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The hippocampus has a critical role in several fundamental memory
operations, including the conditioning of fear to contextual infor-
mation. We show that the hippocampus is necessary also for
unconditioned fear, and that the involved circuitry is at the ventral
pole of the hippocampus. Rats with selective hippocampal lesions
failed to avoid open arms in an elevated plus-maze and had
decreased neuroendocrine stress responses during confinement to
a brightly lit chamber. These effects were reproduced by lesions of
the ventral half of the hippocampus, but not by damage to the
dorsal three-quarters of the hippocampus or the amygdala. Ventral
lesions failed to impair contextual fear conditioning or spatial
navigation, suggesting that the ventral hippocampus may specif-
ically influence some types of defensive fear-related behavior.
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The experience of anxiety and fear is controlled by a modular
neural system including regions in the brainstem, hypothal-

amus, and deeper parts of the temporal lobe (1–4). The amyg-
dala plays a pivotal role in this system. It controls a broad range
of fear reactions, and exhibits neural plasticity that may permit
fear responses to be conditioned to new types of experience (refs.
1–5; but see ref. 6). Conditioned fear depends strongly on the
basolateral complex of the amygdala (the lateral, basolateral,
and basomedial nuclei), whereas the central nucleus and the bed
nucleus of the stria terminalis are thought to be the principal
output structures, mediating fear-related signals to behavioral,
autonomic, and endocrine response systems in the hypothalamus
and brainstem (1–5).

Conditioning of fear to multimodal stimuli such as context and
spatial location also requires the integrity of the hippocampus
(7–9). The hippocampus is strongly involved in the encoding of
spatial and episodic memories (10–12), and contextual fear
conditioning is thought to require many of the associative
algorithms responsible for these types of memory (13–15).
Although the hippocampal influence on fear reactions may be a
necessary consequence of its mnemonic operations, it is also
possible that the hippocampus controls fear and anxiety inde-
pendently of learning (16). This view is based particularly on the
similar effects that anxiolytic drugs and septal-hippocampal
lesions have on behavior in aversively motivated tasks. However,
except for early studies showing that rats with large nonselective
hippocampal lesions exhibit reduced food neophobia (17–19)
and reduced freezing in the presence of a predator (20), direct
evidence is absent. We now show (i) that the hippocampus
controls defensive fear responses during exposure to a poten-
tially threatening environment, (ii) that the relevant circuitry is
located at the ventral pole of the hippocampus, and (iii) that this
circuit may be dissociable from the associative circuits involved
in contextual fear conditioning.

Methods
Subjects. A total of 187 male Long Evans rats (250–450 g) were
housed individually in transparent polycarbonate cages (40 �
15 � 26 cm) in a temperature- and humidity-controlled room

and were kept on a 12-h light�dark schedule (lights on at 8 a.m.).
Behavior was tested between 8 a.m. and 8 p.m., and corticoste-
rone was sampled between 10 a.m. and 3 p.m.

Lesions. The rats were anesthetized with Equithesin (1.0 ml�250
g, i.p.). Ibotenic acid (Sigma; 10 mg/ml, pH 7.4) was injected with
a 1-�l Hamilton syringe mounted to the stereotaxic frame (21,
22). Injections of 0.05–0.12 �l were made for 10–20 s at each of
28 hippocampal sites (complete bilateral lesion; n � 37) or at a
subset of these (dorsal lesion: 20 injections, n � 44; ventral
lesion: 16 injections, n � 35). The syringe was retracted 2 min
after the injection. In sham-operated rats (n � 50), the syringe
was lowered through the neocortex. Lesions of the basolateral
amygdala (n � 5) were made by infusion of 0.10 �l ibotenic acid
bilaterally 3.3 mm posterior to bregma, 5.0 mm lateral to bregma,
and 7.3–8.0 mm ventral to dura. The rats recovered for 7 days.

Elevated Plus Maze. The maze consisted of four equally illumi-
nated white steel arms (12 � 50 cm) radiating at square angles
from a central platform (12 � 12 cm) 50 cm above the floor (23).
The maze was placed in a silent and dimly lit room (3 � 4 m;
background noise: �55 dB at 50 kHz; light intensity on open
arms: 30 lux), except in the initial lesion study (1,000 lux).

The rats were handled 5 min�day for 5 days before the two test
trials (10 min each). In trial 1, two opposite arms were enclosed
by 40-cm-high walls of white steel. The other two arms were open
but had transparent plastic ledges (0.3 cm) to prevent the rats
from falling. In trial 2 (24 h later), walls were mounted around
all four arms. In both trials, the rat started from the central
platform, with the face pointing toward an enclosed arm. After
each trial, the maze was cleaned with wet tissue paper. Tissue
paper was never reused.

An observer watching the animal’s behavior on a monitor
behind a curtain counted entries into open and closed arms. An
entry was scored when the rat moved into the arm with all four
paws. It had to leave the arm entirely before another entry was
scored. The observer was blind to the treatment of the rat.
Position was tracked at 10 Hz (VP 200, HVS IMAGE, Hampton,
U.K.; WATERMAZE, Watermaze Software, Edinburgh, U.K.; ref.
22), and path lengths and time spent in each arm and in the
center were calculated.

To validate the interpretation of the avoidance of open arms
as an index of fear expression, we gave the anxiolytic drug
midazolam (Alpharma, Oslo) to eight naı̈ve rats 30 min before
exposing them to the elevated maze (0.5 mg/kg in 0.9% saline
injected s.c.). Eight control rats received saline.

Corticosterone Measurement. Rats were confined for 10 min to a
white Perspex box (50 � 50 � 50 cm) with a grid floor (21 bars;
8-mm diameter, 2.2 cm apart center to center) twice daily for 5
days. The box was located in the center of a brightly lit empty
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water maze (1,000 lux). The rat’s behavior was video recorded
and tracked as above, and feces left in the box were counted. The
box was cleaned with wet tissue paper after each trial. Plasma
corticosterone was measured after 20 min of confinement on day
6. Within 3–4 min, the rats were taken to a procedure room and
anesthetized with Fluothane, and 2 ml of blood was sampled by
cardiac puncture from vena jugularis (heparinized 1-ml syringes,
0.8 � 40 mm hypodermic needle). Blood was collected in
heparinized plastic tubes, centrifuged at 6,000 rpm for 15 min,
and plasma stored at �20°C for later HPLC.

Contextual Conditioning. Seven days later, the rats were reexposed
to the Perspex box. They received three electric foot shocks (1
mA, 1 s) between alternating bars at 3, 5, and 7 min. The rats
were returned to the box for 20 min 24 h later, and blood was then
sampled from vena jugularis. Freezing was scored every 10 s
during both trials (9).

Water Maze. Experimentally naı̈ve rats were trained in a white
Morris water maze (diameter 198 cm, height 50 cm, water depth
40 cm, water temperature 23 � 2°C; 22). The southwest quadrant

contained a remotely controlled escape platform (11-cm diam-
eter) that could be moved between an available level (submerged
1.5 cm) and an unavailable level (submerged 21 cm) (22).
Training consisted of 10 blocks of four consecutive trials (two
blocks on day 1, four blocks on days 2 and 3; four start positions
varied in a predetermined and pseudorandom order; maximal
trial length, 120 s; time on platform, 30 s). Probe trials (platform
unavailable for 60 s) were conducted at the beginning of days 3
and 4. Time spent in a zone around the platform (20-cm radius)
was compared with time in corresponding zones of the other
quadrants. Data were collected at 50 Hz (Axona, Herts, U.K.).

Histology. The rats received an overdose of Equithesin and were
perfused intracardially with saline and 4% formaldehyde. The
brains were stored in 4% formaldehyde, frozen sections were cut
coronally (30 �m) and stained with cresyl violet, and images of
every tenth section were taken into Canvas (Deneba Systems,
Miami), where outlines of the remaining hippocampus (dentate
gyrus, CA3–CA1) and subiculum were traced to determine their
area and volume (percentage of average values of sham group;
ref. 22). The subiculum was distinguished from the hippocampus
by the width and density of the pyramidal cell layer (24).

Fig. 1. Representative cresyl violet stains of intact neuronal cell bodies at five coronal levels through the hippocampus after sham surgery (A) or ibotenate
lesions of the dorsal hippocampus (B), ventral hippocampus (C), or entire hippocampus (D). Filled arrowheads, borders between lesioned and healthy tissue; open
arrowheads, borders of the subiculum.
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Statistical Analyses. The distributions of corticosterone concen-
tration, defecation, and entries in the plus maze deviated from
normality and were evaluated with nonparametric statistics.

Results
All lesions caused significant damage to the hippocampus and
subiculum (Fig. 1). There was neocortical damage around the
cannula track, which sometimes was accompanied by a spot of
degeneration in the dorsal thalamus. Four rats with complete
hippocampal lesions and one with a ventral lesion had minor
damage at the anteroventral end of the entorhinal cortex. These
lesions were small, and the animals were not excluded.

The contribution of the hippocampus to unconditioned fear
was examined in an elevated plus maze (23). During their first
exposure to the maze, rats typically make few entries into open
arms. Clinically effective anxiolytics reduce this avoidance (23).
In the present apparatus, open-arm entries were more frequent
in rats that received the anxiolytic drug Midazolam than in
saline-treated rats [medians 63.4% vs. 27.3%; Kruskal–Wallis
ANOVA on ranks: H(1) � 9.3, P � 0.005].

We first asked whether hippocampal lesions increased visits to
open arms. The lesions removed 90.8 � 2.4% of the hippocam-
pus and 73.8 � 5.5% of the subiculum (means � SEM; n � 13).
Rats with hippocampal damage visited open arms more fre-
quently (Mann–Whitney U test: Z � 2.5, P � 0.01) and spent
more time on these arms (Z � 2.7, P � 0.01) than sham-operated
rats (n � 14). However, the absolute level of avoidance was high
in both groups (16,7% vs. 0% of arms visited), possibly because
of the light intensity in the test room (1,000 lux).

We next asked whether defensive behavior in the plus maze
was maintained by a specific part of the hippocampus. Rats
received either complete lesions of the hippocampus (n � 13),
lesions of the dorsal three-quarters (n � 9) or the ventral half
(n � 10) of the hippocampus, or sham surgery (n � 10) (Fig. 1).
Only small remnants were left in the complete lesion group
(hippocampal damage, 96.2 � 1.0%, mean � SEM). The dorsal

lesions affected 75.8 � 2.2% of the hippocampus. The ventral
lesions affected 54.5 � 3.3%, and included the tip of the
hippocampus. No significant damage to adjacent structures
occurred, except for the ventral subiculum (complete lesion
group, 81.2 � 4.3% of subiculum; dorsal lesion group, 54.4 �
3.8%; ventral group, 59.5 � 5.5%).

To reduce the threshold for leaving the closed arms, the rats
were handled extensively and tested in a silent and dimly lit room
(30 lux on the open arms). Rats with complete hippocampal
lesions readily approached the open arms (Fig. 2 A and B).
Similar behavior was seen after lesions that specifically targeted
the ventral pole. Sham-operated rats and rats with damage to the
dorsal three-quarters of the hippocampus stayed away from the
exposed areas. The group difference was significant [H(3) �
10.4, P � 0.05]. Rats with ventral lesions had a significantly
higher percentage of visits to open arms than sham-operated rats
and rats with dorsal lesions (P � 0.01; Mann–Whitney U test with
sequential Bonferroni correction). They were not different from
the rats with complete lesions, nor did a difference between the
dorsal group and the sham-operated group occur. Time spent on
the open arms was also group-dependent [H(3) � 15.4, P �
0.001; complete lesions, median value 65.2%; ventral lesions,
28.4%; dorsal lesions, 16.7%; sham surgery, 7.4%]. When tested
subsequently with four arms enclosed, all groups visited previ-
ously open arms as frequently as previously enclosed arms (Fig.
2C), implying that the group differences were caused by the
exposed nature of two of the arms rather than some other
aversive perceptual feature. The total number of arm entries was
not affected by ventral lesions but increased after dorsal or
complete lesions, both when two arms were open [ventral, 11.5;
dorsal, 16; complete, 20; sham, 8.5; H(3) � 10.3, P � 0.05] and
when all arms were enclosed [ventral, 15; dorsal, 31; complete,
29; sham, 12; H(3) � 13.4, P � 0.005], which suggests that the rats
with ventral hippocampal lesions did not enter the open arms
because of general hyperactivity.

Fig. 2. Reduced open-arm avoidance after selective lesions of the ventral hippocampus. (A) Paths of representative animals with sham operations or dorsal,
ventral, or complete lesions of the hippocampus, during 10 min of exposure to an elevated plus maze with two open arms. Double contours indicate enclosed
arms. (B) Box plot comparing performance in rats with dorsal, ventral, or complete hippocampal lesions, or lesions of the adjacent parts of the amygdala
(hippocampal icons as in Fig. 1; amygdala group to the right). The diagram shows median percentage of visits to open arms (thick horizontal line inside box),
interquartile distances (boxes), upper and lower limits [Q1 � 1.5 (Q3–Q1) and Q3 � 1.5 (Q3–Q1), where Q1 and Q3 are first and third quartiles, respectively], and
outliers (horizontal lines). (C) Visits to previously open arms on a subsequent trial with all arms enclosed.

Kjelstrup et al. PNAS � August 6, 2002 � vol. 99 � no. 16 � 10827

N
EU

RO
BI

O
LO

G
Y



If rats with lesions in the ventral hippocampus approach open
arms because they are less fearful, other indices of fear might be
affected correspondingly. In a second experiment, we first
confined rats to a brightly lit white chamber (1,000 lux) for 10
min twice daily for 5 days. Eleven of the rats had complete
hippocampal lesions (95.7 � 0.9% of total hippocampal tissue),
15 had ventral lesions (63.4 � 2.3% damage), 25 had dorsal
lesions (60.9 � 1.5% damage), and 14 were sham-operated. The
subiculum was damaged partly (complete, 84.5 � 4.4%; ventral,
56.3 � 6.0%; dorsal, 39.9 � 3.3%). Confinement did not cause
appreciable freezing (�8.3% of total time), but most animals
with sham lesions or dorsal lesions left one or several feces
during each session (Fig. 3A), suggesting that the event provoked
moderate fear in these rats. Animals with complete or ventral
lesions, in contrast, almost never defecated. The percentage of
sessions during which the rats defecated was strongly group-
dependent [H(3) � 29.2; P � 0.001]. We next measured corti-
costerone secretion after 20 min of confinement on day 6.
Plasma corticosterone concentrations were lower in rats with
complete or ventral lesions than in those with dorsal or sham
lesions [Fig. 3B; H(3) � 15.8; P � 0.001]. On both measures
(defecation and corticosterone), significant pairwise differences
occurred between the ventral and dorsal groups and between the
ventral and sham groups after Bonferroni correction, but no
difference occurred between the dorsal group and the sham-
operated group. The attenuated corticosterone response of the
ventral group did not reflect a ceiling effect. When exposed to
the test cage 24 h after receiving a foot shock in the cage, plasma
corticosterone increased in 13 of the 15 rats in this group
(median increase, 85 ng/ml; sham group, 74 ng/ml; dorsal group,
31 ng/ml; complete lesion group, 16 ng/ml). Altogether, these

data show that ventral hippocampal lesions affect multiple
indices of fear.

A potential concern is that the ventral hippocampal lesions
might extend into nuclei of the amygdala that are essential for
conditioning and expression of fear, such as the basolateral
complex and the central nucleus (1–5). Cells in these nuclei
seemed normal after ventral hippocampal damage (Fig. 4 A and
B). To examine the question more directly, we made excitotoxic
lesions in those parts of the amygdala that were closest to the
hippocampus (n � 5). Most of the basolateral complex was
affected, but also the central, medial, and cortical nuclei, and the
amygdalo-hippocampal transition zone received partial damage
(Fig. 4 C–F). Rats with lesions in the amygdala avoided the open
arms of the elevated maze as strongly as the control rats (Fig. 2B;
Mann–Whitney U test: Z � 1), suggesting that the effects of
ventral hippocampal lesions were not due to inadvertent damage
in the amygdala.

Finally, we asked whether lesions in the ventral hippocampus
reduced fear because the animals were unable to process spatial
or contextual information. First, rats with partial or complete
damage to the hippocampus received three electric foot shocks
in the white chamber with the grid floor. To examine contextual
learning, we reexposed the rats to the chamber 24 h later. Most
rats exhibited long periods of freezing (Fig. 5A). Freezing was
attenuated only in rats with complete hippocampal ablation
[F(3,51) � 6.8, P � 0.001]. Rats with ventral damage froze as
much as control animals, suggesting that they did recognize the
context. To examine the issue further, we trained rats with sham
lesions (n � 12), dorsal lesions (n � 10; mean hippocampal
damage, 40.1%), or ventral lesions (n � 10; mean damage,
49.0%) to find a hidden platform at a constant position in a
Morris water maze during a 3-day period. As reported (22, 25,
26), rats with ventral lesions searched as accurately as sham-
operated rats (Fig. 5B). Only dorsal lesions attenuated learning.
Rats with damage to the dorsal hippocampus failed to show any
bias toward the platform location on day 3 [group � zone effect:
F(6,87) � 2.2, P � 0.05] but caught up by day 4 (Group � Zone
effect: F � 1). Together, these results indicate that the processing
of spatial and contextual information was functional in rats with
ventral hippocampal damage and so cannot account for their
frequent visits to the exposed arms.

Discussion
The results suggest that the hippocampus is necessary for
defensive and fear-related behavior, and that the involved
circuitry lies at the ventral pole of the structure. Rats with lesions
in the ventral hippocampus spent more time in the open arms of
an elevated plus maze, as did animals receiving the clinically
effective anxiolytic drug midazolam, and they left fewer feces
and secreted less corticosterone when confined to a brightly lit
environment. Lesions of the dorsal three-quarters of the hip-
pocampus had no detectable effects on these measures. The
deficit did not depend on prior experience, and was not caused
by poor processing of spatial or contextual information. The
results suggest that normal defensive behavior depends on the
ventral hippocampus, or the ventral subiculum, which also was
damaged. The range of defensive responses influenced by the
hippocampus remains to be determined. Rats with large hip-
pocampal lesions exhibit less food neophobia (17–19) and less
predator-induced freezing (20), but do avoid predators when
escape is possible (20), suggesting that not all defensive reactions
depend on the ventral hippocampus.

The hippocampal circuits for unconditioned fear behavior
seemed to some extent to be dissociable from those responsible
for fear conditioning. Whereas the ventral tip of the structure
was required for expression of unconditioned fear, fear could be
conditioned to context with small circuits of hippocampal tissue
at either pole. Other studies have reported that contextual

Fig. 3. Selective lesions of the ventral hippocampus reduced defecation and
corticosterone secretion during exposure to a brightly lit test chamber (box
plots; symbols as in Fig. 2). (A) Percentage of trials during which rats left one
or several feces during confinement to a brightly lit test chamber. (B) Plasma
corticosterone concentration 20 min after exposure to the test chamber.
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conditioning is blocked specifically by ventral lesions (27, 28),
but the impaired retention of contextual fear observed after
damage to the dorsal hippocampus (29) implies that rats nor-
mally acquire contextual fear associations with the dorsal hip-
pocampus as well. If so, how can animals with ventral lesions
express conditioned fear without a hippocampal circuitry for
expression of unconditioned fear? One possibility is that the
associative networks of the remaining hippocampus can access
executive regions of the brain’s fear systems independently.
Another is that the ventral hippocampus controls approach

behavior and endocrine reactions but not the type of fear
response by which contextual conditioning was measured,
namely freezing.

The attenuated defensive behavior after lesions of the
ventral hippocampus and subiculum is consistent with the
intimate and partly bidirectional connectivity between this
region and structures involved in the control of fear expres-
sion, such as the hypothalamus and amygdala (30–33). Several
pathways exist through which the ventral hippocampus could
inf luence the executive fear and defense systems of the brain.

Fig. 4. Coronal sections showing representative cresyl violet stains including amygdala and ventral hippocampus after ibotenate lesions targeted either at the
ventral hippocampus (A and B) or the adjacent nuclei of the amygdala (C–F). Arrowheads indicate approximate borders between lesioned and intact tissue.
Transitions between intact and lesioned tissue in C and D (boxes) are shown at high magnification in E and F, respectively. The behavior of rats with lesions in
the amygdala is shown in Fig. 2.

Fig. 5. Intact contextual and spatial memory after lesions of the ventral hippocampus. (A) Percentage of freezing (means � SEM) during the first 5 min of
confinement to a test chamber before and 24 h after the rats received electric foot shock in this chamber. (B) Retention on a probe trial at the beginning of day
3 in the water maze. The diagram shows the time that rats spent in a circular zone around the platform position (black) and in corresponding zones of the three
other quadrants (means � SEM). Each zone covered 4.1% of the pool surface (radius, 20 cm; expected time, 2.5 s; Inset).
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On one hand, the ventral poles of CA1, subiculum, and
entorhinal cortex receive substantial input from the basolat-
eral complex of the amygdala and the ventral hippocampus and
subiculum send strong projections back to the basolateral
complex and the central nucleus (30, 31), suggesting that the
ventral hippocampus and the amygdala may organize defensive
behavior and fear expression as a single integrated system. On
the other hand, the ventral subiculum also has connections that
bypass the amygdala and directly contact defensive response
systems in the septum, hypothalamus, and bed nucleus of the
stria terminalis (31, 32). Damage to the amygdala did not
attenuate open-arm avoidance in the elevated plus maze, nor
did extensive electrolytic lesions of the amygdala in previous
studies (34). These results suggest that the hippocampus may
inf luence fear expression in our tasks through direct projec-
tions to downstream neuroendocrine and behavioral control
systems. However, other types of fear responses, such as food
neophobia and predator-induced freezing, are apparently af-
fected also by damage to the amygdala (35, 36). Although
connections between ventral subiculum and downstream fear-
response systems might be disrupted by these lesions, the
findings have been replicated with neurotoxic lesions (37),
suggesting that the temporal lobe may organize defensive
behavior by means of several parallel systems.

Whereas the expression of unconditioned fear depended
exclusively on the ventral pole of the hippocampus, spatial
learning in the water maze was impaired only after damage to the
dorsal hippocampus, as shown (22, 25, 26), and as expected if
signals from the sensory association cortices to the entorhinal
cortex primarily reach the dorsal hippocampus (33, 38, 39). The
learning impairment was temporary (40), suggesting that the

ventral hippocampus does support some spatial navigation,
albeit less efficiently than more dorsal regions, which is in
accordance with the presence of place cells in the ventral
hippocampus (41, 42), although these are less numerous and less
specific than in the dorsal hippocampus (41). How relevant
sensory information reaches the ventral hippocampus (e.g., from
amygdala or entorhinal cortex) and what computations can be
performed with this information (e.g., elemental vs. configural
associations) remain to be determined.

The uniform structure of the hippocampus suggests that it may
perform a unitary function. Even if dorsal and ventral parts of
the hippocampus receive input from different brain regions, the
principal computations performed on these inputs may be
similar. Could the deficit in fear expression after ventral lesions
reflect the disruption of the same associative algorithms that are
used by the dorsal hippocampus for successful spatial or con-
textual learning? The hippocampal influence on spatial and
contextual learning strongly depends on associative plasticity,
whereas the control of defensive behavior seemed to be inde-
pendent of prior experience. It is possible, however, that the
hippocampal influence on defensive behavior reflects a general
nonassociative operation that is performed throughout the
hippocampus, such as the comparison of multiple response
alternatives and the subsequent strategic selection of an optimal
active response (16).
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