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Recent studies suggest that mild hypoxia-induced neonataeizures can trigger an acute
neuroin ammatory response leading to long-lasting changs in brain excitability along
with associated cognitive and behavioral de cits. The celllar elements and signaling
pathways underlying neuroin ammation in this setting remia incompletely understood
but could yield novel therapeutic targets. Here we show thabrief global hypoxia-induced
neonatal seizures in mice result in transient cytokine pragttion, a selective expansion
of microglia and long-lasting changes to the neuronal struare of pyramidal neurons
in the hippocampus. Treatment of neonatal mice after hypoatseizures with the novel
anti-in ammatory compound candesartan cilexetil suppresed acute seizure-damage
and mitigated later-life aggravated seizure responses andhippocampus-dependent
learning de cits. Together, these ndings improve our undestanding of the effects
of neonatal seizures and identify potentially novel treatemts to protect against short
and long-lasting harmful effects.

Keywords: neonatal encephalopathy, in ammation, microglia, seizures, hypoxia

INTRODUCTION

Hypoxic-ischemic encephalopathy (HIE) is the lead precipitafaneonatal seizures and a leading

cause of long-term disabilities in infant$)( Survivors are at an increased risk of autism, epilepsy,

cognitive and learning di culties and psychiatric conditis (1, 2). Common clinical practice
is to suppress neonatal seizures by using pharmacotherapied®dbat inhibitory drive; such
as phenobarbital. Response rates to phenobarbital are poor leoweawd treatment does not
attenuate long-term neurological comorbidities-8). There are also concerns that phenobarbital
and other anti-seizure medications may be neurotoxic as e 4). The long-term bene ts of
non-pharmacological treatment such as therapeutic hypotli@rane not yet established, (5).
Therefore, there is an urgent need to identify novel mecbiasi and treatments for neonatal brain
damage, seizures and its long-term neurological outcomes.
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In ammation is increasingly implicated as a pathomechanismMATERIALS AND METHODS
underlying neonatal brain damage following HIE-Q). Earl
in ammation in the developing brain has been implicateé/ in Mouse_ Model of Neo_natal
neurological disorders, including schizophrenia-like aelor HypOXia-Induced Seizures
and memory and attention disorders in experimental modeldAll animal procedures were performed in accordance with
(9-14). A hallmark of neuroin ammation is the induction and the principles of European Communities Council Directive
activation of glial cells; microglia and astrocytes, whpcbduce  (86/609/EEC, 2010/63/EU), under license (REC#1203b) from the
soluble in ammatory cytokines such as interleukin IL1b) and ~ Department of Health and Health Products Regulatory Authprit
tumor necrosis factor alpha (TN# (8). The hippocampus, key (Ireland) and procedures were approved by the Research Ethics
structure in memory and cognition brain function, is partiemly ~ Committee of the Royal College of Surgeons in Ireland. Neainat
enriched in cytokine receptors and primed to respond tolitters of C57BL/6J mice [weight, 4-6 g; age, postnatal day 6.5
in ammatory signaling (L5, 16). Pre-clinical animal models of 7.5 (P7)], were obtained from the Biomedical Research Bacili
neonatal seizures have recently extended these insigloisjregy RCSI. Pups were kept with their dams in a barrier-controlled
pharmacologic inhibition of ILb production reduces neonatal facility on a 12h light-dark (7a.m.7 p.m.) standard cycle
seizures {7). Exposure of the neonatal brain to infection is alsowith access to food and wated libitum. All experiments were
associated with lasting changes to the morphology of neurorRgerformed during the light cycle.
within vulnerable brain structures.@), such as the hippocampus. ~ Hypoxia in mouse pups was carried out as previously
Together, these ndings suggest that early-life insultsnpote described §3). Male and female pups from the same litter were

neuroin ammation that contributes to detrimental short-nd  randomly placed in a clear hypoxic chamber and exposed to a
long-term neurologic outcomes. premixed gas containing 5%95% N for 15 min at 34C and

Microglia, which make up 6% of cells in the human brain80% humidity. Under these conditions, 97% of the pups develop
(8) are dynamic cells that are critical for initiating and régng ~ Seizures during and after hypoxia. Normoxic control pups were
in ammation in the brain (19-22). Along with their functions as  placed in the chamber at 21% oxygen (room-air) for the same
an immune cells in the brain, microglia also perform neuronalperiod of time. All animals were observed during the 15min
pruning during a critical stage of brain developme#t 23-27).  of hypoxia.

Accordingly, disruption of the CR3/C3 (complement receptor Forelectrographic recording, mice were placed in a steréotax
3/complement derived activation fragment 3 pathway) speci drame and anesthetized with isofurane/oxygen (5% for irticu;

microglia activation pathway during the postnatal period desu 2-3% maintenance). Temperature was maintained with a
in long-term de cits in synaptic connectivityZ9). heat-pad (Harvard Apparatus Ltd., U.K.). Isofurane exposure

Sartans are a family of small molecules that have recentWas limited to 8-10min (2min induction and maximum of
emerged as novel anti-inammatory drugs; this includes8min during surgery), where three partial craniectomies aver
Candesartan cilexetil (CND). Anti-in ammatory e ects of N performed and tethered electrodes (stainless steel scottesed
were originally attributed to blockade of the Angiotensih | t0 @ Te on-insulated stainless steel wire; E/363/20, Rilahtd.,
receptor type 1 (AT1 receptor), but CND has also been showk.K. Diameter: 0.56 mm) were xed to approximately 1 mm
to activate the anti-in ammatory nuclear receptor Peroxise depth while carefully avoiding the underlying brain surfacela
proliferator-activated receptor gamma (PPgRand, more secured into the skull with dental cement. One electrode was
recently, inhibit the microglia receptor Toll-like receptor 2 placed in each temporal cortex bmm AP and 2.5mm ML
(TLR2) (29. CND recently entered clinical trials for the from Bregma)and one reference in the cerebellum.
treatment of Parkinson's disease indicating potential useaa ~ For analysis of EEG data, EEG was recorded using a
treatment for neuroin ammatory conditions30-32). Xltek digital EEG-ampli er and digitalized with Twin softwar

Here, we hypothesize that hypoxic-seizures in the neonat&sing Notch lter (1Hz high-pass and 60 Hz low-pass) (Grass
period activate inammation and microglia, leading to Technologies Ltd., Warwick, RI). Then, ltered les were
pathological structural changes in the brain. Consequentlyiploaded to LabChart Pro (V7, ADInstruments Ltd.). Seizures
targeting in ammation may improve long term neurological Were de ned as electrographic polyspike dischargésHz,
outcomes after hypoxia-seizures. Here we extended previod¥ baseline EEG amplitude and lastings. EEG total power
insights into the pathophysiologic consequences of hypoxid{mV2) is a function of EEG amplitude over time] was analyzed
induced seizures in mice by assessing populations of gligintee t by integrating frequency bands from 0 to 60Hz. For these
course of the in ammatory response and attendant structurahnalyses, hypoxia ictal and inter-ictal traces were selested
changes of neuronal architecture in hippocampal neurons. Wthe values were normalized to the baseline of each animal (pre-
then show CND reduces seizure burden in a model of hypoxiahypoxia). The number and duration of seizures (measured as
seizures when given as a pre-treatment, while post-treatmetite time from rst spike to last spike) were calculated per
with CND reduces neuronal damage, normalized anxiety-likdypoxic episode of EEG recording. Total seizure burden was
behavior and susceptibility to a second pro-convulsive agrent calculated as the accumulative time that pups or mice weregavi
later life. Together, these results extend evidence thahaial electrographic polyspikes discharges. Power spectral dersity h
seizures cause lasting structural changes to the developinpps were generated within LabChart (spectral view), with the
brain and support anti-in ammatory drugs as novel therapeuticfrequency domain lItered from 0 to 80Hz and the amplitude
strategies to attenuate the consequences of neonatalibjaiy. ~ domain Itered from O to 40mV.
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Behavioral/clinical seizures were scored using a modi edemperature overnight, protein standard curve and 30#%50of
5 points Morrison's scale for scoring hypoxia/ischemia-protein samples were added in triplicate and incubated for 3 h
induced seizures in neonatal mice: 0: Normal behavior; lat room temperature. Next, the detection antibody was added
Immobility/motionless; 1b: Immobility and myoclonic jesk to each well and incubated at room temperature for 2h. For
(spasms/shiver); 2: Rigid/ loss of posture; 3: Circling, swimgn visualization of the signal, a solution of streptavidin-HRRsv
peddling, tail extension; 4: Spasms, forelimb tonic-clonicadded at a 1:40 dilution per well and a mix containing equal

5: Score 4 repeatedly. volumes of Color Reagents A and B. Finally, the enzymatic
reaction was stopped and the plate was read immediately at 570

In vivo Administration of Pro- and and 450 nm.

Anti-in ammatory Drugs The cytokine concentration was calculated following

To assess modulation of in ammation, P7 pups received afanufacturer recommendation. Briey, the 570 nm valuesaver
injection of vehicle or drug intraperitoneal [i.p., Candegar ~ Subtracted from the 450 nm values, standard curve valuee wer
Cilexetil (CND, Sigma): 1 mg.kd, vehicle: 1% DMSO in PBS Plotted in GraphPad (Prism v7) and a line of best t (second
(29, 34); Pam3CSK4 (Invivogen): 8éng.kg !, vehicle: PBS order polynomial) was generated. The amount of protein was
(35, 36)]. For the measurement of EEG and in ammatory €xtrapolated and the average of the triplicate was taken. The
markers experimentsF{gures 1A) drugs were injected 15 min conc_entration was then normalized per mg of total protein in
pre-hypoxia. For silver-staining and long-term studies, CND  the tissue.
vehicle was injected upon hypoxia cessatibig(res 1B) Pups
prepared for EEG recordings were sacri ced immediately uporfQuantitative Real Time PCR
cessation of EEG. For long-term studies, pups were subjected iippocampi were isolated and total RNA was extracted
hypoxia without EEG electrodes and returned to the home cageusing Trizol method as described previousl37; RNA
concentration was determined using NanoDrop 2000, and RNA
Cytokine Detection by Enzyme Linked purity was measured by establishing the ratio of absorbance
Immunosorbant Assay (ELISA) between 260 and 280nm (260/280 ratio). One microgram
Hippocampi were extracted on ice and homogenized in lysi€f total RNA was retro-transcribed using SuperScript Il
bu er (20 mM Tris HCI (pH: 7.2), 150 mM NaCl and 1% Triton Reverse Transcriptase.
and protease and phosphatase inhibitors fifml Aprotinin Quantitative real-time PCR was performed using a
(Sigma), 10ng/ml Leupeptin (Sigma), 1 mM Vanadate (Sigma)LightCycler 1.5 (Roche Diagnostics) in combination with
and 1 mM PMSF (Sigma)], by dounce homogenizers. Cells debffguantiTect SYBR Green PCR kit (Qiagen) as per manufacturer's
and membranes were discarded by centrifugation at 10,000 rpRfotocol. Speci ¢ primers were purchased from Sigrab (F:
for 10 min and protein levels were quanti ed using Pierce BCAS tgaagttgacggaccccada B: B agcttctccacagecacad); 3rnfa
assay kit following manufacturer's instructions (Thernigifer).  (F: PctcttcaagggacaaggceyR: Hcggactccgcaaagtctadyy bal
ELISA was performed as per manufacturers instructiondF: PtggaggggatcaacaagcddB Haccecaagtttctccagea);Zfap
(RND Systems). Brie y, capture antibody was incubated at roonfF: 5 agaaaaccgcatcaccatt &: % tcacatcaccacgtccttgt)3
and -Actin (F Sggttggccttagggttcagd 3R S gggtgtgatggtgg
gaatgg-9.

A Figure 4, Supp Figure 2

e — Flow Cytometry-FACS

J Prefrontal and temporal cortex and whole hippocampi were
P7 Wl Hypoxia/EEG recordingl- dissected from mice and processed for ow cytometry. Upon
being removed from the skull the brain was stored in
MACS tissue solution (Miltyeni). Tissue was dissociated using
MACS Miltyeni Neural Dissociation kit (Papain) as per the
manufacturer's instructions. Tissue was dissociated dteted
CND through 70mm mesh lters (MACS). This cell mixture was
y ss Eeh KA then centrifuged at 1,200 rpm for 5min and the cell pellet

P7 ——| Hypoxia W';/ /leﬁ was suspended with FACS buer (0.5M EDTA, 1% FBS in

SHESKS PBS). 2.5 1 cells were blocked with FcR Block solution

B Figure 5-7, Supp Figure 3, Supp Tables 1-2

FIGURE 1 | Experimental paradigm of drug administration(A) Experimental (1 mL every 16 Ce”S) for 15min on ice and then stained

paradigm for injection of CND or Pam3CSK4 pre-hypoxia indued seizures. with anti-CD45-PE (1:100. eBiosciences. Thermo Fished an
Pups received a single dose of CND and Pam3CSK4 15 min beforeyipoxia. anti-CD11b-FITC (1:100. BioLegend) or appropriate control-
Electroencephalogram (EEG) was recorded during the 15 minf diypoxia. (B) IgG antibodies for 30 min on ice. Cells were then washed in

Experimental paradigm for injection of CND post-hypoxia tuced seizures.
Pups were placed on the hypoxia chamber, and received a singldose of CND FACS bu er and analyzed on FACS (BD FACSCANIPAO”).

after hypoxia. Pups returngd to the damn and analyzed for neonal damage The data were analyzed with BD FACSDIWAsoftware. The
(r2h po_it_'lhypox'a)’ Eehav'or:a' tasks (4 weeks post hypoxjaor KA microglia subpopulation was de ned as percentage of cells in the
susceptibiity (5 weeks postypoxia). CD118°/CD4gow gate Supplementary Figure L

Frontiers in Immunology | www.frontiersin.org 3 July 2019 | Volume 10 | Article 1752


https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles

Quinlan et al. CND Improves Hypoxia-Seizures in Neonates

Histopathology and Immuno uorescence CAl subeld (medial hippocampus) of 1%m vibratome-
Bromo-Deoxy-Uridine (BrdU) Detection prepared sections were individually injected with Lucifelle
BrdU was used to label dividing cells in the brain. Pups resmbay by continuous current, lling individual dendrites until e
single injection of 50 mg.kg" of BrdU intraperitoneal 6 h pre- distal tips of each cell uoresced brightly, indicating that
hypoxia. Seventy-two hours post hypoxic-seizures pups wetbe dendrites were completely lled and ensuring that the
perfused with cold PBS followed by 4% PFA. Brains were theniorescence did not diminish at a distance from the soma.
embedded in agarose and cut atrB® using a Vibratome Sections were immunostained using rabbit polyclonal antiesd
(VT1000). First, slices were incubated in 2N hydrochloida against Lucifer yellow produced at the Cajal Institute, fokolw
(HCI) at 37 C for 30 min, then, sections were incubated in borateby streptavidin coupled to Alexa uor 488 (1:1,000, Molecular
bu er for 15min to neutralize any residual acid and preventProbes). From each mouse 3-6 neurons were randomly selected
any further permeabilization. Sections were then washed38 T and the basal tree (stratum oriens) was scanned from the soma
for 5min and rinsed in blocking solution (3% horse serum into the tip of the longer dendrite using LSM710 confocal laser
0.1% Triton X100-TBS). All sections were incubated with s®u scanning microscope (Carl Zeiss, ZEN 2009) with 20x 0.5NA
anti-BrdU (1:400, Roche). (zoom 1.0), objective taking a z-stack with an interval off
Slices were washed in TBS and incubated with rabbit antbetween single images. To analyze the complexity of the dindri
NeuN (1:500, Merck Millipore), rabbit anti-GFAP (1:500, Roche)tree, Z-stacks were combined in Image J and Neuron J plugin
or goat anti-lbal (1:500, Wako). Then, slices were washe/0, 41) was used to manually draw the dendritic tree using the
and incubated in secondary uorescent antibodies, antius® maximum intensity projection. All morphological analysis sva
Alexa-488, anti-rabbit Alexa-568 anti-goat Alexa-5685QD, performed blindly by the same investigator.
Invitrogen) in dark. Remaining antibody was washed with TBS For the overview imageé~{gure 2A), image was scanned with
and nally sections were incubated in Hoechst nuclear stairmultiple elds of view of a 20x 0.8 objective, zoom 0.6, on a LSM
for 10min. Sections were mounted onto slides and coveredl0 confocal microscope with an overlap of 10% of the FOV size
with FluorSave (Sigma). Brain slices (medial hippocampusgwetsing the multiple time series macro in ZEN 2009. Images were
visualized under the uorescence microscope (Leica, DM4p00Bsubsequently stitched using the stitching plugin (http:/fypi-
cbg.de/~preibisch/contact.html) running in Image J (versi

Silver Staining 1.50i, Wayne Rasband, NIH).

For histological analyses 72h post hypoxia, pups wer . . .
transcardially perfused with cold PBS followed by cold 40/§:Ogn|t.|ve and Behavioral Testing

PFA/2.5% glutaraldehyde in 0.1M phosphate buer, andoPen-Field Test

post- xed in the same solution. Brains were then xed in Cognitive functions and behaviors were assessed in miceksve
4% agarose and sectioned using a Vibratome atrB0(Leica after hypoxia. To assess mobility, mice were studied in the
VT1000). Then, sections were mounted onto superfrost slidedPen eld test. The open-eld test consists of an open glass
(ThermoScienti ¢) and dried overnight at 3T and processed P0x (30 30  20cm) and was carried out prior to the novel
using a method developed by Gallyas et 8B)(with minor object-location task (see below). Each mouse was placed in the
modi cations (33). Brie y, after xation slices were rinsed in 1% center of the arena and allowed to explore for 10 min. Total
acetic acid, then sections were dehydrated with 1-isopropandlistance traveled, velocity (cm9, freezing episodes, number

at increasing concentrations (50, 75, 97%). Finally, sestio Of crossings and average time spent in speci ¢ central/periher
were esteri ed with 100% 1-propanol containing 0.8% sulfuriczones of the arena were quantitatively analyzed using video
acid (Sigma) and incubated at 88 for 18 h. Upon rehydration tracking (Ethovision, Tracksys, Nottingham, U.K.). The tah

with decreasing concentration of 1-isopropanol and 1% aceti@nd peripheral zones were designated post-testing using the
acid treatment, sections were developed in a mix of equdtthovision software.

volumes of 10% N#&COs and 0.2% AgN@, 0.25% NHNOg3, .

29 tungstosilicic acid (Sigma) and 0.4% formaldehyde (Sigmd-ight-Dark Box Test

Sections were dehydrated, cleared with three rounds ab¢iisar | "€ test apparatus consisted of an open glass box (3%

and covered with DPX (Sigma-Aldrich). Semi-quantitative20 €M) connected to an acrylic dark box (3015 ~ 20cm)

analysis of silver staining (medial hippocampus) was perfor,med'ia an entrance. The light area was illuminated from above by

by an experimenter blinded to the condition, under 20X lens® White lamp bulb (60 W/600 lux). Mice were habituated in the
magni cation under the microscope (Leica DFC300FX). TwoPehavioral recording room 2 h prior to the beginning of tegfin
consecutive slides were counted per condition and the aeera%
number of positive cells from both slides was calculated.

ice were placed in the center of the light area, facing away fro

e entrance of the dark area, and were allowed to explore the
apparatus for 10 min. Anxiety-related behavior was quantityi
assessed in terms of latency to enter the dark area by Etbovis

Intracellular Injection and Cell tracking software.

Reconstruction Analysis

Neuronal labeling technique was carried out as previousliNovel Object-Location Test

described $9). Mice exposed to normoxia or hypoxia 5 weeksThe test was carried out over two consecutive days in 10 min
earlier were used in the analysis. Pyramidal cells from theessions. Day 1 (habituation day), mice were allowed to explo
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A 6 B 80 FIGURE 2 | protein levels are increased acutely in hypoxia-exposed s

; x a5 E* compared to control [n D 6 per group. *p < 0.05. A, F: 4.854, t: 3.028 (vs.

Sy g’ control), t: 0.568 (vs. 6 ) B, F: 4.477, t: 2.485)](C,D) TNFa mRNA and protein

% B 40 % levels are increased acutely in the hippocampus in hypoxiaxposed mice

5 2 compared to control [n D 6 per group. *p < 0.05. C, F: 6.736, t: 2.975 (vs.

~ha é é 22 control), t: 2.138 (vs. 6 h)D, F: 1.322, t: 2.260)]. (E,F) Levels of ILb and TNFa

3 = were normalized at 1 week and 6 weeks after hypoxian(D 6 per group). (G)

T Y oY Representative confocal images of double-staining cells ith BrdU and NeuN
c Cont GF?OS—t_Lsyhp D Cont  Hyp (neuronal marker, NeuN/BrdU) or GFAP (astrocytic marker, @P/BrdU) or Ibal

~4 40 (microglia marker, Ibal/BrdU) in the hippocampus 72 h post hypxia. Scale

;. & g * bar: 10mm. (H-J) Quanti cation of the percentage of BrdU positive cells are

;;3 g 30 also positive for NeuN(H), GFAP (1) or Iba 1 (J) (h D 16 per group. **p < 0.01.

o) . = J, F: 1.471, t: 3.133). (K) Representative scatter plot shows the distribution of

E 2 ? ‘5’20 ? CD45 and CD11 from control brain.(L) Quantitative analysis of the percentage

'E 1 LZL 10 of CD11€/CD45'% as a representation of the microglia population in control

E @ [ and hypoxia exposed pups ( D 6 per group. **p < 0.01. F: 2.397, t: 3.831).

o o
Cont 6h__18h Cont Hyp
post-Hyp
E F
20 — O the arena without objects (10 min) followed by 3 session$ wit

3 o4 two objects (10 min each session); on day 2 (test day), mioe we
% @ 3 placed in the same arena with one of the objects moved to a novel
© 10 % ) position. Object exploration was manually recorded and de ne
2 S as the time mice were interacting with the objects with theise
X 05 o L. .
= = E or paw within 1 cm of the objects3]. To calculate the percentage

Control

00 Cont 1w__ 6w

NeuN/

post-Hyp

GFAP/

50
D40 2 =) %k
= S0 %
@30 2] s
.
z o = 40
320 x 55 S
P4 (O] 5o
10 N % X20
0 0 0
Cont Hyp Cont Hyp L Cont Hyp
105 (cOttbIcD4s") (cottb'1coas™) . 10 2
Maargphage s
E_J 104 Leukocytes : [a) 8
@ e I
0 103 =
O < 4
[a)]
102+ O 2
T T T T X
102 103 10* 10° o
CD11b-FITC Cont  Hyp

FIGURE 2 | Hypoxia-induced seizures induce acute in ammation and
microglia proliferation in a neonatal mouse mode(A,B) IL1b mRNA and

(Continued)

of time with the novel-object, the following equation was dise
(A)/(ACB) 100. ADTime spend with novel object. @BD Time
spend with both objects.

Seizure Susceptibility Testing at Adulthood

A sub-group of pups subject to manipulations at P7 were
later exposed to chemoconvulsant to assess seizure severity
For these studies, mice at 6 weeks of age received a single
injection of kainic acid (15mg.kg"; KA, intraperitoneal). All
mice receiving KA were recorded for both electrographic (EEG
and behavioral seizures. Electrode implantation, EEG diagr

and quanti cation were performed as previously described
(3,33. Briey, mice were injected with KA and monitored

for 60 min post-KA. During this time all clinical seizures were
monitored in 5 min intervals. Behavioral scores were based on
6-point Racine-like scale, as described previou3B). (Racine's
behavior scale: 0: normal behavior; 1: Immobility; 2: Fireg/zail
extension; 3: Repetitive movements/ head bobbing; 4: Rearing
and falling; 5: Tonic-clonic; 6: Repeated tonic-clonic. EE&w
quanti ed as before.

Statistical Analysis

All analyses were carried out by an observer blinds to the
experimental condition. All data are presented as Box and
Whiskers plots to show rst and third quartiles, median and
minimum and maximum of all the data. All statistical tests
were carried out in the Graph-Pad Prism software. Two group
experiments were analyzed using Mann Whitney U-test for
nonparametric distributed data. Multi-group comparisons were
made using one-way ANOVA with Bonferroni post-teBtvalue

of < 0.05 was considered signi cant.
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FIGURE 3 | Hypoxia induces seizures at P7 results in neuronal morphody
alterations later in life(A) Field view of hippocampi showing Lucifer yellow
(Continued)

FIGURE 3 | injected CA1 neurons (green) and nuclei (Red)B) Higher

magni cation CAL injected neuron from the control (left) andypoxia (right)
group. (C) Representative images of the basal dendritic tree from theantrol
and hypoxia group. (D) Number of basal dendrites per soma (F: 3.354, t:
6.854), (E) total dendritic length (F: 2.322, t: 2.435)(F) length of an individual
dendrite (F: 1.588, t: 2.818) and(G) number of branches in control and
hypoxia group (F: 16.90, t: 4.135). Scale bar(A) 500 mm and (B,C) 10 nm.

(n D 17-20 neurons per group from 4 mice per condition). @ < 0.05, **p <

0.01, *p < 0.001).

RESULTS

Hypoxia-Induced Seizures Produce an

Acute In ammatory Response

We have previously reported that hypoxia-seizures during the
neonatal period induces neuroin ammatory signaling andden
lasting impairment of neurological function in mice3,(33).
Now, we evaluated the levels of pro-in ammatory cytokines post
hypoxia. Hippocampi from control and hypoxia-exposed pups
were isolated and levels of the pro-in ammatory cytokinesid

and TNFa, were evaluated by gPCR and ELISAglres 2A-H.
Interestingly, we observed an increase in both cytokinethé

rst 24 h after hypoxia-seizuresgures 2A-D. This increase
was transient and not observed in samples collected from mice
1 week and 6 weeks after hypoxiadures 2E, . Thus, hypoxia-
seizures induce short-lasting increases in in ammatonpkines

in this model.

Hypoxia-Seizures Induces a Selective
Increase in the Number of Microglia in the

Neonatal Brain

We evaluated whether the acute increase in pro-in ammatory
cytokines lead to changes to the major resident cell population
in the immature brain 82). Here, we rst evaluated whether
hypoxia-induced seizures result in altered neurogenesis or
gliogenesis in the hippocampus. The cell division marker BrdU
was injected pre-hypoxia and then tissue sections were tedi&c
days later and co-labeled for markers of mature neurons (§eu
astrocytes (GFAP) or microglia (Ibal).

No di erences were observed in the percentage of Neui
GFAF cells co-labeled with BrdU between hypoxia-seizure and
control groups Figures 2G-). However, numbers of Ibal-BrdU
double-positive cells were increased in the hypoxia-seizangy
compared to control Figures 2G,). Thus, hypoxia-seizures
appears to selectively expand the microglia population in this
model, at this time following seizures.

To support these ndings, we used Fluorescence-Activated
cell sorting (FACS) analysis to quantify microglia cells oted
from brains of mice 72 h after hypoxia-seizures. Control pups had

6,500 microglia per 1 1 cells, which corresponds closely to
the expected proportion of these cellsq.5% of the total number
cells Figures 2K,] and is similar to assessments of neocortical
microglia populations in the developing human braif( 43).
Corroborating BrdU results, hypoxia-exposed pups ha®l000
microglia per 1 1 cells, which corresponded to8% of the
total cell population Figures 2K,1).
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Together, this data showed that neonatal hypoxia-seizuredendrite was on average 19%@® long (Figure 3H and one
cause an increase in the population of microglia in thedendrite presented 1.1 branchesHigure 3G). In contrast, CA1

developing brain. pyramidal neurons from mice previously subject to hypoxia-
seizures showed on average 7.9 dendrites (primary branches,
Hypoxia Induces Long-Lasting Changes in Figure 3D) and a total dendritic length of 1,578m (Figure 3B).
Neuronal Morphology in the CA1 Sub eld Our results correspond to an increase of 30% of the basal
of the Hippocampus dendritic extension in mice previously subject to hypoxia-

It has now emerged that a major function of microglia is seizures compared to the control group. Additionally, individi
) : 0 .
early dendritic pruning £5). We hypothesized that the increasedendrltes were 150r18m in length, 25% shorter than a dendrite
in neuro-in ammation and brain resident microglia would from the control group Figure 3R and presented 0.4 branches
(Figure 3G. These ndings indicated that neonatal hypoxia-

be associated with long-lasting alteration of the struetwf | duced sei ind lasti 4 substantial hotdai
pyramidal neurons, principle excitatory neurons. To test thighcuced seizures nduce fasting and substantial morphowigi

idea, P7 pups were subjected to hypoxia-seizures and th?terations of principal excitatory neurons in tisratum oriens
5 weeks later (at 6 weeks old) brain slices were obtaine om mouse hippocampus.
CAL1 pyramidal neurons were individually injected with Luegif -
yellow. The complexity of the basal dendritic treg&tum orien} An_tl_m ammatqry Drug C_:ND Reduces
was analyzed by confocal microscopjgures 3A-Q. Seizure Severity Following

In the control group, 20 neurons (from 4 mice) and Neonatal Hypoxia
a total of 23,706m dendritic length were analyzed. On Given the in ammatory response induced by neonatal hypoxic-
average, a neuron from the control group showed 3.7 derslriteseizures and evidence that in ammation is a key patho-
(primary branches coming from the somalrigure 3D) with  mechanism after hypoxia-induced seizures, we hypothesiwgd t
a total dendritic length of 1,185m (Figure 3B. Analysis of targeting in ammation would reduce seizures in the P7 model.
individual dendrites from the control group showed that agle  For this, we selected the anti-in ammatory drug CND. CND was

A
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FIGURE 4 | Targeting in ammation modulates hypoxia-induced seizuresn P7 mice (A) Representative EEG traces from mice pre-treated with vehiie or CND and
exposed to hypoxia-induced seizures(B-D) Quanti cation of EEG les show that mice treated with CND have alelayed onset to rst seizures B; F: 8.309, t: 3.386),
further, these mice also have signi cantly reduced in total pwer (C; F: 5.486, t: 3.361) and seizure burden; F: 1.913, t: 3.230) fi D 5-7 per group. *p < 0.05, **p <
0.01). (E) CND-treated pups experienced also signi cantly shorter seiures f D 5-7 per group. *p < 0.05. F: 2.466, t: 2.411). Mice exposed to CND have a reductin
in IL1b (F; F: 778.6, t: 2.085), without affecting TNR (G) (h D 5 per group. *p < 0.05).
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FIGURE 5 | CND protects neonates against the neuronal damage induced ¥
hypoxia. P7 pups were exposed to normoxia or hypoxia and redge a single
dose of vehicle (veh) or CND just after hypoxigA) Graph shows the number
of silver-staining positive cells in the four experimentalaradigms. Note: CND
protects against hypoxia induced neuronal damager[ D 6-8, *p < 0.01,
(Continued)

CND

Control

Control

FIGURE 5 | compared to control. F: 11.500, t: 5.141 (vs. control), t: 4308 (vs.
CND), t: 4.553 (vs. Hyp-CND)]B) Representative high magnitude (40x) silver
staining images from the hypoxia group. Scale bar: 16m. (C) Representative
10x silver staining images of the hilus 72 h post-treatmentScale bar: 50mm.
(D) Representative 20x images of the hilus area of control, CNDral/or
hypoxia exposed mice. Scale bar: 20mm.

administrated 15 min before hypoxia, and electroencephalwogr
(EEG) was recorded and quanti edrigures 1A 4A). CND
injected mice showed a delay in seizure onset, a reductiortah to
power, seizure burden and duration of a single seizure contbare
to the vehicle injected pup&igures 4B—8. As expected, levels of
IL1b measured 24 h later were reduced in the CND-injected pups
compared to vehicle injected pupBigure 4 and no changes
were observed on TNEHFigure 4G).

We next hypothesized that enhancing in ammatory responses
should produce the opposite eect in the model. To test
this idea, mice were pre-treated with the pro-in ammatory
and microglia activating drug, Pam3CSK44). As expected,
total power, seizure burden and in ammatory markers were
signi cantly higher in the PAM-injected mice compared to
vehicle Supplementary Figure 2, suggesting that modulating
in ammation is su cient to alter seizure severity in neones.

CND Reduces the Neuronal Damage

Induced by Hypoxia-Seizures in Mice

Next, we sought to determine if post-treatment with CND, a
more clinically-relevant scenario would alter outcomes. Pups
were subjected to normoxia or hypoxia and immediately after
received a single dose of vehicle or CND. As previously destribe
(3, 33, sporadic silver (SS) positive cells were observed in
the control group Figures 5A-D. Pups subject to hypoxia-
seizures had signi cantly increased SS-positive neuronthén
hippocampus Figures 5A-D). Treatment of mice with CND
alone or in combination with hypoxia was associated with
only occasional silver positive cells similar to numbers imno
hypoxic controls Figures 5A-D. These data suggested that
post-treatment with CND protected against hypoxic-seizure
neuronal damage.

Effects of CND and/or Hypoxia-Induced

Seizures on Locomotor Activity Later

in Life

Previously, we have reported that hypoxia-seizures at P7 imduce
anxiety-like behavior, memory impairment and increasez\gel
susceptibility later in life§). Now, we speculated whether post-
treatment with CND may normalize the neurological outcomes
associated with neonatal hypoxia-seizuf@®s (

Separate groups of mice were injected with CND just after
hypoxia at P7 and returned to the home-cage for 4 weeks and
assessed at 5 weeks of age. First, the four di erent experahent
groups (Control: Con; CND; Hypoxia: Hyp; Hypoxia-CND:
Hyp-CND) were evaluated in an open arena (open- eld task),
and recorded for 10 minKigures 6A-D).
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FIGURE 6 | CND normalizes the anxiety-like behaviors and memory impanent caused by hypoxia-induced seizures(A—-D) Motor and anxiety-related behavior in
mice exposed to hypoxia and/or receiving CND at P7(A) Representative behavior tracking of controls, CND, hypoaiand hypoxia-CND in the open eld test.(B-D)
(Continued)
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FIGURE 6 | Distance move, time spent in periphery and freezing time irhé 10 min of recording @ D 11-13). (E,F) Representative view above the light-dark box
shows the location of the mouse at the start of the test and thdracks and graph quantifying the latency to the rst transitin to the dark zone h D 11-13, *p < 0.05,
**p < 0.01 compared to control, CND and Hyp-CND group. F: 4.036, t:3.127 (vs. control), t: 1.723 (vs. CND), t: 2.918 (vs. Hyp-CN)]. (G,H) Schematic and

guanti cation of the novel-object position test h D 11-13, *p < 0.05, **p < 0.01 compared to control, CND and Hyp-CND group. F: 7.515, t:3.126 (vs. control), t:
3.392 (vs. CND), t: 4.565 (vs. Hyp-CND)].

Locomotor behaviors were analyzed over the complete 10 mit5 mg.kg  i.p. of the chemoconvulsant KA. EEG and behavior
recording. There were no di erences in the parameters analyzedere video-recorded for 60 min after KA injectioRigure 7).
including the distance moved, time spent in the periphery EEG analyses showed that control mice developed
and freezing time Kigures 6A-D. Thus, CND alone or in typical epileptiform discharges 20-30min post-KA injection

combination with hypoxia did not a ect locomotor activity. (Figures 7A-B. In contrast, mice subject to neonatal hypoxia-
seizures displayed a shorter time to seizure onset after KA
CND Improves Anxiety-Like Behavior challenge compared to the other grougsdures 7A-B. Pups

that received CND alone or CND after hypoxia developed
similar seizure-like activity to controls after KA injecti
(Figures 7A-B. Quantitative analysis of the EEG supported
these ndings, when power and seizure burden were evaluated,
i . . we observed similar results. Hypoxia-seizure mice had higher
explored the light area for approximately 10-30s before amgeri EEG power and seizure burden after KA compared to controls,

the dark area Kigures 6E,F. Similar behavior was observed . . . .
in the normoxic pups that received CND. In contrast, and aswhereas CND and hypoxia-seizure mice given CND had a

. . . . similar response to KA as the control groufigures 7F,G.
reported previously §), hypoxia-exposed mice moved directly Similar results were observed when the duration of an irdiiei
into the dark area following release into arerfégures 6E,F.

. . . seizure was evaluated with hypoxia-seizure exposed mice

However, the pups which received a single dose of CND after S -

h ia at P7 explored the light area for 10-30s, similar to th& PcH€"¢!Nd Ion_ger selzures compa_red to the control and CND

ypoxia a p g :
control group Eigures 6E,5. and hypoxia-seizure CND groupsF.lgure 7H). When males
and females were compared, no di erences between sex were

. . observed $upplementary Table 2 No di erences in clinical

CND Protects Against Memory Dysfunction seizure behavior were observed between groups during the

Caused by Hypoxia-Induced Seizures recordings Figure 6l).

We also assessed Mouse performance in the novel objectdocati

task, a test of hippocampal functior§ 47) (Figures 6G,H.

First, the total time spent with both objects was assessdd. ADISCUSSION

experimental groups generally spent equal amounts of time

interacting with both objects (Con: 22.7 3.1s; CND: 23.8 In the current work, we present evidence that hypoxia-induced

2.3s; Hyp: 21.7 4.4sand Hyp-CND: 20.2 2.9 s). seizures activate neuro-in ammation and increase miciasls
When the percentage of time with the novel object-locationin the developing mouse brain. Hypoxia-seizures provoked

was evaluated, the control group spen60% of the time with upregulation of in ammatory cytokines and aberrant neurdna

the object at the novel locatiorFigures 6G,H. As previously morphology in pyramidal neurons from the hippocampus. We

observed §), the hypoxia-exposed pups spent 42% of theshow thata currently FDA-approved drug, the anti-in ammayor

time interacting with the novel-location objecFigures 6G,H. compound CND, not only suppresses acute hypoxia-induced

However, the pups which received CND alone or after hypoxigeizures but also, reduces later-life anxiety-like behaseizure

explored the novel location for 60% of the time, similar to susceptibility in mice and preserves memory function. These

the control group. When males and females were compared, n@sults identify a novel experimental therapy that may ateigsu

di erences between sex were observBdgplementary Table L long-term comorbidities.

This data showed that CND protected against the impairment of Our study provides evidence that hypoxia-induced seizures

Induced by Hypoxia-Induced Seizures

As an assessment of anxiety-like behavior, mice were tested
light-dark box task, with latency to enter the dark area uas@n
index of anxiety-like behavioRigures 6E, (45). Control mice

memory function caused by hypoxia-induced seizures. increase microgliogenesis and elicit an acute in ammatory
response, typi ed by an acute increase in bL1t has recently
CND Reduces the Susceptibility to emerged that microglia perform critical functions during

_ . . . brain development including dendritic pruning3( 23-26). An
KA-Induced Seizures in Mice Exposed to important nding in the present study was that pyramidal

Hypoxia-Induced Seizures During the neurons in the CA1 subeld of mice subjected to hypoxia-
Neonatal Period induced seizures in the neonatal period developed shorter
There is a long-standing association between early-lifmated dendrites with fewer branches. This would be consistent with
seizures and later life epilepsy. To test whether CND alt¢ées-la increased neuro-in ammation, and, perhaps due to the incegas
life seizure susceptibility we challenged the four di ererdyps number of microglia {8). Notably, perinatal activation of
of mice (Con, CND, Hyp, and Hyp-CND) at 6 weeks of age within ammation by the viral mimetic Polyl:C, in rats reduces
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FIGURE 7 | CND improves the susceptibility to develop seizures latenilife after hypoxia-induced seizures in a neonatal mouse nuel. Five weeks after neonatal
treatment, mice were implanted with electrodes and challeged with systemic KA (15 mg.kg 1), EEG and behavior were recorded(A-D) Representative
(Continued)
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FIGURE 7 | spectrograms and corresponding EEG traces from the contro{A), CND (B), Hypoxia (C), and hypoxia-CND group(D). (E—H) Quanti cation of seizure
onset, total power, total seizure burden, and seizure duran during the 60 min of recording.(E) Seizure onset was earlier in the hypoxia group compared to th
control, CND and Hyp-CND group ( D 11-13, **p < 0.01 compared to control, CND and Hyp-CND group. F: 11.41, t:3.896 (vs. control), t: 4.247 (vs. CND), t: 5.387
(vs. Hyp-CND)].(F) Total power was higher in the hypoxia group compared to the cotrol, CND and Hyp-CND group fi D 11-13, *p < 0.05 compared to control,
CND and Hyp-CND group. F: 10.85, t: 3.183 (vs. control), t: 413 (vs. CND), t: 5.051 (vs. Hyp-CND)](G) Similar results were found in seizure burden in the hypoxia
group [n D 11-13, **p < 0.001 compared to control, CND and Hyp-CND group. F: 25.89, t 6.514 (vs. control), t: 7.038 (vs. CND), t: 7.585 (vs. Hyp-8D)]. (H)
Hypoxia-exposed pups developed on average longer seizurefn D 11-13, **p < 0.001 compared to control, CND and Hyp-CND group. F: 18.000,t: 4.555 (vs.
control), t: 6.050 (vs. CND), t: 6.381 (vs. Hyp-CND)]l) Seizure behavioral score taken every 5min over the 60 min ped using the modi ed Racine scale for

mice (0 D 11-13).

neuronal complexity in DG neurons in adulthood, and dierences reported clinically in babies. Sex dierences have
animals later developed schizophrenia-like behavi@® G0). been seen in humans in the response to neonatal brain
Morphological analysis of hippocampal neurons from patientslamage, with boys developing worse outcomes compared to
with autism and schizophrenia also found shorter dendritegirls su ering from neonatal brain damage at birttb%, 56).
with reduced dendritic branching in pyramidal neuron81f, Nevertheless, it is interesting to consider that similarcmmes
suggesting there is a casual link between neuronal morplgolognight be produced by dierent mechanisms of action in
and behavioral outcomes. Accordingly, we speculate thahales and females mice. The developing male brain is in a
independent of the initiating in ammatory response, sterde higher state of excitation and has longer periods of GABA-
infectious, in ammation caused by hypoxia-seizures leanls tdirected excitatory responses than females, while, miaogli
microglial activation and thus aberrant neuronal morphojpg activation may have a favorable e ect on females and not in
and ultimately enhancing the propensity for neurologicalmales §7).
disorders. Indeed, slight changes in the morphology of the Neuroin ammatory signaling is an essential component
dendritic tree of pyramidal neurons, particularly the dertdri in responding to injury and studies show that inhibition
length, alters the neuronal activity and ultimately cogmit(52). can also produce deleterious e ectS8(. Given this critical

In this study, we have focused on the hippocampus due tdevelopmental stage in both neuronal maturation and immune
its vulnerability to in ammation. The hippocampus presents function development, it would be pertinent to suggest that
the highest density of cytokines receptors compared to othenhibiting the immune response at this time would also
areas of the brain, making it especially vulnerable to amroduce negative long-term outcomes. However, we did not
in ammatory response 15, 16). However, we cannot discard observe any negative outcomes in those mice treated only
the eects of hypoxia-seizures on other areas of the braimith CND, suggesting that it is relatively safe to give in
which may provoke a similar in ammation response along withthe neonatal period. Indeed, there have been several random,
morphological changes and ultimately contribute to the samelouble-blinded control trials on the safety and toleratlili
neurological outcomes. of CND in adults, which have conrmed its neuroprotective

In the present study we observed that CND, a drugproperties and safety pro le in Parkinson's disea8é)( There
approved by the FDA and in clinical trials for Parkinson'sis certainly a need for a safe and e ective therapy for
diseases 3, 32), improves acute and long term outcomesneonatal seizures. Current treatments are ine ective inwbo
following hypoxia-seizures in mice. Speci cally, we obsdrvehalf of cases and there is concern anti-seizure drugs may
that mice pre-treated with CND experience milder seizuresnduce negative neurological outcomes, 69-61). Notably,
during neonatal hypoxia. This is consistent with previousphenobarbital-treated children present with lower 1Q ratio
studies showing inhibitors of neuroin ammation protect dgat  than un-treated children 9, 61). Likewise, a clinical trial of
neonatal seizuresl{). More importantly, post-treatment of bumetanide, which may enhance inhibition in the brain, was
pups subject to hypoxia-seizures reduced neuronal damagdmlted due to a high occurrence of hearing loss in infants
and mice performed better in hippocampal function-dependent(1, 62). The e cacy of non-pharmacologic treatments, such as
tasks at adulthood. Taken together, these data suggest thtaerapeutic hypothermia, is also uncertain with treated igéan
targeting in ammation in the neonatal period may have both displaying lower IQ scores at follow-up and no improvement in
anti-seizure actions as well as protecting against the longwnortality (1).
term consequences of hypoxia-induced seizures. Furtheiesu A number of questions remain to be answered: 1. Would
would be required to elucidate whether CND elicits directwe observe a similar response to CND in other models? For
anti-seizure e ects, or is protecting through a blunting ofeth example, a premature model of neonatal encephalopathy or
in ammatory response, which has been shown to “prime” thea model of more severe hypoxia. Since rodent models of
brain for hyper-excitability $3, 54). encephalopathy in premature infants also feature in ammation

In our current study, we did not observe sex di erencesand activation of microglia we can speculate that CND and-anti
between males and females in the novel object location task ammatory drugs may have a similar protective e ed$d).
or in the seizure susceptibility test, e.g., seizure onsgl t Since hypoxia-induced seizures in our model are insu cient
power, seizure burden. We do acknowledge that the presetd cause neuronal death we do not know if CND can protect
model in mice may not capture the full spectrum of sexagainst cell loss. This could be tested, for example in models
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with active neuronal death, such as the hypoxia-ischemiélreland) and procedures were approved by the Research Ethics
model in rats 64). Nevertheless, CND reduces the neuronalCommittee of the Royal College of Surgeons in Ireland.
injury observed by silver staining. 2. It would be important
to compare how CND performs relative to an approved ant-AUTHOR CONTRIBUTIONS
in ammatory drug. Would we observe similar e ect using
common used anti-in ammatory drugs in the clinic? Future SQ performed the experiments. PM-S and EJ-M performed cell
extensive side-by side studies will be necessary to addrasgonstruction analysis. HD supported with confocal images.
this question. Nevertheless, non-steroidal anti-inamimy AD and TN supported FACS experiments and analysis. JP
drugs (NSAIDs) such as naproxen or ibuprofen do not a ectand DH commented and edited the manuscript. SQ and EJ-M
activity evoked due to hypoxién vitro (65), suggesting that conceived, designed and wrote the manuscript. All authoasire
the eect observed in the present study may be speci and approved the nal manuscript.
to CND.

In conclusion, we observe an increase in inammationEUNDING
and changes in neuronal morphology after hypoxia-seizures
in neonates. Targeting inammation may protect againstThis publication has emanated from research supported in
neonatal brain damage, reducing seizures during hypoxigart by research grants from Science Foundation Ireland
reducing neuronal damage afterwards and improving later{13/SIRG/2114 and 12/RC/2272) and 16/RC/3948 co-funded
life neurological comorbidities, including anxiety-likeehavior, under the European Regional Development Fund and by
hippocampal function and susceptibility to seizures. Here, w&utureNeuro industry partners. SSMF postdoctoral Fellow
show the therapeutic potential of targeting in ammation as(2015) and Ministerio de Ciencia, Innovacion y Universidades
a novel treatment for the long-term outcomes after neonatajuan de la Cierva Incorporacion Fellow (1JCI-2016-27658).
brain damage.
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