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1 | INTRODUCTION

Abstract

All placental abruptions begin as partial abruptions, which sometimes manifest as
fetal bradycardia. The progression from partial to total abruption was mimicked by
a new rabbit model of placental insufficiency, and we compared it, with sufficient
statistical power, with the previous model mimicking total placental abruption. The
previous model uses total uterine ischemia at E22 or E25 (70% or 79% term, respec-
tively), in pregnant New Zealand white rabbits for 40 min (Full H-1). The new model,
Partial+Full H-1, added a 30-min partial ischemia before the 40-min total ischemia.
Fetuses were delivered either at E31.5 (full term) vaginally for neurobehavior testing,
or by C-section at E25 for ex vivo brain cell viability evaluation. The onset of fetal
bradycardia was within the first 2 min of either H-I protocol. There was no difference
between Full H-1 (n = 442 for E22, 312 for E25) and Partial+Full H-1 (n = 154 and
80) groups in death or severely affected kits at E22 (76% vs. 79%) or at E25 (66% vs.
64%), or normal kits at E22 or E25, or any of the individual newborn neurobehavio-
ral tests at any age. No sex differences were found. Partial+Full H-1 (n = 6) showed
less cell viability than Full H-1 (n = 8) at 72-hr ex vivo in the brain regions studied.
Partial+Full H-I insult produced similar cerebral palsy phenotype as our previous Full
H-1 model in a sufficiently powered study and may be more suitable for testing of

potential neuroprotectants.
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higher mammals) (Cavarsan et al., 2019; Saadani-Makki et al., 2008;
Shi, Vasquez-Vivar, et al., 2019). The translational rationale for de-

Hypertonia and movement disorders are characteristics of cerebral
palsy (CP), which is the most common motor disability in childhood
(Graham et al., 2016; Koman et al., 2004). There have been many
animal models that claim to be translatable to clinical CP, employ-
ing different insults (hypoxia or inflammation), different timing of
insults (prenatal or postnatal), and in different animals (rodents and

veloping rabbit models for perinatal brain injury is that rabbits are
perinatal motor developers akin to humans (Harel et al., 1978), with
similar time course in oligodendrocyte development and myelination
(van Tilborg et al., 2018). Rodent models are most commonly uti-
lized but suffer from the drawback that naive rodent motor devel-
opment starts only in the postnatal period, that they do not reflect
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Significance

We modified our existing preterm placental insufficiency
rabbit model to better simulate the transition from partial
to total abruption in human patients. A short period of
partial ischemia was added to full uterine ischemia. Long-
term postnatal death and disability in the newborn rab-
bits following Partial+Full uterine ischemia were similar to
the previous Full uterine ischemia model. Short-term fetal
brain cell survival was not different at day 1, but subse-
quent survival was worse in Partial+Full fetuses. The new
model also exhibits fetal bradycardia immediately after the
onset of partial uterine ischemia, allowing for possible neu-
roprotectant administration that then will be able to enter
the fetal brain.

the perinatal stage in humans (Fragopoulou et al., 2019), and do not
produce stable and reproducible hypertonia (Bona et al., 1997; Fan
etal., 2005; McQuillen et al., 2003). Pig and non-human primates are
also inappropriate for the study of perinatal origins of CP, because
their motor development is prenatal and is almost complete at birth,
unlike humans. The rabbit is the only animal model to manifest motor
deficits of CP and dystonia caused by perinatal hypoxia-ischemia
(Shi, Luo, et al., 2019).

Fetal bradycardia and non-reassuring fetal heart rate patterns
are often considered ominous signs of fetal injury leading to obstet-
ric intervention because they are believed to reflect uteroplacental
insufficiency. Placental abruption is one example of placental insuf-
ficiency affecting the fetus, and when observed in the context of
fetal bradycardia (Matsuda et al., 2013), it is a known risk factor for
further clinical problems such as CP (Hasegawa et al., 2016; Matsuda
et al., 2003).

The translational rationale for modeling placental abruption
comes from the higher incidence of death and adverse neurode-
velopmental outcomes (Ananth et al., 1999; Gilbert et al., 2010;
Kayani et al., 2003; Logitharajah et al., 2009; Matsuda et al., 2003).
We had previously developed a rabbit uterine ischemia model of
CP phenotype after H-I at preterm gestation, mimicking the clini-
cal scenario of abruptio placentae (Derrick et al., 2004, 2007; Tan
et al., 2005). Despite this, there was still concern that we were not
mimicking the actual clinical course and progression of abruptio
placentae or of uteroplacental insufficiency. All available models
of H-I in animals to date have used a single insult consisting of a
sudden onset of 100% anoxia to the fetal brain. Clinically, it is rare
to have an insult that causes an immediate complete cessation of
blood supply to the uterus such as massive clot, sudden cardiovas-
cular collapse of mother. All cases of total placental abruption start
off with partial abruption and change over time to total abrup-
tion. Placental abruption progresses in a relatively slower manner
and in some cases develops incrementally into total abruption.

Uteroplacental insufficiency states also may take time to develop.
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Thus, the rationale for developing a new model was to study the
transition from partial to total abruption. It became imperative for
preclinical investigators to come up with a suitable translational
animal model. We wondered if a more translational prenatal H-I
model would be more suitable for testing of neuroprotectants in
addition to expanding its clinical relevance. We added a period of
partial uterine ischemia to the full uterine ischemia and thus, we
hypothesized that there would be an increased brain injury with
the additional partial insult.

In the present study, we demonstrated a modified H-l1 model
based on our previous prenatal H-I model in rabbit, and compared
the long-term postnatal death and neurobehavioral outcomes, as
well as acute brain cell viability after the H-I insult. According to the
principle of “Replacement, Refinement, and Reduction in Animal
Studies With Biohazardous Agents” (Kendall et al., 2019), we com-
pared the new model to our entire data set of experiments done

since inception.

2 | MATERIALS AND METHODS

All animal-related procedures were performed under the per-
mission of IACUCs of Wayne State University or NorthShore
University HealthSystem Research Institute, and all the studies
were conducted in accordance with the US Public Health Service
Policy on Humane Care and Use of Laboratory Animals. Data were
derived from two time-epochs. From 2004 to 2016, the rabbit
studies were conducted at NorthShore University HealthSystem,
and from 2016 onwards, at Wayne State University. The physical
condition for housing/husbandry was almost identical, based on
the same IACUC protocol. Laboratory personnel conducting the
experiments have been unchanged since 2013. We retrieved all
available neurobehavioral data in surgical groups, sham groups, and
naive group. No data were excluded. The investigators perform-
ing the neurobehavioral battery of tests or cell viability analysis
were blinded to the dams’ H-1 group. Timed-pregnant New Zealand
White dams were initially ordered from Myrtles (now defunct) but
the later batches were ordered from Charles River, since 2015
following an identical protocol for breeding. Single housing was
done for pregnant female rabbits in order to reduce stress during
pregnancy, facilitate monitoring, and allow appropriate nesting be-
havior, and all rabbits were placed in a separate room. Dams were
allowed 5-7 days to acclimate following arrival animal facility and
prior to the initiation of experiments. After the Partial+Full H-1 or
the Full H-I surgical procedures, dams and kits were euthanized

after the kits completed neurobehavioral tests.

2.1 | Invivo animal models

Global H-I of fetuses was induced by uterine ischemia at E22 or
E25(70% or 79% gestation, respectively), in pregnant New Zealand
White rabbits as previously described (Derrick et al., 2004, 2007;
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Tan et al., 2005). A detailed description is provided in the study
by Shi, Luo, et al. (2019). Briefly, dams were anesthetized with an
initial regimen of intravenous fentanyl (75 pg kg™t h™) and droperi-
dol (3.75 mg kg™* h™), then maintained under general anesthesia
with lower doses for preparation of spinal/epidural anesthesia.
Spinal or epidural anesthesia was with 0.75% bupivacaine. After
spinal/epidural anesthesia, the dose of anesthesia was dropped so
that the levels of fentanyl and droperidol maintained the animal in
deep sedation. The dam was allowed to breathe spontaneously. A
balloon catheter was introduced into the left femoral artery and
advanced into the descending aorta between the uterine arteries
and the renal arteries. Inflation of the balloon results in uterine
ischemia that causes global fetal hypoxia and subsequently H-I to
fetal brain.

2.2 | Experimental groups: (1) Full H-1 and (2)
Partial+Full H-1

In the Full H-1 group, the aortic balloon was inflated for 40 min,
which caused complete cessation of uterine blood flow and sub-
sequent global fetal brain H-I. The cessation of blood supply to
the uterus was confirmed by monitoring of blood pressure on the
hind limb without catheter insertion in every dam. At the end of
H-I, the balloon was deflated, and the reperfusion period started.
The time of 40 min was chosen to give a balance of motor deficits,
deaths, and normal kits. There were no neurobehavioral deficits
with naive, sham controls, or Partial H-I for 30 min, or even Full
H-1 for 30 min previously. Some of the Full H-I group of newborn
kits have been reported for MRI diagnosis (Drobyshevsky, Derrick,
Wyrwicz, et al., 2007; Drobyshevsky et al., 2014; Drobyshevsky,
Yu, et al., 2012) and treatment of CP, including nNOS inhibitors
(Ji et al.,, 2009; Yu et al., 2011) and stem cells (Drobyshevsky
et al., 2015).

Inclusion criterion was simple as we were using the same model
for these studies. Exclusion criterion was if there were no neurobe-
havioral studies performed at P1.

Dams in the Partial+Full H-1 group received an extra 30-min
Partial H-l1 immediately before the Full H-I; Partial H-I confirmed

by lowered blood pressure to about two thirds of that before

E22
m

balloon inflation on the hind limb without catheter insertion.
Partial+Full H-1 is the newer model. During the development of
the newer model, we had conducted a block-randomized compar-
ison with Full H-1 done at the same time in a ratio of 1:2. In the
present study, we added historical controls of Full H-| kits to have

sufficient power (Figure 1).

2.3 | Death and disability

For primary endpoint experiments, the dams were allowed to re-
cover and deliver at term gestation (E31.5). Neurobehavioral
assessment was done on postnatal Day 1 (P1) using a protocol pub-
lished before (Derrick et al., 2004; Shi, Vasquez-Vivar, et al., 2019),
with minor revisions. All kits that underwent neurobehavioral tests
were included in this study. Primary endpoints were death at deliv-
ery or neurobehavioral deficits based on locomotion, motor ability,
and muscle tone. For each animal, the tests were videotaped and
scored on a scale of 0-4 (0 = worst and 4 = best of corresponding
parameter, except for muscle tone where 0 is hypotonia, and 4 is
hypertonia, and were measured on forelimbs or hindlimbs, and dys-
tonia where 0 is normal and higher scores are worst) by two blinded
observers. Olfaction was tested by aversive response to a cot-
ton swab soaked with peppermint, amyl acetate, or pure ethanol.
Locomotion on a flat surface was assessed by grading the amount
of spontaneous movement of head, trunk, and limbs. Tone was as-
sessed by active flexion and extension of the forelimbs and hind
limbs and scored (0-4) according to the Ashworth scale (Damiano
et al., 2002). The righting reflex was assessed when the pups were
placed on their backs. Suck and swallow were assessed, by intro-
duction of infant milk formula into the pup's mouth with a plastic
pipette. The categorization of overall neurobehavioral status is as

follows:

1. Severe: presence of (a) moderate hypertonia (defined as
tone 23.0 in forelimb or 22.0 in hind limb), or (b) combined
hypertonia in both fore- and hind limbs (tone = 2.5 in forelimb
and 1.5 in hind limb);

2. Mild: (a) Mild hypertonia in one limb (defined as either tone = 2.5

in forelimb or 1.5 in hind limb) by itself or accompanied by minor

E25

Same time|| Historical
Partial+Full Full Full
Dams:16 32 32
Kits:154 216 226

Same time] [ FStoric
Partial+Full Full Full
10 17 24
80 141 196

FIGURE 1 Same time and historical comparisons. Number of dams (black) and kits (gray) are depicted. Block randomization was done
at the same time in the ratio of 1:2 for Partial+Full H-1 versus Full H-1 dams. Also depicted are historical controls (dark gray). Each dam gave

birth to only one litter
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TABLE 1 Summary of animals in different experimental groups of H-1 at E22

Characteristics Full H-1 Partial+Full H-1 p value
No. of dams 64 16 -
No. of newborns 435 122 =
No. of males (%) 152/286 (53.1) 35/72 (48.6) 0.49°
Weight (mean = SD) 48.2 + 16.0 48.7 + 16.2 0.76°
No. of dead (%) 136 (31.3) 37 (30.3) 0.847
No. of males (%) 37/73 (50.7) 8/19 (42.1) 0.51°
Weight (mean + SD) 31.5+17.7 30.2+18.0 0.74°
No. of severe (%) 208 (47.8) 61 (50) 0.67°
No. of males (%) 73/138 (52.9) 17/36 (47.2) 0.54°
Weight (mean + SD) 53.8+8.0 55.3+8.9 0.22°
No. of mild (%) 31(7.1) 10 (8.2) 0.69%
No. of males (%) 12/20 (60) 2/4 (50) 1°
Weight (mean + SD) 57.5+99 57.7 +9.2 0.97°
No. of normal (%) 60 (13.8) 14 (11.5) 0.51?
No. of males (%) 20/37 (54.1) 8/13 (61.5) 0.64°
Weight (mean =+ SD) 58.0+8.3 54.3 +8.0 0.11°
No. of survival (%) 299 (68.7) 85 (69.7) 0.842
No. of males (%) 105/195 (53.8) 27/53 (50.9) 0.71°
Weight (mean + SD) 55.0+ 8.5 55.3+ 8.8 0.82°
Note: Survival is defined as (severe + mild + normal).
2% test.
Pt test.

‘Fisher's exact test.

Partial+Full

FIGURE 2 Overall outcome. There were no differences
between the normal, mild, severe deficits or death between Full
(left column) and Partial+Full H-I groups (right) at E22 (blue) or E25
(yellow). Percentages of total kits shown in each pie. At E22, no.

of kits were 442 and 154, respectively; at E25, 312 and 80 kits,
respectively. Kendall tau b 95% confidence intervals: (a) Full versus
Partial+Full at E22, -0.053 to 0.207, (b) at E25, -0.180 to 0.078, (c)
Comparing E22 to E25 for Full, 0.137 to 0.129, and (d) Comparing
E22 to E25 for Partial+Full, -0.241 to 0.160. The actual power

for no difference between the ordinal distribution of deficits and
death, and relative number of patients at E22 was 58%

locomotor deficit (locomotion 2.5-3.0); or (b) locomotor deficit
(locomotion <2.5) without hypertonia.
3. Normal: No locomotor deficit.

Sex assignment was done if we had the kits in our laboratory,
after euthanasia, by visual inspection of abdominal gonads (Nielsen
& Torday, 1983).

2.4 | RealTime-Glo MT cell viability assay

Different fetal brain regions, including cortex, basal ganglia, thala-
mus, and cerebellum, were collected by C-section immediately after
either Partial+Full H-I or Full H-I at E25. Cells were obtained from
brain tissue by digestion in Neurobasal medium (ThermoFisher
Scientific) containing 0.025% trypsin and incubated on a rotating
shaker at 37°C for 45 min (Derrick et al., 2001). Cells were washed
with Neurobasal medium and passed through a sterile 70-pm filter
to produce a single-cell suspension. Cells were plated at 5 x 104
per well in 96-well plates and grown in 100 pl Neurobasal medium
supplied with 10% B-27 supplement (Gibco) and 1x RealTime-Glo
MT Cell Viability Assay reagent (Promega, G9713) at 37°C with 21%

O, and 5% CO,. Luminescent signals were obtained at 24, 48, and
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TABLE 2 Summary of animals in different experimental groups of H-1 at E25

Characteristics Full H-I Partial+Full H-1 calue
No. of dams 41 10 -
No. of newborns 887 80 =
Males (%) 95/164 (57.9) 22/53 (41.5) 0.04°
Weight (g, mean + SD) 43.7 + 147 45.8 + 16.1 0.31°
Dead (%) 141 (41.8) 31(38.8) 0.61°
Males (%) 25/40 (62.5) 6/18 (33.3) 0.04°
Weight (g, mean + SD) 32.2+13.8 27.3 +14.6 0.17°
Severe (%) 67 (19.9) 20 (25) 0.312
Males (%) 26/48 (54.2) 7/13(53.8) 0.98%
Weight (g, mean + SD) 50.1+ 9.5 50.2 + 9.5 0.99°
Mild (%) 13(3.9) 6(7.5) 0.16°
Males (%) 6/8 (75) 2/5 (40) 0.29¢
Weight (g, mean + SD) 48 +9.2 49 +9.2 0.84°
Normal (%) 91 (27.0) 23(28.8) 0.75%
Males (%) 32/57 (56.1) 7/17 (41.2) 0.28*
Weight (g, mean + SD) 51.4+11.0 56.4 +8.9 0.05°
Survival (%) 196 (58.2) 49 (61.3) 0.61°
Males (%) 70/124 (56.5) 16/34 (47.1) 0.33°
Weight (g, mean + SD) 50.5+10.3 529+98 0.14°

Note: Survival is defined as (severe + mild + normal). Bold indicates p < 0.05.

22 test.
Pt test.
‘Fisher's exact test.

72-hr post H-1 using a Synergy™ HTX multimode microplate reader
(Biotek, Winooski, VT).

2.5 | Statistics

Neurobehavioral data were depicted as box and whisker plots and
each data point is shown. Analysis was done with SAS software ver
9.4 (SAS Institute Inc., Cary, NC, USA). We checked for normal dis-
tribution by examining the Q-Q plots (Proc Univariate, SAS). Primary
outcome data were expressed as number of cases (percentages) and
analyzed by Kendall's tau-b rank (Khamis, 2008) correlation coeffi-
cient and Cochran-Armitage Trend Test. Student's t test was used to
analyze continuous data between corresponding groups, and ordinal
data were also analyzed using chi-squared test or Fisher's exact test.
For rigor (Steward & Balice-Gordon, 2014), Bonferroni correction
was used for multiple tests and power analysis for number of dams
was done, assuming moderate effect for odorant response at P1, o
error of 0.05, g error of 0.2, and power of 80%. A two-tailed p < 0.05
was determined as significant difference. For overall outcome, based
on the distribution of kits in each neurobehavioral group, the total
number (596 kits), and an increase of 15% in number of severe kits and
death, the power for E22 comparisons was 81% using a two-sample
Wilcoxon-Mann-Whitney test (Proc Power, SAS). The bivariate

Pearson Correlation was used to produce a correlation coefficient, r,
which measured the strength and direction of linear relationships be-
tween pairs of neurobehavioral test variables (Proc Corr, SAS).

3 | RESULTS

3.1 | Overall birth outcomes and neurobehavioral
test

In the E22 H-I experiments, there were 16 dams with 154 new-
borns in the Partial+Full H-1 group with an average of 9.6 per litter,
and 64 dams with 442 newborns in the Full H-I group, average 6.9.
There were no differences in the percentages of dead, severe, mild,
or normal newborns between the two groups. There was no differ-
ence in sex or birth weight in each birth outcome between the two
groups (Table 1). In the E25 H-I experiments, there were 10 dams
with 80 newborns in the Partial+Full H-I group, and 41 dams with
312 newborns in the Full H-I group. The total number of kits was
988. There were no differences in the percentages of dead, severe,
mild, or normal newborns between the two groups at either E22 or
E25 (Figure 2). There were more male newborns as well as dead male
newborns in the Full H-1 group at E25 (Table 2). There was no differ-

ence found between E22 and E25 outcomes, in each category of H-I.
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FIGURE 3 No sex differences. There were no differences between the normal, mild, severe deficits or death between sex in Full (a,b) or
Partial+Full H-1 (c,d) groups at E22 (a,c) or E25 (b,d). Female in pink and Male in blue, total number of kits given in insert on top right. Kendall
tau b 95% confidence intervals: (a) -0.141 to 0.118, (b) -0.099 to 0.157, (c) -0.159 to 0.100, and (d) -0.170 to 0.088. F, female; M, male

3.2 | No sex differences

In a subset of the total population, sex assignments were done.
There was no difference in sex on the severity of outcomes in either

Full or Partial+Full at either gestational age (Figure 3).

3.3 | Itemized neurobehavioral tests

There were no differences in sensory deficits including olfactory
tests (peppermint, alcohol, or amyl acetate), or movement of eyelids
and upper face to stimulation (Figure 4 A-D).

There were no differences in locomotion of forelimbs or hind
limbs. Both the range of motion (movement) and time of activity (ac-
tivity) were not significantly different between Full and Partial+Full
H-1 groups at E22 or E25 gestational ages (Figure 5). The neck move-
ment and trunk movement were also similar between the two groups
at both ages (Figure 6).

There were no differences in suck and swallow, or muscle tone in
forelimb (shoulder, elbow, carpal (SEC)) or hind limb (hip, knee, tarsal
(HKT)), or dystonia score between the E22 Partial+Full H-1 group
and the Full H-1 group (Figure 7).

The only differences we saw at E25 were a significantly better
outcome in suck and swallow (Figure 7e) in the Partial+Full H-I com-
pared to the Full H-1 group.

3.4 | Correlation matrix of individual
behavioral tests

We next examined whether there were differences in two-variable
correlations between individual neurobehavioral tests. The strength
of the correlation has been given a color code for easy comparisons
in Table 3 for E22 and Table 4 for E25. Most of the strengths of cor-
relation were similar between Full and Partial+Full H-I groups. The
variables reflective of the sensory system were the olfactory tests
and response of upper face to touch. The olfactory tests did not seem
to correlate with locomotor or tone variables in any group at either
age. However, the upper face response correlated with locomotor
and tone variables. Intriguingly, upper face response had weaker cor-
relations after Full H-1 at E25 compared to all other groups. There
was also a suggestion that hind limb tone correlations with other lo-
comotor activities are less in Partial+Full compared to Full for both
E22 and E25.
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FIGURE 4 Sensory deficits. Box and whisker plots with distribution depicted. E22 H-I in top row and E25 H-I in bottom row. There were
no differences between the olfactory response to peppermint (a,e), ethyl alcohol (b,f), and amyl acetate (c,g), between Full and Partial+Full
H-I groups at E22 (power 75%, 72%, 32%; p = 0.0568, 0.0650, 0.3711) or E25 (power 75%, 97%, 16%; p = 0.0523, 0.0050, 0.8103). There
were also no differences in the response of the upper face to stimulation of eyelid or upper face at E22 (power 2%; p = 0.7944) or E25

(d,h) (power 1%; p = 0.9183). Scoring of odor response: 0, no response; 0.5, mouth and nose twitch; 1, head moves <6°; 2, head moves
6°-30°, 3, head moves 31°-60°; 4, head moves >60° from midline. Shading to show which direction is worse

3.5 | Fetal brain cell viability

To investigate if there was any worsening effect of an extra Partial
H-1 on the fetal brain, we performed RealTime-Glo MT cell viabil-
ity assay in cells extracted from different regions of the brain in-
cluding the cortex, cerebellum, basal ganglia, and thalamus (total
number of fetuses was 16). Cell cultures from regional brain cell
suspensions were maintained, and cell viability was monitored at
various time points immediately after E25 Full H-I or Partial+Full
H-I. There were no differences between Full H-I and Partial+Full
H-1 group in any brain regions at 24 hr after the insult: cortex,
4,569 + 1,360 versus 6,389 + 1,444; cerebellum, 6,837 + 1,474
versus 7,472 + 1,992; basal ganglia, 13,754 + 2,483 versus
16,289 + 2,494, thalamus, 11,190 + 4,483 versus 7,472 + 1,992
units, respectively (unpaired t test, n = 6-9 fetuses per group).
However, continued cell viability showed that Partial+Full H-I
group had less significant viability of cells with time compared to

Full H-1 group (Figure 8).

4 | DISCUSSION

This is the first animal model to mimic the pathophysiological events
from partial to total uteroplacental insufficiency. No significant differ-
ences in neurobehavioral outcomes were found in the premature rabbit
at 70% and 79% gestation (E22, E25) between Full H-1 and Partial+Full
H-I insults. Sex differences made no contribution to outcomes. Two
interesting points are noteworthy. First, the study was powered for
detecting a 15% increase in the ordinal distribution, with increase in
E22 severe and dead kits, at 81% power or g error = 0.19. With the
actual outcome difference, our power was 58%, and we would need
more than 1,000 kits to detect a significant increase. Nevertheless, we
may have shown that there is no biological difference between Full and
Partial+Full H-1 with respect to neurobehavioral outcomes. Second, to
get these number of kits takes many years, making such a study ex-
pensive to complete and replicate. This also points to the expense of
getting adequate numbers while performing neuroprotectant trials in

the rabbit especially if the improvement is mild. In addition, individual
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neurobehavioral variables were not significantly different between
Full and Partial+Full H-1 insults at any gestational age. Since we used a
more stringent cutoff for a error (0.0029) due to Bonferroni correction,
atype Il error could be a possibility. Surprisingly, there was a significant
improvement, not worsening, in suck and swallow (Figure 7e) in the
Partial+Full H-1 group compared to the Full H-I group. We also showed
in E25 that cell viability at 24 hr after the insult was not different in
any of the four brain regions between the two groups. Again, due to
small sample size, a type |l error is possible. As anticipated, at 72 hr, we
found all regions showed less cell viability in the Partial+Full H-1 group
compared to the Full H-I group. To explain this discrepancy in the con-
text of the better suck and swallow test results, it is possible that the
medulla and brain stem regions controlling swallowing (Ludlow, 2015)
were comparatively spared in Partial+Full H-1 group; however, this is
worthy of further investigation. Also, the cortex results of cell viabil-
ity may not reflect the portions of the cortex involved in swallowing
(Ludlow, 2015), or more likely, the cortical control of swallowing devel-
ops later than E25 in rabbits.

This is also the first study to comprehensively investigate the cor-
relations between two individual neurobehavioral tests, made possi-

ble by the large number of kits studied. Specifically, we were interested

in the strength of correlation (Pearson coefficient) between sensory
and locomotor or tone variables and also the strength of correlation
between locomotion and tone or dystonia. Marked dystonia was rare
on the whole, making correlations with dystonia less likely. There was
expectedly strong correlation among various locomotor variables in
all groups. The strong association of forelimb tone with locomotion
was not surprising, since the newborn rabbit does most of its locomo-
tion using forelimbs and less using the hind limbs. The weaker correla-
tion between hind limb tone and locomotor variables in Partial+Full
H-1 compared to Full H-I at both ages, and the stronger correlation
between odor response and tone in Partial+Full at E25, would suggest
that the injury may affect different regions of the brain ultimately. The
question that possibly different motor pathways or a different pattern
of brain injury may be involved in Partial+Full H-1 would require fur-
ther investigation to be answered.

CP is a disease entity that involve survivors. Not much is known
of the primary, secondary, tertiary phases of brain cell injury in these
patients. The brain histopathology most probably recovers by the time
of manifestation of hypertonia and postural deficits. This thesis is con-
firmed by numerous neuroimaging studies at older ages. In our ani-

mal model, histopathological changes are most obvious at the time of
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secondary and tertiary cell phases, but taking brains 1-3 days after the
insult has not shown any difference between sham controls and H-I,
and we are unable to differentiate between fetuses that will ultimately
become hypertonic (or severe or mild) from those fetuses that become
normal-looking kits. Since there were no distinguishing histological
lesions between Full H-l1 and sham controls, we did not attempt to
look at histological differences between Full and Partial+Full H-1. We
have developed a fetal MRI biomarker that reliably predicts postnatal
hypertonia (Drobyshevsky, Derrick, Prasad, etal., 2007; Drobyshevsky,
Luo, et al.,, 2012), but only for the E25 fetus and for Full H-1. Studies are
ongoing to extend this MRI biomarker to the Partial+Full H-l and then

to investigate cell death and histopathological changes.

4.1 | Pre-acclimatization versus preconditioning

Since the only difference between the two H-I groups is the extra

Partial H-I period of 30 min, three possible mechanisms could be

involved: (a) Additive or synergistic effect, (b) pre-acclimatization,
or (c) preconditioning. We were expecting an additive or synergis-
tic effect where the injury of Partial+Full H-I would be more than
that of Full H-1 group. The fetus already operates at an oxygen level
akin to being at 6,000-8,000 m altitude (Singer, 1999). The addi-
tion of an H-l insult would be expected to deplete the physiological
reserves and thus cause more injury. This mechanism explains the
cell viability after 24-hr ex vivo where the cells fail to recover as well
in Partial+Full H-I group. For neurobehavioral outcome, increased
death at E25 compared to E22 was expected, as was previously pub-
lished (Derrick et al., 2012); in this study, the higher percentages can
be explained by the smaller denominator of kits from the previous
study as the early perinatal deaths were not counted.
Pre-acclimatization is a mechanism where normoxic individuals
undergo a hypoxic period of acclimatization prior to further expo-
sure of greater hypoxia. The Partial+Full H-I scenario may be differ-
ent because the fetus was already at relatively hypoxic conditions

at baseline. Also, acclimatization ideally involves a sufficiently long
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period of time (Goyal et al., 2013), and a stepwise increased expo-
sure (Kupper & Schoffl, 2010). Nevertheless, compensatory mecha-
nisms could be triggered (Viscor et al., 2018) by the short H-1 period,
which could cause amelioration of injury.

Preconditioning is a mechanism where normoxic individuals
undergo a hypoxic period followed by 1-2 days of normoxia and
then protects against a subsequent lethal insult. Studies in pre-
conditioning suggest possible compensatory mechanisms that
would ameliorate injury. In the piglet, another large animal, 3-hr
preconditioning results in an increase of HIF-1a and VEGF, amelio-
rating the subsequent H-1 injury (Ara et al., 2011). The Partial+Full
scenario is different because of the baseline fetal hypoxic status,
comparatively shorter time of initial hypoxia, and absence of the
intermediary normoxic period sandwiched in preconditioning be-
tween the initial and final hypoxia. In mice, preconditioning of 60-
min hypoxia was not different from 30 min (Sheldon et al., 2007),
which would suggest that changes in the initial 30-min-Partial H-I
in our study probably continued to evolve in the subsequent total

H-1 period.

The net effect of the three possible mechanisms could pos-
sibly cancel each other out resulting in the similarity of the inci-
dence of death and disability. Somewhat unique to the perinatal
field is the inverse relationship between the number of deaths
and severely affected motor deficits. In the continuum of injury,
first there is mild, then severe, then death. It is a well-known
clinical fact that when we rescue babies with hypoxic-ischemic
encephalopathy, the deaths can decrease resulting in greater
numbers of severely affected survivors. With decreasing infant
mortality, the incidence of CP in the survivors increases (Winter
et al., 2002) or the prevalence of CP among survivors remains
the same (Van Naarden Braun et al., 2016). Thus, most clinical
studies use death and disability as a primary outcome variable.
For neuroprotectant studies, it becomes important to consider
the number of normal individuals as a decrease in death/severe
individuals could trickle down to more severe/mild cases. This
trickle-down effect and the inverse relationship between deaths
and severe deficits are well illustrated in Figures 2 and 3, showing

an increase in death but decrease in severely affected kits with
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increasing age. The comparisons between groups thus becomes
a bit more complex, necessitating the use of ordinal comparisons
of a certain order.

4.2 | Assessment of sex

We had previously thought that female sex had more deaths but less
severely affected kits in the survivors. With accumulation of enough
numbers, we show no statistical difference in outcomes among
males and females. What is intriguing is that in all groups there is
slightly more deaths and slightly less severe cases in females except
the E25 Full H-1 group. Since the total number of females is surpris-
ingly less than males in this group, it is possible that the natural se-
lection tendency of rabbit dams to sometimes eat their newborns

could have resulted in culling of dead females.

4.3 | A potential platform to study mechanisms and
treatment methods

Rabbit models of H-l injury (Derrick et al., 2001, 2004) utilize revers-
ible H-I unlike partial uteroplacental insufficiency models in rodents
(Morton et al., 2019). A major advance has been the use of MRI bio-
markers to identify which of the fetuses will become hypertonic dur-
ing the H-linsult (Drobyshevsky, Derrick, et al., 2012; Drobyshevsky,
Derrick, Prasad, et al., 2007; Drobyshevsky, Luo, et al., 2012). A fu-
ture study is needed to show whether MRI would still be useful in
this new model. The pure H-lI models are separated from the inflam-

matory models from our laboratory (Shi, Vasquez-Vivar, et al., 2019)

and others to investigate CP (Saadani-Makki et al., 2008), and the
glycerol toxin-based models of intracranial hemorrhage (Georgiadis
et al., 2008; Traudt et al., 2014). Most importantly for neuroprotect-
ant trials, this new model offers better clinical translation to the
human setting as it avoids the drawback of total uterine ischemia
preventing a neuroprotectant to cross the placenta to the fetus.
Fetal bradycardia occurs in the first few minutes of both Full and
Partial+Full H-I models. Since fetal bradycardia is the cardinal sign
to intervene in pregnancy for obstetricians (Tan, 2014), we could
use the onset of fetal bradycardia to start administering neuro-
protectants in the prenatal period. For chronic administration of
neuroprotectants, such as sepiapterin or tetrahydrobiopterin that
has been shown to be a moderate neuroprotectant (Vasquez-Vivar
et al., 2009), either of the models would suffice, especially as prior
administration of antioxidants can sometimes change the fetal heart
rate response (Tan et al., 1996). An ideal neuroprotectant would then
be one which is able to not only cross the placenta but reach the fetal
brain in enough quantities quickly as has been shown for neuronal
nitric oxide synthase inhibitors (Ji et al., 2009; Yu et al., 2011).

In conclusion, this large study of 1,004 kits introduces a new
rabbit CP model that translates the human transition from partial to
total uteroplacental insufficiency, which is more suitable for testing
of neuroprotectants. We modified our existing preterm placental
insufficiency rabbit model to better simulate the transition from
partial to total abruption in human patients. A short period of par-
tial ischemia was added to full uterine ischemia. The overall out-
come of normal, mild, severe, and death, and the neurobehavioral
outcomes of olfactory deficits, response to upper face touch, neck,
trunk, and limb locomotion, forelimb and hind limb tone and dys-

tonia were similar to the total uteroplacental insufficiency model
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at either 70% or 79% gestation. Short-term fetal brain cell survival
was not different at 1 day, but subsequent survival was worse in
Partial+Full fetuses. The new model also exhibits fetal bradycardia
immediately after the onset of partial uterine ischemia, allowing for
possible neuroprotectant administration that then will be able to

enter the fetal brain.
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