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Abstract

Background: Febrile seizures are the most common type of seizures in children. While in most
children the outcome is favorable, children with febrile status epilepticus may exhibit modest
cognitive impairment. Whether children with other forms of complex febrile seizure, such as
repetitive febrile seizures within the same illness are at risk for cognitive deficits is not known.

In this study we used a well-established model of experimental febrile seizures in rat pups to
compare the effects of febrile status epilepticus and recurrent febrile seizures on subsequent spatial
cognition and anxiety.

Methods: Male and female rat pups were subjected to hyperthermic seizures at postnatal day
10 and were divided into groups of rats with continuous seizures for =40 min or recurrent febrile
seizures. They were then tested as adults in the active avoidance and spatial accuracy tests to
assess spatial learning and memory and the elevated plus maze to measure anxiety.

Results: Febrile status epilepticus rats demonstrated impaired spatial cognition in active
avoidance and spatial accuracy and exhibited reduced anxiety-like behavior in the elevated plus
maze. Rats with recurrent febrile seizures did not differ significantly from the controls on any
measures. There were also significant sex-related differences with FSE females performing far
better than FSE males in active avoidance but demonstrating a navigational learning impairment
relative to CTL females in spatial accuracy. However, once learned, FSE females performed the
spatial accuracy task as well as CTL females.

Conclusion: There is a duration-dependent effect of febrile seizures on subsequent cognitive and
behavioral outcomes. Febrile status epilepticus resulted in spatial cognitive deficits and reduced
anxiety-related behaviors whereas rats with recurrent febrile seizures did not differ from controls.
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Sex had a remarkable effect on spatial cognitive outcome where FSE males fared worse than FSE
females. The results demonstrate that sex should be considered as a biological variable in studies
evaluating the effects of seizures on the developing brain.
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cognition

Introduction

During early development, neural circuits and networks may require precise electrical
signaling combined with sensory inputs to develop normally [1-3]. The development and
refinement of cell morphology and signal coordination within and between circuits that
underlie cognition, including learning and memory, are dependent upon the efficacy of
circuit temporal organization [4-6]. Seizures are an intense disruptor of normal neural
electrochemical signaling and function and thus have the potential of causing permanent
cognitive impairment [5, 7].

Febrile seizures (FS) are the most common epileptic seizures in childhood, affecting 2-5% of
children between six months and six years of age in the United States and Western Europe,
with a peak incidence in the second year of life [8, 9]. The majority of FS in children are
short in duration and are associated with favorable cognitive outcomes [10, 11]. Likewise,

in animal models, short FS result in no cognitive impairment [12]. However, in cases of
complex FS defined as having a focal onset with a duration of >10 mins, multiple seizures
within a single illness [13] or febrile status epilepticus (FSE)[14] where FS last 30 mins or
more, children are at increased risk for detrimental outcomes [10, 15-19]. Febrile seizures
evolve into FSE in 5-9% of children, making it the most frequent cause of status epilepticus
in children [13, 20].

Most children with FS, including FSE, do well long-term [21]; however, the impact

of potentially incurring lifelong cognitive impairment increases with a high population
incidence rate of FSE, thus making this disorder a critically important phenomenon to
characterize. To probe both the causal relationship and underlying mechanisms of FSE

and memory problems, an experimental FSE (FSE) model has been heavily adopted and
validated [22-28]. Although it is now well established that prolonged FSE results in
cognitive impairment and developmental delay in humans [15, 19] and spatial learning and
memory impairments in the rodent model [22-28], questions remain regarding whether the
duration of febrile seizure or recurrent FS (RFS), another form of complex FS, are also risk
factors for cognitive impairment in the animal model.

In this study we carried out multiple cognitive assessments in male and female FSE, RFS
and normothermic controls (CTL). We hypothesized that shorter duration RFS would not
have as great an effect on spatial cognition and anxiety measures as FSE. We assayed spatial
cognition in each group with the aversive active avoidance task on a rotating arena, and

the operant appetitive reward spatial accuracy test. As anxiety may play a confounding role
in spatial cognition [29], especially in conditions using aversive conditioning or the open
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field, understanding how anxiety may confound seizure related cognitive comorbidities in
early life is important. If FSE animals exhibit heightened anxiety compared with controls, an
aversive stimulus may lead to elevated stress levels and negatively impact cognition.

We replicated previous findings demonstrating FSE male cognitive impairment on the active
avoidance task [4, 5] while also showing that FSE females and RFS males [30] or females
were not impaired on the active avoidance task. However, FSE females demonstrated a
learning impairment relative to CTL females on the spatial accuracy task, although once
meeting criterion FSE females performed as well as CTL females. Anxiety measures did not
explain poor cognitive outcomes in FSE males but the lack of anxiety in FSE females may
correlate with good outcomes in the active avoidance task.

Experimental Overview

Animals

Male and female rat pups underwent experimental FS or served as non-seizure controls at
P10. Starting at P45, rats were assessed for spatial learning and memory deficits in two
cognitive assays: 1)The active avoidance test, which pairs an aversive stimulus with a region
of space; and 2) The spatial accuracy test, which pairs an appetitive operant reward with a
circumscribed region of space. We began with the active avoidance test and ended with the
spatial accuracy test. Between these cognitive tasks, anxiety-like behavior was measured in
the elevated plus maze.

All procedures were approved by the University of Vermont’s Institutional Animal Care
and Use Committee (IACUC), and in accordance with the National Institutes of Health’s
guidelines. Sprague-Dawley (Charles River, Montreal) pups were subjects in this study. All
rat pups were weaned at postnatal day (P) 21 and were housed in groups until P35. By P40
all rats were individually housed and were maintained on a 12-hour light/dark cycle at all
stages. Both male and female rats were used in this study; febrile animals were compared
with normothermic littermate controls. A total of 32 rat pups (14 & and 18 @) were studied.

Induction of RFS and FSE

Febrile seizures were induced as described previously [5, 26, 27, 30, 31]. Before
hyperthermia, measures were taken to avoid burns to sensitive areas like the paws, ears

and tails using a glycerin-based hydrating ointment. After protection was applied, rats were
placed two at a time inside a glass 3-liter flask and subjected to a continuous stream of

hot air. The beginning of the seizure was determined by the onset of behaviors such as
freezing followed by chewing automatisms. This was considered as seizure onset and the
core temperature was noted at this time. Hyperthermia was maintained for 60 min and
behavioral manifestations of seizures was noted. During hyperthermia, core temperatures
were checked every 2 mins to ensure body temperature remained between 39.5 and 41.5°C.
Weight-matched littermate controls (CTL) were maternally deprived for the same period
that seizure animals underwent treatment to control for stress. At the end of hyperthermia,
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animals were removed from the hyperthermia chamber and placed on a cool surface,
bringing core temperatures back to basal levels.

Active avoidance task

Raised plus

Animals underwent testing in the active place avoidance task (Biosignal; Brooklyn, New
York) at P50-P60. The active avoidance rotating platform task [32, 33] is a measure of
spatial cognitive function that is hippocampus [34, 35] and amygdala [36] dependent. In
this task, animals must attend to their ever-changing position in the room frame lest they
be rotated into a pre-determined zone where they receive a mild electrical shock [5, 26, 27,
37-39].

One day prior to the active avoidance task rats were anesthetized and a stainless-steel pin
was implanted subcutaneously between the shoulders. The swivel was attached to a cable
with an LED at the end allowing for automated tracking and shock delivery. The arena
consists of an 82 cm diameter steel disc lit from both above and below. The arena is centered
in a room where it is approximately 50 cm from black curtains on the S and E sides and

50 cm from white walls on the N and W sides. The N and W walls have an 11 cm gray
power-strip that forms a continuous line 50 cm above the floor of the arena. Two rectangular
spatial cues (30 cm X 43 cm) depicting a red star (centered at W position) and a black circle
(centered at N position), both on a white background, were placed 18 cm above the arena
floor. An additional rectangular polarizing cue (53 cm X 84 cm) made of white paper with
five 2.5 cm wide diagonal black stripes centered at the N position, 5 cm above the gray
power strip.

On the first day of training, the animal was connected to the shock cable and introduced

to the rotating arena for a 10 min habituation without shock. Number of entrances in the
inactivated shock zone were calculated to determine if the rats explored the shock zone
region equally. On all subsequent sessions rats received a 0.4 mA shock in an unmarked
876 cm? wedge-shaped sector covering a 60° arc in the NE sector of the arena. The shock
zone was stable in the room frame while the arena rotated. The entrance latency of the
shock was 1 ms, the shock duration was 0.5 sec, and the inter-shock latency was 2 sec. Rats
were trained in eight 10 min sessions per day for two days (16 sessions total). Performance
measures were recorded and analyzed using custom software (Biosignal; Brooklyn, New
York).

maze

A raised plus maze was used to measure anxiety in control (CTL), RFS and FSE rats
starting at P104. The maze consisted of four total arms, each 51 cm long, two of which
were surrounded by opaque walls 42 cm high and across from each other and on the end,
so the rat is surrounded on three sides. The other two arms of the maze remained open, so
that the animal could survey its surroundings. The maze stands 74 cm above the ground.
All rats entered the maze facing the northward enclosed arm. Each subject underwent two
5 min trials where behavior was recorded on video and analyzed. The amount of time each
rat spent in either the open or closed arms or the middle of the maze was quantified by
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reviewing the video recordings. The percentage of time spent in the three conditions (open
arm, closed arm or middle) was used to compare anxiety levels between groups [40].

Spatial accuracy task

Starting at P124, an appetitive operant reward task was used to assay spatial learning and
memory by conditioning preference for a specific circumscribed goal zone [41-43] that
ranged in diameter down to 10% of the 183 cm diameter arena. The task has two modes

for continuous spatial behavior, one for goal-directed navigation, when the animal is seeking
the goal zone and the other for random searching for a food reward after the pellet has been
dropped into a random arena location following a successful pause within the goal zone. The
visible and hidden versions of the spatial accuracy task were modeled after the cue and place
navigation tasks in the Morris water maze [44]. Hippocampal lesions cause a profound and
enduring place navigational impairment that cannot be attributed to motor, motivational or
reinforcement deficits. In contrast to the water maze task, the spatial accuracy task allows for
continuous measurement of multiple goal navigation epochs [42].

Rats were food restricted and maintained at 85% percent body weight during spatial
accuracy training. Rat location was tracked and recorded via a firewire camera (30 Hz
sampling rate) placed over the 183 cm diameter arena and analyzed with Biosignal software
(Tracker, Bio-signal Group Corp, Brooklyn, USA) and custom software (MATLAB v
R2019A, MathWorks, Natick, MA). Training began with a 2 cm diameter white bottle

cap used as a visible goal. The bottle cap was placed 63 cm from the arena wall, near

the arena center in the southeast quadrant. A polarizing cue card (color code gray 9.5;
Color-Aid Corp., Hudson Falls, NY) was placed along the north sector of the arena wall,
covering approximately 45° of arc. Animals were advanced to successive visible goal phases
after reaching a criterion of 20 rewards. In phases 1-4 of training, 500 ms dwell-time in a
target zone successively ranging in diameter from 122 cm (Phase 1), 64 cm (Phase 2), 32

cm (Phase 3) and 18 cm (Phase 4) elicited a +5V TTL pulse via a peripheral component
interconnect. This pulse triggered release of a food pellet reward (Bioserv, New Jersey; 20
mg dustless precision pellets) from a custom overhead feeder, which fell to a random arena
location. A refractory reward period of 5 sec was set to encourage the animal to leave the
target area and forage for the fallen pellet before returning to the goal zone. In this manner,
measures of continuous navigation to and from the goal zone were possible over the course
of each 30 min training session. Finally, in Phase 5 of training, the diameter of the goal

zone was maintained at 18 cm, but the visible goal cue was removed. In these hidden goal
training sessions, the animal’s spatial behavior provided a proxy measure of self-localization
relative to the estimated goal zone location as determined by stationary room and arena cues.
Previous studies with goal zones at similar distances from polarizing cue cards found that
behavioral choices correlated with place field location [45]. In the hidden goal sessions, the
floor was cleaned with soap and water and the arena floor rotated ~ 45 degrees to minimize
the influence of odor cues that might indicate the goal zone location.

Spatial accuracy behavior was quantified by the: 1) Number of trials to criterion; 2) Number
of rewards; 3) Number of entrances; 4) Ratio of rewards to entrances; 5) Mean Speed; 6)
Proportion of time in each arena quadrant; and 7) Proportion of time in goal.
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In a previous spatial accuracy study in a 76 cm diameter arena, criterion at each phase was
set as 30 rewards in a 30 min session (1reward/min) [42]. As the current iteration of the
task uses an environment more than twice this diameter, we lowered the reward criterion

to 20 rewards. This gave rats more time to forage for pellets and return to the goal zone
while maintaining rigorous performance standards. Goal dwell time of at least 2% was also
a key performance measure as this indicated statistical significance with respect to spatial
sampling in the arena and more than twice the minimum amount of time needed to trigger
20 rewards. Proportion of time in goal was an important complementary measure to reward
number as it represents the quality of self-localization relative to the goal zone, particularly
during the hidden goal task in phase 5.

Sample size/power calculations and statistics

Statistics

Results

Overview

The primary outcome goal was to address the hypothesis that there would be significant
differences in total shocks in the CTL, RFS and FSE during the active avoidance task.
Based on a recent study using active avoidance we estimated that FSE rats would have
approximately 20£2 shocks/trial versus 10£2 shocks in the CTL, we calculate a sample

size of 7 rats in the CTL, RFS and FSE groups would detect a 50% (90% power, 5% a.)
difference in number of shocks over the 16 trials. The study of sex differences by group was
not powered a priori.

Active avoidance and elevated plus maze data were analyzed using GraphPad prism.

Where noted, statistical significance was determined using either a student’s t-test, one-way
analysis of variance (ANOVA), or two-way ANOVA using multiple comparisons and a
confidence interval of 95%. P values less than 0.05 were considered significant.

For spatial accuracy data GEE (General Estimating Equations; SPSS; Armonk, NY), a
class of regression marginal model, was used to analyze multivariable relationships between
clustered behavioral data for individual animals [46]. Models were adjusted according to
the distribution of each analyzed variable, i.e., gamma with log link model was used for
non-normally distributed data while poisson loglinear model was used for count data. Main
effects of group x training phase interactions are reported as well as the group effects

for each performance variable of interest and group x condition (visible or hidden goal)
interaction.

Hyperthermia induction was maintained for 60 mins in 15 rats. All animals subjected to
hyperthermia exhibited seizures and none died. During the 60 min period of hyperthermia,
rats were scored on their total number of seizures and seizure duration. Six rats experienced
5-8 (mean = 6.8+1.2 seizures) separate, repetitive seizures and were designated as the
Recurrent Febrile Seizure (RFS) group. The remaining 9/15 hyperthermic rats experienced
no less than 15-20 seizures (16.8+0.7 seizures), which transitioned from brief and separate
to prolonged and continuous, were designated as the experimental Febrile Status Epilepticus
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(eFSE) group. The average time spent in febrile status was 31.5+1.36 min. Hyperthermia or
maternal separation protocols resulted in the following group designations: CTL = 17(8 &; 9
Q); RFS=6(34;39);FSE=9(44;59).

The experiment started with active avoidance as our primary motivation was to replicate
previous findings in this task [4, 5] and to test for the influence of sex and seizure

duration with respect to cognitive outcome. Active avoidance was then followed by the
elevated plus maze and the spatial accuracy task. As we found group and sex differences

in the active avoidance experiment, we wished to know whether poor performance by FSE
males in comparison to females correlated with putative differences in anxiety levels on the
elevated plus maze. Although FSE animals exhibited less anxiety-like behavior, this result
was primarily driven by FSE females. We then wished to know whether sex and group
differences in spatial cognitive performance during active avoidance would carry over to an
appetitive spatial task that emphasized navigational accuracy and self-localization relative
to a fixed goal zone. As a prior study had shown that rats could be trained to alternate

from active avoidance to food reward during a foraging task [6], we anticipated that we
could train the animals on the spatial accuracy task following active avoidance. While it
was possible that prior fear conditioning during active avoidance training could negatively
affect spatial accuracy training, we found that all male rats failed to participate and did not
meet criterion on the earlier and less challenging phases of the task, primarily by not moving
away from the walls or freezing in place. Only females participated in spatial accuracy
training and carried through to the final phase of the experiment. While both CTL and FSE
females performed well on the active avoidance task, the FSE females exhibited a spatial
accuracy learning deficit when the visible goal zone marker was removed. Results from each
experiment are described in detail below.

Active Avoidance

During habituation there were no differences in number of crossings between the groups

in the non-activated shock zone (AveragecT| = 38.35+2.32; Averagerrs = 39.50+4.55;
Averagepsg = 41.11+2.54; F (2, 29) = 0.2556; p=0.7762). This data indicates that there were
no differences in activity level and mobility between the groups prior to active avoidance
training.

There were group differences in number of shocks during active avoidance (Fig. 1A) with
a mixed-effects analysis showing a significant group effect where FSE were impaired

in comparison to the CTL and RFS groups. There was an interaction between shocks

and trials (F (16, 493) = 21.52; p<0.0001) with a significant difference between groups
(F(1.765, 435.0) = 22.35; p<0.0001). Tukey’s multiple comparisons test showed significant
differences between CTL and FSE (p=0.0007) and RFS and FSE (p=0.0007), but no
differences between CTL and RFS. There was a significant group effect for mean number
of shocks per trial (F(2,510)= 9.321; p=0.0001). There was a significant difference between
CTL and FSE (p=0.0001) and RFS and FSE (p=0.0049) but no differences between CTL
and RFS (Fig. 1B),

FSE rats spent significantly more time in the shock zone than the CTL and RFS rats
(F(2,510)=9.622; p<0.0001) with significant differences between CTL and FSE (p<0.0003)
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and FSE and RFS (p=0.0008; Fig. 1C). Both control and RFS rats spent less time in the
target quadrant than the FSE rats (F(2,510)=5.34) and the CTL more time in the CW
quadrant than the FSE and RFS rats (F(2,510)= 8.806; p=0.0002, Fig. 1D). Sample path
and dwell-time maps during an active avoidance training session demonstrates that CTL and
RFS rats spent less time in the shock zone than the FSE rat (Fig. 2).

The effect of sex was also evaluated in the three groups. In all three groups (CTL, RFS

and FSE), females performed better than males (Fig. 3). There was an interaction between
number of shocks and trial (F (4, 499) = 7.456; p<0.0001) with a significant group effect (F
(3.140, 313.3) = 101.5; p<0.0001). While RFS males and females did not differ significantly
(p = 0.1594), significant differences were found between CTL males and females and FSE
males and females (p <0.0001). FSE males exhibited a clear spatial learning and memory
deficit in the active avoidance task, maintaining an average of over 30 shocks per session

on both training days. Longer duration febrile status in males therefore leads to cognitive
comorbidities while shorter duration febrile seizures do not. Seizures of any length had no
effect on active avoidance in females. This result is similar to a recent study that found
recurrent flurothyl induced seizures as pups had a significant effect on active avoidance
outcomes in adult males but not adult females [47]. Sex is therefore a significant determinant
of cognitive outcome post early life seizure.

Raised plus maze

All the rats explored the maze (Fig. 4A). No differences were noted in the three groups
between the first and second training session. For statistical analysis Days 1 and 2 were
combined. In the combined data there were group differences in the amount of time spent in
the open arm (F(2,57)=6.369; p=0.0032) and closed arm (F(2,57)= 5.626; p=0.0059). CTL
animals spent less time in the open arm than FSE rats (p=0.0045) and more time in the
closed arm (p=0.005). As the raised plus maze serves as a measure of anxiety in a rodent
model [48], these results indicate the CTL group had a significantly higher level of anxiety
than the FSE rats. Rats with RFS were intermediate between the CTL and FSE and did not
differ statistically from either group (Fig. 4A).

Sex differences were evaluated with male and female rats compared in ach group and a
2-way ANOVA revealed a difference for time in the open arm (F (5, 41) = 7.359; p<
0.0001). Tukey's multiple comparisons test showed that FSE females spent significantly
more time in the open arm than the FSE males (p = 0.0015, Fig. 4B).

To determine if there was a relationship between active avoidance performance and raised
plus maze, mean number of shocks per trial were correlated with time in the open arms,
middle and closed arms. No significant differences were noted when the animals were
analyzed in total or when the CTL, RFS and EFS groups when analyzed individually. While
anxiety-level appeared to have no relationship to spatial cognitive deficits, the finding that
FSE females spend more time in the open arm suggests that a lack of anxiety might be a
factor that promotes better post FSE cognitive outcomes in females rather than males.
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Spatial Accuracy Test

A high attrition rate was incurred in early training sessions as many rats were thigmotaxic
and exhibited a reluctance to enter the middle of the arena. Only 3/17 of the CTL, 1/6

of the RFS and 4/9 of the FSE rats completed the task. All rats that completed spatial
accuracy were female, resulting in a significant sex difference in attrition (Fisher’s exact
test, p=0.0013). However, chi-square analysis found no significant seizure duration group
differences in attrition (X2 = 2.5272, p = 0.283). We interpret this as an effect of training

the animals in the aversive active avoidance task prior to the appetitive spatial accuracy task,
as the delivery of the shock in the active avoidance task and the delivery of the pellets in

the spatial accuracy task sounded similar. This may have resulted in hesitancy to explore the
arena, particularly by males. As no differences were found between CTL and RFS in the first
2 tasks, we placed the one RFS rat who learned the task in the CTL group.

As shown in Fig. 5, the number of sessions to meet criteria in the CTL and FSE females
were similar in the hippocampal-independent visible goal version of the task (P1-P4).
With respect to the hippocampal-dependent hidden goal task (P5), both groups took more
sessions to reach criterion than earlier phases. GEE found a significant group X training
phase interaction regarding the number of training trials to criterion of either 20 rewards or
spending 2% of the session within the goal zone (Wald Value = 102.63, p < 0.0001). While
some differences are apparent in early training phases, the most robust group differences
were found in the hidden goal sessions in phase 5 where FSE animals required nearly
twice as many training trials (Fig 5, Supp. Table 1). Fig. 5A and Fig. 6A provide examples
of performance during early phase 5 training trials where the major challenge for rats in
both groups is to “dial in’ their pauses within the boundary of the hidden goal zone and
self-localize relative to stationary room and arena cues.

In comparing the peak performance of both groups, as determined by highest rewards and
proportion goal time, no significant group effects were found for either the visible or hidden
goal conditions (Fig. 7A-D) for number of rewards (Visible: Wald value = 0.200, p = 0.654;
Hidden: Wald value = 0.546, p = 0.460), proportion time in goal ( Visible: Wald value =
0.101, p = 0.751; Hidden: Wald value = 0.015, p = 0.903), number of entrances (Visible:
Wald value = 0.751, p = 0.386; Hidden: Wald value = 0.406, p = 0.524) and reward to
entrance ratio (Visible: Wald value = 0.413, p = 0.521; Hidden: Wald value = 0.753, p =
0.386).

GEE also found a significant group x condition effect for the number of rewards (Wald value
=25.81, p < 0.0001), the reward to entrance ratio (Wald value = 21.22, p < 0.0001) and
proportion time in goal zone (Wald value = 74.95, p < 0.0001). Both groups received fewer
rewards, had a lower reward to entrance ratio and spent less time in the hidden goal zone
version of the accuracy task than the visible goal zone version (Supp. Table 2-4). Taken
together, the data indicate that despite differences in task acquisition, both groups ultimately
exhibited similar levels of spatial accuracy and that both groups found the hidden goal zone
version of the task more difficult than the visible goal version.

Importantly, no significant group effect was found for mean speed in the visible goal
condition (Averagect. = 33.02 + 4.2 cm/s and Averagerse = 38.00 + 2.9 cm/s; Wald value
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=0.780, p = 0.349) or the hidden goal condition (AveragecT; = 19.00 + 3.8 cm/s and
Averagepsg = 22.93 +.4.5 cm/s; Wald value = 0.451, p = 0.502). This result suggests that
FSE had no effect on motor properties in relation to task performance.

We conclude that task demands during spatial accuracy revealed spatial learning differences
in female FSE rats that were not detected during active avoidance. However, with additional
training, the performance of FSE females was equal to CTL females.

Discussion

Experimental FSE male rat pups have long-lasting spatial cognitive deficits in the active
avoidance while FSE females exhibit navigational learning deficits in the spatial accuracy
task as well as reduced anxiety in the elevated plus maze. FSE spatial cognitive deficits
confirms prior results in this model [26, 27, 31]. However, rats exposed to the same degree
of hyperthermia but who developed a series of discrete seizures (RFS), rather than FSE, did
not differ significantly from the controls in any of the measures. These findings suggest
there is a seizure frequency or duration threshold for cognitive deficit. This notion is
supported by findings of Chang et al. [12] where a single experimental FS on P10 or

FS induced daily from P10 to P12 (three repetitive FS in total) did not result in water

maze impairment whereas rats with three FS daily, from P10 to P12, did exhibit water

maze deficits. While seizures in our study occurred within one hyperthermic session, this
group would most closely align with the repetitive FS described by these authors. While

the RFS does not overtly affect spatial cognitive performance on the active avoidance task,
this does not mean the rats were unaffected by RFS. A recent study showed that RFS can
significantly alter temporal dynamics of both oscillations and cellular action potentials in
the hippocampal circuit [30]. Prior work from our laboratory has also shown that significant
changes in the temporal coordination of FSE CA1 neurons relative to local theta may still be
found even if the FSE animals were able learn the active avoidance task [6]. It is therefore
possible that RFS can modify CA1 neuronal input/output dynamics, yet not be sufficient to
impair spatial behavior [30].

Another significant finding in this study was the marked effect sex had on spatial cognition.
In particular, FSE rats demonstrated significant sex differences on both days of training. FSE
males demonstrated no signs of learning the task by the end of training and FSE females
performed well from the beginning of training. These findings support a recent observation
from another early-life seizure model in our laboratory where male and female rat pups
were given 50 flurothyl-induced seizures over 10 days starting at P15 [47]. When tested as
adults, male rats with early-life seizures exhibited marked impairments in active avoidance,
whereas female rats were unaffected. Similarly, Akman and colleagues [49] found that
three episodes of kainic acid-induced status epilepticus on P4-6 caused more transient
learning delays in the Barnes maze on P16-19 in males but not females. In rodents, sexual
dimorphism is documented in epilepsy after early life stress [50, 51] and in the therapeutic
response after neonatal ischemic injury [52]. McNally et al. [53] used a neonatal murine
hypoxia-ischemia model to test whether the severity of hippocampal and cortical injury
predicts seizure susceptibility 8 days after hypoxia-ischemia. Hippocampal and cortical
injury directly correlated with seizure susceptibility in male, but not female pups. Thus,
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there are sex-specific consequences of neonatal hypoxia-ischemia on seizure susceptibility
in a murine neonatal model.

Physiological sex differences over the course of development could account for differences
in seizure vulnerability and cognitive outcome in prepubescent pups. Female sex hormones
such as estradiol, even at the early developmental stage of P10, may offer some protection
against early-life neurological insults [54-56]. There are also established sex differences
early in postnatal development relative to depolarizing GABAergic signaling [57]. There is a
sex-dependent developmental shift of GABA conductance and chloride gradient, leading to
differences in the timing of key developmental stages [58].

Previous work has also shown sexual dimorphism in relation to fear conditioning where
males show stronger freezing responses than females, correlating with increased dentate
gyrus plasticity in males [59, 60]. This fear conditioning dimorphism was also found to

be testosterone independent [60]. Hyper-arborization of dentate granule cells post FSE [5]
could further affect plasticity in the perforant pathway and lead to more freezing in FSE
males rather than avoidance. Ultimately, that FSE females fared better than FSE males in
the 2 spatial cognitive tasks reconfirms the importance of exploring sex as a variable for
cognitive outcome following early-life seizures [61]. Further supporting the finding that
sex differences play a major role in cognitive impairment following FSE are the findings
from the spatial accuracy test. Despite starting the task with 14 male rats, none were able
to complete training. While this result was likely influenced by prior conditioned fear
training on the active avoidance task in the open arena, the experiment did find a difference
between FSE and CTL females where FSE females took twice as many trials to learn the
task. However, once criterion was met, their performance was no different than CTL. This
indicates that the place accuracy task is more difficult to learn than active avoidance and,
with this increased difficulty, FSE female rats demonstrated slower learning dynamics than
the CTL group. This finding further supports the idea that, in the assessment of spatial
cognition performance, deficits are dependent on task demands [62]. A possible explanation
for FSE learning difficulty in the spatial accuracy task are larger place fields that have been
previously associated with the FSE model [27], which could result in less accurate cognitive
maps with which to guide goal navigation [63, 64].

In the elevated plus maze rats with FSE had less anxiety-like behaviors than the CTL

rats. Interestingly this reduction in anxiety-like behavior was more apparent in the female
rats. The amygdala-hippocampal circuit is a critical network underlying fear learning and
anxiety [65-68]. Amygdala injury can result in increased [66, 69] as well as decreased
anxiety-like behaviors [70-72]. Previous studies of MRI obtained shortly after experimental
FSE showed changes of T2 reaction times in the hippocampus and basolateral amygdala
that were predictive of subsequent spatial cognition [27]. Our findings suggest that amygdala
injury from the FSE could account for the decreased anxiety-like behavior in FSE females,
although the mechanism of such injury is not clear. It is also possible that a degree of
decreased anxiety in FSE females could mediate improved outcomes of FSE females on the
active avoidance task in comparison to FSE males [29].
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In summary, this study demonstrates that longer duration FSE, but not short duration

RFS result in spatial cognitive impairment and reduced anxiety-like behavior. However,

the degree of deficit was strongly determined by sex as FSE male rats exhibited more
robust spatial deficits in the active avoidance task while FSE female rats only exhibited a
navigational learning impairment in the more complex spatial accuracy task. These findings
emphasize the need for future research that examines sex as a biological variable with
respect to the adverse effects of seizures on the physiology of the developing brain and
corresponding cognitive outcomes.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights
Febrile status epilepticus in rat pups cause cognitive and behavioral deficits
Recurrent febrile seizures do not result in cognitive or behavioral deficits
Outcome following seizures is strongly related to sex

Female rats have substantially better outcomes following febrile seizures than males
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Figure 1:
Active place avoidance results. A) Comparison of number of shocks across 16 trials

administered over two days in the CTL, RFS and FSE groups. There was a significant
difference in groups (p<0.0001) with significant differences between CTL and FSE
(p=0.0007) and RFS and FSE (p=0.0007); B) Mean difference in shocks/session. There
were significantly more shocks in the FSE group compared to the CTL and RFS groups. No
differences were seen in the CTL and RFS groups; C) Mean time in shock quadrant. The
FSE group spent significantly more time in the shock zone than the CTL and RFS groups.
No differences were seen in the CTL and RFS groups; D) Percent time in the target (shock)
quadrant (TQ), counterclockwise (CCW) to the TQ, opposite (OPP) to the TQ and clockwise
(CW) to the TQ. Rats in the EFS spent more time in the TQ than the CTL and RFS groups.
** = p<0.01; *** =p<0.001; ****=p<0.0001.
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Figure 2:
Individual examples of active avoidance on the rotating arena from a CTL, RFS and FSE

animal (Left panel). Path taken by each rat (grey line) over the surface of the arena. Middle
panel: The red sector indicates the location of the shock zone, and the red circles indicate
epochs where the animal received mild electric shock. Polar analysis of spatial sampling
where the vector, angle and length of the black lines emanating from the plot center indicate
the proportion of time spent at each angle of the arena (0-360° in 10° bins). The outside
arc (thin black line) for each plot indicates the distribution of the longest vector lengths
that account for at least 50% of the session duration. Right panel. Dwell time map (64
pixel resolution) where black pixels indicate non-sampled regions and the blue to red color
continuum indicates the least to most sampled locations on the arena surface. Over the
course of the 16 training trials, FSE animals performed worse on the active avoidance task
than RFS or CTL.
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Figure 3:
Comparison of mean number of shocks per session in the CTL, RFS and FSE groups

separated by sex. There was an interaction between shocks and trials (p<0.0001) with a
significant difference in groups (p<0.0001). While the difference between the RFS male and
RFS females did not differ significantly, the differences between CTL males and females
and FSE males and females were highly significant (p <0.0001).
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Figure 4:
Elevated plus maze; A) Picture of elevated plus maze; B) CTL animals spent less time

in the open arm than FSE rats and more time in the closed arm; C) Elevated plus maze
performance in animals separated by sex. FSE females spent significantly more time in the
open arm than males. ** = p<0.01
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Figure 5:
Spatial Accuracy performance; A) Photo representing the rat’s path around the arena (orange

line) and a path through the hidden goal zone (red circle) during an early training trial in
phase 5; B) Mean number of training trials to criterion of either 20 rewards or 2% of session
time within the goal zone. While there are marginal group differences in phase 2 and 3 of
spatial accuracy training, during phase 5 the FSE females require twice as many sessions to
reach criterion than the CTL females.
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Figure 6:
Spatial accuracy results during the best performance in the FSE and CTL rats during the

visible and hidden portion of the tasks; A) Number of awards; B) Percent time in the goal
arm; C) Number of entrances; D) Rewards/entrances ratio; Once the task was learned, there
were no group performance differences between either the visible or hidden goal versions of
the spatial accuracy task.
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Figure 7:

Spatial accuracy acquisition and peak performance in CTL and FSE. A. Measurements of
spatial accuracy performance during an early session of phase 5 training and off-target goal
pauses. Left to right columns: Animal path (black lines) relative to two times the diameter

of the goal zone (blue or white circle); Animal path (grey lines) and rewarded paths (black
lines) to goal (blue circle); Speed and dwell-time measurements in 32x 32 pixel arrays
demonstrating self-localization relative to estimated hidden goal position. Black arrows and
zoomed sector indicate off-target pauses relative to the goal zone (white circles). As in A,
examples of peak spatial accuracy performance in a CTL (B) and FSE rat (C). Although FSE
rats require more training to accurately locate the hidden goal, once learned they perform as
well as CTL.
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