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Vesicular glutamate transporter and

cognition in stroke

A case-control autopsy study

ABSTRACT

Objectives: VVascular dementia (VaD) accounts for approximately 15%-20% of all dementias, but
the relationship of progressive cognitive impairment to neurochemical changes is poorly under-
stood. We have therefore investigated glutamatergic synaptic markers in VaD.

Methods: We used homogenates prepared from gray matter from 2 neocortical regions (Brod-
mann area [BA] 9 and BA 20) and Western blotting to determine the concentrations of key compo-
nents of the glutamatergic neurotransmitter system, vesicular glutamate transporter 1 (VGLUT1)
and excitatory amino acid transporter EAAT2 (GLT-1), and the ubiquitous synaptic protein, syn-
aptophysin, in 73 individuals—48 patients with cerebrovascular disease with and without de-
mentia, 10 patients with AD, and 15 controls—in a case-control design.

Results: VGLUT1 concentrations in BA 20 and BA 9 were correlated with CAMCOG total (Rs
0.525,p =0.018,n = 20; Rs 0.560, p = 0.002, n = 27) and CAMCOG memory scores (Rs
0.616, p = 0.004, n = 20; Rs 0.675, p = 0.000, n = 27). VGLUT1 concentration in BA 9
differed between the different dementia groups and the stroke no dementia group (1-way
analysis of variance F = 6.69, p = 0.001 and Bonferronip < 0.01 in each case), with subjects
with stroke who did not develop dementia exhibiting the highest mean value for
VGLUT1.

Conclusions: These data suggest that loss of glutamatergic synapses is a feature of VaD and
Alzheimer disease but the preservation of synapses, in particular glutamatergic synapses, in the
frontal cortex against the temporal cortex plays a role in sustaining cognition and protecting
against dementia following a stroke. Neurology® 2010;75:1803-1809

GLOSSARY

AD = Alzheimer disease; ANOVA = analysis of variance; BA = Brodmann area; CAA = cerebral amyloid angiopathy;
CAMCOG = Cambridge Assessment of Mental Health for the Elderly, Section B; CERAD = Consortium to Establish a Regis-
try for Alzheimer's Disease; DSM-IV = Diagnostic and Statistical Manual of Mental Disorders, 4th edition; GFAP = glial
fibrillary acidic protein; H-E = hematoxylin & eosin; LFB = Luxol fast blue; SND = stroke no dementia; VaD = vascular
dementia; VGLUT1 = vesicular glutamate transporter 1.

Stroke and dementia are common and often coexistent,' costly, and devastating to patients and
their carers. Vascular dementia (VaD), often accompanied by Alzheimer disease (AD), ac-
counts for 15%-20% of the 25 million people worldwide with dementia.? Despite the clear
need, there are no therapies licensed for VaD.>>

The neuropathologic and neurochemical basis of cognitive decline in VaD is poorly under-
stood. Evolving attentional and executive impairments are likely associated with the severity of
cerebral microvascular disease.® However, the development of memory impairments, more
closely linked to incident dementia,” is probably associated with the development of concurrent
AD pathology.® An improved understanding of the neurochemical changes linked to cogni-
tive impairment and imaging changes'® in patients with cerebrovascular disease is an essential
component of developing targeted and effective therapies for patients with VaD.
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Glutamate is the principal excitatory amino
acid neurotransmitter of the CNS and is in-
volved in most aspects of higher mental func-
tion.'! In stroke, much attention has focused on
the ability of glutamate antagonists to reduce the
size of the infarct and improve functional recov-
ery in animal models. Functionally, the vesicular
glutamate transporter (VGLUT1) is associated
with synapses involved in long-term potentia-
tion and memory.'? Key unanswered questions
include the relationship of glutamatergic alter-
ations to cognition, are whether there are differ-
ences between patients with VaD and people
who have a stroke but do not progress to de-
velop dementia (SND). We hypothesized that
cognitive dysfunction in VaD is associated with
loss of presynaptic glutamatergic terminals.

METHODS Standard protocol approvals, registra-
tions, and patient consents. All participants or their next
of kin gave informed consent for use of postmortem material
and for data evaluation for research. The VaD and stroke
subjects were originally recruited between 1996 and 2002
from representative hospital-based stroke registers in Tyne-
side, Wearside, and Cleveland (United Kingdom). The use of
postmortem human material for this study was approved by
the North West Regional Ethics Committee (ref: 08/H1010/
5). The longitudinal study “Memory after Stroke” was ap-
proved by the Newcastle & North Tyneside Health Authority
Joint Ethics Committee (ref: 99/153).

Subject study groups and brain tissue. A total of 73 indi-
viduals were studied including 48 with cerebrovascular disease
(VaD 18, mixed VaD/AD 22, SND 8), 10 with AD, and 15
controls (table 1). Brain specimens from dorsolateral prefrontal
cortex (Brodmann area [BA] 9) and inferior/middle temporal
cortex (BA 20/21) were obtained from the Newcastle Brain Tis-
sue Resource, Campus for Ageing and Vitality, Newcastle Uni-
versity, UK, and from the MRC London Neurodegenerative
Diseases Brain Bank at the Institute of Psychiatry, King’s College
London, UK, both part of the Brains for Dementia Research
network. These brain tissue resources constitute a large collec-
tion of frozen and formalin-fixed brains from clinically charac-
terized subjects, a substantial proportion of whom (55%) were
from prospective clinical cohort studies with serial standardized
evaluations. For individuals who participated in longitudinal
clinical studies, standardized cognitive evaluations were com-
pleted with the Cambridge Assessment of Mental Health for the
Elderly, Section B (CAMCOG), at baseline and at annual inter-
vals until death, undertaken by trained psychology assistants or
research nurses. CAMCOG is a 107-point assessment tool,
which evaluates a range of cognitive domains and includes a
29-point memory subscale.”” CAMCOG was only completed for
those participants who were enrolled in prospective clinical stud-
ies. Table 1 shows the age range, gender distribution, postmor-
tem delay, tissue pH, Consortium to Establish a Registry for
Alzheimer’s Disease (CERAD) description of plaque frequen-
cy,”

individuals, bronchopneumonia was recorded as the cause of

and Braak stage" of the participants. In the majority of

death. Of the 29 participants in longitudinal studies, 27 com-
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pleted CAMCOG assessments. None of the individuals was tak-
ing a cholinesterase inhibitor, memantine, or antiparkinsonian
medication. Only one individual was prescribed an anticholin-
ergic drug. No participants had diagnosis of alcohol abuse or
drug dependency. In the poststroke cases, the first cognitive as-
sessment was 3 months after stroke.

Macroscopic and microscopic pathology was reviewed
and assessed by 2 of the authors (R.K. and T.H.) at the New-
castle and London sites, using standardized protocols. Tissue
blocks were fixed in 10% formalin and processed into paraf-
fin wax. Blocks were taken as defined by CERAD from the
middle frontal gyrus (BA 8/9), superior and middle temporal
gyri (BA 21/22), and the anterior hippocampus and parahip-
pocampal gyrus (BA 28, 36), inferior parietal lobule with the
intraparietal sulcus (BA 40), midbrain, occipital lobe with the
calcarine sulcus (BA 17-19), cingulate gyrus (BA 24), frontal
and occipital lobe deep white matter with the watershed areas
of the blood supply territories of major arteries, striatum,
amygdala, thalamus, cerebellum, pons, and medulla oblon-
gata. Hematoxylin & eosin (H-E) and Luxol fast blue/Nissl
(LFB/Nissl) stains, modified Bielschowsky silver impregna-
tion, and immunohistochemistry with antibody raised against
phosphorylated tau (AT8, Autogen Bioclear, Wiltshire, UK),
B-amyloid (Chemicon, Hampshire, UK), a-synuclein
(KM51, Novocastra, Newcastle upon Tyne, UK), ubiquitin
(Dako), and glial fibrillary acidic protein (GFAP) (Dako)
were applied according to standardized protocols.

H-E was used as standard stain for general neuropathologic
assessment of the cytoarchitecture, cellularity, composition, and
integrity of neuroanatomic structures represented on the sec-
tions; it also visualized cells with acute and chronic ischemic
damage and infarcts. LFB/Nissl staining showed the cellular pat-
tern and highlighted myelin loss in areas of white matter rarefac-
tion and infarcts. Bielschowsky silver impregnation and tau
immunohistochemistry was applied to assess neuritic plaques
and neurofibrillary tangles for CERAD plaque and Braak neuro-
fibrillary tangle staging. The densities of plaques and tangles
were determined by semiquantitative scoring as described in the
staging protocols. The respective antibodies were applied to label
hyperphosphorylated tau, B-amyloid, a-synuclein, ubiquitin,
and GFAP to ascertain the neuropathologic diagnosis, and ex-
clude diseases other than AD, VaD, and stroke.

Although the main diagnosis of VaD was made neuropatho-
logically, patients also had to meet DSM-IV clinical criteria for
dementia during life. Patients with a stroke according to World
Health Organization criteria'® who did not meet National Insti-
tute of Neurological Disorders and Stroke—Association Interna-
tionale pour la Recherche en I'Enseignement en Neurosciences
criteria for VaD or DSM-IV criteria for dementia were diagnosed
as SND. Pathologic diagnosis of VaD was defined by the pres-
ence of multiple or cystic infarcts involving cortical and subcor-
tical structures, borderzone infarcts, lacunae (<15 mm),
microinfarcts (visible by microscopy only), and small vessel dis-
case in subcortical structures in the general absence of neurofi-
brillary tangles.!” Cerebral amyloid angiopathy (CAA) was
assessed with B-amyloid immunohistochemistry® with an anti-
body recognizing both AB,_ 4, and AB,_ . In the control, VaD,
and SND groups, none of the cases had severe CAA. In the AD
and VaD and AD groups, although severe CAA was a feature,
none of the cases included in this study had CAA-related cerebral
hemorrhage and extensive CAA-related cerebral microinfarcts.
Clinical evidence of dementia along with the same type or a

combination of these lesions at 3 different coronal levels was
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Table 1 Demographic details of the study groups®

Gender, CAMCOG (total) CAMCOG (memory) Braak stage CERAD

M/F Age,y PMD, h pH (0-100 max) (0-30 max) (0-6) stage®
Control (15) 8/7 783109 407+269 634+x030 — — 0.3 =0.5(6) 0.0 = 0.0(5)
VaD (18) 11/7 83.7+114 50.5+29.1 6.25 = 0.24 58.6 = 18.3(5) 172 +5.3 1.6=15(16) 11+11(15)
Mixed AD/VaD (22) 8/14 846 6.4 42.6 = 28.0 6.26 = 0.26 51.6 = 13.8(10) 11.3+42 51+0.9(17) 2.7 + 0.6 (19)
AD (10) 713 84882 374262 6.29+024 554=x=214(4) 125+58 51=1.1(8) 3.0=0.0(8)
SND (8) 5/3 81.0+26 33.7+9.1 6.27 +0.23 909 +7.6(7) 22123 21+11(7) 11 +09(7)

Abbreviations: AD = Alzheimer disease; CAMCOG = Cambridge Assessment of Mental Health for the Elderly, Section B; CERAD = Consortium to Establish
a Registry for Alzheimer's Disease; PMD = postmortem delay; SND = stroke no dementia; VaD = vascular dementia.

2 Values are mean = SD (n).

b CERAD stage (plaques: 0, none; 1, sparse; 2, moderate; 3, frequent).

considered diagnostic for VaD.!® None of the pure VaD cases  gent Quantifier densitometry program (BI Systems Corpora-
exhibited tangle burden above Braak stage III'" or more than  tion) and integrals of band density obtained.

sparse neuritic plaques as defined by CERAD.'* Concurrent neu- .. . .
ropathologic features of AD were characterized by the presence Statlstlcal analysls.. A,” values were expressed as a ratlol of
of neuritic plaques in cortical lobes, midbrain, and hippocampal integral of band density in a samp le FO that of rat Cortex’_ which
formation according to the CERAD criteria. Tangle burden was was run on each blot for stan.dardlzanfm purposes and this value
graded according to the method of Braak" and neuritic plaque was .t}%en correct.ed w0 Practin quan%lﬁed fromv the same blot.
density following the CERAD criteria. Patients were designated Statistical analysis was performed with the assistance of SPSS

as mixed VaD/AD if they met criteria for VaD and had either a
Braak & Braak stage above III or were classified as CERAD-
defined probable or definite AD. Control subjects had no evi-

(version 15). The normality of the data was examined using the

F ratio and Levene test for equality of variance. Group means

dence of dementia as determined by retrospective assessments
with absence of neurologic or psychiatric disorder and confirmed Figure 1 Vesicular glutamate transporter 1
by neuropathologic examination. (VGLUT1) and memory score

Preparation of tissue samples for Western blotting.

>
$

Cortical gray matter was dissected free of the meninges and

white matter at 0—4°C. Approximately 500 mg of tissue was o

homogenized in 10 mL ice-cold buffer (50 mM Tris-HCI, 5 § 254 Oo

mM EGTA, 10 mM EDTA, pH 7.4 containing protease in- > 204 oO o Oo

hibitors: 2 ug/mL leupeptin hemisulfate, 2 wg/mL aprotinin, g 00 °

1 ug/mL E64, 2 ug/mL pepstatin A, and 20 ug/mL PMSF) @ 154 o o

using a Teflon/glass power-driven homogenizer. Aliquots S & OO0

were immediately frozen on dry ice and stored at —70°C. O 101 o

Protein concentration was assessed in triplicate using Coo- % 54 o

massie Plus protein assay reagent (Pierce Biotechnology Inc.) 6

and measuring absorbency at 640 nm. In preparation for 0 7 3 3 i 1

Western blotting, an aliquot was thawed and mixed with con- 00 02 04 06 08 10

centrated sample buffer (final concentration 0.0625 M VGLUT1 (Arbitrary units)

Tris-HCI, containing 2% sodium dodecyl sulfate, 5%

B-mercaptoethanol, 10% glycerol, and 0.002% bromophenol B 30+

blue) and then stored at —20°C. o

W . ) S 254 %o
estern blotting. In contrast to standard techniques, the 17 o ® o

samples were not boiled, as this causes aggregation of the 2 204 o

polytopic membranes.! Tissue samples of equal protein con- g Odpo o

centration were then subjected to sodium dodecyl sulfate— GE) 154 o o

polyacrylamide gel electrophoresis, followed by transfer to (O] 104 © o o

nitrocellulose membranes. Membranes were then probed with 8 O& o

polyclonal antibodies to VGLUT1 (Synaptic Systems, Ger- = 5400

many) at dilutions of 1 in 2,000, and monoclonal antibodies 6

to synaptophysin, B-tubulin III, GLT-1, and B-actin (Sigma 0

00 02 04 06 08 10
VGLUT1 (Arbitrary units)

Chemical Co., Poole, UK) at dilutions of 1 in 20,000 and 1
in 1,000. Subsequently, membranes were incubated in horse-

radish peroxidase antibodies before the immunoreactivity of Scattergrams of VGLUT1 concentrationsin Brodmann area

the bands was detected using enhanced chemiluminescence (BA) 20 (A) and BA 9 (B) and Cambridge Assessment of Men-
(Enhanced ChemiLuminescence reagent, Amersham Pharma-  ta] Health for the Elderly, Section B (CAMCOG) memory
cia Biotech Ltd., UK). Each experiment was performed in  score. Spearman correlation coefficients are Rs 0.616, p =
triplicate and blots were analyzed using the Biolmage Intelli-  0.004,n = 20, and Rs 0.675, p = 0.000, n = 27.
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[ Figure 2 Western blots of synaptic proteins in vascular dementia (VaD) ]
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Representative Western blots of synaptophysin (A, B), EAAT2 (C, D), and vesicular glutamate transporter 1 (E, F) expression
in Brodmann area (BA) 9 (A, C, E) and BA 20 (B, D, F) in people with vascular pathology and controls. Protein samples, 10 ug
per lane (except EAAT2, 20 ug per lane), were loaded and run on 10% acrylamide sodium dodecyl sulfate gels. Rat cortex
(R) was loaded as a positive control and for comparison purposes. Con = control; M = mixed Alzheimer disease and VaD;

SND = stroke no dementia.

were compared using 1-way analysis of variance (ANOVA) fol-
lowed by Bonferroni multiple range test or Kruskal-Wallis
ANOVA and Mann-Whitney U test, as appropriate, with signif-
icance level set at p < 0.05. Intercorrelation of neurochemical
variables and correlation with clinicopathologic scores were ex-
amined using Pearson product moment (7) or Spearman rank

correlation (Rs) as appropriate.

RESULTS There were few correlations between
neurochemical variables and demographic factors.
VGLUTT1 in temporal cortex correlated with tissue
pH (Rs = 0.361, p = 0.006, n = 57); however, since
tissue pH did not differ between groups, it was not
considered further as a cofactor in the statistical anal-
ysis. Except for the concentration of EAAT2
(GLT1), no other measure correlated with postmor-
tem delay (Rs = —0.293, p = 0.028, n = 50).

There were no intercorrelations of the neuro-
chemical measures with the exception of VGLUT1
in temporal and frontal cortices (Rs = 0.460, p =
0.001, n = 51). Of particular note, there were no
significant correlations between VGLUT1 and syn-
aptophysin concentrations.

In accordance with our hypothesis, consistent
correlations were identified between VGLUT1 and
cognition. Concentrations of VGLUTT1 in temporal
cortex correlated with CAMCOG total (Rs = 0.525,
» =0.018, n = 20) and CAMCOG memory (Rs =

Neurology 75 November 16, 2010

0.616, p = 0.004, n = 20) scores (figure 1A), and in
frontal cortex with CAMCOG total (Rs = 0.560,
» =0.002, n = 27) and CAMCOG memory (Rs =
0.675, p = 0.000, n = 27) scores (figure 1B).

Concentrations of synaptophysin and EAAT2
(GLT1) did not correlate with either CAMCOG to-
tal score or CAMCOG memory score (p > 0.05).

The concentration of the major glial glutamate
transporter EAAT?2 was subject to considerable inter-
group variation but these differences did not reach
significance for either region studied (figures 2 and 3;
l-way ANOVA, p > 0.05). The concentration of
synaptophysin in the frontal cortex was lower in all
groups compared to controls (figures 2 and 3; 1-way
ANOVA, F = 4762, p = 0.002, and Bonferroni
2 < 0.05 in each case) but did not reach significance
in the AD group (p = 0.051). In the temporal cor-
tex, the concentration of synaptophysin was higher
in patients who had stroke but did not develop de-
mentia than in either controls or AD (l-way
ANOVA, F = 4.947, p = 0.002, and Bonferroni
» = 0.037 and 0.015). Furthermore, the concentra-
tion of synaptophysin was lower in the AD group
than the VaD group (p = 0.033).

The specific marker of glutamatergic synapses,
VGLUT], in the temporal cortex was not different

Copyright © by AAN Enterprises, Inc. Unauthorized reproduction of this article is prohibited.



[ Figure 3 Changes in synaptic proteins in vascular dementia (VaD) ]
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Concentrations of synaptophysin (A, B), EAAT2 (C, D), and vesicular glutamate transporter 1 (VGLUT1) (E, F) as determined
by Western blotting in Brodmann area (BA) 9 (A, C, E) and BA 20 (B, D, F) in people with vascular pathology and controls.
AD = Alzheimer disease; Con = control; M = mixed Alzheimer disease and vascular dementia; SND = stroke no dementia;
VaD = vascular dementia. Bars represent mean and error bars SEM. Groups that are different from each other are indi-
cated by * (p < 0.05) and ** (p < 0.01); see text for details of statistical analysis.

among controls, VaD, mixed VaD/AD, AD, and
SND groups (figures 2 and 3; 1-way ANOVA, F =
2.334, p = 0.068). However, in the frontal cortex
mean VGLUTT concentration was higher in patients
who had stroke but did not develop dementia (SND
group) than in all other groups and was elevated in
comparison to the VaD, mixed VaD/AD, and AD
groups (figures 2 and 3: 1-way ANOVA, F = 7.526,
2 = 0.000, and Bonferroni p < 0.002 in each case).
Given that there was a numerical difference in the mean
postmortem delay between the SND group and other
groups, we performed a subanalysis of those cases with
postmortem delays less than or equal to the maximum
in the SND (49 hours) group (table e-1 on the Neurol-
0gy® Web site at www.neurology.org). This analysis

confirmed the robustness of the increase in VGLUT1
in the SND group remaining different from all others
(1-way ANOVA, F = 0.78, p = 0.000; Bonferroni post
hoc test p < 0.007).

DISCUSSION The main findings were that there
were regionally consistent and significant correla-
tions between VGLUT'1 concentration and cognitive
scores as determined by CAMCOG and in particular
for the memory subscale. Furthermore, VGLUT1
concentration was higher in frontal cortex of subjects
who had a stroke but did not develop dementia
(SND) as compared to VAD, mixed AD/VaD, and
AD. Therefore, the upregulation of VGLUTI ap-
pears to be specifically associated with preserved cog-
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nitive function in patients with cerebrovascular
disease. These results, taken together with previous
findings, 22! also suggest that loss of glutamatergic
synapses is a correlate of cognitive impairment in
both VaD and AD. Furthermore, maintenance of the
glutamatergic system through protection or plasticity
may be an important regulator of cognitive decline in
stroke, VaD, and AD.

While there were clear relationships between
VGLUTT1 and cognition, there were no similar corre-
lations with synaptophysin, and consistent with this
observation there was no correlation between
VGLUTT1 and synaptophysin. This pattern of results
suggests that the relationship to cognition is specific
to the glutamatergic system and is not a reflection of
general synaptic alterations.

Glutamate excitotoxicity, involving excessive acti-
vation of receptors and increased intracellular Ca®™"
leading to inappropriate activation of Ca®"-
dependent processes causing metabolic dysfunction
and eventual cell death, has been implicated in the
pathophysiology of acute stroke.?> The limited suc-
cess of translation of successful preclinical studies to
stroke patients may be related to the expected adverse
effects of NMDA antagonists on normal glutamater-
gic neurotransmission and perhaps interference with
the potential upregulation of trophic factors caused
by infarcts that are dependent on glutamate recep-
tors.”? However, little attention has been paid to the
role of the glutamatergic system in cognition in
the longer term following cerebrovascular insults or
the development of dementia in the context of cere-
brovascular disease.

CAA is often present in the aging brain with and
without dementia. A recent study found no evidence
for CAA being an independent risk factor for cogni-
tive decline except in cases with severe CAA lacking
neuritic AD pathology®; none of our cases qualified
for the latter group. Therefore we do not think CAA
had a major impact on the overall results. There is a
well-known heterogeneity of vascular lesions in their
distribution and etiology and this was reflected in
our cases. However, we aimed at studying VaD as a
single diagnostic entity, as it is regarded in clinical
practice.

Although impairments of attention and executive
function are prominent in VaD,” it has been sug-
gested that progressive memory impairment more
closely relates to the development of incident demen-
tia in stroke patients.”” The current results are of
particular interest given the specific correlation be-
tween VGLUT1 and memory function in VaD.

The level of VGLUT expression may affect quan-
tal size?* and hence may contribute to presynaptic
plasticity.?> Therefore the increased VGLUTT1 ex-

Neurology 75 November 16, 2010

pression in SND patients is likely to indicate in-
creased vesicular glutamate storage capacity. In the
frontal cortex this increased capacity could reflect
more vesicles per synapse or more transporters per
vesicle since the more universal marker of synapses
remained unchanged. Previous studies have indi-
cated that there is no effect of middle cerebral artery
occlusion and reperfusion on levels of VGLUT12¢ up
to 24 hours after onset of ischemia in rats. Our find-
ings suggest that the upregulation of VGLUTT is
part of the delayed, long-term reconstruction of neu-
ronal circuits after ischemic insults in humans.
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