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The present research investigated the hypothesis that the hippocampus is involved with the control of
appetitive behavior by interoceptive “hunger” and “satiety” signals. Rats were trained to solve a food
deprivation intensity discrimination problem in which stimuli produced by 0-hr and 24-hr food depri-
vation served as discriminative cues for the delivery of sucrose pellets. For Group 0�, sucrose pellets
were delivered at the conclusion of each 4-min session that took place under 0-hr food deprivation,
whereas no pellets were delivered during sessions that took place when the rats had been food deprived
for 24 hr. Group 24� received the reverse discriminative contingency (i.e., they received sucrose pellets
under 24-hr but not under 0-hr food deprivation). When asymptotic discrimination performance was
achieved (indexed by greater incidence of food magazine approach behavior on reinforced compared
with nonreinforced sessions), half of the rats in each group received hippocampal lesions, and the
remaining rats in each group were designated as sham- or nonlesioned controls. Following recovery from
surgery, food deprivation discrimination performance was compared for lesioned and control rats in both
Groups 0� and 24�. Discriminative responding was impaired for rats with hippocampal lesions relative
to their controls. This impairment was based largely on elevated responding to nonreinforced food
deprivation cues. In addition, hippocampal damage was associated with increased body weight under
conditions of ad libitum feeding. The results suggest that the inhibition of appetitive behavior by energy
state signals may depend, in part, on the hippocampus.
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Although much attention has been focused on the hypothalamus
as the site of detection for physiological (e.g., hormonal, meta-
bolic) signals relating to energy balance, a number of findings
suggest that the hippocampus may be involved with utilization of
the information that is provided by those signals. For example, rats
with selective neurotoxic lesions of the hippocampus exhibit in-

creased food intake, body weight gain, metabolic activity, and
appetitive behavior compared with rats with an intact hippocampus
and rats with damage confined to the medial prefrontal cortex
(Davidson et al., 2009). These findings complement recent results
from (a) neuroanatomical studies (e.g.,Cenquizca & Swanson,
2006, 2007) that identified direct projections in rats from hip-
pocampal cell fields to brain regions (e.g., the lateral hypothala-
mus) that are known to be involved in feeding, (b) studies using
functional MRI (fMRI) with humans and rats that revealed
changes in hippocampal activation in response to food stimulation
(Thanos et al., 2008) and to feeding and gastric manipulations
(e.g., DelParigi et al., 2004; Wang et al., 2006) that were designed
to give rise to interoceptive signals of satiety, and (c) studies that
showed that humans suffering from severe amnesia associated
with hippocampal damage also exhibited a reduced ability to
suppress food intake when given repeated opportunities to con-
sume meals (e.g., Hebben, Corkin, Eichenbaum, & Shedlack,
1985; Rozin, Dow, Moscovitch, & Rajaram, 1998).

The goal of the present study was to examine the effects of
damage to the hippocampus on the ability of rats to use their
interoceptive energy state signals to control their appetitive behav-
ior. In this study, rats were trained to solve a deprivation intensity
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discrimination problem (Davidson, 1987) in which cues arising
from 0-hr food deprivation (produced by ad libitum access to food
for approximately 24 hr prior to a training session) and 24-hr food
deprivation (no access to food for approximately 24 hr prior to the
training session) served as discriminative signals for the delivery
of sucrose pellets. When asymptotic discrimination performance
was achieved, the effects of selective removal of the complete
hippocampus on retention of the previously learned discrimination
were assessed. If rats rely on the hippocampus to use the infor-
mation provided by their interoceptive energy state signals to
anticipate the delivery of sucrose, then retention of deprivation
intensity discrimination performance should be impaired for rats
with hippocampal lesions compared with controls. The nature or
pattern of the impairment exhibited by lesioned rats (e.g., in-
creased or decreased appetitive responding under 0-hr compared
with 24-hr food deprivation) will also be informative about the
functional role of the hippocampus in using energy state informa-
tion.

Previous research found that rats with selective hippocampal
lesions were impaired in learning to use interoceptive cues arising
from different levels of food deprivation as discriminative cues for
a brief shock (Davidson & Jarrard, 1993). These same rats were
unimpaired in learning to use brief auditory conditioned stimuli
(CSs) as signals for shock. Thus, the results of this “food depri-
vation intensity discrimination” training indicated that hippocam-
pal damage interfered with either the detection or the utilization of
energy state signals. This basic outcome was also obtained in
another study with a shock unconditioned stimulus (US), when rats
with lesions confined to the ventral and dorsal hippocampus,
respectively, were compared with controls (Hock & Bunsey,
1998).

One thing that is unclear from these findings is whether or not
the hippocampus is needed for rats to use their energy state cues to
anticipate appetitive as well as aversive outcomes. Recent research
(Thibaudeau, Dore, & Goulet, 2009) indicates that hippocampal
damage impairs Pavlovian trace conditioning with punctate extero-
ceptive CSs when learning is based on an aversive but not when it
is based on an appetitive US. Thus, it would be important to know
whether the effects of hippocampal damage on discrimination
performance with interoceptive food deprivation intensity cues are
similarly dependent on the type of US (appetitive or aversive) used
to reinforce learning. If the hippocampus is needed for rats to use
interoceptive stimuli that correspond to “hunger” and “satiety” as
signals for appetitive USs, this would support the idea that inter-
fering with hippocampal functioning could also interfere with the
regulation of energy intake and body weight as reported by Da-
vidson et al. (2009).

Davidson and Jarrard (1993) assessed the effects of hippocam-
pal damage that occurred prior to the beginning of food depriva-
tion intensity discrimination training. Energy state signals corre-
sponding to “hunger” and “satiety” are presumably present early in
life. Therefore, animals (including humans) would have ample
opportunity to learn about these cues before problems with intake
and body weight regulation emerge. Thus, if interference with
hippocampal functioning contributes to impaired energy and body
weight regulation, it is more likely that this effect would be based
on interfering with the retention or utilization of previous learning
about energy state signals, rather than the acquisition of new
learning about those cues. The present experiment also set out to

assess the effects of ibotenate lesions of the complete hippocampus
on the ability of rats to use prior learning that established intero-
ceptive cues corresponding to “hunger’ and “satiety” as discrimi-
native signals for the availability of an appetitive US.

Following the general procedures and experimental design used
previously to establish appetitive food deprivation intensity dis-
crimination learning in nonlesioned animals (Davidson, Kanoski,
Tracy, et al., 2005; Kanoski, Walls, & Davidson, 2007), we trained
two groups of rats to use cues arising from 24-hr (i.e., 24 hr
without food) and 0-hr food deprivation (i.e., 0 hr without food
following a 24-hr period with food freely available) as discrimi-
native stimuli. For rats in Group 0�, sucrose pellets were deliv-
ered at the end of each 4-min session that took place under 0-hr
food deprivation and no pellets were delivered at the end of
sessions that took place when the rats were food deprived for 24 hr.
Rats in Group 24� received the reversed deprivation level–
sucrose pellet contingency. After asymptotic discrimination per-
formance was achieved, half of the rats in each group received
hippocampal lesions, and half were assigned to control conditions.
Following recovery from surgery, deprivation intensity discrimi-
nation performance was tested under the same conditions that were
used in original training.

Previous studies using this basic design confirmed stimulus
control by interoceptive food deprivation intensity cues by show-
ing that neurohormonal manipulations known to promote food
intake (e.g., systemic ghrelin administration) generalize to cues
produced by a high level of food deprivation (Davidson, Kanoski,
Tracy, et al., 2005), whereas treatment with hormones known to
suppress intake (e.g., CCK-8) generalize to cues produced by a low
level of food deprivation (Kanoski, Walls, et al., 2007).

In the present study, if hippocampal lesions impair the ability of
rats to use their deprivation cues as discriminative stimuli, then the
difference in responding between hippocampal-lesioned rats in
Groups 0� and 24� should be smaller compared with controls,
whether testing occurs under 0-hr or under 24-hr food deprivation.
If removing the hippocampus impairs the ability of deprivation
cues to excite appetitive responding, then during testing rats with
hippocampal lesions in both Groups 0� and 24� should exhibit
reduced responding under their rewarded food deprivation level
relative to controls. On the other hand, if hippocampal lesions
cause rats in these two groups to exhibit increased tendencies to
respond under their nonrewarded, but not their rewarded, food
deprivation level, this would suggest that the hippocampus is
involved with the inhibition of responding to nonreinforced cues.
This latter outcome would be consistent with our view that the
hippocampus is involved with inhibiting memories of the reinforc-
ing postingestive consequences of eating (e.g., Davidson et al.,
2009; Davidson, Kanoski, Schier, Clegg, & Benoit, 2007) and
other appetitive USs (e.g., Chan, Morell, Jarrard, & Davidson,
2001; Davidson & Jarrard, 2004).

Method

Subjects

The subjects were 32 naive, male, Sprague–Dawley, albino rats
that weighed between 375 and 430 g on arrival in the laboratory
from Harlan Inc. (Indianapolis, IN). The rats were housed individ-
ually in stainless steel cages under a reverse 12-hr light–dark cycle
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(lights off at 0700) and given access to standard laboratory chow
(Purina Laboratory Rodent Diet, Constant Nutrition 5001) and
water ad libitum for 2 weeks prior to training. Water was available
to the rats throughout the experiment except when the rats were in
the apparatus for training and test sessions. All procedures for the
care and treatment of the rats during this experiment were ap-
proved by the Purdue Animal Care and Use Committee.

Apparatus

All training and test sessions were conducted in eight identical
conditioning chambers, constructed of aluminum end walls and
clear Plexiglas sidewalls. A recessed food magazine was in the
center of one end wall of each chamber. A white noise at approx-
imately 60 dB was used during all training and testing sessions to
mask extraneous background sounds. A computer-controlled in-
frared monitoring system was used to record food magazine en-
tries. One infrared photo transmitter and one receiver were located
on each side wall immediately in front of the recessed food
magazine, such that rats would have to break the beam to gain
entry to the food magazine.

Procedures

Training. The rats were assigned to two groups (n � 16 each),
matched on body weight (see Table 1). For both groups, food depri-
vation levels alternated each day between 0-hr or nondeprived and
24-hr food deprivation. On 0-hr food deprivation days, all rats had
free access to food for approximately 24 hr before the beginning of a
training session. On 24-hr food deprivation days, rats had no access to
food for approximately 24 hr prior to the beginning of the training
session. Rats in Group 0� received five sucrose pellets (45 mg
sucrose pellets, Purina TestDiets # 1811251) at the conclusion of each
training session that took place under 0-hr food deprivation and
received no pellets during training sessions that took place under
24-hr food deprivation. Group 24� received the opposite contingency
between food deprivation level and presentation of sucrose pellets.
Although training sessions were always held at the same time of day
(1500), the sessions did not occur every day to prevent the pellets
from being delivered according to a single-alternating schedule. The
schedule was also designed so that the number of transitions from 0-hr
to 24-hr and from 24-hr to 0-hr food deprivation was equated during
training. All of the rats were trained and tested in four squads of eight

rats, with each rat in a squad assigned to a different conditioning
chamber. When the rats were trained under their rewarded level of
food deprivation, they were placed in the conditioning chambers for 4
min before the sucrose pellets were delivered. During sessions in
which rats were trained under their nonrewarded deprivation condi-
tion, the feeders operated at the end of 4 min but no pellets were
delivered. On both rewarded and nonrewarded training sessions, the
rats were removed from the conditioning chambers and returned to
their home cages approximately 2 min after feeder operation. Initial
training consisted of 88 sessions, with 44 training days each under
0-hr and 24-hr food deprivation, respectively. Throughout the exper-
iment, the 4-min period that ended with feeder activation was further
subdivided into twenty-four 10-s intervals. The percentage of these
intervals during which the photobeam was interrupted was calculated
over the last 1, 2, 3, and all 4 min of each session prior to feeder
activation.

Testing. At the conclusion of training (see Table 1), the rats
were assigned to hippocampal-lesioned and control groups
matched on terminal level of discrimination performance based on
the last two training sessions under each food deprivation level.
Procedures for lesioning are described below. Half the rats in
Group 0� (HIP 0�) and half in Group 24� (HIP 24�) were
assigned to receive complete lesions of the hippocampus. The
remaining rats in Group 0� were assigned to control conditions
(CON 0�), with half the rats receiving sham lesions (n � 4) and
half designated as unoperated controls (n � 4). The same proce-
dure was used to assign the remaining rats in Group 24� to control
conditions (CON 24�). Testing began 20 days after surgery when
the mean weight of Groups HIP 0� and HIP 24� returned to a
level equal to that of their respective controls (CON 0� and CON
24�). When this criterion was achieved, postoperative recovery
was deemed complete for the hippocampal-lesioned rats. Retention
of deprivation intensity discrimination training was assessed in
four test sessions, with two sessions each under 0-hr and 24-hr
food deprivation, respectively, in the order 24 hr, 0 hr, 24 hr, 0 hr.
The procedures used for these test sessions were the same as those
described for training. The rats were weighed prior to each test
session and for 10 additional days of alternating 24-hr and 0-hr
food deprivation after testing was completed.

Surgical and histological procedures. Rats in the
hippocampal-lesioned group had the hippocampus removed using
multiple, focal injections of small amounts of the selective neuro-
toxin ibotenic acid (IBO; Biosearch Technologies, Novato, CA).
The IBO was dissolved in phosphate buffered saline (pH 7.4) at a
concentration of 10 mg/ml. The rats were anesthetized with intra-
peritoneal injections of equithesin (a combination of pentobarbital
and chloral hydrate) and were placed in a Kopf stereotaxic appa-
ratus. Following the procedure described in detail in Jarrard (1989,
2002), an incision was made in the scalp, and the bone overlying
the area to be lesioned was removed. Injections of IBO were made
with a 5-�l Hamilton syringe mounted on the stereotaxic frame
and held in a Kopf microinjector unit (Model 5000). A small-
diameter glass micropipette was glued onto the end of the needle
of the syringe to minimize damage to the cortex overlying the area
to be lesioned. Injections were made over approximately 1 min at
each site, and the pipette was left in place for approximately 1 min
to prevent spread of the neurotoxin up the tract.

The surgical procedures were generally the same as those de-
scribed in our previous experiments (Jarrard, 1989; Jarrard, Da-

Table 1
Conditions for Preoperative Training and Postoperative Testing

Group

Training
deprivation level

Lesion

Testing
deprivation level

0-hr 24-hr 0-hr 24-hr

0� Suc� Suc– HIP 0� Suc� Suc–
CON 0� Suc� Suc–

24� Suc– Suc� HIP 24� Suc– Suc�
CON 24� Suc– Suc�

Note. Suc� � sucrose reward; Suc– � no reward; 0� � rewarded under
0-hr but not under 24-hr food deprivation; 24� � rewarded under 24-hr
but not under 0-hr food deprivation; HIP � lesions of the complete
hippocampus; CON � sham and unoperated controls.
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vidson, & Bowring, 2004; Jarrard & Meldrum, 1993). The stereo-
taxic coordinates used for the hippocampal lesions involved
injections at 30 sites, totaling 2.08 �l of IBO, can be found at the
Web site http://hippocampus2.wlu.edu. At the end of experiment,
all rats were administered an overdose of the anesthetic and were
perfused transcardially with buffered physiological saline followed
by 10% formaldehyde solution. The brains were removed, embed-
ded in egg yolk, cryoprotected in a 30% solution of sucrose–
formalin, and subsequently cut on a cryostat into 40-�m sections.
Every fifth section from rats in the hippocampal-lesioned group
was saved for histology and stained. A cresyl violet cell-body stain
was used to determine cell loss and gliosis resulting from the
lesions. Evaluation of the nature and extent of the lesions was
carried out by the sixth author.

Results

Histology

The nature and extent of the damage to hippocampus resulting
from the surgical procedures described above was quite similar for
all rats. Generally, the loss of cells that make up the hippocampus

is similar to that found in other experiments where these stereo-
taxic coordinates were employed (Jarrard, 1989; Jarrard & Mel-
drum, 1993). The images presented in Figure 1 are from a rat with
a representative lesion of hippocampus. This image was chosen
because the damage it shows is similar to that present in the brains
of the other lesioned rats and because of the relative absence of
tissue tears, uneven darkness of staining, and other artifacts that
are sometimes associated with histology. The damage depicted in
the figure extends throughout the hippocampus and includes all
cell fields. Especially apparent, and for the most part complete, is
the loss of cells in the anterior–dorsal and intermediate two thirds
of the hippocampus. The only sparing of hippocampus at this level
is the lower blade of the dentate gyrus in the most medial, anterior–
dorsal level. With damage this extensive and with the long survival
time, there is obvious atrophy of any remaining hippocampus
together with a proliferation of glial cells and slight distortion of
the ventricles and adjacent brain areas. Also apparent in the figure
is the sparing of fibers of passage in the fimbria–fornix, projections
that were shown in earlier research to be functional (Jarrard, 1989).
In several rats, there were small “patches” of normal appearing
cells (usually posterior–ventral dentate granule cells and CA1

Figure 1. Histology: Photomicrographs of cresyl violet-stained coronal sections taken from a representative rat
in the control (CON) and complete hippocampal-lesioned (HIP) groups in Experiment 2. Approximate stereo-
taxic coordinates of the coronal sections shown on the right are with reference to bregma.
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pyramidals), but these were usually unilateral and small in extent.
There was minimal extrahippocampal involvement for rats with
hippocampus completely removed. The exception was occasional
damage to subiculum, but this was usually small in extent and
usually unilateral.

Training

Rats solved the food deprivation intensity discrimination prob-
lem. Figure 2 shows the mean number of beam breaks for each
group over each two-session block of training under 24-hr and 0-hr
food deprivation. Group 24� learned to respond more than Group
0� when trials occurred under 24-hr food deprivation (left panel),
whereas Group 0� came to exhibit more responding than Group
24� on trials under 0-hr food deprivation (right panel). In addition
to these between-subjects differences, a within-subjects compari-
son showed that both groups learned to respond more under their
reinforced compared with their nonreinforced food deprivation
level. This pattern of results yielded significant main effects of
deprivation level, F(1, 20) � 6.35, p � .05, and block, F(21,
420) � 1.99, p � .01, as well as significant Deprivation Level �
Group, F(1, 20) � 128.58, p � .01, and Deprivation Level �
Block � Group, F(21, 420) � 9.45, p � .01, interactions. Neither
the main effect of group nor other interactions involving group
achieved significance. Post hoc Newman–Keuls tests to evaluate
the Deprivation Level � Group interaction showed that Group
24� responded significantly more than Group 0� when both
groups were food deprived for 24 hr, whereas Group 0� re-
sponded more than Group 24� when both groups were under 0-hr
food deprivation ( ps � .01). Furthermore, Group 24� responded

significantly more under 24-hr compared with 0-hr food depriva-
tion. Significantly more responding occurred under 0-hr compared
with 24-hr food deprivation for Group 0� ( ps � .01).

Testing

Prior to the beginning of testing, food deprivation intensity
discrimination performance did not differ for rats that were as-
signed to subsequently receive lesions of the complete hippocam-
pus compared with controls. The two leftmost panels of Figure 3
show that on the last two-trial block of training under 24-hr and
0-hr food deprivation, there was little difference in discrimination
performance for rats that later had the hippocampus removed
compared with rats that were subsequently tested with the hip-
pocampus intact. Mean beam breaks over the entire 4-min session
were higher under 24-hr food deprivation for Group 24� than
Group 0� and were higher under 0-hr food deprivation for Group
0� than for Group 24�. In addition, both groups responded more
under their reinforced compared with their nonreinforced food
deprivation level, independent of whether or not the rats in each
group were assigned to receive hippocampal lesions prior to sub-
sequent testing.

Analysis of variance (ANOVA) provided statistical confirma-
tion for these conclusions by obtaining a significant Deprivation
Level � Training Contingency interaction, F(1, 25) � 52.38, p �
.01, and a nonsignificant Deprivation Level � Training Contin-
gency � Surgery interaction (F � 1), indicating that the effects of
the training contingency on responding under each level of food
deprivation did not vary for hippocampal-lesioned compared with
control rats.

Figure 2. Food deprivation intensity discrimination training: The data depict mean photobeam interruptions
throughout each four-trial block of 4-min training sessions. All data were collected prior to surgical treatment.
The left panel depicts data from 24-hr food deprivation training sessions, and the right panel depicts data from
sessions when the rats were 0-hr food deprived. Data for rats trained with sucrose pellets delivered at the end
of sessions under 24-hr food and not delivered under 0-hr food deprivation are designated Group 24� (filled
symbols), and rats trained with the reversed deprivation level–sucrose pellet contingency are designated Group
0� (open symbols). Error bars represent SEM.

101HIPPOCAMPUS AND ENERGY STATE CUES



Following surgery, retention of food deprivation intensity dis-
crimination learning was impaired for rats with lesions of the
complete hippocampus (HIP) relative to controls (CON). The two
rightmost panels of Figure 3 show that when testing occurred
either under 24-hr or 0-hr food deprivation, the magnitude of the
difference between reinforced and nonreinforced trials was smaller
for rats with hippocampal lesions than for controls. Furthermore,
under both deprivation levels, rats with damage to the hippocam-
pus tended to respond more than controls on their nonreinforced
trials. That is, when tested under 24-hr food deprivation, rats that
had been trained to anticipate sucrose pellets under 0-hr but not
under 24-hr food deprivation (Group 0�) were less able to refrain
from responding if they had received hippocampal lesions. Like-
wise, when tested under 0-hr food deprivation, rats that had been
trained to approach the food magazine when 24-hr but not 0-hr
food deprived (Group 24�) appeared to have more difficulty
suppressing their responding during testing under 0-hr food depri-
vation when their hippocampus had been removed, compared with
control rats without hippocampal damage. This pattern of results
produced significant Deprivation Level � Training Contingency,
F(1, 25) � 67.46, p � .01, Deprivation Level � Surgery, F(1,
25) � 4.08, p � .05, and Deprivation Level � Training Contin-
gency � Surgery, F(1, 25) � 7.36, p � .05, interactions.

Newman–Keuls tests evaluating the Deprivation Level � Train-
ing contingency interaction revealed that when tested under 24-hr
food deprivation, Group 24� responded more than Group 0� and
responded less than Group 0� when tested under 0-hr food depri-
vation ( ps � .05). Moreover, both groups responded more under
their reinforced compared with their nonreinforced level of food
deprivation ( ps � .05). In evaluating the Deprivation Level �
Surgery interaction, Newman–Keuls tests also showed that, col-
lapsed across training contingency, control rats responded signif-
icantly less when food deprived for 0 hr compared with 24 hr,
whereas rats with hippocampal lesions did not respond signifi-

cantly less when nondeprived relative to the deprived condition.
Furthermore, Newman–Keuls tests to breakdown the Deprivation
Level � Training Contingency � Surgery interaction showed that
for hippocampal-lesioned rats in Group 24�, the difference in
responding on trials under 0-hr compared with 24-hr food depri-
vation did not achieve significance, whereas this difference was
highly significant ( p � .001) for control rats. For Group 0�, both
lesioned rats and controls responded significantly more under 0-hr
compared with 24-hr food deprivation ( ps � .05). However, an
ANOVA comparing mean responding on reinforced (�) relative to
nonreinforced (–) trials, collapsed across test deprivation levels,
obtained a significant Surgery � Trial Type (�/–) interaction, F(1,
25) � 7.51, p � .05. Newman–Keuls tests showed that rats with
hippocampal lesions responded significantly more on nonrein-
forced trials than did controls. This difference did not approach
significance on reinforced trials ( p � .84).

Body Weight

Body weight was measured for each rat during test trials (two
each) under 0-hr and 24-hr food deprivation and for 10 additional
days under alternating 0-hr and 24-hr food deprivation after these
test trials were completed. Figure 4 shows mean body weight for
hippocampal-lesioned and control rats on both 24-hr (left panel)
and 0-hr (right panel) food deprivation days. As can be seen, not
surprisingly, rats in both lesioned and control groups weighed less
under 24-hr compared with 0-hr food deprivation. However, al-
though there appeared to be little effect of lesion treatment on body
weight when the rats were food deprived, body weight for rats with
hippocampal lesions began to exceed that for controls over days
under 0-hr food deprivation. Although food intake was not mea-
sured, the results suggest that rats with hippocampal lesions may
have consumed more when given ad-lib food than did control rats.

Figure 3. Deprivation intensity discrimination testing: Leftmost two panels show mean photobeam interruption
over the last two-trial block of training (presurgery) under 24-hr and 0-hr food deprivation for rats that were to
subsequently receive lesions of the complete hippocampus (Hippocampal) and the combined operated and
unoperated controls (Control). The two rightmost panels of show data collected for the Hippocampal and Control
rats after surgery. Error bars represent SEM.
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An ANOVA with deprivation level and days as within-subjects
factors and surgery as a between-subjects factor obtained signifi-
cant main effects of Deprivation Level, F(1, 27) � 1132.30, p �
.05, and days, F(6, 162) � 127.75, p � .01, and significant
Surgery � Days, F(6, 162) � 3.15, p � .01, and Surgery �
Deprivation Level, F(1, 27) � 22.86, p � .01, interactions. A
separate ANOVA evaluating the effects of surgery and days on
body weight differences under only 0-hr deprivation obtained a
significant main effect of Days, F(6, 162) � 42.62, p � .01, and
a significant Surgery � Days interaction, F(6, 162) � 3.03, p �
.01, indicating that body weight decreased significantly over days
under 0-hr deprivation, and that the difference in body weight
between rats with the hippocampus removed and controls grew
larger over that period. In contrast, when the rats were food
deprived for 24 hr, an ANOVA obtained a significant main effect
of Days, F(6, 162) � 186.21, p � .01, but no significant Sur-
gery � Days interaction, F(6, 162) � 1.59, p � .15.

Discussion

The results show that following achievement of asymptotic food
deprivation intensity discrimination performance, ibotenate lesions
of the hippocampus impaired the ability of rats to use cues arising
from 0-hr and 24-hr food deprivation as discriminative signals for
sucrose pellets. This outcome adds to previous findings that
showed that the same type of hippocampal lesions impaired ac-
quisition of food deprivation intensity discrimination learning
based on an aversive US (Davidson & Jarrard, 1993; Hock &
Bunsey, 1998). Furthermore, the present results show that rats with
hippocampal lesions were less able than controls to refrain from
responding in the presence of food deprivation cues that signaled
nonreinforcement, and this effect was especially pronounced when
cues arising from 0-hr food deprivation signaled the absence of the
sucrose US. Rats with hippocampal damage and controls did not

differ significantly with respect to their responding to food depri-
vation cues that signaled reinforcement.

The results also confirm that hippocampal damage alters body
weight regulation. Hippocampal damage was associated with
higher body weight relative to controls when rats were on an
alternating schedule of 24-hr and 0-hr food deprivation. Specifi-
cally, hippocampal-lesioned rats came to weigh significantly more
than controls under 0-hr food deprivation. Confirming an earlier
result (Davidson et al., 2009), this finding indicates that the hip-
pocampus is involved with controlling body weight when food-
deprived rats are given free access to food.

This pattern of retention test responding is informative about the
role played by the hippocampus in mediating appetitive behavior.
Excessive responding in the presence of signals that the US will
not be forthcoming is consistent with the idea that the ability of
these cues to inhibit the memory of the appetitive US depends on
the hippocampus (see Davidson et al., 2007; Davidson, Kanoski,
Walls, & Jarrard, 2005). Conversely, the finding that removing the
hippocampus failed to alter responding in the presence of signals
for sucrose reinforcement suggests that simple excitation of the US
memory is hippocampal-independent. Previous research indicates
that whereas memory inhibition, such as that involved with sup-
pression of responding to trained and extinguished cues, requires
an intact hippocampus, memory excitation does not (for reviews,
see Chan et al., 2001; Davidson & Jarrard, 2004).

The current findings may also shed light on how energy state
signals might participate in this type of memory inhibition. A
variety of data suggest that the hippocampus is needed to resolve
what has been described as “predictable ambiguity” (Morris,
2006). For example, under conditions where a single target stim-
ulus is associated with both reinforcement and nonreinforcement,
animals will attempt to identify other cues (e.g., contextual or
discrete stimuli) that resolve this ambiguity by predicting when the

Figure 4. Body weight under 24- and 0-hr food deprivation: Mean body weight for rats with hippocampal
lesions (filled symbols) and controls (open symbols) under alternating 24-hr (left panel) and 0-hr (right panel)
food deprivation. Error bars represent SEM.
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target stimulus will and will not be followed by the US. Interfer-
ence with hippocampal functioning has been shown to impair
performance on many learning and memory problems that require
animals to resolve predictable ambiguities, and this impairment
often takes the form of increased responding to nonreinforced
target cues.

The food deprivation intensity discrimination problem can be
seen as requiring the resolution of predictable ambiguity. In that
problem, the relation between stimuli in the training apparatus and
delivery of sucrose pellets is ambiguous in that these cues are
paired with reinforcement on some occasions, but not others. The
problem is designed so that animals can use their energy state cues
to resolve this ambiguity. The finding that rats with hippocampal
lesions are impaired at solving this problem has implications for
understanding why these rats might overeat and show increased
body weight gain.

Davidson et al. (2007) proposed previously that the decision to
eat or to refrain from eating outside of the laboratory requires
animals, including humans, to resolve a predictable ambiguity, in
that food and cues related to food are associated with reinforcing
or appetitive postingestive stimulation on some occasions (e.g.,
following several hours without eating), but not at other times
(e.g., after consuming a large meal). Animals can resolve the
ambiguity and can inhibit their appetitive and consummatory re-
sponses by using their interoceptive energy state signals to antic-
ipate when food cues will not be accompanied by a strong appet-
itive postingestive US. Consistent with this model, a popular
conceptualization of the physiological controls of energy regula-
tion suggests that eating is initiated in response not to energy
deficit or hunger cues, but to environmental stimuli that are asso-
ciated with the rewarding consequences of eating (e.g., Berthoud,
2004; Woods & Seeley, 2000). Within this framework, food and
environmental cues related to food will evoke eating behavior until
that behavior is suppressed by the onset and continued presence of
meal-related satiety signals. Thus, satiety signals can be seen as
resolving predictable ambiguity by informing animals when food-
related stimuli are not predictive of reinforcing postingestive con-
sequences. The present results suggest that the ability to use energy
state signals to solve this type of problem and to inhibit appetitive
behavior may depend on the structural integrity of the hippocam-
pus.

One implication of the present findings is that it may be impor-
tant to identify factors in the current food environment that may
promote energy and body weight dysregulation by interfering with
hippocampal functioning. Recent research in our laboratory and
elsewhere suggests that, in addition to promoting weight gain,
intake of energy-rich diets (i.e., diets high in processed sugars and
saturated fats) may impair hippocampal-dependent learning and
memory processes (e.g., Kanoski, Meisel, Mullins, & Davidson,
2007; Molteni, Barnard, Ying, Roberts, & Gomez-Pinilla, 2002;
Murray et al., 2009). Reciprocal links between the effects of these
diets on energy regulation and on learning and memory processes
merit further experimental attention.
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