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Fear extinction disruption in a developmental rodent model of
schizophrenia correlates with an impairment in basolateral
amygdala-medial prefrontal cortex plasticity

Daniela L. Uliana', Leonardo B. M. Resstel ' and Anthony A. Grace

Schizophrenia patients typically exhibit prominent negative symptoms associated with deficits in extinction recall and decreased
ventromedial prefrontal cortex activity (vmPFC, analogous to medial PFC infralimbic segment in rodents). mPFC activity modulates
the activity of basolateral amygdala (BLA) and this connectivity is related to extinction. mPFC and BLA activity has been shown to
be altered in the methylazoxymethanol acetate (MAM) developmental disruption model of schizophrenia. However, it is unknown if
there are alterations in extinction processes in this model. Therefore, we investigated extinction and the role of mPFC-BLA balance
in MAM rats. Male offspring of pregnant rats treated with Saline or MAM (20 mg/kg; i.p.) on gestational day 17 were used in fear
conditioning (contextual/tone) and electrophysiological experiments (mPFC-BLA plasticity). No difference was observed in
conditioning, extinction, and test sessions in contextual fear conditioning. However, MAM-treated rats demonstrated impairment in
extinction learning and recall in tone fear conditioning. Furthermore, high frequency stimulation (HFS) of the BLA decreased spike
probability in the mPFC of saline-treated rats but not in MAM rats. NMDA antagonist microinjected into the BLA disrupted
extinction learning and recall in control rats, resulting in a similar deficit as that observed in MAM-treated rats. These data
demonstrate extinction impairment in the MAM model that is analogous to that observed in schizophrenia patients, that was
probably due to disruption in the regulation of mPFC activity by glutamatergic neurotransmission in the BLA.

Neuropsychopharmacology (2018) 43:2459-2467; https://doi.org/10.1038/s41386-018-0128-3

INTRODUCTION
In addition to prominent positive symptoms and cognitive deficits,
schizophrenia patients also exhibit alterations in emotional
functions related to negative symptoms [1, 2]. The ability of
schizophrenia patients to process emotional information can
affect the symptom severity and contribute to psychosis [1, 3, 41.
Impairment in aversive associative learning is observed in
schizophrenia [5-7], such as disruption of extinction memory [8].
Extinction involves formation of a new emotional memory, as
shown by studies in rodents and humans [9, 10]. Pavlovian fear
conditioning is extensively used to understand this process; this
paradigm is based on pairing a neutral stimulus as context and a
tone (the conditioned stimulus-CS) with an aversive stimulus (the
unconditioned stimulus-US), with the aversive stimulus being
footshock in rodents [11]. After pairing, the CS can predict the US
event and elicit a conditioned response, such as freezing behavior
in rats [12]. The extinction of fear memory involves a decrease in
the emotional response produced in response to previous aversive
learning by repeated presentation of CS without the aversive
stimulus, and depends on formation of new learning [10] .
Evidence in schizophrenia patients, using fear conditioning,
demonstrated extinction recall impairment [8] associated with
decreased ventromedial prefrontal cortex (vmPFC) function during
the task [13]. vmPFC is functionally analogous to the medial
prefrontal cortex (mPFC) in rodents, especially the infralimbic

portion [14, 15]. Both in humans and rodents this area is essential
for extinction learning. Therefore, disruption of the mPFC directly
affects the consolidation of extinction [14, 22]. The amygdala is
another brain area involved in fear conditioning that has
reciprocal connectivity with the mPFC [16, 17]. The balance
between amygdala and mPFC is crucial in fear and extinction
learning. During extinction learning the mPFC has an inhibitory
role over amygdala activity and conditioned responses [17].
Recent evidence also demonstrated that the amygdala projections
to the mPFC are essential for extinction learning and recall [18].
There is a limited amount of studies investigating the extinction
process in animal models of schizophrenia and the neural basis of
this process, especially in a developmental disruption animal
model of schizophrenia.

The developmental disruption animal model of schizophrenia
employed here consists of administering methylazoxymethanol
acetate (MAM), a DNA alkylating agent, during gestational day 17,
which leads to a prominent increase in dopaminergic pathway of
ventral tegmental area (VTA) to associative striatum in the adult.
This model demonstrates substantial neuroanatomic, behavior,
and electrophysiology alterations that parallel those observed in
schizophrenia patients [19]. Several brain structures that are
related to modulation of extinction have been shown to undergo
substantial changes in this model, including the basolateral
amygdala (BLA) and mPFC [20, 20, 51]. The mPFC in particular
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presents significant alterations in activity [20, 51] that is believed
to contribute to BLA hyperactivity [21] and deficits in extinction
[22, 23]. Considering that MAM-treated animals have altered mPFC
and BLA activity and that these brain areas are essential in
extinction memory, we examined whether MAM-treated rats also
exhibit deficits in extinction memory that correspond to changes
in mPFC-BLA interactions.

MATERIALS AND METHODS
Animals and methylazoxymethanol treatment
Pregnant female Sprague-Dawley rats (Envigo, Indianapolis, USA)
were acquired on GD 14 and each dam was housed individually in
ventilated plastic breeding tubs. The dams were administered
saline (1 mg/kg) or MAM (20 mg/kg, i.p.) on GD 17 [24]. Male
offspring were weaned on postnatal day (PND) 22 and were
housed in groups of two or three with littermates until
approximately 3-4 months of age. Rats were then used for
behavioral and electrophysiological experiments after PND 65, as
young adults [25]. The rats were housed in a temperature-
controlled room (22+1°C) under standard housing conditions
with free access to food and water and a 12 h light/ dark cycle
(lights on at 7 a.m.). Seven days before PDN65, the animals were
transferred to a reverse light cycle room (lights on 7 p.m.). The rats
were tested during the lights-off cycle in behavior experiments.
All the experiments were performed in accordance with the NIH
Guide for the Care and Use of Laboratory Animals and approved
by the Institutional Animal Care and Use Committee at the
University of Pittsburgh.

Contextual fear conditioning

The conditioning chamber used was a grid floor with stainless
steel rods plugged into a shock generator (MedAssociates). The
animals were placed into the footshock chamber and, after 2 min
habituation, four footshocks (0.75 mA for 1s at 20-60s random
intervals) were delivered. Twenty-four hours later the animals
were re-exposed to the experimental chamber for a 30-min-long
session (6 blocks of 5min) without shock delivery (extinction
session). On the next day, the test (extinction recall) was recorded
during 10 min of novel exposure. Freezing behavior was recorded
during all sessions of conditioning, extinction, and test. Freezing
behavior was manually recorded during sessions by an experi-
menter, and was defined as the complete absence of movement
other than respiration while the animal assumed a characteristic
splayed posture [12]. Four litters were used: Saline (4 and 3
offspring of two litters) and MAM (5 and 3 offspring of two litters)
groups. Previous studies showed that litter or rearing by the
injected dam did not impact the results [24].

Tone fear conditioning

The tone fear conditioning protocol was based on Brugos-Robles
et al. (2007). The same chamber used in contextual fear
conditioning was used in the tone protocol. In the acquisition
phase, the animals were placed into the footshock chamber and
after 2 min received five habituation tones (30s; 65 dB; 30-60s
random interval), followed by seven tones that co-terminated with
footshocks (0.5s; 0.6 mA; 30-60 random interval). Twenty-four
hours later the animals were re-exposed to the chamber with 2
min baseline and 20 tone presentations (extinction session). The
following day the rats were tested with 2 min baseline and eight
tone presentations. The same chamber was used in all the
sessions. Seven litters were used: Saline (4, 3, 3, and 4 offspring of
four litters) and MAM (2, 2 and 3 offspring of three litters) groups.

Electrophysiological recordings

The electrophysiological experiments were performed the day
after the tone fear conditioning protocol, as described previously
[20]. The rats were injected with chloral hydrate (400 mg/kg) and
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fixed in a stereotaxic frame (Kopf). Body temperature was held
constant at 37 °C using a thermostatically-controlled heating pad
(Fintronics). Anesthesia was maintained by i.p. injection of chloral
hydrate as needed to maintain suppression of the hindlimb
compression reflex. In vivo extracellular recordings were per-
formed using microelectrodes pulled from Omegadot 2.0 mm
glass tubing on a vertical electrode puller (Narishige P-5, Japan)
and the tip broken back under microscopic control to an
impedance of 12-16 MQ and filled with 2 M NaCl containing 2%
Sky Blue dye. Microelectrodes were lowered through the mPFC (A/
P +3.2-24 mm from bregma; M/L + 0.4-0.5 mm from midline; V
—2.5 to 45mm from brain surface). Electrophysiological signals
were amplified (x1000) and filtered with 10-50 Hz high pass and
16 kHz low pass using an amplifier (model WDR-420). An
oscilloscope (B&K precision) was used to display the electro-
physiological signal and the data were transferred via a Powerlab
interface (AD instruments) to a computer with LabChart
v.8 software. A signal-to-noise ratio >3 was the cutoff used for
data analyses.

Concentric bipolar stimulation electrodes (NEX-100X; Rhodes
Medical Instruments) positioned in the BLA (A/P —2.6 mm from
bregma; M/L —4.6 to 4.8 mm from midline; V —7.8 to 8 mm from
skull) were used to apply the single-pulse and high frequency
stimulation (HFS; 20Hz, 10s at suprathreshold). Single-pulse
stimulation in the BLA was applied using a dual-output stimulator
(S8800; Grass Technologies) with 1 mA intensity/0.5 Hz frequency/
0.25 ms pulse duration to search for a responsive neuron in the
mPFC. When a responsive short latency monosynaptically
activated neuron was found the current administered to the BLA
was adjusted to evoke an action potential 50% of the time. A
response was considered to be monosynaptic when the latency to
the evoked action potential was approximately 22 ms and when
increasing stimulus intensity resulted in little shift in latency [26].
Spike probability was measured 10 min before HFS (baseline) and
30 min after HFS, dividing the number of spikes by the total
number of single-pulse stimuli. Only 1 neuron was recorded per
animal. The electrophysiological recordings in conditioned rats
were performed in the same offspring and litters as described in
tone fear conditioning. The experiment with PL and IL region
comparison in Saline groups used four litters (PL: 3, 2, 1, and 2
offspring for each litter; IL: 1, 1, 2, and 2 offspring for each litter).
The experiments with naive saline and MAM-treated rats were
derived from four litters (Saline, 5 and 3 offspring of two litters;
MAM, 4 and 2 offspring of two litters).

BLA cannula implantation and drug administration

For experiment with intra-BLA drug administration, two litters that
were treated with saline on GD17 were used (Saline group, three
offspring of each litter; Drug administration group, four and three
offspring of litters). For implantation of cannulae into the BLA, rats
were anesthetized with isoflurabne and fixed in the stereotaxic
frame. After incision, stainless steel guide cannulae were
implanted bilaterally targeting the BLA (A/P —2.8mm from
bregma; M/L+5.0mm from midline; V —7.8 mm from skull)
according to Paxinos and Watson (1997). Acrylic cement and one
metal screw were used to fix it to the skull. After surgery, a
subcutaneous injection of a nonsteroidal anti-inflammatory
(Carprofen; Rimadyl, Zoetis Inc) was administered for post-
operative analgesia, and a medicated food (MediGel®CPF) was
provided in the rat homecage. To survey recovery the rats were
maintained in an isolated environment for 2 days, after which the
rats were housed in groups of two with a littermate in a clean
cage. The rats were maintained in the animal care unit for 7 days
to complete recovery before initiating behavior experiments.

All rats received similar exposure to the tone conditioning
session. One day after, the rats were randomly assigned to saline
or treatment groups. Ten minutes before the extinction session
saline 0.9% (0.5ul) or NMDA antagonist (DL-2-amino-5-
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phosphonopentanoic acid, AP5 5.07 mM/L or 2.5 nmol/0.5 ul per
injection; Sigma) [27] was administered into the BLA using a 2 pl
Hamilton syringe (Hamilton Co., USA). After injection, the needles
remained in place for an additional 30s to prevent reflux. The
animals were then tested for extinction using tone fear
conditioning. Twenty-four hours later the groups of animals were
submitted to test of extinction recall.

The dose of 2.5 nmol per site of NMDA antagonist was based
on a dose that should be adequate to impair extinction using tone
fear conditioning [27].

Histology
At the end of electrophysiological recordings, the electrode
location (recording site) was marked with electrophoretic ejection
of Chicago Sky Blue dye (—20 pA constant negative current, 20
min). The location of the stimulation electrode was marked by
administering 10 s cathodal current at 200 pA. A lethal dose of
chloral hydrate (additional 400 mg/kg) was administered for
euthanasia. In rats that received the BLA implantation, after
testing the animals were killed using a closed chamber and CO,.
The rats were decapitated and the brains removed before fixing
the tissue in 8% paraformaldehyde for approximately 48h,
following by transferring to 25% sucrose solution for cryoprotec-
tion. The brains were frozen and sliced coronally (60 um), after
saturation, using a cryostat (Leica Frigocut 2800). The slices were
mounted on gelatin-chormalum-coated slides and stained with a
combination of neutral red and cresyl violet.

Statistical analyses

Freezing behavior in conditioning/extinction sessions and electro-
physiological recording data were analyzed using a two-way
ANOVA (Time—repeated factor; condition—independent variable
and freezing behavior/%change in spike probability—dependent
variable). The extinction retention test and spike probability were
analyzed using the Student’'s t-test (Condition—independent
variable and freezing behavior/spike probability—dependent
variable). All data were represented as the mean + SEM. Statistical
tests with p < 0.05 were considered significant.

RESULTS

Contextual fear conditioning

In the acquisition session of contextual fear conditioning, saline (n
=7) and MAM rats (n = 8) acquired the contextual fear memory,
and no difference was observed between the groups (Fig. 1a; two-
way ANOVA; time F,s5,=176.2, p<0.05; condition p>0.05;
interaction p > 0.05). On day two, saline (n =7) and MAM groups
(n = 8) were similar in contextual fear expression (first point of
extinction, p > 0.05, t-test). In the extinction session, no difference
was found between both groups (saline n=7 and MAM n=3§;
two-way ANOVA; time Fsgs =25, p<0.05; condition p>0.05;
interaction p > 0.05). No difference was observed between saline
(n=7) and MAM groups (n = 8) in extinction recall t (p > 0.05, t-
test).

Tone fear conditioning

Saline (n=14) and MAM (n=7) groups acquired the tone fear
memory conditioning at the same rate (Fig. 1b; time, F5 95 = 700.5;
condition, p > 0.05; interaction, p > 0.05; two-way ANOVA). During
the extinction session, baseline and fear expression (first point of
training) were similar between saline (n = 14) and MAM groups (n
=7) (p>0.05, t-test). Two-way ANOVA showed a significant effect
of time (Fy,7=18.47, p <0.05), condition (F;;9=5.52, p<0.05),
but there was no interaction (p > 0.05) in the extinction session. In
extinction recall, saline (n =14) and MAM-treated animals (n =7)
were significantly different at baseline (t=2.24, p<0.05) and
during the extinction recall (t =2.96, p < 0.05).
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BLA-mPFC plasticity

In conditioned saline and MAM groups, single-pulse stimulation of
the BLA was use to evoke spike discharge in mPFC neurons
(Fig. 2a-c). The number of neurons recorded was 14 in saline-
treated and seven in MAM-treated groups. The mean baseline
spike probability was not different between groups (p > 0.05, t-
test, Fig. 2d). The current used to obtain at least 50% spike
probability baseline for BLA-evoked response was not significantly
different between saline (n = 14) and MAM-treated (n = 7) animals
(Saline 1.12 mA £ 0.031 and MAM 1.09 mA £ 0.035; p > 0.05, t-test;).
At baseline, there was no difference in the number of neurons that
demonstrate burst activity evoked by single-pulse stimulation of
the BLA (saline, n =14, 42.9% and MAM, n=7, 37.5% of total
neurons recorded). The latency to onset of the evoked action
potential was not significantly different between the groups
(saline, n =14, 19.65 ms £ 1.132 and MAM, n =7, 17.60 ms + 1.885;
p>0.05 ttest). BLA HFS in saline-treated animals (n=14)
decreased probability of evoking spikes in mPFC neurons, which
was not observed in MAM-treated animals (n =7) (2-way ANOVA
significant effect of time (F;,3 = 2.76, p < 0.05), condition (F; 10 =
10.01, p < 0.05) and interaction (F; 3 = 2.34, p < 0.05; Fig. 2e). The
mean percent change in BLA-evoked spike probability following
HFS was decreased in saline rats (n=14), but not in the MAM
group (n=7) (t=2.99, p <0.05, t-test, Fig. 2f).

In saline animals, BLA stimulation produced similar spike
probabilities with PL (n=8) and IL (n=6) stimulation (p > 0.05,
t-test, Fig. 3a—¢; significant effect of time, F, g, = 7.52, p < 0.05, but
not mPFC subregion, p > 0.05, Fig. 3d). The mean %Change in BLA-
evoked spike probability was not significantly different comparing
PL (n=38) and IL (n=6) portions (p > 0.05; Fig. 3e).

In order to examine whether conditioning impacted spike
probability, the impact of single-pulse and HFS of BLA in naive
animals on the mPFC was evaluated. The number of neurons
recorded was eight in saline-treated and six in MAM-treated
groups. With single-pulse stimulation at baseline, saline and MAM-
treated animals did not exhibit differences in evoked spike
probability (p>0.05, t-test, Fig. 4c) and intensity of current
required to obtain at least 50% spike probability (p > 0.05, t-test;
n =38, 1.27 £ 0.044; MAM, n = 6, 1.28 + 0.036). The latency to onset
of the evoked action potential was not significantly different
between the groups (saline, n =8, 22.34 ms + 1.577 and MAM, n
=6, 18.25 ms £ 1.639; p > 0.05, t-test). BLA HFS in saline rats (n = 8)
also decreased the probability of evoking spikes in mPFC neurons,
which was not observed in the MAM rats (n = 6) (2-way ANOVA
significant effect of time (F;g4 = 4.63, p < 0.05), condition (F; 1, =
5.71, p < 0.05) and interaction (F;g4 = 3.46, p < 0.05; Fig. 4d). The
mean percent change in BLA-evoked spike probability was
significantly decreased in the saline group (n=8) compared to
MAM-treated rats (n =6) (t = 2.39, p < 0.05, t-test, Fig. 4e).

NMDA antagonist injection in BLA

To investigate whether the BLA itself was involved in the
differential impact of BLA stimulation on mPFC plasticity, an
NMDA antagonist (AP5; 2.5 nmol/0.5 pl) was administered into the
BLA before extinction (Fig. 5). Both groups of rats acquired fear
conditioning (saline n=6 and MAM n=7; time effect, F5s5s=
255.2, p < 0.05; group effect p > 0.05; interaction, p > 0.05; two-way
ANOVA). In the extinction session, no difference was observed at
baseline (p > 0.05; t-test). However, the rats that received NMDA
antagonist (n =7) did not extinguish the fear response (p > 0.05,
ANOVA), as was observed in the saline group (n =7; Fg 50 = 2.60, p
< 0.05, repeated measures ANOVA effect of time (Fgg9 =7.08, p <
0.05), treatment (F;;; =8.05, p<0.05) and no interaction (p<
0.05). During the test session, the rats that received the NMDA
antagonist (n=7) exhibited a higher degree of freezing at
baseline (t=2.86, p <0.05; t-test) and at testing (t=3.31, p<
0.05; t-test) compared to saline group (n = 6).
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fear conditioning. a Contextual fear conditioning in saline-treated (n=7; white circles) and MAM-treated (n=8; black circles) rats.
Conditioning session (4 FS of 0.75 mA/1 s) in saline-treated and MAM-treated rats represents acquisition of fear memory. Extinction (6 blocks
of 5 min; 30 min total) and test (10 min) sessions in both group represent extinction learning and recall. No statistic difference was observed
between MAM and saline rats in any session. b Impairment of extinction learning and recall in MAM-treated rats. Tone fear conditioning
(7Tone + FS 0.6 mA/0.5 s) in saline-treated (n = 14; white circles) and MAM-treated (n = 7; black circles) rats. In the conditioning session, no
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observed at baseline, but an impairment of extinction learning was observed (*p < 0,05 to saline group). In the test session (8 tones) there was

a difference at baseline and with extinction recall between saline-treated and MAM-treated rats (*p < 0.05)

DISCUSSION

Prenatal MAM treatment, as described previously, produces a set
of alterations that is analogous to those observed in schizo-
phrenia patients [19], such as deficits in social interaction and
spatial memory [24, 28]. In humans, schizophrenia patients
present impairment of extinction recall memory in fear
conditioning [8], suggesting that aversive learning is abnormal.
Using tone fear conditioning we first described an alteration in
aversive learning in MAM rats. Thus, MAM-treated rats exhibit a
deficit in tone fear extinction learning and recall, demonstrating
an abnormal processing of extinction learning that partially
mimics what happens in schizophrenia patients. Moreover, we
demonstrated that MAM-treated rats have no alteration in
contextual fear conditioning. A recent study from our group
suggests that MAM-treated animals have a deficiency in context
discrimination to predict a future aversive situation [29]. In the
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contextual fear conditioning experiment, we observed a similar
expression of conditioned response between saline and MAM-
treated animals. This difference is probably due to the different
protocol used, where in the present study we applied a higher
number of footshocks (4) and higher intensity (0.75 mA) as
contrasted with one footshock (0.5 mA) in the previous study
that probably produced a strong association with context. In
both protocols, the MAM-treated animals did not demonstrate
impairment in acquisition. Schizophrenia patients are reported
to exhibit a deficit in acquisition of emotional memories using a
different task [30]. The fear conditioning task used here likely
represents a simplified task, especially with respect to the
contextual protocol, and was not capable of revealing the
disruption in acquisition of conditioned memory. However, the
present results demonstrated a significant impairment in
extinction using tone fear conditioning that reflects the robust

Neuropsychopharmacology (2018) 43:2459 - 2467
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disruption of this process in MAM rats that is analogous to that
observed in schizophrenia patients [8].

The fear extinction impairment demonstrated in the tone
conditioning protocol was not observed in contextual condition-
ing. This difference could be related to different parameters used
in the protocols. The tone protocol required a higher number of
events (7Tone + Footshocks) to elicit a substantial fear expression
in contrast to the contextual protocol (4 Footshocks). However, it's
important to note that contextual relevance in the tone protocol,
represented as baseline freezing before extinction, did not differ
between saline and MAM-treated groups. This evidence supports
the idea that fear extinction disruption in tone conditioning
probably is not related to differences in the protocol. Moreover,
the results with contextual and tone fear conditioning also
possibly relate to different neural pathways that control these
responses [17]. Evidence suggests that in fear conditioning,
contextual information is preferentially modulated by the
hippocampus and tone information is controlled by the amygdala
[17]. In the MAM model, the alteration in amygdala activity likely

Neuropsychopharmacology (2018) 43:2459 - 2467

has an important role in fear conditioning. MAM rats exhibit
hyperactivity in the BLA [21], which could contribute to the
abnormalities in extinction memory observed here. Although
hyperactivity in the ventral hippocampus (vHipp) has been
characterized in MAM rats [31], the vHipp in this preparation did
not impact the BLA-mPFC pathway [32]. This suggests that the
contextual valence in extinction that is dependent on the vHipp is
not essential for learning of extinction under the conditions
tested. Evidence demonstrated that BLA projections to mPFC are
important in modulating the mPFC excitability and also the
extinction process [18, 33, 49, 50]. Optogenetic HFS of the BLA-
mPFC projection before extinction training has been shown to
improve extinction training and recall [18]. Considering the
presence of BLA hyperactivity in MAM-treated rats and the role
of BLA-mPFC pathway in aversive memory, we examined whether
this pathway played a role in extinction investigated here. HFS of
the BLA was found to decrease the spike probability in the BLA-
mPFC pathway of saline-treated rats, but not in MAM rats,
reflecting a deficient modulation of mPFC activity by the BLA.
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Fig. 3 HFS of BLA does not elicit significant differences in plasticity in the PL (n =8) and IL (n = 6) subdivisions of the mPFC of saline-treated
animals. a Schematic illustration of recording electrode placements in PL or IL mPFC and b stimulation electrodes in BLA for PL (gray circles)
and IL (black circles) subdivisions illustrated in coronal sections of rat brain taken from Paxinos and Watson [48]. ¢ Spike probability over 10
min in PL and IL subdivisions in saline-treated rats evoked by 1 mA stimulation. d Mean percent change (+SEM) in BLA-evoked spike
probability over the time, normalized to baseline, following HFS of the BLA and recorded in PL (white circle) and IL (black circles) of saline-
treated rats. e Mean percent change in BLA-evoked spike probability following HFS in PL and IL of saline-treated

Moreover, this same response was observed in naive MAM rats,
suggesting that impairment in BLA-mPFC plasticity is a condition
specific to MAM-treated rats. Neuronal excitability decreases in
mPFC after HFS of BLA was described recently in an in vitro study
using optogenetic methodology [18], which is consistent with the
current in vivo data.

Data from the electrophysiological recordings revealed a
reduction in BLA-evoked spike probability in mPFC in normal
conditions. We propose that activation of the BLA projection
induces disinhibition of mPFC function by inhibiting mPFC
interneurons. Thus, in the normal case, BLA activation during
extinction learning could induce a gradual reduction in plasticity
that would be expected to disinhibit the mPFC during the task,
resulting in an efficient extinction learning and recall, considering
that normal mPFC activity is essential for this type of learning [22].
This idea is consistent with results demonstrating that PV-
immunoreactive GABAergic interneurons in mPFC receive gluta-
matergic projections from the BLA [34-36], supporting the
proposed mPFC interneuron control by the BLA projections in
our study. In MAM-treated animals, however, BLA activation
during this task is impaired, likely due to PV interneuron
dysfunction [37, 52], which would produce an opposite action of

SPRINGERNATURE

the BLA on mPFC plasticity and disruption of extinction learning
and recall. These results are in accordance with a previous study in
MAM-treated animals demonstrating that activity of the mPFC
during a latent inhibition paradigm is deficient, suggesting a
disruption of GABAergic signaling during the task [37]. Moreover,
MAM-treated animals show decreased expression of PV-positive
interneurons in mPFC [37] that reflect a GABAergic dysfunction in
the mPFC of MAM rats. Thus, the impairment in mPFC interneuron
function would interfere with the BLA-mPFC pathway and
impaired extinction learning. Additional evidence also demon-
strated that mPFC interneurons act to direct CS attention [38] and
if this interneuron activity is disrupted, as observed in mPFC of
MAM-treated rats, it would likely impact both the conditioned
response and extinction learning. It has been demonstrated that
schizophrenia patients exhibit deficiency in activation of mPFC
under a cognitive task [39, 40], which is consistent with the cortical
inability to control cognitive functions as observed in animal
models.

Evidence for an opposite role of the PL and IL portion of the
mPFC in aversive response has been described [41-43]. In fear
conditioning, PL activity is related to expression of fear
conditioning response and IL activity is essential for extinction
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Fig. 4 HFS of the BLA induces abnormal plasticity in the mPFC in naive MAM-treated rats. a Schematic illustration of recording electrode
placement in mPFC and b stimulation electrodes in BLA for saline-treated (gray circles; n = 8) and MAM-treated (black circles; n = 6) rats, as
shown in coronal sections of rat brain taken from Paxinos and Watson [48]. ¢ Spike probability over 10 min in naive saline-treated and MAM-
treated rats evoked by 1 mA stimulation. d Naive MAM-treated rats (black circles) showed significantly less change in BLA-evoked spike
probability following HFS of the BLA compared to naive saline-treated (white circles) rats. (¥*p < 0.05). e Naive MAM-treated rats showed
significantly less change in BLA-evoked spike probability following HFS compared to naive saline-treated rats (*p < 0.05)

learning [22]. In our study, PL and IL neurons presented a similar
response; i.e., a global decrease of spike probability after BLA
HFS. However, this result does not exclude that PL and IL
subdivisions present opposite responses in neuronal activity
during fear extinction training in saline-treated rats. Differential
roles of PL and IL have also been suggested in response to
stressful events [41, 42]. Thus, the PLPFC has an inhibitory effect
on the response to stress [44, 45] whereas the IL facilitates this
effect [42, 43]. The PL is impacted by both amygdala and
hippocampus activity during stressors that trigger emotional
responses [41, 46]. It is possible that during conditioning the PL
dysfunction in MAM-treated animals produces a strong associa-
tion of fear memory, with greater activation of the amygdala.
Inefficient inhibition of the BLA by IL during extinction
secondary to interneuron loss may also contribute to extinction
disruption. It is therefore likely that this condition facilitated the
pro-aversive emotional learning.

The amygdala is a key area for the control of fear and extinction
memory. Therefore, we propose that dysfunction in the BLA could
be a mechanism by which MAM-treated animals exhibit extinction
impairment. As described previously, the BLA sends glutamatergic
projections to the mPFC that provide mPFC disinhibition [34-36].

Neuropsychopharmacology (2018) 43:2459 - 2467

In fear conditioning, NMDA antagonist delivered into the BLA
before the extinction session was described to negatively
impact extinction learning [27]. However, in that study the
extinction recall was not tested. In our study, NMDA antagonist
injected before the extinction session produces impairment in
extinction learning and a greater response during the test session.
This response demonstrated that glutamatergic transmission
within the BLA is essential to extinction training and the disruption
of this neurotransmission affected extinction events. The impair-
ment in glutamate signaling could be related to events observed in
animal models of psychiatric disorders, as characterized in the
MAM model. Glutamatergic transmission in the BLA probably is
controlled by local projections within amygdala subnuclei (i.e.,
central and lateral nuclei) [47] that exhibit reciprocal connections
with the mPFC [16]. The glutamatergic transmission that is altered
by NMDA antagonist infusion into the BLA demonstrates an
important bidirectional regulation of the amygdala in the
modulation of extinction responses. Moreover, these data are
similar to that observed in MAM-treated animals in fear condition-
ing. This similar response between MAM-treated animals and the
group of animals treated with NMDA antagonist into the BLA
before extinction suggests that glutamatergic neurotransmission
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sections of rat brain taken from Paxinos and Watson [48]. b Tone fear conditioning (7Tone + FS 0.6 mA/0.5 s) following saline (n = 6; white
circles) and NMDA antagonist (n = 7; black circles) injection into the BLA before extinction in saline-treated rats [49, 50]. In the conditioning
session, no difference was observed between saline and NMDA antagonist groups. During extinction (10 trials; 20 total tones), no difference in
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Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

within the BLA could be one transmission involved in extinction
impairment observed in MAM-treated animals.

Collectively, our results demonstrate that MAM-treated rats
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