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Abstract

Alzheimer's Disease (AD) is the leading form of dementia worldwide. Currently, 

the pathological mechanisms underlying AD are not well understood. Although 

the glutamatergic system is extensively implicated in its pathophysiology, there 

is a gap in knowledge regarding the expression of glutamate receptors in the 

AD brain. This study aimed to characterize the expression of specific gluta-

mate receptor subunits in post- mortem human brain tissue using immunohis-

tochemistry and confocal microscopy. Free- floating immunohistochemistry 

and confocal laser scanning microscopy were used to quantify the density of 

glutamate receptor subunits GluA2, GluN1, and GluN2A in specific cell layers 

of the hippocampal sub- regions, subiculum, entorhinal cortex, and superior 

temporal gyrus. Quantification of GluA2 expression in human post- mortem 

hippocampus revealed a significant increase in the stratum (str.) moleculare of 

the dentate gyrus (DG) in AD compared with control. Increased GluN1 recep-

tor expression was found in the str. moleculare and hilus of the DG, str. oriens 

of the CA2 and CA3, str. pyramidale of the CA2, and str. radiatum of the CA1, 

CA2, and CA3 subregions and the entorhinal cortex. GluN2A expression was 

significantly increased in AD compared with control in the str. oriens, str. py-

ramidale, and str. radiatum of the CA1 subregion. These findings indicate that 

the expression of glutamatergic receptor subunits shows brain region- specific 

changes in AD, suggesting possible pathological receptor functioning. These 

results provide evidence of specific glutamatergic receptor subunit changes in 

the AD hippocampus and entorhinal cortex, indicating the requirement for fur-

ther research to elucidate the pathophysiological mechanisms it entails, and 

further highlight the potential of glutamatergic receptor subunits as therapeu-

tic targets.
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1 |  INTRODUCTION

Alzheimer's Disease (AD) is the predominant form 
of dementia worldwide and is associated with vari-
ous clinical hallmarks including a decline in cognitive 
function, behavior, and memory (1). As life expectancy 
increases worldwide, there follows a proportional in-
crease in the aging population and the geriatric ail-
ments that accompany it. Since its discovery, AD has 
dominated the frontiers of science, yet a possible cure, 
or at the very least, a suitable management strategy, 
has yet to be found. At present, therapeutic drugs 
serve only to provide mild symptomatic relief and do 
not delay or reverse the progression of AD. Currently, 
our understanding of the pathogenesis of AD is based 
on two central dogmas: the amyloid- beta (Aβ) hypoth-
esis and the tau hypothesis. The exact roles and inter-
actions of these two hypotheses remain controversial, 
although there is consensus that both Aβ plaques and 
hyperphosphorylated tau deposits play a central role 
in AD neurodegeneration. Various other causes un-
derlying the disease have also been proposed, such as 
cholinergic deficits, mitochondrial dysfunction, and 
oxidative stress (2- 4). Aside from the predominant 
tau and Aβ hypotheses, glutamatergic dysfunction 
has been extensively implicated in the pathogenesis 
of AD, with repercussions on neuronal and synaptic 
functioning.

Glutamate is the primary excitatory neurotrans-
mitter in the brain. Glutamate acts on a variety of 
receptors, traditionally categorized as ionotropic and 
metabotropic. Ionotropic receptors include the alpha- 
amino- 3- hydroxy- 5- methylisoxazole- 4- propionic acid 
receptor (AMPAR), N- methyl- D- aspartate receptor 
(NMDAR), and kainate (GluK) receptor classes. The 
metabotropic class of receptors is subdivided into three 
functionally distinct groups; group I are coupled with 
phospholipase C, while groups II and III are coupled 
with adenylyl cyclase. These receptor subtypes are lo-
calized to dendrites of postsynaptic cells, astrocytes, 
and oligodendrocytes, as well as on glial cells (5). 
The receptors are formed by multiple subunits which 
are classified as follows: GluN1- 3 (NMDA), GluA1- 4 
(AMPA), GluK1- 5 (kainate), and mGluR1- 5 (metabo-
tropic) (6,7). Each functonal receptor is composed of 
different combinations of subunits altering the phar-
macological properties of receptors in different areas 
of the brain (6,8).

Glutamatergic dysfunction in AD appears to be 
mediated through a variety of mechanisms, including 
Aβ binding to glutamate receptors, tau tethering to 
intrinsic cytoskeletal proteins resulting in overactiva-
tion of receptors, and the internalization of glutamate 
transporters resulting in glutamate accumulation in 
synaptic and extrasynaptic areas (9,10). Glutamate 
is involved in many critical signaling and metabolic 
functions, but control of the glutamatergic system 

requires constant moderation to avoid excitotoxic-
ity (11). As yet, glutamatergic signaling changes that 
contribute to this process, or result because of this 
process, have not been thoroughly investigated in the 
human AD brain. Significant effort has been put into 
investigating Aβ- associated glutamate excitotoxicity 
in cell and animal models involving the dysfunction 
of calcium- permeable glutamate receptors in the neu-
ron (12,13). Aβ has been implicated in the inhibition of 
glutamate uptake in the synaptic cleft (14), overstimu-
lation of NMDA receptors, the subsequent disruption 
of calcium- dependent intracellular pathways (15), and 
cell death (11,16).

Despite clear evidence of the glutamatergic system's 
role in neurodegeneration (9,10,17,18), the pathogenic 
mechanisms leading to expression alterations of gluta-
matergic components are yet to be elucidated in AD. Of 
the few studies performed, results observed remain in-
conclusive and controversial, with study designs that do 
not provide quantitative data (19- 21) or information on 
the region and/or layer specificity of glutamate receptor 
subunit expression within hippocampal subfields of AD 
and control brains (22,23).

In this study, we examined the region-  and layer- 
specific expression of glutamatergic receptor sub-
units within the hippocampus, subiculum, entorhinal 
cortex, and superior temporal gyrus (STG), and then 
compare these expression levels and patterns between 
control and AD cases to gain a better understanding 
of how the glutamatergic system is altered. The hip-
pocampal formation and temporal lobe have been 
the focus of our study because of their central role in 
memory formation, which is of particular interest as 
AD is characterized by the loss of memory and cogni-
tive function. We have demonstrated here region-  and 
layer- specific alterations in the expression of AMPAR 
subunit GluA2, and NMDAR subunits GluN1 and 
GluN2A which suggest specific compensatory mecha-
nisms or spatial susceptibility of glutamatergic recep-
tor subunits to AD pathology.

2 |  M ETHODS

2.1 | Human brain tissue preparation and 
neuropathological analysis

The research was carried out at the University of 
Auckland, Centre for Brain Research. Donated post- 
mortem human brain tissue was obtained from the 
Neurological Foundation Human Brain Bank. The tis-
sue was acquired through a donor program, the pro-
cedures were approved by the University of Auckland 
Human Participant's Ethics Committee (Approval 
number: 011654) and the study was not preregistered. 
Processing of tissue followed the procedure described in 
Waldvogel et al. (24). The right hemisphere of the brain 
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was fixed by perfusion with 15% formalin, cut into ana-
tomical blocks, cryoprotected with sucrose solutions, 
and frozen at −80°C. Hippocampal (also containing the 
subiculum and entorhinal cortex) and STG blocks were 
used for this study. Nine control (Table 1) and eight AD 
cases (Table 2), with an average age of 78.5  years and 
maximum post- mortem time of 48 h were used for im-
munohistochemistry (IHC) experiments.

All control cases included in this study had no history 
of any primary neurodegenerative, psychiatric disorder, 
and neurological disease abnormalities, whereas all of 
the Alzheimer's cases had clinical dementia. Standard 
sections, including the middle frontal gyrus, middle 
temporal gyrus, cingulate gyrus, hippocampus, caudate 
nucleus, substantia nigra, locus coeruleus, and cerebel-
lum were examined from both control and AD groups 
by a neuropathologist. The distribution and density of 
tau and Aβ pathology were assessed immunohistochem-
ically. The neuritic plaque density in the AD cases was 
classified into sparse, moderate, or frequent accord-
ing to the criteria from the Consortium to Establish a 
Registry for Alzheimer's disease (25). Only those cases 
that fit this criterion for definite or probable AD were 
included in this study.

2.2 | Immunohistochemistry

Coronal sections of the hippocampus, subiculum, 
entorhinal cortex, and STG were cut on a freezing 
microtome at 60  μm and stored at 4°C in phosphate- 
buffered saline (PBS) containing 0.1% sodium azide. 
Two hippocampal and two STG sections, starting from 
the midpoint of the anterior commissure +21.2  mm 
for the hippocampal block (containing the hippocam-
pus, subiculum, and entorhinal cortex, plate 38– 41) 
and +9.3  mm for the STG block (plate 29– 33) accord-
ing to the Mai, Paxinos and Voss brain atlas (26), for 
each control and AD case, were immunostained with 
glutamate receptor subunits specific antibodies. Free- 
floating 3,3′- diaminobenzidine (DAB)- peroxidase and 

fluorescent IHC were utilized for the visualization of 
AMPAR GluA2 subunit, NMDAR GluN1, and GluN2A 
subunits, using a method published previously (24,27). 
The specificity of the primary antibodies has been re-
ported previously for each antibody GluA2 (28), GluN1 
(29- 32), and GluN2A (31,33,34,35,36,37,38,39). All an-
tibody dilutions were optimized. Primary antibodies 
and dilutions are described in Table 3. The use of the 
blocking peptide (BLP- GC002) and omission of the pri-
mary antibodies resulted in a complete absence of im-
munoreactivity except for a small amount of background 
lipofuscin staining (Figure 1B,C). Antibodies against 
glutamate receptor subunits and NeuN were diluted in 
1% normal goat serum, and 0.04% merthiolate in PBS 
(immunobuffer).

2.3 | DAB- peroxidase immunohistochemistry

DAB- peroxidase IHC was performed as described by 
Kwakowsky et al. (27). In brief, sections were washed 
in PBS with 0.2% Triton X- 100 (PBST) before block-
ing for endogenous peroxidases (50% methanol and 1% 
H2O2) for 20  min, followed by three 10- min washes in 
PBST and incubated for 72 h in primary antibodies in 
immunobuffer at 4°C (Table 3). The sections were then 
washed in PBST before incubation for 24 h with the bi-
otinylated secondary antibodies (anti- Mouse IgG- Biotin 
antibody produced in goat 1:1000, anti- rabbit IgG- Biotin 
antibody produced in goat 1:1000) in immunobuffer at 
room temperature (RT). The sections were then washed 
in PBST before incubation with ExtrAvidin (1:1000, 
E2886; Sigma, St. Louis, MO, USA) in immunobuffer 
for 4 h at RT, followed by three 10- min washes in PBST 
before development in 0.05% DAB and 0.01% H2O2 
and 0.1  M phosphate buffer. Sections were washed in 
PBST and mounted onto glass slides, dried, dehydrated 
through a graded series of ethanol, and cleared in xy-
lene. The slides were coverslipped with DPX mountant 
(1019790500; Merck, Whitehouse Station, NJ, USA). 
The sections were then imaged on either a Leica DMRB 

Case Age Sex
PM 
delay Cause of death

Weight 
(g)

H122 72 F 9 Emphysema 1230

H123 78 M 7.5 Aortic aneurysm 1260

H169 81 M 24 Asphyxia 1225

H180 73 M 33 Ischemic heart disease 1318

H181 78 F 20 Aortic aneurysm 1292

H202 83 M 14 Aortic aneurysm 1245

H226a 73 F 48 Mesothelioma 1279

H239a 64 M 15.5 Ischaemic Heart Disease 1529

H245 63 M 20 Asphyxia 1194

aCases used for 3,3′- diaminobenzidine- peroxidase immunohistochemistry.

TA B L E  1  Normal human brain case 
details used for immunohistochemistry
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light microscope or a Leica MZ6 dissecting microscope 
(Wetzlar, Germany).

2.4 | Fluorescent immunohistochemistry

A total of 13 cases, 7 control and 6 AD, were used in 
this experiment. Power calculations (GPower, 3.1.9.6; 
Heinrich- Heine- University Düsseldorf) based on our 
previous studies determined that a sample size of n = 5 
per group would be necessary and sufficient to detect 
differences with 95% confidence (α  =  0.05) and 0.9 
power (27). However, additional cases were included 
to account for potential problems such as tissue dam-
age. Free- f loating f luorescent IHC was performed 
as described previously by Kwakowsky et al. (27). In 
brief, sections that did not require antigen retrieval 
procedures were incubated in PBST overnight at 4°C. 
Sections that required antigen retrieval (those labeled 
with the GluA2 antibody) were washed once for 10 min 
with PBST, then stored 24 h in sodium citrate buffer 
(pH 6.0) at 4°C. Then the tissue was transferred into 
fresh citrate buffer in six- well plates and microwaved 
in three 10 s blocks, waiting 5 s in between each block 
and incubated for 30 min at RT. Sections labeled with 
the GluN1 antibody were incubated in Tris- EDTA 
pH9.0 buffer at 4°C for 24 h followed by the same heat- 
induced antigen retrieval method as described above.

These procedures were followed by three 10- 
min washes with PBST and incubation for 72  h in 
the primary antibodies diluted in immunobuffer at 
4°C (Table 3). Sections were washed three times for 
10 min in PBST before addition of secondary antibod-
ies goat anti- rabbit Alexa Fluor 647 (1: 500, A21245, 
RRID:AB_141775; Invitrogen, Carlsbad, California, 
USA), goat anti- mouse Alexa Fluor 488 (1: 500, A11029, 
RRID: AB_138404; Invitrogen) or goat anti- mouse 
Alexa Fluor 647 (1: 500, A21236, RRID:AB_141725; 
Invitrogen), goat anti- rabbit Alexa Fluor 488 (1: 
500, A11034, RRID:AB_2576217; Invitrogen), 
goat anti- chicken Alexa Fluor 488 (1:500, A32931, 

RRID:AB_2762843; Invitrogen) and incubated for 
a further 24  h at RT. Sections were then washed for 
10  min in PBST before incubation for 35  min at RT 
with Hoechst nuclei counterstain (1:10,000, 33342, 
RRID:AB_10626776, Invitrogen) diluted in PBS. After 
three subsequent 10- min washes in PBS, sections were 
mounted onto glass slides, coverslipped with Mowiol 
mounting medium, and sealed with nail varnish.

2.5 | Imaging and analysis

Imaging was conducted using a Zeiss 710 inverted 
confocal laser- scanning microscope (Carl Zeiss, Jena, 
Germany). Brain regions and layers were differenti-
ated based on cell type and relative location, utilizing 
NeuN and Hoechst staining. An argon laser was used 
to excite NeuN- positive neurons at a 488- nm wave-
length, a helium- neon laser with a 633nm wavelength 
was used for Alexa 647 immunolabeled antigens of in-
terest, and a blue diode laser with a 405 nm wavelength 
was used for Alexa 405 for Hoechst counterstained nu-
clei with a 20x objective. Using ImageJ software (U. 
S. National Institutes of Health, Bethesda, Maryland, 
USA), after background subtraction and grayscale 
threshold determination, the glutamate receptor 
subunit density measurements were performed from 
a 31,000  μm2 area in each analyzed layer in the den-
tate gyrus (str. granulosum, str. moleculare and hilus), 
CA1, CA2, and CA3 (str. oriens, str. pyramidale, str. 
radiatum). Density measurements for the subsequent 
regions were measured using the following parameters: 
a 432,000 μm2 region in the subiculum, a 605,000 μm2 
region in the entorhinal cortex, and a 692,000 μm2 re-
gion in the STG through all cortical layers. Both the 
threshold and the size of the region of interest were 
constant across all sections for each region in each ex-
periment. The analysis was performed blinded to the 
experimental groupings to eliminate bias during the 
experiment, including image acquisition and analysis. 
Two hippocampal and two STG tissue sections from 

TA B L E  2  Alzheimer's disease human brain case details used for immunohistochemistry

Case Age Sex
PM 
delay Cause of death

CERAD 
classification

Braak and 
Braak score

Weight 
(g)

AZ45 82 M 4.5 Pneumonia Probable AD IV 1230

AZ88a 83 M 21 Pneumonia Definite AD IV 1121

AZ90 73 M 4 Gastrointestinal haemorrhage Definite AD IV 1260

AZ92 93 F 11.5 Bronchopneumonia Probable AD IV 1225

AZ98 91 F 20.5 Alzheimer's dementia/atrial fibrillation Definite AD VI 1318

AZ102 84 F 14.5 Lower respiratory tract infection & 
hyaline arteriosclerosis

Definite AD VI 1292

AZ103 87 M <24 Cerebrovascular accident Definite AD VI 1245

AZ113a 77 M 3.5 Alzheimer's dementia/pneumonia Definite AD IV 1261

aCases used for 3,3′- diaminobenzidine- peroxidase immunohistochemistry.

info:x-wiley/rrid/RRID
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each case were randomized following standard simple 
randomization procedures in a blinded fashion. The 
26 sections (2 sections/well; one hippocampal and one 
STG section) were in six- well plates labeled, new num-
bers were allocated to each well 1– 26 by a person not 
involved in the study otherwise, these numbers were 
written on each well with a different color marker pen, 
a photo was taken and the old/ new numbers recorded 
on paper. Subsequently, the sections were transferred 
to new plates in order (1– 26) by the same person.

2.6 | Western blotting

Western blotting was performed as described by 
Kwakowsky et al. (27). Lysis buffer containing 50 mM 
Tris, 2  mM EDTA, 4% sodium dodecyl sulfate, pH 
6.8 supplemented with 1 mM phenylmethanesulfonyl-
f luoride and 1% protease inhibitor cocktail (Sigma- 
Aldrich Co., Saint Louis, Missouri, USA; P8340) was 
added to human hippocapal tissue samples (30μg) and 
protein extracts prepared using 0.5  mm glass beads 
(Mo- Bio Laboratories, Solano Beach, California, 
USA) using a Mini Bullet Blender Tissue Homogeniser 
(Next Advance, Inc, New York, USA) at speed 8 for 
8  min. The homogenates were incubated for 1  h on 
ice, then centrifuged at 10,621  g for 10  min. The su-
pernatant was collected and stored at 20°C. Protein 
concentrations were determined by using the Bio- 
Rad Detergent Compatible Protein assay (Bio- Rad, 
California, USA).

Twenty micrograms of each protein extract was 
run on a gradient –  polyacrylamide electrophoresis 
gel (NU PAGE 4%– 12% BT 1.5, NP0336BOX; Life 
Technologies, Carlsbad, CA, USA) and then blotted. 
Proteins were separated in XCell SureLock Mini- Cell 
system (Invitrogen, Scoresby, VIC, Australia) and 
transferred onto nitrocellulose membranes using a 
Mini Trans- Blot Electrophoretic Transfer system (Bio- 
Rad, California, USA). Two molecular weight lad-
ders, Magic mark (Thermo Fisher, California, USA) 
and Precision Plus (Bio- Rad, California, USA), were 
also loaded in gels as verification of labeled band size. 
Following transfer, membranes were washed in Tris- 
buffered saline pH 7.6, 0.1% Tween (TBST) for 5 min 
and then blocked with LiCor Odyssey Blocking Buffer 
(LI- COR Biosciences, Nebraska, USA) for 30  min 
at RT on the orbital shaker. Following blocking, an-
other 5- min wash with TBST was performed prior to 
overnight incubation at 4°C with primary antibod-
ies diluted in 4% BSA- TBST (Table 3). Subsequently, 
membranes underwent three 5- min TBST washes 
prior to the addition of secondary antibody (1:10,000, 
goat anti- rabbit IRDye®680RD, 926– 68071, 
RRID:AB_10956166; goat anti- mouse IRDye®800CW, 
926– 32210, RRID:AB_621842), which was incubated 
for 1 h at RT. Following incubation, membranes were T
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washed three times in TBST for 10 min each and sub-
sequently in TBS for 10 min. Imaging was performed 
on the Odyssey Infrared Imaging System (LI- COR 
Biosciences, Nebraska, USA).

2.7 | Statistical analysis

To examine differences between groups, an unpaired 
Mann– Whitney test was used as the data did not meet 
the assumptions of parametric tests assessed by the 
D'Agostino– Pearson omnibus and Brown– Forsythe 
tests. No data points were identified and excluded as 
outliers using the ROUT method. All statistical analy-
ses were conducted using Graph- Pad Prism software 
version 8 (GraphPad software; RRID:SCR_002798) 
with a value of p ≤ 0.05 considered significant. Adobe 
Photoshop CC 2018 (Adobe Systems Software, San 
Jose, CA, USA) was used to prepare the figures. All 

experimental data are expressed as the mean ± stand-
ard error of mean (SEM).

3 |  RESU LTS

3.1 | Expression of AMPAR GluA2 subunit 
in the human hippocampus, subiculum, 
entorhinal cortex, and superior temporal gyrus

GluA2 immunoreactivity within the DG was relatively 
sparse, with substantial neuronal staining within the 
hilus area (Figure 2A1) and staining surrounding cell 
bodies within the str. granulosum and most likely as-
trocytic processes throughout all the layers (Figures 
2A1,E1 and 3Da,b). GluA2 within the CA2 subregion 
showed dense fibrous staining, with labeling concen-
trated around the pyramidal neurons and staining of 
neuronal and glial processes within the str. radiatum 

F I G U R E  1  Western blot against human hippocampus homogenates probed with glutamatergic receptor subunit GluA2, GluN1 and 
GluN2A antibodies (A). The use of the GluN2A blocking peptide (BLP- GC002) (B) and omission of the primary antibodies (C) resulted in a 
complete absence of immunoreactivity except for a small amount of background lipofuscin staining. Section were stained with goat anti- rabbit 
Alexa Fluor 647 (B,b; C,b) and goat anti- mouse Alexa Fluor 488 (C,c). Nuclei were counterstained with Hoechst dye (blue) (B,a; C,a). Scale bars 
B– C = 50 µm 

info:x-wiley/rrid/RRID
info:x-wiley/rrid/:S
info:x-wiley/rrid/CR_002798
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(Figures 2C1, arrows and 3Ba,b). Immunoreactivity 
within the CA3 subregion followed similar patterns to 
the CA2 region but the labeling was weaker in the str. 
pyramidale (Figures 2D1 and 3Ca,b). The CA1  sub-
region revealed weaker GluA2 immunoreactivity in 
comparison to CA2 and CA3, although the str. py-
ramidale within the CA1 displayed strong localiza-
tion in some cases to neuronal cell bodies and their 
adjacent processes (Figure 2B1, arrows) as well as glial 
processes (Figures 2B1 and 3Aa,b). GluA2 neuronal 
cell body labeling could be seen within the subiculum 
(Figures 2H1 and 4Aa,b), whilst labeling within the en-
torhinal cortex was comparatively weaker and primar-
ily localized to glial and neuronal fibers (Figures 2G1, 
arrow and 4Ba,b). The STG displayed dense GluA2 

immunoreactivity in superficial cortical layers (layer 
I- II), with sparse labeling of cell bodies and neuronal 
and glial processes throughout the lower cortical lay-
ers (Figures 2G1, arrow and 4Ca,b).

AD cases displayed increased immunoreactivity 
within the str. granulosum of the DG compared with 
control (Figures 2E1,2 and 3Da– d). Labeling within the 
CA2 and CA3 regions was weaker along fibrous struc-
tures compared to control cases (Figures 2C1,2;D1,2 
and 3Ba– d;Ca– d). In AD, the staining patterns of the 
CA1 appear to become more homogenous in compar-
ison to control, with an absence of the neuronal lo-
calization seen in control cases (Figures 2B1,2 and 
3Aa– d). GluA2 immunoreactivity within the subic-
ulum displayed a slight decrease in AD, especially 

F I G U R E  2  GluA2 expression in the hippocampus, subiculum, entorhinal cortex, and superior temporal gyrus in human control and 
Alzheimer's disease cases visualized by 3,3′- diaminobenzidine- peroxidase immunohistochemistry. Staining appeared relatively strong 
within the str. pyramidale of the CA regions (A– D), with an increase in expression within the stratum (str.) moleculare of the dentate gyrus 
in AD (E1,2). Arrows indicating localization to processes and around pyramidal neurons. CA, cornu ammonis; DG, dentate gyrus; ECx, 
entorhinal cortex; HP, hippocampus; STG, superior temporal gyrus; str. pyr, stratum pyramidale; str. rad, stratum radiatum; str. gran, stratum 
granulosum; Sub, subiculum. Scale bars: A1,2 = 1000 µm; B1– E1, B2- E2 = 100 µm; F1– H1, F2– H2 = 400 µm 
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along the neuronal processes (Figures 2H1,2 and 4Aa– 
d). The entorhinal cortex and STG appeared similar 
in AD compared to control cases (Figures 2F1,2;G1,2 
and 4Ba- d;Ca- d).

A significant increase in AMPAR GluA2 subunit ex-
pression was detected in AD compared to control cases 
in the str. moleculare of the DG region (p  =  0.0047; 
Figures 2E1,2, 3Da– d, and 5D). Otherwise, there was 
no significant change in GluA2 subunit density in AD 
compared to control cases in any of the brain regions 
examined (Figures 2– 5; Table 4).

3.2 | Expression of NMDAR GluN1 subunit 
in the human hippocampus, subiculum, 
entorhinal cortex, and superior temporal gyrus

GluN1 immunoreactivity was primarily localized to 
neurons of the str. pyramidale and adjacent dendritic 
processes within the CA1 subregion (Figures 6A1 arrows 
and 6B1). A similar staining pattern was observed in the 
CA2 (Figures 6C1 and 7Ba,b) and CA3 (Figures 6D1 and 
7Ca,b) subregions, but with less localization to neurons 
and processes. In the DG, GluN1 immunoreactivity was 

F I G U R E  3  GluA2 expression 
is altered in the dentate gyrus in 
Alzheimer's disease. Photomicrographs 
of representative regions of the CA1(A), 
CA2 (B), CA3 (C), and dentate gyrus (D) 
showing GluA2 (red) and GluA2 overlaid 
with NeuN (green) immunoreactivity for 
representative Alzheimer's disease and 
control cases. AD, Alzheimer's disease; 
CA, cornu ammonis; DG, dentate gyrus; 
str. ori, straum oriens; str. pyr, stratum 
pyramidale; str. rad, stratum radiatum; str. 
mol, stratum moleculare; str. gran, stratum 
granulosum. Scale bars A– C = 100 µm, 
D = 50 µm 
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very weak surrounding cell bodies of the str. granulo-
sum and slightly stronger in the str. moleculare (Figures 
6A1,E1 and 7Da– d). The subiculum displayed stronger 
and denser immunoreactivity concentrated around neu-
ronal bodies and associated processes (Figures 6H1 and 
8Aa,b). The entorhinal cortex (Figures 6G1 and 8Ba,b) 
and STG (Figures 6F1 and 8Ca,b) revealed diffuse im-
munoreactivity with weak labeling along fibers and sur-
rounding some neurons.

In AD, there is a decrease in GluN1 density sur-
rounding neurons throughout the hippocampus, 
subiculum, entorhinal cortex, and STG (Figures 6– 8), 
with a more membrane- localized labeling in the CA1 
region (Figure 6B1,2) and increased staining of neu-
ropil in all regions examined (Figures 6– 8). AD cases 
displayed increased immunoreactivity within the str. 
moleculare of the DG compared with control (Figures 
6E1,2 and 7Da– d).

F I G U R E  4  GluA2 expression in 
the subiculum, entorhinal cortex and 
superior temporal gyrus in human 
control and Alzheimer's disease cases. 
Photomicrographs of representative 
regions of the subiculum (A), entorhinal 
cortex (B), and superior temporal gyrus (C) 
showing GluA2 (red) and GluA2 overlaid 
with NeuN (green) immunoreactivity for 
representative Alzheimer's disease and 
control cases. AD, Alzheimer's disease; 
CA, cornu ammonis; DG, dentate 
gyrus; ECx, entorhinal cortex: STG, 
superior temporal gyrus. Scale bars A– C, 
E– G = 100 µm, D = 50 µm 
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A significant increase in NMDA GluN1 subunit density 
was detected in AD compared to control cases in the str. ra-
diatum of the CA1 region (p = 0.0140; Figures 6A1,2;B1,2, 
7Aa– d, and 9A), the str. moleculare (p = 0.0082), and hilus 
(p = 0.0012) of the DG (Figures 6A1,2;E1,2, 7Da– d, and 
9D), and the entorhinal cortex (p = 0.0140; Figures 6G1,2, 
8Ba– d, and 9F). GluN1 expression showed a significant 
increase in AD in all layers (str. oriens, p  =  0.0242; str. 
pyramidale, p = 0.0051; str. radiatum, p = 0.0480) of the 
CA2 subregion (Figures 6A1,2;C1,2, 7Ba– d and 9B), and 
in the str. oriens (p = 0.0012) and str. radiatum (p = 0.0023) 
of the CA3  subregion (Figures 6A1,2;D1,2, 7Ca– d, and 
9C). No significant differences in GluN1  subunit label-
ing density were seen in AD compared with control in the 
subiculum (Figures 6A1,2;H1,2, 8Aa– d, and 9E), and STG 
(Figures 6F1,2, 7Ca– d, and 9G; Table 4).

3.3 | Expression of NMDAR GluN2A 
subunit in the human hippocampus, subiculum, 
entorhinal cortex, and superior temporal gyrus

GluN2A immunohistochemistry revealed glia- like stain-
ing throughout the hippocampus, subiculum, entorhinal 
cortex, and STG, with increased reactivity in the most su-
perficial layers, particularly of the entorhinal cortex and 
STG (Figures 10– 12). Co- labeling of GluN2A and GFAP, 
an astrocytic marker, revealed GluN2A expression on 

astrocytes (Figure 13). Lipofuscin was observed in some 
sections (Figure 11Db, asterisked arrows).

In AD, immunoreactivity appeared much stron-
ger, particularly within the CA1  subregion (Figures 
10A1,2;B1,2 and 11Aa– d). There is an increase in both 
glial cell body staining, mainly astrocytic (Figures 10B2 
and 11Aa– d, arrows), and increased immunolabeling 
along the processes (Figures 10B2 and 11Aa– d). The 
same trend was observed within the CA2 (Figures 10C1,2 
and 11Ba– d, arrows), CA3 (Figures 10D1,2 and 11Ca– d), 
DG (Figures 10E1,2, arrows and 11Da– d), subiculum 
(Figures 10H1,2 and 12Aa– d), entorhinal cortex (Figures 
10G1,2 and 12Ba– d) and STG (Figures 10F1,2 and 12Ca– 
d). GluN2A immunofluorescence also appeared more 
variable within AD brains compared to control brains.

Quantification of NMDAR GluN2A immunolabel-
ing revealed statistically significant increases in inten-
sity in AD cases compared to control in all three layers 
of the CA1  subregion, the str. oriens (p  =  0.0095), str. 
pyramidale (p = 0.0095) and str. radiatum (p = 0.0381; 
Figure 14A). A similar trend was observed within 
the CA2 (Figure 14B) and CA3 (Figure 14C) subre-
gions, str. moleculare and str. granulosum of the DG 
(Figure 14D), subiculum (Figure 14E), and entorhinal 
cortex (Figure 14F) although this did not reach signif-
icance. In the STG, GluN2A density showed no statis-
tically significant change in AD compared to control 
cases (Figure 14G; Table 4).

F I G U R E  5  Quantification of GluA2 immunoreactivity within the CA1, CA2, CA3, dentate gyrus hippocampal subfields, subiculum, 
entorhinal cortex, and superior temporal gyrus in control and Alzheimer's disease groups. Data are expressed as mean with error bars 
representing SEM. The figure shows significant increases in GluA2 expression in the stratum moleculare (D) in AD cases (white circles; 
n = 5– 6) compared to controls (black circles; n = 5– 7; Unpaired Mann- Whitney test). AD, Alzheimer's disease; CA, cornu ammonis; DG, 
dentate gyrus; str. ori, straum oriens; str. pyr, stratum pyramidale; str. rad, stratum radiatum; str. mol, stratum moleculare; str. gran, stratum 
granulosum
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4 |  DISCUSSION

The present study is the first to provide a compre-
hensive examination of expression levels and patterns 
of glutamate receptor subunits GluA2, GluN1, and 
GluN2A in the human hippocampus, subiculum, en-
torhinal cortex, and STG, and how this expression is 
altered in AD. Our findings indicate differential re-
gion-  and layer- specific changes of these glutamater-
gic receptor subunits in the AD human hippocampus, 
subiculum, and entorhinal cortex in comparison to 
healthy controls. Increased GluA2 receptor expres-
sion was found within the str. moleculare of the DG in 
AD compared to control cases. There was a significant 
increase in GluN1 receptor subunit expression within 
the str. moleculare and hilus of the DG, str. radiatum 
of the CA1, str. oriens, str. pyramidale, and str. radia-
tum of the CA2, the str. oriens and str. radiatum of the 
CA3, and the entorhinal cortex. We also observed in-
creased GluN2A receptor subunit expression through-
out the CA1 subregion in AD.

4.1 | GluA2 subunit expression in the AD 
human hippocampus, subiculum, entorhinal 
cortex, and superior temporal gyrus

The GluA2  subunit holds significant importance in 
regulating the function of the AMPARs, as it is respon-
sible for maintaining the receptor's impermeability to 
calcium.40 As such, a loss of GluA2  may result in an 
increase in calcium- permeable AMPARs, leading to in-
creased cytosolic calcium accumulation and neuronal 
death. Alterations in the regulation of GluA2 expression 
have been observed in a variety of disease states, and can 
occur through many mechanisms, including and not lim-
ited to: reduced or defective GluA2 mRNA editing and 
transcription, altered post- translational modifications, 
and internalization of GluA2 containing AMPARs.41 
Aside from an increase in GluA2  subunit expression 
within the str. moleculare of the DG, we observed no sig-
nificant expression changes within other layers and re-
gions of the hippocampus, subiculum, entorhinal cortex, 
and STG. There is a lack of quantitative studies examin-
ing the expression of GluA2 in these brain regions in the 
AD brain.

Interestingly, Armstrong and Ikonomovic (20) demon-
strated variable subunit expression alterations within 
different regions of the brain, with vulnerable sectors of 
the hippocampus (e.g., CA1, subiculum) demonstrating 
loss in GluA2/3 immunolabeling, while less vulnerable 
regions, for example, CA2/3 and DG demonstrated a 
marked increase in expression. The authors postulated 
the heterogenous changes are reflective of extensive cell 
loss and neurofibrillary pathology within vulnerable re-
gions of the hippocampus (20). These studies offer an 
interesting insight into potential mechanisms at play, T
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including upregulation of GluA2 within less vulnera-
ble regions of the hippocampus, a decrease in expres-
sion within more vulnerable regions secondary to cell 
loss, and downregulation of GluA2 subunit expression 
in regions outside of the hippocampus, which is inde-
pendent of cell loss. It is important to note that these 
observations were qualitative. Another qualitative im-
munohistochemical study also found a substantial loss 
in GluA2 labeled neurons within the entorhinal cortex 
(42). Later, the Armstrong group demonstrated that 
GluA2 expression within the CA1, CA2, CA3, and DG 
were similar across different Braak stages in AD (22). 
This is in agreement with our findings in the CA sub-
regions. This study involved homogenization of tissue 
from these hippocampal subregions. Therefore, while 

it was able to quantify regional differences in receptor 
subunit expression, possible layer- specific changes in the 
DG have been missed. Interestingly, while a significant 
decrease in expression was observed within the subic-
ulum between mild (Braak stage I and II) and moder-
ate (Braak stage III and IV), this difference was lost 
when compared to severe cases (Braak stage V and VI), 
suggesting more complex mechanisms that evolve with 
the progression of AD. We observed a trend towards 
 decreased GluA2 subunit expression within the subicu-
lum that did not reach significance. The AD cases used 
in our study are Braak stage IV and VI, but we found 
no Braak stage- specific expression of the GluA2  sub-
unit, some of the stage IV cases showed as high receptor 
subunit density as the stage VI cases. Importantly, this 

F I G U R E  6  GluN1 expression in the hippocampus, subiculum, entorhinal cortex, and superior temporal gyrus in human control and 
Alzheimer's disease cases visualized by 3,3′- diaminobenzidine- peroxidase immunohistochemistry. Staining appeared moderate within the 
str. pyramidale of the CA regions (A– C), with an increase in expression within these regions and the stratum (str.) moleculare of the dentate 
gyrus in AD (E1,2). Arrows indicating localization to processes and around pyramidal neurons. CA, cornu ammonis; DG, dentate gyrus; ECx, 
entorhinal cortex; HP, hippocampus; STG, superior temporal gyrus; str. pyr, stratum pyramidale; str. rad, stratum radiatum; str. gran, stratum 
granulosum; Sub, subiculum. Scale bars: A1,2 = 1000 µm; B1– E1, B2– E2 = 100 µm; F1– H1, F2– H2 = 400 µm 
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study did not include a healthy control group. Therefore, 
based on the findings of Carter and colleagues and our 
results we can conclude that GluA2 subunit expression 
is robust against AD pathology in all the brain regions 
examined except the DG. In our earlier mouse study, we 
also report no significant changes in GluA2 expression 
between control and Aβ1– 42- injected mice in all layers of 
the CA1, CA3, and DG (31). However, in the str. molec-
ulare of the DG we detected a trend towards increased 
GluA2 receptor density suggesting the involvement of 
Aβ1- 42 in the regulation of GluA2 subunit levels (31).

There are a variety of mechanisms described in the lit-
erature which may result in increased GluA2 subunit ex-
pression. Protein interacting with C kinase 1 (PICK1) is 
an integral protein in the scaffolding of GluA2 to the syn-
apse and is necessary for the endocytosis of GluA2 and 
AMPAR, with a direct role in the subunit composition 
and expression of GluA2- containing AMPARs (43,44). 
This is exemplified in a study by Citri et al. (45) who 
demonstrated the possibility of AMPAR internalization 
being controlled by calcium- induced modification of 
PICK1. Therefore, it is possible that NMDAR- dependent 

F I G U R E  7  GluN1 expression is 
altered in hippocampal subfields in 
Alzheimer's disease. Photomicrographs 
of representative regions of the CA1(A), 
CA2 (B), CA3 (C), and dentate gyrus (D) 
showing GluN1 (red) and GluN1overlaid 
with NeuN (green) immunoreactivity for 
representative Alzheimer's disease and 
control cases. AD, Alzheimer's disease; 
CA, cornu ammonis; DG, dentate gyrus; 
str. ori, straum oriens; str. pyr, stratum 
pyramidale; str. rad, stratum radiatum; str. 
mol, stratum moleculare; str. gran, stratum 
granulosum. Scale bars A– C = 100 µm, 
D = 50 µm 
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release of calcium, which is dysfunctional in AD, can 
result in alterations in proteins involved in the main-
tenance of GluA2- containing AMPARs at the synap-
tic membrane. Alfonso et al. (43), through knockout 
PICK1 mice, has demonstrated a failure of Aβ to induce 
synaptic dysfunction and GluA2  subunit reduction in 
the absence of the PICK1 protein. PICK1 also requires 
tau- phosphorylation at Ser396 to initiate this process, 
alongside CaMKII, both of which may lose functionality 

in AD (44,46). Tau- phosphorylation has also been shown 
to induce neurodegenerative gain- of- function at the syn-
apse, preventing endocytosis of synaptic components, 
including AMPARs (47,48). As both Aβ and phosphor-
ylated tau are predominant hallmarks in AD and are 
considered the forefront causative molecules of AD 
pathophysiology, its potential dual interactions with 
PICK1 and opposing effects on GluA2 expression war-
rants further investigations.

F I G U R E  8  GluN1 expression in 
the subiculum, entorhinal cortex and 
superior temporal gyrus in human 
control and Alzheimer's disease cases. 
Photomicrographs of representative 
regions of the subiculum (A), entorhinal 
cortex (B), and superior temporal gyrus (C) 
showing GluN1 (red) and GluN1overlaid 
with NeuN (green) immunoreactivity for 
representative Alzheimer's disease and 
control cases. AD, Alzheimer's disease; 
CA, cornu ammonis; DG, dentate gyrus; 
ECx, entorhinal cortex: STG, superior 
temporal gyrusstr; ori, straum oriens; str. 
pyr, stratum pyramidale; str. rad, stratum 
radiatum; str. mol, stratum moleculare; 
str. gran, stratum granulosum. Scale bars 
A– C, E– G = 100 µm, D = 50 µm 
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4.2 | GluN1 subunit expression in the AD 
human hippocampus, subiculum, entorhinal 
cortex, and superior temporal gyrus

GluN1 functions as a ubiquitous subunit within the 
NMDARs, with all NMDARs requiring the presence of 
GluN1 to be functional (49). The aberration of NMDARs 
has long been associated with Aβ toxicity (10,11). Despite 
its central role in NMDAR function, there is little litera-
ture documenting GluN1  subunit concerning its func-
tional significance and how it is altered in AD.

The GluN1 subunit displayed increased expression in 
AD brains compared to controls in many areas measured, 
including the CA1, CA2, CA3, DG, and entorhinal cor-
tex. In agreement with our findings, no significant dif-
ference was reported in GluN1 mRNA expression within 
different regions of the brain, including the frontal lobe, 
parahippocampal gyrus, subiculum, and the STG in AD 
compared to controls (50). Also, in line with our obser-
vations, a significantly increased expression of GluN1 
receptor subunit within the entorhinal and frontal cor-
tex of AD brains was found compared to controls (51). 
However, there is scarce literature surrounding the ex-
pression of the GluN1 subunit in the AD hippocampus.

An early study utilizing immunohistochemistry 
demonstrated a qualitative increase in GluN1- positive 
pyramidal neurons within the CA regions, particularly in 
severe AD cases compared to mild AD and controls (21). 
However, Sze et al. (23) demonstrated a marked decrease 

in GluN1 subunit expression in the whole hippocampus 
in AD brains compared to controls, using Western blot. 
Sze et al. (23) also observed no changes in GluN1  lev-
els in early AD compared to control brains, suggesting 
the expression decrease in AD occurs at a “later” stage. 
This “later” stage is represented by two stage III and V 
and two stage VI cases while our AD cohort has three 
stage IV and three stage VI cases with more severe defi-
cits based on neuropsychological scores. This indicates 
our AD group is representing an even later stage of AD. 
Interestingly, in agreement with our findings we also 
reported increased expression of the GluN1  subunit in 
the CA1 str. radiatum, CA3 str. radiatum and str. oriens, 
DG hilus and ventral str. granulosum in response to 
acute injection of Aβ1– 42 in mice (39). Thirty days after 
injection of Aβ1– 42 there were no significant alterations 
in GluN1  subunit expression but we observed a trend 
towards increased GluN1 density in the CA3 and DG 
subregions (31).

4.3 | GluN2A subunit expression in the AD 
human hippocampus, subiculum, entorhinal 
cortex, and superior temporal gyrus

The expression of NMDA receptors has been well char-
acterized within the rat and monkey neocortex (52), but 
its expression in the hippocampus has remained relatively 
unexplored. Our recent comprehensive studies provided 

F I G U R E  9  Quantification of GluN1 immunoreactivity within the CA1, CA2, CA3, dentate gyrus hippocampal subfields, subiculum, 
entorhinal cortex, and superior temporal gyrus in control and Alzheimer's disease groups. Data are expressed as mean with error bars 
representing SEM. The figure shows significant increases in GluN1 expression in specific layers of the hippocampal subfields (A– D) and the 
entorhinal cortex (F) in AD cases (white circles; n = 5– 6) compared to controls (black circles; n = 6– 7; unpaired Mann– Whitney test). AD, 
Alzheimer's disease; CA, cornu ammonis; DG, dentate gyrus; str. ori, straum oriens; str. pyr, stratum pyramidale; str. rad, stratum radiatum; 
str. mol, stratum moleculare; str. gran, stratum granulosum
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a detailed examination of GluN1 and GluN2A subunit 
expression in the mouse hippocampus, with region and 
layer- specific glial and neuronal labeling (31,39). Previous 
rodent studies also indicate predominant localization to 
neuronal dendritic spines and astrocytes (19,53,54,55,56). 
GluN2A subunit localization to synapses has been linked 
to neuroprotection in mice, inhibiting apoptotic mecha-
nisms by regulating synaptic calcium influx (57). Only 
one human study reported neuronal GluN2A/B expres-
sion (58). However, the antibody used in this study does 
not distinguish between the GluN2A and GluN2B subu-
nits. Because the GluN2B subunit has been reported to 
localize to neurons in humans and rodents, it is difficult 
to extrapolate GluN2A expression patterns based on this 
study (59,60). Interestingly, using the same antibody as in 
our previous mouse studies, our results indicated strong 
astrocytic staining, which is in line with previous animal 

studies. However, there is no evidence of neuronal labe-
ling in the human hippocampus, subiculum, entorhinal 
cortex, and STG.

Our results indicated an upregulation of GluN2A 
subunit levels within all three layers of the CA1 subre-
gion in the AD hippocampus compared to controls, with 
GluN2A typically expressed along glial processes sur-
rounding cell bodies. The altered expression levels of the 
GluN2A subunit in AD is a contentious topic. Reductions 
in mRNA levels of GluN2A have been reported within 
the entorhinal cortex and hippocampus (61). In the fol-
lowing study, Sze et al. (23) also demonstrated a decrease 
in GluN2A protein levels within the entorhinal cortex, 
although no change was seen within the hippocampus. 
However, Western blotting experiments conducted by 
Sze et al. (23) did not examine region- specific changes, 
as the preparation of the tissue involved homogenization 

F I G U R E  10  GluN2A expression in the hippocampus, subiculum, entorhinal cortex, and superior temporal gyrus in human control and 
Alzheimer's disease cases visualized by 3,3′- diaminobenzidine- peroxidase immunohistochemistry. Staining appeared relatively strong on 
glial cells and their processes throughout the hippocampus with an increased labeling in the CA1 subfield in AD (B1,2). Arrows indicating 
localization to astrocytic cell bodies and processes. CA, cornu ammonis; DG, dentate gyrus; ECx, entorhinal cortex; HP, hippocampus; STG, 
superior temporal gyrus; str. pyr, stratum pyramidale; str. rad, stratum radiatum; str. gran, stratum granulosum; Sub, subiculum. Scale bars: 
A1,2 = 1000 µm; B1– E1, B2– E2 = 100 µm; F1– H1, F2– H2 = 400 µm 
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of the whole hippocampus as opposed to specific re-
gions. As a result, changes we observed specifically in 
the CA1 subregion were lost in their study. A study in-
volving an Aβ1- 42-  and AlCl3- injected AD rat model 
indicated no significant change in GluN2A expression 
within the hippocampus (59). However, again, a poten-
tial reason for this study observing no expression change 
may be because of homogenization of the entire hippo-
campus for Western blot that removes the ability to dis-
cern any layer- specific changes. We also report no acute 
Aβ1- 42- induced alteration in GluN2A subunit density 

within the mouse hippocampus (39), but chronic expo-
sure resulted in downregulated subunit levels secondary 
to reduced neuronal labeling (31). In the mouse CA1 sub-
region 3- days post- Aβ1- 42 injection astrogliosis is high 
and extended throughout the region, but at 3- days post- 
injection, increased GFAP density and astrocytes with 
activated morphology are localized to the injection site 
only (62). In the human CA1 subfield we did not detect 
GluN2A on neurons and the upregulation of GluN2A is 
associated with increased astrogliosis, the characteristic 
feature of AD and other neurodegenerative disorders 

F I G U R E  1 1  GluN2A expression is 
altered in hippocampal CA1 subfield in 
Alzheimer's disease. Photomicrographs 
of representative regions of the 
CA1(A), CA2 (B), CA3 (C), and dentate 
gyrus (D) showing GluN2A (red) and 
GluN2Aoverlaid with NeuN (green) 
immunoreactivity for representative 
Alzheimer's disease and control cases. AD, 
Alzheimer's disease; CA, cornu ammonis; 
DG, dentate gyrus; str. ori, straum 
oriens; str. pyr, stratum pyramidale; str. 
rad, stratum radiatum; str. mol, stratum 
moleculare; str. gran, stratum granulosum. 
Scale bars A– C = 100 µm, D = 50 µm
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(63- 65), and increased expression of the subunit is local-
ized to GFAP positive cells and processes. Recent stud-
ies confirmed that astrocytes can respond to neuronal 
stimuli mediated by a variety of neurotransmitters, in-
cluding glutamate, and modulate neuronal activity (66- 
68). Glutamate or selective NMDAR agonists mediate 
astrocytic ATP release, ion currents, and intracellular 
calcium waves (67,69). NMDAR- dependent calcium 
signaling mediates astrocytic modulation of presyn-
aptic strengths in the CA1  hippocampal subfield (70). 

Furthermore, persistent stimulation of NMDARs in as-
trocytes has been suggested to occur in AD and patholo-
gies associated with excitotoxicity (67). The upregulated 
astrocytic GluN2A subunit expression observed in our 
study can therefore directly be linked to neuronal loss re-
lated to excitotoxic damage mediated by these receptors.

The limitation of our approach is that dynamic ex-
pression changes cannot be examined using post- mortem 
tissue. Glutamate receptor expression is regulated at dif-
ferent levels transcriptionally and post- transcriptionally 

F I G U R E  1 2  GluN2A expression 
in the subiculum, entorhinal cortex 
and superior temporal gyrus in human 
control and Alzheimer's disease cases. 
Photomicrographs of representative 
regions of the subiculum (A), entorhinal 
cortex (B), and superior temporal 
gyrus (C) showing GluN2A (red) and 
GluN2Aoverlaid with NeuN (green) 
immunoreactivity for representative 
Alzheimer's disease and control cases. 
AD, Alzheimer's disease; ECx, entorhinal 
cortex: STG, superior temporal gyrus. 
Scale bars A– C, E– G = 100 µm, D = 50 µm
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(6,71,72,73). Expression within the cell and even targeting 
specific domains of the plasma membrane is regulated 
and can be affected by AD (72,74). In addition, some glu-
tamate receptor subunits can act as binding sites for Aβ. 
This binding has a direct effect on glutamate receptor 
expression, with interactions inducing the endocytosis 
of both AMPA and NMDA receptors (75- 77). AMPAR 
surface expression can be regulated through a series of 
Aβ- driven mechanisms, including and not limited to 
ubiquitination, dephosphorylation, and endocytosis 

(78- 81). Additional experiments are required to clarify 
the effect of AD on tightly controlled expression and 
post- transcriptional modification of  glutamate recep-
tors and the link between these processes and the modu-
lation of neuronal activity.

In conclusion, subunit- specific glutamate receptor 
expression alterations provide evidence of spatial recep-
tor composition- dependent changes in AD in the hippo-
campus and entorhinal cortex. The glutamatergic system 
has a critical role in regulating synaptic activity, and as 

F I G U R E  1 3  GluN2A immunoreactivity on astrocytic cell bodies and processes in the human hippocampus. GluN2A subunit (red) and 
GFAP (green) immunoreactivity are co- localized (yellow) within the CA1 subregion of the human hippocampus. Nuclei were counterstained 
with Hoechst dye (blue). Scale bars A– C, E– G = 10 µm 

F I G U R E  14  Quantification of GluN2A immunoreactivity within the CA1, CA2, CA3, dentate gyrus hippocampal subfields, subiculum, 
entorhinal cortex, and superior temporal gyrus in control and Alzheimer's disease groups. Data are expressed as mean with error bars 
representing SEM. The figure shows significant increases in GluN2A expression in specific layers of the hippocampal subfields (A– D) in AD 
cases (white circles; n = 4– 6) compared to controls (black circles; n = 4– 6) (Unpaired Mann- Whitney test). AD, Alzheimer's disease; CA, cornu 
ammonis; DG, dentate gyrus; STG, superior temporal gyrus; str. ori, straum oriens; str. pyr, stratum pyramidale; str. rad, stratum radiatum; 
str. mol, stratum moleculare; str. gran, stratum granulosum 
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such any disruption to the composition of glutamatergic 
receptors could have significant consequences for nor-
mal neuronal function and contribute to AD pathology 
(11,17,18,82). The increased expression of the GluN1 and 
GluN2A receptor subunits indicates functional changes 
associated with calcium dysregulation and excitotoxic-
ity leading to neuronal death and/or cognitive deficits. A 
better understanding of glutamatergic receptor changes 
in AD may lead to new therapeutic approaches to target 
specific components of the glutamatergic signaling path-
way. However, selective targeting of these specific recep-
tor subunits will require novel effective pharmacological 
compounds (76,82,83). Our findings warrant further in-
vestigation into the potential of these glutamate receptor 
subunits as novel therapeutic targets. Glutamate recep-
tor subunit- , cell type- , and brain region- specific thera-
pies may provide a fine- tune targeted approach to the 
management and treatment of AD, offering an interest-
ing avenue for future drug development.
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