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Abstract

Since neonatal hypoxia-ischemia (HI) disrupts the hippocampal (Hp) GABAergic network in the
mouse and Hp injury in this model correlates with flurothyl seizure susceptibility only in male
mice, we hypothesized that GABAergic disruption correlates with flurothyl seizure susceptibility
in a sex-specific manner. C57BL6 mice were exposed to HI (Vannucci model) versus sham
procedures at P10, randomized to normothermia (NT) or therapeutic hypothermia (TH), and
subsequently underwent flurothyl seizure testing at P18. Only in male mice, Hp atrophy correlated
with seizure susceptibility. The number of Hp parvalbumin positive interneurons (PV*INs)
decreased after HI in both sexes, but TH attenuated this deficit only in females. In males only,
seizure susceptibility directly correlated with the number of PV*INs, but not somatostatin or
calretinin expressing INs. Hp GABAg receptor subunit levels were decreased after HI, but
unrelated to later seizure susceptibility. In contrast, Hp GABA receptor a1l subunit
(GABAaRa) levels were increased after HI. Adjusting the number of PV* INs for their
GABAARal expression strengthened the correlation with seizure susceptibility in male mice.
Thus, we identified a novel Hp sex-specific GABA-mediated mechanism of compensation after Hl
that correlates with flurothyl seizure susceptibility warranting further study to better understand
potential clinical translation.
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1. Introduction

Hypoxic-ischemic brain injury (HI) is common in the newborn period, complicating 2—
6/1000 live term births worldwide (Kurinczuk et al., 2010; Shetty, 2015). Despite
generalized use of therapeutic hypothermia (TH), nearly half of all patients die or develop
severe neurodevelopmental disability (Azzopardi et al., 2009; Pfister and Soll, 2010). HI is
also the most common cause of neonatal seizures, with 40-60% of neonates with Hl
developing electrographic seizures in the first few days of life (Boylan et al., 2015; Glass et
al., 2014). Whether neonatal seizures cause additive harm after HI or are just a biomarker of
severe injury remains an area of active research. Small clinical studies demonstrate that
electrographic seizure burden correlates with degree of brain injury on MRI regardless of
initial clinical severity or aEEG background (Shah et al., 2014). Treating electrographic
seizures decreases seizure burden (Srinivasakumar et al., 2015) and lower seizure burden is
associated with better long term neurodevelopmental outcomes (Glass et al., 2009; McBride
et al., 2000; Srinivasakumar et al., 2015; Toet et al., 2005). However, there is no definitive
evidence that treating post-HI neonatal seizures improves developmental outcomes.
Moreover, available first line agents, such as phenobarbital, phenytoin, and benzodiazepines,
control fewer than half of neonatal seizures (Glass et al., 2019; Painter et al., 1999; Van
Rooij et al., 2013) and can exert adverse effects and may cause neuronal apoptosis in the
developing brain (Bittigau et al., 2003; Sulzbacher et al., 1999). Thus, current treatments for
post-HI neonatal seizures are not sufficiently effective and may be potentially harmful. Due
to the questions of treatment efficacy, side effects, and long-term impact, there remains
equipoise regarding ideal treatment strategy for managing neonatal seizures in neonates with
HI (Hellstrom-Westas et al., 2015; McNally and Hartman, 2017). To optimize treatment and
prioritize future research efforts, a better understanding of the pathophysiology of neonatal
seizures following HI in the developing brain is paramount.

Gamma-aminobutyric acid (GABA) is the main inhibitory neurotransmitter in the central
nervous system and the target of most commonly used anti-seizure drugs for neonatal
seizures after HI (Bassan et al., 2008; Clancy, 2006). In the developing brain, GABAergic
receptors, synthetic enzymes, and neurons are actively undergoing changes that are age,
region, and sex dependent (Galanopoulou, 2008; Giorgi et al., 2014; Luhmann et al., 2014;
Schwenk et al., 2016). The understanding of how neonatal HI disrupts the developing
GABAergic system is incomplete. Elucidating these specifics may identify mechanisms
underlying anti-seizure drug ineffectiveness, seizure susceptibility, and long-term adverse
neurodevelopmental outcomes.

Previous work from our lab has demonstrated that, even with TH treatment, neonatal HI
results in decreased numbers of parvalbumin (PV) expressing interneurons (INs), the most
abundant GABAergic interneuron in the brain (Chavez-Valdez et al., 2018; Goffigan-Holmes
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et al., 2019). We additionally showed simplification of GABAergic dendritic arbors and
decreased expression of the GABA synthetic enzymes GAD65/67 in the mouse
hippocampus after neonatal HI (Chavez-Valdez et al., 2018; Goffigan-Holmes et al., 2019).
Using the inhalant convulsant flurothyl, a GABA, receptor (GABAAR) antagonist, we have
also shown that seizure susceptibility in the same model correlates with hippocampal injury
in male mice and is not mitigated by TH (McNally et al., 2019). Thus, experimental TH
provides incomplete protection against hippocampal injury, flurothyl seizure susceptibility,
and GABAergic disruption in mice after HI. Interestingly, while the loss of PV*INs in the
hippocampus after neonatal HI is independent of sex, seizure susceptibility in this model at
the same experimental time (8 days after the insult) is not (Chavez-Valdez et al., 2018;
McNally et al., 2019). Therefore, we hypothesize that the relationship between GABAergic
disruption and flurothyl seizure susceptibility after neonatal HI in the mouse is sex-specific.

2. Materials and methods

2.1. Animals

A total of 53 C57BL6 mice of both sexes (30 males and 23 females) that underwent
flurothyl seizure susceptibility testing were used for experiments. A ~ 20% mortality rate,
similar in both sexes, was observed while generating these mice. Approval for the animal
protocol was granted by the Institutional Animal Care and Use Committee at Johns Hopkins
University School of Medicine and followed the Guide for the Care and Use of Laboratory
Animals provided by the NIH, US Department of Health and Human Services 85-23, 1985.
ARRIVE guidelines (g.uk/arrive-guidelines) were also followed.

2.2. Neonatal hypoxic-ischemic brain injury and therapeutic hypothermia

In 41 mice at postnatal day (P)10, a modified Vannucci model was used to induce HI as
previously described (Diaz et al., 2017; Graham et al., 2004). Pups were anesthetized with
isoflurane (induction at 3% and maintenance at 1%) followed by unilateral ligation of the
right carotid artery. Pups were exposed to isoflurane for 3-5 min, including the isoflurane
induction for 30 s. After the ligation surgery, pups were given a 1-h recovery period with the
dam. Following the recovery period, pups were exposed to 45 min of hypoxia (FiO5, 0.08).
As done in previous studies, after the hypoxia exposure the pups were randomized to
normothermia (NT, 36 °C, 22 mice) or TH (31 °C, 19 mice) treatment for 4 h (Burnsed et
al., 2015; Diaz et al., 2017; Goffigan-Holmes et al., 2019). Treatment temperatures were
monitored via rectal measurements that were performed in one pup per treatment group with
the use of a tissue implantable thermocouple microprobe and the PowerLab data acquisition
system (Ad Instruments, Inc., Colorado Springs, CO). To generate control shams, 12 pups
were exposed to anesthesia for 5 min. Following the 1-h dam recovery period, control sham
pups were kept away from the dam and their temperature was monitored and maintained at
36 °C for 4 h. After the 4-h treatments ended, all pups were returned to the dam. Flurothyl
seizure susceptibility was tested at P18, 8 days after HI (see section below), following which
mice of both sexes were euthanized and perfused. The one-drop exposure method (Markovic
and Murasko, 1993) was used to anesthetize mice using a 20% (v/v) mixture of isoflurane in
propylene glycol. Exsanguination was performed intracardially using 10 mM PBS (pH 7.4)
and 4% paraformaldehyde in 0.1 M phosphate buffer to fix the brains. Brains were then
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cryoprotected using 30% sucrose in PBS. These perfused brains were used for
immunohistochemistry (IHC) while other brains were gathered as unfixed fresh tissue to be
used in western blots (WB) to validate antibodies for IHC use.

2.3. Flurothyl Seizure Susceptibility Testing

Pups were exposed to flurothyl for seizure susceptibility at P18 as previously described
(McNally et al., 2019). Flurothyl acts as a GABAAR antagonist and causes convulsions
when inhaled. Flurothyl is not metabolized and the evoked seizures are generalized in a body
weight independent manner (Prichard et al., 1969). Flurothyl ether (Synquest Laboratories,
Alachua, FL) was dripped from the top of a 30 x 30 x 24 cm plexiglass chamber at a rate of
40 pL/min onto a piece of filter paper (separated from the pup) at the base of the chamber.
Times to seizure stages were recorded: loss of posture (initial timepoint measured,
approximates a stage 3 seizure (S3)(Racine, 1972)) and tonic hindlimb extension (final
timepoint measured, approximates a stage 5 seizure (S5) (Racine, 1972)).

2.4. Western blotting and Nissl staining

Crude brain homogenates, including the hippocampus, were prepared at P18 to validate the
antibodies used in IHC, as we previously reported (Chavez-Valdez et al., 2020). In brief,
homogenates were cryoprotected by the addition of 20% (w/ V) glycerol, protein
concentrations were determined by Bradford assay (Bradford, 1976), and 25 pg of protein
homogenate diluted 3:1 (v:v) with 4x loading buffer (reducing conditions) were used for
WB. Homogenates were loaded into 4-20% mini-protean TGX polyacrylamide precast
protein gels (Biorad Inc., Hercules, CA) and then transferred to nitrocellulose membrane
using TransBlot Turbo Midi-size (Biorad Inc). Membranes were blocked with 2% normal
goat serum (NGS) in 0.1% Tween/TBS (TBS-T) to replicate IHC experimental conditions.
Following overnight exposure with primary antibodies at 1:1000 at 4 °C and washes with
TBS-T, membranes were exposed to secondary antibodies for 1 h. Enhanced
chemiluminescence (Clarity Western ECL Substrate, Biorad Inc.) was used to develop the
membranes after secondary exposure. To verify that the suitability of the primary antibody
for immunofluorescence (IF)-IHC, the antibody must produce a single band or multiple
bands at molecular weight(s) well described for the targeted proteins, with no non-specific
binding detected. Exceptions were made for well-reported post-transcriptional modifications
that are also detected with the antibody.

2.5. Floating IF IHC

After cryoprotection via immersion in 30% sucrose in PBS solutions, perfused brains were
flash-frozen using 2-methylbutane and stored at — 80 °C. A freezing microtome was used to
cut the brains coronally into 50 pm sections. Injury assessment was performed using Nissl
counterstaining and a glial fibrillary acidic protein (GFAP)-derived scoring system, as
described below (Chavez-Valdez et al., 2018). Tissue sections were washed in TBS pH 7.2
for 10 min before antigen retrieval with sodium citrate buffer pH 6.0 for 90 min at 80 °C.
triton X (0.4%) in TBS was used for 15 min to permeabilize the tissue followed by blocking
using 10% NGS in 0.1% Tween/TBS for 1 h at room temperature. Sections were then
exposed to the following primary antibodies: i) chicken anti-parvalbumin (PV, Novus
Biological LLC, Centennial, CO; 1:250), ii) rabbit anti-somatostatin (SST, Genetex Inc.,
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Irvine, CA,; 1:400), iii) rabbit anti-calretinin (CAL, Abcam PLC, Cambridge, MA; 1:250), or
mouse anti-CAL (ProteinTech Inc., Rosemont, IL; 1:250), iv) mouse anti-GABAA al
subunit (StressMarq Inc., Victoria, British Columbia; 1:400), or rabbit anti-GABAp a1
subunit (Thermo Fisher Scientific Inc., Waltham MA,; 1:400), v) mouse anti-GABAg R1
(Abcam PLC; 1:400) and vi) rabbit anti-GABAg R2 (Abcam PLC; 1:400). Primary
antibodies were diluted with 4% NGS in either TBS (GABAp al, GABAg R1, GABAg R2)
or TBS-T (PV, SST, CAL) overnight at 4 °C. After incubation with primary antibodies,
sections were exposed for 2 h in the dark at room temperature in a 4% NGS/TBS-T solution
with species and subtype-specific cross-absorbed secondary antibodies conjugated to either
Alexa Fluor 488, Alexa Fluor 568, or Alexa Fluor 568, emitting green, red, or deep red
fluorescence signal respectively (Thermo Fisher Scientific, Inc). Tissues were also incubated
for 5 min in 4/,6-diamidino-2-phenylindole (DAPI, 1 pg/mL) in TBS after secondary
antibody incubation. Tissues were then washed in TBS, mounted, and dried for 30 min
before being coverslipped with ProLong Glass Antifade Mountant (Molecular Probes, Life
Technologies Corp., Carlsbad, CA).

2.6. Antibodies

All antibodies used in IF-IHC experiments were tested for specificity in western blots as
described above. To ascertain specificity of immunostaining, all experiments were run with
negative controls, which included sections exposed to no primary antibody or to species and
subtype specific immunoglobulin at similar concentrations (ug/ mL) to those use for primary
antibodies. Sections used for negative controls were chosen from brains showing the
strongest immunoreactivity to antibodies deemed to be specific to protein targets. Further, to
ensure specificity of mouse antibodies, blocking step was incorporated after standard 10%
NGS using Goat F(ab) polyclonal secondary antibody to mouse 1gG in excess (Abcam PLC,
1:25) for 90 min. A list of the tested primary antibodies, as well as the species and subtype-
specific immunoglobins used for negative controls, are detailed (Supplemental table 1).

2.7. Histopathologic Injury Scoring

Two different hippocampal scoring systems were used to grade injury by two independent
sets of blinded researchers. The first system used was based on a previously published
grading scale (Sheldon et al., 2004), where hippocampal injury scores ranged from 0 to 9
based on a visual inspection of the Nissl stained, coronally cut, sequential brain slices
(MAM and FJN). This assessment included the Cornu Ammonis (CA) 1, CA3, and dentate
gyrus (DG) subregions of the entire hippocampus. The second hippocampal injury scoring
was based on the inspection of GFAP IHC focused on immunoreactivity, presence of glial
scars, astrocyte body size, abundance, thickness of branching and overlapping of domains
(RCV), previously reported (Chavez-Valdez et al., 2018). This second scoring system was
used to corroborate the results obtained for the visual inspection of Nissl counterstained
slices. Correlation between these two systems in our hands has been previously published
(McNally et al., 2019).

2.8. Semi-quantitative Hippocampal Atrophy Assessment

Several studies link neonatal HI brain injury, hippocampal atrophy (Annink et al., 2019;
Gadian et al., 2000), and neonatal seizures (Boylan et al., 2015; Glass et al., 2014).
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Although, the directionality of these relationships is still debatable, the potential role of
hippocampal atrophy in seizure susceptibility needs to be taken into account. Both scoring
systems described above focus on the assessment of the pyramidal cell (PCL) and the
granular cell (GCL) layers containing cell bodies, but provide little assessment of the
neuropil, which represents the largest portion of hippocampal volume containing axons,
dendrites and glial processes forming the synapses (Mishchenko et al., 2010). Therefore, we
also evaluated injury using a semi-quantitatively assessment of hippocampal atrophy, as we
have previously reported (Goffigan-Holmes et al., 2019). We extrapolated measurements of
right (HI injured) hippocampal volumes and percent of residual hippocampal volume when
compared to the left (contralateral — hypoxia exposed) hippocampal volume. Hippocampal
volumes were calculated using the area (mm?) obtained from 5 sequential 50 um thick,
cresyl violet-stained coronal brain sections positioned 600 pum apart in the anteroposterior
axis of the brain at P18. Total residual volume was extrapolated using the following formula:

Hippocampal volume (mm3) = Zi =1 (n=>5][Si*005] + Zi =1 (n=4)[Gi+Si+1*0.6/2].
where, i = coronal section position in the antero-posterior axis, n = number of sum repeats,
and.

S = hippocampal area in mm? (Fig. 1).

These results closely mirror our previous assessment of hippocampal volumes using T2W
MRI in the same model (Burnsed et al., 2015).

2.9. Quantification of IHC

2.10.

2.11.

Anterior coronal brain sections were used to evaluate the dorsal CA1 and CA3 subfields of
the hippocampus. The boundaries of the dorsal hippocampus with the antero-posterior axis
have been previously defined (Chavez-Valdez et al., 2020). The dorsal CA1 analysis
included the region limited by the subiculum (septally) and the CA2 subfield (temporally).
The dorsal CA3 analysis included the region limited by the CA2 subfield and the polymorph
cell layer of the DG hilus. The analysis was performed primarily in the PCL of the dorsal
CALl and CA3 subfields, except for evaluation of SST IF, which showed the soma of INs
mostly located in the oriens layer (OrL) with extension to the PCL in transit to the
lacunosum-moleculare layer.

Quantification of dorsal area

CALl and CA3 areas were measured using the freehand selection function of ImageJ
software (NIH, Bethesda, MD) and calibrated to mmZ.

Quantification of percent area of IF

Images were taken at 2048 x 2048 pixels, 16 bit depth, and averaged x2, captured using a
20x/0.8 objective and 1.0 zoom to produce uncompressed images of 320 pm?2. The average
of the z-stack images taken at 3 to 4 planes of the section were averaged. Percent area of
immunostaining was determined by calculating the area of IF using the threshold function in
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ImageJ software relative to the total area of the CA1 or CA3 PCL (or PCL/OrL for SST
analysis) within the image.

Quantification of number of PV* and SST* INs

Z-stacks were taken with the same specification described above to produce an
uncompressed image of 320 um? presenting the entire CA1 and CA3 subfields. Following
3D reconstruction, the number of PV* and SST* neurons was calculated relative to the
evaluated area.

Statistics

The aim of the study was not to assess sex differences, but instead to evaluate the response
to therapies by sex. Data failed Shapiro-Wilks analysis of normality, thus non-parametric
Kruskal-Wallis one-way ANOVA was applied stratified by sex, along with Dunn-
Bonferroni’s post-hoc test. Box and whisker plots, where the box is limited by the 25th and
75th percentiles and the solid line represents the median, were used to present the results. In
all cases significance was assigned by p-value <0.05. Non-parametric Spearman Rho
correlations were applied and a best-fit regression line was calculated. IBM SPSS Statistics
24v (IBM Corporation, Armonk, NY) was used to perform all of the analysis.

3. Results

TH attenuates hippocampal atrophy 8 days after HI and correlates with seizure susceptibility
in male mice. Hippocampal volume was 26.4% smaller in NT mice than in sham mice (KW
ANOVA p=0.001; p = 0.001 vs. sham; Fig 1A4). After stratification by sex, hippocampal
volume was 32.5% smaller in NT male mice (KW ANOVA p=0.025; p=0.021 vs. sham)
and 20.4% smaller in NT female mice (KW ANOVA p=0.023; p=0.026 vs. sham, Fig
1A,). Although hippocampal volumes were still smaller in TH-treated mice than shams (-
17.4%, p=0.015; Fig 1A1), when sex-stratified TH did attenuate hippocampal atrophy in
male mice (Fig 1A,). We found no difference in body weight between male and female mice
at P10 or P18 (Mann-Witney Utest). However, NT female mice were ~ 15% smaller than
shams (KW ANOVA p=0.024, p=0.032 vs. sham, data not shown). Thus, to account for
the sexual dimorphism in body weight 8 days after HI injury and the potential effect of
hypoxia exposure in the described right hippocampal atrophy, we also calculated residual
volumes relative to contralateral hippocampus (left). Residual volume was 31.5% smaller in
NT mice than in sham mice (KW ANOVA p<0.001; p < 0.001 NT vs. sham; Fig 1B;).
Stratified by sex, hippocampal residual volumes were 31.1% and 21.3% smaller in NT male
(KW ANOVA p=0.020; p=0.018 vs. sham) and female mice (KW ANOVA p = 0.023; p=
0.028 vs. sham, Fig 1B,), respectively. Similar to right hippocampal atrophy, TH attenuated
the decrease in residual volumes only in male injured mice 8 days after HI.

Because multiple cellular components may account for hippocampal atrophy, we next
evaluated how hippocampal volumes related to histologic injury. The correlation between
hippocampal atrophy and histological scoring of hippocampal injury was not linear (Fig 1A3
and 1B3). Hippocampal volumes or residual volumes became smaller only after the
histological scores were at least 6 out of 9 (inflexion point) 8 days after HI. Representative
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photomicrographs of a sham and a NT treated mouse are shown to illustrate these findings
(Fig. 1C). We have previously reported an inverse correlation between histological scores
and flurothyl seizure susceptibility by 8 days after HI injury in male mice (McNally et al.,
2019). Thus, we assessed if volumetric analysis also related to latency to seizure stages S3
and S5. Both hippocampal volumes and residual volumes correlated directly with latency to
S5 in male mice and these correlations were stronger than reported for histological scores
previously (R? = 0.49, p< 0.001, Fig. 1D and E) (McNally et al., 2019).

The number of PV + INs correlates with flurothyl seizure susceptibility and hippocampal
residual volume in a sex-specific manner. Eight days after neonatal HI, the number of PV
*INs was decreased in the dorsal CA1 PCL by 51% (KW ANOVA p = 0.004; p=0.008 vs.
sham; Fig. 2A) and in CA3 PCL by 37% (KW ANOVA p = 0.02; p = 0.04 vs. sham; Fig.
2B) in male mice. Similarly, PV*INs decreased in CA1 PCL by 71% (p = 0.007 vs. sham;
Fig. 2A) and in CA3 PCL by 45% (p = 0.04 vs. sham; Fig. 2B) in female mice. No change
in the number of PV*INs was documented in M1 motor cortex in mice of either sex (data
not shown). In male mice, TH did not prevent the decline in the number of PV*INs (-36% in
CALl and - 33% in the CA3 vs. sham, Fig. 2A and Fig. 2B), despite the temporary protection
afforded by TH against hippocampal atrophy (Fig 1A, and 1B5). However, in female mice,
TH attenuated the deficit in PV*INs in CA1 and CA3 (Fig. 2A and B), despite the persistent
hippocampal atrophy (Fig 1A, and 2B,). The number of PV*INs showed a stronger
correlation with histological scores of hippocampal injury (Fig 2C; and Fig 2D1) than with
quantification of hippocampal atrophy (Fig 2C, and Fig 2D5) in both CA1 (Fig. 2C) and
CA3 (Fig. 2D). No sex dimorphism was identified in these relationships. In the CA1 PCL,
counts of PV*INs inversely correlated with scores of histological injury of the hippocampus
after neonatal HI, equally in males (R? = 0.46, p < 0.001) and female mice (R? = 0.45, p <
0.001, data not shown). In both sexes, the latency to S3 seizure with flurothyl did not
correlate with the deficit in PV*INs in either CA1 or CA3 (data not shown). However, in
male mice, latency to S5 seizure with flurothyl directly correlated with the number of PV
*INs in the PCL of CA1 (p = 0.006, Fig 2E;) and CA3 (p = 0.008, Fig 2F;). This correlation
was non-linear, suggesting a PV-independent mechanism of compensation, preventing
higher susceptibility to flurothyl-induced seizures until the PV*IN deficit reached an
inflexion point (~50 PV*INs/mm?2 in CA1 and ~ 40 PV*INs/mm? in CA3). In female mice,
latency to S5 seizure with flurothyl did not correlate with PV*IN counts in CA1 (Fig 2E,) or
CA3 (Fig 2F5). Because hippocampal atrophy 8 days after neonatal HI (Fig. 1D and E)
showed a strong correlation with latency to S5, we applied a linear regression model to
determine the interaction of the deficit of PV*INs with hippocampal atrophy in predicting
S5 latency. Only in male mice, did the interaction between PV*INs and hippocampal volume
better predict S5 latency (p = 0.508, p= 0.016) compared to either of them alone.

Preservation of SST* INs in the hippocampus after neonatal HI did not correlate with
flurothyl seizure susceptibility. The soma of SST*INs were primarily identified in the oriens
layer (OrL) with projection towards PCL on their path thru the radiatum layer (RdL) to the
lacunosum moleculare layer (LML) of the CA1 and CA3 subfields (Supplemental Fig. 1).
Because of this distribution, we quantified the number of SST*INs per mm? as well as the
area of SST IR within the combined OrL-PCL region of interest. Unlike the decline in PV
*INs documented 8 days after HI, the number of SST*INs and SST IR were preserved in
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CAL1 (Supplemental Fig. 2A) and CA3 (Supplemental Fig. 2B). This preservation of SST
*INs was seen equally in both sexes (data not shown). In contrast with the correlations with
PV*INs reported above (Fig. 2C and D), the number of SST* INs and percent area of SST
IR within the OrL-PCL in the CA1 (Supplemental Fig. 2C) and CA3 (Supplemental Fig.
2D) did not correlate with the severity of histological injury of the hippocampus. Thus, even
mice demonstrating severe hippocampal injury had preserved SST*INs 8 days after neonatal
HI. Neither the number of SST*INs nor the area of SST IF correlated with seizure latency
(data not shown). Since increased expression of NADPH dehydrogenase and nitric oxide
synthase (NOS) is mechanistically linked to the preservation of SST*INs in neocortex,
striatum, and caudate-putamen after neonatal HI in rodents (Beal et al., 1989; Ferrante et al.,
1985; Ferriero et al., 1988), we explored if nNOS was increased in SST*INs of the
hippocampus after neonatal HI. While hippocampal PV* or SST*INs of uninjured mice did
not co-express NNOS (Supplemental Fig 2E1), some SST*INs became nNOS™* 8 days after
HI (Supplemental Fig 2E,).

Few CAL* INs were seen in the OrL-PCL layers of the CAL. Unlike PV* and SST™ INs,
few CAL* somas were identified within the OrL-PCL of the CA1 (Supplemental Fig. 3) and
none were detected in the CA3 (data not shown). Similarly, the distribution and density of
CAL™ perisomatic synaptic boutons (Supplemental Fig 3A, and 3Az), and the co-
localization with the GABAergic presynaptic marker GAD65/67 (Supplemental Fig 3Ag and
3Ag), within the CA1 PCL were minimal compared to PV. Neonatal HI appears to change
the morphology of CAL*INs, which become attritional (Supplemental Fig. 3B). Because the
impact neonatal HI in those few CAL*INs within the CA1 PCL was deemed to be negligible
within the region of interest, we did not pursue further quantification or morphological
analysis of CAL*INs in these experiments. Of note, CAL IR was intense in other regions of
the dorsal hippocampus, such as the LML and afferent bundles within the RdL of CA3 in
proximity to CA2 from the DG (Supplemental Fig 3A3 and 3B3, arrow).

Decreased GABARR in the hippocampus after neonatal HI did not explain flurothyl seizure
susceptibility. GABAg R1 subunit (GABAgR1) IF within the PCL was decreased by 41% in
CAl (KW ANOVA p=0.016; p=0.024 vs. sham; Fig 3A1) and 26.3% in CA3 (KW
ANOVA p=0.011; p=0.019 vs. sham; Fig 3By). Although both males and females showed
the same changes, male mice had a greater variability in the GABAgR1 deficit 8 days after
HI, and thus only GABAgRL1 deficits in female mice reached significance in CA1 (KW
ANOVA p=0.04; p=10.03 vs. sham) and CA3 (KW ANOVA p = 0.04; p = 0.02 vs. sham;
data not shown). GABAg R2 subunit (GABARR2) also decreased by 57% (KW ANOVA p=
0.004; p=0.006 vs. sham, Fig 3C4) and 40% (KW ANOVA p=0.014; p = 0.016 vs. sham,
Fig 3Dy) in CAl and CA3 of NT mice, respectively. No sex dimorphism was observed in the
expression of GABAgR2 (data not shown). TH did not attenuate either GABAgR1 or R2
deficits 8 days after neonatal HI. The inhibitory effect of the GABAgR depends on its
localization to pre- vs. post-synaptic membranes of INs and PCs. To address this question,
we evaluated the relationship between GABAgR subunit levels and IN counts. GABAgR1
and R2 areas of IF correlated only weakly with PV*INs counts in CA1 (Fig 3A; and Fig
3C,) and CA3 (Fig 3B, and Fig 3D,), thus, loss of PV* inhibitory synapses may only
partially explain GABAgR decrease. Detailed histopathological evaluation showed that both
GABAgR1 and GABAERR2 were localized marginalized to the membrane of neurons in the
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PCL of CA1 (Fig. 3E) and CA3 (Fig. 3F) and their expression was decreased 8 days after
HI. However, a small number of cells within the PCL expressed GABAgRL in a cytosolic
distribution (Fig 3E3 and 3F3, insets a). GABAgR?2 did not produce this pattern of IF (Fig
3E, and 3F,). Cells expressing GABAgR1 on the surface occasionally also expressed PV,
but not CAL or SST. In sham mice, PV*INs expressed GABAgR1 and R2 on the membrane
(Fig 3E3 and 3Fj3, insets b). Neither GABAgR1 nor R2 areas of IF correlated with
hippocampal atrophy, even following sex stratification (data not shown). Although
histological scores of hippocampal injury inversely correlated with GABAgR1 and R2 areas
of IF in CA1 (Fig 3G and 3H4) and CA3 (Fig 3G, and 3H,), these correlations were
modest, more so for GABAgR1. Lastly, neither GABAg R1 nor GABAg R2 correlated with
latency to S3 of S5 in males or female mice (data not shown).

Increased GABAAR a1 subunit IF in CA1 after HI modifies the relationship of PV*INs to
flurothyl seizure susceptibility. We subsequently investigated changes in the GABAA
receptor (GABAAR), flurothyl’s target. Since PV and SST expressing INs are among the
most abundant sources of al subunit-containing GABAaRS,(Gao et al., 1995; Gao and
Fritschy, 1994) we specifically focused our experiments on the a1 subunit. GABAAR al
subunit (GABAARa) increased by 75% in CAL of NT-treated HI injured mice (KW
ANOVA p=0.012; p=0.009 vs. sham; Fig 4A3 and 4B;). The increase in GABAaRal 8d
after HI was similar in both sexes (data not shown). TH attenuated the increase in
GABAARal subunit in CA1 by 65% in male mice (KW ANOVA p=0.005; p=0.03 NT vs.
TH; Fig 4B1), while the attenuation was minimal in female mice (data not shown).
GABARa levels correlated inversely with the number of PV*INs (R2 = 0.29, p< 0.001,
Fig 4B,). Large increases in GABAaRal IF on the order of 3 to 4-fold were observed in
some HI-injured mice as shown in Fig 4Ca. A non-linear correlation between hippocampal
injury and GABAsRa1 IF was documented in males (R? = 0.58, p < 0.001) and females (R?
=0.29, p = 0.03; Fig. 4D). Stratification by sex suggested that GABAaRal increase in HI-
injured female mice is evident with less severe injury than in male mice. Female mice
reached peak GABAaRa 1 IF with hippocampal injury scores of 3 to 4, whereas male mice
did not reach the same level of expression until injury scores exceeded 6 (Fig. 4D).
Hippocampal atrophy assessed by right hippocampal volume or residual volume correlated
inversely with GABApRal IF in male, but not in female mice (Fig. 4E). Although this sex
dimorphism mimics that seen between flurothyl seizure latencies and hippocampal atrophy
(Fig. 1D and E) and PV7IN deficits (Fig. 2E and F), neither latency to S3 nor S5 seizures
correlated with CA1 GABApRal IF in males (Fig. 4F). Increased expression of post-
synaptic GABAARs on preserved PV* GABAergic synapses after HI injury may strengthen
the inhibitory effect of GABA on the residual PCs. To determine whether this is the case
counts of PV*INs were adjusted to the GABAaRa1 expression and the association with
seizure susceptibility compared to that achieved by PV*IN counts alone. This adjustment
simplified the relationship of PV*INs with latency to S5 seizure from cubic (Fig 1E;) to
linear in male mice (R? = 0.28; p= 0.018; Fig. 4G). Adjustment had no effect on the non-
significant correlations with latency to S3 seizures (data not shown). These findings were
only significant in CA1, and not in CA3 (data not shown).
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4. Discussion

We report in the hippocampus a novel sex-specific GABA-mediated mechanism of
compensation after HI that correlates with flurothyl seizure susceptibility. There is a
correlation between flurothyl seizure susceptibility and histological hippocampal injury after
neonatal HI that is specific to male mice (McNally et al., 2019). In the same model, we show
that flurothyl seizure susceptibility correlates with hippocampal atrophy after neonatal HI in
male mice, but similar to histological scoring, it does not fully explain the variability of
responses to fluorothyl. The proposed GABA-specific changes after HI include a loss of PV
*INs with a concurrent increase in GABARa expression. This likely potentiates the
inhibitory effect of GABA on PCs, thus decreasing flurothyl seizure susceptibility after HI
injury in male mice. These same changes in females are unrelated to flurothyl seizure
susceptibility. The presence of this relationship in male mice suggests sexually distinct
resilience and response to HI injury in the developing hippocampus. Although the decreased
GABAGRR subunit expression and the patterns of GABAgR subunit staining in PV*INs may
suggest a role for these receptors in the compensatory mechanism by potentiating inhibitory
input, these changes did not correlate with fluorothyl seizure susceptibility. Lastly,
hippocampal SST*INs appeared to be resistant to neonatal HI in agreement with previously
published work (Beal et al., 1989; Ferrante et al., 1985; Ferriero et al., 1988) and were
unrelated to later protection from flurothyl seizures in either sex.

These findings are consistent with past work in both rodents and humans showing that
neonatal HI gives rise to an inhibitory dysmaturation phenotype due to disruptions in
inhibitory system development (Chavez-Valdez et al., 2018; Robinson et al., 2006) and that
inhibitory dysmaturation increases susceptibility to seizures later in life (Failor et al., 2010;
Le Magueresse and Monyer, 2013; Schwaller et al., 2004). Sex-specific influences on this
inhibitory dysmaturation and subsequent seizure susceptibility are not clear, however,
previous results show a sexually distinct correlation between hippocampal injury and
flurothyl seizure susceptibility after HI (McNally et al., 2019). This and the findings in the
current study support the existence of sex-specific differences in pathophysiological
mechanisms after neonatal HI that may be explained by sex-specific differences in baseline
development of inhibitory systems. There is growing evidence of sex-specific differences in
the functional maturation of GABAergic interneurons and receptors and response to injury.
In vitro and in vivo evidence shows that females have an earlier maturation of GABAAR
inhibitory signaling than males (Akman et al., 2014; Chavez-Valdez et al., 2018;
Galanopoulou, 2008; Giorgi et al., 2014; Nufiez and McCarthy, 2009). There are also sex
differences in the GABAgR signaling during brain development. Its activity pre- and post-
synaptically in multiple cortical and subcortical brain regions varies by sex in healthy
neonatal rodents (Liu and Herbison, 2011; Marron Fernandez de Valasco et al., 2015).
Female mouse pups display more advanced expression of inhibitory PV*INs compared to
male pups (Chavez-Valdez et al., 2018). Such findings support the existence of distinct
baseline sex-differences in the maturation of inhibitory systems in neonatal rodents.

GABAgRs are G-protein coupled receptors that mediate slow inhibitory responses.
Although GABAgR1 and R2 IF decreased in both sexes in CA1 and CA3 after HI, these
decreases correlated only weakly with PV*INs counts. Decreased GABAgR1 and R2
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correlated with greater hippocampal injury, but by itself these changes did not explain
changes in flurothyl seizure susceptibility. Notably, GABAgR1 IF revealed two predominant
patterns, perikaryal-cytoplasmic and marginalized to the membrane. What these distinct
histological patterns reveal about GABAg internalization needs further study. Although
these patterns occur in both the sham and HI CA1 and CAS3, it is possible these patterns
suggest compensatory mechanisms to preserve inhibitory output. It is possible that i) PV
*INs have decreased GABARR1 and R2 after HI in NT mice or ii) PV*INs have preserved
GABAgR2, but increased cytoplasmic GABABgR1 in TH-treated mice. Either of these
events could result in decreased inhibition of release of GABA by PV*INs, thus preserving
inhibitory output onto PCs and modulating seizure susceptibility. Cytoplasmic localization
of the GABAgR1 may indicate that those INs are better positioned to dynamically mobilize
the subunit to the membrane via preserved protein trafficking systems (Doly et al., 2016).
Further in depth evaluations of GABAgR expression, localization, and physiological
function are needed to understand its role in seizure susceptibility.

GABAARRs are heterogenous pentamers composed of varying combinations of 16 subunits
with cellular and regional specificity in the brain. Notably, GABAARS containing the a1
subunit are the most abundantly expressed in the brain (Olsen and Sieghart, 2009). In the
hippocampus, a1 subunit containing GABAARS cluster on the post-synaptic membrane of
GABAergic synapses targeting the soma and dendrites of PCs, where they exert fast
inhibition (Gao and Fritschy, 1994; Olsen and Sieghart, 2009). Increase in CAl
GABAaRal occurs after juvenile stress (Ardi et al., 2019); however changes linked to
neonatal HI were unknown. In the present study, we found that GABAaRal IF increased
after HI in both sexes. It is possible that this increase may be a reaction to the deficits in PV
*INs (Chavez-Valdez et al., 2018). However, sexually distinct patterns of response were
observed in our model. Injured females showed an increase in GABAaRal in CAl at lower
hippocampal injury scores than injured males, but that increase did not correlate with
hippocampal atrophy or latency to S3 or S5 seizures with flurothyl exposure. In contrast to
males, females do not appear to be equally protected by TH after HI injury with respect to
hippocampal atrophy. However, TH does provide partial protection against PV*IN deficits in
females with simultaneous preservation of the compensatory GABAaRal increase after
injury. In females, the increase in GABAxRal may adequately compensate for the
remaining PV*IN deficits and, thus, prevent significant changes in flurothyl seizure
susceptibility. In contrast, injured males required greater severity of hippocampal injury to
reach the same levels of GABARa 1 upregulation as females. Unlike females, the greater
injury in males correlated inversely with hippocampal volumes. While no direct correlation
between GABAaRa levels and flurothyl seizure latencies were seen in males, adjusting PV
*IN counts for levels of GABApRal in the CAL improved the correlation with flurothyl
seizure susceptibility. It is possible that increased expression of post-synaptic GABAARS on
preserved PV*IN GABAergic synapses after HI injury may strengthen the inhibitory effect
of GABA on the residual PCs. As a consequence, these changes may modulate susceptibility
to flurothyl-induced seizures. Notably, the increased GABAaRa 1l concentrations remain
insufficient to compensate for the PV*IN deficit to protect against flurothyl seizures with
more significant HC injury.
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The findings of hippocampal atrophy in the current study are consistent with our previously
published results (Burnsed et al., 2015). Interestingly, we show that histology scores
correlate better with PV*IN deficits than with hippocampal volumes, and this may explain
why other methods of injury assessment such as changes in area did not correlate with PV +
INs deficits in our past work (Chavez-Valdez et al., 2018). The methodology in the current
study does present limitations that we have taken into consideration while interpreting our
results. Immunohistochemistry permits only indirect measurements of correlation without
definitive localization of proteins and does not allow determination of causation. We did not
directly measure the inhibitory output capacity of our system. Additionally, assessing seizure
susceptibility to a chemo-convulsant has limits in terms of clinical translatability and
additional methods of seizure induction are necessary to validate our findings. However, our
results do demonstrate important relationships between hippocampal injury, GABAergic
systems, and seizure susceptibility that may have important clinical ramifications.

We conclude that changes in the hippocampal GABAergic circuit may provide seizure
susceptibility compensation after HI injury. This may allow male mice to retain flurothyl
seizure protection after HI, but only up to a certain threshold after which the injury is too
great to allow such a compensation. Future work should aim to measure direct function of
this compensatory mechanism in addition to testing whether this injury threshold in male
mice is fixed or variable. Finally, translational research into treatments for seizures after
neonatal HI that utilize drugs that target components of this compensatory mechanism could
prove fruitful and studies need to be powered to detect sex differences in response to
treatment.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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GABApRal GABA receptor a1 subunit
GABAgR GABAg receptor

GCL granular cell layer

GFAP glial fibrillary acidic protein
HI hypoxic-ischemic brain injury
IF immunofluorescence

IHC immunohistochemistry

IN interneuron

LML lacunosum moleculare layer
NGS normal goat serum

NOS nitric oxide synthase

NT normothermia

OrL oriens layer

P postnatal day

PCL pyramidal cell layer

PV parvalbumin

RdL radiatum layer

S3 stage 3 seizure

S5 stage 5 seizure

SST somatostatin

TBST 0.1% Tween/TBS

TH therapeutic hypothermia
WB western blot
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Fig. 1.

Correlation between hippocampal atrophy after neonatal hypoxia-ischemia (HI) and seizure
susceptibility. Hippocampal volume (A) and residual volume (B) are decreased in mice
exposed to HI and normothermia (NT) and this decrease is attenuated by TH (A4, B1), which
is sexually dimorphic (A, B»). Results are shown as box and whisker plots, where the box is
limited by the 25th and 75th percentiles (interquartile range, IQR) and the solid line
represents the median. The whiskers are limited by the last data point within 1.5 times the
IQR from the median, with outliers included. Kruskal-Wallis ANOVA with Dunn-Bonferoni
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post-hoc testing for pair analysis was applied. *, p < 0.05. The relationship between
hippocampal volumes and histological injury scores is not linear (A3, B3). Representative
photomicrographs are shown demonstrating hippocampal volume measurements (C).
Hippocampal volumes and residual volumes correlated directly with latency to S5 in male
mice (D, E). The continuous lines represent the fitted line derived from a non-linear
regression and the discontinuous lines represent the 95% confidence boundaries.

Neurobiol Dis. Author manuscript; available in PMC 2021 February 05.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Lechner et al. Page 20

A 120 B 60- * *
*
NE 100+ * NE 50+
E * E ’
w 20 * n 40
= =
L 607 ° 30
g 60 <
o o
407 © 20
S o 3 g
SHAM SHAM
© ENT 107 @nT )
CITH OTH
0 6 12 12 6 7 6 0 6 12 10 6 8 7
MALES FEMALES MALES FEMALES

C1 C2 D1 D2
o~ 1201 y=T77.78 - 7.23*x 1201 y = 9.92 + 0.56"x N_60{ O y=44.7 -317*x| 60{ y=10.04 - 0.31*x & 2 [
S g R?0.56 R?0.28 . £ o B R?0.43 R?0.35 N
£ 100] p<0.001 |100] p<0.001 - » £500 .0 o p< 0.001| 501 p< 0.001
— Qoo o s a - e O
n N 40| &
=z Z 30
i +
>
z 22
™10
-
< g ‘
) I B B O o o~ |
0 2 4 6 8 10 0 20 40 Gb 80 100 120 0 2 4 6 8 10 0 20 40 60 80 100 120
: 3 .
Hp Injury score Hp volume (mm®) Hp Injury score Hp volume (mm?®)
E1 E2 I:1 F2
O ‘%1 MALES g 4501 FEMALES ' —G‘W MALES 4507 FEMALES
3 g o
~— 350 L5 400
1 — 7o)
(/2] . (/2]
> 300 2~ 350
1) ' oy
; 1)
c c
Q@ 250 300-{
- ‘e 2 L 2
© R?0.47 - © R?*0.35
= o] p=0.006 | 54, NS | = 200 p=0.008 | 55, | NS
| T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 10 20 30 40 50 60
2
CA1 PV' INs / mm? CA3 PV’ INs / mm

Fig. 2.

Se%(—specific correlation between number of PV*INs, hippocampal injury, and flurothyl
seizure susceptibility. Box and whisker plots represent the number of PV*INs per mm? in
male and female mice sham vs. HI injured treated with normothermia (NT) or therapeutic
hypothermia (TH) within the CA1 (A) and CA3 (B) pyramidal cell layers (PCLs). Boxes are
limited by the 25th and 75th percentiles (interquartile range, IQR) and whiskers are limited
by the last data point within 1.5 times the IQR from the median (continuous line inside the
box), with outliers included. Kruskal-Wallis ANOVA with Dunn-Bonferoni post-hoc testing
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for pair analysis was applied. *, p < 0.05. Representative transparent rendering obtained
from z-stack captured at 20x/0.8 objective are shown for CA1 (A;_3) and CA3 (B1-3)
hippocampal subfield. Pyramidal (Py), oriens (Or), and radiatum (Rd) layers are labeled.
The number of PV*INs showed a stronger correlation with histological scores of
hippocampal injury (C4, D7) than with quantification of hippocampal atrophy (Cs, D5) in
both CAL (C) and CA3 (D). The correlations between the number of PV*INs in
hippocampal CA1 (E) and CA3 (F) with latency to S5 seizures are shown for male (E1, F1)
and female (Eo, F») mice. The continuous lines represent the fitted line derived from
regression modeling and the discontinuous lines represent the 95% confidence intervals.
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Fig. 3.

Dgcreased GABAg receptor subunits in the hippocampus after neonatal HI. HI decreases
GABAg R1 subunit (GABARRL; A, B) and GABAg R2 subunit (GABAgR2; C, D) percent
area of expression within the PCL of the CA1 (A4, Cq1) and CA3 (B4, Dq). No sexual
dimorphism was identified (data not shown). Boxes are limited by the 25th and 75th
percentiles (interquartile range, IQR) and whiskers are limited by the last data point within
1.5 times the IQR from the median (continuous line inside the box), with outliers included.
Kruskal-Wallis ANOVA with Dunn-Bonferoni post-hoc testing for pair analysis was
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applied. *, p < 0.05. The correlations between the number of PV*INs in hippocampal CA1
(Az, Cz) and CA3 (Bz, D2) with GABAgR1 (Az, Bz) and GABAgR2 (Cz, Dz) are shown.
Representative images from GABAgR1 (Alexa 647, magenta) and GABAgR?2 (Alexa 568,
red) combined with PV (Alexa 488, green) and nuclear stain with DAPI (blue) in merged
image, were captured at 20x/0.8 objective to show the CA1 (E) and CA3 (F) hippocampal
pyramidal (Py), oriens (Or), and radiatum (Rd) layers. GABAgR1 and GABARR? levels
correlate with hippocampal injury scores in CAl (G1 2) and CA3 (Hj 2). The continuous
lines represent the fitted line derived from a linear regression and the discontinuous lines
represent the 95% confidence intervals. Sex-stratified and non-stratified correlations with
fluorothyl susceptibility were non-significant (data not shown).
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Increased hippocampal levels of GABA, receptor a.l subunit correlate with flurothyl
seizure susceptibility. Shown are representative confocal images (20%/0.8 objective) of
hippocampal pyramidal (Py) and oriens (Or) layers for PV (Alexa 488, green; A1),
somatostatin (SST, Alexa 568, red; Ay), GABAA receptor al subunit (GABAaRal, Alexa
647, magenta; Ag), and merged (A4) with nuclear DAPI (blue) in sham, normothermia (NT),
and therapeutic hypothermia (TH) mice. Box and whisker plots demonstrate the percent
expression of GABAaRa1 in each group (B1) and the correlations with the number of PV*
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interneurons (INs) in the CA1 region (By). In some instances, GABAaRal
immunoreactivity was extreme despite blocking methods (C,) and absent of non-specific
staining in negative controls (Cy). Correlations between GABAaRa 1 and hippocampal (Hp)
injury scores (D), Hp volume measurements (E), and latency to stage 5 (S5) seizures with
flurothyl (F) are shown. Adjustment of the number of PV*INs by their relative expression of
GABAaRal affects the correlation with latency to S5 seizures with flurothyl (G), now
becoming linear. Boxes are limited by the 25th and 75th percentiles (interquartile range,
IQR) and whiskers are limited by the last data point within 1.5 times the IQR from the
median (continuous line inside the box), with outliers included. Kruskal-Wallis ANOVA
with Dunn-Bonferoni post-hoc testing for pair analysis was applied. *, p < 0.05. In
correlation charts, the continuous lines represent the fitted line derived from regression
modeling and the discontinuous lines represent the 95% confidence boundries.
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