) confirmed the microscopic

observations that the extent of hypomyelination is more

severe in the GarsP278KY/þ mice. At 30 weeks post-

AAV1.tMCK.NT-3 vector injection in the GarsDETAQ/þ

mice, the myelin thickness showed an increase for the

axon size (Fig. 2G) with significantly reduced g ratio

(AAV1.NT-3: 0.638 6 0.003 versus untreated:

0.691 6 0.003, P< 0.0001) and the percent fibres with g

ratio > 0.6 reduced down to 23.4%, which constituted

48% of the MF population in the untreated cohort

(Fig. 2H).

MF axon-size distribution histograms from sciatic

nerves of GarsP278KY/þ and GarsDETAQ/þ mice showed

NT-3 gene therapy had no effect on MF-axon size or

number per unit area compared to the untreated cohort

(Supplementary Fig. 6A–C).

NT-3 improved presynaptic axon
terminal integrity at NMJ in the
GarsP278KY/þ mice

The GarsP278KY/þ mice were reported to have abnormal

NMJ morphology with a paucity of vesicles and mito-

chondria within distal terminal bulbs, impaired

neuromuscular transmission due to presynaptic de-

fect.27,43 Using immunohistochemistry-based parameters

illustrated previously27 (Fig. 3A–C), we analysed an

average of 88.6 NMJs per mouse from NT-3-treated and

untreated GarsP278KY/þ mice (n¼ 6 for both cohorts).

This analysis showed that scAAV1.tMCK.NT-3 delivery

in GarsP278KY/þ mice at endpoint, following 12 weeks of

treatment produced a 32% increase in the innervated

NMJs (AAV1.NT-3: 69.52% 6 7.95 versus untreated:

37.48% 6 6.24, P¼ 0.0016). A decrease in the dener-

vated and partially denervated/innervated NMJs were

also noted (Fig. 3D).

Figure 3 NT-3 gene transfer improves neuromuscular

junction assembly in GarsP278KY/1 mice. Representative images

showing innervated, shown in A, partially innervated, shown in B,

and denervated, shown in C, NMJs from the lumbrical muscles of

the GarsP278KY/þ mice, stained with IHC techniques. Scale

bar¼ 10 lm. D shows innervated NMJs increased 32% in the

treated mice (P¼ 0.0016). An average of 88.6 NMJs per mouse

were evaluated from NT-3-treated and UT-mice (n¼ 6 mice per

group). Data are represented as mean6 SEM; two-way ANOVA,

Bonferroni’s multiple comparisons test.
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Efficacy of NT-3 gene transfer
therapy in muscles of GarsP278KY/þ

and GarsDETAQ/þ mice

NT-3 improved neuromyopathy in GarsP278KY/þ and

GarsDETAQ/þmice

Compared to WT, muscles from GarsP278KY/þ mice at

postnatal Day 10 revealed overall uniformly small fibres

with mild size variability with no evidence of muscle fibre

breakdown as shown previously (Fig. 4A–C). In older

GarsP278KY/þ muscles, however, there was marked fibre

size variability (Fig. 4D–G), atrophic angular (dener-

vated) fibres (Fig. 4D), rare fibres undergoing necrosis

(Fig. 4E) and exceedingly small fibres with prominent

central nuclei (Fig. 4F), compatible with necrosis/regener-

ation cycles. We propose that these small round fibres

with diameters around 5 mm displaying prominent central

nuclei are reminiscent of myotubes and their occurrence

in small clusters may suggest impaired fusion events dur-

ing regeneration.44 Ongoing muscle fibre necrosis was

also present in GarsDETAQ/þ mutant along with numerous

hypertrophied fibres displaying multiple internal nuclei

compared to WT (Fig. 4H and I). Fibre size distribution

histograms from GarsP278KY/þ muscle revealed that over

30% of fibres had diameters <10 mm, while in the milder

GarsDETAQ/þ phenotype, this subpopulation was much

smaller (Fig. 4G and J).

With NT-3 treatment, we found notable improvements

in muscle histopathology in both mutants with apparent

decreases in fibre subpopulations composed of abnormal-

ly small or hypertrophied ones (Fig. 5A and B). In the

gastrocnemius muscle from GarsP278KY/þ mice, the

Figure 4 Neuromyopathy in Gars mutants. Representative H&E-stained images of gastrocnemius muscle from GarsP278KY/þ mice, shown in

A, at P10 showing overall uniformly small fibres with mild size variability and B shows WT mice at P10. Scale bar¼ 20 lm. C shows muscle fibre

size distribution graph comparing GarsP278KY/þ and WT mice at P10. D–F shows muscles from 4 months old GarsP278KY/þ mice showed marked

fibre size variability with atrophic angular fibres, shown in D (arrows), rare fibres undergoing necrosis, shown in E (arrow) and exceedingly small

fibres with prominent central nuclei, shown in F. Scale bar¼ 10 lm. G shows muscle fibre size histograms of the gastrocnemius muscle from

GarsP278KY/þ (3699 fibres, derived from n¼ 6) and age-matched WT (1364 fibres, n¼ 4) indicating a significant increase in small fibre population

in GarsP278KY/þ mice. Ongoing muscle fibre necrosis (arrow) was also present in GarsDETAQ/þ mutant, shown in H, along with numerous

hypertrophied fibres displaying multiple internal nuclei compared to WT muscle, shown in I. Fibre size distribution histograms from GarsDETAQ/þ

muscle (1793 fibres, n¼ 6) and age-matched WT (1287 fibres, n¼ 4) revealed that subpopulation of fibres with diameters <10 mm was much

smaller in the GarsDETAQ/þ mutant compared to GarsP278KY/þ, shown in J. Data are represented as mean 6 SEM; two-way ANOVA, Sidak’s

multiple comparisons test. **P< 0.01, ****P< 0.0001.
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Figure 5 NT-3 gene transfer improves neuromyopathy in Gars mutants. Representative H&E images of gastrocnemius muscle from

untreated, shown in A, and AAV1.NT-3-treated GarsP278KY/þ mice, shown in B, showing a decrease in the number of abnormally small or

hypertrophied fibres with treatment. Scale bar¼ 30 lm. C shows muscle fibre size distribution graph comparing the treated (3788 fibres, n¼ 7)

and untreated (3699 fibres, n¼ 6) GarsP278KY/þ mice showed a shift to larger diameter subgroups with NT-3 gene therapy. Bar graph showing a

decrease in the number of internal nuclei in the gastrocnemius muscle from the treated (n¼ 7) compared to UT GarsP278KY/þ mice (n¼ 6) is

shown in D. Representative H&E images of gastrocnemius muscle from untreated, shown in E, and AAV1.NT-3-treated GarsDETAQ/þ mice, shown

in F, showing histopathological improvements with treatment. G shows muscle fibre size distribution graph comparing the treated (1443 fibres,

n¼ 4) and untreated (1793 fibres, n¼ 6) GarsDETAQ/þmice showed an increase of fibres with mean fibre diameter in 30–40mm range with NT-3

gene therapy. Bar graph showing a decrease in the number of internal nuclei in the gastrocnemius muscle from the treated (n¼ 4) compared to

UT GarsDETAQ/þmice (n¼ 6) is shown in H. Data are represented as mean 6 SEM; two-way ANOVA, Sidak’s multiple comparisons test.

**P< 0.01, ****P< 0.0001.
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smallest fibre population (with diameter <10 mm), consti-

tuting 33% of the total in the untreated cohort decreased

down to 9.4% with NT-3 gene therapy (Fig. 5C). In

addition, the NT-3 gene transfer resulted in a significant

decrease in muscle fibres with internal nuclei (Fig. 5D).

Further analysis upon gender stratification revealed that

the largest percentage of small fibres is in the untreated

males (Supplementary Fig. 7A). We observed similar

histopathological improvements in GarsDETAQ/þ mutant

with treatment (Fig. 5E–H, Supplementary Fig. 7B).

Collectively, these findings show that the muscle path-

ology developed later in life in these Gars mutants is

compatible with an ongoing neuromyopathic process and

that NT-3 gene therapy attenuates these histopathological

findings significantly.

Decreased oxidative
phosphorylation markers in mutant
Gars muscle is reversed with NT-3
gene therapy

Muscle histochemistry using SDH and COX reactions in

the untreated GarsP278KY/þ mice revealed severely reduced

SDH and COX activities in fibres, most prominent at the

superficial zones of the gastrocnemius muscle, which are

predominantly composed of type 2 or fast-twitch glyco-

lytic fibres. Interestingly, there were numerous fibres with

generous subsarcolemmal mitochondria content giving

rise to the appearance of ragged blue/brown in SDH and

COX stains, respectively (Fig. 6A–D). Compared to

GarsP278KY/þ muscle, these findings were less prominent

in the GarsDETAQ/þ mutant. GAS muscle from 10-month-

old GarsDETAQ/þ mice showed hypertrophied fibres with

decreased SDH activity, fibres with focal areas of loss of

COX activity or ragged brown fibres (Fig. 6E and F)

compared to WT (Fig. 6G and H). We observed a rever-

sal of these findings with AAV1.NT-3 gene therapy as

illustrated with COX stain in the superficial and deep

zones of gastrocnemius muscles from GarsP278KY/þ

(Fig. 7A–C) and GarsDETAQ/þ (Supplementary Fig. 8A

and B) mutants.

Abnormalities in muscle enzyme histochemistry in Gars

mutants suggested that mitochondrial dysfunction may

play a role in muscle phenotype. To explore this further,

we studied the expression levels of Cox1 and Cox3,

which are mtDNA-encoded subunits of COX of respira-

tory complex IV and Atp5d. Real-time qPCR in untreat-

ed GarsP278KY/þ muscle (female and male combined)

showed that Cox1 and Cox3 transcripts were approxi-

mately half and one-third the levels of age-matched WT

controls, respectively (Fig. 7D and E). Atp5d transcripts

were also significantly low, down to one-sixth of the WT

(Fig. 7F). We found no sex difference for these tran-

scripts in the GarsP278KY/þ mutant (Fig. 7D–F). In WT,

however, Cox1 transcripts were found higher in females

while males had 4.3-fold higher Atp5d transcripts than

females (Fig 7F). Interestingly, compared to WT females,

Atp5d expression in female GarsP278KY/þ muscle did not

Figure 6 Abnormalities in muscle histochemistry using SDH and COX reactions in Gars mutants. A, B and E shows SDH and C,

D and F shows COX staining in the gastrocnemius muscles from GarsP278KY/þ, shown in A–D and GarsDETAQ/þ mutants showed reduced SDH

and COX activities in fibres, most prominent at the superficial zones of the muscles of GarsP278KY/þ mice (asterisks) , shown in E and F. WT

gastrocnemius SDH (G) and COX (H) activities are shown for comparison. Scale bar¼ 25 mm for A, B, F, G and H; 50 mm for C; 20 mm for D;

30 mm for E. Numerous ragged blue/brown fibres indicating increased mitochondria content in SDH and COX stains, respectively, were also

noted (arrows).
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change; in contrast, males showed significantly low expres-

sion, one-fifth of that in WT males. Most notably, the re-

versal of reduced COX staining in GarsP278KY/þ muscle

(Fig. 7A and B) was dramatically reflected in Cox1,

Cox3 and Atp5d expression levels following NT-3 gene

transfer showing over 70-, 40- and 50-fold increases in

these transcripts, respectively, without sex difference

(Fig. 7D–F).

We next assessed mitochondria biogenesis marker Pgc1a

transcripts in relationship to mtDNA content in

Figure 7 Muscle histochemistry in the NT-3-treated GarsP278KY/1 mice and expression levels of mitochondrial proteins.

Representative images of COX-reacted sections from superficial, shown in A, and deep zones, shown in B, of gastrocnemius muscle in the

treated GarsP278KY/þ and untreated GarsP278KY/þ mice, shown in C. WT control is depicted in Fig. 6H. Scale bar¼ 30 lm. NT-3 gene transfer

therapy improved intensity and distribution of COX activity towards normalization. Bar graphs represent relative expression levels of Cox1,

Cox3, Atp5d and Pgc1a and mtDNA copy number/genomic DNA in the treated and untreated GarsP278KY/þ mice and age-matched WT mice

showing both combined and gender-based data, shown in D–H. Data are represented as mean 6 SEM; two-way ANOVA, Tukey’s multiple

comparisons test. *P< 0.05, **P< 0.01, ****P< 0.0001; n¼ 8, NT-3.GarsP278KY/þ mice; n¼ 6, UT.GarsP278KY/þ mice; n¼ 5, WT (4 months).
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gastrocnemius muscle from these Gars mutants. Pgc1a rela-

tive expression levels in GarsP278KY/þ muscles were 5.7-fold

higher than age-matched WT muscle with no sex difference

(Fig. 7G). When both sexes were combined, we found no

difference in mtDNA copy number per genomic DNA in

muscles compared to age-matched WT counterparts.

However, females showed higher mitochondria content than

males, while in the WT, an opposite pattern was present,

suggesting that male GarsP278KY/þ muscle was not respond-

ing to increased Pgc1a expression in the same manner as fe-

male mice, correlating with much severe muscle involvement

observed in male mice (Fig. 7H). Pgc1a relative expression

levels in GarsP278KY/þ muscles did not change in response

to treatment although females showed higher transcripts

than untreated counterparts (Fig. 7G). Interestingly, the

mitochondria copy number appeared normalized with treat-

ment showing a pattern observed in WT, males having

higher mitochondria content than females (Fig. 7H).

Similar studies conducted in the untreated GarsDETAQ/þ

muscle at 10 months of age showed prominent decreases

in relative expression levels of Cox1, Cox3 and Atp5d

without sex influence compared to age-matched WT

muscle (Supplementary Fig. 9A–C). Interestingly, Atp5d

transcripts from aged WT muscles did not show gender

difference favouring males as seen in young WT muscle

at 4 months of age although there was a trend for males

having higher expression levels than females without

reaching statistical difference (Fig. 6F, Supplementary

Fig. 9C). Pgc1a expression was higher in the GarsDETAQ/

þ muscle compared to WT although this increase was

modest, 1.6-fold and males showed higher levels than

females without statistical significance (Supplementary

Fig. 9D). No sex difference for mitochondria content in

GarsDETAQ/þ muscle or age-matched/old WT muscle was

noted (Supplementary Fig. 9E). Collectively, these findings

indicate that the primary myopathic process in these Gars

mutants is associated with decreased oxidative phosphor-

ylation markers compatible with mitochondria dysfunc-

tion. This finding is associated with increased Pgc1a

expression, which we think is likely to be compensatory.

NT-3 gene therapy increased oxidative phosphorylation

markers dramatically along with reversing abnormalities

in oxidative enzyme histochemistry in muscle. Moreover,

we found that NT-3 gene therapy resulted in normaliza-

tion, a reversal of mitochondria content of muscle to-

wards WT patterns for both males and females.

Defective myoblast fusion in
GarsP278KY/þ mice

Our histopathological studies gave strong clues that myo-

tubes expressing dominant GARS mutation display impaired

fusion events and altered development of multinucleated

myotubes. To explore this directly, myoblasts isolated from

GarsP278KY/þ mice muscles and WT controls were induced

to differentiate to form in vitro myotubes. Three days after

the induction, the myotubes were stained with an anti-

MHC antibody and a nuclear stain to count the number of

nuclei that had been incorporated into multinucleated myo-

tubes. Overall, a large fraction of GarsP278KY/þ myotubes

were shorter, ovoid shape with single nucleus or multiple

clumped nuclei instead of the elongated shape seen in WT

cells (Fig. 8A and B). We found a significant reduction of

fusion competence between WT (86.1%) and GarsP278KY/þ

(65.8%) myoblasts (P< 0.00001; Fig. 8C). In addition,

shorter GarsP278KY/þ myotubes on average had more nuclei

than WT myotubes; the opposite relationship was present

for the longer WT myotubes having more nuclei than the

mutant (Fig. 8D). Taken together, myoblast fusion assays

demonstrate that both GarsP278KY/þ mature myocytes and

Figure 8 Myoblast fusion in GarsP278KY/1 mice. Fluorescent

images of myotubes differentiated from primary myoblast cultures

isolated from 1-month-old, shown in A, GarsP278KY/þ and WT mice,

shown in B. Myotubes were stained with an anti-MHC antibody

(red) and DAPI for nucleus (green), scale bar¼ 50 lm. Randomly

selected areas were photographed at �20 magnification. (Nikon

Eclipse Ti2-E, Japan). A total of 710 myotubes from GarsP278KY/þ

mice and 659 myotubes from C57BL/6 mice were analysed (25–26

images derived from n¼ 2 mice in each group). Fusion index was

significantly reduced in the GarsP278KY/þ myoblasts (65.8%)

compared to WT mice (86.1%), shown in C. Fusion index is a

parameter used to assess the fusion capacity of myoblasts to form

myotubes and calculated for each image as a percentage of the total

number of nuclei in myotubes out of the total number of nuclei.

Each data point represents fusion index calculated from randomly

selected areas photographed at �20 magnification. Error bars are

6 SEM, P< 0.0001, unpaired t-test. Scattergram showing the

myotube length and number of nuclei, shown in D. Overall,

GarsP278KY/þ myotubes were shorter and had fewer nuclei than WT.
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myoblast progenitors are fusion defective. This defect likely

contributes to the muscle phenotype in the GarsP278KY/þ

model.38,45,46

Discussion
Neuropathological features of GarsP278KY/þ mutant were

reported to include axonal loss, most of which occurs be-

fore 1 month of age; both motor and sensory axons are

smaller. In addition, mutant mice have abnormal NMJ

morphology with a paucity of vesicles and mitochondria

within axon terminal bulbs, impaired neuromuscular

transmission due to presynaptic defect and reduced nerve

conduction velocity.27,43 Recently, a comprehensive study

in GarsC201R/þ mutant showed that impaired NMJ mat-

uration as an early defect preceded the loss of presynap-

tic terminals, leading to muscle denervation.47 In this

study, we introduced NT-3 gene transfer to GarsP278KY/þ

mice representing a severe phenotype at 4–6 weeks of age

and to GarsDETAQ/þ mice with a milder phenotype at 8–

10 weeks of age and carried out a qualitative and quanti-

tative assessment of NT-3 effect on the neuromuscular

system 12 and 30 weeks post gene delivery, respectively.

The treatment efficacy was less pronounced in the

GarsDETAQ/þ mutant despite a prolonged efficacy period;

although it remains to be seen if the outcome measures

can be improved with early onset treatment. We found

no evidence of distal axon loss or degeneration in both

mutants providing confirmatory evidence that the disease

process is a distal-terminal axonopathy. This model of

distal-terminal axonopathy is different from those previ-

ously reported, in which the disease process starts with

membranous organelle accumulation and swelling of

nerve terminals preceding degeneration and the process

moves pari-passu proximally to distal nerves, internode

by internode with nascent axon tip degeneration.29,48–50

On the contrary, in the Gars mutants, the degenerative

process appears to be confined to nerve terminals. The

characteristic features of peripheral nerves, however,

included reduced endoneurial cross-sectional area, reduced

axon size with thin myelin and a remarkable increase in

the number of MFs per unit endoneurial area, i.e. MF

density. Moreover, comparative studies of peripheral

nerves of Gars mutants at proximal and distal levels indi-

cate that the actual number of MFs at these levels were

not different from WT indicating that their numbers were

not affected. We propose that there is a developmental

delay in maturation of peripheral nerves, represented with

radial growth stunt of axons as well as of other compo-

nents of the endoneurium, therefore resulting in a density

increase of MF population. We also recognized evidence

of impaired/delayed maturation within axon–Schwann cell

complexes of Remak bundles in the GarsP278KY/þ mutant.

At the ultrastructural level, immature polyaxonal aggre-

gates engulfed by Schwann cell processes were common

suggesting that Schwann cells were halted at their imma-

ture state (Supplementary Fig. 10).

As we anticipated, NT-3 gene therapy did not affect

MF density, nor did it significantly increase axon size.

However, a reversal of hypomyelination was observed,

increased myelin thickness was significant in both

mutants, corresponding with the improvement in NCVs.

The stimulating effect of NT-3 on mTOR pathways likely

plays a major role in this process. The capacity of NT-3

targeting the translational machinery to stimulate myelin

protein synthesis was first shown in oligodendrocyte pri-

mary cultures51 and earlier studies have provided consid-

erable evidence that mTORC1 has a role in regulating

myelination in the CNS.52–54 We observed similar effects

of NT-3 on Schwann cells leading to improved myelin

thickness in two other models of Charcot–Marie–Tooth

subtypes previously,20,28 and only in the Trembler J (TrJ)

model where there are secondary axonopathy and MF

loss, NT-3 gene therapy improved regeneration and asso-

ciated myelination process resulting in increased MF

density.20,55 It appears that overall NT-3 has corrective

or normalizing effects on impaired biological processes

until equilibrium or normalcy is established. In contrast,

as we observed in toxicology studies for AAV1.NT-3

gene therapy and in studies by others, NT-3 does not af-

fect nerve or muscle histology, nor does it alter functional

recovery following crush injury in WT animals56 suggest-

ing that its effect is not directed to well-differentiated or

normal functioning cells.21,25 Specifically, extensive stud-

ies in AAV1.tMCK.NT-3-injected and untreated WT mice

as part of Toxicology/Biodistribution studies and found

no effects of NT-3 on MF size or density in sciatic nerves

and no change in rotarod or grip strengths compared to

untreated WT mice (part of this material was included to

a review article25). In another publication in which we

specifically described the effects of NT-3 gene therapy on

the neurogenic muscle, we found no effect of NT-3 on

the WT muscle size or fibre type composition.21

NT-3 is known to play a role in the functional matur-

ation of neuromuscular synapses and is expressed in skel-

etal muscle as the predominant neurotrophin.57–59 Studies

in NT-3-deficient mice provided direct evidence that reduc-

tion in NT-3 availability during development impairs

motor nerve terminal maturation and synaptic vesicle recy-

cling and leads to a reduction in muscle fibre diameter.60

In Gars mutants, the possibility of NT-3 deficiency state

as in the amount and/or signalling through TrkC receptors

in pertinent tissues seems plausible, requiring further inves-

tigation. Although an increase in the number of innervated

NMJs in GarsP278KY/þ mice with treatment was not entire-

ly unexpected, the discovery of an ongoing myopathic pro-

cess developed later in life in Gars mutants that was

associated with mitochondria dysfunction was surprising.

Reversal of muscle histopathology with robust increases in

Cox1, Cox3 and Atp5d expression levels following NT-3

gene transfer is foreseeable considering previously reported

biological effects of NT-3 on Akt/mTORC1 and PGC1a
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pathways. As we showed previously, AAV1.NT-3 gene

therapy increased muscle fibre diameter through activation

of the mTOR pathway and metabolic remodelling in the

TrJ model. In parallel, the expression levels of the mito-

chondrial biogenesis regulator Pgc1a, and the markers of

glycolysis increased in the TrJ muscle.21 In this study, we

found what appears to be a compensatory increase in

Pgc1a relative expression levels in the untreated

GarsP278KY/þ muscles, which were over 5-fold higher than

age-matched WT muscle with no sex difference. Mutant

muscles from females showed higher mitochondria content

than males, while an opposite pattern was present in the

WT, suggesting that mutant muscle from males was not

responding to increased Pgc1a expression in the same

manner as females, correlating with the severe muscle in-

volvement observed in males. We found no change in

Pgc1a relative expression levels in GarsP278KY/þ muscles in

response to AAV.NT-3 gene therapy although interestingly,

the mitochondria copy number appeared normalized,

showing a pattern observed in WT, males having higher

mitochondria content than females.

Compared to GarsDETAQ/þ mutant with a milder

phenotype, myopathic changes were more prominent in

the GarsP278KY/þ mice with striking fibre size variability,

increased internal nuclei, rare fibres undergoing necrosis

and very small fibres with prominent central nuclei remin-

iscent to myotubes. Muscle fibre size distribution histo-

grams were bimodal, with males having a higher

proportion of small fibres than females. Intriguingly, these

myopathic changes in Gars mutants have a striking resem-

blance to the muscle pathology described in SMA mouse

models resulting from SMN reduction in muscle including

the early NMJ breakdown.47,61–63 In one study, myopathy

occurred as a late-onset, cell-autonomous consequence of

low SMN in muscle, which was also associated with func-

tional and structural defects in NMJs despite normal levels

of SMN in other tissues.61 These observations warrant fur-

ther studies exploring whether SMN levels are affected by

a globally repressed protein synthesis in the GarsP278KY/þ

mutant. In fact, the overall small size of GarsP278KY/þ mice

implies that besides peripheral nerves, other organ tissues

including muscle are also subjected to stunted growth

postnatally. Our own studies on semi-thick sections of spi-

nal cord in GarsP278KY/þ mice provide further support for

this view, showing a visible increase in motor neuron

density and smaller neuronal perikarya with scanty cyto-

plasm compared to WT (Supplementary Fig. 11).

Several pathogenic mechanisms have been proposed for

GARS-linked Charcot–Marie–Tooth, in which the possi-

bility that Charcot–Marie–Tooth-associated mutations in

tRNA synthetases may all interfere with protein transla-

tion via a molecular mechanism independent of aminoa-

cylation activity is supported by studies in Drosophila

models.16 In addition, with cytoplasmic and mitochon-

drial localization, mutant Gars inhibits translation in

mitochondria in mice and patient-induced neuronal pro-

genitor cells17. In favour of multifactorial pathogenic

mechanisms, the concept that Gars mutants make aber-

rant interactions through the neomorphic surfaces leading

to a toxic gain of function64 has been supported by sev-

eral studies. In one study, aberrant interactions of mutant

Gars proteins with HDAC6 were shown, leading to

hypo-acetylation of a-tubulin and axonal transport defi-

cits.65,66 Other studies described neomorphic interactions

between mutant Gars with the cell-surface receptor Nrp1

on the motor neuron, interfering with the neurotrophic

signalling of VEGF67 or at the motor nerve terminal

competing with Semaphorin-2a for binding to the cell-

surface receptor plexin B.68 It is interesting to note that

P278KY GlyRS has been shown to interact with Nrp169

but that DETAQ GlyRS does not.24 Aberrant interaction

of mutant Gars with Trk receptors A/B/C in mice result-

ing destabilization of sensory neuron differentiation was

also reported.70 Further studies are needed to explore the

exact roles of these neomorphic interactions between mu-

tant Gars and their binding partners in relationship to

the process of structural simplification and subsequent

loss of axon terminals.

Nonetheless, we believe several main findings emerged

from our studies. Of greatest interest, the late-onset myo-

pathic process that we studied in these two Gars mutants

is associated with mitochondria dysfunction, based on en-

zyme histochemistry and decreased markers of oxidative

phosphorylation. Moreover, in primary myoblast cultures,

we found that the consequence of GarsP278KY/þ mutation

is causing an intrinsic defect in muscle cell, manifesting

with impairment of myoblast/myotube fusion. Collectively,

these findings are suggestive of muscle cell-autonomous

effects with mitochondria involvement in these two Gars

models for autosomal dominant Charcot–Marie–Tooth dis-

ease type-2D. Our study identified the potential role of

ATP-dependent pathways in the development of primary

muscle pathology in Charcot–Marie–Tooth disease type-2D

and from this perspective might provide additional support

to a growing body of evidence suggesting mitochondria

are likely to be a critical mediator of disease pathogenesis.

Finally, our study shows that NT-3 gene transfer therapy

in the GarsP278KY/þ mice model of Charcot–Marie–Tooth

disease type-2D leads to meaningful improvements in per-

ipheral nerve myelination and NMJ integrity as well as

in a unique myopathic process, associated with mito-

chondria dysfunction, all in combination contributing to

functional outcome. Based on the multiple biological

effects of this versatile molecule, we predict NT-3 has

the potential to be beneficial in other ARS-linked

Charcot–Marie–Tooth subtypes.
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69. Sleigh JN, Gómez-Martı́n A, Wei N, Bai G, Yang X-L, Schiavo G.

Neuropilin 1 sequestration by neuropathogenic mutant glycyl-

tRNA synthetase is permissive to vascular homeostasis. Sci Rep.

2017;7(1):9216.
70. Sleigh JN, Dawes JM, West SJ, et al. Trk receptor signaling and

sensory neuron fate are perturbed in human neuropathy caused

by Gars mutations. Proc Natl Acad Sci USA. 2017;114(16):

E3324–E3333.

16 | BRAIN COMMUNICATIONS 2021: Page 16 of 16 B. Ozes et al.




