fg)%
S

O

,NS

N4

NIH Public Access

Author Manuscript

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

2 Hepst

Published in final edited form as:
Neuroscience. 2014 April 18; 265: 108-123. doi:10.1016/j.neuroscience.2014.01.011.

<alpha>4-containing GABA receptors at the hippocampal CA1l
spines is a biomarker for resilience to food restriction-evoked
excessive exercise and weight loss of adolescent female rats

Chiye Aokil”", Gauri Wablel, Tara G. Chowdhury!, Nicole A. Sabaliauskas?, Kevin
Laurino?3, and Nicole C. Barbarich-Marsteller2:3

1Center for Neural Science, New York University, New York, NY 10003

2Department of Psychiatry, College of Physicians and Surgeons of Columbia University, New
York, NY 10032

SDepartment of Psychiatry, New York State Psychiatric Institute, New York, NY 10032

Abstract

Anorexia nervosa (AN) is a psychiatric illness characterized by restricted eating and an intense
fear of gaining weight. Most individuals with AN are females, diagnosed first during adolescence,
40% to 80% of whom exhibit excessive exercise, and an equally high number with a history of
anxiety disorder. We sought to determine the cellular basis for individual differences in AN
vulnerability by using an animal model, activity-based anorexia (ABA), that is induced by
combining food restriction (FR) with access to a running wheel that allows voluntary exercise.
Previously, we showed that by the 4! day of FR, the ABA group of adolescent female rats exhibit
> 500% greater levels of non-synaptic a4p6-GABAARSs at the plasma membrane of hippocampal
CAL pyramidal cell spines, relative to the levels found in age-matched controls that are not FR and
without wheel access. Here, we show that the ABA group exhibits individual differences in body
weight loss, with some losing nearly 30%, while others lose only 15%. The individual differences
in weight loss are ascribable to individual differences in wheel activity that both precedes and
concurs with days of FR. Moreover, the increase in activity during FR correlates strongly and
negatively with a4p6—GABAAR levels (R= - 0.9, p<0.01). This negative correlation is evident
within 2 days of FR, before body weight loss approaches life-threatening levels for any individual.
These findings suggest that increased shunting inhibition by a4p6—-GABAARS in spines of CA1
pyramidal neurons may participate in the protection against the ABA-inducing environmental
factors of severe weight loss by suppressing excitability of the CA1 pyramidal neurons which, in
turn, is related indirectly to suppression of excessive exercise. The data also indicate that, although
exercise has many health benefits, it can be maladaptive to individuals with low levels of a4p&
-GABAARSs in the CA1, particularly when combined with FR.
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1. INTRODUCTION

Anorexia nervosa (AN) is a psychiatric illness characterized by restricted eating and an
intense fear of gaining weight, even when the patient is severely under-weight. AN has one
of the highest mortality rates among mental illnesses (10-20%) (Sullivan, 1995, Birmingham
etal., 2005, Bulik et al., 2007), even surpassing depression. There are no accepted
pharmacological treatments for AN (Powers and Bruty, 2009, Aigner et al., 2011, Barbarich-
Marsteller et al., 2012), as its etiology remains unclear. However, the epidemiology of AN
provides clues about the biological basis of the disease. No less than 40% and as many as
80% of individuals with AN exhibit excessive exercise (Davis et al., 1999, Hebebrand et al.,
2003) that often precedes the formal diagnosis (Davis et al., 1997). Equally many also have
a history of anxiety disorders (Kaye et al., 2004, Dellava et al., 2010, Thornton et al., 2011).
The first onset of AN is most commonly at puberty, with 90 to 95% of the cases occurring
among females (DSM-5) (APA, 2013), indicating that anorexic behavior during this pivotal,
final stage of brain development may be associated with ovarian hormone surges of puberty
that perturb anxiety regulation. Still, it is perplexing why only 0.9% of the female population
is diagnosed with AN during their lifetime (Hudson et al., 2007), when nearly all females
experiment with dieting during adolescence (Lucas et al., 1991). We sought to determine the
cellular basis for the individual differences in AN vulnerability by using an animal model,
activity-based anorexia (ABA).

The rodent ABA model captures two hallmarks of AN. One is voluntary excessive exercise,
which is evoked by imposition of food restriction. The other is voluntary food restriction, as
the food restricted animals paradoxically begin to choose exercise over feeding, even during
the period of food access. When the ABA-inducing environment is imposed upon adolescent
female rats, this combination of behaviors leads to severe body weight loss and mortality,
unless removed from the ABA-inducing environment by around the fifth day (Routtenberg
and Kuznesof, 1967, Barbarich-Marsteller et al., 2013, Chowdhury et al., 2013, Gutierrez,
2013). Adolescent female rats placed in an ABA-inducing environment for four days exhibit
a 500% greater level of non-synaptic a4p&6-GABAA receptors (a4p5—GABAARS) at
dendritic spines of CA1 pyramidal cells, relative to controls (Aoki et al., 2012). Since the
hippocampus plays an important role in anxiety regulation (Huttunen and Myers, 1986,
Kataoka et al., 1991, Talaenko, 1993), this increase would be expected to reduce excitability
of CA1 pyramidal cells and the animal’s anxiety level. However, this rise could alternatively
have exacerbated the stress-induced anxiety through desensitization of these receptors in
CAL1 by allopregnanolone, since allopregnanolone occurs naturally at puberty onset (Shen et
al., 2007, Shen et al., 2010), thereby promoting excessive exercise. This study aimed to
determine whether the rise of a4p6-GABAARSs is causal to the animal’s hyperactivity and
to also explore the possibility that a4p6-GABAARS increased as a result of hyperactivity.
In order to understand the relationship between hyperactivity and a4 subunit expression, we
analyzed the relationship between a4p6-GABAAR expression and wheel activity and also
examined brains of animals at an earlier time point of ABA induction, when only half of the
animals have begun to exhibit the food restriction-evoked hyperactivity. Results indicate
that heightened levels of a4p6—GABAARS are not evoked by hyperactivity but instead,
found within brains of animals with the minimal levels of food restriction-evoked
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hyperactivity. This relationship is consistent with the interpretation that a4p6—-GABAAR
expression is a biomarker for a mechanism conferring protection against food restriction-
evoked excessive exercise and weight loss.

2. MATERIALS AND METHODS

2.1 Materials

The goat antibody directed against the a4 subunit of GABA, receptors (GABARS) was
purchased from Santa Cruz Biotechnology (Dallas Texas, catalog #SC-7355). This antibody
recognizes a single 67kD band by Western blotting (Sanna et al., 2003, Griffiths and Lovick,
20053, Griffiths and Lovick, 2005b, Shen et al., 2007). Preadsorption of the antibody with a
synthetic peptide corresponding to the antigenic site (catalog #SC-7355p from Santa Cruz)
greatly reduces immunoreactivity, as was confirmed previously by light and electron
microscopy (Aoki et al., 2012, Sabaliauskas et al., 2012) and by Western blotting (Sanna et
al., 2003). Application of the antibody onto the hippocampus of female mice with genetic
deletion of the a.4 subunit also yields much lower levels of immunolabeling, compared to
the hippocampus of wildtype age-matched female mice (Sabaliauskas et al., 2012). Genetic
deletion of the a4 subunits reduces the membranous expression of & subunits at the CA1
spines, confirming that a4 and & subunits are partners in native GABA receptors at CAl
spines and that the immunocytochemical detections of a4 (and & subunits) in the CAl
pyramidal cells reflect the presence of a4p6-GABAaRS (Sabaliauskas et al., 2012).
Specificity of both the membranous and cytoplasmic pools of a4-labeling was ascertained
through the exhaustive controls described above (Aoki et al., 2012, Sabaliauskas et al.,
2012).

The secondary antibody was rabbit anti-goat 1gG, conjugated to 0.8 nm colloidal gold
(catalog #25220 from Electron Microscopic Sciences, Hatfield, PA). The silver-
intensification kit used to enhance 0.8 nm colloidal gold particles was purchased from KPL
(Kirkegaard & Perry Laboratories, Inc., Gaithersburg Maryland).

Epoxy resin, grids, fixatives and most electron microscopic supplies were purchased from
Electron Microscopic Sciences, while chemicals, such as bovine serum albumin, buffers and
salts were purchased from Sigma Chem (St. Louis, MO).

2.2. ABA induction and behavioral controls

This study describes data obtained from two sets of data: those data obtained from animals
that underwent four days of ABA induction and euthanized on P44 and another set of data
from animals that underwent two days of ABA induction and were euthanized on P42. The
electron microscopic immunocytochemical data from the P44 set of tissue were described
earlier (Aoki et al., 2012) but were re-analyzed in this study, for further analysis of the
relationship to individual animal’s wheel running activity. The ABA induction and methods
for electron microscopic data collection from brains of animals euthanized on P42 were
never presented previously and therefore, are described in detail here.

ABA induction of the P42 group of animals was as described earlier for the P44 group of
animals (Aoki et al., 2012), except that the animals were euthanized two days earlier.
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Sprague-Dawley female rats were purchased as a group of 8 to 12 from Taconic Farms and
delivered to the New York State Psychiatric Institute’s animal facility on postnatal day 21
(P21). Upon arrival, animals were individually housed in a reverse 12 hour dark: 12 hour
light cycle in the absence of males. From P36 through P42, body weight, food intake, and
wheel activity (where applicable) were measured daily within 20 minutes prior to the dark
cycle. On P36, each group of 8 to 12 rats that were delivered together were divided into 4
treatment groups: 1) Control (CON, N=8): 24 hour per day food access with no wheel
access; 2) Exercise (EX, N=7): 24 hour per day food and wheel access; 3) Food-restricted
(FR, N=8): 1 hour per day food access with no wheel access; 4) Activity-based anorexia
(ABA, N=8): 1 hour per day food access and 24 hour per day wheel access. Animals with
access to a running wheel (EX and ABA) were housed in a standard home cage with an
activity wheel attached (Med Associates, Inc., St. Albans, VT). Baseline wheel activity with
24 hour per day access to food was recorded for the EX and ABA groups on P37-P39;
activity was quantified based on the number of wheel rotations per day, which was
converted to km of running per day. On P40, restricted food access began for FR and ABA
groups, with animals receiving unlimited access to food for 1 hour per day at the onset of the
dark cycle. On P42, animals of all four groups were anesthetized, and then euthanized by
transcardial perfusion with fixatives, to collect brain tissue. All procedures were in
accordance with the protocols approved by the Institutional Animal Care and Use
Committees of the New York State Psychiatric Institute, Columbia University and New
York University and adhered to the NIH Guide for the Care and Use of Laboratory Animals
(8t Edition, 2011). The animals’ estrous cycles were not monitored, because the cycles
become disrupted by food restriction (Dixon et al., 2003) and are not yet fully developed at
this age (Hodes and Shors, 2005).

2.3. Brain tissue preparation

Brain tissue was fixed by transcardial perfusion with fixatives within 2 to 4 h prior to the
light-to-dark transition. Prior to perfusion, all animals were deeply anesthetized using
urethane (34%; 0.65 — 0.85 cc/185 g body weight, i.p.). Animals were transcardially
perfused with 50 ml of saline containing heparin (4000 U/liter) at a flow rate of 50 ml/min.
This was followed, without interruption, by perfusion with 500 ml of 4% paraformaldehyde,
buffered with 0.1M phosphate buffer (pH 7.4), at a flow rate of 50 ml/min over a 9 min
period.

Within 30 min following transcardial perfusion, the entire brain was extracted from the
skull. The left hemisphere was post-fixed for up to 9 hours in the same fixative solution used
for perfusion. Coronal brain sections containing the hippocampal formation were prepared
using a vibratome, set to a thickness of 40 to 60 pum. These sections were stored at 4°C,
suspended in a buffer solution consisting of saline (0.9% w/v NaCl), buffered with 0.01M
phosphate buffer (pH 7.4) and containing 0.05% w/v sodium azide to prevent bacterial
growth (PBS-azide).

2.4. Immunocytochemistry

Immunocytochemistry was performed to detect a4 subunits of GABARs within the
hippocampus of the rats, as was described previously (Aoki et al., 2012, Wable et al., in
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press). The vibratome sections from all animals were processed strictly in parallel so as to
ensure that the conditions for tissue processing were equalized with respect to exposure time
to immunoreagents, ambient temperature, concentrations of the reagents, and chemical
quality. The entire ICC procedure was repeated three times to verify that the
immunolabeling pattern remained consistent across experimental runs.

The anti-a4 subunit antibody solution was diluted to 2 ng/ml (1:100), using PBS-Azide with
1% bovine serum albumin (PBS-BSA-Azide) as the diluent buffer. Incubation of sections in
the primary antibody solution was for 3 days at room temperature under constant agitation.
The secondary antibody used to detect binding of the primary antibody was donkey anti-goat
IgG, conjugated to 0.8 nm colloidal gold, diluted to be 1:100. Incubation in this secondary
antibody was overnight at room temperature and under constant agitation. Tissue was post-
fixed for 10 min at room temperature, using 2% glutaraldehyde in PBS (pH 7.4) as the
fixative. In order to prepare these sections for silver-intensification, which enlarges the 0.8
nm colloidal gold particles to sizes large enough to be detectable under the electron
microscope, sections were immersed for 2 min in citrate buffer (pH 7.4, 0.1 M), then
immersed in the silver-intensification solution for 12 min at room temperature. The silver-
intensification step was terminated by rinsing for 1 min in the citrate buffer, then in PBS.
These sections were processed through the osmium-free steps of fixation so as to avoid loss
of silver-intensified gold particles (SIGs) by oxidation. The osmium-free steps involved
exposure to tannic acid, iridium tetrabromide, and uranyl acetate, as was described
previously (Shen et al., 2010). Ultrathin sections were prepared from vibratome section
surfaces and oriented tangentially to the vibratome section surface so as to maximize capture
of surface-most portions of vibratome sections, where exposure to the immunoreagents
would be maximal.

2.5. Electron microscopic quantification

All parts of the quantitative analysis, including image acquisition, were conducted with the
experimenter blind to the animals’ environmental treatments.

Dendritic spines of the CA1 hippocampal pyramidal cells were subjected to quantitative
electron microscopic analyses. Dendritic spine profiles within ultrathin sections spanning
stratum radiatum of the CA1 field of the dorsal hippocampus were identified as oval
profiles, approximately 0.5 to 1 um in diameter at the greatest diameter, free of
microtubules, vesicles or mitochondria, with a characteristic narrowing of the profile to less
than 0.25 pum (the spine neck), and with a thick postsynaptic density (PSD) along the portion
of the plasma membrane that is apposed to an axon terminal containing numerous vesicles.
So as to maximize immunodetection, care was taken to sample portions of the vibratome
section that were within 1 um deep from the surface, where exposure to the immunoreagents
would be maximal. Vibratome section surface, as opposed to cracks in tissue created during
the steps subsequent to incubation with antibodies, was identified by the characteristic
serrated surface formed by the vibratome blade as it cuts through brain tissue. We evaluated
all morphologically identifiable spinous profiles strictly in the order that they were
encountered along the surface of vibratome sections so as to avoid bias in the sampling
procedure. Analysis was terminated at the point of encountering the 200t spine profile.
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Although most labeled spines contained only one SIG particle, we sought to capture any
potential change in the level of a4-immunoreactivity that could be evoked by the
environmental condition. To this end, two counting procedures were performed. One was to
measure the number of SIG particles associated with spines, so as to assess differences in
levels of immunoreactivity. The number of SIG particles associated with spines was
assessed for a group of 10 spines, analyzed strictly in the order of encounter. This
assessment was repeated 20 times per animal (i.e., total of 200 spines per animal), to obtain
a mean value of SIG occurring per 10 spines. The other counting procedure was to assess the
proportion of dendritic spine profiles immunolabeled for the a4 subunit, using spines (rather
than SIG particles) as units of counting and disregarding the level of immunoreactivity per
spine. In other words, any single spine profile was categorized as labeled, so long as it
contained 1 or more SIG particles. For the assessment of the proportion of spines labeled,
we counted the number of spines labeled for every group of 10 spines, strictly in the order
that we encountered them. This assessment of the proportion of spine profiles labeled was
repeated 20 times per animal, to obtain a mean value of 20 assessments, representing the
analysis of 200 spine profiles per animal.

Occasionally, a single spine profile from the ABA tissue contained more than 1 SIG particle
(Fig. 1C and D). To assess the level of immunoreactivity at spines, the number of SIG
particles per group of 10 spine profiles was determined. This procedure was also repeated 20
times, to obtain a mean value representing the analysis of 200 spine profiles.

Receptor subunits occurring at sites removed from the plasma membrane are not functional,
but they can represent the reserve pool that is recruited rapidly to the plasma membrane.
Therefore, a subset of immunolabeled spine profiles that exhibit membranous labeling and
specifically along the extracellular surface (as the epitope recognized by the antibody was
within the extracellular domain (Sabaliauskas et al., 2012)) were sub-categorized as ‘Spines
Labeled Membranously’ among the total number of spines that were labeled either at the
plasma membrane or in the cytoplasm (Fig. 1).

Similarly, the SIG particles occurring specifically at the plasma membrane were counted in
a subcategory distinct from those occurring cytoplasmically or along the intracellular surface
of the plasma membrane. SIG particles were categorized as intracellular when they were
displaced from the extracellular surface of the plasma membrane by greater than 20 nm
(equal to the thickness of a unit membrane) at a direct magnification of 40,000x. Examples
of SIG particles categorized to be occurring intracellularly are shown in Fig. 1A and D
(white arrows).

In summary, six types of quantifications were performed for tissue from each animal,
generating the following mean values: the proportion of spine profiles labeled at the
extracellular surface of the plasma membrane (*‘membranous spine labeling’); the proportion
of spine profiles labeled intracellularly (‘intracellular spine labeling’); the proportion of
spine profiles labeled anywhere (‘total spine labeling’ = membranous or intracellular); the
number of SIG particles localized to the extracellular surface of the plasma membrane of
spinous profiles (‘membranous SIG labeling’); the number of SIG particles occurring
intracellularly (“intracellular SIG labeling’); and the number of SIG particles occurring
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either at the plasma membrane or intracellularly of spinous profiles (‘total SIG labeling’).
The mean values of these six types of spine labeling were obtained for each animal.

2.6. Quantification of ABA-induced physiological changes

ABA induces body weight loss as well as hyperactivity (Aoki et al., 2012). ABA
vulnerability was measured using the following measurements of body weight changes: (i)
Grams of body weight loss during the days of food restriction. For the animals that were
euthanized on P42, this value corresponded to body weight loss from P40 to P42,
corresponding to experimental days 4 and 5, relative to baseline at the beginning of
experimental day 3 (P40), where baseline equaled the body weight measured after three full
days of access to the wheel; and (ii) Percent of body weight loss, relative to baseline. For
animals that were euthanized on P44, this value corresponded to body weight loss in grams
and percent, from P40 to P44, corresponding to experimental days 4, 5, 6 and 7, relative to
baseline at the beginning of experimental day 3 (P40).

In order to assess individual differences in wheel activity among the ABA group of animals,
the following three measurements were made: (i) Wheel activity during the 2 days preceding
FR (“Pre FR”, corresponding to experimental days 2 and 3 and ages P38 to P40). (ii) Wheel
activity during the 2 days of food restriction (“Post FR”), which, for the P42 group,
corresponded to experimental days 4 and 5 and which, for the P44 group, corresponded to
experimental days 4, 5, 6 and 7. For the P44 group, we also analyzed wheel activity during
the first 2 days of food restriction (experimental days 4 and 5, corresponding to ages P40 to
P42) together and separately from the last 2 days of food restriction (experimental days 6
and 7, corresponding to ages P42 to P44). (iii) Food restriction-induced increase in wheel
activity (“Post Minus Pre FR”); (iv) Total wheel activity (“Pre plus Post FR). Wheel
activity was measured in units of km.

2.7. Statistical analyses

In order to test the hypothesis that a4 expression within spines contributes to a mechanism
that suppresses food restriction-evoked hyperactivity or body weight loss, regression
analyses were run, using the software Statistica 64 to identify predictors of variables.
Multiple regression analysis was performed to determine the relative contributions made by
multiple predictors for a variable. An unpaired t-test was used to determine the significance
of difference of mean values of two independent groups. ANOVA, followed by Fisher’s post
hoc analysis, was used to determine the significance of the differences among the means of
three groups. Tukey’s post hoc test was run when comparing the significance of the
difference of the mean values among four or more groups. For all tests, p<0.05 was defined
as significant. All of these tests were preceded by a test for normality, using the
Kolmogorov-Smirnov and Lilliefors test for normality and the Shapiro-Wilk’s W test. All
variables were found to be normally distributed. 3.
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3. RESULTS

3.1. Ultrastructural localization of GABAAR a4 subunits within stratum radiatum of the
hippocampal CAl at P42 reveals specific labeling at dendritic spines receiving excitatory

synapses

The hippocampal CA1 of P42 animals were analyzed for the ultrastructural localization of
GABAAR a4-immunoreactivity, as was conducted earlier for the P44 brain tissue (Aoki et
al., 2012). Silver-intensified gold particles (SIG) reflecting immunoreactivity to the a4
subunit of GABAARS were readily detectable as irregularly shaped electron-dense clusters
exceeding 20 nm in diameter. Control experiments (See Methods section 2.1) revealed that
SIG particles occurring at both the cytoplasmic and the plasma membrane domains reflect
specific labeling.

Within stratum radiatum of the CAL, these SIG particles occurred abundantly in the
cytoplasm of dendritic shafts. It has been established that native GABAARS containing a4
subunits consist of two a4’s in a pentamer with one & subunit, instead of a y subunit
(Araujo et al., 1998). The +y subunit is required for interaction with the GABAAR anchoring
protein, gephyrin (Huang and Scheiffele, 2008, Tretter et al., 2008). Accordingly,
immunoreactivity to a4 subunits of GABAARS in the stratum radiatum occurred at
membranous sites removed from symmetric, presumably inhibitory synapses (Nusser et al.,
1998, Wei et al., 2003). One consequence of the non-synaptic anchoring of a.4-containing
GABAARs is that these receptors can become localized to dendritic spines, which are target
sites for excitatory synaptic inputs (Shen et al., 2007, Aoki et al., 2012). As was observed in
these previous studies, immunoreactivity for the a4 subunit within the CA1 stratum
radiatum of this cohort of 8 ABA and 7 CON rats occurred along the extracellular surface of
the plasma membrane of dendritic spines, adjacent to portions exhibiting the postsynaptic
densities (PSDs) where glutamate receptors are anchored (Racz and Weinberg, 2013) (Fig
1). This spatial relationship to excitatory synapses enables shunting inhibition through
activation of a4-containing GABAARS by ambient GABA that diffuses beyond inhibitory
synapses (Shen et al., 2010). In order to determine the prevalence of a4-containing
GABARs at sites enabling shunting inhibition of excitatory synaptic inputs, the
ultrastructural analysis focused on quantifying the prevalence of GABAAR a4-
immunoreactivity at dendritic spines.

3.2. Correlation between a4-immunoreactivity at P44 and hyperactivity evoked by food

restriction

We previously reported that the ABA animals, as a group, exhibited > 500% greater a.4-
immunoreactivity in CA1 spines, relative to the values in the CA1 spines of CONSs, while
food restriction alone and exercise alone evoked modest increases that did not reach
statistical significance (Aoki et al., 2012).

Closer examination of the 9 ABA animals’ food restriction-evoked increases in activity
during the last 2 days of the 4-day food restriction period revealed strong correlation with
total (i.e., membranous and intracellular) a4-immunoreactivity in spines (R=- 0.72, p=0.02)
(Fig. 2C). This correlation was negative, meaning that animals exhibiting the greatest
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increase in wheel activity were the ones that exhibited the lowest levels of a4-
immunoreactivity. The correlation between wheel running and a4 immunoreactivity
increased during the food-restriction period, since an even stronger correlation was found
between the extent of activity on the last day and total spine labeling (membranous plus
cytoplasmic), using the number of SIG particles (R=- 0.79, p=0.01; Fig. 2F) as well as
proportion of spines labeled (R= - 0.73, p=0.02) as the units for counting. This strengthened
correlation of a4 immunoreactivity to the last day of activity may have reflected a change in
the running phenotype observed for 3 animals out the 9 ABA animals: these 3 animals had
been exhibiting extreme hyperactivity up to P42 (i.e., during the first 2 days of food
restriction), but reduced activity to moderate levels during the last 2 days of food restriction
(P42 to P44). These 3 animals exhibited intermediate levels of a4-immunoreactivity on P44,
like those of animals that had exhibited only moderate levels of running throughout the
entire food-restriction period (the green intermediate group in Fig. 5, for which two activity
profiles are shown in the right panel). This pattern suggests that some animals were able to
attain resiliency to ABA-induction (suppression of extreme hyperactivity and thereby less
body weight loss) through up-regulation of a4p6-GABAAR. Conversely, those animals that
could not respond to the ABA-inducing environment with an up-regulation of a4p36-
GABAAR were the most vulnerable to ABA-induction, as assessed by their extreme wheel
hyperactivity and severe body weight loss. The latter two variables — wheel running and
weight loss - were significantly correlated, as might be expected (R=0.74, p=0.022) (Fig.
2G).

The a4 labeling specifically at the membrane contributed to the negative correlation
between wheel running activity and a4 expression, since the membranous SIG labeling
correlated with the total distance that animals ran during the 7 days, starting from the pre-
food restriction wheel-acclimation through four days of food restriction, up to P44 (R= -
0.67, p<0.05; Fig. 2A). Membranous SIG labeling also correlated with the distance run
during the last (i.e., fourth, P44) day of food restriction (R=0.68, p<0.05) (Fig. 2B).

3.3. Correlation between a4-immunoreactivity at P44 and activity preceding food

restriction

Having observed that SIG labeling correlated with the total distance run, starting from the
pre-food restriction period to the end of the four days of food restriction (Fig. 2A), we
investigated the contribution made by the pre-food restriction period to the SIG labeling.
Correlation analyses indicated that individual differences in running were already present
prior to food restriction and that the two days preceding food restriction actually exhibited
the strongest correlation with membranous labeling at P44, measured five days later (R= -
0.82, p<0.01 for membranous SIG counts, Fig. 2E; R= - 0.81 and p=0.008 for the proportion
of spines labeled at the plasma membrane). A positive correlation was found between the
activity preceding food restriction with the average activity during the four days of food
restriction (R=0.77, p=0.015) and also weakly with the activity on the last day of food
restriction (R=0.61, p=0.08).

Multiple regression analyses were run to quantify the contribution of the various measures
of activity to predicting membranous SIG. When preFR activity and activity on the last day
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were used as the regressors, together they contributed 71.5 % of the variance (predictability)
in the membranous SIG counts. While preFR activity alone contributed 66.1 % (semi-partial
correlation sR = -0.69, change in F=13.6, p=0.008) of the 71.5% variance of membranous
SIG, the activity on the last day contributed an additional 5.4 % (SR = -0.399, change in
F=1.13, p=0.328). When preFR activity and an average of the four post-FR activity were
used as the regressors, preFR activity contributed 66.1 % of the variance of membranous
SIGs (sR= - 0.66, change in F=13.6, p=0.008), while postFR activity contributed no
additional prediction (sR=- 0.005, change in F=0, p=0.99). An interpretation consistent with
these observations is that a factor regulating activity during the pre-food restriction period
regulates activity during the post-food restriction period as well as the membranous a4
expression. The activity on the last day of food restriction performed better as a predictor for
the membranous SIG counts (R= - 0.67, p<0.05) than the average activity over all four days
of food restriction (R=-0.63, p=0.07) or the running during the first two days of food
restriction (R=-.54, p=0.14), suggesting that it takes about about four days for the pre-FR
regulating factor to affect activity during the food restriction period. In order to test this
possibility, we analyzed the behavior and brains of animals that underwent only two days of
food restriction, from P40 to P42.

3.4. Weight loss among the ABA group compared to the FR group at P42

As expected, all 8 rats of the ABA group and all 8 rats of the FR group exhibited weight loss
during the 2 days of food restriction, relative to the baseline body weight just prior to the
start of food restriction (Fig. 3A). The extent of weight loss among the ABA group varied
greatly among individuals, ranging from 8.8% to 18.0% (12.4 g to 23.0 g). In comparison,
weight loss among FR animals that underwent food restriction without access to the wheel
was less variable (6.6% to 11.5%) and the EX group that received access to the wheel
without food restriction showed no weight loss. Comparison of the mean weight of all four
groups at P42 revealed a highly significant difference of the ABA group, relative to the
CON or the EX groups (MS=91.027, df=27, p=0.001 for both comparisons, by Tukey’s post
hoc analysis), but no difference from the FR group (p=0.7). This difference in body weight
loss between the ABA and CON group was already evident by P41 (MS=70.425, df=27;
p<0.001) although the difference between ABA and EX groups’ mean weight had not yet
attained significance at P41 (p=0.07).

3.5. Food restriction-induced hyperactivity among the ABA group compared to the EX
group at P42

Fifteen animals (7 EX and 8 ABA) were given access to the wheel from P37 to P42. All
animals increased voluntary wheel activity over the five-day period, as was observed earlier
(Sherwin, 1998, Gutierrez, 2013). Each animal’s wheel activity was measured as km per
day, then averaged for the two groups (Fig. 3B). This measurement revealed a statistically
significant difference in activity between the two groups by P42 (p<0.001, unpaired t-test, t-
value = 4.46). We compared the two groups’ activity during the two days before FR (P38 to
P40), the two days during food restriction (P40 to P42), the difference between before- and
after food restriction (Post Minus Pre FR), and total activity (Pre Plus Post FR). As
expected, the 8 rats of the ABA group exhibited a strong food restriction-evoked change in
activity (Post Minus Pre FR activity) relative to the EX group that continued to have 24 h
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food access (6.5 = 1.3 km for ABA,; 2.9 = 0.8 km for the EX; p<0.05 by unpaired t-test).
However, the extent of wheel activity was highly variable among the ABA group, with the
distance run by 2 out of the 8 of the rats being less than the mean level of activity by the EX
group, while 3 other rats ran more than 3-fold of the EX group’s mean. Regression analysis
of the ABA group revealed that the extent of body weight loss correlated strongly with the
increase in activity evoked by food restriction (R=0.88; p<0.005; Fig. 4A).

3.6. a4 immunoreactivity resulting from two days of food restriction at P42 in the ABA
group, relative to the CON group

Having confirmed that two days of food restriction is sufficient to evoke an increase in
voluntary running and greater weight loss than by food restriction alone, quantitative
comparison of a4 levels in hippocampal CA1 spines was conducted across the CON and
ABA groups of the P42 group. In contrast to the P44 ABA group, which exhibited a >500%
greater level of a4 at the plasma membrane, relative to the values measured from the CAl
spines of age-matched CON animals (p<0.001) (Aoki et al., 2012), the P42 ABA group
exhibited no significant group difference in a4-immunmoreactivity at spines, relative to the
P42 CON group, using all six methods of quantification: (i) proportion of spines labeled
membranously; (ii) proportion of spines labeled intracellularly or (iii) proportion of spines
labeled intracellularly or membranously (i.e., total spine labeling); (iv) SIG labeled
membranously; (v) SIG labeled intracellularly; and (vi) total (membranous plus
intracellular) SIG labeling. For example, the a4-immunolabeling at the plasma membrane of
ABA tissue was greater than that of the CON by 20% but this difference was not statistically
significant (p=0.6 by unpaired t-test). Similarly, intracellular a4-immunolabeling within
spines of the ABA group was greater by 41% than the levels from the CON group, but this
difference also was not statistically significant (p=0.3, unpaired t-test).

3.7. Correlation between a4-immunoreactivity and ABA hyperactivity at P42

The lack of statistically significant differences between the CON and ABA group of animals
at P42 is due to the large individual differences in the individuals’ responses to the ABA-
inducing environment. In order to determine whether individual differences in a4-
immunoreactivity of the ABA group of animals at P42 correlated to individual differences in
weight loss and/or wheel activity, regression analyses were conducted within the ABA
group. Of the six ways in which to quantify a4-immunoreactivity, strong correlation was
observed for the total (cytoplasmic plus membranous) a4 SIG counts relative to the increase
in wheel activity evoked by food restriction (Post Minus Pre FR activity) (R= - 0.80, p=0.02;
Fig. 4B). Importantly, the correlation was negative, as was observed at P44, since those
animals with the least activity exhibited the highest levels of a4-immunoreactivity, while
those animals with the highest activity levels exhibited lowest levels of a4-
immunoreactivity. The proportion of spines labeled for a4 (cytoplasmic plus membranous,
i.e., ‘“Total’) also correlated strongly and negatively with the increase in wheel activity
during the food restriction period (R= - 0.83, p=0.01; Fig. 4D). In contrast, the total SIG
counts within spines correlated only weakly with percent (R= - 0.53, p=0.18; Fig. 4C) or
gram of body weight loss (R= - 0.47, p=.23), although still negatively. This weaker
correlation of a4-immunoreactivity with body weight change indicated that a4-
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immunoreactivity is related to body weight loss indirectly, via the correlation between body
weight loss and the increase in wheel activity (Fig 4A).

Of the two subcellular compartments where SIG could reside, the correlation to food
restriction-evoked increase in wheel activity was much stronger for the intracellular
compartment (R=-0.83, p=0.01; Fig. 4G), which was the same compartment that exhibited
greater difference, relative to the CON group. In comparison, correlation to food restriction-
evoked increase in wheel activity was weaker for the membranous compartment (R= - 0.59,
p=0.12; Fig. 4F), the same compartment that exhibited less difference, relative to the CON
group. Immunolabeling specifically at the plasma membrane correlated with wheel activity
during two days of food restriction (R=- 0.72, p=0.05; Fig. 4E), but less with the increase of
wheel activity that was evoked by food restriction (R=0.59, p=0.12) (Fig. 4F).

None of the six methods of a4 quantification revealed significant correlation with rats’
wheel activity prior to food restriction. The a4 quantification that revealed relatively
stronger correlation was with the proportion of spines labeled at the membrane (R= - 0.41;
p=0.31). The rats’ wheel activity prior to food restriction correlated the least with the
intracellular SIG labeling (R=- 0.01; p=0.99).

These correlations at P42 contrasted sharply with the P44 data. Unlike the P44 data, which
revealed strong correlation of membranous labeling to the extent of running during pre-FR,
the P42 data revealed no or weak correlation of membranous labeling to pre-FR wheel
activity (R= - 0.39, p=0.35 for the membranous SIG counts; R= - 0.41, p=0.31 for the
proportion of spines with membranous labeling). In parallel, there was no correlation
between running activity preceding food restriction with the activity following food
restriction in the P42 group (R=0.45, p=0.26). This difference in the correlations across the
two stages of food restriction suggests, again, that it takes more than two days but less than
four days for the unknown factor to re-establish individual differences in the a4 expression
level together with activity level.

3.8. Comparison of the Intracellular labeling at P42 and P44

The intracellular a4-labeling reflects the dynamic pool that is readily available for turnover
of a4B6-GABAAR —i.e., insertion of receptors into the plasma membrane or of their
endocytosis from the plasma membrane. At P42, the level of intracellular SIG labeling of
the ABA group of animals consisted of 60 £+ 1% of total SIG counts, while at P44, the level
of intracellular SIG labeling for the ABA group was significantly lower (37 + 4%) (p<0.05
by unpaired t-test, comparing P42 versus P44 ABA groups). Since the overall level of a4
(intracellular plus membranous) increased five-fold from P42 to P44, the change in ratio of
the intracellular versus membranous a4 from P42 to P44 is likely to reflect an increased rate
of exocytosis, relative to the endocytosis, of the a4p6—-GABAAR during the latter days of
food restriction.

At P42, the intracellular SIG of the ABA group contributed strongly to the negative
correlation in the total SIG labeling associated with dendritic spines, relative to the food
restriction-evoked increase in wheel running activity (Fig. 4G), suggesting a close co-
regulation of wheel running activity and de novo synthesis of a4p6-GABAAR. By
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comparison, the membranous SIG labeling at P42 of the ABA group correlated less with the
food restriction-evoked increase in activity (Fig 4F), indicating a looser co-regulation of
activity with exocytosis of the a4p5-GABAAR.

By P44, the intracellular (Fig. 2D) and membranous SIG labeling (Fig. 2A and 2B)
contributed similarly to the correlation of increased wheel running activity evoked by food
restriction (Fig. 2C), suggesting that both the de novo synthesis and exocytosis of a4p6
-GABAAR were co-regulated with activity during the latter days of food restriction. In
contrast to P42, when the intracellular counts correlated weakly with the percent of body
weight lost (R=-0.54, p=0.16), at P44, these two variables correlated strongly and
negatively (R=- 0.9, p<0.001) (Fig. 2H), indicating a strengthened co-regulation of de novo
synthesis of a4p6—-GABAAR and activity and hence of protection from body weight loss.

4. DISCUSSION

Physical exercise has many health benefits (van Praag, 2008), including anxiolysis (Duman
et al., 2008, Herring et al., 2010, Schoenfeld et al., 2013), improvement of cognition and of
mood (Deslandes et al., 2009). These benefits are likely to be linked to cellular changes in
the hippocampus, including angiogenesis (Van der Borght et al., 2009), neurogenesis and
the release of neurotrophins (Neeper et al., 1996, Kitamura et al., 2003), but are also
influenced by stressors (Stranahan et al., 2006, Hare et al., 2012, Onksen et al., 2012) that
induce neurogenesis-dependent anxiety (Fuss et al., 2010, Onksen et al., 2012). For humans,
dieting is one stressor that is often combined with exercise. Another human condition in
which stress frequently co-exists with exercise is AN (Davis et al., 1997, Davis et al., 1999,
Hebebrand et al., 2003). Our findings using an animal model of AN identified non-synaptic
a4p8-GABAARs in the hippocampal CA1 as a biomarker associated with individual
differences in vulnerability to food restriction-evoked excessive exercise.

4.1. Contrasting responses at the plasma membrane versus intracellularly

Within brains of animals that responded to ABA induction with increased levels of a4-
immunoreactivity, the elevation occurred both intracellularly, i.e., within the cytoplasm, and
at the plasma membrane of hippocampal CA1 spines. There was no apparent depletion of
the intracellular pool, suggesting that trafficking of a4p6—-GABAARS from dendritic shafts
to the spine cytoplasm occurs concurrently with trafficking from spine cytoplasm to the
spine plasma membrane. The intracellular receptors may still support GABAergic
modulation as a readily available pool for exocytosis, precluding the requirement for de
novo synthesis of proteins or mMRNAs. The strong correlation observed between the
intracellular a4 and food restriction-evoked hyperactivity at P42 (Table 1) suggests that the
increased de novo synthesis or reduction in the proteolysis of a4p6—GABAARS begins
immediately and in direct response to food restriction. The correlation between the
membranous a4 and activity emerged with a delay, from P42 to P44 (compare Fig. 4E to
Fig. 2B and Tables 1A versus 1B), suggesting that trafficking of a4p6-GABAaRS from the
cytoplasm to the spine plasma membrane has a slower response rate. These observations
indicate that it would be worthwhile studying the membranous versus intracellular
distributions of a4p8—GABAAR in the hippocampus of ABA animals following
pharmacological manipulations that directly interfere with a4p6—-GABAAR trafficking.
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4.2. Individual differences in a4-immunoreactivity correlate strongly and negatively with
hyperactivity

Those animals that exhibited the greatest resilience to ABA induction, as characterized by
their minimal body weight loss, also exhibited minimal levels of hyperactivity in response to
food restriction. These same resilient animals exhibited the highest levels of a4-
immunoreactivity at spines. High level of membranous a4B6-GABAAR expression in the
hippocampus would be expected to be anxiolytic (Huttunen and Myers, 1986, Kataoka et al.,
1991, Talaenko, 1993), as it allows for stronger tonic inhibition of hippocampal pyramidal
cells (Shen et al., 2007) (Fig. 6). a4-immunoreactivity correlated less with body weight loss
at P42 (compare Tables 1A and 1B). A scenario consistent with these observations is that
adp8-GABAARS, which become elevated in the hippocampus of a subpopulation of
individuals but with a delay of about 2 days, participate in mechanisms suppressing
hyperactivity and it is this suppression of hyperactivity that prevents body weight loss to
levels that approach mortality.

A strong correlation of a4-immunoreactivity to activity was already present by P42, when
the ABA group’s mean level of a4 still overlapped with those of the CON group. This
indicates that individual differences in a4p6—GABAAR levels at P42 are not likely to have
arisen from wheel activity but reflect individuals’ trait differences. The data further suggest
that those CON animals with high levels of a4p6—GABAaRs were likely to be the
individuals that would have responded to food restriction with minimal hyperactivity, while
those CON animals with low levels of a4p6—-GABAAaRsS are likely to be the ones that would
have exhibited excessive food restriction-evoked activity. On the other hand, at least 3
among the 8 P44-ABA rats converted from being hyperactive to moderately active during
the latter 2 of the 4 days of food restriction and exhibited a4 at levels matching the
consistently moderate runners’ (Fig 5). This suggests that protection from ABA-induction
could be attained within 2 days of exposure to food restriction, through a4p8-GABAAR up-
regulation (Fig. 6). The strongly negative correlation between the intracellular a4 and
weight loss at P44 suggests that the increase in de novo synthesis of a4p6—-GABAAR
supported the animal’s survival through a mechanism suppressing wheel running activity.

4.3. Membranous a4 at P44 correlates with ‘basal’ wheel activity but is supported by the
intracellular pool

The measure of activity that significantly predicted membranous levels of a4-subnits at P44
was the degree of activity during the days that preceded food restriction, i.e., the ‘basal’
level of wheel running activity. This further supports the idea that there may have been a
homeostatic set point for the membranous expression of a4B6—GABAAaRS that existed
before food restriction. The membranous a4 at the end of P42 did not correlate at all with
activity during the days that preceded food restriction, perhaps because the homeostatic set-
point became perturbed during the most dynamic phase of P40 to P42, and was re-
established by P44. The P40-42 period may have been particularly dynamic, due to the
addition of food restriction as a new source of stress, in addition to a pre-existing stressor,
such as housing in isolation (Stranahan et al., 2006).
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The strong correlation observed between ‘basal’ wheel activity and membranous a4 at P44
suggests that this homeostatic set-point regulates the animal’s propensity for hyperactivity
when faced with chronic stress, a parameter that is more generalizable than just food
restriction. It follows that individual differences in activity reflect individual differences in
trait anxiety that exist before food restriction. We are not the first to suggest that individual
differences in basal activity reflect the animal’s trait anxiety. Mouse strains with high trait
anxiety exhibit stronger food restriction-evoked hyperactivity than the strains that are
without notable trait anxiety (Gelegen et al., 2008). Our unpublished work also indicates a
positive correlation between animals’ food restriction-evoked hyperactivity and anxiety, as
measured by the elevated-plus maze after a day of food restriction (Wable and Aoki, ms in
preparation).

4.4. Putative molecular cascades that lead to the rise of a4f6-GABAaRS

Unlike the a1py—GABAARsS, trafficking of a4p6-GABAARS to the plasma membrane is
not regulated by its own ligand, GABA. Instead, trafficking of a4p6—-GABAARS to the
plasma membrane is regulated by network activity (Joshi and Kapur, 2009). BDNF is one
molecule released in response to neural activity (Lu, 2003, Tan et al., 2008, Xu et al., 2010)
that also regulates the synthesis (Roberts et al., 2006) and trafficking of a4B6-GABAARS
from the cytoplasm to the plasma membrane (Joshi and Kapur, 2009). BDNF is released
from excitatory neurons but not from GABAergic interneurons (Gorba and Wahle, 1999).
The elevation of a4p5—-GABAARS occurred near PSDs of excitatory synapses on spines,
where the BDNF receptor, trkB resides (Aoki et al., 2000, Spencer-Segal et al., 2011). This
spinous location, rather than at GABAergic synapses on dendritic shafts and cell bodies, is
optimal for the BDNF-dependent trafficking of a4p6—GABAARS to the spine plasma
membrane.

Exercise evokes the release of BDNF and other neurotrophins (Neeper et al., 1996, Gomez-
Pinilla et al., 2002, Stranahan et al., 2009). This is why we originally expected animals with
the strongest hyperactivity to be the ones with the highest levels of a4. Contrary to this
expectation, the correlation between activity and a4 was negative. BDNF is also released in
response to the stress caused by food restriction (Lee et al., 2002) and other stressors (Bath
etal., 2012, Bath et al., 2013). The extent of stress experienced by individuals is likely to
have been variable, since body weight loss varied widely. Indeed, body weight loss did
correlate extremely strongly with the intracellular a4p5-GABAAR expression by P44.
BDNF release could still be a permissive factor influencing a4p5-GABAAR levels (Fig. 6),
but the quantity of BDNF released is not likely to be determined by the degree of wheel
running activity or body weight loss. The quantity of BDNF released could be the basis for
individual differences in ABA-vulnerability and trait (i.e., not food restriction-evoked)
anxiety. In support of the putative role by BDNF in both the food restriction-evoked activity
and trait anxiety, it was shown that C57BL6J mice, which were characterized as ABA-
resilient, also exhibited increased BDNF-mRNA in the hippocampus following food
restriction, while the A/J strains, known for their high trait anxiety, did not exhibit up-
regulation of BDNF-mRNA in the hippocampus and became more hyperactive following
food restriction (Gelegen et al., 2008).
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Withdrawal from allopregnanolone or from its precursor, progesterone, such as by
ovariectomy, also induces up-regulation of a4 (Smith et al., 1998). Since starvation depletes
the animal’s body of progesterone (Riddle et al., 2013), this could be an alternative or
additional molecule that stimulated up-regulation of a4p8-GABAAaRs within the CA1 of
ABA-induced adolescent females (Fig. 6). Although the rise of a4p6—GABAAR
specifically in the hippocampal CA1 of females can increase stress-induced anxiety, this
requires the acute release of allopregnanolone (Shen et al., 2007). The rise of a4p5
-GABAARSs is likely to have been more purely anxiolytic among food-restricted adolescent
female ABA rats, due to starvation-induced depletion of progesterone and allopregnanolone.

4.5. Clinical implications

Benzodiazepines are not as effective in the treatment of AN as one might predict, based on
AN’s strong co-morbidity with anxiety disorders (Kaye et al., 2009). This may be because
a4p8-GABAAR need to be targeted but escape modulation by benzodiazepines, as
conferred by the GABAARS’ subunit composition (Seeburg et al., 1990). If so, drugs
designed to boost a4p6-GABAAR activity may be more effective in suppressing the
excessive exercise that hinders recovery from AN (Fig. 6). Although exercise has many
health benefits, the prescription of exercise may need to be considered carefully, in
combination with an individual’s stress level, developmental stage and body weight.
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Figure 1. GABAAR a4 subunits in the hippocampal CA1l at P42 occur along the extracellular surface of the plasma membrane and
intracellularly

Panel A. Spine s1 protruding from a dendritic shaft (curved arrow) exhibits a thick postsynaptic density (PSD), indicating that it
is postsynaptic to a terminal (t) forming an excitatory synapse. This spine exhibits two silver-intensified gold particles (SIG)
along the cytoplasmic surface of the PSD and one near a mitochondrion within the parent dendritic shaft (sh). Another dendritic
shaft in the near vicinity contains five SIG particles but no SIG particle within the spine (s2) emanating from the shaft (curved
arrow). White arrows in this and other panels highlight SIG particles that occur intracellularly. Panel B. The spine that is
postsynaptic to the terminal exhibits an SIG particle along the extracellular surface of the plasma membrane (black arrow).
Panel C. SIG immunolabeling was analyzed along the extreme surface of the vibratome section, as is indicated by the broken
membranes and disappearance of the neuropil at the transition from the section surface to the pure EPON zone (asterisks here
and in other panels). Spine s1 exhibits a single cluster of SIG particles that lies directly over the plasma membrane, while spine
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s2 exhibits no SIG that is within 10 nm from the extracellular surface. The asterisk in this and other panels depict the transition
from tissue to vibratome section surface. Panel D. Two spines, s1 and s2, are postsynaptic to a terminal, of which s2 exhibits an
SIG particle along the intracellular surface of the plasma membrane. A third spine, s3, exhibits two SIG particles along its
plasma membrane. Panel E. Of the three spines, s3 is the only one that exhibits an SIG particle that resides directly over the
plasma membrane. The calibration bar in panel E indicates 500 nm and applies to all panels.
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Figure 2. a4-immunoreactivity in the hippocampus of ABA animals at P44 correlates negatively with wheel activity

Panel A. Membranous SIG correlates with the extent of rats’ activity during the entire experimental period, spanning from the
days before and through food restriction. The correlation is negative - those animals that exhibit the greatest elevation in a4
immunoreactivity run the least. Panel B. Membranous SIG also correlates with the last day of food restriction. Panel C. Total
SIG level (membranous or intracellular) correlates negatively with the hyperactivity evoked by food restriction during the latter
two days of the food restriction. Panel D. The intracellular portion of the SIG correlates with the food restriction-evoked
hyperactivity during the last two out of the four days of food restriction. Panel E. The membranous portion of SIG counts
correlates with wheel activity before food restriction was imposed. Panel F. Total SIG level correlates negatively and most
strongly with hyperactivity during the last day of food restriction. Panel G. Weight loss correlates strongly and positively with
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the increase in wheel running activity that is evoked by food restriction. Panel H. Weight loss also correlates strongly but
negatively with the intracellular level of a4 expression. Those individuals that fail to up-regulate a4 levels intracellularly lose
the most amount of body weight. In all panels, the grey arrow indicates the average level of a4 measured within or on the
plasma membrane of CA1 dendritic spines of the P44 CON group. The y-axes of the three graphs in panels C, D and F are
drawn to the same scale so as to facilitate comparison of values.
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Figure 3. Body weight and exercise of ABA animals, relative to age-matched controls
Panel A. The body weight was measured daily and compared for the 8 ABA, 7 EX, 8 FR, and 8 CON animals. Panel B. The

daily activity of 8 ABA and 7 EX animals was measured as the distance run on the wheel. Animals were acclimated to the wheel
starting the age of postnatal day 37. The red line along the x-axis in panels A and B indicate the dates of food restriction for the
ABA and FR groups. For both graphs, the values represent mean = SEM. ** indicates p<0.001, comparing ABA to CON in
panel A and ABA to EX in panel B.
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Figure 4. a4-immunoreactivity in the hippocampus of ABA animals at P42 is negatively correlated to wheel-activity
The food restriction-evoked increase in wheel activity was quantified as the distance run during the 2 days after food restriction

began minus the distance run during the 2 days preceding food restriction. All animals exercised more after food restriction.
Panel A. The extent of increase in activity after food restriction correlates strongly with the body weight lost following food
restriction. Each data point in Panel A and all other panels represent the values of one animal’s food restriction-evoked
hyperactivity during the 2 days of food restriction, correlated with the percent of body weight lost during the same 2 days. Panel
B. a4-immunoreactivity within spines was quantified by counting all silver-intensified immunogold particles (SIG) that occur
along the extracellular surface of the plasma membrane and intracellularly (i.e., Total count) for every group of 10 spines

encountered. Repeated measures of this SIG count per 10 spines correlates negatively with the hyperactivity that is evoked by
food restriction. Each point represents data from one animal. Here and in other panels, a4 immunoreactivity of tissue from 7
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CON animals are shown for comparison with the values of ABA animals. Panel C. Total SIG count correlates less strongly with
the percent of weight lost during the 2 days of food restriction. Panel D. The proportion of spines exhibiting a4-
immunoreactivity for every group of 10 spines encountered also correlates strongly with the hyperactivity evoked by food
restriction. Panel E: The counts of SIG particles that occur specifically at the extracellular surface of spines’ plasma membranes
correlates with the total level of activity during the 2 days that follows food restriction. Panel F. SIG at the spine membrane
correlates only weakly with the extent of hyperactivity after food restriction. Panel G. SIG levels that reside in the cytoplasm
correlate very strongly with the food restriction-evoked hyperactivity.
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Figure 5. Summary of results

This schematic summarizes the a4-immunoreactivity levels observed at the plasma membrane and intracellularly within
dendritic spines of the CA1 pyramidal cells across two stages of ABA induction, P42 and P44. The spine head shows a PSD,
where excitatory axons target. The shafts to which the spines are connected are depicted by the presence of a mitochondrion.

The pattern of immunoreactivity correlated negatively with the animal’s activity on the wheel. The spines filled with red, green
and blue colors depict the a4-immunoreactivity observed within brains of animals that exhibited the greatest (red lines in
graphs), intermediate (green lines in graphs) and lowest (blue lines in graphs) activity on the wheel, respectively, following
ABA induction. Each grey dot represents the level roughly equal to 0.5 SIG particle per 10 spines. The activities (in km per day)
are actual values recorded from 6 representative animals. ABA induced de novo synthesis of a4 subunits but the increased
expression among the P42 group was not yet statistically significantly different from those of CON animals (depicted with a
colorless cytoplasm) that never received food restriction or the wheel access. a4-immunoreactivity within spines of the P42
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dendrites is in flux, as is indicated by the black arrows. By P44, following four days of food restriction, there was a significant
increase in the level of a4, relative to age-matched controls. Based on the consistent correlation between activity and a4-
immunoreactivity, it is likely that those individuals that exhibited the least activity (the Blue group) already expressed higher
levels of a4 before ABA induction and were able to respond to food restriction with the greatest increase in a4 expression. The
response in a4-immunoreactivity was more rapid for the intracellular domain than for the membrane domain. This spatio-
temporal pattern is depicted by individual differences within the cytoplasmic domain at P42, followed by an increase in the
membranous domain by P44,
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ABA: Animal model for resilience AND vulnerability

Food Restriction Emergence of u4pd GABA ,

l BDNF? receptors at CA1 spines

Stress >
allopregnanolone?

Pharmacological intervention Protection from
for the ABA-vulnerable stress-induced anxiety
Reduction of Suppression of voluntary
Body Weight Loss wheel running

Figure 6. The hypothesized sequence of events that link up-rl]'egulatiqn_of a4P8-GABAARs to suppression of food restriction-evoked
eractivit
It has long been recognized that food restriction evokes a p)g;adoxical)/increase of wheel running upon rodents (Routtenberg and
Kuzneof, 1967; Barbarich-Marsteller et al., 2013; Gutierrez, 2013) and multiple plausible explanations have been offered as to
why food-restricted rodents run (reviewed in Gutierrez, 2013). Some of the explanations are that running is a motivated foraging
behavior, manifestation of an excessively activated reward system, or is a thermoregulatory behavior. The present study
supports a complementary view — namely, that wheel activity is a manifestation of heightened anxiety. This idea is supported by
the following findings: (1) wheel running correlates with a4p&6-GABAARs expression at CA1 spines (data presented in this
paper) and GABAergic input upon CA1 pyramidal cells (Chowdhury et al., 2013); (2) Increased expression of a4p56-GABAARS
at CA1 spines reduces excitability of CA1 pyramidal cells (Shen et al., 2007; Shen et al., 2010); and (3) reduction of
hippocampal excitability is anxiolytic (Huttunen and Myers, 1986; Kataoka et al., 1991; Talaenko, 1993). This view is further
supported by our preliminary observation, indicating that hyperactivity correlates positively with anxiety traits, as measured by
the behavior of mice on the elevated plus maze after a day of food restriction (Gauri Wable, Jung-yun Min and Chiye Aoki,
unpublished observations). This schematic also summarizes the possible mechanisms leading to the emergence of a4ps-
GABARs at spines of the CA1 pyramidal cells. One likely possibility is that food restriction causes BDNF release (Lee et al.,
2002) which, in turn, augments the synthesis of a4 and & subunits (Roberts et al., 2006). Stress associated with food restriction
may also lead to the elevation of allopregnanolone, another agent that potently increases the expression of a4 and & subunits of
GABARs (Smith et al., 1998, Smith et al., 2007). This working hypothesis can be tested by determining whether ABA
vulnerability can be reduced through experimental manipulations that up-regulate a4 and & subunit expressions.
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