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Abstract

Several lines of evidence suggest that the glutamatergic system is severely impaired in Alzheimer
disease (AD). Here, we assessed the status of glutamatergic terminals in AD using the first available
specific markers, the vesicular glutamate transporters VGLUT1 and VGLUT2. We quantified VGLUT1
and VGLUTZ2 in the prefrontal dorsolateral cortex (Brodmann area 9) of controls and AD patients using
specific antiserums. A dramatic decrease in VGLUT1 and VGLUT2 was observed in AD using
Western blot. Similar decreases were observed in an independent group of subjects using
immunoautoradiography. The VGLUT1 reduction was highly correlated with the degree of cognitive
impairment, assessed with the Clinical Dementia Rating (CDR) score. A significant albeit weaker
correlation was also observed with VGLUT2. These findings provide evidence indicating that
glutamatergic systems are severely impaired in the A9 region of AD patients and that this impairment
is strongly correlated with the progression of cognitive decline. Our results suggest that VGLUT1
expression in the prefrontal cortex could be used as a valuable neurochemical marker of dementia in
AD.

Keywords: Human; Alzheimer disease; vesicular glutamate transporters; VGLUT1; VGLUTZ;
prefrontal cortex; Western blot; immunoautoradiography; clinical dementia rating scale

1. Introduction

Alzheimer disease (AD) is the major and most severe form of dementia in the elderly. Synaptic
loss, together with cholinergic deficits, intraneuronal neurofibrillary tangles and extracellular beta-
amyloid (AB) peptide deposits, are considered the landmarks of AD (Braak and Braak, 1991; DeKosky
and Scheff, 1990). Numerous observations have also accumulated suggesting a glutamatergic deficit
in the pathophysiologic mechanisms underlying AD (Francis, 2003). Glutamate is the major excitatory
neurotransmitter of the brain; in particular, it is the main neurotransmitter of cortical and hippocampal
pyramidal neurons and is thus involved in higher mental functions such as cognition, learning and
memory. In AD, tau protein hyperphosphorylation, which leads to neurofibrillary tangle formation and
amyloid precursor protein conversion to Af, occurs mainly in glutamatergic pyramidal cells (Lewis et
al., 1987). Consequently, AD is associated with a selective loss of pyramidal neurons and their
synapses in the cerebral cortex, leading to cortical atrophy (DeKosky and Scheff, 1990; Francis, 2003;
Morrison and Hof, 2002; Pearson et al., 1985). The level of cognitive impairment in AD correlates
more strongly with the loss of cortical pyramidal cells than with counts of neurofibrillary tangles or
senile plaques or with the level of cholinergic markers in the cerebral cortex (Masliah et al., 1993;
Neary et al., 1986; Terry et al., 1991).

In addition to these histopathological findings, numerous biochemical studies also support the
notion of altered glutamatergic transmission in AD (Bell et al., 2006; Francis, 2003). The disease is
associated with decreased concentration of glutamate in vivo (Antuono et al., 2001; Hattori et al.,
2002) as well as in post-mortem brain tissue (Arai et al., 1985). Likewise, glutamate transport both at
the plasma membrane and in synaptic vesicles is reduced in the cerebral cortex of AD patients (Hardy
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et al., 1987; Westphalen et al., 2003). Moreover, the glutamate transporter EAAT1, which is normally
found in astrocytes, is atypically expressed by degenerating pyramidal cells in the cortex of AD
patients (Scott et al., 2002).

Until recently, research on glutamatergic neurons was hindered by the lack of specific markers.
Lately, three vesicular glutamate transporters (VGLUT1-3) have been identified (Fremeau et al.,
2004a). These proton-dependent transporters upload glutamate into synaptic vesicles, and despite
their distinct and complementary distribution in the central nervous system, share similar biochemical
and pharmacologic characteristics (Fremeau et al., 2004a). Vesicular glutamate transporters confer to
neurons the capacity to exocytotically release glutamate, and are the first available specific markers of
glutamatergic neurons. In the human neocortex, pyramidal neurons express VGLUT1 mRNA in all
layers, whereas VGLUT2 transcripts are expressed only in layers Il and Il (McCullumsmith and
Meador-Woodruff, 2003). Thus, both VGLUT1 and VGLUT2 positive terminals account for the flow of
information in higher cognitive functions. In contrast, thalamo-cortical terminals, which represent the
main sensory afference to the cerebral cortex, express only VGLUT2 (Fujiyama et al., 2001).

In the current study we analyzed VGLUT1 and VGLUT2 expression in the prefrontal cortex of AD
patients and controls using subtype specific antiserums. We also examined whether VGLUT1 and
VGLUT2 levels were correlated with cognitive deterioration, as assessed by the Clinical Dementia
Rating (CDR) scale.

2. Methods

2.1. Human brain samples

Brain samples were obtained from 17 patients and 11 controls from the geriatric department of the
Emile Rous Hospital at Limeil-Brévannes, France (Table 1) (Delacourte et al., 1999; Grouselle et al.,
1998). Subjects underwent a neuropsychological assessment every six months with the Mini-Mental
State Examination (Folstein et al., 1975) and the Clinical Dementia Rating (CDR) scale (Hughes et al.,
1982) to evaluate their cognitive status. The CDR scores are as follows: 0=no dementia,
0.5=questionable, 1=mild, 2=moderate, and 3=severe dementia.

Autopsy was performed by authorized pathologists after obtaining informed consent. One
hemisphere was deep-frozen for biochemical studies and the other one was formalin-fixed for
neuropathological examination. Amyloid deposits and tau pathology were quantified in brain samples
and subjects were ranked according to the biochemical extent of the degenerating processes.
Amyloidosis was ranked into ten stages (S0-S10), according to the cortical concentration of Ap
peptides x-42 and x-40 amino acids long, as previously described (Deramecourt et al., 2006;
Permanne et al., 1995). Tau pathology was categorized into ten stages (S0-S10) according to the
brain regions affected by neurofibrillary tangles (Delacourte et al., 1999). The cortical levels of Apx-42
and the tau stage were used for correlation analyses between VGLUT expression and CDR scores. In
addition, the apolipoprotein E genotype was recorded when available (Delacourte et al., 1999;
Grouselle et al., 1998).
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Subjects were stratified on the basis of neuropathological and clinical findings, as: i) control, ii)
mild cognitive impairment (MCI), iii) early stage Alzheimer and iv) confirmed Alzheimer. The clinical
diagnosis was confirmed by histopathology (Delacourte et al., 1999). Patients with neuropathological
lesions other than those of AD were excluded from the study.

VGLUT1 and VGLUT2 expression was assessed by immunoautoradiography in sections of the
dorsolateral prefrontal cortex (Brodmann area 9, A9) of 5 AD patients (mean age 70.8 + 1.6 years)
and 5 controls (mean age 68.6 + 5.5 years), including one individual with MCI (Table 1). VGLUT1
immunohistochemistry was performed on frontal cortical sections (A9) of two controls and two AD
patients (Table 1). In addition, levels of VGLUT1 and VGLUT2 were quantified by Western blot using
fresh frozen brain samples from the A9 region of 11 patients (mean age 90.5 + 2.1 years) and 5
controls (mean age 83.8 + 2.1 years) (Table 1). One control and one patient were included both in
Western blot and immunohistology experiments (Table 1).

2.2. Antiserums

Selective antibodies against VGLUT1 and VGLUT2 were obtained by immunization of rabbits with
the corresponding peptides, as described previously (Herzog et al., 2001; Kashani et al., 2007). For
immunoblotting, the following concentrations were used: anti-VGLUT1 1:8000 (Kashani et al., 2007);
anti-VGLUT2 affinity purified antiserum 1:500 (Kashani et al., 2007); anti-synaptophysin 1:50000
(mouse monoclonal; Chemicon, Temecula, CA); and anti-a-tubulin 1:20000 (mouse monoclonal
antiserum recognizing all isoforms of a-tubulin; Sigma-Aldrich, St Louis, MO, USA). For
immunoautoradiography, both the anti-VGLUT1 and anti-VGLUT2 antiserums were used at 1:2000
(Kashani et al., 2007). The specificity of the anti-VGLUT1 and anti-VGLUT2 antiserums was reported
previously (Kashani et al., 2007).

2.3. Immunoautoradiography

Immunoautoradiographic labeling was performed on fresh frozen sections (10 pm) of the
prefrontal cortex, as already described (Herzog et al., 2001; Kashani et al., 2007). Briefly, on the day
of the experiment, sections were air dried and immersed in paraformaldehyde (4%) in PBS. Non-
specific binding was saturated with PBS containing bovine serum albumin (3%), goat serum (1%) and
Nal 1 mM (buffer A). Sections were incubated overnight at 4°C with buffer A supplemented with anti-
VGLUT1 or -VGLUTZ2 serums and with anti-rabbit [125I]IgG (0.25 pci/ml; Amersham). After rinsing and
drying, sections were exposed to X-ray films (Biomax, Kodak) for 4-7 days at room temperature. For
each biomarker (VGLUT1 or VGLUTZ2), all patients and controls were analyzed in the same

experiment, using 2-4 sections per individual.

2.4. Inmunohistochemistry

Paraffin embedded sections (5 um) of the A9 region were obtained from formalin-fixed brains as
already described (Delacourte et al., 1999; Grouselle et al., 1998). VGLUT1 immunostaining was
performed with the anti-VGLUT1 antiserum at a 1:5000 dilution as described previously (Herzog et al.,
2004) and then processed with biotinylated donkey anti-goat IgG antibodies and ABC reagents
(Vector Laboratories, Burlingame, CA).
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2.5. Western blot

To prepare aliquots for Western blot, a 1 cm-thick section from the dorsolateral prefrontal cortex
(A9) was dissected at —20°C, taking care not to include the white matter, then crushed to powder and
stored at —80°C until use (Grouselle et al., 1998). Twenty mg of tissue were homogenized by
sonication in PBS containing protease inhibitors (Complete, Roche, France). Protein concentration
was measured using the Bio-Rad Protein Assay Kit (Bio-Rad, France). There were no significant
differences in protein concentration in brain extracts between controls and patients.

Western blot experiments were performed as already described (Kashani et al., 2007). Equal
concentrations of protein (5 yg per lane) were separated by SDS-PAGE (NuPage Bis-Tris 10%,
InVitrogen, France) and transferred onto a nitrocellulose membrane (0.4 ym pore size, InVitrogen).
Protein loading was controlled by reversible Ponceau Red staining. Non-specific sites on nitrocellulose
membranes were blocked for 1 h at room temperature with either: i) PBS 1% containing Tween 20
(0.1%), and 5% nonfat dry milk for VGLUT1, synaptophysin and a-tubulin detection, or ii) PBS 1%
containing Tween 20 (0.5%), 5% nonfat dry milk and 5% bovine serum albumin for VGLUT2.
Membranes were incubated overnight with primary antibodies at 4°C in PBS containing Tween 20
(0.1%), and 1% nonfat dry milk for VGLUT1, synaptophysin and a-tubulin, or in PBS containing Tween
20 (0.5%), 1% nonfat dry milk and 1% bovine serum albumin for VGLUT2. Bound antibodies were
detected with horseradish peroxidase-conjugated anti-rabbit or anti-mouse IgG antibodies (Sigma-
Aldrich; 1:20000) and visualized by enhanced chemiluminescent detection (ECL plus Western Blotting
detection system, Amersham Biosciences). VGLUT1, VGLUT2, synaptophysin and a-tubulin were
detected by single labeling in independent experiments. For each biomarker (VGLUT1, VGLUT2,
synaptophysin or a-tubulin), all patients and controls were analyzed in the same experiment, and all
experiments were performed in triplicate.

2.6. ChAT assay
The choline acetyl cholinesterase (ChAT) assay was performed in frontal cortex extracts
according to the method of Fonnum (Fonnum, 1975), as already described (Dournaud et al., 1994).

2.7. Western blot and immunoautoradiography quantification

Western blots and immunoautoradiograms were scanned and converted to 16-bit images using an
Umax PowerLook 1100 scanner (Willich, Germany). The resultant images were analyzed using the
MCID software (Imaging Research, St. Catharines, ON, Canada) and optical density (O.D.) was
measured as already described (Kashani et al., 2007). Film exposures were selected in order to
maintain the grey levels of the tissue within the dynamic range of the film. Similarly, for Western blot
experiments, exposure time of the film after the ECL reaction was selected in order to avoid saturation
of the signal. In addition, MCID has a special function to verify if any part of the quantified region is
saturated. The background density was determined at the level of the white matter for
immunoautoradiograms and on the film for Western blots, and was automatically subtracted. In
Western blot experiments, densities of various bands were normalized to that obtained for the a-
tubulin band for the same tissue sample. Results are expressed as means of optical density (in
arbitrary units) + SEM.
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2.8. Statistical analysis

Comparisons between group means were performed using Student’s t test. Correlation analyses
were performed using the Pearson’s coefficient. All statistical analyses were performed using the
Statview software package (SAS, Cary, NC, USA). Results are expressed as means + SEM.

3. Results
3.1. Expression of VGLUT1 and VGLUT2 in the prefrontal cortex of AD patients

3.1.1. Immunoautoradiography

VGLUT1 and VGLUT2 were first analyzed by immunoautoradiography in the prefrontal cortex (A9)
of five matched controls and patients. In both controls and patients, VGLUT1-positive terminals
appeared to be homogeneously distributed in the cortex, in agreement with previous studies (Fig. 1
and Alonso-Nanclares and Defelipe, 2005). For the first time, we report the immunodistribution of
VGLUT2 in the human cerebral cortex (Fig. 1). Unlike what is seen in rodents (Kaneko et al., 2002),
VGLUT2 was uniformly distributed in the human neocortex.

As illustrated in Fig. 1 for one representative control and one AD patient, a severe decrease in
both VGLUT1 and VGLUT2 protein levels was observed in the prefrontal cortex. Densitometric
analysis of autoradiograms confirmed that VGLUT1 and VGLUT2 levels were lower in patients
compared to controls (Fig. 1, lower panel). VGLUT1 and VGLUT2 expression in AD subjects was
decreased by —39% and —44%, respectively (p=0.003 in both cases, Table 2). This decrease was
uniformly distributed and not localized in particular layers of the cerebral cortex, as shown in Fig. 1
and further confirmed by immunohistochemistry (Fig. 2). Interestingly, very low levels of VGLUT1 and
VGLUT2 proteins were observed for an individual initially included as a control (Fig. 1). Verification of
his medical records revealed that this subject suffered from MCI, suggesting that the decline in

vesicular glutamate carriers could occur very early in the disease process.

3.1.2. Immunohistochemistry

As shown in Fig. 2 (B and H), VGLUT1 immunoreactivity was uniformly distributed in the neuropil
of all cortical layers, in agreement with previous reports (Alonso-Nanclares and Defelipe, 2005). On
low magnification images, the VGLUT1 decrease in the neocortex of one representative AD patient
(Fig. 2H) appeared uniformly distributed. The noise/signal ratio of the anti-VGLUT1 serum on formalin
fixed paraffin embedded sections was not sufficient to distinguish individual terminals even at high
magnification, so we were not able to quantify VGLUT1-positive terminals in the different layers (Fig.
2C-F and I-L). However, upon visual inspection, the concentration of VGLUT1 seemed to be reduced
in these preparations. No dystrophic bulbous glutamatergic terminals were visible in layer Il of the AD
frontal cortex (Fig. 2J), in contrast to the findings of Bell et al. (2006) in the midfrontal gyrus of late

staged AD patients.

3.1.3. Western Blot
The observation in the immunoautoradiography analyses of decreased expression of VGLUT1
and VGLUT2 in a subject initially included as a control who was later shown to have MCI (Fig. 1)
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prompted us to quantify VGLUT1 and VGLUT2 in A9 by Western blot at different pathological stages
(MCI, early stage Alzheimer and confirmed AD). In addition, we studied the expression of
synaptophysin, a synaptic marker, and a-tubulin, a key structural cellular protein.

Representative Western blots of two subjects within each group are shown in Fig. 3. VGLUT1 and
VGLUT2 appear to decline progressively with each stage of the disease. The early decline in the
expression of both vesicular glutamate carriers observed with immunoautoradiography was confirmed
in patients with milder lesions (MCI and early stage Alzheimer, Fig. 3 and Table 2). In MCI subjects,
only VGLUT2 was significantly reduced (—28%, p=0.05). Conversely, only VGLUT1 was diminished in
early stage Alzheimer patients (-35%). However, since only two subjects were included in this group,
this last result should be interpreted with caution.

In AD patients, VGLUT1 and VGLUT2 levels were significantly reduced by —43% (p=0.0001) and —
54% (p=0.002), respectively, when compared to controls (Table 2). Furthermore, synaptophysin was
diminished by 24% in AD patients (p=0.007) (Table 2). In contrast, a-tubulin levels remained
unchanged regardless of the stage of the disease (not shown), suggesting that modifications of
VGLUT1, VGLUT2, and synaptophysin immunolabelling were not due to altered tissue conservation.
Recent data indicates that synaptophysin is often associated with VGLUT1-positive terminals but is
virtually absent from VGLUT2-positive nerve endings (Herzog et al., 2006). We therefore compared
the levels of VGLUT1 and synaptophysin expression in controls and in AD. The
VGLUT1/synatpophysin ratio was 6.35 in controls and 4.77 in AD patients. Thus, the
VGLUT1/synaptophysin ratio was reduced by only 25% while VGLUT1 was decreased by 43% in AD.

In addition, we assessed the activity of ChAT, the enzyme catalyzing acetylcholine synthesis, in
the frontal cortex (Table 2). ChAT activity was stable in MCI and early stage Alzheimer patients. A
30% reduction was observed in patients with confirmed AD, but this difference was not statistically
significant.

3.2. Correlation between VGLUT1/VGLUT2 levels in the prefrontal cortex and cognitive status

As shown in Fig. 4 and Table 3, there was a very strong negative correlation between cognitive
decline, assessed with the CDR score, and VGLUT1 levels in A9 assessed by Western blot. VGLUT2,
tau stage, and Apx-42 content were also significantly correlated with CDR scores, although less
strongly than VGLUT1. No significant correlation was found between the levels of synaptophysin, a-
tubulin and ChAT activity in the prefrontal cortex and the cognitive status. It should be noted, however,
that in a previous report using the same cohort, Dournaud et al. (1995) found a positive correlation
between the intellectual status and ChAT activity in the temporal cortex. These observations suggest
that the modulation of VGLUTSs described here is region specific.

In order to perform correlation analyses in a larger sample, we combined the results obtained by
Western blot (n=16) and immunoautoradiography (n=10). As density values obtained with
immunoautoradiography are lower than those obtained with Western blot (Table 2),
immunoautoradiography VGLUT1 values were multiplied by a constant value, 25.4, determined from
comparing relative density values in immunoautoradiography and Western blot control samples
(7.87/0.31). Similarly, VGLUT2 values determined by immunoautoradiography were multiplied by 25.2
(8.07/0.32). Correlation analyses were then performed in 26 subjects (Table 4). In this larger sample,
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VGLUT1 and VGLUT2 levels were highly correlated with CDR scores ranging from 0 to 3 (p<0.0001
and 0.0009, respectively), thus confirming what was observed with Western blot only (Table 3). In
order to gain insight on earlier steps of cognitive decline, the correlation analyses were then performed
with a population of subjects with CDR score ranging from 0 to 2 (moderate dementia) or 0 to 1 (mild
dementia). In these two groups of subjects, VGLUT1 and VGLUT2 levels were still significantly
correlated with the cognitive status (Table 4).

The decrease in VGLUT1 and VGLUT2 levels determined by Western blot was significantly
correlated with disease duration, although the correlation with VGLUT2 was weaker (Table 3).
Synaptophysin levels were also correlated with disease duration. VGLUT1 and VGLUT2 expression
was correlated with tau stage and B-amyloid levels, although as before, VGLUT2 was less strongly
correlated than VGLUT1. In contrast, neither a-tubulin nor ChAT activity were significantly correlated
with disease duration, tau stage or p-amyloid levels.

Age, post-mortem delay or gender were not correlated with the levels of VGLUT1, VGLUT2,
synaptophysin and a-tubulin detected by Western blot in control cortical samples (data not shown),
confirming the results of our previous study performed in human striatal extracts (Kashani et al.,,
2007).

4. Discussion

4.1. VGLUT1 and VGLUT2 are severely decreased in the prefrontal cortex of AD patients

In the present study, we quantified VGLUT1 and VGLUT2 immunodistribution in the A9 region of
the prefrontal cortex from controls and AD patients. Using three different methods (Western blot,
immunoautoradiography and immunohistochemistry) we showed a dramatic decline of both vesicular
glutamate transporters in the prefrontal cortex of AD patients.

AD is characterized by a progressive and severe decline of cognitive functions whereas sensory-
motor functions are affected only at late stages of the disease. Pathological changes are characterized
by accumulation of neurofibrillary tangles and senile plaques, which extend progressively to
neocortical brain areas during the course of AD. The most severely and precociously affected regions
are the entorhinal, hippocampal, and temporal lobes, whereas motor, somatosensory, and primary
visual areas are affected later and only slightly. A recent study reported that VGLUT1 protein
expression is not affected in the temporal cortex (A21) but is decreased in the parietal (A39) and
occipital (A17) cortices of patients with AD (Kirvell et al., 2006). No decrease in VGLUT2 expression
was observed in any of these regions (Kirvell et al., 2006). These findings imply an asynchronous
pattern of decline of VGLUTs and AD neuropathological changes. In particular, the reductions in
VGLUT1 and synaptophysin observed by Kirvell et al. (2006) in the parietal and occipital cortex,
together with our results showing decreased expression in VGLUT1, VGLUT2 and synaptophysin in
the prefrontal cortex, suggest that the disruption of synaptic functions is an early event in the disease
process and can occur even before extensive loss of neurons. In support of this hypothesis, previous
studies have shown that synapse loss is an early event in the frontal cortex of AD patients (Masliah et
al., 1993, 2001; Neary et al., 1986; Terry et al., 1991). These data reinforce the notion that
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components that mediate glutamatergic transmission exhibit specific and complex patterns of
variations in AD (Tannenberg et al., 2004). Further studies are needed to confirm these findings in
independent datasets, and to better characterize the loss of VGLUTSs in different brain regions during
the course of the disease.

4.2. Cellular events leading to the loss of VGLUT1 and VGLUT2

Pyramidal cells express VGLUT1 and constitute 70% of the neuronal population in the mammalian
cerebral cortex (Winfield et al., 1980). In the prefrontal lobes, large pyramidal cells make long cortico-
cortical bundles connecting different cortical areas. Some subpopulations of these glutamatergic
neurons are particularly vulnerable to AD (Bussiere et al., 2003). Large pyramidal neurons in layers
lllc and Va of A9 express high somatodendritic levels of nonphosphorylated neurofilament protein
(Bussiere et al., 2003). Using immunohistological detection coupled to stereological analysis, Bussiére
et al. showed that up to 90% of these pyramidal neurons are lost in the A9 area of the prefrontal cortex
of AD patients (Bussiere et al., 2003). Glutamatergic terminals have also been reported to be severely
affected by AD (DeKosky and Scheff, 1990). Furthermore, vesicular exocytotic proteins such as
synaptobrevin and synaptophysin are selectively and differentially reduced before plasma membrane
proteins in the brain of AD patients (Heinonen et al., 1995; Shimohama et al., 1997; Sze et al., 2000).
Synaptophysin is a major component of small synaptic vesicles containing classical neurotransmitters
such as glutamate. Thus, the involvement of vesicular proteins appears as a central event in the
development of AD pathology and the loss of VGLUT1 and VGLUT2 in the prefrontal cortex further
supports this notion.

The ~50% reduction of VGLUT1 and VGLUT2 expression in the prefrontal dorsolateral cortex of
AD patients could reflect: i) a destruction of cortical glutamatergic neurons and terminals, and/or ii) a
specific loss of these vesicular proteins in physically intact terminals. In favor of the first hypothesis, a
recent study reported the presence of large dystrophic bulbous VGLUT1-positive terminals in the
vicinity of amyloid plaques in the midfrontal gyrus of AD patients (Bell et al., 2006). Also supporting the
first hypothesis, loss of pyramidal neurons from layers llic and Va as well as terminals is observed in
the neocortex in AD (Bussiere et al., 2003; Davies and Wolozin, 1987; DeKosky and Scheff, 1990;
Francis, 2003; Hof et al., 1990; Masliah et al., 1994). However, the extent of local pyramidal cell loss (-
90%) exceeds the decrease in synapse number (-40%, DeKosky and Scheff, 1990), as well as the
decrease in VGLUT protein levels reported here (-50%). Furthermore, the decrease in synaptophysin
we observed was only moderate (-24%). Recent reports of the literature suggest that synaptophysin is
mainly associated with VGLUT1-positive terminals (De Gois et al., 2005; Herzog et al., 2006).
Comparison of the ratio VGLUT1/synaptophysin in the prefrontal cortex of controls and AD patients
suggest i) that our results reflect a loss of synaptic protein rather than a loss of nerve ending and ii)
that surviving terminals express lower levels of VGLUT1. However, the use of synaptophysin as an
index of the number of terminals should be interpreted with caution.

The use of animal models as well as higher resolution anatomical techniques such as electron
microscopy could help to clarify the molecular mechanisms underlying the decrease in VGLUT1 and
VGLUT2 levels. Interestingly, in mice over-expressing a doubly-mutated form of amyloid protein, the
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overall expression of VGLUT1 is decreased by 30% but is increased in areas surrounding the plaques
in dystrophic terminals (Bell et al., 2006; Wong et al., 1999).

4.3. Functional consequences of VGLUT1 and VGLUT2 loss

The strength of synaptic transmission is controlled both at the pre- and post-synaptic levels.
Recent converging evidence indicates that in contrast to the prevailing idea, glutamate receptors are
generally far from saturation during quantal transmission (Liu et al., 1999; Yamashita et al., 2003).
Consequently, the variation of glutamate concentration in the synaptic cleft could contribute
significantly to the variability of the excitatory current. Glutamate concentration in the synaptic cleft
depends on the number of synaptic vesicles, the vesicular concentration of glutamate and changes in
the activity of the vesicular transporters (Williams, 1997). Only a small fraction of synaptic vesicles are
directly involved at the active zone of the synapse (Murthy and Stevens, 1999). Consequently, after
exocytotic release of the neurotransmitter, these active vesicles have to rapidly reload glutamate for
the next release. These functional considerations reflect the essential role of vesicular glutamate
transporters in glutamatergic transmission. Indeed, recent studies have documented that the
concentration of vesicular transporters directly impacts on the strength of synaptic transmission (De
Gois et al., 2005; Fremeau et al., 2004b; Wilson et al., 2005; Wojcik et al., 2004).

The prefrontal cortex (A9) is the target of massive intra- and subcortical afferents from almost all
sensory modalities, motor cortex and thalamus (Middleton and Strick, 2002; Petrides and Pandya,
1999). This area is profoundly implicated in memory and cognition and is connected by convergent
inputs from widespread intra- and subcortical areas. Therefore, massive loss of VGLUT1 and VGLUT2
in the prefrontal cortex of AD patients is likely to dramatically reduce the intensity of glutamatergic
transmission and hence exert devastating consequences on cognitive functions by disconnecting this

area from other supplying cortical and subcortical regions.

4.4. VGLUT proteins in normal aging, MCI and early stage Alzheimer

MCI is a transitional cognitive stage between normal aging and early dementia, characterized by a
slight impairment of cognitive functions (for review see Levey et al., 2006). Although MCI can remain
stable or revert to normal, patients with the amnestic subtype of MCI are more likely to develop AD
than healthy subjects. The annual conversion rate to AD in patients with amnestic MCI is 16%,
compared to 1%-2% in healthy controls (Petersen et al., 2005). Thus, MCI is considered a major risk
factor for the development of AD. A key challenge for future studies will be to determine VGLUT levels
in the cerebral cortex and hippocampus of subjects with different MCI subtypes. Notably, our results
show that VGLUTs are not affected in normal aging, as indicated by the lack of correlation between
VGLUT levels and age in control subjects. Ultimately, VGLUTs could be used as biomarkers to
differentiate normal aging from MCI and early steps of dementia.

4.5. Correlation between VGLUT1 and VGLUT2 levels and cognitive decline

Numerous correlation studies have tried to link the cognitive decline in AD with various
biochemical markers (for review see Francis, 2003). Here we showed that VGLUT1 and VGLUT2
expression in A9 was strongly correlated with CDR scores and that this correlation was stronger than
that observed for other conventional markers of AD neuropathology. This result suggests that
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glutamatergic neurotransmission in the A9 region is critically involved in the progression of dementia
observed in AD. Of particular interest, the loss of VGLUT1 and VGLUT2 in the prefrontal cortex was
correlated with cognitive status even at early phases of cognitive decline, in subjects with mild
dementia (CDR score = 1) and moderate dementia (CDR score = 2). In the frontal cortex, the
synaptophysin loss precedes the cholinergic deficiency (Tiraboschi et al., 2000) and, in our patients,
was less pronounced than the loss of VGLUT1 and VGLUT2. Altogether, these observations suggest
that altered VGLUT1 and VGLUT2 expression occurs early in the time course of the disease.
Consequently, VGLUTs represent a novel and informative biochemical index of the start and
progression of dementia in AD. It should be noted, however, that the sample size for this study was
small, so the results should be viewed cautiously and will need to be replicated in larger samples with
varying degrees of cognitive decline before any definite conclusions can be drawn.

In their recent report, Kirvel and colleagues (2006) observed no significant correlation between
VGLUT1 levels in the temporal, parietal and occipital cortices and the cognitive status assessed with
the Mini-Mental State Examination. However, a negative correlation was noted between VGLUT1
levels and depression in the temporal and parietal cortices. These findings suggest that the correlation
between VGLUT levels and the progression of dementia we observed in the A9 region could be
specific to the prefrontal cortex.

AD can be diagnosed only after several years of neurodegenerative process and only post-
mortem histopathological investigation can fully confirm this diagnosis. Delay in diagnosis and lack of
certainty when patients are still alive hinders the progress of ameliorative therapies. The major finding
of our study is the highly significant correlation between VGLUT1 loss and cognitive impairment. This
result supports an important role for VGLUTs in AD dementia and suggests that the concentration of
VGLUT1 in the prefrontal cortex could be used as an early marker of cognitive decline.
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Table 1. Clinical and neuropathological characteristics of patients and controls

Diagnosis Sex Age PMD DD CDR Ap stage Tau ApoE
(years) (h) (years) (Apx-42, Apx-40) stage genotype
Samples used in Western blots
T Control* F 82 43 — 0 S0, SO S5 E3/E3
I:(2 Control M 88 13 — 0 S2 S6 E3/E3
'g Control M 78 24 — 0 S0, SO S1 E2/E3
3 Control F 83 0 — 0 $5, 50 s5 E3/E3
g Control F 88 17 — 0 S0, SO S3 E3/E3
g MCI F 92 24 — 0.5 S5, S1 S6 E2/E3
8 Ml Mo 86 9 — 05 $5, 85 s6 E3/E4
g3 MCI M 85 48 — 05 S7,85 S6 E3/E3
5 MCI F 88 72 — 0.5 S2, S0 S7 E3/E4
® MCl F 93 9 — 1 S6 S5 E3/E3
3 Early stage Alzheimer F 106 2 3 2 S7 S7 E3/E3
§ Early stage Alzheimer F 92 23 1 2 S8, S0 S7 E3/E4
% Alzheimer F 86 61 13 2 S8, S8 S9a E2/E3
8 Alzheimer F 82 25 3 S7, S3 S9%b E3/E4
-(<D Alzheimer F 88 19 1 S8, S1 S10 E3/E4
7 Alzheimer* F 97 17 2 S7 S7 E3/E3
S Samples used in immunoautoradiography
= Control F 88 0 — 05 S1,S0 s3 ND
Control F 65 5 — 0 S0, SO S4 ND
Control F 60 0 — 0 S0, SO S3 ND
Control M 64 10 — 0 S0, SO S3 ND
Control/MCI F 66 56 3 2 S0, SO S3 ND
Alzheimer M 74 4 7 3 S9, S8 S10 ND
Alzheimer M 73 9 5 3 S7, S0 S10 ND
Alzheimer M 72 18 7 3 S9, S3 S10 E3/E4
Alzheimer F 68 11 1 3 S7,S5 S8 E4/E4
Alzheimer M 67 0 11 3 S8, SO S10 E3/E4
Samples used in immunohistochemistry
Control F 89 17 — 0 S0, SO S3 ND
Control* F 82 43 — 0 S0, SO S5 E3/E3
Alzheimer F 101 12 ND 3 S7 S7 ND
Alzheimer* F 97 17 5 2 S7 S7 E3/E3

Abbreviations: A, amyloid B peptide; ApoE, apolipoprotein E; CDR, Cognitive Dementia Rating; DD, disease
duration; F, female; M, male; MCI, mild cognitive impairment, ND, not documented; PMD, post-mortem delay.
* One control and one Alzheimer patient were analyzed both by Western blot and immunohistochemistry.
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Table 2. Quantification of VGLUT1, VGLUT2 and synaptophysin immunoreactivity and ChAT activity in the prefrontal cortex of controls and patients at
different stages of AD

VGLUT1 VGLUT2 Synaptophysin ChAT activity
(OD, arbitrary units) (OD, arbitrary units) (OD, arbitrary units) (pmol/h/mg protein)

% Diagnosis Mean+SEM % p Mean+SEM % p Mean+SEM % p Mean+SEM % p
=
= Western Blot
3 Control (n=5) 7.87+0.18 — — 8.07+0.73 — — 1.2410.07 — — 732+109 — —
5 MCI (n=5) 7.22+0.35 -8 0.14 5.82+0.68 -28 0.05 1.08+0.08 -13 0.16 673+118 -8 0.72
% Early stage Alzheimer (n=2) 5.15 -35 — 6.78 -16 — 1.14 -8 — 774 +6 —
8 Alzheimer (n=4) 4.48+0.46 —43 0.0001 3.69+0.35 -54  0.002 0.94+0.03 -24  0.008 509+114 -30 0.20
2 Immunoautoradiography

Control (n=4) 0.31£0.02 — — 0.32+0.01 — — ND ND ND ND ND ND

MCI (n=1) 0.24 — — 0.25 — — ND ND ND ND ND ND

Alzheimer (n=5) 0.19+0.02 -39 0.003 0.18+0.03 —-44  0.003 ND ND ND ND ND ND

%, percentage of decrease compared to respective control. P values were calculated using Student's f test. Abbreviations: ChAT, choline acetyl transferase; MCI, mild cognitive
impairment; ND, not determined; OD, optical density.
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Table 3. Influence of disease duration, tau stage, f-amyloid level, and dementia on protein levels in
samples of the prefrontal cortex of AD patients

Disease duration Tau stage pB-amyloid level CDR
(n=11) (n=16) (n=15) (n=16)
Protein 16 p 16 p 1§ p 6 p
VGLUT1 0.656 0.0025 0.465 0.004 0.588  0.0009 0.714  <0.0001
VGLUT2 0.500 0.015 0.379 0.011 0.288 0.039 0.284 0.034
Synaptophysin 0.366 0.048 0.216  0.070 0.172 0.124 0.180 0.101
a-Tubulin 0.236 0.130 0.211 0.074 0.001 0.916 0.211 0.074
ChAT 0.114 0.310 0.173 0.109 0.189 0.106 0.045 0.428

VGLUT1, VGLUT2, synaptophysin, and a-tubulin levels were quantified by Western blot in Brodmann area 9 (A9).
Apx-42 levels and ChAT activity were also determined in A9. Correlation analyses were performed with the
Pearson's test in the 16 samples used in Western blot and listed in Table 1 (5 controls, 5 MCI, 2 early Alzheimer
and 4 Alzheimer). The p-amyloid level was not available for one early AD patient (n=15). The correlation with the
disease duration was only performed in the patient group, i.e., MCI, early AD and AD patients (n=11).
Abbreviations: ChAT, choline acetyl transferase; CDR, clinical dementia rating.

Table 4. Correlation of CDR score with VGLUT1 and VGLUT2 levels determined by Western blot and
by immunoautoradiography in the total sample

CDR Score 0-3 CDR Score 0-2 CDR Score 0-1
(n=26) (n=20) (n=15)
Protein 6 p 6 p G p
VGLUT1 0.655 <0.0001 0.583 <0.0001 0.257 0.054
VGLUT2 0.377 0.0009 0.276 0.017 0.303 0.033

VGLUT1 and VGLUT2 levels were determined by Western blot (n=16) or immunoautoradiography (n=10) and the
results were combined for correlation analyses. As density values obtained with immunoautoradiography are
lower, in order to combine the datasets, immunoautoradiography values were multiplied by a constant,
determined from comparing relative density values in immunoautoradiography and Western blot control samples.
Correlation analyses with CDR scores ranging between 0-3, 0-2 or 0-1 were performed with the Pearson's test.
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Figure 1. Detection of VGLUT1 and VGLUT2 expression by immunoautoradiography in the prefrontal cortex from
post-mortem tissues of one representative control and one AD patient. The lower panels show the scatter
diagrams of VGLUT1 and VGLUT2 levels quantified on autoradiograms in controls, AD patients and in one
subject with MCI (mild cognitive impairment). Results are expressed as optical density (OD) in arbitrary units.
Each point represents the mean of 3 or 4 determinations per subject. Mean group values and standard error of

means are also shown.
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Figure 2. Immunohistological detection of VGLUT1 in the prefrontal cortex of a representative control subject (B-
F) and an AD patient (H-L). A and G) low power photomicrographs of a Cresyl violet stained section: cortical
layers can be clearly identified. Adjacent sections were immunostained with anti-VGLUT1 antiserum and
photomicrographs were taken at low (B and H) or high magnification (C-F and I-L) at the level of layer | (C, I), II/lll
(D, J), IV (E, K) and V/VI (F, L). Scale bar in F =40 ym in A, B, G and H; 10 ym in C-F and I-L. Abbreviations:
wm, white matter; I-VI, layers | to VI of the cerebral cortex.
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Figure 3. VGLUT1, VGLUT2, synaptophysin and a-tubulin levels assessed by Western blot in the prefrontal
cortex of controls, MCI, early stage Alzheimer or AD patients. Representative Western blots of 2 individuals within
each group are shown.
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Figure 4. Correlations between cognitive status assessed with the Clinical Dementia Rating (CDR) scores and
VGLUT1, VGLUTZ, tau stage, Apx-42 levels, synaptophysin, and ChAT activity. Higher CDR scores are indicative
of cognitive impairment. Correlation analyses were performed with the Pearson’s test.



