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KANT, G. J.,J. L. MEYERHOFF AND L. E. JARRARD. Biochemical indices of reactivity and habituation in rats with
hippocampal lesions. PHARMACOL BIOCHEM BEHAYV 20(5) 793-797, 1984.—The response of rats with hippocampal
lesions to acute and repeated footshock stress was assessed by measurement of pituitary cyclic AMP, plasma corticoste-
rone and plasma prolactin. Levels of pituitary cyclic AMP and plasma prolactin and corticosterone were similar in
never-shocked sham controls, and never-shocked hippocampal and neocortical lesion groups. Acute first time shock
markedly elevated all measured stress indices with no statistically significant differences observed among surgical groups.
In rats subjected to repeated stress (one 15 min footshock session per day for 10 days) and sacrificed 24 hours after the last
shock session, levels of pituitary cyclic AMP and plasma hormones were similar to levels in never-shocked shams with the
exception of the hippocampal animals. The rats with hippocampal lesions had higher levels of pituitary cyclic AMP, plasma
corticosterone and plasma prolactin compared to never-shocked animals. We suggest that these data reflect a hyperreactive
response of the hippocampal animals to a situation previously associated with shock. Finally, rats in all surgical groups
subjected to repeated stress and sacrificed immediately after the last shock session showed a diminished cyclic AMP
response to the stressor as compared to first footshock session response, demonstrating a habituation to the stressor as
measured by this index. No differences in habituation were observed among hippocampal, neocortical and sham groups.
Plasma hormone responses did not habituate in any group. These data support the behavioral observations of hyperreac-
tivity in hippocampal animals and indicate that hippocampal animals are able to habituate to repeated stressful stimuli.
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RODENTS with hippocampal lesions appear to be more re-
active than intact animals to both internal and external stim-
uli {3, 8, 10, 30, 34]. Thus, hippocampal lesioned rats react
more vigorously to the presentation of intense stimuli [6,25],
are more active than controls in home cage and novel situa-
tions [9,10], and habituate more slowly than controls in an
open field [7]. Behavioral measures and/or levels of plasma
corticosterone were used in the above studies to assess ‘‘re-
activity”” or ‘‘habituation.”

It is known that the hippocampus is involved in the regu-
lation of corticosterone release via feedback of circulating
corticosterone on pituitary and hippocampal glucocorticoid
receptors [18, 24, 32]. Thus the interpretation of plasma cor-
ticosterone response to stressful stimuli in animals with hip-
pocampal lesions must consider not only any issues of ‘‘re-
activity”” or ‘‘habituation’” but also the direct effects of the
lesion on regulation of ACTH and corticosterone release.

Therefore, it would be useful to measure other indices of
stress in addition to corticosterone.

We have been investigating biochemical responses in rats
to stressful environmental stimuli and have shown that var-
ious stressors including footshock elevate levels of pituitary
cyclic AMP and plasma prolactin as well as plasma cortico-
sterone {2, 13, 14, 27]. The cyclic AMP and plasma prolactin
responses to stressors are proportional to the severity of the
stressor and habituate to repeated exposure of the same
stressor [15,16]. Plasma corticosterone, in our studies, was
maximally elevated by relatively mild stressors and did not
habituate to repeated moderate stressors.

We decided to evaluate the role of the hippocampus in the
response to a stressful stimulus, footshock. Both reactivity
to the initial footshock session and habituation to repeated
sessions were tested by measuring pituitary cyclic AMP,
plasma prolactin and plasma corticosterone responses in

'The views of the author(s) do not purport to reflect the position of the Department of the Army or the Department of Defense, (para 4-3,

AR 360-5).

2In conducting the research described in this report, the investigator(s) adhere to the ‘*Guide for the Care and Use of Laboratory Animals,””
as promulgated by the Committee on Care and Use of Laboratory Animals of the Institute of Laboratory Animal Resources, National

Research Council.



794

sham animals and rats with hippocampal or neocortical le-
sions.

Since it has been recently demonstrated that hippocam-
pal lesions can also affect dopamine metabolism [35], we
measured levels of dopamine and norepinephrine in terminal
areas of catecholamine ascending pathways as well.

METHOD
Animals

Sprague-Dawley male rats (300-350 g) were housed in-
dividually in a temperature (23°) and light controlled (lights on
from 0600 to 1800) room. (In conducting the research de-
scribed in this report, the investigator(s) adhered to the
“*Guide for the Care and Use of Laboratory Animals,”” as
promulgated by the Committee on Care and Use of Labora-
tory Animals of the Institute of Laboratory Animal Re-
sources, National Research Council.) Other rats were also
housed in the room. Food and water were freely available.
The surgical procedures used in lesioning the hippocampus
were similar to those employed in other studies reported by
one of us [9,10]. For the surgical procedures, animals were
anesthesized with pentobarbital, ketamine and atropine.
Bilateral holes were drilled above the hippocampus in the
skull, overlying cortex was removed and the hippocampus
was aspirated medially and ventrally. Histological examina-
tion of the lesioned animals was not performed in the present
study since the animals were sacrificed by microwave ir-
radiation and since some brain regions were dissected for
catecholamine analysis (see below). In similar studies using
this lesion procedure, approximately 80 to 85% of the hip-
pocampus was found to be removed, with the sparing of the
ventral tips [9,10].

In the neocortical animals, only overlying cortex was re-
moved and sham animals were prepared with only burr
holes. The holes were filled with acrylic anchored with nylon
screws prior to wound closure to permit sacrifice of the
animals by microwave irradiation. This procedure was fol-
lowed since unfilled burr holes would permit pressure-
induced distortion of the brain during microwave irradiation
with loss of brain tissue, and metal screws would interfere
with the microwave field. Animals were allowed to recuperate
from surgery for 1 week prior to initiation of daily handling
or stress.

Stress

Each surgical group (sham, neocortical, and hippocam-
pal) was divided into 2 treatment groups of 12 animals each.
One treatment group was simply handled each day for 10
days. Handling included habituating the rats to traversing an
open-ended plastic cylinder similar to the microwave sac-
rifice applicator. The other treatment group was subjected to
one 15 min session of footshock each day for ten days. Foot-
shock (1.2 mA) was delivered to the floor bars of an operant
box on a variable time schedule on the average of once per 30
seconds. Shock duration was 5 sec.

Experimental Procedures

On the 11th day, each treatment group (handled only or
repeatedly stressed) was again divided in two. One subgroup
was sacrificed immediately upon removal from the home
cage and the other group was subjected to a 15 min footshock
session and then immediately sacrificed following stressor
termination. Thus each surgical group (sham, neocortical and
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hippocampal) provided 4 experimental groups: never-
shocked, once-shocked and sacrificed immediately following
the only shock session, 10 day repeatedly stressed but not
stressed on day of sacrifice, and 10 day repeatedly stressed
and sacrificed immediately following an 11th stress session.
The experiment was conducted between 0830 and 1230 on
two consecutive days and animals were sacrificed alterna-
tively from the different surgical groups to minimize any
circadian effects. Animals were sacrificed 18 days post-
surgery.

Sacrifice and Assay Procedures

Animals were sacrificed by a 5 sec exposure to high
power microwave irradiation, a technique which has been
shown to eliminate post mortem changes in cyclic AMP
[12,23]. The microwave power generator was a modified
Varian PPS-2.5 with an output of 2.5 kW at a frequency of
2450 Megaherz [26]. Rats were placed into a plastic
applicator tube and a plunger was inserted behind the rat to
prevent backward movement [22]. Sacrifice was accom-
plished in less than one minute after removal from the home
cage or shock chamber.

After microwave sacrifice, the rats were decapitated and
trunk blood was collected in heparinized beakers. The blood
was centrifuged and the plasma frozen at —20° for later
analysis of prolactin and corticosterone. The heads were
cooled briefly on dry ice and the pituitaries were dissected,
weighed and sonicated in one ml of 50 mM sodium acetate
buffer, pH 6.2. After centrifugation the supernatants were
stored at —70° until assayed for cyclic AMP.

In the never-shocked groups only, additional regions
(corpus striatum, n. accumbens, o. tubercle, septal region,
amygdala, pyriform cortex, frontal cortex, and entorhinal
cortex) were dissected, weighed and sonicated in sodium
acetate buffer as above. Dissection was performed essen-
tially as described previously [1]. Supernatants were stored
at —70° until assayed for norepinephrine or dopamine.

Material for the prolactin assays was provided by the Na-
tional Institute of Health through the Rat Pituitary Hormone
Distribution Program. Rat prolactin was radioiodinated as
previously described [21]. Plasma was assayed for cortico-
sterone using an antibody produced in our laboratory in
rabbits [29]. Within assay variation was <5% and between
assay variation was <12%. Recovery of added corticoste-
rone was >92%.

Cyclic AMP was determined by radioimmunoassay using
an antibody developed and characterized in our laboratory
[21,36]. A highly specific antiserum was used at a final dilu-
tion of 1:400,000. The antiserum exhibited cross-reactivities
for ATP and cyclic GMP of less than 0.00007 and 0.14%
respectively. The assay data were analyzed by computer
[31]. Within assay variation was 7% and between assay var-
iation was 18%. Phosphodiesterase treatment of tissue ex-
tracts reduced cyclic AMP to undetectable levels.

Norepinephrine and dopamine were determined by
radioenzymatic assay as described previously [21].

Statistics

Two way analysis of variance was performed for the data
displayed in Table 1 and 2. No significant effects were seen
for the catecholamine data shown in Table 2. Significant F
values were found for the pituitary cyclic AMP, plasma
prolactin and plasma corticosterone data shown in Table 1.
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TABLE 1

EFFECT OF STRESS ON PITUITARY CYCLIC AMP, PLASMA PROLACTIN
AND CORTICOSTERONE

Days 1-10 No shock No Shock Shock Shock
Day 11 No shock Shock No shock Shock
Pituitary Cyclic AMP (pmoles/mg wet weight)
Sham 1.51 = 0.28 13.45 =+ 3.26* 1.56 = 0.19 3.82 + 0.91*%f
Neocortical 1.34 + 0.12 11.96 + 1.53* 1.45 = 0.14 2.89 = 0.72*%
Hippocampal 1.42 £ 0.13 20.08 + 4.93* 1.75 = 0.32 5.30 = 1.21*%
Plasma Prolactin (ng/ml plasma)
Sham 10.6 = 2.0 212 + 23* 2.6 + 1.9 166 + 24*
Neocortical 18.2 + 8.3 172 + 28* 154 + 1.5 261 + 63*
Hippocampal 14.8 + 3.0 236 + 30* 33.0 = 6.71 225 + 28*
Plasma Corticosterone (ug/100 ml plasma)

Sham 45+ 1.4 27.2 + 1.6* 7.4 + 3.7 24.4 + 3.9*
Neocortical 3.2+ 1.2 26.3 + 2.2*% 6.7 + 2.6 34.0 = 2.5*
Hippocampal 7.1 27 26.0 + 2.7* 17.0 = 3.3% 36.5 + 3.5*

Values represent the mean + SEM. N=6. *Significantly different than no shock/noshock
group, p<0.05, Student’s r-test. TSignificantly different than sham or neocortical
shock/noshock, p<0.05, Student’s 7-test. iSignificantly different than no shock/shock,

p<0.05, Student’s 7-test.

Selected group comparisons were then made using Student’s
t-test.

RESULTS

As shown in Table 1, levels of pituitary cyclic AMP,
plasma prolactin and plasma corticosterone in never-
shocked animals were similar in sham, neocortical and hip-
pocampal groups. Acute first-time stress markedly elevated
all indices, with no statistically significant differences ob-
served between the groups. Hippocampal animals did, how-
ever, have higher pituitary cyclic AMP and plasma prolactin
levels than the other groups. Twenty four hours after their
last shock, repeatedly stressed rats exhibited similar levels
of cyclic AMP and hormones to never-shocked animals with
the exception of the hippocampal group. The hippocampal
animals had higher levels of pituitary cyclic AMP, plasma
prolactin and corticosterone as compared to either similarly
treated sham and neocortical rats or to hippocampal never-
shocked rats. All groups of rats habituated to repeated stress
as shown by comparing levels of pituitary cyclic AMP in the
rats sacrificed immediately following the 11th stressor ses-
sion to levels following the first shock session. Plasma hor-
mone responses did not habituate under these conditions.

As shown in Table 2, levels of DA in the striatum, n.
accumbens, and o. tubercle tended to be higher in the hip-
pocampal animals than controls. However none of the
changes were statistically significant.

DISCUSSION

In the present study, we have compared reactivity and
habituation to a stressful stimulus in rats with hippocampal
lesions and controls using biochemical indices of stress re-
sponse.

TABLE 2

EFFECT OF NEOCORTICAL AND HIPPOCAMPAL LESIONS ON
LEVELS OF DOPAMINE AND NOREPINEPHRINE

Region Sham Neocortical  Hippocampal
Dopamine (ug/g wet weight)
Striatum 18.0 =34 21.5 = 2.1 27.1 5.3
N. Accumbens 42 *=0.5 4.7 = 1.0 5.8 = 1.1
O. Tubercle 5.1 0.5 44 =07 6.2 =038
Amygdala 0.75 + 0.22 0.72 + 0.13 0.79 = 0.18
Septal Region 0.61 + 0.14 1.42 £ 0.42 0.83 + 0.33
Norepinephrine (ug/g wet weight)
Frontal Ctx 0.19 + 0.03 0.28 + 0.05 0.26 + 0.05
Pyriform Ctx 0.10 = 0.02 0.13 + 0.03 0.10 = 0.03
Entorhinal Ctx 0.11 = 0.02 0.18 + 0.05 0.12 + 0.04
Amygdala 0.25 + 0.03 0.27 = 0.07 0.22 + 0.05
Septal Region 0.25 + 0.04 0.32 + 0.06 0.38 + 0.08

Values represent the mean = SEM. N=6. All rats were taken
from the never-shocked group.

Acute stress increases plasma corticosterone and plasma
prolactin in the rat [19, 21, 27, 33]. We have also found that
acute stress elevates levels of pituitary cyclic AMP in vivo
and have suggested that this cyclic AMP response is in-
volved in the control of release of some pituitary hormones
in response to stress [2, 13, 14, 27]. Neither prolactin or
corticosterone, however, seem to be the hormones directly
regulated by stress-induced pituitary cyclic AMP increases
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as shown by recent work from our laboratory [17,28].

Previous studies of hippocampal lesioned animals have
generally measured only plasma corticosterone levels with
somewhat contradictory results [4, 11, 20]. We find that
plasma corticosterone is a sensitive marker of mild stress or
arousal but that corticosterone peaks at lower stress inten-
sities than plasma prolactin or pituitary cyclic AMP [16].
Probably because plasma corticosterone is so sensitive a
marker, it is difficult to demonstrate habituation using corti-
costerone as an index except for the most gentle stimuli
[5,11]. We have previously found that plasma prolactin and
pituitary cyclic AMP responses to some stressors (forced
running, immobilization, footshock) habituate with repeated
exposure [15].

Resting levels of plasma corticosterone were similar in
never-shocked sham animals, neocortical lesioned rats, and
hippocampal lesioned rats in agreement with previous re-
ports in the literature that used various types of stressors and
measurement techniques [4, 11, 20, 30]. Plasma corticoste-
rone response to stress in rats with hippocampal lesions has
been reported as being either similar to intact controls or
elevated as compared to control stress response (4, 11, 20,
30]. In the present study, both response patterns were seen
depending upon the intensity of the stressor. Acute foot-
shock, a relatively severe stressor, markedly elevated
plasma corticosterone in all surgical groups with no signifi-
cant differences observed among hippocampal, neocortical
and sham groups. This finding is similar in pattern and mag-
nitude to that reported for ether stress in hippocampal
lesioned rats [20]. In the present research, the animals previ-
ously subjected to 10 days of footshock and then sacrificed
24 hours after the last shock can be viewed as a mild stress
group, since handling and transport to the experimental area
had been previously associated with footshock. In this
treatment group, differences in plasma corticosterone were
seen among surgical groups with hippocampal rats demon-
strating a hyperreactive corticosterone response. These find-
ings are similar to those reported in rats with hippocampal
lesions during social interaction in a territorial situation and
in rats with dentate gyrus lesions exposed to novelty stress
[4,11]. Plasma prolactin data confirm the hyperreactive
stress response in the hippocampal group handled 24 hours
after the last shock. An alternative explanation for the in-
creased levels of prolactin, corticosterone and pituitary cy-
clic AMP seen in the hippocampal animals handled 24 hr
after the last shock is that the hippocampal group returned to
basal levels more slowly than the other groups following
shock. This possibility might particularly pertain to the cor-
ticosterone response since negative feedback of cortico-
steroids at hippocampal receptors has been lost.

Plasma corticosterone and plasma prolactin did not
habituate in any surgical group, although we have previously
observed habituation of plasma prolactin response under
similar experimental conditions [15]. In the previous study
we examined the effects of daily 15 min sessions of foot-
shock, immobilization, forced running and cold exposure.
Overall analysis of the data showed that pituitary cyclic
AMP and plasma prolactin habituated to repeated stressors
while corticosterone did not. However, in that study the
attenuation of the prolactin response in the daily footshock
group was only 25% of the large stress-induced rise in
prolactin. In the present study, we chose footshock for the
stressor (despite the only moderate prolactin habituation ob-
served in the previous study) because of the marked habitu-
ation of the pituitary cyclic AMP response and because this
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stressor is more easily exactly replicated by other labora-
tories. In an effort to possibly increase the degree of
prolactin habituation, we decreased the shock intensity from
1.6 mA to 1.2 mA in the present study. Nevertheless,
prolactin did not habituate in the present study. However,
pituitary cyclic AMP responses to footshock were markedly
attenuated in the eleventh session as compared to those fol-
lowing first footshock. Pituitary cyclic AMP responses
habituated in sham, neocortical and hippocampal rats; no
differences in habituation were seen among sham, neocorti-
cal and hippocampal animals. These data should not be in-
terpreted as indicating which biochemical indices of stress
habituate to stress, in general, since habituation to repeated
stress as measured by biochemical indices depends upon the
characteristics of the stress, particularly stress severity. Dif-
ferent indices show different habituation rates. One way of
looking at habituation with regard to biochemical response is
that repeated exposure to a stressor decreases the perceived
severity or intensity of the stressor. If the decrease in per-
ceived intensity drops the stressor severity significantly
below the level that evokes maximal response for that
biochemical index, then biochemical ‘‘habituation’ or at-
tenuation of the response is seen. The differences in
threshold and maximum response plateaus among prolactin,
corticosterone, and pituitary cyclic AMP were one reason
for selecting several indices of stress response. Apparently
in the present study, the stressor severity was sufficiently
high to preclude observable habituation of the plasma corti-
costerone and prolactin responses.

Springer and Isaacson [35] recently reported that 7 days
after hippocampal damage there was an increase in DA
levels, a decrease in DA utilization and a decrease in NE
levels in the n. accumbens; both of these measures returned
to control levels within 28 days. It was suggested that re-
moval of the hippocampal input to basal ganglia results in a
loss and then subsequent recovery of DA utilization. In the
present study, animals were sacrificed 18 days after hip-
pocampal lesion by which time catecholamine levels were
statistically similar in lesioned and control animals. However,
levels of DA were somewhat elevated in corpus striatum, n.
accumbens, and olfactory tubercle of the hippocampal
animals. If removing the hippocampal input does have an
effect similar to that proposed by Springer and Isaacson, our
data indicates that the recovery of DA and NE systems oc-
curs by day 18.

In summary, after measuring three biochemical indices of
stress response in hippocampal lesioned rats, we conclude
that hippocampal lesioned rats have hyperreactive hormonal
responses to mild stressful stimuli. The hippocampal lesions
did not prevent habituation of the pituitary cyclic AMP re-
sponse to repeated stress. Thus, compared to control
animals, the hippocampal animals exhibited increased ‘‘re-
activity’’ and similar habituation.
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