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Abstract

Rationale Basal forebrain cholinergic neurons modulate the
activation of cortical neurons by several stimuli such as fear
and anxiety. However, the role of the muscarinic receptor in
the medial prefrontal cortex (MPFC) in the modulation of the
conditioned emotional response (CER) evoked in the model
contextual conditioned fear remains unclear.

Objectives The objective of this study is to test the hypothesis
that inhibition of the muscarinic receptor in ventral MPFC
modulates CER observed during animal’s re-exposure to the
aversive context.

Methods Rats implanted with cannulae aimed at the prelimbic
(PL) or the infralimbic (IL) were submitted to a high-intensity
contextual fear conditioning protocol. Before the test session,
they received microinjections of the hemicholinium (choline
reuptake blocker), atropine (muscarinic antagonist), J104129
fumarate (M;-M3 muscarinic antagonists), pirenzepine (M;
muscarinic antagonist), neostigmine (inhibitor acetylcholines-
terase enzyme), or the systemic administration of the FG7142
(inverse benzodiazepine agonist). Additional independent
groups received the neostigmine or FG7142 before the inef-
fective doses of J104129 fumarate in the low-intensity proto-
col of contextual fear conditioning.

Results In the high-intensity protocol, the administration of
hemicholinium (1 nmol), atropine (0.06—6 nmol), J104129
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fumarate (6 nmol), or pirenzepine (6 nmol) attenuated the
expression of CER in rats. However, in the low-intensity pro-
tocol, only J10129 fumarate (0.06 nmol) reduced the expres-
sion of the CER. Finally, neostigmine (0.1-1 nmol) or
FG7142 (8 mg/Kg) increased CER expression, an effect
inhibited by the low dose of the J10129 fumarate.
Conclusions These results indicated that the blockade of M,
muscarinic receptor in the vMPFC attenuates the CER
expression.

Keywords Acetylcholine - Anxiety - Conditioned emotional
response - Medial prefrontal cortex - Muscarinic receptor

Introduction

The ventral portion of the medial prefrontal cortex (VMPFC)
is composed by the infralimbic (IL) and the prelimbic (PL)
cortices. It influences both behavioral and autonomical re-
sponses associated with threat situations (Frysztak and
Neafsey 1991, 1994; Radley et al. 2006; Resstel et al.
2008a, b; Resstel et al. 2006).

Pavlovian fear conditioning has been intensely used in the
study of stress-related disorder such as posttraumatic stress
disorder (PTSD) (Di Giacinto et al. 2014; Feng et al. 2014;
Kwapis and Wood 2014). The contextual fear conditioning is
evoked by re-exposing an animal to an environment (context)
previously paired with an aversive or unpleasant stimulus
such as an electric footshock (Fanselow 1980; Resstel et al.
2008a). In rats, the re-exposure to the aversive context evokes
freezing behavior and autonomic changes, such as increase in
both the mean arterial pressure (MAP) and heart rate (HR) and
decrease in cutaneous temperature (CT) (Borelli et al. 2013;
Fabri et al. 2014). These responses are defined as conditioned
emotional responses (CER).
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The CER expression is associated with increased
vMPFC neuronal activity (Beck and Fibiger 1995).
The IL and PL are important for the regulation of car-
diovascular and behavioral components evoked by con-
textual fear conditioning (Lisboa et al. 2010a, b).
However, the role of such areas in the modulation of
these responses remains unclear, since interference on
PL/IL functions have produced contradictory effects that
may depend on factors such as the inactivation method
and the animal model employed (Vidal-Gonzalez et al.
2006).

The use of the contextual fear conditioning model, which
allows the analysis of freezing behavior and autonomic
responses at the same time, allows the understanding of
both cognitive and the autonomic changes during stress
disorders (Resstel and Correa 2005, 2006a, b; Resstel
et al. 2009; Gomes et al. 2012). In addition, the basal fore-
brain cortical cholinergic system seems to play a crucial
role between the anxiety state and autonomic regulation
(Acquas et al. 1996; Stock et al. 1978; Verberne and
Owens 1998). These cholinergic neurons also appear to be
involved in attention (Muir et al. 1994; Yu and Dayan
2002), memory (Beninger et al. 1992; DeSousa et al.
1994), and anxiety induction processes (Berntson et al.
1998). Cholinergic afferents to the vMPFC rise primarily
from the basal forebrain nucleus basalis (Gaykema et al.
1991a, b). Specific lesions of cholinergic terminations in
the vMPFC blocked increases in cardiovascular activity
observed during defensive responses (Hart et al. 1999).
Moreover, the blockade of muscarinic receptor with scopol-
amine impaired acquisition of auditory and contextual fear
conditioning (Bang and Brown 2009; Pang et al. 2010).

In addition, the administration of a selective antagonist of
M; muscarinic receptor into the vVMPFC induced anxiolytic-
like effects, suggesting the participation of vMPFC M; mus-
carinic receptor in the regulation of anxiety-like behavior (Hsu
et al. 1996; Wall and Messier 2002). Corroborating the in-
volvement of the muscarinic receptor in the VMPFC in the
neurobiology of anxiety, it has been reported that M3 musca-
rinic receptor knockout mice show a deficit in contextual fear
conditioning (Poulin et al. 2010).

Considering the above mentioned, the present study
hypothesizes that vMPFC muscarinic receptors modulate
behavioral and autonomic responses associated with
contextual fear conditioning expression. Therefore, we
examined the effects of bilateral microinjections of
hemicholinium (choline reuptake blocker), atropine
(muscarinic antagonist), J104129 fumarate (M{-M;
muscarinic receptor antagonist), pirenzepine (M; muscarinic
receptor antagonist), neostigmine (inhibitor acetylcholines-
terase enzyme), or the systemic administration of FG7142
(inverse benzodiazepine agonist) into the vMPFC 10 min
before re-exposure to the conditioning chamber.
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Materials and methods
Ethical approval and animals

Experimental procedures followed protocols approved by the
ethical review committee of the School of Medicine of
Ribeirdo Preto (Protocol number 125/2010), which complies
with the guiding principles for research involving animals and
human beings of the American Physiological Society. Male
Wistar rats weighing 230-270 g were used in the present
experiments. Animals were housed in plastic cages in a
temperature-controlled room at 25 °C in the Animal Care
Unit of the Department of Pharmacology, School of
Medicine of Ribeirao Preto, University of Sdo Paulo. They
were kept under a 12:00-h light-dark cycle (lights on between
6:00 am and 6:00 pm) and had free access to water and rat
chow.

Animal preparation

Seven days before the experiment, rats were anesthetized with
tribromoethanol (250 mg/kg, i.p., Sigma, St. Louis, MO,
USA). After local anesthesia with 2 % lidocaine, the skull
was surgically exposed and stainless steel guide cannulae
(26G) were bilaterally implanted in the vMPFC using a ste-
reotaxic apparatus (Stoelting, Wood Dale, IL, USA).
Stereotaxic coordinates for cannulae implantation in the
vMPFC were selected from the rat brain atlas of Paxinos
and Watson (1997): AP=+3.3 mm, L=2.7 mm from the me-
dial suture, and V=-3.2 mm from the skull, with a lateral
inclination of 24°. Cannulae were fixed to the skull with dental
cement and one metal screw. After the surgery, animals were
treated with a polyantibiotic preparation of streptomycins and
penicillins (i.m., Pentabioticog, Fort Dodge, Campinas, Sao
Paulo, Brazil) to prevent infection and with the nonsteroidal
anti-inflammatory flunixin meglumine (s.c., Banamine”,
Schering Plough, Cotia, Sdo Paulo, Brazil) for postoperative
analgesia.

One day before the test day, rats were again anesthetized
with tribromoethanol (250 mg/kg, i.p.) and a catheter (a 4-cm
segment of PE-10 that was heat-bound to a 13-cm segment of
PE-50, Clay Adams, Parsippany, NJ, USA) was inserted into
the abdominal aorta through the femoral artery, for blood pres-
sure recording. The catheter was tunneled under the skin and
exteriorized on the animal’s dorsum. After the surgery, treat-
ment with polyantibiotic and anti-inflammatory drugs was
repeated.

Fear conditioning and testing
Habituation, conditioning, and test sessions were carried out

in 25x22x22-cm footshock chambers (context). Chambers
are composed of a grid floor with 18 stainless steel rods
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(2 mm in diameter), spaced 1.5 cm apart, and wired to a shock
generator (Insight, Ribeirdo Preto, Brazil). Chambers were
cleaned with 70 % ethanol, before and after use. In the habit-
uation session, the animals were exposed to chamber for
10 min and no shock was delivered. In the conditioning shock
session, performed 24 h after the habituation session, animals
were divided in two experimental groups: nonconditioned and
conditioned groups. The nonconditioned group was re-
exposed to the footshock chamber for 10 min, but no shock
was delivered. The conditioned group was submitted to a
shock session consisting of six electric footshocks (1.5 mA/
3 s) delivered randomly at 20-s to 1-min intervals (Resstel and
Correa 2006b; Hott et al. 2012). The footshocks started 2 min
after the animals were placed into the chamber. An additional
group was submitted to a different conditioning protocol, less
aversive, in which three electric footshocks (0.80 mA/2 s)
were delivered randomly at 20-s to 1-min intervals, to obtain
less intense conditioned fear responses as described previous-
ly (Lisboa et al. 2010a).

Autonomic and behavioral (freezing) responses evoked by
context re-exposure were evaluated 2 days after the condition-
ing session. Animals were transferred from the animal room to
the experimental room (a different room was used for condi-
tioning) in their home cage. The test session consisted of a 10-
min-long re-exposure to the footshock chamber without shock
delivery. MAP and HR were recorded using an HP-7754A
amplifier (Hewlett Packard, Palo Alto, CA, USA) connected
to a signal acquisition board (Biopac M-100, Biopac Systems,
Goleta, CA, USA) and computer-processed. Rats were tested
one at a time. After 5 min of baseline recording, injections
were performed bilaterally in the vMPFC. Changes in CT
were recorded with a thermal camera: Multi-Purpose
Thermal Imager IRI 4010 (InfraRed Integrated Systems Ltd
Park Circle, Tithe Barn Way Swan Valley Northampton,
USA) positioned 50 cm from the tail.

Freezing was evaluated during the test session by an exper-
imenter sitting 30 cm away from the footshock chamber, and it
was defined as the complete absence of movement while the
animal assumed a characteristic tense posture.

Drugs administration

The following drugs were used: reuptake of choline inhibitor
hemicholinium (Sigma, St. Louis, MO, USA), nonselective
muscarinic antagonist atropine (Sigma, St. Louis, MO, USA),
M;-M; muscarinic receptor antagonist J104129 fumarate
(Tocris, Westwoods Business Park Ellisville, MO, USA), se-
lective M| muscarinic receptor antagonist pirenzepine (Sigma,
St. Louis, MO, USA), and acetylcholinesterase inhibitor neo-
stigmine (Sigma, St. Louis, MO, USA). The inverse benzodi-
azepine receptor agonist N-methyl-3-carboline-3-carboxamide
(FG7142) (Tocris, Westwoods Business Park Ellisville, MO,
USA) was suspended in polyoxyethylenesorbitan monooleate

(Tween 80, Sigma) 2 % in saline. All other drugs were dis-
solved in sterile saline (0.9 % NaCl). Solutions were prepared
immediately before use and were kept on ice and protected
from light during the experimental sessions. The injections into
the vMPFC were made manually and over a 20-s period.
Volume for central injection was 200 nl on each side.

Experimental protocols

Experiment 1 Involvement of vMPFC cholinergic neuro-
transmission in the expression of the high-intensity contextual
fear conditioning.

Firstly, nonconditioned (»=6) and conditioned animals (n=
6) received bilateral microinjections of saline or
hemicholinium (1 nmol) (Fernandes et al. 2005) into the
vMPFC 10 min before the test. Secondly, to investigate the
role of muscarinic receptors, independent groups of noncon-
ditioned and conditioned animals received bilateral microin-
jections of saline (n=8) or atropine (nonconditioned group,
6 nmol, n=6; conditioned group, 0.006—6 nmol, n=5-12)
(Resstel et al. 2005) into the vMPFC 10 min before the test.
Additionally, it was investigated if the IL or PL atropine (n=06)
administration evoked similar effects when compared to the
vehicle group (n=>5). Thirdly, based on obtained results from
the previous experiment, we investigated the participa-
tion of M;-M3; muscarinic receptors. Therefore, indepen-
dent groups of nonconditioned (n=6-7) and conditioned
(n=7-10) received bilateral microinjections of saline,
J104129 fumarate (6 nmol), or pirenzepine (6 nmol) into
the VMPFC 10 min before the test. Additionally, it was
investigated if the administration of either J104129 fu-
marate or pirenzepine into the IL or PL (6 nmol, n=4)
would evoke similar effects.

After the experiment with muscarinic antagonists described
above, a complementary experiment was performed with an
independent group of conditioned animals to investigate the
participation of vVMPFC M3 muscarinic receptors on expres-
sion of contextual fear conditioning. Despite pirenzepine’s
affinity for M; muscarinic receptors, this antagonist binds
with low affinity to M3 muscarinic receptors. Thus, we inves-
tigated whether the effects observed with pirenzepine could be
due to a loss of selectivity at 6 nmol. Moreover, considering
the inhibition constants (Ki) of each drug for M3 muscarinic
receptors, we selected a dose of J104129 fumarate that is
equipotent to pirenzepine at 6 nmol (Ki values 4 and
400 nM, respectively, Lee et al. 1994; Mitsuya et al. 1999).
Consequently, J104129 fumarate at 0.06 nmol should be able
to block the same proportion of M3 muscarinic receptors as
pirenzepine at 6 nmol. Moreover, as the affinity of these two
drugs for M| muscarinic receptors is very similar (pirenzepine,
Ki 16 nM; J104129 fumarate, Ki 19 nM), the dose of 1104129
fumarate (0.06 nmol) would be able to block the same propor-
tion of M; muscarinic receptors as pirenzepine at 0.06 nmol.
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To confirm this hypothesis, J104129 fumarate (0.06 nmol, n=
6) and pirenzepine (0.06 nmol, n=7) were microinjected in the
vMPFC of conditioned animals.

Experiment 2 Effects of vYMPFC M1-M3; muscarinic receptor
antagonism in the expression of the low-intensity contextual
fear conditioning.

Finally, using a less aversive conditioning protocol (low-
intensity), we evaluated the effects of vMPFC bilateral micro-
injection of a reversible acetylcholinesterase inhibitor neostig-
mine (0.1-1 nmol, n=5-6) (Fernandes et al. 2005) into the
vMPFC 10 min before the test. As a positive control for the
possible anxiogenic-like effects induced by neostigmine, the
inverse benzodiazepine agonist FG7142 (n=6, 8 mg/kg) (Hart
et al. 1999) was administrated systemically 20 min before the
test. Additionally, we investigated the participation of vMPFC
M3 muscarinic receptors on responses evoked by either neo-
stigmine (0.1 nmol) or FG7142, using the vMPFC bilateral
administration of J104129 fumarate (0.06 nmol, #=6) 5 min
before each treatment.

Histological procedures

At the end of the experiments, rats were anesthetized with
urethane (1.25 g/kg, i.p.) and 200 nL of 1 % Evan’s Blue
dye was bilaterally injected in the vMPFC as injection site
marker. The chest was surgically opened, the descending aorta
occluded, the right atrium severed, and the brain perfused with
10 % formalin through the left ventricle. Brains were
postfixed for 24 h at 4 °C, and 40 um sections were cut using
a cryostat (CM 1900, Leica, Wetzlar, Germany). Serial brain
sections were stained with 1 % Neutral Red and injection sites
according to the rat brain atlas of Paxinos and Watson (1997).

Data analysis

MAP, HR, and CT values were continuously recorded during
the 5-min period before and the 10-min period during expo-
sure to the footshock chamber. Data were expressed as means
+SEM of MAP, HR, and CT changes (respectively AMAP,
AHR, and ACT) sampled at 60-s intervals. Points sampled
during 300 s before exposure were used as control baseline
value. MAP, HR, and CT changes were analyzed using three-
way ANOVA with group (conditioned or nonconditioned) and
treatment (drug or vehicle) as main factors and time as repeat-
ed measurement. When interaction between the factors was
observed, groups were compared separately using the
Bonferroni posttest to compare the variations at a given time.
Freezing was expressed as percentage of the test period.
Freezing time was analyzed using two-way ANOVA with
condition (conditioned or nonconditioned) and treatment
(drug or vehicle) as the two factors. When interaction between
the factors was observed, specific one-way ANOVA followed
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by the Bonferroni posttest was performed or the groups were
compared separately using the Student’s ¢ test, assuming
P<0.05 as statistically significant. Finally, the graded falls in
freezing behavior and autonomic responses evoked by rising
doses of the atropine in vVMPFC were used to generate dose-
response curves.

Results

Figure 1 shows a representative photomicrograph of a vMPFC
coronal section.

Experiment 1 vMPFC cholinergic neurotransmission in the
expression of the high-intensity contextual fear conditioning.

In the first set of experiments, vehicle-treated conditioned
rats (n=6) spent more time in freezing behavior than did non-
conditioned controls (n=6), during the test (/' ,0=48.56,
P<0.001, Fig. 2). Furthermore, conditioned animals presented
increased autonomic responses (MAP F4,50=30.97,
P<0001, HR F14’280:18.78, P<0001, and CT F14’230:
54.92, P<0.001), whereas nonconditioned animals presented
similar increase but in a smaller extent (MAP F) 50=40.25,
P<0.001; HR F;20=20.65, P<0.001; and CT F}2,=29.92,
P<0.001).

The bilateral injection of hemicholinium into the
vMPFC reduced the freezing behavior (F;0=52.72,
P<0.001). However, the effect of hemicholinium was
only observed in conditioned animals (F5,,=77.5,
P<0.001, n=6, Fig. 2), but not in nonconditioned ani-
mals (P>0.05, n=6). Notwithstanding, hemicholinium
reduced the magnitude of autonomic responses (MAP
F370=49.3, P<0.001; HR F3,0=29.1, P<0.001; and
CT F3,0=15.3, P<0.001) in both groups (Conditioned:
MAP F1,14:121.8, P<0001, HR F1,]4:11518,
P<0.001; and CT F ;4=158.2, P<0.001. Nonconditioned:
MAP F, 14=56.17, P<0.001; HR F 1,=138.2, P<0.001; and
CT F1’14:121 .7, P>0001, Flg 2)

In conditioned animals, microinjection of hemicholinium
into areas surrounding the vVMPFC (OUT; n=6) did not affect
the behavioral (P>0.05) and autonomic responses (MAP
P>0.05; HR P>0.05; and CT P>0.05) observed during the
test, when compared to vehicle-treated animals (=6, data not
shown).

In the second set of experiments, the vehicle-treated condi-
tioned group (n=8) spent more time in freezing behavior than
did the nonconditioned group (n=8), during the test (£ 14=
43.14, P<0.001). Conditioned rats treated with atropine
showed a significant reduction in freezing behavior (F529=
56.8, P<0.001, Fig. 3) in a dose-dependent manner, showing
a significant correlation between atropine doses and attenua-
tion of the freezing behavior (+*=0.80, df=17, P<0.01,
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Fig. 1 a Recordings of pulsatile arterial pressure (PAP), mean arterial
pressure (MAP), and heart rate (HR) showing the cardiovascular changes
observed before and during a re-exposure to the aversive context period
of 10 min in control conditioned and nonconditioned rats. The onset of re-
exposure was at t=0 min. b Representative coronal brain sections

Fig. 3). This effect of atropine on conditioned animals was
observed with the doses of 0.06 nmol (2=5) and 6 nmol (n=
12), but not with the dose of 0.006 nmol (z=5). In noncondi-
tioned animals the dose of 6 nmol of atropine (n=6) had no
significant effect on freezing behavior (¢#=0.3, P>0.05,
Fig. 3).

The re-exposure to the context increased autonomic re-
sponses in both groups, but in a smaller extent in the noncon-
ditioned animals (MAP F, 150=77.8, P<0.001; HR F 150=
173.9, P<0.001; and CT F 150=47.7, P<0.001, Fig. 3).
Additionally, atropine-treated conditioned rats showed signif-
icant reduction in the autonomic responses (MAP F3 390=
3205, P<0001, HR F3,390:122.1, P<001, and CT F3,390:
91.92, P<0.001, Fig. 3) in a dose-dependent manner. (MAP
#=0.92, df=17, P<0.01; HR *=0.85, df=17, P<0.01; and
CT#=0.90, df=17, P<0.01, Fig. 3). The effect of atropine on
autonomic responses of conditioned animals was observed
only with the two higher doses (0.06 and 6 nmol; P<0.01)
Finally, the higher dose of 6 nmol reduced the autonomic
responses in nonconditioned animals (MAP F 150=47.7,
P<0.001; HR F 150=73.6, P<0.001; and CT F ;50=42.3,
P<0.001, Fig. 3). Finally, microinjection of atropine
(6 nmol) into areas surrounding the vVMPFC (OUT, n=6) did

10
(min)

showing bilateral microinjection sites in the vVMPFC-IL or vMPFC-PL.
Closed circles represent the injection sites into vVMPFC and open circles
represent the injection sites out of the vMPFC. ¢ Photomicrographs of a
representative of the bilateral injection sites into the vVMPFC

not change behavior (P>0.05) and autonomic responses
(MAP P>0.05; HR P>0.05; and CT P>0.05) observed dur-
ing re-exposure to the chamber when comparing conditioned
animals to vehicle-treated animals (r=8, data not shown).

Furthermore, in order to verify possibly differences be-
tween PL or IL after the blockade of muscarinic receptor in
conditioned animals, bilateral administration of atropine
(6 nmol) into the PL or the IL was performed. Reduction in
freezing time (£5,15=0.179, P>0.05, n=6) and autonomic
responses (MAP F; 150=1.5, P>0.05; HR F} 150=0.37,
P>0.05; and CT Fy ;50=1.4, P>0.05, n=6) were similar after
atropine in both areas (data no shown).

In the third set of experiments, conditioned groups treated
with vehicle (n=7), J104129 fumarate (n=10), and
pirenzepine (n=10) spent more time in freezing behavior than
did nonconditioned animals of respective treatment (vehicle
n=6; J104129 fumarate F, ,3=48.92, P<0.001, n=7;
pirenzepine F ,3=74.57, P<0.001, n=7) during re-exposure
to context.

The conditioned groups receiving J104129 fumarate
(6 nmol, n=7) or pirenzepine (6 nmol, n=10) showed de-
creased freezing behavior (F; ,3=18.5, P<0.01 and F 3=
39.47, P<0.001, respectively, compared to the vehicle-
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treated conditioned groups). No effect was observed on non-
conditioned groups (J104129 fumarate, n=6; P>0.05;
pirenzepine, n=6, P>0.05, Fig. 4).

Administration of either J104129 fumarate (n=4) or
pirenzepine (n=4) in the PL or the IL caused similar reduction
in freezing in conditioned animals (J104129 fumarate 1=0.92,
P>0.05; pirenzepine t=0.57, P>0.05, data no shown). Both
conditioned and nonconditioned vehicle-treated groups pre-
sented a significant increase in MAP and HR response
(J104129 fumarate: MAP F434,=42.91, P<0.01, HR F4,
342=58.55, P<0.01; pirenzepine: MAP F4653=41.97,
P<0.01, HR F4653=19.58, P<0.01) associated with a de-
crease in CT (J104129 fumarate: CT Fj4.34,=25.71,
P<0.001; pirenzepine F4653=63.66, P<0.001) during the
test (Fig. 4). Also, autonomic responses were smaller in non-
conditioned animals when compared with those in the condi-
tioned group (J104129 fumarate: MAP F 165=31.23,
P<0.01, HR Fy 165=59.6, P<0.01, and CT F; 145=34.2,
P<0.01; pirenzepine: MAP F 5,0=15.93, P<0.01, HR F}
210:58.45, P<001, and CT F1’210:47.32, P<001, Flg 4)

Similarly to behavioral responses, J104129 fumarate or
pirenzepine into the VMPFC significantly reduced the increase
in both MAP (J104129 fumarate F3330=238.1, P<0.001;
pirenzepine [ 450=122.8, P<0.001) and HR (J104129 fuma-
rate F3330=101, P<0.001; pirenzepine F3 450=93.1,
P<0.001), together with a decrease of CT (J104129 fumarate
F3330=109.3, P<0.001; pirenzepine F3 40=114.3, P<0.001)
in nonconditioned (J104129 fumarate: MAP F 150=29.4,
P<0001, FC F1,150:115, P<0001, CT F1’150:19.5,
P<0.001; pirenzepine: MAP F 150=95.3, P<0.001; FC F,
150=58, P<0.001; CT F; 150=19.6, P<0.001, Fig. 4) and con-
ditioned (J104129 fumarate: MAP F g0p=295.5, P<0.001;
HR Fy 150=251.1, P<0.001; CT F} 150=260.6, P<0.001;
pirenzepine: MAP F 570=171.6, P<0.001; HR F ,70=184,
P<0.001; CT F 270=238.8, P<0.001, Fig. 4) animals.

Finally, microinjection of 6 nmol of either J14129 fumarate
or pirenzepine into areas surrounding the vVMPFC (n=4) dur-
ing re-exposure to the chamber did not change either behavior
(P>0.05) or autonomic responses (MAP P>0.05; HR
P>0.05, and CT P>0.05 in conditioned animals) when com-
pared to vehicle-treated animals (n=6, data not shown).

Furthermore, to dissect the participation of M;-M3 musca-
rinic receptors with equipotent doses of J14129 fumarate
(0.06 nmol) and pirenzepine (0.06 nmol), our results showed
that bilateral administration of J14129 fumarate into the
VvMPEFC significantly reduced freezing behavior (F, ;5=
22.62, P<0.001) in conditioned animals when compared to
the vehicle-treated group (n=06, Fig. 5). However, the bilateral
administration of pirenzepine into the vMPFC had no signif-
icant effects on freezing behavior in conditioned animals
(P>0.05), when compared to the vehicle-treated group
(Fig. 5). Likewise, administration of J14129 fumarate
(6 nmol) into the vMPFC significantly reduced the magnitude
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Fig. 2 a Effects of bilateral injection of 200 nL of vehicle or P
hemicholinium (1 nmol) into the vMPFC PL or IL, on the percentage
of time spent in freezing behavior in nonconditioned (n=6 each group)
and conditioned (n=6 each group) animals during chamber exposure.
Values are represented by means+SEM. *P<0.05 compared to the
nonconditioned vehicle group and *P<0.05 compared to the
conditioned vehicle group; Bonferroni post hoc test. b Time course of
mean arterial pressure (AMAP) and heart rate (AHR) increases and
cutaneous temperature (ACT) decreases in nonconditioned and
conditioned animals. The symbols represent the mean and bars the
SEM. *P<0.05 compared to the nonconditioned vehicle group;
Bonferroni post hoc test

of autonomic responses (MAP F ;5,=242.3, P<0.001; HR
F1150=381,P<0.001; CT F 150=79.42, P<0.001, Fig. 5) ob-
served in conditioned animals, when compared to the vehicle-
treated group (n=6). However, the bilateral administration of
pirenzepine (0.06 nmol) into the vMPFC had no significant
effects on autonomic responses (MAP F ;45=0.85, P>0.05,
HR F 165=0.67, P>0.05, CT F} 165=0.67, P>0.05, Fig. 5) in
conditioned animals when compared to the vehicle-treated
group (n=6).

Experiment 2 Potential anxiogenic effects of muscarinic
receptor activation in the vMIPFC in the low-intensity contextual
fear conditioning.

In the less aversive conditioning protocol, the conditioned
group (n=6) spent less time in freezing behavior (45.6+2 vs
81+4 %, t=5.8, P<0.05) and presented significant but weaker
increase in autonomic responses (n=8; MAP F ;30=129.2,
P<0.01; HR Fy 150=113.25, P<0.01; and CT F 150=32.41,
P<0.001; Fig 6) when compared to animals conditioned to the
more aversive conditioning protocol.

Still in the less aversive conditioning protocol, bilateral
injection of neostigmine (0.1 nmol, n=5, P<0.05 or 1 nmol,
n=6, P<0.05) into the vVMPFC increased the time spent in
freezing behavior (4 23=49.92, P<0.001) when compared
to the vehicle-treated group (n=6, Fig. 6). These same doses
of neostigmine (0.1 nmol, »=5 and 1 nmol, »=6) into the
VMPFC increased autonomic responses (MAP Fy 345=97.47,
P<0.01; HR F4345=116.6, P<0.01; and CT F4345=27.54,
P<0.001) when compared to the vehicle-treated group (n=6,
Fig. 6).

Similarly, the vehicle group conditioned in the less aversive
conditioning protocol (n=6) presented a significant increase,
but in a smaller extent, in MAP (F'14270=49.58, P<0.01) and
HR (F14270=118.3, P<0.01), together with smaller decrease in
CT (Fi14270=37.55, P<0.001) during the re-exposure to the
context, when compared to animals exposed to a more aversive
conditioning protocol (n=8) (MAP F; 150=137, P<0.01; HR
F|150=115.9, P<0.01; and CT F} ;30=30.1, P<0.001, Fig. 6).

Continuing with the less aversive conditioning protocol,
systemic administration of FG7142 (8 mg/kg; n=6) increased
the time spent in freezing behavior (F3,5=16.73, P<0.001)
when compared to the vehicle-treated group (n=6, Fig. 6).
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This drug was also able to increase the autonomic responses CT F5379=57.65, P<0.001) when compared with the vehicle-
(MAP F570=164.6, P<0.01; HR F%,70=272, P<0.01; and treated group (n=6, Fig. 6).
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Fig. 3 a Effects of bilateral injection of 200 nL of vehicle (n=8 each
group) or atropine (0.006, 0.06, or 6 nmol) into the vMPFC PL or IL, on
the percentage of time spent in freezing behavior in nonconditioned (n=6,
only dose of 6 nmol) and conditioned animals (n=5, 12, and 5,
respectively) during chamber exposure. Values are represented by
means+SEM. *P<0.05 compared to the nonconditioned vehicle group
and *P<0.05 compared to the conditioned vehicle group; Bonferroni post
hoc test. b Time course of mean arterial pressure (AMAP) and heart rate

The increase in freezing evoked by both neostigmine
(0.1 nmol, n=6) and FG7142 (8 mg/kg, n=6) were inhibited
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(AHR) increases and cutaneous temperature (ACT) decreases in
nonconditioned and conditioned animals. The symbols represent the
mean and bars the SEM. *P<0.05 compared to the nonconditioned
vehicle group; Bonferroni post hoc test. ¢, d Percentage of time spent in
freezing behavior and autonomic responses to the bilateral microinjection
of increasing doses of atropine in conditioned rats. Dose-effect curves
were generated by nonlinear regression analysis. Symbols represent the
means+SEM

by the pre-treatment with 0.06 nmol of J104129 fumarate
injected into the vMPFC (n=6, P>0.05 and n=5, P>0.05,
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Fig. 4 a, c¢ Effects of bilateral injection of 200 nL of vehicle, J104129
fumarate (6 nmol, n=7 and 6, conditioned and nonconditioned group,
respectively), or pirenzepine (6 nmol, =10 and 6, conditioned and
nonconditioned group, respectively) into the vVMPFC PL or IL, on the
percentage of time spent in freezing behavior in nonconditioned (vehicle
n=6 and 7, J104129 fumarate and pirenzepine, respectively) and
conditioned animals (vehicle n=7 and 10, J104129 fumarate and
pirenzepine, respectively) during chamber exposure. Values are

respectively, Fig. 6) when compared to the vehicle-treated
animals. Finally, neostigmine (1 nmol) was unable to increase
the freezing behavior when injected into structures surround-
ing the vMPFC (n=5, P>0.05).

Discussion

The present study showed the cholinergic modulation of
the expression of behavior and receptors. In noncondi-
tioned animals, only autonomic responses were attenuat-
ed. Contextual fear conditioning responses were potenti-
ated by increases in vVMPFC endogenous acetylcholine or

represented by means+SEM. *P<0.05 compared to the nonconditioned
vehicle group and P<0.05 compared to the conditioned vehicle group;
Bonferroni post hoc test. b, d Time course of mean arterial pressure
(AMAP) and heart rate (AHR) increases and cutaneous temperature
(ACT) decreases in nonconditioned and conditioned animals. The
symbols represent the mean and bars the SEM. *P<0.05 compared to
the nonconditioned vehicle group; Bonferroni post hoc test

by systemic administration of an anxiogenic drug—an
effect prevented by the blockade of muscarinic M5 receptor
vMPFC.

To verify the possible involvement of the cholinergic sys-
tem present in the VMPFC in the modulation of contextual fear
conditioning responses, the content of VMPFC acetylcholine
was reduced by administration of hemicholinium, a choline
reuptake inhibitor (Guyenet et al. 1973). The treatment with
hemicholinium reduced the CER in conditioned animals, but
only the autonomic responses in nonconditioned animals, sug-
gesting that a cholinergic neurotransmission present in
vMPFC is involved in the modulation of contextual fear
responses.
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Fig. 5 a Effects of bilateral injection of 200 nL of vehicle (n=6),
J104129 fumarate (0.06 nmol, n=6), or pirenzepine (0.06 nmol, n=7)
into the VMPFC PL or IL, on the percentage of time spent in freezing
behavior in conditioned animals during chamber exposure. Values are
represented by means+SEM. *P<0.05 compared to the nonconditioned
vehicle group; Bonferroni post hoc test. b Time course of mean arterial
pressure (AMAP) and heart rate (AHR) increases and cutaneous
temperature (ACT) decreases in nonconditioned and conditioned
animals. The symbols represent the mean and bars the SEM. *P<0.05
compared to the nonconditioned vehicle group; Bonferroni post hoc test

Anxiolytic effects have been reported after administration
of the muscarinic antagonist (Li et al. 2014). Also,
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Fig. 6 a Effects of bilateral injection of 200 nL of vehicle (2=6), »
neostigmine (NEO, 0.1 or 1 nmol, n=5), ineffective dose of the
J104129 fumarate, in the low-intensity protocol (0.06 nmol, n=6) or
neostigmine (1 nmol) after J104129 fumarate (NEO+J104129, n=6)
into the vYMPFC PL or IL, on the percentage of time spent in freezing
behavior in conditioned animals during chamber exposure. Values are
represented by means+SEM. *P<0.05 compared to the vehicle group
and *P<0.05 compared to the NEO 1 nmol-treated group; Bonferroni
post hoc test. b Time course of mean arterial pressure (AMAP) and
heart rate (AHR) increases and cutaneous temperature (ACT) decreases
in conditioned animals. The symbols represent the mean and bars the
SEM. *P<0.05 compared to the nonconditioned vehicle group;
Bonferroni post hoc test. ¢ Effects of bilateral injection of 200 nL of
vehicle (n=6) or J104129 fumarate (J104129 0.06 nmol, n=6) into the
vMPFC PL or IL, systemic injection of FG7142 (n=6) and systemic
injection of FG7142 after bilateral injection of J104129 fumarate in
vMPFC (FG7142+J104129, n=5) on the percentage of time spent in
freezing behavior in conditioned animals during chamber exposure in
the low-intensity protocol. Values are represented by means+SEM.
*#P<0.05 compared to the vehicle group and *P<0.05 compared to the
FG7142-treated group; Bonferroni post hoc test. d Time course of mean
arterial pressure (AMAP) and heart rate (AHR) increases and cutaneous
temperature (ACT) decreases in conditioned animals. The symbols
represent the mean and bars the SEM. *P<0.05 compared to the
nonconditioned vehicle group; Bonferroni post hoc test

vMPFC treatment with a nonselective muscarinic antag-
onist atropine blocks the cardiovascular activity on de-
fensive responses (Hart et al. 1999). Systemic adminis-
tration of scopolamine, a nonselective muscarinic antag-
onist, impairs both acquisition and consolidation of con-
textual fear conditioning (Anagnostaras et al. 1995;
Young et al. 1995). Indeed, in the present study, micro-
injection of atropine into the vVMPFC attenuated the ex-
pression of contextual fear conditioning responses in a
dose-dependent manner.

Previous evidence indicates that vVMPFC subregions may
play either similar or distinct roles at different times with re-
spect to stress exposure (Lisboa et al. 2010a, b; Scopinho et al.
2009, 2010; Terzian et al. 2014). Other studies showed that PL
inactivation impaired fear expression in the auditory and con-
textual fear (Vidal-Gonzalez et al. 2006). On the other hand,
IL activation plays an important role in extinction of auditory
fear conditioning (Milad and Quirk 2002). Interestingly, the
opposite roles of these subregions can be explained for your
efferent projections.

Therefore, to clarify this issue, animals were subdivided
into a group that received microinjection of atropine into the
PL or IL. There was no significant difference between effects
caused by PL or IL muscarinic receptor blockade on the ex-
pression of contextual fear conditioning. Our findings are in
agreement with other studies, showing that reversible inhibi-
tion of these areas evoked similar reduction in the expression
of contextual fear conditioning (Resstel et al. 2006). These
results demonstrate the crucial role of cholinergic system in
the IL and PL regions in the modulation of fear conditioning
responses.
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system, involved in learning, memory, and anxiety functions
(Hagan et al. 1987; Terzioglu et al. 2013). However, the role
of neuronal Mj receptors (Tayebati et al. 2001) is not
completely elucidated.

Thus, we investigated which subtypes of muscarinic recep-
tors presented in the vVMPFC could modulate the expression of
contextual fear conditioning. Both J104129 fumarate (6 nmol)
and pirenzepine (6 nmol) attenuated the CER in conditioned
animals and reduced the autonomic responses in noncondi-
tioned rats suggesting the participation of the M;-M; musca-
rinic receptors in the expression of the CER. Nonetheless, the
relative low ratio of selectivity between these compounds for
M;-M; muscarinic receptor subtypes does not allow us to
fully characterize which specific receptor is involved in the
modulation of expression of contextual fear conditioning in
the vMPFC.

Given the intrinsic limitation of these drugs, we selected
equipotent doses of J104129 fumarate to block approximately
the same number of M3 muscarinic receptors blocked by
pirenzepine. Consequently, only the dose of 0.06 nmol of
J104129 fumarate attenuated both behavioral and autonomic
response in conditioned animals to a similar extent observed
with 6 nmol of J104129 fumarate or pirenzepine (Lee et al.
1994; Mitsuya et al. 1999). This means that equimolar doses
of pirenzepine and J104129 fumarate could occupy a similar
amount of M; muscarinic receptors, whereas J104129 fuma-
rate could bind to ~100 times more M3 muscarinic receptors
than pirenzepine could. Accordingly, all effects observed with
6 nmol of both drugs or 0.06 nmol of only J104129 fumarate
depends on M3 muscarinic receptor antagonism, and not M,
muscarinic receptors.

Thus, the observation that antagonism of muscarinic recep-
tors present in vMPFC which almost abolished the fear-
conditioned responses clearly indicates a vVMPFC contribution
in expressing fear-related responses. Moreover, it modulates
cardiovascular responses, not only the fear conditioned but
also those evoked by simple re-exposure to context, which is
probably associated with a greater motor activity and the stress
induced by manipulation to this re-exposition.

In order to confirm the modulation of the cholinergic neu-
rotransmission in the VMPFC in the expression of contextual
fear conditioning responses, the effects of increased vMPFC
endogenous acetylcholine level were also evaluated, using the
acetylcholinesterase inhibitor neostigmine. For that, a low-
intensity stress protocol was used, once the conditioned re-
sponses associated with a high intensity aversive protocol
could present a “ceiling effect” (Baldi et al. 2004). In this
situation, animals received microinjection of neostigmine or
FG7142 (as a positive control) before re-exposure to an aver-
sive context. Both drugs were able to increase freezing time
and autonomic responses during re-exposure to the aversive
environment. Previous studies demonstrated that FG7142 can
potentiate autonomic defensive-like responses during
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threatening situations, which could involve the basal forebrain
cholinergic projections in the potentiation of CER (Berntson
etal. 1996). Moreover, anxiogenic stimuli have been reported
to increase acetylcholine efflux in the vMPFC (Mark et al.
1996; Moore et al. 1995).

Finally, we reaffirmed the participation of the M3 musca-
rinic receptors in the expression of contextual fear condition-
ing. A low dose of the J104129 fumarate (0.06 nmol) into the
vMPFC was used, which alone did not affect the expression of
contextual fear conditioning when using the low-intensity pro-
tocol. Interestingly, this same dose was able to attenuate the
expression of contextual fear conditioning in the high-
intensity protocol. In addition, the injection of J104129 fuma-
rate (0.06 nmol) into the vMPFC blocked the effect of both the
neostigmine and the FG7142 in the expression of contextual
fear conditioning. These results suggest that the number of
muscarinic receptors occupied by acetylcholine in the
vMPFC could have a direct relationship with stress intensity.

In conclusion, our results suggest that a cholinergic inner-
vation, as well as activation of M3 muscarinic receptors, in the
vMPEFEC is involved in the potentiation of the defensive re-
sponse, particularly in the expression of contextual fear con-
ditioning. Also, it could be part of a central pathway involved
in the mediation of anxiogenic-like responses.
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