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Prelimbic and Infralimbic Prefrontal Regulation of Active
and Inhibitory Avoidance and Reward-Seeking
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Flexible initiation or suppression of actions to avoid aversive events is crucial for survival. The prelimbic (PL) and infralimbic
(IL) regions of the medial prefrontal cortex (mPFC) have been implicated in different aspects of avoidance and reward-seek-
ing, but their respective contribution in instigating versus suppressing actions in aversive contexts remains to be clarified.
We examined mPFC involvement in different forms of avoidance in rats well trained on different cued lever-press avoidance
tasks. Active/inhibitory avoidance required flexible discrimination between auditory cues signaling foot-shock could be
avoided by making or withholding instrumental responses. On a simpler active avoidance task, a single cue signaled when a
lever press would avoid shock. PL inactivation disrupted active but not inhibitory avoidance on the discriminative task while
having no effect on single-cued avoidance. In comparison, IL inactivation broadly impaired active and inhibitory avoidance.
Conversely, on a cued appetitive go/no-go task, both IL and PL inactivation impaired inhibitory but not active reward-seek-
ing, the latter effect being diametrically opposite to that observed on the avoidance task. These findings highlight the complex
manner in which different mPFC regions aid in initiating or inhibiting actions in the service of avoiding aversive outcomes
or obtaining rewarding ones. IL facilitates active avoidance but suppress inappropriate actions in appetitive and aversive con-
texts. In contrast, contextual valence plays a critical role in how the PL is recruited in initiating or suppressing actions, which
may relate to the degree of cognitive control required to flexibly negotiate response or motivational conflicts and override
prepotent behaviors.
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Choosing to make or withhold actions in a context-appropriate manner to avoid aversive events or obtain other goals is a crit-
ical survival skill. Different medial prefrontal cortex (mPFC) regions have been implicated in certain aspects of avoidance, but
their contributions to instigating or suppressing actions remains to be clarified. Here, we show that the dorsal, prelimbic (PL)
region of the medial PFC aids active avoidance in situations requiring flexible mitigation of response conflicts, but also aids in
withholding responses to obtain rewards. In comparison the ventral infralimbic (IL) cortex plays a broader role in active and
inhibitory avoidance as well as suppressing actions to obtain rewards. These findings provide insight into mechanisms under-
lying normal and maladaptive avoidance behaviors and response inhibition. /

ignificance Statement

Introduction

Selecting appropriate actions to deal with environmental threats
and avoid potential negative consequences is an essential class of
defensive behaviors. Often, threat avoidance requires instigation
of actions based on innate or learned associations between cues
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predictive of impending danger (active avoidance), whereas in
other situations, aversive consequences may be avoided by con-
straining actions in response to threat stimuli (passive or inhibi-
tory avoidance).

Recently, there has been a resurrection of interest in examin-
ing the neural circuitry mediating expression of different forms
of avoidance, primarily focusing on active avoidance (LeDoux et
al., 2017). For example, lateral amygdala nuclei facilitate acquisi-
tion and expression of a shuttling avoidance response prompted
by an auditory warning cue, and do so via interactions with the
shell (but not core) subregion of the nucleus accumbens (NAg;
Ramirez et al., 2015). In comparison, inactivation of the lateral
amygdala or NAc core disrupts signaled “platform-mediated”
avoidance, requiring rats to disengage from reward-seeking and
move to a safe location (Bravo-Rivera et al., 2014). More recently,
work by our group has shown that NAc core and shell play
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cooperative but distinct roles in mediating performance of an
active/inhibitory avoidance task, in which different cues informed
rats that a lever press should either be emitted or withheld to avoid
shock. Under these conditions, the NAc core is involved selec-
tively in expression of active avoidance, whereas the shell mod-
ulates both active and inhibitory avoidance (Piantadosi et al.,
2018).

The amygdala and NAc are interconnected with the prelimbic
(PL) and infralimbic (IL) regions of the medial prefrontal cortex
(mPFC; Hurley et al., 1991; Brog et al., 1993; Groenewegen et al.,
1999; Vertes, 2004), and these regions have also been implicated
in avoidance, although studies have yielded somewhat conflicting
findings. For example, earlier studies reported that large lesions
of the mPFC either impaired, had no effect, or slightly improved
acquisition of avoidance responses, depending on experimental
conditions (Brennan and Wisniewski, 1982; Holson, 1986; Brito
and Brito, 1990; Joel et al., 1997). More recent studies revealed
that IL inactivation perturbed expression of shuttle avoidance
and caused a corresponding disinhibition of freezing, whereas PL
lesions had no effect on either measure (Moscarello and LeDoux,
2013). In contrast, PL inactivation disrupted platform-media-
ted avoidance without affecting freezing, whereas IL inactivation
increased freezing without affecting avoidance (Bravo-Rivera et al,,
2014).

These results suggest that specific prefrontal-subcortical cir-
cuits play cooperative but distinct roles in different forms of
avoidance and may be particularly important in situations
involving response conflict that require flexible action selection.
This is in keeping with the proposed involvement of the mPFC
in cognitive control, mediating conflicting approach versus
avoidance behaviors and under some conditions, suppressing
behaviors that may lead to negative consequences (Chudasama
and Robbins, 2003; Bari and Robbins, 2013; Burgos-Robles et al.,
2017; Schwartz et al., 2017; Verharen et al., 2019). However, how
these regions may differentially contribute to action selection in
situations that require shifts between making and inhibiting
actions to avoid negative events remains to be clarified. To
address this, we examined how the PL and IL enable expression
of opposing forms of signaled avoidance using an aversive go/
no-go task, wherein rats were well trained to discriminate
between different auditory cues and shift between instigation
and suppression of actions. This active/inhibitory avoidance task
was patterned after those used in studies with humans, revealing
activation of corticolimbic circuitry in situations requiring
response initiation or inhibition to avoid negative consequences
(Schlund et al,, 2011, 2016; Levita et al., 2012). Moreover, per-
formance of this task in rats is dependent on neural activity
within different subregions of the NAc, a main target of mPFC
outputs (Piantadosi et al., 2018). We then parsed out the discrim-
inative component of this signaled avoidance task, examining
how the PL and IL mediate behavior in a simpler active avoid-
ance situation, when only a single cue signaled a lever press could
avoid shock. The results of these experiments prompted addi-
tional investigation into the involvement of these two regions in
initiating or inhibiting instrumental responses in the context of
reward-seeking, to ascertain how the valence of the outcome
(avoiding shock vs obtaining reward) may differentially influence
how these regions contribute to aiding or inhibiting instrumental
action.

Materials and Methods

Animals

All experimental procedures were approved by the Animal Care
Committee at the University of British Columbia and conducted in
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compliance with guidelines provided by the Canadian Council on
Animal Care. All reasonable efforts were made to minimize the number
of animals used and their suffering. In these studies, male Long-Evans
rats were used. There have been reports that male versus female rats dis-
play differences in the acquisition and extinction of active and passive
avoidance (Heinsbroek et al., 1988; Beck et al., 2011). In light of the com-
plexity of the behavioral procedures and the multiple brain regions tar-
geted in this initial exploration of mPFC mediation of active and
inhibitory avoidance, we opted to simplify our experimental design and
not include sex differences as an additional variable in our analyses.

Rat arrived at the vivarium weighing 250-275 g (Charles River) and
were housed in groups of four per cage for about a week with ad libitum
access to food and water to allow acclimation and were handled daily.
They were then split into pairs of similar weight and food restricted to
~90% of their free feeding weight starting 2-3 d before behavioral train-
ing and allowed to gain weight throughout the course of the experiment
on a delayed-growth curve (~5-10 g/week). For the avoidance experi-
ments, food restriction was instituted to encourage exploration of the
conditioning chambers. Food consisted of standard laboratory rat chow
delivered in the home cage. Colony temperature (21°C) and light cycle
(12/12 h light/dark) were kept constant. Training and handling occurred
during the light hours.

Apparatus

Behavioral testing was conducted in operant chambers (30.5 x 24 X
21 cm, Med-Associates). Each chamber was equipped with a fan to pro-
vide ventilation and attenuation of external noise. As viewed from the
opening door, two levers were situated on the right wall of each chamber
and were separated by a food receptacle from which sucrose pellet rein-
forcement was delivered (45-mg pellet, BioServ). For all experiments,
only the left lever was extended into the chamber. All chambers had
three 100-mA cue lights: one over each retractable lever and a central
one over the food receptacle. An additional 100-mA house light was situ-
ated on the wall opposite the food receptacle. The floor of the chambers
consisted in a grid of 19 parallel stainless-steel rods spaced 1.5 cm apart,
wired to a shock generator and solid-state grid scrambler for the delivery
of foot-shock. Four infrared photobeams located just above the floors on
the front and back walls, and photobeam breaks were used as an index
of locomotor activity. All data were recorded on a computer connected
to the chambers.

Surgery

Animals were single housed and allowed ad libitum food without train-
ing for 3 d before surgery. They were injected a subanesthetic dose of ke-
tamine (50mg/kg) and xylazine (5mg/kg) intraperitoneally and
maintained on inhalant isoflurane (1-3%) throughout surgery. Rats
were secured with earbars (flat skull) in a stereotaxic frame and analgesia
was administered subcutaneously (Anafen, 10 mg/kg). They were then
implanted with a set of 23-gauge bilateral stainless-steel guide cannula.
The guide cannulae were beveled at the tip to minimize damage when
implanted, which in turn would be expected to curtail backflow of infu-
sate to more dorsal regions. Cannulae were lowered vertically into the
PL or IL according to the following stereotaxic coordinates: PL, from
bregma: anterior/posterior +3.2 mm; medial/lateral: =0.7 mm; from
dura: dorsal/ventral: —2.8 mm (from dura) and IL, from bregma: ante-
rior/posterior: +2.8 mm; medial/lateral: =0.7 mm; from dura: dorsal/
ventral: —4.1 mm (from dura).

Cannulae were held in place by dental cement adhering to four stain-
less-steel skull screws at the edges of the incision. Stainless-steel 30-gauge
obturators flush with the end of the guides were inserted and remained
in place until infusions. The animals were given daily analgesia (Anafen,
10 mg/kg, s.c.) for 2 d following surgery. Rats were given 5-7 d to recover
from surgery before resuming or beginning behavioral training.

Behavioral training

Active/inhibitory avoidance training was similar to that reported by
Piantadosi et al. (2018) and based on a paradigm used in humans, as
described by Levita et al. (2012). Animals trained on the full version of
the task (active/inhibitory avoidance) and on the single-cue active
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avoidance variation began training shortly after arrival at the colony,
whereas those allocated to the active/inhibitory reward-seeking experi-
ment received surgery before training. Rats received daily training ses-
sions 5-7 d/week between 9 A.M. and 1P.M. and were fed after each
session.

Familiarization with lever pressing

On the first day of training, rats were placed in the chambers for 1 h,
with the house light illuminated, but no levers or auditory stimuli were
presented. Rats were permitted familiarize themselves with the chamber
to reduce neophobia associated with this novel environment.

Rats then received non-reinforced lever press training (Fernando et
al,, 2015). At the start of these 1-h sessions, the house light was illumi-
nated and the lever on the left of the food port (the one further from the
entry door) was extended. If a rat pressed the lever, this caused it to
retract for 1 s, after which it was reinserted. There was no limit to the
number of presses animals could make during a session, and this proce-
dure allowed rats to learn about the nature of the manipulandum. Rats
received daily sessions until they reached criteria of >40 presses in a ses-
sion or after 4d of training. If a rat did not reach criteria after two ses-
sions, sucrose powder was placed on the lever to entice approach and
contact with the lever, although lever pressing was never explicitly rein-
forced with sucrose delivery. Rats performed a mean of 87 = 11.36 lever
presses during their final lever-retraction training session (range 40-673
presses). Six rats whose data were included in the final analysis of the
active avoidance cohort did not reach criteria after 4d of training but
were still advanced to next phase of training (range 0-30 presses).

Single-cue active avoidance training

Rats then started training on the first phase of avoidance instrumental
learning. Daily sessions consisted of 20 active avoidance trials with a
variable 105 s (=30 s) intertrial interval (ITI). For all tasks used in this
study, the lever was retracted during the ITI. At the beginning of each
trial, extension of the left lever coincided with the presentation of an au-
ditory warning cue. For these experiments, the cue initially associated
with active avoidance was white noise (80 dB), as previous observations
in our laboratory revealed that rats acquire active lever-press avoidance
more rapidly when using this versus a high pitch pure tone (9kHz,
80 dB; Piantadosi et al., 2018; and our unpublished observations). If a rat
pressed the lever within 15 s of its insertion, this terminated the sound,
retracted the lever and the trial was recorded as a “successful active
avoidance.” In addition, a successful active avoidance lever press turned
off the house light and illuminated a central stimulus light on the same
wall as the lever for 30 s, which served as a safety signal to reinforce the
operant response. Presentation of a safety signal reinforces avoidance
learning by explicitly signaling successful avoidance, and thus, safety
(Berger and Brush, 1975; Dinsmoor, 2001; Fernando et al., 2014, 2015).
These 30-s periods were added onto the ITI, so that, depending on the
number of successful avoidance responses, sessions could last between
40-50 min.

Failure to press lever within the first 15 s led to a subsequent 10-s
escape period. Here, the lever remained inserted, but the auditory cue
was terminated and the first of up to 3, 0.5-s foot-shocks were delivered.
If no lever press was made after the first shock, two additional foot-
shocks were delivered after 5 and 10 s (i.e., 25 and 30 s from the start of
trial). Pressing of the lever during the escape period (between delivery of
the first and third shock) would retract the lever, cease additional shocks
and initiate the safety signal. These trials were recorded as an “escape.” If
a rat did not press during the 10-s escape period, the lever retracted after
the third shock and no safety signal was presented; these trials were
recorded as “active avoidance failures.” During this initial stage of avoid-
ance training, rats were given daily sessions until they made ~70% active
avoidance and <30% failures for at least three consecutive days before
progressing to either the next phase of training (for the active/inhibitory
avoidance experiments) or surgery, retraining and inactivation tests (for
the single-cue active avoidance experiments).

Over the course of training, the shock current was initially set to
0.2mA for all animals and individually titrated by increments of
0.05mA over the course of training to reinforce avoidance behavior if
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performance did not improve or declined for over three consecutive
days. Shock intensities (range 0.2-0.4 mA) were kept constant after sur-
gery. Individual shock intensity for each session was the same for active
and inhibitory avoidance trials.

Active/inhibitory avoidance training

After single-cue avoidance training, rats were then introduced to the
active/inhibitory avoidance version of the task, with daily sessions con-
sisting of 12 active and 12 inhibitory trials (Fig. 1A). Active trials were
identical to those described for the initial phase of training and were sig-
naled with a white noise. In contrast, inhibitory trials were associated
with a 9-kHz, 80-dB tone. Importantly, previous work in our laboratory
has shown that inactivation of either the PL or IL does not disrupt dis-
crimination between white noise versus pure tones in rats performing an
auditory conditional discrimination task (van Holstein and Floresco,
2020).

Each inhibitory trial started in a manner similar to active trials, in
that the tone would play and the lever was inserted. However, during
these trials, rats were required to withhold pressing of the lever for 15-s
duration of the tone to avoid foot-shock. Pressing of the lever during
this period immediately delivered a foot-shock. During these trials, the
lever remained extended and tone stayed on for the entire 15-s period,
so that animals could emit more than one lever press, each resulting in
foot-shock. Trials where the animal pressed the lever at least once were
recorded as “inhibitory avoidance failures” and number of presses was
recorded for each trial. At the end of the 15-s period, the tone was
silenced and the lever retracted. If no lever press was performed by the
end of the 15-s trial, the same safety signal used in active trials was pre-
sented (i.e., 30-s light cue). Trials where no lever presses occurred were
recorded as a “successful inhibitory avoidance.” The latency to lever
press in successful active avoidance, escapes, and inhibitory avoidance
failure trials were recorded.

Initial training on this task used a blocked design, with blocks of tri-
als presented as 12 active trials followed by 12 inhibitory trials. Over sub-
sequent training sessions, the order of active/inhibitory blocks alternated
each day. Rats were trained on this blocked version of the task until they
achieved performance criteria of ~70% successful trials in both active
and inhibitory avoidance for at least three consecutive days. During this
phase of training, a small proportion of rats that initially displayed crite-
rion performance on active trials began to show a decline in perform-
ance over additional training (although performance on inhibitory trials
remained high). In these situations, rats were given remedial sessions
and trained on the previous phase of training (with only active avoidance
trials) until criterion performance was reached again.

The final version of the task consisted of 12 active and 12 inhibitory
trials as in earlier phases (Fig. 1A). However, active and inhibitory trials
were now presented pseudorandomly (randomized in pairs). All other
parameters remained identical to the previous stage of training and ani-
mals were trained on this intermixed task until they reached criteria of
>70% successful trials in both active and inhibitory trials for three con-
secutive days. During this phase of training, a small proportion of rats
began performing poorly on the intermixed task design, and were given
remedial sessions of the blocked design to rescue performance. After
reaching criteria in this final portion of training, animals received surgi-
cal implantation of cannulas in PL or IL and were allowed to recover
before being retrained to criterion for inactivation tests.

Active/inhibitory reward-seeking

A separate group of animals were trained on a task was designed to
resemble the basic structure of the active/inhibitory avoidance task as
closely as possible, except here animals had to either emit or withhold a
lever-press response to obtain food reward (Fig. 1B). The task used the
same auditory cues and interval ITT as in the avoidance task, and a
9-kHz tone or white noise auditory cue were associated with either active
or inhibitory trials. Each trial started with lever insertion and initiation
of one of the two auditory cues that instructed the animals to either press
the lever within 15 s of its insertion or withhold pressing for 15 s to
obtain a reward of two sucrose pellets (BioServ). On active trials, a lever
press terminated the tone, retracted the lever, illuminated the stimulus
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Task structure for active/inhibitory avoidance and reward-seeking. Potential scenarios and outcomes of each trial during (A) active/inhibitory avoidance and (B) active/inhibitory

reward-seeking. Levers retracted after a successful avoidance/reward seeking response (active or inhibitory), escape or failures and were reinserted at the start of the next trial. Lightning
bolt = shock delivery; gray circles = reward delivery. Time in seconds describes duration of cues, escape period, and safety/reward signal.

light/extinguished the house light for 30 s and delivered two pellets in
the food port 3 s after the press. These responses were labeled “successful
active reward-seeking” trials. Failure to press the lever during active
trials resulted in lever retraction and the trial ended with no reward
delivered, these trials were recorded as “active reward-seeking failure.”
On inhibitory trials, if a rat withheld pressing for the 15-s period, the
tone terminated, the lever was retracted, the stimulus/house lights
were illuminated/extinguished for 30 s, two pellets were delivered 3 s
later, and the trial was recorded as “successful inhibitory reward-seek-
ing.” In contrast, on inhibitory trials, if a rat pressed the lever during
the 15-s tone presentation period, the lever retracted, no reward was
delivered but the tone continued for the entire 15-s period and the
trial was recorded as “inhibitory reward-seeking failure.”

After receiving initial lever exposure, rats first received two to five
sessions with 20 active trials and were then introduced to inhibitory
trials in a blocked design like that used in avoidance training with 12
active and 12 inhibitory trials. During the initial stages of training, we
observed that the number of successful active trials was substantially
higher than inhibitory trials. To improve acquisition of inhibitory
reward-seeking, on some days, rats received sessions of 20 exclusively
inhibitory trials. After at least 21d of training, animals were intro-
duced to the intermixed presentation of active and inhibitory trials
for 7d or until criteria of >50% successful active and inhibitory trials
for four consecutive days. In practice, rats pressed the lever on active
trials close to 100%, whereas performance on the inhibitory trials was
considerably poorer. Rats that received at least 7d of training using
an intermixed presentation of active/inhibitory trials and made at
least >40% successful inhibitory trials on saline (SAL) infusion days
were included in our analysis. This permissive criterion was rational-
ized because of the difficulty encountered in training some animals to
withhold lever pressing.

Drugs and microinfusions
Rats received their first of two counterbalanced microinfusion test days
after displaying criterion performance for at least three consecutive days.
On the day before the first infusion, rats received a mock infusion
10 min before the start of their daily training session, during which they
were brought to the same room used for the following infusion days,
obturators were removed, and a stainless-steel mock injector flush with
the end of the guide cannula was inserted for ~2 min.

If performance remained stable on mock infusion day, the next day,
a rat received its first of two infusions test day, otherwise, it was given
two to three additional days of training, and mock procedure was
repeated. On infusion days, animals received 0.4 pl of either 0.9% SAL or
a solution containing 100 ng each of the GABA-B agonist baclofen and
the GABA-A agonist muscimol in SAL (BM; Tocris) through injectors
inserted in the cannula guides. Previous studies have shown that infu-
sion of these GABA agonists at a similar concentration and volume can
induce dissociable effect on behavior when infused into regions sepa-
rated by >1 mm, such as the adjacent core and shell regions of the NAc
(Floresco et al., 2018; Piantadosi et al., 2018). Of particular note, using
identical surgical and microinfusion procedures, our laboratory has
shown different and sometimes opposing effects of inactivation of the
PL versus IL regions of the mPFC (St. Onge and Floresco, 2010; van
Holstein and Floresco, 2020), including alterations in probabilistic rever-
sal learning following inactivation of the PL, with no effect following IL
inactivation (Dalton et al., 2016). This is in keeping with electrophysio-
logical studies estimating the functional spread of GABA agonist-
induced neural inactivations to be ~1 mm (Martin and Ghez, 1999).
Given these considerations, it is likely that the dissociable effects
reported here were due to suppression of activity within the targeted
mPFC region, and not due to spread to adjacent regions (e.g., backflow
of GABA agonists from the IL into the PL).
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Active/inhibitory Reward-Seeking

Histology. Schematic of coronal sections displaying the ventral extent of acceptable microinfusions in the PL (gray triangles) and IL (black squares). Placements are shown for rats

in () active/inhibitory avoidance, (B) active avoidance, and (C) active/inhibitory reward-seeking experiments.

Each infusion lasted 60 s, and injectors were left in place for an addi-
tional 60 s for diffusion. Behavioral testing commenced 10 min after the
end of the infusion. After the first infusion test, rats were retrained for at
least 2d until they again displayed criterion performance, after which
they received their second counterbalanced infusion.

Histology

After the completion of testing, rats were anaesthetized with 4% isofluor-
ane and euthanized with CO,. Brains were removed and fixed in a 4%
formalin buffered SAL solution and stored until sectioning. Using a
cryostat, 50-pum sections were collected and mounted on glass slides. All
brains were Nissl stained with cresyl violet and acceptable cannula place-
ments are reported in Figure 2. Data from animals whose placement did
not reside within the intended region were removed from analysis.

Experimental design and statistical analyses

For all tasks and trial types, successful trials, failures, and escapes were
converted to a percentage of total trials of each trial type (i.e., active or
inhibitory). Percentage of successful active and inhibitory trials were an-
alyzed separately for each brain region using two-way repeated measures
ANOVAs with treatment (SAL vs inactivation) and trial type (active or
inhibitory) as two within-subject factors. The percentage of escapes, the
number of shocks received, and response latencies were each analyzed
with separate one-way repeated measures ANOVAs with Treatment as
the within-subject factor. In situations where a rat did not make any
response on active or inhibitory trials during a test session, its latency
values were set to 15 s (the maximum time allotted). Locomotor data
were converted into beam-breaks/min, and these values were analyzed
separately for each region and task group using one-way repeated

measures ANOVAs. Shock intensities used during testing measured in
mA for each animal were analyzed separately for the active/inhibitory
and the active avoidance tasks using one-way ANOVAs to compare
groups assigned to either brain region.

Supplementary analyses of how treatments affected performance
over the course of a test session were conducted by grouping the per-
centage of successful trials were into blocks of two trials and analyzed via
two-way repeated measures ANOVA with treatment and trial block as
within-subject factors.

Lastly, learning rates for different types of trials (active vs inhibitory)
of each task were calculated by counting the number of training days
each rat required to display criterion performance for two consecutive
days. For each type of response, the data were analyzed separately with
one-way ANOVAs. Prescribed « level for all analyses was 0.05. Data are
reported as mean = SEM.

Results

Active/inhibitory avoidance

Initial learning

All rats (n=26) successfully learned the initial active avoidance
contingency, taking between 6 and 27 sessions to reach criterion
for an average of 11.2 = 1.1 sessions. On the final day of their
active avoidance training, rats performed 78.1 * 3% active
avoidance responses, 5.4 £ 1% escapes, and 16.5 * 3% failures.
Rats then progressed to the blocked design, during which they
received active avoidance followed by inhibitory avoidance trials
and vice versa on alternate days. Out of the initial 26 animals,
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PL inactivation impaired active, but not inhibitory, avoidance performance. A, PL inactivation decreased the mean percentage of successful active (left) avoidance trials but had no

effect on inhibitory trials (right). B, Escape responses were unaltered by PL inactivation. C, The total number of lever presses on inhibitory avoidance trials were also unaltered by PL inactiva-
tion. D, E, Percentage of successful active and inhibitory avoidance responses following SAL and inactivation treatments, partitioned over blocks of two trials. The effects of PL inactivation on
active avoidance were apparent from the beginning of the session. For this and all other figures, error bars represent SEM, gray lines represent data from individual animals, numbers denote
number of overlapping data points for a particular line, and asterisks denotes p << 0.05 between the SAL versus inactivation conditions (n=7).

n =23 reached criterion on this blocked design after 18 = 1.8 ses-
sions (range of 7-35 sessions). On the final day of training, rats
performed 84.8 £ 3% active avoidance responses, 4.5 * 2%
escapes, 10.6 = 2% active avoidance failures, and 82.4 = 2% suc-
cessful inhibitory avoidance trials.

Of the 23 rats that progressed on to the last stage of inter-
mixed active/inhibitory avoidance training, 21 rats reached crite-
rion taking on average 11.9 = 1.1 sessions (range 3-27 sessions).
On their last day of intermixed avoidance training, animals that
successfully reached criterion made 84.7 = 4% successful active
avoidance responses, 5.1 * 1.8% escapes, 10.2 = 3% active
avoidance failures, and 88.4 * 2% successful inhibitory avoid-
ance trials. Data from the five animals that did not reach crite-
rion were not included in the final analysis.

Of the 21 rats that achieved the final task criteria and were
implanted with guide cannula into either the PL or IL, six were
excluded from the final analysis due to either cannula placements
outside of the region of interest (1 = 4), unexpected mortality fol-
lowing surgery (n=1), or failure to recover performance follow-
ing surgery (n=1). This resulted in final sample sizes of seven
and eight for the PL and IL groups, respectively. The mean shock
intensity for PL group was 0.32 * 0.03 mA (range 0.30-
0.35mA), while for the IL it was 0.30 = 0.04 mA (range 0.25-
0.35mA). These intensities did not differ significantly across
groups (F(; 13 = 1.56, p=0.23).

PL inactivation

Analysis of successful active and inhibitory trials exposed a sig-
nificant main effect of treatment (F(; 6 = 24.39, p < 0.01) and, in
particular, a treatment x trial type interaction (F(; ¢ = 36.37,
p < 0.001), suggesting that PL inactivation differentially affected
performance on active versus inhibitory trials (Fig. 3A). Inte-
restingly, this analysis revealed a significant main effect of trial
type (F(1,6) = 61.71, p < 0.001), indicating that animals performed
significantly better on inhibitory versus active avoidance trials
across treatment conditions.

Simple main effects analyses confirmed that PL inactivation
markedly reduced the percentage of successful active avoidance
responses (F1 = 59.44, p<0.001; Fig. 3A, left). Escapes on
active trials were comparatively low and did not differ across
treatments (F(; ) = 0, p=1; Fig. 3B). In contrast, PL inactivation
did not alter performance on inhibitory trials (F 6 = 0.67,
p=0.44; Fig. 3A, right) nor did it alter the number of lever
presses on these trials (F(; ) = 0.22, p = 0.654; Fig. 3C). Reflecting
the impairment on active trials, rats received more foot-shocks
on PL inactivation days (F(; ¢ = 48.59, p < 0.001; Table 1).

PL inactivation tended to increase response latencies on
active trials but this effect did not achieve statistical signifi-
cance (F6 = 4.10, p=0.089; Table 1). Latency to press the
lever in inhibitory trials was not affected by PL inactivation
(Fue = 0.14, p=0.73; Table 1). Locomotion (beam breaks/
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Table 1. Performance measures during active/inhibitory avoidance, active avoidance, and active/inhibitory reward-seeking tasks

PL (control) PL (inactivation) IL (control) IL (inactivation)

Active/inhibitory avoidance

Active avoidance latency () 57508 949 =19 6.11 =13 76 1.1

Inhibitory avoidance failure latency (s) 9.21 £ 1.87 83424 76 24 6.78 = 1.1

Shocks received 8.8+ 191 29.3 = 2.1%* 55*+41 16.9 = 2.9**

Locomotion (beam breaks/min) 15.8 £ 1.7 16.8 £33 19.6 £ 2.0 29.5 = 5.1
Active avoidance

Avoidance latency (s) 50404 456 = 0.5 557 04 5.59 £ 0.54

Shocks received 73*+33 9.1+27 6.0 =133 229 *+ 433%

Locomotion (beam breaks/min) 18226 255+ 40 127 =17 20.1 =292
Active/inhibitory reward-seeking

Active response latency (s) 1.01 = 0.1 234+ 0.6% 141+03 134 +0.2

Inhibitory failure latency (s) 46414 29£06 39%1.2 321£06

Rewards received 367 14 25.1 & 1.2 *** 384+12 26 & 0.8%**

Locomotion (beam breaks/min) 189 *+33 213142 21.1+£28 32754

Values displayed are mean = SEM; *p << 0.01, **p < 0.001, ***p < 0.0001.

min) across sessions did not differ across treatment conditions
(Fae = 0.22, p=0.66; Table 1).

Supplementary analyses examined how PL inactivation
altered performance over the course of the test session. This anal-
ysis revealed that the impairment of active avoidance induced by
inactivation of this region was apparent from the beginning and
persisted throughout the test session (Fig. 3D). Accordingly,
analysis of active avoidance performance over a session yielded a
main effect of treatment (F(; ) = 35.43, p=0.001), but no treat-
ment X block interaction (F(s 30y = 0.86, p =0.52). A similar anal-
ysis conducted on data from inhibitory trials also found no
effects of treatment (interaction: F(s39) = 1, p=0.44; treatment:
F1,6) = 2.27, p=0.18; Fig. 3E). Collectively, these data show that
PL inactivation selectively impaired the ability to initiate instru-
mental responses to avoid foot-shock when signaled by discrimi-
native cues, without affecting inhibitory avoidance. Thus, activity
in this region is necessary for active defensive behaviors in
response to learned cues in aversive contexts.

IL inactivation

In contrast to the more selective effects of PL inactivation, similar
treatments in the IL in a separate group of rats impaired per-
formance on both active and inhibitory trials (Fig. 4A). The
ANOVA on these data yielded a significant main effect of treat-
ment (F(; 7 = 23.25, p=0.002) but no main effect of trial type
(F17) = 1.33, p=0.29) nor treatment x trial type interaction
(F,7) = 0.72, p=0.45). The impairment on active avoidance tri-
als was not accompanied by a change in the proportion of
escapes (F(;7 = 0.88, p=0.38; Fig. 4B). On the other hand, the
impairment on inhibitory trials was associated with an increased
number of total lever presses on these trials (F(,, = 7.22,
p=0.03; Fig. 4C).

IL inactivation tended to slow latencies to press on active tri-
als and this effect approached statistical significance (F 7 =
4.57, p=0.07; Table 1) but did not alter latencies to press on in-
hibitory trial failures (F(; 7 = 0.08, p=0.79; Table 1). In accord-
ance with the broad disruption in performance, rats received
more shocks following IL inactivation (F(, 7 = 46.49, p < 0.001;
Table 1). Rats, on average, made more beam breaks per minute
following IL inactivation but this measure of locomotion did not
achieve statistical significance (F; 7, = 3.90, p = 0.09; Table 1).

Analysis of active and inhibitory avoidance performance
over blocks of two trials confirmed effect of Treatment
remained significant for both active (F(;, = 29.87, p<0.001)
and inhibitory trials (F,, = 7.41, p=0.03). This two-way

ANOVA also demonstrated the effect of IL inactivation was
apparent at the start of the session and remained consistent
over trial blocks, as analysis of these data failed to yield signif-
icant treatment x block interaction and effect of block on ei-
ther active (both Fsis3s) < 1.14, both ps>0.36; Fig. 4D) or
inhibitory trials (both Fs(s35y < 0.94, both ps > 0.47; Fig. 4E).
These data implicate IL in the use of discriminative stimuli to
appropriately avoid aversive consequences, by both facilitating
and inhibiting actions to avoid punishment.

Single-cue active avoidance

Pharmacological inactivation of both the IL and PL impaired
active avoidance when animals were required to discriminate
between cues signaling active and inhibitory trials. Following
from these results, we investigated the involvement of these pre-
frontal regions in absence of a discriminatory component using a
simpler task during which a single cue signaled lever-press
response could avoid foot-shock.

Initial learning

A separate group of rats initially comprised of 31 animals, with
29 of these achieving criterion performance. Rats received on av-
erage 14 = 1 sessions before reaching criterion and undergoing
surgery (range 4-26 sessions). On their last day of active avoid-
ance training, average performance was 86 * 3% active avoid-
ance responses, 2.8 £ 0.9% escapes, and 11.2 = 3% failures.

Of the 29 rats that achieved the final criterion performance
and were implanted with guide cannula, nine were excluded
from the final analysis due to either cannula placements outside
of the region of interest (# = 6) or unexpected mortality following
surgery (n=3). This resulted in a final n =10 for each PL and IL
group. The mean shock intensity were comparable across the PL
(0.29 = 0.05 mA; range 0.20-0.35mA) and IL groups (0.30 =
0.06 mA; range 0.20-0.35 mA; F( 1) = 0.16, p=0.70).

PL inactivation

In stark contrast to what observed following PL inactivation on
the active/inhibitory avoidance task, similar treatment did not al-
ter performance on the single-cue active avoidance task,
although these rats received considerably less training than those
in the active/inhibitory avoidance experiment. Analyses of these
data revealed no significant differences in the proportion of suc-
cessful active avoidance responses across treatments (F(q) =
0.21, p=0.66; Fig. 5A, left), escapes (F(;,9) = 0.05, p=0.83; Fig.
5B, left), number of foot-shocks (F; ¢y = 0.18, p=0.68; Table 1),
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Figure 4.

IL inactivation impaired active and inhibitory avoidance performance. 4, IL inactivation decreased the percentage of successful active (left) and inhibitory (right) avoidance trials.

B, IL inactivation did not alter escape responses. C, IL inactivation also increased the total number of lever presses on inhibitory avoidance trials. D, E, Percentage of successful, active and inhib-

itory avoidance responses partitioned over blocks of two trials (n = 8).

or response latencies (F(;9) = 0.63, p=0.45; Table 1). Loco-
motion was also unchanged across conditions (F( 9 = 1.80,
p=0.21; Table 1). Similarly, analysis of active avoidance trials
across blocks of two trials (Fig. 5C) did not yield a significant
main effect of treatment (F(;9) = 0.21, p=0.66) or treatment x
block interaction (Fg1) = 1.05, p=0.41). These data indicate
that PL activity does not appear to be essential to facilitate instru-
mental avoidance in response to a singular warning stimulus
when allocation of behavior is unambiguous.

IL inactivation

In contrast to the lack of effect of PL inactivation on active avoid-
ance, IL inactivation impaired single-cue active avoidance in a
manner similar to that observed during active/inhibitory avoid-
ance (Fig. 5A, right). Analysis of these data revealed significant
reduction in active avoidance responses after inactivation treat-
ments relative to SAL (F(;,9) = 19.40, p < 0.01) but no effect on
escape behavior (F;9 = 250, p=0.15 Fig. 5B, right).
Accordingly, rats received significantly more foot-shocks follow-
ing IL inactivation (F;9) = 13.12, p < 0.01; Table 1). IL inactiva-
tion did not affect latency to lever press (F(; 0y = 0.001, p=0.97;
Table 1), and again, locomotor counts were increased by these
treatments, but the effect did not reach statistical significance
(F(1,9) = 3.89, p=0.08; Table 1). When analyzed across two-trial
blocks (Fig. 5D), performance did not yield significant main
effect of block (Fg,81y = 1.05, p=0.41) and no treatment x block
interaction was found (Fgg;) = 0.75, p=0.67), while treatment

remained significant (F(; oy = 19.40, p < 0.01). These data suggest
that the IL facilitates active instrumental behaviors intended to
avoid aversive events, even in circumstances that do not require
cue discrimination and flexible responding.

Active/inhibitory reward-seeking

Our studies to this point established that the PL and IL are differ-
entially recruited in either encouraging or withholding actions to
avoid aversive outcomes. This prompted us to examine how
these cortical regions may contribute to behavioral control in a
similar situation that required either promotion or suppression
of instrumental action, but when the valence of the outcome was
positive (appetitive), rather than negative (aversive). Here, we
probed how inactivation of these regions affected cued active
and inhibitory goal-directed behaviors when making or with-
holding a response delivered sucrose reward.

Initial learning

A group of 30 rats, separate from those used in the active/inhibi-
tory avoidance experiment, were trained on the rewarded active/
inhibitory contingency. They all received two to five initial ses-
sions solely comprising of active trials for an average of 3.5 = 0.3
sessions. In all subsequent training sessions, rats were presented
with inhibitory trials, either with or without active trials. Ani-
mals received on average 15.1 = 1 sessions of only inhibitory tri-
als (range 8-25) and 17.7 * 0.8 sessions (range 25-11) of active
trials followed by inhibitory trials or vice versa, during training
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Figure 5.

IL, but not PL, inactivation impaired single-cue active avoidance performance. A, PL inactivation (left) had no effect on active avoidance whereas IL inactivation (right) decreased

the percentage of successful active avoidance trials. B, Inactivation of either region did not affect percentage of escape responses. €, Percentage of successful active avoidance responses, parti-
tioned over blocks of two trials, following PL treatments. D, Percentage of successful active avoidance responses, partitioned over blocks of two trials following SAL and IL inactivation treat-

ments (PL n=10; IL n=10).

with the blocked design protocol. On their last session of inhibi-
tory training before testing, animals scored on average 57.3.5 =
4.8% successful inhibitory trials, while during the last session of
active/inhibitory blocked trials rats performed 98.1 * 2.0% active
responses and 52.8 * 5.6% successful inhibitory trials.

The final stage of intermixed presentation of active and inhib-
itory trials lasted on average 9.9 = 1.1 sessions. On their last day
of intermixed training, five rats failed to reach performance crite-
rion. The remaining 25 rats all performed 100% successful active
responses and an average of 63.7 * 3.4% successful inhibitory
trials.

Of the 25 rats that achieved criterion performance and
received microinfusion tests, five were excluded from the final
analysis due to cannula placements outside of the region of inter-
est. This resulted in final sample sizes of 11 for PL and nine for
the IL groups, respectively.

PL inactivation

Inactivation of PL during this appetitive task had a diametrically
opposite effect to that observed on the avoidance task, in that it
markedly impaired performance on inhibitory trials, while spar-
ing performance on active trials (Fig. 64). A two-way ANOVA
on the performance data revealed significant effects for both
treatment (F(1,10) = 62.87, p<0.0001) and, more pertinently, a
treatment X trial type interaction (F(;19) = 18.15, p<<0.01).
Subsequent partitioning of the interaction with one-way ANOVAs
revealed no significant change in performance during active trials

following PL inactivation versus control treatments (F(; 19y = 3.65,
p=0.09; Fig. 64, left). Notably, under control conditions, all rats in
this experiment displayed a 100% success rate on active trials.
Accordingly, to accommodate for the lack of variance in this condi-
tion, a supplemental non-parametric analysis on the active trials
data were conducted using Wilcoxon signed-rank test. This revealed
that the modest reduction in active reward seeking response follow-
ing PL inactivation was statistically significant (p=0.02). On the
other hand, the ability to withhold responding to obtain a reward
on inhibitory trials was much more markedly impaired by PL inac-
tivation (Fy,10) = 62.98, p << 0.0001; Fig. 6A, right). Accordingly, rats
also received significantly fewer reward pellets following inactivation
versus SAL treatments (Fy,10) = 47.96, p < 0.0001; Table 1).
Notably, the ANOVA of the performance data also yielded a
significant main effect of trial type (F(; 10y = 92.95, p <0.0001).
Examination of percentage successful trials plotted in Figure 6A
indicates that animals performed better on active versus inhibi-
tory trials. To investigate this effect, we compared the mean
scores for active and inhibitory trials on drug-free baseline days
that preceded the test days. Our analysis exposed a significant
difference between baseline performance for active and inhibi-
tory avoidance (F(; 10y = 39.53, p <0.0001) in that rats found it
considerably more difficult to appropriately inhibit lever pressing
(60.6 = 6% successful trials at baseline) compared with making
these responses in the pursuit of sucrose reward (100 * 0%).
These results were opposite to what observed for aversively-
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Figure 6.

Il inactivation

hibitory trials, when rats had to withhold pressing for 15 s to obtain reward (right). B, C, Percentage of successful active and inhibitory reward-seeking responses partitioned over blocks of two

trials (n=11).

motivated active/inhibitory trials, for which performance tended
to be better on inhibitory versus active trials.

PL inactivation increased response latencies on active trials
(F(1,10) = 6.81, p=0.03; Table 1). On the other hand, the reduc-
tion in successful inhibitory trials was not associated by a
changes in press latencies (F(; 10y = 2.55, p=0.14; Table 1). These
treatments did not alter locomotion (F(;10) = 0.19, p=0.67;
Table 1).

A two-way ANOVA conducted on data from active perform-
ance over blocks of two trials yielded no treatment x block inter-
action (Fs50) = 1.42, p=0.23) and no effect of block (Fsso) =
1.42, p=0.23) but exposed a significant treatment effect (F; 19y =
7.10, p=0.02) that was driven by a slight reduction in perform-
ance early in sessions (Fig. 6B). For inhibitory trials, inspection
of Figure 6C shows that performance under control conditions
was initially poor and then improved over the course of the ses-
sion, whereas it remained poor throughout the session following
inactivation treatments. However, the analysis of these data only
yielded a significant main effect of treatment (F(; 0y = 50.10,
P <0.0001) but no main effect of block (F(s 50y = 1.06, p=0.39)
or treatment X block interaction (Fss0) = 1.68, p = 0.16).
Collectively, these data show that the PL plays a more prominent
role in using discriminative cues to suppress actions to obtain
rewards, which contrasts to its role in facilitating actions during
active/inhibitory avoidance.

IL inactivation
Like inactivation of the PL, similar treatment of the IL had differ-
ent effects on active and inhibitory performance (Fig. 7A).

Analysis of the performance data revealed a significant main
effects of treatment (F(; 5y = 169.81, p < 0.0001) and treatment X
trial type interaction (F(;g) = 140.42, p<0.0001). The analysis
also yielded significant main effect of trial type (F(; gy = 209.16,
p < 0.0001), again indicative of rats showing poorer performance
on inhibitory versus active trials. Simple main effects analysis
further confirmed that, in contrast to the avoidance task, IL inac-
tivation did not alter performance on active trials (F;g) = 0.08,
p=0.79; Fig. 7A, left). On the other hand, suppression of instru-
mental action on inhibitory trials was again impaired following
IL inactivation (F(; gy = 271.70, p < 0.0001; Fig. 7A, right). When
comparing amount of pellets received, ANOVA revealed rats
received fewer reward after IL inactivation test days versus con-
trol treatments (F(; g = 142.55, p < 0.0001; Table 1).

No significant differences in latency were observed during ei-
ther active (F(;) = 0.031, p=0.86; Table 1) or inhibitory trials
(Fugs = 0.75, p=0.41; Table 1). Once again, IL inactivation
tended to increase in locomotor activity, but this measure only
approached statistical significance (F;5 = 5.03, p=0.055;
Table 1).

Analysis of performance on active trials over blocks found no
significant effects of treatment, block, or interaction between
these factors (all Fs < 1.0, all ps > 0.35; Fig. 7B). Analysis of in-
hibitory trials across two-trial blocks (Fig. 7C) yielded a main
effect of treatment (F(; g = 160, p <0.0001) with no effects of
block (F(s40) = 1.18, p=0.34) or treatment X block interaction
(F(540) = 0.87, p=0.51). Taken together, these findings suggest
that under these conditions, activity within the PL or IL plays a



Capuzzo and Floresco @ Medial PFCand Avoidance versus Reward-Seeking

J. Neurosci., June 10, 2020 - 40(24):4773-4787 - 4783

: Inactivation
A l:l Saline (Baclofen/Muscimol)
100
£ 80r
.©
2 60F
17}
7]
(0] *
S 40F
>
wn
X 20}
0
Active Trials Inhibitory Trials
B Active trials C Inhibitory trials
100 —U70<Q><U70_D 100
(%) = 0
®© 80 | e 80 |-
2 60 |- 560}
a 7 *
@ 40 ® 40
Q Q
: :
» 20+ o 20
X o0l | | ] ] | X 0
Blocks of 2 Trials Blocks of 2 Trials

QO saline

IL inactivation impaired inhibitory, but not active, reward-seeking performance. A, IL inactivation had no effect on active trials (left) but, like PL inactivation, decreased the percent-

Figure 7.

B Inactivation

age of successful inhibitory trials (right). B, C, Percentage of successful, active and inhibitory reward-seeking responses partitioned over blocks of two trials (n =9).

minimal role in prompting instrumental actions triggered by dis-
criminative cues indicating they may yield reward. In contrast,
activity within both PFC regions is crucial for suppressing
actions to obtain rewards.

Active versus inhibitory learning

When comparing the data from rats that were trained on active/
inhibitory avoidance task to those obtained from separate ani-
mals trained on the reward-seeking task, it became apparent that
rats found it easier to either make an instrumental lever press or
withhold it, depending on the nature of the task. To confirm
these impressions statistically, we computed the number of train-
ing days rats required to achieve criterion performance (70% suc-
cess rate) and maintain it for at least two consecutive days for
each trial type for all animals included in our final analysis.

Analysis of active/inhibitory avoidance data showed that the
length of training required for active and inhibitory trials differed
significantly (F( 14) = 14.61, p <0.01; Fig. 8, left). Thus, during
the initial training on active avoidance, rats required 12.1 = 2d
to achieve criterion performance. However, on introduction of
the inhibitory trials in the task, rats learned to suppress lever
pressing during these trials much more rapidly, requiring only
4.3 = 1d to achieve criterion.

When an analogous analysis was performed on training data
for the active/inhibitory reward-seeking task, length of training
between the two trial types was again significantly different
(F(1,10) = 44.66, p <0.0001; Fig. 8, right). However, contrary to
what was observed for active/inhibitory avoidance learning,
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Figure 8.  Number of training sessions required to obtain criterion on active versus inhibi-
tory avoidance and reward-seeking. Number of days required to reach stable criterion per-
formance (>70% success) on each trial type. During avoidance training, rats required more
trials to learn an active avoidance lever-press response, compared with an inhibitory avoid-
ance response (left). Conversely, rats required significantly more training trials to learn to
withhold lever pressing to obtain reward, compared with active reward-seeking responses
(right). White dots represent number of days to criterion for individual animals. Asterisk
denotes p << 0.05 between the active versus inhibitory conditions (avoidance n=15;
reward-seeking n = 20).

animals achieved criterion performance on active trials much
more quickly (3.2 0. 2d) than when inhibitory trials were
introduced (22.0 = 3d). From these data, we conclude that rats
found it more difficult to learn to lever press rather than with-
hold lever pressing to avoid aversive outcomes. On the other
hand, when lever pressing was associated with reward delivery,
inhibition of responding was more difficult and took longer to
learn compared with promotion of behavior.
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Discussion

Valence-dependent roles for the PL in active/inhibitory
avoidance or reward-seeking

Inactivation of the PL markedly disrupted active avoidance when
animals had to discriminate between different cues informing
them that either initiating or withholding a response could avoid
shock. In contrast, similar treatments had no effect on active
avoidance when a single cue signaled a lever press could avoid
shock. These differential effects harmonize to a certain degree
with somewhat conflicting findings regarding the involvement of
the PL in avoidance. Thus, PL lesions did not affect acquisition
of shuttle avoidance, wherein a single cue signaled rats to move
between chambers to avoid shock (Moscarello and LeDoux,
2013). On the other hand, PL inactivation impaired expression
of platform-mediated avoidance, when rats had to disengage
from lever pressing for food to avoid shock (Bravo-Rivera et al.,
2014; Diehl et al., 2018). Notably, this latter task presented rats
with a motivational conflict, as avoidance required them to shift
from periods of reward-seeking to a safe location away from the
levers. In a similar vein, our active/inhibitory avoidance task also
required shifts between producing and withholding responses.
This combination of finding suggests that the PL plays a more
specialized role in active avoidance, and is recruited in situations
requiring flexible mitigation of conflicting motivational drives
(reward-seeking vs safety) or responses (producing vs suppress-
ing actions).

PL inactivation did not interfere with withholding of lever
pressing on inhibitory avoidance trials. Superficially, this lack of
effect may seem to contrast with other studies implicating this
region in supressing punished responding for food or drug
rewards (Resstel et al., 2008; Chen et al., 2013; Verharen et al.,
2019). It is important to emphasize that the tasks used in these
studies also entailed motivational conflicts, in that rewards were
associated with punishment. As such, the PL may aid in sup-
pressing punished behavior in more specialized situations
involving motivational conflicts that require overriding prepo-
tent, reward-seeking responses, whereas it does not appear neces-
sary for inhibitory avoidance in purely aversively-motivated
contexts.

The differential effects of PL inactivation on active versus in-
hibitory avoidance stand in striking contrast to those on active/
inhibitory reward-seeking. This experiment was designed to
assess whether or not the contribution of PL to instigation and/
or inhibition of instrumental responding was specific to aver-
sively-motivated situations. Like the avoidance task, this appeti-
tively-motivated go/no-go task used different cues to signal a
response should be produced or withheld to obtain reward.
Here, PL inactivation induced an effect diametrically opposite to
that observed on the avoidance task, impairing performance on
inhibitory trials while having a comparatively minimal effect on
active trials. This is in keeping with other reports that PL inacti-
vation impairs response inhibition on other appetitively-moti-
vated tasks (Ishikawa et al., 2008; Bari et al., 2011). However,
when juxtaposed with the avoidance results, the contrasting
effects reveal that in situations involving motivational or
response conflicts, the PL aids in inhibiting actions to obtain
rewards, but plays an opposite role in facilitating action to avoid
negative events. More generally, these findings suggest that man-
ner in which the PL is recruited to instigate versus suppress
instrumental actions is critically dependent on the valence of the
context.
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Additional insight into these opposing results comes from an
examination of innate response biases that emerge in aversive
versus appetitive contexts. On the avoidance task, rats tended to
perform better on inhibitory versus active trials, whereas on the
reward-seeking task, the opposite was true, and these differences
emerged early in training. This likely reflects opposing prepotent
responses that are triggered in threatening and rewarding con-
texts. For example, aversive contexts can induce behavioral sup-
pression, but animals learn to override this tendency as active
avoidance responses emerge (Cain, 2019). On the contrary, appe-
titive contexts can promote approach behaviors that would need
to be curtailed when learning to wait for rewards in the presence
of inhibitory cues. Thus, both suppressing reward-seeking or
producing active avoidance responses would require greater cog-
nitive control to override prepotent yet incompatible behaviors.
Taking this into consideration, it is reasonable to propose that
the opposing effects of PL inactivation on avoidance and reward-
seeking may reflect a failure of cognitive control needed to over-
come competing innate drives in both aversive and appetitive
situations. This notion is complementary to the proposed role
for the PL in integrating contextual information to mediate
response and cue conflicts (Haddon and Killcross, 2006; Marquis
et al., 2007). Furthermore, it is also keeping with contemporary
theory that the human anterior cingulate (homologous to the PL;
Heilbronner et al.,, 2016) mediates cognitive control over instru-
mental behaviors, blunting prepotent responses when evaluating
alternative choices of action (Kolling et al., 2016; Shenhav et al.,
2016).

IL mediation of avoidance and behavioral inhibition
IL inactivation induced a constellation of effects distinct from PL
inactivation. Foremost among these were impairments in active
avoidance on both the active/inhibitory and on the single-cue
avoidance tasks. This is keeping with previous studies implicat-
ing the IL in different forms of active avoidance (Martinez et al.,
2013; Moscarello and LeDoux, 2013). Furthermore, they high-
light a more generalized role for the IL relative to the PL in facili-
tating active avoidance, regardless of the presence or absence of
response conflicts. It is possible that some of the effects of IL
inactivation that were similar to PL inactivation may have been
attributable to backflow of GABA agonist infusion from IL to
PL, which is why some groups have used angled cannulae place-
ments when targeting the IL (Sierra-Mercado et al., 2011; Bravo-
Rivera et al., 2014; Shipman et al., 2018). However, the fact that
single-cue active avoidance was impaired only by infusions of
BM into IL but not PL (Moscarello and LeDoux, 2013; present
study), suggests that these effects were driven primarily by sup-
pression of activity with the more ventral mPFC region. In this
regard, it is interesting to compare these results with an extensive
literature describing a critical role for the IL in extinction of
Pavlovian fear (Quirk et al., 2000; Sierra-Mercado et al., 2011;
Milad and Quirk, 2012; Sangha et al., 2014). Viewed collectively,
these findings indicate that whereas the IL aids in suppressing
Pavlovian responses elicited by conditioned aversive stimuli dur-
ing extinction, it also aids in initiating instrumental responses to
avoid aversive stimuli.

In contrast to our results, Bravo-Rivera et al. (2014) reported
IL inactivation did not affect signaled platform-mediated avoid-
ance that required rats to cease reward-seeking and move to a
safe location. However, these manipulations did increase freezing
elicited by the warning cue, as observed by other groups
(Martinez et al., 2013; Moscarello and LeDoux, 2013). These
findings have led to the idea that the IL may in some instances
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enable instrumental avoidance via attenuation of Pavlovian-
mediated freezing to conditioned threat stimuli, which could
contribute to the impairments in avoidance reported here. This
being said, rats in our study received considerably more training
sessions (20-40) compared with these previous studies (5-10),
which presumably would have led to a greater reduction in freez-
ing as avoidance responses became more prominent over train-
ing. In addition, although we did not explicitly measure freezing
behavior, IL inactivation did not alter avoidance latencies and
tended to increase locomotor activity across tasks, observations
that are inconsistent with a potential increase in freezing.
Alternatively, the tendency for IL inactivation to increase loco-
motion may have contributed to the impairments in avoidance
reported here, although most of this activity likely occurred dur-
ing the ITI. Furthermore, previous studies have shown that inac-
tivation of the IL or PL does not alter activity in an open field
(Fitzpatrick et al., 2011; Stevenson, 2011; Bi et al., 2013). Thus,
although we cannot completely rule out alterations in freezing or
locomotion may have contributed to these effects, our findings
suggest that under some conditions, the IL may facilitate active
avoidance in a manner relatively independent of its role in sup-
pressing fear-related behavioral arrest.

Another key difference between the effects of PL versus IL
inactivation is that the latter also impaired inhibitory avoidance.
Notably, the effects of IL inactivation on both active and inhibi-
tory avoidance were similar to those induce by inactivation of
the NAc shell (Piantadosi et al., 2018), a key target of IL projec-
tions, suggesting these two regions may work in concert to facili-
tate opposing forms of avoidance behavior. These disinhibitory
effects complement a literature implicating IL-related circuitry in
suppressing different behaviors under a variety of conditions.
These include the aforementioned extinction of Pavlovian fear
responses, step-down passive avoidance (Jinks and McGregor,
1997), punished free-operant responding for rewards and reward
consumption (Resstel et al., 2008; Jean-Richard-Dit-Bressel and
McNally, 2016), extinguished instrumental drug seeking (Peters
et al, 2008), and inappropriate, non-rewarded responses
(Chudasama et al., 2003; Ishikawa et al., 2008; Ghazizadeh et al.,
2012). With this in mind, IL inactivation also impaired inhibi-
tory control on the reward-seeking task but, notably, did not
affect lever pressing to obtain reward, although these manipula-
tions did attenuate pressing to avoid shock. When viewing these
constellations of effects within a broader framework, it would
appear that the IL plays a somewhat selective role in facilitating
actions to avoid noxious stimuli, but a more generalized role in
inhibiting behavior in both appetitive and aversive contexts.

Theoretical and clinical implications

A primary objective of this study was to clarify how subregions
of the mPFC contribute to different forms of avoidance.
However, these findings provide novel insight into the complex
manner in which the PL and IL either initiate or suppress goal-
directed actions. Based in part on studies of Pavlovian fear condi-
tioning and drug self-administration, a conceptual framework
emerged positing the PL may be part of a “go” circuit that ini-
tiates goal-directed action, whereas IL-related circuits may sub-
serve a “stop” function, regulating behavioral suppression (Peters
et al., 2008; Sotres-Bayon and Quirk, 2010; Gass and Chandler,
2013). Recently, however, this elementary dichotomy of function
has been scrutinized (Moorman and Aston-Jones, 2015; Moorman
et al,, 2015). Indeed, during free-operant responding for natural
rewards, PL inactivation actually increase reward-seeking, whereas
both PL and IL inactivation decreased seeking during extinction
(Caballero et al.,, 2019). Our results call for additional refinement of
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this conceptualization. For example, our observations indicate that
the PL facilitates flexible instigation or inhibition of instrumental
action, in a manner critically dependent on whether they may avoid
aversive outcomes or procure rewards. This in turn may relate to
the level of cognitive control required to overcome innate prepotent
responses. Furthermore, our findings bolster a considerable litera-
ture identifying a key role for the IL in maximizing behavioral utility
by suppressing Pavlovian or instrumental behavior in both appeti-
tive and aversive context. Yet they further highlight that this region
may be recruited to initiate actions in the service of avoiding aver-
sive stimuli. The possibility remains that facilitation versus inhibi-
tion of action by the PL or IL under different conditions may be
mediated by distinct ensembles of PEC projection neurons with dif-
ferent downstream targets (Warren et al., 2019).

Studies in healthy humans have implicated the mPFC in regu-
lating avoidance responses (Mobbs et al., 2007; Aupperle et al,,
2015; Chrysikou et al., 2017). Conversely, maladaptive exagger-
ated defensive reactions and avoidance behaviors are characteris-
tic features of numerous neuropsychiatric conditions, including
PTSD (Pineles et al., 2011), depression (Ottenbreit et al., 2014),
and anxiety disorders (Heuer et al., 2007). These conditions are
often associated with abnormal profiles of prefrontal activation
in response to aversive stimuli (White et al., 2017; Kunimatsu et
al,, 2019; Ironside et al., 2020). The preclinical findings reported
her provide novel insight into how distinct regions of the mPFC
may regulate different aspects of avoidance behavior and in turn,
may aid in elucidating how prefrontal pathophysiology may con-
tribute to these abnormal profiles of avoidance associated with
these illnesses.
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