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educed protein O-glycosylation in the nervous system of the mutant SOD1
ransgenic mouse model of amyotrophic lateral sclerosis
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In the neurodegenerative disease amyotrophic lateral sclerosis (ALS), a number of proteins have
been found to be hyperphosphorylated, including neurofilament proteins (NFs). In addition to protein
phosphorylation, another important post-translational modification is O-glycosylation with �-N-
acetylglucosamine residues (O-GlcNAc) and it has been found that O-GlcNAc can modify proteins
competitively with protein phosphorylation, so that increased O-GlcNAc can reduce phosphorylation
at specific sites. We evaluated a transgenic mouse model of ALS that overexpresses mutant superoxide
dismutase (mSOD) and found that O-GlcNAc immunoreactivity levels are decreased in spinal cord tissue
from mSOD mice, compared to controls. This reduction in O-GlcNAc levels is prominent in the motor
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neurons of spinal cord. We find that inhibition of O-GlcNAcase (OGA), the enzyme catalyzing removal
of O-GlcNAc, using the inhibitor NButGT for 3 days, resulted in increased O-GlcNAc levels in spinal cord,
both in mSOD and control mice. Furthermore, NButGT increased levels of O-GlcNAc modified NF-medium
in spinal cords of control mice, but not in mSOD mice. These observations suggest that the neurodegener-
ation found in mSOD mice is associated with a reduction of O-GlcNAc levels in neurons, including motor
neurons.
. Introduction

Amyotrophic lateral sclerosis (ALS) is an adult onset neurode-
enerative disease characterized by neuron and motor neuron
eath in the spinal cord and brain. A number of studies have
emonstrated aberrant protein kinase function and elevated levels
f many phosphoproteins in tissue from ALS patients and murine
odels of ALS [11,12]. For example, hyperphosphorylated neuro-

lament (NF) proteins have been found in ALS tissue and since the
hosphorylation state of NFs regulates slow axonal transport [1],

t is thought that disorganized and hyperphosphorylated NFs in
he neurons of ALS patients impairs axonal transport and thereby

ontributes to NF-induced pathology in ALS [26].

Recently, it has been shown that many proteins, includ-
ng NFs can also be post-translationally modified by a form of
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O-glycosylation, O-linked �-N-acetylglucosamine, known as O-
GlcNAc [24]. This modification occurs on amino acid residues that
are also known to be phosphorylated in some proteins [4,24] and
conversely increased phosphorylation of specific proteins results
in decreased O-GlcNAc levels, and increased O-GlcNAc levels cor-
relate with decreased protein phosphorylation [24]. The reciprocal
relationship between O-GlcNAcylation and phosphorylation has
been termed the Yin–Yang hypothesis [24], and has gained sup-
port from the recent discovery that the enzyme installing the
O-GlcNAc residue, termed O-GlcNAc transferase (OGT) [14], may
form a functional complex with certain protein phosphatases [25].
Like phosphorylation, O-GlcNAcylation is a dynamic modification
that can be removed and installed several times during the lifespan
of a protein [21]. The enzyme catalyzing the removal of O-GlcNAc
from modified proteins is a �-N-acetylglucosamindase known as O-
GlcNAcase (OGA) [9]. A potent and highly selective small molecule
inhibitor of OGA, termed NButGT, has been described and shown
to increase global levels of O-GlcNAc modified proteins in a wide
range of tissues including those of the central nervous system (CNS)
of rodents [16–18].
Phosphorylation of the NF-medium subunit (NF-M) is regulated
by O-GlcNAc modification both in vitro and in vivo and it has
been proposed that O-GlcNAc and phosphorylation levels on NF-M
are reciprocal, and O-GlcNAc-modified NF-M levels are markedly
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ecreased in spinal cords of rats having an ALS-like disorder, while
hosphorylation of NF-M is increased [15]. However, it is unknown
here O-GlcNAc modified proteins are distributed and whether

evels of O-GlcNAc modified proteins are altered in motor neurons
n ALS.

About 20% of patients with familial ALS have mutations in the
u/Zn superoxide dismutase (SOD1) gene (mSOD) and transgenic
ice that over-express mSOD (G93A) develop a disorder resem-

ling ALS in humans and are commonly used as a model for the
tudy of ALS [10]. In G93A mSOD mice, aberrant accumulation of
yperphosphorylated NFs occurs in spinal motor neurons. Deple-
ion of the heavily phosphorylated side-arms of NF-M and the heavy
ubunit of NF (NF-H), increases survival of motor neurons in G37R
SOD mice [13]. Accordingly, mechanisms that can regulate the

hosphorylation of NF or other proteins are of interest since it
ay be possible to exploit them to intervene in the progression

f disease.
In this work, we describe the distribution of O-GlcNAc mod-

fied proteins in spinal cords of G93A mSOD mice and controls,
nd explore whether modulation of O-GlcNAc using small molecule
nhibitors of OGA will alter levels of O-GlcNAc modified proteins
nd NF phosphorylation.

. Methods

Transgenic mice expressing human G93A mutant SOD1
ere purchased from Jackson Laboratories (B6.Cg-Tg(SOD1-
93A)1Gur/J) or bred locally. Wild-type (wt) littermates were used
s controls in these studies. Protocols governing the use of animals
ere approved by the Animal Care Review Committee of Simon

raser University.
Western blot, immunocytochemistry and densitometric anal-

sis were performed as described previously [22] (detailed
escription in Supplementary Methods). The CTD110.6 anti-O-
lcNAc and the SMI31 anti-phosphorylated NF-H and NF-M were
btained from Covance; whereas the NL6 anti-O-glycosylated NF-

was obtained from Sigma; the anti-NeuN and anti-CNPase
ere obtained from Chemicon; the anti-GFAP and anti-Iba1 were

btained from Calbiochem and Wako, respectively. The NF-09
gainst total NF-M was obtained from Santa Cruz. Images were
ollected using a Leica fluorescence microscope (DM4000B). In con-
rol experiments, sections were performed in parallel but without
rimary antibody. When pre-treating spinal cord sections, trans-
erse slices were incubated with either wtOGA [3,8] at 105 �g/ml
r mutant OGA [3,8] at 86 �g/ml for 3 h in a 25 ◦C water bath, rinsed,
nd immunostained.

Motor neuron counts were performed using modified methods
reviously used by others [26]. Motor neurons were defined and
ounted as: (1) size >25 �m; (2) possession of at least one thick
rocess; (3) location in ventral gray matter regions below a hori-
ontal level through the center of central canal. Data were collected
y averaging five sections per animal and a total of 30 sections were
ounted.

A selective OGA inhibitor, 1,2-dideoxy-2′-propyl-�-d-
lucopyranosO-[2,1-d]-�2′-thiazoline (NButGT) [17], was used to
reat mSOD with advanced disease and wt mice. mSOD and wt

ice were fed chow with or without NButGT (100 mg/kg/day) for
hree days (n = 6 for each group).

Results were expressed as mean ± SD. A p-value of less than 0.05
as considered significant.
. Results

Immunoreactivity against O-GlcNAc-modified proteins was
valuated in transverse sections of spinal cord from wt mice
297

using CTD110.6 antibody that detects O-GlcNAc modified residues
on many different proteins [5,8]. As shown in Fig. 1A, O-GlcNAc
immunolabeling was evident in cells of the spinal cord, largely
within the gray matter and in both dorsal and ventral horns. To
confirm that the observed pattern of O-GlcNAc immunoreactiv-
ity was specific for O-GlcNAc modified proteins, sections were
treated with a bacterial �-N-acetylglucosamindase having OGA
activity (Bacteroides thetaiotamicron GH84, BtGH84) in order to
cleave this moiety off from modified proteins [3,8]. As shown
in Fig. 1B, following treatment with wtOGA, immunoreactivity
was absent, confirming that CTD110.6 antibody detects only O-
GlcNAc modified proteins. When sections were treated in an
identical manner using an inactive mutant of BtGH84 (D174A,
D175A) without enzymatic activity [3], O-GlcNAc immunoreac-
tivity was essentially identical to that seen in control tissues
(Fig. 1C). Under high magnification, O-GlcNAc immunoreactivity
was observed in large motor neurons, interneurons, and other
cells (Fig. 1A and D), generally in the perinuclear region, but also
within the cytoplasm and nucleus (1D). Immunoreactivity against
O-GlcNAc was also seen in oligodendroglia, as demonstrated by
CNPase, largely within the nucleus (Fig. 1E), as well as in astro-
cytes (Fig. 1F). Immunoreactivity against O-GlcNAc was not seen in
microglia.

To compare the levels of immunoreactivity of O-GlcNAc mod-
ified proteins in affected and non affected mice we performed
densitometry on sections from the same lower lumbar spinal cord
region from end stage mSOD (n = 3) and wt mice (n = 3). As shown
in Fig. 1G, densitometry of O-GlcNAc immunoreactivities in ventral
horn regions of spinal cord demonstrated that O-GlcNAc levels were
significantly lower (p < 0.001) in mSOD than control spinal cord.
As neurons have O-GlcNAc immunoreactivity in spinal cord, the
decreased O-GlcNAc immunoreactivity in end stage mSOD spinal
cord could stem from a specific reduction in the levels of O-GlcNAc
protein modification in neurons or from a reduction in the number
of motor neurons. Thus, we conducted densitometry of O-GlcNAc
immunoreactivity of individual motor neurons and counted motor
neurons in both end stage mSOD mice and controls. We found
significantly decreased O-GlcNAc immunoreactivity of individual
motor neurons from mSOD mice compared to controls (Fig. 1H),
and, as expected, mSOD mice had significantly lower numbers of
remaining motor neurons than the control mice (p < 0.001), both
factors likely accounting for some of the reduction of O-GlcNAc
immunoreactivity (Fig. 1I).

To evaluate the levels of O-GlcNAc modified proteins in spinal
cord tissue from the same lower lumbar region from wt mice (n = 9)
and mice over-expressing mSOD (n = 9) at early stages (no deficit),
mice with mild neurological deficits, and with severe deficits,
immunoblotting was performed. O-GlcNAc immunoreactivity was
evident for a large number of protein bands in the western blot,
both in wt and mSOD tissue (Fig. 2A, left lanes). However, no sig-
nificant difference in total O-GlcNAc levels was seen as measured
by integrating total band densities for both mSOD and wt tissues
(Fig. 2A, lower panel, and data not shown).

In an effort to modulate levels of O-GlcNAc modified proteins
in spinal cord we treated mSOD (n = 6) and control mice (n = 6)
with a specific inhibitor of OGA (NButGT) for 3 days. As shown in
Fig. 2B, O-GlcNAc immunoreactivity in NButGT treated mice was
increased in spinal cord sections as compared to tissue from non-
treated mice in both gray and white matter of spinal cord. Enhanced
O-GlcNAc immunoreactivity was found in the nuclei of astrocytes
and oligodendroglia, and in the cytoplasm and nuclei of neurons,
including surviving motorneurons from mSOD mice (Fig. 2B). Fig.

2A shows western blot data indicating that levels of O-GlcNAc
modified proteins were significantly increased (p < 0.05) both in
wt and mSOD spinal cord tissue in the NButGT treated groups, as
compared to non-treated animals (Fig. 2A, right lanes, and lower
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Fig. 1. Distribution and levels of O-GlcNAc modified proteins in spinal cord. Immunoreactivity of O-GlcNAc modified proteins in transverse sections of lumbar spinal cord
from wild type (wt) mice detected using CTD110.6 antibody in the absence of O-GlcNAcase (OGA) (A); in the presence of functional OGA (wtOGA) (B); and in the presence of
mutant, non-functional OGA (mOGA) (C). Immunofluorescence is observed in cells largely in gray matter and in both ventral and dorsal horns (A, C, and D); immunostaining is
absent after wtOGA treatment (B). Immunolabeling of O-GlcNAc (green) in ventral horns of lumbar spinal cord sections from wt mice localizes to cells exhibiting the neuronal
marker, NeuN (red) (D); the oligodendrocyte marker CNPase (red) (E); the astrocyte marker GFAP (red) (F). (G) Densitometric analysis of O-GlcNAc immunoreactivity in
ventral horn regions of spinal cords shows that immunoreactivity is significantly lower in mSOD than wt (*p < 0.01). (H) Densitometric analysis of O-GlcNAc immunoreactivity
in motor neurons shows that immunoreactivity is significantly lower in mSOD than wt (**p < 0.001). (I) Motor neuron counts show significantly lower survival of NeuN+ (red)
neurons in mSOD than wt (**p < 0.001). Scale bars: (D) 15 �m; (E and F) 5 �m. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 2. NButGT significantly enhances O-GlcNAc level in spinal cords. mSOD and wt mice were treated orally with a specific inhibitor of OGA (NButGT) for 3 days. (A) Using
CTD110.6 antibody, western blotting shows that levels of O-GlcNAc modified proteins were significantly increased both in wt and mSOD in the NButGT treated groups,
compared with non-treated animals (*p < 0.05). There is no significant difference in total O-GlcNAc band densities between wt and mSOD spinal cords. Values are expressed
as a ratio of CTD110.6 versus Actin. (B) This observation is evaluated further by densitometric analysis of O-GlcNAc immunoreactivity in the ventral horn regions of spinal
cord (*p < 0.01, **p < 0.001, respectively). (C) Western blotting shows levels of OG-NF-M proteins in spinal cord of mSOD and wt mice from NButGT treated and non-treated
groups using NL6 antibody. Levels of OG-NFM proteins are significantly reduced (*p < 0.01) in mSOD spinal cord in both NButGT treated and non-treated groups, compared
to wt mice. There is a significantly increase in OG-NF-M protein in wt spinal cord in the NButGT treated group, compared with non-treated (control) mice (*p < 0.05). Values
are expressed as a ratio of NL6 versus Actin. (D) Western blotting shows levels of phosphorylation of NF-M proteins from spinal cords using SMI31 antibody. Levels were
quantified by densitometry and normalized to total NF-M level (NF-09 immunoreactivity), are not significantly different (p > 0.05) between wt and mSOD tissue in either
NButGT treated or non-treated (control) groups. Values are expressed as a ratio of SMI31 versus NF-09.
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anel). There was no statistically significant difference in total O-
lcNAc band densities by western blot between wt and mSOD after
ButGT treatment (Fig. 2A). O-GlcNAc immunoreactivity was eval-
ated by densitometric analysis in ventral horn regions of spinal
ord where wt spinal cord exhibited significantly higher (p < 0.01)
mmunoreactivity as compared to mSOD spinal cord (Fig. 2B).
ButGT treatment significantly increased both wt and mSOD O-
lcNAc immunoreactivities (p < 0.01 and p < 0.001, respectively) as
easured using immunohistochemistry (Fig. 2B).
Spinal cord homogenates were probed with the antibody (NL6),

hich recognizes an O-GlcNAc modified NF-M epitope (OG-NF-M)
15]. As seen in Fig. 2C, western blot revealed that levels of OG-NF-

proteins were significant reduced (p < 0.01) in mSOD mice versus
t mice in both NButGT treated and non-treated groups. We also

ound that levels of OG-NF-M proteins were significantly increased
p < 0.05) in wt spinal cord tissues in the NButGT treated groups,
s compared to tissue from non-treated animals. There was, how-
ver, no significant difference in OG-NF-M band densities in mSOD
pinal cord tissue arising from treatment with NButGT (p > 0.05). As
e observed that NButGT could modulate global O-GlcNAc and spe-

ific OG-NF-M levels, we further examined phospho-NF-M levels in
hese tissues using SMI31 antibody, which is known to recognize
hosphorylated epitopes within the repeating KSP motifs of NF-H
nd NF-M. As shown in Fig. 2D, levels of phospho-NF-M in spinal
ord tissues did not show any statistically significant differences
etween wt or mSOD mice, either with or without NButGT treat-
ent, after densitometry was corrected by normalization using

otal NF-M levels.

. Discussion

Previous studies have demonstrated that when compared to
ppropriate controls, CNS tissues from ALS patients, and murine
odels of ALS, have increased levels of protein kinases and phos-

hoproteins [11,12,19]. Notably, increased immunoreactivity of the
ighly phosphorylated isoform of NF-H has been reported and it
as been postulated that NF-H acts as a sink for phosphoryla-
ion by hyperactive cyclin-dependant kinase-5 (CDK-5) to hinder
ncontrolled phosphorylation of proteins having critical cellular
unctions [19,23]. However, extensive hyperphosphorylation of the
SP-repeat domain of NFs has also been implicated in progression
f symptoms of ALS [23]. Interestingly, the microtubule-associated
rotein, tau, has also been found to be hyperphosphorylated in
LS tissue [27]. Since there appears to be a reciprocal relation-
hip between O-GlcNAc and phosphate on some proteins including
au [7,20,28] we were intrigued by the possible reciprocal rela-
ionship between O-GlcNAc levels and phosphorylation of NFs. If
hosphorylation and O-GlcNAc are generally reciprocal then we
ight observe that O-GlcNAc levels in a mouse model of ALS would

e significantly decreased. Furthermore, if this holds true for NFs in
ddition to other proteins, pharmacological elevation of O-GlcNAc
evels might be achieved by blocking the action of OGA, the enzyme
esponsible for removing this modification, which could reduce the
yperphosphorylation of NFs in this model.

To evaluate this possibility, we investigated the distribution of
-GlcNAc modified proteins in CNS and whether O-GlcNAc lev-
ls were decreased in G93A mSOD mice. Using an antibody that
ecognizes many O-GlcNAc modified proteins, we found that O-
lcNAc is particularly abundant in neurons, but is also found

n oligodendrocytes and astrocytes. We did not detect O-GlcNAc
mmunoreactivity in microglia. In both oligodendrocytes and astro-

ytes, O-GlcNAc immunoreactivity was most evident in the nuclei,
hereas in neurons O-GlcNAc immunoreactivity was found at simi-

ar levels in both the nucleus and cytoplasm, but most notably in the
erinuclear region, as described previously in human astrocytes,
mouse cerebellar neurons, and mouse brain tissue [2,17,18,20].
Using immunocytochemistry with densitometry, we found that O-
GlcNAc levels are significantly decreased in spinal cord tissue from
mSOD mice as compared to controls. Furthermore, in the mSOD
mice we observed lower O-GlcNAc levels in the remaining neu-
rons, as well as motor neuron loss, which likely lead to decreased
overall O-GlcNAc levels at disease end stage.

Having established that O-GlcNAc levels were decreased in
symptomatic G93A mSOD mice and because motor neurons had
significantly lower O-GlcNAc protein modification, we investi-
gated whether we could modulate O-GlcNAc levels using a small
molecule inhibitor of OGA. While PUGNAc has been widely
used as an inhibitor of OGA to modulate O-GlcNAc in cells and
tissues it is known that this compound also inhibits lysosomal �-
hexosaminidases, the enzymes that cleave both GlcNAc and GalNAc
from many glycosylated proteins [17]. Furthermore, PUGNAc does
not increase O-GlcNAc levels in the CNS of treated animals [29].
Therefore, we used NButGT, a potent (KI = 230 nM) and highly selec-
tive (1200-fold selectivity) small molecule inhibitor of OGA, which
has been shown to increase global levels of O-GlcNAc modified
proteins in various tissues [16,17]. We found that a three-day oral
treatment with NButGT significantly increased O-GlcNAc levels, as
measured both by western blot and immunohistochemistry. Inter-
estingly, the treatment increased O-GlcNAc levels in spinal cord to
similar levels, both in mSOD and control mice, when compared to
untreated mSOD and control animals, respectively. This data sug-
gests that in addition to neuronal loss, some of the reduction in
O-GlcNAc levels in mSOD spinal cord is likely due to decreased
O-GlcNAc modification within surviving neurons and other cells,
an observation consistent with the known activation of protein
kinases and increased phosphorylation of neuronal proteins in
this animal model [15]. These observations were supported by
immunohistochemical analysis of O-GlcNAc levels that showed sig-
nificantly enhanced O-GlcNAc levels in neurons, astrocytes, and
oligodendroglia in both mSOD and wt spinal cord tissue following
NButGT treatment. NButGT is therefore able to modulate O-GlcNAc
effectively in this mouse model of ALS.

To test whether inhibitor treatment was modulating O-GlcNAc
levels on NFs, we used an antibody (NL6) that has been raised
against rat O-GlcNAc modified NF-M [15]. As outlined above, there
is considerable evidence for hyperphosphorylated NFs playing a
role in the progression of ALS in humans [15]. Recent studies have
shown reductions in O-GlcNAc modified NF-M in a rat model of ALS
over-expressing mSOD [15]. Here, we observed significant reduc-
tions of NL6 immunoreactivity in mSOD versus wt mice both in
NButGT treated and non-treated groups by using western blot. Our
western blot results corroborate the findings reported by Lude-
mann et al. [15]. Interestingly, use of NButGT significantly increased
O-GlcNAc modified NF-M in wt but not mSOD mice as determined
using the NL6 antibody. Given these observations, we examined
the effects of short term (three days) NButGT treatment on phos-
phorylation of the KSP repeats of NF-M using the SMI31 antibody,
which recognizes the phosphorylated KSP epitope. Given that it
has been proposed that the KSP repeat region of NF-M contains
several O-GlcNAc modification sites, we anticipated that treatment
might decrease phosphorylation of this region. However, western
blot analysis did not revealed a significant decrease in the mean
SMI31 imunoreactivity. No difference in mean SMI31 immunore-
activity was observed between treated and untreated mSOD mice.
We speculate that this lack of difference in SMI31 immunoreactivity
in mSOD mice may arise from the aggregation of hyperphosphory-
lated NFs in these severely affected animals [6], which may prevent

dephosphorylation and subsequent O-GlcNAc modification. Over-
all, however, these results indicate that O-GlcNAc levels can be
modulated in vivo to increase levels of O-GlcNAc on NFs. To address
whether elevated O-GlcNAc levels induced by NButGT or other OGA
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