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It has been proposed that the hippocampus exerts a tonic inhibitory influence on the hypothalamic–pituitary–adrenal (HPA) stress axis.
This claim rests, in particular, on the upregulation of corticosterone secretion and other measures of HPA activity after nonselective
lesions of the hippocampal formation. We measured plasma corticosterone concentrations after selective neurotoxic damage to the
hippocampus and the subiculum in rats. Concentrations were estimated during rest in the rat’s home cage and at several time points after
varying degrees of stress. Lesions of the hippocampus did not increase the concentration of corticosterone relative to control rats in any
condition. Temporary inactivation of the hippocampus or the ventral subiculum by infusion of the GABAA receptor agonist muscimol
also failed to induce hypersecretion, although hippocampal infusions did impair spatial memory. These results suggest that the hip-
pocampus is not necessary for tonic inhibition of adrenocortical activity and imply that the HPA axis receives efficient negative feedback
inhibition from other brain systems too.
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Introduction
Stress triggers a cascade of physiological events in the hypotha-
lamic–pituitary–adrenal (HPA) axis resulting ultimately in the
release of glucocorticoids in excess of the normal circadian secre-
tion (Selye, 1936; Jacobson and Sapolsky, 1991; Herman and
Cullinan, 1997). The secretion is initiated with the release of
corticotrophin-releasing hormone (CRH). CRH is released in the
portal system of the median eminence from the parvocellular part
of the paraventricular nucleus of the hypothalamus. CRH stim-
ulates the secretion of adrenocorticotropic hormone (ACTH)
from corticotrophs in the anterior pituitary gland. ACTH is se-
creted into the general circulation, which results in stimulation of
glucocorticoid secretion from the adrenal cortex. In rats, the ma-
jor adrenal steroid secreted is corticosterone (CORT). The in-
crease of plasma corticosterone reaches an asymptote �15 min
after exposure to a stressful stimulus (Brett et al., 1983).

The hippocampus has received considerable attention as a
potential negative feedback regulator of the HPA axis (Jacobson
and Sapolsky, 1991), because the structure contains a high den-
sity of corticosteroid receptors (McEwen et al., 1968; Aronsson et
al., 1988; Arriza et al., 1988) and because the hippocampal for-
mation has projections back to the paraventricular nucleus of the
hypothalamus (Risold et al., 1997; Petrovich et al., 2001). Physi-
ological evidence from various sources indicates that hippocam-
pal activity exerts an inhibitory influence on the HPA axis (Jacob-
son and Sapolsky, 1991), but does normal HPA activity depend
on this hippocampal input or can other control systems provide

similar inhibition? Several studies have shown that damage to the
hippocampus increases basal glucocorticoid secretion (Fendler et
al., 1961; Kim and Kim, 1961; Knigge, 1961; Moberg et al., 1971;
Fischette et al., 1980; Wilson et al., 1980; Sapolsky et al., 1984,
1991; Herman et al., 1989), but these lesions were made either by
aspiration or by transection of the fimbria-fornix and caused
damage to bypassing fibers as well as adjacent brain systems,
including the parahippocampal cortices and several subcortical
structures. Other studies failed to identify a hippocampal inhib-
itory influence on the HPA axis (Coover et al., 1971; Lanier et al.,
1975; Conforti and Feldman, 1976; Smotherman et al., 1981;
Bradbury et al., 1993; Herman et al., 1995) but there was only
incomplete damage to the hippocampus in these studies. The
remaining tissue may have been sufficient to maintain hip-
pocampal feedback inhibition of the HPA axis. To examine
whether the hippocampus plays a necessary role in inhibition of
HPA activity, we measured plasma corticosterone concentrations
after complete axon-sparing lesions of this structure. Rats with
ibotenate lesions of the hippocampus were compared with unop-
erated rats, rats with sham lesions, and rats with ibotenate lesions
restricted to the dorsal or ventral hippocampus. Because some
studies show that nonselective damage to the hippocampal for-
mation exacerbates corticosterone secretion during restraint
stress but leaves basal concentrations unaffected (Murphy et al.,
1979; Herman et al., 1995, 1998), we estimated the concentration
of corticosterone both during rest and at multiple time points
after exposure to a stressor.

Materials and Methods
Subjects. A total of 194 male Long-Evans rats (250 – 450 gm; Taconic M &
B, Ry, Denmark) were housed in groups of two to five in large transparent
polycarbonate cages (59 �38 � 20 cm) with food and water available ad
libitum. The rats were maintained on a 12 hr light/dark cycle (lights on at
8 A.M.) in a temperature- and humidity-controlled room. All behavioral
training occurred during the light phase of the circadian cycle. Cortico-
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sterone was sampled during the first half of the light phase (10 A.M.–3
P.M.), at the nadir of the circadian cyclus of corticosterone secretion.
Only the experimenter had access to the vivarium before 3 P.M. on these
days.

Surgery. The rats were anesthetized with Equithesin (pentobarbital
and chloral hydrate; 1.0 ml/250 gm body weight). Hippocampal lesions
were made by bilateral injection of ibotenic acid (Sigma-Aldrich, Oslo,
Norway) at multiple locations (Jarrard, 1989). Ibotenic acid was dis-
solved in PBS, pH 7.4, at 10 mg/ml and injected through a 1 �l Hamilton
syringe mounted to the stereotaxic frame. Injections of 0.05– 0.10 �l were
made over 10 –20 sec at each site (Table 1). The syringe was retracted 2
min after each injection. Lesions were either complete (n � 47) or partial
(dorsal lesions: n � 25; ventral lesions: n � 15). In sham-operated rats,
the syringe was lowered through the neocortex, but no drug was infused
(n � 57). Eight rats received no surgical treatment.

In addition, 32 rats were prepared for temporary inactivation of the
hippocampus. Sixteen of these were implanted with four 26 ga guide
cannulas (C315G; Plastics One), two in each hippocampus (pair 1: 2.24
mm behind bregma, 2.8 mm lateral to the midline, and 1,5 mm below
dura; pair 2: 5.0 mm behind bregma, 4.3 mm lateral, 4.1 mm below dura).
The remaining 16 received one cannula in each hippocampus (4.4 mm
behind bregma, 4.1 mm lateral, 2.6 mm below dura). An additional
group of 10 rats were implanted with a cannula in the ventral subiculum
(one in each hemisphere; 6.3 mm behind bregma, 5.0 mm lateral, 5.0 mm
below dura). Cannulas and anchor screws were encased in dental acrylic.

Blood sampling procedure. Blood was sampled after rest in the vivarium
or after exposure to stressors of different intensity. The rat was brought to
the procedure room and put directly into a small chamber with anes-
thetic (Fluothane or Isofluran). Anesthesia was induced within 10 –15 sec
and maintained with a cup of cotton sprinkled with Fluothane held over
the rat’s mouth and nose by one experimenter. The respiration rate was
examined constantly. A second experimenter collected 1 or 2 ml of blood
from vena jugularis (after exposure to stressors) or from the heart (after
rest in the home cage). Blood was sampled using either one or two hep-
arinized 1 ml syringes (from vena jugularis) or one heparinized 2 ml
syringe (from the heart) and a hypodermic needle (0.8 � 40 mm; Micro-
lance). It took 2–3 min from the time the rat was picked up until blood
sampling was completed. After collection of the blood, the rat was anes-
thetized with Equithesin (0.7 ml/250 gm body weight, i.p.) and sewn
together (vena jugularis samples) or perfused intracardially with saline
and 4% formaldehyde (intracardial samples). The blood was transferred
to centrifuge tubes (2 ml Nalge Nunc), and plasma was obtained by
centrifugation at 6000 rpm for 15 min (Sorwall, MC 12 V, DuPont) and
stored at �20°C. Plasma corticosterone concentrations were determined
by radioimmunoassay using commercial kits (Diagnostic Products Cor-
poration, Los Angeles, CA).

Behavioral procedures. Blood was first sampled during three conditions
that varied in stress intensity. This study included 21 rats with complete
hippocampal lesions, 40 rats with partial lesions, and 24 sham-operated
rats. The initial sample was taken 2 weeks after surgery. Rats were placed
individually into a white, brightly lit Perspex box (50 � 50 � 50 cm; 1000
lux) that they had explored daily for 20 min during the preceding 5 d (10

min in the morning, 10 min in the afternoon). The floor of the box was a
grid of 21 bars. The bars were 8 mm in diameter and 2.2 cm apart (center
to center). After the rat had been left in the box for 20 min, it was brought
in a familiar transport cage to the procedure room for the first blood
sample. Before the next animal was tested, the interior of the Perspex box
was cleaned with damp tissue paper. Tissue paper was never reused.

One week later, the same rats were exposed to the Perspex box on 2
consecutive days under more stressful conditions. The box was in the
same place on both days. On day 1, the rats received three electric shocks
to the foot. Alternate bars were connected to the positive and negative
poles of a stimulator (Pulsar, Axona Ltd., Herts, UK). Shocks (1 mA for 1
sec) were given after 3, 5, and 7 min. On day 2, the rats were placed in the
box, but no shock was delivered. Behavior was video-recorded and
tracked (Watermaze Software, University of Edinburgh, UK). Stress was
estimated by scoring freezing for 5 min (one score every 10 sec). Freezing
was defined as the complete absence of movement except that required
for respiratory purposes. Scoring of freezing was highly correlated be-
tween two observers (r � 0.98; n � 9 rats). After 20 min of confinement,
the animals were transported directly to the procedure room for the
second blood sample.

Finally, 4 d later, the resting concentration of corticosterone was mea-
sured in the same rats. The rats were transported individually in a famil-
iar cage from the vivarium to the procedure room, which was 5 m away.

A separate group of animals was tested with the same stress protocols
as used in previous reports (Sapolsky et al., 1984; Roozendaal et al.,
2001). Rats received either complete hippocampal lesions (n � 8) or
sham surgery (n � 8). Blood was sampled on three occasions: first after
immobilization in a restraint tube (days 10 –14 after surgery), then after
60 sec of free swimming in a Morris water maze (days 18 –22), and finally
after rest in the vivarium (days 25–29). Restraint tubes were cylindrical
(length 21 cm; diameter 6 cm), were closed with wire mesh at one end
and metal bolts at the other, and had walls of plastic. Tubes were not
reused; each animal received a different tube. Rats were immobilized for
1 hr in the restraint tubes. Training in the water maze consisted of four
trials with the escape platform at a constant location on each of 2 con-
secutive days. Training was conducted in a white circular polyvinylchlo-
ride tank (198 cm diameter, 50 cm deep) filled to a depth of 40 cm with
water at 25 � 2°C (Moser and Moser, 1998). The diameter of the escape
platform was 29.5 cm. Rats spent 10 sec on the platform after each trial
and were then placed in a holding cage for 20 sec before the next trial. A
retention test with the platform in an unavailable position (at the bottom
of the pool) was conducted at the beginning of day 3. After 60 sec, the
remotely controlled platform was raised to a level 1 cm below the water
surface, and the rat was allowed to escape. The position of the rat was
tracked at 50 Hz (Axona Ltd.). Blood was sampled after the final reten-
tion test. The rats rested in the vivarium until 2–3 min before the start of
the retention trial. After escape, they were brought directly to the proce-
dure room, as in Roozendaal et al. (2001).

To examine the duration of the corticosterone response, we prepared
a separate group of rats with complete hippocampal lesions (n � 10) or
sham lesions (n � 9). These animals were placed into the Perspex box on
three sessions, with an interval of 6 d between each session. On each
occasion, the rat spent 5 min in the box. The rat was then carried back to
the vivarium where it rested in its home cage until 30, 60, or 90 min had
passed since the start of the box session. At the completion of the interval,
the rat was brought to the procedure room for collection of blood. The
order of the intervals was counterbalanced across the three test sessions.

Nonspecific effects of surgery. All rats including the sham group received
intracranial surgery, which might influence the HPA system for a long
time. To determine whether the surgery caused nonspecific changes in
adrenocortical activity, we compared the resting levels of corticosterone
in a separate group of rats with sham lesions (n � 8) and a group of naive,
unoperated littermates (n � 8). Blood was collected 18 d after surgery in
the sham group. This interval is comparable with the interval used in the
other experiments of the present study.

Effect of recovery after surgery. To examine whether hippocampal le-
sions elevated corticosterone levels only at short intervals after surgery,
we prepared a separate group of eight rats with complete hippocampal le-
sions and eight rats with sham lesions. Blood was sampled on day 4 after

Table 1. Stereotaxic coordinates for ibotenate lesions of the hippocampus

AP ML DV

�2.4 �1.0 �3.0*
�3.0 �1.4 �2.9 and �2.1
�3.0 �3.0 �2.7**
�3.8 �2.6 �2.7 and �1.8
�3.8 �3.7 �2.7**
�4.4 �3.8 �7.0*
�4.4 �4.1 �3.5*
�4.4 �4.4 �6.3**
�5.2 �4.3 �4.2**
�5.2 �5.0 �5.9**, �5.2** and �4.5**

Coordinates are relative to bregma (AP, anteroposterior; ML, mediolateral; DV, dorsoventral). The volume of ibotenic
acid injected was 0.05 �l (no asterisk), 0.07– 0.08 �l (one asterisk), or 0.10 �l (two asterisks). Bregma and lambda
were on the same horizontal plane. DV coordinates are relative to dura at AP �4.8, ML �4.1.
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surgery and again on day 7. Before sampling, the animals were placed in a
brightly lit novel chamber (1000 lux). Blood was sampled 30 min after the
start of the session on one of the days and 90 min after start on the other day.
The order was counterbalanced. The rats remained in the chamber during
the entire interval. Different chambers were used on the 2 d.

Temporary inactivation. The hippocampus was temporarily inacti-
vated in rats with implanted cannulas by bilateral intrahippocampal in-
fusion of the GABAA receptor agonist 5-aminomethyl-3-hydroxyisox-
azole (muscimol; Sigma) dissolved in PBS, pH 7.4 (0.5 �g/�l). Muscimol
was infused into the hippocampus on two occasions in each of 16 rats (8
with one cannula, 8 with two cannulas): before testing in the water maze
and before collection of blood (2 d after the water-maze test). Control
rats (n � 16) received equivalent injections of saline. Blood was sampled
from the heart as above.

Muscimol was infused via a 33 ga internal cannula (C315I; Plastics
One) with the tip protruding 0.9 mm beyond the implanted guide can-
nula. The total volume of each hippocampal infusion was 0.25 �l. A
syringe pump controlled the infusion rate (0.08 �l/min in rats with two
cannulas; 0.16 �l/min with four cannulas). Control rats received saline
(same volume and same rate). The internal cannula was retracted 2 min
after each infusion. After the last infusion, the rat was carried back to the
vivarium where it rested for 1 hr before it was tested in the water maze or
anesthetized for collection of blood.

In a second inactivation experiment, muscimol or saline was infused
into the ventral subiculum (n � 10), using the same infusion procedure
as for hippocampal inactivation with a single cannula, except that the
volume was increased to 0.40 �l per injection. Each animal received two
infusions, one with muscimol and one with saline, at an interval of 1
week. The first infusion was made 2 weeks after surgery. The order of the
infusions was counterbalanced. After each infusion, the rats were
brought back to the vivarium. Blood was sampled 1 hr later.

Effect of muscimol on hippocampal-dependent learning. To determine
whether muscimol successfully inactivated the hippocampus, we tested
the effect of the drug on a known hippocampal function: retention of
spatial memory in a Morris water maze (Morris et al., 1982; Moser and
Moser, 1998). Before the infusion, the animals had been trained to search
for a hidden escape platform (11 cm diameter) at a fixed position in the
pool described above. They were trained twice daily for 7 d (four trials per
session, 4 hr inter-session interval), except on the first day, when they
received only one session. Retention was tested on a 60 sec probe trial at
the end of training. On the basis of search time in the target zone (circle
with radius of 35 cm around the platform), the rats were ranked,
matched, and assigned to the drug group or a control group. Two hours
later, muscimol or saline was infused into each hippocampus, and 1 hr
after the infusion, a second identical retention trial was conducted. At the
end of this trial, the platform was raised in the opposite quadrant of the
pool. The rats were retrained with this new platform location on subse-
quent trials (four blocks of two trials; inter-block interval 10 min; probe
test 30 min after the last block).

Histology. The rats were perfused intracardially with saline and 4%
formaldehyde. The brains were stored in 4% formaldehyde for at least 1
week, after which they were quickly frozen and cut in coronal sections of
30 �m thickness on a cryostat. In the lesion study, every 10th section was
retained, mounted, and stained with cresyl violet. In the inactivation
study, every second section was retained in the area around the cannula.
The volume of residual hippocampal and subicular tissue was deter-
mined from digital images of each brain section as described previously
(Moser and Moser, 1998). The volumes were expressed as percentages of
the corresponding volumes in the sham-operated group.

Results
Histology
Animals in the complete lesion group had extensive lesions of the
hippocampus that included dentate gyrus, hippocampus proper,
and subiculum (Fig. 1A,B). The spared tissue corresponded to
4.3 � 0.9% of the total volume of the hippocampus and 15.5 �
4.4% of the subiculum (means � SEM). Additional rats had le-
sions aimed at the dorsal or ventral two-thirds of the hippocam-

pus. These lesions spared 36.6 � 2.3% of the hippocampus and
43.7 � 5.9% of the subiculum (ventral lesions) and 39.1 � 1.5%
of the hippocampus and 60.1 � 3.3% of the subiculum (dorsal
lesions). The border between damaged and healthy tissue was
sharp. None of the rats had significant damage outside the hip-
pocampus, except around the cannula tracks in the overlying
neocortex. We did not observe damage to the amygdala, the
amygdalohippocampal transition area, or the entorhinal cortex
(Fig. 1C–F).

Corticosterone levels after mild stress
To determine whether the hippocampus influenced corticoste-
rone secretion during mild stress, we first measured the concen-
tration of corticosterone in blood plasma after rats had spent 20
min in a brightly lit Perspex box to which they had already been
exposed daily for 1 week. Corticosterone concentrations 2–3 min
after the rat was removed from the test chamber ranged from 128
ng/ml (mean of rats with ventral hippocampal lesions) to 226
ng/ml (mean of sham-operated group). The corticosterone level
in rats with complete or partial lesions of the hippocampus was
not higher than in controls (Fig. 2A). In fact, corticosterone was
lower after hippocampal damage than after sham surgery (group
effect: F(3,61) � 6.0; p � 0.001). Post hoc analyses showed that this
effect reflected a reduction of corticosterone in rats with com-
plete or ventral hippocampal lesions compared with sham-
operated rats, as well as a reduction in animals with ventral le-
sions compared with those with dorsal lesions [Tukey honestly
significant difference (HSD); p � 0.05]. There was no significant
correlation between corticosterone concentration and percent-
age damage to the hippocampus (r(49) � �0.06) or the subiculum
(r(49) � �0.20).

Corticosterone levels after moderate stress
Seven days later, corticosterone responses were examined during
increased stress in the same animals (Fig. 2B). The rats were
placed in the Perspex box on 2 consecutive days. On day 1, they
received three electric shocks to the foot. All animals responded
with a significant increase in freezing (Fig. 3). On day 2, the rats
were reintroduced to the chamber for 20 min. No shock was given
on this trial. Sham-operated rats and rats with partial lesions of
the hippocampus showed strong freezing. Rats with complete
lesions also froze more, but the freezing was temporary (group
effect: F(3,49) � 4.8, p � 0.005; group � time: F(12,196) � 2.4, p �
0.01) (Fig. 3). Blood samples were collected 2–3 min after the rats
were removed from the chamber on day 2. The secretion of cor-
ticosterone increased significantly compared with the test before
shock (Fig. 2A,B) (trial effect: F(1,60) � 14.9, p � 0.001), but the
increase was independent of group (trial � group: F(3,60) � 1.4,
p � 0.05). Corticosterone secretion was again slightly lower after
hippocampal damage (Fig. 2B) (group effect: F(3,60) � 3.9, p �
0.01). Group averages ranged from 157 ng/ml (complete lesions)
to 289 ng/ml (sham-operated group). The group effect was
caused primarily by lower concentrations in the complete hip-
pocampal lesion group than in the sham-operated group (Tukey
HSD; p � 0.01). Other pairwise comparisons were not signifi-
cant. There was no correlation between corticosterone and per-
centage damage to the hippocampus or the subiculum (r(48) �
�0.17 and r(48) � �0.22, respectively).

Resting levels of corticosterone
Finally, we examined whether hippocampal lesions influenced
the resting level of plasma corticosterone in the same set of ani-
mals. Rats were retrieved directly from their home cages in the
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vivarium and transported to the procedure bench for collection
of blood. The transport took 10 –12 sec. The corticosterone level
was low in all groups, with averages ranging from 40 to 90 ng/ml
(Fig. 2C), which is comparable with resting levels reported for
Long–Evans rats in several other studies (Sapolsky et al., 1984;
Bizon et al., 2001). Hippocampal damage did not increase adre-
nocortical activity. The concentration of corticosterone was nu-
merically lower in animals with complete hippocampal lesions
than in the control group, but the group differences did not reach
statistical significance (one-way ANOVA; F(3,40) � 2.76, p �
0.05). Resting corticosterone concentrations did not correlate
with damage to the subiculum (r(32) � 0.03) but were inversely
related to the size of the hippocampal lesion (r(32) � �0.40; p �

0.05). Corticosterone secretion in the home cage was significantly
lower than in the Perspex box (before shock: F(1,40) � 65.1, p �
0.001; after shock: F(1,39) � 57.1, p � 0.001).

Replication of previous stress protocols
One reason why our lesions failed to affect adrenocortical activity
could be that the behavioral tasks were less stressful than, or in
other ways differed from, those of previous studies. To examine
this possibility, we copied two of the behavioral procedures used
in studies that reported hypersecretion of corticosterone after
hippocampal damage. Immobilization is probably the most com-
monly used type of stress in these studies. Thus, the concentra-
tion of corticosterone in blood plasma was measured in rats ex-

Figure 1. Representative cresyl violet stains of remaining neuronal cell bodies at four coronal levels in a sham-operated rat (A, C, E) and a rat with a complete lesion of the hippocampus and
substantial damage to the subiculum (B, D, F ). C–F show lateral, basolateral, and cortical nuclei of the amygdala, as well as adjacent piriform cortex, near the ventral tip of the hippocampus. Boxes
in C and D are shown at high magnification in E and F, respectively.
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posed to 1 hr of restraint stress, as for example in Sapolsky et al.
(1984). Blood was collected immediately after the rats were re-
leased. Again, corticosterone concentrations were similar in the
hippocampal group and the sham group (mean values of 284 and
278 ng/ml, respectively; t(14) � 0.1; p � 0.05) (Fig. 4A). These
values are comparable with those measured after the shock reten-
tion test.

The same animals were subsequently trained to find a hidden
platform in a Morris water maze. The training procedure was
similar to the one reported by Roozendaal et al. (2001), with 2 d of
four training trials and a probe trial on the third day. Blood was
sampled immediately after the probe trial. As expected, rats with
hippocampal lesions had longer escape latencies than sham-
operated animals (group effect: F(1,13) � 9.9, p � 0.01; mean

escape latencies on day 2: 36.8 � 4.2 and 18.4 � 2.8 sec, respec-
tively). Quadrant differences were not significant on the probe
trial (time in target quadrant: 10.7 � 2.9 and 16.1 � 2.5 sec in
hippocampal and sham-operated rats, respectively; quadrant ef-
fect: F(3,39) � 1.5; quadrant � group effect: F(3,39) � 1.7, p �
0.05). As in the Roozendaal study, corticosterone concentrations
were determined after the final probe trial. It took �5 min from
the time the rats were picked up in the vivarium until the probe
trial was completed and the rat was brought to the procedure
bench for blood sampling. There was no difference in corticoste-
rone concentration under these conditions (mean values of 43
and 54 ng/ml in hippocampal and sham-operated rats, respec-
tively; t(12) � 0.4; p � 0.05) (Fig. 4B). The concentrations were
lower than with the other stress procedures, presumably because
corticosterone was sampled well before the peak values were
attained.

Resting levels of corticosterone were determined in the same
animals 5 d after the water-maze study. As in the previous exper-
iments, there was no difference between hippocampal and sham-
operated animals (mean values of 16 and 12 ng/ml in hippocam-
pal and sham-operated rats, respectively; t(11) � 0.3; p � 0.05)
(Fig. 4C).

Duration of corticosterone response
Lesions in the hippocampal formation may prolong the cortico-
sterone response in addition to enhancing the peak concentra-
tion (Sapolsky et al., 1984; Herman et al., 1995). We were con-
cerned that our blood samples, collected only a few minutes after
the stress event, had missed a potentially delayed corticosterone
hypersecretion in the hippocampal lesion group. Thus, we pre-
pared a separate batch of animals (10 with complete hippocampal
lesions and 9 with sham lesions) in which the concentration of
corticosterone was measured in blood from vena jugularis at sev-

Figure 2. Plasma concentrations of corticosterone (means � SEM) in rats with complete
hippocampal lesions, lesions of the dorsal or ventral hippocampus, or sham lesions. Corticoste-
rone concentrations were determined after confinement to a familiar but brightly lit Perspex
box (A, B) or after rest in the vivarium ( C). Samples in B were collected 24 hr after the animals
received an electric shock in the Perspex box.

Figure 3. Freezing in response to electric foot shock after complete or partial (dorsal or
ventral) hippocampal lesions. The diagram shows the percentage of time spent freezing before
and after electric shock (segments of 1 min; sample interval 10 sec; means � SEM). Even rats
with complete hippocampal lesions exhibited increased freezing on the 24 hr retention test,
although the response was temporary.

Figure 4. Plasma concentrations of corticosterone (means � SEM) in rats with complete
hippocampal lesions or sham lesions. Corticosterone concentrations were determined in the
same animals after 1 hr of restraint stress ( A), after 1 min of swimming in a water maze ( B), or
after rest in the vivarium ( C). The behavioral procedures in A and B were similar to those
reported by Sapolsky et al. (1984) and Roozendaal et al., (2001), respectively.
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eral later time points. Blood was collected either 30, 60, or 90 min
after the rats were put in the brightly lit Perspex box. The animals
spent 5 min in the box and the rest of the interval in the vivarium.
There was no evidence of corticosterone hypersecretion in the
hippocampal group at any time point. Again, the corticosterone
level was consistently lower in the lesioned animals (Fig. 5)
(group: F(1,16) � 6.6; p � 0.05). There was no significant effect of
time (F � 1) and no significant groups � time interaction (F �
1). The absolute concentrations of corticosterone were low (Fig.
5), suggesting that confinement in the box caused a short-lasting
activation (�30 min) in both groups. With longer confinements
(Fig. 6) (see below), corticosterone levels were higher, but there
was no difference between the hippocampal group and the sham
group at either 30 or 90 min.

Nonspecific effects of surgery
Surgery may influence the HPA system in nonspecific ways. Such
influences could potentially mask any specific effects of lesions in
the hippocampus. To estimate the presence of nonspecific
changes, we compared resting corticosterone levels in rats with
sham lesions (n � 8) with those of naive, unoperated rats from
the same litter (n � 8). Blood was collected 14 d after the sham
group was operated. There was no difference in corticosterone
levels (sham group: 37 � 14 ng/ml; unoperated group: 35 � 17
ng/ml; t(13) � 0.1; p � 0.05). Thus, it is unlikely that the surgical
trauma affected adrenocortical activity at the time of testing.

Effect of recovery after surgery
It is possible that the lack of hypersecretion in the hippocampal
group reflected functional recovery after surgery caused by plas-
ticity in the HPA axis or suprahypothalamic control systems (Ja-
cobson and Sapolsky, 1991; Sapolsky et al., 1991) and that disin-
hibition of corticosterone secretion would be expressed at shorter
intervals between lesion and test. In the above experiments, re-
covery intervals varied between 10 and 29 d. It is possible that
these intervals were too long to detect a possible effect on adre-
nocortical hyperactivity. To determine the effect of recovery

time, we conducted two additional experiments. First, we short-
ened the recovery time after the induction of lesions. Blood was
sampled after placement in two novel chambers 4 and 7 d after
surgery, respectively. The pattern of results was comparable with
that of the other experiments. Corticosterone levels were higher
after 30 min of confinement than at 90 min (Fig. 6) (time: F(1,13)

� 9.0; p � 0.01), but there was no difference between the hip-
pocampal group and the sham group at any time (group: F(1,13) �
1; group � time: F(1,13) � 1).

In a second experiment, recovery was eliminated entirely by
inactivating the hippocampus temporarily using local infusion of
the GABAA receptor agonist muscimol. Histological examination
showed that all implanted cannulas hit the hippocampus as in-
tended (Fig. 7A,B). Extrahippocampal damage was limited to the
neocortex around the guide cannulas. To determine whether the
GABAA receptor agonist muscimol infusions inactivated hip-
pocampal function as intended, we pretrained rats to find a hid-
den escape platform at a fixed location in a hippocampal-
dependent water-maze task (Morris et al., 1982). Before infusion,
the rats were given a probe trial in which the platform was sub-
merged and thus unavailable to the rat. All rats showed a strong
bias toward the target location (Fig. 8A). One hour after drug
infusion, retention was probed a second time. Although the
saline-injected control animals maintained their preference for
the platform region, there was no bias toward the platform loca-
tion in animals that received muscimol at two locations in each
hippocampus (Fig. 8B). Infusions at a single location did not lead
to significant impairment of retention. There was a significant
effect of groups on time spent in the target zone (F(2,29) � 5.6; p �
0.01), which reflected the impairment of the double-infused
group compared with the two other groups (Tukey HSD; p �
0.01). At the end of the probe trial, the platform was raised at a
new location opposite to the one used during training, and the
rats were trained with this location on the next eight trials. A final
probe trial replicated the pattern on the previous retention test

Figure 5. Corticosterone response at different latencies after exposure to a stressor in rats
with complete hippocampal lesions or sham lesions. Corticosterone concentrations (means �
SEM) were determined 30, 60, or 90 min after exposure to the brightly lit Perspex box. Figure 6. Corticosterone response during the first week after hippocampal ablation. Rats

with complete hippocampal lesion or sham surgery were exposed to a brightly lit novel chamber
for either 30 min ( A) or 90 min ( B). Corticosterone concentrations (means � SEM) were deter-
mined immediately after removal from the environment
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(Fig. 8C) (F(2,29) � 4.1; p � 0.05). Again, the double-infused
group differed from each of the two other groups (Tukey HSD;
p � 0.05). Thus, muscimol disrupted both retention and new
learning in the water maze, implying that significant amounts of
hippocampal tissue were inactivated 1 hr after the infusion.

Two days after the retention test, the infusion procedure was
repeated. The rats rested for 1 hr in the vivarium after the infu-
sion. Within a period of 2–3 min, they were then anesthetized,
and blood was sampled from the heart before the rats were per-
fused. The concentrations were slightly higher in this study than
the resting levels in the lesion experiment, but the increase was
expressed in all groups (group averages of 88 –129 ng/ml) and
might be an aftereffect of the infusion 1 hr earlier (Fig. 9). More
importantly, there was no difference in mean corticosterone con-
centration in muscimol- and saline-infused animals (Fig. 9A)
(F(2,29) � 1; p � 0.05). The assumption of normality was strongly
violated in this analysis because of one extreme outlier in one of
the muscimol groups (Fig. 9B). However, a nonparametric test
gave similar results (Kruskal–Wallis test: � 2 � 1.37; df � 2; p �
0.50). The median corticosterone concentration of the double-
infused muscimol group was comparable with that of the sham

Figure 7. Cresyl violet stains showing position of cannulas for infusion into hippocampus (A,
B) (rat with two cannulas per hippocampus) or ventral subiculum ( C). The injection volume per
cannula was 0.25 �l (hippocampus) or 0.40 �l (subiculum). Arrowheads indicate approximate
center of infusion.

Figure 8. Effect of temporary inactivation of the hippocampus on a known hippocampal
function: retention in a Morris water maze. The hippocampus was inactivated by microinfusion
of the GABAA receptor agonist muscimol; before infusion ( A), 1 hr after infusion ( B), or after
new learning with a different platform position (2 hr after infusion) ( C). The diagrams show
time spent in the central zone of the platform quadrant (black) and in corresponding zones of
the three other quadrants (means � SEM) for sham-operated rats, rats with a single infusion in
each hippocampus, and rats with two infusions in each hippocampus. Note that both retention
and new learning were impaired by infusions that targeted the hippocampus at two locations.
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group (Fig. 9B). Thus, inactivation of the hippocampus failed to
elevate adrenocortical activity significantly even at time scales
that were too short for functional recovery and plasticity.

It is possible that influences of the hippocampal formation
on HPA activity are mediated by the ventral subiculum rather
than the hippocampus proper (Herman et al., 1995, 1998).
Thus, in a second inactivation experiment, muscimol was in-
fused bilaterally into the ventral subiculum. Inactivation did
not significantly elevate the resting levels of corticosterone,
although there was a small numerical increase (ventral subic-
ulum group: 133 ng/ml; saline group: 109 ng/ml; t(9) � 0.8;
p � 0.05; paired t test) (Fig. 9C). The opening of the cannula
was placed at the border between the dentate gyrus and the
underlying ventral subiculum (n � 5) or within the ventral
subiculum more caudally (n � 5) (Fig. 7C). In two animals,
the tip of the cannula was outside the target area in one hemi-
sphere (entorhinal cortex and presubiculum and parasubicu-
lum, respectively). Excluding these animals did not increase
the difference between the groups.

Discussion
The main finding was that corticosterone secretion was not in-
creased by complete axon-sparing lesions of the hippocampus.
Corticosterone was measured at the nadir of the rat circadian
cycle of corticosterone secretion when the hypersecretion is max-
imal after nonselective lesions (Moberg et al., 1971; Fischette et
al., 1980). All animals responded with elevated corticosterone
levels after stress, but the concentrations did not increase more in
lesioned animals than in control-operated animals at any of the
time points tested or with any of the behavioral procedures that
we used. In fact, in several experiments, the secretion of cortico-
sterone was slightly reduced after complete damage to the hip-

pocampus. This reduction may be related to attenuated fear re-
sponses in rats with hippocampal lesions (Deacon et al., 2002;
Kjelstrup et al., 2002). We also failed to see an increase in corti-
costerone secretion after short recovery periods and temporary
inactivation of the hippocampus or the ventral subiculum, sug-
gesting that the maintenance of normal adrenocortical activity
after lesions of these structures did not depend on functional
recovery or compensatory processes in the hypothalamus or in
suprahypothalamic control systems. Altogether, our findings in-
dicate that the hippocampus is not necessary for preventing ex-
cessive adrenocortical activity.

Corticosterone secretion was not exacerbated by hippocampal
lesions either during rest or after exposure to stressors of different
intensity. It can be argued that the hippocampal group had nor-
mal corticosterone concentrations in the shock retention study
because they did not recall the aversive experience. However,
these rats did exhibit a temporary increase in freezing, consistent
with previous reports suggesting that retention of contextual in-
formation is mostly spared when the hippocampus is damaged
before training (Maren et al., 1997). Rats with lesions of either the
dorsal two-thirds or the ventral two-thirds of the hippocampus
froze as much as the sham-operated control rats but showed no
further increase in corticosterone concentration. Thus, the ab-
sence of hypersecretion in the hippocampal groups after electric
shock was probably not caused by impaired retention.

These results contrast with reports of adrenocortical hyperac-
tivity after large nonselective mechanical or electrolytic lesions of
the hippocampus (Fendler et al., 1961; Kim and Kim, 1961;
Knigge, 1961; Moberg et al., 1971; Murphy et al., 1979; Fischette
et al., 1980; Wilson et al., 1980; Sapolsky et al., 1984, 1991; Her-
man et al., 1989). Discrepant effects on corticosterone secretion
after hippocampal lesions have previously been attributed to dif-
ferences in recovery time between surgery and experimentation
(Jacobson and Sapolsky, 1991). This was suggested on the basis of
the observation that monkeys recover from adrenocortical hy-
peractivity within 15 months after hippocampal damage (Sapol-
sky et al., 1991). The durability of the adrenocortical hyperactiv-
ity cannot be extrapolated to rats, but a study by Lengvari and
Halasz (1973) suggested that recovery occurs at a faster time scale
in the rat. These authors observed that lesions of the fornix dis-
rupted the circadian corticosterone rhythm 1 week, but not 3
weeks, after surgery. However, there was no significant enhance-
ment of absolute corticosterone levels at any time point; in fact,
the lesioned group failed to attain the high levels of corticosterone
shown by control rats at the beginning of the dark period. Our
own results with short recovery periods after surgery (down to
4 d) and temporary inactivation by muscimol suggest that
failure to see adrenocortical hyperactivity after hippocampal
damage cannot be attributed solely to the timing of the
experiments.

The maintenance of normal adrenocortical activity after
axon-sparing interventions suggests a different explanation. The
previously reported increase in corticosterone concentration
may reflect disruption of fibers passing through or around the
lesioned area. The failure of other studies to determine such an
effect (Coover et al., 1971; Lanier et al., 1975; Conforti and Feld-
man, 1976; Smotherman et al., 1981; Bradbury et al., 1993; Her-
man et al., 1995) may not have been a reflection of incomplete
damage to the hippocampus. One possibility is that nonselective
mechanical or electrolytic lesions of the hippocampus disrupted
rostrally oriented fibers from the ventral subiculum. The ventral
subiculum, unlike the hippocampus itself, has extensive bisynap-
tic connections with the paraventricular nucleus of the hypothal-

Figure 9. Plasma concentration of corticosterone 1 hr after temporary inactivation of the
hippocampus (A, B) or the ventral subiculum ( C) by the GABAA receptor agonist muscimol. The
rats rested in the vivarium between infusion and blood collection. A, C, Mean � SEM; B, box
plot. Medians are indicated by thick horizontal lines inside the interquartile boxes. Asterisks
indicate outliers.
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amus (Risold and Swanson, 1997; Petrovich et al., 2001), and
ibotenate lesions in the ventral subiculum are associated with
elevated corticosterone responses (Herman et al., 1995, 1998).
Two observations speak against a unique role for the ventral sub-
iculum in tonic inhibition of the HPA axis. First, our lesions were
accompanied by substantial damage to the subiculum, without
detectable effects on corticosterone levels. The remaining subic-
ular tissue (15% on average) was probably not sufficient to sup-
port inhibition of adrenocortical activity. Second, resting corti-
costerone levels were not significantly increased by temporary
inactivation of the ventral subiculum. It is unlikely, however, that
the infusions inactivated the structure completely, and it is pos-
sible that pronounced differences appear under more stressful
conditions (Herman et al., 1995). Nonetheless, the most parsi-
monious interpretation of the lesion and inactivation data as a
whole is that the hippocampal formation operates in parallel with
other suprahypothalamic control systems and that these other
systems are sufficient, under most circumstances, to prevent ex-
cessive HPA activity. High densities of glucocorticoid receptors
are present in several extrahippocampal structures, such as the
prefrontal cortex, the lateral septum, the bed nucleus of the stria
terminalis, and the paraventricular nucleus itself, and projections
from these areas to the HPA axis are likely to provide additional
negative feedback inhibition (Herman and Cullinan, 1997). The
present data suggest that under many conditions these systems
may be able to control HPA activity in the absence of hippocam-
pal–subicular integrity.

Disruption of bypassing fibers does not explain the discrep-
ancy between the present results and those of Roozendaal et al.
(2001), who observed stress-induced hypersecretion of cortico-
sterone after a water-maze probe trial in rats with kainate-
induced lesions in area CA3 of the dorsal hippocampus. It is
possible that dishinhibition of HPA activity is expressed only at
high stress levels and that the Roozendaal task was particularly
stressful. However, using the same behavioral protocol as
Roozendaal et al. (2001), we failed to see an increase in cortico-
sterone concentrations after the probe trial in rats with hip-
pocampal lesions. The most striking procedural difference be-
tween the studies is the choice of neurotoxins (kainic acid vs
ibotenic acid). Kainic acid is known to cause recurrent epileptic
seizures even after nanogram infusions in the hippocampus
(French et al., 1982; Bouilleret et al., 1999), and such seizures may
lead to structural or functional damage in hippocampal target
areas. It remains to be determined whether extrahippocampal
damage or other factors account for the different effects on
adrenocortical activity. Our results with lesions and tempo-
rary inactivation certainly do not rule out an influence by the
hippocampus on the HPA axis but suggest that multiple brain
systems may be capable of exerting independent tonic inhibi-
tion of the HPA axis.
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