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Abstract—The present research aimed at determining the
role played by the amygdala in reward devaluation using
transient inactivation induced by lidocaine microinfusions
into the centromedial region. Two situations involving
reward devaluation were tested in rats: consummatory suc-
cessive negative contrast (cSNC) and anticipatory negative
contrast (ANC). In cSNC, rats exposed to a downshift from
32% to 4% sucrose consume less 4% sucrose than rats
always exposed to 4% sucrose. Extensive evidence sug-
gests that reward devaluation in the cSNC situation is
accompanied by negative emotion. In ANC, rats consume
less 4% sucrose when each session is closely followed by
access to 32% sucrose rather than by 4% sucrose.
Evidence suggests that reward devaluation in the ANC situ-
ation does not involve negative emotions; rather, ANC
appears to involve Pavlovian anticipation of the higher value
solution. To test the effects of lidocaine microinfusions in a
situation known to induce negative emotion, but unrelated
to reward devaluation, animals were also exposed to a
lighted open field. Centromedial amygdala inactivation
reduced the cSNC effect and increased exploratory behavior
in the open field, both effects consistent with a reduction in
negative emotional state. However, no detectable effects of
amygdala inactivation were observed in the ANC situation.
These results suggest that, first, the function of the amyg-
dala is not unique to reward devaluation and, second, it is
concerned with tagging the devaluation experience with
aversive valence. © 2015 Published by Elsevier Ltd. on
behalf of IBRO.
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INTRODUCTION

Reversible lesions produced by infusions of the sodium-
channel blocker lidocaine in several amygdala locations
disrupt the effects of reward devaluation on instrumental
behavior. In one experiment (Salinas et al., 1993), rats
exposed in a runway to a 10-to-1 pellet downshift
decreased running speed relative to rats always reinforced
with 1 pellet—an effect known as instrumental successive
negative contrast (iISNC; Flaherty, 1996). While both lido-
caine and vehicle rats exhibited comparable response
latencies on the first downshift session, lidocaine-treated
animals recovered faster from reward devaluation in the
following sessions. In another experiment using the same
procedure, Salinas and McGaugh (1996) infused bicu-
culline, a GABAa-receptor antagonist, immediately after
the first downshift session into the amygdala and observed
an enhancement of the iSNC effect. Furthermore,
restricted neurotoxic lesions uncovered differential effects.
Whereas lesions of the central nucleus of the amygdala
(CeA) enhanced the iSNC effect, lesions of the basolateral
nucleus of the amygdala (BLA) reduced the iSNC effect
(Salinas et al., 1996). Interestingly, none of the two lesions
affected the initial response to the downshift. Consistent
results were reported with similar manipulations of the
amygdalain a related form of incentive contrast—consum-
matory successive negative contrast (cSNC). In cSNC,
consummatory behavior for a small reward is reduced by
prior access to a large reward, relative to unshifted controls
always receiving the small reward (Flaherty, 1996). Large
centromedial amygdala lesions reduced or even eliminated
the cSNC effect (Becker et al., 1984), whereas intraamyg-
dala infusion of the GABA, agonist diazepam reduced the
size of the cSNC effect (Liao and Chuang, 2003).

These results suggest that output from the amygdala
is a critical component of the negative emotional state
induced by reward devaluation in both the iSNC and
cSNC situations. Moreover, GABA, receptors are
involved in the modulation of the response to reward
devaluation in both situations, as also shown by
systemic treatments with benzodiazepines (for cSNC:
Flaherty and Driscoll, 1980; Flaherty et al., 1990;
Pellegrini et al., 2004; Freet et al., 2006; Ortega et al.,
2014; for iSNC: Rosen and Tessell, 1970; Vogel and
Principi, 1971). However, these effects of amygdala
manipulations on iISNC and cSNC situations differ in
one respect. Whereas disruption of amygdala output did
not seem to affect the initial response to the reward deval-
uation in the iSNC situation (Salinas et al., 1993), the
cSNC effect was disrupted on the first downshift session
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(Becker et al., 1984). Such differential effects are not sur-
prising since these contrast situations respond differen-
tially to a number of behavioral and neurobiological
manipulations (Flaherty, 1996). For example, lesions of
the hippocampus and nucleus accumbens disrupt iSNC
without apparently affecting cSNC (Flaherty et al., 1998;
Leszczuk and Flaherty, 2000), whereas lesions of the
gustatory thalamus disrupt cSNC without affecting iSNC
(Sastre and Reilly, 2006). But the experiments involving
the amygdala were based on different manipulations
(i.e., lidocaine infusions vs. electrolytic lesions). Thus,
the present experiment sought to understand the role of
the amygdala in the cSNC effect by producing a reversible
inactivation of the centromedial region just before the first
reward devaluation experience. Compared to pretraining
irreversible lesions, the current approach has the advan-
tage that the consummatory behavior develops under nor-
mal amygdala conditions before and after disruption of its
activity.

To test for the boundary of the effects of lidocaine on
reward devaluation, amygdala inactivation was also
studied in the anticipatory negative contrast (ANC)
situation and in the open field. The ANC task involves
the same rewards used in the cSNC situation, but
delivered in a different arrangement (Flaherty, 1996). In
the ANC effect, consumption of 4% sucrose is sup-
pressed in a group for which each trial is followed shortly
thereafter by access to 32% sucrose (4—32 condition), rel-
ative to a group for which both trials provide access to 4%
sucrose (4—4 condition). Such consummatory suppres-
sion does not depend on the last reward received a day
earlier, but on the relative value of the forthcoming reward
(Flaherty et al., 1995). The ANC effect develops over ses-
sions and it is immune to pharmacological manipulations
that eliminate, reduce, or exacerbate the cSNC effect,
including treatments with benzodiazepine anxiolytics
(Flaherty and Rowan, 1988) and corticosterone (Ruetti
et al., 2009). There is also an unpublished report suggest-
ing that electrolytic lesions of the central nucleus of the
amygdala do not affect ANC (Coppotelli and Flaherty,
cited in Flaherty, 1996, p. 121). Flaherty (1996) sug-
gested that ANC is an anterograde phenomenon, that
is, that consumption of the first reward is inhibited by
anticipation of a forthcoming reward of a greater value.
Thus, although the ANC effect involves reward devalua-
tion, there is no evidence that the effect is accompanied
by negative emotion. It was expected that amygdala inac-
tivation would not affect ANC.

The effects of amygdala inactivation were also tested
in the open-field situation. This task was chosen because
it is known to induce behaviors indicative of negative
emotion (Suarez and Gallup, 1981; Pare, 1994; Ramos,
2008). Rats exposed to a well-lighted open-field arena
showed reduced activity in the central area, an indication
of heightened unconditioned fear (Bouwknecht et al.,
2007), and increased c-Fos expression in the BLA (Hale
et al., 2006). These results, therefore, lead to the expec-
tation that inactivation of the amygdala before open-field
testing would enhance activity, especially in the central
area of the arena.

EXPERIMENTAL PROCEDURES
Subjects

The subjects were 48 male Wistar rats, experimentally
naive and about 90 days of age at the start of the
experiment. They were bred from animals purchased at
Harlan Labs (Indianapolis, IN, USA), maintained in same-
sex groups in polycarbonate cages after weaning, and
moved to individual wire-bottom cages around postnatal
day 40. The colony room was maintained at a relatively
constant temperature (18-23 °C) and humidity (50%),
and subject to a 12:12-h light cycle (lights on at 07:00 h).
Rats were tested during the light portion of the daily
cycle. Water was freely available throughout their lives.
Food was freely available until they were approximately
90 days of age. In preparation for surgery (see below), all
animals were food deprived to 90% of their free-food
weight. After recovery from surgery and in preparation for
behavioral testing, animals were further deprived to an
81-84% of their original free-food weight. This stepwise
deprivation procedure was implemented to reduce the
number of postsurgical days and thus minimize the risk of
loose cannula implants. Supplemental food was given
every day at least 15 min after behavioral sessions; the
amount of food was determined by an empirically derived
formula aimed at keeping animals within the
preestablished range of food deprivation. While on
deprivation, animals were weighed daily.

Apparatus

¢SNC and ANC testing took place in eight conditioning
boxes (MED Associates, St. Albans, VT, USA) made of
aluminum and Plexiglas, and measuring
29.4 x 28.9 x 24.7 cm (L x H x W). The floor was made
of steel rods, 0.5cm in diameter and 1.2cm apart,
placed perpendicular to the feeder wall. A bedding tray
filled with corncob bedding and placed underneath the
rods collected fecal pellets and urine; the bedding was
replaced as needed. An elliptical opening 1 x 2cm
(W x H), 3.5cm from the floor and located on the
feeder wall served to present a sipper tube (diameter:
1cm). When fully inserted, the sipper tube was flush
against the wall. A house light (GE 1820) located in the
center of the box’s ceiling provided diffuse light. A
computer in an adjacent room controlled the
presentation and retraction of the sipper tube, and
recorded contacts with the sipper tube. Each
conditioning box was placed in a sound-attenuating
chamber containing a speaker (white noise) and a fan
(ventilation), and producing masking noise with an
intensity of 80.1 dB (SPL scale C).

Open-field testing was carried out in three units (MED
Associates, St. Albans, VT, USA), between 9:00 and
15:00 h. The dimensions of each chamber were
43 x 30 x43cm (L xHxW). Rats were tested in
squads of three whenever possible. A light bulb (100 W)
was suspended on top of each field, above the central
area. The open field was cleaned immediately after
each session.
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Surgical and infusion procedures

Surgeries were performed over a period of 4 weeks. As a
result, animals started the experiment at different times.
Assignment to the conditions of the experiment (contrast
and lidocaine) was done so as to run them concurrently
as far as possible. In preparation for surgery, animals
were anesthetized (5%) and maintained (1-2%) with
inhalation isoflurane. Once anesthetized, the animal’s
head was shaved and cleaned with betadine and
alcohol 70%. To prevent eye dryness, a drop of mineral
oil was applied to each eye. Animals were then set in
the stereotaxic frame and a midline incision was made,
the skull was cleaned, and bregma was located. Four
bone anchor screws were placed in the skull to provide
stability to the cannula implant. Cannula guides were
placed bilaterally at the following coordinates (Paxinos
and Watson, 2007): —2.4 AP, £4.2 ML, and —7.0 D/V.
When inserted for microinfusion, cannulae were lowered
for an additional millimeter. Dental cement was used to
provide stability to the implant. Buprenorphine (0.4 mg/kg,
sc) was administered to alleviate pain induced by the sur-
gery. Animals were then housed individually in polycar-
bonate cages until fully recovered from the anesthetic
and then placed back in their home cages. Rats were
allowed 5-8 days for recovery from surgery. During this
period, their weight was gradually brought to the target
81-84% deprivation.

Lidocaine hydrochloride (Sigma—Aldrich, Saint Louis,
MO, USA) dissolved in phosphate-buffered saline (PBS)
(10 png/0.25 pL, 40 pg/LL) was bilaterally infused before
key sessions in each of the three testing procedures (see
below). This lidocaine dose was chosen following Parent
and McGaugh (1994). Animals were placed in a polycar-
bonate cage without the lid and 10-puL syringes
(Hamilton, Reno, NV, USA) attached to polyethylene tub-
ing were connected to the cannulae. The cannulae were
then inserted into the cannula guides and lidocaine (or an
equal volume, equal speed infusion of PBS) was adminis-
tered by activating an infusion pump (KDScientific, Model
KDS 232 CE, Holliston, MA, USA). The infusion pump
was programed to deliver the lidocaine or PBS at a rate
of 0.25 pL/min, for 1 min. An additional minute was allowed
for the fluid to diffuse in brain tissue. The cannulae were
then removed, the guides were blocked with an occluder,
and the animal was placed in the conditioning box or open
field. The session started no more than 3 min after the can-
nulae were removed from the guides.

Training procedures

¢SNC. Training started once animals recovered from
surgery and reached the 81-84% target deprivation
weight. Animals were tested in three tasks administered
in the same order: cSNC, ANC, and open-field activity.
Before the start of cSNC training, animals were
randomly assigned to one of two conditions, depending
on the sucrose concentration during preshift sessions.
Half the animals (n = 24) received access to 32%
sucrose on sessions 1-10 and then were downshifted to
4% sucrose on sessions 11-15. The rest of the animals

(n = 24) received access to 4% sucrose on sessions 1—
15. Animals were ftransported to a waiting room in
squads of four. The composition of each squad and the
assignment to a training box were maintained constant,
but the order in which squads were run was changed
randomly across days to minimize the effects of cues
related to the sequential regularity of running (e.g.,
individual odors). Each session started and ended with
the sipper tube retracted during an interval averaging
30s (£15). All sessions lasted 5 min starting from the
first recorded contact with the sipper tube. During the
session, the house light, white noise, and fan were on
continuously. At the end of a session, animals were
placed back in their cages and the conditioning boxes
were wiped with a damp paper towel, feces removed,
and bedding material replaced as needed. Sufficient
food to maintain target body weights was delivered in
the home cage not less than 15 min after the squad
ended its daily training session. Sucrose solutions were
prepared weight by weight by mixing 32 (or 4) g of
commercial sugar for every 68 (or 96) g of distilled
water. Lick frequency (i.e., total number of licks in the 5-
min session) was the dependent variable.

In preparation for the microinfusion procedure,
animals were placed under the same conditions before
each session, but not given any infusions. This was
done to habituate rats to the handling and general
stimulation that was to occur during the microinfusion
procedure. Before session 11, all animals received a
microinfusion of either lidocaine or PBS (equal volume
and delivery rate).

ANC. Training in the ANC situation started a day after
the last session of the cSNC task with a subset of all the
animals. Animals showing apparent signs of implant
deterioration were removed from the experiment and
prepared for histological analysis immediately after
¢SNC training. As a result, only a subset of 19 animals
received training in the ANC situation. Nonetheless,
histological analysis showed that there were no
differences between the brains of animals sacrificed
early and those sacrificed later. Animals were randomly
assigned to the new conditions (i.e., irrespective of prior
assignment to the cSNC situation). Of the 11 animals
assigned to Group 4-32, six had downshift experience
and five had unshifted experience in the previous cSNC
task. Of the eight animals assigned to Group 4-4, two
had downshifted experience and six had unshifted
experience in the previous cSNC task. Unequal sample
size across groups resulted from the fact that animals
started the experiment not all at the same time and from
the results of the histological analysis of cannula
placements.

Animals were trained in the same conditioning boxes
used for cSNC training. An additional sipper tube was
placed in the front wall, to the right of the sipper tube
used during cSNC training. The original sipper tube
always delivered 4% sucrose, whereas the new sipper
tube delivered 32% or 4% sucrose depending on the
group. There were two groups in this phase of the
experiment. Group 4—4 received access to two solutions
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per day, each lasting 3 min from the first recorded lick and
separated by a 30-s intersolution interval. Animals had
access to 4% sucrose in both bottles. Group 4-32
received the same arrangement, except that the second
daily bottle provided access to 32% sucrose. After 10
daily sessions, all animals received one infusion of
lidocaine and one of PBS in counterbalanced order,
immediately before the session and with the same
general procedure used in the previous phase. One day
without infusions was interpolated between these two
infusion days. Thus, whereas the contrast condition (4—
4 vs. 4-32) was a between-subject factor, the infusion
condition (lidocaine vs. PBS) was a within-subject
factor. Lick frequency was the dependent measure.

Open field. The day after the end of the ANC training
phase, the same subset of animals was exposed to the
open field for a single 20-min session. Immediately
before this session, each animal received an infusion of
either lidocaine or PBS. Of the 12 animals assigned to
the LID condition, eight had been in Group 4-32 and
four in Group 4—4 during the previous ANC task. Of the
seven animals assigned to the PBS condition, three had
been in Group 4-32 and four in Group 4—4 during the
previous ANC task. At the start of the trial, the rat was
placed in the center of the open field and allowed free
movement. Distance traveled (cm), the dependent
measure, was recorded automatically in 5-min bins by a
computer located in an adjacent room.

Histology

The day after the last training session, either in the cSNC
phase or in the open-field phase, all animals were
sacrificed with an overdose of CO, and the brains were
immediately extracted and embedded in 4%
paraformaldehyde for at least 3 days. Brains were then
embedded in 30% sucrose for at least 2days and
sectioned with a cryostat in 40-um slices. Slices were
stained with cresyl-violet and photographed in an
Olympus CX41 light microscope with Q-Color 3 digital
camera; an adaptor and Image-Pro Express were used
for image capture and analysis.

Statistics

The dependent variables were subjected to an analysis of
variance with an alpha value set at the 0.05 level.
Pairwise comparisons using the LSD test were derived
from the main analysis whenever justified by appropriate
significant interactions. The IBM SPSS package
(Version 21) was used to compute all the statistics. For
brevity, only significant F and p values are reported in
the text.

RESULTS
Cannula placement

Fig. 1 shows the placements of the cannula tips. For 15
rats (six in lidocaine groups, nine in PBS groups), the
cannulae were located in the wrong position in one or
both hemispheres, and therefore their behavioral data

were not included in the analyses. Thus, a total of 33
animals were included in the behavioral analyses with
cannulae located in the centromedial amygdala in both
hemispheres.

cSNC

Fig. 2 shows the results of the cSNC phase of training
with the final sample size for each group. Preshift
performance was nondifferential across groups assigned
to the sucrose and infusion conditions. A Sucrose (32%,
4%) x Infusion (LID, PBS) x Session (1-10) analysis
revealed only a significant increase across sessions,
F(9,261) = 18.535, p < 0.001. Fig. 2 only shows the
final preshift session; an analysis of just these data also
indicated nonsignificant differences.

Downshifted animals infused with lidocaine before
session 11 exhibited higher licking frequency than
downshifted PBS controls, but the infusion manipulation
did not affect the performance of unshifted controls. A
Contrast (downshifted, unshifted) x Infusion x Session
(11-15) analysis yielded a significant triple interaction,
F(4,116) = 2.750, p < 0.04. There was also a
significant contrast by session interaction, F(4,1
16) = 6.168, p < 0.001, and a significant change
across sessions, F(4,116) = 5.527, p < 0.001. All other
effects were nonsignificant. Pairwise LSD tests revealed
that the source of the triple interaction was a significant
difference between Groups 32/PBS and 4/PBS on
session 11, F(1,29) = 9.829, p < 0.005. The same
comparison between Groups 32/LID and 4/LID indicated
nonsignificant differences for all postshift sessions.
Further analyses were calculated separately for
downshifted and unshifted groups. Thus, for Groups
32/LID and 32/PBS, there was a significant infusion by
session interaction, F(4,64) = 3.575, p < 0.02, which
originated from a higher lick frequency on session 11 by
animals infused with lidocaine relative to PBS controls,
as shown by LSD pairwise tests, F(1,16) = 6.147,
p < 0.03. A similar comparison of Groups 4/LID and
4/PBS produced nonsignificant effects. Thus, as
predicted, lidocaine infusions in the centromedial
amygdala eliminated the cSNC effect. There was a hint
of a retardation effect on subsequent recovery in
lidocaine-treated, downshifted animals, but this trend
was not supported statistically.

ANC

Fig. 3 shows the main results of this phase with the
sample size for each group. All animals in Groups 4-32
and 4—4 received infusions of both lidocaine and PBS in
counterbalance order. Contrast (4-32, 4—-4) x Infusion
analyses were calculated for the lick frequency during
the first bottle (the critical bottle for an ANC effect) and
the second bottle. There was a significant ANC effect on
the first bottle with lower lick frequency in Group 4-32
than in Group 4-4, F(1,17) =5.458, p < 0.04.
However, the contrast by infusion interaction was
negligible, F < 1. Thus, there was no evidence that the
lidocaine infusion had an effect on ANC. A similar
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Fig. 1. Location of the infusion in all animals for which the tip of the cannulae was located in the centromedial amygdala in both hemispheres. Brain

maps from Paxinos and Watson (2007).

analysis for the second bottle yielded nonsignificant
effects.

Open field

The same subset of animals assigned to the ANC task
was also used in the open-field test. Animals were again
assigned randomly with respect to previous experience,
but because they did not become available for open-
field testing at the same time and given the histological
results, groups are not equal in sample size. Fig. 4
shows the final sample size and the results in terms of
distance traveled. The location of the animal was taken
into account by dividing the field into a central location

and a peripheral area adjacent to the walls of the
apparatus. Infusion (LID, PBS) x Bin (1-4) analyses
were computed for each dependent variable. Distance
traveled in the central area of the open field (Fig. 4, top)
yielded a significant interaction, F(3,51) = 4.18,
p < 0.02. The main effects for infusion and bin were
also significant, Fs > 5.98, ps < 0.03. LSD pairwise
tests derived from the main analysis indicated that the
groups were different during the initial 5 min of open-
field testing, F(1,17) =6.45, p < 0.03. Distance
traveled in the periphery yielded similar results, except
that the infusion by bin interaction fell short of
significance, F(3,51) = 2.47, p < 0.08. Overall,
however, lidocaine animals showed more activity than
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Fig. 2. Lick frequency during the last preshift session (10) and all
postshift sessions (11-15) in groups receiving PBS (top) or lidocaine
(LID, bottom) before session 11. PBS groups exhibited a significant
cSNC effect on session 11 (the cSNC effect). All other comparisons
were nonsignificant.
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Fig. 3. Lick frequency during test sessions with either PBS or
lidocaine (LID, within-subject factor), and shifted or unshifted
(between-subject factor), on the first and second bottles. On the first
bottle, there was a significant effect between groups (the ANC effect),
but the infusion factor was not significant. Group differences were
nonsignificant on the second bottle.

LPS animals, F(1,17) = 6.87, p < 0.02. There was also a
significant reduction of activity across the session,
F(3,51) = 65.01, p < 0.001. Thus, centromedial
amygdala inactivation resulted in higher levels of
locomotor activity in both the central and peripheral
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Fig. 4. Distance traveled during the 20-min open-field session
presented in 5-min bins and separately for the central and peripheral
areas in groups receiving a presession infusion of PBS or lidocaine
(LID). Lidocaine caused a significant increase in distance traveled in
the central area and in the periphery, especially during the initial 5 min
of the session.

areas of the open field, although the effect was most
pronounced during the initial 5 min of the session.

DISCUSSION

Transient inactivation of the centromedial amygdala led to
the following behavioral consequences. First, lidocaine
infusions in the centromedial amygdala reduced the
suppression of consummatory behavior induced by a
32% to 4% sucrose downshift, but had no noticeable
effects in 4% sucrose unshifted controls. This reduction
of consummatory suppression was detected both in
terms of a significant difference between downshifted
lidocaine and PBS groups, and in terms of a
nonsignificant difference between downshifted and
unshifted lidocaine groups (downshifted and unshifted
PBS groups exhibited the cSNC effect). It should be
noted that the cSNC effect was relatively short, lasting
only one session. There is variability in the strength of
this effect across experiment, a fact that might relate to
the different recovery profiles recently identified in a
reanalysis of published data using latent growth mixture
modeling (Papini et al., 2014). Whether stronger results
of centromedial amygdala inactivation would have been
observed had the cSNC effect been longer lasting remains
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to be determined. Second, there was no evidence that
centromedial amygdala inactivation affected performance
in the ANC situation. Third, animals infused with lidocaine
in the centromedial amygdala also displayed a higher level
of ambulatory behavior in the open field. Because the
effects of lidocaine on open-field activity were observed
after testing animals in the ANC situation, the lack of effect
in the ANC test cannot be attributed to failures of lidocaine
or amygdala damage during the cannulation process. The
lack of a selective effect of lidocaine on central area activ-
ity may suggest that the effects were not specific to uncon-
ditioned fear. However, the open field was well lighted, a
fact that may have made it difficult to discriminate effects
on central vs. peripheral areas (Bouwknecht et al., 2007).

These results are consistent with the view that the
amygdala is an important component of the circuit
activated by reward devaluation, but mainly when such
devaluation involves negative emotion. A reduction in the
negative behavioral effects of reward devaluation may be
accomplished by interfering with the reactivation of the
preshift reward expectancy or by interfering with the
output from the comparison between current and
expected reward magnitudes. The present results do not
distinguish between these possibilities; nonetheless, we
center our discussion in the latter. There is substantial
evidence that the cSNC effect is accompanied by a
negative emotional response (Papini, 2003, 2014; Torres
and Sabariego, 2014; Papini et al., 2015). In reward deval-
uation situations, changes in consummatory behavior are
accompanied by the release of stress hormones (Mitchell
and Flaherty, 1998; Pecoraro et al., 2009), changes in
aggressive and sexual behavior (Mustaca et al., 2000;
Freidin and Mustaca, 2004), hypoalgesia (Mustaca and
Papini, 2005), and postsession increase in oral consump-
tion of anxiolytics (Manzo et al., 2014, 2015). In turn, such
suppression is modulated by opioids (Papini, 2009),
cannabinoids (Genn et al., 2004), and benzodiazepine
anxiolytics (Flaherty et al., 1986; Ortega et al., 2014), and
influenced by posttraining administration of memory
enhancers, including corticosterone and bp-cycloserine
(Bentosela et al., 2006; Ruetti et al., 2009; Norris et al.,
2011).

By contrast, the ANC effect, which also involves a
devaluation of 4% sucrose by anticipation of 32%
sucrose, does not seem to be accompanied by negative
emotion (Flaherty, 1996). Apparently, in the ANC situation
the 4% sucrose solution becomes a signal for the higher
value solution that follows. Thus, although involving the
same solutions, the ANC situation may be described as
an appetitive situation resembling Pavlovian conditioning.
Consistent with this view, increasing the intertrial interval
between access to 4% and 32% sucrose (analogous to
increasing the delay between conditioned and uncondi-
tioned stimuli) reduces the ANC effect (Flaherty et al.,
1991). The lack of evidence of an effect of centromedial
amygdala infusions on ANC reported here must be taken
with caution. In the present experiment, several factors
may have conspired against detecting an effect, including
prior experience in the cSNC situation. Moreover, the
effects of centromedial amygdala inactivation were tested
in the expression of ANC, rather than during its acquisition,

a factor that may also explain the lack of effect (Groshek
etal., 2005). Moreover, if the ANC effect represents a form
of conditioning and given that the amygdala is involved in
conditioning, why did we fail to observe any effects in this
experiment? Evidence reviewed by Savage and Ramos
(2009) suggests that the BLA is critically involved in situa-
tions demanding comparisons between rewards, but the
role of the CeA is less clear. The CeA does not seem to
be involved in simple appetitive conditioning situations
(e.g., Tronel and Sara, 2002; Chang et al., 2012) or even
in situations involving surprising increases in reward
(Holland, 2006), both analogous to the ANC procedure
used here. However, CeA lesions impair orienting
responses to appetitive signals (Gallagher et al., 1990)
and disrupt the ability of an appetitive Pavlovian signal to
control appetitive instrumental behavior in a Pavlovian-to-
instrumental transfer situation (Holland and Gallagher,
2003). Thus, the conclusion that centromedial amygdala
infusions do not impair ANC is considered tentative at this
point.

A significant role of the amygdala in the cSNC
situation is also suggested by studies assessing cellular
activity after a 32% to 4% sucrose downshift. Using c-
Fos, a marker of cellular activity, Pecoraro and Dallman
(2005) reported heightened activity after the first down-
shift session. More recently, elevated levels of pCREB,
a marker of synaptic plasticity (Kida and Serita, 2014),
were reported also after the first downshift session in
the CeA (Glueck et al., 2014). The present results, how-
ever, caution against a selective role of the amygdala in
the cSNC effect. In addition to being involved in fear con-
ditioning (Helmstetter et al., 2008), the present results
showed that the amygdala is also required for open-field
performance. Activity in the open field, particularly in its
central area, is usually viewed as indexing unconditioned
fear, anxiety, or conflict between exploring and minimizing
threat (e.g., Ramos, 2008). Thus, it is tempting to con-
clude that one critical role of the centromedial amygdala
in the cSNC situation is to tag the downshift experience
with negative emotional valence.

CONCLUSIONS

Prior research with the iISNC and cSNC situations
suggested that the amygdala plays an important role in
reward devaluation. However, the specific function was
not clearly established because boundary conditions
had not been explored. The present research made two
novel contributions. First, it tested the effect of
reversible amygdala inactivation of the centromedial
region on the cSNC effect and, second, it extended the
behavioral testing to two additional tasks, one involving
reward devaluation in an appetitive Pavlovian context
(ANC) and another involving negative emotion in the
absence of reward devaluation (open-field activity). As
expected, centromedial amygdala inactivation before the
first 32% to 4% sucrose devaluation reduced the
behavioral impact of the reward downshift. Moreover,
the same treatment had no detectable effect on ANC,
even though the same rewards were involved, albeit in
a different arrangement. Finally, centromedial
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inactivation increased activity in the central area of an
open field, an indication of reduced unconditioned fear
of open spaces. These results suggest that the
amygdala’s function is to assign negative emotional
valence to the devaluation experience, a function that it
may share with other situations inducing negative
emotions, such as those involving threats.
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GLOSSARY

Amygdala: In mammals, a differentiated structure of the telencephalon, usually
assigned to the limbic system and implicated in fear and fear conditioning,
among other functions. Several regions can be distinguished anatomically,
including the central, medial, basolateral, and intercalated cell masses, which
may also be functionally differentiated

Anticipatory negative contrast (ANC): A consummatory task involving two trials
per daily session. On trial 1, consumption of a small reward (e.g., 4%
sucrose) is reduced when this trial is followed by access to a large reward
(e.g., 32% sucrose) on trial 2, compared to a control receiving the small
reward in both daily trials (4-t0-4% sucrose). Although trial 1 involves the
same reward in both conditions, the expectation of a large reward on trial 2
reduces consummatory behavior of the small reward relative to the unshifted
control

Consummatory successive negative contrast (cSNC): A consummatory task
involving a single session per day. Access to a large reward (e.g., 32%
sucrose) during several daily sessions is followed by access to a small
reward (e.g., 4% sucrose). The behavior of downshifted animals is compared
to that of unshifted controls always receiving access to the small reward.
During these final sessions, although both groups receive the same reward
magnitude, downshifted animals exhibit a significant reduction in consum-
matory behavior relative to unshifted controls

Incentive contrast: A family of tasks sharing a process of comparison between
rewards of different value. The typical outcome in these situations is that
response to a given reward depends on other rewards that occur previously
or simultaneously, or that are expected to occur in the current situation

Instrumental successive negative contrast (iSNC): An instrumental task involving
one or several trials per daily session. Animals that learn to perform an
instrumental response (e.g., running toward a goal box in a runway) for a
large reward (e.g., 12 food pellets), later exhibit disruption of anticipatory
behavior when the reward is downshifted (e.g., two food pellets), relative to
the anticipatory behavior of an unshifted control always reinforced with the
small reward

Open-field task: A task usually administered in a single session. The animal is
released in an empty arena where it can move freely while its behavior is
monitored. Rodents typically stay closed to the peripheral walls, a behavior
called thigmotaxis, and avoid the central area of the field. Treatments that
increase activity, especially in the central area, are usually interpreted as
reducing unconditioned fear, anxiety, or conflict

Reward devaluation: A procedure involving a (usually unexpected) reduction to a
nonzero reward magnitude. Provided the reduction is significant, such
devaluation induces signs of negative emotion, including disruption of goal
approach
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