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Abstract
Purpose—Clinical studies have suggested that seizures in newborns are more damaging that
seizures occurring in older children. However, these studies are difficult to interpret for a variety of
factors including differing etiologies of seizures across ages. Animal studies can provide insights
into the question of whether age of seizure onset in children is a factor in cognitive outcome.

Methods—To evaluate effect of age on seizure-induced cognitive impairment we subjected rats to
50 seizures from postnatal day (P) 0 to P10 or P15–P25. As adults the rats were studied in the Morris
water maze, radial-arm water maze, open field, and active avoidance. To assess synaptic strength
and network excitatory and inhibitory function animals were evaluated with long-term potentiation
(LTP) and paired-pulse facilitation/inhibition.

Results—Compared to controls, both groups of rats with recurrent seizures were impaired in spatial
memory in both water maze tests, had altered activity in the open field, and did not differ from controls
in active avoidance. Rats with recurrent seizures had impaired LTP but showed no deficits in paired-
pulse facilitation or inhibition. While rats with later onset showed a trend to worse performance than
rats with earlier seizures, the differences were not substantial.

Conclusions—Recurrent seizures during development are associated with long-term behavioral
deficits in learning, memory and activity level as well as impaired synaptic efficiency. Age of seizure
onset was not a strong predictor of outcome.
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1.0 Introduction
Age plays a major role in virtually all aspects of epilepsy (Hauser, 1992). Children are at
substantially higher risk for epilepsy than young and middle aged adults (Hauser, 1994;1995;
Forsgren et al., 2005). In addition to the higher incidence of epilepsy in children than adults,
precipitating factors such as fever are far more likely to induce a seizure in a young child than
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adult (Hauser, 1992;Fetveit, 2008). Age is also a determinant for prognosis. Intellectual
impairment (Huttenlocher and Hapke, 1990; Glosser et al., 1997; Bulteau et al., 2000; Bjornaes
et al., 2001; Hermann et al., 2002; Cormack et al., 2007), learning disabilities (Sillanpaa,
2004; Soria et al., 2007; Fastenau et al., 2008),social outcome (Lindsay et al., 1979; Sillanpaa,
1983) and medical refractoriness (Berg et al., 1996; Casetta et al., 1999; Camfield and
Camfield, 2007) all appear to be influenced by age of onset. In a number of studies an early
age of onset of seizures has been associated with more cognitive impairment than a later onset
of seizures (Huttenlocher and Hapke, 1990; Glosser et al., 1997; Bulteau et al., 2000; Bjornaes
et al., 2001; Hermann et al., 2002; Cormack et al., 2007). However, not all investigators have
found a relationship between early onset of seizures and cognitive outcome (Sturniolo and
Galletti, 1994; Bailet and Turk, 2000; Jokeit and Ebner, 2002).

Determining if age of onset of childhood epilepsy is a factor in outcome is important since it
could alter how aggressively seizures are treated at various ages. However, interpreting clinical
studies is difficult due to different seizure variables across different age groups. Etiology of
the seizures, seizure type, frequency and duration of seizures, genetics, and antiepileptic drugs
are but a few of these variables. The use of animal models allows the investigator to stringently
control many of these variables and provides insight into the behavioral consequences of early-
life seizures (Huang et al., 1999; de Rogalski Landrot et al., 2001; Cha et al., 2002; Hoffmann
et al., 2004; Zhao et al., 2005).

In this study we compared the effects of recurrent brief seizures at two developmental stages
on subsequent learning and memory. We used the rat model of recurrent flurothyl seizures and
then studied the rats during adulthood in a variety of tasks designed to assess hippocampal,
prefrontal cortex, and amygdala function. We report here that rats subjected to seizures during
early development have long-standing deficits in learning, memory, and activity level and have
deficits in synaptic efficiency, as measured by long-term potentiation (LTP). The age of seizure
onset was not a strong predictor of subsequent outcome.

2.0 Methods
2.1 Overview of Experiments

Male Sprague-Dawley rats (n = 56) from Charles River Laboratories were used throughout the
study and were treated in accordance to the guidelines set by the National Institute of Health
and the Animal Care and Use Committee of Dartmouth College for the humane treatment of
animals. Animals had access to food and water ad libitum and were group housed in plastic
cages under diurnal lighting conditions, with lights on from 8.00 to 20.00.

The animals underwent recurrent flurothyl-induced seizures or sham-seizures between P0–P10
or P15–P25. The rats then underwent sequential testing in the Morris water maze, the radial-
arm water maze, the open field test, and the active avoidance test. In an effort to restrict animal
number we used the same rats for all of the studies. These tests were designed to evaluate a
range of behavioral tasks mediated by hippocampus, prefrontal cortex, and amygdale (Table
1). We elected to test the two experimental groups at the same time rather than at a uniform
interval following the last seizure. The interval between the last seizure and the Morris water
maze was 15 days in the E2 group, a time sufficient to make any postictal effects unlikely
(Boukhezra et al., 2003). We separated the water maze tasks to try to reduce carry-over learning
from one maze to the other. Active avoidance was done last since this results in considerable
stress to the animal which could alter the other behavioral studies. The behavioral studies were
followed by two electrophysiological tests: i) Long-term potentiation, a test of synaptic
efficiency; and ii) Paired pulse facilitation/inhibition, a measure of the balance between
excitation and inhibition in neuronal ensembles. Rats were then sacrificed and the brains
examined for histological lesions. Table 2 summarizes the groups, animal numbers, and tests.
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2.2 Flurothyl-induced seizures
Male rat pups derived from 10 litters were divided into four groups and subjected to fluorthyl
or sham seizures. The day of delivery was designated as P0. The rat pups were divided into
four groups: Group 1 (E1)(n = 18) animals received 50 flurothyl-induced seizures from P0–
P10; Group 2 (E2)( n = 16) animals received 50 flurothyl-induced seizures from P15–P25.
Controls (Cont.)(n = 22) were handled in the same manner as E1 and E2 but were not exposed
to flurothyl. The control and experimental groups came from the same litter. All of the control
and experimental rats were handled daily for the first 25 days of life.

Serial seizures were induced by fluorthyl (bis-2,2,2-trifluoroethyl ether, Aldrich Chemical Co)
inhalation. Animals were subjected to five seizures per day, spaced two hours apart. For each
trial 4–5 rats were placed into a plastic chamber (length = 28 cm, width = 18 cm, height = 26
cm) Liquid flurothyl was delivered through a plastic syringe and dripped slowly (3 cc/hr) onto
filter paper in the center of the container where it evaporated. Rats were exposed to flurothyl
until all of the rats had tonic extension of both the forelimbs and hindlimbs. Animals were then
removed from the chamber and allowed to recover before being returned to their cages. The
chamber was flushed with room air and cleaned between fluorothyl exposures. Controls were
placed in the chamber but not exposed to flurothyl. Controls and experimental rats were
separated from the dams for the same amounts of time until weaned at P25.

2.3 Water maze
To assess spatial memory function, we used the Morris water maze (Morris et al., 1982a;
1986; Morris, 1989). The Morris water maze is a test of hippocampal-dependent spatial
memory (Morris et al., 1982b; Morris, 1984), the closest parallel to episodic memory in humans
(Jeltsch et al., 2001; Spiers et al., 2001a; 2001b). Rats underwent water maze testing on P42
using techniques previously described in our laboratory (Rutten et al., 2002; Liu et al., 2003).
This test measures both working and reference memory. Working memory is measured by the
ability of the rat to find the escape platform during a single testing session whereas reference
memory is a measure of how well the rat does on subsequent testing days. Working memory
is primarily served by frontal cortex (Ragozzino et al., 1998; Jones, 2002) and reference
memory by the hippocampus (Morris, 2006; 2007).

Apparatus—A stainless-steel circular swimming pool (2 m in diameter, 50 cm high) was
filled to a depth of 25 cm with water. Non-toxic white paint was added to make the water
opaque and prevent the rats from seeing the platform. Room cues visible from the water surface
were constant from day to day. Four points on the perimeter of the pool were designated north
(N), east (E), south (S), and west (W), thus dividing the pool into four quadrants (NW, NE,
SE, SW). A clear plexiglass escape platform 8 cm in diameter was positioned in the center of
one of the quadrants, 2 cm below the water surface.

Behavioral procedures—On the first day each rat was placed in the pool for 60 seconds
without the platform present; this free swim enabled the rat to become habituated to the training
environment. Starting three hours after habituation the rats began the hidden escape platform
portion of the test. The rats underwent 6 timed, hidden platform trials with the platform in the
same quadrant across days, for four days (Days 1–4). The point of immersion into the pool
varied between N, E, S, and W in a random order for each trial, so that the rat was not able to
predict the platform location from the point at which it was placed in the pool. The latency
from immersion into the pool to escape onto the platform was recorded for each trial, and the
observer also recorded the route taken by the rat to reach the platform. On mounting the
platform, rats were given a 30-second rest period, after which the next trial was started. If the
rat did not find the platform in 120 seconds, it was manually placed on the platform for a 30-
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second rest. At the start of each trial, the rat was held facing the perimeter and dropped into
the pool to ensure immersion.

On day 5 the platform was removed and animals underwent the probe test for 60 seconds when
the time spent in the quadrant where the platform had previously been located was recorded.
The test began with the rat in the quadrant opposite to the trained platform location. The path
and time spent in the quadrant where the platform had previously been placed was recorded.
In this part of the water maze, termed the probe test, normal animals typically spend more time
in the quadrant where the platform had been previously located than in the other quadrants.
The testing procedure used during the four days of locating the hidden platform provides a
measure of spatial reference memory, while the probe trial is a measure of the strength of spatial
learning (Jeltsch et al., 2001).

2.4 Open Field Test
The open field chamber consisted of a square piece of plywood (61 × 61 cm), divided into 64
squares, with wooden side boards (30 cm high). At age P60, animals were placed in the open
field chamber for 120 seconds on two consecutive days. The number of squares crossed,
number of rears, and number of stools were recorded. The chamber was cleaned after each trial
and ambient lighting and noise remained constant. The open field is a measure of the animal’s
reaction to a novel environment and indicates the animal’s excitability.

2.5 Radial-arm water maze
An 8-arm radial-arm water maze was used to measure spatial learning and memory (Sayin et
al., 2004; Mortazavi et al., 2005; Cornejo et al., 2007). The test allows assessment of working
and reference memory performance simultaneously (French et al., 2006) and is considered to
require a greater memory load than the Morris water maze (Hyde et al., 1998). Its utilization
also omits the necessity of a food reward and is hippocampus dependent (Mesches et al.,
2004).

Apparatus—The radial-arm maze consisted of eight stainless steel arms (length – 50 cm,
width – 15 cm) extending radially from a central area (diameter 40 cm) placed in a stainless-
steel circular swimming pool filled with water. One arm was chosen as the target arm, in which
a clear plexiglass escape platform was placed that allowed the rat to climb atop it, thus exiting
the water, and rest. The escape platform remained in a constant position for the duration of the
experiment. White paint was added to make the water opaque and prevent the rats from seeing
the platform. Cue cards were distributed around the maze and remained constant throughout
the experiment.

Behavioral procedures—Testing in the radial-arm water maze began at P80. Rats received
trials with 30-minute intertribal intervals. Each rat was placed in the center of the maze and
the trial continued until the escaped platform was found or until 2 minutes had elapsed. A visit
to an arm was scored if all four limbs of the rat were within an arm. On mounting the platform
the rats were given a 30-second rest period, and were taken to the home cage for a 30-minute
intertrial interval. If the rat did not find the platform in 120 seconds, it was manually placed
on the platform for a 30-second rest before being taken to the cage. Rats were placed in the
maze at randomly selected different start arms with the same goal arm position. Time to
completion was measured as the time taken to reach the escape platform and complete the trial.
It was recorded for each trial and the observer also manually recorded the arms visited by the
rat before it found the platform. The rats were trained until they reached the criteria of no more
than one error in a single trial and no more than two errors in total for three consecutive trials.
If the rat entered into an incorrect arm the error was coded as a reference error. Re-entrance
into an arm during a trial was coded as a working memory error.
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2.6 Active Avoidance
Active avoidance was measured in a stainless steel cage measuring 9”×10.875”×19” divided
into two compartments of equal size separated by an inner divider (PACS-30, Columbus
Instruments, Columbus, Ohio). Each floor had an electrical grid that provided a shock to the
animal. An infrared-type beam assembly was used to detect subject transfers.

On the first day of testing rats were placed randomly in one of the two compartments and
allowed five minutes to acclimate to the chamber. The next day the rat was placed in one
chamber with the light off. After a 30 second delay an overhead light was turned on and
simultaneously a 5,000 Hz tone was emitted. The rat then had five seconds to escape from the
chamber before an electric shock occurred consisted of a five second shock administered at
0.5 mA. Rats were given thirty trials separated by one minute on two consecutive days. Trials
were coded as avoidance if the rat left the chamber prior to the shock. If the rat left the chamber
during the shock the trial was coded as an escape.

2.7 Long-term Potentiation (LTP)
A randomly selected subset of the rats (n = 23; E1 = 8; E2 = 6; Cont. = 9) were used for the
LTP study. Under urethane anesthesia (1.2g/kg, ip), a rat was placed in a stereotaxic frame and
holes were drilled in appropriate regions of the skull. Both recording and stimulating electrodes
are bipolar 125-µm twisted wires (Plastics One Inc. Roanoke, VA). Stimulating electrode was
placed in the ventral hippocampal commissure (AP, 1.4; L, 0.05; D, 3.8) and for the recording
electrode, which is placed in the CA1 subfield of right hippocampus, the coordinates are (AP,
3.8; L, 2.5; D, 2.4) initially, and the final position was adjusted based on the field excitatory
postsynaptic potential (fEPSP). A screw placed over the cerebellum was used as the ground.

Input/output curve was drawn and the stimulus intensity was set to 70% of the maximum
response for LTP study. Baseline response was recorded for 30 minutes (stimulation
frequency-0.05Hz; stimulation pulse duration-0.2ms). LTP was evoked by high frequency
stimulation (HFS) consisted of 3 trains with 10 seconds intertrain intervals. Each train consisted
of 1 second of 200 Hz stimulations which intensity was 90% of maximum response and 0.3ms
in duration. Right after HFS, the stimulation setting was changed back to baseline parameters.
Responses were stimulated and recorded for another three hours. Every 10 minutes, 30
normalized responses were averaged to represent one point on figure. The rat was kept on a
warming pad throughout the recording period. The f-EPSPs were recorded using Digidata
1322A acquisition system (Axon instruments, CA) and the off line analyzed with Mini analysis
program (Synaptosoft Inc. NJ).

2.8 Paired-Pulse Facilitation/Inhibition
After the LTP recording, paired stimulations was delivered through the ventral hippocampal
commissure electrode and paired pulse inhibition was tested. Stimulation intensity was the
same as LTP test. Pulses were 0.2 ms in duration. Interpulse intervals were set to be 30ms,
40ms, 50ms, 75ms and 100ms. The amplitude of population spikes were averaged for 10 pairs
at each interpulse interval using Mini Analysis program. Three frequencies were tested, 0.1Hz,
0.5 Hz and 1 Hz. The paired-pulse index (PPI) was used as a measure of the net short-term
facilitation or interneuronally-mediated inhibition effective at the time of the paired-pulse test
and was computed by dividing the amplitude of the second population spike (p2) by the
amplitude of the first population spike (p1).

2.9 Histology
Animals were sacrificed on P120. They were deeply anesthetized with sodium pentobarbital
(65 mg/kg). Then they were transcardially perfused with 200 ml of normal saline followed by
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200 ml of 4% paraformaldehyde (PFA). Brains were removed and postfixed overnight in 4%
PFA and were subsequently placed in 30% sucrose solution. Coronal sections through the entire
hippocampus were cut on a freezing microtome and stored in phosphate buffered saline.
Coronal sections through the entire extent of the hippocampus were cut at 30 µm on a freezing
microtome, and sections were stored in phosphate buffered saline (pH 7.3). Every forth section
was stained with thionin for cell loss. The loss of neurons in the prefrontal cortex, amygdala,
CA1, CA3 of hippocampus and hilum of dentate gyrus was evaluated by the following scoring
scale: i) normal = 0 (10 cell loss); ii) mild =1 (10–25% cell loss); iii) moderate =2 (25–75%
cell loss), and iv) severe = 3 (>75% cell loss (Mikati et al., 1994; Schmid et al., 1999). This
scale provides a rough measure of cell loss but has not been validated with cell counting
techniques.

2.10 Statistical analysis
The Kolmogorov-Smirnov goodness-of-fit test was used to assess normality (Gaussian-shaped
distribution) for all continuous variables. Mean escape latency to water maze platform was
compared using the repeated measures ANOVA. Trials to criteria, time to complete trials, and
reference and working memory errors were compared using the ANOVA. The probe test was
compared using the one-way ANOVA with post hoc testing using Tukey’s Multiple
Comparison Test. Total blocks crossed, rears, and stools in the open field across days were
compared using the repeated measures ANOVA. Group scores in the active avoidance task
were compared using the ANOVA. For all ANOVA testing post-hoc analysis was performed
using the Tukey's Multiple Comparison Test. Histological scores were compared using the
Mann-Whitney test. Results are presented as means±standard errors and a p <0.05 was used
to defined statistical significance.

3.0 Results
3.1 Flurothyl-Induced Seizures

As we previously described (Gatt et al., 1993), age-related differences in the behavioral features
were noted. In both E1 and E2 flurothyl inhalation initially resulted in agitation with increased
exploring of the testing chamber. Swimming movements were prominent in pups from P0–P5,
followed by abrupt onset of tonus. From P10 onward prominent clonic and myoclonic activity
occurred before the tonic activity. From P20 onward clonus and myoclonus was followed by
wild running and then the tonic phase. All of the rats developed tonic seizures at which point
they were removed from the chamber. Four rats (two each from E1 and E2) died during the
course of the study.

No spontaneous seizures were seen in any of the rats during any of the testing. However, EEG
monitoring was not performed.

3.2 Water maze
The results of the water maze are presented in Figure 1. All three groups learned to find the
escape platform over the 24 trials conducted over four days. Latency to the escape platform
decreased with trials (F23 = 25.32; p<0.0001). Rats improved during the course of six trials
each day. After a night of rest the first trial (7th, 13th, and 19th trials) had longer latencies that
the last trial of the preceding day (6th, 12th, and 18th trials), indicating a component of both
reference memory and working memory during testing days 2–4. Significant differences were
noted in the three groups (F2 = 4.761; p = 0.012) with a time/group interaction (F69 = 2.493;
p<0.0001). The controls differed from both E1 (F1 = 5.285, p = 0.027) and E2 (F1 = 11.62, p
= 0.002). No differences were seen between E1 and E2 (F1 = 0.1383, p = 0.712).
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There was a significant difference between groups in the probe test (F2 = 4.076, p = 0.0243)
with the control rats spending more time swimming in the target quadrant than the E2 (P <0.05)
(Fig. 1, Insert). No differences were noted between the controls and E1.

3.3 Radial-arm water maze
A significant difference in trials to criteria between the three groups was seen (F2 = 3.511, p
= 0.042) with the controls reaching criteria faster than the E2 group (p < 0.05) (Fig. 2). There
was a significant difference in groups in number of total incorrect arms entered across trials
(F3 = 3.51, p = 0.046) with E2 group having more incorrect arms than the controls (F1 = 6.82,
p = 0.019). No differences were seen between E1 and E2 (p > 0.05) or between the controls
and E1 (p > 0.05). Mean number of reference members per trial was significantly different in
the three groups (F2 = 10.07, p <0.0001) with higher references errors in both E1 (1.90±0.24
errors/trial) and E2 (2.45±0.25 errors/trial) than the controls (1.03±0.19 errors/trials). No
differences between E1 and E2 sere noted (p > 0.05). Working memory errors did not differ
between the three groups: E1 (0.96±0.37 errors), E2 (1.58±0.58 errors), controls (0.95±0.24
errors)(F2 = 0.5234, p = 0.600).

3.4 Open Field
There was a significant difference between groups (F2 = 6.607, p <0.004; repeated measures
ANOVA) with a group/time interaction (F2 = 12.00, p <0.0001). As seen in Figure 3, the
controls had reduced activity in the open field from day one to two (p < 0.05) whereas the E1
and E2 groups did not. There were no differences between the E1 and E2 groups (F1 = 0.823;
p = 0.373). No differences were found between groups in the number of stools or rearing during
the two sessions (P > 0.05).

3.5 Active Avoidance
No significant differences were noted between the three groups in either escape (F2 = 1.113,
p = 0.347; repeated measure ANOVA) or avoidance (F2 = 2.685, p = 0.0915).

3.6 LTP
Figure 4 shows the results of the LTP. As can be seen, there were significant differences
between the controls and rats with recurrent seizures (F2 = 6.877, p = 0.006). The results also
varied as a factor of time (F2 = 26.60, p <0.0001). There were significant differences between
the controls and E1 (F1 = 11.43, p = 0.004) and E2 (F1 = 5.926, p = 0.032) rats with recurrent
seizures. No differences were noted between the E1 and E2 rats (P > 0.05).

3.7 Paired-Pulse Facilitation/Inhibition
In both the controls and experimental rats there was a change in the ratio of the amplitudes of
the EPSPs as a function of interpulse interval. At short IPI (30–40 msec) there was inhibition
of the second EPSP whereas at longer IPIs facilitation of the second EPSP was seen. At 0.1
Hz (F4 = 6.757, p = 0.0005), 0.5 Hz (F4 = 8.763, p = 0.0003) and 1.0 Hz (F4 = 3.010, p = 0.043)
there were significant changes between P2/P1 amplitudes as a function of IPI in the controls.
The rats with recurrent seizures did not have significant differences in P2/P1 amplitudes as a
function of IPI. However, no significant differences in facilitation or inhibition was seen when
the three groups were compared at each IPI for 0.1, 0.5, or 1.0 Hz.

3.8 Histology
No discernible cell loss was seen in the hippocampus (CA3, CA1, hilus), prefrontal cortex or
amygdale. Cell loss scores did not differ between groups for any of the regions (data not shown).
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4.0 Discussion
In this study we found that recurrent seizures during early development were associated with
long-standing changes in learning and memory. In tests of hippocampal function both seizure
groups were found to be impaired: i) the Morris water maze did not show any differences
between age group in either the hidden platform task or the probe test; ii) both age groups were
impaired in the radial-arm water maze. Paralleling these behavioral measures both seizure
groups were similarly impaired in LTP. In the open field test, a measure of prefrontal and motor
cortex function, we found that both seizure age groups differed from the controls but did not
differ significantly from each other. Active-avoidance, a test that is dependent on an intact
amygdala, was normal in both seizure groups. These findings demonstrate that recurrent
seizures have significant adverse effects on hippocampal and prefrontal function.

Investigators have used pentylenetetrazol (Holmes et al., 1999; Huang et al., 2002), flurothyl-
inhalation (Okada et al., 1986; Sperber and Moshé, 1988; Holmes et al., 1998; Sperber et al.,
1999; Huang et al., 1999; Schmid et al., 1999; Sogawa et al., 2001), and hyperthermia (Chang
et al., 2003) to induce recurrent seizures in young rats. Investigators have shown that rats
subjected to a series of recurrent seizures during the first weeks of life have considerable spatial
impairment when the animals are studied during adolescence or adulthood (Neill et al., 1996;
Holmes et al., 1998; Huang et al., 1999; Liu et al., 1999; Sogawa et al., 2001; de Rogalski
Landrot et al., 2001; Huang et al., 2002; Chang et al., 2003).

We chose to examine rats that had seizures between P0–P10 and P15–P25. The immature rat
brain evolves considerably over the two time spans studied here. The time periods evaluated
here span major developmental changes including neurogenesis (Altman and Das, 1965; Bayer,
1980; Reznikov, 1991; McCabe et al., 2001), synaptic connectivity (Zimmer and Haug,
1978), apoptosis and synaptic elimination (Simon and O'Leary, 1992; Kim and Kandler,
2003) and myelination (Keyser, 1983; Bockhorst et al., 2008). There are also substantial
changes in synaptic physiology during this period of time (Tremblay et al., 1988; Swann et al.,
1992; Grantyn et al., 1995; Ben-Ari et al., 2007). A developmental switch in the action of
GABA via GABA(A) receptors from excitatory to inhibitory occurs in rat CA3 pyramidal cells
at around P8–10, an age that coincides with the transition from immature to mature
hippocampal rhythms (Khazipov et al., 2004; Tyzio et al., 2007). In rats, as in children, there
are many developmental processes occurring simultaneously and it would not be possible, with
this study, to designate which developmental event was responsible for the adverse behavioral
outcome.

In this study age of seizure onset did not appear to play a major role in the degree of dysfunction
seen in the two seizure groups. While the rats with seizures at an older age showed a trend
towards a worse performance, the differences were not robust or consistent. In addition to
impaired spatial performance, rats with recurrent seizures, regardless of age of onset, had
deficits in synaptic strength as evidenced by decreases in LTP. Repetitive seizures in the
neonatal period using kainic acid have been previously been shown to result in result in reduced
LTP and enhanced long-term depression (LTD) along with memory impairment (Cornejo et
al., 2007). The reduced LTP and increased LTD following neonatal seizures were associated
with reductions in the membrane pool of α-amino-3-hydroxy-5-methyl-4-isoxazole propionate
(AMPA) subunits (GluR1), decreases in the total amount of N-methyl-D-aspartate
subreceptors (NR2A) and increases in the post-synaptic density protein 95 (PSD-95), the
primary subsynaptic scaffold protein (Cornejo et al., 2007). Our study indicates that long-
standing impaired LTP following seizures is not restricted to a single age as both age groups
of rats with seizures had similar degrees of LTP impairment.
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The finding that seizures at two distinct age groups during development suggests that seizure-
induced cognitive impairment during development is unlikely to be related to one distinct
developmental event such as neurogenesis or apoptosis since the rate of these maturational
changes vary as a function of age. For example, if recurrent seizures cause cognitive deficits
by reducing neurogenesis, it would be expected that seizures in the younger age group would
cause more harm since neurogenesis is greater in the first week of life than in the second and
third weeks postnatally. Since both age groups were similarly impaired, we surmise that
seizure-induced cognitive impairment is likely due to functional brain changes, such as changes
in GABA or NMDA subunit configuration, that occur independently of structural
developmental changes. However, in this observational study we did not assess
pathophysiological mechanisms responsible for the impaired function and our thoughts are
speculative at this time.

In summary, recurrent seizures during early development in rodents result in behavioral deficits
in learning and memory. These cognitive deficits are paralleled by impaired LTP. Age of
seizure onset was not a major factor in outcome suggesting that seizures at any age can result
in long-term neurological sequelae. Understanding the mechanism by which seizures cause
permanent cognitive impairment across ages remains a major challenge for investigators.
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Figure 1.
Morris water maze. Compared to controls, rats with recurrent seizures (E1 and E2) were slower
in reaching the escape platform than the controls. The insert shows the probe test. The E2 group
spent less time in the target quadrant than the control group.
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Figure 2.
Radial-arm water maze results. A. Trials to criteria. Control rats required fewer trials to reach
criteria than the E2 rats. B. Reference memory errors per trial. Both the E1 and E2 rats had
more reference memory errors than the controls. C. Working memory errors per trial. No
significant differences between groups were found.
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Figure 3.
Comparison of activity level in controls and rats with recurrent seizures. Note that control rats
had a reduction in activity level from day one to day two whereas neither of the two
experimental groups (E1 and E2) had a reduction in activity level. There were no differences
between the E1 and E2 groups.
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Figure 4.
Long-term potentiation in controls and two recurrent seizure groups (E1 and E2). Graph shows
post-tetanic change of slope from normalized slope prior to tetanic stimulation. The slopes
from both the E1 and T2 groups were significantly lower than the controls (p = 0.006).
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Figure 5.
Paired-pulse inhibition and facilitation. Rats were stimulated at 0.1, 0.5 and 1.0 Hz with an
interpulse interval varying from 30 to 100 msec. The ratio of the amplitudes of the second
EPSP to the first EPSP is plotted. No significant differences between groups were found for
any of the stimulation frequencies.
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Table 1

Behavioral tasks and primary brain area responsible for function.

Test Behavioral Measure Anatomical Structures References

Water Maze Working and reference
memory

Hippocampus, prefrontal cortex (Morris, 2007)

Radial arm water maze Working and reference
memory

Hippocampus, prefrontal cortex (Bolhuis et al.,
1985;Buresova
et al., 1986)

Open field Locomotor activity,
hyperactivity, and exploratory
behaviors.

Prefrontal, motor cortex (Walsh and
Cummins,
1976;Gewiss
et al.,
1989;Kalsbeek
et al., 1989)

Active Avoidance Emotional memory Amygdala (Grossman et
al., 1975)

LTP Synaptic plasticity Multiple (Bliss et al.,
2003;Cooke
and Bliss,
2006)

Paired pulse inhibition/facilitation Network excitability/inhibition Multiple (Austin et al.,
1989;Huang et
al., 1999)
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