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a  b  s  t  r  a  c  t

Intracellular  accumulation  of  hyperphosphorylated  tau protein  is linked  to  neuronal  degener-
ation  in  Alzheimer’s  disease  (AD).  Mounting  evidence  suggests  that  tau  phosphorylation  and
O-N-acetylglucosamine  glycosylation  (O-GlcNAcylation)  are  mutually  exclusive  post-translational  mod-
ifications.  O-GlcNAcylation  depends  on 3–5%  of  intracellular  glucose  that  enters  the  hexosamine
biosynthetic  pathway.  To  our knowledge,  the  existence  of  an imbalance  between  tau  phosphorylation
and  O-GlcNAcylation  has  not been  reported  in  animal  models  of  AD,  as yet. Here,  we used  triple  trans-
genic  (3xTg-AD)  mice at 12  months,  an  age  at which  hyperphosphorylated  tau  is  already  detected  and
associated  with  cognitive  decline.  In these  mice,  we  showed  that  tau was  hyperphosphorylated  on both
Ser396  and  Thr205  in  the  hippocampus,  and  to  a lower  extent  and  exclusively  on Thr205  in  the  frontal
cortex.  Tau O-GlcNAcylation,  assessed  in  tau immunoprecipitates,  was substantially  reduced  in the  hip-
pocampus  of 3xTg-AD  mice,  with  no  changes  in  the frontal  cortex  or in  the  cerebellum.  No changes  in the

expression  of the  three  major  enzymes  involved  in  O-GlcNAcylation,  i.e.,  glutamine  fructose-6-phosphate
amidotransferase,  O-linked  �-N-acetylglucosamine  transferase,  and  O-GlcNAc  hydrolase  were found  in
the hippocampus  of  3xTg-AD  mice.  These  data  demonstrate  that  an  imbalance  between  tau  phospho-
rylation  and  O-GlcNAcylation  exists  in  AD mice,  and  strengthens  the  hypothesis  that  O-GlcNAcylation
might  be  targeted  by  disease  modifying  drugs  in AD.
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. Introduction

An impairment of brain glucose uptake is invariably asso-
iated with Alzheimer’s disease (AD) and precedes by several
ecades the clinical onset of AD [46,41,10,38]. Because the
efect in glucose uptake likely reflects a condition of cen-
ral insulin/insulin-like growth factor resistance [47,17], AD
as been considered as a localized form of diabetes (“type-

 diabetes”) (reviewed by Ref. [11]. The defect in glucose
onsumption can make neurons vulnerable to damage via a
umber of mechanisms that include a general impairment
f energetic metabolism and a defective hexosamine biosyn-
hetic pathway (HBP)-dependent glycosylation. Three to five
er cent of the glucose that enters the cell is utilized for
BP-dependent glycosylation. Glucose is converted into UDP-
-acetylglucosamine (UDP-GlcNAc), which acts as a GlcNAc
onor in O-N-acetylglucosaminylation (O-GlcNAcylation) reac-
ions. The enzyme O-linked �-N-acetylglucosamine transferase
OGT) transfers GlcNAc residues to protein substrates in all cellular
ompartments, whereas O-GlcNAc hydrolase (OGA) catalyzes the
emoval of the sugar (reviewed by [22].

Similarly to other cytoplasmic proteins [22,21], tau under-
oes O-GlcNAcylation at specific serine (Ser) and threonine
Thr) residues that can also be phosphorylated, including Ser396
nd Thr205 [51,48,24]. Tau O-GlcNAcylation and phosphory-
ation are mutually exclusive, suggesting that an impaired
-GlcNAcylation might cause tau hyperphosphorylation and
ggregation [1,27,24,25,23,54,26]. If so, a reduction in tau O-
lcNAcylation might contribute to the pathophysiology of AD
ecause hyperphosphorylated tau gives rise to neurofibrillary tan-
les, which are found in the AD brain and lie at the core of
eurodegenerative processes associated with AD (reviewed by
43]). A recent study also suggests that changes in O-GlcNAcylation
evels may  also influence �-amyloid pathology, which is a second
allmark of the AD brain, in the presence of tau pathology [55].
esides its putative relevance in the pathophysiology of AD, recent
ndings demonstrate the crucial involvement of O-GlcNAcylation

n the modulation of synapses activity [49,12,50], especially in the
ippocampus, a crucial structure for memory processes. This lays
he groundwork for a link between hippocampus metabolic status,
ynaptic plasticity and cognitive performances through multiple
roteins O-GlcNAcylation.

To our knowledge, the balance between tau O-GlcNAcylation
nd phosphorylation has never been studied in the brain of mice
odeling AD. Here, we used the model of triple transgenic mice

3xTg-AD) developed by LaFerla and colleagues. This model harbors
hree mutant genes: presenilin-1 (PS1M146V), Amyloid Precursor
rotein (APPSwe), and tauP301L transgenes [36], and recapitu-
ates all major hallmarks of AD, with an age-dependent central
ncrease of both amyloid deposition and intracellular neurofib-
illary tangles [37] associated with progressive cognitive decline.
ognitive decline is characterized by a progressive impairment of
ippocampus-related spatial memory, which begins at 6–8 months
f age [5,34] and is fully established at 12–14 months of age
8,9,16,2,14]. 3xTg-AD mice also show anxiety- and depressive-like
ehaviors, which are less age-dependent [5,9,34,14,42]. A particu-

ar feature that makes 3xTg-AD mice a valuable model for the study
f O-GlcNAcylation is that these mice develop an age-related reduc-
ion in brain glucose uptake [35]. We  now report that 12 month-old
xTg-AD mice show a reduced tau O-GlcNAcylation associated with
au hyperphosphorylation in the hippocampus. Reduction of tau
-GlcNAcylation was region-specific and was not associated with

hanges in the expression and activity of enzymes that regulate
rotein O-GlcNAcylation.
search 105 (2016) 186–197 187

2. Materials and methods

2.1. Animals

We used 12 month-old 3xTg-AD male mice harboring presenilin
1 (PS1M146V), amyloid-precursor protein (APPSwe), and tauP301L
mutations [36]. Age- and gender-matched wild-type (WT) animals
were used as control. Animals were bread at the vivarium of the
Puglia and Basilicata Experimental Zooprophylactic Institute (Fog-
gia, Italy). Genotypes were confirmed by polymerase chain reaction
(PCR) after tail biopsies [36]. Animals were housed at 22 ◦C with a
12 h light/dark cycle and food and water ad libitum.

2.2. Western blot analysis

Mice were killed by cervical dislocation. The hippocampus,
frontal cortex and cerebellum were rapidly dissected and immedi-
ately stored at −80 ◦C. Tissues were homogenized at 4 ◦C in a lysis
buffer containing 320 mM sucrose, 5 mM HEPES, pH 7.4, 500 mM
NaF, 10% SDS, 80 mM streptozotocine, and phosphatase and pro-
tease inhibitors. The bicinchoninic acid (BCA) assay was used for
the determination of protein concentrations. Homogenized tissues
were resuspended in Laemmli reducing buffer, and 20 �g of pro-
teins were separated by electrophoresis on Criterion TGX 4–15%
precast SDS-polyacrylamide gels (BioRad), and transferred to nitro-
cellulose membranes (Bio-Rad). Transfer was  performed at 4 ◦C in a
buffer containing 35 mM Tris, 192 mM glycine, and 20% methanol.

We used the following primary antibodies: rabbit polyclonal
anti-p-tauSer396 (1:5000; Santa Cruz Biotechnology, #sc-101815),
rabbit polyclonal anti-p-tauThr205 (1:1000; Santa Cruz Biotech-
nology, #sc-101817), rabbit polyclonal anti-pan-tau (1:2000; Santa
Cruz Biotechnology catalog #sc-5587), rabbit polyclonal anti-GFAT
(1:300; Santa Cruz #sc-134894); mouse monoclonal anti-O-GlcNAc
(1:2000, RL2; ThermoFisher Scientific; #MA1-072), rabbit poly-
clonal anti-OGT AL35 (1:2000; generously provided by G. W.  Hart,
Johns Hopkins University, Baltimore, MD,  USA), chicken anti-OGA
345 (1:2000; generously provided by G. W.  Hart) and mouse
monoclonal anti-�-actin (dilution 1:80.000, Sigma–Aldrich). All
primary antibodies were incubated overnight at 4 ◦C. Horseradish
peroxidase (HRP)-conjugated secondary anti-mouse or anti-rabbit
antibodies (purchased from GE Healthcare) were used at a dilution
from 1:10000 to 1:20000 and were incubated for 1 h at room tem-
perature. Enhancing chemiluminescence detection system (Pierce
ECL, Thermo Scientific) was used for detection on autoradiography
films (GE Healthcare). Signals obtained for tau, p-tau and �-Actin
levels were quantified with GS-800 scanner (BioRad) associated to
Quantity One software (BioRad).

Densitometric lane spetra profiles obtained for total O-
GlcNAcylated proteins were generated by measuring the optical
density (O.D.) of each line of pixel of a lane using a custom-built
macro in ImageJ software.

2.3. Immunoprecipitation

Tissue was lysed in RIPA buffer (50 mM Tris–HCl, pH 8, 150 mM
NaCl, 1% NP40, 0.5% sodium deoxycholate, 0.1% SDS, 2 mM EDTA)
containing phosphatase inhibitors, protease inhibitors and strep-
tozotocin (80 mM).  Protein concentrations were determined by
the BCA assay. In order to avoid non specific binding, protein
A sepharose beads (GE Healthcare) were first washed with RIPA
buffer. After centrifugation, supernatant was  discarded and protein
A sepharose beads were incubated with protein extracts (0.5 mg

per sample) for 2 h at 4 ◦C for pre-clearing. After centrifugation
(4000 × g), extracts were incubated overnight with the pan-tau
antibody (2 �g). Antibody-antigen complexes were incubated for
2 h with 30 �L of protein A beads before centrifugation (10 000 × g).
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amples were then resuspended in Laemmli reducing buffer before
DS-PAGE (see Western Blot Analysis section). The secondary
ntibody used for the detection of pan-tau and p-tau was an anti-
abbit True Blot® immunoglobulin (eBioscience), which limits the
nterference with the immunoprecipitating IgG heavy and light
hains. The secondary antibody used for the detection of O-GlcNAc
as a HRP-conjugated anti-mouse antibody (dilution 1:10.000, GE
ealthcare).

.4. OGT and OGA activity assays

Hippocampi of 3xTg-AD and wt mice were homogenized
n buffer consisting of 50 mM Tris–Hcl (pH 7.4), 2 mM EDTA,
0 mM �-mercaptoethanol, 8,5% sucrose, phosphatase and pro-
ease inhibitors (Sigma–Aldrich®). Resulting homogenates were
rst centrifuged at 16 000 × g at 4 ◦C for 10 min. 2 volumes of
0% polyethylene glycol 8000 (in 25 mM HEPES containing 10 mM
gCl2, pH 7,23) was added to supernatants. Samples were subsen-

uently centrifuged at at 16 000 × g at 4 ◦C for 10 min. The pellets
btained were resuspended in OGT assay buffer (25 mM HEPES,
H 7.5, 10 mM MgCl2 and 1 mM  EDTA). Extracts were then incu-
ated 2 h at 24 ◦C with the addition of 0.4 �Ci of UDP-[3H]GlcNAc

n the OGT assay buffer. After labeling, proteins were precipitated
ith trichloro-acetic acid (TCA) at a final concentration of 20%, and

hen recovered on glass microfiber filters (GF/A, Whatman), and
ntensively washed with 0.1% TCA under vacuum. The precipitates

ere rinsed with absolute ethanol and then counted on the filters
n a liquid scintillation counter (Beckman). Each experiment was
erformed in triplicate.

OGA activities were determined in hippocampi homogenates
sing the method described in [30]. Briefly, hippocampi
omogenates (100 �L/assay) were incubated 30 min  at 37 ◦C

n a buffer containing 50 mM sodium cacodylate (pH6.4), 2 mM
-nitro-phenyl-N-acetyl-�-D-glucosaminide, 0.3% bovine serum
lbumin, 2 mM  �-mercaptoethanol, 2 mM EDTA, phosphatase and
rotease inhibitors (Sigma–Aldrich®). Reactions were stopped with
he addition of 0.9 mL  of 0.5 M sodium carbonate, and absorbance
as measured at 400 nm.  Each experiment was performed in

riplicate.

.5. Statistics

Statistical differences between groups were determined with
tudent’s t-test. Correlations were performed using the Pearson’s
orrelation analysis. Significance was set to p < 0.05.

. Results

.1. Enhanced tau phosphorylation in 3xTg-AD mice

We  measured the levels of tau protein and its phosphorylated
orms at Ser396 or Thr205, in the hippocampus, frontal cortex and
erebellum of 3xTg-AD mice and their WT  counterparts.

In the hippocampus, 3xTg-AD mice showed >2 fold increase
n total tau (pan-tau) protein levels (t32 = 9.02; p < 0.001; Fig. 1A),
nd also significant increases in p-tauSer396 (t32 = 2.14; p < 0.05;
ig. 1B) and p-tauThr205 (t32 = 7.68; p < 0.001; Fig. 1C), if levels
ere normalized by �-actin (Fig. 1A–C). Phosphorylated tau levels

n 3xTg-AD mice were significantly reduced if normalized by the
mount of pan-tau (p-tauSer396/pan-tau: t32 = −6.73; p < 0.001;
-tauThr205/pan-tau: t32 = −3.11; p < 0.05; Fig. 1D, E) because of
he substantial accumulation of tau protein in the hippocampus of

hese mice. We  believe that normalization of phosphorylated tau
ith respect to �-actin levels is more reliable for two  reasons: (i)
an-tau levels incorporate different forms of phosphorylated tau
hat may  be increased in 3xTg-AD mice; and (ii) phosphorylation
search 105 (2016) 186–197

may  reduce the turnover rate of tau, thus increasing tau levels in
brain tissue.

In the frontal cortex and cerebellum, 3xTg-AD mice also show
significant increases in pan-tau protein levels (t8 = 3.661; p < 0.01
and t8 = 4.516; p < 0.01, respectively). However, this increase was
much smaller then that found in the hippocampus (43% and 44%
increase in the frontal cortex and cerebellum, respectively; Fig. 2A
and F). In the frontal cortex of 3xTg-AD mice p-tauThr205 levels
were significantly increased if normalized by �-actin (t8 = 3.152;
p < 0.05; Fig. 2C), but not if normalized by pan-tau (Fig. 2E). No
significant changes were found in p-tauSer396 (Fig. 2B and D). In
the cerebellum of 3xTg-AD mice, no significant changes in p-tau
levels were found, although a trend to an increase in p-tauSer396
and p-tauThr205 was  seen if levels were normalized by �-actin
(t8 = 2.283; p = 0.052 and t8 = 2.266; p = 0.053, respectively) (Fig. 2G,
H).

3.2. Overall protein O-GlcNAcylation is decreased in the
hippocampus and cerebellum of 3xTg-AD mice

Using an anti-O-GlcNAc antibody, we first measured levels of
all O-GlcNAcylated proteins with molecular size over 55 kDa. The
optical density (O.D.) of all detectable bands of the immunoblots
was measured. 3xTg-AD mice showed a significant reduction in the
overall protein O-GlcNAcylation in the hippocampus (t8 = 6.367;
p < 0.001) and cerebellum (t8 = 3.634; p < 0.01), but not in the frontal
cortex (t8 = −0.051; p = 0.960) (Fig. 2A–C). In the molecular weight
range corresponding to the size of tau protein (60–70 kDa), a
reduced O-GlcNAcylation was  exclusively found in the hippocam-
pus of 3xTg-AD mice (t8 = 2.678; p < 0.05; see Fig. 3A). Interestingly,
there was no change in the expression of GFAT, OGT, and OGA
in any brain region (Fig. 4A–C), indicating that the reduction
of O-GlcNAcylation found in the hippocampus and cerebellum
of 3xTg-AD mice was  not due to an altered expression of the
rate-limiting enzyme of the HBP, nor of the enzyme regulating
O-GlcNAcylation.

3.3. Reduced tau O-GlcNAcylation in the hippocampus of
3xTg-AD mice

To specifically examine whether O-GlcNAcylation of tau protein
was altered in 3xTg-AD mice, we  performed immunoprecipitation
experiments with an anti-tau polyclonal antibody. We  adopted this
strategy because no anti-O-GlcNAc-tau antibodies are currently
available.

We performed two  experiments using different mice. Mice of
experiment 1 were used for measurements of phosphorylated and
O-GlcNAcylated tau in tau immunoprecipitates from the hippocam-
pus, frontal cortex, and cerebellum. Mice of experiment 2 were used
for measurements of O-GlcNAcylated tau exclusively in hippocam-
pal tau immunoprecipitates.

In hippocampal immunoprecipitates from 3xTg-AD mice of
experiment 1, pan-tau, p-tauSer396 and p-tauThr205 levels were
significantly increased (t8 = 3.410; p < 0.01; t8 = 3.188; p < 0.05
and t8 = 4.428; p < 0.01, respectively; Fig. 5A–C), whereas O-
GlcNAcylated tau levels were reduced by >45% (t8 = −3.139;
p < 0.05; Fig. 5 D). When O-GlcNAcylated tau levels of experiment
1 data were normalized by p-tauSer396 or p-tauThr205 levels, the
reduction of tau O-GlcNAcylation was even more prominent (>65%;
t8 = −2.797; p < 0.05 and t8 = −4.56; p < 0.01, respectively) (Fig. 5E
and F). There was  a highly significant inverse correlation between

p-tauSer396 and O-GlcNAcylated tau levels in the hippocampus
(p-tauSer396 × O-GlcNAc, r = −0.8819; p < 0.001), whereas no cor-
relation was found between p-tauThr205 and O-GlcNAcylated tau
(Fig. 5G).
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Fig. 1. Enhanced pan-tau and phosphorylated tau levels in the hippocampus of 3xTg-AD mice.
Pan-tau, p-tauSer396 and p-tauThr205 levels were measured by immunoblot in experiment 1 (n = 5 per group) and 2 (n = 12 per group), and values (means + S.E.M.) were
expressed as percent of the respective groups of wild-type mice. Values were normalized by ß-actin (A–C) or pan-tau (D and E). p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) vs. the
respective wild-type mice (Student’s t-test). In experiment 2, pan-tau values were obtained from the same extracts run in two different immunloblots. Each single pan-tau
value  is the average of the two determinations in the two blots (one under p-tauSer396 and the other under p-tauThr205).
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Fig. 2. Tau and phosphorylated-tau levels were in the frontal cortex and cerebellum of 3xTg-AD mice.
Values are means ± S.E.M. of 5 determinations per group and were normalized by ß-actin (A–C, F–H) or pan-tau (D, E, I, J). p < 0.05 (*), p < 0.01 (**) vs. the respective wild-type
mice  (Student’s t-test).
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Fig. 3. Total O-GlcNAcylation levels are decreased in the hippocampus and cerebellum of 3xTg-AD mice.
Western Blot analysis was  performed in the hippocampus (A), frontal cortex (B) and cerebellum (C) of wild-type (WT) and 3xTg-AD mice. O-GlcNAcylation representative
immunoblots are shown. O-GlcNAcylation immunoblot signals obtained with an RL2 antibody are analyzed in a spectral mode with the optical density (O.D.) on �-actin ratio
as  a function of the molecular weight. Total signal as well as the 60–70 kDa bands are presented as histograms. Values are means ± S.E.M. of 5 determinations per group.
p  < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) vs. the respective wild-type mice.
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Fig. 4. Expression of O-GlcNAc-related enzyme is unchanged in 3xTg-AD mice.
Western Blot analysis was performed in the hippocampus (A), frontal cortex (B) and cerebellum (C) of wild-type (WT) and 3xTg-AD mice. Representative immunoblots
are  shown for glutamine fructose-6-phosphate amidotransferase (GFAT), O-linked �-N-acetylglucosamine transferase (OGT) and O-GlcNAc hydrolase (OGA). Values are
means ± S.E.M. of 5 determinations per group.
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Fig. 5. Reduced O-GlcNAcylation of immunoprecipitated tau in the hippocampus of 3xTg-AD mice.
p-tauSer396 and p-tauThr205 were obtained exclusively from experiment 1 (n = 5 determinations per group) and normalized by the respective pan-tau values (B and C),
whereas  O-GlcNAc levels were obtained from experiments 1 (D) and combined experiments 1 and 2 (n = 11 determinations per group) and also normalized by the respective
pan-tau  levels (I). Normalization of O-GlcNAcylated tau by p-tauSer396 (E) or p-tauThr205 (F), as well as correlation analyses between GlcNAcylated tau × p-tauSer396 and
O  −GlcNAcylated tau × p-tauThr205 (G) were performed using exclusively values from experiment 1. Values in A–F, H and I are expressed as percent of wild-type mice and
are  means ± S.E.M. p < 0.05 (*), p < 0.01 (**) or p < 0.001 (***) vs. the respective wild-type mice (Student’s t-test). The last two  lanes of the blot in experiment 2 are from a pool
of  immunodepleted samples obtained for wild-type and 3xTg-AD mice.
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Data of exepriments 1 and 2 were combined for the evaluation
f tau O-GlcNAcylation with a stronger statistical power. Using this
pproach, the reduction of tau O-GlcNAcylation in 3xTgAD mice
as fully confirmed with an extent even greater than that observed
ith data of experiment 1 alone (pan-tau: t20 = 3.125; p < 0.01;

ig. 5H; O-GlcNAcylated tau: t20 = −5.144; p < 0.001; Fig. 5I).
No significant changes in phosphorylated or O-GlcNAcylated

au were found in immunoprecipitates from the frontal cortex
r the cerebellum of 3xTg-AD mice (Fig. 6). However, we  found

 direct correlation between p-tauThr205 and O-GlcNAcylated
au levels in frontal cortex (p-tauThr205 × O-GlcNAc, r = 0.8103;

 < 0.05; Fig. 6G) and an inverse correlation between p-tauSer396
nd O-GlcNAcylated tau levels in the cerebellum (p-tauSer396 × O-
lcNAcylated tau, r = −0.6547; p < 0.05).

.4. OGT and OGA activities are not modified in the hippocampus
f 3xTg-AD mice

The activity of enzymes regulating O-GlcNAcylation was
ssessed in hippocampus of 3xTg-AD and WT  mice. OGT activity
as unchanged in 3xTg-Ad mice (t7 = −0.418; p = 0.689; Fig. 7A).
GA activity was not significantly enhanced in 3xTg-Ad mice mice

t10 = 1.594; p = 0.142; Fig. 7B).

. Discussion

We  used mice harboring human mutations of APP, PS1, and
au (3xTg-AD mice), which are considered as a putative mouse
ransgenic model of AD. We  found a selective reduction of tau
-GlcNAcylation in the hippocampus of these mice, which was
ssociated with the expected tau hyperphosphorylation [37]. To
ur knowledge, this is the first evidence that tau is hypo-O-
lcNAcylated in a mouse model of AD.

Although increasing evidence suggests that abnormalities of O-
lcNAcylation play a role in the pathophysiology of AD, studies on
-GlcNAcylation in the AD brain have produced contrasting results.

29] have found a reduced tau O-GlcNAcylation in brain tissue from
D patients, whereas increases in protein O-GlcNAcylation were

ound in two other reports [19,15]. There might be many explana-
ions for the contrasting data obtained in the AD brain, including
ifferences in the selected brain regions, sample preparation,
ype of anti-O-GlcNAc antibody, and, more importantly, the post-

ortem interval before tissue sampling. It has been demonstrated
hat O-GlcNAcylation levels decline with post-mortem delay of
rain tissue [28]. Here, the reduction of tau O-GlcNAcylation levels
as only found in the hippocampus of 3xTg-AD mice, which harbor

 tau mutation (tauP301L), in addition to the APP and PS1 muta-
ions. Steady-state levels of transgene-derived human tau protein
re high in the hippocampus and cerebral cortex, and low in the
erebellum [36]. Hence, the evidence that the imbalance between
au O-GlcNAcylation and phosphorylation was observed in the
ippocampus, but not in the cortex, indicates that expression of
ransgenic tau did not affect our results.

In 3xTg-AD mice, tau pathology appears first in the hippocam-
us, where it is already visible at 12 months of age, and later
preads to the cortex [36,32]. Thus, the selective reduction in tau
-GlcNAcylation found in the hippocampus of 12-month-old 3xTg-
D mice is in line with the pattern of tau pathology in these
ice. Several mechanisms may  account for the reduction of tau
-GlcNAcylation in the hippocampus of 3xTg-AD mice, such as

 primary phosphorylation of tau, a defective expression/activity

f HBP enzymes, and a reduction in glucose uptake in neurons.
hese three hypotheses are not mutually exclusive. An increased
hosphorylation might be directly linked to the reduction in tau
-GlcNAcylation because, in tau immunoprecipitates, glycosyla-
search 105 (2016) 186–197

tion was  reduced only in the region in which phosphorylation
was enhanced, i.e., in the hippocampus. However, the general
defect of protein O-GlcNAcylation found in the hippocampus sug-
gests that a reduced O-GlcNAcylation might be a primary event,
facilitating tau phosphorylation on hypoglycosylated Ser or Thr
residues. Expression of the HBP rate-limiting enzyme, GFAT, as
well as the expression of enzymes regulating O-GlcNAcylation, i.e.,
OGT, and OGA, did not change in the hippocampus of 3xTg-AD
mice, suggesting that the pathway was not constitutively defec-
tive in these mice. In addition, the activity of OGT and OGA was
not modified in these animals. Hence, a primary defect in glu-
cose uptake might be responsible for the reduced O-GlcNAcylation.
Accordingly, [13] have found a reduction in brain glucose uptake
associated with a decreased expression of the type-3 neuronal
glucose transporter (GLUT-3) in 12-month-old 3xTg-AD mice. We
were intrigued from the finding that tau O-GlcNAcylation and phos-
phorylation was unchanged in cerebellar immunoprecipitates in
spite of the reduction in protein O-GlcNAcylation observed in cere-
bellar homogenates of 3xTg-AD mice. This suggests that an overall
reduction in O-GlcNAcylation might contribute to, but is not suffi-
cient for, tau hyperphosphorylation in 3xTg-AD mice. It is likely that
the balance between tau O-GlcNAcylation and phosphorylation is
regulated by multiple mechanisms that include the intracellular
availability of UDP-GlcNAc and the region-specific activation of
protein kinases that phosphorylate tau, such as glycogensynthase
kinase-3� (GSK-3�) and type-5 cyclin-dependent kinase [20,4].
Perhaps it is only in the hippocampus that these different mech-
anisms converge in 12-month-old 3xTg-AD mice.

The reduction of O-GlcNAcylation we  have found in the hip-
pocampus of 12-month-old 3xTg-AD mice may  have a deep impact
on the pathological phenotype of these mice contributing to tau
aggregation, synaptic dysfunction, behavioral abnormalities, and
neurodegeneration [52]. Of note, O-GlcNAcylation may modulate
mechanisms of activity-dependent synaptic plasticity, e.g., long-
term potentiation (LTP) and long-term-depression (LTD) in the
hippocampus by regulating the expression and activity of AMPA
receptors and synapsin I [49,12,45,50]. Whether, and to what
extent, the reduced protein O-GlcNAcylation has any role on the
impairment of hippocampal synaptic plasticity and spatial memory
observed in old 3xTg-AD mice [36,5,9,8,16,34,2,14] is an interesting
question that warrants further investigation. Although a correlation
between tau hyperphosphorylation and cognitive decline in 3xTg-
AD mice has not been demonstrated so far [7,37,39,3], a reduced tau
O-GlcNAcylation leading to tau hyperphosphorylation might con-
tribute to the impairment of activity-dependent synaptic plasticity
associated with AD. Accordingly, tau phosphorylation at Serine
396 is required for hippocampal LTD [40], and tau hyperphospho-
rylation at epitopes recognized by PHF-1 (Ser 396/404) and AT8
(Ser199/202-Thr205) is enhanced in the hippocampus following
LTD induction [33]. In addition, activation of tau-phosphorylating
enzyme, GSK-3�,  [31,44] and tau phosphorylation [44] are required
for the impairment of hippocampal LTP caused by �-amyloid1–42
(A�1–42). Thus, a reduced tau O-GlcNAcylation might be a primary
mechanism in the chain of events favoring synaptic weakening
over synaptic potentiation in response to extracellular aggregates
of A�1–42. It will be interesting to examine whether drugs that
enhance O-GlcNAcylation, such as the OGA inhibitor, Thiamet G,
slow the progression of AD-related pathology and the impairment
of synaptic plasticity underlying cognitive dysfunction in 3xTg-AD
mice, and whether these drugs improve cognitive dysfunction in
3xTg-AD mice. Interestingly, systemic administration of Thiamet G,
has been found to reduce tau pathology, slow neurodegeneration,

and prolong survival in mouse models of tauopathies [53,6,18], and
to prevent cognitive decline and amyloid deposits in the bigenic
tau/APP mutant mice [55].
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Fig. 6. O-GlcNAcylation of tau immunoprecipitated is unchanged in thefrontal cortex and cerebellum of 3xTg-AD mice.
Western Blot analysis was  performed in the frontal cortex and cerebellum of wild-type (WT) and 3xTg-AD mice. Immunoblots are shown for pan-tau, p-tauSer396, p-
tauThr205, and O-GlcNAc. Histograms obtained for pan-tau (A, H), p-tauSer396 (B, I), p-tauThr205 (C, J), and O-GlcNAc (D, K), as well as ratio O-GlcNAc/p-tauSer396 (E, L) and
O-GlcNAc/p-tauThr205 (F, M).  Correlation found for O-GlcNAcylated tau x p-tauSer396 and O-GlcNAcylated tau × p-tauThr205 are shown (G, N). Values are means ± S.E.M.
of  5 determinations per group.
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Fig. 7. OGT and OGA activities are not modified in the hippocampus of 3xTg-AD mice.
Enzymatic activity was assessed in the hippocampus of wild-type (WT) and 3xTg-AD mice. OGT activity (A) was determined using a labeling with UDP-[3H]GlcNAc. The ratio
between DPM and the amount of protein of the original sample (�g) is presented. Values are means ± SEM of 5 determinations for 3xTg-AD mice and 3 for wild-type animals.
OGA  activity (B) was  determined toward p-nitro-phenyl-N-acetyl-�-D-glucosaminide as a substrate. The ratio between optical density (O.D.) and amount of protein of the
o  group
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. Conclusions

Our data demonstrate that an imbalance between tau phospho-
ylation and O-GlcNAcylation exists specifically in the hippocam-
us of 3xTg-AD mice. This defect in proteins O-GlcNAcylation,

ncluding tau, found in the hippocampus might be an upstream
ausative factor contributing to cognitive decline. This strengthens
he hypothesis that O-GlcNAcylation might be targeted by disease

odifying drugs in AD.
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