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BEHAVIORAL AND NEURAL BIOLOGY 57, 131-143 (1992)

Lesions of the Rat Postsubiculum Impair Performance on Spatial Tasks

JEFFREY S. TAUBE, J. PATRICK KEssLAK, AND CarRL W. CorMan!
Department of Psychobiology, University of California, Irvine, California 92717

Previous studies have identified a population of neurons
in the postsubiculum that discharge as a function of the
rat’s head direction in the horizontal plane (Taube,
Muller, & Ranck, 1990a). To assess the contribution of
these cells in spatial learning, Long—Evans rats were
tested in a variety of spatial and nonspatial tasks follow-
ing bilateral electrolytic or neurotoxic lesions of the post-
subiculum. Compared to unlesioned control animals, le-
sioned animals were impaired on two spatial tasks, a
radial eight-arm maze task and a Morris water task, al-
though the performance scores of both lesion groups im-
proved over the course of behavioral testing. In contrast,
lesioned animals were unimpaired on two nonspatial
tasks, a cued version of the water maze task and a con-
ditioned taste-aversion paradigm. In addition, lesioned
animals showed transient hyperactivity in an open-field
activity test. These results support the concept that neu-
rons in the postsubiculum are part of a neural network
involved in the processing of spatial information. o 1992

Academic Press, Inc.

Numerous behavioral studies have indicated that
one role of the hippocampal formation is the pro-
cessing of spatial information (O’Keefe & Nadel,
1978; Olton, Becker, & Handelmann, 1979). Ani-
mals with lesions of the hippocampus are impaired
in learning tasks which require that the animal be
cognizant of its location and orientation in its en-
vironment. For example, rats with lesions of the
hippocampus have difficulty finding a hidden plat-
form in the Morris water task, but have no difficulty
in locating a visible platform or when the platform
is marked with a cue (Morris, Garrud, Rawlins, &
O’Keefe, 1982). The identification of cells in the hip-
pocampus which discharge as a function of the an-
imal’s location in its environment (place cells) is
also consistent with the concept that one role of the

! This research was supported by NIA Grants AG00096 and
AG07918 and by NIMH Grant MH19691. The authors thank
Todd Herbst, Kamran Kamali, and Carol Woods for help in per-
forming the experiments.
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hippocampus is as part of the neural network in-
volved in spatial information processing (O’Keefe,
1976).

The neural output from the hippocampus sends a
major projection to the subicular complex (subicu-
lum, postsubiculum, presubiculum, parasubiculum)
before proceeding to other cortical and subcortical
areas. In recent years, workers have begun to in-
vestigate the subicular complex and its role in be-
havior. Schenk and Morris (1985) showed that le-
sions of the entire retrohippocampal area, including
the subicular complex and entorhinal cortex, lead
to impaired performances on the Morris water task.
Goodlett and colleagues reported that animals with
similar lesions were impaired in a T-maze task that
incorporated a strong working memory component
(Goodlett, Nichols, Halloran, & West, 1989). In con-
trast, Bouffard and Jarrard (1988) found that ani-
mals with retrohippocampal lesions had no difficulty
in learning to run down four of eight alleys in a
radial arm maze problem. These three studies uti-
lized animals with large bilateral lesions of the re-
trohippocampal area. One study has recently con-
ducted behavioral experiments with smaller, more
selective lesions of the subicular complex. Morris
and colleagues reported that animals with bilateral
lesions of the subiculum were impaired in the Mor-
ris water task (Morris, Schenk, Tweedie, & Jarrard,
1990). Interestingly, qualitative observations of
their search strategies showed that these animals
behaved differently in the water task than hippo-
campal-lesioned animals. To date, no experiments
have been conducted with selective lesions of other
subdivisions of the subicular complex.

Single-unit recording studies often attempt to cor-
relate the discharge of a particular cell with an
animal’s behavior. For example, cellular activity
may be altered in relation to a specific behavioral
event during a learning paradigm. This activity
change, however, does not imply that the particular
brain region is essential or even necessary for the
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performance of the task. For example, in the rabbit
nictitating membrane response paradigm, hippo-
campal pyramidal cells discharge in correlation
with the onset of a tone (the conditioned stimulus)
when the tone is presented shortly before a puff of
air is delivered to the animal’s eye (unconditioned
stimulus) (Berger, Rinaldi, Weisz, & Thompson,
1983). However, an intact hippocampus is not nec-
essary for learning this task (Schmaltz & Theios,
1972). Similarly, Ojemann has shown that cells in
the left temporal lobe of humans discharge in cor-
relation to object naming, but these cells are not
critical for normal object naming (Ojemann, Caw-
thon, & Lettich, 1990). Both of these findings illus-
trate that changes in the discharge characteristics
of individual neurons as a function of ongoing be-
havior do not necessarily imply that the cells of that
region are critical for the performance of that task.

Recent studies have identified a population of
neurons in the postsubiculum which discharge as a
function of the animal’s head direction in the hor-
izontal plane, independent of the animal’s location
and ongoing behavior (Taube, Muller, & Ranck,
1990a,b). The directional selectivity of these cells
suggests that they may be an important component
of a neural netword mediating spatial abilities. To
assess the contribution of these cells to spatial in-
formation processes involved in learning and mem-
ory, we tested animals in two spatial (Morris water
task, radial eight-arm maze) and two nonspatial
tasks (cued version of the Morris water task, con-
ditioned taste-aversion paradigm) following bilat-
eral electrolytic or neurotoxic lesions of the post-
subiculum. The two spatial tasks differed in that
the radial eight-arm maze contained a working
memory component, which required the animal to
utilize spatial information within a particular trial,
whereas the Morris water task tested the animal’s
ability to use spatial cues between trials. Our results
showed that animals with lesions of the postsubi-
culum were impaired only on the two tasks that
utilized spatial information processing. Preliminary
results of these experiments have been reported
(Taube, Kesslak, & Cotman, 1989).

METHODS AND MATERIALS
Subjects

The subjects were 56 male Long—Evans rats,
which weighed between 250 and 300 g at the be-
ginning of the experiment. The animals were as-
signed to one of three groups: (1) control (unoperated
and sham-operated), (2) electrolytic lesions of the

postsubiculum, or (3) neurotoxic N-methyl-p-aspar-
ate (NMDA) lesions of the postsubiculum. The rats
were housed two/cage in a vivarium with a 12/12
h light/dark cycle. Rats were given free access to
food and water throughout the experiment, except
for the 3-week period of testing on the radial eight-
arm maze and the 11-day period of the conditioned
taste-aversion paradigm. During these two experi-
ments, access to water was limited to 10 min/day
approximately 30 min after testing.

Experimental Design

Prior to surgery, animals were handled for 5
min/day for 3 days. Thirty-seven animals were then
given either bilateral electrolytic (n = 14) or bi-
lateral neurotoxic (n = 23) lesions of the postsub-
iculum and were allowed to recover for 3—4 days.
An additional 11 animals served as a sham-operated
control group. This group consisted of 7 animals in
which the metal electrode was lowered into the
brain, but no current passed, and of 4 animals in-
jected with saline.

After recovery from surgery, the animals were
tested in the first of three open-field tests. Animals
were then trained and tested in the eight-arm radial
maze task for 20 consecutive days, followed by a
second open-field test. Animals were then tested on
the Morris water task for 8 consecutive days, fol-
lowed by 4 days of testing in the cued version of
the Morris water task. Animals then underwent
testing in the conditioned taste-aversion paradigm
for 11 days. After the last day of behavioral testing,
all animals were given a final test in the open field.
Animals were anesthetized and then perfused with
10% formalin in saline, and the brains were re-
moved. The brains were allowed to soak in 10%
formalin for 1-10 days and then placed in 20% su-
crose for 1 day. The brains were quick-frozen, and
25-um coronal sections were sliced and mounted on
slides. The sections were stained with cresyl violet,
coverslipped, and analyzed for accuracy of the
lesion.

Surgical Methods

Lesions

Animals were anesthetized with Nembutal (0.1
ml/100 g body wt) and placed in a Kopf stereotaxic
instrument. An incision was made in the scalp to
expose the skull, and 3-mm holes were drilled bi-
laterally into the skull over the postsubiculum.
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Electrolytic lesions. A No. 0 insect pin insulated
with epoxylite (except for the tip) was lowered at
two different sites into each hemisphere of the brain.
The electrode was allowed to sit in place for 1-2
min before current was passed. At each site, 1 mA
of positive current was passed for 10 s. The electrode
was slowly retracted and then moved to the next
lesion site. The lesion sites were located, with re-
spect to Bregma, at (1) 6.8 mm posterior, 2.6 mm
lateral, 2.9 mm ventral to the cortical surface; and
(2) 7.8 mm posterior, 3.3 mm lateral, 3.0 mm ventral
to the cortical surface. After the last electrolytic
lesion, the wounds were closed with surgical thread
and the animals returned to their home cages.

Neurotoxic lesions. Neurotoxic NMDA lesions
were made using procedures and injection sites sim-
ilar to those for electrolytic lesions. A 10-ul syringe
was filled with 100 mM NMDA dissolved in 0.9%
phosphate-buffered saline, and each site was in-
jected with 0.3-0.4 ul. After the injection, the sy-
ringe was raised 100-200 um for at least 5 min
before being slowly removed.

Behavioral Testing and Apparatus

Open-Field Activity

The rat was placed in the center of a 80.0 x 80.0-
cm box in which a 5 X 5 line grid marked the floor
and the number of lines the rat crossed in a 3-min
period was counted. Open-field activity was assessed
at three different times: (1) after surgery, but prior
to behavioral testing on the radial eight-arm maze,
(2) after completion of the radial maze testing, and
(3) after completion of water maze testing. These
three times occurred on Post-lesion Days 5, 26, and
50 and are referred to as test sessions I, II, and III,
respectively.

Radial Eight-Arm Maze

The radial eight-arm maze consisted of eight
equally spaced arms radiating from an octagonal
center. Each arm was 56.2 cm long by 7.9 cm wide
and contained a small cup (2.5-cm diameter) at the
end distal to the maze center. The entire maze was
elevated 83.8 cm above the floor.

Acclimation. Acclimation consisted of placing
the animals on a water-restricted schedule (10 min
of access to water per day) for 3 days and then
acclimating the animals to the radial eight-arm
maze for two trials/day on 2 consecutive days. Prior
to each trial, 0.20 ml of water was placed in each
cup, as well as in three plastic cups in the center

of the maze. The rat was placed in the center of the
maze and allowed to freely explore it for 5 min.
During the trial, if the rat drank water from a cup
in the arm and exited the arm, the water was re-
placed; but water was available in the center cups
only at the beginning of the trial. At the end of the
two trials, each rat was given 10 min access to water
in its home cage.

Testing. To avoid odor cues, the maze was wiped
with 70% alcohol prior to each trial. The water cups
in the arms were filled with 0.20 ml of water, but
there were no cups in the center of the maze as in
the acclimation exercises. The rat was placed in the
center of the maze, facing away from the experi-
menter, and allowed to move freely in the maze and
drink water from the cups. The trial was terminated
when the animal had visited all eight arms, or after
5 min if all eight arms were not visited. During the
trial the experimenter stood at a marked location
in the room and monitored the animal’s perfor-
mance, recording the number and sequence of arms
visited and the time required to visit all eight arms.
Animals were tested for two sessions each day, with
all animals completing one session before starting
the second session. Approximately 30 min after com-
pleting the second testing session, the rats were
given 10 min access to water in their home cages.
A total of 30 trials took place over a period of 15
consecutive days.

Analysis. Animal performance was scored by
calculating the percentage of correct responses
which was defined as the number of correct arms
entered (an entry into an arm was scored as correct
if the animal had not previously entered it) divided
by the total number of arms entered for each trial.
A mean percentage correct score for each day was
obtained by averaging the two trials/day.

Morris Water Task

The water task was similar to that used by Morris
and colleagues (Morris et al., 1982). The task in-
volved placing an animal in a circular pool of cloudy
water and having the animal learn to find and es-
cape onto a platform submerged 1.3 cm below the
surface. The galvanized metal water tank was 182.9
cm in diameter, 61.0 cm high, and filled to a depth
of 22.9 cm. A 111.8 X 25.4-cm white cloth was taped
to the inside wall to provide an orientation aid for
the animals. Other cues around the room could also
aid the animal in orientation.

Acclimation. Animals were acclimated to the
water by placing them in the center of the tank and
allowing them to swim for 1 min without any plat-
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form. Animals received two trials approximately 30
min apart on the single day of acclimation.

Testing. A platform was placed at a predeter-
mined, fixed location. The rat was released into the
tank from one of four possible entry points (north,
south, east, west), with its head pointed toward the
tank wall. The time the animal took to find and
escape onto the platform (the escape latency) was
recorded. Once an animal escaped onto the platform,
it was allowed to remain there for 30 s before being
returned to its home cage. If the animal failed to
find the platform after 2 min, it was guided by hand
through the water and placed on the platform for
30 s. All animals were tested on 4 trials/day for 7
consecutive days (28 trials total). Each block of 4
trials used all four entry points. Animals were
tested from one entry point before starting the next
trial from a different entry point and the order of
entry points changed for each set of 4 trials. During
all behavioral testing, the experimenter monitored
the animal’s performance from a fixed location in
the laboratory.

Analysis. A mean escape latency for each day
and animal was calculated from the four trials/day.
The mean escape latency for the seventh day of
testing was calculated using only three trials be-
cause the fourth trial was a probe trial (see below).

Probe trial. On the last trial of the last day (Trial
28) the platform was removed from the tank and
the animals were allowed to swim for a 1-min pe-
riod. This 1-min session (i.e., probe trial) was re-
corded with an overhead video camera. The amount
of time the animal spent in each quadrant and the
number of times the animal crossed over the former
platform location were measured.

Cued Version of the Morris Water Task

This task was the same as the Morris water task
described above, except the platform location was
marked with a striped flag attached to a pole 22.9
cm above the platform. The flag consisted of two
pieces of cardboard attached at a 90° angle and was
clearly visible from any point in the tank. The an-
imals received 4 trials/day for 4 consecutive days
(16 trials total). As in the uncued condition de-
scribed above, each block of 4 trials used four dif-
ferent entry points. The platform and flag were
placed in a different location in the tank each day.

Conditioned Taste-Aversion Paradigm

Pretraining. Animals were given 10 min of ac-
cess to water per day for 3 days.

Testing. On Days 1-4 each rat was placed in an
individual cage and given access to water through
a 100-ml graduated cylinder. After 10 min the water
cylinders were removed from the cages and the
amount of water consumed was recorded. The ani-
mals were left in the cages for another 10 min, at
which time each rat was injected (ip) with 0.9%
saline (4.61 ml/kg body wt). Following the injection,
each rat was returned to its home cage, where it
was given access to water for 10 min with its normal
water bottle. The same procedures followed on Days
1-4 (above) were repeated on Day 5, except that
the graduated cylinders were filled with a 15% su-
crose solution, and each rat was given an injection
(ip) of 0.65 M LiCl (4.61 ml/kg body wt). Rats were
given 10 min access to water after they were re-
turned to their home cages. Because the LiCl in-
duced malaise in the animals, they were denied food
for 2 h following the injection of LiCl. On Days 6
and 7, the animals were given access to water in
the graduated cylinders and the same procedures
were followed as on Days 1—4. On Day 8, the grad-
uated cylinders were filled with 15% sucrose solu-
tion. Rats were then given 10 min access to the
sucrose solution and the amount they consumed was
recorded.

Data Analysis

All data analysis, except for the probe trial, used
a two-factor repeated-measure analysis of variance
program (ANOVA, Stat View 512+ ). Data analysis
for the probe trial used a one-factor ANOVA. Sig-
nificant effects were further analyzed with a post
hoc Newman—Keuls test.

RESULTS
Histological Analysis

Representative examples of control, electrolyti-
cally lesioned, and NMDA-lesioned animals are
shown in Fig. 1. The boundaries of the postsubi-
culum are shown by the shaded area in the sche-
matic diagram (Fig. 1D). Seven animals were not
included in the results discussed below. One elec-
trolytically lesioned animal and five NMDA-le-
sioned animals had incomplete lesions. In addition,
one of the sham-operated animals contained a large
unilateral lesion in the parietal cortex. Because the
performance scores of the two sham-operated lesions
groups and those of the unoperated control group
did not differ significantly, they are collectively pre-
sented as controls in the results. Thus, the final
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FIG. 1. Photographs of postsubicular Lesions. Each photograph shows a coronal section, approximately 7.3 mm posterior to bregma.
(A) Electrolytically lesioned animal. (B) NMDA-lesioned animal. (C) Control animal. Arrows in A and B point to the lesioned areas.
The snake-like arrow in B denotes a portion of the postsubiculum that was not completely lesioned in this NMDA-lesioned animal.
(D) Schematic diagram showing a coronal section 7.3 mm posterior to bregma. The shaded area indicates the boundaries of the
postsubiculum. Dsc, lamina desicans; Ent, entorhinal cortex; PaS, parasubiculum; PoS, postsubiculum; PrS, presubiculum; Rspl, re-

trosplenial cortex; S, subiculum.

number of animals used for analysis in each group
was 18 controls (8 unoperated and 10 sham-oper-
ated), 13 with electrolytic lesions, and 18 with
NMDA lesions.

The electrolytically lesioned animals had consid-
erable damage to the white matter overlying the
postsubiculum, an area known to contain fibers of
the perforant pathway from the entorhinal cortex
to the hippocampus. Both lesion groups also con-
tained some damage to the cortex dorsal to the post-
subiculum in the area of the electrode track; this
damage was more severe in the electrolytically le-
sioned animals. In addition, minor damage occurred
in the retrosplenial cortex and subiculum, areas
that border the postsubiculum. Three animals with
NMDA lesions had minor damage to the lower blade
of the dentate gyrus. With the exception of these
three animals, no damage to the hippocampus, en-
torhinal cortex, parasubiculum, or presubiculum
was observed in the other NMDA-lesioned animals
based on the cresyl violet stains. In some animals
the most ventral portion of the postsubiculum was

spared (see the snake-like arrow in the NMDA-le-
sioned animal in Fig. 1B).

Open Field Activity

Open-field activity was used to assess the amount
of hypo- or hyperactivity in the two lesion groups.
Animals in both lesion groups crossed more grid
lines on all 3 days of testing than did control ani-
mals (Fig. 2). An analysis of variance showed a
significant effect for group (F(2, 46) = 5.09, p <
.01) and day of testing (F(2, 92) = 7.93, p < .001),
but no significant interaction between groups and
days (F(4, 92) = 0.67, p > .5). The Newman—Keuls
test, however, showed that the activity scores at-
tained significance only on test sessions I and II for
the electrolytic-lesion group (p < .05) and on test
session I for the NMDA-lesion group (p < .05). As
indicated by the standard error bars in Fig. 2, the
activity scores for the three groups varied to a large
degree, and this may have contributed to the sta-
tistical non-significance obtained for some scores.
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FIG. 2. Open-field activity. Graph shows the mean number of grid lines crossed by rats during a 3-min session in a 80-cm® open
field as a function of time tested postsurgery. Activity was measured at three different times postlesion: Test session I, prior to
behavioral testing on the radial eight-arm maze; test session II, after completion of the radial eight-arm maze testing; and test session
111, after completion of the water maze. The activity scores of postsubicular-lesioned animals were higher for all three test sessions
compared to those of control animals. The amount of hyperactivity declined, however, over time, and there were no significant differences
between the three groups for the last test session. Bars show SEM. Asterisks denote statistical significance (ANOVA, p < .05).

Although the electrolytic-lesion group had higher
activity scores than the NMDA-lesion group for all
three test sessions, these differences were not stast-
ically significant. These results show that the two
lesion groups were initially hyperactive compared
to controls, but that the amount of hyperactivity
progressively declined from the time the lesions
were induced.

Radial Eight-Arm Maze Test

The radial eight-arm maze was used to assess how
animals with lesions of the postsubiculum per-
formed in a spatial working memory task. Figure
3 shows the percentage of correct choices for each
group of animals as a function of testing day. Com-
pared to control animals, both lesion groups were
impaired on the eight-arm maze, although their per-
formance scores improved over the course of the
experiment. A two-way analysis of variance showed
a significant effect for group (F(2, 46) = 2447, p <
.0001) and day (F(14, 644) = 12.30, p < .0001). In
addition there was a significant group X day in-
teraction: F(28, 644) = 1.62, p < .05. A Newman—
Keuls test for group differences on each day showed
that the performance scores of the electrolytic-lesion
group, when compared to the control group, were
significant on all days (p < .01). Similar statistical
significance (p < .05) was also obtained for a com-
parison between the NMDA-lesion group and con-
trols, except for Day 10 where the difference be-
tween the performances of the two groups did not
attain significance (p > .05). Comparison between

the NMDA- and electrolytic-lesion groups indicated
that their performances were also statistically dif-
ferent (p < .05) for approximately half of the days
(Days 4,7,8,9,10,11,14). Thus, in summary, both le-
sion groups were impaired compared to control an-
imals, although it should be noted that their per-
formances improved steadily over the course of
testing. In contrast, animals with fimbria-fornix le-
sions performed only at chance levels over the entire
testing period when tested in the radial eight-arm
maze (Olton, 1983).

Morris Water Task

The Morris water task was another task used to
assess the spatial abilities of postsubicular-lesioned
animals. This task differed from the radial eight-
arm maze in that it did not require the animal to
use its working memory; rather, the water task
tested the animal’s spatial reference memory. The
mean escape latencies for each group are plotted as
a function of test day on the left side in Fig. 4 (Days
1-7). Both lesion groups had longer mean escape
latencies than controls for all days of testing except
the first day. Analysis of variance showed a signif-
icant effect for group (F(2, 46) = 26.21, p < .0001)
and day (F(6, 276) = 61.13, p < .0001) and a sig-
nificant group X day interaction (F(12, 276) = 2.02,
p < .05). A post hoc Newman—Keuls test showed
that the difference in escape latencies between the
electrolytic-lesion group and the control group was
significant (p < .05) for all days. The NMDA-lesion
group did not show as extensive a behavioral deficit
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FIG. 3. Radial eight-arm maze. Graph plots the mean percentage of correct arms entered (number of arms correct/total arms

entered) as a function of time. Each animal received two trials/day for 15 consecutive days. Compared to control animals, both lesion
groups were impaired, although they improved over the course of the experiment. Bars indicate SEM.
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served across all days of testing (p < .05). The dif-

as the electrolytic-lesion group. When the electro-
ferences between the two statistical analyses may

lytic-lesion group was included in the statistical

analysis and post hoc tests were computed, signif-
icant differences between the NMDA-lesion and
control groups were observed only on Days 3 and 5
(p < .05). However, when the NMDA-lesion group
was compared to only the unlesioned control group,
a significant difference between groups was ob-
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be due to the increased error variance for escape
latency contributed by the electrolytic-lesion group.
Finally, there was also a significant difference (p <
.05) between the performances of the electrolytic-
and NMDA-lesion groups for all days of testing.
As was observed in the radial eight-arm maze
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FIG. 4. Morris water task. Graph plots the mean escape latency for the three groups of animals. Each animal received four
trials/day for 11 consecutive days and was placed in the tank from a different point for each block of four trials. During the first 7
days, the platform was hidden and remained in a fixed location (uncued condition). On Days 8-11, the location of the platform varied
for each block of four trials and its location was marked with a striped flag (cued condition). Results showed that, in the uncued
condition, animals with electrolytic or NMDA. lesions had longer escape latencies than did controls, but improved over the course of
teztling. When the platform location was marked by the flag, both lesion groups performed at a similar level to that of controls. Bars
indicate SEM.







