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Inhibitory gamma-aminobutyric acid (GABA) transmission within the prefrontal cortex (PFC) regulates numerous functions, and

perturbations in GABAergic transmission within this region have been proposed to contribute to some of the cognitive and behavioral

abnormalities associated with disorders such as schizophrenia. These abnormalities include deficits in emotional regulation and aberrant

attributions of affective salience. Yet, how PFC GABA regulates these types of emotional processes are unclear. To address this issue, we

investigated the contribution of PFC GABA transmission to different aspects of Pavlovian emotional learning in rats using translational

discriminative fear conditioning and latent inhibition (LI) assays. Reducing prelimbic PFC GABAA transmission via infusions of the

antagonist bicuculline before the acquisition or expression of fear conditioning eliminated the ability to discriminate between an aversive

conditioned stimulus (CSþ ) paired with footshock vs a neutral CS–, resembling similar deficits observed in schizophrenic patients. In a

separate experiment, blockade of PFC GABAA receptors before CS preexposure (PE) and conditioning did not affect subsequent

expression of LI, but did enhance fear in rats that were not preexposed to the CS. In contrast, PFC GABA-blockade before a fear

expression test disrupted the recall of learned irrelevance and abolished LI. These data suggest that normal PFC GABA transmission is

critical for regulating and mitigating multiple aspects of aversive learning, including discrimination between fear vs safety signals and recall

of information about the irrelevance of stimuli. Furthermore, they suggest that similar deficits in emotional regulation observed in

schizophrenia may be driven in part by deficient PFC GABA activity.
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INTRODUCTION

Maladaptive assignment of affective salience to environ-
mental stimuli has been hypothesized to underlie many of
the behavioral pathologies characteristic of schizophrenia
(Jensen et al, 2008; Kapur, 2003; Palaniyappan and Liddle,
2012). For example, delusional ideation may be supported
by aberrant associative learning in relation to otherwise
innocuous stimuli (Kapur, 2003; Palaniyappan and Liddle,
2012). Similarly, the failure to apply appropriate affective
importance to hedonic or aversive stimuli may result in
negative symptoms, including anhedonia and avolition
(Orliac et al, 2013; Walter et al, 2010). Deficient filtering
of task-irrelevant stimuli may also impair cognitive
functioning (Anticevic et al, 2011).

Schizophrenia is associated with abnormal modulation of
activity by emotionally relevant stimuli in numerous
corticolimbic brain regions (Murray et al, 2008; Roiser

et al, 2013; Taylor et al, 2005). In particular, the prefrontal
cortex (PFC) encodes affective salience in humans (Roiser
et al, 2010) and rodents (Moessnang et al, 2012), and is
thought to be an area of primary pathology in schizophrenia
(Lewis et al, 2004; Moghaddam, 2002; Volk and Lewis, 2002).
For example, functional imaging studies have revealed that
activation of the medial PFC (mPFC) is greater in response
to a neutral conditioned stimulus (CS–) than an appetitive
CS (CSþ ), a pattern opposite of that observed in controls
(Diaconescu et al, 2011). Similar patterns of maladaptive
PFC activation in response to neutral stimuli have been
observed using an aversive conditioning paradigm, suggest-
ing a neural correlate independent of the specific hedonic
nature of the stimuli used (Jensen et al, 2008).

Although these studies point to prefrontal dysfunction as
a contributing factor to maladaptive affective processing,
less is known about the neurochemical basis for these
deficits. It has been hypothesized that schizophrenia is
associated with a shift in the balance of cortical excitatory/
inhibitory transmission, leading to disorganized excitation
through alterations in excitatory glutamate and inhibitory
gamma-aminobutyric acid (GABA) transmission (Gonzalez-
Burgos and Lewis, 2012; Moghaddam and Javitt, 2011;
Moghaddam and Krystal, 2012; O’Donnell, 2011). This may
be driven in part by deficiencies in GABAergic transmission
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within the frontal lobes, as reductions in markers for
GABA interneurons in post-mortem PFC of individuals
with schizophrenia are some of the more reliable cellular
abnormalities associated with the disorder (Akbarian et al,
1995; Benes and Berretta, 2001; Gonzalez-Burgos et al, 2010;
Lewis et al, 2012). Dysfunction in PFC GABA transmission
has been hypothesized to contribute to cognitive deficits
observed in schizophrenia. As such, preclinical investiga-
tions probing how PFC GABA transmission regulates
various cognitive and emotional functions can provide
important insight into how dysfunction in this system may
contribute to schizophrenia symptomology.

Recent studies have utilized intra-mPFC microinfusion
of GABAA-receptor antagonists to mimic the disinhibition
thought to result from endemic alterations in cortical
excitatory/inhibitory balance and assess how this may alter
behaviors relevant to schizophrenia. Reducing mPFC
GABAA transmission in rats produces cognitive and neuro-
physiological alterations reminiscent of schizophrenia,
including attentional deficits (Asinof and Paine, 2013;
Paine et al, 2011; Pehrson et al, 2013), impaired set-shifting,
speed-of-processing during working memory, and increases
in behavioral and neurophysiological indices of dopamine
function (Enomoto et al, 2011). Thus, these manipulations
may serve as a useful tool to assess the impact of cortical
GABAergic hypofunction on other process that are per-
turbed in schizophrenia, such as affect regulation.

Reverse-translational assessment of affective conditioning
can be conducted using Pavlovian discriminative fear con-
ditioning and latent inhibition (LI) assays in rats. LI has
been reported to be deficient in acutely psychotic indivi-
duals (Gray et al, 1995; Rascle et al, 2001) and is thought to
represent the inability to appropriately filter irrelevant
stimuli, representing aberrant affective salience attribution
(Gray and Snowden, 2005). Similarly, the ability to disti-
nguish between aversive and neutral conditioned stimuli is
markedly disturbed in schizophrenia (Jensen et al, 2008)
and can be assessed in rodents using a discriminative fear
conditioning task. In this study, we evaluated the impor-
tance of GABAA transmission in the mPFC of rats on the
adaptive assignment of salience to conditioned environ-
mental stimuli utilizing these two assays, to provide insight
into how abnormalities in affective processes may be related
to reduced PFC GABA transmission.

MATERIALS AND METHODS

Subjects and Surgery

Cohorts of male Long Evans rats (Charles River Labora-
tories, Montreal, QC) weighing 250–300 g at the start of the
experiment were initially group housed and provided with
ad libitum access to food and water. Following a week of
acclimatization to the colony, animals were stereotaxically
implanted with bilateral guide cannula into the prelimbic
region of mPFC, described below. For the remainder of the
experiment, rats were singly housed and food restricted to
approximately 90% of their free feeding weight. Each
experiment was conducted in separate cohorts of approxi-
mately 16 rats. Care was taken to ensure that, for each
cohort, comparable numbers of rats were assigned to each
experimental condition to avoid potential cohort affects. All

testing was conducted in accordance with Canadian Council
on Animal Care and the Animals Care Committee of the
University of British Columbia.

Rats were anesthetized with a combination of ketamine/
xylazine (100/10 mg/kg i.p.) and supplemented with analge-
sia (Anafen, 10 mg/kg s.c.). Twenty-three gauge bilateral
stainless-steel guide cannula were aimed at the prelimbic
mPFC according to the following coordinates (Paxinos and
Watson, 2005) from bregma: AP: þ 3.2 mm; ML: ±0.7 mm;
from dura: DV: � 2.8, with the intraural bar set to
� 3.3 mm. Dental acrylic adhered to four stainless-steel
skull screws held cannula in place. Stainless steel obdurators
flush with the end of the guide cannula were inserted after
surgery. Rats were given approximately 1 week to recover
from surgery before beginning behavioral training.

Apparatus

Behavioral testing was conducted in eight standard operant
chambers (30.5� 24� 21 cm; Med Associates, St Albans,
VT). Chambers were housed in a sound attenuating
enclosure equipped with a fan providing ventilation and
masking ambient noise. Each chamber was fitted with two
retractable levers along one wall, separated by a food
receptacle where sucrose reinforcement was delivered
(45 mg pellet; BioServ, Frenchtown, NJ). For these experi-
ments, only the left lever was extended into the chamber.
Two 100 mA cue lights resided above each lever. On the wall
opposite the food receptacle, a single 100 mA house light
was situated directly next to an auditory speaker, which
allowed for the delivery of auditory stimuli via a program-
mable generator (ANL-926, Med Associates). Four infrared
photobeams located just above the grid floors were used to
measure locomotor activity. The floor of each chamber
consisted of 19 stainless steel rods spaced 1.5 cm apart. The
rods were wired to a shock source and solid-state grid
scrambler for the delivery of footshock.

Microinfusion

To acclimatize animals to the microinfusion procedure, rats
received 1–2 days of mock infusions 10 min before the
final lever pressing session before aversive conditioning.
These consisted of obdurator removal, insertion of a mock
injector flush with the end of the guide cannula, and
placement in the infusion enclosure for approximately
2 min. All microinfusions were conducted 10 min before
animals being placed in operant chambers. On the infusion
day, microinjectors extending 0.8 mm beyond the guide
cannula were lowered into the brain and animals received
bilateral infusion of 0.9% saline (0.5 ml/side) or bicuculline
methobromide in a 0.9% saline solution (50 ng/ml at a
volume of 0.5 ml/side). Previous studies have shown that this
dose of bicuculline is effective at inducing cognitive and
neurophysiological alterations, whereas lower doses
(12.5 ng) are less effective (Enomoto et al, 2011; Paine
et al, 2011). Moreover, this dose is orders of magnitudes
lower than those used to induce epileptiform activity
(Schneider and de Lores Arnaiz, 2013). Infusion was
conducted over 75 s, with injectors left in place for 60 s to
allow for diffusion from cannula tips.
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Lever Press Training

For all experiments, rats were initially trained to press the
left lever for sucrose pellet reward. Twenty-four hours before
their first operant training session, rats were provided with
B30 pellets in their home cage. Training sessions were
conducted at a consistent time each day. Over 1–3 days, rats
learned to press using a fixed ratio 1 (FR1) schedule of
reinforcement, at a criterion of 40 total presses in 30 min.
Over the next 3 days, animals were trained on an increasing
variable interval (VI) schedule whereby reward was
provided every 15 (VI15), 30 (VI30), or 60 (VI60) s (one
session at each schedule, per day). Lever pressing on a VI60
ratio engenders a high rate of lever-press responding in
rats, although the amount of reward received is relatively
independent of response rates, which allows for accurate
assessment of conditioned suppression as a proxy for fear
(McAllister, 1997; Quirk et al, 2000). Training with the VI60
schedule continued for 9–11 days, after which aversive
conditioning commenced.

Discriminative Fear Conditioning

Conditioning. Rats underwent discriminative fear con-
ditioning modeled after the protocol described by Antunes
and Moita (2010) (see Figure 1a), which is similar to one
used in human subjects (Balog et al, 2013; Jensen et al,
2008). In this protocol, rats received a total of eight
presentations each of a neutral CS (CS–) and an aversive CS
(CSþ ). Animals were placed in the chambers (no levers or
house light) and initially received two presentations of a 30 s
CS– (1 kHz, 80 dB toneþ illumination of the cue lights).
Subsequently, animals were pseudorandomly presented
with six more CS–, and seven 30-s presentations of the
CSþ (9 kHz, 80 dB toneþ flashing houselight co-terminating
with 0.5 mA/1 s footshock). The session ended following one
additional CSþ presentation (ie, eight presentations each
of the CS– and CSþ in total). The average interstimulus
interval was 3 min. The particular tones associated with
CSþ /CS– were selected because rats trained in a discrimi-
native fear conditioning protocol tend to generalize their fear
responses toward a 22 kHz tone, which corresponds to the
frequency of alarm calls (Bang et al, 2008). Thus, the lower
frequency (1 kHz) was used as the CS– to avoid biasing
results toward generalization (lack of discrimination), which
may arise from auditions similar to alarm calls, triggering
innate fear. In addition, the visual stimuli and order of
presentation were used because pilot studies revealed that
this combination of stimuli produced the most robust and
reliable discriminative fear responses in control animals. The
day after this conditioning session, animals were given a
baseline VI60 session (no shocks or CSs).

Discriminative fear test. Forty-eight hours after condi-
tioning (24 h after baseline VI60), rats were placed in the
operant chamber and allowed to lever press for food on a
VI60 schedule for 5 min, after which the presentation of CSs
commenced. As a rat lever pressed, the 30-s CS– was pre-
sented four times (5-min interstimulus interval), followed
by four 30-s presentations of the CSþ (no shocks; 5-min
interstimulus interval). The main dependent variable was
conditioned suppression of lever pressing during CS

presentation, used as an index of conditioned fear. Animals
naturally suppress instrumental responding during expo-
sure to an aversive CS, lending this behavior to the
assessment of conditioned fear (Kamin et al, 1963; Quirk
et al, 2000; Sierra-Mercado et al, 2011). This measure was
used because previous work by our group has shown that
intra-PFC infusions of bicuculline can increase locomotor
activity when rats are not engaged in operant responding
(Enomoto et al, 2011), which could confound interpretation
using other measures of fear, such as freezing. Suppression
was calculated by taking ((A–B)/(AþB)), where A was the
number of lever presses over the 30 s before the CS
presentation, and B was the number of lever presses during
the 30-s CS presentation. Thus, a suppression ratio of 1
indicates complete suppression of lever pressing, while a
ratio of 0 indicates no suppression.

We tested the effects of intra-mPFC infusions of saline or
bicuculline in four groups of rats. Two groups received
either intra-PFC infusions of saline or bicuculline before the
conditioning phase, and were tested drug-free 48 h later.
Another two groups received either saline or bicuculline
infusions before the test phase. Rats were matched for the
mean number of lever press over the last 2 days of VI60
training and then assigned to one of the four groups.

Latent Inhibition

Conditioning. The LI task (Figure 1b) used was adapted
from McAllister (1997), as used by Enomoto et al (2011).
Following lever press training, rats were allocated to
separate groups (see below), based on the mean number
of lever presses made over the previous 2 VI60 days. This
experiment consisted of three primary treatment groups: (1)
intra-mPFC bicuculline before conditioning, (2) bicuculline
before the LI test session, and (3) saline infusions before
conditioning and test, which served as the control group.
Rats receiving each of these treatments were further
allocated to either PE or nonprexposure (NPE) conditions
during the conditioning phase. For the PE condition, rats
were placed in the operant chamber (no levers/house light),
and experienced 30 presentations of a 30-s compound CS
(illumination of the cue-lightsþ 5 kHz, 90 dB tone). Each CS
presentation was separated by 30 s. In the NPE group, rats
were placed in the chambers for the same amount of time
without any exposure to the CS. Thirty-six minutes after
the start of the session, all rats received three pairings of the
30-s CS co-terminating with a 0.5 mA/0.5 s footshock. The
next day, animals were given a baseline VI60 session.

LI test. Forty-eight hours after conditioning (24 h after
baseline VI60), rats were placed in the operant chamber and
allowed to lever press for reward on a VI60 schedule. Five
minutes into the session, rats received the first of four 30-s
CS presentations, with an intertrial interval of 5 min. Lever
press suppression during the CS presentation again served
as our index of fear, and was calculated in the same manner
as for discriminative fear.

Histology

Following experimental end point, rats were killed with CO2

and brains were removed and fixed in a 4% formalin
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solution. Brains were sectioned at 50 mm, mounted
and Nissl stained using Cresyl Violet. The ventral extent
of cannula placements for the discriminative fear
(Figure 1c) and LI (Figure 1d) tasks illustrate place-
ments clustering in the prelimbic mPFC. Nine animals
in the LI (six bicuculline and three saline animals) and
five in the discriminative fear experiments (two bicuculline
and three saline) were removed from statistical analysis

because of placements exclusively outside the prelimbic
mPFC.

Data Analysis

Discriminative fear conditioning was analyzed separately
for pre-conditioning and pre-test infusions. Suppression
ratios were analyzed using between/within-subjects

Figure 1 Task design and histology for (a, c) discriminative fear conditioning and (b, d) LI experiments. Note that separate groups of animals were used
for saline and bicuculline infusion and for pre-conditioning and pre-test infusion. Infusion locations in the prelimbic mPFC for (c) discriminative fear
conditioning and (d) LI tasks. Black squares denote animals that received bicuculline, open circles represent saline-infused animals. Distance anterior to
bregma (mm) is reflected on the left of each plate.
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three-way ANOVAs with Treatment group (saline vs
bicuculline) as the between-subjects variable, and stimulus
Type (CSþ vs CS–) and stimulus Number (1–4) as the
within-subjects variables. Locomotion across the entire
session and the rates of lever pressing during the first 5 min
of the session were analyzed separately using t-tests or
ANOVAs to determine if there were any nonspecific drug
effects. The rate of lever pressing during the first 5 min of
the session were chosen for analysis as any differences
between groups that emerged in the later part of the session
may have been influenced by CS presentation. Follow-up
simple-main effects analyses were conducted with one-way
ANOVAs or t-tests, where appropriate.

Conditioned suppression data from the LI experiment
were analyzed using two and three-way between/within-
subjects ANOVAs. LI was initially assessed using a two-way
ANOVA comparing suppression during only the first CS
presentation, with PE/NPE and Treatment group (bicucul-
line infusions before conditioning, before test or saline
infusions) as between-subjects variables. To assess further
changes in fear-related behaviors that were apparent during
subsequent CS presentations, a three-way ANOVA was
conducted with Tone as the within-subjects variable, and
PE/NPE and Treatment group again serving as between-

subjects variables. Locomotion and lever pressing rates
during the first 5 min of the session were analyzed
separately using one-way ANOVAs. Follow-up simple-main
effects analyses were conducted with one-way ANOVAs or
t-tests, where appropriate.

RESULTS

Discriminative Fear Conditioning

Pre-conditioning manipulations. Control rats (n¼ 12)
displayed clear discrimination between the aversive CSþ
and a non-aversive CS–, showing minimal suppression of
lever pressing during CS– presentations and robust
suppression during subsequent presentations of the shock-
associated CSþ (Figure 2a, left). In stark contrast, GABA-
receptor antagonism before conditioning (n¼ 13) abolished
fear discrimination, with rats displaying no discernible
discrimination between each CS (Figure 2a, right). Analyses
of these data revealed a significant Treatment� Stimulus
type interaction, (F(1, 23)¼ 15.76, po0.001). Simple-main
effects analyses confirmed that control rats displayed
significantly greater levels of suppression during the CSþ
vs the CS– (po0.001), but there was no difference on this

Figure 2 PFC GABA transmission regulates acquisition and expression of discriminative fear conditioning. Graphs depict average suppression (across four
CS presentations) for animals receiving (a, b) pre-conditioning or (c, d) pre-test infusion on a discriminative fear conditioning task. Error bars represents
þ SEM. (a) Saline-infused animals displayed elevated fear to the CSþ and decreased fear to the CS–. However, animals receiving bicuculline infusions
before conditioning did not display such discrimination, instead showing elevated fear to a CS– and decreased fear to a CSþ relative to controls. (b) Saline-
infused animals showed discrimination across all four CS–/CSþ tones (open circles), while pre-conditioning GABA-blockade animals did not (black squares).
(c) Intra mPFC infusions of bicuculline before the discriminative fear test also abolished discrimination between the CSþ and CS–. (d) Saline-infused animals
showed discrimination across all four CS–/CSþ tones (open circles), while pre-test GABA-blockade animals did not (black squares). Black star denotes
po0.05 as compared with CS–. #Denotes po0.05 between CS– for saline and pre-conditioning GABA-blockade. *Denotes po0.05 vs saline.
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measure for bicuculline-treated rats (NS). Furthermore, PFC
GABA-blockade during conditioning led to elevated fear
during presentation of the CS– (po0.05), while at the same
time decreasing fear in response to the CSþ , compared
with saline controls (po0.001, Figure 2a). There was no
significant main effect of Treatment, (F(2, 43)¼ 2.10, NS),
indicating that over the entire test session, rats in both
groups displayed a comparable amount of conditioned
suppression, although the manner in which rats distributed
their fear response to the CSþ vs CS– was radically different
between treatment groups. Similarly, there was no significant
three-way interaction, (F(3, 69)¼ 1.48, NS; Figure 3b). In
addition, there was no effect of drug on locomotion,
(t(23)¼ � 0.454, NS), or the rates of lever pressing,
(t(23)¼ � 0.137, NS; Table 1). One animal included in the
above analysis had a placement that encroached ventrally
into the prelimbic/infralimbic mPFC border. Conditioned
suppression data from this animal were comparable to those
with placements exclusively within the prelimbic cortex
(CS–¼ 0.44, CSþ ¼ 0.33). Collectively, these data show that
reducing PFC GABA activity during acquisition of discrimi-
native conditioned fear causes a disruption in the expression
of stimulus-appropriate emotional responses, increasing fear
in response to a neutral stimulus and reducing fear to an
aversive one.

Pre-test manipulations. Similar to what was observed in
the pre-conditioning experiment, saline-treated control rats
(n¼ 10) showed robust discrimination between the aversive
CSþ and a non-aversive CS– (Figure 2c, right). Conversely,
rats subjected to the conditioning phase drug-free followed
by intra-mPFC infusions of bicuculline before test (n¼ 11)
again displayed impaired discrimination, as revealed by a
significant Treatment� Stimulus type interaction, (F(1, 19)¼
10.97, p¼o0.01; Figure 2c). Simple-main effects analyses
confirmed that control rats showed substantially greater
suppression during CSþ vs CS– presentations (po0.01;
Figure 2c), but there was no difference on this measure
in bicuculline-treated rats (NS). In this experiment, the
enhanced suppression in response to CS– presentation in
bicuculline-treated rats was only trend level when compared

with controls (p¼ 0.087), although the drug group did show
a significant decrease in fear to the CSþ (po0.05,
Figure 2c). There was no significant main effect of treatment
or three-way interaction, (all Fso1.1, NS; Figure 2d).
Similarly, there were no differences between groups in
terms of locomotion or on the rate of lever pressing, (all
t’s(19)o1.4, NS; Table 1). As in the pre-conditioning
experiment, one cannula placement from one animal
encroached into the prelimbic/infralimbic mPFC border.
This animal displayed elevated fear to the CS– (suppression
ratio¼ 0.80), with no corresponding decrease in fear to the
CSþ (suppression ratio¼ 0.59). Further characterization of
subregional contribution would be necessary to tease apart
potential differential prelimbic and infralimbic contribu-
tion. Thus, disruption of mPFC GABA signaling during
recall disrupts discriminative control over conditioned fear
responses, although in this instance, the effect is driven
more prominently by reduced fear expression to an aversive
stimulus.

Latent Inhibition

As displayed in Figure 3a, control animals showed the
classic LI effect, whereby PE animals (n¼ 8) suppressed
lever pressing less than NPE (n¼ 8) animals. This effect was
apparent only during the first CS presentation, as the
suppression in the NPE group extinguished during sub-
sequent CS presentations. Therefore, in order to analyze

Figure 3 Reducing PFC GABA transmission disrupts LI of conditioned fear expression. Suppression data for animals receiving intra-mPFC saline before
both conditioning and test phases (a) or bicuculline before conditioning (b) or test (c). All error bars reflect þ SEM. (a) Saline-infused animals displayed a
classic LI effect, with PE animals showing less fear than NPE animals during test. (b) Pre-conditioning bicuculline infusion did not alter LI expression, as the
NPE group displayed elevated fear as compared with the PE group. (c) LI was abolished by pre-test intra-mPFC bicuculline, with there being no difference in
fear between NPE and PE animals in these conditions. Star denotes po0.05 between PE and NPE groups.

Table 1 Mean (±SEM) Values for Total Locomotion and Rate of
Lever Pressing Following mPFC GABA-Blockade on a
Discriminative Fear Conditioning Task

Infusion timeline Treatment Locomotion
(photobeam breaks)

Lever
presses/min

Pre-conditioning Saline 1371 (±167) 16.9 (±1.6)

Bicuculline 1274 (±139) 16.5 (±2.0)

Pre-test Saline 1044 (±116) 16.5 (±3.2)

Bicuculline 1356 (±238) 11.1 (±2.2)
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alterations in LI specifically across the groups, our initial
analysis focused on conditioned suppression during the
first CS presentation, as has been done in prior studies
using this LI procedure (McAllister, 1997). Analysis of
these data revealed a significant main effect of PE/NPE,
(F(1, 43)¼ 15.60, po0.001), no main effect of Treatment,
(F(2, 43)¼ 1.76, NS), but importantly, also uncovered a
significant Treatment by PE/NPE interaction, (F(2, 43)¼
4.46, po0.05). Simple-main effects analyses confirmed that
NPE control rats displayed greater levels of conditioned
suppression relative to PE control rats (po0.05, Figure 3a).
Similarly, rats that received infusions of the GABA-receptor
antagonist before conditioning demonstrated LI, with NPE
rats (n¼ 9) showing more fear compared with their PE
(n¼ 8) counterparts (po0.001, Figure 3b). In addition, NPE
rats treated with bicuculline during conditioning displayed
higher levels of suppression relative to NPE control rats,
although comparison of these two values only yielded a
trend toward statistical significance (po0.076, Figures 3a
and b, black bars). In stark contrast to the other treatment
groups, intra-mPFC GABA-blockade before the test
session completely abolished the LI effect, wherein both
NPE (n¼ 8) and PE (n¼ 8) animals displayed comparable
levels of conditioned fear to the first CS presentation (NS,
Figure 3c). Thus, disruption of mPFC GABA signaling
during PE/conditioning does not affect the acquisition of LI,
but this manipulation before test markedly disrupted the
recall of learned irrelevance.

We then conducted a second analysis comparing condi-
tioned suppression over all four-tone presentations, to
ascertain whether there were any differences between groups
in the subsequent expression and extinction of conditioned
fear (Figure 4). This analysis revealed a significant
Treatment� PE/NPE interaction, (F(2, 43)¼ 3.43, po0.05),
although the three-way interaction was not significant,
(F(6, 129)¼ 0.82, NS). Subsequent partitioning of the two-
way interaction revealed that, for PE animals, there were no
differences in the levels of conditioned suppression across
the treatment groups, (F(2, 21)¼ 0.82, NS; Figure 4a).
However, for NPE animals, bicuculline treatment before
the conditioning phase significantly exacerbated the fear
response, when compared with controls or rats receiving

bicuculline before the LI test, which did not differ from each
other (F(2, 43)¼ 3.43, po0.05 and Tukey’s, po0.05). There
was no difference in locomotion across NPE or PE
conditions, or treatment groups, and no interaction (all
F’so3.9, all p’s40.05; Table 2). There was a slight decrease
in the rates of lever pressing for rats receiving bicuculline
prior the test session for LI, (F(2, 43)¼ 3.81, po0.05,
Tukey’s, po0.05), as compared with controls (Table 2).
Collectively, these data indicate that disruption of mPFC
GABA transmission during distinct phases of learning has
differential effects on acquisition and LI of conditioned fear.
Reducing mPFC GABA impairs the recall of learned irrele-
vance, whereas disinhibition of the mPFC during standard
non-discriminative fear conditioning leads to exaggerated
expression of a fear response.

DISCUSSION

The present findings reveal a critical role for mPFC GABA
in regulating different aspects of aversive conditioning,
suggesting that normal inhibitory transmission in this
region is required for the appropriate utilization of affective
information. Using a translational discriminative fear assay,
we observed that pharmacological reduction of mPFC
GABAA signaling eliminated the ability to discriminate
between a neutral CS– and an aversive CSþ . Disruption of
mPFC GABA activity also induced dissociable effects on the
acquisition and expression of conditioned fear within the
context of a LI task. Intra-mPFC infusions of bicuculline

Figure 4 Reducing PFC GABA transmission during fear conditioning enhances expression of learned fear. All error bars reflect þ SEM. (a) In rats that
were preexposed to the CS without shocks, there were no differences in conditioned suppression between the three groups. (b) In contrast, in non-
preexposed rats, intra-mPFC bicuculline before conditioning (black squares) resulted in elevated fear expression across four tones as compared with control
animals (open circles) or pre-test bicuculline (gray triangle) infused animals. Star denotes po0.05 pre-conditioning bicuculline vs the other groups.

Table 2 Mean (±SEM) Values for Total Locomotion and Rate of
Lever Pressing Following mPFC GABA-Blockade During Tests of
Latent Inhibition

Treatment Locomotion
(photobeam breaks)

Lever presses/min

Controls 927 (±124) 29.11 (±2.9)

Pre-conditioning Bicuculline 1007 (±83) 21.80 (±2.8)

Pre-test bicuculline 977 (±105) 17.98 (±2.9)a

apo0.05 vs saline.
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during conditioning spared LI, but markedly augmented
fear expression in a NPE group. In contrast, reducing GABA
transmission during the LI test abolished the LI effect,
pointing to a key role for this system in mediating the recall
of learned irrelevance. These results serve to illuminate the
importance of normal prefrontal GABA signaling in
modulating aversive learning, and suggest that dysfunction
of such signaling may underlie emotional perturbations and
inappropriate use of affective information.

PFC GABA Regulation of Discriminative Fear
Conditioning

Much of what is known about the role of the PFC in fear
conditioning comes from classic, single-stimulus (non-
discriminative) paradigms, which generally illustrate that
the prelimbic mPFC is critical for fear expression (Burgos-
Robles et al, 2009; Vidal-Gonzalez et al, 2006). Here we
provide evidence that a disinhibited or ‘noisy’ mPFC
impairs aversive Pavlovian discrimination learning when
induced before the acquisition or expression phase of the
task. Previous research suggests that acquisition and
expression of aversive discriminative Pavlovian or avoid-
ance learning is dependent on the integrity of the mPFC
(Frysztak and Neafsey, 1991, 1994; Gabriel and Orona, 1982;
Gibbs and Powell, 1991; Maxwell et al, 1994; Orona and
Gabriel, 1983). Recent studies have shown that during
discriminative fear learning, activity within the basolateral
amygdala (BLA; a region critical for fear learning) becomes
entrained to theta frequency input from the mPFC (Likhtik
et al, 2014). Interestingly, these processes appears to be
critically dependent on the inhibition of a sub-population of
mPFC pavalbumin-positive GABAergic interneurons
(Courtin et al, 2013). Fear discrimination is then associated
with the temporally coordinated disinhibition of PFC pro-
jection neurons, which influence BLA activity and sub-
sequent fear expression. Thus, well-orchestrated activity in
the mPFC is likely necessary for appropriate discrimination
between stimuli that are explicitly aversive or neutral. As
PFC GABAergic antagonism is known to increase activity of
PFC neurons non-selectively (Lodge, 2011; Paine et al, 2011;
Rao et al, 2000), this would be expected to result in an
impairment in discriminative neural activity and conse-
quent behavior. Consistent with this interpretation, animals
responded essentially identically regardless of the aversive/
neutral nature of the particular CS presented during the test
phase. The resulting fear-related suppression was not
simply generalized (high or low fear to both CSþ /CS–),
but instead markedly lower fear to the CSþ and elevated
fear to the CS–. Thus, the tuning of mPFC circuitry by
GABAA-receptor-mediated transmission may be critical for
the appropriate encoding and recall of information as either
emotionally salient or innocuous.

Alterations in affective salience attribution have also been
observed following dopaminergic manipulation of the
mPFC in a manner consistent with its ability to modulate
inhibitory transmission (Lauzon and Laviolette, 2010; Lauzon
et al, 2009; Laviolette et al, 2005). For example, mPFC D4-
receptor stimulation enhances the affective salience of a
stimulus that control animals do not find affectively salient,
while also dampening the salience of a stimulus that
normally possesses such salience (Lauzon et al, 2009, 2012).

Interestingly, D4-receptor blockade eliminates the ability
of mPFC neurons to encode the affective importance
of an aversively CS (Laviolette et al, 2005). Dopamine is
known to tune prefrontal excitatory/inhibitory tone, with D4

receptors thought to regulate GABA interneuron activity
(Floresco and Tse, 2007; Onn et al, 2006; Yuen and Yan,
2009). Although D4 receptors are also localized on glutama-
tergic pyramidal neurons, Lauzon and Laviolette (2010)
have proposed that D4-receptor stimulation may disinhibit
pyramidal cell output via inhibition of interneurons. Any
changes in mPFC dopamine tone would be expected to alter
inhibitory transmission, and subsequent affective salience
attributions. The present findings support the idea that
prefrontal dopamine influences salience attribution through
the modulation of GABAergic transmission.

PFC GABA Regulation of LI

During LI, PE subjects learn about the irrelevance of a
preexposed stimulus, as reflected by slower learning of
subsequent associations between that CS and unconditioned
stimuli. The majority of studies investigating the role of the
mPFC in LI have generally observed that permanent lesions
of this structure do not affect LI (Joel et al, 1997; Lacroix
et al, 2000; Schiller and Weiner, 2004). In these studies,
lesions were induced before the conditioning and PE phases,
making it difficult to assess the relative contribution of the
region to discrete task phases, particularly recall/expression
during the test phase. In contrast to these previous reports,
we observed a previously uncharacterized role for mPFC
GABA transmission in mediating the expression of LI, as
blockade of GABAA receptors before an expression test
abolished the LI effect. Thus, whereas elimination of PFC
outflow via lesions may not have a deleterious effect on the
acquisition/expression of LI, the present results show that
the recall of learned irrelevance is dependent on intact
GABAergic transmission within the mPFC.

To our knowledge, the present findings are a rare
demonstration that manipulations administered during
tests of LI can disrupt the retrieval of learned irrelevance
(Lewis and Gould, 2007). This being the case, the particular
mechanisms underlying the abolition of LI following pre-
test mPFC GABA-blockade is unknown. Although the
electrophysiological correlates of LI are poorly character-
ized, one study has shown that PE to a CS in a LI procedure
led to attenuation of CS-evoked neural responses of mPFC
neurons (Talk et al, 2005). Such ‘neural LI’ was observed in
every other region investigated, including the amygdala,
thalamus, and substantia nigra, suggesting that this physio-
logical signature may be ubiquitous across brain regions.
Thus, disinhibition of the mPFC may disrupt the appropriate
recall of CS associations, and consequently LI, by eliminat-
ing the adaptive encoding of neural LI in the mPFC or other
downstream regions that regulate this aspect of learning,
such as the nucleus accumbens shell (Gal et al, 2005) or
entorhinal cortex (Lewis and Gould, 2007). Additional research
into the neural mechanisms underlying the expression and
recall of learned irrelevance may shed additional light on
this issue.

Unlike the above-mentioned findings, intra-mPFC infu-
sions of bicuculline before conditioning did not alter LI,
suggesting that mPFC GABA signaling is not critical for
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learning about the irrelevance of a PE stimulus, as we have
shown previously (Enomoto et al, 2011). However, in NPE
rats that received a relatively mild fear conditioning
protocol (no PE; three CS/shock pairings), mPFC GABA
antagonism during conditioning markedly enhanced sub-
sequent expression of conditioned fear across the four CS
exposures, a finding that meshes with the established role
for the prelimbic mPFC in these processes (Sotres-Bayon
and Quirk, 2010). Presentation of an aversive CS increases
neural activity in the prelimbic mPFC in a manner that is
correlated with extinction failures, with greater activity
associated with slower fear extinction (Burgos-Robles et al,
2009). Similarly, prelimbic mPFC microstimulation elevates
conditioned fear (Vidal-Gonzalez et al, 2006), whereas
inactivation impairs its expression (Sierra-Mercado et al,
2011). Note that inactivation of the mPFC during acquisi-
tion does not affect expression of conditioned fear
(Corcoran and Quirk, 2007). Nevertheless, the present data
highlight another previously uncharacterized role for mPFC
GABA in aversive Pavlovian conditioning. In the absence of
stimulus PE, disinhibition of the mPFC during acquisition
of CS/shock associations appears to augment encoding of a
fear memory, leading to elevated fear expression. At first
glance, the enhanced fear induced by mPFC GABA-blockade
in NPE rats may seem at odds with our observation that
similar treatments during discriminative fear conditioning
reduced fear to a CSþ . However, it is important to
emphasize that mPFC GABA antagonism also enhanced
fear evoked by a CS– not paired with shock. Indeed, when
collapsed over the entire test session, bicuculline-treated
rats showed the same average level of conditioned suppres-
sion as controls, but the manner in which fear was allocated
to the CSþ and CS– was markedly different. This suggests
that treatment caused the formation of nonspecific associa-
tions with the shock that generalized to both CSs. When
juxtaposed, the findings from these two experiments imply
that mPFC GABA transmission aids in refining how
Pavlovian fear memories are encoded, either mitigating
the relative strength of a fear memory to a single CS or
allocating appropriate fear or safety associations to different
stimuli that may or may not be associated with aversive
events. In this regard, there is evidence to suggest that
patterns of mPFC activity that encode aversive and safety
signals differ considerably from those that encode a single
aversive CS. During discriminative fear learning, activity of
separate populations of mPFC neurons reflect the safety of
the CS– and aversive nature of a CSþ (Maxwell et al, 1994).
In comparison, during conditioning of a single stimulus,
most prelimbic mPFC neurons are excited by an aversive CS
(Baeg et al, 2001; Gilmartin and McEchron, 2005). As such,
it is reasonable to propose that disinhibition of mPFC
activity during discriminative fear learning (as may be
induced by pharmacological reduction of GABA trans-
mission) would interfere with the distinct patterns of
activity in separate neuronal populations that encode the
CS– or CSþ , leading to generalization of a fear response
across stimuli. On the other hand, disinhibition of a
majority of PFC neurons that encode a single aversive CS
could augment encoding of the aversive nature of the CS,
manifesting in elevated fear that delays extinction.

Disinhibition of the mPFC may differentially alter the
acquisition of salience during aversive conditioning through

effects on downstream structures implicated in the acquisi-
tion, expression, and LI of conditioned fear. In particular,
activation of the BLA may be one site that drives these
effects. The BLA is critical for the formation of CS-
unconditioned stimulus associations and receives mono-
synaptic projections from the prelimbic mPFC. mPFC-BLA
synchrony increases during discriminative fear condition-
ing (Likhtik et al, 2014), and imaging studies have shown
that activation of the BLA differentiates between aversive
and non-aversive stimuli during conditioning (McHugh
et al, 2013). Disinhibition of the PFC and the resultant
excitatory outflow to the BLA would be expected to perturb
this type of discriminative activity. In comparison, during
standard, single-stimulus fear-conditioning, computational
models predict that prelimbic mPFC may drive BLA activity
to signal fear (Pendyam et al, 2013), a process that could be
enhanced following mPFC disinhibition. Moreover, lesions
of the BLA lead to abnormally persistent LI (Schiller and
Weiner, 2004). As such, it is plausible that enhanced activity
of the BLA may produce the opposite effect, attenuating LI
expression.

The present findings converge with an emerging literature
demonstrating that mPFC GABA-blockade can impair
various cognitive functions, including attention and cogni-
tive flexibility (Enomoto et al, 2011; Paine et al, 2011;
Pehrson et al, 2013). With respect to attention, it is unlikely
that impairments in these aspects of cognition can explain
the totality of the results reported here. Inattention during
discriminative fear conditioning would be expected to
manifest itself as decreased fear to both stimuli during test.
Instead, rats paradoxically showed elevated fear to the
CS–, and lower fear to the CSþ . Further arguments against
an attentional mechanism come from the fact that LI is an
index of learned irrelevance or inattention. Yet, LI is
unaffected by mPFC GABAergic-blockade during PE/con-
ditioning (ie, the phase of the procedure that places greatest
demands on attention, Enomoto et al, 2011; this study). On
the other hand, reducing PFC GABA transmission during
the acquisition of a visual discrimination led to increased
perseveration when rats were required to shift to using a
different discrimination strategy, suggesting that these
treatments may have augmented the formation or con-
solidation of certain action–outcome associations (Enomoto
et al, 2011). A similar mechanism may underlie the
enhanced Pavlovian fear associations induced by bicucul-
line infusions during conditioning in NPE rats. However,
impairments in cognitive flexibility would not readily
explain impairments in discriminative fear, as in this
instance, rats showed comparable levels of fear to both a
CSþ and CS–, which could be interpreted as a more flexible
allocation of affective responding. Thus, although disrup-
tion in other aspects of cognition induced by PFC GABA-
blockade may have contributed to some of the effects
observed in this study, we suggest that these deficits are
more reflective of perturbations in the attributions of
affective salience during aversive conditioning.

Relevance for Schizophrenia

Our finding that mPFC GABA activity has a critical role in
modulating various aspects of aversive learning provides
novel insight into the mechanisms underlying emotional
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disturbances that may occur when this system is dysfunc-
tional, as may be the case in schizophrenia. For example,
Jensen et al (2008) assessed fear conditioning in schizo-
phrenic patients and non-psychiatric controls, requiring
them to discriminate between an aversive CSþ and a neutral
CS–, similar to the assay used in this study. Compared with
healthy controls, patients displayed less physiological and
subjective arousal to a CSþ and more arousal to a CS–, an
effect that is nearly identical to the deficits in discriminative
fear reported here. Similar results have been obtained from
individuals high in the schizotypal trait ‘reality distortion’
(Balog et al, 2013), suggesting that these deficits may be
related to underlying neurochemical (possibly GABAergic)
alterations, rather than confounding factors such as disease
course or antipsychotic treatment. Interestingly, the mPFC
displays aberrant hyperactivity in response to neutral
stimulus in schizophrenia patients compared with control
individuals (Hall et al, 2008; Jensen et al, 2008; Murray et al,
2008). The present findings suggest that these neural and
corresponding emotional abnormalities may be driven in
part by perturbations in PFC GABAergic activity.

Deficient LI in schizophrenia has been proposed to be
mediated by elevated striatal dopamine transmission that
may lead to aberrant attributions of salience to an otherwise
irrelevant stimulus (Weiner and Arad, 2009; Weiner, 2003).
In this study, PFC GABA-blockade during conditioning/PE
left LI intact, despite the fact that mPFC GABA-blockade
enhances phasic activity of midbrain dopamine neuron
activity (Enomoto et al, 2011). This lack of effect suggests
that increased phasic firing of dopamine neurons induced
by PFC GABA-blockade may not be sufficient to elevate
striatal dopamine levels to the extent required to disrupt LI.
Alternatively, it may be that increases in tonic, rather than
phasic dopamine transmission may be required to perturb
LI, as we have argued previously (Enomoto et al, 2011). In
contrast, pre-test reductions in PFC GABA transmission
abolished expression of LI, indicating that intact PFC GABA
activity is essential for retrieving information about the
irrelevance of stimuli. It is therefore reasonable to propose
that, in addition to aberrant increases in dopamine activity,
perturbations in PFC GABA transmission that impede the
recall of learned irrelevance may also contribute to
impairments in LI observed in schizophrenia. On the other
hand, mPFC GABA-blockade during acquisition of condi-
tioned fear to a single stimulus in NPE animals increased
the expression of conditioned fear during test. This exacer-
bated fear response is reminiscent of deficient extinction
learning in schizophrenia, whereby individuals do not recall
extinction memories as strongly as controls and continuing
to display elevated conditioned responses despite extinction
training (Holt et al, 2009, 2012). In this regard, extinction
failure is correlated with ventromedial PFC overactivation
in schizophrenia patients. These changes are particularly
interesting given that schizophrenia is highly comorbid with
anxiety disorders (Braga et al, 2004; Buckley et al, 2009),
which have also been associated with decreased prefrontal
GABA activity (Long et al, 2013; Simpson et al, 2012). The
present findings suggest that these abnormalities may be
related to changes in excitation/inhibition because of
endemic PFC GABAergic dysfunction.

Although in vivo evidence for PFC GABA hypofunction in
schizophrenia remains controversial (Ongür et al, 2010;

Rowland et al, 2013), a recent report by Taylor et al (2013)
suggests that endemic cortical GABA dysfunction may con-
tribute to abnormal neural responses to affective stimuli. In
that study, the authors reported that schizophrenic indivi-
duals treated with lorazepam (a positive allosteric modulator
of the GABA-receptor benzodiazepine binding site), displayed
increased activity in the dorsomedial PFC in response affec-
tively salient stimuli, whereas these same treatments decreased
PFC activity in controls. These differential effects of pharma-
cological GABAergic challenge on PFC activity associated with
emotional processing further support the contention that
dysfunction in this system may underlie disturbances in
affective regulation observed in schizophrenia, and indicate
that further research on how normal and abnormal PFC
GABA transmission regulates these processes is warranted.

Summary and Conclusions

This study reveals that PFC GABA neurotransmission has
multiple and previously uncharacterized roles in regulating
different aspects of conditioned fear. Pharmacological
reductions in PFC GABA transmission impaired discrimi-
native aversive conditioning, retrieval of LI and exacerbated
fear learning to a single stimulus. Each of these alterations
in emotional learning resemble those that have been
observed in schizophrenic patients. As such, these findings
suggest that dysfunction within PFC GABAergic circuits
may underlie abnormal affect regulation associated with
this disorder such as schizophrenia, and that development
of treatments that may normalize PFC GABA activity may
be beneficial in ameliorating emotional abnormalities
associated with the disease.
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