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LIPSKA, B. K., G. E. JASKIW AND D. R. WEINBERGER. The effects of combined prefrontal cortical and hippo-
campal damage on dopamine-related behaviors in rats. PHARMACOL BIOCHEM BEHAYV 48(4) 1053-1057, 1994. —The
effects of excitotoxic damage to both the medial prefrontal cortex (MPFC) and the ventral hippocampus (VH) on behaviors
related to mesolimbic/nigrostriatal dopamine (DA) transmission were investigated in the rat. Locomotor activity in a novel
environment, after injection of saline, and after d-amphetamine was assessed 2 and 4 weeks after ibotenic acid lesion of both
MPFC and VH in adult rats. In addition, stereotypic behaviors and locomotion after apomorphine were evaluated 8 weeks
after the lesion. Locomotor activity was significantly enhanced in all testing conditions in lesioned rats as compared with
sham-operated animals, while oral stereotypic behaviors elicited by apomorphine were attenuated possibly because they were
eclipsed by excessive locomotion. These data indicate that coexisting lesions of the MPFC and VH in adult rats produce
potent and long-lasting effects on behaviors believed to be dependent primarily on the mesolimbic DA system. The profile of
changes resembles more closely that observed after excitotoxic lesions of the VH alone rather than that after separate MPFC

lesion.
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BOTH the medial prefrontal cortex (MPFC) and the ventral
hippocampus (VH) participate in regulation of subcortical DA
transmission (7,8,17,20,26,31,38). While MPFC innervates
dorsal and ventral aspects of the striatum (5,15,23) as well as
the substantia nigra (SN) and ventral tegmental area (VTA),
the sources of striatal dopaminergic innervation (16,30), VH
projects mainly to the ventral striatum (6,13,24,29,32). We
have previously suggested that differential effects of excito-
toxic lesions of the MPFC or VH in adult rats on behaviors
related to striatal DA transmission may be attributed to the
differences in their projection sites (21).

We have also previously shown that excitotoxic damage of
the VH in adult rats decreases DA turnover in the MPFC (20),
and that the magnitude of this reduction is related to the
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enhancement of DA concentration in the nucleus accumbens.
Thus, it seemed conceivable that the VH lesion may also exert
its effects on the nucleus accumbens indirectly through the
MPFC. If the latter were true, then MPFC lesions superim-
posed on VH lesions should significantly change the effects of
VH lesions. We tested this hypothesis by evaluating the effects
of combined excitotoxic VH and MPFC lesions.

METHOD

Surgery

Male Sprague-Dawley rats (Zivic Miller), weighing 220-
240 g at the beginning of the study, were maintained under
12L : 12D cycle with food and water provided ad lib. After
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induction of anesthesia (Equithesin 3 ml/kg IP) and immobili-
zation in a stereotaxic frame (Kopf Instruments), each rat
received three infusions on each side of the brain. Vehicle
(artificial CSF, pH = 7.4) in control rats (sham) or ibotenic
acid (Sigma Chemical Co.) (10 ug/ul) in lesioned rats (lesion)
was injected at a rate of 0.2 ul/min bilaterally into the medial
prefrontal cortex (5 pg/0.5ul, AP +3.2 mm, ML +0.7 mm,
VD —3.4 mm) and ventral hippocampus (at two sites: 6 ug/2
X 0.3 pl, AP —4.4 mm, ML +5.0 mm, VD —8.0 and - 6.0
mm) through stainless steel cannulae by means of a microinfu-
sion pump. The cannulae remained in place for 3 min after
each injection.

Behavioral Testing

Two different cohorts of rats (# = 8 per sham or lesion
group) were tested 2 and 4 weeks after surgery (total n = 32).
On the day of testing, rats were moved to the testing area in
their home cages. Animals were weighed and placed in Plexi-
glas cages equipped with photocell monitors (Omnitech model
RXYZCM) for a 60-min habituation period (hab). Rats then
received an injection of saline (1 ml/kg, IP) and their motor
activity was recorded for another 60 min (saline). After that
time, each rat was injected with d-amphetamine sulfate (am-
phetamine) (Sigma Chemical Co., 1.5 mg/kg, IP) and placed
again in a monitored cage for 90 min. Locomotor activity
(total distance traveled in cm) was recorded during each test-
ing session.

Both cohorts tested in the first experiment were used again
for assessement of apomorphine-induced stereotypic behavior
2 months after the lesion (n = 16 per sham or lesion group,
total n = 32). Rats were transferred from their home cages to
individual hanging metal cages (25 X 30 X 25 cm) with wire
bottoms and faces. After a 3 h acclimatization, freshly pre-
pared apomorphine (APO) (Sigma Chemical Co.) (0.75 mg/
kg, SC) in distilled water was injected at 1300 h. Starting 10
min after injection, each rat was observed for 15 s at 5§ min
intervals during the 60-min period after injection. Locomo-
tion, sniffing, licking, biting, and gnawing were scored during
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each interval. The intensity of stereotypic behavior was scored
as follows: 1—fixed sniffing; 2—single short occurrence, 3 —
occasional bursts, 4—intermittent intense performance, 5—
continuous intense performance of either licking, biting, or
gnawing (oral stereotypies).

Following behavioral testing, randomly chosen rats from
sham and lesion groups (n = 6/group) were euthanised by
decapitation. Brains were removed and frozen on dry ice. Cre-
syl violet sections (20 um) were evaluated by light microscopy.

Statistical Analysis

In the first experiment, two-way ANOVA with session
(hab, saline, amphetamine) and status (sham or lesion) as in-
dependent factors and locomotor activity (total distance trav-
eled in cm) as a dependent variable was used at each postoper-
ative interval (2 and 4 weeks).

Locomotion data for each rat (present = 1, absent = 0)
obtained from the stereotypy experiment were summed for the
entire observation period, to yield a cumulative locomotion
score (LOC). The scores assigned for the intensity of stereo-
typy were also summed to yield a total stereotypy score (TSS).
Finally, the frequency of expression of high level oral stereoty-
pies (if intensity score =3 is present = 1, if absent = 0) was
summed for each animal over the entire testing period to yield
a high level (oral) stereotypy score (HLS). t-Tests were used to
compare the mean scores of LOC, TSS, and HLS in sham and
lesion groups.

RESULTS

Nissl-stained coronal sections through the lesioned brains
illustrated that neural loss and gliosis were confined to the
intended regions (Fig. 1), as described previously (8,20). The
prefrontal cortex is traditionally defined to be the cortical
projection field of the mediodorsal nucleus of the thalamus
(35). The MPFC lesion extended from the genu of the corpus
callosum, and affected areas of cingulate cortex (Cgl-3), parts
of infralimbic cortex, and orbital cortices (20). The VH lesion

-4.16 -4.52) -5.20
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FIG. 1. Lesion boundaries defined as the area of neuronal absence and determined from Nissl-stained coronal sections from rats
with combined ibotenic acid lesions of medial prefrontal cortex (A) and ventral hippocampal formation (VH). Lesioned areas do
not overlap. Coordinates refer to distance in mm anterior (+) or posterior (—) to bregma. Blackened and striped areas indicate

smallest and largest lesions, respectively.
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FIG. 2. Locomotor activity (total distance traveled in c¢m) in rats with combined control (sham) or ibotenic acid
(lesion) lesions of medial prefrontal cortex and ventral hippocampus. Rats were monitored for 60 min in a novel
environment (hab), for 60 min after injection of saline (saline), and for 90 min after amphetamine (1.5 mg/kg, IP,
amphetamine). Testing was performed 2 (A) (n = 8 per group) and 4 weeks (B) (n = 8 per group) postoperatively.
*Significantly different from a sham group (» < 0.05).
affected ventral-temporal parts of the hippocampal formation
including dentate gyrus and subiculum, and spared the dorsal-
rostral aspects of the hippocampus. The lesioned areas 30
(MPFC and VH) did not overlap and there was no damage 4 B s
outside MPFC or VH.
25 2 LEsoN

Rats with the combined MPFC and VH lesion traveled a
greater distance when exposed to a novel environment (hab),
after saline injection (saline), as well as following administra-
tion of d-amphetamine (amphetamine) at both postopera-
tive intervals (2 and 4 weeks after the lesion) as compared
with their sham-operated counterparts (p < 0.05) (Fig. 2).
ANOVA confirmed these differences. At 2 and 4 weeks post-
operatively, there were significant main effects of status,
F(1,47) = 10.0, p = 0.003, and F(1,47) = 7.1, p = 0.01,
respectively, and session, F(2,47) = 50.0, p = 0.0001, and
F(2,47) = 40.5, p = 0.0001, respectively. The status x ses-
sion interaction was significant at 4 weeks postoperatively,
F(2,47) = 3.3, p = 0.05, and showed a trend towards signifi-
cance at 2 weeks after the lesion, F(2,47) = 2.6, p = 0.08.
Lesion rats also manifested increased locomotor activity after
administration of apomorphine (p < 0.05). However, oral
stereotypic behavior was significantly attenuated (p = 0.02)
and total stereotypy score tended to be reduced (p = 0.1) in
lesion rats following apomorphine administration (Fig. 3).

DISCUSSION

These results indicate that concurrent damage to the MPFC
and VH produces profound and enduring effects on locomo-
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FIG. 3. Behavioral responses to apomorphine (0.75 mg/kg, SC) in
rats with control (sham) or ibotenic acid (lesion) combined lesions of
medial prefrontal cortex and ventral hippocampus. LOC—locomo-
tion score, TSS —total stereotypy score (intensity of sniffing, biting,
licking, or gnawing), HLS—high level oral stereotypy score (fre-
quency of occurrence of intense licking, biting or gnawing). *Signifi-
cantly different from a sham group (p < 0.05), n = 16 per group.
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tor activity in all testing conditions—in a novel environment,
after saline injection, and after administration of d-ampheta-
mine and apomorphine. Lesioned rats manifest, however, at-
tenuated stereotypic responses to apomorphine.

We have previously demonstrated that separate ibotenic
acid lesions of the MPFC or VH produce differential effects
on these behaviors in adult rats. In particular, MPFC damage
results in transient (present at 2 but not at 4 weeks after the
lesion) enhancement in spontaneous locomotion, hyperloco-
motion induced by the injection of saline or by amphetamine
(8), and in enhanced stereotypic response to apomorphine ac-
companied by a reduction in locomotion evident 4-8 weeks
postoperatively (1,21). This is in agreement with the results of
other studies showing that desruption of the MPFC, either by
deafferentation or deefferentation, results in increased DA
transmission in the basal ganglia (7,8,19,22,25,26,28,34), po-
tentiated apomorphine-induced stereotypies (28,36,39) and ex-
aggerated responsiveness to stress (4,9,11) The VH lesion, in
contrast, is associated with enduring effects on spontaneous
exploratory activity and d-amphetamine-induced hyperloco-
motion but not with hyperlocomotion after the injection of
saline (20). Moreover, apomorphine-induced stereotypic be-
haviors are reduced in VH lesioned rats, while locomotor ac-
tivity is markedly increased (21).

The differential modulation of behavioral responses associ-
ated with striatal DA-mediated transmission may result from
differential output of the MPFC and VH both to the striatum
and to the sites of their DA origin, VTA and SN. The MPFC
innervates both the nucleus accumbens and anteromedial cau-
date putamen, and projects also directly to the SN and VTA
(16,30). The VH projects almost selectively to the ventral stria-
tum, i.e., nucleus accumbens (5,6,13,15,23,24,29,32) as well
as indirectly to the VTA (32). Loss of glutamatergic pathways
to the VTA may, in turn, affect DA release in the nucleus
accumbens (12). Thus, the nucleus accumbens is the site where
the effects of hippocampal and prefrontal cortical lesions
overlap. Concurrent deefferentation of both MPFC and VH
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might then be expected to induce the most profound effects
on behaviors dependent primarily on the nucleus accumbens.
Present results confirm this assumption. Enhanced explor-
atory activity, hyperlocomotion induced by mild environmen-
tal stress (injection of saline), d-amphetamine-induced hyper-
activity, and hyperlocomotion in response to apomorphine are
all attributable to the increased DA activity predominantly
within the nucleus accumbens (2,3,14,24,33). Reduced stereo-
typic response to apomorphine may also suggest such a possi-
bility. As pointed out by others (27,37), apomorphine-induced
locomotor activity and stereotypies may be reciprocally bal-
anced (i.e., increase in expression of one of these behavioral
measures results in reduction of the other). In other words,
locomotion may interfer with stereotypic behaviors, and vice
versa. If, as is believed, stereotypy is mediated within the
dorsal striatum and exploratory locomotion within the nucleus
accumbens (27), then the combined MPFC and VH lesion-
induced enhancement in DA transmission primarily in the lat-
ter region would result preferentially in increased locomotion
and, consequently, in blunting of stereotypic behaviors. Our
data are consistent with this possibility.

These data indicate that concurrent damage of hippocam-
pal and prefrontal cortical projections has severe conse-
quences on the behavioral responses mediated by DA trans-
mission within the nucleus accumbens, and that the profile of
changes resembles most closely that observed after VH lesion
alone. It is conceivable that the compensatory mechanisms
either counteracting the effects of damage or leading to even-
tual normalization of at least some functions over time after
separate lesions, fail in the case of more profound or more
generalized insults (10,18).

In summary, a combination of MPFC and VH excitotox-
ic damage results in robust and enduring increases in behav-
ioral measures linked primarily to the mesolimbic DA
system. These resuits also indicate that the striatally mediated
effects of adult VH lesions are not dependent on an intact
MPFC.
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