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Abstract

Childhood stress and trauma are associated with substance use disorders in adulthood, but the
neurological changes that confer increased vulnerability are largely unknown. In this study,
maternal separation [MS] stress, restricted to the pre-weaning period, was used as a model to study
mechanisms of protracted effects of childhood stress/traumatic experiences on binge drinking and
impulsivity. Using an operant self-administration model of binge drinking and a delay discounting
assay to measure impulsive-like behavior, we report that early life stress due to MS facilitated
acquisition of binge drinking and impulsivity during adulthood in rats. Previous studies have
shown heightened levels of corticotropin releasing factor (CRF) after MS, and here, we add that
MS increased expression levels of GABAa a2 subunit in central stress circuits. To investigate the
precise role of these circuits in regulating impulsivity and binge drinking, the CRF1 receptor
antagonist antalarmin and the novel GABAA a2 subunit ligand 3-PBC were infused into the
central amygdala [CeA] and medial prefrontal cortex [mPFC]. Antalarmin and 3-PBC at each site
markedly reduced impulsivity and produced profound reductions on binge-motivated alcohol
drinking, without altering responding for sucrose. Furthermore, whole-cell patch-clamp studies
showed that low concentrations of 3-PBC directly reversed the effect of relatively high
concentrations of ethanol on a233y2 GABAA receptors, by a benzodiazepine site-independent
mechanism. Together, our data provide strong evidence that maternal separation, i.e., early life
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stress, is a risk factor for binge drinking, and is linked to impulsivity, another key risk factor for
excessive alcohol drinking. We further show that pharmacological manipulation of CRF and
GABA receptor signaling is effective to reverse binge drinking and impulsive-like behavior in MS
rats. These results provide novel insights into the role of the brain stress systems in the
development of impulsivity and excessive alcohol consumption.
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Introduction

Individuals differ in the risk for developing drug addiction such that even after chronic
usage, only a fraction of individuals develop drug dependence (Everitt et al., 2008). The
rationale for this discrepancy is poorly understood; however, stress during the perinatal
period is correlated to behavioral phenotypes linked to mood disorders and increased
addiction risk during adulthood (Deminiere et al., 1992, Marinelli and Piazza, 2002). The
experience of stress during infancy causes long lasting modulation of neurons in the limbic
system, as well as hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis, which
leads to elevated circulating levels of corticosterone, other gluococorticoids, and their
metabolites (Koe et al., 2014) with widespread biochemical consequences.

Even less is known about the neuronal mechanisms that render the stressed offspring
vulnerable to initiate binge drinking and to exhibit abnormal impulsivity. Binge drinking as
defined by the National Institutes of Health is alcohol intake which increases blood alcohol
level to > 80 mg% within a 2 hour period (Crabbe et al., 2011, NIH-NIAAA, 2004); a
definition used by researchers and clinicians alike to investigate the brain circuits involved in
this type of excessive alcohol intake (Gilpin et al., 2012, Vargas et al., 2014). Cognitive
impulsivity is a core deficit present in many psychiatric conditions including drug addiction
(Robinson et al., 2009). While there are increasingly more categorizations of impulsivity
related to risky behavior and decision-making with various underlying neurochemical and
neuroanatomical bases, it is generally accepted that impulsivity is the tendency to respond
prematurely without foresight or regard for the consequences (Dalley et al., 2011). Although
the behavioral task in this study focuses on impulsive choice where animals exhibit the
temporal discounting of reward, response disinhibition involving the regulation of GABA
signaling system in the cortico-limbic system is an important factor in impulsivity (Dick et
al., 2013), and thus GABA dysregulation and modulation in MS is important.

Non-human primates (Huggins et al., 2012) and rodents exposed to MS, will self-administer
ethanol during adolescence and adulthood (Garcia-Gutierrez et al., 2015, Cruz et al., 2008,
Moffett et al., 2007, Romano-Lopez et al., 2012). Although the mechanism for stress-
induced binge drinking is unknown, studies show that MS permanently alters expression of
various GABA receptor subunits [e.g., al, a2, y2] and their mMRNA in the amygdala and
hippocampus (Caldji et al., 2000, Edenberg et al., 2004, Hsu et al., 2003). The GABA
receptors, especially the GABAA a1 receptor, has been extensively studied in relation to
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alcohol biochemistry, but recent human linkage studies also implicate the GABRA2 gene,
encoding the GABAA a2 receptor in regulating excessive drinking and impulsivity, and
reduced GABA levels in human frontal lobes are associated with significant levels of
impulsivity in adolescents (Dick et al., 2013, Dick et al., 2006, Edenberg et al., 2004, Enoch
et al., 2010). The approach in the present study focuses on the role of GABA, alpha2
subunit in modulating excessive drinking and impulsivity in adults exposed to MS.

Studies in MS models reveal elevated CRF in stress loci (Nemeroff, 2004a, Nemeroff,
2004b, O’Malley et al., 2011). This effect of MS can result in structural changes in neurons
of the PFC and significantly affect development of neurons in reward and emotional memory
circuits including nucleus accumbens and hippocampus (Yang et al., 2014, Monroy et al.,
2010, Wang and Gondre-Lewis, 2013). In addition, pharmacological and genetic studies
support the hypothesis that excessive alcohol consumption and binge drinking is mediated
by elevated CRF, via activation of the CRF1 receptor [CRF1R] (Heilig et al., 2011, Koob,
2008, Phillips et al., 2015, Koob, 2014). Blockade of CRF1R in rodents, attenuates alcohol
intake in dependent rodents (Funk et al., 2007, Gehlert et al., 2007, Koob, 2008, Lowery-
Gionta et al., 2012). The literature supports a model where CRF signaling in the central
amygdala [CeA] functions as a key regulator of binge drinking (Lowery-Gionta et al., 2012),
recruited during excessive alcohol intake priorto the development of dependence, with CRF
as a mediator of the transition to dependence.

A genetic polymorphism in the CRF1R gene was significantly linked to binge drinking in
humans (Treutlein et al., 2006). Following exposure to stressful stimuli, adolescents
expressing this polymorphism displayed a predisposition to excessive drinking leading to
dependence in adulthood (Blomeyer et al., 2008). Moreover, early life adversity interacted
with CRF to increase alcohol intake in primates (Barr et al., 2009). Indeed, addiction-related
changes in prefrontal cortex CRF systems and their association with executive (George et al.,
2012) or drinking phenotypes (Glaser et al., 2014) were reported; however, research to
support a mechanism for the CRF system in impulsivity is lacking. Given that the experience
of MS results in elevated CRF (Nemeroff, 2004b, O’Malley et al., 2011) and permanent
alterations in GABA levels in stress circuits during adulthood (Caldji et al., 2000, Hsu et al.,
2003), combined with the finding that MS results in long-term increases in alcohol in
rodents (Cruz et al., 2008, Moffett et al., 2007), we hypothesized that the CeA and the
mPFC, two loci of the stress circuits and cognitive impulsivity could influence vulnerability
to binge drinking or impulsivity, following MS. Thus, the aim of this study was first to
investigate the extent of binge drinking and impulsive-like behavior in our MS model, and
second to determine if the action of pharmacological agents acting at CRF or GABA
receptors in the CeA or mPFC could revert these behaviors to control levels.

METHODS

Animals

Pregnant Sprague Dawley dams were obtained from Harlan Laboratories [Frederick, MD,
USA] and offspring used in this study were born onsite at the veterinary facility. They were
subjected to the MS paradigm as described below, and were tested for drinking and
impulsivity behaviors as adults. Equivalent numbers of males and females were used in the
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binge drinking and impulsivity studies. Subjects were housed in groups of 2-3 per plastic
cage until drinking studies began. The vivarium was maintained at an ambient temperature
of 21°C and was on a reverse 12 h light/dark cycle. All rats were provided ad libitum access
to food and water. All training and experimental sessions for all subjects took place between
8:30 am and 5:30 pm. The treatment of all subjects was approved by the IACUC of the
Howard University College of Medicine and all procedures were conducted in strict
adherence with the National Institutes of Health Guide for the Care and Use of Laboratory
Animals.

MS Regimen

The maternal separation [MS] paradigm was performed as previously published (Roceri et
al., 2002, Wang and Gondre-Lewis, 2013), and was meant to emulate recurrent stressful
experiences during the neonatal period. The number of pups in each litter ranged from 10-14
pups. To prevent litter effects, pups were sexed, culled to n=10 with equal numbers of males
and females, and redistributed to nursing dams at P1. Beginning at P2 until weaning at P21,
the separation comprised of removal of pups from their nursing mothers. They were brought
to a designated room, separate from the mother, where the temperature was monitored and
maintained at 29°C. Each pup was placed in a cage located on a warmed pad, and visual
access to other pups was blocked with cardboard. These conditions were maintained for 3
hours per day from 11AM to 2PM. After the 3 hr separation time, they were returned to their
home cage and rooms. Non-MS (CTL) pups were not separated from their mothers and were
treated according to standard animal facility regulations.

Use of Animals

40 adult rats from 21 litters were used; 12 for western blotting and 28 for the behavioral
studies, used over several months. Although these studies are not aimed at examining sex
differences, both males and females were always represented. Therefore, this is a mixed-sex
study. In any behavioral experiment, to control for litter effects, the maximum number of
pups used from a single mother was one male and one female. Therefore, for an n=10 as an
example, the minimum number of dams was 5 for each condition. For the operant binge
drinking paradigm in Figure 2, there were n=10 controls (5F, 5M), and n=10 MS (5M, 5F);
75% of these same animals were re-used and added to other animals for the delay
discounting experiments; n=9 controls (5F, 4M) and n=11 for MS (8F, 3M). For Western
blotting analysis, a different cohort of animals was used with the same principle of
heterogeneity to reduce litter effects; n=5-6 controls (2-3F, 3M) and n=6 for MS (3F and
3M). For drug dosage studies, some animals used in figure 2 were combined with other rats
of the same age that had undergone similar sustained operant training to have a sufficient
number for surgical implantation of the cannulae and subsequent behavioral testing, n=5 for
CeA drug infusion (3F, 2M) and n=4 for mPFC studies.

Tissue Preparation and Immunoblotting

Naive, randomly-selected adult rats at P70 were sacrificed and neural tissue was harvested
for immunoblotting to semi-quantitatively evaluate baseline levels of GABAA a2 and CRF
proteins in the CeA and mPFC of MS [N=4-6] and CTL [N=5-6] rats. The brain was
removed from each animal and frozen, then sliced on a microtome in 300 pm sections. CeA
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and mPFC tissue sections were collected by 1.0 mm micropunch [Ted Pella, Redding, CA]
from the right and left hemispheres and pooled. Tissue micropunches were lysed with
CelLytic MT (dialyzable mild detergent, bicine, and 150 mM NaCl; Sigma-Aldrich)
according to manufacturer’s instructions. Total protein was determined by the bicinchoninic
assay (BCA\) [Pierce, Rockford, IL]. Proteins were resolved by SDS- polyacrylamide gel
electrophoresis and transferred to nitrocellulose membranes. Blots were exposed to primary
antibody overnight at 4°C followed by horseradish peroxidase (HRP)-labeled goat anti-
mouse or anti-rabbit secondary antibody for 1 h at room temperature (RT) (Cell Signaling).
Detection was with the ECL kit reagents (Amersham Life Science) followed by exposure to
high-performance chemiluminescence film (Hyperfilm ECL; Amersham), and quantitation
was by densitometric scanning with a Bio-Rad GS-700 imaging densitometer (Liu et al.,
2011). Each lane represents an individual animal. The optical density of protein bands on
each digital image was normalized to the O.D. of the loading control, and the animals for a
given condition were averaged and expressed as densitometric units +/- SE. Normalized
values across 3 blots were used for graph and analyzed with a student’s t-test.

Antibodies and reagents

The generation and specificity of the rabbit-derived GABAA a2 antibody was previously
described (Pirker et al., 2000, Liu et al., 2011). The GABAA a2 antibody was the kind gift
of Dr. W. Sieghart (Department of Biochemistry and Molecular Biology, Center for Brain
Research, Medical University Vienna, A-1090 Vienna, Austria). It was raised in rabbits
against peptides corresponding to amino acids 322-357 of the a2 protein coupled to
keyhole-limpet hemocyanin, affinity purified and extensively characterized by various
methods, including immunoprecipitation, western blotting and immunocytochemistry
(Pirker et al., 2000). The Mouse anti-GAPDH (0411, Cat# sc-47724) antibody was from
Santa Cruz Biotechnology (Santa Cruz, CA) and is well characterized and used in numerous
studies including our own previous publications (Liu et al., 2011).

Stereotaxic Implantation of Cannulae for Microinfusions

Adult MS rats were anesthetized via isofluorane/oxygen gas inhalation and placed in a
stereotaxic apparatus to allow for bilateral implantation of 22-gauge guide cannulae into the
CeA or mPFC. The cannulae were anchored to the skull by four stainless steel screws and
dental acrylic. A stylet was inserted into each cannula to maintain its viability and was only
removed during infusion times. The coordinates were based on the rat brain atlas of Paxinos
and Watson as follows: CeA: AP, -2.0 mm; ML, £3.6 mm; DV, -8.5 mm from bregma;
mPFC: AP, +2.7 mm; ML, £1.45 mm; DV, -2.5 mm from bregma at a 16° angle to the
midline. Each cannula was placed 1.0 mm above the intended target. This allowed the
injector tip to extend below the cannula tip. The animals were given a 3-day recovery period
before re-stabilization on the delay discounting or operant drinking paradigms. After
behavioral experiments, cannula placement was confirmed visually by examination of
cryostat-generated 300um brain slices post sacrifice.

Drugs and Microinfusion Procedure—3-propoxy-9H-pyrido[3,4-b]indole

hydrochloride, commonly known as 3-propoxy-p-carboline hydrochloride (3-PBC), acting at
the GABAA1/2 receptor, was obtained from Dr. James Cook at the University of Wisconsin-
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Milwaukee [Milwaukee, WI] (Namjoshi et al., 2011). Antalarmin hydrochloride, a CRF
antagonist, was obtained from R&D Systems Inc. [Minneapolis, MN]. The drugs were
mixed into 1 mL of sterile PBS with Tween-20 added dropwise until dissolved, and then
bilaterally infused into the CeA or mPFC at a rate of 0.1 uL/min for 5 min using a Harvard
infusion pump. The overall design of experiments was such that doses of vehicle, 2, and 4 ug
of antalarmin, or 20 or 40 g of 3-PBC were injected immediately prior to animals being
placed in the operant or delay discounting chambers. Animals rested 1-3 days between
doses. The antalarmin infusion studies occurred before the 3-PBC infusion studies, and were
at least 2 weeks apart for any given animal. Different animals were used for the CeA and
mPFC infusions. Antalarmin and 3-PBC were administered to MS rats to test their effects on
the heightened operant responding and impulsivity profile of MS, whereas CTL rats do not
consume significant levels of alcohol at baseline, nor do their impulsivity profile differ
significantly at 8 sec compared to 0 sec delay.

Delay Discounting [Impulsivity]

The impulsivity paradigm was executed as described by Oberlin and Grahame (Oberlin and
Grahame, 2009). Impulsivity is operationally defined as choosing a smaller, immediate
reward to the exclusion of a larger delayed reward (Rachlin and Green, 1972), and was
quantified using the adjusted amount delay discounting [DD] assay (Wilhelm and Mitchell,
2008). Operant boxes consisted of a nosepoke light, two levers, a cue light above each lever,
a house light, and a 10 mL descending sipper tube for saccharin reinforcement [0.03% w/v].
Control of the operant boxes and data collection was with the MedPC IV software
(MedAssociates, St. Albans, VVT). Prior to actual testing, rats underwent 4 stages of
behavioral shaping: Stage 1 is run for 1 session, and all center nose pokes are reinforced on a
fixed ratio 1 (FR1) schedule with 20 second sipper access, where 1 lever press is required for
sipper access. At stage 2, center nose pokes are reinforced on a FR1 schedule with 10
second sipper access, and the animal must complete 20 trials to move on to next stage. Stage
3 also requires 20 trials, but all trials are cued with a center light illuminated for 20 seconds.
There is a 10 second intertrial interval. At stage 4, a nosepoke and lever press is required for
the 10-second sipper access, and both right and left levers are reinforced equally, 20 trials
with a 10 second intertrial interval in 60 minutes is required. (Oberlin and Grahame, 2009),

After shaping, side bias was assessed by averaging the last 3 days’ choices on each side. The
large reinforcer was then assigned to their non-preferred side, to counter any initial side bias.
After shaping was completed, rats were assessed at Os delay. This time point is used as a task
to assess discrimination of reinforcer (saccharin) magnitude discrimination prior to
introduction of any delay to the larger reward. Immediate reward amount started at 1 s of
saccharin access, and was adjusted upwards and downwards by 0.1 s based on the rat’s
choices, i.e., an immediate choice resulted in down-adjustment of the sipper access time by
0.1s on the next trial, whereas a delay choice resulted in up-adjustment of the sipper access
time by 0.1s in the next trial. The total adjustments in access were restricted to a minimum
of 0s and a maximum of 2s. Average adjusted amounts of the reward over the last 20 trials of
the session served as the measure of adjusted amount. All rats received 2-hour water access
in their home cages at the end of daily testing (Oberlin and Grahame, 2009).

Stress. Author manuscript; available in PMC 2017 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gondré-Lewis et al.

Page 7

Phase 1—Following behavioral shaping rats were tested in the delay discounting
paradigm at 0, 1, 4, 8, 12, 16 and 20 s delays. Each delay was tested for 2 consecutive
sessions and the two-day data for each delay was averaged.

Phase 2—Following completion of Phase 1, rats were randomly separated into treatment
groups and bilaterally implanted with cannulae in the mPFC or CeA. After re-stabilization
on the DD paradigm at a delay of 8 s, rats were infused with 3-PBC [20 or 40 ug] or
antalarmin [2 or 4 ug] as described above and run in the impulsivity paradigm with an 8 s
delay.

Operant Drinking Apparatus

Animals were tested in 11 standard operant chambers [Coulbourn Instruments, Inc., Lehigh
Valley, PA] enclosed in an isolated chamber as previously described ((Liu et al., 2011). The
operant apparatus contained two levers, two dipper manipulanda, triple cue lights over each
lever, and a house light. The dipper cup size which contained the 10% (v/v) alcohol or 3%
(w/v) sucrose reinforcers was 0.1 mL. The Coulbourn Graphic State “3” operant software
was used.

Drinking in the Dark Multiple Scheduled Access [DIDMSA] Paradigm

To initiate excessive “binge” alcohol drinking, we employed a modification of the drinking-
in-the-dark-multiple-scheduled-access [DIDMSA] protocol (Liu et al., 2011, Bell et al.,
2014). First, the procedure entailed adapting the rats to a reverse 12h/12h light/dark cycle
which began at 7:00 pm [lights on] and lasted to 7:00 am [lights off]. Rats were trained to
orally self-administer EtOH daily for two 45 min sessions with 30 min rest in between under
an FR1 schedule employing the sucrose fading technique (Harvey et al., 2002). After a
period of stabilization on the FR1 schedule, the response requirement was then increased to
an FR4 schedule, where 4 lever presses are required for access to the reinforcer. For each
schedule, responding was considered stable when responses were within £ 20% of the
average responses for five consecutive days. Stabilization on the FR4 schedule took
approximately 8 days. During the stabilization procedures, the animals were never deprived
of food or fluid. These procedures are well established in our laboratory (June and Eiler,
2007, Liu et al., 2011). Other cohorts of rats were given a 3% [w/v] concentration of sucrose
and trained in an identical manner under the FR1, then FR4, schedule. Following
stabilization on the FR4 schedule for EtOH/sucrose, the DIDMSA protocol began using an
FR4 schedule where the rats were given access to 10% alcohol, or 3% sucrose on both the
left and right levers. To initiate the DIDMSA protocol during the dark phase, rats were given
a 45 min operant session. After the session had elapsed, rats were then placed in the home
cage with food and water ad /ibitum for 30 min. Rats were then given a second 45 min
operant session and subsequently returned to their home cage. Rats engaged in the alcohol
drinking for 21 consecutive days. Using this protocol, the MS rats in our laboratory
produced consistent BACs of 99 + 3 mg%. Sucrose control rats were trained in a similar
manner; but lever pressed for a 3% sucrose solution instead of ethanol. The sucrose control
rats allowed for evaluation of reinforcer specificity following MS and drug treatments.
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Following 21 days of alcohol or sucrose drinking, rats were surgically implanted with
bilateral cannulae into the CeA or mPFC. Rats (N=5/6) were then infused with 3-PBC [20 or
40 pg] or antalarmin [2 or 4 ug] as described above and were immediately placed in the
operant chambers to respond for alcohol or sucrose. A 2 hour session consisted of two 45
min (90min) access and 30 minutes of rest. Figure 1 shows the timeline of experiments.

Blood Alcohol Concentration [BAC] Measurement

To ensure animals were consuming pharmacologically relevant amounts of EtOH to model
human binge drinking (Bell et al., 2006, Naimi et al., 2003, NIH-NIAAA, 2004),
approximately 100 ul of whole blood was collected from the tail vein of MS and CTL rats
[N = 4/treatment group] into a heparin-coated tube. After collection, the whole blood was
immediately centrifuged for 5 min at 1100 rpm. Plasma samples of 5 pl were analyzed in a
GL-5 Analyzer (Analox Instruments, Luxenburg, MA). Microanalysis consisted of
measuring the oxygen consumption in the reaction between the sample of alcohol and
alcohol oxidase using a Clark-type amperometric oxygen electrode. Alcohol reagent buffer
solutions (pH 7.4) and alcohol oxidase enzymes were used in all samples tested. BACs were
determined in duplicates after 90 min of drinking.

Cell culturing and cell transfection

HEK 293 cells plated on 15-cm plates in 15 ml of Minimum Essential Medium [MEM,
Gibco, Karlsruhe, Germany] supplemented with 158 mg/L sodium bicarbonate, 2 mM
glutamine [Gibco, Karlsruhe, Germany], 100 U/mL penicillin-streptomycin [Gibco,
Karlsruhe, Germany], and 10% fetal calf serum [Gibco, Karlsruhe, Germany]. Cultures were
maintained at 37 °C in a humidified 95% 02/5% CO, atmosphere for two days. Transfection
with recombinant rat GABAA receptors were carried out as described in detail (Korpi and
Luddens, 1993). Briefly, HEK 293 cells were transfected using the phosphate precipitation
method with rat GABAA receptor cDNAs in eukaryotic expression vectors [pRK5] for a2.
For optimal receptor expression, final concentrations [pg vector DNA per 15mm tissue
culture plate] were: a2, 12.5 ug.

Electrophysiology

Two days after transfection, single coverslips containing HEK 293 cells were placed in a
recording chamber mounted on the movable stage of a fluorescence microscope (Olympus
IX70) and perfused at room temperature with a defined saline solution containing (in mM):
130 NaCl, 5.4 KCl, 2 CaCl,, 2 MgS0Qy, 10 glucose, 5 sucrose, and 10 HEPES (free acid),
pH adjusted to 7.35, with about 35 mM NaOH. Transfected cells were identified by the
fluorescence of the co-expressed Enhanced Green Fluorescent Protein (EGFP). The
amplitudes of peak currents were measured from recorded traces. The GABA concentration
response curve was analyzed with a sigmoidal non-linear regression fit, using the formula |
= (Imax[L]"M)/(EC5"H+[L]"H), where Iy is the maximal induced current, L is the
concentration of the agonist, and nH the Hill coefficient. Ligand-mediated membrane
currents of these cells were studied in the whole-cell configuration (Hamill et al., 1981).
Patch clamp pipettes were pulled from hard borosilicate capillary glass (0.5 mm ID, 1.5 mm
OD, Vitrex, Science Products GmbH, Hofheim, Germany) using a horizontal puller (model
P-97, Sutter Instruments, CA) in a multi-stage process. Using a fast Y-tube application
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system, the recombinant receptors were tested for EtOH mediated effects on the receptor
current response with the approximate receptor subtype specific GABA ECg, and GABA
EC1g plus 30 mM or 100 mM EtOH. Furthermore, both EtOH concentrations were tested
together with the GABA EC1 and 1 nM and 30 nM 3-PBC. The responses of the cells were
recorded by a patch clamp amplifier (EPC-8, HEKA-Electronic, Lambrecht, Germany) and
the pClamp 8.1 software package (Axon Instruments, Foster City, CA). The standard
holding potential for the cells was —40 mV. Whole cell currents were low pass-filtered by an
eight-pole Bessel filter at 5 or 3 kHz before being digitized by a Digidata 1322A interface
(Axon Instruments) and recorded by the computer at a sampling rate of at least 1 kHz.

Statistical Analyses

Data obtained using antalarmin and 3-PBC were analyzed by separate univariate ANOVAS
for binge alcohol or sucrose drinking followed by Newman-Keuls post hoc tests. A two-
tailed t-test was used to analyze the HEK cell data. A student’s t-test was used for western
blotting analysis. All analyses were performed using the Sigma Plot 11.2 software program
[Systat Software Inc., San Jose, CA].

RESULTS

MS facilitates acquisition of binge drinking and impulsivity during adulthood

We tested if the experience of chronic 3-hr daily postnatal MS, as a model of early life stress
and childhood trauma, could have protracted effects on binge drinking and impulsivity. After
stabilization on the FR4 schedule for 8 days, responding for alcohol within a two-hour
period was recorded as presented in figure 2A. MS rats showed significantly elevated levels
of responding for alcohol compared to CTL rats (Fig. 2A) with a significant main effect of
Group [Fpo,907 = 78.169, p < 0.001]. Post-hoc analyses confirmed the elevated responding for
alcohol by MS rats for all 5 days tested [p < 0.05]. BACs measured after the two 45 min
drinking sessions were 99.3 + 3.2 mg%/dL for MS animals and 52.9 + 6.2 mg%/dL in CTL
rats [Fig. 2B]. A significant main effect of Group [F 5] = 46.547, p < 0.001] was confirmed
with post-hoc analysis [p < 0.05].

While “impulsivity” is a complex behavioral phenotype (Dick et al., 2010), in the present
study it was defined as choosing a smaller, immediate reward to the exclusion of a larger
delayed reward (Rachlin and Green, 1972), and was quantified using the adjusted amount
delay discounting [DD] assay (Wilhelm and Mitchell, 2008). The smaller the amount of the
reward, the greater the impulsive inference. The MS rats showed significantly increased
levels of impulsivity [lower adjusted amounts] compared with CTL rats [Fig. 2C], with
significant main effects of Group [F1 108) = 31.134, p < 0.001] and Delay [F(g 108 = 14.764,
p < 0.001]. Post-hoc analyses confirmed the increased impulsivity of MS rats compared to
CTL rats for 1, 4, 8, 12, 16 and 20 s delays [p < 0.05]. These data are consistent with other
findings that genetically bred high alcohol drinking (HAD) rats discounted delayed and
probabilistic rewards more steeply than LAD rats (Wilhelm and Mitchell, 2008).
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Antalarmin decreases impulsivity and binge alcohol drinking in MS rats

Because of the elevated levels of CRF in the CeA and mPFC of MS rats, we directly
microinjected antalarmin, a CRF antagonist, into the CeA or mPFC of animals previously
subjected to ethanol drinking or the delay discounting assay, to determine its effects on
impulsivity and alcohol binge drinking, as well as the role CRF may play in regulating these
two behaviors. When directly infused into the CeA of MS rats, antalarmin significantly
reduced operant responding for alcohol [Fig. 3A; F7 15 = 31.082; p < 0.001] and
impulsivity [Fig. 3B; Fp2,15) = 6.667; p = 0.008] compared to vehicle-treated MS rats. Post
hoc analyses confirmed the reduction of impulsivity and operant responding by both 2 ug
and 4 pg intracranial doses of antalarmin [p < 0.05].

To confirm that the antalarmin-induced reduction in operant responding for alcohol was not
due to an overall reduction in the consumption of fluid or the drug’s potential sedative
effects, we evaluated the effect of antalarmin on operant responding for sucrose in MS rats.
Antalarmin did not reduce sucrose responding [Fig. 3C; F[2 12} = 0.0222; p = 0.978]
compared to vehicle-treated MS rats.

Similar reductions of impulsivity and alcohol binge drinking were observed when
antalarmin was microinjected into the mPFC. Antalarmin significantly reduced operant
responding for alcohol [Fig. 4A; F[5 o1 = 8.974; p = 0.007] and impulsivity [Fig. 4B; F[2 30} =
30.464; p < 0.001] compared to vehicle-treated MS rats. Post hoc analyses confirmed the
reduction of impulsivity and operant responding by both 2 ug and 4 ug intracranial doses of
antalarmin [p < 0.05]. Antalarmin injected into mPFC did not reduce responding for sucrose
[Fig. 4C; F2,12) = 0.0843; p = 0.920] compared to vehicle-treated MS rats.

GABAA a2 is elevated in the CeA and mPFC of naive MS rats

GABA, a2 receptors has been implicated in the mechanisms associated with excessive
alcohol drinking behavior in genetically alcohol-preferring rats. To determine if MS rats
share biochemical features of P rats, naive MS rats, never exposed to any behavioral or
alcohol drinking tests were examined for expression of GABAA a2 subunit because
elevations of this receptor subunit is associated with excessive drinking. Compared with
CTL rats, MS rats showed significantly elevated levels of GABAA a2 in the CeA and mPFC
[Fig. 5A and 5B; p < 0.05].

3-PBC decreases impulsivity and binge alcohol drinking in MS rats

Because of the importance of GABA receptors in modulating the effects of stress and
alcohol and the importance of the CeA and mPFC in stress, impulsivity and addiction
processes, we microinjected /n vivo, 3-PBC, a GABA receptor modulator, directly into the
CeA or mPFC of MS rats that were previously subjected to alcohol drinking or impulsivity.
3-PBC significantly reduced impulsivity [Fig. 6A; F,12) = 7.013; p = 0.010] and operant
responding for alcohol [Fig. 6B; F[2 12] = 31.399; p < 0.001] compared to vehicle-treated
MS rats. Post hoc analyses confirmed the reduction of impulsivity and operant responding
by both 20 ug and 40 pg intracranial doses of 3-PBC [p < 0.05]. 3-PBC in the CeA did not
reduce sucrose responding [Fig. 6C; Fp2 12 = 0.0537; p = 0.948] compared to vehicle-treated
MS rats.
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Similar reductions of impulsivity and alcohol binge drinking were observed when 3-PBC
was microinjected into the mPFC. Because 40ug of 3-PBC was shown to completely reverse
excessive drinking and impulsive choice in the CeA, this single dose was used in the mPFC.
It significantly reduced impulsivity [Fig. 6D; F[1 20) = 22.135; p < 0.001] and operant
responding for alcohol [Fig. 6E; F[1 ) = 15.474; p = 0.008] compared to vehicle-treated MS
rats. Post hoc analyses confirmed the reduction of impulsivity and operant responding by the
40ug intracranial dose of 3-PBC [p < 0.05]. 3-PBC in the mPFC also did not reduce
responding for sucrose [Fig. 6F; F2,10] = 0.0600; p = 0.942] compared to vehicle-treated MS
rats.

3-PBC modulates alcohol action in vitro at a non-benzodiazepine binding site

Given the consistent finding that 3-PBC is an antagonist of alcohol motivated behaviors as
shown here and in the literature (Harvey et al., 2002, Kaminski et al., 2013), we evaluated
the capacity of this ligand to block alcohol’s action at the GABAA a2-containing receptor
subtype using electrophysiological whole cell recordings in HEK cells. Recent work has
implicated the GABA, a2- receptor subtype as a direct substrate for the effects of alcohol.
Figure 7A shows that low doses of 3-PBC, at 30 nM, reduced the low and high dose [30 and
100 mM] alcohol enhancement of currents at GABA a2f33y2 receptors [p < 0.05] in
HEK?293 cells. To determine if 3-PBC binds at the benzodiazepine-specific binding site of
GABA receptors, a2p3y2 and a5B3y2 expressing HEK cells were treated with either
Diazepam or 3-PBC at varying doses. As expected, diazepam greatly potentiated the effects
of GABA on whole cell currents beginning at 0.1uM, an effect which was effectively
blocked by Ro15-1788 (flumanezil), a specific antagonist for the BDZ site (Figures 7B and
7C). By contrast, the potentiating effects of 1 to 100uM 3-PBC on a2p3y2 but not a5p3y2
were resistant to Ro15-1788 (Figures 6D and 6E). These findings suggest that the action site
on a2B3y2 at which 3-PBC blocks alcohol’s effects is distinct from the BDZ site.

DISCUSSION

Despite the pervasive human clinical literature linking impulsivity and binge drinking during
adolescence and young adulthood (Dick et al., 2013, Dick et al., 2006), little direct
behavioral or neurobiological evidence exists to support this hypothesis. In the present study,
MS, restricted to the early postnatal pre-weaning period, directly led to increased addiction
risk illustrated by enhanced acquisition and maintenance of binge drinking during adulthood
in rodents, with BACs = 95 mg%/dL. While MS was previously reported to cause long-term
increases in alcohol self-administration in adult animals (Cruz et al., 2008, Moffett et al.,
2007), subjects did not approximate the binge alcohol levels that have been reported in
human alcoholics (Liu et al., 2011, Yang et al., 2011). Thus, this study emulates human
binge drinking due to protracted effects of childhood stress on adult alcohol-drinking
behavior. MS also facilitated acquisition of cognitive impulsivity during adulthood.

Impulsivity is a behavioral phenotype associated with vulnerability to alcohol use initiation,
onset of binge drinking behaviors, early-stage alcohol problems, and end-stage diagnoses of
alcohol dependence and abuse (Dick et al., 2010, Lejuez et al., 2010, Rubio et al., 2008).
Therefore, this behavior may be an important target of therapeutic intervention. As

Stress. Author manuscript; available in PMC 2017 March 29.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gondré-Lewis et al.

Page 12

illustrated in Fig. 2C, MS produced a remarkable impulsivity phenotype across each of the 8
delay intervals tested, with the 16 s interval reaching the maximal level of impulsivity
detectable. However, it is not known if binge drinking facilitated acquisition of the
impulsivity phenotype, or vice versa. Nevertheless, our findings suggest, MS is a powerful
factor in the initiation of both binge drinking and impulsivity, and may influence
vulnerability to their co-morbidity.

The MS model employed here is well established (Wang and Gondre-Lewis, 2013, Hulshof
etal., 2011, Monroy et al., 2010, Wang et al., 2015), and uses repeated 3-hour separation of
newborns from the dams and their littermates over a 20-21 day period, with controls for
temperature (room kept at 29C) and conditions that diminish potential auditory stressors. We
prefer this MS model to others that use 6 hrs of MS (MS360) or a single 24hr maternal
separation at P9 (Nylander and Roman, 2013, Penasco et al., 2015) because these prolonged
means of inducing maternal deprivation disrupt the infant’s key metabolic needs for feeding,
hydration, and warmth, necessary for survival. Additionally, in many reports, bodily contact
(if any) between siblings is not specified, and this factor could introduce inconsistent
outcomes across studies. These and other MS paradigms using 2-4 bottle free choice show
results that range from no statistical difference in alcohol consumption compared to control
animal facility reared animals whether MS was for 15 minutes or 360 minutes (Daoura et al.,
2011, Jaworski et al., 2005, Gustafsson et al., 2005), to a reduction in alcohol intake,
depending on the rat background and sex (Roman et al., 2003). However, many recent free-
choice studies report a clear preference of MS animals for ethanol with MS180 (Huot et al.,
2001) or a 24hr deprivation at P9 (Penasco et al., 2015). Therefore, although different MS
paradigms or alcohol exposure regimen may influence the findings for MS-induced alcohol
preference (Huot et al., 2001, Penasco et al., 2015, Roman et al., 2003), in the current study
in which the animals must press the lever 4 times (i.e., work) for the 10% ethanol
reinforcement, we clearly demonstrate that MS exposure enhances the propensity for alcohol
self-administration. Further, using this same MS model for assessment of delay-discounting,
we show that MS causes impulsive-like behavior compared to controls.

Persistent elevations of adult CRF levels were reported in brain regions that modulate stress
both after maternal separation, (O’Malley et al., 2011) and in non-stressed high alcohol
drinking rodents (Sommer et al., 2008, Zorrilla et al., 2013). Elevations in CRF are
purported to regulate binge drinking in rodents (Lowery-Gionta et al., 2012) and humans
(Treutlein et al., 2006), and were suggested to play a salient role in the transition to
dependence (Koob, 2008). However, the role of CRF in regulating binge drinking and
cognitive impulsivity in rodents triggered by stress/negative affective states has not been
investigated. To test the hypothesis, the CRF1 receptor antagonist antalarmin was infused in
the CeA and mPFC. Antalarmin in each locus produced profound and selective reductions
on binge drinking and markedly reduced impulsivity-like responding. These findings
provide strong evidence that CRF is a major neuronal regulator of binge drinking and
cognitive impulsivity induced by MS. Hence, as with alcohol-dependent subjects (Heilig et
al., 2011, Koob, 2008, Lowery and Thiele, 2010) CRF1R antagonists may represent an
important therapeutic intervention for psychiatric disorders due to sustained uncontrollable
stressors such as childhood trauma.
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When applied directly into the CeA and mPFC, two brain regions that exhibit a high density
of the GABA a2 subunit protein (Fritschy and Mohler, 1995, Kaufmann et al., 2003), 3-
PBC markedly reduced alcohol drinking in MS rats (Fig. 6), but sucrose drinking was
undiminished between groups, indicative of a reinforcement specific behavior of MS rats,
and also that 3-PBC was not acting as a sedative (Harvey et al., 2002). Consistent with naive
alcohol-preferring rats, which exhibited elevated GABAp a2 protein compared to non-
preferring rats (Liu et al., 2011), the current study reveals /ncreased baseline levels of
GABA, a2 protein in MS relative to controls (Fig. 3). This could indicate similar modes of
induction of binge drinking in both P and neonatally stressed rat models; We show that
modulation of the alpha-2 receptor is sufficient to attenuate binge drinking in MS as was
shown in alcohol preferring rats (Harvey et al., 2002, Liu et al., 2011). In addition to the
GABAA receptor functions, reductions in overall cortical GABA levels in human
adolescents and young adults are highly associated with “cognitive impulsivity” and
response inhibition (Silveri et al., 2013). In the current study on the stressed rat model, we
do not directly measure the levels of the GABA neurotransmitter, but this could be an
important next step in further characterizing the MS model for alcohol, impulsivity and other
neuropsychiatric presentations. Indeed, in the current study, the pups were isolated from
each other as well as from their mother during the 3-hour separation, thus the possibility
exists that infant peer isolation could interact with maternal separation to elicit the effects
reported.

We tested the effectiveness of alcohol alone to modulate the GABAA a2f33y2 receptors, and
3-PBC to modulate alcohol’s action at this GABAp receptor in HEK cells 7n vitro. The
magnitude of the 100mM concentration suggests a response sensitivity of the GABAa
a2B3y2 receptors to moderate and high doses of alcohol. These data provide compelling
evidence that 3-PBC was highly effective in attenuating alcohol’s agonistic effects on whole
cell currents, particularly at the 30nM concentration. Because benzodiazepine action at the
GABA site is well known for its sedative and anti-psychotic effects, the term binds at the
‘benzodiazepine receptor’ or ‘benzodiazepine site’ is promiscuously employed when there is
an effect on the GABA receptor. However, our data in HEK cells show that 3-PBC does not
seem to act via the classical benzodiazepine receptor because the potentiation of GABA at
its EC5q by 3-PBC was not blocked by the universal GABA receptor null modulator Ro
15-1788, also known as flumazenil (Fig. 7). It is increasingly evident that the GABAA
receptor demonstrates specific sensitivity to many molecules aside from GABA, including
ethanol (Borghese et al., 2014), dopamine(Hoerbelt et al., 2015) and BDZ (Sieghart, 2015),
among others. Thus, although our data demonstrates a potent reduction of alcohol’s effects
on a2B3y by 3-PBC, and the association of GABA a2 with impulsive behavior in
alcoholics (Villafuerte et al., 2012), indicating that 3-PBC can specifically act at the a2 site,
in a BDZ-independent manner, we cannot rule out the possibility that 3-PBC might interact
with more than one binding site at the GABAA receptor. Additional studies are needed to
further characterize the actions of 3-PBC in MS.

However, 3-PBC was shown to be a safe ligand devoid of untoward effects when given
orally and did not work additively/synergistically with alcohol, or other benzodiazepine
agonists (Harvey et al., 2002, June and Eiler, 2007). Hence, therapeutically, 3-PBC may
represent a safe ligand to evaluate for stress-induced binge drinking and cognitive
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impulsivity induced by stressful life events such as childhood trauma. Although these results
are compelling, there are sex-based differences in behavior, brain function and even alcohol
clearance that cannot be resolved in the mixed-sex design of the current study. Future studies
aimed at addressing sex differences in response to stress are necessary to enlighten a
potential heterogeneity in ensuing psychoaffective behaviors following the experience of
maternal separation or other early life stress. Further, other more common agonists and
antagonists to GABA receptors as well as triple uptake inhibitors should be tested to expand
our understanding of neurophysiological (dys) function after undergoing early life stress.

Conclusions

In summary, our data provide strong evidence that MS is a major risk factor for excessive
drinking and impulsivity. These behaviors are greatly attenuated by the GABA, ligand, 3-
PBC, and the CRF antagonist, antalarmin. These results provide novel insights into the role
of the brain stress systems, especially CRF, in the development of impulsivity and
concomitant excessive drinking. Therapeutically, these drugs provide two putative
therapeutic agents demonstrated here to be effective in attenuating both binge drinking and
cognitive impulsivity induced by stressful life events.
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Figure 1. Map of behavioral experimentsand locations of cannulaimplantation for animal

studies

Panel A shows order of experiments demarcated by the numbers in bold and the direction of
arrows. Panel B shows the location in the mPFC and the CeA where cannula were

implanted. Each slice represents a different animal.
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Figure 2. Baseline operant responding for alcohol, blood alcohol concentration and delay
discounting (impulsivity) of MSvs. CTL rats

(A) Responding for alcohol is increased in maternally separated [MS] rats [N=10] compared
to control [CTL] rats [N=10]. (B) BACs of MS rats [N=4] were elevated above those of CTL
rats [N=4] and were >80 mg%/dL following 2 h of drinking. (C) Adjusted amount is
decreased [impulsivity is elevated] in MS rats [N=11] compared to CTL SD rats [N=9]. * P
< 0.05 by ANOVA followed by post hoc tests.
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Figure 3. Effects of antalarmin injected into the CeA on delay discounting, operant binge
drinking, sucrosedrinking

(A) Both doses of antalarmin [N=6/dosage group] reduced operant responding for alcohol of
MS rats compared to vehicle-treated MS rats [N=6]. (B) Both 2 and 4 pg doses of antalarmin
[N=6/dosage group] microinjected into the CeA of MS rats elevated adjusted amount
[decreased impulsivity] compared to vehicle treatment in MS rats [N=6]. (C) Both doses of
antalarmin in the CeA [N=5/dosage group] did not alter the responding of MS rats for
sucrose compared to vehicle [N=5]. * P < 0.05 by ANOVA.
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Figure 4. Effects of antalarmin injected into the mPFC on delay discounting, operant binge
drinking and sucrose drinking
(A) Both 2 and 4 pg doses of antalarmin microinjected into the mPFC decreased impulsivity

[elevated adjusted amount] in MS rats [N=6/dosage group] compared to vehicle treatment
[N=6]. (B) Both doses of antalarmin also reduced responding of MS rats [N=4/dosage
group] for alcohol compared to vehicle [N=4]. (C) Both doses of antalarmin in the mPFC
[N=5/dosage group] did not alter the responding of MS rats for sucrose compared to vehicle
[N=5]. * P < 0.05 by ANOVA.
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Figure5. GABAA a2 protein concentration in CeA and mPFC of MSvs. CTL rats

Page 24

The levels of GABAA a2 expression were significantly higher in the CeA (A) and mPFC
(B) of MS rats [N=6] compared to CTL rats [N=5 for mPFC, n=6 for CeA]. * P < 0.05 by

ANOVA.
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Figure 6. Effects of 3-PBC in the CeA and mPFC on delay discounting, operant binge drinking,

and sucrose drinking

(A) Both 20 and 40 g doses of 3-PBC microinjected into the CeA, elevated adjusted
amounts [decreased impulsivity] in MS rats [N=5/dosage group] compared to vehicle

treatment [N=5]. (B) Both doses of 3-PBC also reduced operant responding of MS rats
[N=5/dosage group] for alcohol compared to vehicle [N=5]. (C) Neither dose of 3-PBC in
the CeA [N=5/dosage group] altered the responding of MS rats for sucrose compared to
vehicle [N=5]. (D) The 40 ug dose of 3-PBC microinjected into the mPFC, elevated adjusted
amount [decreased impulsivity] in MS rats [N=4] compared to vehicle treatment [N=4]. (E)
40 ug of 3-PBC also reduced operant responding of MS rats [N=4] for alcohol compared to
vehicle [N=4]. (F) 3-PBC in the mPFC [N=5] did not alter the responding of MS rats for
sucrose compared to vehicle [N=5]. * P < 0.05 by ANOVA.
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Figure 7. Effects of 3-PBC in vitro on attenuating alcohol-mediated actions via a benzodiazepine-

independent manner

A) Whole-cell recordings of HEK 293 cells expressing recombinant rat a233y2 GABAA
receptors were performed. Currents were normalized to the GABA concentration specific for
the receptor subtype EC10 under in vitro conditions. Two concentrations of EtOH [30 mM
and 100 mM] in the absence or presence of 1 nM and 30 nM 3-PBC, respectively, were co-
applied with 1.5 pM GABA. Asterisks [*] denote P < 0.05 in a two-sided t-test, compared to
0 or 1nM PBC. (B-E) Increasing concentrations of diazepam (B, C) or 3-PBC (D,E) in the
absence (white) or presence (gray) of 10 uM Ro015-1788 were co-applied with the receptor
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specific GABA concentrations at about the EC20. Asterisks (*) denote p < 0.05 in a two-
sided #test comparing diazepam and 3-PBC plus Ro15-1788 to the test compounds alone.
Error bars indicate the standard error of the mean (+ SEM) for at least four cells.
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