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contributions to discriminative conditioned
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Fear can potently inhibit ongoing behavior, including reward-seeking, yet the neural circuits that underlie such suppression
remain to be clarified. Prior studies have demonstrated that distinct subregions of the rodent medial prefrontal cortex
(mPFC) differentially affect fear behavior, whereby fear expression is promoted by the more dorsal prelimbic cortex
(PL) and inhibited by the more ventral infralimbic cortex (IL). These mPFC regions project to subregions of the nucleus
accumbens, the core (NAcC) and shell (NACcS), that differentially contribute to reward-seeking as well as affective processes
that may be relevant to fear expression. Here, we investigated how these mPFC and NAc subregions contribute to discrim-
inative fear conditioning, assessed by conditioned suppression of reward-seeking. Bilateral inactivation of the NAcS or PL
reduced the expression of conditioned suppression to a shock-associated CS+, whereas NAcC inactivation reduced reward-
seeking without affecting suppression. IL inactivation caused a general reduction in conditioned suppression following dis-
criminative conditioning, but not when using a single-stimulus design. Pharmacological disconnection of the PL - NAcS
pathway revealed that this projection mediates conditioned suppression. These data add to a growing literature implicating
discrete cortico-striatal pathways in the suppression of reward-seeking in response to aversive stimuli. Dysfunction within
related structures may contribute to aberrant patterns of behavior in psychiatric illnesses including substance use disorders.

Fear is a powerful emotional response to potential threat that can
exert a pervasive influence over ongoing behavior. For example,
fear-inducing stimuli are capable suppressing reward-seeking,
which, in an ethological setting, allows animals to avoid potential
predation during foraging (Estes and Skinner 1941; Kamin et al.
1963; Whishaw and Dringenberg 1991). In humans, the maladap-
tive expression of such suppression has been suggested to underlie
psychiatric disorders characterized by compulsions or impulse con-
trol deficits (Jentsch and Taylor 1999; Lubman et al. 2004; Perry
and Carroll 2008; Feil et al. 2010; American Psychiatric Association
2013; Everitt 2014; Limpens et al. 2014; Belin-Rauscent et al. 2016;
Figee et al. 2016). Individuals with substance use disorder continue
to seek addictive substances despite the incursion of adverse con-
sequences that typically induce fear or anxiety in healthy individ-
uals, curtailing such maladaptive behavior. Investigating the
neural basis of such fear-induced behavioral suppression may im-
prove our understanding of behavior from both an ethological
and a translational perspective.

Projections from the medial prefrontal cortex (mPFC) to the
nucleus accumbens (NAc) may be critical to situations where fear
and reinforcement-seeking directly conflict. The prelimbic (PL)
and infralimbic (IL) cortices of the mPFC are commonly suggested
to promote and inhibit fear expression, respectively (Quirk et al.
2000; Vidal-Gonzalez et al. 2006; Sierra-Mercado et al. 2011;
Bukalo et al. 2015), but whether this same dichotomy applies to
more complex interactions between appetitive and aversive states
isless clear (Resstel et al. 2008; Sangha et al. 2014). These prefrontal
subregions provide dense innervation of the NAc, suggesting that
this pathway may allow cortico-limbic regions to guide action se-
lection via ventral striatal input to motor affector sites (Mogenson
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etal. 1980; Berendse et al. 1992; Brog et al. 1993; Wright et al. 1996;
Groenewegen et al. 1999; Vertes 2004). Despite the prime anatom-
ical and physiological arrangement of the NAc to the regulation of
appetitive and aversive motivational conflict, experimental data
are essentially equivocal regarding its involvement in conditioned
fear (Riedel et al. 1997; Parkinson et al. 1999; Schwienbacher et al.
2004; McDannald and Galarce 2011; Rodriguez-Romaguera et al.
2012). Some of this ambiguity may relate to a lack of appreciation
for the heterogeneous nature of the NAc itself, which is composed
of at least two functionally and anatomically distinct subregions,
the nucleus accumbens shell (NAcS) and core (NAcC) (Zahm and
Brog 1992; Brog et al. 1993; Floresco 2015). Recent descriptions
of the dichotomous nature of these accumbens subnuclei suggest
that, although both NAcC and NAcS may be critical for approach
behavior, the NAcS preferentially contributes to response-
suppression (Ishikawa et al. 2008; Peters et al. 2008; Ambroggi
et al. 2011; Floresco 2015; Piantadosi et al. 2017, 2018). However,
it is unknown whether the conditioned suppression of reward-
seeking is dependent on neural activity within subregions of the
mPFC and the NAc.

Here, we utilized pharmacological inactivations of the NAcC,
NAGcS, PL, or IL to assess the contribution of these regions to dis-
criminative conditioned suppression of reward-seeking. We hy-
pothesized that inactivation of the NAcS or PL (but not NAcC or
IL) prior to the fear expression test would disinhibit reward-seeking
during the presentation of an aversive stimulus, consistent with a
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PFC and accumbens in conditioned suppression

role for these regions in fear-induced suppression. We then con-
ducted a pharmacological disconnection experiment aimed at iso-
lating the PL— NAcS pathway responsible for the appropriate
expression of conditioned suppression.

Results

NAGCS inactivation

The experimental timeline of these studies is presented in Figure
1A, and the location of infusion for each region can be found in
Figure 1B. Inactivation of NAcS (n=13) markedly disrupted the ex-
pression of discriminative conditioned suppression, as compared
to controls (n=14) (Fig. 2A). Analysis of these data produced a sig-
nificant CS Type x Treatment interaction (F,5,=5.02, P<0.035)
that was driven by less suppression during presentation of the
CS+ for animals in the NAcS inactivation group (F(; 25)=4.24, P=
0.05). In contrast, lever-pressing during the CS— did not differ
across treatments (F5,25)=0.20, P>0.66). Inspection of Figure 2A
(right) would suggest that NAcS inactivation had a greater effect
on fear expression more prominently during the latter presenta-
tions of the CS+ compared to the first presentation. However, anal-
yses failed to reveal a significant three-way interaction or any other
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FIGURE 1. Discriminative fear task diagram and histology. (A) Discriminative fear task procedure.
(B) Histology figure diagraming location of infusions for animals used in the bilateral inactivation exper-
iment. Red triangles represent NAcS placements, yellow pentagons indicate NAcC placements, blue
circles represent PL placements and gray circles represent IL placements. Each dot represents the
most ventral extent of the infusion, as observed in Nissl stained sections and the numbers beside

each plate represent mm from bregma.
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two-way interactions (all F-values <1.3, all P-values >0.25). NAcS
inactivation did not alter the total number of lever-presses made
during the session (ts,=—-1.18, P>0.24), nor the rate of pressing
during the initial 5 min baseline period (t5=0.15, P>0.88;
Table 1), indicating that NAcS inactivation did not induce a general
disinhibition of reward-seeking. Similarly, there was no change in
overall locomotion during the expression test session (t2s5,=-1.21,
P>0.23; Table 1). Thus, the NAcS was required for response-
suppression during the presentation of an aversive CS+, but not
for discriminating between distinct stimuli or general reward-
seeking motivation under these conditions.

NACcC inactivation

In contrast to the impact of NAcS inactivation, inactivation of the
adjacent NAcC had no impact on fear expression (Fig. 2B). No main
effect of Treatment was observed (F;,19)=0.05, P>0.84), indicating
that NAcC inactivated rats (n=9) expressed levels of fear compara-
ble to control rats (n=12). Discrimination between the CS— and
CS+ was intact, regardless of treatment condition (main effect of
CS Type (F(1,19)=102.36, P<0.001; CS Type x Treatment interac-
tion (F(1,19)=0.54, P>0.47)). Additionally, there was no significant
three-way interaction (F3 57, =0.80, P>0.50). However, NAcC inac-
tivation reduced the total number of
lever-presses (t19,=2.23, P<0.04), and
decreased the rate of lever-pressing during
the first five min of the session relative to
control animals, although this latter ef-
fect only approached statistical signifi-
cance (fq9y=1.74, P>0.09; Table 1).
NAcC inactivation also decreased loco-
motion (t19)=2.80, P<0.02; Table 1).
These data suggest that NAcC does not
play an integral role in modulating fear
responses based on cues predicting safety
or an aversive consequence, but does pro-
mote behavioral activation, enhancing
response vigor during reward-seeking.

4 CS-,

-followed by-

4 CS+

PL cortex inactivation

Like the NAcS, neural activity in the PL
cortex was found to be necessary for the
appropriate expression of conditioned
suppression (Fig. 3A). A significant main
effect of Treatment (F( 23=13.09,
P < 0.001) suggested that PL inactivation
(n=13) diminished conditioned suppres-
sion, as compared to control animals (n=
12). This was confirmed by a significant
CS Type x Treatment interaction (F 23y =
11.68, P<0.005), with PL inactivation
resulting in less fear to the CS+ as com-
pared to control rats (F(;23=19.77, P<
0.001). There was no change in the rate
of lever-pressing prior to the first CS pre-
sentation (f3,=0.32, P>0.75), suggest-
ing that the disinhibition of pressing
during the CS+ in PL-inactivated animals
was not a result of general behavioral ac-
tivation (Table 1). Although the total
number of lever-presses made during
the session was not affected by PL inacti-
vation (t3=1.28, P>0.20), locomotor
activity tended to be reduced, although
this effect only approached significance
(t(23)=—1.76, P>OO9, Table 1) Thus, PL
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FIGURE 2. NACS, but not NAcC, mediates the expression of conditioned suppression. (A) NAcS inac- ~ presented, and not a general effect of
tivation (B/M) selectively diminished the expression of conditioned suppression toward the CS+, ascom-  behavioral disinhibition (Table 1).
pared to SAL-infused controls. Mean suppression ratio collapsed across the four of each CS type (left), The diminished conditioned sup-
and displ_ayed for ea_ch individual CS (right). (B_) Inactivation of the NAcC had no impact on conditiongd pression following IL manipulation was
suppression expression. Mean suppression ratio collapsed across the four of each CS type (left), and dis- unexpected. as this region has been impli-
played for each individual CS (right). Open star represents a main effect of CS Type or Treatment, P< p ’e 8 L p .
0.05. Closed star represents a significant difference between the Treatment conditions on suppression ~ cated more in the extinction of condi-
induced by the CS+, P<0.05. tioned fear rather than expression
(Milad and Quirk 2002; Vidal-Gonzalez

et al. 2006; Bukalo et al. 2015). Therefore,

activity was necessary for the appropriate expression of fear to- we performed an additional experiment to clarify whether the
ward a discriminative CS+, with inactivation markedly reducing suppression-reducing impact of IL inactivation was specific to dis-
the suppression of reward-seeking typically observed during its criminative conditioning. When a separate group of rats (n=38; lo-
presentation. cation of infusion displayed in Fig. 4A) were subjected to a fear

TABLE 1. Mean (+SEM) values for total locomotion, rate of lever-pressing, and total lever-presses during the discriminative fear expression
test session

Locomotion Lever-press rate
Infusion timeline Cannula placement Treatment (photobeam breaks) (presses/min) Total lever-presses
Bilateral inactivation NAcS SAL 1762 (£218) 21.0 (£3.6) 760.6 (+135.8)
B/M 2285 (+388) 20.3 (£2.9) 1028.7 (+189.2)
NAcC SAL 1709 (£199) 21.9 (£2.9) 751.1 (293.3)
B/M 989 (+131)* 15.6 (+1.8)# 483.0 (£60.9)*
PL SAL 1557 (£188) 22.2 (£3.8) 1003.5 (£140.9)
B/M 1176 (+115)# 23.8 (+3.0) 1245.9 (£126.7)
IL SAL 1560 (£165) 21.5 (£2.8) 1029.6 (£147.0)
B/M 1365 (£195) 21.9 (£3.0) 1173.2 (£127.9)
Single-stimulus IL SAL 2304 (£333) 24.4 (£5.4) 1450.9 (+242.2)
B/M 2412 (£518) 25.4 (+4.6) 2587.9 (£318.2)*
PL-NAcS Control SAL 1651 (£205) 24.3 (£3.3) 968.2 (+114.7)
Contra-Disc B/M 2155 (+272) 23.6 (+4.0) 1056.2 (+217.1)
Ipsi-Disc B/M 3384 (£357)* 23.5 (£3.9) 938.6 (£104.1)
Uni-Inact B/M 2455 (+371) 19.8 (+2.9) 947.5 (+144.5)

* P<0.05 versus SAL. # P=0.09.
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nection (P<0.05) groups displayed less
conditioned suppression during CS+ pre-
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though the ipsilateral disconnection and
unilateral inactivation groups did not dif-
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disconnection resulted in significantly
less suppression during the CS+ than
was observed in rats receiving unilateral
inactivation (P<0.0013), suggesting that
contralateral disconnections had a greater
effect compared to ipsilateral ones.
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FIGURE 3. Both PL and IL mPFC subregions control the expression of conditioned suppression. (A) PL
cortex was necessary for the appropriate expression of discriminative suppression, as B/M treatment di-
minished the degree of suppression to the CS+, as compared to SAL treatment. Mean suppression ratio
collapsed across the four of each CS type (left), and displayed for each individual CS (right). (B)
Inactivation of IL produced a qualitatively similar effect, diminishing overall suppression. Mean suppres-
sion ratio collapsed across the four of each CS type (left), and displayed for each individual CS (right).
Open star represents a main effect of CS Type or Treatment, P<0.05. n.s.: nonsignificant.

conditioning protocol using a single CS, inactivation of the IL did
not affect the expression of conditioned suppression compared to
control animals (n=8; Fig. 4B). There was no main effect of Treat-
ment (F,14)=1.65, P>0.22), with both groups extinguishing at a
comparable rate as indicated by a significant effect of CS Block
(F(s,70)=10.02, P<0.001), and no significant Treatment x CS Block
interaction (F(s 79y=1.57, P>0.18). Although the rate of pressing
during the first 5 min of the session was similar across Treatment
(t14)=0.14, P>0.89), rats receiving IL inactivation made more le-
ver presses throughout the session (f;14)=2.84, P<0.013; Table 1).
However, inactivation had no impact on overall locomotor activity
(t14)=0.17, P>0.87; Table 1). Taken together, these results suggest
that neural activity in the IL cortex may play a more selective role
in the suppression of reward-seeking in situations requiring the dis-
ambiguation of conditioned aversive and neutral stimuli.

PL-NACS disconnection

The qualitatively similar effects of PL mPFC and NAcS inactivation
on discriminative fear expression led us to probe whether a func-
tional PL— NAcS circuit promotes conditioned suppression.
Separate groups of animals received contralateral disconnection
(n=9), ipsilateral disconnection (n=9), saline (n=10), or unilateral
inactivation (n=10; 5 PL and 5 NAcS) (Fig. 5A). Disconnection of
the PL cortex from the NAcS prior to the expression test dimin-
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Notably, the impairment in conditioned
suppression during the CS+ induced by
contralateral PL — NAcS disconnection
appeared to be smaller in magnitude to
that induced by bilateral inactivation of
the PL (Fig. 2A) This observation was con-
firmed by a direct, exploratory statistical
comparison of the conditioned suppres-
sion to the CS+ between the two groups
(F1,200=17.41, P<0.001).

CS+ presentations
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FIGURE 4. IL inactivation has no impact on conditioned suppression ex-
pression conducted using a standard, single-stimulus design. (A) Histology
schematic for animals in the single-stimulus fear conditioning experiment.
Yellow circles represent the ventral extent of infusion into the IL cortex. (B)
Infusion of B/M into the IL had no impact on the expression of conditioned
suppression when evaluated using a single-stimulus. Suppression data are
plotted as blocks of 2 CS+ presentations.
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FIGURE 5. A PL-NAcS projection contributes to the expression of condi-
tioned suppression. (A) Histology schematic illustrating the ventral extent
of each infusion in the NAcS (left) or PL cortex (right). Closed circles repre-
sent contralateral infusions (SAL or Contra-Disc), closed triangles represent
ipsilateral disconnections (Ipsi-Disc), and gray pentagons represent unilat-
eral inactivation (Uni-Inact). (B) Animals that underwent contralateral dis-
connection (Contra-Disc) or ipsilateral disconnection (Ipsi-disc) expressed
less fear toward the CS+, as compared to control animals (SAL).
Conditioned suppression induced by the CS+ in the unilateral inactivation
group (Uni-Inact) was significantly higher from contralateral disconnec-
tion animals, but did not differ from the Ipsi-Disc or SAL groups. Closed
star: comparison of suppression to the CS+, P<0.05 between the SAL
group and the Contra-Disc or Ipsi-Disc groups, and open star, P<0.05
Contra-Disc versus Uni-Inact group.

None of the disconnection treatments affected the total num-
ber of lever presses made during the expression test relative to con-
trol animals (F3 34)=0.12, P>0.94), nor the rate of lever-pressing
during the initial portion of the test session (F34)=0.30, P>
0.82; Table 1). However, locomotor activity did differ as a function
of treatment (F334)=7.02, P<0.001; Table 1), driven by an in-
crease in locomotor activity in the ipsilateral disconnection group,
as compared to all other groups (all P-values <0.025). Collectively,
these findings confirm that serial communication between the PL
and the NAcS aids in suppressing reward-seeking in response to a
conditioned aversive CS.

Discussion

These data demonstrate that separate subregions of the NAc and
mPFC uniquely contribute to the expression of discriminative
Pavlovian fear, as measured by conditioned suppression. Under
control conditions, presentation of an aversive CS+ caused a
marked suppression of ongoing reward-seeking, while presenta-
tion of a neutral CS— did not alter behavior. Inactivation of either
the NAcS or PL diminished the expression of conditioned suppres-
sion while having no effect on responding during a neural CS—.
Disconnection of these two structures reduced conditioned sup-
pression during the expression test, consistent with the top-down
regulation of reward-seeking by this discrete cortico-striatal
pathway.

NAc: subregion-specific control of conditioned
suppression

Activity within the NAcS was necessary for the reorganization of
behavior during the presentation of an aversive stimulus, but did
not affect overall levels of instrumental responding or other mea-
sures of activity. These data add to a growing literature implicating
the NAcS in the suppression of certain patterns of behavior. For ex-
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ample, the extinction of reinstated food seeking (Floresco et al.
2008) and the extinction of alcohol or cocaine seeking (Peters
et al. 2008; Millan et al. 2010) are dependent upon NAcS integrity.
Similarly, refining behavior through the learned cessation of in-
strumental responding during periods of reward unavailability or
nonreinforcement is believed to be mediated by an inhibitory
function of the NAcS (Blaiss and Janak 2009; Ambroggi et al.
2011; Ghazizadeh et al. 2012; Floresco et al. 2018). Populations
of neurons that encode task-irrelevant stimuli and behaviors dur-
ing reward-seeking are more numerous in the NAcS, as compared
to the NAcC (Ambroggi et al. 2011), which may provide a neuronal
mechanism for the NAcS-specific impact on response-inhibition.
The ability of the NAcS to suppress inappropriate actions may be
mediated in part by projections from dopamine D1-receptor ex-
pressing medium spiny neurons to GABAergic neurons in the lat-
eral hypothalamus, as this pathway has recently been shown to
regulate the inhibition of alcohol-seeking acquired during extinc-
tion (Gibson et al. 2018). Similarly, medial NAcS D1-containing
neurons projecting to the medial ventral tegmental area promote
behavioral inhibition (Yang et al. 2018). Finally, NAcS activity is
critical to withholding actions in the face of potential aversive con-
sequences such as instrumental punishment (Piantadosi et al.
2017; Halladay et al. 2020), predator odor exposure (Blomeley
et al. 2017), and inhibitory avoidance (Piantadosi et al. 2018).
These previous findings, in addition to the present data support
the idea that the NAcS may refine action selection by suppressing
inappropriate behaviors, including curtailing reward-seeking in re-
sponse to potential threats (Floresco 2015).

In contrast, inactivation of the NAcC did not alter condi-
tioned suppression or affect discrimination between the CS+ and
CS— under the experimental conditions used here. Although the
NAcC has been suggested to control aspects of contextual
Pavlovian fear learning (Haralambous and Westbrook, 1999;
Wendler et al. 2013), disrupting activity in this subregion does
not generally affect the acquisition or expression of fear toward dis-
crete cues (Jongen-Rélo et al. 2002; Levita et al. 2002; McDannald
and Galarce 2011). Given that only cued fear was evaluated in the
present experiments, the lack of a NAcC inactivation effect on fear
expression is perhaps not surprising. Intriguingly, recent evidence
suggests that the NAcC may be recruited to aid in fear expression in
situations where cue discrimination (and thus, the appropriate al-
location of fear) is made more difficult by the inclusion of an am-
biguous CS that is probabilistically associated with foot shock (Ray
et al. 2020). When viewed in light of the present data, this suggests
that the NAcC may play a more prominent role in discriminative
fear expression when threat is probabilistic, but not under more
simple conditions when CSs are associated with shock in a deter-
ministic manner.

Notably, manipulation of the NAcC was not without effect, as
inactivation decreased both locomotion and reward-seeking (Table
1). Such effects are consistent with previous reports suggesting that
this nucleus is involved in reward-related approach and other
forms of behavioral activation (Ghods-Sharifi and Floresco 2010;
Nicola 2010; Piantadosi et al. 2017, 2018). Indeed, the NAcC is es-
sential for the ability of an appetitive Pavlovian conditioned stim-
ulus to invigorate behavior (Parkinson et al. 2000; Yun et al. 2004;
Ambroggi et al. 2011). Intact neural and dopaminergic activity
within this nucleus is required for reward-predictive cues to pro-
mote efficient instrumental reward-seeking (Nicola 2010;
Ambroggi et al. 2011; McGinty et al. 2013). Yet, the present results
show that NAcC activity is not essential for inhibition of reward-
seeking by an aversive Pavlovian conditioned stimulus. Thus, the
mechanisms through which the NAcC modulates the impact of
Pavlovian cues on behavior appears to be biased toward response-
promotion, rather than response-inhibition. More generally, these
findings point to a double dissociation between these two NAc
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subregions in negotiating motivational conflict during reward-
seeking under threat, with the NAcS promoting the cessation of
ongoing behaviors in response to aversive conditioned stimuli,
and the NAcC promoting the vigor of reward-seeking.

Prefrontal contribution to discriminative fear expression
The finding that PL inactivation disrupted conditioned suppres-
sion is in keeping with numerous studies showing that this region
of the mPFC is required for the expression of Pavlovian fear
(Vidal-Gonzalez et al. 2006; Corcoran and Quirk 2007;
Sierra-Mercado et al. 2011; Piantadosi and Floresco 2014; Sangha
et al. 2014; Limpens et al. 2015). Models of PL function during
the early stages of fear expression and extinction posit that activity
within this subregion promotes defensive reactions such as freez-
ing and conditioned suppression in part via interactions with the
amygdala (Sierra-Mercado et al. 2011; Pendyam et al. 2013). In
keeping with this, PL cortex has been shown to regulate
response-inhibition induced by aversive conditioned stimuli dur-
ing the seeking of cocaine (Chen et al. 2013; Limpens et al.
2015) or alcohol (Seif et al. 2013). Similarly, PL (and potentially
IL) cortex appear to mediate the suppression of cocaine-seeking
produced by periods of learned cocaine unavailability (Mihindou
et al. 2013; Gutman et al. 2014). The present study supports these
findings, demonstrating that the fear promoting aspect of the PL
cortex is specific to a CS+ when animals are required to discrimi-
nate between aversive and neutral cues.

Our observation that IL cortex inactivation decreased condi-
tioned suppression when animals had to discriminate between
aversive and neutral cues is somewhat surprising. Using a single-
stimulus conditioning procedure, Sierra-Mercado et al. (2011)
reported that inactivation of IL prolongs conditioned freezing, an
effect opposite to that of PL cortex inactivation. Conversely, stim-
ulation of this region has been shown to decrease fear, enhancing
extinction either within-session or across sessions (Milad et al.
2004; Vidal-Gonzalez et al. 2006; Bukalo et al. 2015). However, lim-
ited experimental evidence suggests that the fear-induced suppres-
sion of reward-seeking, unlike conditioned freezing, is either
decreased (as seen here) or unaffected by IL inactivation (Resstel
et al. 2008; Sierra-Mercado et al. 2011; Jean-Richard-Dit-Bressel
and McNally 2016). Indeed, when we conducted a single-stimulus
fear conditioning paradigm (as is common in the literature),
conditioned suppression was intact despite IL inactivation (Fig.
4B). These data suggest that the comparable function of PL and
IL observed here may relate to the discriminative nature of our
task. In support of this, Sangha et al. (2014) have shown that these
prefrontal subregions are not functionally dissociable during per-
formance of a similar Pavlovian discrimination task. Inactivation
of either prefrontal subregion altered discriminative fear expres-
sion in the same manner, decreasing conditioned freezing during
an expression test session, while leaving intact the ability of a
neutral, safe cue to ameliorate fear (Sangha et al. 2014). Thus, IL
cortex may promote fear during situations that produce conflict
between representations evoked by stimuli associated with safety
versus fear.

A PL = NAGcS pathway contributes to conditioned

suppression

Given that the PL cortex projects to the NAcS (Sesack et al. 1989;
Brog et al. 1993; Vertes 2004), and that bilateral inactivation of ei-
ther region induced a qualitatively similar effect on discriminative
conditioned suppression, we evaluated whether these regions form
a functional circuit that promotes conditioned suppression. We
observed that contralateral or ipsilateral disconnection of PL—
NACS circuitry disinhibited reward-seeking in the presence of an

www.learnmem.org

aversive CS+, although contralateral disconnection appeared to in-
duce a greater effect. Notably, unilateral inactivation of either re-
gion by itself did not significantly disrupt fear expression,
indicating that the effects of the disconnection treatment were
not attributable to suppression of activity in either the NAcS or
PL cortex alone. This combination indicates that both ipsilateral
and contralateral communication within this cortico-striatal cir-
cuit promotes conditioned suppression of reward-seeking.
Previous studies have also reported that ipsilateral disconnection
of the NAc from its inputs can alter behavior. For example, ipsilat-
eral manipulation of prefrontal or amygdalar projections to the
NACc alters risk/reward decision making, while similar ipsilateral
manipulation of prefrontal or ventral subicular projections to the
NAc affects the reinstatement of drug-seeking behavior (Bossert
et al. 2012, 2016; Jenni et al. 2017; St Onge et al. 2012; van
Holstein et al. 2020). One explanation for the similarity between
our ipsilateral and contralateral disconnection effects is that a pro-
portion of PFC neurons project to the contralateral hemisphere,
meaning that exclusively ipsilateral manipulations will affect
some contralaterally projecting neurons. These contralateral and
ipsilateral projections may contribute similarly to behavior, as
was demonstrated for a ventral PFC-NAcS projection during
the context-induced reinstatement of heroin-seeking (Bossert
et al. 2012). Notably, in the present study, the magnitude of the
PL — NAcS disconnection effect on conditioned suppression (Fig.
5B) appeared to be smaller than that induced by bilateral PL inac-
tivation (Fig. 2A). This suggests that prefrontal control of condi-
tioned fear expression may manifest through multiple output
pathways that include the NAcS, as well as the amygdala (Likhtik
et al. 2005; Sotres-Bayon and Quirk 2010; Knapska et al. 2012)
and periaqueductal gray (Rozeske et al. 2018).

The finding that a PL - NAc pathway regulates discriminative
conditioned suppression adds a functional correlate to previous
work demonstrating that some NAc-projecting mPFC neurons en-
code the behavioral relevance of an aversive CS+ and a neutral CS—
(McGinty and Grace 2008). A similar microcircuit between the
mPFC and lateral NAcS promotes the suppression of reward-
seeking following instrumental punishment (Kim et al. 2017). In
that study, a subset of mPFC neurons projecting to the lateral
NAcS decreased their activity immediately prior to presses on a
punished lever, suggesting that activity within this pathway pro-
motes inhibitory control. Other excitatory inputs to the NAcS, in-
cluding the amygdala, ventral hippocampus, and paraventricular
thalamus have been shown to regulate behavioral inhibition in a
variety of settings (Bagot et al. 2015; Millan et al. 2015, 2017;
Schumacher et al. 2016, 2018; Yeates et al. 2019; Capuzzo and
Floresco 2020; Lafferty et al. 2020), indicating that NAcS may be
a hub controlling behavioral output in the face of conflicting mo-
tivations. Yet, how glutamatergic projections to the NAcS accom-
plish such regulation remains unclear. It is possible that PL input
differentially affects distinct neuronal subpopulations within the
NACS that may be responsible for action promotion or inhibition,
such as medium spiny neurons that express either dopamine D1 or
D2 receptor subtypes, as has been shown in the NAc and other
striatal regions (Ferguson et al. 2011; Lobo et al. 2011; Kravitz
et al. 2012). For example, a projection from ventromedial PFC to
the medial NAcS inhibits alcohol-seeking following instrumental
punishment experience, potentially by affecting plasticity at
D1-receptor expressing medium spiny neurons (Halladay et al.
2020). However, recent work has highlighted that unproduc-
tive behaviors governed by the NAcS are not distinctly regulated
by particular medium spiny neuron subtypes (Lafferty et al.
2020). Clearly, further study is necessary to identify the circuit
mechanisms by which excitatory afferents to the NAcS
affect behavior, including the conditioned suppression of
reward-seeking.
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Relevance to fear circuitry and psychiatric illness

The studies reported here utilized a discriminative fear condition-
ing procedure that is similar to those used in translational settings,
where CS— presentations serve as a baseline index of fear, and CS+
presentations induce fear. Using such designs, a relatively con-
served fear circuit encompassing the amygdala, prefrontal cortex,
and ventral striatum has been identified in the human brain (for
reviews, see Delgado et al. 2008b; Peters et al. 2009; Milad and
Quirk 2012; Adolphs 2013). Within the PFC, the dorsal anterior
cingulate cortex (dACC, Brodmann'’s area 32) and ventromedial
PFC (vimPFC; Brodmann's area 25) have been suggested to be func-
tionally and anatomically homologous to the rodent PL and IL cor-
tex, respectively (Milad and Quirk 2012; Heilbronner et al. 2016).
Activity in the dACC occurs in response to CS+ presentations,
and this activity (as well as the overall thickness of the region) cor-
relates positively with physiological measures of fear in humans
(Milad et al. 2007a). On the other hand, vmPFC activity appears
to track extinction learning in humans, as this region displays pat-
terns of activity consistent with deactivation during conditioning,
but activation during extinction (Phelps et al. 2004; Milad et al.
2007b). Here, we provide tentative support for the dACC-PL ho-
mology suggested by these previous studies, as they apply to the ex-
pression of conditioned fear. However, our results seem to suggest
that IL cortex performs a similar function, promoting conditioned
suppression, in a manner inconsistent with human vmPFC activi-
ty. This may again stem from the nature of the defensive reaction
measured, as freezing (in rats) and skin conductance or verbal scor-
ing (in humans) do not produce a state of motivational conflict
similar to that induced by the conditioned suppression of reward-
seeking. Although conditioned suppression paradigms exist in hu-
mans (Greville et al. 2013; Allcoat et al. 2015), to date, the relevant
functional imaging studies have not been performed to evaluate
this hypothesis.

In addition to prefrontal homology, discriminative aversive
conditioning produces activity in the human ventral striatum
(Jensen et al. 2003; Delgado et al. 2008a,b, 2009; Klucken et al.
2009; Pohlack et al. 2012). This activity is generally differential,
with activity increasing in response to a CS+ to a greater degree
than a CS—, a pattern which develops over the course of the con-
ditioning session (Klucken et al. 2009). Activity within this nucle-
us has been shown to translate fear into motivated action, as
learning to avoid an aversive CS+ also recruits the NAc
(Delgado et al. 2009). In the present study, NAcS activity was nec-
essary for the appropriate expression of discriminative condi-
tioned suppression. Thus, it is possible that the NAc activity
observed in human imaging studies of fear learning may reflect
preferential activation of the NAcS. Interestingly, diffusion trac-
tography was used to differentiate the NAcS and NAcC in the hu-
man brain, with results indicating that the putative NAcS
responds in anticipation of thermal pain, while NAcC responds
particularly to the offset of a painful stimulus (Baliki et al.
2013). Whether this anticipatory activity relates to behavior is
currently unknown, but may partially explain the anticipatory ac-
tivity observed in NAc prior to presentation of a conditioned
aversive stimulus (Jensen et al. 2003).

A number of neuropsychiatric disorders are characterized by
dysfunction within cortical and striatal nodes that contribute to
abnormal decision-making processes. For example, prefrontal
hypofunction appears to be related to inhibitory control deficits
in substance abuse (for review, see Goldstein and Volkow
2011). In cocaine users, deficits in inhibitory control are known
to correlate with reduced dACC activity, the same region suggest-
ed to promote fear expression previously (Kaufman et al. 2003;
Hester and Garavan 2004; Li et al. 2008; Goldstein et al. 2009).
In rats, hypofunction of the functionally homologous PL cortex
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recapitulates key aspects of addictive behavior, including drug-
seeking under threat of punishment (Chen et al. 2013; Limpens
et al. 2015). Such a deficit may be related to the loss of a
response-inhibitory function within the PL or dACC, as a func-
tion of addiction progression. Additionally, meta-analytic studies
have consistently shown that patients with anxiety disorders ex-
press more fear to a CS— than do control individuals (Lissek et al.
200S5; Duits et al. 2015). This deficit may be related to aberrant
function of prefrontal circuitry, as trait anxiety is associated
with diminished coupling between the amygdala and the
vmPFC and a heightened coupling between the amygdala and
the dorsomedial PFC, patterns that were opposite that observed
in healthy comparison subjects (Kim et al. 2011). Specifically,
vmPFC activity is negatively modulated by similarity to a CS+,
while dorsomedial PFC activity is positively modulated by the
CS+ similarity. This effect has recently been reported to be dis-
turbed in individuals with PTSD, suggesting that imbalanced pre-
frontal discrimination mechanisms may contribute to anxiety
(Kaczkurkin et al. 2017). In the present study, the fear expressed
toward a CS— was normal regardless of treatment. Thus, other re-
gions, such as the BLA, which has been shown to encode the va-
lence of discriminative stimuli in rats, nonhuman primates, and
humans (Schiller et al. 2008; Genud-Gabai et al. 2013; McHugh
et al. 2013; Sangha et al. 2013), may be causally related to fear
generalization.

Experimental limitations

The experiments described here are subject to several important
limitations. First, only male rats were tested. Many fear and
anxiety-related disorders disproportionately affect women
(Kessler et al. 1994, 1995; Breslau et al. 1999; McLean et al.
2011), and rodent studies have demonstrated sex differences in
fear expression and its underlying neural circuitry (Rey et al.
2014; Gruene et al. 2015a,b; Fenton et al. 2016). Given that female
rats (as compared to males) display distinct active and passive de-
fensive reactions (Gruene et al. 2015a), future studies should com-
pare the relevance of these defensive reactions to situations where
reward-seeking and fear overlap, as in conditioned suppression
paradigms.

Second, there was a degree of drift in conditioned fear ex-
pression across experimental cohorts that complicates direct
cross-region comparisons. This was particularly notable in the
IL control groups (Figs. 3B, 4B), where conditioned suppression
was lower than other SAL control groups. This difference may re-
late to the damage caused to somewhat distinct regions by cannu-
la implantation, based on the differences in stereotaxic
coordinates required to target individual regions. For example,
IL implants were conducted without an angle, which likely result-
ed in damage to the overlying PL cortex. As shown here and else-
where, PL cortex is necessary for appropriate fear expression, and
thus animals with cannula implanted into the IL may display
submaximal fear as a result. A similar rationale may explain the
differences in fear expressed by control rats in the NAcS (medial
cannula placement) versus NAcC (more lateral cannula place-
ment) experiments. Conditioned suppression was somewhat
higher in the NAcS SAL group (Fig. 2A, open circles), as compared
to the NAcC SAL (Fig. 2B, open circles), or PL SAL (Fig. 3A, open
circles) conditions. However, it is less clear how the damage in-
duced by medial NAc cannula placement (mostly affecting poste-
rior PFC and lateral septum) may predispose rats to be more
fearful. Critically, our statistical analyses focused primarily on sin-
gle brain regions, to ensure that differences in fear were assessed
in relation to control groups that had comparable cannulation
damage (that is, comparing Treatment within IL, rather than
across brain regions).
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Conclusion

Here we demonstrate that distinct subnuclei of the rat NAc and
mPFC contribute to aspects of reward-seeking and its conditioned
suppression. Both the NAcS and PL were required for the appropri-
ate expression of conditioned suppression, while NAcC activity en-
hanced response vigor during reward-seeking. IL activity tended to
bias rats away from reward-seeking during threat in a manner that
was specific to contexts requiring cue discrimination. Finally, we
show that a circuit between the PL and NAcS is necessary to instan-
tiate the appropriate inhibition of reward-seeking during aversive
stimulus presentations. These findings extend our knowledge of
cortico-striatal circuits mediating flexible reward-seeking, identify-
ing prefrontal input to the medial NAc as a critical component of
such a network.

Materials and Methods

Animals

All procedures were approved by the Animal Care Committee at
the University of British Columbia, in accordance with the
Canadian Council on Animal Care guidelines. Separate groups of
male Long Evans rats (Charles River) arrived weighing 250-300
g. Rats were initially housed in groups (4-5 rats/cage) with ad libi-
tum access to food and water. After 5-10 d of colony acclimatiza-
tion, rats were stereotaxically implanted with stainless-steel guide
cannula, as described below. Upon recovery, rats were singly
housed and food-restricted to ~90% of their free-feeding weight.
Rats were allowed to gain weight following this initial period of re-
striction, such that they were maintained on a delayed growth
curve.

Apparatus

Behavior was assessed using eight standard Med Associates operant
chambers, enclosed in sound attenuating chambers (30.5 x 24 x 21
cm; Med Associates), as previously described (Piantadosi et al.
2017). Each chamber was capable of delivering sucrose reinforce-
ment (45 mg pellet; BioServ), and contained a house light and
two 100 mA cue lights. An auditory speaker allowed for the delivery
of discriminative auditory stimuli via a programmable generator
(ANL-926, Med Associates). Locomotor activity was measured by
four infrared photobeams located just above the grid floor, which
was wired to a shock source and solid-state grid scrambler for
foot shock delivery.

Stereotaxic surgery and disconnection rationale

Due to changes in institutional policies regarding anesthesia, rats
were anesthetized either with a combination of ketamine/xylazine
(100/10 mg/mL at 100/10 mg/kg, i.p.) or a half dose of ketamine/
xylazine (same mg/mlL, i.p) followed by maintenance using
Isoflurane anesthetic (2%-3% Isoflurane concentration) through-
out surgery.

For the bilateral inactivation experiments, twenty-three gauge
bilateral stainless-steel guide cannula were implanted into the
NACcS, NAcC, PL, or IL, according to the following stereotaxic coor-
dinates (in mm):

NAcS—from bregma, AP: +1.3, ML: £1.0, from dura, DV: -6.3
NAcC—from bregma, AP: +1.6, ML: £1.8, from dura, DV: —-6.3
PL—from bregma: AP +3.2; ML: £0.7; from dura: DV: -2.8
IL—from bregma: AP: +2.8; ML: £0.7; from dura: DV: —4.1

Guide cannula were beveled at the tip to minimize damage when
implanted, which in turn would be expected to curtail backflow
of infusate to more dorsal regions.

A subsequent series of experiments used a pharmacological
disconnection approach to probe whether a functional pathway
from the PL to the NAcS may control the expression of conditioned
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suppression. Briefly, this approach entailed perturbing neural ac-
tivity in one region (for example, the PL) within one hemisphere,
which prevents transmission of task-relevant information to an-
other region of interest (for example, the NAcS). This is combined
with an inactivation of an efferent target in the contralateral hemi-
sphere (the NAcS). As a result, direct communication between two
brain regions within a neural circuit is disrupted in both hemi-
spheres of the brain following a contralateral disconnection. In a
separate group, neural activity can be disrupted within each region
in the ipsilateral hemisphere (ipsilateral disconnection), leaving an
intact circuit in the opposite hemisphere. Finally, unilateral inacti-
vation of each region individually can be performed to assess
whether the disconnection effect was due to the partial loss of a
functional pathway, or whether the effect is mediated by a single
node within this putative circuit.

For the disconnection experiments, single 23 gauge stainless
steel guide cannula were implanted aimed at the PL and NAcS in
the contralateral or ipsilateral hemispheres, or unilaterally in the
PL or NAcS, according to the stereotaxic coordinates listed above.
The particular hemisphere selected for each placement was coun-
terbalanced across experimental conditions, such that equivalent
numbers of rats received cannula in each combination of
hemispheres.

For all surgical procedures, four stainless-steel skull screws
were inundated with dental acrylic to secure cannula in place.
Stainless-steel obturators flush with the end of the guide cannula
were inserted after surgery. Rats were given 5-10 d to recover
from surgery before beginning behavioral training.

Lever training

The day before their initial operant training session, all rats were
provided with ~30 sucrose pellets in their home cage, to reduce
neophobia to the reinforcer. Training was conducted at a consis-
tent time each day. Rats were initially trained to press a lever on
the left side of the chamber on a fixed ratio 1 (FR1) schedule of re-
inforcement to a criterion of 40 total presses during the 30 min ses-
sion (Fig. 1A). After reaching criterion, rats were trained over three
consecutive days on increasing variable interval (VI) schedules,
whereby reward was provided after approximately 15 (VI15), 30
(VI30), or 60 (VI60) sec of pressing (one session at each schedule,
per day). Rats were then trained on the VI60 schedule for 10-13
d, after which rats received a fear conditioning session. A VI60
schedule engenders a high rate of lever-pressing in rats while main-
taining a consistent reward rate, allowing for the accurate assess-
ment of conditioned suppression as a proxy for fear (Kamin et al.
1963; McAllister 1997; Quirk et al. 2000; Piantadosi and Floresco
2014). The house light was illuminated during all sessions, includ-
ing the test of fear expression.

Discriminative fear conditioning

Conditioning session

Rats underwent discriminative fear conditioning in an identical
fashion as we have reported previously (Piantadosi and Floresco
2014). During this conditioning session, the reward lever was not
inserted into the chamber and no food could be obtained. Thus,
even though rats were placed in the same individual chambers
throughout training, conditioning, and testing, CS-shock pairings
likely were perceived to have occurred in a different context com-
pared to the one where they lever pressed for food and would later
be tested in for fear expression. This contextual shift is notable, as
previous studies examining the effects of PL/IL inactivation on
conditioned suppression have allowed animals to lever-press for
food during the fear conditioning session, potentially complicat-
ing the dissociation between contextual and cued fear as assessed
during the test session (Sierra-Mercado et al. 2011).

Rats were given eight presentations each of a 30 sec neutral
conditioned stimulus (CS—; 1 kHz, 80 dB tone + cue light illumina-
tion, no house light) and a 30 sec aversive conditioned stimulus
(CS+; 9 kHz, 80 dB tone +flashing house light coterminating with
a 0.5 mA foot shock delivered over 0.5 sec), separated by an average

Learning & Memory



PFC and accumbens in conditioned suppression

interstimulus interval of 180 sec (min: 100 sec, max: 240 sec). CS+
and CS— presentations occurred in a pseudorandom sequence over
the course of the conditioning session, with the exception that the
last two stimulus presentations were always the CS+ paired with
shock. During CS presentations, the house light was turned off to
maximize the salience of the visual component of each CS. The
day after this conditioning session, animals were given a baseline
V160 session (no foot shocks or conditioned stimuli).

Expression test session

During the fear expression test, a 5 min baseline VI60 period pre-
ceded the presentation of four CS— presentations, followed by
four presentations of the CS+ (30 sec each, no foot shock; 5 min in-
terstimulus interval). The suppression of lever-pressing during
each CS presentation served as an index of fear, as rats suppress
seeking behavior in the presence of an aversive CS+ (Kamin et al.
1963; Quirk et al. 2000; Sierra-Mercado et al. 2011; Piantadosi
and Floresco 2014). Suppression was calculated using the formula
[(A—B)/(A+B)], where A was the number of lever-presses made in
the 30 sec epoch prior to CS presentation, and B was the number
of lever-presses made during the 30 sec CS presentation. A value
of 1 indicates complete suppression, while values at O or below in-
dicate no suppression or facilitation, respectively. Rarely, rats did
not press during the pretone and tone period; a suppression value
of 1 was applied to all such instances, as has been done previously
(Quirk et al. 2000). An a priori inclusion criteria of greater than 200
presses made during the test session was established, as levels of
pressing under this threshold can produce unreliable suppression
ratios. Across all experimental cohorts, data from n=3 rats were
eliminated as a result of this criterion.

Single-stimulus fear conditioning: pretest IL inactivation
We conducted an additional experiment to ascertain whether inac-
tivation of the IL affected the expression of conditioned suppres-
sion under conditions where a single shock-associated stimulus
was used during conditioning, as opposed to the discriminative na-
ture of the design used in our other experiments. Animals were im-
planted with cannula into the IL cortex and given an identical
lever training protocol as described above. During the condition-
ing session, animals received eight presentations of a single,
30 sec CS+ (identical to the CS+ used in the discriminative proto-
col), similar to conditioning procedures typically used to study IL
function (e.g., Akirav et al. 2006; Sierra-Mercado et al. 2011).
Forty-eight hours later, rats were given a test session. Again, this
session started with rats lever pressing for food delivered on a
V160 schedule. Five minutes into the session, rats received the first
of 12 presentations of the 30 sec CS+ (no foot shock), each separat-
ed by a 3 min interstimulus interval.

Microinfusion

All animals underwent mock infusions 10 min prior to the final
V160 session before discriminative conditioning, as described pre-
viously (Piantadosi and Floresco 2014). On the infusion day,
stainless-steel injectors extending 0.8 mm beyond the guide can-
nula were lowered into the region of interest. For the bilateral inac-
tivation experiments, rats received infusions of 0.9% saline (SAL;
0.3 pL/side), or a solution containing the GABAg-receptor agonist
baclofen and the GABA,-receptor agonist muscimol (B/M; 75 ng/
pL of each drug at a volume of 0.3 uL/side). Infusions were con-
ducted over 45 sec, with injectors left in place for an additional
60 sec to allow for diffusion. The surgical and microinfusion proce-
dures used here are identical or similar to published reports used to
dissociate between these and other closely apposed brain regions
on a wide variety of behavioral measures (Floresco et al. 2008,
2018; Stopper and Floresco 2011; Dalton et al. 2014, 2016;
Piantadosi et al. 2017, 2018; van Holstein and Floresco 2020).
Electrophysiological and immunohistochemical studies estimate
the functional spread of GABA agonist-induced neural inactiva-
tions to be ~1 mm (Martin and Ghez 1999; Allen et al. 2008;
Hamel et al. 2017). Implantation coordinates in the present study
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were chosen in part to minimize potential spread into neighboring
regions.

For the disconnection experiment, control rats received uni-
lateral infusions of 0.9% SAL into the PL and contralateral NAcS
(0.3 pL/side). Disconnection animals received infusion of B/M
(75 ng/uL of each drug at a volume of 0.3 pnL/side) into the contra-
lateral PL and NACS (contralateral disconnection), or ipsilateral PL
and NAcS (ipsilateral disconnection). A separate group underwent
unilateral inactivations of the PL or NAcS (same infusion parame-
ters). Infusion timing was identical to the procedures described
previously.

Histology

All rats were euthanized with CO,, brains were removed and fixed
in a 4% phosphate buffered formalin solution. Brains were sec-
tioned at 50 pm, following which tissue was mounted and Nissl
stained using Cresyl Violet. Placements were examined under a
light microscope.

Data analysis

For the bilateral inactivation experiments, the suppression ratio
during each CS presentation during the expression test was ana-
lyzed using between/within-subjects three-way ANOVAs with
Treatment group (SAL vs. B/M) as the between-subjects variable,
and CS Type (CS+ vs. CS—) and CS Number (1-4) as the within-
subjects variables. Separate ANOVAs were conducted on data
from animals infused within each brain region (NAcS, NAcC, PL,
and IL). For the single-stimulus IL inactivation experiment, sup-
pression ratios for each of the 12 CS+ presentations were calculated
and binned into six separate bins of two CS+ presentations. These
data were analyzed via a two-way ANOVA, with Treatment group
(SAL vs. B/M) as the between-subjects variable, and CS Block
(1-6) as the within-subjects variable. Follow-up simple main effects
analyses were conducted using one-way ANOVAs or t-tests, where
appropriate. Locomotion (photobeam breaks/session) during the
conditioning session or expression test were analyzed using sepa-
rate independent samples t-tests. The rate of lever-pressing (press-
es/min) in the first 5 min of the expression test session and the
total number of lever-presses made during the session were ana-
lyzed in an identical fashion.

Analysis of the disconnection experiment was identical, with
the exception that the between-subjects Treatment factor was
made up of four levels: saline, contralateral disconnection, ipsilat-
eral disconnection, unilateral inactivation. There was no signifi-
cant difference between the mean suppression ratio during the
CS— and CS+ for animals in the unilateral PL inactivation group
(CS—:0.07£0.06 SEM, CS+: 0.82+0.10 SEM) versus the unilateral
NACS inactivation group (CS—: 0.14+£0.06 SEM, CS+: 0.85+£0.08
SEM) (F(1,8=0.39, P>0.55); therefore these groups were combined
into a single unilateral inactivation group for all analyses. All other
analyses were conducted as described previously for the bilateral
inactivation experiments.
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