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Abstract

Krabbe disease is caused by a deficiency of the lysosomal galactosylceramidase (GALC)

enzyme, which results in the accumulation of galactosylceramide (GalCer) and psychosine.

In Krabbe disease, the brunt of demyelination and neurodegeneration is believed to result

from the dysfunction of myelinating glia. Recent studies have shown that neuronal axons

are both structurally and functionally compromised in Krabbe disease, even before demye-

lination, suggesting a possible neuron-autonomous role of GALC. Using a novel neuron-

specific Galc knockout (CKO) model, we show that neuronal Galc deletion is sufficient to

cause growth and motor coordination defects and inflammatory gliosis in mice. Furthermore,

psychosine accumulates significantly in the nervous system of neuron-specific Galc-CKO.

Confocal and electron microscopic analyses show profound neuro-axonal degeneration

with a mild effect on myelin structure. Thus, we prove for the first time that neuronal GALC is

essential to maintain and protect neuronal function independently of myelin and may directly

contribute to the pathogenesis of Krabbe disease.

Introduction

Krabbe disease is caused by a deficiency of galactosylceramidase (GALC) [1], a lysosomal acid

hydrolase that catabolizes the lipids galactosylceramide (GalCer) and galactosylsphingosine

(= psychosine). A recent study suggests that acid ceramidase can deacylate GalCer into psycho-

sine [2,3]. In Krabbe tissues, especially within the brain [4], psychosine accumulates to high

levels, triggering membrane destabilization and cell death [5–9]. Other pathologic hallmarks

of Krabbe disease include rapid and progressive demyelination of the central and peripheral
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nervous systems (CNS and PNS, respectively) with diffuse Periodic Acid–Schiff positive multi-

nucleated macrophage infiltration [10] and reactive astrogliosis [11–13].

Since Krabbe disease begins during active myelination and is characterized by extensive

demyelination with relative sparing of the gray matter [14], oligodendrocytes (OLs) have been

regarded as the first and primary cells targeted by the pathology (reviewed in [15]). This demy-

elination should secondarily affect neurons, whose degeneration likely contributes signifi-

cantly to major symptoms of the disease. While myelinating glia have traditionally been

considered as primary drivers of Krabbe pathogenesis and the cause for most neurological

symptoms in Krabbe patients, the extent and contribution for other cell types including neu-

rons remain unknown. In fact, GALC is expressed ubiquitously and peaks at an early develop-

mental period in the brains of postnatal mice [16–19], indicating a possibility that other brain

cells could contribute to the disease. Indeed, evidence suggests that cell types other than OLs

could contribute to Krabbe disease. For example, in an in vitro system, cultured axons become

primarily and progressively dysfunctional in response to psychosine, causing lipid raft cluster-

ing and finally generating a dying-back neuropathy [16,20]. Induced neurons from Krabbe

patient’s fibroblasts had axonal defects that might be caused by neuron-autonomous psycho-

sine accumulation [21], yet whether the neuroaxonal pathology was neuron-autonomous

remains unclear due to the ubiquitous nature of GALC. It was possible cultured neurons were

already conditioned by toxicities from other cell types. Therefore, we previously used

Thy1Cre/ERT2-mediated neuron-specific Galc knockout (KO) mouse model, to study the neu-

ron-autonomous function of GALC without other cells’ effects [17]. Interestingly, we found

that immature neurons are increased in the brain of neuron-specific mutants when GALC is

depleted before developmental myelination starts in mice. However, this induced neuron-spe-

cific Galc KO mouse did not show any pathological symptoms including psychosine accumu-

lation. We hypothesized that this might be due to the inability of Thy1Cre/ERT2 mice to have

sufficient neuronal expression.

To this end, to maximize the ablation effect of Galc in neurons at all times, in this study, we

generated pan-neuronal Galc KO mice using a Galc-flox allele [17] crossed with Syn1Cre sub-

strain that deletes Galc gene constitutively [22,23]. As expected, the Cre activity was quite

robust in most neurons and had a neuropathological phenotype that was not seen in the previ-

ous Thy1Cre/ERT2-mediated Galc KO mouse. This model allowed us for the first time in an in

vivo system to investigate the neuron-autonomous role of GALC and, furthermore, the effects

of neuronal GALC ablation on motor function, biochemical changes, and morphological

abnormalities in Krabbe disease. Notably, we showed a distinct neuro-axonal degeneration

with a marginal effect on myelin structure, implying a neuron-autonomous GALC function.

Results

Galc is efficiently deleted in the neurons of Syn1Cre-mediated Galc KO

mice

To assess the role of GALC in neurons, and its relationship to the pathogenesis of Krabbe dis-

ease, we used a recently developed conditional Galc floxed mouse [17] and a pan-neuronal–

specific Syn1Cre mouse line (JAX#003966) [22,23]. First, we confirmed if the Syn1Cre line is

efficiently and specifically activated in neurons in our hands, although this Cre line is already

characterized in the literature [23]. To examine the spatial pattern and cell specificity, we

crossed the Syn1Cre mice with the reporter line named Translating Ribosome Affinity Purifi-

cation (TRAP) expressing a GFP-tagged L10a ribosomal protein that is activated only in the

presence of CRE [24]. To quantitatively determine the specificity of Syn1Cre activity, cryo-sec-

tioned brains from 2-month-old Syn1Cre; TRAP mice were immunostained with cell type–
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specific markers Olig2 (OL lineage cells), GFAP (astrocytes), IBA1 (microglia), and NeuN

(neurons). More than 80% of TRAP-GFP overlapped with the neuronal marker, but not at all

with the marker for microglia or astrocytes. Unexpectedly, 15% to 20% of TRAP-GFP signals

colocalized with a marker for OLs, Olig2 (Figs 1A, 1B and S1), presumably due to the fact that

Olig2 is also expressed in a subset of motor neurons (MNs) [25]. To further confirm if Syn1Cre
is indeed specific to neurons, we also tested Syn1Cre expression in a second Cre-reporter sys-

tem, the tdTomato mouse (JAX#007905) [26]. The Syn1Cre line was crossed with the tdTo-

mato mice and immunostained with alternative OL markers; CC1, MBP, and CNPase, along

with other cell type markers. The tdTomato was not colocalized with CC1, MBP, CNPase,

IBA1 nor GFAP, but only with NeuN (Figs 1B and S1B). This suggests that Syn1Cre is pre-

dominantly expressed in neurons as opposed to other glial cell types including OLs, although

there is a possibility of rare cryptic recombination in nonneuronal cells that could be a limit of

the Cre-loxP system. In addition, Syn1Cre was active in most brain regions and spanned the

brainstem, cerebral cortex, hypothalamus, and spinal cord (Fig 1C). One noted caveat of our

model system was the moderate expression of Syn1Cre in cerebellar neurons, likely related to

the limited expression of Synapsin1 in neurons of the cerebellum [22,23]. Taken together,

these results suggest that Syn1Cre is specific and widely expressed in most neurons throughout

the murine CNS.

Next, to delete Galc in neurons, we crossed the Syn1Cre line with the Galc-flox mouse [17]

(Fig 2A). To maximize the GALC depletion effect, we used the haplodeficient Galc heterozy-

gote: Syn1Cre; Galc flox/−. To validate the reduction of GALC in the CNS of Syn1Cre; Galc
flox/−, we immunostained the neurons and glia, along with GALC at P15 when the CNS is

Fig 1. Syn1Cre is specific to neurons. (A) Syn1Cre mice were crossed with EGFP/L10a reporter (TRAP) mice, to

study Cre recombination efficiency. Immunohistochemistry on P15 brain shows that TRAP-GFP is expressed mostly

in neurons (NeuN) and far higher than the expression in OLs (Olig2), microglia (Iba1), or astrocytes (GFAP).

Representative images are from cerebral cortex. Scale bars = 100 μm and 30 μm, respectively. DAPI is blue-colored. (B)

Quantification of colocalized TRAP-GFP in each cell type reveals that the majority of TRAP-GFP at P15 is expressed in

neurons. Unexpectedly, approximately 15% of TRAP-GFP signals colocalized with Olig2, presumably due to the fact

that Olig2 is also expressed in a subset of MNs [25]. To further confirm if Syn1Cre is indeed specific to neurons, we

also tested Syn1Cre expression in another Cre-reporter system, tdTomato mice. The tdTomato was not colocalized

with CC1, MBP, CNP, IBA1 nor GFAP, but only with NeuN, suggesting that Syn1Cre is predominantly expressed in

neurons. (C) Quantifications of both colocalized TRAP-GFP and tdTomato in neurons of subanatomical regions

shows that Syn1Cre activity is particularly high in the neurons of brainstem, spinal cord, cerebral cortex, and

hypothalamus, whereas it is marginal in cerebellar neurons, consistent with the fact that granular neurons in the

cerebellum do not express Synapsin I [22, 23]. Data are presented as mean values ± SEM. N = 3. The underlying data

for B and C can be found in S1 Data. MN, motor neuron; OL, oligodendrocyte; TRAP, Translating Ribosome Affinity

Purification.

https://doi.org/10.1371/journal.pbio.3001661.g001
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actively undergoing developmental myelination [27]. This analysis showed a significant reduc-

tion of the percentage of GALC-positive neurons in the CNS of the mutant compared to Galc
+/− control (Fig 2B and 2C). Furthermore, GALC enzymatic activities were measured in total

brain lysates from 6-month-old animals. GALC activity was significantly reduced in Syn1Cre;
Galc flox/−, compared to control (Galc +/−) (Fig 2D). We next measured Galc transcripts

from polysomes, which were purified from total brains of 2-month-old Syn1Cre; Galc flox/−;
TRAP. The level of Galc transcripts was significantly reduced in the Syn1Cre; Galc flox/−;
TRAP mice compared to control Syn1Cre; Galc +/−; TRAP (Fig 2E). In addition, GALC levels

in cultured neurons from the spinal cord of Syn1Cre; Galc flox/− was dramatically reduced

compared to that of controls (Galc +/+ or +/−) (Fig 2F), suggesting a specific Galc deletion in

the neurons of Syn1Cre; Galc flox/−.

Neuron-specific Galc deletion causes a neurological phenotype

The Syn1Cre; Galc flox/− mouse had significantly reduced body weight compared to control

Galc +/−, but did not show any survival change (Fig 3A and 3B). Interestingly, as the Syn1Cre;
Galc flox/− mice aged, we noticed ataxia and bradykinesia as well as a perceivable decrease in

locomotion. Therefore, we performed the rotarod test to assess ambulation and coordination,

Fig 2. GALC protein is efficiently depleted in the neurons of Syn1Cre; Galc flox/−. (A) To delete Galc in neurons,

Galc-floxed conditional allele mouse was crossed with Syn1Cre mouse. (B) Immunohistochemistry on P15 brain and

spinal cord shows that GALC is dramatically reduced in the NeuN-positive neurons of Syn1Cre; Galc flox/−. Scale

bar = 50 μm. (C) Quantification and comparison of GALC-positive cells in the brains of Galc heterozygotes (Galc +/−)

and Syn1Cre; Galc flox/− reveals that GALC protein is efficiently depleted in the neurons of spinal cord, cerebral

cortex, hypothalamus, and pons from the Syn1Cre; Galc flox/− mice. N = 3. Data are presented as mean values ± SEM;
��P< 0.01, ���P< 0.001. (D) GALC enzymatic activities were measured in total brain lysates from 6-month-old

animals. The GALC activity was significantly reduced in the Syn1Cre; Galc flox/− versus control (Galc +/−). N = 3.

Data are presented as mean values ± SEM; �P< 0.05. (E) Galc transcripts were assessed by RT-qPCRs from total RNAs

purified from ribosomes, which were pulled down from the brains of both Syn1Cre; Galc flox/−; TRAP and Syn1Cre;
Galc +/−; TRAP. Galc was dramatically reduced in Syn1Cre; Galc flox/− brains, compared to Syn1Cre; Galc +/−. N = 6.

Data are presented as mean values ± SD; ���P< 0.001. (F) Ventral horn neurons were purified from 12.5 to 13.5

embryos and cultured for 7 days. Immunocytochemistry shows that GALC (green) is much reduced in the neurons

(Tuj1; red), compared to that of control (Galc +/−). Scale bar = 10 μm. The underlying data for C–E can be found in S1

Data. GALC, galactosylceramidase.

https://doi.org/10.1371/journal.pbio.3001661.g002
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at both 2 months and 6 months of age. We found a significant decrease in the ability of the

Syn1Cre; Galc flox/− to perform the test compared to control Galc +/−, and older Galc mutant

animals have more pronounced functional deficits (Fig 3C and 3D), similar to the global Galc-

KO and twitcher (an authentic Krabbe mouse model) mice that display a degeneration of

motor coordination [17]. We also performed a footprint analysis of the Syn1Cre; Galc flox/−
mice to assess locomotive and coordination deficits (Fig 3E and 3F). The Syn1Cre; Galc flox/−
mice had a significant decrease in their stride lengths and precision in their foot placement,

suggesting either a functional motor deficit or a loss of proprioception. Because the hind limb

stride length was more markedly decreased than the forelimb stride length, axonal signaling or

axonal transport could play a role in this behavioral phenotype [28]. Defects in axonal trans-

port have been seen in neurons lacking GALC, which aligns with the observation that the hin-

dlimbs are more affected than the forelimbs, this is likely because of the longer axons

projecting to the hindlimb [20]. The cerebellum plays a role in coordinating motor control

and is also a site of pathology in Krabbe patients [29], but the sensorimotor cortex could also

impact the performance of this test due to its role in proprioception [30]. Further behavioral

testing could help to elucidate the brain regions that are most impacted by the loss of GALC.

Neuron-specific Galc KO brains have morphological signs of

neurodegeneration

Our previous study showed that brainstem region is most affected and has degenerating neu-

rons by global Galc deletion [17]. Therefore, we analyzed thoroughly further the brainstem

Fig 3. Syn1Cre; Galc flox/− mice have motor coordination defects with muscular wasting. (A) Body weight of

Syn1Cre; Galc flox/− mice were dramatically reduced compared to control (Galc +/−). Female animals only were

tested. N = 10 per genotype. (B) Syn1Cre; Galc flox/− mice survives more than 1 year, like control (Galc +/−). N = 15

each genotype. (C, D) Rotarod analysis of 2-month-old (C) and 6-month-old (D) animals shows that Syn1Cre; Galc
flox/− mice had a poor performance, which was initially apparent at 2 months and became more pronounced at 6

months of age. Rotarod was performed with acceleration from 4 rpm to 40 rpm, for 300 seconds or to failure. N = 4 for

Syn1; Galc flox/− and N = 5 for Galc +/−. Female animals only were tested. (E) Representative images of the footprint

analysis of the 1.5-year-old Syn1; Galc flox/− and control (Galc +/−). Purple food-safe dye was used for the hind limbs,

and orange food-safe dye was used for the forelimbs. Each mouse was given 3 trials of the test and the results from test

2 and 3 were pooled. N = 3. (F) Quantification of the footprint analysis shows impaired coordination in both paw

placements, as measured in overlap, and a shorten rear limb stride length. Data are presented as mean values ± SEM; �

P< 0.05, ��P< 0.01. The underlying data for A–D and F can be found in S1 Data. GALC, galactosylceramidase.

https://doi.org/10.1371/journal.pbio.3001661.g003
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region of neuron-specific Galc mutant, to know if neuronal GALC affects neuronal phenotype

autonomously. Interestingly, morphometric analysis of the brainstem from Syn1Cre; Galc flox/
− exhibited a significant increase of degenerating and dying neurons (Fig 4A and 4B). Neuro-

nal cell bodies of the mutants had an increase of vacuoles in the cytoplasm (Fig 4C), suggesting

an increase of autophagic cell death. We also found abnormal lysosomal morphology in the

Syn1Cre; Galc flox/− neurons, exhibiting enlarged and inclusion-filled lysosomes (Fig 4D). In

addition, the median size of axonal diameter was slightly, but significantly, increased in the

neurons from the Syn1Cre; Galc flox/− compared to control (Galc +/−) (Fig 4E). These

enlarged axons may represent swollen axons that precede neurodegeneration [31]. Finally,

lipofuscin, a granule composed of lipid-containing residues of lysosomal digestion, was highly

accumulated in the neurons of 6-month-old Syn1Cre; Galc flox/− mice (Fig 4F), supporting a

possible connection of Krabbe disease to lipofuscinosis and age-related neurodegenerative dis-

eases [32].

Fig 4. Neuron-specific Galc brains have morphological signs of neurodegeneration. (A) Electron microscopic

analysis of the cervical spinal cords from Syn1Cre; Galc flox/− and control displayed an increased number of

degenerating axons that contained many vacuoles (yellow arrows), compared to control (Galc +/−). Scale bar = 4 μm.

(B) Quantification of degenerating axons showed that 20.1% of axons were degenerating in the mutant spinal cords,

whereas only 7.8% of control axons had a degenerating phenotype. (C) Galc-deficient neuronal cells had a significant

increase of vacuoles in the cytoplasm (yellow arrows in A) as compared to WT neurons. (D) Electron micrographs of

mutant neurons and lysosomes (inset boxes in left panels and at higher magnification in right panels) show abnormal

lysosomal morphology and inclusions in the neurons of Syn1Cre; Galc flox/−. nuc, nucleus. (E) The distribution of

axon diameters was also significantly changed in the Syn1Cre; Galc flox/− mice, with a rightward shift, indicating larger

axons. Data are presented as mean values ± SEM; � P< 0.05, ��P< 0.01, ���P< 0.001, and ns, not significant. N = 3

for Galc +/− and 5 for Syn1Cre; Galc flox/−. (F) The signal of lipofuscin, a granule composed of lipid-containing

residues of lysosomal digestion, was significantly increased in the neurons (NeuN) of 6-month-old Syn1Cre; Galc flox/
− mice. The underlying data for B, C, E, and F can be found in S1 Data. GALC, galactosylceramidase; WT, wild-type.

https://doi.org/10.1371/journal.pbio.3001661.g004
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Neuronal swellings and varicosities occur prior to overt CNS demyelination in the twitcher
mouse [16,33]. In addition, neural development is perturbed in Galc-KO brains, before evident

microglial pathology starts. Sometimes, Galc-mutant axons had swellings, breaks, or transec-

tions, indicating severe axonal degeneration [17]. However, due to the ubiquitous nature of

GALC, any previous studies were not able to discern whether these neuro-axonal pathology is

neuron-autonomous or only secondary to other cell’s phenotype such as demyelination. To

test if the abnormal neuro-axonal structures in Krabbe brain are due to the loss of neuron-

autonomous GALC, we used Thy1.1-YFP reporter mice that express YFP sparsely in motor,

sensory, and some central neurons [34]. Confocal analysis of the brains of Thy1.1-YFP crossed

with Syn1Cre; Galc flox/− showed a significant decrease in the density of YFP axons in the

brainstem and cerebellum of the 1-year-old mutant mice compared to control (Fig 5A and

5B). Furthermore, a presynaptic marker, Synaptophysin (SPH), was much less present in the

brain of Syn1Cre; Galc flox/− (Fig 5C and 5D), suggesting abnormal axonal structures in neu-

ronal GALC-deficient brains.

Our previous study showed that temporal Galc deletion in perinatal neurons reduced neu-

ronal maturation [17]. To ask if the neuroaxonal defect in Syn1Cre; Galc flox/− is also due to

the delayed maturation, we assessed T-brain-1 (Tbr1) transcription factor expression in

Fig 5. Neuronal complexity was greatly reduced by neuronal GALC depletion. (A, B) Double transgenic mice of 1-year-old Syn1Cre; Galc flox/−;
Thy1.1-YFP shows that a decrease in the density of YFP neurons/axons in the brainstem and cerebellum, compared to control (Galc +/−; Thy1.1-YFP). Scale

bar = 50 μm. (C) Puncta stained with SPH, a presynaptic marker, were counted by immunohistochemistry on brain sections of 6-month-old Syn1Cre; Galc
flox/−. Scale bar = 50 μm. (D) Quantification of the puncta of SPH shows that their level was dramatically reduced in the cerebellum and brainstem, but not in

the cerebral cortex of Syn1Cre; Galc flox/−, N = 3 per genotype. All data are presented as mean values +/− SEM. Two-way ANOVA with Tukey multiple

comparison tests were used. �P< 0.05, ��P< 0.01 and ���P< 0.001. ns, not significant. (E, F) Immature neuronal marker, Tbr1 expression is significantly

higher in the brainstem of Syn1Cre; Galc flox/− mice, compared to Galc +/−. (G) NeuN-positive neuronal cell bodies were significantly reduced in both

brainstem and spinal cord regions of 1-year-old mutant mice. (H) Immunostaining of cleaved caspase-3 (green) and NeuN (red) revealed that neuronal cell

death is increased in the ventral horn of spinal cord (white arrows) of 6-month-old Syn1Cre; Galc flox/− compared to control. Scale bar = 50 μm. The

underlying data for B, D, F, and G can be found in S1 Data. GALC, galactosylceramidase; SPH, Synaptophysin.

https://doi.org/10.1371/journal.pbio.3001661.g005
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perinatal brains. Tbr1 is highly expressed in immature neurons during brain development and

is gradually decreased as neurons mature [35]. Interestingly, the overall intensity of Tbr1-posi-

tive cells was also higher in the brainstem of Syn1Cre; Galc flox/− compared to control at P5,

and there was a trend toward an increase at P2 (Fig 5E and 5F), suggesting that neuronal mat-

uration delay is one of the factors that generate the phenotype in Syn1Cre; Galc flox/− mice.

Neuronal cell loss was discernible in both brainstem and spinal cord of 1-year-old mutant

mice, which was assessed by counting NeuN-positive neuronal cell bodies (Fig 5G). In line

with the reduction of neuronal cell populations, immunostaining of a cell death marker,

cleaved caspase-3, showed increased neuronal cell death in the spinal cord of Syn1Cre; Galc
flox/− compared to control (Fig 5H). Taken together, these data indicate that the ablation of

neuronal Galc results in neuronal cell degeneration and loss.

Neuron-specific Galc deletion triggers neuroinflammation

A major hallmark of Krabbe disease is neuroinflammatory gliosis such as microgliosis and

astrocytosis. To elucidate if inflammatory markers were up-regulated by neuronal GALC defi-

ciency, we analyzed microgliosis (Iba1 and CD68) and astrocytosis (GFAP) markers by immu-

nohistochemistry on brain sections of 6-month-old Syn1Cre; Galc flox/−. Interestingly, both

CD68 and Iba1 were highly increased in most brain regions, especially in the hindbrain

regions including the pons and cerebellum (Fig 6A and 6B). GFAP was also significantly up-

regulated in the brain of 6-month-old Syn1Cre; Galc flox/− (Fig 6A, 6C and 6D). Furthermore,

transcript levels of inflammatory cytokines were significantly increased in the brain of

6-month-old Syn1Cre; Galc flox/− (Fig 6E). These data suggest that neuron-specific Galc abla-

tion dramatically induces neuroinflammation.

Neurological phenotypes of Syn1Cre; Galc flox/− mice shown in Fig 3, such as ataxia and

bradykinesia as well as locomotive and motor coordination deficits, may imply a possibility of

MN-autonomous pathogenesis. To ask if there is an involvement of MNs in the phenotype of

Syn1Cre; Galc flox/−, MN–specific Galc-CKO mice were generated by crossing Galc-flox with

HB9Cre transgenic mice (JAX#006600) [36]. However, MN–specific HB9Cre; Galc flox/− has

no overt signs of inflammatory gliosis (Fig 6C and 6D). In theory, the lack of a strong pheno-

type may be due to a technical limitation in terms of recombination efficiency of HB9Cre
mice. We think this explanation is unlikely due to the fact that HB9Cre mice are highly effi-

cient (80% to 90%) at recombination in MNs (S2 Fig), which were tested in the tdTomato-

reporter crossed with HB9Cre mice. They suggest that the phenotype of Syn1Cre; Galc flox/−
may be mediated by non-MNs.

Psychosine levels are elevated after neuron-specific Galc deletion

Psychosine accumulation is a major etiological driver of Krabbe disease, capable of inducing

cell death of myelinating cells and neurons [37–39]. It has been suggested that psychosine can

be generated by nonmyelinating cells including neurons in vitro [16,20], although the origin

of the psychosine was not clear due to these neurons being derived from Krabbe tissues where

there is a global loss of GALC. To elucidate the cause of the CNS phenotype in the Syn1Cre;
Galc flox/−, we assessed psychosine level in the spinal cords of Syn1Cre; Galc flox/−, wild-type

(WT; Galc +/+), heterozygotes (Galc +/−), and KO (Galc −/−) mice. High-performance liquid

chromatography tandem mass spectrometry (LC–MS–MS) showed that, approximately 500

pmol of psychosine accumulated per mg of protein in the spinal cords of 6-month-old

Syn1Cre; Galc flox/− mice. This was far higher than the psychosine concentration in control

spinal cords (approximately 50 pmol/mg of protein) (Fig 6F), although it was 30% of the global

Galc-KO level. There was no difference in the level of psychosine between Galc +/+ and Galc
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+/−, indicating that haploinsufficiency is not sufficient to increase psychosine accumulation.

These results suggest that Galc-deficient neurons produce psychosine in vivo, and this can

directly contribute to the pathogenesis of Krabbe disease.

Neuron-specific Galc deletion reduces CNS myelination marginally

To determine if the deficiency of neuronal GALC affects myelination, we also analyzed myelin

thickness and the level of myelin proteins. Interestingly, scatter plots of the g-ratios of individ-

ual fibers in relation to respective axonal diameters and overall averaged myelin g-ratio assess-

ment showed a thinner myelin in the mutants when compared to control littermates (Fig 7A–

7C). Further analysis by immunohistochemistry (Fig 7D and 7E) and western blot analyses

(Fig 7F and 7G) against myelin-specific proteolipid protein (PLP), myelin basic protein

(MBP), and myelin-associated glycoprotein (MAG) showed a significant reduction of myelin

proteins in the brain of Syn1Cre; Galc flox/− compared to control (Galc +/−), suggesting that

neuronal GALC affects myelin maintenance in the CNS. Similar to the lack of phenotype seen

in Fig 6, the MN-specific Galc deletion (HB9Cre; Galc flox/−) did not show any change of mye-

lin proteins (Fig 7F and 7G).

Fig 6. Neuron-specific Galc deleted mice have inflammatory gliosis with the accumulation of psychosine. (A)

Immunohistochemistry on cryo-sections of cerebellar white matter shows activated microgliosis (Iba1 and CD68) and

astrocytosis (GFAP), in the brain of Syn1Cre; Galc flox/−. Scale bar = 100 μm. DAPI is blue-colored. (B) Quantitative

analyses shows that a phagocytic inflammatory marker CD68 was significantly higher in the cerebellum and pons of

Syn1Cre; Galc flox/−, compared to control (Galc +/−) at 6 months old. N = 5. (C) Western blot analysis reveals a

dramatic increase in the marker of astrocytosis (GFAP) in the brain of Syn1Cre; Galc flox/−. MN-specific HB9Cre; Galc
flox/− has no increase of GFAP level in the brain. (D) Quantification of the protein band density shows an increase of

GFAP in the Syn1Cre; Galc flox/−, but not in HB9Cre; Galc flox/−, compared to control (Galc +/−). (E) Quantitative

reverse-transcriptase PCR analyses of inflammatory cytokines shows that there was a significant increase in TNFα and

MCP-1 and moderate up-regulation of IL-1b, MMP-3, Arginase-1, IL-6 and TGFβ. N = 3 for Galc +/−, N = 4 for

Syn1Cre; Galc flox/−, with 3 technical replicates. Data are presented as mean values ± SEM; � P< 0.05, ��P< 0.01,
���P< 0.001, and ns, not significant. (F) Psychosine was measured in the cervical spinal cords of 6-month-old each

substrain, except Galc −/− which were moribund P37-38. Psychosine level is significantly increased in the Syn1Cre;
Galc flox/− compared to both Galc +/+ and Galc +/−, although its level is only a third of the full KO Galc −/−. N = 7 for

Syn1Cre; Galc flox/− and N = 3 for others. Data are presented as mean values ± SEM; �P< 0.05, ��P< 0.01,
���P< 0.001, and ns, not significant. The underlying data for B and D–F can be found in S1 Data. GALC,

galactosylceramidase; KO, knockout; IL, interleukin; MN, motor neuron; TGFβ, transforming growth factor beta;

TNFα, tumor necrosis factor alpha.

https://doi.org/10.1371/journal.pbio.3001661.g006
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We previously found that Galc expression is required for the proliferation of the OL popula-

tion during brain development, although it was not affected by Thy1Cre/ERT2-mediated neu-

ronal Galc ablation [17]. In this study, using Syn1Cre that causes constitutive deletion of

neuronal Galc, we asked if the myelination change in the mutant is due to the effect of neuro-

nal GALC on gliogenesis. In line with our previous result, analysis of Olig2-positive cell popu-

lations in the brainstem of Syn1Cre; Galc flox/− mice at perinatal P2 and P5 did not show any

difference in the number of OL lineage cells (Fig 7H). This suggests that the myelin phenotype

in Syn1Cre; Galc flox/− may not be due to gliogenesis, but instead toxicity from GALC-defi-

cient neurons such as psychosine.

As we and other groups reported, peripheral Galc-KO fibers are thinner and have myelin

abnormalities, including myelin ovoids and sometimes onion bulbs, structures suggestive of

ongoing demyelination and remyelination [20,40,41]. Therefore, to investigate if similar path-

ogenesis is triggered in the PNS of Syn1Cre; Galc flox/− mice, sciatic nerves of 6-month-old

animals were analyzed. Syn1Cre was active in neuro-axons of the sciatic nerve (S3A and S3B

Fig). At 6 months of age, Syn1Cre; Galc flox/− nerves did not show any signs of demyelination

and other pathological hallmarks, such as myelin infolding, outfolding, decompaction, or

onion bulbs compared with Galc +/− control (Fig 8A and 8B). The sciatic nerves of Syn1Cre;
Galc flox/− did not have an increase in the number of unmyelinated axons, which was assessed

by counting both myelinated and unmyelinated axons in entire nerves (Figs 8B and S3C).

Also, as shown by g-ratio measurement, there was no change in the peripheral myelin thick-

ness (Fig 8C and 8D) nor in the distribution of axonal diameter (Fig 8E), suggesting that the

PNS is minimally or not affected by neuronal GALC.

Fig 7. Myelin and myelin proteins are marginally reduced in the brain of Syn1Cre; Galc flox/−. Electron

microscopy analysis of the cervical spinal cords (A) and their morphometry g-ratio quantifications (B, C) from

6-month-old Syn1Cre; Galc flox/− and controls (Galc +/+ and +/−). The myelin sheaths were significantly thinner in

Syn1Cre; Galc flox/− versus controls; the mean g-ratio of Galc +/− was 0.72, whereas that of the mutant was 0.76. All

data are presented as mean values ±SD. Welch t test was used; ���P< 0.001. The box bounds in the box plots for the g-

ratio are 25th and 75th percentiles, the center lines are median value, and the whiskers are 0.05 and 0.95 percentiles.

(D) Immunohistochemistry on brain sections shows that a decrease in the level of myelin protein PLP in the brains of

6-month-old Syn1Cre; Galc flox/−, compared to control (Galc +/−). Scale bar = 100 μm. (E) Quantification of PLP

level, measured by averaged integrated signal intensity, reveals a trend of reduction in the mutant brain. (F) Western

blot analysis revealed that myelin proteins such as MBP and MAG were reduced in the pan-neuron specific mutant

Syn1Cre; Galc flox/−, but not in the MN mutant HB9Cre; Galc flox/−. (G) Quantification of the protein band density

shows the dramatic reduction of MBP and MAG levels in the Syn1Cre; Galc flox/−, but not in HB9Cre; Galc flox/−,

compared to control (Galc +/−). (H) Immunohistochemistry of Olig2-positive cells shows that there was no change in

the number of OL lineage cells in the brainstem of Syn1Cre; Galc flox/−, compared to Galc +/−. N = 3. Data are

presented as mean values ± SEM; �P< 0.05, ��P< 0.01, ���P< 0.001, and ns, not significant. The underlying data for

B, C, E, G, and H can be found in S1 Data. GALC, galactosylceramidase; MAG, and myelin-associated glycoprotein;

MBP, myelin basic protein; MN, motor neuron; PLP, proteolipid protein.

https://doi.org/10.1371/journal.pbio.3001661.g007
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Discussion

We previously identified a critical perinatal period of vulnerability to GALC depletion in mice

by inducing ubiquitous Galc ablation at various postnatal time points. During this vulnerable

period, neuron-specific GALC influenced neuronal differentiation without affecting the OLs

population. These data led to the discovery of a novel neuronal cell-autonomous role for

GALC, which is sufficient to delay neuronal maturation. However, the induced neuron-spe-

cific Galc KO mouse did not show any pathological symptoms such as psychosine accumula-

tion [17] or gliosis (S4 Fig). We suspected that this was because Thy1Cre/ERT2, while specific,

was expressed in only a small subset of neurons, as many ERT-mediated Cre drivers are spe-

cific but lack robust and widespread Cre expression. Here, we decided to use the Syn1Cre
mouse as a robust Cre driver among most neurons. In this study, we showed that GALC has a

neuron-autonomous role, and its absence in neurons triggers neuro-axonal degeneration and

subsequent inflammatory demyelination by affecting other brain cells.

Considering the more severe phenotype of the Syn1Cre; Galc flox/− mice compared to the

previous Thy1Cre/ERT2; Galc flox/− model, the depletion of neuronal GALC is likely multifac-

torial wherein the constitutively active Syn1Cre is able to elicit further pathological conse-

quences beyond the delayed neuronal maturation phenotype of the critical perinatal period

observed in both models. (Fig 5E and 5F). It is possible that a specific type of CNS neuron is

crucial for the phenotype of Syn1Cre; Galc flox/−. Since MN-specific HB9Cre; Galc flox/− mice

had no abnormal phenotype (Figs 6 and 7), the critical neurons in the Syn1Cre; Galc flox/−
pathology are likely non-MNs based in the CNS. Our prior study [17] revealed a subregion of

the brainstem in which perinatal GALC is important. Therefore, our findings suggest that neu-

ronal GALC has a primary role in neuronal homeostasis.

Disruption of neuronal homeostasis (Fig 4), caused by the ablation of neuronal GALC,

influences myelin thickness and myelin protein levels (Fig 7). This happens, at least in part,

Fig 8. Sciatic nerve did not show any morphological change. (A) Representative semi-thin sections of P180 sciatic

nerves from Syn1Cre; Galc flox/− (N = 5) and control (N = 3). Scale bar = 10 μm. (B) Myelin abnormalities were not

significantly increased in the mutant. (C–E) Peripheral myelin thickness and distribution of axonal diameter were not

changed in the Syn1Cre; Galc flox/−, compared to control (Galc flox/−). N = 5. All data are presented as mean values

+/− SEM. Two-way ANOVA with Tukey multiple comparison tests were used. �P< 0.05, ��P< 0.01 and
���P< 0.001. ns, not significant. The underlying data for B–E can be found in S1 Data. GALC, galactosylceramidase.

https://doi.org/10.1371/journal.pbio.3001661.g008
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independently of GALC absence in myelinating cells. No change in the number of OL lineage

cells in the perinatal brains of Syn1Cre; Galc flox/− indicates that the myelin phenotype in

Syn1Cre; Galc flox/− may not be due to loss of gliogenesis but presumably toxicity from

GALC-deficient neurons such as psychosine (Fig 7H). A recent publication from Reiter and

colleagues [42] demonstrated appreciable levels of psychosine in extracellular vesicles of the

twitcher mouse, providing proof of concept to the idea that psychosine of neuronal origin may

influence the health of neighboring cells. Alternatively, in line with recent studies showing that

electrically active neurons can signal nearby OPCs to initiate proliferation and/or differentia-

tion to mature OLs in response to environmental cues [43], it is possible that deletion of Galc
in neurons alters neuronal activity and its effect on myelination. Moreover, it is possible that

the survival of OLs may be dependent on the presence of healthy axons as shown by the death

of approximately 50% of OLs in the optic nerve due to loss of axonal substrate [44]. Further-

more, the signals from axons that promote myelination must also be considered. Neuronal sig-

nals, such as neuregulins, Notch-1, neurotrophins, and polysialylated-neural cell adhesion

molecules, from the axonal membrane regulate myelination, integrating signals from multiple

axons, with different caliber and electrical activity (reviewed in [45]). In addition, neurons and

glia interact via extracellular vesicles called exosomes that carry a variety of metabolites, pro-

teins, lipids, mRNAs, and miRNAs [46]. Since these secretory organelles share the common

lysosomal pathway, it is conceivable that dysfunctional lysosomal secretory pathways in neu-

rons caused by Galc deletion may trigger aberrant communication between neurons and OLs,

eventually affecting myelination.

We are the first to show that psychosine is accumulated in vivo in the Galc-deleted neurons

(Fig 6F) and is accompanied by axonal degeneration and mild myelin loss, proving that neu-

rons could be one of the primary cell types targeted by the pathology independently from

other cell type contributions. The psychosine accumulation was not seen in our previous study

using Thy1Cre/ERT2-mediated Galc ablation [17]. This discrepancy might be due to the fact

that Thy1Cre/ERT2 only mediates temporal GALC depletion with tamoxifen whereas Syn1Cre
is constitutively active. It may be the case that a majority of neuronal psychosine is generated

early in neurogenesis when neurite extension and membrane synthesis is at its height. If that is

the case, then the Thy1Cre/ERT2 model would miss the window of peak neuronal psychosine

formation whereas Syn1Cre would permit psychosine generation prenatally. Furthermore,

considering the transient persistence of tamoxifen, while many neurons would be subject to

recombination, the effects of this could be diluted out by neurons differentiated past this win-

dow. The accumulation of psychosine is proposed to be responsible for significant pathology

found in Krabbe disease. Psychosine can intercalate into membrane microdomains in the

brain of Krabbe patients, disrupting the lipid raft structure [5], which is highly enriched in sig-

nal-transducing proteins and thus affects multiple signaling pathways critical to neuronal

development, function, and axonal guidance [47, 48]. Specifically, psychosine abolishes the

protein kinase C signal pathway [5], which is critical for synaptic plasticity as well as myelina-

tion in OLs [49,50]. Psychosine also impairs the axonal transport and synaptic structures by

dephosphorylating neurofilaments [51,52]. Since synaptic terminals are most exposed to astro-

cytic and microglial processes, accumulation of psychosine at the synapse would trigger a cas-

cade of responses leading to exacerbated neuroinflammation [53,54] and neurodegeneration

as seen in the neuron-specific Galc-CKO brain (Figs 4 and 6). This possibility is also supported

by a recent finding that GALC-deficient immature neurons are more vulnerable to accumu-

lated psychosine, less responsive to external signals, and eventually eliminated [17,55]. Last, it

is possible that psychosine may alkalize the lysosomal pH in GALC-deficient neurons, as

shown in Galc-KO OPCs [8]. It is likely that the lysosomal reacidification that rescued OPC

proliferation would be beneficial to neuronal health as well. However, despite a significantly

PLOS BIOLOGY Neuronal GALC Function

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001661 July 5, 2022 12 / 25

https://doi.org/10.1371/journal.pbio.3001661


reduced body weight along with the neurological phenotype, neuron-specific Galc-CKO mice

did not show a reduced life span as with the global Galc-KO [17] (Fig 3), indicating that the

nonneuronal autonomous process is critical to make a full Krabbe disease phenotype.

Psychosine is known to be formed in at least 2 different ways: by ceramide galactosyltrans-

ferase (UGT8) via galactosylation of sphingosine [14], or by acid-ceramidase with deacylation

of GalCer [2]. While it is true that UGT8 is highly enriched in OLs and Schwann cells, there is

evidence via in situ hybridization that the UGT8 transcript exists at low levels in particular sub-

sets of neurons including in the deep cerebellar nuclei, lateral cerebellar nuclei, and lateral ves-

tibular nuclei [56]. These neurons should therefore have the capability for de novo (and

autonomous) synthesis of psychosine from galactose and sphingosine. Alternatively, it is possi-

ble that psychosine can be generated from neuronal GalCer. Our preliminary colocalization

study of GalCer (O1 antibody) with Npas4 (neuronal marker) in the murine brain shows the

presence of neuronal GalCer (S5 Fig), suggesting GalCer is a component of neuronal cell

membranes. A number of studies highlight the importance of GalCer in neurons. In juvenile

neuronal ceroid lipofuscinosis, which is caused by mutations in the CLN3 gene, neuronal Gal-

Cer expression and transport is important and thus a defect in the anterograde transport of

GalCer from the trans-Golgi to lipid rafts of plasma membrane affects the proper composition,

structure, and function of plasma membranes, which, in turn, leads to deregulation of cer-

amide levels with an end effect of increased neuronal apoptosis [57]. Since acid ceramidase is

expressed ubiquitously, it is conceivable that psychosine can be generated from the deacylation

of neuronal GalCer [2]. Last, recent evidence indicating the presence of OL-derived exosomes

that traverse the periaxonal space to be internalized by axons could provide a source of extra-

neuronal GalCer [58]. These exosomes have been shown to deliver the NAD-dependent deace-

tylase SIRT2 to promote local ATP production. The import of these transcellular exosomes

can provide a route for GalCer to be ushered into neurons, which could be exacerbated in the

case of axonal dysfunction.

Although Syn1Cre; Galc flox/− mice had neuronal pathology with central myelination

defects, they did not show overt signs of demyelination or other pathological hallmarks in the

PNS. These mice had largely unchanged nerve morphology including normal axonal numbers

and density, as well as normal myelin thickness and appearance. This is surprising, as Syn1Cre
was efficiently expressed in the PNS (Figs 8 and S3). Widespread demyelination and edema

are prevalent in the peripheral nerves of Krabbe models and patients [20,40,41]. Of note, Teix-

eira and colleagues [20] showed that the sciatic nerves of twitcher mice had fewer axonal num-

bers before demyelination and endoneurial edema was evident, which seems not caused by a

developmental impairment since the axonal density was not changed at birth. Our prior work

[40] also showed that axonal reduction of global Galc KO nerves was quantified to approxi-

mately 10% in the entire nerve cross-section. The discrepancy between the current study and

other previous studies may imply that the reduced myelinated axons in the twitcher model is

caused not only by neuron-autonomous GALC but also by other cells’ effects and interplay

including myelinating cells.

Lipofuscin pigment granules, which reflect lipid-containing residues of lysosomal digestion,

are found in the cytoplasm of neurons in patients with neurodegenerative diseases like Alzhei-

mer, Parkinson, and some lysosomal storage diseases [32,59]. We found increased levels of

lipofuscin in the brains of Syn1Cre; Galc flox/− mice (Fig 4F), suggesting an underlying simi-

larity between this mouse model and other neurodegenerative diseases. In line with this, the

GALC gene was found to be a disease risk locus for Parkinson disease, along with other lyso-

somal genes such as glucocerebrosidase (GBA) [60]. Therefore, lysosomal dysfunction is likely

involved in the underlying pathogenesis of Parkinson disease. Furthermore, the role of lyso-

somal biology in the degradation of protein aggregates has recently emerged in the risk of
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developing Parkinson disease. The most common Parkinson disease–related mutation is GBA,

the enzyme defunct in Gaucher disease, with many patients and carriers of Gaucher disease

develop Parkinsonian symptoms in later life (reviewed in [61]). It is therefore reasonable to

suspect that perturbed lysosomal function of dopaminergic neurons may be related to the

pathology and symptoms of Syn1Cre; Galc flox/− mice. These data would also correlate with a

number of recent studies that show GALC deficiency is associated with other pathologic signs

of Parkinson disease [62–64]. The aggregated forms of alpha-synuclein and ubiquitin, which

are involved in the formation of Lewy bodies in Parkinson disease, are accumulated in the

brains of both Krabbe patients and the twitcher mouse model. Therefore, our findings of the

increased lipofuscin and lysosomal inclusions in the brains of Syn1Cre; Galc flox/− mice sug-

gest a potential role of neuronal GALC in age-related neurodegenerative diseases.

Using Thy1.1-YFP reporter mice that can visualize neuro-axonal structures [34], we found a

dramatic reduction of YFP signals in the neuron-specific Galc-CKO brain (Fig 5A and 5B), simi-

lar to the phenotype seen in global Galc-KO animal models [17]. The parallel finding of decreased

presynaptic SPH in the mutant brain (Fig 5C and 5D) suggests diminished synaptic structures

due to Galc deficiency. In fact, it has been reported that neuronal lysosomes regulate synaptic

structures and activity [65,66]. For example, they dynamically modulate dendritic spine numbers

in an activity-dependent manner [67,68]. Moreover, neuronal lysosomes undergo regulated exo-

cytosis to aid in the membrane expansion during dendrite formation, ultimately aiding in the

plasticity of dendritic spines [69]. Neuronal lysosomes also regulate the fate of the α-amino-

3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors to control the excitatory syn-

aptic signal strength [70]. Finally, postmitotic neurons require constant membrane remodeling,

in which lysosomes are imperative to release and uptake synaptic vesicles [71,72]. Therefore, it is

highly likely that GALC-deficient lysosomes may be dysfunctional, which results in the aberrant

synapse and dendritic spines leading to neuronal degeneration and abnormalities.

A prominent feature of Krabbe disease is neuroinflammation that includes widespread glio-

sis and exponential increase of proinflammatory chemokines [73]. Our neuronal Galc deletion

also induces inflammatory gliosis with increased proinflammatory cytokines in the brain (Fig

6), akin to the phenotype seen in genuine Krabbe animal models and patients [17,40].

Although immune surveillance and protection via the propagation of inflammatory responses

are the main functions, microglia also modulate synaptic pruning and learning, demonstrating

their benefit and necessity to normal brain function [74]. However, there is a downside as

these cells can increase the permeability of the blood–brain barrier, and thus, their overrecruit-

ment can be destructive, causing a loss of myelin and neuronal death [75,76]. Our previous

finding in which inflammation is elicited by myelin debris in Galc-deficient macrophages [40]

allows us to speculate that the inflammation seen in the neuronal Galc-CKO model may be

mediated by degenerated neurons and axons.

In summary, our findings highlight that GALC-deficient neurons can generate psychosine

in vivo, which may, in turn, induce neuronal death, inflammation, and myelin loss. We con-

firmed that OLs are not the sole cell type responsible for initiating Krabbe pathogenesis, as

Galc-ablated neurons contribute in a cell-autonomous manner to disease progression and are

sufficient to cause some component of the disease. This may indicate the presence of specific

cellular mechanisms of GALC function in neurons that need to be corrected to cure the dis-

ease. Furthermore, Parkinson disease–like pathology in the neuron-specific Galc KO such as

lipofuscin accumulation may provide evidence of the connection between GALC dysfunction

and the pathogenic mechanism of other neurodegenerative diseases. Further studies will elabo-

rate on the specific molecular mechanisms in which neuronal Galc deletion triggers cellular

and lysosomal pathogenesis in Krabbe disease and if similar processes occur in other lysosomal

storage diseases.
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Materials and methods

Animals

Experiments were conducted according to the protocols approved by the Institutional Animal

Care and Use Committee of University at Buffalo—SUNY and Roswell Park Cancer Institute

(protocol approval nos. UB1188M, UB1254M, and PROTO202000063). Mice were housed

under specific pathogen-free conditions at 70˚F, 50% room humidity, 12-hour light/12-hour

dark cycle and received ad libitum access to water and food. All animals were maintained on

the congenic background of C57BL/6N. Breeder C57BL/6N mice were purchased from

Charles River (Wilmington, Massachusetts, United States of America). Galc-flox mouse line

was generated as described in [17]. Syn1Cre (JAX#003966), HB9Cre (JAX#006600),

Thy1.1-YFP (JAX#003782), TRAP line or EGFP-L10a (JAX#024750), and tdTomato

(JAX#007905) mice were purchased from The Jackson Laboratory (Bar Harbor, Maine, USA).

Since Syn1Cre transgene expression in the testes of male mice can produce germline recombi-

nation in the progeny [77], we used only female Syn1Cre mice for breeding. To maximize the

GALC depletion effect, the haplodeficient Galc heterozygote: Syn1Cre; Galc flox/− was used,

with controls Galc +/− or flox/−. Galc heterozygotes (+/−) did not show any difference to Galc
+/+ in respect of the myelin morphology and level of myelin proteins, as shown in Figs 7A

and S6A. Also, the expression of myelin proteins such as MAG and MBP was not different

between both haplodeficient Galc +/− and Galc flox/−, as shown in S6B Fig, suggesting the

unrecombined floxed allele itself does not affect myelin phenotype.

Survival and body weight measurements

Animals were weighed biweekly to record their mass using a plastic beaker and scale, in this

study, only the weights of females were graphed to prevent any gender-related differences.

These weight measurements also enabled survival tracking, in which littermates or closely

born litters were grouped into cohorts by genotype.

Rotarod analysis

Motor coordination and balance were tested using an accelerating rotarod (Ugo Basile, Italy).

Only female mice were used to prevent gender differences from affecting the results. All mice

were tested in 2 sessions of 4 trials each per day (6 hours rest between the 2 daily sessions) for

2 consecutive days. Analyses measuring P60 animals occurred at P59 and P60, those measur-

ing 6-month-old animals occurred at P179 to P180. Only naïve mice were used for Rotarod

tests (no training occurred prior to trial 1). Rotarod conditions were set to an acceleration of 5

rotations per minute, starting at a minimum velocity of 4 rotations per minute and accelerat-

ing to a maximum velocity of 40 rotations per minute. Each trial consisted of one acclimating

run that was not scored. The next 3 runs were recorded and averaged. Each run was stopped

when the mouse fell or passed completely underneath the rod (180 degrees of rotation).

Footprint analysis

One-year-old animals of both genders were used for the footprint analysis as described in [28].

Briefly, mice were made to traverse a straight, well-lit runway (30-cm long, 10-cm wide) to

receive food in a darkened box at the far end. The bottom of the runway was lined with white

paper and the fore- and hind paws were inked with food-safe paints of orange and purple,

respectively. A minimum of 3 nonstopping passes were required. The distance between 3 sets

of R/L forelimb/hindlimb strides were measured along with the distance between fore- and

hindlimbs overlap to measure the accuracy of foot placement.
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Tissue and immunohistochemistry

Mice at defined ages were anesthetized, humanely killed, and then perfused with ice-cold PBS

followed by 4% PFA. If the tissue was for protein or RNA analysis, only PBS was perfused, and

the tissue was quickly frozen in liquid nitrogen and stored at −80˚C for later analysis. Brains

and spinal cords were dissected, postfixed in 4% PFA for 48 hours, dehydrated in 30% sucrose

at 4˚C, embedded in OCT (Leica, Wetzlar, Germany), and processed as cryosections with a

thickness of 25 μm. For immunohistochemistry, cryosections were rehydrated at room temper-

ature for 15 minutes in PBS, then permeabilized and blocked in 0.1% Triton X-100, 3% bovine

serum albumin, and 2% normal goat serum for 1 hour at room temperature. For GALC immu-

nostaining, the blocking buffer also contained 0.05% saponin. The primary antibodies were

then incubated overnight at 4˚C. After washing (3× for 10 minutes) with PBS, sections were

incubated with fluorophore-conjugated secondary IgGs (Jackson Laboratories, Maine, USA).

After washing with PBS, coverslips were mounted with Vectashield (Vector Laboratories, Cali-

fornia, USA) mounting medium and DAPI. Primary antibodies used were GALC [78], NeuN

(EMD Millipore, Missouri, USA), Olig2 (Proteintech, Illinois, USA), CC1 (EMD Millipore),

GFAP (Sigma-Aldrich, Massachusetts, USA), Iba1 (Wako, Japan), CD68 (Bio-Rad, California,

USA), PLP (hybridoma AA3), SPH (Sigma-Aldrich), Tuj1 (BioLegend, California, USA), ChAT

(Abcam, Cambridge, United Kingdom), cleaved caspase-3 (Cell Signaling Technology, Massa-

chusetts, USA), CNPase (Abcam), Tbr1 (Abcam), GalCer/O1 (Millipore-Sigma, Massachusetts,

USA), Npas4 (MyBioSource, California, USA), and MBP (EMD Millipore). Lipofuscin staining

was done according to [79]. Briefly, cryosections were treated with lithium borohydride

(LiBH4) to block background autofluorescence and then costained with NeuN to identify lipo-

fuscin puncta within neurons. Confocal microscopic images were segmented to only include

lipofuscin particles within the neuronal boundaries. The minimum ferret diameter of the parti-

cles was measured and analyzed to generate distributions of the sizes of lipofuscin particles to

measure lipofuscin accumulation. All images were acquired and analysis was performed blinded

to genotypes. Image quantification was performed using ImageJ (NIH). Maximum intensity

images were segmented with ilastik (v1.4b3) [80]. The segmented images were processed with

ImageJ (NIH) to quantify the intensity of the GALC staining per cell.

TRAP

Total RNAs were purified from ribosomes, which were pulled down from snap-frozen total brains

according to [81]. Briefly, brains were removed and snap-frozen in liquid nitrogen and stored at

−80˚C until all samples were collected. Total brains were homogenized in ice-cold polysome extrac-

tion buffer. Monoclonal anti-GFP antibodies (Monoclonal Antibody Core Facility, Memorial

Sloan-Kettering Cancer Center, New York, New York, USA) were coupled to Dynabeads (Thermo

Scientific, Massachusetts, USA) and added to brain supernatant. Beads and extract were incubated

at 4˚C, with agitation, for 30 minutes. The beads were then washed through a large volume of wash

buffer, resuspended in lysis buffer, and RNA isolated; contaminating DNA was removed by DNaseI

digestion (QIAGEN RNeasy Mini Kit, Hilden, Germany). The integrity and yield of the final RNA

preparation were determined by Nanodrop 2000 (Thermo Scientific) measurement.

RT-qPCRs

RNA was isolated using TRIzol reagent following the manufactures instructions (Thermo Sci-

entific). RNA was then analyzed for purity on a NanoDrop 2000 spectrophotometer (Thermo

Scientific). cDNA was synthesized from 500 ng of RNA using the Superscript III kit (Thermo

Scientific) according to the manufacturer’s instructions. qPCR was performed using the SYBR

Green PCR Master Mix (Applied Biosystems) with β-actin as a reference. All samples were

PLOS BIOLOGY Neuronal GALC Function

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001661 July 5, 2022 16 / 25

https://doi.org/10.1371/journal.pbio.3001661


analyzed with at least 3 technical replicates, and the relative expression was calculated using

the ΔΔCt method as described in [82].

Cell counts and z-stacks

The cell type composition was assessed in matched sagittal brain sections (N> 3 mice)

selected within the region containing each cell-specific marker (NeuN for neurons; GFAP for

astroglia; Olig2 and CC1 for oligodendroglia; Iba1 for microglia) and nuclear counterstaining

(DAPI) in immunofluorescence followed by Leica SP5 confocal microscopic analysis. z-stacks

were recorded utilizing sequential confocal images that were collected at 2 μm intervals cover-

ing 30 μm depth. Numbers for each cell type were acquired by manually counting cells.

Morphological analysis

Mice were anesthetized with 250 mg/kg body weight avertin (Sigma-Aldrich) and then per-

fused with PBS and 2.5% gluta-aldehyde in phosphate-buffer, and stored at 4˚C until process-

ing. After being postfixed, spinal cords and pons were dissected, incubated in 1% osmium

tetroxide, dehydrated using sequential incubation in ethanol of increasing concentration, and

embedded in Epon resin using propylene oxide as a transition solvent. Semithin sections were

cut with 1 μm thickness and stained with 2% toluidine blue. Ultrathin sections of 80 to 85 nm

thickness were stained with uranyl acetate and lead citrate to be examined by a Tecnai electron

microscope. For g-ratio analyses of myelin in pons, ultrathin EM images were captured at

x2900 and manually measured using FIJI (NIH). For g-ratio analyses of sciatic nerves, images

were acquired from semithin sections using the ×100 objective of a Leica DM6000 microscope.

Axon and fiber diameters were calculated using a semi-automated protocol in the Leica QWin

software (Leica Microsystem, Wetzlar, Germany).

Western blot analyses

After homogenizing whole brains in pre-chilled RIPA (Radio-Immuno-Precipitation Assay) lysis

buffer containing protease inhibitors (Roche, Basel, Switzerland) and PMSF, total protein extracts

were separated by SDS-PAGE, transferred to PVDF membrane (EMD Millipore), and blocked

with 5% Skim milk or BSA in TBS-Tween20. Primary antibodies used were β-tubulin (Novus Bio-

logicals, Colorado, USA), GFAP (Sigma-Aldrich), CNPase (Cell Signaling Technology), MAG

(Zymed, California, USA), and MBP (EMD Millipore). Specific protein bands were quantified uti-

lizing FIJI (NIH) and Image Studio (LI-COR Biosciences, Nebraska, USA), and the values (in pix-

els) obtained were normalized on those of the corresponding β-tubulin bands. Normalized values

were then expressed as the percentage of values obtained from matched bands of control tissues.

GALC enzyme assay

GALC activity was determined by the previously described method [83]. Briefly, snap-frozen

whole brains were homogenized in 10 mM sodium phosphate buffer, pH 6.0, with 0.1% (v/v)

Nonidet NP-40 by using a Dounce homogenizer. 1 μg of total brain lysates were mixed with

4-methylumbelliferone-β-galactopyranoside (final 1.5 mM) resuspended in 0.1/0.2 M citrate/

phosphate buffer, pH 4.0, and AgNO3 (final 55 μM) at 37˚C for 1 hour. The enzymatic reac-

tions were stopped by adding 0.2 M glycine/NaOH, pH 10.6. Fluorescence of liberated 4-ethy-

lumbelliferone was measured on a spectrofluorometer (λex 360 nm; λem 446 nm). The GALC

activity can be affected by the conditions of preparation and storage of tissue samples, giving a

slight variance between studies. Therefore, all control tissues and specimens were handled and

stored identically, so the relative changes of GALC activity are consistent.
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Measurement of psychosine

Psychosine level in tissues were analyzed as described in [40, 84]. Briefly, cervical spinal cords

were homogenized in PBS. A fraction of PBS-homogenate was refrozen and shipped for analy-

sis by Michael Gelb’s lab at the University of Washington. The other fraction of PBS-homoge-

nate was mixed with 10X RIPA lysis buffer (Cell Signaling Pathway) to make 1X RIPA buffer.

Samples were then sonicated and analyzed for protein quantification. For psychosine analysis,

250 μL of 1 nM d5-psychosine (Avanti Polar Lipids, Alabama, USA) in methanol was added to

5 μL of tissue/PBS homogenate. Psychosine was extracted at 37˚C for 2 hours with orbital

shaking and subsequent centrifugation. The supernatant was loaded onto a methanol-precon-

ditioned Oasis MCX column (1 cc, 30 mg, Waters, #186000252, Massachusetts, USA). After

sample loading, the cartridge was washed with 1 mL of water with 2% formic acid, 1 mL of

methanol, and then 1 mL of 80:20 methanol:water (v:v) with 5% NH4OH. The column was

washed with 0.8 mL of methanol with 5% NH4OH, which was collected and solvent evaporated

using a SpeedVac vacuum concentrator. The residue was reconstituted with 100 μL mobile

phase B prior to UPLC-MS/MS analysis. An ACQUITY UPLC I-Class system from Waters

was used for the separation of glucosyl- and galactosyl-sphingosine (psychosine). The UPLC

system was coupled to a Xevo TQ-S (Waters) tandem mass spectrometer, which was operated

in the multiple reaction monitoring (MRM) mode.

Primary mixed MN cultures

For primary mixed MN cultures, the ventral spinal cord was dissected from 12.5- to 13.5-day-

old mouse embryos, based on the protocol outlined in [85]. Briefly, pregnant females were

humanely killed and the uterus removed. Embryos were removed from the amniotic sacs and

transferred to pre-chilled Hanks’ Balanced Salt Solution (HBSS, Ca2+ and Mg2+ free) contain-

ing penicillin and streptomycin. After removal of the head, the neural tube was separated from

the rest of the embryo under a light dissection microscope. Ventral horns were pooled and

digested in trypsin. The tissue was then triturated 4 times in DNase I in Leibovitz’s L15

medium and centrifuged with a 4% BSA cushion in Leibovitz’s L15 medium in order to pellet

cells. The resultant cell pellet was re-suspended in supplemented neurobasal medium contain-

ing 2% B27 supplement, 0.5 mM GlutaMAX, 25 μM 2-mercaptoethanol, 2% horse serum, 0.1

ng/ml murine glial cell line-derived neurotrophic factor (GDNF, Peprotech), 0.5 ng/ml human

or rat ciliary neurotrophic factor (CNTF, Peprotech), 0.1 ng/ml human brain-derived neuro-

trophic factor (BDNF, Peprotech) and penicillin/ streptomycin. These mixed ventral horn cul-

tures were maintained under standard culture conditions (37˚C, 5% CO2). All above reagents

were sourced from Thermo Fisher Scientific unless otherwise specified.

Statistical analyses

Data collection and analysis were performed blind to the conditions of the experiments. Two-

tailed unpaired Student t test with Bonferroni corrected and 1-way ANOVA were used for the

differences among multiple groups according to the number of samples, except g-ratio analysis

in which Welch t test was used. Values of P< 0.05 were considered to represent a significant

difference. Statistical tests were run in GraphPad Prism version 8.0 (GraphPad Software, San

Diego, California, USA). Data are presented as mean ± SEM unless otherwise specified.

Supporting information

S1 Fig. Cell specificity of Syn1Cre. (A) Olig2 is present in certain brainstem neurons. Syn1Cre
mice were crossed with the reporter line named “TRAP” expressing a GFP-tagged L10a
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ribosomal protein that is activated only in the presence of CRE [24]. Immunohistochemistry

on cryo-sectioned brains from 2-month-old Syn1Cre;TRAP mice with cell type–specific mark-

ers such as Olig2 (OL lineage cells) and NeuN (neurons) reveals that approximately 15% of

TRAP-GFP colocalized with Olig2 positive neurons, in line with previous reports that Olig2 is

also expressed in a subset of neurons [25]. Scale bar = 20 μm. (B) The Syn1Cre line was crossed

with the tdTomato mice and immunostained with cell-specific markers. The tdTomato was

not or barely colocalized with CC1, MBP, CNPase, IBA1 nor GFAP, but only with NeuN. Blue;

DAPI stained. Scale bar = 100 μm. OL, oligodendrocyte; MBP, myelin basic protein; TRAP,

Translating Ribosome Affinity Purification.

(TIFF)

S2 Fig. HB9Cre is expressed in MNs. (A) Immunofluorescence of HB9-Cre; tdTomato signal

and MN marker ChAT. Representative sections from the hypoglossal nucleus (CN XII), cervi-

cal spinal cord and lumbar spinal cord are depicted. Scale bar = 50 μm. (B) Quantification of

recombination efficiency in MNs from regions of (A), indicating that Cre recombination

occurs highly in all MNs. N = 3. All data are presented as mean values +/− SEM. MN, motor

neuron.

(TIFF)

S3 Fig. Syn1Cre is active in axons of sciatic nerve. (A) Immunohistochemistry on P90 sciatic

nerves from Syn1Cre; tdTomato reporter mice shows that Cre is expressed mostly in axons

(Tuj1), but not in myelin (MBP). Scale bars = 100 μm and 20 μm, respectively. (B) Quantifica-

tion of colocalized tdTomato in MBP+ or Tuj1+ cells reveals that the majority of tdTomato at

P90 sciatic nerve is expressed in neurons. N = 3. All data are presented as mean values +/−
SEM. Two-way ANOVA with Tukey multiple comparison tests were used. �P< 0.05,
��P< 0.01 and ���P< 0.001. ns, not significant. (C) Representative semi-thin images of unmy-

elinated axons in the sciatic nerves of Syn1Cre; Galc flox/−. The underlying data for B can be

found in S1 Data. GALC, galactosylceramidase; MBP, myelin basic protein.

(TIFF)

S4 Fig. Gliosis is not shown in the brains of the induced neuronal Galc KO. Tamoxifen was

injected into Thy1-Cre/ERT2; Galc flox/− at P2-P5, and the mice were analyzed at 2 months

and 6 months old. Analysis of CD68 (red), a microgliosis marker, on the cryosections reveals

that induced neuronal Galc KO did not activate gliosis. Scale bar = 100 μm. GALC, galactosyl-

ceramidase; KO, knockout.

(TIFF)

S5 Fig. GalCer is present in neurons. O1-specific antibody that detects GalCer (green) was

colocalized (arrows) with neuronal marker protein, Npas4 (red), in the brain. GalCer, galacto-

sylceramide.

(TIFF)

S6 Fig. Comparison of myelin proteins and GFAP between haplodeficient Galc +/− and

Galc flox/− or Galc +/+. (A) Western blot analysis of total brain extracts shows that the haplo-

deficient Galc +/− did not affect the levels of myelin proteins and GFAP, compared to Galc
+/+ WT. (B) The expression of myelin proteins such as MAG and MBP was not different

between both haplodeficient Galc +/− and Galc flox/−. N = 3. The underlying data for B can be

found in S1 Data. GALC, galactosylceramidase; MAG, myelin-associated glycoprotein; MBP,

myelin basic protein; WT, wild-type.

(TIFF)
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S1 Data. Numerical values used for plots and statistical analysis.

(XLSX)

S1 Raw images. Original western blot membrane images.

(PDF)
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