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Abstract

Hypoxic-ischemic encephalopathy is a common neonatal brain injury associated with significant
morbidity and mortality despite the administration of therapeutic hypothermia (TH). Neonatal
seizures and subsequent chronic epilepsy are frequent in this patient population and current
treatments are partially effective. We used a neonatal murine hypoxia-ischemia (HI) model to test
whether the severity of hippocampal and cortical injury predicts seizure susceptibility 8 days after
HI and whether TH mitigates this susceptibility. HI at postnatal day 10 (P10) caused hippocampal
injury not mitigated by TH in male or female pups. TH did not confer protection against flurothyl
seizure susceptibility at P18 in this model. Hippocampal (/2 = 0.33, p= 0.001) and cortical (R2 =
0.33, p=0.003) injury directly correlated with seizure susceptibility in male but not female pups.
Thus, there are sex-specific consequences of neonatal HI on flurothyl seizure susceptibility in a
murine neonatal HI model. Further studies are necessary to elucidate the underlying mechanisms
of sex dimorphism in seizure susceptibility after neonatal HI.
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Introduction

Hypoxic-ischemic encephalopathy (HIE) affects 2—6 per 1,000 live term births worldwide,
and it is associated with significant mortality and poor neurologic outcomes including
epilepsy [1]. Neonatal seizures occur in 33-75% of infants with HIE [2, 3] and in the
majority of rodents after experimental neonatal hypoxia-ischemia (HI) [4]. Approximately
20% of infants with HIE-associated neonatal seizures and up to 50% of rodents exposed
to neonatal HI develop epilepsy [5, 6]. Currently, first-line treatments control only about
50% of post-HI neonatal seizures [7]. In both animal models and humans, seizures
exacerbate hypoxic-ischemic brain injury and are an independent predictor of worse
neurodevelopmental outcomes in humans [8-10]. Better treatments are urgently needed.

Currently, therapeutic hypothermia (TH) is the standard of care for infants with HIE,
decreasing the risk of death and moderate-to-severe disability by one-third [11, 12]. TH

has also been shown to acutely decrease the electrographic seizure burden and the incidence
of childhood epilepsy through unknown mechanisms [3, 13, 14]. While TH is an important
therapy, it is only partially neuroprotective, with 45% of patients still suffering severe
neurodevelopmental disability or death. Additionally, TH does not mitigate cognitive and
memory deficits in grade school-aged HIE survivors or in rodent models [12, 15, 16]. The
hippocampus is closely linked to both epileptogenesis after early life stressors [17, 18] and
long-term cognitive and memory function. Thus, the development of preclinical models to
understand the mechanisms of hippocampal injury and HI-associated seizures could lead to
novel interventions for acute symptomatic seizures, epileptogenesis, and memory/learning
deficits after neonatal HIE.

There is growing evidence that sex is an important biologic variable in HIE as well as

in seizure occurrence and epileptogenesis after neonatal neurologic insults [19-25]. In
humans, boys have a higher incidence and severity of perinatal neurologic insults and worse
outcomes [19, 26]. These differences are paralleled in rodents after neonatal HI [15, 16]. In
rodents, sexual dimorphism is documented in epilepsy after early life seizures and stress [21,
27], and in the therapeutic response after neonatal ischemic injury [25]. However, human
and rodent studies have not examined differences according to sex in epileptogenesis or
seizure susceptibility after neonatal HI.

In this study, we evaluated the effects of both TH and sex on seizure susceptibility to
flurothyl after neonatal HI. Flurothyl is a commonly used convulsant to test neonatal seizure
susceptibility [28]. Specifically, we examined an early age, postnatal day 18 (P18), when
murine brain development resembles that in humans at 18-24 months of age [29]. We chose
this age because post-HIE epileptogenesis typically occurs within the first 2 years of life [5].
We hypothesized that in rodents, neonatal HI would increase seizure susceptibility at P18
and that TH would mitigate this susceptibility. Regarding sex-stratification, we hypothesized
that males would show higher seizure susceptibility than females after neonatal HI.
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One hundred and four C57BL6 mouse pups (41 males and 36 females with seizure testing;
14 males and 13 females without seizure testing) were used in this study. The mortality rate
for the model was 10% (3 males and 5 females). The mortality rate for the seizure testing
was 9% (5 males and 1 female). This is similar to the rates in previously published studies
[16, 30].

Hypoxic-Ischemic Injury and TH

Hypoxic-ischemic injury and TH were completed in C57BL6 mice (Charles River
Laboratories, Wilmington, MA, USA) on P10 using the modified Vannucci model for mice
as previously described [16]. Briefly, permanent unilateral right carotid artery ligation was
performed while the pups were anesthetized with inhaled isoflurane (3% for induction and
1% for maintenance). The surgery took 5-8 min per pup. After a 1-h recovery period

with the dam, the pups were exposed to 45 min of hypoxia (FiO, 0.08). Pups were then
randomized to TH (31°C) or normothermia (NT; 36°C) for 4 h, and then returned to their
dam. Control animals were littermates that underwent sham surgery with similar anesthesia
exposure.

Flurothyl Seizure Susceptibility Testing

Flurothyl is a well-established inhaled convulsant that acts as a y-aminobutyric acid
(GABA)-type A receptor antagonist. It is not metabolized, produces a defined sequence

of generalized seizures, and the resulting seizure thresholds are independent of body weight
[30]. At P18, the pups were placed individually into a 30.5 x 30.5 x 24 cm Plexiglass
chamber. Flurothyl ether (Synquest Laboratories, Lot 331700) was dripped from the top of
the container at a rate of 40 pL/min onto filter paper at the base of the container (separated
from the pup). All seizure tests were video-taped and the time to generalized seizures with
a loss of posture (initial time point measured, approximates a stage 3 seizure [31]) and with
tonic hindlimb extension (final time point measured, a stage 5 seizure [31]) were recorded.
The time that elapsed from stimulation to seizure onset is called seizure latency. Of note,
the characteristic clonic features of stage 3 seizures were often difficult to visualize. This
phenomenon has been described previously when using flurothyl seizure testing in young
rodent pups [30]. Some animals did not exhibit generalized stage 3 seizures, but all mice
exhibited stage 5 seizures.

Histopathologic Analysis of Injury

After seizure testing at P18, animals were euthanized with an overdose of isoflurane and
exsanguinated with 0.1 M cold PBS (pH 7.4) via intracardiac perfusion. Brains were
perfusion-fixed with 4% paraformaldehyde/0.1 m PBS for 30 min at 4 mL/min. Tissues
were cryoprotected with graded immersion in 15 and 30% sucrose in PBS until they sank,
and then frozen and stored at —8°C until cut at 50 um on a freezing microtome [16]. Glial
fibrillary acid protein (GFAP) immunohistochemistry (IHC) was used to grade astrogliosis
as previously described with whole rabbit antisera anti-GFAP antibody (DAKO North
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America, Carpinteria, CA, cat. No. Z0334 at 1:1,000) [16, 32]. Goat anti-rabbit antibody
(1:200) was used as the secondary antibody and DAB as the chromagen. Brain slices were
stained with cresyl violet and Perl’s iron stain to evaluate the cell loss and iron deposition
per standard protocol.

Two injury scores were quantitated. The first was based on a previously published grading
system [33] in which visual analysis is performed on sequential coronal brain slices of 3
regions to determine hippocampal and cortical injury scores (ranging from 0 to 9). The

3 hippocampal subfields scored included CA1, CA3, and the dentate gyrus (DG), and

the 3 cortical sections scored included the anterior, middle, and posterior cortical slices.
Representative cresyl violet-stained hippocampal and cortical samples are shown in Figure
1B, 4C. Two blinded assessors (M.A.M. and F.J.N.) independently scored each sample. Any
discrepancy was rectified by discussion and re-review by the 2 assessors. A second injury
analysis was completed using hippocampal GFAP IHC grading as previously published
[32]. Briefly, the amount of GFAP staining, the presence of glial scarring, and astrocyte
morphology were graded in the anterior, middle, and posterior sections of hippocampal
CAl, CA3, and DG subfields. The cumulative score for these different indices ranged from
3to 21.

Statistical Analysis

Results

Nonparametric statistical methods were applied in all cases. For the analysis of 2 groups,
the Mann-Whitney U test was applied with stratification by sex. For multiple groups,
Kruskal-Wallis (KW) H one-way ANOVA stratified by sex was applied with post hoc pair
analysis using the Dunn-Bonferroni test. All results were presented as box and whisker
plots, where the box is limited by the 25th and 75th percentiles and the solid line represents
the median. Significance was represented by £ < 0.05 in all cases, with adjustment for
multiple comparisons as needed. Nonparametric Spearman Rho correlations were applied
between: (i) GFAP scoring and the hippocampal injury score, to assess coherence between
both assessments, and (ii) the severity of hippocampal or cortical injury and latency to stage
3 or stage 5 seizure. Analysis was performed using IBM SPSS Statistics v24 (IBM Corp.,
Armonk, NY, USA).

Hippocampal Injury after Neonatal Hl

Significant histological hippocampal injury was documented 8 days after HI injury at P10
(KW p<0.001, #21.2, df 2; Dunn-Bonferroni p< 0.001 vs. sham), and TH did not mitigate
the injury (p < 0.001, vs. sham, Fig. 1A). A similar degree of hippocampal injury was
documented at P18 in both female (KW p=0.001, 4 13.8, df 2; Fig. 1A;) and male (KW
p<0.001, H14.3, df 2; Fig. 1A,) mice subjected to NT (p= 0.001 [females, 7= 9] and
p<0.001 [males, 7= 12] vs. sham). Again, hippocampal injury was not mitigated by TH

in either female (7=9, p=0.008 vs. sham) or male (7= 12, p=0.019 vs. sham) mice

(Fig. 1). Representative photomicrographs exemplifying the grading of hippocampal injury
are shown in Figure 1B.
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Since seizures are known to increase hippocampal inflammation [34], flurothyl exposure

at P18 may have independently worsened the inflammation produced by HI and thus
confounded the effects of neonatal HI and TH on this process. So, in P18 HI-injured mice,
we compared the degree of hippocampal astrogliosis produced by HI alone vs. that produced
with flurothyl exposure and HI (Fig. 2). The hippocampus of HI-injured pups subjected to
NT and not exposed to flurothyl had greater evidence of astrogliosis by GFAP scoring in the
CA1 (KW p=0.001, H14.6, df 2; Fig. 2A), CA3 (KW p< 0.001, H15.7, df 2; Fig. 2B),
and DG (KW p=0.004, H#11.2, df 2; Fig. 2C) subfields, which compounded into a greater
hippocampal GFAP score in the whole hippocampus (KW p < 0.001, A15.3, df 2; Fig.

2D). Astrogliosis was not attenuated by TH. For the most part, these effects were similar in
female (Fig. 2A1—D;) and male (Fig. 2A,-D>) pups. Additional exposure to flurothyl did not
significantly change hippocampal GFAP scoring in either female or male pups.

Flurothyl Seizure Susceptibility after Neonatal HI

Eight days after neonatal HI, TH did not attenuate flurothyl seizure susceptibility in either
male or female pups (KW p > 0.05 for all comparisons, 7= 9-14 pups per group). The
median latency to stage 3 and 5 seizures in the NT group was 262 and 357 s in females,
respectively, and 250 and 336 s in males, respectively. With TH, seizure latencies were not
significantly different in either group (265 and 347 s in females and 256 and 311 s in males,
for stage 3 and 5, respectively). Given the known variability in injury severity in our HI
model [15], we evaluated the relationship between injury severity and seizure susceptibility.

Hippocampal injury and GFAP scores were directly correlated in male and female mice (R2
0.86, p < 0.001 for both), demonstrating coherence between the 2 injury assessments (Fig.
3A, A4, A). Scores were thus combined to create a composite hippocampal injury score
for a more refined assessment of injury in that region. This composite hippocampal injury
score did not correlate with latency to stage 3 seizure in male or female pups (Fig. 3B, By,
B»), although there was a trend for an inverse correlation between them when pooling all
pups together (Spearman Rho p = 0.06; Fig. 3B). However, composite hippocampal injury
inversely correlated with latency to stage 5 seizure (p=0.01, Fig. 3C). When stratified by
sex, hippocampal injury inversely correlated with stage 5 latency only in male pups (/2
0.33, p=0.001; Fig. 3Cq vs. Cy).

We also investigated the correlation between cortical injury and seizure susceptibility (Fig.
4). We observed a similar inverse correlation between stage 5 seizure latency and cortical
injury in male mice (R2 0.33, p=0.003; Fig. 4B,). Representative photomicrographs
exemplifying grading of cortical injury are shown in Figure 4C.

Discussion

In our murine model, there were sex-specific responses to neonatal HI on flurothyl seizure
susceptibility. Despite the consistent hippocampal astrogliosis and hippocampal and cortical
histopathologic injury that we found after neonatal HI in both male and female pups,
hippocampal and cortical injury severity correlated with increased seizure susceptibility in
male mice only. In contrast, seizure susceptibility in females was not related to the severity
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of injury in the cortex and hippocampus. Finally, we found that TH did not modify flurothyl
seizure susceptibility in our model.

The sex-specific differences in the correlation of cortical and hippocampal injury to flurothyl
seizure susceptibility that we observed may reflect baseline differences in cerebral inhibitory
systems and how they respond to neonatal HI. Neonatal HI disrupts the development of
cerebral inhibition in both humans and rodents, giving rise to an inhibitory dysmaturation
phenotype [32, 35]. In both humans and animal models, inhibitory dysmaturation has been
shown to increase the susceptibility to seizures in later life [36—-38]. However, the influence
of sex on this process is unclear.

The in vitro and in vivo evidence to date suggests that female rodent pups show an earlier
maturation of inhibitory GABAergic systems than males [27, 32, 39]. In patch-clamp
studies of acute rat hippocampal slices, GABA pergic postsynaptic currents are depolarizing
in males until about P14, while in females they are often hyperpolarizing as early as

P4 [40]. Sex differences are also seen in the depolarizing properties of the GABAA
receptor as well as in resting intracellular calcium levels in cultured rat hippocampal
neurons [41]. The relevance of these sex-specific processes is highlighted by evidence
that, after neonatal seizures on P4-P6, male rat pups showed an earlier GABAAR shift

to hyperpolarization, whereas females showed a transient shift to depolarizing GABAAR
responses [40]. Recent work from our laboratory has also identified sex differences in

the maturation of hippocampal parvalbumin-positive interneurons, with more advanced
expression of parvalbumin and GAD65/67 in female than male mice as well as differences
in the molecular response to HI at P10 [32]. Thus, the baseline hippocampal inhibitory
tone appears distinct between sexes in neonatal rodents, and the maturational pattern and
molecular response to injury varies.

In our model, TH did not attenuate hippocampal injury or seizure susceptibility, even
though recent clinical data suggest that TH decreases the incidence of long-term epilepsy

in patients after HIE [3, 14]. Both preclinical and clinical data suggest that TH may only

be partially protective in the hippocampus [15, 22, 42, 43]. Also, previous work has shown
that epileptogenesis after experimental neonatal HI in rats correlates with the severity of
brain injury [6]. Given the significant variability of injury produced by our model, therefore,
significant findings may have been diluted and we did not have the statistical power to
compare different injury subgroups. Additionally, we utilized only one method of seizure
induction (flurothyl exposure) and it is possible that different results would be observed
with other methods of seizure induction (e.g., maximal electroshock or pentylenetetrazol
exposure). Finally, it is plausible that the timing of seizure susceptibility testing in our study
was not optimal for capturing the effects of TH, and an investigation of later time points
could yield different results.

Our results also show that there was not a significant change in hippocampal astrogliosis
after flurothyl seizures. It is known that hippocampal inflammation after seizures can
occur for several days [44], so it is possible that the flurothyl-induced seizures affected
inflammation and injury in a manner that was not reflected by astrogliosis at such a

short survival time. Despite these limitations, the documented sex-specific differences may
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represent important pathophysiologic differences in how male and female pups respond to
neonatal HI. Given the differences in the incidence of neonatal brain injury and outcomes
that can be observed clinically in the sexes, this notion warrants further study as it might
have therapeutic implications.

In summary, we found sex-specific responses to neonatal HI on flurothyl seizure
susceptibility in a murine neonatal HI model. Future work should delineate any baseline
differences in cerebral inhibitory tone in male and female pups and also how this

changes after neonatal HI. Additionally, long-term EEG monitoring for the development
of spontaneous seizures will provide a better understanding of the timing and incidence of
epilepsy in male versus female animals. Previous work in a rat neonatal HI model found
that epileptogenesis was dependent on the severity of cerebral injury [6]; the study was not,
however, powered to assess sex differences. It is indeed possible that both sexes develop
epilepsy, but at different rates and via different pathophysiologic mechanisms. Identifying
these differences and defining the pathways involved will be important for developing
individualized adjuvant therapies and improving long-term outcomes after neonatal HIE.
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Fig. 1.

Neonatal hypoxia-ischemia (HI) causes hippocampal injury that is not mitigated by
therapeutic hypothermia (TH). Hippocampal injury is greater in Hl-injured animals
independent of sex or TH. Injury scores of the sham, normothermia (NT), and TH groups
for all animals (A), females (A1), and males (A»). Results are presented as box and whisker
plots, where the box is limited by the 25th and 75th percentiles and the solid line represents
the median. Kruskal-Wallis ANOVA with Dunn-Bonferroni post hoc analysis, * p< 0.05
(sham 7 females and 6 males; NT 9 females and 12 males; TH 9 females and 12 males). B
Representative cresyl violet-stained hippocampal sections for injury scores of 0-3.
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Fig. 2.
Hippocampal astrogliosis after hypoxia-ischemia is not significantly changed by flurothyl-

induced seizures. Comparison of astrogliosis, as determined by GFAP score, in CA1 (A),
CA3 (B), the dentate gyrus (DG, C), and total hippocampus (D) in the sham, normothermia
(NT), and therapeutic hypothermia (TH) groups. Results are presented as box and whisker
plots, where the box is limited by the 25th and 75th percentiles and the solid line represents
the median. Kruskal-Wallis ANOVA with Dunn Bonferroni post hoc pairwise analysis. * p <
0.05 vs. sham for females (A1—D4) and males (A,—D5). 7= 6-14 pups in injured groups and
4—6 pups in sham groups.
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Fig. 3.

Hippocampal injury inversely correlates with flurothyl seizure susceptibility after neonatal
hypoxia-ischemia in a sex-specific manner. A Hippocampal injury and GFAP scores are
directly correlated in the whole group of pups, and stratified by sex (A1, A). B, By,

B> Composite hippocampal injury does not correlate with latency (in seconds) to stage 3
seizure. C Composite hippocampal injury correlates with latency (in seconds) to stage 5
seizure. When stratified by sex, this correlation is seen in male pups only (Cq vs. C»).

Nonparametric Spearman Rho correlation statistics were used.
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Fig. 4.
Cgrtical injury inversely correlates with flurothyl seizure susceptibility after neonatal
hypoxia-ischemia in a sex-specific manner. Correlation of cortical injury with latency (in
seconds) to stage 3 seizure (A) and stage 5 seizure (B) is shown for the whole group, and
in females (A1, B1), and males (A, Bo). When stratified by sex, cortical injury correlates
with latency to stage 5 seizure in male pups only (B4 vs. Bo). Nonparametric Spearman
Rho correlation statistics were used for data analysis. C Representative cresyl violet-stained
cortical samples for injury scores of 0-3.
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