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Abstract

Perinatal hypoxic-ischemic reperfusion (I/R)-related brain injury is a leading cause of neurologic
morbidity and life-long disability in children. Infants exposed to I/R brain injury develop long-
term cognitive and behavioral deficits, placing a large burden on parents and society. Therapeutic
strategies are currently not available for infants with I/R brain damage, except for hypothermia,
which can only be used in full term infants with hypoxic-ischemic encephalopathy (HIE).
Moreover, hypothermia is only partially protective. Pro-inflammatory cytokines are key
contributors to the pathogenesis of perinatal I/R brain injury. Interleukin-1p (IL-1p) is a critical
pro-inflammatory cytokine, which has been shown to predict the severity of HIE in infants. We
have previously shown that systemic infusions of mouse anti-ovine IL-1 monoclonal antibody
(mAD) into fetal sheep resulted in anti-IL-1p mAb penetration into brain, reduced I/R-related
increases in IL-1p expression and blood-brain barrier (BBB) dysfunction in fetal brain. The
purpose of the current study was to examine the effects of systemic infusions of anti-1L-1p mAb
on short-term I/R-related parenchymal brain injury in the fetus by examining: 1) histopathological
changes, 2) apoptosis and caspase-3 activity, 3) neuronal degeneration 4) reactive gliosis and 5)
myelin basic protein (MBP) immunohistochemical staining. The study groups included non-
ischemic controls, placebo-treated ischemic, and anti-IL-1p mAb treated ischemic fetal sheep at
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127 days of gestation. The systemic intravenous infusions of anti-1L-18 mAb were administered at
fifteen minutes and four hours after /n utero brain ischemia. The duration of each infusion was two
hours. Parenchymal brain injury was evaluated by determining pathological injury scores,
ApopTag® positive cells/mm?, caspase-3 activity, Fluoro-Jade B positive cells/mm?, glial fibrillary
acidic protein (GFAP) and MBP staining in the brains of fetal sheep 24 h after 30 min of ischemia.
Treatment with anti-1L-18 mAb reduced (P<0.05) the global pathological injury scores, number of
apoptotic positive cells/mm?, and caspase-3 activity after ischemia in fetal sheep. The regional
pathological scores and Fluoro-Jade B positive cellss/mm? did not differ between the placebo- and
anti-IL-1p mAD treated ischemic fetal sheep. The percent of the cortical area stained for GFAP
was lower (P<0.05) in the placebo ischemic treated than in the non-ischemic group, but did not
differ between the placebo- and anti-IL-1p mAb treated ischemic groups. MBP
immunohistochemical expression did not differ among the groups. In conclusion, infusions of anti-
IL-1B mAb attenuate short-term I/R-related histopathological tissue injury, apoptosis, and reduce
I/R-related increases in caspase-3 activity in ovine fetal brain. Therefore, systemic infusions of
anti-IL-1p mAD attenuate short-term I/R-related parenchymal brain injury after in the fetus.
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1. Introduction

Perinatal hypoxic-ischemic reperfusion (I/R) results in cerebral palsy (CP), seizures
(Vannucci, 2000), and neurodevelopmental delay, and is one of the most severe disabilities
in childhood (Newacheck and Taylor, 1992; Pharoah, 1985; Stanley, 1994). The early
response of developing brain to I/R is characterized by apoptotic/necrotic cell death resulting
from excitatory neurotoxicity, free oxygen radical production, oxidative stress, and
mitochondrial dysfunction (Ferriero, 2004; Ten and Starkov, 2012). Selective targeting of
these early indicators of injury has not yielded effective neuroprotective strategies most
likely because this injury is not reversible (Leonardo and Pennypacker, 2009).
Neuroinflammation with the release of pro-inflammatory cytokines contributes to the
delayed responses to I/R in the developing brain (Bhalala et al., 2014). Accumulating
evidence suggests that inhibiting the upregulation of pro-inflammatory cytokines could be an
important neuroprotective strategy (Carty et al., 2008; Chew et al., 2006; Tang et al., 2010).

Increases in systemic inflammatory states including sepsis, necrotizing enterocolitis, and
prolonged mechanical ventilation cause or exacerbate brain injury in premature and full term
neonates (Bose et al., 2013; Stoll et al., 2004; Walsh et al., 2005). Pro-inflammatory
cytokines are increased in the circulation of neonates after I/R brain injury, and correlate
with the severity of injury and abnormal neurodevelopmental outcomes (Back, 2006; Bartha
et al., 2004; Liu and Feng, 2010).

Interleukin-1p (IL-1pB) is among the best-characterized pro-inflammatory cytokines
(McAdams and Juul, 2012; Silverstein et al., 1997). Human newborns with hypoxic-
ischemic encephalopathy (HIE) have high levels of IL-1p in peripheral blood and the IL-1p
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levels show positive correlations with the severity of HIE (Liu and Feng, 2010; Oygur et al.,
1998). In addition, we have shown that systemic IL-1p can penetrate the I/R-injured BBB
potentially contributing further to parenchymal brain damage (Sadowska et al., 2015).

The most frequent strategy used to inhibit the effects of IL-1p is the IL-1 receptor antagonist
(IL-1ra). This receptor agonist competitively inhibits IL-1f activity and protects adult and
neonatal brains from HI injury (Lan et al., 2015; Martin et al., 1994; Relton et al., 1996;
Savard et al., 2015; Savard et al., 2013). However, we have recently produced and purified a
specific and sensitive mouse anti-ovine interleukin-1p mAb for use in fetal sheep (Chen et
al., 2013; Rothel et al., 1997). This mAb effectively neutralizes the effects of ovine IL-1p
protein (Chen et al., 2013; Rothel et al., 1997). We have previously infused this mAb
systemically into the ovine fetus with I/R brain injury, and showed that the anti-IL-18 mAb
1) resulted in mAb accumulation within the fetal brain parenchyma; 2) reduced I/R-related
increases in systemic IL-1f brain penetration and endogenous IL-1p brain expression; and
3) inhibited I/R-related BBB leakage (Chen et al., 2015; Patra et al., 2017). The objective of
the current study was to determine whether systemic infusions of anti-1L-1p mAb exert
neuroprotective effects on short-term I/R-related parenchymal brain injury in the fetus by
examining: 1) histopathological changes, 2) apoptosis by /n situ DNA fragmentation and
caspase-3 activity, 3) neuronal degeneration, 4) reactive gliosis and 5) myelin basic protein
expression.

2. Methods

The present study was conducted after approval by the Institutional Animal Care and Use
Committees of the Alpert Medical School of Brown University and Women & Infants
Hospital of Rhode Island in accordance with the National Institutes of Health Guidelines for
the use of experimental animals.

2.1. Anti-IL-1p mADb production and purification

The anti-IL-1p mAb was generated with mouse hybridoma cells using previously described
methods (Chen et al., 2013; Rothel et al., 1997; Seow et al., 1994; Wood et al., 1990).
Details regarding the methods for purification of anti-IL-18 mAb have also been reported
(Chen et al., 2015; Chen et al., 2013). The mouse hybridoma cells were generously supplied
by Commonwealth Scientific and Industrial Research Organization (CSIRO, Livestock
Industries, Victoria, Australia).

2.2. Animal preparation, study groups, and experimental design

Brain tissue samples for the present study were obtained from animals in our previous
published studies (Chen et al., 2015; Chen et al., 2012; Patra et al., 2017; Sadowska et al.,
2015). The surgical preparation techniques and physiological measures have been previously
reported in detail (Chen et al., 2012; Petersson et al., 2002; Stonestreet et al., 1999). Briefly,
the surgical procedures including the laparotomy and hysterotomy on the ewe, the insertion
of indwelling catheters, placement of the occluders and electrocorticogram (ECoG) leads,
and ligation of the lingual arteries and vertebral-occipital anastomoses to restrict blood flow
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from non-cerebral and vertebral sources in the fetus were performed under 1-2% isoflurane
anesthesia on mixed breed pregnant ewes at 120 to 122 days-of-gestation (term=145 days).

The design of our study is schematically shown in Fig. 1A. The ewes were allowed to
recover for 67 days after surgery, and then randomly assigned to three groups: 1) Non-
instrumented non-ischemic sham control (Control, n=5-16), 2) instrumented animals with
24-h of reperfusion after 30 min of carotid occlusion, hereafter designated as ischemic
(Isch), treated with placebo (Isch-PL, n=10-14), or 3) treated with anti-1L-18 mAb (Isch-
mAb, n=10-12). After the baseline determinations, ischemia was induced by inflating the
carotid occluders for 30 min. At the end of ischemia, the occluders were deflated and
reperfusion continued for 24 h. Therefore, we have examined short-term recovery from
ischemia in the current study. The duration of reperfusion was selected based upon the
optimal time of reperfusion for our previous BBB permeability studies (Chen et al., 2012).
Intravenous placebo (0.154 M NaCl) or anti-IL-18 mAb [5.1+0.6 mg/kg, mean + standard
deviation (SD)] infusions were given at 15 min and 4 h after brain ischemia (Chen et al.,
2015). The initial phase of the anti-IL-1p mAb infusion was given over 2-hours beginning
15 minutes after ischemia. An additional anti-IL-1p mAb infusion was also given over 2 h
beginning 4 h after ischemia. The infusion paradigm was designed to achieve early-sustained
increases in systemic mAb levels in order to expose the cerebral microvasculature to mAb
for a prolonged time after ischemia and before onset of BBB permeability studies (Chen et
al., 2015). The infusion was planned so that the fetal sheep would receive a slow exposure to
the mAb because we were not able to predict the response of the fetal sheep to systemic
IL-1pB inhibition. This infusion regimen did produce steady-state levels of mAbs during the
studies (Chen et al., 2015). We gave the two infusions because we did not know if the
presence of the placenta in the fetus would affect the mAbs levels.

The fetal sheep were approximately 123-127 days and 85% of gestation at the end of the
studies. The fetal sheep brain at 85% percent of gestation is generally thought to be similar
to the brain of the near term human infant (Gunn et al., 1997). The fetal brain was rapidly
removed and weighed at the end of the studies. Fig. 1B schematically illustrates the sections
of the brain used for analysis. One-half of the fetal brain was dissected to measure regional
BBB permeability for our previous studies as shown by the shaded light gray area (Chen et
al., 2015; Chen et al., 2012; Patra et al., 2017; Sadowska et al., 2015). The residual brain
tissue was saved for analysis and used in the current study. The dark gray shaded area shows
the section of the brain used for histopathological analysis. The black circle shows the area
of frozen cerebral cortical tissue used for caspase-3 activity, and the black square shows the
area used for ApopTag, Fluoro-Jade B (FJB), glial fibrillary acidic protein (GFAP) and
myelin basic protein (MBP) staining.

The coronal brain sections (Fig. 1B) that were obtained at the level of the hypothalamus
(mammillary bodies) were immersion-fixed in 4% paraformaldehyde (PFA) as previously
described (Elitt et al., 2003; Petersson et al., 2002; Petersson et al., 2004). These hemi-brain
sections were used for the histopathological analysis. The residual brain tissue was
immediately frozen and kept at —80°C until analysis.
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2.3. Pathological analysis

The paraffin-embedded brain sections (10-um) were stained with Luxol fast blue/
hematoxylin eosin (LFB/H&E). The well-established scoring system of Williams et al.
(Williams et al., 1992) was modified to include scores for gray and white matter, parasagittal
gray and white matter (Petersson et al., 2002). Two neuropathologists, who were not aware
of study groups, scored the brain sections based upon the percent of neuronal and white
matter damage. The pathologists scored the most severely injured area of each section using
a grading system (0-5): in which 0 = 0% focal ischemic injury, 1 = 1-10%, 2 = 11-50%, 3 =
51-90%, 4 = 91-99% and 5 = 100% (Elitt et al., 2003; Petersson et al., 2002; Petersson et
al., 2004; Williams et al., 1992). In addition, a global injury score for damage to the entire
hemi-brain section was added to the current analysis. The overall global injury score
represented the total amount of the damaged area in the hemi-brain section. The global score
was performed using the following scale: 0 = 0%, 1 = 1-20%, 2 = 21-40%, 3 = 41-60%, 4 =
61-80% and 5 = 81-100%. Nuclear pyknosis, cytoplasmic reddening and condensation, and
hyperchromatism were indicative of neuronal injury, whereas myelin degradation and
reactive gliosis were indicative of white matter damage (Brown and Brierley, 1972; Elitt et
al., 2003; Williams et al., 1992).

2.4. Immunohistochemical staining

Frozen fetal cerebral cortical tissues were sectioned at 6 um (Leica Cryocut 1800). Sections
were mounted on Superfrost Plus slides and stored at —80°C until required for analysis. One
slide was stained with LFB/H&E to determine the entire surface area of the cerebral cortical
tissue for each fetal sheep brain.

Brain cryosections were air-dried for 30 min and fixed in 4% PFA for 10 min at room
temperature. Sections were incubated in phosphate-buffered saline (PBS) containing 0.1%
Triton X-100 (Sigma-Aldrich, St. Louis, MO, USA) for 10 min after having been washed 3
times with PBS for 10 min each. The sections were incubated with blocking buffer (1%
BSA, 5% normal goat serum and 0.1% Triton X-100 in PBS) combined with 0.3 M glycine
for 2 h to block non-specific binding of the antibodies. The primary and secondary
antibodies (Abs) were diluted in the blocking buffer as follows: 1) primary Abs: mouse anti-
Fox3/neuronal nuclei (NeuN) monoclonal antibody (mAb, 1:500, Abcam, Cambridge, MA,
USA), chicken anti-GFAP polyclonal antibody (pAb, 1:1000, Abcam), mouse anti-MBP
mAb (1:200, Abcam); 2) secondary Abs: Alexa Fluor® 555 goat anti-mouse IgG (1:500,
Thermo Fisher Scientific, Carlsbad, CA, USA), Alexa Fluor® 555 goat anti-chicken 1gG
(1:1000, Thermo Fisher Scientific). Sections were incubated with primary Abs overnight at
4°C, and then washed three times with PBS for 5 min each. After incubation with secondary
Abs for 1 h at room temperature in the dark, the sections were washed in PBS and mounted
in Vectashield antifade mounting media (H-1200, Vector Laboratories, Burlingame, CA,
USA\) containing 1.5 pg/ml 4 ,6-diamidino-2-phenylindole (DAPI).

2.5. Double-fluorescent labeling for in situ DNA fragmentation and NeuN, and caspase-3
cleavage assay

Brain cryosections obtained from the cerebral cortex as described above (2.4) were first
stained with mouse anti-NeuN mAb (1:200, Abcam) as above, and then labeled for DNA
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fragmentation using the ApopTag® Plus In Situ Apoptosis Fluorescein Detection Kit (S711,
EMD Millipore, Billerica, MA, USA). This Kit distinguishes apoptosis from necrosis by
specifically detecting DNA cleavage and chromatin condensation associated with apoptotic
cells /n situ with the indirect TUNEL method by using an anti-digoxigenin antibody
conjugated to a fluorescein reporter molecule.

The sections were incubated with equilibration buffer for 1 min and consecutively with TdT
enzyme (30%, v/v) in a humidified chamber at 37°C for 1 h after having been stained for
NeuN. The TdT enzyme reaction was terminated by incubating with stop/wash buffer (3%,
v/v) for 10 min at room temperature. The sections were incubated with pre-warmed anti-
digoxigenin conjugate (47%, v/v) in a humidified chamber for 30 min at room temperature
in a dark room after having been washed in PBS three times for 1 min each. The sections
were then rinsed with PBS and mounted on slides with Vectashield antifade mounting media
(H-1200, Vector Laboratories) containing 1.5 ug/ml DAPI. The ApopTag assay was
validated along with a set of negative and positive controls provided by the manufacturer
(EMD Millipore). Furthermore, our previous study showed that similar methodology
demonstrated adequate staining of sheep cerebral cortical cells with the typical morphologic
characteristics of apoptosis, and minimal background staining of the negative control sheep
sections (Malaeb et al., 2009).

A microscopist, who was not aware of the study group designations, analyzed equivalent
areas of cerebral cortex from each fetal sheep within the three study groups. Cell counts for
NeuN, ApopTag and FJB-positive cells in the cerebral cortex were visually counted using a
Nikon E800 microscope (Nikon Inc, Melviille, NY) with a 40x Plan Apo objective. The
relative cellular density of the cerebral cortical sections was determined to be homogeneous
and similar among the three groups of fetal sheep (Malaeb et al., 2009). Therefore, the entire
surface area of each cerebral cortical section was measured on the LFB/H&E stained section
and was used to determine the density of the immunoreactive positive cells per square
surface area. The LFB/H&E sections were scanned with a Nikon CoolScan 5000 to
determine the total surface area (Nikon, Inc, Melville, NY). The area measurements were
performed with Image J (NIH, Springfield VA, USA). The LFB/H&E images were
converted to a grayscale, thresholded and calibrated so that the final results are expressed as
number of cells per millimeter squared (mm?).

The immunoreactivity of GFAP and MBP were determined by acquiring four randomly
selected 8-bit grayscale images (field area) with a Zeiss ImagerM2 (Carl Zeiss Microscopy,
Munich, Germany) and an AxioCam camera (Carl Zeiss Microscopy, Munich, Germany)
using a 10x Neofluor objective. The image processing and analysis was performed using
Image J (NIH). Positive stained areas for GFAP and MBP were defined through intensity
thresholding and the resulting binary images were measured for the positively stained areas.
The ratio of immunoreactive positive MBP or GFAP areas to the total field area was
designated as the percent of the total area, and the ratio of immunoreactive positive areas of
MBP to GFAP were calculated.

Caspase-3 enzymatic activity was determined by a fluorometric assay according to Chung et
al. (Chung et al., 2000) with some additional modifications on a homogenate of the frozen
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cerebral cortical tissue. Approximately 0.1 g of the fresh frozen tissue adjacent to the area
used for microscopic analyses was homogenized in 1 mL of buffer [25 mM HEPES at pH
7.4,5 mM MgCl,, 1 mM EGTA, 1 pg/mL aprotinin and leupeptin (Sigma-Adrich), 0.04
mg/ml Pefabloc SC (Roche, Mannheim, Germany), 2% PSF protector solution (Roche)]. It
was incubated on ice for 30 min and then centrifuged at 100 g for 5 min followed by an
additional 30 min centrifugation at 16,000 g for 30 min at 4°C. The supernatant was
collected and its protein concentration determined by a bicinchoninic acid protein assay
(BCA,; Pierce, Rockford, IL, USA). One hundred ug of lysate along with 20 pl
homogenization buffer was loaded into a black 96-well plate and incubated with 100 pl of
AFC buffer [(100 mM HEPES at pH 7.4), 2% sucrose, 0.2% CHAPS (Sigma-Adrich),10
mM DTT, 50 uM Asp-Glu-Val-Asp-7-Amino-4-trifluoromethylcoumarin (DEVD-AFC,
BioVision, Milpitas, CA, USA). AFC (BioVision)] was used to obtain a standard curve
along with the cytosolic Jurkat extract produced by the addition of 2 UM camptothecin
(BioVision) as a positive control (Malaeb et al., 2009). Fluorescence was measured at an
excitation wavelength of 400 nm at 0, 20, 40, 60, 80, 100, and 120 min at 37°C and emission
measured at 505 nm with the use of a multi-detection microplate reader (Spectromax M5,
Molecular Devices, Sunnyvale, CA, USA). Enzyme activity was calculated as picomoles per
milligram protein per minute (Manabat et al., 2003).

2.6. Fluro-Jade B (FJB) fluorescent staining

Fluro-Jade B (FJB) is an anionic fluorescent stain used to identify dying/degenerating
neurons (Rosen et al., 2006; Schmued et al., 1997; Schmued and Hopkins, 2000). The
cryosections were double-stained with an anti-NeuN mAb in order to avoid counting non-
specific FJB staining in cell fragments and vascular elements. NeuN is a pan-neuronal
marker in vertebrates. Double-stained NeuN/FJB positive cells were used for counting. The
current protocol was performed as described by Rosen et al. with additional modifications
(Rosen et al., 2006). Cerebral cortical cryosections were first stained with mouse anti-NeuN
mAb (1:200, Abcam) as described above. The sections were washed three times (10 min
each) in PBS, followed by a 5 min rinse in distilled water (dH,O) after incubation with
secondary Ab. The sections were then agitated on a shaker in 0.06% KMnQ, for 10 min, and
rinsed with dH,0 two times for 2 min each. The sections were incubated in a 0.0004% of
FJB (Sigma-Adrich) for 30 min and rinsed three times for 2 min each in dH,0. The sections
were counterstained with DAPI (300 nM, Thermo Fisher Scientific) for 30 min and rinsed
twice for 2 min each in dH,0, then cleaned in xylene, mounted and cover-slipped with
Vectashield antifade mounting media (H-1000, Vector Laboratories).

2.7. Statistical analyses

Ordinal regression using SAS GLIMMIX generalized mixed modeling was used to analyze
the pathological injury scores. Least squares means were used for group differences and P
values were obtained by Tukey-Kramer test after adjustment for multiple comparisons. A
statistical package (Statistica, StatSoft, Tulsa, OK, USA) was used to analyze the cell counts
that included ApopTag/NeuN and FIB/NeuN positive cells, to determine the percent of the
GFAP and MBP positive areas, caspase-3 activity, and for the correlation analyses. A
normality test (Shapiro-Wilk’s W test) was first used to test the distributions of data obtained
within the experimental groups. The normally distributed data included the ApopTag/NeuN
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positively stained cell counts and caspase-3 enzymatic activity. These determinations were
analyzed by one-way analysis of variance (ANOVA) to detect differences among the three
study groups. If a significant difference was detected by ANOVA the Fisher’s least
significant difference (LSD) method for multiple comparisons was used as a post hoc test.
Data that was not normally distributed included the FIB/NeuN positively stained cell counts
and the percent of the GFAP and MBP positive areas. These determinations were analyzed
with the Kruskal-Wallis ANOVA and median test to determine differences among the
multiple independent groups. If a significant difference was found, the analysis of multiple
comparisons of mean ranks for the groups was used to identify specific differences between
groups. Correlational analysis was used to compare the relationship of the global
pathological scores and total ApopTag positive cells/mm?2, and ApopTag/Non-neuronal
positive cells/mm?2. In our analyses P<0.05was considered statistically significant.

The gestational ages, brain, and fetal body weights did not differ among Control, Isch-PL,
and Isch-mAb groups. The physiological variables monitored during the studies were within
the physiological range for fetal sheep at this gestational age. The arterial pH, pO, and
pCO,, heart rate, mean arterial blood pressure, lactate, and hematocrit levels were all within
the normal range during the studies and did not change within or among the study groups
(Chen et al., 2015; Patra et al., 2017; Sadowska et al., 2015). The amplitude of ECoG signal
was attenuated and became equally isoelectric in both the PL- and mAb-treated I/R groups,
and the carotid arterial blood flow indicated near zero flow during the 30-min ischemic
exposure suggesting that the ischemia was adequate (Chen et al., 2015; Chen et al., 2012;
Patra et al., 2017; Sadowska et al., 2015). The systemic infusions of anti-1L-18-mAb
resulted in relatively stable elevated plasma mAb levels from 4 until 25 h at the end of study,
which confirmed sustained systemic exposure to mAb during the studies (Chen et al., 2015;
Patra et al., 2017).

3.1. Systemic infusions of anti-IL-1-mAb attenuate I/R-related short-term parenchymal

brain injury

Fig 2. shows a coronal section of the hemi-brain at the level of the hypothalamus
(mammillary bodies) from a sham Control (A), placebo treated fetus exposed to 30 min of
ischemia and 24 h of reperfusion (B, Isch-PL), and anti-IL-1p mADb treated ischemic (C,
Isch-mADb) fetal sheep brain stained with LFB/H&E. The section from the Control (A)
exhibits homogenous blue stained myelin and healthy appearing cerebral cortex. This
represents a score of zero. In contrast, the section from the Isch-PL group shows a shrunken
cerebral cortical section with decreased blue stained myelin indicating white matter loss and
marked thinning of the cerebral cortex suggesting neuronal loss. This represents a score of 4.
The section from the Isch-mAb group shows more of the blue stained myelin suggesting
relative preservation of the white matter. The comparatively healthy appearance of the
cerebral cortex also suggests cortical preservation. This represents a score of one. These
findings can be interpretive to suggest that systemic intravenous infusions of anti-1L-1p
mAb have beneficial neuroprotective effects on short-term brain injury in the brain of the
ovine fetus.
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Fig. 3A contains representative sections of LFB/H&E stained brain from the Control (n=5),
Isch-PL (n=11), and Isch-mAb (n=12) groups. The histological panels shown are
representative of the mean scores shown in 3B. The entire cerebral cortical section in the
Control animals showed homogeneous healthy-appearing neurons with a well-defined
nucleus and Nissl substance distributed throughout the cytoplasm (A, arrow, left panel) and
white matter with homogenously blue-stained myelin. The insets show the whole hemi-brain
sections in each group that were examined by the neuropathologists. Sections from the
fetuses exposed to I/R exhibited damage to the cerebral cortex (A, Isch-PL, middle panel).
These areas showed pallor on LFB staining and thinning of the cerebral cortex with
shrunken cell bodies and pyknotic nuclei, indicating white matter and neuronal loss,
respectively (A, Isch-PL, arrow, middle panel). Sections from the Isch-mAb group (A,
arrow, right panel) show more healthy-appearing neurons compared with the Isch-PL brain
section.

The global pathological scores for the hemi-brain sections (Fig. 3B) demonstrated that the
scores in the Isch-PL group were higher indicating greater pathological damage compared
with those in the Control and Isch-mAb groups (median, £<0.05). Although pathological
injury to the gray and white matter, and parasagittal gray and white matter appeared to
exhibit, lower pathological scores in the Isch-mAb group when compared with the Isch-PL
group (Table 1), the differences did not achieve statistical significance. This result could
potentially reflect our relatively small sample size, short-term reperfusion time after
ischemia, and/or individual variability in the response to ischemia as determined by our
pathological scoring system (Petersson et al., 2004).

3.2. Systemic infusions of anti-IL-1p-mAb decrease I/R-related apoptosis and caspase-3

activation

Fig. 4A contains representative sections in the Control (n=14), Isch-PL (n=14) and Isch-
mAb (n=11) groups co-stained with ApopTag and NeuN. The arrows indicate the ApopTag
positive cells, whereas arrowheads indicate the double-labeled ApopTag/NeuN positive cells
(Fig. 4A, middle panel). The total Apop Tag stained cells were higher per area (mm?) in the
cerebral cortex of the placebo treated fetuses exposed to I/R (Isch-PL) than the in the
Control fetal brains and the anti-1L-18 mAb I/R group (Isch-mAb, Fig. 4B, left panel,
ANOVA, F=4.08, /<0.03,). The number of double-labelled ApopTag and NeuN (ApopTag/
NeuN) positive cellss/mm? did not differ in the cerebral cortex among the study groups
(ANOVA, F=2.21, P=0.12, Fig. 4B, middle panel). In contrast, the number of ApopTag
positive cells that were not co-labeled with NeuN (ApopTag positive/non-neuronal
cells)/mm? was significantly higher (P<0.02) in the Isch-PL than in the Control and Isch-
mADb (4 B, right panel, ANOVA, F=4.59, £<0.02). These findings demonstrate that
systemic treatment with anti-IL-18 mAb infusions reduces I/R-related increases in apoptosis
in non-neuronal cells.

Caspase-3 activity was measured by a DEVD-AFC cleavage assay and is an indicator of
apoptosis. Caspase-3 activity was higher (P<0.03) in the Isch-PL (n=10) than in the Control
(n=9) and Isch-mAb (n=10) treated groups (Fig. 5, ANOVA, F=44.4, P<0.001). These
findings suggest that systemic infusions of anti-IL-1p mAb result in significant reductions in
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caspase-3 activity 24 h after exposure to I/R injury in ovine fetal brain. However, the anti-
IL-18 mAb infusion resulted in a relatively modest decrease in caspase-3 activity.

3.3. Total ApopTag positive cells/mm?2 and ApopTag positive non-neuronal cells/mm?
correlate with the global pathological injury scores

Correlational analysis showed that the total ApopTag positive cells/mm? (Fig. 6A, r=0.71,
n=21, A<0.001) and ApopTag/non-neuronal positive cellssmm? (Fig. 6B, r=0.78, n=21,
F£<0.001) correlated positively with the global pathological scores (n=21) in the Isch-PL and
Isch-mAb groups. These findings support the contention that assessment of brain injury by
global pathological scoring correlates with cellular injury as determined by apoptosis.

3.4. Effects of systemic infusions of anti-IL-1p-mAb on I/R-related neuronal degeneration

Fig. 7A contains representative sections with FJB/NeuN positive stained cells in the Control
(n=16), Isch-PL (n=13) and Isch-mAb (n=11) groups. Arrows indicate the FIB/NeuN
stained positive cells. FJIB/NeuN stained cells were higher (7 B, Kruskal-Wallis, £<0.02) in
the Isch-PL than the Control group, and did not differ significantly between the in the Isch-
mADb and Control (Kruskal-Wallis, £>0.05) or the Isch-PL and Isch-mAb (Kruskal-Wallis,
P>0.05) groups. These findings suggest that 24 h after ischemic brain injury the number of
dying/degenerating neurons (Rosen et al., 2006; Schmued et al., 1997; Schmued and
Hopkins, 2000) increases in the fetal brain. However, the mAb did not have significant
effects on this process. The lack of differences in the FIB/NeuN positive stained cells
between the Isch-PL and Isch-mAb could potentially be a result of the high scatter in the
Isch-PL group and the limited number of fetal sheep that we were able to study.

3.5. Systemic infusion of anti-IL-1p-mAb and I/R-related MBP and GFAP expression

Fig. 8A contains representative cerebral cortical sections from the Control (n=9), Isch-PL
(n=12) and Isch-mAb (n=11) groups stained with anti-MBP mAb (MBP, top panel) and anti-
GFAP pAb (GFAP, bottom panel). Computerized analysis of four randomly selected 8-bit
grayscale images was used to quantify MBP and GFAP immunoreactive areas within the
cerebral cortical fields. Differences were not observed in the amount of MBP-stained area
per the field in the cerebral cortical sections among the study groups (Kruska-Wallis,
P=0.16). Significant differences were found among the three study groups for anti-GFAP
pAb-stained areas (Kruska-Wallis, A<0.03), but not for the ratio of MBP to GFAP (8 B,
Kruska-Wallis, £=0.09). The analysis of multiple comparisons of mean ranks for the
cerebral cortical sections showed that the area of GFAP immunoreactivity as a ratio to total
field area was lower in the Isch-PL than in the Control group (Fig. 8, A<0.03). There were no
differences in the area of GFAP immunoreactivity between Isch-mAb and Control (P=0.54,
Fig. 8) or the Isch-PL and Isch-mAb groups (~=0.46, Fig. 8).

4. Discussion

The overall goal of the current study was to determine whether systemic intravenous
infusions of anti-IL-1p mAb attenuate short-term I/R-related parenchymal injury in the
ovine fetal brain. We studied the effects anti-IL-18 mAb infusions on injury to the fetal brain
by examining histopathological injury, apoptosis, cerebral cortical neuronal degeneration
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along with reactive gliosis and myelin basic protein expression in ovine fetuses at 85% of
gestation. Cerebral ischemia was induced in the fetal sheep by ligation of the vertebral-
occipital anastomoses and bilateral occlusion of the carotid arteries as previously reported
(Williams et al., 1992). Although we have previously shown that infusions of anti-IL-1f
mADb attenuated I/R-related BBB dysfunction (Chen et al., 2015), information regarding the
effects of anti-1L-1 B mAb on parenchymal brain injury were not available in the fetus. The
novel findings of the current study suggest that infusions of anti-IL-1p mAb 1) attenuate
histopathological parenchymal brain injury; 2) reduce apoptosis in non-neuronal cells; and
3) decrease caspase 3 activity in the ovine fetal cerebral cortex 24 h after ischemia. Although
the amount of neuroprotection provided by the anti-IL-1p mAb infusions was modest, the
duration of reperfusion was only 24 h and, consequently, the amount of injury in the Isch-PL
was relatively limited. Nonetheless, to the best of our knowledge, our findings are the first to
show that any systemically administered mAb has the ability to exert neuroprotective effects
on injury in the fetal brain.

I/R brain injury is one of the most severe neurologic conditions in the perinatal period
(Vannucci and Hagberg, 2004), which may have its origins as /n utero hypoxic/ischemic (HI)
episodes resulting from antepartum or intrapartum events (Hill and Volpe, 1981). The
pathological lesions caused by I/R brain are diverse during development and include
multifocal ischemic injury in gray and white matter, which are most pronounced in the
parasagittal regions (Huang and Castillo, 2008; Petersson et al., 2002; Reddy et al., 1998;
\Wolpe, 1995). Neuropathological scoring provides an objective semi-quantitative assessment
of brain lesions and has been used extensively in experimental and clinical studies of brain
injury (Hoque et al., 2014). We used the scoring system of Williams et a/. (Williams et al.,
1992), which we madified to include scores for gray and white matter, as well as focal
parasagittal gray and white matter (Petersson et al., 2002). In addition, we added a global
score to assess the overall injury to entire hemi-brain section in the current study. The results
of the histopathological examination suggested the systemic infusions of anti-I1L-1p mAb
attenuates injury based upon our global assessment of brain injury (Fig. 1). However, the
anti-IL-1p mAb did not exert significant effects upon the regional pathological scores (Table
1). The possibility exists that if we had been able to examine a larger number of animals
significant changes might have been detected in the gray and white matter regions (Table 1).
Nonetheless, systemic treatment with anti-IL-1p mAb reduced the global pathological scores
suggesting that systemic administration of this mAb could have neuroprotective effects on
short-term injury in the developing brain. The findings that the number of apoptotic cells
exhibit significant positive correlations with the global injury scores support the reliability of
our scoring system (Fig. 6).

In addition to scoring the quantity of injury by neuropathological evaluation of LFB/H&E
stained sections, we further characterized the lesions with immunohistochemical double
staining using antibodies against GFAP and MBP (Petersson et al., 2002). Similar work has
shown that infusions of neutralizing anti-TNFa mAb reduce cortical and subcortical injury
and enhance cerebral blood flow after stroke in adult rats (Lavine et al., 1998). However, to
the best of our knowledge, we have provided the first evidence to demonstrate that a
therapeutic anti-inflammatory antibody, such as anti-IL-1p mAb, when given by the
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clinically relevant intravenous route, attenuated parenchymal I/R-related brain injury in the
developing fetal brain.

Apoptosis plays a pivotal role in neurodegeneration after I/R injury in the developing brain
and caspase-3 activation is marker of cellular damage that contributes to apoptosis (Fatemi
et al., 2009; Lavrik et al., 2005; Manabat et al., 2003; Nakajima et al., 2000). Our findings
suggest that two doses of anti-IL-18 mAb given after ischemia reduced the number of
cerebral cortical positive apoptotic cells and caspase-3 activity (Figs. 4 and 5). Nonetheless,
it is important to point out that the effects of the anti-IL-1p mAb on caspase 3 activity were
relatively modest.

The majority of the decreases in apoptosis appeared to occur in the non-neuronal population
of cells rather than in neurons. The positive correlations between apoptosis and the global
histopathological scores (Fig. 6) further suggest that the anti-IL-1p mAb-associated
attenuation in short-term brain injury could in part have resulted from reduced non-neuronal
apoptosis. Although neurons are the predominant cell population undergoing caspase-3-
dependent apoptosis, caspase-3 activation can occur in a wide variety of cells including
microglia, astrocytes, oligodendrocytes, infiltrated neutrophils, and mast cells (Dubey et al.,
2016; Kavanagh et al., 2014; Manabat et al., 2003; Petito et al., 1998; Rossiter et al., 2002;
Tzeng et al., 2013; Yoshikawa and Tasaka, 2003). Moreover, increases in IL-1p after I/R
insults in brain are associated with activation of microglial and mast cells, and neutrophilic
infiltration, which can facilitate apoptotic progression (Liu and McCullough, 2013).
Therefore, the cellular effects of anti-IL-1p mAb treatment on the apoptosis and caspase-3
activity could affect numerous brain cell types, especially the immune cells, such as
microglia, infiltrated neutrophils, and mast cells. The current findings are also consistent
with our previous work in fetal sheep in which we observed that non-neuronal apoptosis
represented the predominate form of apoptosis in the cerebral cortex of fetal sheep at both
70% and 90% of gestation (Malaeb et al., 2009). In addition, consistent with previous work
in fetal sheep (Falkowski et al., 2002), the number of apoptotic cells that we observed after
short-term ischemic brain injury were relatively limited. These findings could be a result of
the mild injury observed after the 24 h recovery from ischemic brain injury.

We also attempted to analyze neuronal degeneration using FJB, which is a marker of
neurons undergoing cell death and used double immunofluorescent staining for FIB and
NeuN to assure that the FJB positive degenerating cells were in fact neurons. I/R was
associated with increased FJB positive cells/mm? compared to the Control group. However,
we were not able to detect a statically significant difference between the Isch-PL and the
Isch-mAb groups most likely because of the high scatter in the Isch-PL group and the
limited numbers of animals that could be studied in this large animal model.

I/R-related increases in IL-1f also result in damage to oligodendrocytes and reactive
astrocytes during the perinatal period (Domowicz et al., 2011; Liu and McCullough, 2013;
McClure et al., 2008; Sen and Levison, 2006; Svedin et al., 2007). Although we did not
identify changes in MBP immunostaining or the ratio of MBP/GFAP 24 h after ischemia, we
did detect a relative decrease in the amount of reactive astrocytes in the cerebral cortex as
suggested by the decrease in the percent of the section occupied by GFAP immunoreactivity
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in the Isch-PL treated compared with the Control group (Fig. 8). These findings are in
contrast to our former work in which the ratio of MBP to GFAP was decreased 48 and 72 h
after a similar insult (Petersson et al., 2002). The differences between our current study and
former work are most likely a result of differences in the relative duration of reperfusion
because the period of ischemia and the gestational ages of the fetal sheep were similar
between the two studies (Petersson et al., 2002). Moreover, in the current study, we have
examined cerebral cortical sections rather than specifically white matter (Petersson et al.,
2002). Future work would need to examine specific markers of white matter injury to
determine if treatment with anti-IL-1 mAb has protective effects on oligodendrocyte
damage after I/R injury.

Consistent with our findings of reduced immunohistochemical expression of GFAP (Fig. 8),
damage to astrocytes has also been reported in fetal sheep at 70% of gestation that were
exposed to umbilical cord occlusion (Mallard et al., 2003). Similarly, Sullivan et af.,
demonstrated in neonatal pigs that HI resulted in decreases in the average astrocyte size, and
the number and length of astrocyte processes in all cortical layers as early as eight hours
after the insult (Sullivan et al., 2010b). Moreover, it is thought that an initial reduction in
astrocytes is detrimental to the neuronal survival, but that later astroglial proliferation is an
adaptive response in order to replace lost brain tissue and re-establish neuronal-glial
connectivity in cortex (Sullivan et al., 2010a, b). However, differences in the percent area of
the astrocytic immunoreactivity were not detected between the Isch-PL and the anti-IL-1p
mADb treated ischemic groups.

In our previous work, we have shown that systemically administered anti-IL-18 mAb
penetrated into the fetal brain, attenuated I/R-related increases in the expression of IL-1p
protein, attenuated non-specific BBB dysfunction and reduced IL-1( protein transport across
the BBB (Chen et al., 2015; Patra et al., 2017). However, direct evidence for the beneficial
effects of anti-1L-1p mADb treatment on actual I/R-related brain tissue injury was lacking
until our present work. Therefore, in addition to the protective effects of systemic
intravenous infusions of anti-IL-1p mAb on BBB function in the fetal brain, intravenous
administration of modest doses of anti-IL-1p mAb also attenuate short-term parenchymal
tissue damage to the fetal brain after ischemia.

The precise mechanism(s) by which the systemic intravenous infusions of anti-1L-1p mAb
attenuate the short-term parenchymal tissue injury after I/R in the fetal brain remains to be
determined. However, several possibilities exist. The anti-IL-1p mAb could potentially exert
its beneficial effects on the fetal brain parenchyma by reducing non-specific transport of
potentially damaging molecules across the BBB (Chen et al., 2015), reducing IL-1p
transport across the BBB (Patra et al., 2017), and/or by reducing IL-1p protein levels within
the fetal brain (Chen et al., 2015). Alternatively, direct penetration of the anti-IL-1p mAb
into the brain parenchyma could attenuate I1L-1B mediated generalized parenchymal
inflammation (Chen et al., 2015). In addition, IL-1p neutralization by the mAb could also
modulate the function of cells within the neurovascular unit (Abbott, 2000), thereby
reducing the transmission of other inflammatory signals into the brain parenchyma. This
could then further attenuate the spread of other inflammatory signals within the brain.
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There are several limitations to our study as well as potential opportunities for future study.
In the current study, we administered the anti-1L-18 mAb 15 min after the end of the
bilateral carotid artery occlusion as a proof of principle. However, such a paradigm is not
clinically feasible. Therefore, in order for treatment with the anti-IL-1p mAb to have
translational potential, additional studies are required to examine the effect of delayed mAb
treatment with longer periods of reperfusion after ischemia. In addition, the potential impact
of mAD treatment on immunity would also need to be determined. It would also be of
interest to determine the effect of the mAb infusions on the ECoG signal. However, we
unfortunately are not able to monitor the fetal the ECoG signal continuously in our fetal
sheep, therefore we mainly use the fetal the ECoG signal to determine that our 30 min
ischemic insult would is adequate (Chen et al., 2015; Gunn et al., 1997). Therefore, we are
not able comment on potential effects of the mAbs on the continuous ECoG signal. We
examined white matter integrity with LFB/H&E staining and MBP. Although we have
previously shown an abundance of myelin in the fetal sheep brain at the same time in
gestation and that ischemia with reperfusion for 48 and 72 h resulted in a dramatic reduction
in immunocytochemically detectable MBP (Petersson et al., 2002), it would also be of great
interest to examine earlier markers of myelin integrity in this model. In addition, GFAP and
MBP were assessed on residual frozen cerebral cortical tissue. It would have been more
optimal to evaluate GFAP and MBP in pre-defined brain regions. Although we did not study
microglia activation in our current study, this is also an important area of investigation for
future studies in the context of our study paradigm.

5. Conclusions

I/R insults are known to trigger inflammation in the immature brain (Ferriero, 2004). Critical
phases of inflammation are regulated by multiple mediators including cytokines and
chemokines, leading to BBB dysfunction, brain tissue pathological injury, and cellular
degeneration and death. In the present study, we demonstrated the neuroprotective effects of
anti-IL-18 mAb on short-term I/R-related brain tissue injury by demonstrating that the anti-
IL-1B mAb attenuated parenchymal brain injury and cellular apoptosis. These findings
strongly support the concept that secondary inflammation contributes to perinatal brain
injury.
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. Anti-I1L-1B mAbs attenuate short-term fetal parenchymal brain injury after
ischemia

. Anti-IL-1B mAbs decrease ischemia-related apoptosis and caspase-3 activity

. Findings suggest that secondary inflammation contributes to perinatal brain
injury

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 20

A

Surgery: Intravenous Placebo or Autopsy
Catheters; Carotid Occluders | | Anti-IL-1B mAb (5.1 mg/kg) Infusion
—
v v A
v Baseline Reperfusion L,
l—”—:m I Y N B R y
-6/7 (days) -1.0 -0.5 0 1 2 3 4 24 24:20 . X
L . | Histopathological
Time (hours) analysis T

Determination:
A Brain removed (Histopathological analysis and frozen tissues) Il Frozen brain tissue for immunostaining
@ Frozen brain tissue for caspase-3 cleavage assay

Used for
prior publications

Fig. 1.

A. Study design. Surgical preparation was 6—7 days before the onset of the studies. After the
baseline determinations, ischemia was induced for 30 min by inflation of the bilateral
carotid artery occluders. At the end of ischemia, the occluders were deflated and reperfusion
continued for 24 h and 20 min. In the sham operated Control sheep, the occluders were not
inflated. Placebo (0.154 M NaCl) or anti-IL-1p mAb (5.1 mg/kg) was infused intravenously
into the fetus 15 min and 4 h after the end of ischemia. Each infusion was performed over 2
H. At the end of the studies, the ewe and fetus were sacrificed with intravenous pentobarbital
(100-200 mg/kg). The brain removed for analysis.

B. Schematic depiction of the sheep brain dissection. The shaded light gray half of the brain
had been used for our prior studies (Chen et al., 2015; Patra et al., 2017). The shaded dark
gray coronal section from the contralateral brain were obtained at the level of the
hypothalamus (mammillary bodies) and used for histopathological analysis (LFB/H&E
staining) in the current study. The residual brain tissue was immediately frozen in liquid
nitrogen and remained at —80°C until analysis. The black square indicates the section of the
cerebral cortex that was obtained for the immunohistochemical analysis that included the
FJB/NeuN, ApopTag/NeuN, and GFAP and MBP staining. The black circle shows the
frozen tissue obtained for the caspase-3 cleavage assay.

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Page 21

Control Isch-PL Isch-mAb
A : : B C

pa

<

Fig. 2.
A. Representative coronal hemi-brain section at the level of the hypothalamus (mammillary

bodies) from a sham Control fetal sheep stained with Luxol fast blue-hematoxylin and eosin.
The control brain exhibits homogenous blue stained myelin and healthy appearing cerebral
cortex. This is a score of zero.

B. Coronal hemi-brain section from an Isch-PL treated fetal sheep stained with Luxol fast
blue-hematoxylin and eosin. The section from the Isch-PL group shows a shrunken cerebral
cortical section with decreased blue staining indicating white matter loss and marked
thinning of the cerebral cortex indicating neuronal loss. This represents a score of 4.

C. Coronal hemi-brain section from an Isch-mAb treated fetal sheep stained with Luxol fast
blue-hematoxylin and eosin. The section from the Isch-mAb group shows more of the blue
stained myelin suggesting relative preservation of the white matter and comparative
preservation of the cerebral cortex. This represents a score of one. These findings suggest
that systemic intravenous infusions of anti-1L-18 mAb have beneficial neuroprotective
effects on short-term brain injury in the ovine fetus.
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Fig. 3.

A. Brain sections stained with LFB/H&E from control fetuses, placebo-treated fetuses
exposed to bilateral carotid artery occlusion followed by 24 h of reperfusion (Isch-PL), and
anti-IL-1p mAb-infused fetuses exposed to carotid occlusion and 24 h of reperfusion (Isch-
mADb). The histological panels shown are representative of the mean scores shown in 3B.
Sections from the Control fetus exhibited healthy appearing neurons (arrow) and white
matter with homogenously blue-stained myelin. This represents a score of 0. In contrast,
sections from the Isch-PL fetuses exhibited severe neuronal loss with numerous shrunken
pyknotic neurons (arrow), and extensive white matter loss, manifested by marked pallor on
LFB/H&E staining. This represents a score of 3. The sections from Isch-mAb group showed
healthy appearing cortex with normal-appearing neurons (arrow). This represents a score of
1.

B. Global pathological scores for brain damage in the Control (n = 5), Isch-PL (n =11), and
Isch-mAb (n = 12) groups are shown. All sections received global pathological ischemia
scores of 0-5, where 0 = 0%, 1 = 1-25%, 2 = 26-50%, 3 = 51-75%, 4 = 76-95%, and 5 =
96-100% of the area damaged. Scored values are shown as dot-density plots with the
median value and standard deviation (SD) shown in bars. Global pathological scores were
higher in the Isch-PL than in the Control and Isch-mAb groups. *P < 0.05 vs Isch- PL.
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Fig. 4.

A. Representative cerebral cortical cryosections show double immunofluorescent staining of
ApopTag (green) and NeuN (red) in the Control (n=14), Isch-PL (n=14), and Isch-mAb
(n=11) study groups. DAPI (blue) is used as counterstain. ApopTag™ cells are indicated with
arrows and co-staining of ApopTag*/NeuN™* cells are indicated with arrowheads.

B. Dot-density plots with median value and SD bars were obtained for quantification of the
total ApopTag* (left), ApopTag*/NeuN* (middle), and ApopTag*/Non-Neuronal* (right)
cells/mm? in the Control, Isch-PL, and Isch-mAb groups. The total ApopTag* (ANOVA,
P<0.03) and ApopTag*/Non-Neuronal* (ANOVA, £<0.02) cells were higher in the Isch-PL
than in the Control and Isch-mAb treated groups, but ApopTag*/NeuN* cells did not differ

among the three groups.
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Fig. 5.

DEVD-AFC assays were performed on cerebral cortical homogenates obtained from the
Control (n=9), Isch-PL (n=10), and Isch-mAb (n=10) study groups. AFC was used to obtain
a standard curve and caspase 3 activities were expressed as picomoles per milligram protein
per minute (pmol/mg/min). *P<0.05. Caspase 3 activity was higher in the cerebral cortex of
the placebo treated fetal sheep exposed to 24 h I/R injury (Isch-PL group) than in the
Control and Isch-mAb treated groups. However, the magnitude of the differences between
the Isch-PL and Isch-mAb treated groups were relatively small.
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Fig. 6.

A. Linear regression analysis shows a positive correlation between total ApopTag™
cells/mm? and the global pathological scores (7= 0.71, n=21, P< 0.001) in the Isch-PL (red
circles) and Isch-mAb (blue circles) study groups. Regression lines (black line) and 95%
confidence band (blue dashed line). Linear regression analysis shows a positive correlation
between ApopTag*/Non-Neuronal* cells/mm? and the global pathological scores (r=0.78,
n=21, £<0.001) in the Isch-PL (red circles) and Isch-mAb (blue circles) groups. Regression
lines (black line) and 95% confidence band (blue dashed line).

Brain Behav Immun. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chenetal.

Page 26

Isch-mAb |

A | Control || Isch-PL ||

—
e

(00}

o

NeuN FJB DAPI

_i_

FJB/NeuN Positive Cells/mm?2
N

Control Isch-PL

Fig. 7.

Isch-mAb

A. Representative cerebral cortical sections from Control (n=16), Isch-PL (n=13), and Isch-
mADb (n=11) groups stained with FJB (green), anti-NeuN mAb (red), and Dapi (blue) are
shown. Arrows indicate FJB/anti-NeuN mAb double stained yellow cells.

B. The number of FIB/NeuN positive cells per counting field area (mm2) is plotted as a dot-
density plot with median values and SD bars. The number of FIB/NeuN positive cells per
counting field area was higher in the Isch-PL than in the Control group (Kruskal-Wallis,
£<0.02), but did not differ between the Control and Isch-mAb or the Isch-PL and Isch-mAb

groups (Kruskal-Wallis, £>0.05) groups.
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Fig. 8.

A. Grayscale images showing the cerebral cortical sections from the Control fetuses
(Control, n=9) subjected to 30 min of ischemia and 24 h of reperfusion (I/R) treated with
placebo (Isch-PL, n=12) or anti-1L-18 mAb (Isch-mAb, n=11). The cerebral cortical
sections were stained with anti-MBP mAb (MBP, top panel) and anti-GFAP pAb (GFAP,
bottom panel). Differences were not observed in the amount of MBP-stained per the field
area in the cerebral cortical sections among the study groups. However, the sections from
Isch-PL group exhibited decreased immunoreactivity for GFAP compared with the Control
group. The sections from Control and Isch-mAb groups appeared to have more enlarged and
densely stained areas of GFAP. This suggests that immunohistochemical expression of
GFAP was reduced in the fetal cerebral cortex after short-term I/R exposure.

B. Dot-density plots with median values and SD bars were used to represent the percent of
immunoreactive areas of MBP (left) and GFAP (middle) as a ratio to the total microscopic
field, and the ratio of the immunoreactive areas of MBP to GFAP (right). There were no
differences in the ratio of the percentage of MBP immunoreactive area the to the total
microscopic field area among the study groups (Kruska-Wallis, P=0.17). The cerebral cortex
subjected to I/R (Isch-PL) demonstrated a reduction in immunohistochemically detectable
GFAP compared with the Control (Kruska-Wallis, £<0.03) animals. Statistical differences
were also not observed in the ratio of the GFAP immunoreactive areas to the total
microscopic field between the Isch-mAb and the Control group (Kruska-Wallis, £=0.54) or
between the Isch-PL and Isch-mAb groups (Kruska-Wallis, £=0.46). Differences were also
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not observed in the ratio of immunoreactive area of MBP to GFAP (Kruska-Wallis, P>0.05)
among Control, Isch-PL, and Isch-mAb groups.
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