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The atrophy of skeletal muscles in patients with Krabbe disease is a major debilitating manifestation that worsens their quality of life and
limits the clinical efficacy of current therapies. The pathogenic mechanism triggering muscle wasting is unknown. This study examined
structural, functional, and metabolic changes conducive to muscle degeneration in Krabbe disease using the murine (twitcher mouse)
and canine [globoid cell leukodystrophy (GLD) dog] models. Muscle degeneration, denervation, neuromuscular [neuromuscular junc-
tion (NMJ)] abnormalities, and axonal death were investigated using the reporter transgenic twitcher–Thy1.1–yellow fluorescent protein
mouse. We found that mutant muscles had significant numbers of smaller-sized muscle fibers, without signs of regeneration. Muscle
growth was slow and weak in twitcher mice, with decreased maximum force. The NMJ had significant levels of activated caspase-3 but
limited denervation. Mutant NMJ showed reduced surface areas and lower volumes of presynaptic terminals, with depressed nerve
control, increased miniature endplate potential (MEPP) amplitude, decreased MEPP frequency, and increased rise and decay rate
constants. Twitcher and GLD dog muscles had significant capacity to store psychosine, the neurotoxin that accumulates in Krabbe
disease. Mechanistically, muscle defects involved the inactivation of the Akt pathway and activation of the proteasome pathway. Our work
indicates that muscular dysfunction in Krabbe disease is compounded by a pathogenic mechanism involving at least the failure of NMJ
function, activation of proteosome degradation, and a reduction of the Akt pathway. Akt, which is key for muscle function, may constitute
a novel target to complement in therapies for Krabbe disease.
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Introduction
Krabbe disease or globoid cell leukodystrophy (GLD) is an auto-
somal recessive disease caused by the deficiency of lysosomal
�-galactosylceramidase (GALC) and the accumulation of psy-
chosine (galactosyl-sphingosine), a potent lipid raft-associated
neurotoxin (Krabbe, 1916; Suzuki, 2003; White et al., 2009). Psy-
chosine is believed to trigger pathogenic mechanisms leading to
myelin breakdown (Igisu and Suzuki, 1984; Takahashi and Su-
zuki, 1984; Taniike and Suzuki, 1994) and axonal dysfunction
(Galbiati et al., 2007; Castelvetri et al., 2011; Smith et al., 2011;
Cantuti-Castelvetri et al., 2012; Cantuti Castelvetri et al., 2013;
Smith et al., 2014).

Typically, Krabbe patients are infants with a rapid and invari-
ably fatal course. The signs of disease begin with hyperirritability,

hyperesthesia, and limb stiffness. Rapid and severe deterioration
of motor and mental function ensues. In the final stage of disease,
individuals are neurologically impaired and blind (Suzuki, 2003).
Neuropathology is described as the extensive loss of oligodendro-
cytes and myelin, fibrillary astrogliosis, and infiltration of globoid
cells or multinucleated macrophages (Wenger et al., 2000; Su-
zuki, 2003).

Current treatments relay on the amelioration of symptoms
after hematopoietic replacement via transplantation of hemato-
poietic stem cells (Escolar et al., 2005) or bone marrow cells (Yagi
et al., 2005; Krivit et al., 1998; Luzi et al., 2005; Galbiati et al.,
2009; Reddy et al., 2011). However, although these therapies slow
disease progression, neurological and motor symptoms continue
to develop at a slower pace and ultimately lead to significant
paralysis and death. Thus, improved therapies are needed.

The mechanism of Krabbe muscle dysfunction remains un-
clear. Patients show rapid myopathy (Dehkharghani et al., 1981;
Marjanović et al., 1996), with reduced muscle growth and
strength. Various factors may contribute to this myopathy, in-
cluding demyelination, axonopathy, motor neuron disease, and
intrinsic defects of muscle cells. Demyelination of peripheral
nerves in the twitcher mouse, the natural murine model for this
disease (Duchen et al., 1980), is evident by the week 3 of life
(Powell et al., 1983; Tanaka et al., 1988). Concurrently, there are
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axonal defects (Castelvetri et al., 2011) caused by deregulation of
protein phosphatases 1 and 2A (Cantuti-Castelvetri et al., 2012)
and deficits of fast axonal transport brought on by deregulation
of glycogen synthase kinase 3� (GSK3�) in mutant axons (Can-
tuti Castelvetri et al., 2013). These defects may act cooperatively
to block nerve conduction (Toyoshima et al., 1986; Dolcetta et al.,
2005), contributing to flaccid paralysis, and motor deficits.

Akt regulation of muscle mass has received increasing atten-
tion because of its role in healthy and diseased muscle (Dobro-
wolny et al., 2011; Bodine et al., 2001; Léger et al., 2006a,b). After
innervation, myofibrils undergo extensive growth, which is at-
tributed to protein synthesis and degradation. The Akt pathway
plays a central regulatory role in this restructuring process (Gos-
manov et al., 2004; McCurdy and Cartee, 2005), through the
activities of FoxO transcription factors and other downstream
pathways, such as GSK3�. Potentially, abnormalities in the Akt
pathway may also be contributing to neuromuscular dysfunction
in Krabbe disease.

In this study, we have evaluated the structure and function of
the neuromuscular junction (NMJ) and the status of the Akt
pathway in twitcher muscles. Our studies show a complex patho-
genic mechanism involving dysfunction and structural altera-
tions of the NMJ, peripheral neuropathy, and reduction of the
Akt pathway in mutant muscles. These findings suggest the de-
velopment of intrinsic and extrinsic defects affecting muscle
function in Krabbe disease.

Materials and Methods
Animals. Animal work was completed under protocols approved by the
Institutional Animal Care and Use Committees at the University of Illi-
nois at Chicago (mice) and the University of Pennsylvania (dogs). Both
institutions are fully accredited by Association for Assessment and Ac-
creditation of Laboratory Animal Care International and adhere to rec-
ommendations put forth by the National Institutes of Health Guide for
the Care and Use of Laboratory Animals, Edition 8. twitcher heterozygous
and twitcher–Thy1.1–yellow fluorescent protein (YFP) heterozygous ex-
pressing axonal YFP (twitcher–YFPax) mice were housed under standard
housing conditions (Castelvetri et al., 2011). Homozygous twitcher and
twitcher–YFPax mice were genotyped as described previously (Sakai et
al., 1996; Feng et al., 2000). Both mouse lines were maintained in their
original C57BL/6j genetic background. Mature animals from the GLD
line were bred to produce dogs with autosomal recessive GLD disease.
Peripheral blood leukocytes from all the dogs were tested at 1 d of age for
the GLD missense mutation (A to C at cDNA position 473, Y158S), using
a PCR-based DNA test. Dogs were classified as normal or affected if they
had no copies of or were homozygous for the mutation. Heterozygous
animals were not used. Three affected (n � 3 male) and two normal (n �
2 females) dogs were evaluated. Dogs were 16 –17 weeks of age at the time
the animals were killed and tissue collection.

Processing of tissue for histology and immunohistochemistry. Animals
were anesthetized and perfused with saline, followed by 4% paraformal-
dehyde/saline. Soleus or gastrocnemius muscles were soaked in sucrose
and processed for cryosectioning. Diaphragms were used as whole-
mount preparations. Cryosections (50 �m) were mounted onto slides
and stained with hematoxylin– eosin or Gomori’s trichrome. For analy-
ses of NMJ innervation and axonal death, sections were dried for 15 min
at 37°C and washed in PBS. Tissue was blocked/permeabilized in 4%
(w/v) BSA/0.1% (v/v) Triton X-100/PBS for 2 h at room temperature and
incubated with Alexa Fluor-555 or Alexa Fluor-488 �-bungarotoxin
(BTX; 1:500; (Invitrogen), antibody against the medium subunit of neu-
rofilaments (NF-M; 1:1000; Millipore), or an antibody against activated
caspase-3 (1:500; Millipore) in blocking solution for 48 h. Slides were
rinsed in PBS and incubated with fluorescent secondary antibodies for
1 h at room temperature, washed in PBS, and mounted with Vectashield

(Vector Laboratories). Confocal microscopy was performed using a con-
focal laser Meta Zeiss 710 scanning microscope. Light microscopy for
fiber morphology and fibrosis analyses was completed using a Leica up-
right microscope.

Primary culture of skeletal muscle cells. Primary cultures of skeletal
muscle tissue were prepared from muscle of newborn mice [at postnatal
day 0 (P0)] as described previously (Alden and García, 2001). Muscle was
finely minced and incubated in Ca 2�, Mg 2� free rodent Ringer’s solu-
tion: 155 mM NaCl, 5 mM KCl, 11 mM glucose, and 10 mM HEPES, pH 7.4
containing collagenase type IA (1 mg/ml; Sigma) at 37°C for 30 – 45 min.
Dissociated muscle was triturated with a Pasteur pipette in plating me-
dium (v/v, 80% DMEM with 4.5 g/l glucose, 10% horse serum, and 10%
calf serum). Large debris were removed from the solution by filtration
and centrifugation, and a suspension of single cells was obtained. Cul-
tures were maintained in a 37°C incubator with a gas mixture of 95% air
and 5% CO2. Fusion and differentiation into myotubes were promoted
after 2 d in culture by reducing horse serum concentration to 5% and
removing fetal calf serum. In some experiments, wild-type myotubes
were incubated with 5 �M psychosine for 1 h.

Psychosine determination. Psychosine was measured after lipid extrac-
tion using tandem mass spectrometry as described previously (Galbiati et
al., 2009).

NMJ morphometry. NMJs were imaged on longitudinal sections from
gastrocnemius muscles collected from P30 twitcher–YFPax and wild-
type YFPax age-matched controls. YFP-positive (YFP �) axonal end-
plates were imaged using a Zeiss 710 Laser Scanning Microscope, using a
63�/1.4 numerical aperture or 40�/1.3 numerical aperture oil-
immersion objective. Sections were z-scanned (thickness, 0.5 �m/scan).
Images were reconstructed using Zen 2011 LSM tiff stack generating
software and the LSM tiff stack imported into MATLAB 8.1. A custom
MATLAB analysis routine was used to generate triangular surface and
tetrahedral volume reconstructions from uncompressed LSM tiff stacks
(Nédélec et al., 2001). An image stack was first filtered with a custom
deconvolution kernel (Campisi and Egiazarian, 2007). Next, the filtered
images were cropped manually via binary masking. Processed image
stacks were resampled and interpolated to generate cubic unit voxel axes
of 3D space. Last, a tetrahedral space-filling model of the resampled
image stack was generated from the resampled grayscale image stack
(Fang and Boas, 2009). The volume was calculated by summing all vol-
umes of tetrahedra in the space-filling model. The surface area was cal-
culated by summing all surface areas of tetrahedra faces exposed at the
surface of the space-filling model.

Measurement of twitch force. Mice were anesthetized with ketamine
(100 mg/kg for wild-type mice and 75 mg/kg for twitcher mice) and
xylazine (5 mg/kg for both) given intraperitoneally and re-dosed as
needed. The tibialis anterior (TA) muscle and the sciatic nerve were
exposed. The distal tendon of the TA muscle was freed from its insertion
and attached to a force transducer (AD Instruments) fixed to a 3D mi-
cromanipulator. The muscle, oriented normal to the transducer, was
continuously rinsed with warmed saline bubbled with 95%O2 and
5%CO2. Body temperature was maintained by placing a heating pad
under the animal. TA muscles were stimulated via the isolated deep
fibular nerve with a pulse stimulator (model 2100; A-M Systems). After
the optimal voltage and muscle length were determined, the nerve was
stimulated 10 times every 3 s with 1 ms pulses. The amplitude in each
twitch was measured and averaged for each fiber. The maximal force of
twitching (in grams) was calculated for six mice in each group.

Electrophysiological recording of neuromuscular transmission. The neu-
romuscular preparation for electrophysiological recording of postsynap-
tic events was as described previously (Chen et al., 2004) with some
modifications. Wild-type and twitcher animals were deeply anesthe-
tized with isoflurane and killed. The extensor digitorum longus mus-
cle was dissected and mounted such that nerves running through the
fingers were visualized. The experimental chamber contained normal
Ringer–Krebs solution: 145 mM NaCl, 5 mM KCl, 2.5 mM CaCl2, 1 mM

MgSO4, 10 mM Na-HEPES, 10 mM glucose, and 1 mg/ml neostigmine,
pH 7.4 adjusted with NaOH/HEPES. Intracellular microelectrodes
filled with 3 M KCl had a resistance of 20 – 40 M�. Muscle fibers were
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inserted near the NMJ to minimize attenua-
tion of the signals. Spontaneous miniature
endplate potentials (MEPPs) were measured
from a membrane potential of �75 mV with
an Axoclamp-2A amplifier (Molecular De-
vices) and stored for subsequent analysis.
MEPPs were recorded at room temperature,
22–24°C. Event frequencies, amplitudes, and
time constants of rise and decay were aver-
aged for each muscle fiber examined. Events
from a minimum of six mice per group were
examined.

Gene expression analysis. RNA from acutely
isolated soleus muscle was purified with the
TRIzol reagent (Invitrogen) and retrotrans-
cribed using the Superscript III kit (Invitrogen)
according to the instructions of the manufac-
turer. Quantitative real-time PCR analyses
were performed with primers specific for
the following genes: acetylcholine receptor
(AChR)-�, forward, 5�-ACCACGACGCA
CTGAAGG and reverse, 5�-GGTCCCGACGC
TTGTGA; AChR-�, forward, 5�-AGAACAAT
GTGGACGGTGTC and reverse, 5�-GCAGCC
AGTAGATACACCG; atrogin-1, forward, 5-
ATGAAGATGCCACACAAT and reverse, 5-
CATGAAACACAGACATTGCC; and 60S
acidic ribosomal protein P0, forward, 5�-TC
GCTTTCTGGAGGGTGTCandreverse,5�-CA
CAGACAATGCCAGGACG. Primers were
tested on a standard curve, and the efficiency
and the correlation coefficient were higher
than 90% and 0.990, respectively. PCR analysis
was calculated with the ��Ct method (Livak
and Schmittgen, 2001).

Immunoblotting. Tissues were homogenized
in lysis buffer [1 mM PMSF, 2 mM sodium or-
thovanadate, 1 mM NaF, 20 mM Tris HCl, pH
7.4, 1% (v/v) Triton X-100, 150 mM NaCl, 5
mM MgCl2, and 300 nM okadaic acid]. Samples
were sonicated briefly on ice and collected by
centrifugation for 5 min at 5000 rpm. Protein
was quantified with the Bradford assay (Bio-
Rad), and equal amounts of protein (10 �g)
were loaded on 4 –12% Bis-Tris gels (Invitro-
gen). The protein was transferred onto polyvi-
nylidene fluoride membranes (Bio-Rad). Blots
were blocked in 5% milk, 1% BSA, and 0.05%
Tween 20 in TBS (blocking solution) and incu-
bated with primary antibodies at 4°C overnight.
Secondary peroxidase-conjugated antibodies
were incubated at room temperature for 1 h. The
following primary antibodies were used: mono-
clonal mouse anti-GAPDH (1:3000; Sigma), polyclonal rabbit anti-
phosphorylated GSK3� (Ser9; 1:5000; Cell Signaling Technology), polyclonal
rabbit anti-GSK3� (1:5000; Cell Signaling Technology), polyclonal rabbit anti-
phosphorylated Akt (1:5000; Ser473; Cell Signaling Technology), polyclonal
rabbit anti-Akt (1:5000; Cell Signaling Technology), polyclonal rabbit
anti-ubiquitin (1:100; Santa Cruz Biotechnology), polyclonal rabbit anti-
phosphorylated eIF4E binding protein 1 (4EBP1; 1:2000; Cell Signaling
Technology), and polyclonal rabbit anti-4EBP1 (1:2000; Cell Signaling
Technology). Membranes were developed using the Enhanced Lumines-
cence kit (Thermo Fisher Scientific). Bands were semiquantified (NIH Im-
age J), and relative abundance of a particular protein was normalized to
GAPDH.

Statistical analysis. Results are expressed as mean 	 SE. Sample size
ranged from three to six, depending on the experiment. Data were ana-
lyzed using two-tailed unpaired t test (95% confidence interval) or by

ANOVA test for multiple comparisons, when applicable. p values

0.05 were considered statistically significant.

Results
Muscle atrophy and decreased isometric twitch force in the
twitcher mouse
Twitcher mice develop muscle weakness that progresses to paral-
ysis of the lower limbs (hindlimbs or distal portion of limbs),
most evident by P40. Muscle wasting affects muscles throughout
the hindlimb, including the gastrocnemius, soleus, and TA mus-
cles (Fig. 1B, arrows). To quantitate muscle wasting, we dissected
and measured the mass of gastrocnemius muscles at different
postnatal time points. Muscle wasting was significant as early as
P15 and with a muscle mass decrease of �50% by P45 (Fig. 1C).
To test whether muscle function was affected, we measured the

Figure 1. Muscle atrophy in the twitcher mouse. A, B, D, E, Representative pictures of the right leg of P30 twitcher (Twi, A, B)
and wild-type (WT, D, E) mice. A reduction in mass is visible in twitcher muscles (arrows). C, The weight of the twitcher gastroc-
nemius muscle was quantitated at P7, P15, P30, and P45. n � 4 – 6 mice per genotype per time point. *p 
 0.05, ANOVA.

Figure 2. Decreased isometric force, fibrosis, and decreased fiber size in twitcher mice. A, Measurement of isometric twitching
force was done on TA muscles of twitcher (Twi) and wild-type (WT) mice at P15 and P30. Force (in grams) was normalized against
the mass of the muscle (in milligrams). n � 3 muscles per genotype per time point. *p 
 0.01, ANOVA. C, E, Fibrosis was
histologically visible after Gomori’s trichrome staining of coronal sections of gastrocnemius muscles. B, D, F, Hematoxylin– eosin
staining served to quantify reductions of fiber cross-sectional area (asterisks in B) in serial coronal sections of gastrocnemius
muscles. n � 3 muscles per genotype per time point.
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maximal isometric force generated during a repeated train of
nerve stimuli of TA muscles. Isometric twitching forces were sig-
nificantly reduced as early as P15 (Fig. 2A).

Fibrosis and reduction of muscle fiber size in the
twitcher mouse
Gomori’s trichrome staining revealed abundant deposits of col-
lagenous material between mutant fibers in gastrocnemius mus-
cles (Fig. 2C, arrows). Large numbers of clustered nuclei were also
observed in the deposits, possibly indicating proliferating fibro-
blasts or infiltrating inflammatory cells. Signs of regeneration
(e.g., central nuclei) were absent.

Fiber size analysis was done using serial sectioning along the
longitudinal axis of the gastrocnemius muscle. Small-sized fibers
were frequent in the twitcher muscle as early as P15 (Fig. 2B,
asterisks). Measurement of the cross-sectional area showed that
increases of the cross-sectional area were significantly greater in
wild-type mice (Fig. 2F). No significant difference was measured
between muscle fibers obtained from twitcher mice and wild-

type mice at P7. However, at P15 and P30, there were significantly
fewer large-caliber (�700 �m 2) fibers in twitcher mice.

Axonal death and NMJ atrophy without major denervation in
twitcher muscles
Previous findings proved that twitcher peripheral nerves are af-
fected by axonopathy (Castelvetri et al., 2011), a condition that
could lead to the inactivation of the nerve terminals, and dener-
vation. To investigate this possibility, first we analyzed how the
disease affects the NMJ in distal muscles. Longitudinal sections of
P7, P15, and P30 from soleus muscles were isolated from the
twitcher–YFPax mouse, which allows detailed confocal analysis
of YFP� axons (Castelvetri et al., 2011). Sections were labeled
with Alexa Fluor-555 BTX, which binds to the �-subunit of the
AChR. Confocal imaging of BTX�/YFP� NMJ showed typical
pretzel-like ramified structures in twitcher muscles, many of
which were smaller than control NMJs (Fig. 3A,C,F–H). Unex-
pectedly, denervation (e.g., absence of BTX costaining of YPF�

endplates) was a rare finding in muscles from sick (P30) mutants

Figure 3. Absence of denervation in twitcher muscles. A–K, NMJs were detected by confocal imaging using soleus muscle preparations from the twitcher–YFPax and wild-type (WT)
YFPax reporter mouse models at P7 (A, B), P15 (C, D), and P30 (F–K ) after staining postsynaptic neuromuscular membranes with Alexa Fluor-555 BTX (in red). Arrowhead points to a
denervated NMJ in twitcher (TWI) muscle. L–R, Endplates were studied in whole-mount preparations of mutant and wild-type diaphragm muscles. Axons were labeled using anti-NF-M
antibodies (in red) and Alexa Fluor-488 BTX (in green) and analyzed by confocal imaging and orthogonal reconstructions (planes x–z, y–z). E, O, The proportion (as percentage of the
total) of complete denervated (BTX �/YFP �) and innervated (BTX �/YFP �) endplates in P30 soleus (E) and P35 diaphragm (O) muscles was calculated and found not significantly
different in twitcher mice (n � 30 –50 NMJs per genotype).

Cantuti-Castelvetri et al. • Neuromuscular Degeneration in Krabbe Disease J. Neurosci., January 28, 2015 • 35(4):1606 –1616 • 1609



(Fig. 3F–H, arrowhead) and completely
absent at younger ages. Quantitative anal-
ysis confirmed the absence of significant
denervation (Fig. 3E). To study denerva-
tion in proximal muscle groups and to
control for any potential artifact that the
YPF transgenic may have introduced,
diaphragms from sick (P35) parental
non-YFP twitcher mice and age-matched
wild-type littermates were colabeled for
NF-M (in red) and BTX (in green). Confo-
cal orthogonal analysis showed similar find-
ings, with smaller NF-M� axonal branches
but nonsignificant denervation in twitcher
diaphragms (Fig. 3L–N, quantitation in O).
Confocal analysis did not reveal any sign of
collateral branching in either in the twitcher–
YFPax or twitcher background.

Although denervation was not signifi-
cant, we found axonal terminals in twitcher
NMJ containing high levels of active
caspase-3 (Fig. 4E–G, arrowhead). Activa-
tion of caspase-3 became significant as early
as P15 (Fig. 4K). These results were in agreement with our previous
report showing that caspases are activated in sciatic nerve axons from
twitcher mice (Smith et al., 2011). Interestingly, mutant muscle cells
did not stain for active caspase-3, suggesting that caspase-3-
mediated apoptosis is not a major component of muscle atrophy.
This result was confirmed by the absence of TUNEL� muscle fibers
from twitcher mice (data not shown).

Confocal 3D reconstruction was performed to measure for
changes in NMJ surface and volume measured. Figure 5A shows
a reconstructed image of small NMJ from a P30 twitcher mouse.
Small NMJs accounted for only 10% of the total number of NMJs
in wild-type muscles but for �30% of the total number of NMJs
in twitcher muscles (Fig. 5B). Mutant small NMJs had significant
reductions in total surface (Fig. 5C) and volume (Fig. 5D).

Expression of AChR-� characterizes failures in MEPPs in the
twitcher muscle
These results suggested that dysfunctional NMJs rather than de-
nervation and muscle death mediate muscle atrophy in the
twitcher mouse. To study this in more detail, we analyzed for
changes in the subunit composition of the AChR. Gene expres-
sion analysis revealed a significant increase in AChR-� mRNA
levels in mutant gastrocnemius as early as P15 (Fig. 5E). AChR-�
subunit upregulation has been shown to occur subsequent to
dysfunctional neuromuscular transmission (Pinter et al., 1995;
Balice-Gordon et al., 2000; Kong et al., 2009) and is likely attrib-
uted to the same process in twitcher mice.

To measure for changes in neuromuscular transmission, we
examined the properties of MEPP in nerve–muscle preparations.
Control values obtained from wild-type mice were similar to
those reported previously (Ribchester, 2011). As expected, there
was a progression in the severity of the changes in electrophysio-
logical events in twitcher mice from P15 to P30 (Fig. 6). The most
significant change at P15 was a decrease in the frequency of
MEPPs (Fig. 6D) and an increase in the rate constant of decay of
the MEPPs compared with wild type (Fig. 6H). At P30, twitcher
mice showed increased MEPP amplitude (Fig. 6J), decreased
MEPP frequency (Fig. 6L), and increased rate constants of rise
(Fig. 6N) and decay (Fig. 6P). Altogether, the changes in the

properties of MEPPs reflect presynaptic and postsynaptic altera-
tions and suggest that the neurotransmitter is released from the
presynaptic terminal less frequently in the twitcher mouse. These
observations also support a change in AChR sensitivity, likely

Figure 4. Axonal terminals and NMJs express high levels of activated caspase-3 in the twitcher soleus muscle. A–J, Levels of
activated caspase-3 (a-Casp.3, in red) were determined by immunohistochemistry of NMJs after confocal imaging using soleus
muscle preparations from the twitcher–YFPax and wild-type (WT) YFPax reporter mouse models at P7 (A, B), P15 (C, D), and P30
(E–J ). Arrowhead points to NMJs with activated caspase-3 in twitcher (TWI) muscle. K, The proportion (as percentage of the total)
of NMJs with detectable levels of active caspase-3 was calculated in muscle preparations at P7, P15, and P30. n � 3 muscles per
genotype per time point. *p 
 0.01, ANOVA.

Figure 5. Soleus NMJs are atrophied in twitcher mice and re-express the AChR-� subunit.
A–D, The morphology of NMJs was determined by 3D confocal reconstruction of soleus muscle
preparations from the twitcher–YFPax and wild-type YFPax reporter mouse model at P30.
Images in A show two stereotypical reconstructed images for a twitcher (TWI) and wild-type
(WT) NMJ. Images are at the same magnification. Arrows point to the axonal terminals of the
junctions. The frequency of smaller NMJ (as percentage of the total, B), the exposed surface area
(in square micrometers, C), and total volume (in cubic micrometers, D) were calculated. n � 3
muscles per genotype. *p 
 0.05, t test). E, The expression of the � and � AChR subunit mRNA
wasanalyzedbyreal-timePCRinRNAextractsfromtwitcher(TWI)andwild-type(WT)gastrocnemius
muscles at P7, P15, and P30. Data are expressed as fold changes in twitcher over wild type.
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because of the increase in expression of the AChR-� subunit
(Vohra et al., 2006; Fig. 5E).

Decrease in Akt activity in the twitcher muscle
The previous findings show a progressive failure of the twitcher
NMJ. This might negatively affect muscle physiology, leading to
downstream metabolic changes that further compromise muscle
maintenance. The growth of skeletal muscles is regulated by the
balance between hypertrophy (anabolic) and atrophy (catabolic)
signals. The kinase Akt emerged as a pivotal regulator of this
balance (Bodine et al., 2001). To study whether the Akt pathway
is altered in muscle from twitcher mice, phosphorylated Akt
(ser473) levels in muscle were determined. Phosphorylation on
ser473 is required for Akt activation and is therefore a useful
indicator of the activation state of the kinase in muscle. As ex-
pected, levels of phosphorylated Akt increased in wild-type mus-
cles (Fig. 7A,B). In contrast, phosphorylation was significantly
reduced in P15 (�70%) and P30 (�80%) mutant muscle extracts
(Fig. 7A,B), suggesting a decreased activation of Akt. Measuring
phosphorylation levels (Ser9) of the Akt-downstream target
GSK3� is an indirect reading for Akt activity. Figure 7, A and E,

underlines that muscles from twitcher mice have reduced levels
of phosphorylated GSK3� as early as P15.

Repression of the protein synthesis machinery and increase in
protein degradation
Downregulation of Akt activity negatively affects the activity
of the translational repressor 4EBP1 (Bodine et al., 2001).
Dephosphorylated 4EBP1 prevents the initiation of mRNA
translation, therefore inhibiting protein synthesis. Levels of
phosphorylated 4EBP1 were decreased in the muscle from
twitcher mice, with significant reductions (�60%) observed
at P30 (Fig. 7D). Loss of Akt activity also stimulates the ex-
pression of atrogin-1 [muscle atrophy F-box (MAFbx)], a
muscle-specific ubiquitin ligase that is upregulated in several
models of muscle atrophy and is thought to mediate the deg-
radation of skeletal muscle proteins. MAFbx RNA levels were
increased �1.5- and �14-fold in P15 and P30 muscle from
twitcher mice, respectively (Fig. 7C). MAFbx increase suggests
the overactivation of the ubiquitination system and, conse-
quently, of the proteasome degradation pathway. High levels

Figure 6. Extensor digitorum longus motor units exhibit synaptic failure in twitcher mice. MEPPs were recorded continuously on preparations of extensor digitorum longus isolated from P15
(A–H ) and P30 (I–P) twitcher (Twi) and wild-type (WT) mice (n � 6 mice per genotype). Amplitude (in millivolts, B, J ), frequency (in events per second, D, L), and rise (F, N ) and decay (H, P)
constants (in milliseconds) were calculated at each time point. Distribution histograms are shown in A, C, E, G, I, K, M, and O, indicating the number of muscle cells studied for each parameter. *p 

0.01, t test.
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of ubiquitinated proteins in twitcher muscle extracts further
confirmed this hypothesis (Fig. 7A).

Psychosine as a contributor to muscle dysfunction in the
twitcher mouse via Akt repression
GALC deficiency leads to the accumulation of psychosine, which
affects several signaling enzymes, such as GSK3� and protein
kinase C. We asked whether psychosine could also contribute to
muscle dysfunction. Psychosine levels were measured in acutely
enriched primary cultures of differentiated myotubes prepared
from wild-type and twitcher pups at P3. Tandem mass spectrom-
etry revealed a twofold increase of psychosine in mutant myo-
tubes (Fig. 7F), suggesting that mutant muscles accumulate
psychosine in situ. Additional measurements showed that psy-
chosine accumulated in distinct twitcher muscles early after birth
(Fig. 7G). Moreover, psychosine was also elevated in the GLD dog
gastrocnemius muscle (Fig. 7H), indicating that this phenotype is
not species dependent but is disease related. Finally, to study
whether psychosine affects the Akt phenotype observed in mu-
tant muscles, acutely enriched cultures of wild-type myotubes
were incubated with psychosine before determination of levels of
phosphorylated (Ser473) Akt. Figure 7I shows that psychosine-
treated myotubes contained significantly lower levels of phos-
phorylated Akt. These results underline the possibility that in situ
accumulation of psychosine in mutant muscle fibers contributes
to Akt inactivation and muscle wasting.

Discussion
This study reports key elements of a complex pathogenic mech-
anism affecting the function, structure, and growth of skeletal
muscles in Krabbe disease. Our results identified both presynap-
tic and postsynaptic defects in the NMJ of the twitcher mouse and
indicate that psychosine contributes to muscle pathology by de-
creasing Akt in mutant muscles.

Motor deficiency is a hallmark in all untreated Krabbe patients
(Krabbe, 1916), who undergo hypokinesia, muscle wasting, and at-
rophy. The twitcher mouse displays similar problems with twitch-
ing, hypokinesia, muscle loss (particularly in hindlimbs), and
eventually paralysis (Duchen et al., 1980; Kobayashi et al., 1980;
Castelvetri et al., 2011). Although muscle wasting is an expected

outcome in most leukodystrophies, the structural, functional, and
metabolic changes underlying muscle defects in Krabbe disease were
unexplored. An understanding of muscle pathology is essential to
developing therapies that address all signs of disease, including
myopathy.

In this study, we demonstrate that twitcher muscles are fi-
brotic and contain fewer large fibers, and remnant fibers are
weaker. Fibrosis is an important component in myopathies
(Mendias et al., 2012) and is often observed after denervation, as
a response to replace muscle cell loss. However, our study did not
find evidence of major denervation in twitcher mice. Denerva-
tion was not significantly high even in very sick mice undergoing
more evident signs of paralysis of the lower limbs. Muscle atro-
phy in the absence of clear denervation has been observed in
some conditions, such as myasthenia gravis and Lambert-Eaton
myasthenic syndrome (Pinter et al., 1995; Balice-Gordon et al.,
2000; Kong et al., 2009). One interpretation from these results is
that muscle wasting is a consequence of dysfunctional NMJs
rather than the complete physical loss of NMJ contact.

Structural analyses of twitcher NMJs confirmed the presence
of abnormal endplates with reduced nerve–muscle contact area.
Two potential explanations are that NMJs from twitcher mice do
not undergo complete maturation or they undergo atrophy. Var-
ious factors may contribute to NMJ dysfunction. For example,
activation of effector caspases leads to instability of the endplate
cytoskeleton and NMJ structural alterations (Vohra et al., 2004,
2006). Analysis of activated caspase-3 in twitcher muscle revealed
high levels of activated caspase-3 affecting �70% of NMJs in
symptomatic twitcher mice. Despite this observation, analysis of
cell death activation in twitcher muscle fibers was negative, indi-
cating that cell death of the muscle fiber is not a key element in the
disease. This finding is supported by previous observations of
high levels of this effector caspase in twitcher peripheral axons, in
the absence of major neuronal death in the spinal cord (Castel-
vetri et al., 2011; Smith et al., 2011). Caspase-3, a well known
mediator of cell death, has additional non-apoptotic functions in
the CNS regulating long-term potentiation and synaptic plastic-
ity in the brain (Li et al., 2010; Jo et al., 2011; Forrest et al., 2013).
Although caspase-3 activity is essential for proper development
of synapses, its overactivation has been implicated in several late-
onset neurological disorders with severe synaptic dysfunction (Su
et al., 2001; Martin et al., 2002). Thus, our results suggest that
there is a defect in the maturation (or even partial degeneration)
of the presynaptic component of the NMJ. These defects likely
contribute to postsynaptic changes.

Abnormal NMJ function and decreased conduction of nerve
impulses to muscle could play a role in the immaturity of twitcher
muscles and to the predominance of small muscle fibers found in
this study. Fiber-type disproportion has been observed in chil-
dren with Krabbe disease previously (Martin et al., 1976; Deh-
kharghani et al., 1981; Marjanović et al., 1996). The development
of functional muscle requires connection and activity between
muscle cells and nerve endings (Witzemann, 2006). The contact
and the exchange of signals between growing neurites and muscle
cells direct structural and functional organization of the NMJ
(Punga and Ruegg, 2012). A key event in muscle development is
the switch in gene expression from the � to the � subunits of the
AChR, which represents the transition from the fetal (� subunit)
to the mature (� subunit) form of the AChR. The � subunit is
required for the nerve-induced clustering of the AChR, but its
expression is suppressed when the NMJ is electrically active and
releasing ACh (Numberger et al., 1991; Duclert and Changeux,
1995). Most muscle denervation conditions cause the reappear-

4

Figure 7. Defective Akt signaling drives muscle atrophy in twitcher mice. A–E, Protein ex-
tracts were prepared from gastrocnemius muscles from twitcher (TWI) and wild-type (WT) mice
at P7, P15, and P30. Extracts were immunoblotted for phosphorylated (Ser473; A) and total (B)
Akt, phosphorylated and total 4EBP1 (D), and phosphorylated (Ser9) and total (E) GSK3�.
Real-time PCR measured the abundance of mRNA for the MAFbx gene (C). n � 3 muscles per
genotype per time point. *p 
 0.01, ANOVA. F–H, Psychosine was measured by tandem mass
spectrometry in differentiated cultures of myotubes (F) and total lipid extracts from gastrocne-
mius, gluteus, and diaphragm muscles in twitcher (G) and GLD (H) animals. Age-matched
controls were used for each determination. n � 3– 4 muscles (or culture extracts) per genotype
per time point. *p 
 0.01, ANOVA and t test. I, Cultures of wild-type myotubes were incubated
with 5 �M psychosine (PSY) or with a mock vehicle (0.005% ethanol/PBS) solution before
measuring the level of phosphorylation of Akt by immunoblotting. n � 3 samples per experi-
mental condition point. *p 
 0.05, t test. J, The illustration proposes a mechanistic model of
muscle atrophy in Krabbe disease, including the key elements described by the analyses of the
twitcher mouse. Psychosine is likely acting at multiple levels, by blocking fast axonal transport
(FAT) in motor axons, affecting myelin and Schwann cells in peripheral nerves, and repressing
Akt activation in muscle cells. Deficient electrical conduction at the endplate likely drives the
re-expression of the embryonic AChR-� subunit at the postsynaptic membrane, contributing to
inefficient neuromuscular activity. Reduced endplate activity in conjunction with in situ accu-
mulation of psychosine reduces Akt activity further, driving twitcher muscles toward atrophy
via proteosome degradation and reducing muscle hypertrophy via protein synthesis shutdown.
p, Phosphorylated; t, total.
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ance of the AChR-� subunit, making this a marker of NMJ dis-
ease (Numberger et al., 1991). Because absolute denervation is
not evident in muscles from twitcher mice, it is possible that
mutant muscle fibers attempt to preserve NMJ responses by up-
regulation of the AChR-� subunit. The presence of the AChR-�
subunit helps explain the changes in amplitude and kinetics of
MEPPs. Although responses from mature AChRs are larger than
those of fetal AChRs, the fetal � subunit confers a higher affinity
of the receptor to ACh, especially at low concentrations (Vohra et
al., 2006). Such a low concentration can be achieved by decreas-
ing the frequency of ACh release together with a reduction in the
contact surface and volume of the NMJ. The extended open times
of AChR-� with respect to those measured for AChR-� (Vohra et
al., 2004, 2006; Tews, 2005) support the increase in the rate con-
stant of decay found in our study, particularly during the symp-
tomatic stage of the disease.

Although it seems clear that a major component of muscle
wasting in Krabbe disease is attributable to extrinsic defects af-
fecting the structure and function of axons and NMJs, our results
also reveal possible intrinsic muscle defects. Our findings that
psychosine is accumulated in isolated twitcher myotubes suggest
that it may also interfere with key signals for muscle growth, such
as Akt. The maintenance of a healthy skeletal muscle is highly
dependent on the activity of Akt, which acts as a molecular switch
between protein synthesis and protein degradation, thereby de-
termining the overall growth of muscle mass (Dobrowolny et al.,
2011; Alessi et al., 1996; Bodine et al., 2001; Millino et al., 2009).
The involvement of Akt in neuronal and oligodendroglial defects
in Krabbe disease has been indicated by previous reports (Zaka et
al., 2005; Teixeira et al., 2014), but its role in muscle wasting was
not reported. One of the functional consequences of low Akt
activity in muscle cells is the increase in ubiquitination of muscle
proteins and their degradation (Glass, 2003a,b). Akt regulates
protein degradation via phosphorylation of FoxO transcription
factors, which control the expression of several muscle-specific
ubiquitin ligases, such as muscle ring finger 1 and MAFbx (or
atrogin-1; Sandri et al., 2004; Stitt et al., 2004). In conditions of
low Akt activity, muscle proteins are tagged for proteasome deg-
radation. Akt also regulates muscle growth via mammalian target
of rapamycin and GSK3� activities. Both proteins phosphorylate
components of the translation machinery, therefore regulating
the efficiency of the translation of mRNAs in the muscle cells
(Sandri et al., 2004; Schiaffino et al., 2013) and increasing the rate
of protein synthesis. Accumulation of psychosine in muscle cells
may be a contributing factor to repress muscle growth via Akt
downregulation. Psychosine may also have other additional
pathogenic complications. Psychosine is known to affect mito-
chondrial activity (Strasberg, 1986), but how this translates into
changes of energy metabolism is still unclear. Starvation and low
food intake, which may be a major problem in Krabbe disease, are
known to directly affect glucose and energy metabolism (Meis-
ingset et al., 2013). Energy deprivation, a situation that affects
other myelin diseases (Bakshi et al., 1998; Blüml et al., 2001), may
be an important modulator of the intensity of muscle wasting in
Krabbe disease.

Together with previous reports, our study demonstrates the
existence of a pathogenic mechanism of muscle dysfunction in
Krabbe disease involving (1) decreased peripheral nerve conduc-
tion (Dolcetta et al., 2005), (2) peripheral demyelination (Kondo
et al., 1988) and neuropathy (Smith et al., 2011), (3) activation of
caspases in presynaptic terminals, (4) dysfunctional MEPPs, (5)
altered AChR composition, and (6) repression of the Akt path-
way (Fig. 7J). The finding of low levels of Akt identifies a poten-

tially interesting therapeutic target. In vivo and in vitro studies
have demonstrated that activation of Akt leads to muscle fiber
growth, (Bodine et al., 2001; Pallafacchina et al., 2002; Lai et al.,
2004; Stitt et al., 2004). Thus, ectopic activation of the Akt path-
way via small molecules such as SC79 (Jo et al., 2012) may coop-
erate positively and synergize with hematopoietic replacement
and gene therapy, aiding to prevent motor deterioration in
Krabbe disease.
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