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Abstract
Alzheimer's disease (AD) is the leading type of dementia worldwide. With an increasing burden of an aging population coupled with the lack of any foreseeable cure, AD
warrants the current intense research effort on the toxic effects of an increased
concentration of beta-amyloid (Aβ) in the brain. Glutamate is the main excitatory
brain neurotransmitter and it plays an essential role in the function and health of
neurons and neuronal excitability. While previous studies have shown alterations in
expression of glutamatergic signaling components in AD, the underlying mechanisms
of these changes are not well understood. This is the first comprehensive anatomical
study to characterize the subregion- and cell layer-specific long-term effect of Aβ1–42
on the expression of specific glutamate receptors and transporters in the mouse hippocampus, using immunohistochemistry with confocal microscopy. Outcomes are
examined 30 days after Aβ1–42 stereotactic injection in aged male C57BL/6 mice.
We report significant decreases in density of the glutamate receptor subunit GluA1
and the vesicular glutamate transporter (VGluT) 1 in the conus ammonis 1 region of
the hippocampus in the Aβ1–42 injected mice compared with artificial cerebrospinal
fluid injected and naïve controls, notably in the stratum oriens and stratum radiatum.
GluA1 subunit density also decreased within the dentate gyrus dorsal stratum moleculare in Aβ1–42 injected mice compared with artificial cerebrospinal fluid injected controls. These changes are consistent with findings previously reported in the human
AD hippocampus. By contrast, glutamate receptor subunits GluA2, GluN1, GluN2A,
and VGluT2 showed no changes in expression. These findings indicate that Aβ1–42 induces brain region and layer specific expression changes of the glutamatergic receptors and transporters, suggesting complex and spatial vulnerability of this pathway
during development of AD neuropathology.
KEYWORDS
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Abbreviations: ACSF, artificial cerebrospinal fluid; AD, Alzheimer's disease; AMPA, alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; AMPAR, AMPA receptor; APP, amyloid
precursor protein; Aβ1–42, amyloid beta; CA, conus ammonis; CNS, central nervous system; DG, dentate gyrus; EDTA, ethylenediaminetetraacetic acid; FPLC, fast protein liquid
chromatography; KXS, Kai Xin San; LTP, long term potentiation; MBP, maltose binding protein; mGluR, metabotropic receptor; NC, Naïve control; NMDA, N-methyl-d-aspartate;
NMDAR, NMDA receptor; RRID, Research Resource Identifier; TBS, Tris-buffered saline; TBST, Tris-buffered saline with Tween; TFA, trifluoroacetic acid; TTB, 0.05 M Tris buffered
saline (TBS)/0.3% v/v Triton/0.25% w/v BSA; VGluT, vesicular glutamate transporter.
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et al., 2008; Schallier et al., 2011) have indicated significant changes
in the expression of glutamate receptors and transporters in AD,

Glutamate is the main excitatory neurotransmitter in the CNS and

which could have implications on normal brain signaling and func-

has a critical role in memory formation and information processing

tion. The few studies produced so far, however, have yielded con-

(Anwyl, 1999; Fonnum, 1984). The glutamatergic system has been

troversial results, with the distribution and subunit composition of

implicated in a variety of neurological and neurodegenerative dis-

glutamate receptors in the AD brain not well understood.

eases, including Alzheimer's disease (AD), a disorder underpinned by

The expression changes in the glutamatergic components in response to Aβ1–42 exposure are still unknown. Previous studies have

a loss of memory and cognitive function (McKhann et al., 1984).
Traditionally, the glutamate receptors are divided into ion-

utilized Aβ1–42 injection as a viable method of studying the effect

otropic and metabotropic (mGluR) subtypes. Ionotropic gluta-

of Aβ on AD pathology (Gotz, Chen, van Dorpe, & Nitsch, 2001;

mate receptors are primarily categorized into three types; NMDA

Harkany et al., 2000). The aim of this study was to quantify expres-

(N-methyl-D-aspartate) receptors (NMDAR), AMPA (alpha-ami-

sion changes in glutamatergic receptor subunits and transporters

no-3-hydroxy-5-methyl-4-isoxazolepropionic

spatially within the cornu ammonis (CA)1, CA3, and dentate gyrus

acid)

receptors

(AMPAR), and kainate (GluK) receptors. The receptors are formed by

(DG) of the mouse hippocampus following Aβ1–42-injection. We in-

multiple subunits which are classified as follows: GluN1-3 (NMDA),

jected Aβ1–42 into the CA1 region of the mouse hippocampus as this

GluA1-4 (AMPA), GluK1-5 (kainate), and mGluR1-5 (metabotropic)

region has been reported to be one of the earliest hippocampal re-

(Dingledine, Borges, Bowie, & Traynelis, 1999; Pin & Duvoisin, 1995).

gions to exhibit functional changes in AD (Kwakowsky et al., 2018;

These receptor subtypes can be found on dendrites of postsynap-

Masurkar, 2018). We have demonstrated here alterations in the ex-

tic cells, astrocytes, and oligodendrocytes, as well as on glial cells

pression of AMPAR subunit GluA1 and vesicular glutamate trans-

(Steinhauser & Gallo, 1996). Receptors with different combinations

porter (VGluT) 1 in a mouse injected with Aβ1–42 within the CA1

of subunits have different pharmacological properties and spatial lo-

region of the hippocampus compared to naïve control and artificial

calization, giving rise to a diverse variety of functions (Cull-Candy,

cerebrospinal fluid (ACSF)-injected mice. We also demonstrate that

Brickley, & Farrant, 2001). Previous studies have suggested close

these changes are region and layer-specific and thereby complex,

interactions between glutamatergic dysfunction and AD progres-

which may highlight specific compensatory mechanisms or spa-

sion (Butterfield & Pocernich, 2003; Greenamyre, Maragos, Albin,

tial susceptibility of glutamatergic components to Aβ1–42-induced

Penney, & Young, 1988; Maragos, Greenamyre, Penney, & Young,

damage.

1987).
Both hallmarks of AD, aggregates of hyperphosphorylated tau
and the accumulation of beta-amyloid (Aβ) plaques, have been connected to changes in the expression and functioning of glutamate receptors (Parameshwaran, Dhanasekaran, & Suppiramaniam, 2008).
In AD, loss of neurons is associated with deficits in cognition and

2 | M ATE R I A L A N D M E TH O DS
2.1 | Aβ1–42 preparation

memory, with research indicating that soluble oligomers of Aβ1–42

The detailed method used for preparation of Aβ1–42 is as described

are responsible for several aspects of neurodegeneration (Danysz

in (Wilson C. MSc Thesis, University of Otago, 2007; Kwakowsky

& Parsons, 2012). Aβ1–42 has been shown to interact directly with

et al., 2016; Calvo-Flores Guzmán et al., 2020; Yeung et al., 2020).

glutamatergic signaling component proteins, in particular the NMDA

In short, Aβ1–42 was produced as a recombinant protein fused with

type, and also proteins responsible for maintaining glutamate homeo-

maltose binding protein (MBP) in Escherichia coli. This strategy uti-

stasis such as uptake and release (Danysz & Parsons, 2012; Matos,

lizes the solubilizing character of the maltose binding protein (prod-

Augusto, Oliveira, & Agostinho, 2008). Activation of NMDARs in-

uct of the MalE gene) to ensure expression of soluble protein at high

creases Aβ1–42 synthesis, resulting in a positive feedback cycle of

concentration (Kapust & Waugh, 1999). After expression in bacteria,

continuing NMDAR activation and Aβ1–42 accumulation (Lesné, Ali,

the product was purified on an amylose column to which the MBP

& Gabriel, 2005). Aβ1–42 has also been shown to interact with and

segment of the protein binds as an affinity tag. Following binding

disrupt normal AMPAR activity, resulting in synaptic dysregulation

to amylose resin, the pure fusion protein was eluted from the resin

(Guntupalli, Widagdo, & Anggono, 2016). These studies suggest an

with maltose as a highly purified protein and concentrated by am-

intricate relationship between Aβ1–42 and the glutamatergic system.

monium sulfate precipitation. The MBP carrier and affinity tag was

As glutamate is the main excitatory neurotransmitter in the brain,

cleaved off the fusion protein by Factor X protease, and the released

changes to glutamatergic receptors or any stage of the glutamatergic

Aβ1–42 isolated was further purified by hydrophobic chromatography

cycle could have serious implications in terms of functioning.

using a gradient of 0%–50% v/v acetonitrile/0.1% v/v trifluoroacetic

Previous studies performed in both human (Armstrong
&

Ikonomovic,

1996;

Armstrong,

Ikonomovic,

Sheffield,

acid, using fast protein liquid chromatography. Fractions contain-

&

ing pure Aβ1–42 were detected immunologically with an antibody

Wenthold, 1994; Carter et al., 2004; Kashani et al., 2008; Li, Mallory,

against residues 17–24 of Aβ1–42 and lyophilized to remove solvent.

Alford, Tanaka, & Masliah, 1997; Ulas & Cotman, 1997; Yasuda

Mass spectrometry confirmed the expected molecular ion for the

et al., 1995) and mouse models (Cha et al., 2001; Minkeviciene

desired product. The concentration of the protein fragment has
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been determined by bicinchoninic acid assay at 60°C for 30 min.

based on our previous studies determined that a sample size of n = 5

Prior to stereotaxic intrahippocampal injection, Aβ1–42 was dissolved

per group would be necessary and sufficient to detect differences

in ACSF and ‘aged’ at 37°C for 48 hr to facilitate the formation of

with 95% confidence (α = 0.05) and 0.9 power (Yeung et al., 2020).

soluble aggregates, which was confirmed by SDS/PAGE and by non-

However, additional animals were included (a total of 3 mice, 1 ani-

dissociating PAGE. The optimal incubation time required to produce

mal/group) to account for potential problems such as unexpected

the highly toxic oligomers is 48–120 hr depending on the prepara-

death and tissue damage. No animals died during the experiment or

tion (Calvo-Flores Guzmán et al., 2020; Yeung et al., 2020).

were excluded from the analysis but because of tissue damage one
data point is missing from each of the groups: GluN1 subunit NC

2.2 | Animals and tissue preparation

group CA3 region, ACSF group DG region and the GluN2A subunit NC and ACSF groups CA1 region and ACSF group DG region
(Figure 1).

All experiments were approved and performed in accordance

After 30 days post Aβ1–42 injection, animals were deeply anes-

with the regulations of the University of Auckland Animal Ethics

thetized with ketamine and domitor and perfused transcardially with

Committee (Approval number: 001586) and was not preregistered.

20 ml of ice-cold 4% paraformaldehyde in phosphate buffer (pH 7.6).

Mice were housed under standard laboratory conditions and main-

Brains were removed and postfixed in paraformaldehyde solution

tained in a 12 hr light-dark cycle at the University of Auckland with

for 2 hr at 21°C and then incubated in 30% sucrose in Tris-buffered

food and water ad libitum. The AD phenotype becomes clearly

saline (TBS) solution overnight at 4°C. Four series of 30-µm-thick

evident in the aging brain and to model the disease we used old

coronal brain sections were cut using a freezing microtome. The sec-

(18 months) C57BL/6 male mice (RRID:IMSR_JAX:000664; The

tions were then stored in antifreeze solution at −20°C until use.

Jackson Laboratory). Prior to surgery, mice were anesthetized by
subcutaneous injection of 75 mg/kg ketamine and 1 mg/kg domitor as per the Institutional Drug Administration Order (IDAO:

2.3 | Western blotting

001586/3) because of their high efficacy and rapid action. Bilateral
hippocampal stereotaxic surgery was performed, with coordinates

The fresh mouse hippocampal tissue samples were collected from the

for injection determined relative to the bregma (anterio-posterio,

regions of interest, homogenized in a buffer containing 50 mM Tris,

−2.0 mm; medio-lateral, ±1.3 mm; dorso-ventral, −2.2 mm) with 1 µl

2 mM EDTA, 4% SDS, pH 6.8, supplemented with a 1% protease in-

20 µM aggregated ‘aged’ Aβ1–42 (Calvo-Flores Guzmán et al., 2020;

hibitor cocktail (P8340; Sigma Aldrich) and 1 mM phenylmethanesul-

Kwakowsky et al., 2016; Yeung et al., 2020) or ACSF injected at a

fonyl fluoride (P7626; Sigma Aldrich), and protein extracts prepared

speed of 0.1 µl/min into the CA1 region. Following surgery, 1 mg/kg

using 0.5 mm glass beads (Mo BIO) and a Mini Bullet Blender Tissue

antisedan subcutaneously was administered to reverse anesthesia.

Homogenizer (Next Advance, Inc) at speed 8 for 8 min. The homogen-

Post-operative analgesia was provided as per the Institutional Drug

ates were incubated for 1 hr on ice, then centrifuged at 10,621 g for

Administration Order (IDAO: 001586/3, subcutaneously adminis-

10 min and the supernatant collected and stored at −20°C. The protein

tered rymadil 5 mg/kg) to minimise the welfare impact. The health

concentration of the samples was measured using detergent-compat-

and wellbeing of the animals was closely monitored to ensure they

ible protein assay (DC Protein assay, 500–0116; Bio-Rad), following

remain healthy during the experiment. Naïve control (NC) animals

the manufacturer's instructions. Twenty to forty µg of each protein

did not undergo any surgical procedures. A total of 21 mice used

extract was run on a gradient SDS PAGE gel (NU PAGE 4%–12%

in this study were categorized into three groups, NC (n = 6), ACSF-

BT 1.5, NP0336BOX; Life technologies) and then blotted. Proteins

injected (n = 6), Aβ1–42-injected (n = 6) and three control mice were

were separated in XCell SureLock Mini-Cell system (Invitrogen) and

used to collect hippocampal tissue for Western blotting. Power cal-

transferred onto nitrocellulose membranes using XCell Blot Module

culations (GPower, 3.1.9.6; Heinrich-Heine-University Düsseldorf)

(Invitrogen). Two molecular weight ladders, Precision and SeeBlue

F I G U R E 1 Experimental timeline. We have investigated the effects of stereotaxic hippocampal Aβ1–42 injection on specific glutamatergic
receptors and transporters in the hippocampus of aged male C57BL/6 mice, using immunohistochemistry and confocal microscopy 30 days
after Aβ1−42 injection. *Because of tissue damage data points are missing for the GluN1 subunit Naïve Control (NC) group conus ammonis
(CA) 3 region, ACSF-injected group dentate gyrus (DG) region and the GluN2A subunit NC and ACSF groups CA1 region and ACSF group DG
region
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(Life Technologies), were also loaded in gels as verification of labeled

Western blotting (Appendix Figure S1) and reported previously for

band size. Membranes were blocked with Odyssey blocking buffer (LI-

each of the antibodies GluA1 (Song et al., 2019; Zhu et al., 2017),

COR Biosciences) at 21°C for 30 min, followed by incubation with the

GluA2 (Banerjee et al., 2013; Hussain & Davanger, 2015), GluN1

primary antibodies (Table 1), at 4°C overnight. The following day mem-

(Morimura et al., 2017; Seigneur & Sudhof, 2018), GluN2A (Atkin

branes were washed 3 × 10 min in Tris-buffered saline pH 7.6, 0.1%

et al., 2015; Konstantoudaki, Chalkiadaki, Tivodar, Karagogeos, &

Tween (TBST) and incubated with an appropriate IRDye (1:10,000,

Sidiropoulou, 2016), VGluT1 (Nakano et al., 2018; Venniro et al., 2017),

goat anti-rabbit IRDye®680RD, 926–68071, RRID:AB_10956166;

and VGluT2 (Hernández et al., 2015; Nakano et al., 2018). Following

goat anti-mouse IRDye®800CW, 926–32210, RRID:AB_621842; don-

3 × 10 min washes in TBS, the sections were incubated at RT for 1 hr

key anti-guinea pig IRDye®800CW, 926–32411, RRID:AB_1850024;

in secondary antibodies (Table 2) diluted in TTB. Sections were then

LI-COR Biosciences) secondary antibody for 1 hr at RT. Membranes

washed in 3 × 10 min TBS prior to 15 min RT incubation of Hoechst

were washed and scanned on an Odyssey Infrared Imaging System (LI-

nuclei counterstain (1:10,000, H3570; Thermo Fisher) diluted in

COR Biosciences). All antibody dilutions were optimized.

TTB followed by 3 × 10 min TTB wash. Sections with the primary
antibody omitted were run in tandem with each experiment. The
omission of the primary antibodies resulted in complete absence of

2.4 | Fluorescent immunohistochemistry

the immunoreactivity (Appendix Figure S2). Sections were mounted
in gelatin, air dried overnight at RT, rehydrated, cover slipped with

Free-floating fluorescent immunohistochemistry was used to ex-

Mowiol mounting medium, and sealed with nail varnish.

amine the expression of glutamate receptors AMPAR, NMDAR, and
glutamate transporters VGluT1, VGluT2. Immunohistochemistry
was performed as described by (Kwakowsky et al., 2016). Tissue sec-

2.5 | Imaging and analysis

tions were blocked using 1% (v/v) goat serum in 0.05 M TBS/0.3%
v/v Triton/0.25% w/v BSA (TTB) for 1 hr at RT. Sections were then

Imaging was conducted using a Zeiss 710 confocal laser-scanning

washed in TBS for 3 × 10 min and incubated for 72 hr in primary

microscope (Carl Zeiss). Regions and layers were differentiated

antibody specific for glutamate receptors and transporters at 4°C

based on cell type and relative location, utilizing Hoechst staining.

(Table 1). Specificity of the primary antibodies has been tested using

Integrated density measurements were undertaken using ImageJ as

TA B L E 1

Primary antibodies used in this study
Source, Host, Species, Catalogue
Number

Dilutions for
immunohistochemistry

Dilutions for
Western blotting

KLH-conjugated linear peptide
corresponding to human
glutamate receptor 1 at the
cytoplasmic domain

Millipore, Rabbit, AB−1504,
RRID:AB_2113602

1:200

1:1,000

GluA2

Peptide fragment corresponding to
amino acid residues of rat AMPA
receptor 2

Alomone labs, Rabbit, AGC−005,
RRID:AB_2039881

1:500

1:500

GluN1

Recombinant protein corresponding
to AA 660 to 811 from rat GluN1

Synaptic Systems, Mouse, 114–011,
RRID:AB_887750

1:200

1:1,000

GluN2A

Peptide GHSHDVTERELRN(C),
corresponding to amino acid
residues 41–53 of rat NMDA
Receptor 2A

Alomone Labs, Rabbit, AGC−002,
RRID:AB_2040025

1:500

1:100

VGluT1

Amino acid segment from
C-terminal of mouse VGluT1
protein

Frontier Institute, Guinea Pig, VGluTGP-Af570, RRID:AB_2571534

1:200

1:500

VGluT2

559–582 amino acid segment from
C-terminal of mouse VGluT2

Frontier Institute, Guinea Pig, VGluTGP-Af810, RRID:AB_2341096

1:1,000

1:500

Beta Actin

Synthetic peptide corresponding
to human beta actin amino acid
1–100

Abcam, Rabbit, ab8227,
RRID:AB_2305186

1:1,000

Synthetic peptide corresponding
to beta actin amino acid 1–14 (N
terminal) conjugated to Keyhole
Limpet Haemocyanin

Abcam, Mouse, ab6276,
RRID:AB_2223210

1:1,000

Antigen

Immunogen

GluA1
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Secondary antibodies used in this study

Antigen

Immunogen

Source, Host, Species, Catalogue
Number

Goat anti-Rabbit IgG, Alexa
Fluor 488

Polyclonal Gamma Immunoglobins Heavy and Light
chains; Conjugate Alexa Fluor 488

ThermoFisher, Goat, A11034,
RRID:AB_2576217

1:500

Goat anti-Mouse IgG, Alexa
Fluor 647

Polyclonal Gamma Immunoglobins Heavy and Light
chains; Conjugate Alexa Fluor 647

ThermoFisher, Goat, A21236,
RRID:AB_2535805

1:500

Goat anti-Guinea Pig IgG, Alexa
Fluor 647

Polyclonal Gamma Immunoglobins Heavy and Light
chains; Conjugate Alexa Fluor 647

ThermoFisher, Goat, A21450,
RRID:AB_2735091

1:500

Dilutions

described (Fuhrer et al., 2017; Kwakowsky et al., 2018). Layers of in-

compared to the CA3 region, with faint labelling surrounding pyramidal

terest were determined using Hoechst staining as a cell layer marker,

cell bodies of the CA3 region (Figure 2, CA3, a, arrows). Immunoreactivity

with the size of the measured areas as follows: 21,352 μm2 for the

within the DG hilus was localized to cellular processes and the soma of

CA1 region, 4,761 μm for the CA3 region, and 12,295 μm for the

large cells (Figure 2, DG, a-e, arrows). Significant decrease in GluA1 re-

DG. Specifically, intensity measurements were taken in the regions

ceptor subunit expression was observed in the CA1 str. oriens in the

2

2

of the stratum (str.) pyramidale, str. radiatum and str. moleculare of

Aβ1–42 administered mice compared to the naïve control (p = .0386) and

the CA1 and CA3 regions, the hilus, str. moleculare and str. granulo-

the ACSF injected(p = .0125) group (Figure 2, I). Significant downregula-

sum of the DG. The experimenter was blinded to avoid any potential

tion of GluA1 subunit expression was also seen within the CA1 str. ra-

bias during the experiment, image acquisition and analysis. Two hip-

diatum between Aβ1–42 administered mice and naïve control (p = .0148)

pocampal sections from each mouse were selected and placed in 12

and similar trend was observed between Aβ1–42 and ACSF injected mice.

well plates. The tissue sections were randomized following standard

No significant differences were seen in the CA3 region (Figure 2, CA3,

simple randomization procedures in a blinded fashion as follows:

a-f). The DG region displayed a decrease (p = .0062) in GluA1 expression

The 36 sections (1 section/well) were in 12 well plates labelled, new

in the dorsal str. moleculare in the Aβ1–42-injected mice compared to the

numbers were allocated to each well 1–36 by a person not involved

ACSF-injected mice (Figure 2, DG, c-f, III).

in the study otherwise, these numbers were written on each well

The GluA2 subunit displayed immunoreactivity mainly sur-

with a different color marker pen, a photo was taken and the old/

rounding the cellular processes within the str. radiatum and str.

new numbers recorded on paper. Subsequently, the sections were

oriens of the CA1. Immunoreactivity on dendritic processes ap-

transferred to new plates in order (1–36) by the same person.

peared longitudinal in nature within the str. radiatum (Figure 3,
CA1, a, arrows), compared to a less structured and irregular ap-

2.6 | Statistical analysis

pearance within the str. oriens. Small amounts of immunoreactivity
around the cell bodies was seen in the str. oriens of NC and ACSF
injected mice and was increased in Aβ1–42-injected mice within the

Data in all experiments are expressed as mean ± SEM. To examine

str. pyramidale compared with controls (Figure 3, CA1, e, arrows).

the differences between groups, a Kruskall–Wallis test was con-

Within the CA3 region, immunoreactivity along cellular processes

ducted for the data obtained, using Graph-Pad Prism software

was restricted to the str. radiatum and str. pyramidale, with some

version 8 (GraphPad software; RRID:SCR_002798) with a p value

reactivity around cell bodies within the str. pyramidale (Figure 3,

of p ≤ .05 considered significant, as the data did not meet the as-

CA3, a, arrows). Labelling was also observed around vasculature

sumptions of parametric tests assessed by the D'Agostino–Pearson

within the CA3 str. pyramidale, potentially labelling endothelial cells

omnibus and Brown–Forsythe tests. No data points were identified

(Figure 3, CA3, a, asterisk). The DG hilus displayed strong immuno-

and excluded as outliers using the ROUT method. Correlation anal-

reactivity along cellular processes and neuronal bodies (Figure 3,

ysis was performed using a Spearman's test. Adobe Photoshop CC

DG, arrows) with more diffuse staining within the str. moleculare.

2017 (Adobe Systems Software) was used to prepare the figures.

Immunoreactivity within the DG str. granulosum region was moderate, although there was an increased amount of reactivity toward

3 | R E S U LT S
3.1 | Expression of AMPA receptor subunits in the
hippocampal CA1, CA3, and dentate gyrus regions
The GluA1 subunit showed diffuse immunoreactivity across all three re-

the str. moleculare (Figure 3, DG). No significant changes in GluA2
expression was observed between NC, ACSF, and Aβ1–42-injected
mice in all layers of the CA1, CA3, and DG (Figure 3 I–III).

3.2 | Expression of NMDA receptor subunits in the
hippocampal CA1, CA3, and dentate gyrus regions

gions of the hippocampus. Immunoreactivity was generally localized to
cell processes within the CA1 and CA3 regions (Figure 2). Markedly less

In the CA1 region, GluN1 immunoreactivity displayed punctate

neuronal immunoreactivity was observed in pyramidal layers of the CA1

staining on fiber terminals (Figure 4, CA1). Isolated somatic staining

|
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(a)

(b)

(c)

(d)

(e)

(f)

(a)

(b)

(c)

(d)

(e)

(f)

(a)

(b)

(c)

(d)

(e)

(f)
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was observed within the str. radiatum and str. oriens within NC

seen within the CA3 region, although there were higher levels of

and ACSF-injected mice (Figure 4, CA1, a, c, arrows), with less

somatic staining particularly within the str. pyramidale (Figure 4,

immunoreactivity within the str. pyramidale. Similar staining was

CA3 a, arrows). True punctate GluN1 staining was ubiquitous

68
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F I G U R E 2 Aβ1–42 injected mice show altered hippocampal GluA1 expression compared with ACSF injected mice. Representative confocal
images show GluA1 (green) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice (e,
f) in the conus ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. GluA1 labellig revealed immunoreactivity along
cellular processes and occasionally surrounding cell bodies (arrows). Graphs show quantification of GluA1 optical density in the stratum
oriens (str. ori), str. pyramidale (str. pyr), and str. radiatum (str. rad) of the CA1 (I) and CA3 (II) regions, and the hilus, str. moleculare (str. mol),
and str. granulosum (str. gran) of the DG (III) region. Data are expressed as mean ± SEM (*p ≤ .05, **p ≤ .01 Unpaired Mann–Whitney test;
n = 6 NC, 6 ACSF-injected mice and 6 Aβ1–42-injected mice). NC = Naïve Control, black circle; ACSF = ACSF-injected, grey circle; Aβ1–
42 = Aβ1–42-injected mice, open circle. Scale Bars = 40 µm
throughout all three layers of the CA3. Immunoreactivity within

within the str. pyramidale. Lack of immunolabelling was also ob-

the DG region was punctate in nature, with isolated neuronal and

served within the str. granulosum of the DG (Figure 6, DG). VGluT1

potentially endothelial staining on blood vessels within the hilus

immunoreactivity within the DG hilus was stronger in comparison

(Figure 4, DG a, arrow). Low immunoreactivity was seen within the

to the dorsal and ventral str. moleculare and appeared to surround

dorsal and ventral str. granulosum. No significant changes in GluN1

neuronal bodies. A significant decrease in VGluT1 expression was

subunit expression were seen in the CA1, CA3, and DG regions

seen in the str. radiatum of the CA1 region in the Aβ1–42-injected

in the Aβ1–42-injected mice. There is a trend towards decreased

mice compared to the NC (p = .0088) and the ACSF-injected group

GluN1 expression in the Aβ1–42-injected mice compared to the

(p = .0331) (Figure 6, I). A decreasing trend can be seen in the CA1

ACSF-injected mice in the DG ventral str. moleculare and str. gran-

str. oriens of Aβ1–42-injected mice when compared to ACSF-injected

ulosum (Figure 4, III) although this trend did not reach significance.

and NC mice (Figure 6, II). The CA3 and DG regions show uniform

Within the CA1 region, the GluN2A subunit displayed immuno-

expression between groups although there is an apparent decrease

reactivity of cellular processes akin to those of resting microglia or

(p = .0449) in VGluT1 expression between NC and ACSF-injected

astrocytes (Figure 5, CA1, a, arrows). This staining was ubiquitous

mice in the CA3 str. pyramidale (Figure 6, II).

throughout the three layers of the CA1 region. The str. pyramidale

VGluT2 immunoreactivity was punctate within the CA1 region,

and isolated areas of the str. oriens and radiatum demonstrated

with increased staining within the str. pyramidale, and a more diffuse

moderate staining localized to neuronal bodies (Figure 5, CA1 c, ar-

staining pattern within the str. oriens and radiatum (Figure 7, CA1).

rows). In the CA3 region, neuronal staining within the str. pyramidale

The str. pyramidale staining appears more pronounced within the

was much more pronounced and selectively localized to the nucleus

CA3 region than within the CA1 region (Figure 7, CA3). Similar to

(Figure 5, CA3). Presence of glial processes was also evident in all

the CA1 and CA3 regions, the str. granulosum of the DG displayed

three layers of the CA3. Within the DG, glial and neuronal immuno-

strong punctate staining around the neuronal cell bodies, compared

reactivity was strongest within the hilus (Figure 5, DG, a, arrows),

to the hilus, which shows very low VGluT2 expression (Figure 7, DG).

with the str. moleculare exhibiting a more diffuse and uniform ex-

Immunoreactivity of the DG str. moleculare appeared less punctate,

pression within the NC and ACSF-injected mice. Glial immunoreac-

however, still showed similar expression levels to the str. granulo-

tivity appeared increased within the Aβ1–42-injected mice compared

sum. No significant changes in VGluT2 expression was seen in the

to ACSF-injected and NC mice. Significant decreases in GluN2A sub-

CA1, CA3, and DG regions of Aβ1–42-injected mice in comparison to

unit expression was seen in all three regions of the CA1 between the

ACSF-injected and NC (Figure 7, I–III).

naïve control and the Aβ1–42-injected mice (str. oriens p = .0184, str.

VGluT2 expression is localized to layers characterized by high

pyramidale p = .0351, str. radiatum p = .0166) with a decreasing trend

densities of cells, such as the str. pyramidale and str. granulosum

seen between naïve control, ACSF-injected and Aβ1–42-injected mice

(Figure 7, CA3, DG, II, III; Appendix Table S1), while VGluT1 appears

(Figure 5, I). Expression within the CA3 and DG is robust with in-

to be predominantly expressed within fiber-dominant layers such as

significant changes seen between any of the experimental groups

the str. radiatum, str. oriens, str. moleculare, and hilus (Figure 6, CA3,

(Figure 5, II and III).

DG, II, III; Appendix Table S1). A significant negative correlation between VGluT1 and VGluT2 density in the CA3 region (str. oriens ver-

3.3 | Expression of vesicular glutamate transporters
in the hippocampal CA1, CA3, and dentate
gyrus regions

sus. str. pyramidale r = −.7692; p = .0049; str. pyramidale versus. str.
radiatum r = −.7622; p = .0055) and DG (dorsal str. moleculare versus. hilus r = −.8273; p = .0027; dorsal str. granulosum versus. hilus
r = −.8; p = .0047; ventral str. moleculare versus. hilus r = −.7343;
p = .0087; ventral str. granulosum versus. hilus r = −.7972; p = .0029)

VGluT1 immunoreactivity within the CA1 region was dense within

was detected (Appendix Figure S3A–D).

the str. oriens and str. radiatum (Figure 6, CA1). Immunoreactivity
appeared longitudinal along the neuronal processes within the str.
radiatum compared to a less structured/more irregular appearance

4 | D I S CU S S I O N

within the str. oriens. Within the CA3 region, VGluT1 displayed
strong punctate staining within the str. radiatum (Figure 6, CA3). In

We report region- and cell layer-specific alterations in the complex

both the CA1 and CA3 regions, there was a lack of immunoreactivity

expression pattern of specific glutamate receptor subunits and
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transporters in the mouse hippocampus 30 days post-Aβ1–42 injec-
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glutamate transporters VGluT1 and VGluT2. This study showed sig-

tion. This comprehensive analysis included examination of glutamate

nificant Aβ1–42 induced decreases in GluA1 and VGluT1 density in

receptor subunits GluA1, GluA2, GluN1, GluN2A, and vesicular

the CA1 region (str. oriens and str. radiatum) of Aβ1–42-injected mice
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F I G U R E 3 Aβ1–42 injection does not alter levels of GluA2 expression in the mouse hippocampus. Representative confocal images show
GluA2 (green) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice (e, f) in the conus
ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. GluA2 immunoreactivity was frequent along cellular processes
and some cell bodies (arrows), particularly within the stratum radiatum (str. rad) of the CA1. Asterisk indicates labelling surrounding
vasculature. Graphs show quantification of GluA2 optical density in the str. oriens (str. ori), str. pyramidale (str. pyr) and str. rad of the CA1
(I) and CA3 (II) regions, and the hilus, str. moleculare (str. mol), and str. granulosum (str. gran) of the DG (III) region. Data are expressed as
mean ± SEM (*p ≤ .05, Unpaired Mann–Whitney test; n = 6 NC, 6 ACSF-injected mice and 6 Aβ1–42-injected mice). NC = Naïve Control, black
circle; ACSF = ACSF-injected, grey circle; Aβ1–42 = Aβ1–42-injected mice, open circle. Scale Bars = 40 µm
compared to ACSF-injected and/or naïve control mice. VGluT1 den-

of AD patients (Carter et al., 2004). Hsieh et al. (2006), using rat cor-

sity decreased within the DG dorsal str. moleculare in Aβ1–42 injected

tical cultures and hippocampal slices demonstrated GluA2 endocy-

mice compared with ACSF injected controls.

tosis as an underlying factor in Aβ-mediated synaptic loss. Another
Aβ1–42-injected mouse study found a reversal of GluA2 down-regu-

4.1 | AMPA receptor subunit expression changes
in the mouse hippocampus

lation was correlated with restored LTP function following treatment
with Kai Xin San, a standardized traditional Chinese medicine formulation (Zhang et al., 2018). In this study however, their measurement
of GluA2 subunit expression was through a comparison of GluA2

Current literature regarding the expression of AMPARs in AD has

positive cells compared to total cell count, in contrast to our method

been controversial, with increases, decreases and no alterations

of utilizing integrated density measurements. As our study did not

reported, with findings being methodology and tissue-dependent

discriminate between intracellular and extracellular localization of

(Armstrong & Ikonomovic, 1996; Armstrong et al., 1994; Carter

the GluA2 subunit, any changes in apparent expression patterns in

et al., 2004; Wakabayashi et al., 1999). We report a downregula-

this sense were not seen in our study. Zhang et al. (2018) postulated

tion in GluA1 subunit expression within the str. oriens of the CA1

GluA2 changes to be because of Aβ-mediated inhibition of receptor

region and the dorsal str. moleculare of the DG region. A trend to-

subunit trafficking, which was recovered by application of Kai Xin

ward decreased GluA1 expression has also been observed in the str.

San.

radiatum of the CA1 region. This is in agreement with findings of
a double knockin amyloid precursor protein/PS-1 mouse AD study,
which showed a reduction in membrane surface GluA1 expression
in the str. radiatum of the CA1 region (Chang et al., 2006). These

4.2 | NMDA receptor subunit expression changes
in the mouse hippocampus

authors postulated this reduction in GluA1 may be associated with
reduced AMPAR activation and therefore long term potentiation

The GluN1 subunit is an essential component for the functional-

(LTP) impairment. In hippocampal neurons from transgenic mice

ity of the NMDAR (Cercato et al., 2017). The expression pattern of

overexpressing amyloid precursor protein, and in hippocampal neu-

GluN1 can be used therefore as a proxy for the number of functional

rons cultured with Aβ1–42 oligomers, the frequency and amplitude

NMDARs present. Despite its central role in NMDAR function, there

of AMPA-mediated excitatory postsynaptic currents are also sig-

is only one study documenting changes in GluN1 subunit expression

nificantly decreased (Ting, Kelley, Lambert, Cook, & Sullivan, 2007;

in AD (Sze, Bi, Kleinschmidt-DeMasters, Filley, & Martin, 2001), with

Zhang et al., 2017). GluA1 has been postulated as being a key recep-

most studies investigating the more adaptive GluN2A and GluN2B

tor subunit involved in cognitive function and memory, with weak-

subunits. This study of post-mortem AD human brains demonstrated

ened LTP generation in mice carrying a variant form of GluA1 (Lee,

decreases in GluN1 within the hippocampus (subregions were not

Takamiya, He, Song, & Huganir, 2010). Our study confirms that these

examined), but no changes within the entorhinal cortex, occipital

pathological events might be mediated by Aβ, with a reduction in

cortex, and the caudate, compared to controls (Sze et al., 2001). Sze

GluA1 expression in Aβ1–42-injected mice.

et al. (2001) also noted no changes in expression patterns in early

We observed no changes in AMPAR GluA2 subunit expression

AD compared to control brains, indicating the glutamatergic changes

levels in the Aβ1–42-injected mice compared to control and ACSF-

characterized in AD occurs at a later stage. This may suggest that a

injected, which was interesting as downregulation of this subunit has

longer exposure to Aβ1–42 might be required to induce alterations,

been associated with features of excitotoxicity in a variety of disease

as we noted no changes in GluN1 subunit expression. However, we

states (Weiss, 2011). This is because of the gating ability of GluA2

reported increased expression in the DG hilus and ventral str. granu-

against cation influx, with GluA2-deficient AMPARs displaying signif-

losum, CA3 str. radiatum and str. oriens, and CA1 str. radiatum of the

icant calcium permeability (Hollmann, Hartley, & Heinemann, 1991).

GluN1 subunit in response to acute injection of Aβ1–42 (Yeung et al.

However, despite this, whether disruption of GluA2 subunit expres-

2020). These data suggest an early response to Aβ1–42 resulting in

sion results in excessive intracellular calcium influx and neuronal

GluN1 subunit up-regulation and a delayed effect leading to the loss

death remains controversial (Carter et al., 2004; Cha et al., 2001;

of these subunits as the disease pathology progresses.

Hsieh et al., 2006). Previous human studies have suggested a de-

We observed alterations in expression patterns of the NMDA re-

crease in GluA2 subunit expression occurs within the hippocampus

ceptor GluN2A subunit and the VGluT1 transporter within specific
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layers of hippocampal subregions in response to a microinjection of
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NMDAR GluN2A subunit expression in the CA1 region in ACSF and

ACSF and Aβ1–42. VGluT1 density decreased because of the injection

Aβ1–42 injected mice when compared to NC mice. However, over-

in the str. pyramidale of the CA3 region. We also found a decrease in

all across all the receptor subunits and transporters examined the
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F I G U R E 4 Aβ1–42 injection does not alter levels of GluN1 expression in the mouse hippocampus. Representative confocal images show
GluN1 (red) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice (e, f) in the conus
ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. GluN1 displayed punctate staining with occasional labelling
surrounding cell bodies and potentially blood vessels (arrows). Graphs show quantification of GluN1 subunit density in the stratum. oriens
(str. ori), str. pyramidale (str. pyr) and str. radiatum (str. rad) of the CA1 (I) and CA3 (II) regions, and the hilus, str. moleculare (str. mol), and str.
granulosum (str. gran) of the DG (III) region. Data are expressed as mean ± SEM (*p ≤ .05, Unpaired Mann–Whitney test; n = 6 NC, 6 ACSFinjected mice and 6 Aβ1–42-injected mice). NC = Naïve Control, black circle; ACSF = ACSF-injected, grey circle; Aβ1–42 = Aβ1–42-injected mice,
open circle. Scale Bars = 40 µm
effect of the microinjection less pronounced at day 30 compared

expression itself is not correlated to the release frequency of ves-

with mice examined 3 days post injection (Yeung et al. 2020).

icles, it is correlated with the volume of glutamate released within

We detected a nonsignificant trend towards decrease in GluN2A

each vesicle (Wojcik et al., 2004). In normal physiology, the ex-

subunit expression in the CA1 region in Aβ1–42 injected mice when

pression of VGluTs are controlled via a negative feedback system,

compared to ACSF controls that might be suggestive of a disruption in

with VGluT1 expression adjusted in response to calcium influx and

the balance between receptors containing GluN2A/GluN2B subunits.

neuronal excitability (Wilson et al., 2005). As a result, blocking of

GluN2B is more prominent in the early stages of fetal development,

NMDARs and AMPARs result in increased expression of VGluTs

and decreases with age, while the quantity of GluN2A remain relatively

(Wilson et al., 2005). Conversely, aberrant activation of NMDARs

constant, resulting in a progressive decrease in the GluN2B/GluN2A

and AMPARs could lead to a neuroprotective decline in VGluT1 lev-

ratio in the receptors (Henson et al., 2008). This change in ratio is be-

els as seen in our results.

lieved to be important in the mediation of synaptic plasticity through-

Our observed decrease in VGluT1 transporter expression within

out life (Zhang, Li, Feng, & Wu, 2016), with both GluN2B and GluN2A

the hippocampus are consistent with previous studies focused on

subunits being critical for the induction of LTP (Muller, Albrecht, &

other brain regions in AD (Kashani et al., 2008; Kirvell et al., 2006;

Gebhardt, 2009). Since GluN2A has been shown to reduce excitotoxic

Mitew, Kirkcaldie, Dickson, & Vickers, 2013). Importantly, such

calcium transients induced by Aβ1–42, a decrease in GluN2A subunit

changes do not occur in patients undergoing normal aging, with

expression may render the system susceptible to pathogenic calcium

VGluT1 expression levels correlating with cognitive decline but not

fluxes initiated by Aβ accumulation (Ferreira et al., 2012). This decrease

age (Kashani et al., 2008), suggesting they may be a definitively

in GluN2A subunit expression also mimics that seen in human AD cases

pathogenic alteration in AD and other neurological disorders. In

(Bi & Sze, 2002), providing evidence that Aβ1–42 administration models

contrast to the idea of VGluT1 decline potentially being a neuropro-

AD pathology seen in humans. We also observed a trend toward de-

tective mechanism, Kashani et al. (2008) postulated this decrease

creased expression within the DG str. granulosum of the GluN2A sub-

in VGluT expression could reduce glutamatergic transmission, re-

unit as an acute response to Aβ1−42 and an increased expression within

sulting in a loss of effective neuronal communication. VGluT1 is

the CA3 str. radiatum (Yeung et al. 2020). Aβ1–42 reduced GluN2B

involved in critical memory processes, as heterozygous knock-out

expression on glutamatergic neurons in mouse hippocampal cultures

mice displaying impaired LTP formation (Balschun et al., 2009). More

(Lacor et al., 2007). Thus, the examination of this receptor subunit will

recent studies suggest that a decrease in VGluT1 not only disrupts

be particularly interesting. However, because of the lack of a reliable

the glutamatergic signaling in the AD brain but also exacerbates

antibody that labels the GluN2B subunit we were unable to perform

and increases the vulnerability to Aβ-induced neuroinflammation

these experiments.

(Rodriguez-Perdigon et al., 2016). Interestingly, in the post-mortem
human parietal cortex of AD subjects Aβ preferentially localizes and

4.3 | VGluT expression changes in the mouse
hippocampus

affects VGluT1 (42% positive) compared to VGluT2 (21% positive)
terminals, suggesting that Aβ accumulation in glutamatergic terminals might have a direct effect on survival of these terminals and
glutamatergic function (Sokolow et al., 2012). The preferential local-

The VGluTs are involved in the packaging of glutamate into vesicles

ization of Aβ to VGluT1 also explains why we observed alterations

prior to release into the synaptic cleft. While we observed down-

in VGluT1 expression while the expression of VGluT2 remained rel-

regulation of VGluT1 within the CA1 str. radiatum in Aβ1–42-injected

atively robust. Our data suggests that a longer exposure to Aβ1–42

mice compared to ACSF-injected or NC mice, there were no dif-

might be required to induce decrease in VGluT1 expression, as we

ferences in VGluT2 levels within the CA1, CA3, and DG of the hip-

found no changes 3 days after Aβ injection (Yeung et al. 2020).

pocampus between NC, ACSF-injected and Aβ1–42-injected mice.

We observed an interesting pattern of expression within the CA3

The VGluT2 transporter is mainly involved in glutamatergic

and DG regions, with VGluT1 and VGluT2 expression levels appearing

activity in prenatal development, with a switch to predominantly

to be inversely proportional to each other within each layer. VGluT2

high VGluT1 and low VGluT2 expression with maturation (Kim

expression appeared to localize to layers characterized by high den-

et al., 2005; Kirvell, Esiri, & Francis, 2006). The expression of VGluTs

sities of cells, such as the str. pyramidale and str. granulosum, while

is the regulatory factor dictating the quantity of vesicular glutamate

VGluT1 appears to be predominantly expressed within fiber-domi-

release (Moechars et al., 2006; Wojcik et al., 2004). While VGluT1

nant layers such as the str. radiatum, str. oriens, str. Moleculare, and
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hilus. This potentially indicates the diversity in function between

& Watanabe, 2003). The expression of VGLUT1 and VGLUT2 in

these two transporters, and suggests an important functional role of

the brain seem to be complementary. VGLUT1 is mainly expressed

the VGluT2 transporter in the adult brain (Miyazaki, Fukaya, Shimizu,

in cortical areas, whereas VGLUT2 is expressed in subcortical
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F I G U R E 5 Aβ1–42 injection does not alter levels of GluN2A expression in the mouse hippocampus. Representative confocal images
show GluN2A (green) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice (e, f) in
the conus ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. Arrows indicate strong neuronal labelling within the
stratum. pyramidale (str. pyr) of the CA3 and labelling along processes within the CA1, CA3, and DG. Graphs show quantification of GluN2A
density in the str. oriens (str. ori), str. pyr and str. radiatum (str. rad) of the CA1 (I) and CA3 (II) regions, and the hilus, str. moleculare (str. mol),
and str. granulosum (str. gran) of the DG (III) region. Data are expressed as mean ± SEM (*p ≤ .05, Unpaired Mann–Whitney test; n = 6 NC, 6
ACSF-injected mice and 6 Aβ1–42-injected mice). NC = Naïve Control, black circle; ACSF = ACSF-injected, grey circle; Aβ1–42 = Aβ1–42-injected
mice, open circle. Scale Bars = 40 µm

areas such as the thalamus, amygdala or hypothalamus (Fremeau

cognition restoring function (Bannerman et al., 2008; Hardingham

et al., 2001; Herzog et al., 2001; Hisano et al., 2000). However,

& Bading, 2010). The disruption of the VGluT1/2 transporter mecha-

some brain areas including the hippocampal formation, express both

nisms directly affects the transport efficiency and amount of glu-

VGLUT1 and VGLUT2 (Ishihara & Fukuda, 2016; Kinnavane, Vann,

tamate released, causing pathological alterations in glutamatergic

Nelson, O’Mara, & Aggleton, 2018; Moyer et al., 2018; Sokolow

transmission. Thus, another effective treatment strategy may be to

et al., 2012; Thorajak et al., 2017; Wozny et al., 2018). Interestingly,

promote neuroprotection by regulating the function and expression

the segregated expression of the two different isoforms within the

of VGluT1/2 (Du et al., 2020; Sokolow et al., 2012). Future studies

hippocampus may reflect glutamatergic presynaptic boutons that

will have to more precisely delineate the role of AMPAR and NMDAR

arise from different origins (Fremeau et al., 2004; Halasy, Hajszan,

potentiators and VGluT1/2 modulators in AD. This will allow better

Kovács, Lam, & Leranth, 2004). Unlike VGluT1, a great proportion

understanding of the underlying mechanisms surrounding observed

of VGluT2 positive boutons seems to originate outside the hippo-

neuroprotective and cognitive enhancing interventions, and allow us

campus, such as the medial septum diagonal band complex, supra-

to develop more selective targeting strategies and therapeutics.

mammillary nucleus and thalamus (Boulland et al., 2009; Fremeau

In conclusion, these data demonstrate the heterogeneous

et al., 2001; Hajszan, Alreja, & Leranth, 2004; Halasy et al., 2004;

changes in levels of glutamatergic signaling components following

Herzog et al., 2001; Hisano et al., 2000; Lin, McKinney, Liu, Lakhlani,

Aβ1–42 injection. Aβ1–42-injected mice displayed decreased expres-

& Jennes, 2003; Ziegler, Cullinan, & Herman, 2002). Furthermore,

sion of GluA1 and VGluT1 within the CA1 and DG region of the

these two transporters segregated to distinct synapses show differ-

hippocampus when compared to ACSF-injected and naive control

ent release properties (Fremeau et al., 2004; Varoqui, Schäfer, Zhu,

mice. These changes have the ability to alter normal glutamatergic

Weihe, & Erickson, 2002; Wozny et al., 2018) but more research is

signaling and could contribute to AD pathology. Because of the

required to better understand the function of VGluT1 and VGluT2 in

pivotal role of the glutamatergic system in regulating synaptic ac-

the hippocampus in health and disease.

tivity, any disruption to its composition could have consequences
for normal neuronal function. More human studies are required to

4.4 | Therapeutic implications

show whether such changes are also present in the human disease.
Quantification of receptor subunits should be performed in control
and AD post mortem human brains in order to determine whether

A better understanding of glutamatergic receptor and transporter

these glutamatergic expression changes are also seen in the human

changes in AD may lead to new pharmacological approaches to tar-

disease, and understand whether Aβ1–42 is capable of inducing the

get specific components of the signaling pathway. Therefore, there

pathological mechanisms observed in AD.

is an urgent need to develop novel pharmacological compounds selectively targeting these specific components of the pathway (Liu,
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F I G U R E 6 Aβ1–42 injected mice show altered hippocampal VGluT1 expression compared to ACSF injected mice. Representative confocal
images show VGluT1 (red) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice
(e, f) in the conus ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. VGluT1 immunoreactivity revealed strong
diffuse staining within the stratum. radiatum (str. rad) and str. oriens (str. ori) layers of the CA1 and CA3, with a lack of labelling within the
str. pyramidale. Graphs show quantification of VGluT1 density in the str. ori, str. pyramidale (str. pyr) and str. rad of the CA1 (I) and CA3
(II) regions, and the hilus, str. moleculare (str. mol), and str. granulosum (str. gran) of the DG (III) region. Data are expressed as mean ± SEM
(*p ≤ .05, **p ≤ .01 Unpaired Mann–Whitney test; n = 6 NC, 6 ACSF-injected mice and 6 Aβ1–42-injected mice). NC = Naïve Control, black
circle; ACSF = ACSF-injected, grey circle; Aβ1–42 = Aβ1–42-injected mice, open circle. Scale Bars = 40 µm
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F I G U R E 7 Aβ1–42 injection does not alter levels of VGluT2 expression in the mouse hippocampus. Representative confocal images show
VGluT2 (red) and Hoechst (blue) immunofluorescence for NC (a, b), ACSF-injected (c, d), and Aβ1–42-injected (20 µM) mice (e, f) in the conus
ammonis (CA)1, CA3, and dentate gyrus (DG) regions of the hippocampus. VGluT2 revealed strong immunoreactivity within the stratum.
granulosum (str. gran) of the DG, and within the str. pyramidale (str. pyr) of the CA1 and CA3. Graphs show quantification of VGluT2 density
in the str. oriens (str. ori), str. pyr and str. radiatum (str. rad) of the CA1 (I) and CA3 (II) regions, and the hilus, str. moleculare (str. mol), and str.
gran of the DG (III) region. Data are expressed as mean ± SEM (*p ≤ .05, Unpaired Mann–Whitney test; n = 6 NC, 6 ACSF-injected mice and
6 Aβ1–42-injected mice). NC = Naïve Control, black circle; ACSF = ACSF-injected, grey circle; Aβ1–42 = Aβ1–42-injected mice, open circle. Scale
Bars = 40 µm
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