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A B S T R A C T

Lifelong functional plasticity of the gastrointestinal (GI) tract is essential for health, yet the underlying molecular
mechanisms are poorly understood. The enteric nervous system (ENS) regulates all aspects of the gut function,
via a range of neurotransmitter pathways, one of which is the GABA-GABAA receptor (GABAAR) system. We have
previously shown that GABAA receptor subunits are differentially expressed within the ENS and are involved in
regulating various GI functions. We have also shown that these receptors are involved in mediating stress-
induced colonic inflammation. However, the expression and function of intestinal GABAARs, at different ages, is
largely unexplored and was the focus of this study. Here we show that the impact of GABAAR activation on
colonic contractility changes from early postnatal period through to late adulthood, in an age-dependant
manner. We also show that the highest levels of expression for all GABAAR subunits is evident at postnatal day
(P) 10 apart from the α3 subunit which increased with age. This increase in the α3 subunit expression in late
adulthood (18months old) is accompanied by an increase in the expression of inflammatory markers within the
mouse colon. Finally, we demonstrate that the deletion of the α3 subunit prevents the increase in the expression
of colonic inflammatory markers associated with healthy ageing. Collectively, the data provide the first de-
monstration of the molecular and functional plasticity of the GI GABAAR system over the course of a lifetime,
and its possible role in mediating the age-induced colonic inflammation associated with healthy ageing.

1. Introduction

The integrity of the mammalian gastrointestinal tract (GIT) is fun-
damental for nutrition and barrier function over the course of a life-
time. The GIT exhibits remarkable plasticity during development and
the ageing process, despite the changing nutritional needs of the in-
dividual, or the local environment in the form of microbiota and im-
mune function (Salles, 2007). Nevertheless, ageing is associated with a
general decline in intestinal function, manifesting in motility disorders
such as constipation, or altered immune function, such as inflammation
(Rao and Go, 2010). However, the molecular mechanisms underlying
this age-related GI plasticity and the ensuing associated disorders have
yet to be fully understood (Saffrey, 2014). Age-specific changes in the
intrinsic nervous system of the GIT, namely the enteric nervous system
(ENS) and its associated neurotransmitters systems are most likely
central to lifelong GI health (Saffrey, 2013).

The ENS is integral to all aspects of coordinated GI function

(Furness, 2008; Di Nardo et al., 2008). It is a large collection of neu-
rochemically diverse neurons (Furness, 2000; Noorian et al., 2011)
located within the muscle wall of the GIT. These neurons form intricate
cellular networks with neuronal and non-neuronal cell-types and pro-
vide the intrinsic neural control of virtually all GI functions such as
peristalsis (Grider, 1989), secretion (Riegler et al., 2000), barrier
function (Neunlist et al., 2003; Toumi et al., 2003) and local immune
function (Goyal and Hirano, 1996; Furness, 2006; Schneider et al.,
2001). Despite our considerable insight into ENS-mediated GI function
in adulthood, relatively less is known about how this differs throughout
the process of ageing, from early postnatal days to late adulthood. The
most consistent finding in the aged ENS is altered local immune func-
tion (Man et al., 2014) and degeneration of neurochemically-distinct
cell-types (Saffrey, 2013; Camilleri et al., 2008; Bernard et al., 2009).
However, there is considerably less known about the age-related
changes in the neurotransmitter receptor systems through which dif-
ferent ENS neurons mediate their effects on the GIT. One of these
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neurotransmitter-receptor systems, the GABA-GABAAR system has been
shown to be involved in virtually all ENS-mediated GI functions
(Krantis, 2000).

GABAARs are chloride permeable integral membrane ion channels
composed of five interacting subunit proteins which mediate the rapid
effects of the neurotransmitter GABA (Farrant and Nusser, 2005). While
only five subunits are required to form a functional receptor, up to
nineteen molecularly distinct GABAAR subunits (α1–6; β1–3; γ1–3; δ; ε;
ρ) have been identified, which underpin the expression of ~20–30 main
distinct GABAAR isoforms (Olsen and Sieghart, 2009). Within the cen-
tral nervous system, these receptor subtypes display a differential re-
gional expression or cellular location (Hortnagl et al., 2013) and exhibit
specific physiological (Farrant and Nusser, 2005) and pharmacological
properties (Rudolph and Knoflach, 2011). Previous studies in adult
animals indicate that the GABA-GABAAR system directly alters the ex-
citability of ENS neurons (Cherubini and North, 1984), spontaneous
colonic contractility (Bayer et al., 2002; Bayer et al., 2003; Seifi et al.,
2014) and GI motility (Tonini et al., 1989a; Tonini et al., 1989b).
However, the expression and functional plasticity of this neuro-
transmitter system at different maturational stages of the colon, is lar-
gely unexplored. Furthermore, we have recently reported that different
GABAAR subtypes have contrasting effects on stress-induced colonic
inflammation (Seifi et al., 2018a). Given the consistent finding of al-
tered immune function in the elderly, that may give rise to colonic
inflammation (Ogra, 2010), the question arises whether GABAARs may
be associated. In the current study, we show that the force and fre-
quency of native spontaneous colonic contractions change significantly
during early postnatal development stages. Furthermore, colonic GA-
BAAR expression changes dramatically in a subunit and age-dependent
manner. Finally, the deletion of the GABAAR α3 prevents age-related
colonic inflammation.

2. Materials and methods

All procedures involving animal experiments were approved by the
Animal Welfare and Ethical review body of the University of
Portsmouth and were performed by a personal license holder, under a
Home Office-issued project license, in accordance with the Animals
(Scientific Procedures) Act, 1986 (UK) and associated procedures.

2.1. Animals

For wild-type (WT) mice, the C57BL/6J strain obtained from the
University of Portsmouth Bioresources centre was used. In some ex-
periments, GABAAR α3 subunit gene deleted (α3 KO) mice, on a C57/
BL6J background, were also used. For such experiments, WT littermates
of the α3 KO mice were used as controls. The generation of these mice
has been previously described (Yee et al., 2005). Animals were bred in-
house in a temperature and humidity controlled environment under a
12-h light/dark cycle, with free access to standard chow and water.

2.2. Isometric tension recordings of the effects of ageing and the GABAAR
ligand alprazolam on the force and frequency of spontaneous contractions in
isolated mouse colon segments

Isometric tension recordings of isolated mouse colon were per-
formed according to our previously published protocols (Seifi et al.,
2014; Seifi and Swinny, 2016). Mice aged postnatal day 10 (P10), P15,
P60 and 18months old were killed by cervical dislocation. The distal
colon removed and immediately placed in physiological solution con-
taining (mM): NaCl 140, NaHCO3 11.9, D+ glucose 5.6, KCl 2.7,
MgCl2.6H2O 1.05, NaH2PO4.2H2O 0.5, CaCl2 1.8, warmed to 37 °C. The
intraluminal contents were removed by gently flushing the colon with
physiological solution. Approximately 2 cm long segments were
mounted in a Harvard organ bath (10ml chamber) filled with physio-
logical solution (37 °C) and bubbled with gas containing 95% O2 and

5% CO2. Contractile activity for each colon tissue segment was recorded
using an isometric force transducer (range 0–25 g) connected to a
bridge amplifier, which was in turn connected to a dedicated data ac-
quisition system (Power Lab 2.20 AD Instruments). The sampling fre-
quency was set to 40 Hz and the sensitivity of recording was set to
500mV. The apparatus was then calibrated using a 1 g weight in order
to express changes in the amplitude detected by the transducer into
grams of force. At this stage, in order to assess the noise produced by
the electrical equipment and as an experimental control, a piece of
cotton was tied to the tissue hook placed in an aerated organ bath at
one end and the other end was passed through the transducer which
picked up any movement in the piece of cotton due to noise. This was
represented on the computer as a trace with peaks up to maximum of
0.02 g of tension. Therefore in any subsequent analysis of colonic
contractility, any peak<0.02 g of force was disregarded, thereby re-
vealing only intrinsic spontaneous contractions. The tissue was then
placed under 1 g of resting tension and allowed to equilibrate for
30min. The AD instrument lab chart 7 program was installed on a PC in
order to monitor, record and analyse the activity. After a stable baseline
was established, 1 μM flumazenil (Tocris Bioscience; 1328) or 10 μM
alprazolam (Sigma-Aldrich; A8800) was added to the bath and the
tissue was allowed to reach maximum response. We measured the time
it takes to achieve a full response on contractile activity using alpra-
zolam. We observed full response by 10min after adding alprazolam.
Therefore, ten minute epochs before and after the drug additions were
used for quantification of the drug-induced changes in the force and
frequency of colonic spontaneous contractions. One piece of tissue was
used per animal. The frequency and amplitude of individual sponta-
neous contractions was calculated on LabChart Reader software by
measuring the difference between the baseline and the peak of every
individual contraction. This value was then subtracted from the noise
level 0.02 g in order to account for the electrical noise produced by
equipment. This was done for the all the contraction before and after
the drug additions and the average for that animal was determined. Due
to differences in the patterns of colonic spontaneous contractions across
ages we were unable to separate large amplitude contractions from
smaller oscillations. Therefore, there data presented in the paper are an
average of both large and smaller spontaneous contractions together.
The mean value for each animal was then normalised against the
weight of the tissue used in the experiment. A mean value for the in-
dividual averages was then obtained for a particular drug. In addition,
the effect of 10 μM alprazolam on the basal tone of the tissue was also
determined. An N value thus represents one animal and the data are
presented as the mean ± SEM.

2.3. Quantitative reverse transcription Polymerase Chain Reaction (qPCR)

qPCR performed on colon tissue was carried out according to our
previously published protocols (Everington et al., 2018). Mice aged
P10, P15, P60 and 18months were killed by cervical dislocation and
tissue homogenates of the whole colon prepared. RNA was extracted
from the samples using a RNeasy mini kit (Qiagen, 74104) according to
the manufacturer's protocol. Equal amounts of RNA from each tissue
was reverse-transcribed into first-strand cDNA in the following reac-
tion: 2 μl of reverse transcription buffer (BioLabs), 1 μl of oligo(dT)
(ThermoFisher Scientific), 1 μ dNTP (ThermoFisher Scientific), 0.5 μl of
M-MuLV reverse transcriptase (Applied Biosystems) and 0.5 μl of Ri-
boLock (ThermoFisher Scientific). The reactions were then made up to
20 μl with nuclease free-PCR grade water. qPCR amplification was
performed in 96-well plates in a mastermix for probes (Roche, Burgess
Hill, UK) and run on a LightCycler® 96 System (Roche). The qPCR
amplifications for the mouse Gabra1 (assay ID: Mm00439046_m1),
Gabra2 (assay ID: Mm00433435_m1), Gabra3 (assay ID:
Mm01294271_m1), Gabra4 (assay ID: Mm00802631_m1), Gabra5
(assay ID: Mm00621092_m1), Gabrg2 (assay ID: Mm00433489_m1),
CD163 (assay ID: Mm00474091_m1) and TNFα (assay ID:
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Mm00443258_m1) genes were performed using pre-designed Taqman
primers/probes purchased from Life Technologies (ThermoFisher sci-
entific). Gapdh (assay ID: Mm99999915_g1) gene expression was used
as the housekeeping gene in every reaction. The qPCR cycling condi-
tions entailed 95 °C for 10 mins and 40 cycles of 95 °C for 15 s and 60 °C
for 60 s (LightCycler® 96 System, Roche). Standard curves were gen-
erated for each gene using serial dilutions of a known amount of mRNA
which was then reverse transcribed into cDNA. Each measurement was
performed in duplicate and each Ct value was then converted into ng
mRNA using linear regression analysis of the standard curve (Microsoft
Excel). Each ng mRNA value was then normalised against the ng
housekeeping gene level within the same sample and the mean mRNA
levels for every sample was finally calculated and compared across all
experimental groups.

2.4. Immunohistochemistry and confocal microscopy

Mice were anaesthetised first with isoflurane and then pentobarbi-
tone (1.25 mg/kg of bodyweight; i.p.), transcardially perfused first with
0.9% saline and then a fixative containing 1% w/v paraformaldehyde
and 15% v/v saturated picric acid in 0.1 M phosphate buffer (pH 7.4)
according to previously described protocols (Corteen et al., 2014). After
perfusion, the colons were removed and post-fixed in the same fixative
over night at 4o C. The next day, the tissue was washed in 0.1 M
phosphate buffer until it was clear of the fixative. Whole-mount pre-
parations of the longitudinal muscle-myenteric plexus and circular
muscle-submucosal plexus were obtained using a dissecting microscope
and fine forceps, which were then stored in 0.1M phosphate buffer
containing 0.05% w/v sodium azide. Staining for the inflammatory
marker CD163 on whole-mount preparations of the colon was per-
formed as described in our previously published protocols (Seifi et al.,
2018b). Briefly, non-specific binding of secondary antibodies was
blocked by incubating the tissue with 20% v/v normal horse serum for
2 h at room temperature. The tissue was incubated with cocktails of the
following primary antibodies: 1) rabbit anti-CD163, 1:250 (Santa Cruz;
sc-33560); 2) sheep anti-nitric oxide synthase, 1:1000 (Millipore;
AB1529), diluted in Tris buffer saline containing 0.3% w/v Triton X-
100 (TBS-Tx) and 20% v/v normal horse serum, overnight at 4 °C. After
washing with TBS-Tx, the tissue was incubated in a mixture of appro-
priate secondary antibodies conjugated with either Alexa Fluor 488

(Invitrogen, Eugene, OR) and indocarbocyanine (Cy3; Jackson Im-
munoResearch) for 2 h at room temperature. The tissue was washed in
TBS-Tx and mounted on glass slides in Mowiol mounting medium
(Polysciences) and then cover slipped. Sections were examined with a
confocal laser-scanning microscope (LSM710; Zeiss, Oberkochen, Ger-
many) using either a Plan Apochromatic 40× DIC oil objective (NA1.3)
(pixel size 0.29 μm), a Plan Apochromatic 63× DIC oil objective
(NA1.4) (pixel size 0.13 μm) or a Plan Apochromatic 100× DIC oil
objective (NA1.46) (pixel size 0.08 μm). All images presented represent
a single optical section. These images were acquired using sequential
acquisition of the different channels to avoid cross-talk between fluor-
ophores, with the pinholes adjusted to one airy unit. Images were
processed with the software Zen2008 Light Edition (Zeiss, Oberkochen,
Germany) and exported into Adobe Photoshop. Only brightness and
contrast were adjusted for the whole frame, and no part of a frame was
enhanced or modified in any way.

2.5. Quantification of CD163-immunopositive cell density

Multiple fields of view were imaged from each piece of tissue and
the number of CD163-immunopositive cells was manually counted in
each field of view using the Image J software cell count analysis
function. The average of all fields of view was calculated for each piece
of tissue and considered as N=1. One piece of tissue was used per
animal.

2.6. Statistical analysis

All statistical analyses were performed using GraphPad Prism 7
(GraphPad Inc. La Jolla, CA). Animals were randomly assigned to
treatment groups. All results are expressed as mean ± SEM. Statistical
comparisons between different animal groups and treatments were as-
sessed using the appropriate statistical tests, indicated in the results
section. A p value < 0.05 was considered statistically significant.

Fig. 1. Spontaneous and GABAAR-mediated
colonic contractility is age dependent.
(A) representative traces demonstrating
changes in the spontaneous longitudinal
muscle contractions of mouse colon at dif-
ferent ages, in vitro, and their responses to
the application of the benzodiazepine al-
prazolam 10 μM. The pre-application of the
benzodiazepine antagonist flumazenil
abolished the effect of alprazolam (boxed
trace).
(B) quantification of (B1) the force and (B2)
the frequency of spontaneous longitudinal
muscle contractions of mouse colon at dif-
ferent ages and how these parameters
change in response to the application of
10 μM alprazolam. (B3) changes in the re-
laxant effect of alprazolam on colonic basal
tone at different ages. Bars represent means
and the lines represent the SEM. N=8 an-
imals, * p < 0.05, repeated measures
ANOVA with Tukey's posthoc test. Scale
bars, vertical 0.1 g, horizontal 5min.
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3. Results

3.1. Spontaneous colonic contractions and their degree of modulation by
GABAARs, changes dynamically with age

We first characterised the changes in the force and frequency of
spontaneous colonic contractions, at P 10, 15, 60 and 18months. We
then investigated the impact of GABAAR activation on spontaneous
colonic contraction across these ages. There were striking differences in
the patterns of spontaneous colonic contractility across all ages in-
vestigated (Fig. 1 A). Quantification of the force of spontaneous con-
tractions revealed significant differences at different ages (p < 0.0001,
one way ANOVA, N=8 animals per age group). Post-hoc analysis re-
vealed a significant decrease in the force of spontaneous contractions
between P 10 and P 15 (p < 0.0001, Tukey's), and P 60 (p < 0.0001,
Tukey's) and 18months old (p < 0.0001, Tukey's) (Fig. 1 B1). The
frequency of spontaneous colonic contractions also changed sig-
nificantly with age (p < 0.0001, one way ANOVA, N=8 animals per
age group). Post-hoc analysis revealed a significant increase in the
frequency of spontaneous contractions between P 10 and P 15
(p < 0.0001, Tukey's), P 10 and P 60 (p < 0.0001, Tukey's) and P 10
and 18months (p < 0.0001, Tukey's). There was also a significant
increase between P 15 and P 60 (p < 0.0001, Tukey's). However, there
was no significant difference between P 60 and 18months (p=0.1760,
Tukey's). Therefore, the changes observed in the longitudinal sponta-
neous colonic contractility were mostly associated with developmental
stages rather than ageing during adulthood.

We have previously demonstrated that in adult mice (P 60), the
benzodiazepine alprazolam, which is likely to positively allosterically
modulate α1-3/5-γ2-β subunit-containing GABAARs, significantly de-
creases the force of spontaneous colonic contractions (Seifi et al., 2014).
We therefore assessed whether this effect of colonic GABAAR activation
persists at all ages. There was a significant interaction between the
effect of alprazolam and age on the force of contractions (p=0.003,
two way ANOVA with repeated measures, N=8 animals per age

group). Post-hoc analysis revealed that alprazolam significantly de-
creased the force of contractions at P 10 (p < 0.0001, Tukey's) and at P
60 (p < 0.0001, Tukey's). However, this effect of alprazolam was not
evident at P 15 (p=0.333, Tukey's) and 18months (p=0.482, Tu-
key's) (Fig. 1 B1).

There was also a significant interaction between the effect of al-
prazolam and age on the frequency of contractions (p < 0.0001, two
way ANOVA, N=8 animals per age group). Post-hoc analysis revealed
that alprazolam significantly increased the frequency of contractions at
P 60 (p < 0.0001, Tukey's). However, alprazolam had no significant
effect at, P 10 (p > 0.9999), P 15 (p=0.8786) and 18months
(p=0.9735) (Fig. 1 B2). Alprazolam has also been shown to decrease
the basal tone of the adult mouse colon (Seifi et al., 2014), and de-
monstrated in Fig. 1 A. The current study revealed that this effect of
GABAAR activation on colonic tone is significant at all ages compared to
the baseline which was taken as zero (p < 0.0001, one way ANOVA,
N=8 animals per age group) (Fig. 1 B3). However, this relaxant effect
of alprazolam on the colonic tone was significantly increased between P
15 to P 60 (p < 0.0001, Tukey's) and 18months old (p < 0.0001,
Tukey's). The pre-application of the benzodiazepine antagonist fluma-
zenil (1 μM) abolished the contractile effects of alprazolam (Fig. 1 A,
boxed trace), thus confirming that the effect of alprazolam is mediated
via benzodiazepine sites on colonic GABAARs. This suggests that the
modulation of spontaneous colonic contractility by the local GABAAR
system, changes dynamically during early development extending into
later adulthood.

3.2. GABAAR subunit expression changes with age

Given the contrasting functional effects of alprazolam on the mouse
colon at different ages, we next explored whether the expression of these
receptors might also vary with age, using qPCR to measure the mRNA
expression of the α 1–5 and γ2 subunits, in homogenates containing all
tissue layers of the colon. The α1 (p=0.0003, ANOVA) (Fig. 2 A), α2
(p=0.0025, ANOVA) (Fig. 2 B), α5 (p < 0.0001, ANOVA) (Fig. 2 E)

Fig. 2. Colonic GABAAR subunit mRNA expression is age dependent
(A-F) quantification of the mRNA expression levels of the GABAAR α 1–5 and γ2 subunits respectively, in the mouse colon at different ages, relative to the
housekeeping gene Gapdh, using qPCR. Bars represent means and the lines represent the SEM. N=8 animals, * p < 0.05, ANOVA with Tukey's posthoc test.
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and γ2 (p=0.0001, ANOVA) (Fig. 2 F) subunits all exhibited a sig-
nificant decrease in expression with age. In stark contrast, the α3
subunit showed a significant increase in expression with age
(p=0.0143, ANOVA) (Fig. 2 C). There were no significant differences
between ages for the α4 subunit (p > 0.05, ANOVA) (Fig. 2 D). This
indicates that GABAAR expression within the mouse colon is age and
subunit specific.

3.3. The GABAAR α3 subunit as a mediator of colonic inflammation in late
adulthood

Altered local immune function is a consequence of healthy ageing of
the intestine (Saffrey, 2014; Man et al., 2014). We have recently de-
monstrated that the GABAAR α3 subunit promotes stress-induced in-
flammation in the mouse colon (Seifi et al., 2018a). In light of the
striking increase in the expression of the GABAAR α3 subunit at
18 months, we explored whether this subunit could be involved in age-
related colonic inflammation. Firstly, we investigated the expression
levels of inflammatory mediators in the colon of young adult (2 months)
and older adult (18months) WT mice. We then investigated this in age-
matched older WT and α3 KO adult mice. Immunohistochemical ana-
lysis for CD163, within the ENS of the colon revealed a significant in-
crease in expression between 2 and 18months of age (Fig. 3). CD163 is
a monocyte and M2 type macrophage-specific protein. Its upregulation
constitutes one of the principal changes when macrophages switch to an
activated phenotype following inflammation (Etzerodt and Moestrup,
2013). Quantification of the density of CD163-immunopositive profiles
revealed a significant increase between 2 and 18month old subjects,
reacted and imaged under identical conditions (p < 0.0001, unpaired
Student's t-test, N=5) (Fig. 4 A). There was also a significant increase
in the mRNA expression of CD163 with age (ANOVA, N=6) (Fig. 4 B).
Finally, there was a significant increase in the mRNA expression of
another key marker of intestinal inflammation, tumour necrosis factor
alpha (TNFα), at 18 months, compared to younger ages (ANOVA,
N=6) (Fig. 4 C).

In order to investigate the possible link between the observed in-
flammation in older adult mice and GABAAR α3 subunit, we repeated
these experiments in α3 KO mice. In comparative analyses using aged-
matched (12months) WT and α3 KO mice, whilst widespread CD163
immunoreactivity was evident in WT tissue, significantly lower levels
were evident in tissue from α3 KO mice (Fig. 5). Quantification of the
density of CD163-immunoreactive profiles revealed a significant dif-
ference between WT and α3 KO mice (p=0.0002, unpaired Student's t-
test, N=6) (Fig. 6 A). There was also a significant decrease in CD163
mRNA between WT and α3 KO mice (p=0.0001, unpaired Student's t-
test, N= 6) (Fig. 6 B). Whilst the TNF α mRNA showed a trend towards
decreased expression, this difference was not statistically significant
(p=0.5459, unpaired Student's t-test, N= 6) (Fig. 6 C). This suggests a
possible role for the GABAAR α3 subunit in mediating the colonic in-
flammation associated with the process of ageing.

4. Discussion

The data demonstrate that mouse longitudinal spontaneous colonic
contractility patterns change significantly during early postnatal de-
velopmental stages but not from young to old adulthood. Furthermore,
the effect of GABAAR activation on these contractions was age-depen-
dent and the expression of GABAAR subunits changed dynamically in a
subunit-specific and age-dependant manner. Finally, the deletion of the
GABAAR α3 subunit prevented an increase in the expression of colonic
inflammatory markers associated with healthy ageing. Collectively, the
data provide the first demonstration of the molecular and functional
plasticity of the GI GABAAR system over the course of a lifetime, and its
possible role in mediating the age-induced colonic inflammation asso-
ciated with healthy ageing.

Central to ensuring optimal nutritional requirements, at different
ages, is an intestinal motility pattern appropriate for the changes in diet
that occur from the neonate through to the elderly. This study focussed
on only one aspect of motility, namely, contractility of longitudinal
smooth muscles. We have previously shown two different patterns of

Fig. 3. Native colonic inflammation increases with age
(A1) immunoreactivity for nitric oxide synthase (NOS), used
to identify ENS plexuses in the colon of a mouse at 2months
of age. (A2) in the same field of view, immunoreactivity for
CD163, a receptor expressed on activated monocytes and/or
macrophages and thus a marker of inflammation. (A3) is an
overlay of (A1 and A2).
(B1) immunoreactivity for NOS in the colon of a mouse at
18months of age, reacted and imaged under conditions
identical to tissue from a 2month old mouse. (B2) in the same
field of view, immunoreactivity for CD163. Note the dramatic
increase in the density of immunoreactive profiles indicating
a significant age-dependent increase in colonic inflammation.
(B3) is an overlay of (B1 and B2). Scale bars, 50 μm.
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longitudinal contractions within the mouse colon. These include large
spontaneous contractions superimposed on smaller, more frequent
contractions (Seifi et al., 2014). The data presented in this study are an
average of both large and smaller spontaneous contractions together.
This study shows that the pattern of these contractions changes sig-
nificantly from P 10 to P 15 and onwards. This coincides with the age at
which young mice open their eyes and start intake of solid food in
addition to milk. Interestingly, previous studies have shown that
myenteric neurons of the intestine undergo significant morphological

and electrophysiological changes from P 10 to adulthood (Foong et al.,
2012). Indeed, neurotransmitter systems such as dopaminergic and
purinergic system undergo developmental changes shifting from con-
traction to relaxation just before and during weaning (Giaroni et al.,
2006; Zizzo et al., 2016). In addition, during these early postnatal days,
the microbiota and immune cell community of the GIT are constantly
changing (Ficara et al., 2018; Nash et al., 2017). Therefore, the altered
pattern of colonic contractility at P15 may be the result of this changing
landscape of GIT function during development. Furthermore, the pro-
cess of ageing has been associated with drastic changes in GI motility
and development of gastrointestinal disorder (Camilleri et al., 2008).
Indeed, colonic motility has been shown to be impaired in aged
(24month old) mice (Patel et al., 2014). Since colonic motility arises
from the coordinated contractions and relaxations of the colonic
smooth muscles, we therefore expected age-induced changes in the
force of colonic spontaneous contractions. However, in the current
study, we did not detect any significant changes in the force of spon-
taneous colonic contractions of 18months old mice in comparison to
young adults. The most likely explanation is the differences in the age
of old mice used in the present study. In addition, methodological dif-
ferences could also be a factor as we did not measure overall colonic

Fig. 4. Quantification of the expression of inflammatory mediators in whole
segments of the colon at different ages.
(A) quantification of the density of CD163-immunoreactive profiles in the ENS
of mice 2 and 18months of age. (B–C) quantification of the mRNA expression
levels of CD163 and TNFα respectively, in the colon of mice 2 and 18months of
age, relative to the housekeeping gene Gapdh, using qPCR. Bars represent
means and the lines represent the SEM. N=6 animals, * p < 0.05, unpaired
Student's t-test and ANOVA with Tukey's posthoc test.

Fig. 5. GABAAR α3 subunit deletion prevents age-dependent colonic in-
flammation
(A1) immunoreactivity for NOS in the colon of a 12month old wild type (WT)
mouse. (A2) in the same field of view, immunoreactivity for CD163. (A3) is an
overlay of (A1 and A2). (B1) immunoreactivity for NOS in the colon of a
12month old GABAAR α3 subunit deleted (α3 KO) mouse, reacted and imaged
under identical conditions to WT tissue. (B2) in the same field of view, im-
munoreactivity for CD163. Note the significant decrease in immunoreactive
profiles indicating an absence of age-dependent colonic inflammation in the
absence of the GABAAR α3 subunit. (B3) is an overlay of (B1 and B2). Scale
bars, 50 μm.
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motility per se, merely one contributor to motility, namely longitudinal
muscle contractility. Nonetheless, numerous studies (Saffrey, 2013;
Camilleri et al., 2008; Patel et al., 2014) have suggested that changes in
the neurotransmitter systems of the ENS are a contributing factor to the
developmental and the age-induced decline in GI motility. However, it
is important to note that mucosal signalling through the 5-HT system
has also been shown to play an important role in age-induced changes
in GI motility (Patel et al., 2017).

In the present study, we focussed on investigating the expression
and function of the enteric GABA-GABAAR system during development
and at different ages. Here, we show that the relaxant effect of

alprazolam on the spontaneous colonic contractions is significant at P
60 and P 10, but not P 15 or 18months old. Furthermore, alprazolam
was only able to significantly alter the frequency of colonic longitudinal
spontaneous contraction at P 60. An explanation for this could be dif-
ferences in the amount of GABAARs expressed at various ages.
However, we only observed significantly higher levels of GABAARs
expression at P10, with no significant differences between P 15, P 60
and 18months old. Another likely explanation could be differences in
the amount of ambient tonic GABA within the ENS and GIT. Since al-
prazolam is a benzodiazepine, it will induce an effect only if local GABA
is already bound to the receptor. Therefore, differences in the en-
dogenous extracellular GABA within the gut at different ages will likely
impact on the overall effect of alprazolam on colonic contractility.
Importantly, ageing induced decline in GABA concentration has been
previously shown within the brain (Hermans et al., 2018). This could in
turn impact on the regulation of ENS GABAAR numbers, and thus GA-
BAAR-mediated colonic function. Therefore, future studies focussed on
characterising the changes in enteric GABAergic neurons, extracellular
GABA concentrations and GABAAR subtype expression, across ages,
could reveal novel insights into gut homeostasis and how this is im-
paired in age-specific gut dysfunction, such as GI inflammation in the
elderly.

The most striking finding was that the majority of the GABAAR
subunits examined showed the highest levels of expression at early
postnatal ages. This suggests a potential role for this system in devel-
opment of the ENS and the GIT. This is not surprising as the GABA-
GABAAR system is implicated in the development of the CNS. In early
postnatal stages of the brain, GABA, signalling via GABAARs, is thought
to have a depolarising effect on postsynaptic membranes due to the
relatively high concentration of intracellular chloride ions (Ben-Ari
et al., 1989). It is postulated that this initial excitatory effect of GA-
BAARs makes major a contribution to the development of brain circuitry
prior to the development of glutamate inputs (Ben-Ari et al., 2012). In
contrast to the CNS, GABA is generally considered to be predominantly
excitatory in the ENS (Krantis, 2000), thereby indicating a potential
role as a modulator of neural circuitry development. Furthermore, the
highest levels of intestinal GABA expression, in rat at least, are detected
at early developmental stages (Gilon et al., 1987). The earliest age we
examined was P 10, by which stage, a significant degree of develop-
ment of the ENS would have already ensued (Roberts et al., 2007). It
would therefore be useful to examine GABAAR subunit expression
possibly at embryonic or earlier postnatal stages to determine whether
a changing landscape of the GABAAR system coincides with specific
developmental time points of the ENS. Coupled with functional analysis
using GABAAR subunit-specific knockout mice, such studies might
allow for the possible exploitation of this neurotransmitters system in
medical conditions associated with impaired development of the ENS,
such as Hirschsprung's disease (Heuckeroth, 2018).

Numerous studies have shown developmental and age-induced al-
teration in the expression and function of GABAARs within the CNS, in a
subunit, brain region and disease specific manner (Rissman and
Mobley, 2011; Vela et al., 2003; Limon et al., 2012; Miller et al., 2017).
In this study, we provide the first demonstration of such changes in the
expression of GABAARs within the GIT. Interestingly, in contrast to all
other subunits examined which showed a decreasing trajectory of ex-
pression with age, the GABAAR α3 subunit exhibited an expression
profile that increased, exclusively in late adulthood (18months). In
conjunction with this, we also observed a significant increase in the
expression of inflammatory markers in late adulthood (18months). This
is important, as we have recently shown that the activation of colonic
GABAAR α3 subunit induces inflammation and plays a direct role in
stress-induced GI inflammation (Seifi et al., 2018a). Furthermore, other
studies have also shown that activation of colonic GABAARs exacerbates
acute colitis (Ma et al., 2018). Therefore, our data suggests that GA-
BAAR α3 subunit may play a role in mediating age-related increase in
colonic inflammation. Remarkably, the deletion of this subunit

Fig. 6. Quantification of the expression of inflammatory mediators in the colon
of aged wild type and GABAAR α3 KO mice.
(A) quantification of the density of CD163-immunoreactive profiles in the ENS
of WT and α3 KO mice at 12months of age. (B–C) quantification of the mRNA
expression levels of CD163 and TNFα respectively, in the colon of WT and α3
KO mice at 12months of age, relative to the housekeeping gene Gapdh, using
qPCR. Bars represent means and the lines represent the SEM. N=6 animals, *
p < 0.05, unpaired Student's t-test.
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prevented the increase in the expression of colonic inflammatory
markers in 12months old mice. Although 12months old mice may not
be classified as aged mice, this data suggests an important role for the
GABAAR α3 subunit as a potential contributor to age-induced GI dis-
orders associated with immune dysfunction. There is a disproportionate
prevalence of GI disorders in the elderly, compared to younger in-
dividuals (Saffrey, 2014; Firth and Prather, 2002). While the underlying
changes are complex, a consistent finding is alterations in the local
immune system, manifesting in increased infections and inflammation
(Ogra, 2010). Therefore, further investigations of the role of GABAAR
α3 subunit as potential target for the treatment of GI inflammatory
disorders in the elderly, could provide novel therapeutics for alleviation
of associated symptoms. The other associated GABAAR subtypes should
not be overlooked, potentially as therapeutic targets for impaired GI
immune function. Indeed, we have also demonstrated that the activa-
tion of α1/2 subunit-containing GABAARs induces an anti-in-
flammatory effect in the colon (Seifi et al., 2018a). Furthermore, the
expression profiles across age of these subunits were diametrically op-
posite to that of the α3 subunit. Collectively, that data reveals a dy-
namic GI GABA-GABAAR system that adapts, over the course of a life-
time, to mediate various GI functions at different ages. This study also
provides a platform for further investigation of the GABAAR system as
potential therapeutic targets for the treatment of inflammatory dis-
orders associated with ageing.
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