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Lateral, not medial, prefrontal cortex contributes to
punishment and aversive instrumental learning
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Aversive outcomes punish behaviors that cause their occurrence. The prefrontal cortex (PFC) has been implicated in pun-

ishment learning and behavior, although the exact roles for different PFC regions in instrumental aversive learning and de-

cision-making remain poorly understood. Here, we assessed the role of the orbitofrontal (OFC), rostral agranular insular

(RAIC), prelimbic (PL), and infralimbic (IL) cortex in instrumental aversive learning and decision-making. Rats that pressed

two individually presented levers for pellet rewards rapidly suppressed responding to one lever if it also caused mild pun-

ishment (punished lever) but continued pressing the other lever that did not cause punishment (unpunished lever).

Inactivations of OFC, RAIC, IL, or PL via the GABA agonists baclofen and muscimol (BM) had no effect on the acquisition

of instrumental learning. OFC inactivations increased responding on the punished lever during expression of well-learned

instrumental aversive learning, whereas RAIC inactivations increased responding on the punished lever when both levers

were presented simultaneously in an unpunished choice test. There were few effects of medial PFC (PL and IL) inactivation.

These results suggest that lateral PFC, notably OFC and RAIC, have complementary functions in aversive instrumental

learning and decision-making; OFC is important for using established aversive instrumental memories to guide behavior

away from actions that cause punishment, whereas RAIC is important for aversive decision-making under conditions

of choice.

Aversive stimuli have two distinct consequences for learning.
First, they support Pavlovian learning about their environmental
antecedents to imbue stimuli with the ability to elicit species-
typical defense reactions. Second, they support instrumental
learning about their behavioral antecedents to alter the probabil-
ity that these behaviors will be emitted again in the future. In
this way, animals learn an association between an action and
aversive outcome (Bolles et al. 1980; Mackintosh 1983; Goodall
and Mackintosh 1987) to withhold behaviors that cause the out-
come. Whereas much is known about the brain mechanisms of
Pavlovian aversive learning, little is known about these mecha-
nisms for instrumental aversive learning.

Given its central role in Pavlovian aversive learning, we re-
cently studied the role of the basolateral amygdala (BLA) in instru-
mental aversive learning and decision-making (Jean-Richard-
dit-Bressel and McNally 2015). We showed that BLA, in particular
its caudal region, encodes the aversive value of punishers and so
contributes to instrumental aversive learning and decision-
making when the punisher is present but not when it is absent.
However, beyond BLA it is unknown whether common or distinct
regions and circuits encode these different kinds of learning about
aversive events.

Prefrontal cortex (PFC) is another region where there may be
considerable overlap between Pavlovian and instrumental aver-
sive learning. Medial PFC, in particular prelimbic (PL) and infra-
limbic (IL) PFC, has key roles in regulating Pavlovian fear. PL
regulates expression of Pavlovian fear responses (Corcoran and
Quirk 2007; Courtin et al. 2013a,b; Senn et al. 2014; Do-monte
et al. 2015) and IL suppresses these responses after inhibitory
treatments such as extinction (Milad and Quirk 2002; Quirk
et al. 2006; Santini et al. 2008; Senn et al. 2014). These roles are
due to direct (Paz and Paz 2012; Senn et al. 2014; Likhtik and
Paz 2015) and indirect (Do-monte et al. 2015) interactions with

amygdala. The role of PFC in instrumental aversive learning is
less clear. Medial PFC contributes to appetitive decision-making,
behavioral control, and instrumental learning (Balleine and
Dickinson 1998; Arana et al. 2003; Corbit and Balleine 2003;
O’Doherty et al. 2003; Ostlund and Balleine 2005; Tanaka et al.
2008; Ostlund et al. 2009) and thus may contribute to aversive
instrumental learning and decision-making, but this lacks exper-
imental support (Pelloux et al. 2013). Lateral PFC, namely orbito-
frontal cortex (OFC) and rostral agranular insular cortex (RAIC),
has not been reliably established as important for Pavlovian fear
learning (Morgan and Ledoux 1999; Lacroix et al. 2000; Zelinski
et al. 2010; Tian et al. 2011), but do show variations in activity
linked to this learning (Furlong et al. 2010). However, OFC, in par-
ticular, has a key role in appetitive decision-making via encoding
of outcome value (Arana et al. 2003; O’Doherty et al. 2003;
Schoenbaum and Roesch 2005; Schoenbaum et al. 2009), as well
as response choice and inhibition (Schoenbaum et al. 2009).
These make OFC a strong candidate for punishment learning
and behavior, but this role remains unsubstantiated (Pelloux
et al. 2013) and a recent study showed that rats were more, not
less, sensitive to punishment after OFC lesion (Orsini et al. 2015).

The aim of these experiments was to examine the role of
OFC, RAIC, PL, and IL in aversive instrumental learning. We
trained rats to respond for reward on two levers and then intro-
duced a punishment contingency on one lever but not the other.
We assessed the effects of reversible inactivation of OFC, RAIC, PL,
and IL on the acquisition and expression of this instrumental
aversive learning as well as on aversive choice.

Corresponding author: g.mcnally@unsw.edu.au

# 2016 Jean-Richard-dit-Bressel and McNally This article is distributed exclu-
sively by Cold Spring Harbor Laboratory Press for the first 12 months after the
full-issue publication date (see http://learnmem.cshlp.org/site/misc/terms.
xhtml). After 12 months, it is available under a Creative Commons License
(Attribution-NonCommercial 4.0 International), as described at http://
creativecommons.org/licenses/by-nc/4.0/.Article is online at http://www.learnmem.org/cgi/doi/10.1101/lm.042820.116.

23:607–617; Published by Cold Spring Harbor Laboratory Press
ISSN 1549-5485/16; www.learnmem.org

607 Learning & Memory

mailto:g.mcnally@unsw.edu.au
mailto:g.mcnally@unsw.edu.au
mailto:g.mcnally@unsw.edu.au
mailto:g.mcnally@unsw.edu.au
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://www.learnmem.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://learnmem.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.learnmem.org/cgi/doi/10.1101/lm.042820.116
http://www.learnmem.org/cgi/doi/10.1101/lm.042820.116
http://www.learnmem.org/site/misc/terms.xhtml


Results

Experiment 1: role of the orbitofrontal cortex

Histology

Eighteen rats received bilateral cannulations of the OFC. Three
rats had misplaced cannulae—these animals were excluded from
all analyses. The location of microinjection cannulae tips in the
OFC is shown in Figure 1A.

Lever-press training

In daily 40-min training sessions, rats received alternating periods
of 5 min access to two levers whereby each lever was reinforced
with a food pellet on a VI30s schedule for 7 d. The mean+SEM
responses and response latencies on the to-be-punished and
to-be-unpunished levers for the last day of training are shown
in Figure 1B–C (data point T). There was no significant overall dif-
ference between saline (n ¼ 6) and BM (n ¼ 9) groups in lever
pressing at the end of lever-press training (F(1,13) , 1; P . 0.05),
no overall difference in responding on the to-be punished and
to-be unpunished levers (F(1,13) ¼ 2.67; P . 0.05), and no group ×
lever interaction (F(1,13) , 1; P . 0.05).

Punishment acquisition

Following lever-press training, rats received daily 40 min daily
punishment sessions consisting of alternating periods of 5 min ac-
cess to two levers for 5 d. Pressing these levers was reinforced with
food pellets via the same VI30s schedule used during training, and
one of these levers was also punished on an FR10 schedule with
delivery of 0.5 mA footshock.

Mean+ SEM lever pressing during these punishment ses-
sions are shown in Figure 1B. Over the course of these sessions,
there was a significant effect of lever (punished vs. unpunished)
(F(1,13) ¼ 57.0; P , 0.05), and the difference in responding on
the levers increased across days (F(1,13) ¼ 40.1; P , 0.05). Across
sessions, there was an increase in responding on the unpunished
lever (F(1,13) ¼ 16.7; P , 0.05) and a decrease in responding on the
punished lever (F(1,13) ¼ 23.7; P , 0.05).

Rats received infusions of BM (n ¼ 9) or saline (n ¼ 6) (be-
tween subjects) prior to the first 2 d of punishment to determine
the effect of OFC inactivation on punishment acquisition. During
infusion days, there was no effect of BM on pressing of the pun-
ished (F(1,13) , 1; P . 0.05) or unpunished lever (F(1,13) , 1; P .

0.05) (Fig. 1B). Latencies to emit initial responses (averaged across
trials) were also assessed (Fig. 1C). During infusion days, latencies
to respond on the punished lever increased (F(1,13) ¼ 24.1; P ,

0.05), whereas latencies to respond on the unpunished lever did
not change (F(1,13) , 1.1; P . 0.05). BM had no effect on latencies
to press the punished or unpunished lever (all F(1,13) , 1.3; P .

0.05).

Punishment expression

Following the three noninfusion days of punishment acquisition,
rats received two within-subject tests (BM vs. saline) for the ex-
pression of punishment. The contingencies in effect during acqui-
sition remained in effect during these tests. We examined lever
presses, latencies to press, as well as a ratio of responding on
each lever between the BM and saline tests (ratio ¼ A/(A + B)).
When this ratio equals 0.5, responding on the lever did not chan-
ge between the BM and saline tests, whereas values .0.5 indicate
an increase in responding on the BM test and values ,0.5 indicate
a decrease in responding on the BM test.

Mean+ SEM lever-press ratios, lever-press latencies, and
magazine entries during expression are shown in Figure 1D–F.

Rats responded more on the unpunished lever than the punished
lever (F(1,14) ¼ 100.0; P , 0.05). Infusion of BM (mean ¼ 23.1,
SEM ¼ 3.92) significantly increased punished lever pressing
compared with saline (mean ¼ 16.5, SEM ¼ 3.87) (F(1,14) ¼ 6.1;
P , 0.05), while there was no difference in unpunished lever
pressing (F(1,14) , 1; P . 0.05). This increase in punished lever
pressing following BM was also observed in lever-press ratios
(t(14) ¼ 2.75; P , 0.05), whereas unpunished lever-press ratios
did not differ from 0.5 (t(14) ¼ 20.74; P . 0.05) (Fig. 1D), and re-
sulted in significantly more shock deliveries during the BM
(mean ¼ 2.13; SEM ¼ 0.38) compared with the saline (mean ¼
1.40; SEM ¼ 0.38) test (F(1,14) ¼ 7.56; P , 0.05). OFC inactivation
significantly increased magazine entries (F(1,14) ¼ 7.64; P , 0.05)
(Fig. 1F) and this did not interact with lever (F(1,14) , 1; P . 0.05).

Rats were significantly slower to respond on the punished
lever than the unpunished lever (averaged across trials) (F(1,14) ¼

61.3; P , 0.05) (Fig. 1E). BM had no effect on punished (F(1,14) ,

1; P . 0.05) or unpunished latencies (F(1,14) , 1; P . 0.05).

Aversive choice

Next, rats were assessed in a choice procedure that involved con-
current presentations of punished and unpunished levers across
two within-subjects test sessions (BM vs. saline). Each lever was re-
inforced with food pellets on a VI60s schedule, but no punish-
ment was delivered. Figure 1G–I shows mean+SEM lever-press
ratios, lever-press latencies, and magazine entries for choice tests.
Rats responded significantly more on the unpunished than the
punished lever (F(1,14) ¼ 43.2; P , 0.05). There was no difference
in responding between BM and saline tests for the punished
(F(1,14) ¼ 1.77; P . 0.05) or unpunished lever (F(1,14) ¼ 2.44; P .

0.05); nor was there an effect of BM on lever-press ratios for pun-
ished (t(14) ¼ 20.73; P . 0.05) or unpunished (t(14) ¼ 21.27; P .

0.05) levers (Fig. 1G). Rats were significantly slower to respond
on the punished relative to the unpunished lever (F(1,14) ¼ 10.1;
P , 0.05) (Fig. 1H). There was no effect of BM on lever-press laten-
cies (all F(1,14) , 1; P . 0.05) (Fig. 1H). BM into the OFC also had
no effect on magazine entries (F(1,14) , 1; P . 0.05) (Fig. 1I).

Taken together, these data suggest that OFC is not important
for learning about the aversive consequences of actions but is im-
portant for using this learning, once established, to guide behav-
ior away from actions that cause aversive outcomes.

Experiment 2: role of the RAIC in punishment

Histology

Twenty rats received bilateral cannulations of the RAIC. Five rats
were excluded due to misplaced cannulae, leaving 15 with micro-
injection cannulae tips in the RAIC (Fig. 2A).

Lever-press training

The mean+ SEM responses on the to-be-punished and
to-be-unpunished levers for the last day of training are shown in
Figure 2B,C (data point T). One rat was excluded from between-
subject analyses due to a cannulae patency issue that was resolved
prior to within-subject tests. There was no significant overall dif-
ference between saline (n ¼ 7) and BM (n ¼ 7) groups in lever
pressing at the end of lever-press training (F(1,12) , 1; P . 0.05),
no overall difference in responding on the to-be punished and
to-be unpunished levers (F(1,12) , 1; P . 0.05), and no group × le-
ver interaction (F(1,12) , 1; P . 0.05).

Punishment acquisition

Mean+SEM lever pressing during the first five punishment ses-
sions are shown in Figure 2B. Over the course of these sessions,
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Figure 1. Effects of orbitofrontal cortex (OFC) inactivations. (A) OFC cannula placements as verified by Nissl-stained sections. Black dots represent the
ventral point of the cannula tract, indicated on coronal sections adapted from Paxinos and Watson (2007). (B) Mean+SEM lever-presses on the punished
and unpunished levers during the last day of lever-press training (T) and punishment acquisition (sessions 1–5). Arrows indicate days that rats received
infusions of either saline (n ¼ 6) or baclofen and muscimol (BM) (n ¼ 9) immediately prior to the session. (C) Mean+SEM latency to initially press the
punished and unpunished lever (averaged across trials) during punishment acquisition. (D) Mean+SEM lever-press ratios of BM on lever pressing during
punishment expression (n ¼ 15). (E) Mean+SEM latency to initially press the punished and unpunished lever (averaged across trials) during punishment
expression after infusions of saline or BM. (F) Mean+SEM magazine entries during punishment expression after infusions of saline or BM. (G) Mean+
SEM lever–press ratios of BM on lever pressing during aversive choice (n ¼ 15). (H) Mean+SEM latency to initially press the punished and unpunished
levers during choice test after infusions of saline or BM. (I) Mean+SEM magazine entries during choice test after infusions of saline or BM. (∗) P , 0.05.
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Figure 2. Effects of insular cortex (RAIC) inactivations. (A) RAIC cannula placements as verified by Nissl-stained sections. Black dots represent the ventral
point of the cannula tract, indicated on coronal sections adapted from Paxinos and Watson (2007). (B) Mean+SEM lever-presses on the punished and
unpunished levers during the last day of lever-press training (T) and punishment acquisition (sessions 1–5). Arrows indicate days that rats received infu-
sions of either saline (n ¼ 7) or baclofen and muscimol (BM) (n ¼ 7) immediately prior to the session. (C) Mean+SEM latency to initially press the pun-
ished and unpunished levers (averaged across trials) during punishment acquisition. (D) Mean+SEM lever-press ratios of BM on lever pressing during
punishment expression (n ¼ 15). (E) Mean+SEM latency to initially press the punished and unpunished levers (averaged across trials) during punishment
expression after infusions of saline or BM. (F) Mean+SEM magazine entries during punishment expression after infusions of saline or BM. (G) Mean+
SEM lever-press ratios of BM on lever pressing during aversive choice (n ¼ 15). (H) Mean+SEM latency to initially press the punished and unpunished
levers during choice test after infusions of saline or BM. (I ) Mean+SEM magazine entries during choice test after infusions of saline or BM. (∗) P , 0.05.
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there was a significant effect of lever (punished vs. unpunished)
(F(1,12) ¼ 42.8; P , 0.05), and the difference in responding on
the levers increased across days (F(1,12) ¼ 21.7; P , 0.05). Across
sessions, there was an increase in responding on the unpunished
lever (F(1,12) ¼ 62.3; P , 0.05) and a decrease in responding on the
punished lever (F(1,12) ¼ 25.4; P , 0.05).

During infusion days, there was no effect of BM on pressing
of the punished (F(1,12) , 1; P . 0.05) or unpunished lever
(F(1,12) , 1; P . 0.05) (Fig. 2B). Latencies to respond on the pun-
ished lever increased (F(1,12) ¼ 64.0; P , 0.05), whereas latencies
to respond on the unpunished lever did not change (F(1,12) , 1;
P . 0.05) (Fig. 2C). There was no effect of BM infusions on laten-
cies to respond on either the punished or unpunished lever (all
F(1,12) , 1.2; P . 0.05).

Punishment expression

Mean+ SEM lever-press ratios, lever-press latencies, and maga-
zine entries during expression are shown in Figure 2D–F. There
was a significant main effect of lever: rats responded more on
the unpunished lever than the punished lever (F(1,14) ¼ 74.5;
P , 0.05). There was no difference in responding between BM
and saline tests (F(1,14) ¼ 2.23; P . 0.05) or unpunished lever
(F(1,14) , 1; P . 0.05); BM did not significantly alter punished
(t(14) ¼ 0.40; P . 0.05) or unpunished (t(14) ¼ 1.07; P . 0.05)
lever-press ratios from 0.5 (Fig. 2D).

Rats were significantly slower to respond on the punished le-
ver than the unpunished lever (averaged across trials) (F(1,14) ¼

29.9; P , 0.05) (Fig. 2E). BM infusion had no significant effect
on punished (F(1,14) , 1; P . 0.05) or unpunished latencies
(F(1,14) ¼ 1.30; P . 0.05). However, BM into the RAIC was not
completely without effect—there were significantly more maga-
zine entries following BM compared with saline (F(1,14) ¼ 5.18;
P , 0.05) (Fig. 2F).

Aversive choice

Figure 2G–I shows mean+ SEM lever-press ratios, lever-press la-
tencies, and magazine entries for choice tests. Three rats were ex-
cluded from choice analyses due to a program error on their
second choice test (remaining n ¼ 12). Rats responded signifi-
cantly more on the unpunished than the punished lever
(F(1,11) ¼ 36.7; P , 0.05). There was no difference in responding
between BM and saline for either lever (F(1,11) ¼ 1.41; P . 0.05),
but there was a significant drug × lever interaction (F(1,11) ¼

6.94; P , 0.05). Consistent with this, analyses of lever-press ratios
revealed greater punished responding (t(11) ¼ 2.57; P , 0.05) but
not unpunished responding (t(11) ¼ 21.34; P . 0.05) following
BM (Fig. 2G).

As these choice tests were conducted without shock presenta-
tions, it is possible increased punished lever pressing was caused
by augmented extinction. To examine this possibility, within-
session changes in lever pressing were analyzed. There was no
change in punished lever pressing across choice tests (F(1,11) , 1;
P . 0.05), and this did not interact with infusion (F(1,11) , 1;
P . 0.05). This suggests that there is no extinction of punish-
ment during these choice tests, and that increased pressing of
the punished lever during choice did not derive from augmented
extinction.

Although there was a trend toward rats pressing the unpun-
ished lever faster than the punished lever, this difference did
not reach statistical significance (F(1,11) ¼ 4.12; P ¼ 0.067) (Fig.
2H). There were also no significant effects of BM on lever-press la-
tencies (all F(1,11) , 1.2; P . 0.05) (Fig. 2H). There was a nonsignif-
icant trend toward an increase in magazine entries following
infusions of BM into the RAIC (F(1,11) ¼ 3.78; P ¼ 0.078) during
aversive choice (Fig. 2I).

Taken together, these data show that RAIC serves a comple-
mentary role to OFC in aversive decision-making: whereas OFC
appears to guide behavior away from actions that cause aversive
outcomes, RAIC is important for learning when this decision-
making involves choice.

Experiment 3: role of the prelimbic cortex in punishment

Histology

Twenty rats received bilateral cannulations of the prelimbic cortex
(PL). Five rats had misplaced cannulae that did not bilaterally
target the PL. These animals were excluded from the analyses,
leaving 15 animals. The locations of accurate microinjection can-
nulae tips in the PL are shown in Figure 3A.

Lever-press training

There was no significant overall difference between saline (n ¼ 7)
and BM (n ¼ 8) groups in lever pressing at the end of lever-press
training (F(1,13) ¼ 1.3; P . 0.05), no overall difference in respond-
ing on the to-be-punished and to-be-unpunished levers (F(1,13) ,

1; P . 0.05), and no group × lever interaction (F(1,13) , 1; P .

0.05) (Fig. 3B, data point T).

Punishment acquisition

Mean+ SEM lever pressing during the first five punishment ses-
sions are shown in Figure 3B. Over the course of these sessions,
there was a significant effect of lever (punished vs. unpunished)
(F(1,13) ¼ 134.2; P , 0.05), and the difference in responding on
the levers increased across days (F(1,13) ¼ 116.1; P , 0.05). Across
sessions, there was an increase in responding on the unpunished
lever (F(1,13) ¼ 95.1; P , 0.05) and a decrease in responding on the
punished lever (F(1,13) ¼ 45.4; P , 0.05).

During infusion days (days 1 and 2), there was no effect of BM
on punished (F(1,13) , 1; P . 0.05) or unpunished lever (F(1,13) ¼

1.7; P . 0.05) responses (Fig. 3B). Latencies to respond on the
punished lever increased (F(1,13) ¼ 52.1; P , 0.05), whereas laten-
cies to respond on the unpunished lever did not change (F(1,13) ,

1; P . 0.05) (Fig. 3C). There was no effect of BM on these latencies
for either the punished or unpunished lever (all F(1,13) , 1; P .

0.05).

Punishment expression

Mean+ SEM lever-press ratios, lever-press latencies, and maga-
zine entries during expression are shown in Figure 3D–F.
There was a significant main effect of lever, such that rats re-
sponded more on the unpunished than the punished lever
(F(1,14) ¼ 172.7; P , 0.05). There was no difference in responding
between BM and saline tests for either lever (all F(1,14) , 1; P .

0.05); BM did not significantly alter punished (t(14) ¼ 1.22; P .

0.05) or unpunished (t(14) ¼ 0.80; P . 0.05) lever-press ratios
from 0.5 (Fig. 3D).

Rats were significantly slower to respond on the punished le-
ver than the unpunished lever (F(1,14) ¼ 55.1; P , 0.05) (Fig. 3E).
BM had no significant main effect on punished (F(1,14) ¼ 1.8;
P . 0.05) or unpunished (F(1,14) ¼ 1.4; P . 0.05) latency. There
was also no effect of PL inactivation on magazine entries
(F(1,14) ¼ 1.1; P . 0.05) (Fig. 3F).

Aversive choice

Figure 3G–I shows mean+ SEM lever-press ratios, lever-press la-
tencies, and magazine entries for choice tests. Rats responded sig-
nificantly more on the unpunished lever than the punished lever
(F(1,14) ¼ 84.1; P , 0.05). There was no difference in responding
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Figure 3. Effects of prelimbic cortex (PL) inactivations. (A) PL cannula placements as verified by Nissl-stained sections. Black dots represent the ventral
point of the cannula tract, indicated on coronal sections adapted from Paxinos and Watson (2007). (B) Mean+SEM lever-presses on the punished and
unpunished levers during the last day of lever-press training (T) and punishment acquisition (sessions 1–5). Arrows indicate days that rats received infu-
sions of either saline (n ¼ 7) or baclofen and muscimol (BM) (n ¼ 8) immediately prior to the session. (C) Mean+SEM latency to initially press the pun-
ished and unpunished levers (averaged across trials) during punishment acquisition. (D) Mean+SEM lever-press ratios of BM on lever pressing during
punishment expression (n ¼ 15). (E) Mean+SEM latency to initially press the punished and unpunished lever (averaged across trials) during punishment
expression after infusions of saline or BM. (F) Mean+SEM magazine entries during punishment expression after infusions of saline or BM. (G) Mean+
SEM lever-press ratios of BM on lever pressing during aversive choice (n ¼ 15). (H) Mean+SEM latency to initially press the punished and unpunished
levers during choice test after infusions of saline or BM. (I) Mean+SEM magazine entries during choice test after infusions of saline or BM.
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between BM and saline tests for the unpunished lever or the pun-
ished lever (F(1,14) , 1; P . 0.05); BM did not significantly alter
punished (t(14) ¼ 20.11; P . 0.05) or unpunished (t(14) ¼ 21.01;
P . 0.05) lever-press ratios from 0.5 (Fig. 3G).

Rats were significantly slower to respond on the punished rel-
ative to the unpunished lever (F(1,14) ¼ 7.0; P , 0.05). There was
no effect of BM infusions on lever-press latencies (all F(1,14) , 1;
P . 0.05) (Fig. 3H). BM into the PL also had no effect on magazine
entries during aversive choice (F(1,14) , 1; P . 0.05) (Fig. 3I).

So, taken together, the inactivation of PL PFC had no effect
on acquisition or expression of punishment or on aversive choice.

Experiment 4: role of the infralimbic cortex in punishment

Histology

Thirty-three rats received bilateral cannulations of the infralimbic
cortex (IL). Fifteen rats had misplaced cannulae, with a majority of
these misplacements being too ventral and within the dorsal pe-
duncular cortex (Paxinos and Watson 2007). These animals were
excluded from the analyses, leaving 18 animals with correct bilat-
eral placement. The locations of microinjection cannulae tips in
the IL are shown in Figure 4A.

Lever-press training

The mean+SEM responses on the to-be-punished and to-be-
unpunished levers for the last day of training are shown in
Figure 4B,C (data point T). There was no significant overall differ-
ence between saline (n ¼ 7) and BM (n ¼ 11) groups in lever press-
ing at the end of lever-press training (F(1,16) , 1; P . 0.05), no
overall difference in responding on the to-be-punished and
to-be-unpunished levers (F(1,16) , 1; P . 0.05), and no group × le-
ver interaction (F(1,16) , 1; P . 0.05).

Punishment acquisition

Mean+ SEM lever pressing during the first five punishment ses-
sions are shown in Figure 4B. Over the course of these sessions,
there was a significant effect of lever (punished vs. unpunished)
(F(1,16) ¼ 65.2; P , 0.05), and the difference in responding on
the levers increased across days (F(1,16) ¼ 41.1; P , 0.05). Across
sessions, there was an increase in responding on the unpunished
lever (F(1,16) ¼ 22.4; P , 0.05) and a decrease in responding on the
punished lever (F(1,16) ¼ 54.7; P , 0.05).

During infusion days (days 1 and 2), there was no effect of BM
on the punished (F(1,16) , 1; P . 0.05) or unpunished lever
(F(1,16) ¼ 1.7; P . 0.05) (Fig. 4B). Latencies to respond on the pun-
ished lever increased (F(1,16) ¼ 46.3; P , 0.05), whereas latencies
to respond on the unpunished lever did not change (F(1,16) , 1;
P . 0.05) (Fig. 4C). There was no effect of BM infusions on these
latencies (all F(1,16) , 1; P . 0.05).

Punishment expression

Mean+ SEM lever-press ratios, lever-press latencies, and maga-
zine entries during expression are shown in Figure 4D–F. There
was a significant main effect of lever, with significantly more re-
sponses on the unpunished lever than the punished lever
(F(1,17) ¼ 101.4; P , 0.05). There was no difference in responding
between BM and saline tests for the punished or unpunished lever
(all F(1,17) , 1; P . 0.05); BM did not significantly alter punished
(t(17) ¼ 0.05; P . 0.05) or unpunished (t(17) ¼ 1.22; P . 0.05)
lever-press ratios from 0.5 (Fig. 2D).

Rats were significantly slower to respond on the punished le-
ver than the unpunished lever (F(1,17) ¼ 48.2; P , 0.05) (Fig. 4E)
(averaged across trials). BM infusion into IL had no significant ef-

fect on punished (F(1,17) , 1; P . 0.05) or unpunished latencies
(F(1,17) , 1; P . 0.05). There was no effect of IL inactivation on
magazine entries (F(1,17) ¼ 2.0; P . 0.05) (Fig. 4F).

Aversive choice

Figure 4G–I shows mean+ SEM lever-press ratios, lever-press
latencies, and magazine entries for choice tests. Rats responded
significantly more on the unpunished than the punished lever
(F(1,17) ¼ 70.5; P , 0.05). There was significantly greater overall
lever pressing following BM compared with saline (F(1,17) ¼ 5.42;
P , 0.05). There was also a drug × lever interaction (F(1,17) ¼

5.77; P , 0.05), driven by significantly more unpunished
lever pressing following BM compared with saline (F(1,17) ¼ 6.58;
P , 0.05), while there was no significant change in punished lever
pressing following BM (F(1,17) ¼ 1.72; P . 0.05). However, BM did
not significantly alter punished (t(17) ¼ 0.598; P . 0.05) or unpun-
ished (t(14) ¼ 1.77; P ¼ 0.095) lever-press ratios from 0.5 (Fig. 4G).

Rats were significantly slower to respond on the punished
relative to the unpunished lever (F(1,17) ¼ 11.8; P , 0.05). BM sig-
nificantly and indiscriminately reduced lever-press latencies
(F(1,17) ¼ 4.76; P , 0.05) (Fig. 4H), with no interaction effect of
drug and lever (F(1,17) ¼ 2.93; P . 0.05). BM into the IL had no
effect on magazine entries during aversive choice (F(1,17) , 1;
P . 0.05) (Fig. 4I).

Discussion

Here we examined the roles of the medial and lateral PFC in aver-
sive decision-making in the rat. In all experiments, rats learned to
reduce responding on a lever that yielded both reward and occa-
sional mild punishment, and the latencies with which animals re-
sponded on the punished lever increased. Responding on a
second, unpunished lever increased and latencies to respond on
this lever were low. When confronted with a choice between the
two levers, but in the absence of any punishment, rats showed a
clear preference for the unpunished lever both in terms of total
lever-presses and latencies to respond on the two levers. We stud-
ied the effects of reversible inactivation of different PFC regions
during the acquisition and expression of this aversive instrumen-
tal learning and during an aversive choice task. Surprisingly, given
its well-documented role in both appetitive instrumental learning
and aversive Pavlovian learning, there was little effect of reversible
inactivation of medial PFC, either PL or IL. In contrast, there were
complementary effects of reversible inactivation of lateral PFC,
namely OFC and RAIC.

A primary finding here is that OFC is important for expres-
sion of aversive instrumental memories, specifically guiding
behavior away from actions that cause aversive outcomes, where-
as RAIC is important for aversive decision-making when this in-
volves choice. The selective increase in punished responding
following inactivation of the OFC is consistent with previous re-
ports that patients with OFC damage are impaired in tasks involv-
ing punishment (Bechara et al. 1999, 2000) and could be used to
support the proposed role of OFC in encoding aversive outcomes
(Morrison and Salzman 2011; O’Doherty et al. 2001, 2003).
However, the contribution of OFC to aversive instrumental learn-
ing and decision-making is more complex than simply encoding
aversive value. For example, OFC inactivation had no effect on
the acquisition of punishment, when learning about such value
is critical for performance, and Pelloux et al. (2013) failed to
find any effect of pretraining OFC lesions in rats using a task in-
volving punishment of cocaine seeking. Moreover, Orsini et al.
(2015) reported increased sensitivity in rats to shock-induced
punishment of lever pressing for a large reward and, in monkeys,
OFC inactivation augmented the impact of a weak punisher that
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Figure 4. Effects of infralimbic cortex (IL) inactivations. (A) IL cannula placements as verified by Nissl-stained sections. Black dots represent the ventral
point of the cannula tract, indicated on coronal sections adapted from Paxinos and Watson 2007. (B) Mean+SEM lever-presses on the punished and
unpunished levers during the last day of lever-press training (T) and punishment acquisition (sessions 1–5). Arrows indicate days that rats received infu-
sions of either saline (n ¼ 7) or baclofen and muscimol (BM) (n ¼ 11) immediately prior to the session. (C) Mean+SEM latency to initially press the pun-
ished and unpunished levers (averaged across trials) during punishment acquisition. (D) Mean+SEM lever-press ratios of BM on lever pressing during
punishment expression (n ¼ 18). (E) Mean+SEM latency to initially press the punished and unpunished levers (averaged across trials) during punishment
expression after infusions of saline or BM. (F) Mean+SEM magazine entries during punishment expression after infusions of saline or BM. (G) Mean+
SEM lever-press ratios of BM on lever pressing during aversive choice (n ¼ 18). (H) Mean+SEM latency to initially press the punished and unpunished
levers during choice test after infusions of saline or BM. (I ) Mean+SEM magazine entries during choice test after infusions of saline or BM. (∗) P , 0.05.

Prefrontal cortex and punishment

www.learnmem.org 614 Learning & Memory



was otherwise unable to affect behavior (Clarke et al. 2015). This
pattern of results is inconsistent with OFC simply encoding out-
come value in aversive decision-making tasks. Rather, our results
suggest that OFC may contribute to comparison of the relative
values of reward versus punishment or the cost versus benefit of
responding during punishment (Shiba et al. 2016). Consistent
with this, we observed an increase in magazine entries concurrent
with the increase in punished lever pressing, possibly indicating
greater reward salience relative to punishment salience after
OFC inactivation. Moreover, choice lever pressing, when the pun-
isher was absent, was unaffected by OFC inactivations. This profile
of performance is consistent with OFC as a locus for matching in-
centive information to guide behavior (Levy and Glimcher 2012).
It is likely that this role of OFC in punishment relates to its strong
reciprocal connectivity with BLA (Carmichael and Price 1995;
Ghashghaei and Barbas 2002), which we have shown previously
to encode the aversive value of the punisher in this task (Jean-
Richard and McNally 2015)

The RAIC has been strongly implicated in multiple aspects
of aversion-coding (Coghill et al. 1994; Flynn et al. 1999; Sim-
mons et al. 2004, 2006; Preuschoff et al. 2008; Franciotti et al.
2009; Furlong et al. 2010; Menon and Uddin 2010; Hayes and
Northoff 2011; Wiech and Tracey 2013) and behavioral control
(Cai et al. 2014; Ghahremani et al. 2015). Despite this, RAIC inac-
tivations had no effect on either the acquisition of expression of
punishment, suggesting that RAIC is not required for appropriate
suppression of a response that causes an aversive shock. Rather,
RAIC inactivation selectively increased responding on the pre-
viously punished lever during a choice task. This suggests that
RAIC is involved in avoiding a previously punished response un-
der conditions of explicit choice and/or when the punisher is
omitted. This latter possibility is not attributable to punishment
extinction. This role in choice is unique among the brain regions
we have examined in this task (PL, IL, RAIC, OFC, BLA, lateral
habenula; Jean-Richard and McNally 2014, 2015) and is con-
sistent with the proposed roles for RAIC in encoding relative
response value (Talmi and Pine 2012) and/or retrieving represen-
tations of outcome value (Balleine and Dickinson 2000; Parkes
and Balleine 2013).

The lack of effect of PL or IL inactivations on punishment
acquisition, expression, and aversive choice suggests that neither
PL nor IL is required for punishment learning or behavior. These
infusions were not without effect though: IL infusions of BM non-
discriminately increased lever pressing during choice test and
also reduced the latencies with which animals responded on
the levers. Moreover, similar and lower doses of BM into PL or IL
attenuate lever-press suppression in other behavioral paradigms
(Bossert et al. 2011; Fuchs et al. 2007; Peters et al. 2008, 2009),
while this same manipulation of BLA attenuates punishment sup-
pression using the current protocol (Jean-Richard and McNally
2015). Thus, it is difficult to attribute null results to an ineffective
inactivation procedure or task insensitivity. This broad lack of ef-
fect on punished responding is consistent with Pelloux et al.
(2013) finding that neither PL nor IL lesions affected punishment
of responding for cocaine. However, it is also somewhat surprising
given that PL is implicated in formation of response–outcome
associations (Corbit and Balleine 2003; Ostlund and Balleine
2005; Tran-Tu-Yen et al. 2009) and the expression of aversive
Pavlovian associations (Blum et al. 2006; Vidal-Gonzalez et al.
2006; Corcoran and Quirk 2007; Sierra-Mercado et al. 2011;
Lammel et al. 2012), whereas IL has been implicated in reductions
of instrumental responding following extinction (Peters et al.
2008, 2009; Marchant et al. 2010; Peters and De Vries 2013).
Our results suggest that these roles for PL and IL in behavioral con-
trol do not extend to aversive instrumental (response-punisher)
associations. An important caveat on this conclusion, and the

lack of effect of PL and IL manipulations, is that we studied prima-
ry punishment via a mild and occasional footshock. We did not
study conditioned punishment produced by a cue that signaled
shock. This distinction may be important given the roles for PL
and IL in regulating Pavlovian fear responses to such cues.

In conclusion, these results show that lateral PFC, notably
OFC and RAIC, has complementary functions in aversive instru-
mental learning and punishment, with OFC important for expres-
sion of aversive instrumental memories and guiding behavior
away from actions that cause aversive outcomes and RAIC impor-
tant for aversive decision-making when this involves choice and/
or when punishment is absent. In marked contrast, there was no
evidence here for a role of medial PFC, namely IL and PL, in these
processes.

Materials and Methods

Subjects
Subjects were 91 experimentally naive male Sprague-Dawley rats
(260–470 g) obtained from a commercial supplier (Animal
Resources Centre). Rats were housed in groups of four in plastic
cages and maintained on a 12 h light–dark cycle (lights on at
7:00a.m.). The procedures used were approved by the Animal
Care and Ethics Committee at the University of New South
Wales and were conducted in accordance with the National
Institutes of Health (NIH) Guide for the Care and Use of
Laboratory Animals (NIH Publications No. 80–23, revised 1996).

Apparatus
All behavioral training was conducted in a set of eight identical
experimental chambers (24 cm [length] × 30 cm [width] × 21
cm [height]; Med Associates Inc.). Each chamber was enclosed
in sound- and light-attenuating cabinets (55.9 cm [length] ×
35.6 cm [width] × 38.1 cm [height]) and fitted with fans for ven-
tilation and background noise. The chambers were made up of a
Perspex rear-wall, ceiling and hinged front-wall, and stainless steel
sidewalls. The chamber floors were made of stainless steel rods (4
mm in diameter) spaced 15 mm apart. Each chamber stood 35 mm
above a tray of corncob bedding.

A recessed magazine (3 cm in diameter) within a 4 × 4 cm
hollow in the right-side chamber wall received 45 g grain pellets
from an external automatic hopper. Infrared photocells detected
entries into the magazine. There were two retractable levers on
the same right-side chamber wall, on either side of the magazine.
The punisher was a 0.5 sec, 0.5 mA footshock delivered through
the grid floor. All chambers were connected to a computer with
Med-PC IV software (Med Associates), which controlled lever, pel-
let, and shock presentations and recorded the lever-presses and
magazine entries.

General procedure

Surgery

Rats were anaesthetized with 1.3 mL/kg ketamine (100 mg/mL;
Ketapex; Apex Laboratories) and 0.2 mL/kg muscle relaxant, xyla-
zine (20 mg/mL; Rompun; Bayer) (i.p.) and placed in stereotaxic
apparatus (Model 900, Kopf), with the incisor bar maintained at
�3.3 mm below horizontal to achieve a flat skull position.
Twenty-six gauge guide cannulas (6 mm in length; Plastics One,
Virginia) were implanted bilaterally according to the coordinates
AP: +3.25, ML: +0.75, DV: 23.3 mm from bregma when target-
ing the PL (experiment 1; n ¼ 20), AP: +3.1, ML: +0.5, DV:
24.7 mm from bregma when targeting the IL (experiment 2;
n ¼ 33), AP: +4.5, ML: +1.7, DV: 23.9 mm from bregma (at a
10˚ angle, laterally) when targeting the OFC (experiment 3; n ¼
18) and AP: +2.65, ML: +3.7, DV: 25.1 mm from bregma when
targeting the RAIC (experiment 4; n ¼ 20) (Paxinos and Watson
2007). The guide cannulae were fixed in position with dental ce-
ment and jeweller’s screws. Dummy cannulae were kept in the
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guide at all times except during microinjections. Rats were al-
lowed to recover for a minimum of 5 d prior to the start of the ex-
perimental procedure.

Lever-press training

Commencing at least 5 d after surgery and persisting for the dura-
tion of the experiment, rats received daily access to 10–15 g of
food and unrestricted access to water in their home cages. Three
days after commencement of this feeding schedule, rats were
placed in the experimental chambers for 30 min to acclimatize
and were then given lever-press training, which consisted of two
levers (left and right) being extended and reinforced with grain
pellets on a fixed ratio-1 (FR-1) schedule for 1 h, or until each lever
had been pressed 25 times each (each lever would retract after 25
presses). Houselights were on throughout the session. All rats re-
ceived another day of lever-press training, and any rats that did
not acquire lever pressing were manually shaped until lever press-
ing was acquired. All rats were then given 7 d of lever-press train-
ing. Levers were presented individually in an alternating pattern
so that one lever was extended for 5 min while the other lever
was retracted. This prevented response competition between the
two levers. After 5 min, the extended lever was retracted and the
retracted lever was extended, such that each lever was always pre-
sented on its own. This alternation occurred throughout the
40-min session. Both levers were reinforced with a pellet on a VI
30-sec schedule.

Punishment

For sessions 1–8, rats were trained and tested in the punishment
task. Punishment sessions were identical to acquisition sessions,
except that a designated lever was also punished with a 0.5 sec,
0.5 mA footshock on an FR-10 schedule. The same lever (left
or right) was designated as “punished” throughout the experi-
ment for each rat (whether left or right was punished was cou-
nterbalanced between rats). Immediately before the first 2 d of
punishment, rats received bilateral infusions of 0.9% phosphate-
buffered saline or of the GABA agonists baclofen and muscimol
(BM; 1 mM baclofen, 0.1 mM muscimol; Sigma–Aldrich) to assess
the role of the target region in the acquisition of punishment.
For microinjections, a 33-gauge microinjection cannula (Plastics
One) was inserted into the guide cannula and connected to a
10-mL glass syringe (Hamilton Company) operated by an infusion
pump (World Precision Instruments). The microinjection cannula
projected a further 1 mm ventral to the tip of the guide cannula.
Drugs were infused at a rate of 0.25 mL/min over 2 min, and the
microinjection cannula was left in place for a further 1 min to per-
mit diffusion of the injectate. Rats also received bilateral infusions
of either saline or BM on days 6 and 7 (counterbalanced within
subject) to test for the effect of PFC region inactivation on expres-
sion of punishment.

Choice test

Rats received a choice test for sessions 9 and 11. This involved
both levers being extended for 30 min. Responses on either lever
were rewarded on a VI 60-sec schedule such that pressing only one
lever or both levers over the course of the session yielded no ben-
efit. No shocks were delivered. Rats were tested twice, once after
bilateral infusions of BM and once after infusions of saline (within
subject, counterbalanced). Between the two choice tests, rats re-
ceived a reminder punished session, under the same conditions
as the previous punished sessions, to reduce any effects the initial
nonpunished choice session might have had on performance or
lever preference.

Histology

At the end of the experiment, the rats were injected i.p. with
sodium pentobarbital (100 mg/kg) and their brains were removed.
Unfixed brains were quickly frozen and sectioned coronally (40
mm) through the PFC using a cryostat (Microm 560). Each section

was collected and subsequently stained with cresyl violet for his-
tological examination. The boundaries of PFC regions were deter-
mined according to Paxinos and Watson (2007).

Data analysis
The dependent measures were punished and unpunished lever-
presses, and latency to lever-press. Between × within-subjects
ANOVAs were used to analyze lever-press training and punish-
ment acquisition data, with lever (punished vs. unpunished)
and day (for punishment acquisition, using linear contrasts) as
the within-subjects factors, and drug group (saline vs. BM) as
the between-subjects factor. Within-subjects ANOVAs were used
to analyze lever-presses and lever-press latencies for punishment
expression and aversive choice. In these analyses, lever (punished
vs. unpunished) was one within-subjects factor and infusion (sa-
line vs. BM) was the other. Lever-press ratios were analyzed using
a one-sample t-test, using 0.5 (no change in lever pressing after BM
compared with after saline) as the test value. Within-session
choice data were analyzed using a within-subjects ANOVA, with
infusion (saline vs. BM) as one factor, and a linear contrast for
each minute of the session as another. For all analyses, type I error
rate (a) was controlled at 0.05.
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