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Abstract
The medium subunit of neurofilament (NF-M) is extensively modified by phosphate and O-linked
β-N-acetylglucosamine (O-GlcNAc). Phosphorylation of NF-M plays a critical role in regulating its
translocation, filament formation, and function. However, the regulation of NF-M phosphorylation
and the role of NF-M O-GlcNAcylation (a modification by which GlcNAc is attached to the serine/
threonine residues of a protein via an O-linked glycosidic bond) are largely unknown. Here, we
demonstrate that O-GlcNAcylation and phosphorylation of NF-M regulate each other reciprocally
in cultured neuroblastoma cells and in metabolically active rat brain slices. In animal models of
fasting rats, which mimicked the decreased glucose uptake/metabolism observed in brains of
individuals with Alzheimer disease (AD), we found a decrease in O-GlcNAcylation and increase in
phosphorylation of NF-M. We also observed decreased O-GlcNAcylation and an increased
phosphorylation of NF-M in AD brain. These results suggest that O-GlcNAcylation and
phosphorylation of NF-M are regulated reciprocally and that the hyperphosphorylation and
accumulation of NF-M in AD brain might be caused by impaired brain glucose uptake/metabolism
via down-regulation of NF-M O-GlcNAcylation.—Deng, Y., Li, B., Liu, F., Iqbal, K., Grundke-
Iqbal, I., Brandt, R., Gong, C.-X. Regulation between O-GlcNAcylation and phosphoryla-tion of
neurofilament-M and their dysregulation in Alzheimer disease.
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Neurofilaments (NFS) are the intermediate filaments of neurons and one of the major
components of the neuronal cytoskeleton, which are essential for forming and maintaining cell
shape and facilitating intracellular transport. NFs are formed by polymerization of three
subunits, termed light (NF-L), medium (NF-M), and heavy (NF-H) chains, with the apparent
molecular weights of 68, 160, and 200 kDa, respectively, in SDS-polyacrylamide gel
electrophoresis (PAGE) (1). NF-M is critical to the cross-bridge formation, stabilization, and
longitudinal extension of the filament network and plays a more profound role than NF-H in
regulating the structure and function of NFs (2–4). NF-M is extensively modified by phosphates
and O-linked β-N-acetyl-glucosamine (O-GlcNAc) at serine and threonine residues, especially
those in the head domain and in the KSP repeats of the tail domain (1,5–10). Many studies
have demonstrated that phosphorylation of NF-M plays a critical role in regulating its
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translocation, filament formation, and function (1,11). However, the role of NF-M O-
GlcNAcylation, a modification by which O-GlcNAc is attached to the serine/threonine residues
of a protein via an O-linked glycosidic bond, is not known.

Both phosphorylation and O-GlcNAcylation of proteins are dynamically regulated in the cell
and, for many proteins, they regulate each other in a reciprocal manner (12). In the brains of
patients with Alzheimer disease (AD), phosphorylation of NFs is dysregulated in such a way
that they are hyperphosphorylated and accumulated (13–16). Hyperphosphorylation and
accumulation of NFs may contribute to the retrograde degeneration of neurons in AD, but the
mechanism leading to NF hyperphosphorylation is not understood. We recently found that
phosphorylation of tau protein is inversely regulated by O-GlcNAcylation and that abnormal
hyperphosphorylation of tau, which leads to neurofibrillary degeneration in AD (17), can be
caused by decreased brain glucose metabolism via down-regulation of tau O-GlcNAcylation
(18,19). Because glucose uptake and metabolism are impaired (20) and protein O-
GlcNAcylation level is decreased (18) in AD brain, it is intriguing to hypothesize that these
abnormalities might also lead to hyperphosphorylation and, consequently, accumulation of
NFs.

In this study, we investigated the regulation between O-GlcNAcylation and phosphorylation
of NF-M and the molecular mechanism leading to the hyperphosphorylation and accumulation
of NF-M in AD brain. We found that O-GlcNAcylation and phosphorylation of NF-M indeed
regulated each other reciprocally both in cultured neuroblastoma cells and in the mammalian
brain and that decreased brain glucose metabolism caused decreased O-GlcNAcylation and
increased phosphorylation of NF-M. More importantly, we also observed decreased O-
GlcNAcylation as well as hyper-phosphorylation of NF-M in AD brain. These findings, for
the first time, suggest a unique mechanism of regulation of NF phosphorylation and provide a
novel explanation on the hyperphosphorylation and accumulation of NFs in AD brain.

MATERIALS AND METHODS
Human brain tissue

Postmortem human brain tissue (postmortem delay <3 h) was obtained from the Sun Health
Research Institute Brain Donation Program (Sun City, AZ, USA). The diagnosis of all cases
was confirmed histopathologically. Medial temporal cortices of 7 AD (79.4±5.27 yr old, 4 male
and 3 female) and 7 control (79.4±6.69 yr old, 4 male and 3 female) cases were homogenized
in a buffer consisting of 60 mM Tris-HCl (pH 6.8), 3% SDS, 5% β-mecaptoethanol, 10%
glycerol, 0.05% bromphenol blue, 0.5 mM phenylmethyl sulfonyl fluoride, 50 mM NaF, and
10 μg/ml each of leupeptin, pepstatin A, and aprotinin. Protein concentrations of the
homogenates were determined by modified Lowry method (21).

Antibodies
Monoclonal antibody NL6 was raised against a cytoskeletal fraction prepared from human
neurons and recognizes an O-GlcNAcylated epitope at or close to the KSP region of the
projection domain of human and rat NF-M (6). We further characterized its specificity and
confirmed that this antibody recognizes NF-M in an O-GlcNAcylation-dependent manner and
does not have any detectable cross-reaction to any proteins of human and rat brains (see
Supplemental Fig. 1). Monoclonal antibody SMI31 against the phosphorylated epitopes of the
KSP repeats of NF-M/H was purchased from Sternberger Monoclonals Inc. (Baltimore, MD,
USA). Polyclonal antibody NF160 (ab9034) against NF-M in a phosphorylation- and O-
GlcNAcylation-independent manner was purchased from Abcam Inc. (Cambridge, MA, USA).
Polyclonal antibody R61d against all three subunits of NF was raised in our laboratories.
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Monoclonal DM1A against α-tubulin was obtained from Sigma-Aldrich Co. (St. Louis, MO,
USA).

Western blots, immunocytochemistry, and immunohistochemistry
Samples were first resolved in 7.5% SDS-PAGE and electro-transferred onto Immobilon-P
membrane (Millipore, Bedford, MA, USA). The blots were then probed with NL6 (1:2000),
SMI31 (1:5000), R61d (1:2000), NF160 (1:5000), or DM1A (1:2000) and developed with
horseradish peroxidase-conjugated secondary antibody and enhanced chemiluminescence kit
(Pierce, Rockford, IL, USA). Immunostaining of SH-SY5Y cells was carried out by
conventional immunocytochemical protocol using ABC staining kit (Santa Cruz
Biotechnology, Inc., Santa Cruz, CA, USA). Double immunofluorescence staining of rat brain
tissue sections was carried out by using Alexa488-conjugated anti-mouse IgG and Alexa543-
conjugated anti-rabbit IgG (Molecular Probes, Eugene, OR, USA). In some experiments, the
tissue sections were counter-stained with TO-PRO3, a nucleic acid-specific marker, to
visualize the nuclei at 633 nm excitation wavelength.

Cell culture and treatments
SH-SY5Y human neuroblastma cells (ATCC, Manassas, VA, USA) were propagated in a 1:1
mixture of Eagle’s Minimum Essential Medium and Ham’s F12 Medium supplemented with
10% heat-inactivated fetal bovine serum (FBS, Gibco BRL, New York, NY, USA), 100 U/ml
penicillin, and 100 mg/ml streptomycin. Cells were plated at a density of ~5 × 106 cells/cm2

in six-well culture plates coated with poly-D-lysine (for Western blot analysis) or at a density
of ~1.0 × 105 cells/cm2 on coated chamber slides (for immunocytochemis-try). After induction
of differentiation for 12 h by withdrawal of fetal bovine serum, the cells were treated either
with different concentrations of OA or with 0.1 μM OA plus 20 μM PUGNAc (Toronto
Research Chemicals, Inc., Toronto, Canada) or 10 mM STZ (Sigma-Aldrich Corp.) for 3 h. At
the end of treatments, the cells were either lysed for Western blot analysis or fixed for
immunocytochemical staining.

Preparation and treatments of rat brain slices
Metabolically competent rat brain slices (400 μm thick) were prepared from 2- to 3-month-old
male CD rats (Charles River Lab, Wilmington, MA, USA), as described (22). The slices were
incubated with artificial cerebrospinal fluid containing 0, 1.0, or 5.0 mM OA at 33°C for 3 h,
followed by homogenization for Western blot analysis and fixation for immunohistochemistry,
respectively, as described previously (22). All experiments involving animals were approved
by our Institutional Animal Welfare Committee, and the “Principles of Laboratory Animal
Care” (NIH publication # 86–23, revised 1985) and the U.S. Law on the Protection of Animals
were followed.

Fasting of rats
CD rats (female, 6 months old, from Charles River Laboratories, Wilmington, MA, USA) were
caged singly at room temperature (23°C) and 12-h light–dark cycle. Ten rats were randomly
divided into two groups. For the fasting group, food was removed from the cages, but the rats
were allowed free access to water. After 72 h, all rats were killed by using carbon dioxide gas,
and the brains were removed and divided into two hemispheres. The cerebral cortex and the
hippocampus of the left hemispheres were homogenized separately in 50 mM Tris-HCl (pH
7.6) containing 0.1 mM phenylmethyl sulfonyl fluoride, 1.0 mM sodium orthovanadate, 1.0
mM NaF, 100 mM GlcNAc, 0.1 μM PUGNAc, and 2.0 mg/ml each of aprotinin, leupeptin,
and pepstatin. The homogenates were stored at –70°C for Western blot analysis. The right
hemispheres were fixed with 10% buffered formalin and embedded in paraffin. Tissue sections
(10 μm) were sliced for triple immunofluorescence staining.
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RESULTS
O-GlcNAcylation and phosphorylation of NF-M occur reciprocally in cultured cells

To investigate whether O-GlcNAcylation and phosphorylation of NF-M affect each other, we
treated SH-SY5Y cells with okadaic acid (OA), the most commonly used protein phosphatase
inhibitor (22,23), to elevate phosphorylation of NF-M. As expected, OA induced an increase
in NF-M phosphorylation in a dose-dependent manner, as determined by monoclonal antibody
SMI31 (Fig. 1a, b), which recognizes only the phosphorylated tail domain of NF-M and NF-
H (7,24,25). We also observed a dose-dependent decrease in O-GlcNAcylation of NF-M, as
determined by monoclonal antibody NL6, which recognizes NF-M only if the tail domain is
modified by O-GlcNAc (ref. 6 and Supplemental Fig. 1). Immunocytochemical staining of
these cells indicated that OA treatment markedly increased SMI31 staining and caused
accumulation of the phosphorylated NF in the cells (Fig. 1c). In the untreated SH-SY5Y cells,
O-GlcNAcylated NF-M stained by NL6 condensed mainly in the cytoplasmic compartment.
After treatment with OA, the NL6 immunostaining was dramatically decreased (Fig. 1c). These
results suggest that phosphorylation of NF-M induces a decrease of its O-GlcNAcylation in
SH-SY5Y cells.

Next, we studied whether alteration of O-GlcNAcylation modulates phosphorylation of NF-
M. When O-(2-acetamido-2-deoxy-D-glucopyranosylidene) amino-N-phenyl carbonate
(PUGNAc) or streptozotocin (STZ), both of which are cell-permeable, selective inhibitors of
β-N-acetylglucosaminidase (also called O-GlcNAcase) and thus can elevate cellular protein
O-GlcNAcylation (26,27), was included in the culture medium along with OA, we observed a
marked decrease in OA-induced phosphorylation of NF-M as compared to the cells treated
with OA alone (Fig. 2). The OA-induced decrease in O-GlcNAcylation of NF-M was also
largely prevented by PUGNAc and STZ. Taken together, these results demonstrate that O-
GlcNAcylation and phosphor-ylation of NF-M are regulated reciprocally in SH-SY5Y cells.

Phosphorylation of NF-M induces a decrease of its O-GlcNAcylation in metabolically active
rat brain slices

We further investigated the regulation between phosphorylation and O-GlcNAcylation of NF-
M in metabolically active rat brain slices that have been demonstrated to be an excellent in
situ model to study protein phosphorylation of the mammalian brain (22,28). When the brain
slices were treated for 3 h with 1.0 or 5.0 μM OA, which inhibited ~70% protein phosphatase
2A activity (28), we observed increased phosphorylation of NF-M by both Western blots and
immunohistochemical staining with antibody SMI31 (Fig. 3). When the samples were
examined for O-GlcNAcylation of NF-M with antibody NL6, we found a marked decrease of
the NL6 signal by both Western blots and immunohistochemical staining (Fig. 3). As seen in
the cerebral cortex (Fig. 3b, c), the increased phosphorylation and decreased O-GlcNAcylation
of NF-M were also seen immunohistochemically in the axons of the white matter
(Supplemental Fig. 2) and the hippocampus (Supplemental Fig. 3) after OA treatment. These
results suggest that phosphorylation of NF-M down-regulates its O-GlcNAcylation in the
mammalian brain.

Decreased glucose metabolism causes decreased O-GlcNAcylation and increased
phosphorylation of NF-M

Impaired brain glucose uptake/metabolism is an early abnormality of AD (20), which could
lead to decreased intraneuronal level of UDP-GlcNAc, a donor for protein O-GlcNAcylation.
To investigate whether this impairment results in decreased O-GlcNAcylation and increased
phosphorylation of NF-M in the brain, rats were fasted for 72 h to induce the decreased brain
glucose uptake/metabolism. We found that fasting caused a 52% and 81% decrease in NF-M
O-GlcNAcylation in cerebral cortex and hippocampus, respectively, as determined by Western
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blots probed with antibody NL6 (Fig. 4a, b). When the phosphorylation level of NF-M in the
tissue was determined by using antibody SMI31, we found a marked increase in NF-M
phosphorylation in the fasted rat brains, and the increase in the hippocampus appeared to be
greater than in the cerebral cortex (Fig. 4a, b). These results indicate that the impaired brain
glucose uptake/metabolism can cause hyperphosphorylation of NF-M via down-regulation of
its O-GlcNAcylation in vivo and that the hippocampus is more vulnerable than the cerebral
cortex to low brain glucose-induced damage.

We further studied the distribution of O-GlcNAcylated and phosphorylated NF-M in the brains
of fasting rats. Because both NL6 and SMI31 are mouse monoclonal antibodies that made
double/triple staining difficult, we used NF160, a rabbit polyclonal antibody recognizing NF-
M in a phosphorylation/O-GlcNAcylation-independent manner, as a reference. We found that
although the NF160 staining appears to be similar between control and fasted rats, the NL6
staining was decreased and the SMI31 staining increased throughout the brains of the fasted
rats. These fasting-induced immunohistochemical changes were more obvious in the
hippocampus (Fig. 4c and Supplemental Fig. 4) than in the cerebral cortex (Supplemental Fig.
5) and in the white matter (Supplemental Fig. 6). These results were consistent with the
observations when using Western blots (Fig. 4a, b).

O-GlcNAcylation and phosphorylation of NF-M are dysregulated in AD brain
To investigate whether impaired brain uptake/metabolism might have contributed to
hyperphosphorylation and accumulation of NF-M in AD, we determined the O-GlcNAcylation
and phosphorylation level of the homogenates from AD and the age-matched control brains.
We found that the O-GlcNAcylation level of NF-M (stained by NL6) was decreased by ~65%
and the phosphoryaltion level of NF-M (stained by SMI31) was increased by ~50% in AD
brains as compared to that in controls (Fig. 5a, b). Immunohistochemically, the NL6 staining
was weaker and the SMI31 staining was stronger in both the cerebral cortex (Fig. 5c) and the
white matter (Supplemental Fig. 7) of AD brain sections than the control brain sections.
Accumulation of the phosphorylated NF-M was also seen in the neuronal cell bodies of AD
brains, but not in controls (Fig. 5c, insert). These results suggest that down-regulation of O-
Glc-NAcylation may contribute to hyperphosphorylation of NF-M in AD brain.

DISCUSSION
Both NF-M and NF-H are highly phosphorylated proteins. Phosphorylation of the tail domain
of NF subunits plays a critical role in regulating their translocation, filament formation, and
function (1,11). Most of the phosphorylation sites of NF-M/H are located at the KSP repeats
of the tail domain (10,16), which appear to contribute to NF spacing due to charge repulsion
(29). It has been suggested that phosphorylation of NF-M/H at these sites is regulated by cyclin-
dependent kinase 5 (30,31), mitogen-activated protein kinases (32,33), and protein phosphatase
2A (34,35). The KSP repeats of NF are also highly modified by O-GlcNAcylation (5,6,9). In
the present study, by using monoclonal antibody SMI31 against the phosphorylated epitope
and NL6 against the O-GlcNAcylated epitope of the KSP repeats of NF-M, we have
demonstrated that O-GlcNAcylation and phosphorylation of NF-M regulate each other in a
reciprocal manner. This type of inverse regulation between O-GlcNAcylation and
phosphorylation has also been seen in other proteins such as c-Myc and tau protein (18,36–
38). Thus, protein O-GlcNAcylation and phosphorylation might serve as a metabolic switch
that regulates protein functions in response to intracellular glucose metabolism. Because NF-
H has many more KSP repeats than NF-M and they are also highly modified by both O-
GlcNAcylation and phosphorylation, a similar reciprocal regulation between O-
GlcNAcylation and phosphorylation is likely to occur in NF-H also. Hence, our findings
demonstrate a new way of regulation of NF phosphorylation.
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Increased phosphorylation of NFs has been shown to increase their resistance to proteolytic
degradation (39) and to result in their accumulation in neurons (14,35,40).
Hyperphosphorylation and accumulation of NFs have been observed in AD brain (13–16). It
is, therefore, possible that the abnormal accumulation of NFs in AD brain is due to their
hyperphosphorylation, as is believed for abnormal tau accumulation being due to its
hyperphosphorylation (17,41). However, the mechanism leading to NF hyperphosphorylation
in AD brain is hardly understood. Down-regulation of protein phosphatase 2A (42–44), which
participates in dephosphorylating NFs at the tail domain (34,35), might contribute partially to
the hyperphosphorylation of NFs in AD brain. We have found now that decreased brain glucose
uptake/metabolism in fasting rats induced down-regulation of NF-M O-GlcNAcylation and
concurrent increased phosphorylation of NF-M. The decreased O-GlcNAcylation and
increased phosphorylation of NF-M were also seen in AD brain neocortex, where the glucose
uptake/metabolism is severely impaired (17,45–47). On the basis of these observations, we
postulate that the hyperphosphorylation and accumulation of NFs in AD brain could result
from impaired glucose uptake/metabolism via down-regulation of NF O-GlcNAcylation.
Consistent with our hypothesis, increased phosphorylation of NFs has been observed in the
brains and spinal cords of diabetic rats (48) and in the brains of transgenic mice with brain
insulin deficiency (49), both of which are characterized by deficient glucose uptake/
metabolism.

In conclusion, we have demonstrated a novel regulation of NF phosphorylation by O-
GlcNAcylation in cultured cells, in metabolically competent brain slices, and in the brain. We
also found that impaired brain glucose uptake/metabolism can lead to decreased O-
GlcNAcylation and increased phosphorylation of NFs, which is similar to the NF alterations
in AD brain. These findings led us to postulate the involvement of impaired glucose uptake/
metabolism via decreased O-GlcNAcylation as a cause of hyperphosphorylation and
pathological accumulation of NFs in AD brain.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
OA induces increased phosphorylation and decreased O-GlcNAcylation of NF-M in SH-SY5Y
neuroblastoma cells. a) Cells after treatment with the indicated concentrations of OA for 3 h
were analyzed by Western blots developed with antibody SMI31 to phosphorylated NF-M/H
or NL6 to O-GlcNAcylated NF-M. Blots developed with antibody R61d to total NFs and
DM1A to α-tubulin were included as loading controls. Arrowheads indicate the 160-kDa NF-
M band. b) The phosphorylation (SMI31 immunoreactivity) and O-GlcNAcylation (NL6
immunoreactivity) levels of blots shown in a were quantified and normalized with the total
NF-M level (R61d immunoreactivity). Data are presented as mean ± SE. c)
Immunocytochemical staining of SH-SY5Y cells treated with 0 or 0.1 μM OA for 3 h. Scale
bar = 30 μm.
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Figure 2.
Effect of O-GlcNAcylation on OA-induced phos-phorylation of NF-M in SH-SY5Y cells. a)
Cells were treated with either 0.1 μM OA alone or together with 20 μM PUGNAc or 10 μM
STZ for 3 h, followed by Western blot analysis of the levels of phosphorylation and O-
GlcNAcylation of NF-M with antibodies SMI31 and NL6, respectively. Blots developed with
antibody R61d to total NFs and DM1A to α-tubulin were included as loading controls.
Arrowheads indicate the 160 kDa NF-M band. Each lane was from an individual treatment.
b) The phosphorylation and O-GlcNAcylation levels of NF-M of blots shown in a were
densitometrically quantitated after being normalized with the total NF-M level of R61d blot.
Data are presented as mean ± SE. *P < 0.05 vs. control group. #P < 0.05 vs. OA-treated group.
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Figure 3.
OA induces increased phosphorylation and decreased O-GlcNAcylation of NF-M in rat brain
slices. Metabolically active rat brain slices were incubated with artificial cerebrospinal fluid
containing 0, 1.0, or 5.0 μM OA for 3 h, followed by analysis of phosphorylation (by SMI31),
O-GlcNAcylation (by NL6), and the total level (by NF160 and R61d) of NF-M by Western
blots (a) and by double immunofluorescence staining with SMI31/NF160 (b) and NL6/NF160
(c). In a, blot with DM1A against α-tubulin was included as a loading control, and the
arrowheads indicate the NF-M band. b, c) Show the cerebral cortex of the rat brain slices. Scale
bar = 20 μm.
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Figure 4.
Fasting causes decreased O-GlcNAcylation and increased phosphorylation of NF-M. a)
Homogenates of the cerebral cortex and the hippocampus from rats with or without fasting for
72 h were analyzed by Western blots developed with NL6 to O-GlcNAcylated NF-M, SMI31
to phosphorylated NF-M/H, or R61d to the total NF proteins. Each lane was from an individual
rat brain (b). The blots, as shown in a, were quantitated densitometrically and normalized by
the NF-M level of R61d blot. The data are mean ± SE. *P < 0.05 vs. control group. c) Confocal
microscopy of triple immunofluorescence staining of the hippocampus CA1 sector of control
and fasted rats. Green, NL6 to O-GlcNAcylated NF-M or SMI31 to phosphorylated NF-M/H.
Red, NF160 to total NF-M. Blue, TO-PRO3 to nuclei. Scale bar = 50 μm.
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Figure 5.
Alterations of O-GlcNAcylation and phosphorylation of NF-M in AD brain. a) The O-
GlcNAcylation and phosphorylation levels of NF-M in the medial temporal cortices of AD
and age-matched control brains were analyzed by Western blots developed with antibodies
NL6 and SMI31, respectively. Blots developed with R61d for total NF-M and DM1A for α-
tubulin were also included as loading controls. Each lane was from an individual case. b) The
blots shown in a were quantitated after being normalized by total NF-M of the R61d blot. Data
are shown as mean ± SE. *P < 0.05 vs. control group. c) The paraffin-embedded cortex sections
of AD and age-matched controls were stained with NL6, SMI31, and NF160. Scale bar = 25
μm.
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