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Abstract
The impact of a single seizure on cognition remains controversial. We hypothesized that a single
early life seizure (sELS) on rat post-natal day (P) 7 would alter only hippocampal-dependent learning
and memory in mature (P60) rats. The Morris Water Maze (MWM), Novel Object and Novel Place
Recognition (NOR/NPR) tasks, and Contextual Fear Conditioning (CFC) were used to assess
learning and memory associated with hippocampal/prefrontal cortex, perirhinal/hippocampal cortex,
and amygdala function, respectively. The Elevated Plus Maze (EPM) and Open Field Test (OFT)
were used to assess anxiety associated with the septum. We report that sELS impaired hippocampal-
dependent short-term memory but not spatial learning or recall. sELS did not disrupt performance
in the NOR/NPR. CFC performance suggested intact amydgala function. sELS did not change
anxiety levels as measured by the EPM or OFT. Our data suggests that the long-term cognitive
impacts of sELS are largely limited to the hippocampus/prefrontal cortex.
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Introduction
Nearly 3 in 1000 term infants and 15 in 1000 pre-term infants suffer from neonatal seizures
(seizures occurring in the first month of life). It is estimated that 16% of these children develop
learning disabilities mediated in part by the seizures themselves[1-4]. Despite therapeutic
interventions[5], neonatal seizures are often repetitive and prolonged[6]. Severe neonatal
seizures have been independently associated with an adverse developmental outcome[7].
Educating learning disabled children can cost 2 - 5 times that of their peers[8]. Less work has
been done on understanding the impact of seizures on anxiety levels. Individuals suffering
from epilepsy have a greater co-morbid incidence of anxiety disorders [9;10] and attentional
disorders[11]. Moderate neonatal encephalopathy, in which seizures are common, has been
associated with attention deficit disorder and other disorders of executive function[12]. Despite
the prevalence of seizure disorders in the neonatal population, the relationship between the
seizures, the underlying pathologies and therapeutic side effects complicate our understanding
of cognitive dysfunction following a single early life seizure (sELS).

Models of early life seizures can eliminate factors such as prior brain injury, medication effects,
and behavioral interactions that impact learning ability. Multiple episodes (i.e., over several
days) of early life seizures in developing rats result in later-life learning impairment that
correlates with hippocampal cell loss and synaptic reorganization[13-15]. Comparatively,
immature rats experiencing a single episode (i.e., over a single day) of early life seizures have
not been found to suffer later-life behavioral alterations, cell loss, or synaptic reorganization
[16-20]. Our recent work now demonstrates that a single episode of early life seizure following
systemic injection of kainate impairs hippocampal-dependent episodic and/or working
memory and synaptic plasticity through molecular alterations at excitatory synapses[21].
Alterations in hippocampal inhibitory synaptic transmission have also been linked to memory
dysfunction in this model[22], however the molecular nature of this remains unclear. While
early work has established that systemic kainate injections at this age activate primarily the
hippocampus[23], behavioral testing helps to not only confirm these findings, but also
determine if other structures are secondarily affected[17;24].

It is well established that hippocampal dysfunction can disable certain forms of memory
processes in behavioral testing[25]. Lesioning the rat hippocampus impairs long-term (hours
to days) retention for spatial reference information[26], i.e. where an escape platform is located
in reference to spatial visual cues. Hippocampal specific genetic alterations of glutamate
receptors alter spatial learning[27]. Specific lesioning of the hippocampal CA3 region impairs
spatial working memory due to this subregion’s critical role in pattern recognition[26].
Glutamate receptor subtypes distinguish the role of the hippocampus in mediating both short
term (seconds to minutes) working memory and long-term spatial reference memory[28;29]

The hippocampus also works closely with the pre-frontal cortex in the formation of short-term
working memory[30;31]. It now appears that the hippocampus and pre-frontal cortex may
process spatial short-term information in parallel, compensating for each other when one is
“off-line”[32] through discrete connections[33;34]. Disruption of hippocampal-prefontal
cortex circuits impairs spatial memory formation[35]. Thus, the hippocampus and pre-frontal
cortex operate as a workspace for short-term information where the hippocampus may act as
the input to the system.

Closely linked to hippocampal function is the perirhinal cortex[36]. Recognition memory, the
preference for exploring a new object as opposed to a familiar object as studied with the Novel
Object Recognition (NOR) test, selectively activates the perirhinal cortex[36] and is not
impaired by hippocampal lesions[37]. Conversely, perirhinal lesions do not affect spatial
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recognition memory associated with novel places as tested with the Novel Place Recognition
(NPR) test[38]. NPR performance relies on intact hippocampal function [36;37;39;40].

Additional behavioral testing might indicate whether other extra-hippocampal structures are
involved in rat models and/or indicate altered emotionality. Performance in the elevated plus
maze (EPM) and open field test (OFT) depend primarily on the septum[41-44]. ELS induced
by kainate or lithium-pilocarpine increase anxiety levels in rats when measured with the EPM
[22;45] but with variable results in the OFT[46]. Repetitive febrile seizures occurring early in
life impair intermediate memory in the inhibitory avoidance task [47]. While these deficits
were attributed to the hippocampus and septum, this task primarily involves the amygdala
[48]. Increases in anxiety levels have also been noted in kindled adult rats[49]. Fear
conditioning, a form of learning mediated primarily by the amygdala[50], has not been
examined following ELS, however it is impaired following epileptogenesis in adult rats[51;
52].

Therefore, we tested the hypothesis that sELS occurring within the rat equivalent of the first
month of human life (i.e. a neonatal seizure) would selectively impair hippocampal function
but leave other behavioral functions intact in young adult (P60+) male rats. Kainate, a glutamate
analog, was used to induce the single seizure because kainate injection results in a single
discontinuous seizure with no evidence of subsequent recurrent seizures[21;24;53]. We have
previously reported that sELS results in permanent changes in hippocampal-dependent short-
term working and/or episodic memory[21]. In this paper, reanalysis of prior data confirms
findings from the Morris Water Maze that these deficits are limited to short-term memory
served by the hippocampus. We did not observe changes in other behavior tasks following
sELS that could be attributed to structures beyond the hippocampus. Thus, sELS induced
behavioral changes with mechanistic dysfunction isolated to the hippocampus and/or pre-
frontal cortex.

Materials and Methods
Animals

All studies conformed to the requirements of the National Institutes of Health Guide for the
Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and
Use subcommittees of the Denver VA Medical Center and the University of Colorado Health
Sciences Center. Timed-pregnant Sprague Dawley rats (Charles Rivers Labs, Wilmington,
MA) gave birth in-house. All rats were housed in micro-isolator cages with water and chow
available ad libitum.

Seizure Induction
Kainate, a fixed glutamate analog[54], was used to induce temporal-lobe seizures[23]. Kainate
injection leads to excess glutamate and thus produces a model of any insult that results in excess
glutamate, including hypoxia[55]. Male rat pups were subcutaneously injected with kainate
(1-2 mg/kg; Tocris, Ellisville, MO) on P7 (P0 defined as the date of birth) resulting in
discontinuous behavioral and electrical seizure activity lasting for up to three hours. P7 is the
most sensitive time in development for producing long-term effects from a sELS[22], and
seizures induced at P7 are similar to human neonatal seizures clinically[6], biochemically
[56], and electrographically[53]. Onset of seizure activity occurred within 30 min of injection
and was characterized by intermittent myoclonic jerks, generalized tonic-clonic jerks,
scratching, “swimming”, and “wet-dog shakes.” Mortality was less than 3%. Ictal bursts were
typically less than 10 min and separated by 5-10 min[53] and not consistent with prior
definitions of status epilepticus (ictal bursts > 20 min) in this model, which is associated with
8 times greater mortality[19]. Due to discrepancies in the definition of status epilepticus, which
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have included ictal discharges as brief as 5 min in adult humans[57], for clarity we do not use
the term status epilepticus. Control male rat pups were injected with an equivalent volume of
0.9% saline. Male pups were chosen in order to eliminate the effects of hormonal cycles on
behavior. Rats were then tagged using a commercially available microchip tagging system
(Avid Identification Systems, Norco, CA) so that experimenters remained blinded to the
treatment. Offspring were returned to their dam after observable seizure activity ceased. The
dams were not observed to treat the seized pups differently than controls. Rats were weaned
and separated according to gender at P22. At P60-90 behavioral analyses were undertaken with
male rats. Four litters (average 10 pups/litter, 50% male) were used. Animals were consistently
exposed to behavioral testing in the following order: Morris Water Maze, OFT, NOR/NPR,
EPM, and CFC. This avoided generalization of fear response to other sensitive measures of
hippocampal dependent behavior.

Morris Water Maze
Rats were trained in the standard hippocampal-dependent MWM (1.5-m diameter tank, 10-cm
diameter platform submerged 1 cm below the surface of 21°C water obscured with black
tempura paint (Prang, Heathrow, FL) as described previously[58]). Two blocks of 4 trials each
occurred over 5 d. During each training trial, the amount of time spent in each quadrant, distance
traveled, and latency to target platform were measured. If the rat did not find the target platform
within 180 s, it was guided there and remained on the platform for 30 s. During the probe trials,
the amount of time spent in each quadrant, distance traveled, latency to target platform, time
spent in the target zone (a smaller region approximately 13 cm in diameter around the target
location), and number of platform crossings were recorded. Automated data collection using
WaterMaze (Actimetrics, Evanston, IL) incorporated a video camera connected to a personal
computer.

Novel object and novel place recognition
The protocol for testing novel object and novel place recognition task has been described
previously[40]. Briefly, a field 102 cm by 102 cm was constructed with 4 locations to mount
objects approximately 20 cm from each corner. The walls were 20-cm high. A camera and
software program from Actimetrics (LimeLight, Actimetrics Software, Evanston, IL) was used
to analyze exploratory behavior. Each rat was habituated to the open field without objects
present for 10 min on day 1. These data were used as an open field test (see below) to assess
levels of anxiety (see below). Days 2 through 7 consisted of one trial per rat per day. Each trial
consisted of a 5-min familiarization phase, followed by a 3-min intra-trial interval, and a 5-
min test phase. For each rat, NOR and NPR tasks were interleaved on days 2 through 7. Thus,
each rat was subjected to a total of three NOR trials and three NPR trials. For a NOR trial, the
habituated rat was placed in the field with two non-odor retaining objects for 5 min during the
familiarization phase. The objects used were a variety of common non-porous vinyl toys
mounted on plastic stands to raise the object approximately 6 cm from the surface of the field.
The rats were placed in a holding cage for 3 min between trials. When they were returned to
the open field for the 5-min testing phase of the trial, a new non-porous object replaced one of
the familiar objects. The novel object was semi-randomly selected such that every rat saw
different objects during each NOR trial. For a NPR trial, the habituated rat was placed in the
field with two non-odor retaining objects for 5 min during the familiarization phase. The rats
were next placed in a holding cage for 3 min. When the rats were returned to the open field for
the 5-min testing phase of the trial, one of the familiar objects was moved to a novel location
in the open field. The novel location was randomized across trials. The amount of time spent
with each object and the number of visits made to each object were measured during the testing
phase for the NOR and NPR tasks. Sufficient objects were used so that each rat randomly saw
novel objects each day of the NPR task.
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Open Field Test
Motion capture software LimeLight (Actimetrics Software, Evanston, IL) was paired with
cameras to analyze the behavior. A black painted field was used (102 cm × 102 cm, 20 cm).
Each rat was placed in the middle of the open field and allowed to explore the arena freely for
600 s. The time spent near the walls versus the middle of the field was measured as a means
to assess anxiety. The number of computer-generated grids crossed was measured as a means
to assess basal motility. The field was cleaned thoroughly between rats using 1% Odor Mute
(Heuter Toledo, Belleview, OH).

Elevated Plus Maze
Motion capture software LimeLight (Actimetrics Software, Evanston, IL) was paired with
cameras to analyze the behavior. The EPM consisted of 4 arms situated at 90° angles to each
other. Each arm was 114-cm long × 14 cm wide, two of the arms (situated across from each
other) had 30-cm high walls (closed arms). The other two arms had a 1-cm high lip around the
edge (open arms). At the start of the test, the rat was placed in the center of the arms. They
were allowed to explore the maze for 5 min. The anxiety score was defined as time spent in
the open arms/total time in the maze. The arms were cleaned thoroughly between rats using
1% Odor Mute.

Contextual Fear Conditioning
Rats were placed in a fear-conditioning chamber (30.5 cm × 24.1 cm × 21 cm, Med Associates,
St. Albans, VT) with a grid floor (4.8-mm diameter rods, spaced 1.6 cm apart) connected to a
constant current shocker (Med Associates, St. Albans, VT). Prior to placing each rat in the box,
the box was sprayed with 3% acetic acid, which functioned as a specific odorant for the original
context. Baseline freezing was measured for the initial 60 seconds. Two consecutive training
blocks were administered. Each training block was 180 s long with a 30 s, 85 dB white noise
conditioned stimulus (CS) and a 2 s, 0.5 mA footshock - unconditioned stimulus (US). The CS
and US co-terminated at the end of the training block. All rats reacted to the footshock by
jumping. The rats remained in the training box for 30 s following the second training block
(“training”). The next day, the rats were returned to the training context for 6 min without white
noise or footshock. The amount of freezing was measured for each rat (“context”). Three hours
later, the rats were placed in a novel chamber (30.5 cm × 24.1 cm × 21 cm, smooth painted
wood floor, red-tinted lighting, sprayed with 3% ammonium hydroxide) for 6 min (“altered
context”), initially silent for 3 minutes (“no tone”) and then the CS was administered for the
last 3 min (“tone”). Freezing was quantified automatically using a video-based conditioned
fear testing system, FreezeFrame (Actimetrics Software, Evanston, IL). Freezing was defined
as the lack of any movement except that required for respiration. The software package allowed
for simultaneous visualization of the rats’ behavior and adjustment of a “freezing threshold”
that defined the behavior as freezing or not freezing. The freezing threshold was confirmed
separately for each rat, but tended to be consistent within a given apparatus. The experimenter
assessing the freezing behavior was blind to the treatment groups. Each trial was divided into
1-s bins. Freezing was defined as no movement above the freezing threshold for the entire
duration of the bin. Total freezing was summed over the length of the trial. Freezing is presented
as the percent time spent freezing (time spent freezing/total time x 100).

Statistics
Data are expressed as mean ± SEM. Two-way repeated measures Analysis of Variance
(ANOVAs) with Holm-Sidak post-hoc analysis was used, as indicated, for statistical
comparisons for behavioral data using Origin 7.5 S5R (Origin Lab Corporation, Northhampton,
MA) or SigmaStat (Systat, Point Richmond, CA). Significance is reported at P < 0.05 and N
= number of rats.
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Results
A sELS leaves spatial learning and recall intact but impairs shorter-term memory

Previous work has described the utility of the MWM in assessing hippocampal-dependent
spatial reference learning and memory[58-60]. Therefore, to compare our results to other
studies, we used the MWM to assess potential deficits induced by sELS on P7. As we have
reported, rats experiencing sELS on P7 showed no significant differences across blocks of trials
between sELS and controls[21], confirming normal spatial reference learning. Additionally,
both groups of rats spent the majority of their time in the target quadrant during the training
trials and the probe trails[21], confirming normal long-term spatial reference memory. These
findings suggest that both control and sELS rats acquire and retain the MWM task equally.
Furthermore, rats were assessed for swim speed using video-monitor tracking software and
there were no significant differences between groups (data not shown).

Further analysis of previously reported MWM data[21] confirmed an impairment of shorter-
term memory following sELS. We examined each trial collapsed across all days of training.
There was no overall difference as determined by two-way repeated measures ANOVA, but
there was a statistically significant difference on trial 2 (Fig. 1). Control rats acquired the MWM
task more rapidly by trial 2 than sELS rats; controls traveled less (353 ± 44 cm, N = 11) than
sELS rats (546 ± 46 cm, N =10, two-way repeated measures ANOVA, P ≤ 0.05 by Holm-Sidak
analysis). By examining only trial 2 across all days of training, the significant difference on
trial 2 was due to errors occurring on day 1 of training (Fig. 2A). On trials 1 and 2 on day 1 of
training, sELS rats (1427 ± 215 cm, N =10) traveled significantly farther on trial 2 compared
to controls (447 ± 99 cm, N =11; two-way repeated measures ANOVA, P ≤ 0.05 by Holm-
Sidak analysis; Fig. 2B). This behavioral deficit is consistent with a hippocampal-dependent
malfunction of short-term spatial reference memory[21] that is observed with brief (30 s) inter-
trial intervals [29].

sELS does not alter object or place recognition memory
There were no significant differences between controls and sELS rats on NOR or NPR (Fig.
3). The NPR task measures number of visits and time spent in either novel or familiar locations.
It is expected that under normal conditions, novel locations will be visited more frequently and
for longer periods of time than familiar locations. Both sELS (N = 18) and control (N = 15)
rats differentially visited novel versus familiar locations with respect to number of visits (two-
way repeated measures ANOVA, F(1,31) = 29.1, P < 0.001) and time (two-way repeated
measures ANOVA, F(1,31) = 29.1, P < 0.001) but, there was no treatment effect (Fig. 3A,B).

The NOR task measures the number of visits and time spent near either novel or familiar
objects. Under normal conditions, novel objects will be visited more frequently and for longer
periods of time than familiar objects. Both sELS (N=6) and control (N=5) rats differentially
visited novel versus familiar objects with respect to number of visits (two-way repeated
measures ANOVA, F(1,9) = 5.3, P < 0.05) and time (two-way repeated measures ANOVA, F
(1,9) = 12.1, P < 0.01) but, there was no treatment effect for either measure (Fig. 3C,D). These
data suggest that an early life seizure does not negatively impact object or place recognition
memory.

sELS does not impair formation and retention of amydala-dependent conditioned fear
memory

Baseline % freezing was not different between sELS (0.7 ± 0.4) and controls (0.3 ± 0.2; post-
hoc Holm-Sidak, P=0.914). CFC training induced similar amounts of increased % freezing
(“training”) between sELS (13.3 ± 2.3) and controls (9.2 ± 2.1; post-hoc Holm-Sidak, P=0.281).
There were also similar amounts of % freezing following training with a context cue between
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sELS (11.9 ± 3.8) and control (9.2 ± 3.2; post-hoc Holm-Sidak, P=0.481) (Fig. 4A). This is
consistent with normal amygdala function in the formation and retention of fear memory
following sELS. There was, however, a significant interaction of treatment and altered context:
sELS rats froze significantly more (27.4 % freezing ± 3.4) than controls (16.3 % freezing ±
3.3, post-hoc Holm-Sidak analysis, P ≤ 0.005) in the altered context (Fig. 4A). Examining the
altered condition more specifically, we separated this condition into a “tone” versus “no tone”
condition (Fig. 4B). There was an overall effect of sELS on freezing to the auditory cue (two-
way ANOVA, F (1, 24) = 5.352, P = 0.030). The auditory tone drove the increased freezing in
the altered context by sELS rats (32.0 % freezing ±6.7) versus controls rats (18.0 % freezing
± 4.9; post-hoc Holm-Sidak analysis, P ≤ 0.05). There was no difference for the “no tone”
altered context (sELS rats 22.7 % freezing ± 3.7, versus controls rats 14.6 % freezing ± 3.6;
post-hoc Holm-Sidak analysis, P = 0.242). sELS appears to have increased sensitivity to
freezing elicited by an auditory cue. It is unlikely that this represents up-regulation of amygdala
function but rather an alteration of other supporting structures, ie. hippocampus[61;62] or other
structures such as the septum or fimbria/fornix[44].

sELS does not alter septum-dependent anxiety as measured by the EPM and OFT
We used the EPM and OFT to ascertain if sELS rats experienced an altered degree of anxiety
compared to control littermates. We did not see any significant differences between sELS rats
(N = 25) and controls (N = 21) on either the EPM or the OFT (Fig. 5). In the EPM, both controls
(Fig. 5A, 0.19 anxiety score ± 0.03) and sELS (0.18 anxiety score ± 0.038) rats had similar
anxiety scores. In the OFT, both sELS and controls spent about the same amount of time in
the center of the field (Fig. 5B, controls: 4.8% time in region ± 0.6 vs. sELS: 4.4% time in
region ± 0.7) and near the walls (controls: 95.6% time in region ± 0.7 vs. sELS: 95.3% time
in region ± 0.6). Also both sELS (Fig. 5C, 208.4 crossings ± 17.3) and controls (200.6 crossings
± 16.0) were equivocal on the number of grid crossings, suggesting that both rats were equally
mobile.

Discussion
The effects of a single episode of early-life seizures in rodent models are inter-related to the
severity of the seizure, developmental age, and technique. Following a relatively mild seizure
in early life, rodents may have no cell loss but measurable behavioral abnormalities (reviewed
by[24]). More severe and more prolonged seizures due to bicuculline at P4[63], direct
intrahippocampal injection of kainate at P7[64], intraperitoneal injection of lithium pilocarpine
at P12[45] and up[65], prolonged electrical stimulation after P14[66], or kainate injection at
older ages[24] are each associated with overt cellular damage as well as behavioral
abnormalities (reviewed by[24]). Like others [22;46] we found that a relatively mild seizure
induced by kainate in early life causes later-life behavioral deficits. The behavioral deficits
described here and elsewhere[21], however, appear to be limited to short-term memory
mediated by the hippocampus and possibly prefrontal cortex.

We report that sELS leaves long-term spatial reference memory intact, but causes a specific
deficit in spatial short-term reference memory. Following sELS, mature rats are impaired in
the early phases of learning a water maze task. The driving force behind the difference on trial
two of the MWM (Fig.1) was the increased distance traveled by sELS rats on day 1 (Fig.2A).
Looking only at day 1 data, the significant difference was largely due to the greater distance
traveled on trial 2 (Fig. 2B). In other words, the ability to recall the location of the hidden
platform over a short time-period was impaired by sELS. These experiments suggested that a
single seizure could impair short-term memory function. Manipulation of information in short-
term memory is often referred to as working memory[67]. Recent studies suggest that the
hippocampus may underlie the “automatic recording” of memory [29] and be directly involved

Cornejo et al. Page 7

Epilepsy Behav. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in working memory[28;38]. To better resolve this issue, we have confirmed that working
memory is impaired in rats experiencing sELS in the single-trial Radial Arm Water Maze
[21]. This was observed by repeated errors while performing this task, i.e. the rats repeatedly
entered arms already explored and found to lack the escape platform. Taken together with the
data reported here, it is not surprising that the sELS rats have difficulty with spatial short-term
memory. Specifically, recall of target locations on the first day of training in the MWM is a
time frame where shorter-term memory is critical for learning.

Episodic memory encodes the when-where-what of past events[68]. Though it is debatable
[69], single-trial memory may be a subset of episodic memory[29]. As we have shown[21],
the specific deficit in spatial working memory in a single-trial task reflects hippocampal
excitatory synaptic and receptor dysfunction and is consistent with knock-out [70-73] and
pharmacological [74] studies. Further, dysfunction in the hippocampus could interfere with
information flowing to the prefrontal cortex where it is manipulated and “held” to guide
behavior [38]; the end result could be an impairment of working memory or short-term memory
not unlike those observed here. Thus, the pre-frontal cortex, long thought to be a locus of
working memory, may also have independent pathology as a result of sELS.

In this study we also investigated additional related hippocampal and perirhinal cortex
functions: place and object recognition memory, the ability to respond to novel objects in an
environment. We used the NOR and NPR task to ascertain if there were any differences
between controls and sELS rats. There were no differences in the spatial learning task (NPR)
or in recognition memory (NOR) (Fig. 3A-3D). While the information regarding maintenance
of object recognition memory demonstrating an intact perirhinal cortex has not been presented
before, the lack of impaired spatial learning and recall reflects and recapitulates our Radial
Arm Water Maze data[21]. Thus, the NPR task appears to have confirmed our findings that
sELS does not impair spatial learning or recall.

We did not find impaired formation of amygdala-dependent fear memory as assessed by
standard CFC testing. Due to normal septal function, the abnormalities in fear memory that we
did find cannot be explained by septal dysfunction. Rather, these enhanced fear memories (and
possible altered emotionality) could be explained by hippocampal dysfunction, since the
hippocampus is associated with the extinction of fear memory. This could be assessed in future
studies addressing extinction by repeated testing in the altered context[61;62].

We did not find altered anxiety associated with septal dysfunction in contrast to what has been
reported by others[46]. Increasing anxiety has been observed interictally in kindled rats[49].
In dramatic contrast, recurrent seizures appeared to trigger a reduction in anxiety level as
measured by the EPM[75]. Furthermore, there were no differences in the total number of grid
crossings measured in the OFT (Fig. 5C). This data implies that sELS does not enhance anxiety
levels nor is it anxiolytic.

The order that the rats completed the tasks could account for the differences in performance
in the OFT or the EPM compared to prior results[46]. While we performed the CFC test last
to avoid confounding other anxiety or memory measures, the act of subjecting these rats to
multiple tests could influence performance in OFT and EPM.

In summary, the working memory deficit detected here is mostly due to hippocampal
dysfunction. We speculate that the mechanisms involved in hippocampal synaptic plasticity
may also be somehow altered to produce the behavioral phenotype observed here. To that end,
a loss of LTP [21;22] and enhancement of LTD[21] following sELS have been described. These
changes in hippocampal physiology are also associated with changes in hippocampal
dependent behavior[21;22;46]. Thus, because the importance of the hippocampus in working
memory has been established, any sELS-induced long-term changes that occur at the
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hippocampal synapses could help explain the altered memory. Although these initial reports
regarding behavioral changes after sELS are informative, future work may be necessary to
further characterize the behavioral impact of sELS. Clinically, specific neuropsychologic
measurements of working memory may be necessary to define and treat pediatric patients
following sELS.
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Figure 1.
sELS impacts short-term memory in adult rats in the MWM. Following sELS, adult rats
acquired the MWM task slower (546.1 ± 46.2 cm, N = 10) than saline injected controls (353.5
± 43.4 cm, N = 11, P=0.04, two-way repeated ANOVA, Holm Sidak post-hoc) on trial two of
8 daily trials performed. Data are averaged across 5 days of training. From trial 3 onwards, no
difference was seen compared to controls.
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Figure 2.
sELS impacts short-term memory in adult rats in the MWM mostly on the first day of training.
(A) Following sELS, adult rats traveled significantly further only on trial 2 of the first day of
training (1426.8 ± 215.0 cm, N=10) compared to saline injected controls (446.2 ± 98.5 cm, N
= 11, P < 0.005, two-way repeated ANOVA). No differences were found on subsequent days
of training for trial 2. (B) On day 1, a comparison of trial 1 and trial 2 shows that the difference
was present only on trial 2, showing that this is an isolated defect in short-term memory.
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Figure 3.
sELS did not impact NOR or NPR in adult rats. Following habituation in an open field, no
differences were observed for exploration of a novel place (A,B) or novel object (C,D) in adult
rats following sELS compared to saline-injected controls (Table 1).
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Figure 4.
Formation and retention of fear memory measured by CFC was not impaired in adult rats
following sELS. Percent freezing indicates the relative time an animal freezes during the
baseline condition, training condition, context condition, or an altered context condition. (A)
Following training, all animals froze more than the baseline condition (post-hoc Holm-Sidak
> 0.007). There were no significant differences following sELS (N = 13) or controls (N = 13)
for percent time freezing at baseline, during training or in the context condition measuring
retention. In the altered context, sELS rats froze significantly more (27.4 ± 3.4 % freezing,
post-hoc Holm-Sidak analysis, p = 0.005) compared to controls (16.3 ± 3.3 % freezing). (B)
Following sELS, in the altered context the auditory tone (“tone”) drives the increased freezing
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(32.0 ± 6.7, post-hoc Holm-Sidak, P = 0.047) compared to controls (18.0 ± 4.9 % freezing).
No significant difference was found in the altered context in response to “no tone”.
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Figure 5.
Anxiety was not altered in the EPM or OFT in adult rats following sELS. (A) No significant
differences were detected in the EPM in controls (N=21) versus sELS (N=25). Greater percent
time in open arms would reflect reduced anxiety. No significant differences were detected in
the OFT in controls (N=21) versus sELS (N=25) for either percent time near walls (B) or total
number of grid crossings (C).
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