






In contrast to the reduction in conditioned negative responding
following area 25 inactivation, area 32 inactivation increased neg-
ative emotional responding. The HR and behavioral responses
were increased in a non–CS-specific manner, with a generalization
of the negative emotional responses (previously seen to only the
most aversive CS) to the intermediate and least aversive CSs.

Area 25 Inactivation Enhances, and Area 32 Inactivation Impairs, Fear
Extinction. The findings from the aversive discrimination are con-
sistent with data from human neuroimaging suggesting that activity
within area 25 is associated with increased negative affect and that
activity within area 32 is associated with increased positive affect.
However, they are inconsistent with data derived from the rodent
fear conditioning literature, in which the suggested function of the
rodent PL is to enhance negative emotion whereas the IL acts to
reduce it. It is possible that the observed inconsistencies could
result from differences between our mildly aversive discriminative
fear paradigm—which uses multiple auditory cues, requires sub-
stantial training, and does not investigate extinction—and rodent
paradigms, which use a single cue to predict foot shock and which
are learned in one session. We therefore adapted the classic rodent
paradigm for use with marmosets by replacing the rodent US (i.e.,
foot shock) with the sight of a plastic snake (Fig. 6). Snakes are
natural predators of marmosets and are ethologically highly aver-
sive stimuli (43) that are commonly used in laboratory tests of
negative emotion (44). Snake stimuli also resist habituation (45),
making them suitable for within-subjects investigation of the be-
havioral and cardiovascular effects of saline or muscimol/baclofen
infusions into areas 25 and 32 as before.

As in the rodent paradigms, animals acquired a general (cue plus
context) conditioned behavioral response (i.e., VS) in one session
that slowly extinguished under saline administration the next day
and was followed by subsequent reinstatement and reextinction of
the conditioned response. They also showed a general conditioned
cardiovascular response, with MAP showing a similar pattern (HR
also increased, but it was too variable to use as a measure of
conditioning). These responses were stable across the repeated
blocks of conditioning, which were distinguished from one another
by having distinct contextual backgrounds, and were readily
extinguished under saline conditions (Fig. 7).
As with the discrimination findings, bilateral inactivation of area

25 or area 32 during extinction revealed that these areas have op-
posing roles in the regulation of fear extinction responding (Fig. 7).
Compared with saline treatment, inactivation of area 25 enhanced
fear extinction of VS and MAP fear responses, indicating a re-
duction in fear (Fig. 7A). In contrast, inactivation of area 32 did not
affect the gradient of extinction for MAP but appeared to delay the
extinction of VS such that VS increased across the early stage of
extinction before it began to decline (Fig. 7B). This VS increase also
persisted throughout the next session when marmosets were tested
for recall of extinction while drug-free. Recall was unaffected by
area 25 inactivation. These effects on extinction were not the result
of an alteration in the ability of marmosets to express conditioned
fear, as there was no difference in VS or MAP during the first CS
pair of the extinction session after either manipulation. Thus, area
25 inactivation reduces the autonomic and behavioral components
of the conditioned fear response to enhance extinction, whereas

Fig. 4. Area 25 inactivation and diazepam treatment abolished the increases in HR and VS induced by CSs associated with aversive outcomes, with effects that were
more pronounced as the CSs becamemore predictive. Area 32 inactivation caused overgeneralization in a way that did not depend on the CS. Main figures show the
CS-induced change in HR or VS under drug and saline conditions relative to the last 20 s of the immediately preceding ITI (i.e., baseline), standardized to that subject’s
own variability (measured independently; Materials and Methods). Positive numbers indicated an increase in HR or VS from baseline, whereas negative numbers
indicate a decrease compared with baseline (*P < 0.05; #P < 0.05, manipulation × CS interaction; †P < 0.05, main effect of manipulation). SE of the difference for the
interaction term (SED) shown is for the drug × CS interaction (n = 4). (A and D) Area 25 inactivation with muscimol/baclofen abolished discrimination, altering
responding in a CS-dependent manner, as assessed by CS-induced changes in HR (drug × CS, F1,17 = 5.11, P = 0.037, η2 = 0.117; effect of CS during inactivation, F1,7 =
1.87, NS) and VS (drug × CS, F1,17 = 7.84, P = 0.012, η2 =0.113; effect of CS during inactivation, F1,7 = 1.57, NS). Discrimination was retained under saline infusion
(effect of CS, P = 0.009, η2 = 0.557 for HR and P = 0.0003 for VS, η2 = 0.685). These effects differed from those of area 32 inactivation (HR, drug × area, F1,34.7 = 14.7,
P = 0.0005, η2 = 0.165; VS, drug × area, F1,33.4 = 24.2, P = 0.00002, η2 = 0.198). (B and E) Area 32 inactivation similarly impaired discrimination, but here the effects of
inactivation were not specific to a particular CS (HR, drug, F1,20 = 16.3, P = 0.00065, η2 = 0.384; drug × CS, F1,20 = 2.50, P = 0.129, η2 = 0.059; effect of CS during
inactivation, F < 1, NS; VS, drug, F1,17 = 5.27, P = 0.035, η2 = 0.107; drug × CS, F1,17 = 2.45, P = 0.136, η2 = 0.050; effect of CS during inactivation, F1,10 = 3.3, P = 0.099,
η2 = 0.248). Discrimination was similarly retained under saline (P = 0.0047 for HR, η2 = 0.566 and P = 0.0125, η2 = 0.473 for VS). (C and F) Systemic diazepam
(0.25 mg/kg) impaired discrimination by altering responding in a CS-dependent manner (HR, drug × CS, F1,20 = 3.77, P = 0.066, η2 = 0.085; drug, F1,20 = 7.97, P =
0.011, η2 = 0.180; VS, drug × CS, F1,17 = 8.16, P = 0.011, η2 = 0.159), similar to the effects of area 25 inactivation.
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area 32 inactivation causes an overgeneralized increase in the be-
havioral component of the fear response and blocks extinction.

Discussion
By using an experimental approach that takes into account brain–
body interactions, the present study uses two different fear con-
ditioning paradigms to show that area 25 inactivation reduces the
behavioral and cardiovascular correlates of conditioned fear, and
that area 32 inactivation increases them via overgeneralization.
They provide causal evidence in primates to support the hypothesis
that area 25 activity promotes negative affect and area 32 activity
reduces negative affect in the behavioral and autonomic domains
of emotion. These findings show remarkable similarity to correla-
tive human imaging studies in which negative affect (induced and
pathological) is associated with activity in a subgenual, posterior
ventromedial region centered on area 25, whereas positive affect is
associated with activity in a distinct, more anterior region that in-
cludes areas 32, 24, and 10 (12). They also provide causal evidence
that activity in area 25 regulates cardiovagal control in the resting
state (neutral condition; compare ref. 46) and during alterations in
emotional states in healthy subjects (aversive Pavlovian discrimi-
nation; compare ref. 47).
The finding that area 32 inactivation in a primate caused

overgeneralization of emotional responses (in conditioned fear
discrimination and single-cue fear extinction paradigms) suggests
that area 32 normally suppresses such generalized fear responding.
Behavioral overgeneralization of fear is a characteristic symptom
of negative emotion and is seen in anxious humans (48), anxious
marmosets (41), and anxious rats (49, 50), and has been associated
with perigenual vmPFC (areas 10/24/32) hypoactivity in humans
(51). We now causally link area 32 hypoactivity to such over-
generalization in primates. Compared with the more limited au-
tonomic effects of area 32 inactivation in emotionally neutral
conditions, the discrimination findings provide support for human
neuroimaging data that implicate area 32 in cardiovascular mod-
ulation during emotion regulation (see also ref. 52) and less in the
tonic regulation of cardiovascular activity in nonemotional situa-
tions (13). In contrast to area 32, area 25 inactivation not only
regulated the emotional responding induced by external stimuli,
but also had profound effects on cardiovascular activity in an
emotionally neutral condition, decreasing HR and MAP but also

increasing CVI, the component of HRV that is reduced in anxiety
and depression (e.g., refs. 15, 53). Furthermore, the demonstra-
tion that area 25 inactivation reduces anticipatory negative emo-
tional responding and increases resting CVI suggests that area
25 overactivity directly contributes to the maladaptive and emo-
tional inflexibility seen in such disorders. This may explain aspects
of the strong bidirectional relationship between depression and
cardiovascular disease (14, 54).
It is notable that HR (and not MAP) was more tightly linked to

conditioning in the fear discrimination paradigm, but MAP (and
not HR) was more tightly linked to conditioning in the fear-
extinction paradigm. Although it is aversive, the noise US used in
the fear discrimination is not an ethologically relevant stimulus, and
is therefore less likely to trigger a “fight-or-flight” response than the
highly ethologically relevant snake US used in the fear extinction
paradigm. In contrast to HR, which is primarily controlled by the
parasympathetic nervous system, MAP and fight-or-flight responses
are predominantly sympathetically mediated, which may explain
the dominance of the MAP response to the snake. The increase in
MAP and HR seen after area 32 inactivation during negative
emotional provocation is consistent with the autonomic activation
and area 32 hypoactivity seen in some forms of anxiety (51).
As such, the convergence between the present findings in mar-

mosets and human data are a marked improvement on the dis-
crepancies between the rodent and human data. As judged by the
dominant theory of rodent/primate vmPFC homology (55), our
behavioral results differ from the large body of rodent fear-
conditioning studies in which inactivation of the putative rodent
homologs of area 25 (the IL cortex) and area 32 (the PL cortex)
have the opposite effects to that seen in marmosets, increasing and
reducing negative emotional responding, respectively (26, 31). It is
possible that the anatomical similarity between IL/area 25 and
PL/area 32 (24) may not translate into equivalent functionality, or
that the functional role of IL and PL in fear conditioning and ex-
tinction is more complex than initially proposed (56). Certainly,
the focus on negative emotion ignores similar roles for these re-
gions in the recall and expression of positive emotion (57), in the
control of goal-directed instrumental responding (58, 59), and in
social cognition (60). It has been suggested that the function of the
PL region transcends fear expression and appetitive goal-directed
instrumental responding, and is important in the ability to attend

Fig. 5. The US response to the most aversive CS is unaffected by inactivation of area 25, area 32, or diazepam treatment, indicating that alterations specifically in
conditioned, but not unconditioned, negative arousal are responsible for the alterations in HR seen during CS presentation. US-induced change in HR [beats per
minute (bpm)] under drug (muscimol/baclofen and diazepam) and saline conditions relative to the last 5 s of the baseline. Data are shown for the last 4 s of the CS
and the first 4 s after the US onset at the 40 s time point (SI Materials and Methods), and are the mean of the eight presentations of the CS fully predictive of the
aversive US for each condition. (Inset) Absolute change in HR response (i.e., difference between HR at US onset and peak HR response). Repeated-measures
ANOVA revealed a significant difference in HR between US onset and US peak (F1,3 = 57.843, P = 0.005, η2 = 0.951) but no interaction with drug treatment (F4,12 =
0.663, P = 0.630). There were also no significant differences in US-induced HR increases between area 25 saline and area 25 muscimol/baclofen (t3 = −0.452, P =
0.682), area 32 saline and area 32 muscimol/baclofen (t3 =−0.762, P = 0.501), or area 25 muscimol/baclofen and diazepam (t3 = 0.812, P = 0.476).
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selectively to the elements of the environment that best predict an
outcome, be it discriminating between a cue and its associated
context in a simple Pavlovian paradigm using a single cue (46) or
between two cues of a compound stimulus in a Pavlovian over-
shadowing procedure (61). Such a hypothesis could explain the
generalized increases in conditioned fear responses seen here after
inactivation of area 32 in fear extinction. However, it remains to
be determined whether it can explain the situation seen in the
discriminative fear conditioning paradigm, in which animals with
inactivation of area 32 did not generalize conditioned fear re-
sponses to the context but instead showed generalization from a
CS+ to a CS−. IL, in contrast, has been implicated not only in
inhibiting Pavlovian conditioned fear and conditioned appetitive
responses during extinction in rodents (26), but also in attenuating
the influence of goal-directed behavior when this conflicts with
habitual stimulus–response associations (62). Of note, ablations of
area 25 in a rhesus monkey alter the autonomic coding of appe-
titive stimuli (63). Recent reviews have attempted to reconcile
these two aspects of IL function, particularly given that IL is
central to visceromotor/autonomic circuits, and proposed that IL
may “allow” state-based habits to dominate behavior (64, 65). If
so, the inconsistency of our results with current findings in rodents
suggests that, at the very least, more work is need to determine

how IL/area 25 inactivation can induce opposing effects on fear
extinction across rodent and marmoset studies. Alternatively, we
need to rethink the current views on cross-species functional
similarities and their translational implications.
Our understanding of the contribution of these areas to car-

diovascular modulation is more limited, but IL activation and PL
inactivation have been shown to suppress the cardiovascular re-
sponses to acute restraint stress (21, 66), again suggesting that
these regions have opposing effects in rats, but in the opposite
direction to that in marmosets and humans. Furthermore, in direct
contrast to the cardiovascular alterations seen in the neutral
condition in the present study, manipulations of the rodent medial
PFC are consistently reported to have no effect on HR or blood
pressure in emotionally neutral resting conditions (21, 66).
In summary, we have isolated the specific contributions of areas

25 and 32 of the primate ACC to the regulation of the cardiovas-
cular and behavioral components of negative emotion. These re-
sults provide mechanistic insight into the correlative human imaging
studies that implicate these regions in the regulation of negative
emotion. This insight will be vital for understanding how dysfunc-
tion within areas 25 and 32 contributes to the behavioral and
physiological symptomatology of emotion dysregulation in de-
pression and anxiety, and how current and novel treatments may be
better targeted. We demonstrate the utility of a primate model to
study complex brain–body interactions and highlight its importance
for our understanding of the neural basis of affective processing.

Materials and Methods
Subjects and Housing. Seventeen experimentally naïve marmosets (Callithrix
jacchus; n = 8 female, n = 9 male), bred on site at the University of Cambridge
Marmoset Breeding Colony, were housed in male/female pairs (males were va-
sectomized). Of these, 13 were used in the present studies, and four are referred
to in SI Materials and Methods (Table S1). They were kept in a 12-h light-dark
cycle (lights on at 7:00 AM, lights off at 7:00 PM) in a controlled environment of
22 ± 1 °C in temperature and 50 ± 1% humidity. Their cages contained a variety
of environmental enrichment aids including suspended ladders, wooden
branches and ropes to climb and swing on, and boxes to play in. Animals were
fed a varied diet including fruit, rusk, malt loaf, peanuts, eggs, sandwiches, and
weekend treats, and they had ad libitum access to water. All procedures were
carried out in accordance with the UK Animals (Scientific Procedures) Act
1986 and the University of Cambridge animal welfare and ethical review board.

Behavioral Testing Apparatus. Behavioral testing took place within a sound-
attenuated box in a dark room. Animals were trained to enter a transparent
Perspex (Lucite) carry box in which they were transported to the behavioral test
apparatus. The Perspex carry box was placed inside the test chamber, and the
marmoset remained inside this box at all times during testing. The test chamber
was lit by a 3-W bulb (house light) located in the middle of the ceiling of the
chamber and contained a computer-controlled speaker and a siren generator
(120 dB; Biotronix) through which auditory stimuli and a siren could be played.
The apparatus was controlled by the Whisker control system (67) and in-house
software (R. Cardinal). Three video cameras were positioned in the test
chamber so that the movement of the animal within the Perspex box could be
recorded by video software (Power Director; CyberLink). The video display was
also shown on a monitor outside of the test apparatus so the animal could be
observed by the experimenter during testing.

Surgical Procedures. All animals underwent two aseptic surgical procedures, one
to implant intracerebral cannulae targeting area 25, area 32, or both, and one to
implant a telemetric blood pressure monitor into the descending aorta. Both
surgeries were completed before the animal begun any behavioral testing.

Cannulation Surgery. Marmosets were premedicated with ketamine hydrochlo-
ride (Vetalar; 0.05 mL of a 100-mg solution, i.m.; Amersham Biosciences and
Upjohn) before being given a long-lasting nonsteroidal anti-inflammatory anal-
gesic agent (Carprieve; 0.03 mL of 50 mg/mL carprofen, s.c.; Pfizer). They were
intubated and maintained on 2.0–2.5% isoflurane in 0.3 L/min O2 and placed
into a stereotaxic frame modified for the marmoset (David Kopf). Pulse rate, O2

saturation, breathing rate, and CO2 saturation were all monitored by pulse
oximetry and capnography (Microcap Handheld Capnograph; Oridion Capnog-
raphy), and core body temperature was monitored by a rectal thermometer
(TES-1319 K-type digital thermometer; TES Electrical Electronic). Cannulae

Fig. 6. Within-subject fear conditioning and extinction paradigm. (A) Animals
were given four cycles of fear conditioning, extinction, and recall. Each cycle
consisted of five sessions spread over five consecutive days: two sessions of
habituation to the context, one session of fear conditioning, one session of fear
extinction, and one session of extinction recall. On days 1 and 2 (i), animals
were given 2 d of habituation during which they received 12 presentations of
the US− (5-s duration, ITI = 110–130 s; door opens to reveal an empty chamber).
On day 3 (ii), marmosets received one session of fear conditioning, which
comprised five presentations of an auditory CS (25 s, 70 dB) paired with the US−,
followed by seven presentations of the same CS paired with the US+ (5 s,
ITI = 60–80 s; the door opening to reveal the chamber containing the plastic
snake for the last 5 s of the CS). On days 4 and 5 (iii), the marmosets were tested
for extinction and recall whereby the CS was presented in extinction (extinc-
tion, 20 CS–US− presentations; recall, 15 CS–US− presentations; ITI = 60–80 s).
(B) Each time the cycle was repeated, the inside of the test apparatus was
covered with distinctive black and white patterned screens to create a different
context and a different CS cue was used. Contexts, cues, and context/cue
combinations were counterbalanced across animals.
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(Plastics One) were implanted into area 25 (26-gauge double cannulae, 7 mm
long, 1 mm apart; anteroposterior [AP], +14; lateromedial [LM], ± 0.5), and
area 32 (double cannulae, 2 mm long, 1 mm apart; AP, +17; LM, ± 0.5 at a
30° AP angle); coordinates were adjusted where necessary in situ according to
cortical depth (68). Postoperatively, and when fully recovered, all monkeys
were returned to their home cage and then received the analgesic agent
meloxicam (0.1 mL of a 1.5-mg/mL oral suspension; Boehringer Ingelheim) for
3 d, after which they had a further recovery of at least 10 d. Cannulae were
cleaned every week (and caps and cannula blockers changed) to ensure the can-
nula site remained free from infection.

Telemetry Probe Surgery. Animals were anesthetized as described before, the
descending aorta visualized within the abdominal cavity, and the probe
catheter of a telemetric bloodpressure transmitter (Data Sciences International)
implanted into the aorta near the aortic bifurcation asdescribed previously (35).
All monkeys received meloxicam as described before in addition to pro-
phylactic treatment with amoxicillin and clavulanic acid (Synulox; 50 mg/mL
solution; Pfizer), for 1 d before and 6 d after telemetry surgery.

Drug Treatments. For all sterile drug treatments, the marmoset was held gently
in a researcher’s hand. For central infusions, the caps and cannula blockers
were removed from the guide, and the site was cleaned with 70% alcohol. A
sterile injector (Plastics One) connected to a 2-μL gas-tight syringe in a syringe
pump was inserted into the guide cannula, and 0.5 μL of saline or 0.5 μL of
0.1 mMmuscimol/1.0mMbaclofenwas infused bilaterally at a rate of 0.25 μL/min.
Following the infusion, the injector was left in place for a further 1 min to
allow the drug to diffuse before injector removal. Sterile cannula blockers and
caps were replaced, and the marmoset was returned to its home cage for
25 min. For peripheral injections, the injection site was cleaned with alcohol
and injected with diazepam (0.25 mg/kg, i.m.; Wockhardt) or an equal volume
of saline vehicle 30 min before testing. All cardiovascular and behavioral
effects of drug treatments had returned to normal by the subsequent
testing session.

Behavioral Testing Paradigms.
Neutral condition. After full recovery from telemetry surgery and cannulation
surgery, monkeys were habituated to the test apparatus for four to eight 15-min

Fig. 7. Area 25 inactivation enhanced the behavioral and cardiovascular correlates of fear extinction. Area 32 inactivation impeded behavioral correlates of fear
extinction in a way that did not depend on the CS. Graphs show the change in VS or MAP under drug and saline conditions. ii and iii for each figure represent the
CS responses irrespective of baseline. Positive numbers indicate an increase in HR or VS from baseline, whereas negative numbers indicate a decrease compared
with baseline (*P < 0.05; #P < 0.05, manipulation × CS interaction; †P < 0.05, main effect of manipulation; error bars indicate SEM; area 25, n = 3; area 32 VS, n = 5;
area 32 MAP, n = 4). (A, i, and B, i) Representative cannulae locations for each animal, plotted here on a single coronal section for each target area. A separate
cohort of eight monkeys learned this new paradigm. (A, ii and iii, and B, ii and iii) Subjects across both groups acquired conditioned behavioral and cardiovascular
responses in one session. There was a robust effect of the CS (analyzing raw pre-US data for the first three CS pairs as a four-level factor, across area 25/32 subjects
with area as an additional predictor; VS, F1,53.9 = 46.521, P = 8.14 × 10−9, η2 = 0.333; MAP, F1,47.1 = 5.00, P = 0.030, η2 = 0.018), with no differences in conditioning
between subjects by subsequent infusion area (terms involving area, F < 1, NS, for both MAP and VS). This response was not altered across repeated conditioning
cycles (analyzing data as before, across all cycle repeats, with repeat and area as additional predictors; terms involving repeat, F < 1.64, P > 0.2, NS, for VS andMAP).
These responses were readily extinguished under saline treatment in both areas (VS, CS pair, F9,54= 6.169, P < 0.001, MAP, F9,45 = 5.513, P < 0.001). (A, ii and iii) Area
25 inactivation with muscimol/baclofen reduced negative emotion by enhancing the extinction of the VS and MAP responses. There was a greater reduction in the
expression of VS over the course of the extinction sessions (VS, drug × CS pair, F1,54 = 8.297, P = 0.0057, η2 = 0.030; A, ii) and a trend toward a greater decrease in
MAP (drug × CS pair, F1,54 = 3.046, P = 0.08661, η2 = 0.012; A, iii). These effects were not caused by an effect on marmosets’ ability to express conditioned fear, as
there was no difference in VS/MAP during the first CS pair of the extinction session (VS, t2 = 0.48; P = 0.678, MAP, t2 = −0.32843, P = 0.7738), and they were
different from those of area 32 inactivation (VS, area × drug × CS pair, F1,146 = 6.233, P = 0.0136, η2 = 0.011, MAP, drug × CS pair, F1,127 = 4.253, P = 0.0412, η2 =
0.009; area × drug × CS pair, F1,127 = 1.205, P = 0.2743). (B, ii and iii) Area 32 inactivation also altered extinction, but here the effects of inactivation were not specific
to the CS pairs, and the gradient of extinction was not altered for VS or MAP (VS, drug × CS pair, F1,92 < 1; drug, F1,92 = 1.8140, P = 0.1813; MAP, drug × CS pair
F1,73 < 1). However, given that VS behavior wasmuch higher after inactivation of area 32, a post hoc analysis asked whether inactivation affected VS independently
of the extinction process. This revealed an extinction-independent increase in general VS (drug, F1,76 = 128.171, P < 2.2 × 10−16, η2 = 0.502; drug × CS pair, F9,76 < 1;
B, ii), and indicates a significant generalized increase in fear throughout the session despite no difference in VS during the first CS pair of the extinction session (t4 =
1.13; P = 0.32). This generalized increase in VS (not MAP; B, iii) after area 32 inactivation persisted throughout the next session, when marmosets were tested on
extinction recall while drug-free, but recall after area 25 inactivation was unaffected (area × drug, VS, F1,36 < 1; MAP, F1,64 < 1; area 32, VS, drug, F1,52 = 40.69, P =
4.82 × 10−8, η2 = 0.233, drug × CS pair, F6,52 < 1; MAP, drug, F1,39 < 1; area 25, drug, VS, F1,26 < 1, MAP, F1,26 < 1).
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sessions, during which time they were positioned inside the Perspex carry box in
the test apparatus with the light on. No sounds were played. The number of
habituation sessions was dependent on how quickly they acclimated to the test
apparatus. Eachmonkeywas considered to be habituatedwhen their HR did not
change from one habituation session to the next and they were observed to be
completely calm for the whole session. They then received additional identical
15-min sessions, before which they received infusion of saline or muscimol/
baclofen into area 25or area 32. Infusion dayswere interspersedwith dayswhen
the animalwas given a test sessionwithout an infusion to ensure any alterations
in cardiovascular activity had returned to normal. All marmosets took part in the
neutral condition.
Discrimination condition. In contrast tomost rodent fear conditioning paradigms,
which use a simple, single cue to predict electric shock presentation (26), here
we used a milder, discriminative fear conditioning paradigm with multiple
cues associated with different probabilities of aversive loud noise.

During each session, the animal was positioned inside the Perspex carry box
within the testing apparatus and the house light was on. Before the discrimi-
nation started, each animal received a probe session in which they were given
four presentations each of three distinct auditory CSs (clicks, 10 clicks per second
at 75 dB; intermittent tone, 440Hz, 1 s on, 0.1 s off at 75dB;white noise at 75dB).
The innate, unlearned responses to each CSwere assessed according to response
magnitude (behavioral and cardiovascular). The CS that resulted in the largest
response became CS1 andwas pairedwith the least aversive US. The CS with the
smallest response became CS3 and was paired with the most aversive US. The
intermediate CS became CS2. This was to ensure that the discriminative re-
sponses shown by the animal were conditioned responses and not innate. Upon
commencing the discrimination, each session contained 12 trials, with each trial
consisting of the presentation of one of the three CSs (20 s, 70–75 dB), and the
presentation of an unconditioned stimulus (US) immediately afterward. The US
was a mildly aversive loud siren (117–120 dB, 0.4–0.7s) or a nonaversive brief
period of darkness (0.4 s). These were combined to make three CS–US pairs that
varied in aversivity (valence) and were each presented four times per session:
CS3 was always followed by the mildly aversive siren, CS1 was always followed
by the nonaversive darkness, and CS2 was followed on 50% of trials by the
siren and on the other 50% by darkness. The trials were presented in a pseu-
dorandom order with a variable intertrial interval (ITI) of 100–160 s, and the
three different CS–US pairings were counterbalanced across animals. Of the
nine animals who proceeded to learn the aversive discrimination, one animal
failed to learn it and was dropped from the study.

For each trial, themeanHRwas calculated for the 20-s CS presentation and for
the immediately preceding 20-s baseline period (the last 20 s of the preceding
intertrial interval). For each CS presentation, the CS-specific HRwas calculated as
(HR during the CS) minus (HR during baseline). Significant discrimination per-
formance was defined as a difference in CS-directed HR between the most
aversive and the least aversive CS that was statistically significant (within data
from that subject) across two consecutive sessions. Upon reaching the discrim-
ination criterion, the marmoset received a drug treatment before testing on the
next two test sessions. This could be a central infusion or a peripheral injection of
diazepam. Following this, animals were required to regain discrimination cri-
terion before another infusion was performed. Two animals failed to regain
significant discrimination performance after peripheral diazepam treatment,
which meant that the effect of peripheral saline could not be assessed. For this
reason, the diazepam results are compared with the effects of saline infusions
into area 32, as it was the most recent, and therefore comparable, saline
treatment in those animals.
Fear conditioning and extinction. Animals were given four cycles of fear condi-
tioning, extinction, and recall. Each cycle consisted of five sessions spread over
five consecutive days: two sessions of habituation to the context, one session of
fear conditioning, one session of fear extinction, and one session of extinction
recall. During each session, animals were positioned inside the Perspex carry box
within the testing apparatus as before, but, each time the cycle was repeated,
there was a different context. This was achieved by covering the inside of the
testing apparatuswith distinctiveblack andwhite patterned screens. For the two
habituation sessions, animals were given 12 US presentations whereby a sliding
door was opened to reveal a hidden chamber for 5 s. The animal was then given
one session of fear conditioning: 12 trials consisting of the presentations of an
auditory CS (25 s, 70–75 dB), paired with a US presentation that started 20 s
after CS onset, so that the last 5 s of the CS was concurrent with the duration of
the US. There was a variable intertrial interval of 110–130 s. The first five CS
presentations were paired with a US− in which the sliding door was opened to
reveal a hidden chamber; however, the subsequent seven CS presentations
were paired with a US+ in which the sliding door opened to reveal a hidden
chamber containing a lifelike plastic cobra snake. The following day, the animal
had a session of fear extinction: 20 trials consisting of the presentation of the
CS–US− pairing on a variable intertrial interval of 60–80 s. Finally, the animals

were given a session to test for recall of fear extinction: 15 trials consisting of
the CS–US− pairing on a variable intertrial interval of 60–80 s.

Data Analysis.
Telemetry data collection and analysis. Blood pressure data were continuously
transmitted by the implanted probe to a receiver for offline analysis using Spike2
(version 7.01; CED), as described previously (35). Any outliers and recording
failures in the data were removed (blood pressure values >200 mm Hg
or <0 mmHg or other abnormal spikes). Data collection was reliable overall, but
data gaps of less than 0.4 s were replaced by cubic spline interpolation and gaps
of more than 0.4 s were treated as missing values. Systolic and diastolic blood
pressure events were extracted as local maxima and minima for each cardiac
cycle. For the neutral condition, MAP was calculated from the systolic and di-
astolic blood pressure for each cycle as diastolic blood pressure + [1/3 (systolic
blood pressure − diastolic blood pressure)]. To obtain HR and HRV measures for
the 15-min duration of the neutral condition, the interbeat intervals (IBIs; cal-
culated as the time interval between systolic blood pressure events) were im-
ported to Kubios HRV version 2.1 (69) and were corrected for artifacts using the
low artifact correction setting. In contrast to the low setting, artifact correction
with the strong setting increases the risk of accidental elimination of valid data.
Analysis with the strong setting, however, did not change the results (SI Ma-
terials and Methods). Average HR and HRV [root-mean-square standard de-
viation (RMSSD) of the time difference between consecutive IBIs, a time-domain
measure of HRV] were calculated for each session. To assess indices of vagal and
sympathetic activity, Poincaré plots (plot of IBIj+1 as a function of IBIj) were
created in Kubios. The SD of the points perpendicular to the line of identity
(SD1), and the SD of the points along the line of identity (SD2) (70) were used to
derive indices of autonomic activity, the CVI and the CSI (37). HRV analysis re-
quires a certain number of IBI pairs to be valid (approximately 100). While the
15-min session of the neutral condition is ample (an average of 14,000 IBIs), it
was therefore not possible to calculate HRV measures in response to the 20-s
cue presentations in the fear discrimination or fear extinction paradigms. There
was no evidence that animals deviated from sinus rhythm (SI Materials
and Methods).
Behavioral analysis. Behavior during the discrimination was recorded and sub-
sequently scored by an experimenter. The specific behavior scored was VS,
defined as CS-related anxious-like behaviors including watchful scanning of
surroundings accompanied by tense, vigilant body posture (34, 71). The time the
animal spent engaged in this behavior during the 20-s CS period and 20-s
baseline period was scored. CS-specific VS was calculated as the difference
between these two (exactly as for CS-specific HR). A second person blind to the
conditions of the experiment scored a subset (one in five) of the discrimination
sessions. Interscorer reliability was high (r480 = 0.817; P < 0.005). For control
purposes, overall locomotor activity (defined as the duration of movement
including translational movement with all four paws moving and upper-body
movement causing a change in direction of the animal of 90° or more) was also
scored (SI Materials and Methods).
Statistical analysis. For the neutral condition, the average HR and MAP were
calculated for the 15-min session, and thesedatawereused to calculate theHRV
as described before. It was not possible to quantify VS during the neutral
condition. This is because VS is, by definition, CS-related, and because the
neutral condition did not include any CSs, there was no VS.

For the discrimination, each monkey’s CS-directed HR or VS during the ex-
perimental manipulation days (saline, muscimol/baclofen, or diazepam) was
standardized to the same monkey’s CS-induced HR during the preceding 2-d
block of baseline behavior by using y′ = (y − y_mean)/y_SD, where y is individual
CS-induced change in HR or VS during experimental days, y′ is standardized y,
y_mean is the subject’s own mean CS-induced change in HR or VS during
baseline days, and y_SD is the subject’s own SD of CS-induced change in HR or
VS during baseline days. This was done because of substantial intermonkey
variability in baseline HR/VS and the magnitude of HR/VS changes. Within-
subject standardization therefore increases the power to detect drug-induced
changes. A small number of CS data points were removed from the dataset as a
result of animals vocalizing during baseline or CS, which materially changed the
HR. In all cases, the VS/HR during a 20-s CS was also compared with the im-
mediately preceding 20-s baseline period. This was so that any changes seen in
the neutral condition could be eliminated from the discrimination data analysis:
e.g., where area 25 inactivation reduced HR in the absence of cues, it would do
so across the whole session and affect baseline and CS periods equally. Thus, any
measured changes in CS responses were the result of the altered interpretation
of the CSs and not an overall reduction in HR. For the US analysis, the period
around the onset of the US was compared with the last 5 s of the baseline and
averaged across all eight of the most aversive CSs. The peak US-induced HR
increase was then compared with the HR immediately preceding the US onset.
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ANOVAwas performed with R version 3.2.2 (72) using the lme4 package for
linear mixed-effects modeling, statistical tests from the lmerTest package, and
type III sums of squares with the Satterthwaite approximation for degrees of
freedom (here reported to the nearest integer).

For the discrimination, area (25 or 32) and manipulation (saline vs. drug)
were both factors, and CS valence was a linear/continuous predictor (−1 is least,
0 is intermediate, 1 is most). The assumption of a normal distribution of re-
siduals was verified with the Shapiro–Wilk test. In two analyses (the impact of
drug infusions on CSI on the neutral condition and the impact of saline in-
fusion on visual scanning at baseline), there were marginal violations of the
normality assumption (P < 0.05), which were minor as judged by a Q–Q plot,
and to which ANOVA is robust (73). The α was controlled per ANOVA and for
all subanalysis thereafter, as is the norm (73).

For the fear extinction, the overall mean ΔMAP during CS 2–6 of the con-
ditioning sessions (when the animal is expecting the US−) was subtracted from
the remaining data points for each subject to normalize each subject’s snake
conditioning scores to their own individual MAP baseline. This was done be-
cause of the high interindividual variability in MAP. CS1 was not used because
it was the first time the animal had heard that CS and could therefore be
confounded by novelty-induced arousal. ΔVS was calculated the same way.

For analysis of ΔMAP and ΔVS data, trials were averaged in trial blocks of
two (26). ANOVA was performed to analyze the effects of area 25 and area
32 infusions on the CS ΔMAP/VS responses using R as described earlier. Area
(25 or 32) and drug treatment (saline or muscimol/baclofen) were discrete
factors and subject a random factor. For analysis of conditioning and recall
sessions, CS trial block was analyzed as a discrete factor. However, for the
purpose of analyzing the gradient of extinction, CS trial group was treated as a
linear predictor. For analysis of CS-directed effects, the scores for the preceding
20-s baseline (the last 20 s of the ITI) were subtracted from the CS scores

without normalization to CS 2–6 (the comparison with baseline providing
the normalization).

As all animals had at least four repeats of conditioning, extinction, and recall,
an ANOVA was performed to assess whether this repetition affected the ac-
quisitionof fear conditioning. As conditioning tookplacewithout any infusions,
each animal’s first four conditioning sessions were included in this analysis,
even if the extinction and recall data were not analyzed further.

Postmortem Assessment of Cannula Placement. Animals were premedicated
with ketamine hydrochloride (Vetelar; 0.05 mL of a 100-mg solution, i.m.;
Amersham Biosciences and Upjohn) before being euthanized with pentobar-
bital sodium (Dolethal; 1mL of a 200mg/mL solution, i.v.;Merial AnimalHealth).
Animals were then perfused transcardially with 500 mL 0.1 M PBS solution,
followed by 500 mL of 4% paraformaldehyde fixative solution, over ∼15 min.
The brain was removed and left in the 4% paraformaldehyde fixative solution
overnight before being transferred to 30% sucrose solution for at least 48 h.
Brains were then sectioned on a freezing microtome (coronal sections; 60 μm),
mounted on slides, and stained with cresyl fast violet. The sections were viewed
under a Leitz DMRD microscope (Leica Microsystems). The cannula locations for
each animal were schematized onto drawings of standard marmoset brain
coronal sections, and composite diagrams were then made to illustrate the
extent of overlap between animals.
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