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a b s t r a c t

We assessed whether polymers of N-acetylglucosamine (GlcNAc) have any pathogenetic role in Alz-
heimer’s disease (AD). First, by using specific dyes, we found deposits of polymers of GlcNAc in sporadic
but not in familial AD. We found that neurons and microglia exposed to GlcNAc and uridine diphosphate
(UDP)-GlcNAc are able to form GlcNAc polymers, which display a significant neurotoxicity in vitro.
Moreover, the exposure of organotypic hippocampal cultures to the same compounds led to synaptic
impairment with decreased levels of syntaxin and synaptophysin. In addition, acute hippocampal slices
treated with GlcNAc/UDP-GlcNAc showed a clear reduction of long-term potentiation of excitatory
synapses. Finally, we demonstrated that microglial cells are able to phagocytose chitin particles and,
when exposed to GlcNAc/UDP-GlcNAc, show cellular activation and intracellular deposition of GlcNAc
polymers that are eventually released in the extracellular space. Taken together, our results indicate that
both microglia and neurons produce GlcNAc polymers, which trigger neurotoxicity both directly and
through microglia activation. GlcNAc polymer-driven neurotoxicity offers novel pathogenic insights in
sporadic AD and new therapeutic options.

� 2015 Elsevier Inc. All rights reserved.
1. Introduction

The neuropathologic hallmarks of Alzheimer’s disease (AD) are
amyloid plaques and neurofibrillary tangles, with consequent
synaptic impairment and neuronal loss (Querfurth and La Ferla,
2010). According to the so-called “amyloid cascade hypothesis,”
an imbalance between production and clearance causes the accu-
mulation of insoluble amyloid-b (Ab) protein (Abbott, 2008; Haas
and Selkoe, 2007; Koffie et al., 2011; Querfurth and La Ferla, 2010;
Selkoe, 2008; Turner et al., 2003). This hypothesis is mainly based
on the studies of familial AD (FAD) and confirmed in the transgenic
partment of Neurological and
liclinico GB Rossi, P. Scuro 10,
458027492.
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mice (Chapman et al., 1999; Games et al., 1995; Hsiao et al., 1996;
Ittner et al., 2010; Lewis et al., 2001; Oakley et al., 2006; Oddo
et al., 2003). This theory has led to human trials with different
agents that could potentially decrease deposition or enhance the
clearance of cerebral Ab. Because of the poor results of these trials
(Holmes et al., 2008; Lemere and Masliah, 2010), researchers have
shifted their efforts from the Ab dogma into other possible patho-
logic processes.

In this regard, an additional process that may contribute to AD
pathogenesis is related to impaired brain glucose metabolism. A
large body of evidence suggests a causal relationship between
impaired brain glucose metabolism and neuronal damage in AD. In
fact, cerebral glucose alteration precedes the appearance of clinical
symptoms (Arvanitakis et al., 2004; Brownlee, 2001; Drzezga et al.,
2003), and temporal hypoperfusion with decreased oxygen meta-
bolism has been shown in AD (Ishii et al., 1996, 1998; Minoshima
et al., 1995; Piert et al., 1996). In addition, decreased concentra-
tions of glucose transporters type 1 and 3 have been found in the
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cerebral cortex of AD patients (Simpson and Davies, 1994; Simpson
et al., 1994; Shah et al., 2012). The consequences at the neuronal
level of such impaired glucose metabolism and the molecular
mechanisms leading to neuronal damage are a matter of specula-
tion. It is known that a dysregulation of glucose metabolism acti-
vates the hexosamine pathway (which usually accounts for about
5% of glucose metabolism), whose end product is N-acetylglucos-
amine (GlcNAc) (Brownlee, 2001; Love and Hanover, 2005; Shah
et al., 2012).

In relation to these evidences, it is important to remember that
amyloid plaques contain, beside Ab, other molecules (O’Callaghan
et al., 2008; Timmer et al., 2010; Van Horssen et al., 2003).
Among them, we and others have found chitin-like deposits by
Calcofluor staining in sporadic AD (Castellani et al., 2005; Sotgiu
et al., 2008). Chitin is a linear b 1,4�linked polymer of GlcNAc
and is the main component of the fungal cell walls and of the
exoskeleton of arthropods (Glaser and Brown, 1957). Noteworthy,
mammals lack chitin synthase, although hyaluronan synthase-1
(HAS-1) has been shown to convert uridine diphosphate (UDP)-
GlcNAc to chito-oligosaccharides in vitro (Semino et al., 1996;
Yoshida et al., 2002). However, neither the biosynthetic pathway
of GlcNAc polymers in AD nor its possible contribution to the
pathogenesis of the disease is known.

Therefore, to test whether GlcNAc polymers contribute to spo-
radic AD pathogenesis, we studied the effect of excess GlcNAc and
UDP-GlcNAc in neuronal and microglial cell cultures and in orga-
notypic brain cultures and acute brain slices, in terms of cytotox-
icity, synaptic function, and cell activation.

2. Materials and methods

2.1. Patients

Paraffin-embedded central nervous system slides were obtained
at autopsy from 13 sporadic human AD patients (age, 74.9 � 11.1
years), 4 Down syndrome cases (age, 58.7 �4.8), 2 familiar AD with
mutation on presenilin 1 (type: E280G and DELTA4) and 2 with
mutation for APP717 (type: VAL-ILE), 4 cases of frontotemporal
degeneration with dementia (age, 74.7 � 6.7 years), and 9 age-
matched nondemented controls (age, 77.2 � 8.7 years) (MRC Lon-
don Brain Bank for Neurodegenerative disease).

2.2. Cell lines and primary cultures

Murine N9 microglial cells and SH-SY5Y human neuroblastoma
cells were cultured in RPMI media supplemented with 10% fetal
bovine serum (FBS) (Euroclone, Milano, Italy); human fibroblasts
were grown in 10% Dulbecco-Modified Eagle Medium (DMEM;
Euroclone) with FBS. All cell lines were supplemented with 100-U/
mL penicillin/streptomycin (P/S; Euroclone). Three days before
and during any experiment, cells were incubated with 1% FBS in
the previously mentioned culture medium. For immunocyto-
chemical experiments, cells were seeded onto glass coverslips.
Newborn BALB/c mice were used for the preparation of primary
cultures. All animals (Harlan Laboratories Inc, S. Pietro di Natisone,
Italy) were housed in pathogen-free conditions and treated ac-
cording to the guidelines of Animal Ethical Committee of the
University of Study of Verona. Primary microglial cultures were
prepared from embryonic day (E)16 to E18 pups. Briefly, whole
brains were removed and carefully cleared from the meninges.
Cortices were subsequently minced into small pieces and treated
with trypsin and DNase I (Sigma-Aldrich, St Louis, MO, USA) and
centrifuged at 1000 rpm for 10 minutes. After digestion, pellets
were resuspended in DMEM, 10% FBS, 100-U/mL P/S, and 2-mM
glutamine. At 7e8 days, adherent cells were confluent and
consisted of astrocytes and microglia. Microglial cells were
removed by mild shaking from the astroglial layer. The non-
adhering cells were centrifuged at 1000 rpm for 10 minutes and
plated on uncoated plastic wells in DMEM with 10% FBS. Primary
hippocampal neuronal cultures were prepared from E16 to E18
pups. The hippocampi were isolated and processed as described
for microglia and plated on glass coverslips in 24 wells in neuro-
basal media, 10% FBS, 2-mM glutamine, P/S, and with B27
(Euroclone).

2.3. Preparation of chitin particles and induction of GlcNAc
polymers

Chitin fragments were obtained as previously described (Shibata
et al., 1997). Briefly, chitin powder (Sigma-Aldrich) was suspended
in phosphate-buffered saline (10 mg/mL), filtered with 40-mm
sterile strainer, and autoclaved. Although mammalian cells lack the
chitin synthase enzyme, it has been demonstrated that the for-
mation of GlcNAc oligomers can occur in particular experimental
conditions by HAS-1 enzyme (Semino et al., 1996; Yoshida et al.,
2002). Accordingly, we incubated SH-SY5Y with increasing con-
centrations of GlcNAc and UDP-GlcNAc (Sigma-Aldrich) for 72
hours and confirmed that such treatment induced a dose-
dependent neurotoxicity (Supplementary Fig. 1A); based on these
findings, we adopted the previously published condition (5-mM
GlcNAc and 150-mM UDP-GlcNAc) for the subsequent studies on
N9, primary microglial or neuronal cultures, and SH-SY5Y, fibro-
blasts or slice cultures.

2.4. Immunofluorescence and confocal microscopy

We first assessed in vitro the specificity of the binding of
Calcofluor (Sigma-Aldrich) to chitin/GlcNAc polymers or to Ab
fibrils. For this purpose, amyloid fibrils were prepared by
diluting Ab1e42 peptide (Bachem, Bubendorf, Switzerland) in
Me2SO (100 mM in 10-mM HCl), shaking for 30 seconds and
incubating at 37 �C for 24 hours (Stine et al., 2003). Chitin was
dissolved in 1% citrate-phosphate buffer (pH 7.3) and diluted in
0.1-M Tris-HCl, pH 9.0. Chitin and Ab were incubated in 96-well
plate at 4 �C overnight, and Calcofluor was then added for 1
hour at room temperature (RT). The fluorescence intensity was
measured by spectrophotometer (SFM 25; Kontron Instruments)
(excitation 365 nm, emission 440 nm). Immunofluorescence
assays were performed on both brain paraffin sections and cell
cultures. Sections of human brains were treated with 0.2% Cal-
cofluor in Tris/HCl (0.1 M, pH 9) for 1 hour at RT, as previously
described (Castellani et al., 2005; Sotgiu et al., 2008); in addi-
tion, the presence of GlcNAc polymers was assessed by
rhodamine-conjugated chitin-binding probe (CBP, 1:500; New
England Biolabs, Ipswich, MA, USA) incubated at 4 �C overnight
(Bakkers et al., 1997). Double immunostaining was performed
using Congo Red (Electron Microscopy Sciences, Hatfield, PA,
USA) or Thioflavine S to stain amyloid plaques. Sections were
viewed with Zeiss Axiolab fluorescent microscope (Carl Zeiss,
Oberkochen, Germany) and analyzed with AxioVision LE Rel. 4.5
software or TCS SP5 confocal scanner (Leica, Heerbrugg,
Switzerland). Cell cultures were fixed in 4% paraformaldehyde
and permeabilized with 0.5% Triton. After incubation with 20%
normal serum (Vector Laboratories, Burlingame, CA, USA), they
were incubated with primary antibodies at 4 �C overnight: anti-
mouse CD11b mAb (1:100; Serotec, Oxford, UK) for microglia,
polyclonal anti-bIII tubulin (1:250; Millipore, Billerica, MA, USA),
anti-mannose receptor mAb (1:50, clone 5C11; Abcam, Cam-
bridge, UK), and polyclonal anti-human tau (1:200; Dako,
Glostrup, Denmark). After washing with phosphate-buffered
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saline, appropriate fluorescein-conjugated secondary antibodies
(Molecular Probes; Life Technologies Ltd, Paisley, UK) or bio-
tinylated secondary antibodies followed by Streptavidin-Texas
Red (Vector) were added. Mannan (2 mg/mL; Sigma-Aldrich)
has been added for 48 hours. The omission of primary anti-
bodies was used as a negative control. To assess the synaptic
impairment induced by GlcNAc/UDP-GlcNAc (72 hours) on SH-
SY5Y, cells were subjected to immunofluorescence for synapto-
physin (clone SY38, Millipore, Billerica, MA, USA) and b-III
tubulin. The total fluorescence measurement (corrected total
fluorescence [CTFC]) of synaptophysin signal was performed
with Image J software. Images were taken with the same
acquisition parameters. Integrated density was measured for
each cell, and a similar area without fluorescent was measured
and used for background subtraction. CTFC was calculated for
each cell following the formulation: CTFC ¼ integrated density �
(area of selected cell � mean fluorescence of background
readings).

2.5. Electron microscopy

N9 microglial cells incubated with chitin (1 mg/ml) or with 5-
mM GlcNAc and 150-mM UDP-GlcNAc for 48 hours were evalu-
ated by transmission (transmission electron microscopy [TEM],
EM109; Zeiss) or scanning electron microscopy (DSM 950; Zeiss).
For TEM, cells were then centrifuged at 150� g, washed, and fixed
with 1.25% glutaraldehyde and 0.5% paraformaldeyde in phosphate
buffer for 1 hour at 4 �C and postfixed in osmium tetraoxide for 2
hours at 4 �C. Pellets were subsequently dehydrated in acetone and
included in Spurr resin. For scanning electron microscopy, cells
were treated as mentioned previously and fixed to stubs with
colloidal silver, spattered with gold with a MED 010 coater.

2.6. Assessment of cytotoxicity, proliferation, and activation

To evaluate the cytotoxic effect on b-III tubulinþ neurons,
CD11bþ microglia, and fibronectinþ

fibroblasts, cells were counted
on 10 random fields at 20� after treatment with chitin (1 mg/mL),
5-mM GlcNAc and 150-mM UDP-GlcNAc, 5-mM GlcNAc or 150 mM
UDP-GlcNAc alone, chitosan, or 50-mg/mL oligomeric b amyloid
(fragment Ab25e35; Bachem) (Brureau et al., 2013; Do et al., 2014).
Experiments were performed in triplicate, and cells were blindly
counted by 2 independent investigators. The cellular activation of
N9 cells and the cytotoxic effect on SH-SY5Y were assessed by 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay; briefly, after treatment, cells were seeded into a flat
bottom 96-well plate and incubated with 10-mL MTT solution (Cell
proliferation Kit I; Roche Diagnostics GmbH, Penzberg, Germany)
for 4 hours at 37 �C. Absorbance was measured at 550 nm after 24
hours with a spectrophotometer (BioRad Laboratories, Milano,
Italy). The production of cytokines by N9 cells after the different
treatments was assessed in their supernatants at 2 different time
points (18 and 72 hours) by commercial assays (Milliplex Kit
MCYTOMAG-70K-15 mouse; Merck Millipore) that measure gran-
ulocyte colony-stimulating factor (G-CSF), granulocyte-
macrophage CSF, interferon g, interleukin (IL)-1a, IL-1b, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-10, IL-12 (p40), IL-12 (p70), IL-17, and tumor-
necrosis factor a (TNFa). Cytokine concentration was automati-
cally calculated by Milliplex software using a standard curve
derived from a recombinant cytokine.

The proliferation of N9 cells before and after treatments was
assessed by adding 10-mM BrdU (Sigma-Aldrich) for 4 hours;
cells were then fixed with methanol for 10 minutes and treated
with 2N HCl and then with Na2B4O7 (0.1 M, pH 8.5). Triple
immunofluorescence was performed for CD11b and BrdU, whose
signals were detected with secondary antibodies conjugated
with Streptavidin Texas Red (Vector) and anti-mouse Alexa 488
(Molecular Probes) and the nuclear marker DAPI (Abbott Mo-
lecular, Inc, Abbott Park, IL, USA). The rate of mitotic activity was
calculated dividing the number of BrdUþ nuclei for the total
number of cells.

2.7. Mass spectrometry analysis

To prepare cell extracts for mass spectrometry analysis, SH-SY5Y
neuroblastoma and N9 microglial cell lines were cultured up to
confluence and treated or not with 5-mMGlcNAc and 150-mMUDP-
GlcNAc or with 5-mM GlcNAc alone for 48 hours. Cells were
homogenized in liquid nitrogen and then placed at �80 �C. The
powder was dissolved in 5 volumes of extraction solvent (water and
methanol 4:1, vol/vol), sonicated at 40 kHz for 5 minutes, added
with 5 volumes of water, and centrifuged twice at 12,000 rpm for 10
minutes. Supernatant were filtered (0.2-mmpore filters; Minisart RC
4), collected, and stored at �20 �C or immediately analyzed by
reversed-phase high-performance liquid chromatography-mass
spectrometry (HPLC-MS). For the reverse-phase HPLC-electro-
spray ionization-MS analyses, molecules were separated trough a
Beckman Coulter Gold 127 HPLC System (Beckman Coulter, Fulle-
tron, CA, USA) equipped with a C18 guard column (7.5 � 2.1 mm)
and an analytical Alltima HP C18 column (150 � 2.1 mm and par-
ticle size, 3 mm) (Alltech Associates Inc, Deerfield, IL, USA). Two
solvents were used for chromatographic elution: solvent A (94.5%
H2O, 5% acetonitrile, and 0.5% formic acid) and solvent B (100%
acetonitrile). A solvent gradient was established from 0% to 2% B in
1 minute, isocratic at 2% for 3 minutes, from 2% to 6% B in 1 minute,
isocratic at 6% for 5 minutes, and from 6% to 80% B in 3 minutes.
Each sample was analyzed in duplicate, with 50-mL injection vol-
umes and 25-minute equilibration between samples. The flow rate
was set at 200 mL per minute. The HPLC systemwas coupled online
with a Bruker ion trap mass spectrometer Esquire 6000, equipped
with electrospray ionization. The mass spectrometer was set to
perform the analysis in a positive ionization mode, and data were
obtained setting a target mass of 1200 m/z, scan range of 50e2500
m/z, nebulizing gas at 50 psi at 350 �C, and a flux of 10 L/minute for
the drying gas. For the chitin-like molecule identification, the in-
strument was set in fragmented positive ion modality reaching up
to MS3 fragmentation steps with fragmentation amplitude of 1V.
The data were collected using the Bruker Daltonics Esquire 5.2-
Esquire Control software and processing using the Bruker Dal-
tonics Esquire 5.2-Data Analysis 3.2 software (Bruker Daltonics
GmbH, Bremen, Germany). The fragmentation spectra of putative
identified molecules were compared with the standard’s frag-
mentation patterns.

2.8. Organotypic slice cultures

The hippocampal slices were obtained from 8- to 12-week-old
C57BL/6 male mice killed by decapitation. The temporal lobes were
cut into 350-mm-thick slices with vibratome. The hippocampal
slices were then cultured for immunoblotting in MEM media
(Corning) and treated with 5-mM GlcNAc and 150-mM UDP-GlcNAc
or 50-mg/mL Ab25e35 for 1 week. Slices were then homogenized in
RIPA buffer containing protease inhibitors (Roche Diagnostics). Af-
ter 2 hours at 4 �C, homogenates were centrifuged at 4000 rpm to
discard cellular debris. Protein content was determined by Bradford
Assay (Sigma-Aldrich). Protein lysates were diluted in Laemli buffer,
boiled at 90 �C for 5 minutes, and then resolved by 12% sodium
dodecyl sulfate-polyacrylamide gel electrophoresis. Proteins were
transferred onto the nitrocellulose membrane (Bio-Rad), which
were blockedwith Tris-buffered saline and 0.1% Tween 20% and 10%



Fig. 1. N-acetylglucosamine polymers are present in amyloid plaques in sporadic Alzheimer’s disease (AD). (AeC) Double staining shows colocalization of Calcofluor with Thio-
flavine S (A), Congo Red (B) and chitin-binding probe (C) in the vast majority of amyloid plaques from sporadic AD brains. (D) No Calcofluor signal has been observed on
neurofibrillary tangle, evidenced by Thioflavin S staining. Bar: 20 mm.
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nonfat dry milk (GE-Healthcare). Membranes were then incubated
at 4 �C overnight with the following primary antibodies: syntaxin
(Abcam), synaptophysin (Millipore), bIII tubulin, and actin (Sigma-
Aldrich). Appropriate secondary IgG HRP-conjugated (GE Health-
care) was added for 1 hour, and chemiluminescent detection was
performed with ECL Plus advanced (Amersham and GE Healthcare).
Quantitative analysis of the signal obtained was performed by
Image J software (National Institutes of Health).
2.9. Electrophysiology

Field excitatory postsynaptic potentials (fEPSPs) were recor-
ded in acute hippocampal slices from 8- to 12-week-old C57BL/6
male mice. Animals were treated according to the guidelines of
Animal Ethical Committee of the University of Verona: anes-
thetized by ether inhalation, perfused with ice-cold dissection
media, and the cerebral hemispheres removed. Hippocampal



Fig. 2. N-acetylglucosamine (GlcNAc) polymers are absent in amyloid plaques in familiar Alzheimer’s disease (AD). (AeC) Double staining with Congo Red and Calcofluor fails to
show any GlcNAc deposit within amyloid plaques in familiar AD, such as Down syndrome (A) or AD with mutations in APP (B) or presenilin 1 (C) genes. No staining with either
Congo Red or Calcofluor is seen in frontotemporal degeneration (D). The sporadic Congo Redþ amyloid plaques detectable in nondemented age-matched controls show no evidence
of GlcNAc deposits by Calcofluor (E), apart faint unspecific nuclear staining. Bar: 20 mm.
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coronal slices (350 mm thick) were cut in ice-cold dissection
media and subsequently allowed to recover at 32 �C for 1 hour
in artificial cerebrospinal fluid (ACSF). Slices were then incu-
bated with 5-mM GlcNAc and 150-mM UDP-GlcNAc for 3 and 5
hours at 32 �C. Control slices received GlcNAc, UDP-GlcNAc, or
ACSF. Finally, slices were transferred in a recording chamber and
perfused at 2e3 mL per minute with ACSF at RT. When needed,
Ab25e35 (50 mg/mL) was added during the recording. Axons of
the Schaffer collateral pathway were stimulated with a borosil-
icate glass electrode (thin wall, 30e60 mm tip diameter; W.P.I.,
Sarasota, FL, USA) filled with the bathing solution. The evoked
fEPSPs were recorded with a borosilicate glass electrode filled
with bathing solution (standard wall, 1e2 MU resistance;
Warner Instr, Hamden, CT, USA) and placed in the stratum
radiatum at the CA1 level, 100e300 mm from the stimulating
electrode. fEPSPs were amplified (�100), filtered (2 kHz), and
recorded with an Axopatch 200B amplifier (Molecular Devices,
Sunnyvale, CA, USA), digitized at 20 kHz (Digidata 1322A; Mo-
lecular Devices) and acquired with pClamp 9.2 software. Data
were analyzed with Clampfit 9.2 software (Molecular Devices).
Typically, the evoked fEPSPs reached stable amplitude within
20e40 minutes of low-frequency stimulation (0.05 Hz). After
this period, a 20-minute baseline recording was obtained.
Subsequently, a long-term potentiation (LTP)einducing high-
frequency stimulation (HFS) protocol was applied, and its ef-
fect measured afterward with low-frequency stimulation for 60
minutes. HFS consisted of a train of stimuli at 100 Hz (1-second
train duration) repeated 4 times every 20 seconds. Baseline
fEPSPs amplitude was set at 40%e50% of their maximal ampli-
tude. The magnitude of LTP was measured during the last 10
minutes of recording and expressed as the mean (�standard
error of the mean) fEPSP slope (10%e90% of the initial segment)
relative to the average baseline. When necessary, 4-
(3-phosphonopropyl) piperazine-2-carboxylic acid (10 mM) was
applied in the recording chamber to block N-methyl D aspartate
(NMDA)etype glutamate receptors. Paired pulse facilitation
(PPF) was calculated from 2 fEPSPs separated by 50 ms as the
ratio (�standard error of the mean) between the slope of the
second event relative to the value of the first event.

2.10. Statistical analyses

Univariate analysis of variance and post hoc test with Bonferroni
correction were applied for the evaluation of cellular toxicity or
activation. All data in vitro represent results of 3 independent ex-
periments. Data are expressed as the mean � standard deviation.



Fig. 3. Neurotoxicity by N-acetylglucosamine (GlcNAc) oligomers in cells and slice cultures. (A) Significant levels of cytotoxicity compared with basal conditions are observed on SH-
SY5Y neuronal cultures exposed to 5-mM GlcNAc/150-mM uridine diphosphate (UDP)-GlcNAc, chitin fragments, or amyloid-b (Ab)25e35, but neither to GlcNAc or UDP-GlcNAc alone
nor to chitosan. (B) Similar results are obtained in primary hippocampal neurons with 5-mM GlcNAc/150-mM UDP-GlcNAc, chitin fragments, or Ab25e35, whereas fibroblasts are
resistant to either 5-mM GlcNAc/150-mM UDP-GlcNAc or chitin. (C and E) Chromatograms of human SH-SY5Y cell line. The box indicates the oligomers elution zone. (C) Chro-
matograms from cells treated (black line) or not (gray line) with GlcNAc/UDP-GlcNAc (C) or with GlcNac alone (D). (E) Mass spectrum at 7.4 minutes (within the peak highlighted in
the box in C). The asterisks highlight 3 oligomers of m/z 809, 1012, and 1237, corresponding to 2, 3, and 4 residues of GlcNAc linked with a UDP, respectively (the last one was
detected as sodium adduct). The fragmentation pattern of these 3 oligomers matches with that of UDP-GlcNAc standard (data not shown). (F and G) Triple staining for DAPI (blue),
synaptophysin (red), and b-III-tubulin (green) shows a significant reduction of synaptophysin on SH-SY5Y treated with GlcNAc/UDP-GlcNAc. Integrated density of the signal for
synaptophysin and its corrected total fluorescence (CTFC) value was measured for each cell. (H and J) The immunoblotting for synaptophysin and syntaxin on homogenates from
slice cultures with or without treatment with GlcNAc/UDP-GlcNAc shows a significant decrease of both synaptophysin and syntaxin proteins, after normalization to actin levels.
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Statistical analyses were performed using SPSS software, version 19
(IBM, Armonk, NY, USA). Electrophysiological data were analyzed
with Student t test or 1-way analysis of variance. All reported p
values were corrected for multiple comparisons, and a corrected p
value of <0.05 was used to define statistical significance.

3. Results

3.1. GlcNAc polymers are present in sporadic but not FAD plaques

Deposits of GlcNAc polymers have been observed with Calco-
fluor in amyloid plaques present in the hippocampus and cerebral
cortex of sporadic AD cases, with a clear colocalization with Congo
Red or Thioflavine S (Fig. 1A and B). The strict colocalization of the
signals of Congo Red/Thioflavine S and Calcofluor in amyloid pla-
ques in sporadic AD prompted us to verify whether Calcofluor
indeed bound GlcNAc deposits and was not because of unspecific
binding to similar conformational (b sheets) epitopes. For this
purpose, we first verified that Calcofluor signal colocalizes with the
chitin-specific marker CBP (Fig. 1C). In addition, we assessed by
spectrophotometer the specificity of Calcofluor for chitin particles
(p ¼ 0.0008, Supplementary Fig. 1B). Particular attention has been
paid to the colocalization of signals for Calcofluor on neurofibrillary
tangle, but we failed to detect any significant association (Fig. 1D).



Fig. 4. N-acetylglucosamine (GlcNAc) affects long-term potentiation (LTP) of excitatory inputs in acute hippocampal slices. (A) Field excitatory postsynaptic potential (fEPSP) slopes
are stable during prolonged recordings both in control (open dots, n ¼ 7) and in the presence of GlcNAc/uridine diphosphate (UDP)-GlcNAc (black dots, n ¼ 5). Stimulation fre-
quency: 0.025 Hz; 9 successive responses grouped together and normalized to the mean value during the first 30 minutes. The horizontal bar indicates the duration of treatment. (B)
Paired pulse facilitation (PPF) of fEPSP slopes during the first 30 minutes and at the end (2e3 hours) of the recordings (same experiments of A). Control: open dots; GlcNAc/UDP-
GlcNAcetreated slices: black dots. No significant difference within each group and between the 2 groups. (C) Incubation with GlcNAc/UDP-GlcNAc (black dots) or amyloid-b
(Ab)25e35 (open triangles) causes smaller LTP of fEPSP slopes compared with control (open dots). Test stimulation frequency: 0.05 Hz; 12 successive responses grouped together and
normalized to the mean value during the first 20 minutes. Arrow marks the time of high-frequency stimulation (HFS) (100 Hz). Values 50 minutes after HFS: control ¼ 165% � 6%,
n ¼ 11; GlcNAc/UDP-GlcNAc ¼ 131% � 10%, n ¼ 10, p ¼ 0.01; Ab25e35 ¼ 135%�3%, n ¼ 6, p ¼ 0.002. Insets show representative fEPSP recordings (averages of 20 successive responses)
made at time A (gray lines) and B (black lines). Scale bars: 10 ms and 0.5 mV. (D) PPF of fEPSP slopes before and 50 minutes after HFS (same experiments of C). Control: open dots,
n ¼ 9; GlcNAc/UDP-GlcNAcetreated slices: black dots, n ¼ 9. No significant difference within each group and between the 2 groups.
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It is important to note that, at variance with the previous reports
(Castellani et al., 2005), no signal for either Calcofluor or CBP was
observed in amyloid plaques in all FAD cases and Down syndrome
(Fig. 2AeC) and in frontotemporal dementia (without amyloid
plaques) (Fig 2D), apart faint unspecific nuclear staining. Evenmore
interesting was the study of age-matched nondemented in-
dividuals, where Calcofluor showed no signal in the sporadic Congo
Redþ amyloid plaques (Fig. 2E).
3.2. Oligomerization of GlcNAc induces neurotoxicity in cell cultures

The incubation with 5-mM GlcNAc and 150-mM UDP-GlcNAc
induced a significant neuronal cell death on both the neuronal
cell line SH-SY5Y (reduction of cell viability: 42%, p ¼ 0.005) and
primary hippocampal neurons (33%, p ¼ 0.006) as evidenced by
reduced cell counts (Fig. 3A and B, Supplementary Fig. 1D) and
decrease of metabolic activity by MTT (Supplementary Fig. 1C),
whereas no effect has been observed with chitosan or with
GlcNAc and UDP-GlcNAc alone (Fig. 3A and B). The comparative
analysis of cytotoxicity between GlcNAc oligomers and Ab
showed higher levels of neurotoxicity for the latter (Fig. 3A and B,
SH-SY5Y, p ¼ 0.0002; hippocampal neurons, p ¼ 0.0003), but no
additional or synergistic effect was observed with the coincuba-
tion of GlcNAc oligomers and Ab (data not shown). Interestingly,
the exposure to GlcNAc oligomers had no visible effect on
fibroblasts (Fig. 3B), suggesting that such treatment induced a
selective neuronal toxicity. In parallel, we assessed whether the
incubation with GlcNAc and UDP-GlcNAc leads to the formation
of chitin-like deposits, but we failed to detect any positive signal
with either Calcofluor or CBP on neuronal cultures (data not
shown). To explain the significant neurotoxicity in the absence of
detectable GlcNAc deposits, we hypothesized that the incubation
with GlcNAc and UDP-GlcNAc in neuronal cells may induce small
GlcNAc oligomers (i.e., below the sensitivity of Calcofluor). To
confirm such hypothesis, we used a highly sensitive technique,
HPLC-MS, on cellular extracts of SH-SY5Y cells treated or not with
GlcNAc and UDP-GlcNAc. The chromatograms showed specific
peaks in samples not only treated with GlcNAc and UDP-GlcNAc
but also after treatment with GlcNAc alone (Fig. 3C and D);
these peaks included signals of at least 3 oligomers of GlcNAc
(respectively with 2, 3, and 4 GlcNAc residues) linked to UDP
(Fig. 3E).
3.3. Functional and structural synaptic impairments by GlcNAc
oligomers

To assess whether GlcNAc oligomers exert any functional or
structural effect on synapses, we employed hippocampal slices, an
experimental setting where physiologic intercellular connections
(between neurons and/or glial cells) are largely preserved. We first
monitored fEPSPs evoked in stratum radiatum of CA1 hippocam-
pal area in the presence of GlcNAc and UDP-GlcNAc and found no
modification of their slope during 3 hours recordings (Fig. 4A).
This result suggests that the basal synaptic transmission was not



Fig. 5. Phagocytosis of chitin and endogenous production of N-acetylglucosamine (GlcNAc) polymers by microglia. (AeE) CD11bþ (red) N9 cell line (A) and primary microglial
culture (C) phagocytose small chitin fragments detected by Calcofuor (blue) and visible in their cytoplasm at the transmission electron microscopy (B and at higher magnification D)
and standard error of the mean (SEM) (E) indicated by the arrows. Bars: A, C, and E: 20 mm; B and D: 1 mm. (F) The process of chitin phagocytosis by N9 cells is strongly inhibited by
the concomitant presence of amyloid-b (Ab). (G and H) CD11bþ (red) N9 cells exposed to 5-mM GlcNAc/150-mM uridine diphosphate (UDP)-GlcNAc for 72 hours produce Calcofluorþ

(blue) deposits visible at the confocal microscopy (G) or SEM (arrows in H) in close proximity to plasma membrane and almost extruded in the extracellular space. Bar: (H) 10 mm. (I)
Activation of microglia measured by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assay; compared with basal conditions, a significant increase is observed after
exposure for 72 hours to 5-mM GlcNAc/150-mM UDP-GlcNAc or chitin. (JeL) A significant increase of the cytokines tumor-necrosis factor a (TNFa), granulocyte colony-stimulating
factor (G-CSF), and interleukin (IL-6) has been documented after 18 hours of incubation with chitin and amyloid-b (Ab), whereas such effect with GlcNAc/UDP-GlcNAc was visible
after 72 hours, according to kinetic of chitin-like particle formation.
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acutely affected. Accordingly, also the presynaptic vesicle release
probability was not affected, with the paired-pulse ratio of fEPSP
slope being stable throughout the recordings (Fig. 4B). We then
investigated the influence of GlcNAc and UDP-GlcNAc on synaptic
plasticity looking at LTP induced by HFS. We found a 52% LTP
reduction relative to control (p ¼ 0.007) (Fig. 4C), a result in line
with the neurotoxic effect observed in cell and slice cultures. No
modification of PPF was observed both in control and in GlcNAc/
UDP-GlcNAcetreated slices before and after HFS (Fig. 4D), in line
with the widely described postsynaptic site of LTP expression in
CA1 hippocampal area and also with a postsynaptic site of action
of GlcNAc and UDP-GlcNAc. A negative influence on synaptic
plasticity has been previously described in great detail for Ab
oligomers acutely applied to hippocampal slices (Chen et al., 2000;
Haass and Selkoe, 2007; Koffie et al., 2011; Lambert et al., 1998;
Nomura et al., 2005; Raymond et al., 2003; Shankar et al., 2008;
Townsend et al., 2006; Turner et al., 2003). We thus repeated
the experiment in the presence of Ab25e35 and found that LTP was
similarly reduced (47% relative to control, p ¼ 0.002) (Fig. 4C). The
negative influences of GlcNAc/UDP-GlcNAc and that of Ab25e35 on
LTP expression seemed to occlude each other. In fact, when
recording in the presence of GlcNAc, UDP-GlcNAc, and Ab25e35, the
degree of LTP reduction was of the same amount as that observed
with only GlcNAc/UDP-GlcNAc or only Ab25e35 (46%, p ¼ 0.0009;
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LTP value 125% � 7.6% of baseline fEPSP slope, n ¼ 6). In partial
discrepancy with our results on toxicity in primary cultured
neurons (Fig. 3), LTP was also reduced when adding only GlcNAc or
UDP-GlcNAc in the bath (59%, p ¼ 0.001 and 41%, p ¼ 0.04,
respectively; LTP value with GlcNAc: 127% � 5.8%, n ¼ 6; with
UDP-GlcNAc: 138% � 10.1%, n ¼ 8). Finally, the block of NMDA
receptors with 4-(3-phosphonopropyl) piperazine-2-carboxylic
acid completely prevented the expression of LTP (94.6% � 6.1%
of baseline fEPSP slope, n ¼ 4), in accordance with the literature.

We then assessed the effect of the longer incubation of GlcNAc/
UDP-GlcNAc in both SH-SY5Y and in organotypic hippocampal
cultures to evaluate the occurrence of structural synaptic damage.
In the first set of experiments, we found that the exposure of SH-
SY5Y to GlcNAc/UDP-GlcNAc for 72 hours induced a significant
reduction of the number of synatpophysinþ signal (Fig. 3F and G).
These results were then confirmed on hippocampal slices treated or
not with GlcNAc/UDP-GlcNAc for up to 7 days and analyzed by
immunoblotting with the synaptic markers synaptophysin and
syntaxin. We observed a significant downregulation of both syn-
aptic markers (Fig. 3H and J, synaptophysin, p ¼ 0.01; syntaxin, p ¼
0.0002). Similarly, a chronic treatment of organotypic cultures with
Ab oligomers is known to cause a synapse loss (Koffie et al., 2011;
Shankar et al., 2007, 2008; Turner et al., 2003).

3.4. Phagocytosis of chitin and polymerization of GlcNAc in
microglia in vitro

We have previously shown that Calcofluorþ deposits not only
are present in amyloid plaques but are also detectable within the
cytoplasm of surrounding microglia (Sotgiu et al., 2008). This
finding prompted us to investigate whether these deposits result
from the phagocytosis of extracellular GlcNAc polymers or are first
produced by microglial cells and eventually released in the
extracellular space. For this purpose, we first added chitin parti-
cles to N9 cell line, primary microglial cultures, or fibroblasts for
48 hours. Calcofluorþ and CBPþ staining and electron microscopy
analysis confirmed the ability of N9 microglial cells (Fig. 5AeE)
and fibroblasts (data not shown) to phagocytose small chitin
fragments. In this regard, we demonstrated that chitin phagocy-
tosis is mediated by the binding to the mannose receptor present
on microglia because its blocking with mannan induced a 3-fold
reduction (p ¼ 0.009) of chitin uptake by microglia
(Supplementary Fig. 1E and F). Interestingly, we found that chitin
phagocytosis was strikingly inhibited by the presence of Ab in the
culture medium (Fig. 5, F, p ¼ 0.002). These experiments clearly
demonstrate the ability of microglia to phagocytose extracellular
chitin small fragments and that the process is significantly
inhibited by the concomitant presence of Ab.

We then verified the ability of microglial cells and fibroblasts to
produce GlcNAc polymers, similarly to neurons. N9 cell line, pri-
mary microglial cultures, or fibroblasts were incubated with 5-mM
GlcNAc and 150-mM UDP-GlcNAc for 72 hours and such treatment
led to the formation of Calcofluorþ and CBPþ polymers that were
detectable in their cytoplasm. In addition, the analysis by confocal
and electron microscopy evidenced the presence of Calcofluorþ and
CBPþ deposits in close proximity of the plasma membrane of
microglia and in the extracellular space (Fig. 5G and H). Moreover,
the accumulation of GlcNAc polymers was confirmed by HPLC-MS
in N9 cells treated with GlcNAc and UDP-GlcNAc but not with
GlcNAc alone (data not shown).

3.5. GlcNAc polymers induce the activation of microglia

We finally verified the biological changes triggered in microglia
by the presence of GlcNAc polymers (deriving either from
phagocytosis or endogenous synthesis). For this purpose, we
assessed the metabolic activity of microglia by MTT and cytokine
profile. The presence of GlcNAc polymers in the cytoplasm signifi-
cantly increased the metabolic activity of microglia to levels com-
parable with the exposure to Ab (Fig. 5I, GlcNAc/UDP-GlcNAc, p ¼
0.04) (Da Silva et al., 2008; Lee et al., 2008; Meda et al., 1995;
Nishimura et al., 1984). Such metabolic activation was accompa-
nied by increased production of the pro-inflammatory cytokines
TNFa, G-CSF, and IL-6, whereas all the other cytokines investigated
showed no significant changes after treatments (data not shown).
In particular, incubation of N9 cells with both chitin and Ab for 18
hours significantly increased the levels of TNFa and G-CSF; in line
with the kinetic of chitin-like particle formation with GlcNAc/UDP-
GlcNAc, we observed a significant increased of all the 3 cytokines
after 72-hour exposure (Fig. 5JeL). No significant change in the
proliferation rate of microglia was found in any experimental con-
dition (data not shown).

4. Discussion

In the present study, we provide evidence that polymerization of
GlcNAc represents a novel pathogenic pathway that, together with
Ab and tau, may contribute to neuronal damage in sporadic AD.
According to the “amyloid cascade hypothesis” (Abbott, 2008;
Haass and Selkoe, 2007; Koffie et al., 2011; Querfurth and La
Ferla, 2010; Turner et al., 2003), the accumulation of Ab triggers a
complex cascade with eventual synaptic and neuronal injury and
progressive dementia. This hypothesis well explains the biological
events occurring in FAD patients with mutations involving Ab-
related molecules and have been confirmed in transgenic mice
carrying the same mutations (Chapman et al., 1999; Games et al.,
1995; Hsiao et al., 1996; Ittner et al., 2010; Lewis et al., 2001;
Oakley et al., 2006; Oddo et al., 2003). However, the translational
relevance of such information to sporadic AD was surprisingly far
below the expectancy. Intriguing in this regard were the results
from the recent clinical trials aiming to decrease Ab burden in
sporadic AD, where the reduction of cerebral amyloid plaques was
not accompanied by substantial clinical benefits (Doody et al., 2014;
Holmes et al., 2008; Lemere and Masliah, 2010; Salloway et al.,
2014). Although a number of explanations have been claimed for
this (lack of) result, the possibility that FAD and sporadic AD differ
in terms of fine pathogenic mechanisms has to be considered
because of the complex scenario of sporadic AD where multiple
factors (besides Ab-dependent events) contribute to the neuronal
damage. Thus, in the contest of sporadic AD, these considerations
strongly suggest the need to consider the contribution of other
cytotoxic pathways not yet explored. It is widely known that, beside
Ab, other molecules are present in amyloid plaques (O’Callaghan
et al., 2008; Timmer et al., 2010; Van Horssen et al., 2003).

We focused our attention on GlcNAc polymers as potential
pathogenic players in sporadic AD. We and others have previously
shown that amyloid plaques of AD brains are recognized by Cal-
cofluor (Castellani et al., 2005; Sotgiu et al., 2008), which binds the
insoluble polymers of GlcNAc with b-sheet conformation
(Castellani et al., 2007; Muzzarelli, 1997); in addition, the enzyme
that usually degrades chitin, chitotriosidase, has been found to be
significantly increased in plasma of sporadic AD patients (Barone
et al., 2007; Sotgiu et al., 2007). Although mammals lack chitin
synthase, it has been demonstrated that GlcNAc oligomers can be
obtained by the HAS-1 enzyme in the presence of excess of UDP-
GlcNAc (Semino et al., 1996; Yoshida et al., 2002). We first
compared the staining with Calcofluor and CBP (both specifically
binding GlcNAc polymers) in brain sections from sporadic and
genetic AD to assess whether the composition of the amyloid
plaques differ regarding the presence of GlcNAc polymers. Indeed,



Fig. 6. Schematic representation of the possible role of N-acetylglucosamine (GlcNAc) oligomers/polymers in the pathogenesis of Alzheimer’s disease. The cerebral impairment
of glucose metabolism may shift its utilization to the hexosamine pathway, whose end product is uridine diphosphate (UDP)-GlcNAc. The excess of GlcNAc and UDP-GlcNAc,
possibly through hyaluronan synthase-1 (HAS-1), leads to insoluble GlcNAc oligomers in neurons (where it induces synaptic damage and cell death) and in microglia. In the
latter, intracellular deposits of GlcNAc activate microglia and are released (exocytosis) in the extracellular space where it accumulate in amyloid plaques and contribute to
neuronal damage either directly or through the production of pro-inflammatory cytokines, inducible nitric oxide (iNOS) and superoxygen radicals (reactive oxygen species
[ROS]).
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positive signals were visible with both techniques and colocalized
with Congo Red/Thioflavine S on amyloid plaques only in sporadic
AD brains, whereas Congo Redþ plaques from FAD brains and
nondemented age-matched controls did not apparently contain
GlcNAc polymers.

We then assessedwhethermammalian cells were indeed able to
form GlcNAc polymers in vitro in neurons andmicroglia. Adopting a
previously described protocol (Semino et al., 1996; Yoshida et al.,
2002), we indeed found evidence by HPLC mass of GlcNAc oligo-
merization in the cytoplasm of both neurons and microglia. GlcNAc
oligomers in neurons did not give rise to intracellular or extracel-
lular deposits detectable with Calcofluor or CBP, possibly because of
their small size.

We then investigated the biologic effects of GlcNAc oligomers in
2 distinct in vitro models assessing short- and long-time exposures
in terms of functional (synaptic) and structural neuronal damage.
We present functional evidence of impaired synaptic plasticity
caused by GlcNAc oligomers. In fact, by recording fEPSP in hippo-
campal slices in the presence of GlcNAc/UDP-GlcNAc, we showed
that LTP expression was affected at a level comparable with Ab
oligomers. It is well known that the acute exposure of brain slices to
Ab oligomers impedes LTP and favors long-term depression (Chen
et al., 2000; Lambert et al., 1998; Nomura et al., 2005; Raymond
et al., 2003; Shankar et al., 2008; Townsend et al., 2006). In
particular, Ab oligomers interfere with synaptic NMDA receptors
reducing calcium current flow (Nomura et al., 2005; Snyder et al.,
2004; Raymond et al., 2003; Shankar et al., 2007), whereas acti-
vating the extrasynaptic NMDA receptors (Li et al., 2009, 2011). As a
final outcome, LTP is inhibited and long-term depression is pro-
moted (Koffie et al., 2011; Turner et al., 2003). Finally, the obser-
vation that fEPSPs were stable when evoked at low frequency for
several hours in the presence of GlcNAc/UDP-GlcNAc also indicates
that the reduction of LTP is not because of a partial occlusion of
synaptic potentiation. In line with these experiments, we observed
that the exposure of GlcNAc oligomers for 2e3 days induced a se-
lective dose-dependent cytotoxicity of neuronal cells, but not on
other cells, such as fibroblasts and microglia (see subsequently),
suggesting that GlcNAc oligomers induced a selective neuronal
toxicity, almost as severe as Ab. In analogy with Ab, our results
indicate a length-dependent effect of GlcNAc polymers, with
shorter molecules being more neurotoxic. We paid particular
attention to the effect of the deacetylated form of GlcNAc, chitosan,
which has a number of commercial and biomedical use (e.g.,
biopesticide, fungal infections, bandages to reduce bleeding and
scars, and soluble dietary fiber), but we failed to demonstrate any
neurotoxicity. In addition, we evaluated the effect of GlcNAc olig-
omers in organotypic slice cultures, where the physiologic inter-
cellular connections and synapses are largely preserved. Indeed, by
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means of immunoblotting, we found that GlcNAc oligomers
induced a significant reduction of syntaxin and synaptophysin,
which is indicative of a synaptic structural derangement. In parallel
with the effect induced by the intracellular formation of GlcNAc
oligomers, we demonstrated that also extracellular GlcNAc poly-
mers (mimicked here by small chitin fragments) exerted a signifi-
cant neurotoxic effect to levels comparable with endogenous
GlcNAc oligomers.

The second pathogenic aspect addressed in this study concerned
the effect of GlcNAc polymers on microglia, as demonstrated for Ab
(Meda et al., 1995). We first set up a series of experiments to assess
whether such cytoplasmic accumulation derived from the phago-
cytosis of extracellular deposits or was the result of endogenous
production, as shown for neurons. For this purpose, we exposed
microglial cells (both N9 cell line and primary cultures) to small
chitin particles. We indeed confirmed the ability of microglia to
phagocytose chitin particles through the mannose receptor, with a
consequent increase of metabolic activity, as reported for macro-
phages (Shibata et al., 1997). Interesting in view of the pathogenetic
implication for AD was the finding that the coincubation with Ab
significantly inhibited chitin phagocytosis. We finally explored the
ability of microglia to produce GlcNAc polymers in vitro and their
biological consequences. After incubation with GlcNAc/UDP-
GlcNAc, we found Calcofluorþ and CBPþ signals within microglial
cells, sometimes in close proximity of the plasma membrane and in
the extracellular space. As shownwith chitin fragments and Ab, the
endogenous formation of GlcNAc polymers after 72 hours activated
microglia cells with elevated production of the pro-inflammatory
cytokines TNFa, G-CSF, and IL-6. Thus, despite the increased levels
of the chitin-degrading enzyme chitotriosidase found in AD pa-
tients (Barone et al., 2007; Sotgiu et al., 2007), the production and
the deposition of extracellular deposits of GlcNAc polymers in
sporadic AD by microglial cells may contribute to neurotoxicity
(Fig. 6).

An important question that remains open concerns the condi-
tion(s) predisposing to GlcNAc polymerization in sporadic AD
brains. One possibility may be a defective degradation of GlcNAc
polymers secondary to impaired activity of chitotriosidase. In this
regard, a rather common polymorphism among Caucasians (5%e
6%, Piras et al., 2007) is characterized by abolished chitotriosidase
activity (Boot et al., 1998). Although additional experiments are
needed, our previous finding of increased levels of chitotriosidase
in sporadic AD (Sotgiu et al., 2007) argues against such hypothesis.
Alternatively, a possible explanation foresees a local hyperproduc-
tion of GlcNAc polymers that overcome the physiological degra-
dation by chitotriosidase, possibly because of glucose metabolism
derangement in neurons as suggested by a number of functional
and pathologic evidences (Arvanitakis et al., 2004; Ishii et al., 1996,
1998; Piert et al., 1996; Shah et al., 2012; Simpson and Davies, 1994;
Simpson et al., 1994). As a consequence, such glucose derangement
may create the conditions of GlcNAc polymerization, considering
that GlcNAc is the end product of the hexosamine pathway (Love
and Hanover, 2005; Shah et al., 2012). In addition, the increased
glucose utilization in hexosamine rather than in glycolytic pathway
may derive from genetic mutations or acquired influences on key
enzymes regulating GlcNAc metabolism. In this regard, it is inter-
esting to note that a candidate locus for late-onset AD maps to a
region of chromosome 10 near to the gene encoding O-GlcNAcase
and insulin degrading enzyme (Bertram et al., 2000; Nowotny et al.,
2005).

5. Conclusions

Taken together, our in vitro experiments recapitulate several
histochemical findings observed in vivo in human sporadic AD
brains (Fig. 6). In fact, Calcofluorþ and CBPþ deposits have been
documented in the extracellular space (i.e., amyloid plaques) and in
the cytoplasm of microglia but not in neurons both in vitro and in
situ. In light of these considerations, future therapeutic strategies
for sporadic AD should take into account the complexity of the
diseasewith the aim not only to reduce the amyloid burden but also
to modulate the formation of GlcNAc polymers and/or the inhibi-
tion of key steps in the biosynthesis of UDP-GlcNAc.
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