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Abstract
Adolescence is marked by increased vulnerability to mental disorders and maladaptive behaviors, including anorexia
nervosa. Food-restriction (FR) stress evokes foraging, which translates to increased wheel running exercise (EX) for caged
rodents, a maladaptive behavior, since it does not improve food access and exacerbates weight loss. While almost all
adolescent rodents increase EX following FR, some then become resilient by suppressing EX by the second–fourth FR day,
which minimizes weight loss. We asked whether GABAergic plasticity in the hippocampus may underlie this gain in
resilience. In vitro slice physiology revealed doubling of pyramidal neurons’ GABA response in the dorsal hippocampus of
food-restricted animals with wheel access (FR + EX for 4 days), but without increase of mIPSC amplitudes. mIPSC frequency
increased by 46%, but electron microscopy revealed no increase in axosomatic GABAergic synapse number onto pyramidal
cells and only a modest increase (26%) of GABAergic synapse lengths. These changes suggest increase of vesicular release
probability and extrasynaptic GABAA receptors and unsilencing of GABAergic synapses. GABAergic synapse lengths
correlated with individual’s suppression of wheel running and weight loss. These analyses indicate that EX can have dual
roles—exacerbate weight loss but also promote resilience to some by dampening hippocampal excitability.
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Introduction
Adolescence is period of perfect storm (Casey et al. 2010), mani-
fested as gains in cognitive function but also of the emergence
of many mental disorders and maladaptive behaviors for the
first time (Spear 2000). This may be because maturation of key
brain structures underlying emotional processing and decision

making continues into adolescence (Mills et al. 2014;
Chowdhury, Barbarich-Marsteller et al. 2014; Casey and Lee
2015; Saul et al. 2015), while exposure to novel environmental
stressors is increased (Romeo 2010) as individuals travel farther
away from their nest. We investigated the cellular and molecu-
lar mechanisms underlying adolescent female rats’ individual
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differences in vulnerability/resilience to food restriction (FR)-
stress following acclimation to a running wheel in the cage (FR +
EX). FR + EX captures important hallmarks of anorexia nervosa
(AN): comorbidity of heightened anxiety (Chen, Surgent et al.
2017), chemical signatures of stress (elevated cortisol levels
(Kinzig and Hargrave 2010)), excessive exercise (EX) (Wable, Min
et al. 2015) plus voluntary FR (Chen et al. 2016), leading to >20%
body weight loss within 3–4 days. Like the human condition of
AN, FR + EX can be lethal, requiring rats to be removed from the
FR + EX environment when weight loss exceeds 25%. Regarding
the last point, adolescent rodents (mice and rats) that are accli-
mated to a running wheel become incessant runners within 24h
of imposed FR. The prevalence of the incessant running (~80%)
may be because this is an innate behavior simulating foraging, a
behavior that is adaptive for hungry animals in the wild but
maladaptive to those in cages. Many individuals continue run-
ning, rather than eat, even during the hours of food availability.
This combination of voluntary FR with excessive EX is what
exacerbates the animals’ weight loss to a point of lethality. In
this way, FR + EX captures some of the features of the human
condition of AN and is widely referred to as activity-based
anorexia (ABA).

We view the ABA paradigm (i.e., FR + EX) as an animal
model that enables us to understand the cell biological under-
pinnings of maladaptive behaviors, such as AN, as well as plas-
ticity that converts maladaptive innate behaviors to more
adaptive behaviors. This is because ABA also captures the
attainment of resilience against the maladaptive behavior,
measured among a subpopulation of animals as suppression of
hyperactivity and minimized weight loss. For some individuals,
suppression of food restriction-evoked hyperactivity is measur-
able as early as the second day of food restriction. For others,
suppression of hyperactivity is measurable by the end of the
first induction of ABA (fourth day) (Aoki et al. 1998; Aoki,
Chowdhury et al. 2017) or only following a second ABA induc-
tion (Wable, Chen et al. 2015). Yet others continue to be hyper-
active at all times, making them lose body weight the most
(Chowdhury et al. 2013; Wable, Chen et al. 2015; Chen et al.
2016). The accompanying electron microscopic (EM) analysis
revealed that the hippocampus and prefrontal cortex of resil-
ient individuals had increased GABAergic innervation of pyra-
midal cells, while pyramidal neurons of those that remained
hyperactive exhibited GABAergic innervations that were no dif-
ferent from naïve controls’ (Chowdhury et al. 2013; Chen et al.
2016). In parallel studies, we showed that the hippocampus of
resilient individuals also exhibit elevated levels of α4 and δ sub-
units of GABAA receptors (GABAARs) extrasynaptically. EM
revealed that these extrasynaptic GABAARs begin to rise within
dendritic spines of hippocampal pyramidal neurons within 2
days (Aoki et al. 2014), become localized to excitatory synapses
at spine heads within 4 days (Aoki et al. 2012; Aoki, Chowdhury
et al. 2017) and persist at excitatory synapses through 2 rounds
of ABA (Wable, Chen et al. 2015), where they are optimally situ-
ated to negatively modulate excitatory synapses through
shunting inhibition (Shen et al. 2007, 2010). These findings sup-
port the idea that increased GABA responsiveness may contrib-
ute to reduced excitability of dorsal hippocampal pyramidal
neurons which, in turn, contributes towards increased resil-
ience to ABA.

In this study, we asked whether these changes that are sug-
gestive of increased GABAergic modulation of dorsal hippocam-
pal pyramidal neurons of adolescent rodents are paralleled by
electrophysiologically measurable increases in GABA respon-
siveness and whether these changes can occur by the end of

the first ABA induction, that is, in time to confer resilience to a
second ABA induction. We also asked whether changes evoked
by ABA induction are due to exercise alone (EX), food restriction
alone (FR) or might require their combination. To this end, we
examined GABAergic responses following one ABA induction
and compared these to controls that experienced EX or FR. A
third group of control animals (CON) experienced neither FR
nor wheel access. Although some knowledge now exists
regarding changes in GABAARs at extrasynaptic site evoked by
the experience of ABA, there is yet no knowledge regarding
GABAergic synapses and the source of GABA within these
brains during the first ABA induction. α4- and δ-containing
GABAARs that are expressed at dendritic spines are believed to
be activated by volume transmission, with GABA arising from
remote release sites that create ambient GABA, estimated to be
about 1 μM (Nusser et al. 1998; Wei et al. 2003; Mangan et al.
2005). The most prevalent class of GABAergic interneurons in
the cerebral cortex are the subclass containing parvalbumin.
These GABAergic interneurons form axosomatic synapses onto
pyramidal neurons (Packer and Yuste 2011) and have been
shown to be protective of stress-associated spine losses (Chen,
Lu et al. 2017). Thus, in a separate set of 4 groups of animals
(i.e., ABA, FR, EX, CON), we assessed the extent of axosomatic
GABAergic innervations of pyramidal neurons in the dorsal hip-
pocampus by EM to ask the same questions addressed electro-
physiologically. We used adolescent females as subjects for
ABA, so as to mirror the most vulnerable human population of
AN (Kaye et al. 2009; Boraska et al. 2014).

Materials and Methods
Animals

All procedures involving the use of animals were in accordance
with the NIH Guide for the Care and Use of Laboratory Animals
and also approved by the Institutional Animal Care and Use
Committee of New York University (Animal Welfare Assurance
No. A3317-01). All animals were female Sprague-Dawley rats,
purchased from Taconic Farms and shipped to New York
University at the age of P28. All animals were housed in a room
with a 12:12 light–dark cycle.

Rearing Conditions
The rearing conditions were nearly identical to the description
in previous publications (Aoki et al. 2012; Chen, Actor-Engel
et al. 2017) and thus are described only briefly here. A total of
127 female rats of ages P28 were singly housed from P28, corre-
sponding to the age at the time of arrival from Taconic Farms.
Of these, 94 were allotted for electrophysiology and 32 were
allotted for EM-immunocytochemistry (ICC).

Sixty of those allotted to electrophysiology were CON, derived
from 5 cohorts, ranging in age from PN32 to 50, to assess ontoge-
netic changes in GABAergic responses of the dorsal hippocam-
pus. Overall, 34 additional animals allotted to electrophysiology
were randomly assigned to one of 3 rearing conditions—ABA (N
= 20, from 5 cohorts), EX (N = 7, from 4 cohorts) or FR (N = 7,
from 4 cohorts)—with the age of experimental day (ED) ranging
from P35 to P38 and were monitored daily through the age of
euthanasia 8–9 days later, when they were PN 43–46.

The 32 animals allotted to EM-ICC were distributed evenly
across the 4 experimental groups: 8 for CON, 8 for ABA, 8 for
EX, and 8 for FR. Of these, one animal of the FR group was elim-
inated from analysis, because it had lost body weight even prior
to FR. Their behavior and body weight will not be reported
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here, because those data were already presented in a previous
publication (Nedelescu et al. 2017). The wheel running and
body weight data reported here pertain to those animals allot-
ted to the electrophysiology part of the study, only.

Voluntary Wheel Running Activity
Animals designated for the ABA (N = 20, from 5 cohorts) and EX
(N = 7, from 4 cohorts) groups were placed in a new shoebox-
style cage with free access to a home cage running wheel of
inner diameter 35 cm and running circumference per revolu-
tion of 110 cm (Med Associates, ENV-046). Wheel activity was
measured continuously with 1-min temporal resolution for 7–8
days. FR and CON animals were reared in the absence of a run-
ning wheel. Animals of the FR and CON groups were not moved
to shoebox-style cages.

Food Restriction
For animals designated for the ABA and FR groups, food access
was restricted to the first hour of each ED, starting on ED 5, cor-
responding to ages P39 to P42 and for 4 consecutive days,
through ED 8. The amount of food available to ABA and FR ani-
mals during the hour of food access was unlimited. Thus, ABA
animals were food-restricted for the last 4 out of the 8 days of
wheel access. EX and CON animals were reared with ad libitum
food for all days and hours of the experiment.

Daily Measurements
All animals were weighted daily, just before the beginning of
the dark phase. The amount of food that they consumed was
also measured daily. Wheel activity was recorded manually
once per day, at the time of body weight measurement and
also continuously, using the software/hardware of ENV-046
(Med Associates). All animals were euthanized at the beginning
of ED9, to prepare hippocampal slices.

Slice Physiology

Methods were as described in Shen et al. (2007, 2010), except as
noted below. Briefly, rats were decapitated without anesthesia
and brains were dissected out in ice-cold ACSF containing (in
mM): 7 NaCl, 75 sucrose, 26 NaHCO3, 2.5 KCl, 7 MgCl2, 1.2
NaH2PO4, 10 glucose, 0.5 CaCl2. Coronal slices (300 μm thick-
ness) were made using a Leica VT1200S vibrating microtome.
Slices were maintained at 37° for 30min and thereafter at room
temperature before recording. Slices were transferred to the
recording chamber and continuously perfused with ACSF (com-
position as above except for CaCl2 adjusted to 2mM; 50 μM
kynurenic acid (Sigma #K3375) and 0.5 μM TTX (Tocris #1069)
were added to isolate postsynaptic GABA currents). CA1 pyra-
midal cells were visualized using an Olympus BX-51WI DIC-
infrared upright microscope, and recorded using whole cell
patch clamp procedures in voltage clamp mode at 26–30°. Patch
pipettes had resistances of 5–10MΩ when filled with (in mM):
140 CsCl, 5 HEPES, 5 EGTA, 2 Mg-ATP, 0.5 CaCl2, 0.5 Li-GTP
(Sigma G5884), pH 7.2, 290mOsm. A 5mM QX-314 was also
added to block voltage-gated Na+ channels. Under these condi-
tions the reversal potential for Cl− is ~ 0mV. Cells were held at
−60mV, so that evoked or spontaneous GABAR-activity pro-
duced an inward current. The GABAergic nature of the current
was verified by block with 120 μM SR95531 (gabazine, Tocris
#1262). Recordings were made with a Dagan PC-ONE amplifier,
low-pass filtered at 3 KHz and digitized at 8 kHz using an
Instrutech ITC-18 A/D converter and custom-written Igor

software (Wavemetrics Corp.). Data collection commenced after
baseline currents had stabilized (generally within 15min of
establishing whole-cell mode).

Tonic GABA currents were evoked by 3min bath application
of 0.1mM GABA. A subset of cells was filled with 0.5% biocytin,
fixed by immersion in 4% paraformaldehyde, and subsequently
visualized by DAB-HRP histochemistry (Horikawa and Armstrong
1988) for confirmation of cell type and location.

Data analysis was done offline using Matlab (Mathworks,
Inc.). For the analysis of ontogenetic changes of electrophysio-
logical properties of CON slices, the electrophysiologist was not
blind to the treatment condition. For the other treatment con-
ditions, the electrophysiologist was blind to the treatment con-
dition. Response to applied GABA was measured as the initial
slope (rise from 0 to 30% of peak) of the evoked current. sIPSC
analysis was performed on 30 s of continuous baseline record-
ing from each neuron, using a custom event-detection algo-
rithm. Briefly, the raw traces were deconvolved with a kernel of
the form:

α
τ τ

( ) = −( − )
−

τ τ− −
t

e e
;

t t/ /

1 2

1 2

τ1 and τ2 were chosen for best fit to a composite sIPSC based on
a random subset of manually identified events, using nonlinear
least-squares. Event times were located wherever the decon-
volved signal exceeded a fixed threshold, which was chosen for
best match to manually identified event times in the raw traces
for a subset of the data; the threshold was held constant for all
analyses. This excluded most events <5 pA. The amplitude of
each event was also measured baseline-to-peak, and decay
time constant was determined by fitting an exponential to the
decaying component. Statistical significance was tested using
2-sample Kolmogorov–Smirnov tests, except as noted.

EM-ICC for Analyzing Axosomatic GABAergic Synapses
Onto Pyramidal Neurons in the Dorsal Hippocampus

In order to determine whether the 4 rearing conditions altered
GABAergic innervation pattern of pyramidal neurons, hippo-
campi from 8 animals each of ABA, FR, EX, and CON, were ana-
lyzed. The 8 animals per group were allotted from 2 cohorts.
Details of the glutamic acid decarboxylase (GAD) ICC procedure
are as described in previous publications (Sarro et al. 2008;
Chowdhury et al. 2013; Chen et al. 2016; Chen, Surgent et al.
2017). Body weight and wheel running details of animals used
for this GAD ICC have been described in 2 other studies
(Nedelescu et al. 2017; Chen, Actor-Engel et al. 2017) and thus
are not presented here, except to note that their data were
nearly identical to the pattern observed for the animals used
for the current electrophysiological experiments and presented
in this article.

Tissue Preparation for ICC
All were female Sprague Dawley rats of the exact same age,
PN28, at the time of arrival to the NYU animal facility. At P44,
corresponding to the eighth day of wheel access of the EX and
ABA groups and the fourth day of food restriction for the ABA
and FR groups, animals were anesthetized using urethane
(34%; 0.65–0.85mL/185 g body weight) via intraperitoneal injec-
tion, then euthanized by transcardial perfusion with a fixative
consisting of 4% paraformaldehyde in 0.1M phosphate buffer
(pH 7.4) over 10min at a flow rate of 50mL/min. After
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decapitation, brains were quickly removed from the skull.
Brains were prepared into 2mm-thick coronal slabs with a
razor blade, to enhance postperfusion fixation of inner brain
structures. The following day, coronal sections were cut with at
a thickness set at 50 μm, using a Leica VT1000M vibrating
microtome (vibratome) (Leica Microsystems GmbH, Wetzlar,
Germany). The 32 animals were perfused on 4 different days,
spanning 2 months. Antigenicity of tissue was preserved by
storing them as free-floating sections in PBS with sodium azide
(0.05%) at 3 °C.

EM-ICC Detection of GABAergic Axon Terminals
Tissue from all animals were processed synchronously for EM-
ICC, so as to minimize variabilities arising from differences in
reagent qualities, incubation time, temperature, etc. The rabbit
anti-GAD antibody used in this study (Lot 2069924 of Millipore,
Bellerica, MA, USA, catalog number AB411; hereafter referred to
as anti-GAD) recognizes both the GAD65 and GAD67 isoforms.
Up to 3 free-floating vibratome sections from each brain were
suspended in multiwells filled with 1mL of 0.01M phosphate
buffer (PB) containing 0.9% sodium chloride (0.01M PBS, pH 7.4),
0.05% sodium azide to retard bacterial growth, anti-GAD (1:400)
and 1% bovine serum albumin to reduce nonspecific immuno-
labeling. On the following day, the excess unbound primary
antibodies were removed by thoroughly rinsing the tissue with
0.01M PBS. Tissue sections were incubated with biotinylated
goat antirabbit-IgG secondary antibody (Vector Laboratories,
Burlingame, CA; 1:200) diluted in PBS containing 1% bovine
serum albumin and 0.05% sodium azide for 4 h on a shaker at
room temperature. Next, tissue sections were thoroughly
rinsed in PBS and incubated in PBS containing biotinylated
HRP-avidin complex (ABC Elite kit, Catalog # 6100, Vector
Laboratories). The immunolabel was visualized by the HRP-
DAB procedure, with 3,3′-diaminobenzidine HCl (DAB) and H2O2

as substrates. DAB solution was prepared by dissolving 1 DAB
tablet (10mg, Sigma #D-5905) in 43mL PBS and adding 4.3 μL of
30% H2O2. Tissue sections were incubated in the DAB solution
for 10min. The HRP reaction was terminated by rinsing tissue
sections in PBS, then processed for EM. The start time and end
time of each of the immunoreagent incubation periods and
rinse periods were staggered by approximately ~3 s per tissue
source, with the exchanges of all 32 tissues accomplished in
<2min. The duration of the incubations and rinses were equal-
ized, since the same sequence was kept for all periods of incu-
bation/rinses.

Tissue Processing for EM
Free-floating vibratome sections were postfixed using 2% glu-
taraldehyde in PBS for 10min, then with 2% osmium tetroxide
for 60min and 1% uranyl acetate in 70% ethanol overnight,
then infiltrated with plastic. Ultrathin sections spanning CA1 of
dorsal hippocampus were collected on grids, then counter-
stained with Reynold’s lead citrate.

Quantitative EM Analysis
The EM images were captured digitally, using a 1.2 megapixel
Hamamatsu CCD camera from AMT (Boston, MA) from the JEOL
1200XL electron microscope. The extent of contact formed upon
pyramidal cells of the hippocampus by GAD-immunoreactive
axon terminals was quantified using NIH’s software, Image J
(version 1.46r), to measure plasma membrane lengths contacted
and not contacted by GAD-immunoreactive axon terminals.

Axon terminals were identified to be GAD-immunoreactive
based on the accumulation of the DAB reaction product in the
cytoplasm, excluding the lumen of vesicles and mitochondria.
These terminals were identified to be forming synapses based
on the parallel alignment of the axonal plasma membrane with
the apposing cell’s plasma membrane (Peters et al. 1991). Axon
terminals residing immediately adjacent to the plasma mem-
brane but lacking the clear parallel alignment of the plasma
membrane with that of apposing cell’s plasma membrane were
also included in the analysis, since GABA regulates neuronal
excitability through nonsynaptic as well as synaptic mecha-
nisms (Liang et al. 2004).

Only those cell bodies that could be identified to be of pyrami-
dal cells were included in the analysis. Somatic profiles were
identified to be of pyramidal cells, based on the absence of inden-
tations along the nuclear membranes, homogeneous distribution
of chromatin within the nucleoplasm (Feldman 1984; Schlander
and Frotscher 1986) and absence of GAD-immunoreactivity in the
cytoplasm. Large dendritic profiles containing Nissl bodies and
the Golgi apparatus were recognized to be the most proximal por-
tions of dendrites that are in transition between somata and den-
drites (Peters et al. 1991): the plasma membrane in these
transition zones were excluded from analysis, so as to minimize
ambiguity of the “somata” versus “dendrite” classifications.
Otherwise, all of the profiles identifiable to be somata of pyrami-
dal neurons were included in the analysis, strictly in the order
that they were encountered along the vibratome-section surfaces,
where penetration by immunoreagents would be maximal.

The EM Sampling Procedure
Sampling of the synaptic neuropil of the hippocampal CA1 was
designed to optimize immunodetection, while also maintaining
randomness of sampling. The electron microscopist sampling
the ultrathin section was kept blind to the animal’s ante mor-
tem behavioral characteristics. The sampling size from each
animal was equalized to be 5 somatic profiles per animal, total-
ing 40 per group. The mean and standard errors of means (SEM)
values were determined for each animal. The mean length of
the GAD-immunoreactive axon terminals contacting somata,
the mean number of GAD profiles per 10 somata and the mean
percentage of the plasma membrane contacted by GAD term-
inals were also compared across the treatment groups.

Statistical Analyses

For data sets that passed the KS, Shapiro–Wilk and D’Agostino
& Pearson omnibus normality tests, group comparisons used
Student’s unpaired t-test for comparing ABA versus CON.
When comparing all 4 groups (ABA, FR, EX, CON), one-way
ANOVA was performed, followed by Fisher’s post hoc analysis.
Two-way ANOVA was also performed, to determine the main
effect of FR and wheel running, also followed by Fisher’s post
hoc analysis. For data sets that did not pass the normality test,
the Mann–Whitney test was performed to compare ABA versus
CON and the Kruskal–Wallis test was performed to compare all
4 groups, followed by the uncorrected Dunn’s test. For EM
analyses, outliers were identified, then excluded using Prism’s
ROUT method (Motulsky and Brown 2006) by setting the false
discovery rate to 1%, assuming Gaussian distribution. Potential
association between 2 measurements were assessed by the
Pearson correlation analysis. For all analyses, P < 0.05 was
accepted as significant and P ≤ 0.1 but >0.05 were considered to
be of marginal significance.
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Results
FR Evokes Hyperactivity, Exacerbating Weight Loss

Overall, 34 female rats were allotted to the ABA (N = 20), EX
(N = 7), or FR (N = 7) group. All of them exhibited increased
body weight from ED 1 through ED 5, as is expected for adoles-
cents of this age range (Fig. 1A). At the beginning of ED 5, when
imposition of FR began, there was no group difference in body
weights. Beginning on ED 5, ABA and FR groups began losing
weight, while the EX group continued to gain weight up to the
end of the experimental period. Within 24 h (beginning of ED 6),
the difference in the group mean values of ABA’s and EX’s
reached statistical significance (t[27] = 3.214; P = 0.003) and the
group difference continued to increase in subsequent EDs (t[26] =
5.239; P = 2 × 10−5 at the beginning of ED 7; t[24] = 7.897; P = 4 ×
10−8 by ED 8). By the beginning of ED 7, ABA group’s average body
weight also diverged from FR’s (t[23] = 2.353; P = 0.03) and contin-
ued to diverge (t[24] = 2.929; P = 0.007) by the beginning of ED 8.
This divergence in the body weight between the FR and ABA
groups replicates our previous observation (Aoki, Chowdhury
et al. 2017), indicating that voluntary wheel access contributed
towards the exacerbated weight loss of the ABA group.

Indeed, analysis of voluntary wheel running revealed that
this activity was augmented greatly by food restriction (Fig 1B).
Six out of the 7 adolescent female rats assigned to the EX group
and 20 of the 20 rats assigned to the ABA group exhibited
increases in wheel running from ED 1 to the end of the EDs.
Those designated to the EX group exhibited steady increases in
the daily wheel running, reaching a group average rate of 1.93 ±
0.61 km/24 h by ED 7, which represented tripling in the daily

running rate relative to ED 1, when they were exposed to the
wheel for the first time. In comparison, wheel running by the
ABA group exhibited a particularly sharp rise within 24 h of
food restriction, jumping from 1.59 km/day to 2.85 km/day by
the beginning of ED 6. The group difference reached statistical
significance by the beginning of ED 7 (5.74 km/day for the ABA
group, 1.94 km/day for the EX group; t[24] = 2.24, P = 0.03) and
continued to increase to 7.14 ± 1.23 km/24 h by the beginning of
ED 8.

Correlation analysis revealed that maximum wheel activity
correlated positively with the animal’s maturity, reflected by
their body weights on ED 5, just before FR began (r = 0.23; P =
0.04) (Fig. 1C). In contrast, the loss of body weight associated
with the imposition of FR for 4 days correlated strongly and
negatively with FR-evoked hyperactivity (Fig. 1D,E), indicating
that the greatest amount of body weight was lost by subjects
that exhibited the greatest hyperactivity.

GABA-Evoked Current is Unchanged During
Midadolescence of CONs but is Augmented by ABA

Adolescence is a period of robust growth for hippocampal pyra-
midal neurons, with dendritic arbors doubling in complexity
between P32 and P50 (Chowdhury, Rios et al. 2014; Bekhbat and
Neigh 2018). This increase in dendritic branching occurs with-
out decrease in spine density, indicating that the number of
sites for excitatory synaptic inputs onto hippocampal neurons
is also doubling. The current study aimed to determine
whether this increase in dendritic arbor complexity and excit-
atory inputs is accompanied by changes in GABAergic

Figure 1. Body weights and wheel activity of ABA, FR, and EX groups of animals. (A) ABA animals exhibited significantly greater weight loss than FR and EX in the

postnatal (PN) 32–50 age group, within 24 h of food restriction, measured at the beginning of ED 6 and through ED 8. ED 9 corresponds to the day of electrophysiologi-

cal recordings. (B) Wheel activity of ABA animals became significantly greater than EX group’s, beginning on ED 5, which corresponds to the first 24 h after the

restricted food access schedule had begun. Hyperactivity persisted through the last full day of wheel activity, ED 8. (C) Pearson correlation analysis indicated that

body weight of the animals at the beginning of the food-restricted period (ED 5) correlates weakly and positively with the animals’ subsequent maximum wheel activ-

ity. (D and E) In contrast, the same animals’ maximum wheel activity per 24 h of ABA animals correlated strongly and negatively with changes in body weight result-

ing from food restriction, relative to ED 5 (=just prior to the commencement of the food-restriction period), whether measuring the body weight change in grams (D)

or as a percent of the body weight on ED 5 (E). Light asterisks indicate significant differences between the averaged values of the ABA group and EX group, while dark

asterisks indicate significant differences between the averaged values of the ABA group and FR group. #Marginally significant differences (0.1 ≥ P > 0.05).

GABA Plasticity Dampens Adolescent Maladaptive Behavior Chowdhury et al. | 4039
D

ow
nloaded from

 https://academ
ic.oup.com

/cercor/article/29/10/4035/5181559 by N
ew

 York U
niversity user on 23 January 2021



inhibition. To address this question, inward currents evoked
upon hippocampal pyramidal neurons by the application of
GABA was measured, using whole cell patch clamp procedures,
with cells held at −60mV and with the reversal potential for
Cl− at ~ 0mV (Fig. 2A). GABA responses of hippocampal pyrami-
dal neurons were measured as the initial slope (rise from 0 to
30% peak) of the evoked current. Analysis of neurons sampled
from the hippocampus of CON animals showed no age-related
change (r= −0.35; P = 0.09, with 1 outlier excluded from the
analysis) (Fig. 2B).

Using the same condition for whole-cell recording, we com-
pared the GABA responses of hippocampal pyramidal neurons
from rats that had undergone the experience of ABA, relative to
the GABA responses of CON animals of the age range P40–49.
For group comparisons of GABA-evoked responses, values >
14 pA/s were considered outliers and excluded. There were 2
such values for the ABA group and 1 for the CON group.
Pyramidal neurons from the hippocampus of ABA animals,
ranging in age from PN 43 to 46 (1.12 ± 0.23 pA/s (mean ± SEM),
n = 18 neurons from 10 animals), exhibited greater GABA-
evoked current than of CON’s (0.47 ± 0.15 pA/s, n = 11 neurons
from 9 animals). This difference was significant by the Mann
Whitney test (P = 0.01, 2-tailed, Fig. 2C). When outliers were
kept, the difference was still significant (P = 0.01, n = 12 neu-
rons for CON, n = 20 neurons for ABA).

We next asked whether GABA response could be augmented
by FR alone or by EX alone. Kruskal–Wallis test indicated a sig-
nificant difference among the 4 groups (x2(3) = 7.851; P = 0.049).
The mean GABA responses for the FR group (0.75 ± 0.16 pA/s,
n = 30 neurons from 7 animals) and the EX group (0.62 ±
0.13 pA/s, n = 27 neurons from 7 animals) were similar to CON
group’s (P = 0.41 and 0.44 for comparisons of FR and EX groups,
respectively). ABA group’s values were significantly different
than EX group’s (P = 0.03) and FR group’s values (P = 0.03,
Fig. 2C). There were no outliers among the EX or FR groups.

Miniature Inhibitory Postsynaptic Currents are Altered
by ABA, FR, and EX

Spontaneous miniature inhibitory postsynaptic currents
(mIPSCs), such as those shown in Figure 3A, were analyzed to
assess the prevalence of GABAergic synapses on pyramidal
neurons of the dorsal hippocampus. Traces from ABA rats (29
neurons, 7763 events) did not differ markedly from CON’s (17
neurons, 3564 events) but empirical CDFs (cumulative distribu-
tion frequencies) revealed a left-ward shift for both the ampli-
tude (Fig. 3B) and interevent interval (Fig. 3C) of mIPSCs for the
ABA tissue, indicating subtle decreases in amplitude, accompa-
nied by increased frequency of mIPSC events.

Further comparison across all 4 groups by one-way ANOVA
revealed a significant group difference in mIPSC amplitudes (F
[3,85] = 11.72, P < 0.0001). Post hoc analysis revealed that ABA
rats’ mean mIPSC amplitudes (14.34 ± 0.98, n = 29 neurons from
12 animals) differed significantly from EX’s (9.35 ± 0.54, n = 24
neurons from 7 animals, P = 0.0002) and also from FR’s (9.97 ±
0.79, n = 19 neurons from 6 animals, P = 0.002), and that the
decrease in amplitude relative to CON’s (16.81 ± 1.63, n = 17
neurons from 7 animals) that was detected by CDF was margin-
ally significant (P = 0.09, 80% Power, Fig. 3D). FR and EX groups’
mean mIPSC amplitudes were also significantly reduced, com-
pared with CON’s (P < 0.0001 for both). Two-way ANOVA
revealed no significant main effect of FR and only a weak main
effect of EX (P = 0.13) but a highly significant interaction of the
2 (F[1,85] = 33.90, P < 0.0001).

mIPSC frequency from ABA tissue (9.90 ± 0.93, n = 29/N = 12)
increased significantly, relative to CON’s (6.85 ± 0.87 mean ±
SEM, n = 17 neurons from 7 animals, P = 0.02), thereby corrobo-
rating the CDF analysis. One-way ANOVA of the 4 groups indi-
cated a significant difference (F[3,84] = 4.031, P = 0.01). Post hoc
analysis revealed that mIPSC frequency of the ABA group was
significantly greater than FR’s (6.1 ± 0.86, n = 19/ N = 6, P =
0.002) and marginally greater than EX’s (7.57 ± 0.95, n = 24 neu-
rons from 7 animals, P = 0.03) (Fig. 3D). Two-way ANOVA
revealed no main effect of FR but a main effect of the wheel’s
presence (F[1,85] = 5.590, P = 0.02) and no significant interaction
of the 2 factors.

The mIPSC decay constant, tau, of ABA tissue (25.61 ± 1.31,
n = 29 neurons from 12 animals) differed significantly from
CON’s (21.52 ± 0.89, n = 17 neurons from 7 animals, P = 0.02).
One-way ANOVA indicated a significant difference among the 4
groups (F[3,85] = 0.0025). Post hoc analysis revealed that
although CON’s values also differed significantly from FR’s (27.6 ±
1.59, n = 19 neurons from 6 animals, P = 0.002) and EX’s (28.06 ±
1.05, n = 24 neurons from 7 animals, P = 0.001), ABA’s values did
not differ from FR’s (P = 0.24 for ABA vs. FR) and ABA’s values dif-
fered only marginally from EX’s (P = 0.12, 30% Power). Two-way
ANOVA revealed marginal main effects of the wheel (P = 0.07)
and of FR (P = 0.14) and a stronger interaction of the wheel and
FR effects (F[1,85] = 12.13, P = 0.001).

EM-ICC Measurements of GABAergic Innervation of
Pyramidal Neurons in the Dorsal CA1

Might the increased frequency of mIPSC following ABA (Fig. 3D)
reflect an increase in the number of GABAergic synapses
formed on cell bodies of pyramidal neurons? Might the
decreased amplitude of mIPSCs among the EX and FR animals
reflect decreased GABAergic synapse sizes? Might the increased
GABA-evoked current amplitude reflect an increase in the pro-
portion of GABAergic synapses formed on the plasma mem-
brane of cell bodies? In order to address these questions, we
used EM-ICC to directly measure the number of GABAergic syn-
apses encountered per unit length of the plasma membrane of
pyramidal neurons, the mean lengths of GABAergic synapses
formed on cell bodies, and the proportion of plasma membrane
of the cell bodies with which GABAergic terminals form synap-
ses (Fig. 4). GABAergic terminals were readily identified by the
accumulation of diffuse HRP-DAB reaction products in the cyto-
plasm surrounding small clear vesicles and mitochondria,
indicating immunoreactivity to GAD, the GABA-synthesizing
enzyme. GAD axon terminals forming axosomatic synapses
were typically sandwiched between astrocytic processes with
irregular contours and translucent cytoplasm (red asterisks in
Fig. 4).

Comparison of the mean number of GAD terminals per unit
length of cell body plasma membrane revealed a significant
effect of the rearing condition (Kruskal–Wallis test, x2[3] =
51.05, P < 0.0001). Dunn’s test for multiple comparisons (Fig. 4C)
revealed a highly significant reduction for the FR group (0.05 ±
0.01/μm, P < 0.0001, n = 36 neurons from 7 animals) and EX
(0.13 ± 0.01/μm, n = 40 from 8 animals, P = 0.0003), compared
with CON (0.24 ± 0.02/μm, n = 40 neurons from 8 animals).
However, when the treatment of FR and voluntary wheel run-
ning were combined (i.e., ABA), the effect was weaker although
still in the direction of reduction (0.18 ± 0.02/μm; n = 40 neurons
from 8 animals; P = 0.07, 50% Power), compared with CON. FR
group’s value departed greatly from all other groups (P < 0.0001
when compared with ABA; P = 0.0008 compared with EX).

4040 Cerebral Cortex, 2019, Vol. 29, No. 10

D
ow

nloaded from
 https://academ

ic.oup.com
/cercor/article/29/10/4035/5181559 by N

ew
 York U

niversity user on 23 January 2021



Interestingly, this pattern across the groups did not follow the
prediction based in mIPSC frequency (Fig. 3D).

Comparison of the mean lengths of GAD terminals, averaged
for each cell body also revealed a significant effect of the rearing
condition (Kruskal–Wallis test, x2[3] = 16.65, P = 0.0008). Dunn’s
multiple comparison analysis (Fig. 4D) revealed a highly signifi-
cant increase for the FR group (0.98 ± 0.08 μm, P = 0.005, n = 28
neurons from 7 animals), the EX group (1.08 ± 0.07 μm, P =
0.0001, n = 36 neurons from 8 animals) and the ABA group that
received a combination of food restriction and wheel access
(0.92 ± 0.06 μm, P = 0.02, n = 35 from 8 neurons), relative to CON
group’s values (0.73 ± 0.03 μm, n = 39/N = 8) (Fig. 4D). This pattern
across the groups also did not follow the prediction based on
mIPSC amplitude (Fig. 3D). In fact, the pattern across the groups
was the opposite of that for the mean mIPSC amplitudes.

The opposing effects comprised of axon terminal enlargement
and axon number reduction yielded no net change in the percent
of pyramidal cell body plasma membrane lengths forming synap-
ses with GABAergic terminals within ABA brains (15.5 ± 1.5%, n =
40 neurons from 8 animals) compared with CON (17.3 ± 1.5%, P =
0.38, n = 40 neurons from 8 animals) but the extent of innervation
by GABAergic terminals was greatly reduced for the FR group (5.9
± 1.1, n = 38 neurons from 7 animals, P < 0.0001) and marginally
for the EX group (13.7 ± 1.7, P = 0.07, n = 40 neurons from 8 ani-
mals) (Kruskal–Wallis test x2[3] = 31.44, P < 0.0001) (Fig. 4E).

The cohort of ABA animals that underwent GAD analysis
exhibited individual differences in the extent of weight loss,
ranging from 11% to 23%, relative to baseline just before food
restriction began on ED 5. This range of variance was as noted
previously for another cohort of female rats that underwent
the experience of ABA during adolescence (Aoki et al. 2012,
2014; Chowdhury, Barbarich-Marsteller et al. 2014; Chowdhury,
Rios et al. 2014). We wondered whether individual differences
of this measure of vulnerability to ABA were related to individ-
ual differences in GABAergic innervation of hippocampal pyra-
midal neurons, which varied by approximately 15% above and
below the group mean value. Indeed, Pearson correlation analy-
sis revealed a highly significant correlation between the mean
lengths of synapses formed by GAD terminals onto pyramidal
neurons of the hippocampus and the extent to which animals
lost body weight. This correlation was highly significant,
whether comparing GAD terminal lengths to each animal’s
body weight loss during the food-restricted periods (ED 5–ED 8),

relative to the body weight on ED 5, just before food restriction
began (R = 0.87, P = 0.01) (Fig. 5A, left) or in grams of weight lost
(R = 0.84, P = 0.02; Fig. 5B, left), or based on each animal’s extent
of weight loss on the last day of food restriction, ED 8 (R = 0.78, P
= 0.04; Fig. 5C, left). The weight loss over the 4 food-restricted
days also correlated marginally with the extent of cell body inner-
vated by GAD terminals for the ABA animals (R = 0.70, P = 0.05;
Fig. 5D, left). Although individual differences in the extent of
weight loss was noted for the FR group as well, ranging from 11%
to 19%, this individual difference did not correlate at all with the
GABAergic innervation pattern (Fig. 5E–H, right column).

The extent of FR-stress evoked wheel running is another
measure of vulnerability. We compared individual differences
in the total distance run from ED 2 through ED 7, which ranged
from 7 to 45 km among ABA rats, to individual differences in
GAD terminal lengths. Pearson correlation revealed a correla-
tion of these 2 measures, which approached significance for
ABA animals (R = 0.70, P = 0.08; Fig. 6, left). In contrast,
although the EX group exhibited a wide range of wheel running
activity, ranging from 5 to 31 km over ED 2 through 7, this indi-
vidual difference did not correlate with the GABAergic innerva-
tion pattern at all (R = 0.04, P = 0.92; Fig. 6, right).

Discussion
Does EX Promote Resilience Against Food
Restriction Stress?

Whether exercise promotes resilience against food restriction is
an important question that can be addressed by examining
what features are altered for the ABA group, relative to those
animals that experienced food restriction without exercise. GAD
innervation of the hippocampus (Fig 4C,E) was greater for ABA
and EX, relative to food restriction. mIPSC amplitude and fre-
quency were also greater for the ABA animals, compared with
FR. We think this pattern supports the idea that exercise pro-
motes resilience through plasticity of the GABAergic system in
the dorsal hippocampus, particularly since increased GABAergic
inhibition of the dorsal hippocampus is known to be anxiolytic
(Huttunen and Myers 1986; Kataoka et al. 1991; Talaenko 1993).
In contrast, animals that experienced food restriction without
exercise also exhibited individual differences in vulnerability to
this form of stress, quantified as the extent of weight loss, but

Figure 2. GABA current ontogeny in CA1 of the dorsal hippocampus of CON animals and the effect of ABA. GABA response of ages ranging from postnatal P34–P45 are

shown. (A) A representative current trace following application of 0.1mM GABA. (B) Initial slope of GABA responses of cells recorded from pyramidal neurons of CON

animals (y-axis) for all cells at the postnatal days are indicated. There was a weak correlation between GABA response and postnatal ages. (C) Comparison of GABA

responses of pyramidal neurons obtained from CON animals of PN 40–49 (0.47 ± 0.15 pA/s, mean ± SEM, n = 11/N = 9 animals) and ABA animals of PN 43–46 (1.12 ±

0.23 pA/s, n = 18/N = 10) revealed a statistically significant difference (P = 0.01 by Mann Whitney test, with or without the outliers). ABA’s averaged GABA response

was also significantly different from age-matched FR’s (0.75 ± 0.16 pA/s, n = 30/N = 7, P = 0.02) and from age-matched EX’s (0.62 ± 0.13 pA/s, n = 27/N = 7). *P < 0.05.
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without correlation with the extent of GABAergic innervation.
This indicates that this aspect of the GABAergic system does not
contribute to individual differences in vulnerability to FR, when
EX is not part of the individual’s experience.

In a previous study that analyzed dendritic branching of
Golgi-stained neurons of the 4 groups, we observed retraction
of dendritic branching and of the total lengths of dendrites
spanning stratum radiatum of the dorsal hippocampus of both
the EX and ABA groups (Chowdhury, Barbarich-Marsteller et al.
2014). Assuming no change in dendritic spines, this dendritic
branch change, too, may dampen excitability of pyramidal neu-
rons by reducing the potential sites for excitatory input.

Conversely, EX and ABA have both been shown to increase
levels of NMDAR subunit NR2A-subunits at spines in stratum
radiatum, while presynaptic and postsynaptic NR2B levels were
increased by ABA and FR but not by EX (Chen, Actor-Engel et al.
2017). Moreover, those ABA individuals with the highest levels
of postsynaptic NR2B exhibited the most severe weight loss.
These findings indicate that exercise may promote resilience to
food restriction-stress via changes in the GABAergic system,
while stress associated with food restriction may exacerbate
vulnerability to FR-stress by enhancing the glutamatergic
system.

Presynaptic Mechanisms of Change at GABAergic
Synapses Elicited by ABA

The electrophysiological data obtained following bath-
application of GABA (Fig. 2) and analysis of spontaneous mIPSC
(Fig. 3) indicate that ABA induces strengthening of GABAergic
synapses through mechanisms that are presynaptic (increase
in transmitter release probability or number of GABAergic axon
terminals), postsynaptic (increase in the number of receptors or
receptor current), and/or both. Here, we estimate the contribu-
tion of pre- versus postsynaptic mechanisms from these
electrophysiological and anatomical (Fig. 4) data. We first
describe our estimation of the contribution by presynaptic
mechanisms.

The percent change in IGABA amplitude following bath-
application of GABA (Fig. 2), with ABA (IGABA,ABA) above control
(IGABA,con) is as follows:

= ( − ) =change I I I% 100 / 138%GABA ABA GABA con GABA con, , ,

IGABA is approximated by:

=I aP NGABA pre p

where a is the amplitude of a mIPSC, Ppre is the probability that
the presynaptic terminal is active, and Np is the number of syn-
aptic sites on a single neuron, estimated based on EM data
(Fig. 4C). Since synaptic sites are identified by EM, based on the
direct juxtaposition of a presynaptic terminal with the postsyn-
aptic specialization, Np=Npre=Npost. EM data indicated that Np,

ABA = 0.75 Np,CON. When GABA is bath applied (Fig. 2), it is freely
available to the postsynaptic receptors so that Ppre is effectively
set to 1, masking any changes in the presynaptic release mech-
anisms. The data indicate changes in mIPSC amplitudes (aABA =
14.34 and aCON = 16.87 for ABA and CON groups, respectively,
from Fig. 3C). Based on these parameters, the percent change in
IGABA amplitude is actually predicted to decrease:

= ( − )
= ( − )

= ( – )
= ( ( ) − ) = −

change a P N a P N a P N
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Not reflected in this calculation is the potential effects of
the observed increase in mIPSC frequency, which may indicate
an increase in Ppre. The maximum contribution of presynaptic
mechanisms may be estimated by assuming the extreme, albeit
unrealistic, scenario that the bath applied GABA is completely
ineffective postsynaptically but modulates Ppre. Taking the
mIPSC frequency (f) to be approximately equal to the product of
the number of presynaptic terminals (Npre) and Ppre divided by
observation time t (f = PpreNpre/t) gives Ppre Npre = ft. fABA was
determined to be 9.9, while fCON was 6.85 (Fig. 3D).

Figure 3. mIPSC comparisons of pyramidal neurons of CON, ABA, EX, and FR

groups. (A) Example trace from the dorsal CA1 pyramidal neuron a CON rat.

Gray circles indicate peaks identified by the detection algorithm (see Materials

and Methods). Traces from ABA rats were not different from CON traces by

gross inspection, but showed quantitative differences (B–D). (B and C) left, histo-

grams of mIPSC amplitudes (B) and interevent interval (C) for CON (light gray)

and ABA (dark gray). Right, empirical CDFs of data. (D), pooled data on mIPSC

amplitude (left), frequency (center), and decay time constant (right) from CON

(white bars), FR (dark gray bars), EX (light gray bars), and ABA rats (black bars).

Mean ± SEM are shown.
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The outcome of this calculation indicates that the increase
in mIPSC frequency could account for 23% of the 138% increase
in synaptic current that could be evoked through bath-applied
GABA to activate postsynaptic receptors.

It is well known that wheel running induces increase of
BDNF release in the hippocampus (reviewed in Rendeiro and
Rhodes (2018)). BDNF-induced increase of docked vesicles
increases spontaneous synaptic events, but, unlike what was
observed for the ABA tissue, this is paralleled by increases in
synapse number (Tyler and Pozzo-Miller 2001). Change in the
vesicles dispersed randomly throughout the presynaptic termi-
nal (Rizzoli and Betz 2004) or among the reserve pool (Hirsch
et al. 1999) have also been ascribed to changes in mIPSC fre-
quency and could have been induced by ABA.

Postsynaptic Mechanisms of Change at GABAergic
Synapses Elicited by ABA

The difference between the measured (138%) and estimated
change in IGABA,ABA based solely on presynaptic mechanisms

(23%) indicates an involvement of additional postsynaptic
mechanisms that account for the remaining 115% of the
increase. Below, we describe 2 possible types of postsynaptic
mechanisms—the addition of extrasynaptic receptors and unsi-
lencing of GABAergic synapses.

Addition of Extrasynaptic GABAARs
mIPSC amplitude analysis indicated a trend towards decrease
for the ABA tissue, relative to CONs, yet responsiveness of pyra-
midal neurons to bath-applied GABA increased by much more
(138%) following ABA. Although this discrepancy may be
explained, in part, to the 50% increase in mIPSC frequency, we
showed above that it is difficult to consider that this, alone,
could account for the doubling in the magnitude of GABA-
evoked response. We speculate that the addition of extrasynap-
tic GABAARs may also contribute to pyramidal neurons’
enhanced responsiveness to GABA (Fig. 7). Such a change is not
expected to contribute to the measurement of mIPSC amplitude
or mIPSC frequency. In support of this idea, the mIPSC decay
constant is increased by ABA, relative to CON’s. The increased
decay constant could be due to the combined kinetics of post-
synaptic α1-containing and a new population of peri-synaptic
α4-containing GABAARs that emerge within ABA tissue.
Moreover, we have shown previously that the experience of

Figure 4. EM-ICC detection of the GABAergic marker, GAD, onto cell bodies of pyramidal neurons. GAD was detected using the HRP-DAB as the immunolabel. This

approach revealed darkened puncta forming axosomatic synapses onto cell bodies in the PCL of the dorsal hippocampus. Arrows point to the lateral edges of GAD

puncta, while red asterisks indicate portions of the plasma membrane that are contacted by astrocytic processes instead of GAD terminals. Such interdigitation of

GAD terminals and astrocytes is evident along the cell body plasma membrane of neurons #1, #2, and #3 surrounding their cytoplasms “Cyto 1,” “Cyto 2,” and “Cyto

3”, respectively from the hippocampus of an ABA animal in panel A and from a CON animal in panel B. “Nuc” = nucleus of each cell. Bar = 1 μm. (C) The comparison

of the mean number of GAD-immunoreactive terminals encountered per μm of plasma membrane length. This value was not significantly different between ABA

and CON, although ABA’s value differed significantly from FR’s. (D) The group mean values of GAD terminal lengths encountered. The experience of ABA significantly

augmented this value, relative to CON. (E) The percent of the plasma membrane contacted by GAD terminals. This value did not differ significantly between CON and

ABA, but all groups’ values’s differed significantly from FR’s. All bars represent mean ± SEM values. *P < 0.05; #0.1 ≥ P > 0.05.
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ABA increases the expression of extrasynaptic α4δ-containing
GABAARs, although this analysis was undertaken for dendrites
in stratum radiatum, only, and not at cell bodies (Aoki et al.
2012, 2014; Aoki, Chen et al. 2017).

Unsilencing GABAergic Synapses
mIPSC frequency analysis revealed a significant increase
induced by ABA, relative to CONs, yet direct observation of GAD
innervations by EM indicated that the number of GAD term-
inals forming synapses onto pyramidal cell bodies is not

detectably increased but, instead, trends towards a decrease by
about 25%. mIPSC events are only detected for synapses
expressing GABAARs postsynaptically, while GAD-EM does not
distinguish synapses with GABAARs from those without. The
rise of mIPSC events without apparent change in the number of
GABAergic contact sites at cell bodies could be due to changes
in GABAR subunit composition. Specifically, switching of α4
subunits of GABAAR with α1 subunits could bring more GABARs
from extrasynaptic sites to synapses, where they would be
included in mIPSC analyses.

Such subunit composition switch or the addition of
GABAARs to GABAergic axon terminals’ contact sites previously
lacking GABAARs could convert nonfunctional synapses to
become functional. The idea that some synapses may lack
postsynaptic receptors is not novel. Termed “silent synapses”
(“S” in Fig. 7), the concept was introduced for excitatory synap-
ses (Atwood and Wojtowicz 1999). Although presynaptically
silent GABA synapses have been reported (Bekkers 2005), these
are conceptually like the extrasynaptic GABARs. To the best of
our knowledge, the existence of silent GABAergic synapses due
to the absence of postsynaptic receptors is novel. We previ-
ously showed that apical dendrites of the ventral hippocampus
of CON tissue undergo robust elaboration during adolescence,
only to be pruned back by late adolescence (~P55) and that
these changes are hastened by ABA induction (Chowdhury,
Barbarich-Marsteller et al. 2014). It may be that unsilencing of
GABAergic synapses is a maturational process also hastened by
ABA, to take on characteristics resembling the state at P55.
Studies are under way to assess the levels of GABAARs at axo-
somatic synapses of ABA versus CON tissue.

Contribution of GABAergic Synapses at Dendrites in the
ABA-Induced Changes

We previously also showed that apical dendrites of pyramidal
neurons in the dorsal hippocampus of mice undergo GABAergic
synapse remodeling that are detectable following 2 ABA induc-
tions: those individuals that are resilient, based on reduced
hyperactivity, show greater percentage of apical dendrites
innervated by GABAergic axon terminals, while those exhibit-
ing hyperactivity that persists through both ABA inductions
exhibit GABAergic innervation that is no different from CON’s
(Chowdhury et al. 2013). In another study that examined the
hippocampus of mice after only one ABA induction during

Figure 5. The extent of enlargement of GAD terminals following the experience

of ABA correlates strongly with ABA resilience, measured as minimization of

weight lost during the food-restricted days. ABA resilience was quantified as

the minimalization of weight loss due to food restriction. The individual mean

values of GAD terminal lengths varied by approximately 15% above and below

the group mean value. These differences correlated significantly with individ-

ual differences in body weight lost, relative to the body weight on the day that

food restriction began, which was ED 5 (A), or as absolute difference in grams of

body weight lost (B), or the extent of body weight lost during the last day of

food restriction, on ED 8 (C). Although the percent of plasma membrane con-

tacted by GAD terminals did not differ between ABA and CON, individual differ-

ences in this value correlated somewhat with the weight lost during the 4 days

of food restriction (D). Although animals that underwent food restriction without

exercise (FR) also exhibited individual differences in weight loss, these values did

not correlate with individual differences in GABAergic innervation (E–H).

Figure 6. The extent of enlargement of GAD terminals following ABA correlates

with ABA resilience, measured as the extent of wheel running. Food restriction-

stress resilience was quantified based on suppression of wheel activity.

Individual mean values of GAD terminal lengths correlated with individual dif-

ferences in wheel running from ED 2 through 7: those animals that ran mini-

mally exhibited the greatest mean lengths of GAD terminals. This correlation

approached significance (P = 0.07). In contrast, although the EX group of ani-

mals also exhibited individual difference in mean GAD terminal lengths and

wheel running, these values did not correlate.
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adolescence but following a week of recovery showed that this
experience was not sufficient to induce increases in GABAergic
innervations of dendrites, relative to CONs (Chen, Surgent et al.
2017). It remains to be determined whether apical dendrites of
adolescent rats exhibit increases in GABAergic synapses with
pre- and postsynaptic specializations immediately after only
one ABA induction, but we think this is unlikely, based on the
observations described above. If ABA does evoke an increase in
the number or size of GABAergic synapses along distal den-
drites by the end of one ABA induction, this could also contrib-
ute to the increase in mIPSC frequency and GABA-evoked
current.

The Effects of Food Restriction and Exercise in ABA are
not Additive

FR alone and EX alone also reduced mIPSC amplitude, yet EM
indicated that GAD terminals were lengthened for FR and EX
animals. These opposite patterns suggest that FR and EX

promote growth of GABAergic terminals but without the con-
comitant increase of postsynaptic GABAARs. Matching this phe-
nomenon, previous studies indicate that BDNF has a bimodal
role for GABAergic innervation: it can promote development
(Mizuno et al. 1994; Marty et al. 1996; Jiao et al. 2011) but also
suppress GABAergic synaptic transmission, once the synapses
are mature (Mizuno et al. 1994; Tanaka et al. 1997; Mizoguchi
et al. 2003). It is possible that BDNF is the agent promoting both
the lengthening of GABAergic axon terminals and removal of
GABAARs postsynaptically within brains of FR and EX groups.

Although ABA combines food restriction with exercise, the
effects of food restriction and exercise were neither additive
nor synergistic in terms of mIPSC amplitude change. Instead,
ABA minimized the reduction of mIPSC amplitude that was eli-
cited by the FR and EX groups. Why ABA does not exhibit a pat-
tern similar to FR and EX’s remains a mystery. Similarly,
although ABA increased mIPSC frequency, this effect was not
detected in the FR or the EX group. Pyramidal neurons of FR
and EX groups also exhibited no change in response to GABA

Figure 7. Summary of anatomical findings combined with electrophysiological data. Gray disks depict GABAergic axon terminals, while black and light gray dots

depict GABAAR clusters. Arrows point to extrasynaptic receptors, while S depicts silent synapses. EM revealed that food restriction and exercise both decrease the

number of GABAergic axon terminals surrounding pyramidal cells, relative to control tissue but that the combination of the 2 treatments (ABA) does not decrease

GABAergic axon number by as much (Fig. 4C). These changes are depicted by the number of disks surrounding the pyramidal cells of the 4 treatment groups. The

changes in GABAergic terminal length (Fig. 4D) and percent of cell body plasma membrane contacted by GABAergic terminals (Fig. 4E) are also depicted with the disks.

In spite of the slight decrease in GABAergic axon number within ABA brains, relative to Controls’, mIPSC frequency is increased by ABA induction (Fig. 3D). The addi-

tional mechanism giving rise to the increase in mIPSC frequency could be a change in the proportion of GABAergic axon terminals facing GABAAR clusters, rendering

these contact sites fully functional (unsilenced). These fully functional GABAergic synapses are depicted by the number of disks surrounding pyramidal cell bodies

that are matched by postsynaptic GABAARs. In contrast, those axon terminals that are not matched by GABAARs would be silent (S). Such unsilencing of GABAergic

synapses following ABA induction fits with the increase in mIPSC frequency, in spite of the decrease in the number of GABAergic terminals. Electrophysiological data

indicate that GABA-evoked response is augmented within ABA brains, even though the number of GABAergic axon terminals (Fig. 3C) and mIPSC amplitude (Fig. 2D)

are decreased by ABA. Since mIPSCs only record synaptically located GABAAR activity, the increase in GABA-evoked response may be due, in part, to the increase of

extrasynaptic GABAARs (arrows pointing to dots on Control and ABA cells but also present for Food Restriction and Exercise cells). Extrasynaptic GABAARs are often

comprised of distinct subunit compositions. This putative difference in subunit composition is depicted by the mixture of black and gray dots. mIPSC tau decay was

significantly increased by food restriction alone, exercise alone and by the combination of the 2 treatments. This could be due to GABAAR subunit switching, such as

the α4 subunits that displace α1 subunits. This idea is also depicted by the admixing of gray (putatively α4βδ-GABAAR) and black (putatively the α1βγ-GABAAR) dots.

Individualized EM analyses (Figs 5 and 6) suggest that the resilient individuals (“R,” right half of the ABA cell body) exhibit lengthened GABAergic terminals and

greater percent contact onto pyramidal cell bodies, relative to the vulnerable ones (V in Fig. 7’s ABA cell), which are anatomically more like Control cells.
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application, compared with CON’s, even though their mIPSC
amplitudes were significantly less than ABA’s and CON’s. This
change, combined with the lengthened mIPSC decay constants
of FR and EX groups, relative to CON’s could reflect a switch in
subunits of GABAARs at synapses from those containing α1 sub-
units (black dots in Fig. 7) (Goldstein et al. 2002) to other α-sub-
units (Eyre et al. 2012), including a α4 subunits (gray dots at
synapses), which could increase responsiveness to bath-
applied GABA, even with lower GABAAR density per synapse
(mIPSC amplitude data) by reducing receptor desensitization
(Liang et al. 2004).

The Impact of GABAergic Plasticity on Behavior

The individualized EM analysis was able to reveal GABAergic
synaptic changes correlating with individual differences in the
suppression of wheel running and with minimized weight loss.
Unfortunately, we could not assess correlation between
electrophysiological data and individualized differences in the
suppression of wheel running or weight loss. This is because
our sampling from each brain that was allotted to electrophysi-
ological analysis was limited to a few pyramidal cells. Based on
our EM data, we have learned that a minimum of 5 cell bodies
or 100 synapses per animal must be sampled before we obtain
an averaged value that is representative of that brain region of
that animal for then subjecting to correlational analysis with
individualized behavioral or weight loss data.

Comparison of the averaged values of the ABA and CON
groups revealed an increased GABA response (Fig. 2C) through
increased expression of GABAARs (Aoki et al. 2014), together
with increased GAD terminal lengths (Fig. 4D). These changes
could augment vesicular release sites of GABA and dampen
excitability of the hippocampus more. This may reduce
anxiety-like behavior that drives excessive wheel running
(Wable, Min et al. 2015), since hippocampus participates in anx-
iety regulation (Huttunen and Myers 1986; Kataoka et al. 1991;
Talaenko 1993; Smith and Woolley 2004; Shen et al. 2007).
Alternatively, since the correlation between GABAergic synapse
length and body weight retention is greater than it is with
wheel running, perhaps a more likely scenario is that boosting
of GABAergic synapse strength somehow enables better weight
retention in the face of FR, and the reduction of weight loss les-
sens the drive, in the form of anxiety and/or stress, to run on
the wheel. In support of this idea, wheel running has been
shown to be correlated tightly with anxiety that animals expe-
rience during FR (Wable, Min et al. 2015).

Although individual differences in the extent of weight loss
was noted for the FR group, and the EX group exhibited a wide
range of wheel running activity, these individual differences
did not correlate with their GABAergic innervation pattern.
Together, these findings indicate that the combination of food
restriction stress and the opportunity to exercise voluntarily
can both exacerbate weight loss but also promote GABAergic
synapse plasticity. In another study that examined the behav-
ioral responses of adolescent female mice to repeated FR, we
noted that the proportion of individuals exhibiting ABA vulner-
ability dropped from 80% to 50% (Chowdhury et al. 2013). The
present finding offers one mechanism underlying the gain of
resilience—that is, enhanced GABAergic inhibition of the dorsal
hippocampus—that occurs by the end of the first exposure to
ABA and is likely to persist past weight restoration, thereby
providing protection against a repeated exposure to the stress
associated with FR.

Based on the connectivity of the hippocampus with polysen-
sory cortical, thalamic and amygdaloid regions, the gain in
resilience against FR stress during midadolescence may offer
protection against other forms of stress subsequently. This is
an important question for which research is underway. On the
other hand, dampening of hippocampal excitability may also
lead to negative consequences. In healthy individuals, the hip-
pocampus provides negative feedback to the hypothalamus–
pituitary–adrenal cortex (HPA) axis, thereby preventing HPA
hyperactivity. Might GABAergic suppression of hippocampal
excitability perturb the negative feedback of the HPA? Indeed,
CRH-mRNA in amygdala and blood corticosterone levels are
elevated in the bodies of adult animals that experienced ABA
as adolescents (Kinzig and Hargrave 2010). The hippocampal
negative feedback is impaired following mild chronic stress
due, in part, to the up-regulation of the mineralocorticoid
receptor-nNOS pathway, and this is associated with the genera-
tion of depressive-like behavior (Zhu et al. 2014). Although
nNOS is expressed by GABAergic interneurons in the hippo-
campus, we have not observed depressive-like behavior in
mice that have undergone 2 rounds of ABA (based on immobil-
ity time in the tail suspension test, unpublished observations).
This difference in the link to depressive-like behavior could be
due to the nature of stress, presence of wheel, among other fac-
tors. It would certainly be of value to examine the functional
connectivity between the hippocampus and the HPA axis,
which is a well-studied topic (McEwen et al. 2015) but not yet
applied to the animal model of ABA.

Although our study focused on the dorsal hippocampus,
many additional brain regions, including the ventral hippocam-
pus, amygdala, prefrontal cortex, are likely to also undergo
changes following ABA, since these brain regions undergo
changes following other forms of stress. We have examined these
additional brain areas anatomically (Wable et al. 2014; Chen et al.
2016; Aoki, Chen et al. 2017) but not electrophysiologically.

General Remarks

Although best effort was made to combine electrophysiology
with EM analysis, we acknowledge that some of the observa-
tions that reached only trend levels may have been due to lim-
ited sampling. Conversely, effects that reached statistical
significance, in spite of such limited sample sizes may repre-
sent particularly strong environmental effects. Neuronal activ-
ity, as assessed by cFos immunoreactivity in dentate gyrus of
the dorsal hippocampus, correlates tightly with wheel running
distance 90min before euthanasia (reviewed in Rendeiro and
Rhodes 2018). Whether pyramidal cells in the dorsal hippocam-
pus also show such correlation remains to be determined.
Future studies that examine neuronal activity in vivo would
greatly enhance our understanding of the relationship between
voluntary wheel running, weight retention and hippocampal
excitability under conditions of stress.

All 4 groups of animals were reared in isolation. Thus, it is
necessary that we interpret the environmental effects of FR
and EX, alone or in combination, as being additive to the stress
associated with social isolation. With this caveat in mind, our
findings suggest the utility of pharmacological treatments tar-
geting hippocampal GABARs, including the extrasynaptic α4-
containing GABAARs that respond to ambient levels of GABA
(Shen et al. 2007). Whether GABAergic plasticity of the type that
we observed is specific to midadolescence or to the hippocam-
pus are among many questions that remain to be studied.
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Clinical Significance

AN is a mental illness with high mortality rate, surpassing that
of depression (Sullivan 1995; Nielsen et al. 1998; Birmingham
et al. 2005; Arcelus et al. 2011). The illness is also associated
with life-long struggles, with relapses greater than 30%
(Steinhausen 2002; Smink et al. 2013) and still without accepted
pharmacological treatments. ABA is an animal model that cap-
tures AN’s maladaptive behavioral hallmarks—excessive exer-
cise plus voluntary food restriction—but also individual
differences in resilience to the stress associated with food
restriction and weight loss. Using adolescent female rats in this
model, we uncovered plasticity in the GABAergic system of dor-
sal hippocampus only of rats exhibiting resilience, measured
based on suppressed wheel running and suppressed weight
loss that are evident by the fourth day of food restriction-
stress. These findings provide clues regarding individual differ-
ences in stress resilience and therapeutic interventions to help
vulnerable individuals.
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