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Abstract

Patients with Krabbe disease, a genetic demyelinating syndrome caused by deficiency of
galactosyl-ceramidase and the resulting accumulation of galactosyl-sphingolipids, develop signs
of a dying-back axonopathy compounded by a deficiency of large-caliber axons. Here, we show
that axonal caliber in Twitcher mice, an animal model for Krabbe disease, is impaired in
peripheral axons and is accompanied by a progressive reduction in the abundance and
phosphorylation of the three neurofilament (NF) subunits. These changes correlate with an
increase in the density of NFs per cross-sectional area in numerous mutant peripheral axons and
abnormal increases in the activity of two serine/threonine phosphatases (PP1 and PP2A) in mutant
tissue. Similarly, acutely isolated mutant cortical neurons show abnormal phosphorylation of NFs.
Psychosine, the neurotoxin accumulated in Krabbe disease, was sufficient to induce abnormal
dephosphorylation of NF subunits in a normal motor neuron cell line as well as in acutely isolated
normal cortical neurons. This in vitro effect was mediated by PP1 and PP2A, which specifically
dephosphorylated NFs. These results demonstrate that the reduced caliber observed in some axons
in Krabbe disease involves abnormal dephosphorylation of NFs. We propose that a psychosine-
driven pathogenic mechanism through deregulated phosphotransferase activities may be involved
in this process.
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INTRODUCTION

Krabbe disease, a leukodystrophy caused by the deficiency of galactosylceramidase (GALC)
and the accumulation of the lipid-raft-associated neurotoxin psychosine (Igisu and Suzuki,
1984; Aicardi, 1993; Suzuki, 1998; Wenger et al., 2000; White et al., 2009; White et al.,
2010), is characterized by central and peripheral demyelination. The disease involves the
activation of resident microglia and the continuous infiltration of macrophages, which
become multinucleated globoid cells (Kanazawa et al., 2000; Wu et al., 2000). Affected
patients are primarily infants, who die within months after diagnosis. Albeit not a cure, cell
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therapy with hematopoietic precursors (bone marrow- or cord blood-derived cells) has
proven to extend patients' survival, especially when performed within weeks after birth.
Despite amelioration in some clinical hallmarks, motor and cognitive deficits in treated
patients remain largely uncorrected (Kondo et al., 1988; Krivit et al., 1995; Eglitis and
Mezey, 1997; Escolar et al., 2005; Galbiati et al., 2009).

One hallmark of Krabbe disease is the rapid deterioration of nerve conduction, which has
been historically related with the loss of myelin (Toyoshima et al., 1986; Dolcetta et al.,
2005). Interestingly, earlier reports indicated lower numbers of large-caliber axons in the
mutant nerves (Hogan et al., 1969; Schlaepfer and Prensky, 1972; Martin et al., 1974; Jacobs
etal., 1982), a largely unaddressed defect that may contribute to the compromised nerve
conduction observed in Krabbe patients and to the limited neuroprotection observed in most
of treated patients. We recently found evidence of a peripheral neuropathy in the Twitcher
mouse, the natural murine model of this disease (Castelvetri et al., 2011; Smith et al., 2011).
Interestingly, axonal damage started well before that of mutant neurons, which was minimal
until the final stage of the disease when nerves were severely demyelinated. These
observations raise the possibility that mechanisms controlling the maturation and stability of
the axonal compartment (cytoskeletal components, axonal transport) are dysfunctional very
early in the mutant mouse.

Expansion of the axonal cytoskeletal diameter is highly influenced by the content and
phosphorylation of several neurofilaments (NF) subunits. NFs are intermediate components
of the neuron cytoskeleton which are comprised of ~60 kDa (NF-L), ~100 kDa (NF-M) and
~120 kDa (NF-H) subunits (Zhu et al., 1997). NF-M and NF-H form sidearm bulges, which
project radially from a rod-like structure primarily composed of NF-L (Hisanaga and
Hirokawa, 1989). Lys-Ser-Pro repeats are contained in the carboxyl-end of NF-M and NF-H
and their phosphorylation induces charge repulsion forces, separating NFs and thus
increasing axonal diameter (de Waegh et al., 1992; Cole et al., 1994). Various kinases and
serine/threonine protein phosphatases regulate this process, reviewed in (Perrot et al., 2008).

In this study, we examined for changes in the phosphorylation state of NFs in axons of the
sciatic nerve of the Twitcher mouse and in cultures of normal and mutant neurons, and
investigated the potential role of psychosine in this process.

MATERIALS AND METHODS

Animals

Cell cultures

Twitcher heterozygous mice (C57BL/6J, twi/+) and Thy1.1:YFP H+/+ mice were
maintained under standard housing conditions. In vivo experiments were approved by the
Animal Care and Use Committee of our institution. The majority of experiments in this
study used homozygous Twitcher mice. Where indicated, homozygous Twitcher mice
carrying the expression of the yellow fluorescent protein (YFP) under the transcriptional
control of the Thy1.1. promoter were used. For this, double-heterozygous TWI+/—
thy1.1:YFP+/— mice (generated in our previous study, Castelvetri et al., 2011)were crossed
to generate homozygous Twitcher (Twi—//)-Thyl.1 YFP+/—. Genotypes were confirmed by
PCR (Sakai et al., 1996; Dolcetta et al., 2006).

Murine NSC34 motor neuron cells were grown in 5% FBS, DMEM and serum-deprived for
12 hr before treatment. Acutely isolated cortical neurons were prepared from brain cortices
from Twitcher and wild type E15.5 embryos and cultured as described before (Bongarzone
et al., 1996). Cultures were treated with control vehicle (0.01% ethanol/DMEM), 1 or 5 uM
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psychosine for up to 3 hr. In some experiments, 10 nM okadaic acid was added to the
cultures.

Tissue collection, histology, and immunohistochemistry

Mice were anesthetized and killed by transcardial perfusion with saline on postnatal (P) days
P7 to P40. Dissected tissues for immunohistochemistry and histology were post-fixed in 4%
paraformaldehyde-PBS for 18 hr, embedded in sucrose, and frozen in OCT, while tissues for
psychosine determination and immunoblotting were quickly frozen in liquid nitrogen.

Sciatic nerves were separated and processed for transmission electron microscopy (TEM,
see below). Cryosections (20-pum) were mounted onto polylysine-coated slides. For
immunofluorescence staining, sections were dried for 15 min at 37°C, washed in PBS,
blocked and permeabilized in 5% bovine serum albumin, 0.5% Triton X-100/PBS for 1 hr at
room temperature and incubated with phosphorylated NF-M/NF-H (SMI31, Covance) or
dephosphorylated NF-M/NF-H (SMI32, Covance) mouse monoclonal antibodies diluted in
2% BSA, 0.5% Triton X-100/PBS overnight at 40C, with mild agitation. Slides were
incubated with fluorescent secondary antibodies for 1 hr, washed in PBS and mounted with
Vectashield (VectorLabs, CA). Confocal microscopy was performed using a confocal laser
Meta Leica scanning microscope. For light microscopy of immunostained sections,
cryosections were treated with 0.3% (v/v) H,0, 10% (v/v) methanol/PBS, blocked/
permeabilized with 0.1% (w/v) casein, 0.1% (v/v) Triton X-100 in PBS for 1 hr, incubated
with antibodies against PP1 (Santa Cruz) and PP2A (Cell Signaling) and developed with
biotinylated secondary antibodies (VVectorLabs).

Western blotting

Tissues were homogenized in lysis buffer (1 mM PMSF, 2 mM sodium orthovanadate, 1
mM NaF, 300 nM okadaic acid, 20 mM Tris-HCI, pH 7.4, 1% Triton X100, 150 mM NacCl,
5 mM MgCI2), briefly sonicated on ice and centrifuged at 5000 rpm for 5 min to remove
debris. Protein concentration was quantified (Bradford assay, Biorad) and 10 micrograms of
protein were loaded on a Nupage 4-12% Bis-Tris gel (Invitrogen). Gels were run at 80 mV
and electrotransferred at 400 mA on PVDF membranes (Biorad). Membranes were blocked
in 5% (w/v) milk, 1% (w/v) BSA, 0.05% (v/v) Tween-20 in TBS and probed with primary
antibodies against actin (Sigma), phosphorylated NF-M/NF-H (SM131, Covance),
dephosphorylated NF-M/NF-H (SMI32, Covance), NF-L, total NF-M (clone RM0189),
PP2A (Cell Signaling) and PP1 (Santa Cruz). Membranes were developed using Enhanced
Luminescence kit (Thermo Scientific). Bands were quantified (Image J, NIH), and relative
abundance of a particular protein was normalized to actin.

Psychosine determination

Psychosine was extracted from the sciatic nerves and quantified by HPLC-tandem mass
spectrometry as described (Galbiati et al. 2009).

Serine/threonine phosphatase activity assay

PP1 and PP2A activities were measured using the Rediplate assay (Molecular Probes)
following the manufacturer's instructions. Enzyme activity was expressed as micromol
(DiFMUP) per mg protein per minute.

Transmission electron microscopy

Sciatic nerves were quickly removed from 12 and 30 day-old mice, fixed with 2.5%
glutaraldehyde, and embedded in Araldite. Ultrathin sections (60-nm) were collected on
Formvar-coated 1-hole grids and stained with osmium tetroxide and lead acetate. Samples
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were observed using a 120kV TEM JEOL JEM-1220 fitted with a tungsten electron source
and equipped with a Gatan Es1000W 11MP CCD camera. For quantitative analyses of
axonal diameters and neurofilament density, 30 myelinated axons were randomly selected
from each sample. A total of 3 nerves per genotype per time point were analyzed. Axonal
diameters were measured and images were processed for counting NFs and determination of
NF density as described (Cole et al., 1994).

Statistical analysis

Results are expressed as mean = SE from at least 3 independent samples. Data were
analyzed by ANOVA/post hoc paired test or Student's t-test, where appropriate. Correlation
analysis was done using the Pearson test.

RESULTS

Decrease in diameter of Twitcher axons

Coronal sections of sciatic nerves collected from WT and Twitcher mice at P12 and P30
were examined by TEM. Axonal diameter was measured and the frequency of axons
calculated for mice at each age. Twitcher nerves showed fewer large-caliber axons as
compared to controls already at P12 (Fig. 1A, B). Mutant nerves from P30 mice showed
severe loss of myelin, edema (Fig. 1D) and a visible reduction in the number of large-caliber
axons (Fig. 1D, E). Even those mutant axons with no obvious demyelination showed smaller
diameters (Fig. 1D). Frequency analysis confirmed these observations: at P12, mutant
nerves contained higher numbers of axons with 2- to 3-micron calibers (Fig. 1C), and at
P30, there was a significant (p<0.05) shift to axons of smaller diameters, with the majority
of mutant axonal caliber ranging between 1-5 microns (Fig. 1F). In contrast, the majority of
WT axons grew in diameter as expected (Fig. 1C, F).

Lower density of NF in Twitcher axons

To determine whether the observed reduction in diameter of mutant axons involved
alterations in the NF cytoskeleton, we examined NF density by TEM. Because NF density is
affected by the level of myelination of the axon (Reles and Friede, 1991; de Waegh et al.,
1992; Mata et al., 1992; Hsieh et al., 1994), we analyzed only mutant fibers that remained
myelinated during the time-frame of our experiments (i.e., P12 and P30). Cross sectional
and longitudinal imaging analysis showed that the spacing between NFs increased between
P12 and P30 in WT nerve fibers (Fig. 2B, D, F), as expected for normal developing fibers,
whereas most Twitcher NFs appeared compacted at both time points (Fig. 2A, C, E),
suggesting a failure in the mechanism regulating the spacing of these proteins. Quantitation
of these observations by counting the NFs per random region of axoplasm (Cole et al., 1994)
revealed the expected decreased density of NFs (number of hexagons containing a given
number of NFs/ 3.5 x 1072 micron? area of axoplasm) between P12 and P30 in WT nerves
(Fig. 3A, 3B) but a consistently high NF density in Twitcher axons at both sampled time
points (Fig. 3A, 3B). Immunoblotting analyses of the total amount of NF proteins in sciatic
nerves showed significant decreased levels of NF-M protein in the nerves of Twitcher mice
(Fig. 3C). Levels of NF-L and NF-H, while showing a decreasing trend, did not reach
significance in the mutant nerves. Immunodetection analyses failed to detect the presence of
NF proteins in cerebrospinal fluid of Twitcher mice (data not shown). Real-time PCR
analysis of each NF mRNA revealed no statistically significant difference in the spinal cord
of Twitcher and age-matched WT mice (data not shown), suggesting absence of gene
transcription deficits.
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Reduced phosphorylation of mutant NFs

The higher densities of NFs in the mutant nerve suggested abnormal phosphorylation of
NFs. To test this possibility, we first examined coronal sections of WT and Twitcher spinal
cords stained for phosphorylated epitopes on NF-M and NF-H using the monoclonal
antibody SMI31; the number of SMI31+ fibers was noticeably reduced in Twitcher spinal
cords, which was most evident in axons within the ventral white matter (compare Fig. 4A
and B with E and F, respectively). Subsequent analysis of longitudinal sections of cords
stained using the SMI132 antibody, which binds to dephosphorylated epitopes on NF-M and
NF-H, and using postmortem material isolated from the new TWI-YFPax reporter mouse
model (Castelvetri et al., 2011), where YFP labels axons and readily reveals axonal
dystrophy, showed increased SMI32 immunostaining in Twitcher cords, especially in axons
with clear signs of dystrophy (swellings, breaks; Fig. 4C, D and G). In contrast, WT axons
were minimally stained with SMI32 (Fig. 4H). Finally, analysis of longitudinal sections of
sciatic nerves from TWI-YFPax and age-matched WT-YFPax mice (P30) immunolabeled
with the SMI31 antibody indicated a clear reduction in SMI31 binding in the mutant axons
(compare Fig. 41 and J with L and M, respectively). This analysis also demonstrated the
reduction in the diameter of mutant nerves.

Further assessment for changes in phosphorylation of NF in Twitcher mice by western
blotting of protein extracts from sciatic nerves (obtained between P7 and P40) using
antibody SMI31 revealed a clear reduction of phosphorylated NF-M levels at each sampled
time point (Fig. 4K). Analyses for the levels of both phosphorylated NF-M (Fig. 4N) and
NF-H (Fig. 40) showed significant (p<0.01) reduction of these cytoskeletal proteins in
mutant nerves at P15 and P30 but not at P7. To examine the phosphorylation state of NFs in
isolated mutant neurons, cultures of acutely isolated embryonic cortical neurons were
prepared from mutant and wild type embryos. We found similar NFs deficiencies in cultured
mutant neurons, with decreased phosphorylation of the NF-H (Supplementary fig. 1).

Increased activity of serine/threonine protein phosphatases in Twitcher sciatic nerves

Phosphorylation of NFs is regulated by Erk1/2, CDK5, p35 and SAPK1b kinases and ser/thr
protein phosphatases PP1 and PP2A (Perrot et al., 2008). To determine whether PP1 and/or
PP2A were involved in abnormal phosphorylation of mutant NFs, we first determined the
activation levels for both phosphatases in protein extracts from WT and Twitcher sciatic
nerves. Quantitative analysis indicated a significant increase in the activity for both PP1 and
PP2A at P30, whereas at P7, only PP2A increased significantly in mutant sciatic nerves (Fig.
5A, B). Further analysis of longitudinal sections of sciatic nerves immunolabeled with
antibodies against PP1 (Fig. 5C, E) and PP2A (Fig. 5D, F) also revealed a large increase in
PP1 in mutant sciatic nerves (Fig. 5C) and an even greater increase in PP2A (Fig. 5D).

Psychosine is sufficient to increase PP1 and PP2A activity in neuronal cells

To test the possibility that psychosine, a lipid raft-associated sphingolipid (White et al.,
2009; 2010), might underlie the observed activation of PP1 and PP2A, we first carried out a
correlation analysis of levels of all three molecules in mutant sciatic nerves. Indeed, we
found a strong correlation between the elevated levels of psychosine (Fig. 6A) and PP2A
activity in the mutant nerve at P7 and P30 (rp7=0.994 and rp3p=1, respectively), whereas the
correlation with PP1 levels was significant only at P30 (rp3=0.932). To test whether
psychosine is sufficient to modify phosphatase activities, PP1 and PP2A activity was
measured in the normal immortalized NSC34 motor neuronal cells exposed to various
concentrations of psychosine. Doses were chosen based on previous work on Twitcher
granular neurons (Castelvetri et al. 2011). Concentrations of 1 and 5 uM psychosine were
chosen to emulate early and late stages of the disease, respectively. Activities of both PP1
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and PP2A were significantly increased (Fig. 6B, Fig. 6C) in a psychosine concentration-
dependent manner.

To determine whether psychosine leads to dephosphorylation (i.e, the enzymatic removal of
phosphate groups by dephosphorylating activities of specific phosphatases), two
experiments were performed. First, cultures of acutely isolated cortical neurons prepared
from control wild type embryos were exposed to psychosine. Immunoblotting analysis using
SMI31 antibodies showed a significant reduction of phosphorylated NF-H in psychosine-
treated neurons (Supplementary fig. 2). In the second experiment, we assessed the activities
of PP1 and PP2A in NSC34 cells incubated with 5 uM psychosine and with 10 nM okadaic
acid, a broad phosphatase inhibitor that is non-toxic at this concentration (Atkinson et al.,
2009). Induction of PP1 activity was efficiently blocked by 10 nM okadaic acid in these
cultures, while blockage of PP2A activity was less efficient (Fig. 7A). Western analyses for
changes in levels of phosphorylated NFs using protein extracts from treated and control cells
labeled with SMI31 monoclonal antibodies showed that psychosine was sufficient to induce
significant dephosphorylation of NF-M, while the presence of okadaic acid almost
completely inhibited this dephosphorylation (Fig. 7B and C).

DISCUSSION

Our analyses of the molecular basis for the reduction of axonal caliber in the Twitcher
mouse model of Krabbe disease demonstrate: 1) deficient phosphorylation of the NF
cytoskeleton in axons of the Twitcher mouse during postnatal development and in acutely
isolated mutant neurons; 2) increased dephosphorylating activities of PP1 and PP2A in
peripheral mutant nerves; and 3) the ability of psychosine alone to trigger dephosphorylation
of NFs by inducing activation of these two phosphatases in vitro. This is the first report to
establish a molecular link between the presence of the neurotoxin psychosine and a
deficiency in axon cytoskeletal maturation.

Abnormalities in the Twitcher axonal cytoskeleton

The functional impact of large-caliber axon loss in Krabbe disease has remained
controversial and unaddressed (Hogan et al., 1969; Schlaepfer and Prensky, 1972; Martin et
al., 1974; Jacobs et al., 1982). TEM morphometric analysis of mutant sciatic nerves
confirmed a deficient growth of the axonal radius. Axonal growth is a vital process for the
maturation of the nervous system and its failure may contribute to various neurological
phenotypes (Takei et al., 2000; Eng et al., 2001; Wang et al., 2006; Lin et al., 2011). For
example, tremor, ataxia, progressive impairment of locomotion skills and muscle atrophy
appear in Twitcher mice at about P20. The cause of these symptoms has been historically
linked to the ongoing demyelination (Jacobs et al., 1982; Kobayashi et al., 1988; Taniike
and Suzuki, 1994). However, a study done by Olmstead (1987) reported a subtle
neurological phenotype in young mutants. Further, our recent work revealed axonal
dystrophy in Twitcher mice as young as 1 week old, suggesting a much earlier and more
complex mechanism of disease (Castelvetri et al., 2011; Smith et al., 2011). The prevalence
of small-diameter axons throughout the postnatal life of this mutant points to an impairment
in the growth and/or the maintenance of large myelinated axons. In the developing nervous
system, axonal diameter of myelinated axons increases up to 15-fold after the neuron
successfully establishes its synaptic connections. Although myelin is fundamental for
saltatory conduction, the increase in axonal diameter is a critical step to accommodate faster
action potential conduction. Defects in radial growth substantially decrease the propagation
speed of action potentials. Thus, the prevalence of small-diameter fibers in Twitcher nerves
may contribute significantly to the decreased conduction velocities in this mutant
(Toyoshima et al., 1986; Dolcetta et al., 2005) and to one or more of the observed
neurological symptoms such as muscle atrophy (Shen et al., 2001).
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Axonal radial growth is closely related to myelination (Aguayo et al., 1977; Windebank et
al., 1985; Kirkpatrick and Brady, 1994), so that demyelination may also contribute to the
decrease in axonal size in Twitcher nerves. However, thinner axons were already more
frequent at P12 in the absence of substantial demyelination. Because our analyses were
performed on myelinated axons, our data suggest myelin-independent deficits in axonal
radial growth in this mutant, although we cannot exclude the possibility that GALC
deficiency per se introduces subtle defects during early stages of myelination that affect
axonal growth.

Abnormal dephosphorylation of NFs in Twitcher axons

NFs are critical for the establishment and maintenance of axonal caliber in mammalian
neurons (de Waegh and Brady, 1991; Reles and Friede, 1991; de Waegh et al., 1992; Hsieh
et al., 1994) and appear to play an important role in several unrelated neurodegenerative
disorders, such as amyotrophic lateral sclerosis (Hirano et al., 1984), Parkinson disease
(Pappolla, 1986) and Charcot-Marie-Tooth disease (Brownlees et al., 2002). Cytoskeletal
alterations were evident in Twitcher nerves, with increased NF densities paralleling axonal
caliber decreases. This observation raises the question about the molecular cause(s) of
deficient axonal radial growth. While alterations in gene expression, stoichiometry, and
post-translational modifications of NFs can alter axonal stability and caliber (Elder et al.,
1998; Perrot et al., 2008), we found no significant changes in mMRNA and proteins levels for
any NF form in spinal cord of Twitcher mice (data not shown) but did find decreasing
amounts of NF-M within mutant sciatic nerves at P15 and P30. A similar decrease in NFs in
a mouse model lacking one copy of each NF protein led to a 50% decrease in axonal
diameter (Nguyen et al., 2000). Thus, the reduced axonal caliber in the Twitcher nerve may
be caused, at least in part, by decreased amounts of NFs contained within the axons.

The reason for the lower abundance of NF-M in the Twitcher sciatic nerves, without change
in the corresponding gene transcript, remains unclear. NFs are accumulated in the axon by
means of molecular motor-assisted transport (Shea and Flanagan, 2001; Wagner et al., 2004;
Theiss et al., 2005). Defects in motility mechanisms may hamper their axonal localization
and hence contribute to abnormal calibers (Yabe et al., 1999; Roy et al., 2000; Shah et al.,
2000; Wagner et al., 2004; Theiss et al., 2005). The coexistence of reduced NFs and axonal
dystrophy in peripheral nerves of the Twitcher mutant (Castelvetri et al., 2011) is consistent
with defective axonal transport mechanisms in these mice. Furthermore, our previous study
implicated psychosine as a potential pathogenic modulator of axonal transport, a process
regulated by an array of coordinated activities of various kinases and phosphatases (Morfini
et al., 2002; Morfini et al., 2006; Ikeda et al., 2011). Importantly, deregulated axonal
transport appears to play a pathogenic role in various non-related neurological diseases,
creating the conditions for axonal dystrophy, dying-back axonopathy, and eventual neuronal
demise (Szebenyi et al., 2003; Morfini et al., 2009). A better understanding of axonal
transport mechanisms in Krabbe leukodystrophy will help in the design of improved and
more efficient therapeutic options.

Deregulation of phosphatases and dephosphorylation of NFs in the Twitcher nerve

Axonal caliber is highly dependent on the level of phosphorylation of NF sidearms (Nixon
et al., 1994; Pant and Veeranna, 1995; Gotow, 2000). Addition of phosphates in sidearms of
NF-M and NF-H creates clouds of negative charges, which repel filaments and increase
axon caliber. Expression of non-phosphorylatable NF-M results in severe loss of large-
diameter fibers (Garcia et al., 2003; Rao et al., 2003) due to a decreased repulsion between
adjacent filaments (Kumar and Hoh, 2004). Our results demonstrating that Twitcher NFs are
significantly dephosphorylated in the sciatic nerve support the idea that abnormal
dephosphorylation of NFs decreases axonal caliber. Dephosphorylated NFs were localized
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in axonal swellings and varicosities, which are sites of axonal stress and damage (Coleman,
2005). Thus, dephosphorylation of mutant NFs may occur differentially along the axon, with
focal points of axonal instability in mutant fibers.

The regulated activities of kinases and phosphatases determine the level, the location and the
temporal profile of NF phosphorylation (Perrot et al., 2008). Consequently, an imbalance in
phosphotransferase activities may result in more or less phosphorylation of NFs, leading to
changes in their assembly. Our analysis of PP1 and PP2A, which account for ~15% and
~65% of the turnover of phosphorylation of NFs (Strack et al., 1997), indicated elevated
activities of both phosphatases in axons of the mutant sciatic nerves, particularly during the
final stages of the disease. These findings suggest that the decreased frequency of large-
caliber axons in Krabbe disease is due mainly to altered phosphorylation of the axonal
cytoskeleton. However, our laboratory has ongoing studies to determine whether Erk1/2,
CDKS5, p35 and SAPK1b (kinases that affect NF phosphorylation) are also altered in this
disease. The extent to which the phosphatase phenotype affects other neuronal functions in
Krabbe disease is unclear. Phosphatases have a wide range of functions, which are not
limited to the physiology of NFs (Virshup and Shenolikar, 2009), and abnormal phosphatase
activities may deregulate other signaling pathways in neurons, oligodendrocytes, Schwann
cells and microglial cells, introducing deficits that affect their survival and function
permanently and irreversibly. For example, PP1 has been characterized as a regulator of fast
axonal transport (Morfini et al., 2004). The relevance of these metabolic pathways for
neuronal health has prompted studies to determine the status of these kinases as well as
additional effects of PP1 and PP2A in Krabbe disease.

Psychosine is sufficient to cause NF dephosphorylation in vitro

Based on our findings that: 1) psychosine accumulation was significantly correlated with
increased PP1 and PP2A activities in the sciatic nerve of Twitcher mice; 2) exposure of
NSC34 cells and cortical neurons to psychosine induced NF dephosphorylation and 3)
increased PP1 and PP2A activities in NSC34 cells was induced by psychosine, while co-
incubation with okadaic acid blocked psychosine-effect, we propose that psychosine is a
pathogenic sphingolipid capable to trigger NF dephosphorylation by recruitment of PP1 and
PP2A.

The mechanism by which psychosine activates both phosphatases is still unclear.
Phosphatase activity depends heavily on the recruitment and coordination of various
regulatory subunits (Lechward et al., 2001; Cohen, 2002; Virshup and Shenolikar, 2009).
Interestingly, ceramide was recently found to bind inhibitor 2, a natural inhibitory subunit
regulating endogenous activation of phosphatases (Mukhopadhyay et al., 2009), but it is
unknown whether psychosine binds to inhibitor 2 in the Twitcher axon and thereby releases
the catalytic subunits of phosphatases. Psychosine may also mediate steric rearrangements
of the phosphatase complex by modifying membrane microdomains (White et al., 2009).
PP2A is known to bind to lipid rafts (Berrou and Bryckaert, 2009), where cholesterol levels
modulate its activity. Psychosine might also modulate the spatial orientation of NF sidearms,
making them more accessible to phosphatases. In this context, certain phospholipids have
been found to bind to NF-L (Kim et al. 2011). These and other possible mechanisms await
further studies.

We propose a pathogenic model to explain the mechanism of the decrease in axonal caliber
in Twitcher nerves (Fig. 7D) whereby psychosine accumulation facilitates higher activities
of PP1 and PP2A, which, in turn, dephosphorylate NF-M and NF-H, leading to reduced
radial growth of Twitcher axons. In addition, our model proposes that psychosine affects the
transport of NFs into the axon, decreasing the availability of these cytoskeletal proteins for
proper axonal growth. Because these neuronal deficits may be untreatable by traditional
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hematopoietic-based therapies used for Krabbe disease, studies of neuronal and axonal
neuroprotection to modulate phosphatase activities may be relevant in the design of more
efficient therapies for this leukodystrophy.
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Figure 1. Prevalence of small-diameter fibers in Twitcher sciatic nerves

A, B, D, E) Electron micrographs of coronal sections of WT and Twitcher sciatic nerves at
P12 and P30 show a decrease in axonal diameter in the Twitcher fibers (A) as compared to
age-matched WT fibers (B). Severely demyelinated and abundant small diameter axons were
clearly observed in older (P30) Twitcher nerves (D). All images are at the same
magnification (bar in A=2 um). Arrows and asterisk in D point to myelinated axons and
edema, respectively. C, F) Distribution profiles based on axonal diameter showed a growing
increase in small-caliber axons. A minimum of 50 axons was counted per each nerve (n=3
nerves/time point/genotype). Data were analyzed by ANOVA/post hoc paired test. p<0.05.
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Figure 2. Increased packing of NFs in Twitcher axons

A-D) High-magnification TEM of coronal sections of P12 and P30 sciatic nerves revealed
slightly increased NF density at P12 (A) but significantly higher density at P30 in Twitcher
axons (C) as compared to WT axons (B and D, respectively). E,F) High-magnification TEM
of longitudinal sections of P30 WT (E) and Twitcher (F) sciatic nerves showed several gaps
among NF bundles in the WT nerve. Twitcher NFs were tightly packed together, further
confirming the increase in NF density in the mutant axons. (Bar =0.5 microns for A,B and
=0.250 microns for C-F).
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Figure 3. NF abnormalities in Twitcher sciatic nerves
A,B) NF density in P12 (A) and P30 (B) WT and Twitcher sciatic nerves was quantitated by
counting the NFs per hexagonal grid laid on high-magnification EM pictures of sciatic nerve
coronal section. Twitcher axons had significantly more hexagons with higher number of NFs
at both time points, indicating the increased NF density in Twitcher mice. C) Quantitation of
Western blot analysis of NF-L, NF-M and NF-H in P7, P15 and P30 WT and Twitcher
sciatic nerves. Levels of all three proteins were decreased at P15 and P30, as assessed using
ImageJ software and by normalizing to actin levels. Data are mean+SEM of four
independent nerves per genotype per time point. Data were analyzed by ANOVA/post hoc
paired test. Asterisk indicates p<0.05.
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Figure 4. Loss of NF phosphorylation in the Twitcher nervous system

A, B, E, F) Immunohistochemical staining of P30 spinal cord coronal sections from
Twitcher (A, enlarged in B) and WT (E, enlarged in F) with monoclonal antibody SMI31
shows a decrease in the density of SMI31+ fibers, especially in the ventral white matter, in
Twitcher mice. C, D, G, H) Immunofluorescence staining of spinal cord longitudinal
sections from WT-YFPax (H) and Twitcher-YFPax P30 mice (C, D and merged image in G)
for SMI32 (red) and YFP (green) shows the stronger reactivity for SMI32 in the Twitcher
fibers and the accumulation of dephosphorylated NFs in sites of axonal swellings and breaks
(white arrows), suggesting a link between NF dephosphorylation and axonal damage in
Twitcher neurons. 1, J, L,M) Immunofluorescence staining of sciatic nerve longitudinal
sections from WT-YFPax (L and M) and Twitcher-YFPax (I and J) P30 mice for SMI31
(red) and YFP (green) shows stronger SMI31 reactivity in the WT tissue (L) as compared to
Twitcher tissue (1), indicating the loss of NF phosphorylation in the Twitcher peripheral
nervous system. K) Representative Western blot of phosphorylated NF (pNF-M, obtained
with monoclonal antibody SMI31) and total NF-M (obtained with monoclonal antibody
RMO189) of P10, P20, P30 and P40 WT and Twitcher sciatic nerves, with actin as a loading
control. N,O) Quantitation of Western blot analyses of pNF-M and pNF-M, respectively, in
sciatic nerves of P7, P15 and P30 WT and Twitcher mice using ImageJ software and
normalizing to actin. Data are mean + SEM of four replicates. Data were analyzed by
ANOVA/post hoc paired test. Asterisk indicates p<0.01.
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Figure 5. Increased activation of PP1 and PP2A in the Twitcher sciatic nerve

A, B) Quantitation of PP1 (A) and PP2A (B) enzymatic activity in lysates from P7 and P30
sciatic nerves of WT and Twitcher mice showed that both enzymes in Twitcher nerves were
strongly over-activated at P30, while only PP2A was significantly more active in the P7
tissue. Activity is expressed as micromol substrate (DiFMUP)/mg protein/min. Data are
mean + SEM of three replicates. Data were analyzed by ANOVA/post hoc paired test.
Asterisk indicates p<0.01. C—F) Representative immunohistochemical staining for PP2A in
P30 Twitcher (C,D) and WT (E,F) sciatic nerves shows the higher frequency of fibers
intensely stained for PP2A in the Twitcher nerve (black arrows in C and D). Rarely, PP2A+
myelinating Schwann cells were also detected in Twitcher tissue (asterisks in D). Enlarged
in D, the presence of PP2A in a mutant axon is readily observed (black arrow in D),
surrounded by the myelinating sheath (white arrow in D).

Neurobiol Dis. Author manuscript; available in PMC 2013 May 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Cantuti-Castelvetri et al. Page 20

w
@

A 120 . B § *
? 36 *
100 g 34
z_ > 32
w c >
T2 & 8 30
88 £ 2
g 2 60 0 1 5
£ E *
83 C = 1.05 %
5 E 40 E
> > 1.0
»n E *
a 5 095
- *
20 = 09
2
0 b—o— —o o
7 15 30 § os
Postnatal age (days) & 075
-o- Twitcher -o-Wild Type 0 1 5

Psychosine (uM)

Figure 6. Psychosine induces activity of PP1 and PP2A

A) Quantitation of psychosine by mass spectrometry in P30 WT and Twitcher sciatic nerves
indicated significantly higher levels of psychosine already at P7 in the Twitcher tissue, with
accumulation progressively increasing over the course of the disease. Data are mean + SEM
from 4 nerves per time point per genotype. Data were analyzed by ANOVA/post hoc paired
test. Asterisk indicates p<0.01. B,C) Quantitation of PP1 (B) and PP2A (C) enzymatic
activities in NSC34 cells treated with 0, 1 or 5 uM psychosine for 3 hr, showed that
psychosine induces a dose-dependent increase in phosphatase activity. Activity is expressed
as umol substrate (DiIFMUP)/mg protein/min. Data are mean + SEM of three replicates.
Data were analyzed by t-test of Student. Asterisk indicates p<0.05.
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Figure 7. Okadaic acid protects NF from dephosphorylation triggered by psychosine

A) NSC34 cells incubated with 5 uM psychosine and 10 nM okadaic acid (OA) for 3 hr
showed significant inhibition of both PP1 and PP2A activity. Data are expressed as fold-
change of phosphatase enzymatic activity relative to the vehicle (n=3). B, C) Analysis of
NSC34 cells treated with vehicle, 1 or 5 uM psychosine for 3 hr and processed for
immunoblotting detection of pNF-M and total NF-M indicated that psychosine triggers NF-
M dephosphorylation (quantitation in B using ImageJ and normalizing the amount of pNF-
M with respect to actin; representative Western blot in C), and that OA prevents this
dephosphorylation. Data are expressed as fold-change relative to the vehicle (n=3). D) In a
proposed model for the effect of psychosine on NFs and axonal diameter, psychosine
triggers the activities of PP1 and PP2A, which, in turn dephosphorylate NFs. Loss of NF
phosphorylation hampers the ability of Twitcher axons to grow radially, explaining the
prevalence of small-diameter fibers in Twitcher peripheral nerves. This pathogenic
mechanism is compounded by abnormal transport of NFs in the axon.
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