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Status epilepticus (SE) is a frequent neurological emergency associated with a significant risk of morbidity in survivors. Impairment of
hippocampal-specific memory is a common and serious deficit occurring in many of the survivors. However, the pathophysiological basis
of cognitive deficits after SE is not clear. To directly address the cellular concomitants of spatial memory impairment, we recorded the
activity of place cells from CA1 in freely moving rats subjected to SE during early development and compared this activity to that in control
rats. Place cells discharge rapidly only when the rat’s head is in a cell-specific part of the environment called the “firing field.” This firing
field remains stable over time. Normal place cell function seems to be essential for stable spatial memory for the environment. We,
therefore, compared place cell firing patterns with visual–spatial memory in the water maze in SE and control rats. Compared with
controls, place cells from the SE rats were less precise and less stable. Concordantly, the water maze performance was also impaired. There
was a close relationship between precision and stability of place cells and water maze performance. In contrast, a single, acute, chemically
induced seizure produced cessation of place cell activity and spatial memory impairment in water maze performance that reversed within
24 hr. These results strongly bolster the idea that there is a relationship between abnormal place cells and spatial memory. Our findings
also suggest that the defects in place cell and spatial memory after SE and acute chemically induced seizures result from different
processes.

Key words: water maze; epilepsy; status epilepticus; memory; place cell; seizures

Introduction
Status epilepticus (SE), which is defined as 30 min or more of
continuous epileptic seizure activity, is a common neurological
emergency in children associated with high morbidity and mor-
tality (Aicardi and Chevrie, 1970, 1983; DeLorenzo et al., 1992;
Working Group on Status Epilepticus, 1993; van Esch et al., 1996;
Sahin et al., 2001). Although SE with or without recurrent sei-
zures is associated with a wide variety of neuropsychological
problems, memory deficits including impairment of episodic
memory are especially prominent (Jambaque et al., 1993; Krum-
holz et al., 1995; van Esch et al., 1996). It is, therefore, of para-
mount interest to identify the processes by which SE leads to
permanently abnormal brain function, to prevent the operation
of such processes, or to reduce their effects afterward.

A great deal of evidence suggests that normal declarative

memory, the ability to learn and recall specific information about
people, places, and events, depends on a properly functioning
hippocampus (Squire, 1992). In light of the memory deficits seen
after SE in humans, it is not surprising that SE is preferentially
associated with histologically detectable damage of the hip-
pocampus and related areas (“mesial temporal sclerosis”). This
form of damage is characterized by cell loss in CA1, CA3, the hilus
and dentate gyrus, and synaptic reorganization as evidence by
sprouting of mossy fibers (Liu et al., 1995). Although the precise
role of cell loss and synaptic reorganization in the sequelae of SE
is unclear, there is evidence that other processes, including recur-
rent seizures, may play important roles in memory deficiencies
(Hermann et al., 2002; Stefan and Pauli, 2002).

Thus, little is certain about the pathophysiological mecha-
nisms responsible for the adverse events after SE, including the
memory loss. It is clear, however, that the participation of cell
level processes in these events is extremely difficult to study in
humans. It is, therefore, hard to avoid the conclusion that
progress toward a complete understanding of SE will require the
use of animal models.

To directly address the cellular concomitants of spatial mem-
ory impairments, we recorded the activity of single hippocampal
neurons in freely moving rats subjected to SE during early devel-
opment and compared this activity to that in control rats. Al-
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though such recordings in a primary locus of SE-based damage
are of intrinsic interest, they have additional impact because
many individual pyramidal cells of CA1 and CA3 in normal rats
act as “place cells.” Each place cell discharges rapidly only when
the rat’s head is in a cell-specific part of the environment called
the “firing field.” Moreover, firing fields are stable over long times
(weeks or months) in a constant environment, implying that the
across-cell representation is remembered and not created de novo
each time the rat enters the environment (Muller and Kubie,
1987; Muller et al., 1987; Thompson and Best, 1989, 1990).

We now report that adult rats who experienced SE during
early development showed deficient performance in two variants
of a complex spatial task, the Morris swimming task, and, in
parallel, have defective place cells, as expected from the spatial
mapping theory. The place cells from the SE rats are defective in
two ways: (1) their firing fields are less orderly than those of
normal rats; and (2) their firing fields are less stable than those of
normal rats. Each of these defects provides a reasonable explana-
tion of why water maze performance is deficient in SE rats.

These results demonstrate that SE has consequences that are
reflected at the cellular level in the hippocampus, the brain region
implicated in declarative memory in humans and spatial memory
in rodents. The results provide a substrate for following the time
course over which place cell abnormalities develop in SE rats and
how these abnormalities are related to the appearance, frequency,
and severity of seizures. Preliminary results with acutely induced
seizures in normal rats reveal a very different pattern of place cell
pathology from that seen in SE rats, suggesting that the effects of
acute seizures may be additive to the long-term effects of SE.

Materials and Methods
Overview. The goals of the study were to evaluate the effects of SE in
adolescent rats on place cell firing patterns when the animals were adults.
We elected to use weanling rats because we have previously established
that SE in this age group is associated with substantial histological and
behavioral deficits when the animals are studied as adults (Faverjon et al.,
2002; Rutten et al., 2002; Cilio et al., 2003). In addition, children have a
high risk for SE and SE-induced damage (van Esch et al., 1996; Shinnar et
al., 1997); however, the mechanisms for the cognitive impairment after
SE in children are unclear.

Once the animals were adults, place cell measurements were obtained.
A subset of animals underwent EEG monitoring during place cell acqui-
sition. To determine whether there was a relationship between place cell
firing patterns and cognitive function, control and SE rats underwent
testing in the water maze, a test of visual–spatial memory. Animals were
tested in either a small or large swimming tank. Because rats may develop
spontaneous seizures after SE, monitoring for seizures was done
throughout the place cell recordings and water maze testing.

In a separate group of control rats after place cell recordings, rats were
obtained. After training to asymptote performance in the water maze,
animals were subjected to brief, flurothyl-induced generalized seizures,
and place cells and water maze performance were recorded during the
recovery period. The study was designed to allow us to evaluate both the
chronic effects of SE and the acute effects of seizures on cognitive func-
tion and place cell firing.

Rats and lithium–pilocarpine-induced seizures. The experimental pro-
cedures were approved by the Animal Care Committee of Children’s
Hospital Boston and were performed in accordance with National Insti-
tutes of Health guidelines for the humane treatment of animals. Male
Sprague Dawley rats were divided into a control group (n � 27) and a
lithium–pilocarpine seizure group (n � 28). They were maintained on a
12 hr light/dark cycle and had ad libitum access to food and water, except
during place cell recording. For the seizure group, lithium chloride (3
mEq/kg) was given intraperitoneally 18 hr before a subcutaneous injec-
tion of pilocarpine (60 mg/kg) on postnatal day (P) 20 to induce SE, as
described previously (Faverjon et al., 2002; Rutten et al., 2002; Cilio et al.,

2003). For the control group, normal saline was given intraperitoneally
18 hr before a subcutaneous saline injection on day P20. After injections,
the rats were placed in group cages (three rats per cage) without the dam.

Behavioral training. Twelve control rats and 18 SE rats were selected for
place cell recordings using methods similar to those of Muller et al.
(1987). Place cell recordings were performed between P80 and P110. The
recording area was a gray cylinder 76 cm in diameter and 51 cm high
placed on a piece of gray paper that was replaced between each session. A
sheet of white cardboard occupied 90 o of inside arc of the cylinder and
was the only polarizing stimulus. The card was centered at 3:00 as seen
from overhead. The cylinder was centered in a circular curtain, the bot-
tom of which was just above the floor and the top of which was just below
the ceiling. The cylinder floor was illuminated by eight 25 W bulbs evenly
spaced around the curtain.

The key requirement for place cell recordings was for the rat to visit all
parts of the cylinder. To this end, hungry rats learned to chase 45 mg food
pellets dropped from an overhead feeder. On the first training day, the rat
was put in the cylinder with �50 pellets scattered on the floor. The rat
remained in the cylinder for 30 min, during which time it walked around
and ate the food. On subsequent training days, pellets were dropped
randomly in various locations throughout the cylinder at an average rate
of �3/min. Training was completed when the rat spent a minimum of 12
of the 16 min walking.

Electrode implantation. The movable array of 16 25 �m electrodes was
modified from the method of Kubie (1984). Before surgery, rats were
anesthetized with intraperitoneal pentobarbital (40 mg/kg). Supplemen-
tal chloral hydrate (300 – 600 mg/kg) was given intraperitoneally as
needed. Electrode implantation was done under sterile conditions. The
rat was put in a stereotaxic frame, the skull was exposed, and anchor
screws were put into the skull over the right olfactory bulb, left frontal
cortex, and right cerebellar hemisphere. A 2 mm hole was made in the
right parietal bone. The dura was removed to expose the brain surface.
The initial placement of the electrode tips was 3.8 mm posterior to
bregma, 2.5 mm lateral to midline, and 1.5 mm below dura, directly
above the dorsal hippocampus (Paxinos and Watson, 1998). Sterile pe-
troleum jelly was applied to the exposed brain surface and the electrode
guide tube. Grip cement was applied over the jelly, around the tube, and
onto the skull and anchor screws. Neosporin ointment was applied to the
cut skin. Rats were given several days to recover from surgery before
recordings were begun.

Electrophysiological recording. Electrical activity was first amplified
(1�) on the rat’s head and then amplified (10,000�) with a differential
AC amplifier and bandpass filtered (300 –10,000 Hz). Spikes were digi-
tized (33 kHz) and later discriminated with a DataWave system (Data-
Wave, Boulder, CO). Discrimination was done from single wire probes
using spike height, spike width, and the voltage. Spike height was the
difference between maximum peak and depth of the waveform, and spike
duration was the time interval between the initial and final deflection.
Initial discrimination was made before a session, but waveforms were
always saved to allow refinement of discrimination off-line.

To permit unbiased estimates of the fraction of cells with different
properties, we established a fixed rule: if the peak-to-peak amplitude of
any waveform was �150 �V, it was rejected; if the amplitude was �150
�V, it was always recorded. After recording, discriminated waveforms
were sorted into pyramidal cells and interneurons (Ranck, 1973; Fox and
Ranck, 1975, 1981). To be classified as a pyramidal cell, the unit had to:
(1) fire complex spike bursts (decrementing spike sequences with inter-
spike interval �5 msec) (Fig. 1); (2) have a negative initial phase �300
�sec; and (3) show silent intervals of at least 1 sec in duration. To be
classified as an interneuron, the unit had to: (1) never fire complex
bursts; (2) have a negative initial phase �300 �sec; and (3) never show
silent intervals �0.2 sec.

Before recordings, each electrode was checked for waveforms of suffi-
cient amplitude. If none were detected, the electrode array was advanced
20 �m and the rat was returned to its home cage for 4 – 6 hr. This se-
quence was repeated until one or more pyramidal cells with �150 �V
were isolated. Each cell or group of cells was recorded for 64 min in two
pairs of 16 min sessions. The first pair of sessions was separated by a 2–3
min interval. After the second session, the rat was returned to its home
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cage for 4 – 6 hr. It was then put back in the cylinder for sessions 3 and 4,
which were also separated by a 2–3 min break. Thus, there were two
short-interval session pairs (S1–S2 and S3–S4) and four long-interval
session pairs (S1–S3, S1–S4, S2–S3, and S2–S4).

Tracking position. The position of a light-emitting diode (LED) on the
head was tracked with an overhead television camera at 60 Hz in a 64 �
64 array of square pixels 2.7 cm on a side. The total time the LED was
detected in each pixel, and the number of spikes fired in each pixel was
accumulated. A time-averaged firing rate distribution was calculated by
dividing the number of spikes in each pixel by the dwell time in that pixel.
Color-coded firing rate maps were used to visualize positional firing
distributions. Pixel rates were coded in the sequence yellow, orange, red,
green, blue, and purple. The firing rate was exactly zero for yellow pixels.
Unvisited pixels in the cylinder and pixels outside the cylinder were
coded white.

EEG and video monitoring. In another eight SE rats and four control
rats, two additional electrodes on the same headset were used for record-
ing the EEG. Two straight 75 �m nichrome wires were glued together,
with one cut 0.8 –1.0 mm shorter than the other. The EEG electrodes
were fixed at 3.5 mm anteroposterior and 2.5 mm lateral, with respect to
the bregma, with the longer electrode aimed at the hippocampal fissure
and the shorter electrode aimed dorsal to the CA1 stratum pyramidale.
The 26 gauge cylinder through which the place cell electrodes were

threaded served as the reference electrode. The ground electrode for the
EEG recordings was a skull screw placed over the right cerebellum. This
electrode arrangement allowed us to record fissure theta (Brazhnik et al.,
2003). When the EEG was in the theta state, the two channels phase
reversed relative to each other with the positive phase of the theta dis-
played upward. The EEG was collected through the same preamplifier
used for the place cell recording, then amplified 1000� times by another
differential AC amplifier, bandpass filtered at 0.1–300 Hz, and digitized
at 1 kHz. Rats were monitored continuously for behavioral and electro-
graphic seizures during the place cell recordings.

These 12 rats also underwent video monitoring every other night for 1
month. Eight-hour recordings were from 6:00 P.M. to 2:00 A.M., and the
tapes were reviewed the next day for behavioral seizures by experience
behavioral technicians. All recorded seizures were also reviewed and ver-
ified by G.L.H. or X.L. On scheduled recording days, rats were also video
taped for 6 hr before being placed in the behavioral chamber for the two
early sessions, during the sessions, for 3– 4 hr between sessions, and
during the two late sessions. Animals with seizures during this period of
time were not studied. In addition, we recorded EEG during the place cell
recordings in eight rats in the experimental group.

Data analysis. Place cells were recorded in 8 of 12 control rats and 12 of
18 SE rats. In four control rats and six SE rats, cells recorded did not meet
our criteria for inclusion as place cells, noisy cells, or silent cells. Our
description of positional firing patterns is based on the idea that a place
cell has a distinct, contiguous location in which it reliably discharges. To
identify a firing field, the following rules were applied: (1) a pixel could be
included in a field if its firing rate was �0; (2) to be part of a field, a pixel
had to share an edge with a pixel already known to be in the field; and (3)
the minimum field size was nine pixels. In the present analysis, if two or
more fields were identified for a cell, only the largest field was considered.
On this basis we measured: (1) field area: the number of pixels included
in the field; (2) field rate: the firing rate averaged over all pixels in the
field; (3) field center rate: for each pixel in the field, the average of its rate
and the rate in its eight nearest neighbors is calculated. The peak rate is
that in the pixel for which this average is greatest; and (4) coherence: this
is a two-dimensional nearest-neighbor autocorrelation. It is calculated
by listing the firing rate in each pixel and the average firing rate in its eight
nearest neighbors. Coherence is the Z-transform of the correlation be-
tween these lists. It estimates the local smoothness of the positional firing
pattern. An impression of the meaning of coherence can be gained from
Figure 2.

Based on positional firing rate distributions, CA1 complex–spike cells
were categorized as place cells, silent cells, or noisy cells (Rotenberg et al.,
1996, 2000) (Fig. 1). Place cells had one, or in a few cases, two clear firing
fields. Silent cells fired only a few action potentials without sufficient
density to have a firing field. Noisy cells fired at an average rate �1.0
spike/sec but had none of the distinct silent areas that characterize place
cells recorded in these circumstances.

Using these criteria, an initial categorization was first made by visual
inspection of firing rate maps by two investigators (G.L.H. and X.L.) who
agreed in all cases. To objectively classify place cells, we used criteria from
Rotenberg et al. (1996). Thus, to be a place cell, the coherence was re-
quired to be �0.26, and the area of the largest field had to be �70% of the
apparatus area. Selection of place cells according to these criteria and by
visual inspection was in exact agreement.

The stability of firing fields across session pairs was assessed with a
rotational cross-correlation method. First, the pixel-by-pixel correlation
was calculated for a pair of positional firing patterns. One pattern was
then rotated in 360 1° steps, and at each step the correlation was recalcu-
lated. The magnitude of the highest of these correlations estimates the
similarity of the two positional firing patterns. The angle of the highest
correlation estimates how much one pattern is rotated with respect to the
other. An ideal place cell would have identical firing-rate maps in each
pair of the recording sessions, so that the maximal similarity score would
be 1.0 and the required angular displacement would be 0°.

Theta frequency. We measured spectral power on EEG recordings us-
ing Clampfit 8.2 (Axon Instruments, Union City, CA) during times the
rats were running in the cylinder for food pellets. Relative power for the
frequency band from 2 to 20 Hz was calculated by averaging 12 epochs of

Figure 1. Basic pyramidal cell properties. A, B, Complex spikes recorded from a control rat
( A) and an SE rat ( B). Note the very short (�5 msec) time interval between spikes and the
decrementing amplitude of later spikes. No differences in the configuration of these bursts were
noted between normal and SE rats. C, D, Examples of silent, place, and noisy cells from a control
rat ( C) and an SE rat ( D). The firing field for the control place cell is the dark region at 1:00; for the
place cell from the SE rat, the field is at 8:30.
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10 sec duration at a spectral resolution of 0.15 Hz. Mean frequency of
highest power in the theta range was calculated for the SE and control
groups.

Water maze. Two hidden-platform water maze experiments were done
on SE rats and matched controls by a blinded observer using techniques
described previously (Holmes et al., 1998; Faverjon et al., 2002; Rutten et
al., 2002). These were identical in design, except for the diameter of the
water maze and the corresponding platform location. The first experi-
ment, in a 1.15 M diameter tank, was done on the same rats from which
single cell recordings were obtained. The second experiment, in a 2 M

diameter tank, was done on 10 control and 19 SE rats age matched to the
recording groups, so that training and testing started at day P100. This
group included the animals that had EEG recordings in addition to the
place cell recordings.

In both experiments, a circular tank (50 cm high) was filled with water
(26 � 1°C) to a depth of 25 cm. Milk was added to the water to prevent
the rat from seeing the platform. Room cues visible from the water sur-
face were constant from day to day. Four points on the perimeter of the
tank were designated north (N), east (E), south (S), and west (W), divid-
ing the tank into four quadrants (NW, NE, SE, and SW). For each rat, an
8 � 8 cm Plexiglas escape platform was positioned in the center of one of
the quadrants, 1 cm below the water surface. The radial distance from the
center was 0.5 of the radius of the tank.

In our protocol, each rat was put in the tank for a 60 sec swim with no
platform on day 1. On days 2–5, the rat received six timed, hidden plat-
form trials with the platform in the same quadrant across days. The
starting quadrant for each trial was varied in pseudo-random manner.
Time to platform was recorded by an observer blinded to the treatment
group. In each trial, the rat was allowed 2 min to find the platform, where
it could stay for 30 sec. If it failed to escape in 120 sec it was removed from
the water and put on the platform for 30 sec. At the end of a trial, the rat
was lifted from the platform, dried with a towel, and put in the water for
the next trial. On day 6, a probe test was done without the platform. The
probe began with the rat in the quadrant opposite the trained platform
location. The rat swam for 60 sec, and the time spent in each quadrant
was recorded.

The testing procedure used during the 4 d of locating the hidden

platform provides a measure of spatial reference memory, whereas the
probe trial measures the strength of spatial memory (Jeltsch et al., 2001).

Place cell recording and water maze test after flurothyl-induced seizures.
We used a chemical convulsant to produce acute epileptic seizures to
assess: (1) the short-term consequences of epileptic seizures on place cell
activity; and (2) relationships between possible epileptically induced,
short-term changes in place cells and water maze performance. Seizures
were induced in rats already trained in the water maze at a time when
stable, identified place cells were being recorded.

The sequence of experience for five control rats was: (1) using the
protocol described above plus an additional day, if necessary, rats were
trained to asymptotic performance in the 1.15 M diameter water maze.
The criterion was for the average latency to the platform to be �10 sec for
three consecutive trials; (2) pellet chasing training for place cell record-
ings as described above; (3) electrode implantation; (4) place cell record-
ing; (5) demonstration of place cell stability. By this, we mean that the
angular displacement for recognizable firing fields was �10° for three or
more consecutive days; 6) retraining to asymptotic performance in the
water maze immediately after the recordings. This was done on the re-
cording day; 7) flurothyl-induced seizure (see below); and (8) alternation
between single hidden platform trials in the water maze and place cell
recordings. Single trials followed by recording were done 30, 60, and 120
min and 24 hr after the flurothyl seizure.

Brief seizures were induced with flurothyl (bis-2,2,2-triflurothyl ether;
Aldrich Chemical Co., Milwaukee, WI) (Holmes et al., 1998; Huang et
al., 1999; Villeneuve et al., 2000; Sogawa et al., 2001), a rapidly acting,
potent CNS stimulant. After putting a rat in a small container, a piece of
flurothyl-saturated filter paper was suspended from the container neck
and the lid was put on. The flurothyl evaporated and was inhaled by the
rat. Typically, flurothyl caused, in sequence, myoclonic seizures, vigor-
ous running, and tonic and clonic activity. When tonic posturing devel-
oped, the rat was removed from the container to recover in room air.

Histology: Timm staining. At the end of the experiment, rats were killed
with a lethal dose of sodium pentobarbital (65 mg/kg) and perfused
transcardially with 200 ml of normal saline, 200 ml of sodium sulfide
medium (2.925 gm of Na2S and 2.975 gm of NaH2PO4.H2O in 500 ml of
H2O), and 200 ml of 4% paraformaldehyde (PFA). The brains were
removed, postfixed in 4% PFA for 24 hr, and placed in 30% sucrose for 24
hr or longer until the brains sank. Coronal sections along the entire
extent of the hippocampus were cut at 30 �M on a freezing microtome
and stored in PBS. Every fourth section was Timm stained for mossy
fibers.

For Timm staining, sections were developed in the dark for 40 – 45 min
in a solution of 50% gum arabic (120 ml), 10 ml of citric acid (51 gm/100
ml H2O), 10 ml of sodium citrate (47 gm/100 ml H2O), 3.47 gm of
hydroquinone in 60 ml of H2O, and 212 mg of AgNO3. Slides from
control and SE rats were always stained at the same time. After washing,
the slides were dehydrated in alcohol, cleared in xylene, and sealed with
Permount.

Timm-stained sections were analyzed using a semiquantitative scale
for terminal sprouting in CA3 and the supragranular region (Holmes et
al., 1998, 1999). Timm staining in the pyramidal and infrapyramidal CA3
region and supragranular region was assessed on each section from the
septal area in which the two blades of the dentate were equal and formed
a V shape (2.8 mm posterior from the bregma) to a point �3.8 mm
posterior to the bregma (Paxinos and Watson, 1998). Assessment of the
Timm score in the supragranular region was done in the inferior blade of
the dentate, avoiding the edge and crest of the gyrus. Both hippocampi of
the specimens were analyzed, and the score given to the CA3 and supra-
granular regions reflected the mean for the two sides. Five sections per rat
were evaluated.

Histology: thionin staining. To grade the degree of pathology present in
portions of the hippocampus, thionin-stained slides were prepared from
every fourth section. CA1, CA3, and the hilus were graded separately on
the following scale: no cell loss � 0; cell loss �25% � 1; cell loss 25–
50% � 2; cell loss 50 –75% � 3; no remaining cells � 4 (Mikati et al.,
1994; Schmid et al., 1999). Values for each region were taken as averages
for the two hippocampi.

Statistical analysis. The values of all parameters in electrophysiological,

Figure 2. Organization of firing fields measured by coherence. Examples of firing rate maps
from control ( A) and SE rats ( B). The number above each map is the coherence for the spatial
firing pattern. The examples are chosen to reflect the coherence distributions for the two
groups. C, D, Coherence histograms for 69 place cells from control rats ( C) and 66 place cells from
SE rats ( D). Each coherence is the mean for all sessions for a given cell.
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behavioral, and histological experiments were expressed as mean � SE.
Measurements of individual place cell function were averaged for each
rat in each group, and average scores were compared between groups.
The Z test was used to compare to the differences of the proportions of
place cells, noisy cells, and silent cells in control and SE rats. Unpaired t
tests were used to compare field area, field rate, field center rate, coher-
ence, Timm’s staining scale, and cell loss scale. Differences in the maxi-
mal similarity and corresponding angular displacement within each
group were compared with paired t tests. In addition, differences in
angular displacement and maximal similarity scores at the various time
intervals were compared in the control and SE rats using the ANOVA
with repeated measures. Unpaired t tests were used to compare differ-
ences in the maximal similarity and the corresponding angular displace-
ment between control and SE rats. A two-way repeated measures
ANOVA was used to compare differences in water maze performance; t
tests were used to compare performance on each testing day. Correla-
tions (Pearson r) were made between mean coherence values, angular
displacement, and maximal similarity and mean time spent in the target
quadrant during the probe test and cell loss and sprouting in the histo-
logical specimens. A p � 0.05 was considered statistically significant.

Results
Status epilepticus
Approximately 15–20 min after pilocarpine injection, rats began
head bobbing, scratching, chewing, and exploratory-like behav-
ior. Approximately 20 –25 min after pilocarpine, intermittent
head and bilateral forelimb myoclonus with rearing and falling
were seen. These signs increased in severity over the next 60 min.
Intense clonic activity with episodes of rearing and falling oc-
curred for the next 6 – 8 hr. A sequence obeying this general de-
scription occurred for all SE rats.

Spontaneous seizures
Spontaneous behavioral seizures occurred at least once in 18 of 28
(64.3%) SE rats but were never seen in control rats. The seizures
consisted of facial twitching, head nodding, and unilateral, alter-
nating, or bilateral forelimb clonus; they lasted �30 sec. Extrap-
olated mean seizure frequency based on the 6 hr recording ses-
sion was 0.75 � 0.17 seizures/24 hr. We did not proceed with
recording if seizures were seen in the 6 hr before the recording
session. In addition, place cell recordings were stopped if the
animal had a seizure during the study. Thus, the place cell activity
described next was measured in the absence of behaviorally or
electrically detectable seizure activity. Similar precautions were
taken while later assessing water maze performance of these rats.

Place cell discharge is less precise in SE rats
According to the spike classification criteria outlined in Materials
and Methods, we recorded 87 CA1 pyramidal cells from 8 control
rats and 74 pyramidal cells from 12 SE rats. A complex spike
generated by a pyramidal cell in a control rat is shown in Figure
1A; a complex spike from a pyramidal cell in an SE rat is shown in
Figure 1B. Pyramidal cells were further subdivided into place
cells, noisy cells, and silent cells; examples of each are shown in
Figure 1C for control rats and Figure 1D for SE rats. Of the 87
pyramidal cells recorded from control rats, 69 (79.3%) were place
cells, 11 (12.6%) were noisy cells, and 7 (8.0%) were silent cells.
Of the 74 pyramidal cells from SE rats, 66 (89.2%) were place
cells, 4 (5.4%) were noisy cells, and 4 (5.4%) were silent cells. No
reliable differences were found in the proportions of place cells
(Z � 1.37; p � 0.19), noisy cells (Z � �0.55; p � 0.58), and silent
cells (Z � �1.06; p � 0.29) in control and SE rats. Thus, this
simple analysis reveals no gross defect of pyramidal cell organi-
zation in SE rats.

CA1 pyramidal cells judged as place cells in SE rats appeared

normal in several other ways. Specifically, we saw no differences
between control place cells and place cells from the SE rats in field
area, field center firing rate, or field firing rate (Table 1). Given
these similarities, it is remarkable and exciting that place cells in
the two groups differed strikingly according to “coherence,”
which measures the local smoothness of spatial firing patterns.
Firing rate maps selected to reflect typical coherences for control
place cells and place cells from the SE rats are shown in Figure 2,
A and B. Corresponding coherence histograms are shown in Fig-
ure 2, C and D, where a clear shift to lower values is visible for
place cells from the SE rats. Numerically, the mean coherence for
control place cells of 0.80 � 0.05 (n � 8) was reliably higher than
the mean of 0.50 � 0.06 for the place cells (n � 12) from the SE
rats (t � 3.80; df � 18; p � 0.0013). Thus, firing field organiza-
tion is weaker in adult rats subjected to SE during pubescence.
Furthermore, this weaker organization is not secondary to other
firing pattern defects such as decreased rates or major changes in
the positional distribution of place cell discharge as measured by
field area or information content.

Place cells are less stable in SE rats
We next asked whether the positional firing patterns of the place
cells from the SE rats are stable over time. To this end, we ran four
recording sessions for each control cell and cell from the SE rats
within a 7 hr period. Place cells in the control rats seemed stable
(Fig. 3A); their fields remained in approximately the same posi-
tion and retained their shapes across the four recording sessions.
In marked contrast, the positional firing patterns of SE rats often
changed considerably over time (Fig. 3B).

Stability was assessed numerically by computing rotational
cross-correlation profiles for pairs of recording sessions. We eval-
uated six session pairs from the four recording sessions: two pairs
(S1–S2 and S3–S4) with 2–3 min intersession intervals and four
pairs (S1–S3, S1–S4, S2–S3, and S2–S4) with 4 – 6 hr intersession
intervals. The two short interval and four long interval pairs were
averaged for each cell (Fig. 4) and for each rat (Fig. 5). The mean
angular displacement for control place cells was 6.60 � 1.70° at
the short interval and 9.40 � 2.59° at the long interval. The mean
angular displacement for place cells from SE rats was 35.25 �
6.55° at the short interval and 43.39 � 8.10° at the long interval.
The differences in angular displacement between the control and
SE rats were significant for both the short interval (t � 3.03; df �
16; p � 0.008) and long interval (t � 2.89; df � 16; p � 0.011)
sessions. The mean maximal similarity for control place cells was
0.61 � 0.03 at the short interval and 0.59 � 0.04 at the long
interval. The mean maximal similarity for place cells from SE rats
was 0.40 � 0.03 at the short interval and 0.37 � 0.03 at the long
interval. The differences in maximal similarity between the con-
trol and SE rats were quite significant for both the short interval
(t � 3.81; df � 16; p � 0.0015) and long interval (t � 4.29; df �
16; p � 0.001) sessions.

We also used ANOVA with repeated measures to examine
angular displacement and similarity scores between sessions S1
and S2, S1 and S3, and S1 and S4. For both angular displacement

Table 1. Comparisons of several characteristics of place cells in control and SE rats

Characteristics

Mean � SEM t test

Control SE t p

Field area (pixels) 132.20 � 22.90 203.00 � 33.33 1.57 0.13
Field center rate (Hz) 7.64 � 0.79 7.37 � 0.92 0.20 0.84
Field rate (Hz) 2.45 � 0.21 2.66 � 0.30 0.51 0.61

Control, n � 8; SE, n � 12; df � 18.
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and maximal similarity scores, the differences between groups
were highly significant (angular displacement: F(1,22) � 27.39;
p � 0.001; maximal similarity score: F(1,22) � 34.53; p � 0.001).
Differences between sessions were not significant (angular dis-
placement: F(1,22) � 0.029; p � 0.972; maximal similarity score:
F(1,22) � 0.809; p � 0.454)

Power spectrum
Power spectrum analysis of the mean peak theta frequency calcu-
lated during running in the cylinder was similar in the controls
(7.23 � 0.17) and SE rats (7.38 � 0.10) (t � 0.74; df � 12; p �
0.48). Despite marked differences in place cell precision and sta-
bility between the controls and SE rats, the oscillatory properties
of the hippocampus are basically intact in the SE rats.

Impaired spatial performance in SE rats: small tank
water maze
After completion of the place cell recordings, we trained and
tested these control and SE rats in a hidden platform version of
the Morris swimming task in a tank 1.15 M in diameter. Time to
find the platform on the first trial was very similar for the two
groups (control, 38.40 � 14.50 sec; SE, 51.60 � 15.70 sec), sug-
gesting equal motor capacity and motivation (t � 0.61; df � 16;
p � 0.55). An ANOVA revealed that the SE rats were significantly
slower than controls in learning to efficiently find the platform
over the 4 d protocol. As seen in Figure 6A, t tests for individual
days showed that swim time by SE rats was reliably slower on days
1 and 2 but not on days 3 and 4, showing that they could eventu-
ally find the hidden platform in the small tank as well as the
controls. A 60 sec no-platform probe trial conducted on day 5
showed that both groups of rats spent excessive time in the goal
quadrant (control, 19.70 � 1.31 sec; SE, 16.80 � 1.23 sec), but
only a trend for the dwell time of the control rats to be more
focused (t � 1.60; df � 16; p � 0.13) (Fig. 6A). Thus, testing in a

small water maze indicates that spatial memory performance in
adults is not greatly impaired by SE during pubescence.

Impaired spatial performance in SE rats: large tank
water maze
On inspection of swimming paths in the small water maze, it
became apparent that neither control nor SE rats were, in general,
taking straight-line paths to the hidden platform. Instead, most
rats on most trials maintained a fixed distance from the wall and
swam in an arc that allowed them to bump onto the platform. It
was, therefore, possible that the use of a simple, non-geodesic
solution was obscuring hippocampus-based deficiencies in nav-
igational ability in SE rats. To test this possibility, we did a second
swimming experiment in a larger (2 M diameter) tank using con-
trol and SE rats age matched to the individuals used in place cell
recordings. Except for the identities of the animals and the size of
the tank, the two swimming experiments were identical.

In the large tank, SE rats took longer to reach the hidden
platform than controls (F(1,18) � 24.99; p � 0.001). The t tests for
individual days showed that SE rats performed significantly poor
on days 1– 4 (Fig. 6B). The performance deficit of SE rats was not
a result of slower swimming, which averaged 22.70 � 0.70 cm/sec
for control rats and 24.30 � 0.90 cm/sec for SE rats (t � 0.19; df �
18; p � 0.19). Likewise, the time to reach the platform on the first
trial is indistinguishable in control and SE rats (control, 105.70 �
8.17 sec; SE, 108.40 � 10.30 sec), suggesting that the two groups
were comparable in motivation and motor function (t � 0.21;
df � 18; p � 0.84). Note that by the fourth training day that the
improvement shown by each group seemed to reach an asymp-
tote, implying that the SE rats were permanently deficient in
locating the hidden goal.

In a probe test of spatial memory, the platform was removed
the day after the last training day. Rats were allowed 60 sec to
search for the absent platform. Control rats spent almost half the

Figure 3. Examples of the stability of place cell firing patterns. A, Control rats. Each row shows rate maps from four successive recording sessions for a single place cell from a different rat. The
intervals between sessions 1 and 2 and between sessions 3 and 4 were 3 min; the interval between sessions 2 and 3 was 4 – 6 hr. Each cell is quite constant across the four sessions. B, SE rats. Each
row shows rate maps from four successive sessions. The fields vary considerably from session to session.
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time (28.90 � 2.63 sec; n � 10) in the trained quadrant, whereas
SE rats showed no preference for the trained quadrant, spending
only about one-quarter (15.16 � 1.10 sec; n � 19) of their time
there (Fig. 6B). The high t statistic comparing goal quadrant time
by the two groups (t � 5.59; df � 27; p �� 0.001) confirms the
great navigational impairment of SE rats.

The nature of the SE-induced deficits revealed by water maze
testing depends on the size of the swimming tank and the kind of
solution used by the control rats. Thus, when control rats chose
indirect routes in the small tank, the main impairment for SE rats
was learning rate; after 4 training days, their performance caught
up with that of the controls. In contrast, the increased uncertainty
of the location of the platform in the larger tank apparently
caused control rats to use a more advanced, perhaps map-based,
strategy that allowed for near optimum routes. In this case, the SE

rats presumably could not generate the computations necessary
for optimum routes and, therefore, could not get to the platform
as rapidly.

Place cell function and water maze performance
To determine whether there was a relationship between place cell
function and water maze performance, we compared coherence,
angular displacement, and maximal similarity scores with results
of the probe test in the water maze in the large tank. There were
significant correlations between coherence (Pearson r � 0.83; p �
0.002), angular displacement at the short interval (r � 0.787;
p � 0.005), angular displacement at the long interval (r � 0.70; p �
0.017), maximal similarity score at the short interval (r � 0.77;
p � 0.006), and maximal similarity score at the long interval (r �
0.79; p � 0.004). These findings demonstrate a close relationship

Figure 4. The positional firing patterns of place cells from SE rats are less stable. Histograms
of two measures of stability in individual place cells. The left column shows maximal similarity
distributions for control and SE place cells; the right column shows corresponding angular
displacement distributions. Histograms for these measures are shown for the short intersession
interval on the top and for the long intersession interval on the bottom. Histograms for control
place cells are labeled and shown on a gray background; histograms for SE place cells are labeled
and shown on a white background. For both the short and long intersession intervals, the
distribution is shifted to lower values for maximal similarity and to higher values for angular
displacement in the SE place cells.

Figure 5. The positional firing patterns of place cells from SE rats are greatly variable. His-
tograms of two measures of stability in individual rats are shown. The left column shows max-
imal similarity and angular displacement distributions of place cells from the control rats; the
right column shows those from the SE rats. Histograms for these measures are shown for the
short intersession interval on the top and for the long intersession interval on the bottom.
Histograms for control place cells are labeled and shown on as a gray background; histograms
for SE place cells are labeled and shown as a white background. Both the short and long inter-
session intervals the distribution is shifted to lower values for maximal similarity and to higher
values for angular displacement in the SE place cells. Rat number is listed below graphs.
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between place cell precision and stability
with water maze performance.

Mossy fiber sprouting and cell loss
after SE
To complement single cell and behavioral
measurements after SE, we also looked for
structural changes in hippocampal forma-
tion. As shown in Figure 7, mossy fiber
sprouting was present in both the supra-
granular region and CA3 subfield. The
mean score for mossy fiber sprouting for
SE rats in the CA3 subfield was higher than
the mean for control rats (SE, 2.70 � 0.41;
control, 1.01 � 0.16; t � 3.35; df � 16; p �
0.004). The mean score of mossy fiber
sprouting in the supragranular region in
the SE rats was also higher than the mean
in control rats (SE, 3.50 � 0.60; control,
0.44 � 0.12; t � 4.96; df � 16; p �� 0.001).
Modest pyramidal cell loss was seen in the CA3 subfield of the SE
rats compared with the controls (SE, 1.01 � 1.23; control, 0.43 �
0.14; t � 3.14; df � 14; p � 0.007). There was a trend toward cell
loss in CA1 but not in the hilus (data not shown).

To determine whether there was a relationship between place
cell function, water maze performance, and histological abnor-
malities, we compared histological scores and place cell measures
with results of the probe test in the water maze in the large tank.
There were significant correlations between the probe test and
mossy fiber sprouting in CA3 (r � 0.48; p � 0.045), CA1 (r �
0.787; p � 0.005), and cell loss in CA3 (r � 0.64; p � 0.007). In
addition, maximal similarity had a significant correlation with
sprouting at both the short and long interval in CA3 (short: r �
0.59, p � 0.015; long: r � 0.53, p � 0.034) and CA1 (short: r �
0.66, p � 0.006; long: r � 0.53, p � 0.034). Angular displacement
was significantly correlated with cell loss in CA3 at both the long
and short intervals (short: r � 0.60, p � 0.018; long: r � 0.52, p �
0.05). Coherence was significantly correlated with cell loss in CA3
(r � 0.54; p � 0.037).

Acute seizures transiently abolish place cell activity and
impair water maze performance
In addition to chronic abnormalities in SE rats, we asked whether
acute seizures would affect firing fields and, if so, whether such
seizures would, in parallel, impair water maze performance. We
studied five control rats that had yielded good place cells and who
performed well in the water maze, as shown by escape latencies
�10 sec on three consecutive trials.

In this protocol, the baseline firing patterns for six place cells
and six theta cells were obtained in an initial recording session.
Next, brief seizures were induced with flurothyl. When tonic pos-
turing developed, the rat was returned to room air. Clonic activity
continued for 1–2 min, followed by a short period of impaired
responsiveness. Within 10 min after the end of flurothyl expo-
sure, rats began to walk around in the cage in an apparently
normal manner. Nevertheless, they were severely impaired in a
water maze test 20 min later; they swam at normal speeds using
normal motor patterns but never reached the escape platform in
the allotted 120 sec. In a post-seizure recording session immedi-
ately after the water maze trial, five of the six place cells from four
rats were virtually silent. The six theta cells from four rats contin-
ued to be active, although their firing rates were reduced. In one
rat, neither firing field location nor latency to platform in the

water maze performance changed detectably after a flurothyl-
induced acute seizure.

With time after the seizure, place cell activity began to resume,
and this occurred in parallel with improvements in water maze
performance. Some recovery of place cells and swimming perfor-
mance was seen 60 min after the seizure in five place cells from
three rats. By 24 hr, in two rats in which the cells were held, the
firing patterns of four place cells and water maze performance
returned to near baseline. Figure 8 shows water maze perfor-
mance and place cell activity from a representative rat before a
seizure, 30 min after a seizure, and 24 hr after a seizure. In the
other three rats, water maze performance fully recovered after 24
hr, but the place cells were lost. Thus, to the extent we could
follow post-seizure place cell discharge, single-cell activity and

Figure 6. Water maze performance. A, Small (1.15 M diameter) water maze. In the no-platform probe trial (inset), there was no
difference in average time spent in the platform quadrant between the control and SE rats. B, Large (2.0 M diameter) water maze.
In the larger tank, a learning curve is evident for both the control and SE rats. Evidence for impaired spatial memory in SE rats is also
seen in the probe trial (inset), in which time spent in the training quadrant is lower for SE rats. *p � 0.05; **p � 0.01;
***p � 0.001.

Figure 7. Timm staining in a control rat (left) and an SE rat (right). Displaced Timm granules
are seen in strata oriens and pyramidale of CA3 (arrows) and in supragranular dentate gyrus
(arrowheads) in the SE rat but not in the control rat. Calibration: A, 100 �M; B, 50 �M; C[SCAP],
25 �M.
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behavioral performance were either abnormal or both recovered;
on no occasion did they conflict with each other.

Discussion
In agreement with previous work (Yang et al., 2000; Wu et al.,
2001; Faverjon et al., 2002; Rutten et al., 2002), we find that
epileptic activity on two very different time scales interferes with
spatial memory in rats. On a long time scale, SE induced in P20
rats causes spatial memory deficits that persist into adulthood.
Thus, performance by mature SE rats was impaired on the hidden
platform version of the Morris swimming task in both a small
(1.15 M diameter) and a large (2 M diameter) tank. The observed
pattern of poor water maze performance by SE rats indicates a
lasting, and presumably permanent, deficit in navigational mem-
ory, a form of memory that depends on intact hippocampal func-
tion in rodents. The fact that this defect of cognitive behavior is
observed in rats with abnormal place cells at the network level
and abnormal connectivity at the structural level (see below) sug-
gests that the episode of SE during pubescence may underlie all of
these problems and, moreover, that the problems are strongly
related.

On a short time scale, brief acute seizures in otherwise normal
adult rats cause severe, but transient, deficits in spatial memory.
Shortly after the seizure, rats showed no knowledge of the hidden
platform location despite excellent performance on previous tri-
als and on trials 24 hr after the seizure. Our main new contribu-
tion is the demonstration that these epilepsy-induced deficien-
cies of spatial memory are accompanied by abnormalities of place
cell activity and that these place cell abnormalities correlate with
the behavioral problems seen after both SE and acute seizures.

For SE rats, we saw two defects of place cell activity: (1) the
coherence (local smoothness) of firing fields is lower; and (2)
fields are less stable than those in control place cells. On the

assumption that place cell activity is essential to normal naviga-
tional behavior, the decreased coherence helps account for the
poorer water maze performance shown by SE rats. In addition,
the apparent confinement of the within-session place cell defect
to in-field organization implies that firing rate contours are im-
portant for navigation because the grosser division of the envi-
ronment into fields and not-fields appear normal. It is crucial to
note that both the place cell abnormalities and the to-be-
explained behavioral deficits are seen in adult rats long after a
single bout of SE and that both processes are persistent and,
perhaps, permanent.

For rats subjected to an acute seizure, we saw a single, pro-
found defect of place cell activity: that the cells were transiently
silent after the seizure. Crucially, this silence had a time course
similar to the post-seizure behavioral deficit, at least within the
time resolution of our methods. Note that by comparing the
chronic effects of SE and the acute effects of a seizure, another
interesting parallel is seen: the partial disruption of spatial mem-
ory caused by SE was accompanied by defective place cells,
whereas the complete failure of spatial information recall after
the seizure was accompanied by a complete cessation of place cell
activity.

The close links between the network and behavioral conse-
quences of epileptic events lead in two quite different directions.
First, they represent another instance in which there is a strong
relationship between hippocampal place cells and deficits in
learning, performance, or recall of complex spatial tasks. By now,
it is clear that frank destruction of the hippocampus and its place
cells (O’Keefe and Nadel, 1978; Olton et al., 1978; Morris et al.,
1982; Sutherland et al., 1982), abnormal place cells in genetically
modified mice (Rotenberg et al., 1996, 2000; Kang et al., 2001), or
partial disruption of place cell activity caused by blockade of
muscarinic cholinergic transmission (Brazhnik et al., 2003) lead
to disruptions of spatial memory. In fact, experience-induced
interference of control of place cells by sensory cues needed to
solve spatial problems impairs performance in complex, but not
simple, spatial tasks (Lenck-Santini et al., 2002).

The second sort of implication arising from our results con-
cerns the origins of the memory deficits seen after SE in rats and
possibly in people. Importantly, the events and processes that
follow SE in rats imitate in many ways the events and processes
seen in man (Dudek et al., 2002; Holmes et al., 2002). These
parallels include: (1) the latent period that occurs after SE before
epilepsy begins (French et al., 1993); (2) cellular damage in the
hippocampus and neighboring regions (Liu et al., 1995); (3)
spontaneous seizures (French et al., 1993); and (4) neuropsycho-
logical damage including, in rats, deficits of hippocampal-
dependent spatial memory, the closest parallel to episodic mem-
ory in humans (Spiers et al., 2001a,b).

However, it must be emphasized that the current studies are
preliminary but provocative. It should be stressed that our study
indicates there is a strong relationship between place cell abnor-
malities and impaired spatial ability. We have not demonstrated a
causal relationship between the two. It should also be acknowl-
edged that hippocampal place cell firing patterns can also be al-
tered by abnormalities outside the hippocampus (Markus et al.,
1994; Paz-Villagran et al., 2002; Muir and Bilkery, 2003). Never-
theless, this study, and others (Rotenberg et al., 1996, 2000), sug-
gests that abnormalities in place cell firing patterns can be asso-
ciated with adverse behavioral consequences.

At first glance, the ability of acute seizures to induce spatial
performance deficits reminiscent of those seen after SE suggests
that the abnormal electrical activity plays an essential role. It is

Figure 8. Rapid, parallel changes of place cell firing patterns and water maze performance
after flurothyl-induced seizures in a control rat. The three cells were recorded simultaneously in
all three sessions. A, The firing patterns of two place cells and one theta cell before the flurothyl
seizures. Shortly after this recording session, water maze performance was accurate. B, In the
interval between 20 –36 min after a seizure, both place cells were silent. The theta cell fired, but
at a lower rate. Twenty minutes after the seizure, the rat swam in circles at the tank edge and
could not find the platform. C, Twenty-four hours after the seizure, both place cells discharged
in a manner similar to pre-seizure patterns. By this time, water maze performance had returned
to baseline.
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here, however, that the ability to monitor place cell activity is
shown to be of great advantage in elucidating relationships be-
tween gross abnormal electrical activity and memory problems.
Assume momentarily that preceding seizure activity is responsi-
ble for poor performance in the water maze after SE as well as
acute seizures. On this basis, we would expect that place cell
discharge frequency in SE rats would be lower than in normal
rats. But our place cell recordings indicate that discharge rate is
no different in SE rats, despite the observation of other place cell
defects that certainly can explain the performance deficits. In
addition, we studied place cells in a subset of rats after SE that also
underwent continuous EEG monitoring. The place cell abnor-
malities reported here were not associated with any seizures be-
fore or during the place cell recordings. Based on this evidence,
we believe that permanent structural or functional rearrange-
ments of hippocampal circuitry induced by SE are responsible for
both the place cell and spatial memory deficits.

A fundamental question is why SE in prepubescent rats should
lead to abnormal place cells when they become adults. SE rats
results in a myriad of changes in the hippocampus, including cell
death (Ben-Ari, 2001), increased neurogenesis (Sankar et al.,
2001), changes in glutamate receptor distribution (Mathern et
al., 1998; Mikuni et al., 1999) and glutamate subunit configura-
tion (Friedman et al., 1997; Friedman, 1998), and synaptic reor-
ganization with sprouting of mossy fibers (Sutula et al., 1988;
Wuarin and Dudek, 2001). It is known that excessive mossy fiber
sprouting leads to abnormal synaptic connections that have been
associated with performance in visual–spatial memory tasks
(Crusio et al., 1987, 1993; de Rogalski Landrot et al., 2001;
Holmes et al., 1998). Although it is tempting to implicate the cell
loss and synaptic reorganization seen here to the impaired place
cell firing patterns and deficits in spatial memory, it is important
to remember that correlation of two phenomena does not neces-
sarily indicate causation. Teasing out the mechanisms responsi-
ble for the cognitive impairment after SE will likely be complex.
However, place cell firing patterns provides a powerful tool in the
elucidation of those factors responsible for SE-induced cognitive
impairment
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