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The present research evaluated the role of two prefrontal cortex areas, the ventrolateral orbital cor-
tex (VLO) and the medial prefrontal cortex (mPFC), on two situations involving incentive downshifts,
consummatory successive negative contrast (cSNC) with sucrose solutions and Pavlovian autoshaping
following continuous vs. partial reinforcement with food pellets. Animals received electrolytic lesions
and then were tested on cSNC, autoshaping, open-field activity, and sucrose sensitivity. Lesions of the
VLO reduced suppression of consummatory behavior after the incentive downshift, but only during the
first downshift trial, and also eliminated the enhancement of anticipatory behavior during partial rein-
forcement, relative to continuous reinforcement, in autoshaping. There was no evidence of specific effects
Ventrolateral orbital cortex of mPFC lesions on incentive downshifts. Open-field activity was also reduced by VLO lesions, but only in
Medial prefrontal cortex the central area, whereas mPFC lesions had no observable effects on activity. Animals with mPFC lesions
Rats exhibited decreased consumption of the lowest sucrose concentration, whereas no effects were observed
in animals with VLO lesions. These results suggest that the VLO may exert nonassociative (i.e., motiva-
tional, emotional) influences on behavior in situations involving incentive downshifts. No clear role on
incentive downshift was revealed by mPFC lesions.
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The prefrontal cortex (PFC) is a structurally and functionally
complex cortical region. The limits of the PFC can be defined by
bidirectional connections to thalamic areas, which are relevant
for PFC development [1]. Several cortical fields within the rat PFC
can be roughly divided in three regions: dorsolateral, medial, and
orbital. Not surprisingly, different areas within the PFC are associ-
ated to different behaviors and a particular area can be associated
to more than one behavior. For instance, lesions of the ventrome-
dial PFC (including infralimbic areas) retarded fear conditioning
extinction [2], while lesions of the orbitofrontal cortex impaired
the formation of a negative incentive value for a conditioned
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stimulus paired with food (unconditioned stimulus), when the
food was later devaluated by pairing it with lithium chloride [3]. In
addition, lesions of the orbitofrontal cortex impaired autoshaping
acquisition [4].

The PFC is connected, among others, with thalamic nuclei, basal
ganglia, and sensory and motor cortices [1]. Miller and Cohen sug-
gested that networks associated with the PFC are in an exceptional
location to coordinate a wide array of neural processes and control
various types of behaviors [5]. Furthermore, the PFC may be espe-
cially relevant for the control of behavior in a top-down manner, as
in situations requiring dynamic responses that in turn may involve
the organization of sensory/internal inputs, cognitive information,
and motivated responses. Thus, the PFC may underlie the coordina-
tion of some of the behavioral and motivational adjustments that
occur in situations involving incentive downshifts, such as those
studied in the present experiment.
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In incentive-downshift situations the organism is presented
with a reward that has unexpectedly become less valuable than the
one previously experienced [6]. The present experiment assessed
the role of the ventrolateral orbital cortex (VLO) and medial pre-
frontal cortex (mPFC) in two situations involving incentive shifts:
consummatory successive negative contrast (cSNC) and partial
reinforcement acquisition effect (PRAE) in a Pavlovian situation.
In cSNC, a group previously given access to 32% sucrose is down-
shifted to 4% sucrose and its consummatory behavior is compared
to that of an unshifted control always given access to 4% sucrose.
The cSNC effect involves greater consummatory suppression in
downshifted animals relative to unshifted controls [7]. In the PRAE,
a group receives pairings between a conditioned stimulus and an
unconditioned stimulus (CS and US) in which a random half of the
trials involve CS-only presentations. The acquisition performance
of this partial reinforcement group is compared to that of a group in
which all acquisition trials involve CS-US pairings (i.e., continuous
reinforcement). The PRAE involves higher anticipatory responding
during acquisition under partial reinforcement than under contin-
uous reinforcement [8].

The role of the PFC on ¢SNC has not been thoroughly stud-
ied. Three prefrontal areas have been implicated in the response
to incentive downshifts. Lin et al. [9] reported that excitotoxic
lesions of the insular cortex completely eliminated the cSNC effect.
Insular lesions resulted in a gradual reduction of performance fol-
lowing reward downshift to the level of unshifted controls. Two
other prefrontal areas may play a role in recovery from incen-
tive downshift. Using a reward downshift paradigm similar to
¢SNC, rats undergoing excitotoxic lesions of the mPFC performed
similarly to sham controls during the first downshift trial, but
showed higher levels of sucrose consumption during the second
half of an extended postshift phase (12 trials) [10]. However, no
differences were observed in a second downshift with the same
animals. Unfortunately, no unshifted controls were included, mak-
ing it difficult to determine whether the effects of mPFC lesions
were related to the downshift event or to sucrose consumption.
Finally, Ortega et al. [11] reported that electrolytic lesions of the
anterior cingulate cortex (ACC) had no effect on the first down-
shift trial, on preshift performance, or on unshifted controls, but
retarded recovery from cSNC in subsequent trials. An analysis
of the initial 100s of each postshift trial indicated that animals
with ACC lesions exhibited the cSNC effect earlier than sham
controls. Within-trial analysis has been used to uncover subtle
transient effects that are obscured by pooling data for the entire
trial [11-13]. This early-trial effect emerging during the second
downshift trial was interpreted as providing evidence that the
impairment of ACC function facilitated the retrieval of the aver-
sive memory of the incentive downshift first experienced in the
previous trial.

To the best of authors’ knowledge, there is no published
information on the role of the PFC in the PRAE as assessed in
response-independent, Pavlovian situations (or in any other train-
ing situation), such as the autoshaping procedure used in this
experiment.

The effects of PFC lesions reviewed thus far suggest a top-
down regulation of behavior in incentive downshift situations.
This idea was first suggested by the disruptive effects of lesions
of the amygdala and parabrachial nucleus on ¢SNC [14,15]. The
parabrachial nucleus is part of the brainstem circuit regulating
the taste-licking action pattern in rats [16-21]. The basic idea is
that telencephalic structures, including the PFC and amygdala, are
engaged by a mismatch between actual and expected incentives
to modify consummatory behavior under the control of the taste-
licking brainstem action pattern. Previous results on the behavioral
functions of the VLO and mPFC areas from situations thought to be
related to incentive downshift [22] provided some hints.

The VLO is related to pain-induced responses following the for-
malin test. For example, Xie et al. [23] reported that microinfusions
of morphine, a nonselective opioid receptor agonist, into the VLO
attenuated pain-related behaviors induced by the formalin test.
Both formalin-induced peripheral pain [24] and exogenous opioid
administration [25] are known to modulate the cSNC effect. Fur-
thermore, bilateral lesions of the orbitofrontal cortex (including
the VLO and infralimbic cortex) impaired sign-tracking autoshap-
ing acquisition and led to perseveration of the originally trained
response in a discrimination reversal procedure, while mPFC
lesions (including infralimbic and prelimbic cortices) did not affect
autoshaping performance [4]. Although, lesions of the mPFC [26]
and microinjections of amphetamine within the mPFC had no
detectable effects on pain-related behavior after formalin adminis-
tration [27], Pecoraro et al. [10] reported that mPFC lesions affected
behavioral performance following reward downshift. Based on the
attenuating effects of VLO lesions on pain-related behaviors and
of the enhanced recovery from incentive downshift reported for
animals with mPFC lesions, it was expected that rats with these
two lesions would express reduced cSNC and PRAE in the current
experiment.

In the present experiment, electrolytic lesions in the VLO and
mPFC were administered before the start of training. We chose
to use electrolytic lesions because they produce easily localizable
lesion boundaries and complete damage of the area. However, these
lesions also damage fibers of passage, which tend to be spared in
neurotoxic lesions, at least at low toxin doses [28]. Based on the
reviewed results, it was expected that VLO lesions would impair
recovery from cSNC, having an effect similar to that of ACC lesions,
as manipulations on both ACC and VLO resulted in attenuation of
formalin-induced pain behavior [23,29]. Whereas the role of the
mPFC in pain modulation is unclear, mPFC lesions affected consum-
matory performance following reward downshift [10]. The addition
of unshifted controls (i.e., 4% lesion and 4% sham groups) in the
present experiment would allow an assessment of the extent to
which the lesion effects are specific to the cSNC effect versus gen-
erally related to consummatory behavior. As usual in the case of
brain lesion studies, the effects of PFC lesions extend to other behav-
ioral functions besides those of specific concern in this research.
For example, lesions of the mPFC, but not the lateral PFC, increase
exploratory behavior of the central area in the open field test [30].
To assess the possibility of modulation of activity, relevant to the
search stage of cSNC, rats with both VLO and mPFC lesions were
also tested in the open field. Moreover, deep brain stimulation in
the ventromedial PFC (including prelimbic and infralimbic cortices)
attenuated the suppression of sucrose consumption following foot-
shock stress in a model of learned helplessness [31]. These results
suggest that the mPFC may play a role in the detection of sucrose
solutions. Thus, a sucrose sensitivity test was also administered to
all animals in the present experiment.

Autoshaping acquisition following continuous or partial rein-
forcement was also evaluated after VLO and mPFC lesions in the
present experiment. Chudasama and Robbins [4] reported impaired
autoshaping acquisition following orbitofrontal lesions. However,
there was no evaluation of the effects of orbitofrontal lesions
on autoshaping acquisition under partial reinforcement. Behav-
ior under partial reinforcement acquisition may also be related
to recovery from cSNC. In a selective breeding study that targeted
recovery rates from cSNC, three strains of rats were bred for 5 fil-
ial generations according to their rate of recovery: high, low, or
random. Whereas the low and random lines continued to show
significant cSNC effects across generations, the high line exhibited
a progressive reduction in the size of the cSNC effect across gen-
erations. When animals from the 5th filial generation were tested
under partial vs. continuous reinforcement conditions, the emerg-
ing pattern of results was consistent with their cSNC performance.
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Thus, rats in the random breeding condition showed higher acqui-
sition performance after partial rather than continuous reinforce-
ment training (i.e., PRAE). However, rats selectively bred for higher
recovery rates from cSNC showed no acquisition differences under
partial and continuous reinforcement (Ortega, Norris, Lopez-Seal,
Ramos, & Papini, in preparation). Traditionally, the PRAE has been
interpreted as reflecting emotional activation induced by incen-
tive uncertainty leading to the invigoration of dominant responses
[32-34]. The reduction of cSNC and PRAE in high recovery rats from
the 5th filial generation are consistent with an interpretation based
on reduced emotional (frustration) activation. Therefore, a similar
design was used in the present experiment to determine whether
VLO and mPFC lesions had similar effects, if any, on both cSNC
and PRAE.

1. Method
1.1. Subjects

Fifty-eight Long-Evans male rats were used. Animals were experimentally naive
to all the procedures administered during the experiment. The animals were pur-
chased from Harlan Laboratories (Indianapolis, IN). The subjects were housed in
individual wire-bottom cages with free access to water. Each cage contained arodent
retreat for enrichment. During the experiment, animals were under a 12 hlight/12h
dark schedule (lights on at 07:00 h), in a noise-controlled room with constant tem-
perature (22-23 °C) and humidity (50-65%). They were fed with standard laboratory
rat chow.

1.2. Surgery

When rats reached 90 days of age, they were randomly assigned to one of
three surgery conditions: VLO lesions (n=19), mPFC lesions (n=19), or sham
surgery (n=20). Animals were deeply anesthetized with ketamine (50 mg/kg, ip)
and xylazine (2.6 mg/kg, ip), and were then positioned in a stereotaxic frame with
blunt-tipped ear bars. A midline incision was made in the scalp and two burr holes
were drilled to insert a single electrode twice, one for the VLO or mPFC in each hemi-
sphere. Bilateral electrolytic lesions of the VLO were performed by passing a 0.5 mA
current, for 15s, using a 0.3 mm electrode (AP 3.0-3.7; ML 1.5-2.5; DV 4.0-5.0).
Bilateral electrolytic lesions of the mPFC were performed by passing a 0.5 mA cur-
rent, for 155, using a 0.3 mm electrode (AP 3.0; ML 0.4; DV 4.9; at a 15° angle. All
coordinates were from Paxinos and Watson [35]. Half of the animals in the sham
group were given simulated lesions of the VLO and the rest simulated lesions of the
mPFC. Sham operations involved all steps, including the insertion of the electrode,
except that current was not administered. Rats were allowed 5-8 days to recover
from surgery. Antibiotics were applied as needed. Food and water were continuously
available in the cage.

1.3. Food deprivation

After recovery from surgery, average free-food weights were calculated from
3 consecutive days. Thereafter, animals were deprived of food to 81-84% of their
average free-feeding weight; they received some amount of food every day during
this deprivation procedure. Food was provided every day at about the same time, at
least 15 min after behavioral testing. Water was continuously available during the
course of the experiment. Animals were observed for signs of illness and weighed
daily during the entire experiment. Behavioral training started when the weight of
all rats reached the target range, which took approximately 5-7 days. All statistical
tests were calculated with the SPSS package. In all cases, the alpha value was set at
the 0.05 level. Statistical data for nonsignificant results was omitted for brevity.

1.4. ¢SNC test

¢SNC was conducted in 4 conditioning boxes (MED Associates, St. Albans,
VT) made of aluminum and Plexiglas (29.3 x 21.3 x 26.8 cm, L x H x W). The floor
consisted of steel rods running parallel to the feeder wall. A tray with corncob bed-
ding was placed below the floor to collect feces and urine. In the feeder wall was a
hole 1 cm wide, 2 cm long, and 4 cm from the floor through which a sipper tube, 1 cm
in diameter, was inserted. When fully inserted, the sipper tube was flush against the
wall. Diffuse light was provided by a house light located in the center of the box’s
ceiling. A computer located in an adjacent room controlled the presentation and
retraction of the sipper tube. When the rats made contact with the sipper tube, a
circuit involving the steel rods in the floor was closed and the signal was recorded
by the computer. This provided a measure of cumulative contact with the sipper-
tube, called goal-tracking time (measured in 0.05-s bins). A trial lasted 5 min from
the first detection of a sipper tube contact. Each conditioning box was placed in a
sound-attenuating chamber containing a speaker to deliver white noise and a fan
for ventilation. Together, the speaker and fan produced noise with an intensity of

80.1dB (SPL, scale C). Boxes were swept immediately after each trial with a wet
paper towel.

Within each lesion condition, animals were randomly assigned to one of two
groups depending on the concentration of the sucrose solution received during
preshift trials. In Groups 32/VLO, 32/mPFC, and 32/Sham, rats had access to 32%
sucrose during Trials 1-10 (preshift), but this solution was replaced by 4% sucrose
during Trials 11-15 (postshift). In Groups 4/VLO, 4/mPFC, and 4/Sham, animals
received 4% sucrose during Trials 1-15. Solutions were prepared weight/weight,
by mixing 32 g (or 4g) of sucrose for every 68 g (or 96 g) of distilled water. cSNC
testing involved two types of control conditions, namely, a behavioral control with
groups not exposed to the incentive downshift (i.e., unshifted controls, 4% sucrose)
and a surgery control with groups exposed to all the surgical procedures except for
the electrolytic lesion.

1.5. Sucrose sensitivity test

This test assessed possible changes in sucrose sensitivity due to the lesions.
Following c¢SNC testing and during 3 consecutive days, three different sucrose con-
centrations were administered in two-bottle tests, 23 h per sucrose concentration,
in the home cage. The remaining hour was used to measure consumption, clean the
bottles, and replace them as needed. One bottle contained 0.5%, 1%, or 2% sucrose
(weight/volume; e.g., 0.5% was prepared by mixing 5 g of sucrose for every liter of
distilled water). The other bottle contained distilled water. The order of the sucrose
concentrations and the position of the two bottles in the cage were counterbalanced
across subjects. Sucrose sensitivity was measured in terms of the ratio of sucrose
consumption over total consumption (sucrose plus distilled water) in mL.

1.6. Open field test

The open field test was administered the day following the sucrose sensitivity
test. This test was designed to assess possible changes in motor function following
lesions in the VLO and mPFC. The open-field chambers were specifically designed
for this purpose and were located in the same room where cSNC testing had been
administered. Open-field and c¢SNC testing were never carried out simultaneously.
Four open field chambers were used (Med Associates, St. Albans, VT). The dimensions
of each chamber were 43 x 30 x 43 cm (L x H x W). Testing took place between at
10:00 and 16:00 h. Rats were tested in squads of four. At the start of the trial, each
rat was placed in the center of the open field. Overall and center locomotor activity
were automatically recorded in 5-min bins during a single 20-min trial. The open
field was swept immediately after each trial with a wet paper towel.

1.7. Autoshaping test

Autoshaping was administered to test whether VLO and mPFC lesions affect
behavior in a different type of incentive downshift situation. The conditioning boxes
were different from those used in cSNC testing and were also located in a different
room. Four standard conditioning boxes were used (MED Associates, St. Albans, VT).
The dimensions of each chamber were 28.0 x 20.5 x 20.1 cm (L x H x W). The floor
was made of steel rods running parallel to the feeder wall. A tray with corncob
bedding was placed below the floor to collect feces and urine. A recessed magazine,
2cm from the floor, was located in the center of the front wall, into which the
pellets (45-mg Noyes, rat formula A/I) were delivered automatically. A photocell
located inside the magazine detected head entries (goal tracking). A retractable lever
made of aluminum (4.8 cm wide, 1.9 cm deep, and 7 cm above the floor) was located
2 cm to the left of the magazine. Insertion and retraction of the lever took 0.2 s. The
lever was set so that minimal force would cause a downward movement that could
be detected as a lever-pressing response. A light bulb (GE 1820) attached to the
ceiling of the chamber and positioned opposite to the magazine, provided diffuse
illumination. Each conditioning box was placed in a sound-attenuating chamber
containing a speaker to deliver white noise and a fan for ventilation (SPL 80.1dB,
scale C). Conditioning boxes were swept immediately after each session with a wet
paper towel.

Rats within each lesion condition were matched by weight and c¢SNC expe-
rience, and then randomly assigned to one of two groups differing in terms
of acquisition training. One group within each lesion condition received 50%
partial reinforcement training while the other received continuous reinforcement
training. Each session started with the onset of the house light and ended when
the house light was turned off. A programming error discovered after training was
completed resulted in rats in the continuous reinforcement condition receiving 9
trials per session, rather than the 10 trials originally planned. Rats in the partial
reinforcement condition received 10 trials per sessions. A total of 5 sessions, one
per day, were administered. Thus, continuously reinforced rats received a total of
45 CS-US pairings, whereas partially reinforced rats received 25 CS-US pairings and
25 CS-only trials. Within each session, trials were separated by a variable intertrial
interval averaging 90s (range: 60-120s). Each trial began with the insertion of
the retractable lever for 10s. A computer recorded lever-pressing responses and
goal tracking while the lever was inserted in the chamber. CS-US trials ended with
the retraction of the lever and the delivery of 5 pellets in the magazine cup (one
pellet per 0.2s). CS-only trials ended with the retraction of the lever; no pellets
were delivered. The dependent variables were lever pressings per minute and
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total magazine entries; mean responses per trial were calculated for each animal.
The purpose for recording goal tracking was to determine whether changes in
lever-pressing responses could be related to competition from goal approach.
Therefore, goal tracking was recorded only during lever presentations.

1.8. Histology

At the end of autoshaping testing, animals were sacrificed with CO, and their
brains removed and stored in 10% formaldehyde for at least 24 h. All brains were
then embedded in 30% sucrose for at least 24 h. Using a cryostat, 80 um coronal sec-
tions were sliced, mounted on gelatin-coated glass slides, and stained with thionin.
An experimenter blind to behavioral outcomes performed the histological analysis
under 40x magnification to determine the location and extent to tissue damage
relative to plates form the atlas of Paxinos and Watson [35]. Animals whose lesions
were not located in the target structure were discarded from all the analyses.

2. Results
2.1. Histology

In the group of rats with VLO lesions, 12 animals had at least 75%
bilateral damage and were included in the analyses reported below
(i.e., 7 were discarded due to insufficient or misplaced damage).
Histological analysis indicated that the anterior-posterior extent
of the damage for the largest percentage of animals was localized
between 4.7 and 2.7 mm relative to bregma. More than 75% of the
animals had damage between 4.2 and 3.2 mm relative to bregma.
The mean anterior-posterior distance was 1.25mm (SEM=0.21)
for Group 4/VLO and 1.42 mm (SEM =0.37) for Group 32/VLO. The
extent of lesion was well localized to the VLO, but there was
minor damage to the ventral/medial aspect of the agranular insu-
lar cortex in three animals with some additional damage to the
medial/ventral region of the primary motor cortex in one of these
animal. The distribution of damage for animals in the 32-4% versus
4-4% downshift conditions was similar (Fig. 1).
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In the group with mPFClesions, 13 animals had atleast 75% bilat-
eral damage to the medial prefrontal cortex (i.e., 6 were discarded
due to insufficient or misplaced damage). Histological analysis
indicated that the average anterior-posterior extent of damage
for the largest percentage of animals was localized between 4.2
and 2.2 mm relative to bregma. The mean anterior-posterior dis-
tance was 1.38 mm (SEM=0.13) for Group 4/mPFC and 1.50 mm
(SEM =0.17) for Group 32/mPFC. More than 75% of the animals had
damage between 3.7 and 2.7 mm relative to bregma. The extent of
lesion was well localized to the mPFC, but there was some damage
to the medial/ventral region of the cingulate cortex (Cg1) in 4 ani-
mals and minor encroachment of the most anterior region of Cg2
in 2 animals. The distribution of damage for animals in the 32-4%
versus 4-4% downshift conditions was similar (Fig. 1).

None of the sham-operated animals showed signs of damage
other than that produced by the electrode.

2.2. ¢SNC test

Trial averages for each group are shown in Fig. 2. One rat in
Group 32/Sham failed to acquire consummatory behavior dur-
ing the preshift and was discarded from the analysis. Preliminary
Sham (VLO, mPFC) x Contrast (32%, 4%) x Trial analyses of variance
(ANOVA) of data from both preshift and postshift trials revealed
that none of the factors involving sham groups was significant,
Fs<1. Thus, VLO and mPFC sham groups were pooled together in
all subsequent analyses.

During preshift trials, rats learned to drink the sucrose solutions,
presenting differential acquisition for the 32% vs. 4% solutions. This
effect was similar for all lesion conditions, as indicated by a Lesion
(VLO, mPFC, Sham) x Contrast (32%,4%) x Preshift Trial (1-10) anal-
ysis of variance (ANOVA), which only revealed significant effects
for trial, contrast, and the trial by contrast interaction, Fs>8.82,

VLO
B4/NVLO
032NVLO

52 47 42 37 32 27
Distance from Bregma (mm)

mPFC
E4/mPFC
032/mPFC

42 37 32 27 22 17

Distance from Bregma (mm)

Fig. 1. Examples of VLO (top) and mPFC lesions (bottom). The histograms illustrate the percentage of animals with damage of the VLO (top) and mPFC (bottom) based on
the stereotaxic plates of Paxinos and Watson [32] for animals in the downshifted and unshifted conditions. For both VLO and mPFC lesions, the anterior-posterior extent of

the lesion was similar for the downshifted and unshifted conditions.
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Fig. 2. Mean (+SEM) goal-tracking times for VLO (top) and mPFC groups (bottom),
for the entire trial, during cSNC testing. Groups 32 received 32% sucrose during
preshift trials (1-10) and were downshifted to 4% sucrose during postshift trials
(11-15). Groups 4 received 4% sucrose during preshift and postshift trials (1-15).
VLO: ventro-lateral orbital cortex. mPFC: medial prefrontal cortex. All lesions were
bilateral and electrolytic. Sham groups received a similar surgical treatment but no
current was passed through the electrode into brain tissue.

ps<0.01. All other effects and interactions were nonsignificant. A
borderline (but nonsignificant) effect was observed for the lesion
by contrast interaction, obviously caused by the relatively poor
performance of rats in Group 4/mPFC. These animals produced con-
sistently lower goal-tracking times throughout the testing period
(Fig. 2, lower panel).

During postshift trials, a cSNC effect is supported by a trial by
contrast interaction and a trial effect, Fs >7.30, ps <0.01. However,
no evidence for effects of the VLO or mPFC lesions on cSNC was
found, as revealed by nonsignificant effects for all other factors. As
above, the largest nonsignificant effect was that of the lesion by
contrast interaction.

Visual inspection of the postshift results presented in Fig. 2
suggests that VLO and mPFC lesions had different effects on con-
summatory behavior. To determine whether this was the case,
downshifted and unshifted groups were compared independently
while holding constant the lesion condition by computing Contrast
(32%,4%) x Trial (11-15) ANOVAs for Sham, VLO, and mPFC pairs of
groups. Where the interaction was significant, LSD pair wise com-
parisons at each trial were calculated with the error term derived
from the main analysis. For the sham groups, the contrast by post-
shift trial interaction and the trial effect were significant, Fs > 3.87,
p<0.008; the contrast effect was not significant. LSD comparisons
between contrast groups at each trial indicated that downshifted
rats performed significantly below unshifted controls on Trial 11,
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Fig. 3. Mean (£SEM) goal-tracking times for VLO (top) and mPFC groups (bottom)
during the initial 100s on Trials 10-15.

F(1,17)=6.42, p<0.03. For VLO groups, only the trial effect was sig-
nificant, F(4, 40)=2.68, p <0.05; other effects were not significant.
For mPFC groups, there was a nonsignificant, but marginal interac-
tion, F(4,44)=2.56, p < 0.06, and significant main effects for contrast
and trial, Fs>5.38, p <0.02. Notice that the contrast effect in mPFC
animals is in the opposite direction: unshifted controls performed
significantly below downshifted rats.

Within-trial analysis has been used to uncover subtle, tran-
sient effects that are obscured by pooling data for the entire trial
[11,35,36]. Moreover, early trial performance may be reasonably
assumed to reflect the effectiveness of the memory retrieval pro-
cess induced by tasting the sucrose solution. For example, the
cSNC effect is usually not observed in intact animals during the
initial 100s of downshift trials; however, administration of the
memory-enhancing drug D-cycloserine immediately after Trial 11
increases consummatory suppression early on Trial 12, the fol-
lowing day [13]. Late-trial performance may reflect a mixture of
memory retrieval and within-trial motivational factors affecting
consummatory behavior during the postshift trials. Fig. 3 shows
the performance of VLO (top) and mPFC (bottom) groups during
the initial 100s of trials 10-15 (Trial 10, the last preshift trial, was
included only as a reference). As shown here, none of these lesions
caused the ¢SNC effect to emerge early on trials 11-15. The only
observable effect of the mPFC lesion was in the unshifted con-
trols, which exhibited consistently lower performance on all the
trials. A Lesion x Contrast x Trial (11-15) ANOVA indicated signifi-
cant lesion by contrast interaction, contrast effect, and trial effect,
Fs>3.33, ps<0.05; all other effects were not significant. LSD pair-
wise contrasts with the error term from the main analysis indicated
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during the last 100 s on Trials 10-15.

that the source of the interaction was the significantly lower per-
formance of Group 4/mPFC relative to 32/mPFC, F(1, 38)=11.252,
p<0.003. The difference between unshifted and downshifted
groups was not different for the VLO and Sham conditions.

Fig. 4 shows the analogous results for the last 100s of Trials
10-15 (again, Trial 10 serves only as a reference point). A simi-
lar analysis indicated significant interaction between contrast and
postshift trial and a significant trial effect, Fs>9.59, ps<0.001;
none of the other effects were significant. LSD pairwise tests indi-
cated that the source of the interaction was significantly lower
performance of downshifted groups than unshifted controls on
Trial 11, F(1, 38)=7.84, p<0.009, but the opposite result on Trial
15, F(1, 38)=4.64, p<0.04. There was an apparent effect on the
goal-tracking measure of VLO downshifted animals restricted to
Trial 11 that might have been obscured in the general analysis by
the performance on subsequent trials (see Fig. 4, top panel). To
determine whether this effect reached significant level, a second
analysis restricted to the VLO vs. Sham comparison, and only to
Trials 11-12 was calculated. The triple interaction was now sig-
nificant, F(1, 38)=4.74, p<0.04. Pairwise LSD tests indicated that
downshifted differed from unshifted on Trial 11 in the sham groups,
F(1,27)=14.22, p<0.002, but not in the VLO groups. There were no
differences on Trial 12. Thus, VLO lesions eliminated the cSNC effect
during the final 100s of Trial 11.

2.3. Sucrose sensitivity test

An overall Lesion x Sucrose analysis did not yield any significant
results. Additional one-way analyses were performed comparing
VLO vs. Sham and mPFC vs. Sham for each sucrose concentration
(0.5, 1.0, and 2.0%). These analyses were intended to highlight
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Fig. 5. Mean (+SEM) sucrose consumption ratio in VLO, mPFC, and Sham groups.
Sucrose sensitivity was measured in terms of the proportion of sucrose consumption
over total fluid consumption (mL) in the two-bottle test.

potential effects that could be obscured in the overall analysis.
Fig. 5 shows the preference for each sucrose concentration by each
lesion condition. VLO rats showed nonsignificant effects for all
concentrations. Although visual inspection suggests otherwise,
rats in the mPFC condition actually showed a significantly lower
sucrose preference than sham rats for the 0.5 sucrose concen-
tration, Fs(1, 32)>4.46, p <0.04, but nonsignificant effects for the
other concentrations. These results provided no evidence for an
effect of VLO lesions on sucrose sensitivity. However, mPFC lesions
seemed to have disrupted preference for sucrose at the lowest
tested concentration, 0.5% solution. If this effect were genuine, it
may relate to the unusually low level of consummatory behavior
in Group 4/mPFC during cSNC testing (see Fig. 2, lower panel).

2.4. Open field test

Overall and center ambulatory distance were evaluated inde-
pendently with Lesion (VLO, mPFC, Sham) x Bin (1-4) ANOVAs. Due
to equipment malfunction, data from three rats were lost. As seen
in Fig. 6, all rats showed a decreasing level of overall and center
ambulation as the open-field session advanced (i.e., habituation of
exploratory behavior). For overall and center performance, lesions
did not affectambulatory behavior. In both measures, there was sig-
nificant decreasing activity across 5-min bins, Fs(3, 117)>136.00,
ps<0.01; none of the other effects was significant.

Lesion x Bin analyses were calculated also for VLO and mPFC
separately to determine whether a restricted effect was obscured
in the overall analyses. Four separate ANOVAs were computed:
VLO center activity, VLO overall activity, mPFC center activity, and
mPFC overall activity. The Lesion x Bin interaction was significant
in only one case: VLO lesion, center activity, F(3,81)=2.74, p<0.05.
The reduction in activity across bins was significant in all cases,
Fs>86.67, ps<0.001. All other interactions and the main effect of
lesion were nonsignificant. Thus, the habituation rate of locomo-
tor activity was faster in VLO animals than in sham animals for the
central area of the open field.

2.5. Autoshaping test

The acquisition of lever-pressing behavior under CR and PR
conditions is shown for VLO (top), mPFC (middle), and Sham
(bottom) groups in Fig. 7. The PRAE, or higher response level in
the PR than CR groups, was clearly observed in Sham and mPFC
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groups, but not in VLO groups. Despite the apparent lesion by
schedule interaction, a Lesion (VLO, mPFC, Sham) x Schedule (CR,
PR) x Session (1-5) ANOVA only revealed significant effects for
the schedule by trial interaction, schedule, and session, Fs>3.70,
ps<0.008. Other effects were not significant. Separate ANOVAs
were computed for each lesion group, as done with other depen-
dent measures. It was expected that the schedule effect would
be present in sham and mPFC groups, but not in VLO groups; the
analyses supported these predictions. PR groups were significantly
above CR groups in sham and mPFC animals, Fs>6.82, ps<0.02,
but not in VLO animals. The session effect was also significant in
sham and mPFC groups, Fs >9.02, ps<0.001, but not in VLO groups.
Finally, the schedule by session interaction was only significant in
mPFC groups, F(4, 44)=3.18, p<0.03.

An analysis on response rates during the first trial of each
session, before the first outcome for the session was delivered,
was computed to determine whether the PRAE would result from
relatively more satiation in CR animals than in PR animals as a
result of differences in the amount of food delivered during the
session. Performance during the first trial was not influenced by
food delivery because it occurred before the first outcome of the
session, thus detecting selectively the ability of the CS to induce
response activation. The results are shown in Fig. 8. Clearly, the
same pattern of results was observed whether in the entire session
or in the first trial of each session. Analyses indicated significantly
higher response rate in PR than CR groups in sham and mPFC
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Fig. 7. Mean (+£SEM) lever-pressing responses per minute for each autoshaping
session for partial reinforcement (PR) and continuous reinforcement (CR) groups
of rats with VLO (top), mPFC (middle), or Sham lesions (bottom).

groups, Fs>4.85, ps<0.05, but not in VLO groups. The session
effect was significant in all groups, Fs >2.78, ps <0.04, whereas the
schedule by session interaction was significant only in the sham
groups, F(4, 68)=3.11, p<0.03. Therefore, the PRAE was present
already in the first trial of each session in sham and mPFC groups,
but it was absent in VLO groups.

A similar analysis was calculated for goal tracking performance
to determine whether the absence of the PRAE in VLO groups was
related to competition from goal approach. The results are shown
in Fig. 9 in terms of the session means for each group. Rats in
all conditions showed higher goal tracking performance under PR
than under CR, suggesting that increased response competition
was not a factor in VLO groups. Thus, the failure of the PRAE to
emerge in VLO animals was specific to lever-pressing behavior,
as the effect developed normally in terms of goal tracking in all
lesion conditions. These analyses indicated the following results.
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PRrats responded higher than CR rats in the three lesion conditions,
Fs>92.73, ps<0.001. The schedule by trial interaction was not sig-
nificant in sham and VLO animals, but significant in mPFC animals,
F(4,44)=2.98, p<0.03. Changes across sessions were significant for
VLO and mPFC animals, Fs > 2.83, ps < 0.04, but not for sham animals.
These results also suggest that at least in the autoshaping situation,
the PRAE is not dependent upon response competition; in fact, PR
sham animals responded at a high rate to both the lever (sign track-
ing) and the magazine (goal tracking), whereas CR animals showed
less responding for both sign and goal tracking.

3. Discussion

The present experiment evaluated the role of two PFC regions
(VLO and mPFC) on two effects involving incentive downshifts
(c¢SNC and the PRAE), and on sucrose sensitivity and open-field
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Fig. 9. Mean (£SEM) goal-tracking responses per trial for each autoshaping session
for partial reinforcement (PR) and continuous reinforcement (CR) groups of rats with
VLO (top), mPFC (middle), or Sham lesions (bottom).

activity. The results can be summarized as follows. First, VLO lesions
eliminated the cSNC effect, but only on Trial 11 and during the end-
ing part of the trial, and eliminated the PRAE in autoshaping. VLO
lesions also accelerated the rate of habituation in the open field,
but only in the central area. VLO lesions had no observable effects
on sucrose sensitivity. Second, there was no evidence that mPFC
lesions affected the cSNC effect, the PRAE, and open-field activ-
ity. However, mPFC lesions reduced consummatory behavior in the
unshifted condition during cSNC testing. Perhaps related to the lat-
ter effect, mPFC lesions reduced preference for the lowest sucrose
solution tested. The following paragraphs examine the limitations
and implications of these conclusions.

Three major limitations are addressed next. First, electrolytic
lesions are more clearly defined and possibly more effective at
destroying neural tissue than chemical lesions, but they also
destroy fibers of passage [28]. Axons interconnecting cortical areas
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are probably significant in number and thus the extent to which
the results reported here are due to this type of damage is unclear.
However, further examination of the functional role of a given
brain area on a specific behavioral effect can be safely postponed
when electrolytic lesions fail to produce observable effects. This
is because the area is unlikely to play a vital role in the behavior
under examination given the generally extensive damage produce
by such lesions. Second, behavioral tests were administered in the
same sequence for all animals, thus preventing an evaluation of
carry-over effects from one test situation to the next. The two situ-
ations involving incentive downshifts are known to be sensitive to
sequential task effects. For example, the cSNC interacts with tests of
anxiety (elevated plus maze and home-cage emergence tests [36])
and the effects of partial reinforcement are known to carry over to
other tasks involving different environments, responses, and moti-
vational states [37]. In the present experiment, the only concern
would be whether exposure to the cSNC situation affected subse-
quent tests, because the PRAE was the last task presented to the
animals. However, the cSNC effect in this particular experiment
happened to be relatively small in size and short lasting. In sham
animals, for example, the cSNC effect was clearly seen only on Trial
11. The strongest effect was the PRAE and it was observed last in
the sequence of tests. Third, some of the sample sizes were smaller
than usual for similar experiments due to lesion misplacement and
size. For example, in the cSNC stage, Groups 32/VLO and 4/VLO
included only 6 subjects each, and Group 4/mPFC included only 4
animals; the original target sample size was hoped to have been
10 per group. Small sample sizes usually conspire against group
differences because of increase within-group variance and reduced
degrees of freedom. The fact that these effects were statistically sig-
nificant suggests that they are probably genuine. Still, these results
should be taken with caution.

VLO lesions caused a transient, within-trial increase in consum-
matory performance during the later part of the first downshift
trial (Trial 11). It is possible that such an effect of the VLO lesion is
related to a decreased negative emotional response to the down-
shift that takes a few minutes to peak on Trial 11. This transient
effect of the VLO lesions on cSNC may be related to the enhanced
c-fos expression after the downshift trial for the orbitofrontal
cortex [38]. Alternatively, divergent results between VLO lesions
and orbitofrontal cortex activation on ¢SNC may be related to
procedural differences across experiments in a manner analo-
gous to studies on the nucleus accumbens and cSNC. Sucrose
downshift enhanced c-fos expression in the nucleus accumbens
[38] and blunted dopamine efflux during Trial 11 [39]. How-
ever, lesions in this area failed to produce detectable effects
on cSNC [40,41].

The PRAE was absent in rats with VLO lesions, but only when
measured in terms of lever pressing. There was a trend, albeit non-
significant, toward decreased responding during both CR and PR in
VLO rats, relative to sham rats, consistent with impaired acquisition
of autoshaping following orbitofrontal lesions reported in previous
studies [4]. The reduction of the cSNC effect on Trial 11 (Fig. 4)
and the absence of the PRAE in lever pressing (Figs. 7 and 8) are
consistent with an explanation in terms of frustration theory [33].
Under normal circumstances (e.g., sham animals), incentive down-
shiftinvigorates behavior by eliciting higher drive levels [42]. In the
cSNC situation, increase drive may be responsible for the typically
high levels of activity and searching behavior observed during the
initial downshift trials [43], thus leading to reduced drinking. In
the PRAE situation, the presence of a discrete stimulus with strong
signal properties [44] may channel higher drive levels into the
invigoration of lever pressing. VLO lesions seem to attenuate drive
normally induced by incentive downshifts—a nonassociative pro-
cess. Drive attenuation in VLO animals may also be responsible for
the enhanced habituation of central-area activity in the open field.

A drive function for VLO on both c¢SNC and the PRAE is also con-
sistent with increased persistence in extinction of food-rewarded
responses following VLO lesions [45].

There was no evidence for an effect of mPFC lesions on reward
downshift, either in the cSNC or PRAE situation. An interpretation
of the cSNC results is complicated by the effect of the mPFC lesion
on unshifted performance. mPFC lesions decreased consummatory
behavior to 4% sucrose, but did not seem to affect consummatory
behavior to 32% sucrose. These data are partially consistent with
Pecoraro et al. [10], who reported no effects of mPFC lesions on
early postshift (postshift trials 1-3), but an increase of performance
in an extended postshift phase. However, as noted above, unshifted
controls were not included in that study, which leaves open the
question of whether the effects reported by Pecoraro et al. are
specific to the incentive downshift or to the consumption of low-
concentration sucrose solutions. Notice, however, that the mPFC
lesions in the present experiment were located mainly in the pre-
limbic cortex, whereas the mPFC lesions in the Pecoraro et al. [10]
study were located mainly in the infralimbic cortex. Taken together,
these data do not allow for a firm conclusion on the role of the
mPFC (prelimbic and infralimbic cortices) in the cSNC situation.
The fact that in the present experiment mPFC also failed to influ-
ence the PRAE suggests that it is premature to assign this area any
specific role in incentive downshift situations. In addition, the lack
of sensitivity for the lowest sucrose concentration in the sucrose
preference test by mPFC animals is also partially consistent with a
lower performance of animals exposed to 4% sucrose in the cSNC
situation. This, however, must be taken with caution for two rea-
sons. First, because the procedures for testing sucrose sensitivity
and cSNC are very different (24 h vs. 5min, choice vs. no choice).
Second, because downshifted animals with mPFC lesions, exposed
to 4% sucrose, display very different consummatory behavior from
that of 4%, unshifted control. Note that such a difference in con-
sumption of 4% sucrose (i.e., between downshifted and unshifted
groups during postshift trials, all receiving access to 4% sucrose)
cannot be explained exclusively in terms of reduced sensitivity for
low sucrose solutions in animals with mPFC lesions.

Brain mechanisms underlying reward downshift can be
described in terms of a top-down activation of the cortex and
critical subcortical nuclei that reorganizes brainstem-based mech-
anisms for sucrose-related consummatory behavior [12,13]. PFC
areas are in an exceptional location to coordinate several neural
processes [5]. In the case of ¢cSNC, it seems that the ACC [11] and
the insular cortex [9] are two promising areas for the control of the
behavioral mechanisms that underlie the sudden reorganization of
consummatory behavior following cSNC. These areas also seem to
exert opposite influences on consummatory behavior during incen-
tive downshifts, with lesions of the ACC enhancing cSNC, whereas
lesions of the insular cortex eliminating cSNC.

Flaherty’s [46] multistage hypothesis may help clarify the neu-
rochemical basis of ¢SNC, but it clearly needs greater specificity.
Amsel’s [33] frustration theory provides such specificity when
applied to the cSNCsituation [6,47]. Some effects of brain lesion and
pharmacological studies are consistent with the hypothesis that
different mechanisms underlie consummatory behavior during the
first vs. second downshift trials, at least under the usual procedure.
Trial selectivity has been observed for benzodiazepine anxiolyt-
ics and opioids [23,46], and also for ACC lesions [11]. Flaherty’s
rejection and search effects in the stage 1 of his multistage model
are conceptually analogous to Amsel’s aversive and drive-inducing
properties of primary frustration—the unconditioned state trig-
gered by surprising nonreward. Flaherty’s conflict and recovery
effects of stage 2 in his hypothesis are analogous to the more
detailed concepts of approach-avoidance conflict and countercon-
ditioning of frustration in Amsel’s frustration theory. It remains to
be seen whether these models can, on the one hand, handle all
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the empirical evidence, and on the other, be translated into brain
function. For example, both naloxone (an opioid-receptor antago-
nist) and ACC lesions enhance the cSNC effect [11,48], suggesting
the possibility of a compensatory mechanism, perhaps mediated by
opioidergic activity, that modulates the intensity of the emotional
response to the incentive downshift, as is known to occur in situa-
tions involving physical pain and fear [49,50]. There is no provision
in either model for such a compensatory mechanism.
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