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1

Kindling produces enduring neural changes that are subsequently manifest in enhanced susceptibility to seizure-evoking
stimuli and alterations in some types of behavior. The present
study investigated the effects of dorsal hippocampal (dHPC)
kindling on a variety of behaviors to clarify the nature of previously reported effects on spatial task performance. Rats were
kindled twice daily with dHPC stimulation until three fully generalized seizures were evoked. Beginning 7 d later and on
successive days, rats were tested in an elevated plus maze, a
large circular open field, an open field object exploration task,
and a delayed-match-to-place (DMTP) task in a water maze to
assess anxiety-related and activity-related behavior (tasks 1
and 2), object recognition memory (task 3), and spatial cognition (task 4). Kindling disrupted performance on the DMTP task
in a manner that was not delay dependent and produced a mild
enhancement of activity-related behaviors in the open field task

but not the elevated plus maze. All other aspects of testing
were spared. These findings indicate that dHPC kindling produces enduring and selective effects on behavior that are consistent with a restricted disruption of hippocampally mediated
functions. Possible bases for these effects are changes in local
NMDA receptor function and/or changes in local inhibition,
which might alter the optimal conditions for experiencedependent induction of intrahippocampal plasticity. This preparation may be useful for studying the mechanisms of mnemonic dysfunction associated with temporal lobe epilepsy and
may offer unique insights into the mechanisms underlying normal hippocampal function.

The repeated application of seizure-evoking stimulation (kindling) produces neural changes that are manifest in an enduring
enhancement of susceptibility to seizure-evoking stimuli. A growing body of evidence also suggests that kindling may produce
enduring alterations in some types of subsequent behavior (Depaulis et al., 1997; Adamec and Young, 2000; Hannesson and
Corcoran, 2000; Kalynchuk, 2000; Leung et al., 2000). To identify
their neural bases, it will be important to gain a better understanding of the nature of these behavioral effects.
Several studies have indicated that one type of behavior altered
by kindling is that dependent on spatial cognition. Kindling
disrupts performance in both the radial arm maze (Lopes Da
Silva et al., 1986; Leung et al., 1990, 1996) and the Morris water
maze (MWM) (Gilbert et al., 1996; Sutherland et al., 1997;
Hannesson et al., 2001). Moreover, in the MWM, this effect is
preferentially induced by kindling in the dorsal hippocampus
(dHPC), by full rather than partial kindling, and is manifest in a
disruption of learning and/or short-term memory- but not longterm memory-dependant performance (Hannesson and Corcoran, 2000; Hannesson et al., 2001). The interpretation of these

effects, however, is complicated because kindling also produces
changes in non-mnemonic functions that might impact spatial
task performance. For example, one of the best established behavioral effects of kindling is a change in anxiety-related behaviors (Adamec and Stark-Adamec, 1983; Adamec, 1990; Depaulis
et al., 1997; Pinel et al., 1998; Kalynchuk, 2000), and dHPC
kindling, specifically, has been shown to alter anxiety-related
behaviors in the elevated plus maze (Kalynchuk et al., 1998) and
defense-related behaviors on several different tests (Pinel et al.,
1977). These findings highlight the importance of determining the
contribution of non-mnemonic effects, and changes in anxietyrelated behaviors in particular, to the effects of dHPC kindling on
spatial tasks.
Kindling has also been shown to affect performance on several
aversive and nonaversive conditioning tasks (Hannesson and Corcoran, 2000). Although many of these effects have been observed
after kindling in other sites, dHPC kindling specifically has been
shown to alter acquisition performance on a Y-maze brightness
discrimination task (Becker et al., 1997). Thus, it is important to
determine whether the mnemonic effects of dHPC kindling are
specific to tasks that require spatial cognition.
In the present study, we investigated the following issues related to the effects of dHPC kindling on spatial task performance:
(1) the role of non-mnemonic effects, by assessing anxiety-related
and activity-related behaviors in the elevated plus maze and an
open field task, (2) the specificity of the mnemonic effects, by
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extending our analysis to an additional nonspatial task, an open
field object recognition task, and (3) the relative impact on
learning and short-term memory processes, by using a variable
delay delayed-match-to-place procedure (DMTP) in the MWM.

MATERIALS AND METHODS
Subjects
T wenty-six male L ong–Evans hooded rats (Charles River C anada, St.
Constant, Quebec, C anada) weighing 300 –375 gm at the beginning of the
study were used as subjects. Food and water were available ad libitum
throughout the experiment. Rats were maintained in pairs in shoebox
cages before surgery and were housed individually for the remainder of
the experiment. All experimental procedures were performed during the
light portion of the 12 hr light /dark cycle. All rats were handled each day
throughout the experiment except during the first 4 d after surgery.
Subjects were randomly assigned to either the kindled group (K) (n ⫽ 13)
or the control group (C) (n ⫽ 13). The 13 control rats were each yoked
to one of the kindled rats.

Surgery
In preparation for surgery, animals were anesthetized with Somnotol
(sodium pentobarbital; 60 mg / kg) and given methyl scopolamine (1
mg / kg) to reduce respiratory congestion. Rats were placed in a stereotaxic apparatus, the skull was leveled, and a bipolar nichrome wire
electrode (127 m diameter) was implanted in either the right (n ⫽ 6) or
left (n ⫽ 7) hippocampus using the following coordinates relative to
bregma: anteroposterior, ⫺3.5 mm; mediolateral, 2.6 mm; dorsoventral,
⫺3.1 mm. The electrode tips were separated by 0.4 – 0.5 mm, with the
lower tip used as the stimulating electrode. Five jeweler’s screws were
used to secure the electrode assembly to the skull, with one screw over
the anterior neocortex serving as the reference electrode. The electrode
assembly was affixed to the skull with dental acrylic, and a topical
antibiotic – steroid, Topagen, was applied to the wound. Finally, a subcutaneous injection of Anafen (0.5 cc / kg) was given for postsurgical
analgesia.

Kindling
Approximately 7 d after surgery, kindling was initiated. In the first
kindling session, the stimulus intensity required to evoke an afterdischarge (AD) was determined. A Grass Instruments (West Warwick, RI)
S8800 stimulator was used to deliver a 1 sec train of balanced biphasic
square wave 1 msec pulses at 60 pulses per sec at an initial intensity of 1
A (base-to-peak). If AD ⬎4 sec in duration was not evoked, intensity
was increased along the following scale: 10, 20, 40, 80, 120, 160, and 250
A every 2 min until 4 sec or greater AD was elicited. The minimal
intensity triggering AD was arbitrarily defined as AD threshold and was
the intensity used for kindling during the remainder of the study. Subsequently, rats were kindled twice daily with stimulations separated by at
least 4 hr until a criterion of three stage 5 seizures was achieved. At this
point, rats were considered f ully kindled, and behavioral testing was
started 7 or 8 d later. Each control rat was yoked to a specific kindled rat
with which it received identical treatment, except that it was not
stimulated.

Behavioral assessment
Testing environment
All testing took place in a rectangular windowless room with one door.
The walls were painted an off-white color and were hung with numerous
posters. Background noise was produced by an overhead ventilation fan.
During all testing, the experimenter remained within the room at a
computer station set up in one corner. For data acquisition, an overhead
video camera coupled to a microcomputer by an image analyzer [Chromotrack (San Diego Instruments, San Diego, CA); EthoVision (Noldus
Information Technology, Sterling, VA)] was used to track movement of
rats in the various mazes. A remote switch was used to start and stop
tracking, and a VCR was used to videotape most trials.

Apparatus
Elevated plus maze. The elevated plus maze was constructed from 19mm-thick ply wood and corrugated plastic, which was used to line all

areas of the maze that would be exposed to a rat during a trial. The maze
consisted of two sets of perpendicular interlocking arms 110 cm in length
and 10 cm in width. The interlocking central region bisected the maze
into two pairs of arms, one with 45-cm-high walls, the closed arms, and
one without walls, the open arms. The entire maze was elevated on legs
that were 45 cm high.
Open field. The open field was made of a white industrial plastic and
was painted white. It was circular in shape with 45-cm-high walls and a
diameter of 150 cm. T wo identical objects, glass 500 ml beakers with rings
of black and white tape, were placed in the center of adjacent quadrants
of the open field at a distance of 40 cm from the wall. For analysis
purposes, the open field was divided into various regions: an outer ring
(0 –15 cm from the wall), a middle ring (15– 40 cm from the wall), an
inner ring (40 –75 cm from the wall), and two object zones (30 cm in
diameter centered on each object).
Object e xploration task in the open field. The maze was identical to that
used for the open field task except that novel objects, constructed from
Lego (Billund, Denmark), were used. Each object was ⬃8 cm high and 4
cm wide and was composed of pieces of three of the following different
colors: red, blue, yellow, black, and white. For the first exploration trial,
two identical objects were used. On the second exploration trial, an
identical copy of the first object pair and a novel object were used.
Morris water maze. The Morris water maze was made of a white
industrial plastic and was painted white. It was circular in shape with
45-cm-high walls and a diameter of 200 cm. The maze was filled to a
height of 26 cm with 22 ⫾ 1°C water rendered opaque with 1500 –2000 ml
of skim milk powder. A clear Plexiglas platform 23 cm in height with
10 ⫻ 12 cm upper face was used throughout the study. On visible
platform trials, a black-sided attachment was added which caused the
upper surface of the platform to protrude 3 cm above the surface of the
water.

Procedure
Elevated plus maze. Activity (i.e., exploratory behaviors) and anxietyrelated behaviors were assessed in an elevated plus maze (Pellow et al.,
1985; Rodgers and Dalvi, 1997). Rats were brought to the testing room
and tested individually. Before each trial, the maze was cleaned thoroughly with a solution of 60% alcohol. The trial began with the rat being
placed in the central region of the maze facing an open arm and
continued for 5 min, at which point the rat was promptly removed and
returned to the housing colony. Data were obtained using tracking
software and supplemented by experimenter observations, either live or
from videotape. The following measures were taken. The time spent in
each of the five regions of the maze (the two open arms, the two closed
arms, and the central region) was recorded. For this purpose, the rat’s
position was determined according to the location of its center of gravity
as indicated by the central point in the pixels representing the rat. Entries
into each of the arms were recorded. For this purpose, the rat’s entry to
any of the four arms was counted each time all four paws crossed from the
central region into an arm. Finally, the total distance traveled was
recorded. Measures of activity included overall distance moved and total
number of arm entries, with higher values on each measure indicating
higher levels of activity. Measures of anxiety included dwell ratio, the
ratio of dwell time in the open arms to the dwell time in all four arms, and
entry ratio, the ratio of open arm to closed arm entries, with lower values
indicating higher levels of anxiety.
Open field. Activity (i.e., exploratory behaviors) and anxiety-related
behaviors were assessed in a modified open field task (Williams and
Russel, 1972; Walsh and Cummins, 1976). This task also served as
preparation for object exploration testing as described below. On each of
3 consecutive days, rats were brought to the testing room and tested
individually. Before each trial, the maze and the objects were thoroughly
cleaned with a solution of 60% alcohol. The trial began with the rat being
placed in the maze at the opposite end from the objects facing the wall
and continued for 5 min, at which point the rat was promptly removed
and returned to the housing colony. Data were obtained using the
tracking software and supplemented by observations by the experimenter
either live or from videotape. The following measures were taken. The
time spent in each of the five regions of the maze [the three rings of the
maze (outer, middle, and inner rings) and the two object areas] was
recorded. For this purpose, the rat’s position was determined according
to the location of its center of gravity as indicated by the central point in
the pixels representing the rat. Entries into the object regions were
recorded. For this purpose, entries were counted each time both of the
rat’s front paws crossed the border of the region subsequent to being
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completely outside of the region. Rears were recorded each time the rat
raised both front paws off the ground. Finally, the total distance traveled
was recorded. Measures of activity included overall distance moved, time
investigating the objects, and rears, with larger values on each measure
indicating higher levels of activity. Measures of anxiety included the
amount of time spent in the central region of the maze, with lower values
indicating higher levels of anxiety.
Object e xploration task in the open field. An object exploration task in
the open field modified from Ennaceur et al. (1996) was used to assess
object recognition memory. The 3 d of open field testing described above
served as an opportunity for the rats to become habituated to the testing
environment. After 1 d off, the critical trials were administered. Rats
were brought to the testing room and tested individually. Before each
trial, the maze and objects were thoroughly cleaned with a solution of
60% alcohol. The first exploration trial began with the rat being placed
in the maze at the opposite end from the objects facing the wall and
continued for 5 min, at which point the rat was promptly removed and
returned to the housing colony. The objects on this trial were identical.
After 15 min, the rat was returned to the testing room for the second
object exploration trial. It was identical to the first trial, except that its
duration was only 3 min and the objects were replaced by one identical
copy and a novel object. On this trial, rats normally show a bias toward
exploration of the novel object (Ennaceur et al., 1996). This, of course,
requires that the rat recognizes the familiar object and therefore represents a test of object recognition memory. Data were obtained using the
tracking software and were supplemented by observations by the experimenter either live or from videotape. The following measures were
taken. The time spent in each of the five regions of the maze [the three
rings of the maze (outer, middle, and inner rings) and the two object
areas] was recorded. For this purpose, the rat’s position was determined
according to the location of its center of gravity as indicated by the
central point in the pixels representing the rat. Entries into the object
regions were recorded. For this purpose, entries were counted each time
both of the rat’s front paws crossed the border of the region subsequent
to being completely outside of the region. Rears were recorded each time
the rat raised both front paws off the ground. Finally, the total distance
traveled was recorded. Measures of activity included overall distance
moved, time investigating the objects, and rears. Measures of object
recognition included dwell ratio, the time spent in the region of the novel
versus the familiar object, and entry ratio, the entries into the region of
the novel versus the familiar object, with larger values of each measure
indicating better object recognition.
DMTP testing in the MW M. Spatial working memory was assessed using
a DMTP procedure consisting of 10 consecutive days of testing. On each
day, one trial group, consisting of a sample trial and three match trials,
was administered with the platform location selected randomly without
replacement from 1 of 10 possibilities. On the first day of testing, the
visible platform was used, whereas, on subsequent days, the hidden
platform was used. The delays between trials were constant within days
and were as follows across the 10 d of testing: 0.25, 0.25, 0.25, 0.25, 0.25,
1, 4, 0.25, 1, and 4 min. The first 4 d of testing were considered the
“acquisition phase” of the task on the basis of pilot data that had shown
that rats’ performance asymptoted by the fifth day of testing using the
above protocol. The following 6 d were considered the “delay phase” of
testing and were used to assess the impact of varying the intertrial
interval on performance. For analysis purposes, data from each of the
two trial groups at the same delay during this phase of testing were
averaged.
Throughout testing, rats were brought to the testing room and tested
in pairs (one kindled and one yoked control rat). For all trial groups, one
“sample” trial and three “matching” trials were administered. On the
sample trial, the rat was placed on the platform and allowed to remain
there for a period of 20 sec, after which it was removed to a holding pen
with a 250 W red heat lamp in the corner of the testing room. Previous
work has shown that rats are able to acquire considerable information
about a spatial location simply by viewing the environment from that
location (Sutherland and Linggard, 1982). On the matching trials, the rat
was returned to the pool and gently placed into the water facing the edge
of the pool at a constant starting location (a spot on the “southernmost”
wall of the pool proximal to the computer station) and allowed to swim
until it found the platform or until 90 sec elapsed, after which it was
gently guided to the platform. The rat was allowed to remain there for 20
sec and was then returned to the holding pen. T wo additional matching
trials were administered as above, except that on the last trial the rat was
removed from the platform immediately after the trial was completed.
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Each matching trial was started at a delay of 0.25, 1, or 4 min after the
removal of the rat from the platform on the preceding trial. On days 2–10,
each trial group was preceded by a “free swim” in which no platform was
present. The rat was placed in the pool at the usual starting position and
permitted to swim until it passed over the exact location of the platform
on the previous day of testing or until 30 sec expired, at which point the
experimenter removed the rat from the pool and returned it to the
holding pen. Five minutes later, the DMTP trial group was started. In
pilot work, this procedure was found to enhance performance by decreasing the likelihood that a rat would search for the platform in its
location on the previous day of testing on subsequent training that day.
Data were obtained using the tracking software and were supplemented by observations by the experimenter either live or from videotape. The following measures were taken: latency to escape and directness of the swim path to the platform. A direct swim was recorded if the
rat remained within a 25 cm alley between the start location and the
platform.

Kindling and behavioral testing schedule
Starting ⬃1 week after surgery, rats were kindled twice daily until three
stage 5 seizures were evoked. Seven days later, rats were tested in the
elevated plus maze (day 7). The next 3 d, rats were tested in the open
field (days 8 –10). After 1 d off, rats were tested in the object exploration
task in the open field (day 12). After another day off, rats began 10 d of
testing on the DMTP task (days 14 –23). On day 1, training was completed using the visible platform and an intertrial delay of 0.25 min. On
days 2– 4, task acquisition was completed using the submerged platform
and an intertrial delay of 0.25 min. On days 5–10, memory testing was
completed using the submerged platform and an intertrial delay of 0.25,
1, 4, 0.25, 1, and 4 min on successive days.

Histology
After behavioral testing, animals were killed with an overdose of sodium
pentobarbital or chloroform and perf used transcardially with 9% saline.
Brains were fixed in formalin and then frozen before 60 m coronal
sections were taken through the dHPC. Every section through the electrode track was mounted and stained with cresyl violet. The location of
the electrode tips was documented by matching sections with one of four
plates from Swanson (1992).

Data analysis
Data analysis was completed using the statistical software package SPSS
for Windows (SPSS, Chicago, IL). Dependent measures from each of the
behavioral tasks were subjected to analyses with repeated measures
ANOVA and t tests. Planned comparisons were made using t tests.
One-tailed tests were used when directional hypotheses guided analyses.

RESULTS
Histology
Electrodes in all kindled rats included in the study were located in
the dHPC, and electrodes in all control rats included in the study
were found in or near the dHPC. No gross histological changes
were noted in the brains of either kindled or control rats other
than gliosis around the electrode track.

Kindling
Kindling data were as follows. At a mean threshold of 35.4 ⫾ 3.3
A, stimulation evoked an initial AD of 22.9 ⫾ 1.5 sec in
duration. In all cases, secondary AD was observed, although it
was highly variable in its latency to onset and duration. A mean of
45.8 ⫾ 5.3 stimulations was required to evoke the first stage 5
seizure, and 49.0 ⫾ 5.2 stimulations were required to meet our
kindling criterion of three stage 5 seizures. For the three stage 5
seizures, the mean AD duration, latency to clonus, and duration
of clonus were 59.0 ⫾ 6.4, 18.3 ⫾ 4.8, and 24.8 ⫾ 1.4 sec,
respectively.
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Figure 1. Measures of activity–exploration in the elevated plus maze. Kindled and control groups (both n
values ⫽ 13) were tested 7 d after the completion of
kindling. Data are presented as means ⫾ SEM. Total
Entries, Total number of entries to all arms in the maze.

Behavioral assessment
Elevated plus maze
Full kindling of the dHPC did not significantly affect either
activity- or anxiety-related behaviors in the elevated plus maze.
Kindled and control rats exhibited comparable levels of activity
as shown by similar distances traveled, total arm entries, and rears
between groups (all t(24) values ⬍ 1.09; p values ⬎ 0.287) (Fig. 1).
Also, kindled and control rats exhibited comparable levels of
anxiety, as shown by similar open arm dwell ratios and entry
ratios (both t(24) values ⫽ 0.83; p values ⫽ 0.412) (Fig. 2).

Open field
Similar to results in the elevated plus maze, full kindling of the
dHPC did not significantly affect anxiety-related behaviors in the
open field (Fig. 3). Kindled and control rats exhibited comparable
levels of anxiety, as shown by similar dwell times in (t(24) ⫽ 0.58;
p ⫽ 0.569) and numbers of entries (t(24) ⫽ 1.49; p ⫽ 0.150) to the
central ring of the open field.
However, in contrast to results in the elevated plus maze, some
evidence suggests that full kindling of the dHPC did impact
activity-related behaviors as assessed in the open field (Fig. 4).
Kindled rats spent significantly greater amounts of time exploring
the objects (t(24) ⫽ 1.72; p ⫽ 0.049; one-tailed t test) and reared
more frequently (t(24) ⫽ 1.89; p ⫽ 0.044; one-tailed t test) compared with control rats. However, kindled rats did not show
significantly greater amounts of ambulation, as shown by comparable overall distance traveled by kindled and control rats (t(24) ⫽
0.72; p ⫽ 0.476).

Object exploration in the open field
Full kindling of the dHPC did not significantly affect object
recognition memory, as assessed in the object exploration in an
open field task. On the first trial, with two copies of a novel object,
kindled rats exhibited comparable amounts of activity-related
(distance traveled, t(24) ⫽ 0.72, p ⫽ 0.476; rears, t(24) ⫽ 1.17, p ⫽

Figure 2. Measures of anxiety in the elevated plus maze. Testing took
place 7 d after the completion of kindling. Data are presented as means ⫾
SEM. Entry Ratio, Number of open arm entries per number of closed arm
entries; Dwell Ratio, time in open arms per trial duration.

0.254) and anxiety-related (central ring dwell time, t(24) ⫽ 0.59;
p ⫽ 0.563) behaviors relative to controls. Importantly, both
groups also exhibited similar amounts of object exploration, as
shown by comparable dwell times in (t(24) ⫽ 0.02; p ⫽ 0.983) and
entries to (t(24) ⫽ 1.66; p ⫽ 0.111) the object regions. These data
suggest that both groups had comparable opportunities to become
familiar with the object used.
On the second trial, object recognition memory was assessed by
replacing the objects from trial 1 with one identical copy of these
objects and a novel object. Recognition memory should be reflected in a preference for exploring the novel object (Ennaceur
et al., 1996). Kindled rats’ performance was comparable with
controls’ in terms of both the ratio of novel to familiar object area
entries (t(24) ⫽ 0.52; p ⫽ 0.611) and the ratio of novel to familiar
object area dwell times (t(24) ⫽ 1.80; p ⫽ 0.084) (Fig. 5). Moreover, both groups approached the novel object more frequently
than the familiar object, as shown by entries ratios that were
biased toward the novel object, although only kindled rats’ performance was significantly greater than chance on this measure
(i.e., ⬎1; kindled, t(12) ⫽ 2.25, p ⫽ 0.022, one-tailed t test; control,
t(12) ⫽ 1.385, p ⫽ 0.111, one-tailed t test). Control rats also spent
a significantly greater amount of time investigating the novel
object, as suggested by a dwell times ratio that was significantly
biased toward the novel object (i.e., ⬎1; t(12) ⫽ 3.29; p ⫽ 0.003;
one-tailed t test). However, this measure failed to reach statistical
significance for kindled rats (t(12) ⫽ 0.26; p ⫽ 0.40; one-tailed t
test). Kindled rats’ performance on all other measures, including
distance traveled, rears, central ring dwell time, total object area
dwell times, and total object area entries, did not significantly
differ from that of control rats (all t(24) values ⬍ 1.01; p values ⬎
0.320). Collectively, these data suggest that kindling did not
significantly disrupt object recognition memory.

Figure 3. Measures of anxiety in the open field task. Data are from day
1 of open field testing, 8 d after the completion of kindling, and are
presented as means ⫾ SEM. Entries, Number of entries to the central ring
of the open field; Dwell Time, time spent in the central ring of the open
field.
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Figure 4. Measures of activity–exploration in the
open field task. Data are from day 1 of open field
testing, 8 d after the completion of kindling, and are
presented as means ⫾ SEM. Object Dwell Times, Time
spent exploring the two objects placed in the open field.
*p ⬍ 0.05 relative to control performance; one-tailed t
test.

Delayed-match-to-place in the MWM
DHPC kindling did not affect performance on the DMTP task
during the initial phase of testing (i.e., acquisition of the task).
Kindled and control rats performed comparably across days of
acquisition in terms of both escape latencies and direct swims
(data not shown). This was evidenced by a lack of group effects
(both F(1,24) values ⬍ 0.06; both p values ⬎ 0.592), group ⫻ trial
interactions (both F(2,48) values ⬍ 2.32; both p values ⬎ 0.109),
group ⫻ day interactions (both F(2,48) values ⬍ 0.03; both p
values ⬎ 0.967), and group ⫻ trial ⫻ day interactions (both F(4,96)
values ⬍ 0.07; both p values ⬎ 0.659) on either measure (data not
shown). These results suggest that the groups did not differ in
their initial abilities to perform the task.
However, dHPC kindling did significantly disrupt performance
on the DMTP task during the delay phase of testing. Overall,
kindled rats required longer latencies to escape and were less
likely to take a direct swim path to the platform compared with
controls, as shown by significant group effects in terms of both
escape latencies (F(1,24) ⫽ 5.697; p ⫽ 0.025) (Fig. 6) and direct
swims (F(1,24) ⫽ 13.361; p ⫽ 0.001) (Fig. 7). Both groups did show
significant improvements across trials, as indicated by a highly
significant trial effect in terms of both escape latencies (F(1.4,34.6)
⫽ 131.622; p ⬍ 0 0.0005) and direct swims (F(2,48) ⫽ 108.940; p ⬍
0.0005). However, there was some evidence that the groups differed in their performance across trials, as shown by a significant
group ⫻ trials interaction in terms of direct swims (F(2,48) ⫽
3.269; p ⫽ 0.047) but not escape latencies (F(1.4,34.6) ⫽ 2.083; p ⫽
0.151). Analysis of simple main effects of group within trials in
terms of direct swims indicated that kindled rats performed more
poorly than controls on trials 2 and 3 (both F(1,24) values ⬎ 5.01;
both p values ⬍ 0.035) but not trial 1 (F(1,24) ⫽ 0.50; p ⫽ 0.489).

Figure 5. Performance on measures of object recognition memory in the
object exploration open field task, 12 d after the completion of kindling.
Data are means ⫾ SEM. Dashed line represents chance levels of performance. Entries, Ratio of number of bouts of exploration of the novel
object per number of bouts of exploration of the familiar object. Dwell
Time, Ratio of time spent exploring the novel object per time spent
exploring the familiar object. #p ⬍ 0.05 relative to chance performance.

For comparison, the same analyses were performed on the escape
latency data, and a similar pattern of results was found (trials 2
and 3, both F(1,24) values ⬎ 11.39, both p values ⬍ 0.003; trial 1,
F(1,24) ⫽ 0.01, p ⫽ 0.975). Although both groups tended to
perform better at shorter delays, the delay effect was not significant in terms of either escape latencies (F(2,48) ⫽ 2.191; p ⫽ 0.123)
or direct swims (F(2,48) ⫽ 2.576; p ⫽ 0.087), nor were the delay ⫻
group (both F(2,48) values ⬍ 0.538; both p values ⬎ 0.587), delay ⫻
trial, or delay ⫻ group ⫻ trial interactions significant in terms of
either measure (all F(4,96) values ⬍ 1.357; all p values ⬎ 0.255).
Planned comparisons between groups suggested that kindled and
control rats performed comparably on trial 1 at each delay (direct
swims, all t(24) values ⬍ 0.68, all p values ⬎ 0.10, one-tailed t test;
latency, all t(24) values ⬍ 0.61, all p values ⬎ 0.10, one-tailed t test)
and on trial 3 at the 60 sec delay, at least in terms of escape
latency (t(24) ⫽ 0.78; p ⬍ 0.10, one-tailed t test). In contrast,
kindled rats performed significantly worse than controls on trial 2
at all delays (direct swims, all t(24) values ⬎ 2.29, all p values ⬍
0.01, one-tailed t test; latency, all t(24) values ⬎ 1.77, all p values ⬍
0.05, one-tailed t test) and on trial 3 at the 15 and 240 sec delays
(direct swims, all t(24) values ⬎ 1.63, all p values ⬍ 0.05, one-tailed
t test; latency, all t(24) values ⬎ 1.85, all p values ⬍ 0.05, one-tailed
t test). The difference between the groups on trial 3 at the 60 sec
delay also approached significance, at least in terms of direct
swims (t(24) ⫽ 1.06; p ⬍ 0.10; one-tailed t test).

DISCUSSION
In the present study, the behavioral effects of full kindling of the
dHPC were assessed in an elevated plus, an open field task, an
object exploration task in an open field, and a DMTP task in the
MWM. Kindling disrupted DMTP performance in a delayindependent manner and increased some activity-related behaviors in the open field but did not affect any other aspect of
performance.
This is the first study to show that full kindling of the dHPC
does not affect anxiety-related behaviors in either the elevated
plus maze or an open field task. Kindled rats explored the open
arms of the elevated plus maze and the central region of the open
field as freely as control rats. Both of these are well validated
measures of anxiety or fearfulness in rodents, and the consistent
finding of no effect across the tasks argues strongly that full dorsal
hippocampal kindling did not affect anxiety-related behaviors or
emotionality in general. This finding contrasts with previous
research suggesting that dHPC kindling may increase anxiety–
emotionality in rats (Pinel et al., 1977; Kalynchuk et al., 1998).
The major difference between these and the present findings is
that extended kindling rather than full kindling was used. Thus,
the extent of kindling may be an important determinant of the
anxiogenic effects of kindling. This hypothesis is consistent with
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Figure 6. Latency to escape to the hidden platform
on matching trials 1 ( A), 2 ( B), and 3 ( C) during
delay phase of testing on the DMTP task in the
MWM, 18 –23 d after kindling. Data are averaged
across 2 d of testing at each delay and are presented
as means ⫾ SEM. *p ⬍ 0.05 relative to control
performance.

observations that extent of amygdala kindling correlates positively with the magnitude of its effects on anxiety–emotionality
(Kalynchuk et al., 1997).
The present study is also the first to show that full dHPC
kindling affects activity–exploration. Kindled rats reared more
frequently and spent more time exploring objects in the open field
relative to control rats. However, they did not show increased
activity–exploration on other measures in the open field or on
any measure in the elevated plus maze. The discrepancy of the
effect between tasks might be explained by the observation that
richer environments typically elicit greater amounts of activity–
exploration and hence are more likely to be sensitive to small
changes in such behaviors (Hall, 1956). In our case, the open field
had a much larger surface area and contained a greater variety of
stimuli (e.g., the objects) than the elevated plus maze and thus
may have been more sensitive to a slight effect of kindling on
activity–exploration. Increased activity–exploration is generally
consistent with the pattern of effects of hippocampal lesions on
open field behavior (O’Keefe and Nadel, 1978) and thus could
indicate a disruption of hippocampal function. This interpretation is consistent with the hypothesis that hippocampal dysfunction also underlies impaired spatial task performance after kindling (Lopes Da Silva et al., 1986; Leung and Shen, 1991; Leung
et al., 1990, 1994, 1996; Sutherland et al., 1997; Hannesson et al.,
2001) and presents a possible explanation for the effects of dHPC
kindling on brightness discrimination task performance (Becker
et al., 1997). Because the task is sensitive to the effects of hippocampal lesions (Munoz and Grossman, 1981; McLamb et al.,
1988), the effect of kindling may also be a result of a direct
alteration of hippocampal function.
The present study provides additional evidence that nonspatial
forms of cognition are spared by full dHPC kindling. Kindled
rats’ performance was comparable with controls’ on both measures of object recognition in the open field object exploration

Figure 7. Direct swims to the hidden platform on
matching trials 1 ( A), 2 ( B), and 3 ( C) during delay
phase of testing on the DMTP task in the MWM,
18 –23 d after kindling. Data are averaged across 2 d
of testing at each delay and are presented as
means ⫾ SEM. A direct swim was scored if the rat
remained within a 25 cm alley from the start position
to the platform. *p ⬍ 0.05 relative to control
performance.

task. This is consistent with our previous finding that full dHPC
kindling spares object associative memory (Hannesson et al.,
2001) and suggests that object-related memory in general is
unaffected by dHPC kindling. Thus, the type of information
processing required by a task (e.g., spatial versus object related) is
a critical determinant of the susceptibility of a task to disruption
by dHPC kindling. Other task dimensions, such as the working–
reference memory demands, may be of less significance because
kindling disrupts both spatial reference (Lopes Da Silva et al.,
1986; Gilbert et al., 1996; Hannesson et al., 2001) and spatial
working memory tasks (Leung et al., 1990, 1994, 1996; Leung and
Shen, 1991; Sutherland et al., 1997).
The main finding of the present study is that full kindling of the
dHPC disrupted DMTP performance in the MWM. Kindled rats
were significantly slower in escaping to the hidden platform and
used less direct routes on matching trials 2 and 3 at all three
delays tested (0.25, 1, and 4 min). This result suggests that full
dHPC kindling produces an anterograde impairment of spatial
working memory function. However, an impairment of other
mnemonic functions or non-mnemonic functions that may have
affected nonspatial components of task performance might account for the deficit. Several considerations argue against this
possibility. First, both kindled and control rats rapidly improved
on the task and did not differ during the acquisition phase of
testing. Second, both kindled and control rats performed comparably on the first matching trial at all delays. Third, we have
shown previously that dHPC-kindled rats perform normally on a
visible platform control task in the MWM (Gilbert et al., 1996),
even when tested before any other water maze experience (Hannesson et al., 2001). Finally, kindled rats performed normally on
most other aspects of performance in the other tasks assessed in
the present study, suggesting that their basic behavioral repertoires were unaffected by kindling. In particular, the failure of
kindling to alter anxiety-related behaviors in either the elevated
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plus maze or open field eliminates anxiety-related factors as a
basis for altered DMTP performance.
The absence of a relationship between the intertrial delay and
the deficit suggests that the impairment is more likely one of
spatial learning than short-term memory. If spatial learning were
intact and short-term memory affected, one would predict that
performance should deteriorate more quickly relative to controls
across longer delays because these would place progressively
greater demands on short-term memory function. The absence of
a delay-dependent deficit is thus not consistent with the presence
of a short-term memory deficit and suggests, in the absence of a
non-mnemonic basis for the deficit, that learning was disrupted.
However, given that the shortest delay used was 15 sec, it is still
possible that an impairment in short-term memory underlies the
observed effect, but it would have to be one that reaches asymptotic levels within that time period.
An additional point that can be derived from the present
DMTP findings is that the kindling-induced impairment of spatial cognition is quite long lasting. Testing on the DMTP task
began 14 d after the completion of kindling, and the delay phase
of testing took place over a period of 6 d from 18 –23 d after the
completion of kindling. This is the longest interval between
dHPC kindling and testing at which an anterograde impairment
of spatial cognition has been detected. Some evidence suggests
that the impairment produced by dHPC kindling may dissipate by
28 d after kindling (Sutherland et al., 1997). However, in this
study, partial rather than full kindling was used, and there was
intervening training before 28 d testing, which confounds recovery with relearning. Thus, it remains unclear whether the anterograde impairment produced by full dHPC kindling dissipates
over any time period.
Based on the present findings, a characterization of the effects
of kindling on spatial cognition can be formulated, which should
help identify possible underlying mechanisms for this effect. Kindling produces a specific profile of behavioral impairments that is
most consistent with a direct disruption of hippocampal function.
Furthermore, this disruption appears to be most likely manifest in
impaired spatial learning processes and is long lasting for a period
of at least 14 d after the last kindling stimulation. Thus, the
mediating mechanisms for kindling-induced effects on spatial
cognition should (1) directly and selectively induce hippocampal
dysfunction, (2) selectively compromise functions involved in
learning, not short- or long-term memory, and (3) be long lasting.
We hypothesize, then, that they are localized to hippocampal
circuitry, affect the induction but not maintenance or expression
of plasticity, and are an enduring consequence of kindling, particularly in the dHPC.
Two mechanisms that meet these criteria are a disruption of
NMDA receptor function and a disruption of inhibitory mechanisms. DHPC kindling has been shown to produce changes in
NMDA receptor currents (Mody, 1999) and changes in both
inhibition and GABAA receptor characteristics (de Jonge and
Racine, 1987; Titulaer et al., 1995; Mody, 1999) that last for 1
month or longer after kindling. Because these changes might be
expected to alter the optimal physiological conditions for induction of intrahippocampal forms of plasticity, such as long-term
potentiation, they could disrupt the strength, pattern, or effectiveness of plastic changes related to learning. According to this
hypothesis, then, kindling may represent an enduring form of
metaplasticity (Abraham and Tate, 1997), which results in a shift
away from the optimal “settings” for intrahippocampal plasticity
and hence hippocampal-dependent learning.
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In summary, the present study has shown that full kindling of
the dHPC produces a profile of behavioral effects that is consistent with a mild disruption of hippocampal function. These results further highlight the selective effects of dHPC kindling on
spatial cognition and characterize this model as a useful means to
study epilepsy-related mnemonic dysfunction. They also suggest
that kindling may produce metaplastic effects that result in an
enduring dysfunction in the mechanisms that mediate
hippocampal-dependent functions.
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