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Abstract

GABA is the primary inhibitory neurotransmitter in the nervous system. GABA, receptors (GABA,Rs) are
pentameric ionotropic channels. Subunit composition of the receptors is associated with the affinity of GABA
binding and its downstream inhibitory actions. Fluctuations in subunit expression levels with increasing age have
been demonstrated in animal and human studies. However, our knowledge regarding the age-related hippocam-
pal GABA,R expression changes is limited and based on rat studies. This study is the first analysis of the
aging-related changes of the GABA,R subunit expression in the CA1, CA2/3, and dentate gyrus regions of the
mouse hippocampus. Using Western blotting and immunohistochemistry we found that the GABAergic system is
robust, with no significant age-related differences in GABA,R a1, a2, a3, a5, 83, and y2 subunit expression level
differences found between the young (6 months) and old (21 months) age groups in any of the hippocampal
regions examined. However, we detected a localized decrease of a2 subunit expression around the soma,
proximal dendrites, and in the axon initial segment of pyramidal cells in the CA1 and CAS3 regions that is
accompanied by a pronounced upregulation of the a2 subunit immunoreactivity in the neuropil of aged mice. In
summary, GABA,Rs are well preserved in the mouse hippocampus during normal aging although GABA,Rs in the
hippocampus are severely affected in age-related neurological disorders, including Alzheimer’s disease.
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The current knowledge on GABAergic age-related alterations across different regions of the mouse brain is
limited. These findings highlight that hippocampal GABA,R subunit composition and receptor function is
well preserved in the hippocampus during normal aging in mice. Aging is the main risk factor for Alzheimer’s
disease and other neurodegenerative disorders characterized by established remodeling of the hippocam-
pal GABAergic system. Mice are frequently used as disease models of aging, and the majority of the
transgenic animal-based research on neurodegenerative conditions has been conducted with mouse
models, but the age-related GABALR subunit expression changes have not been examined in the mouse
brain. Therefore, studies like this are necessary to understand the importance of age in study design and
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Introduction
GABA is the primary inhibitory neurotransmitter in the
nervous system and the dysregulation of GABA signaling
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in aging is well established (Lehmann et al., 2012; McQuail
et al., 2015; Rozycka and Liguz-Lecznar, 2017). Age-
related alterations affect specific neuronal subpopulations
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and their synaptic contacts but the direction of these
changes are variable in different brain areas. Whereas the
prefrontal cortex exhibits increased inhibition with age,
data suggest decreased intracortical inhibition in sensory
systems and the hippocampus (Luebke et al., 2004; Potier
et al., 2006; Schmidt et al., 2010; Lehmann et al., 2012;
Cheng and Lin, 2013; Bafuelos et al., 2014; McQuail
et al.,, 2015). The fine balance between excitatory and
inhibitory circuits is fundamental for neuroplasticity and all
aspects of brain function. Age-specific GABA signaling
alterations might disturb this balance and change vulner-
ability to disease conditions such as, depression, anxiety,
presbycusis, epilepsy, and Alzheimer's disease (Mohler,
2006; Sharashenidze et al., 2007; Rissman and Mobley,
2011; McQuail et al., 2015; Flores-Ramos et al., 2017;
Fuhrer et al., 2017; Govindpani et al., 2017; Rozycka and
Liguz-Lecznar, 2017; Kwakowsky et al., 2018a,b).

GABA is synthesized by glutamic acid decarboxylase
(GAD) and is then recruited into synaptic vesicles. Follow-
ing membrane depolarization, GABA is released into the
synapse and binds to either ionotropic GABA, receptors
(GABA,Rs) or metabotropic GABAg receptors (GABAgRS).
GABA,Rs are ligand dependent CI~ channel pores as-
sembled from five subunits (Sigel and Steinmann, 2012).
Over 20 GABA,R subunits have been identified; six alpha
subunits («1/2/3/4/5/6), three beta subunits (81/2/3),
three gamma subunits (y1/2/3), delta (5), theta (6), epsilon
(), pi (m), and rho (p1/2/3), forming many possible com-
binations of pentameric GABA,Rs (Sieghart et al., 1999;
Chen and Olsen, 2007; Sieghart and Savi¢, 2018). The
expression pattern of subunits is brain region specific and
is involved in region-specific function (McKernan and
Whiting, 1996; Olsen and Sieghart, 2009). Previous stud-
ies have reported aging-related alterations of GABA,
GAD, and GABAR levels in different species and brain
areas (Milbrandt et al., 1994; Turgeon and Albin, 1994;
Caspary et al., 1995, 2013; Loerch et al., 2008; Rissman
and Mobley, 2011; Long et al., 2013; Bafnuelos et al.,
2014; Liguz-Lecznar et al., 2015; McQuail et al., 2015; He
et al.,, 2016; Porges et al.,, 2017; Rozycka and Liguz-
Lecznar, 2017; Pandya et al., 2018). There is also growing
evidence to suggest regional brain function loss, hearing
impairment, and learning and memory deficits, as an im-
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plication of regional GABA,R subunit expression changes
in aging (Caspary et al., 1995, 2013; Rissman and Mobley,
2011; Govindpani et al., 2017). However, most results
supporting these findings come from rat studies. Despite
the fact that mice are frequently used as disease models
of aging, and that the majority of the transgenic animal-
based research on neurodegenerative conditions has
been conducted with mouse models, the age-related
GABA,R subunit expression changes have not been re-
ported in the mouse brain.

Aging is the main risk factor for Alzheimer’s disease and
other neurodegenerative disorders and have also been
linked to decline in the GABAergic system (Rissman and
Mobley, 2011; Fuhrer et al., 2017; Govindpani et al.,
2017). Therefore, a thorough investigation is required to
identify the link between age and the GABAergic changes
observed in these neurologic conditions, for better under-
standing of disease prevalence, progression, and finding
new treatment strategies. The hippocampus is severely
affected in Alzheimer’s disease and shows many age-
related molecular and cellular changes (West et al., 1994;
Serrano-Pozo et al.,, 2011; Moodley and Chan, 2014).
Accordingly, for appropriate study design and interpreta-
tion of findings from mouse studies it is critical to examine
the vulnerability of the GABA,R subunits to aging in the
hippocampus.

This study is the first analysis of the age-specific
changes of the GABA,R subunit expression in the mouse
hippocampus. In the present study we did not observe
any significant alterations in the expression of GABA,R
al, a2, a3, a5, B3, and y2 subunits in the mouse CA1,
CA2/3, and dentate gyrus (DG) hippocampal regions us-
ing quantitative Western blotting and immunohistochem-
istry. However, the «2 subunit displayed decreased
expression around the soma, proximal dendrites, and in
the axon initial segment of pyramidal cells in the CA1 and
CA3 regions and upregulation in the neuropil of aged
mice. These findings suggest that GABA,R subunit ex-
pression in the mouse hippocampus is well protected
against age-related alterations.

Methods

Animals and brain tissue preparation

All experiments were approved and performed in ac-
cordance with the regulations of the University of Otago
and University of Auckland. All mice were bred and
housed at the Hercus Taieri Resource Unit, University of
Otago and Vernon Jansen Unit, University of Auckland.
The animals were maintained under conditions of a 12 h
light/dark cycle (lights on at 7:00 A.M.) with food and
water available ad libitum. All experiments were per-
formed on young (6 months; n = 6) and old (21 months; n
= 6) C57BL/6 wild-type male mice.

Processing of tissue for Western blotting followed the
described procedure (Spijker, 2011). First, the brain was
cut in half separating the hemispheres on ice; the hip-
pocampus was dissected from each hemisphere of the
brain and microdissected into the CA1, CA2/3, and DG
hippocampal regions, and then freshly snap-frozen on dry
ice and stored at —80° C.
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Table 1. Primary antibodies used in this study
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Antigen Host Source, catalog # Concentration WB Concentration IHC
ay Rabbit Alomone Labs, AGA-001 1:1000 1:1000

a, Rabbit Alomone Labs, AGA-002 1:200 1:100

ag Rabbit Alomone Labs, AGA-003 1:200 1:200

ag Rabbit ThermoFisher Scientific, PA5-31163 1:200 1:200

Bs Mouse Novus, NBP-1-47613 1:1000 1:500

Yo Goat Santa Cruz Biotechnology, SC-131935 1:250 1:250

Beta actin Rabbit Abcam, ab8227 1:1000

Beta actin Mouse Abcam, ab6276 1:1000

WB, Western blot; IHC, immunohistochemistry.

For immunohistochemistry experiments mice were
deeply anesthetized with an overdose of 75 mg/kg ket-
amine and 1 mg/kg domitor (Pfizer) and perfused tran-
scardially with 20 ml of ice-cold 4% paraformaldehyde in
phosphate buffer, pH 7.6. Brains were removed and post-
fixed in paraformaldehyde solution for 2 h at room tem-
perature (RT) and then incubated in 30% sucrose in Tris-
phosphate saline (TBS; pH 7.6, 0.05 m Tris, 0.15 m NaCl)
solution overnight at 4°C. Four sets of 30-um-thick cor-
onal brain sections were cut using a freezing microtome.

Western blotting

The fresh mouse hippocampal tissue samples were
collected from the regions-of-interest, homogenized in a
buffer containing 0.5 m Tris, 100 mm EDTA, 4% SDS, pH
6.8, supplemented with a protease inhibitor cocktail
(P8340, Sigma-Aldrich) and 100 mm phenylmethanesulfo-
nyl fluoride (P7626, Sigma-Aldrich), and protein extracts
prepared using 0.5 mm glass beads (Mo Bio) and a Mini
Bullet Blender Tissue Homogenizer (Next Advance) at
speed 8 for 8 min. The homogenates were incubated for 1
h on ice, and then centrifuged at 10,000 rpm for 10 min
and the supernatant collected and stored at —20°C. The
protein concentration of the samples was measured using
detergent-compatible protein assay (DC Protein assay,
500-0116, Bio-Rad), following the manufacturer’s instruc-
tions. Protein samples from each mouse were random-
ized, by a person not involved in the study, and numbered
from 1 to 12. Twenty to forty ng of each protein extract
was run on a gradient SDS PAGE gel (NU PAGE 4-12%
BT 1.5, NP0O336BOX, Life Technologies) and then blotted.
Proteins were separated in XCell SureLock Mini-Cell
system (Invitrogen) and transferred onto nitrocellulose
membranes using XCell Blot Module (Invitrogen). Two
molecular weight ladders, Precision and SeeBlue (Life
Technologies), were also loaded in gels as verification of
labeled band size. Membranes were blocked with Odys-
sey blocking buffer (LI-COR Biosciences) at RT for 30 min,
followed by incubation with the primary antibodies
(Table 1) at 4°C overnight. The following day membranes
were washed 3X 10 min in Tris-buffered saline pH 7.6,
0.1% Tween, and incubated with an appropriate IRDye
(1:10,000; goat anti-rabbit IRDye 680RD, 926-68071;
RRID:AB_10956166; goat anti-mouse IRDye 800CW,
926-32210; RRID:AB_621842; donkey anti-goat IRDye
800CW, 926-32214; RRID:AB_621846; LI-COR Biosci-
ences) secondary antibody for 1 h at RT. Membranes
were washed and scanned on an Odyssey Infrared Imag-
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ing System (LI-COR Biosciences). All antibody dilutions
were optimized.

The immunofluorescence signal was detected at 680
and 800 nm spectrum using the Odyssey Infrared Imaging
System (LI-COR Biosciences). The analyses were con-
ducted using the Image Studio Lite software v5.2 (LI-COR
Biosciences) to measure signal intensities of each sample
and were normalized to B-actin.

Immunohistochemistry

Free-floating single-label fluorescence immunohisto-
chemistry was performed to detect GABA,R a1, o2, a3,
a5, B3, and 2 subunits within the mouse hippocampus.
Brain sections were first incubated in blocking solution
containing TBS, 0.25% bovine serum albumin, 0.3% Tri-
ton X-100, and 1% donkey serum for 1 h at RT followed
by incubation with one of the primary antibodies (Table 1)
for 48 h at 4°C. The sections were then incubated in either
biotinylated donkey anti-rabbit, anti-mouse, or anti-goat
IgG (1:200; Sigma-Aldrich) for 2 h at RT followed by
streptavidin AlexaFluor 647 (1:500; ThermoFisher Scien-
tific) incubation for 1 h at RT. Nuclei were counterstained
with Hoechst 33342 (1:10,000; Invitrogen). Sections were
then mounted on slides, air dried overnight, and cover-
slipped with Mowiol mounting medium. Omission of pri-
mary antibodies resulted in a complete absence of
immunoreactivity.

Imaging was conducted using a Zeiss 710 confocal
laser-scanning microscope (Carl Zeiss). The experimenter
was blinded to avoid any potential bias during image
acquisition and analysis. Integrated density measure-
ments were undertaken using ImageJ, with the size of the
measured areas as follows: 21,352;;Jm2 for the CA1 re-
gion, 4761um? for the CA3 region, and 12,295m? for the
DG in each layer. Intensity measurements were taken in
the regions of the stratum (str.) pyramidale, str. radiatum,
and str. moleculare of the CA1 and CA3 regions, and the
hilus, str. moleculare, and str. granulosum of the DG.

Statistical analysis

Data in all experiments were expressed as mean =
SEM. To examine the averaged signal intensity and inte-
grated density differences between groups [young (n = 6)
vs old (n = 6) males] an unpaired Mann-Whitney test was
used. All statistical analyses were conducted using
Prismv6 (GraphPad Software; RRID:SCR_002798) with a
value of p < 0.05 considered significant. Photoshop CC
2017 (Adobe) was used to prepare the figures.
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Figure 1. Western blot against mouse hippocampal protein homogenates probed with GABA,R a1, a2, a3, o5, 83, and y2
subunit antibodies. Each lane has 20-40 ug of protein loaded. Observed band sizes: a1, a2, a5: ~52 kDa; a3, 83: ~53 kDa;

vy2: ~44 kDa.

Results

The expression levels of GABA signaling components,
GABALR a1, a2, a3, ob, B3, and y2 subunits, were ex-
amined by Western blotting and immunohistochemistry in
the mouse hippocampal CA1, CA2/3, and DG regions of
young and old mice. For all antibodies used, the expected
band sizes were detected (Fig. 1). The GABA,R a1 and 83
subunits displayed the highest expression level within all
the hippocampal regions examined, while the o2 and a3
subunits were expressed at low levels within the CA1
region (Figs. 2A,B, 3A-T, 4A-T, 5A-T). The large clusters
of a2 subunit immunoreactivity is evident around the
soma, proximal dendrites and possibly in the axon initial
segment of individual pyramidal cells of the CA1 and CA3
regions in young animals but the labeling is specifically
decreased at these sites in aged mice (Figs. 3E-H, 4E-H).
However, a pronounced upregulation was detected for
the a2 subunit in the neuropil of the CA1 and CA3 regions
(Figs. 3E-H, 4E-H). Because of this upregulation in the
neuropil despite the downregulation around the soma,
proximal dendrites and possibly in the axon initial seg-
ment there was no altered «2 subunit expression found
between the young and aged samples (CA1 str ori: 4.1 X
108 + 108,142 vs 6.6 X 10° = 1141,847, p = 0.13; CA1 str
pyr: 8.4 X 10° + 695,258 vs 6.3 X 10° + 753,969, p =
0.94; CA1 strrad: 7.98 X 10° + 764,725 vs 7.3 X 10° +
1199,600, p = 0.82; CA3 str ori: 5.5 X 10° + 396,001 vs
5.8 X 10° = 209,811, p = 0.84; CAS str pyr: 4.8 X 10% =
437,527 vs 5.1 X 10° = 124,709, p > 0.99; CAS3 str rad:
4.6 X 10° + 857,431 vs 3.5 X 10° + 562,171, p = 0.42;
n = 6) when examined with densitometry analysis (Fig. 6).
In the CA2/3 regions the staining intensity was below the
detection limit for the a3 and a5 subunits in Western
blotting experiments and showed weak immunolabeling
(Fig. 41-P).

In the mouse hippocampal CA1, CA2/3, and DG re-
gions, the GABA,R a1, a2, a3, o5, B3, and y2 subunits

July/August 2019, 6(4) ENEURO.0496-18.2019

were well preserved during aging (Figs. 2-6). These hip-
pocampal regions did not show significant changes in the
expression level of any of the GABA,R subunits examined
between the two age groups (Figs. 2-6).

Discussion

In this study, we report that GABA,Rs are generally
robustly preserved against age-related alterations in the
mouse hippocampal CA1, CA2/3, and DG regions.

Our current knowledge on GABAergic age-related al-
terations across different regions of the mouse brain is
limited and this is the first study to explore the age-
specific expression of GABA,R subunits in the mouse
hippocampus. Previous literature suggests that GABAer-
gic changes may consequentially lead to compensatory
changes for maintaining homeostasis of neuronal circuits
and may affect the regional neuronal network functionality
(Kralic et al., 2006; Fritschy, 2008; Rissman and Mobley,
2011; McQualil et al., 2015; Fuhrer et al., 2017; Rozycka
and Liguz-Lecznar, 2017; Kwakowsky et al., 2018a,b).
The differential expression pattern of GABA,R subunits
affects GABA binding affinity, functioning of the receptor
and alters the activity of downstream neuronal networks
(Sieghart et al., 1999). Hence, it is critical to determine
which brain regions are affected during the aging process.

We found no age-related changes in the expression
level of a1, a2, a3, a5, B3, or y2 subunits in the CA1
region of the mouse hippocampus. There is evidence in
the literature to support the lack of age-related expression
change of GABA,R subunits 83 and y2 in the CA1 region
of other species (Miralles et al., 1994; Gutiérrez et al.,
1996; Rissman et al., 2006). Gutiérrez et al. (1996) showed
no changes in GABAAR B2, B3, and 2 subunits in the
CA1 region of the aged rat hippocampus using in situ
hybridization and immunocytochemistry. Immunolabeling
of B2/3 in aged monkeys showed marked intersubject
variability in labeling intensity, with dramatic reductions
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Figure 2. Representative immunoreactive Western blot bands from young male (Young) and old male (Old) hippocampal CA1, CA2/3,
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continued

and DG homogenates following incubation with antibodies to the GABA,R a1, « 2, a 3, a 5, 83, and 2 subunits (A, CA1; C, CA2/3;
E, DG) and corresponding signal intensity graphs (B, CA1; D, CA2/3; F, DG). Signal intensity for each GABA,R subunit Western blot
band was measured and normalized to their corresponding B-actin signal for each age group. The data are graphed as mean = SEM

(n = 6, with 3 replicates; unpaired Mann-Whitney test).

observed in 3 of 5 samples (Rissman et al., 2006). Inter-
estingly, we observed a similar variability in 83 subunit
expression in the mouse CA2/3 regions. The underlying
mechanisms are unknown but environmental factors like
stress, have been reported to influence GABA,R subunit
expression changes in different brain areas, including the
hippocampus (Skilbeck et al., 2010; Jie et al., 2018; Ne-
jatbakhsh et al., 2018). No age-related expression data for
subunits a2 and a3 have been previously published and
the results are controversial regarding the age-related a1
subunit expression level changes. Yu et al. (2006) ob-
served stable a1 subunit density during aging in the rat
hippocampus using immunohistochemistry and densi-
tometry, whereas a quantitative in situ hybridization study
has demonstrated a significantly increased (34%) a1 sub-
unit mMRNA expression in the hippocampus of old rats
(Gutiérrez et al., 1996). The largest increases were ob-
served in the DG (76%) and in the CA1 region (30%),
whereas the expression remained unchanged within the
CA2 and CAS3 regions (Gutiérrez et al., 1996). Another
study also confirmed an increase in a1 subunit expression
with aging in the rat hippocampus homogenate at mRNA
and protein level (Ruano et al., 2000). However, these
findings were contradicted by studies which found an
age-dependent decrease in the a1 subunit expression in
the CA1 region of the rhesus monkey and human hip-
pocampus using immunohistochemistry combined with
densitometric analysis (Kanaumi et al., 2006; Rissman
et al., 2006).

In agreement with our findings, in the mouse and rat
hippocampus «2 subunit expression has also been re-
ported to show a relatively strong immunoreactivity in the
pyramidal layer, particularly abundant in the axon initial
segment, and strong diffuse staining in other layers of the
CA1 and CA3 regions (Fritschy and Mohler, 1995; Nusser
et al., 1996; Fritschy et al., 1998; Bouilleret et al., 2000).
The decreased expression of a2 subunit around the
soma, proximal dendrites, and in the axon initial segment
of pyramidal cells in the CA1 and CAS regions is not due
to cell loss because the number of pyramidal neurons did
not change as it has been revealed by the nuclear marker
and the staining that was weaker but still clearly outlined
the pyramidal cell bodies and dendritic processes. The
pronounced upregulation of the @2 subunit immunoreac-
tivity in the neuropil of the CA1 and CAS3 regions explains
why there is no altered a2 subunit expression between the
young and aged samples when examined with Western
blotting and densitometry based on immunohistochemis-
try.

In the cerebral cortex and hippocampus, the «2 sub-
units are highly expressed on pyramidal cells. The peri-
somatic «2-containing GABA,Rs mainly mediate the
synaptic inhibitory input arising from CCK-positive basket
cells and at the axon initial segment they mediate the

July/August 2019, 6(4) ENEURO.0496-18.2019

GABAergic input from Chandelier cells, interneurons that
control the firing pattern of principal cells by suppressing
action potential propagation (Fritschy and Mohler, 1995;
Nusser et al., 1996; Fritschy et al., 1998). The a2 subunit
containing GABA,R subtype mediates anxiolytic-like,
reward-enhancing, and antihyperalgesic actions of dia-
zepam, and has antidepressant-like properties (Mohler,
2006; Engin et al., 2012; Smith et al., 2012). The functional
significance of age-related altered a2 subunit immunore-
activity in the CA1 and CAS regions is not known and
requires further investigations. However, GABAergic tone
will be very likely compromised in the aged hippocampus
because of these age-related alterations in a2 subunit
expression pattern, leading to altered anxiety/depression-
related behaviors (Mohler, 2006; Engin et al., 2012), and
learning and memory impairments (Buzsaki and Chrobalk,
1995; Paulsen and Moser, 1998), a phenomenon that
occurs during normal aging (Barnes, 1994; Vela et al.,
2003). a2-containing GABA,Rs have also been implicated
in schizophrenia-related cognitive impairments. The «2
subunit is upregulated in the axon initial segments in the
dorsolateral prefrontal cortex of individuals with schizo-
phrenia and major depressive disorder compared with
matched control subjects (Lewis et al., 2005). The a2
subunit shows altered subregion and layer-specific ex-
pression in the Alzheimer’s disease hippocampus and
temporal lobe and might contribute to network dysfunc-
tion and cognitive deficits during the progression of the
disease (Limon et al., 2012; Kwakowsky et al., 2018a,b).
The reduction of the a2 subunit has also been reported in
brains of autistic patients, suggesting a possible linkage
of this subunit in cognitive deficits unrelated to aging
(Fatemi et al., 2009).

Cognitive processes involve neuronal networks in syn-
chronous rhythmic activity that is controlled by inhibitory
interneuron firing. Axon-initial segment and perisomatic
synapses are important for synchronization of large pop-
ulations of pyramidal neurons. Altered a2 subunit expres-
sion at the axon-initial segment and around the soma
could have significant consequences for the efficacy and
timing of GABAergic hyperpolarization, and previous studies
suggest any alterations in the kinetics of GABAergic
responses will alter the power and frequency of
y-oscillations (Gingrich et al., 1995; Ortinski et al.,
2004; Traub et al., 2004; Hines et al., 2013). Therefore,
a2-containing GABA,Rs might be important determi-
nants of cortical and hippocampal network activity and
working memory.

In the DG, our results showed an increasing trend,
which did not reach statistical significance, of the 2
subunit expression in older mice compared with the
younger group. A similar trend was also observed in a
study conducted by Ruano et al. (2000) when examining
the expression of the short version of the y2 subunit in the
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Figure 3. Representative photomicrographs of the CA1 region showing GABA,R a1, a2, a3, a5, B3, and y2 subunit expression (red)
and a1, a2, a3, ab, B3, and y2 immunoreactivity overlaid with Hoechst (blue) labeling for representative young and old mice (A-X).
The strong «2 subunit immunoreactivity is evident around the soma, proximal dendrites, and possibly in the axon-initial segment of
individual pyramidal cells of the CA1 region in young animals but the labeling is decreased at these sites in aged mice (E-H). Scale
bar, 50 uwm. Startum (str), oriens (ori), pyramidale (pyr), radiatum (rad).

aged rat hippocampus, but this increase was not ob-
served for the mature receptor. Conversely, another rat
study reported a sustained downregulation of the y2 sub-
unit from P30 continuing during aging (Yu et al., 2006).
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Whereas the mouse CA1 and CA2/3 regions did not show
y2 subunit alteration with aging, in the CA1 region of the
human hippocampus a moderate increase in the y2 sub-
unit level (12 vs 46-75 years old) was reported as revealed
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Figure 4. Representative photomicrographs of the CA3 region showing GABA,R a1, a2, a3, a5, £3, and y2 subunit expression (red), and a1,
a2, a3, ab, B3, and y2 immunoreactivity overlaid with Hoechst (blue) labeling for representative young and old mice (A-X). Scale bar, 50 wm.

by immunohistochemistry and cell density analysis (Ka-
naumi et al., 2006). However, the limitation of this study is
that differences between an adult and older age group
were not examined and this makes it difficult to compare
our results with these findings.

We also observed an age-related trend toward an in-
crease in a5 subunit expression in the DG of older mice

July/August 2019, 6(4) ENEURO.0496-18.2019

that did not reach statistical significance. Conversely, one
rat study reported a moderate decrease in a5 subunit
expression in the hippocampus during aging at protein
level (Yu et al., 2006), but another study did not find any
age-related changes at mRNA level (Ruano et al., 2000).
The &5 subunit is highly expressed in the hippocampus
and several studies using pharmacological agents and
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genetic manipulations have demonstrated that the ob
subunit plays a role in hippocampus-dependent learning
(Collinson et al., 2002; Crestani et al., 2002; Chambers
et al., 2004; Yee et al., 2004). An increased expression of
the &5 subunit in the hippocampus is associated with
memory loss (Wang et al., 2012), suggesting that upregu-
lated expression of this subunit with aging might underlie
age-related cognitive changes and vulnerability to age-

July/August 2019, 6(4) ENEURO.0496-18.2019

related disease conditions (Potier et al., 1992; Barnes,
1994).

The discrepancy in results regarding age-related
changes in hippocampal GABA,R subunit expression
might be because of experimental design and species-
specific changes. Most studies looked at the GABA,R
subunit changes in the whole hippocampus, tissue ho-
mogenate, or density measured in the entire hippocam-
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Figure 6. Quantification of GABA,R a1, a2, a3, a5, 3, and y2 subunit immunoreactivity in the regions and layers of the hippocampus
in young and old mice. The data are graphed as mean = SEM (n = 6; unpaired Mann-Whitney test).

pus, as opposed to distinct regions (Ruano et al., 2000;
Yu et al., 2006) and this is likely affecting the comparabil-
ity of results between studies. Furthermore, previous
studies have been conducted on the rat and monkey but
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none on the mouse hippocampus. As discussed within
the same section, specifically at the third paragraph of the
discussion, the age-related changes of hippocampal a1
subunit expression show opposite trends for the rat and
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monkey (Gutiérrez et al., 1996; Yu et al., 2006). Previous
studies have reported conflicting findings and species
differences regarding age-related GABA signaling
changes in other brain regions as well (Yu et al., 2006;
Loerch et al., 2008; Rissman and Mobley, 2011; Bafiuelos
et al.,, 2014; Liguz-Lecznar et al., 2015; Pandya et al,,
2018). Therefore, deviations of our findings from currently
reported literature might also be because of interspecies
variability. Another point to consider is that changes in
mRNA do not always correspond to change in protein
expression (Greenbaum et al.,, 2003; Liu et al.,, 2016).
However, both the rat and monkey studies discussed
above have examined the age-related alterations of a1
subunit expression at the protein level with contradictory
outcomes, which is likely because of differences in exper-
imental design, methods, and analysis.

Changes in the GABAAR subunit composition may re-
sult in changes of the cellular location of receptors, the
type of GABAergic inhibition and pharmacokinetic prop-
erties of the receptor (Sieghart et al., 1999; Sigel and
Steinmann, 2012; Sieghart and Savi¢, 2018). Therefore,
this study provides us with important information on how
GABA,R function is affected in the aging brain. This
needs to be taken into consideration when targeting this
receptor as a treatment option for age-related neurologic
disorders. For example, the elderly are more sensitive to
the side effects of benzodiazepines (Nikaido et al., 1990;
Klein-Schwartz and Oderda, 1991), which are allosteric
modulators of GABAAR function. Benzodiazepines are
commonly used as therapeutic agents for the treatment of
anxiety (Vajda and Burrows, 1983), depression (Johnson,
1985), and insomnia (Simon and VonKorff, 1997). Age-
specific alterations of the GABAAR subunits throughout
the brain have to be taken into consideration because
they might influence the effect of these agents. Although
in the mouse hippocampus this is not the case, as we did
not observe age-related GABA,R subunit expression
changes, there is an urgent need to examine the GABA,R
system in the human hippocampus and other brain areas.
A recent study showed that the GABA,,gR subunits and
transporters are robust against age-related alterations in
most human cortical brain regions examined except the
superior temporal gyrus, suggesting a brain region-
specific vulnerability of the system (Pandya et al., 2018).
No age-related changes in total GABA, receptor binding
or agonist affinity have been reported in the rat brain, but
findings related to age-dependent inhibitory activity are
controversial and might show region-specific vulnerability
as well (Wenk et al.,, 1991). Some rat studies have not
demonstrated age-related changes in hippocampal inhib-
itory synaptic potentials (Ruano et al., 1991), whereas
others suggest decreased inhibition in the hippocampus
(Potier et al., 2006). Contrary to this the prefrontal cortex
exhibits increased inhibition with age (Luebke et al., 2004;
Schmidt et al., 2010; Lehmann et al., 2012; Cheng and
Lin, 2013; Bafuelos et al., 2014). In addition, several
studies reported changes in hippocampal synaptic trans-
mission, neuronal subtype-specific cellular loss with a
selective regional pattern that might lead to cognitive
alterations during normal aging (Segal, 1982; Potier et al.,
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1992; Barnes, 1994; Vela et al., 2003; Gerrard et al., 2008;
Koh et al., 2014).

Young rodents are often used as model organisms to
study age-related disorders, but it is advisable to model
these disorders in older mice as molecular and cellular
changes occur with age. However, research with aged
mice is costly, time-consuming and because aging-
related health problems raise ethical concerns. Hence,
observing changes in GABA,R subunit composition with
aging will provide us with a better understanding of
GABA,R signaling in the aged brain, and provide better
characterized mouse models for future aging experi-
ments. Studies like this are necessary to understand the
importance of age in study design and interpretation of
results.

In summary, our findings suggest that hippocampal
GABA,R subunit composition is robustly preserved dur-
ing aging in mice, except the localized alterations of the
a2 subunit expression in the CA1 and CAS regions. How-
ever, more studies are needed to understand the com-
plete picture of age-related GABAergic remodeling. Age-
dependent changes in GABA levels, other GABAergic
signaling components and GABA,R subunit alterations in
other brain areas might also underlie age-dependent sus-
ceptibility to, and influence disease progression in, con-
ditions in which the fine balance of excitation and
inhibition is impaired such as Alzheimer’s disease, epi-
lepsy, or schizophrenia. With increasing life expectancy
and an aging population, understanding the mechanisms
and consequences of aging is critically important and
could help in designing new preventive and therapeutic
options for age-related disease conditions.

References

Baruelos C, Beas BS, McQuail JA, Gilbert RJ, Frazier CJ, Setlow B,
Bizon JL (2014) Prefrontal cortical GABAergic dysfunction contrib-
utes to age-related working memory impairment. J Neurosci 34:
3457-3466.

Barnes CA (1994) Normal aging: regionally specific changes in hip-
pocampal synaptic transmission. Trends Neurosci 17:13-18.

Bouilleret V, Loup F, Kiener T, Marescaux C, Fritschy JM (2000) Early
loss of interneurons and delayed subunit-specific changes in
GABA ,-receptor expression in a mouse model of mesial temporal
lobe epilepsy. Hippocampus 10:305-324.

Buzséki G, Chrobak JJ (1995) Temporal structure in spatially orga-
nized neuronal ensembles: a role for interneuronal networks. Curr
Opin Neurobiol 5:504-510.

Caspary DM, Milbrandt JC, Helfert RH (1995) Central auditory aging:
GABA changes in the inferior colliculus. Exp Gerontol 30:349-360.

Caspary DM, Hughes LF, Ling LL (2013) Age-related GABAA recep-
tor changes in rat auditory cortex. Neurobiol Aging 34:1486-1496.

Chambers MS, Atack JR, Carling RW, Collinson N, Cook SM, Daw-
son GR, Ferris P, Hobbs SC, O’Connor D, Marshall G, Rycroft W,
Macleod AM (2004) An orally bioavailable, functionally selective
inverse agonist at the benzodiazepine site of GABA, a5 receptors
with cognition enhancing properties. J Med Chem 47:5829-5832.

Chen ZW, Olsen RW (2007) GABAA receptor associated proteins: a
key factor regulating GABA, receptor function. J Neurochem 100:
279-294.

Cheng CH, Lin YY (2013) Aging-related decline in somatosensory
inhibition of the human cerebral cortex. Exp Brain Res 226:145—
152.

Collinson N, Kuenzi FM, Jarolimek W, Maubach KA, Cothliff R, Sur C,
Smith A, Otu FM, Howell O, Atack JR, McKernan RM, Seabrook

eNeuro.org



leuro

GR, Dawson GR, Whiting PJ, Rosahl TW (2002) Enhanced learning
and memory and altered GABAergic synaptic transmission in mice
lacking the alpha 5 subunit of the GABAA receptor. J Neurosci
22:5572-5580.

Crestani F, Keist R, Fritschy JM, Benke D, Vogt K, Prut L, Blithmann
H, Méhler H, Rudolph U (2002) Trace fear conditioning involves
hippocampal alpha5 GABA, receptors. Proc Natl Acad Sci U S A
99:8980-8985.

Engin E, Liu J, Rudolph U (2012) a2-containing GABA, receptors: a
target for the development of novel treatment strategies for CNS
disorders. Pharmacol Ther 136:142-152.

Fatemi SH, Reutiman TJ, Folsom TD, Thuras PD (2009) GABA,
receptor downregulation in brains of subjects with autism. J Au-
tism Dev Disord 39:223-230.

Flores-Ramos M, Salinas M, Carvajal-Lohr A, Rodriguez-Bores L
(2017) The role of gamma-aminobutyric acid in female depression.
Gac Med Mex 153:486-495.

Fritschy JM (2008) Epilepsy, E/I Balance and GABA, Receptor Plas-
ticity. Front Mol Neurosci 1:5.

Fritschy JM, Mohler H (1995) GABAA-receptor heterogeneity in the
adult rat brain: differential regional and cellular distribution of
seven major subunits. J Comp Neur 359:154-194.

Fritschy JM, Weinmann O, Wenzel A, Benke D (1998) Synapse-
specific localization of NMDA and GABA, receptor subunits re-
vealed by antigen-retrieval immunohistochemistry. J Comp Neur
390:194-210.

Fuhrer TE, Palpagama TH, Waldvogel HJ, Synek BJL, Turner C, Faull
RL, Kwakowsky A (2017) Impaired expression of GABA transport-
ers in the human Alzheimer’s disease hippocampus, subiculum,
entorhinal cortex and superior temporal gyrus. Neuroscience 351:
108-118.

Gerrard JL, Burke SN, McNaughton BL, Barnes CA (2008) Sequence
reactivation in the hippocampus is impaired in aged rats. J Neu-
rosci 28:7883-7890.

Gingrich KJ, Roberts WA, Kass RS (1995) Dependence of the
GABAA receptor gating kinetics on the alpha-subunit isoform:
implications for structure—function relations and synaptic trans-
mission. J Physiol 489:529-543.

Govindpani K, Calvo-Flores Guzman B, Vinnakota C, Waldvogel HJ,
Faull RL, Kwakowsky A (2017) Towards a better understanding of
GABAergic remodeling in Alzheimer’s disease. Int J Mol Sci 18:
E1813.

Greenbaum D, Colangelo C, Williams K, Gerstein M (2003) Compar-
ing protein abundance and mRNA expression levels on a genomic
scale. Genome Biol 4:117.

Gutiérrez A, Khan ZU, Ruano D, Miralles CP, Vitorica J, De Blas AL
(1996) Aging-related subunit expression changes of the GABAA
receptor in the rat hippocampus. Neuroscience 74:341-348.

He X, Koo BB, Killiany RJ (2016) Edited magnetic resonance spec-
troscopy detects an age-related decline in nonhuman primate
brain GABA levels. Biomed Res Int 2016:6523909.

Hines RM, Hines DJ, Houston CM, Mukherjee J, Haydon PG, Tretter
V, Smart TG, Moss SJ (2013) Disrupting the clustering of GABAA
receptor a2 subunits in the frontal cortex leads to reduced
y-power and cognitive deficits. Proc Natl Acad Sci U S A 110:
16628-16633.

Jie F, Yin G, Yang W, Yang M, Gao S, Lv J, Li B (2018) Stress in
regulation of GABA amygdala system and relevance to neuropsy-
chiatric diseases. Front Neurosci 12:562.

Johnson DA (1985) The use of benzodiazepines in depression. Br J
Clin Pharmacol 19:31S-358S.

Kanaumi T, Takashima S, lwasaki H, Mitsudome A, Hirose S (2006)
Developmental changes in the expression of GABAA receptor
alpha 1 and gamma 2 subunits in human temporal lobe, hip-
pocampus and basal ganglia: an implication for consideration on
age-related epilepsy. Epilepsy Res 71:47-53.

Klein-Schwartz W, Oderda GM (1991) Poisoning in the elderly: epi-
demiological, clinical and management considerations. Drugs Ag-
ing 1:67-89.

July/August 2019, 6(4) ENEURO.0496-18.2019

New Research 12 of 18

Koh MT, Spiegel AM, Gallagher M (2014) Age-associated changes in
hippocampal-dependent cognition in diversity outbred mice. Hip-
pocampus 24:1300-1307.

Kralic JE, Sidler C, Parpan F, Homanics GE, Morrow AL, Fritschy JM
(2006) Compensatory alteration of inhibitory synaptic circuits in
cerebellum and thalamus of gamma-aminobutyric acid type A
receptor alphal subunit knockout mice. J Comp Neurol 495:408-
421.

Kwakowsky A, Calvo-Flores Guzman B, Govindpani K, Waldvogel
HJ, Faull RLM (2018a) Gamma-aminobutyric acid A receptors in
Alzheimer’s disease: highly localized remodeling of a complex and
diverse signaling pathway. Neural Regener Res 13:1362-1363.

Kwakowsky A, Calvo-Flores Guzman B, Pandya M, Turner C, Wald-
vogel HJ, Faull RL (2018b) GABA, receptor subunit expression
changes in the human Alzheimer’s disease hippocampus, subic-
ulum, entorhinal cortex and superior temporal gyrus. J Neurochem
145:374-392.

Lehmann K, Steinecke A, Bolz J (2012) GABA through the ages:
regulation of cortical function and plasticity by inhibitory interneu-
rons. Neural Plast 2012:892784.

Lewis DA, Hashimoto T, Volk DW (2005) Cortical inhibitory neurons
and schizophrenia. Nat Rev Neurosci 6:312-324.

Liguz-Lecznar M, Lehner M, Kaliszewska A, Zakrzewska R, Sobo-
lewska A, Kossut M (2015) Altered glutamate/GABA equilibrium in
aged mice cortex influences cortical plasticity. Brain Struct Funct
220:1681-1693.

Limon A, Reyes-Ruiz JM, Miledi R (2012) Loss of functional GABAL
receptors in the Alzheimer diseased brain. Proc Natl Acad Sci U S
A 109:10071-10076.

Liu Y, Beyer A, Aebersold R (2016) On the dependency of cellular
protein levels on mRNA abundance. Cell 165:535-550.

Loerch PM, Lu T, Dakin KA, Vann JM, Isaacs A, Geula C, Wang J,
Pan Y, Gabuzda DH, Li C, Prolla TA, Yankner BA (2008) Evolution
of the aging brain transcriptome and synaptic regulation. PLoS
One 3:e3329.

Long Z, Medlock C, Dzemidzic M, Shin YW, Goddard AW, Dydak U
(2013) Decreased GABA levels in anterior cingulate cortex/medial
prefrontal cortex in panic disorder. Prog Neuropsychopharmacol
Biol Psychiatry 44:131-135.

Luebke JI, Chang YM, Moore TL, Rosene DL (2004) Normal aging
results in decreased synaptic excitation and increased synaptic
inhibition of layer 2/3 pyramidal cells in the monkey prefrontal
cortex. Neuroscience 125:277-288.

McKernan RM, Whiting PJ (1996) Which GABAA-receptor subtypes
really occur in the brain? Trends Neurosci 19:139-143.

McQuail JA, Frazier CJ, Bizon JL (2015) Molecular aspects of age-
related cognitive decline: the role of GABA signaling. Trends Mol
Med 21:450-460.

Milbrandt JC, Albin RL, Caspary DM (1994) Age-related decrease in
GABAB receptor binding in the Fischer 344 rat inferior colliculus.
Neurobiol Aging 15:699-703.

Miralles CP, Gutiérrez A, Khan ZU, Vitorica J, De Blas AL (1994)
Differential expression of the short and long forms of the gamma 2
subunit of the GABAA/benzodiazepine receptors. Brain Res Mol
Brain Res 24:129-139.

Mohler H (2006) GABAA receptors in central nervous system dis-
ease: anxiety, epilepsy, and insomnia. J Recept Signal Transduct
Res 26:731-740.

Moodley KK, Chan D (2014) The hippocampus in neurodegenerative
disease. Front Neurol Neurosci 34:95-108.

Nejatbakhsh M, Saboory E, Bagheri M (2018) Effect of prenatal
stress on a5 GABAA receptor subunit gene expression in hip-
pocampus and pilocarpine induced seizure in rats. Int J Dev
Neurosci 68:66-71.

Nikaido AM, Ellinwood EH Jr, Heatherly DG, Gupta SK (1990) Age-
related increase in CNS sensitivity to benzodiazepines as as-
sessed by task difficulty. Psychopharmacology 100:90-97.

Nusser Z, Sieghart W, Benke D, Fritschy JM, Somogyi P (1996)
Differential synaptic localization of two major gamma-

eNeuro.org



leuro

aminobutyric acid type A receptor alpha subunits on hippocampal
pyramidal cells. Proc Natl Acad Sci U S A 93:11939-11944.

Olsen RW, Sieghart W (2009) GABA A receptors: subtypes provide
diversity of function and pharmacology. Neuropharmacology 56:
141-148.

Ortinski PI, Lu C, Takagaki K, Fu Z, Vicini S (2004) Expression of
distinct alpha subunits of GABAA receptor regulates inhibitory
synaptic strength. J Neurophysiol 92:1718-1727.

Pandya M, Palpagama TH, Turner C, Waldvogel HJ, Faull RL, Kwa-
kowsky A (2018) Sex- and age-related changes in GABA signaling
components in the human cortex. Biol Sex Differ 10:5.

Paulsen O, Moser El (1998) A model of hippocampal memory en-
coding and retrieval: GABAergic control of synaptic plasticity.
Trends Neurosci 21:273-278.

Porges EC, Woods AJ, Edden RA, Puts NA, Harris AD, Chen H,
Garcia AM, Seider TR, Lamb DG, Williamson JB, Cohen RA (2017)
Frontal gamma-aminobutyric acid concentrations are associated
with cognitive performance in older adults. Biol Psychiatry Cogn
Neurosci Neuroimaging 2:38-44.

Potier B, Jouvenceau A, Epelbaum J, Dutar P (2006) Age-related
alterations of GABAergic input to CA1 pyramidal neurons and its
control by nicotinic acetylcholine receptors in rat hippocampus.
Neuroscience 142:187-201.

Potier B, Rascol O, Jazat F, Lamour Y, Dutar P (1992) Alterations in
the properties of hippocampal pyramidal neurons in the aged rat.
Neuroscience 48:793-806.

Rissman RA, Mobley WC (2011) Implications for treatment: GABAA
receptors in aging, Down syndrome and Alzheimer’s disease. J
Neurochem 117:613-622.

Rissman RA, Nocera R, Fuller LM, Kordower JH, Armstrong DM
(2006) Age-related alterations in GABA, receptor subunits in the
nonhuman primate hippocampus. Brain Res 1073-1074:120-130.

Rozycka A, Liguz-Lecznar M (2017) The space where aging acts:
focus on the GABAergic synapse. Aging Cell 16:634-643.

Ruano D, Cano J, Machado A, Vitorica J (1991) Pharmacologic
characterization of GABAA/benzodiazepine receptor in rat hip-
pocampus during aging. J Pharmacol Exp Ther 256:902-908.

Ruano D, Araujo F, Revilla E, Vela J, Bergis O, Vitorica J (2000)
GABAA and alpha-amino-3-hydroxy-5-methylsoxazole-4-
propionate receptors are differentially affected by aging in the rat
hippocampus. J Biol Chem 275:19585-19593.

Schmidt S, Redecker C, Bruehl C, Witte OW (2010) Age-related
decline of functional inhibition in rat cortex. Neurobiol Aging 31:
504-511.

Segal M (1982) Changes in neurotransmitter actions in the aged rat
hippocampus. Neurobiol Aging 3:121-124.

Serrano-Pozo A, Frosch MP, Masliah E, Hyman BT (2011) Neuro-
pathological alterations in Alzheimer disease. Cold Spring Harb
Perspect Med 1:a006189.

July/August 2019, 6(4) ENEURO.0496-18.2019

New Research 13 of 18

Sharashenidze N, Schacht J, Kevanishvili Z (2007) Age-related hear-
ing loss: gender differences. Georgian Med News 144:14-18.
Sieghart W, Savi¢ MM (2018) International Union of Basic and Clin-
ical Pharmacology. CVI: GABAA receptor subtype- and function-
selective ligands: key issues in translation to humans. Pharmacol

Rev 70:836-878.

Sieghart W, Fuchs K, Tretter V, Ebert V, Jechlinger M, Hoger H,
Adamiker D (1999) Structure and subunit composition of GABA,
receptors. Neurochem Int 34:379-385.

Sigel E, Steinmann ME (2012) Structure, function, and modulation of
GABA, receptors. J Biol Chem 287:40224-40231.

Simon GE, VonKorff M (1997) Prevalence, burden, and treatment of
insomnia in primary care. Am J Psychiatry 154:1417-1423.

Skilbeck KJ, Johnston GA, Hinton T (2010) Stress and GABA recep-
tors. J Neurochem 112:1115-1130.

Smith KS, Engin E, Meloni EG, Rudolph U (2012) Benzodiazepine-
induced anxiolysis and reduction of conditioned fear are mediated
by distinct GABAA receptor subtypes in mice. Neuropharmacol-
ogy 63:250-258.

Spijker S (2011) Dissection of rodent brain regions. Neuromethods
57:13-26.

Traub RD, Bibbig A, LeBeau FE, Buhl EH, Whittington MA (2004)
Cellular mechanisms of neuronal population oscillations in the
hippocampus in vitro. Annu Rev Neurosci 27:247-278.

Turgeon SM, Albin RL (1994) GABAB binding sites in early adult and
aging rat brain. Neurobiol Aging 15:705-711.

Vajda FJ, Burrows GD (1983) Use of drugs in the treatment of
anxiety. Aust Fam Physician 12:714-717.

Vela J, Gutierrez A, Vitorica J, Ruano D (2003) Rat hippocampal
GABAergic molecular markers are differentially affected by ageing.
J Neurochem 85:368-377.

Wang DS, Zurek AA, Lecker |, Yu J, Abramian AM, Avramescu S,
Davies PA, Moss SJ, Lu WY, Orser BA (2012) Memory deficits
induced by inflammation are regulated by a5-subunit-containing
GABAA receptors. Cell Rep 2:488-496.

Wenk GL, Walker LC, Price DL, Cork LC (1991) Loss of NMDA, but
Not GABA-A, binding in the brains of aged rats and monkeys.
Neurobiol Aging 12:93-98.

West MJ, Coleman PD, Flood DG, Troncoso JC (1994) Differences in
the pattern of hippocampal neuronal loss in normal ageing and
Alzheimer’s disease. Lancet 344:769-772.

Yee BK, Hauser J, Dolgov VV, Keist R, Méhler H, Rudolph U, Feldon
J (2004) GABA receptors containing the alpha5 subunit mediate
the trace effect in aversive and appetitive conditioning and extinc-
tion of conditioned fear. Eur J Neurosci 20:1928-1936.

Yu ZY, Wang W, Fritschy JM, Witte OW, Redecker C (2006) Changes
in neocortical and hippocampal GABAA receptor subunit distribu-
tion during brain maturation and aging. Brain Res 1099:73-81.

eNeuro.org



	GABAA Receptors Are Well Preserved in the Hippocampus of Aged Mice<sup></sup>
	Introduction
	Methods
	Animals and brain tissue preparation
	Western blotting
	Immunohistochemistry
	Statistical analysis

	Results
	Discussion

	References

