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Partial white and grey matter protection
with prolonged infusion of recombinant
human erythropoietin after asphyxia

in preterm fetal sheep
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Abstract

Perinatal asphyxia in preterm infants remains a significant contributor to abnormal long-term neurodevelopmental out-
comes. Recombinant human erythropoietin has potent non-haematopoietic neuroprotective properties, but there is
limited evidence for protection in the preterm brain. Preterm (0.7 gestation) fetal sheep received sham asphyxia (sham
occlusion) or asphyxia induced by umbilical cord occlusion for 25 min, followed by an intravenous infusion of vehicle
(occlusion-vehicle) or recombinant human erythropoietin (occlusion-Epo, 5000 international units by slow push, then
832.51U/h), starting 30 min after asphyxia and continued until 72 h. Recombinant human erythropoietin reduced neur-
onal loss and numbers of caspase-3-positive cells in the striatal caudate nucleus, CA3 and dentate gyrus of the hippo-
campus, and thalamic medial nucleus (P < 0.05 vs. occlusion-vehicle). In the white matter tracts, recombinant human
erythropoietin increased total, but not immature/mature oligodendrocytes (P <0.05 vs. occlusion-vehicle), with
increased cell proliferation and reduced induction of activated caspase-3, microglia and astrocytes (P < 0.05). Finally,
occlusion-Epo reduced seizure burden, with more rapid recovery of electroencephalogram power, spectral edge fre-
quency, and carotid blood flow. In summary, prolonged infusion of recombinant human erythropoietin after severe
asphyxia in preterm fetal sheep was partially neuroprotective and improved electrophysiological and cerebrovascular
recovery, in association with reduced apoptosis and inflammation.
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Introduction

Preterm infants continue to have a very high rate of
neurodevelopmental disability.! The etiology of pre-
term brain injury is clearly multifactorial;* however,
one contributing factor is the increased risk of acute
hypoxic-ischemic encephalopathy (HIE) in moderately
preterm infants compared to term.? Therapeutic hypo-
thermia improves outcomes in term infants with HIE
but has not been shown to be safe in preterm infants.*
Thus, there is a considerable, unmet need for safe neu-
roprotective treatments for moderately preterm infants
with acute HIE.

There is evidence that the haematopoietic cytokine,
erythropoietin (Epo), can improve histological and

behavioural outcomes after ischemia and hypoxia-
ischemia (HI) in adult and neonatal rodents, as recently
reviewed.®> Although there is limited information in the
preterm-equivalent brain,®’ brain maturity of postnatal
day (P)7 rat pups is broadly consistent with that of the
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late preterm infant.® In P7 rats, neuroprotection with
peripheral injection of recombinant human erythropoi-
etin (rEpo) immediately after HI is reported with a wide
range of doses, from 1000 to 30,000 international units
(IU)/kg.>

Critically, repeated injection with 5000 1U/kg rEpo
daily for three days, started immediately after HI, was
more neuroprotective after seven days recovery, than
either a single dose of 5000 1U/kg or three injections
of 30,000 IU/kg,” but neuroprotection was largely lost
when treatment was delayed for 1 to 3h after HI.'® This
finding parallels the experience with mild induced hypo-
thermia that optimal neuroprotection after acute HI
injury is seen when cooling is started within the first
6h and continued until secondary events such as seiz-
ures have resolved, after approximately three days.''
This suggests that continued exposure to rEpo during
this critical phase will be needed for optimal outcomes
after acute HI.

Further, small clinical studies report that rEpo injec-
tions of 3000 IU/kg started within 3 h of birth, then at
12-18 h and 36-42h, reduced the risk of white matter
injury,'* and improved white matter development
at term-equivalent."> However, functionally, meta-
analysis of small randomized trials of early, repeated
treatment of preterm infants with rEpo suggests that
while it was associated with a small improvement in
neurodevelopment, there was no effect on severe dis-
ability.'* These studies used intermittent injections
based on the relatively long half-life (up to ~ 18h) of
high-dose rEpo.'> However, intermittent injections
must be associated with significant variation in concen-
tration of Epo. Thus, it is possible that a sustained
infusion which provides more stable levels may be neu-
roprotective even after delayed initiation of treatment.

In the present study, we examined the hypothesis
that continuous infusion with rEpo, started 30min
after severe asphyxia induced by umbilical cord occlu-
sion and continued until 72 h, would improve electro-
physiological recovery and alleviate white and grey
matter damage in the immature 0.7 gestation fetal
sheep. The focus of this study was on potential for
acute neuroprotection through suppression of apop-
tosis and inflammation; we also quantified proliferation
in the white matter tracts as rEpo has longer term
effects on oligodendrogenesis that may promote neu-
rorestoration.” Brain development at this fetal age is
broadly similar to 28 to 32 weeks in the human infant.'®

Materials and methods
Experimental preparation

All animal procedures were approved by the Animal
Ethics Committee of the University of Auckland

under the provisions of the New Zealand Animal
Welfare Act, and the Code of Ethical Conduct for ani-
mals in research established by the Ministry of Primary
Industries, Government of New Zealand. This manu-
script complies with the ARRIVE guidelines for report-
ing animal research.'” Twenty-six time-mated Romney/
Suffolk fetal sheep were instrumented at 98 to 99 days
gestation (term = 147 days). Food, but not water was
withdrawn 18 h before surgery. Ewes were given long-
acting oxytetracycline (20mg/kg, Phoenix Pharm.,
Auckland, New Zealand) intramuscularly for prophy-
laxis 30 min before the start of surgery. Anaesthesia was
induced by intravenous (i.v.) injection of propofol
(5mg/kg, AstraZeneca Limited, Auckland, New
Zealand), and after intubation, anaesthesia was main-
tained with 2%-3% isoflurane (Medsource, Ashburton,
New Zealand) in O,. The depth of anaesthesia, mater-
nal heart rate, and respiration were monitored by
trained anaesthetic staff during surgery. Ewes received
a constant isotonic saline drip (250 mL/h) to maintain
fluid balance.

All surgical procedures were performed under asep-
tic conditions.'® Following a maternal midline abdom-
inal incision, the fetus was exposed and polyvinyl
catheters were inserted into the fetal right brachial
vein for drug infusion, and both brachial arteries for
pre-ductal blood sampling and mean arterial blood
pressure (MAP) monitoring. An amniotic catheter
was secured to the fetal shoulder. Electrocardiogram
(ECG) electrodes (AS633-3SSF, Cooner Wire Co.,
Chatsworth, CA, USA) were placed subcutaneously
over the right shoulder and the fetal chest at the apex
to record fetal heart rate (FHR). Two pairs of electro-
encephalogram (EEG) electrodes (AS633-5SSF,
Cooner Wire Co.) were placed on the dura over the
parasagittal parietal cortex (5mm and 10 mm anterior
to bregma and 5 mm lateral), with a reference electrode
sewn over the occiput. One thermistor (IncuTemp-1,
Mallinckrodt Pharmaceuticals, Chesterfield, UK) was
placed over the parasagittal dura 20 mm anterior to
bregma to measure extradural temperature. All burr
holes were sealed and the fetal scalp secured with
cyanoacrylate glue. An ultrasonic flow probe (3S type,
Transonic Systems Inc., Ithaca, NY, USA) was placed
around the right carotid artery to provide an index of
global cephalic blood flow.'**° Finally, a silicone vas-
cular occluder was fitted around the umbilical cord of
all fetuses (In Vivo Metric, Healdsburg, CA, USA).

The uterus was closed, and antibiotics (80 mg genta-
micin sulfate, Pfizer, Auckland, New Zealand) were
administered into the amniotic sac. Any amniotic fluid
lost during surgery was replaced with isotonic saline
warmed to 37°C. The maternal laparotomy incision was
repaired and the skin infiltrated with 10mL of 0.25%
bupivacaine plus adrenaline (AstraZeneca Limited).
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The maternal long saphenous vein was catheterized for
post-operative care, and all fetal leads were exteriorized
through the maternal flank.

Post-operative care

Sheep were housed together in separate metabolic
cages with access to water and concentrate pellet
feed (Dunstan Nutrition, Hamilton, New Zealand)
ad libitum. The animal housing facility was temperature
controlled (16+ 1°C, humidity 504 10%), and oper-
ated on a 12-h light/dark cycle (6 a.m. on, 6 p.m. off).
During the post-operative period before experiments,
ewes were given daily i.v. antibiotics, including genta-
micin (40 mg for two days, Pfizer) and benzylpenicillin
sodium (600mg for four days, Onelink, Auckland,
New Zealand). Vascular catheters were maintained
patent by continuous infusion of heparinized saline
(20IU/mL at 0.15mL/h), and the maternal catheter
was maintained by daily flushing.

Experimental recordings

Experiments were conducted at 103—104 days gestation.
Fetal MAP, corrected for maternal movement by sub-
traction of amniotic pressure (MDX-MX866; Medex
Inc., Hilliard, OH, USA), ECG, EEG, carotid blood
flow (CaBF) and extradural temperature were recorded
continuously from 24 h before until 72 h after occlusion
or sham occlusion. The CaBF signal was low-pass
filtered with a second-order Butterworth filter at
10 Hz, then digitized at 512 Hz. Similarly, the pressure
signal was low-pass filtered with a Butterworth filter,
with the —3 decibel (dB) point set to a cut-off frequency
of 20 Hz, then digitized at 512 Hz.

The analogue EEG signal was filtered with a first-
order high-pass filter at 1.6 Hz and a sixth-order low-
pass Butterworth anti-aliasing filter, with the —3dB
point set at a cut-off frequency of 50 Hz, then digitized
at 512Hz. EEG power and spectral edge frequency
(SEF, Hz) were extracted between 1 and 20 Hz from
four second(s) epochs. The EEG power signal was log
transformed (dB, 20 x log (power)).”! SEF was defined
as the frequency below which 90% of the EEG power
lies. Data from left and right EEG electrodes were aver-
aged and normalized with respect to the 24 h baseline
period. All experimental data were collected for offline

analysis using custom software (LabVIEW for
Windows, National Instruments, Auckland, New
Zealand).

Experimental protocols

Fetuses were randomly assigned to either sham occlu-
sion (n=9), occlusion-vehicle (n=9), or occlusion-Epo

(n=28). Fetal asphyxia was induced for 25 min by rapid
inflation of the umbilical cord occluder with sterile saline of
a defined volume known to completely occlude the umbil-
ical blood flow.? Occlusion was confirmed by rapid onset
of bradycardia, hypertension, and changes in blood gases.
This duration represents an acute, near-terminal asphyxial
insult that is associated with diffuse white matter lesions
and moderate subcortical neural loss,” similarly to the
pattern seen in preterm infants.>* The umbilical cord occlu-
der was not inflated in the sham occlusion animals. All
occlusions were performed at 0900 h.

Fetuses received either sterile isotonic saline with
0.1% bovine serum albumin (BSA: vehicle) or rEpo
(Janssen-Cilag Ltd, Auckland, New Zealand) in vehicle
solution, started from 30 min after asphyxia and con-
tinued for 72 h. Catheters were pre-infused with vehicle
solution. rEpo or the same volume of vehicle was
injected as a single loading bolus of 5000IU by slow
push over 5 min, followed by continuous i.v. infusion of
832.51U/h (2500 IU/mL at 0.333 mL/h).

Fetal arterial blood samples were taken 60min
before occlusion, at 5 and 17min during occlusion,
and 10min, 1, 2, 4, 6, 24, 48, and 72h after occlusion
for pre-ductal pH, blood gas, glucose, and lactate deter-
mination (ABL800 Flex analyzer, Radiometer,
Auckland, New Zealand). All fetuses had normal bio-
chemical variables for their gestational age.'® Fetal
blood samples were collected on ice in EDTA vacutai-
ners (Onelink, Auckland, New Zealand) at the same
times as above, for Epo measurement. Samples were
immediately centrifuged at 3000r/min for 10min at
4°C (Heracus Megafuge 8R, Thermo Fisher Scientific
Ltd., Auckland, New Zealand), and plasma was col-
lected and stored at —80°C.

Three days after occlusion, the ewes and fetuses were
killed by overdose of sodium pentobarbitone (9g, i.v. to
the ewe; Pentobarb 300, Provet, Auckland, New Zealand).
The fetuses were removed by hysterectomy, and the fetus
and selected organs were weighed. The brains were per-
fusion fixed in situ with saline followed by 500 mL of
10% phosphate buffered formalin. Brain tissue was
post-fixed in 10% formalin solution for five to six days
and then processed and embedded using a standard par-
affin preparation.

Immunohistochemistry

Coronal slices (10 um thick) at the level of the mid-
striatum and dorsal hippocampus were cut using a
microtome (Leica Jung RM2035, Leica Microsystems
Ltd, Albany, New Zealand), and mounted on chrome
alum-coated slides. Slides were then dewaxed in xylene,
rehydrated in decreasing concentrations of ethanol and
washed in 0.1 mol/L phosphate buffered saline (PBS).
Antigen retrieval was performed for 2h in 0.01 mol/L
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citrate buffer using an antigen retrieval system (2100
Retriever, Aptum Biologics Ltd, Southampton, UK),
followed by endogenous peroxidase quenching for
30min through incubation in 1% H,0O, in methanol
for neuronal nuclei (NeuN), cysteine-aspartic acid pro-
tease 3 (activated caspase-3), ionized calcium-binding
adapter molecule 1 (Ibal), glial fibrillary acidic protein
(GFAP), 2.,3-cyclic nucleotide 3'-phosphodiesterase
(CNPase), and the proliferation marker Ki67, and PBS
for oligodendrocyte transcription factor 2 (Olig2, which
labels oligodendrocytes at all stages of the lineage).>

Blocking was performed in 3% normal goat serum
(NGS; Life Technologies Limited, Auckland, New
Zealand) in PBS for lh at room temperature.
Sections were labelled with 1:200 rabbit anti-NeuN
(AB177487, Abcam, Melbourne, Australia), 1:200
rabbit cleaved caspase-3 (CTE9661S, Thermo Fisher
Scientific, Auckland, New Zealand), 1:200 rabbit anti-
Ibal (AB178680, Abcam), 1:200 rabbit anti-GFAP
(AB68428, Abcam), 1:200 mouse anti-CNPase
(AB6319, Abcam), 1:200 mouse anti-Ki67 (M7240,
Dako Limited, Sydney, Australia), and 1:200 rabbit
anti-Olig2 (AB109186, Abcam) in 3% NGS-PBS, over-
night at 4°C. Sections were labelled with 1:200 goat
anti-rabbit (NeulN, Caspase-3, Ibal, GFAP, and Olig2)
or goat anti-mouse biotin-conjugated 1gG (CNPase and
Ki67; In Vitro Technologies, Auckland, New Zealand) in
3% NGS-PBS, overnight at 4°C. Slides were then incu-
bated in 1:200 ExtrAvidin-Peroxidase (Sigma-Aldrich,
Auckland, New Zealand) in 3% NGS-PBS for 2h at
room temperature, and reacted in diaminobenzidine
(Sigma-Aldrich). The reaction was stopped by washing
in PBS, and slides dehydrated and mounted with DPX
(Scharlab, Barcelona, Spain).

Brain regions used for analysis included the mid-
striatum (including the caudate nucleus and putamen),
and the parasagittal intragyral white matter IGWM)
and periventricular white matter (PVWM) tracts on sec-
tions taken 23 mm anterior to stereotaxic zero. The cornu
ammonis (CA) regions of the dorsal horn of the anterior
hippocampus (CA1/2, CA3, CA4), the dentate gyrus
(DG) and thalamus were assessed on sections taken
17 mm anterior to stereotaxic zero. Digital images were
obtained from labelled sections by light microscopy at
x20 magnification on a Nikon 80i microscope equipped
with a DS-Fil-U3 camera and NIS Elements Br 4.0 ima-
ging software (Nikon Instruments, Melville, NY, USA),
using four fields in the striatum (two each in the caudate
nucleus and putamen), three fields in the white matter
(two parasagittal intragyral, one periventricular), two
fields in the thalamus (one medial geniculate nucleus,
one medial nucleus), and one field in each of the hippo-
campal divisions.

Numbers of surviving neurons (NeuN) and activated
caspase-3-positive cells, total oligodendrocytes (Olig2)

and immature and mature oligodendrocytes (CNPase),
astrocytes (GFAP), microglia (Ibal), and proliferating
cells (Ki67) were quantified using Image] software
(National Institutes of Health, USA) by a single asses-
sor masked to the treatment groups through independ-
ent coding of the slides (GW). Average scores across
both hemispheres from two sections were calculated for
each region. The area fraction of GFAP was quantified
using the isodata threshold filter (ImageJ). NeuN-posi-
tive neurons were identified morphologically by the
presence of normal appearing nuclei; pyknotic cells
showing condensed nuclei or fragmented appearance
were not counted. Microglia with either amoeboid or
ramified morphology were both included.

Erythropoietin measurements

Fetal plasma concentrations of Epo were measured in
duplicate using the commercially available Quantikine
human erythropoietin enzyme-linked immunosorbent
assay (DEP00, R&D Systems, Minneapolis, MN,
USA), validated for fetal ovine plasma. All results
were measured spectrophotometrically at 450 nm with
the reference wavelength set at 570 nm. Samples were
evaluated between 1:100 and 1:800 dilution, or undiluted
as required; samples below the reported lower detection
limit of the assay were assigned the value < 2.5mIU/mL.
Epo serum controls (CEPO1 and 03, R&D Systems) were
included to validate the assay. The average correlation
coefficient for the four parameter logistic fitted standard
curve (R%, 2.5-200mIU/mL) was 1; the intra-assay and
inter-assay coefficients of variation were 1.7 and 6.2%,
respectively.

Data analysis and statistics

All physiological analyses were performed using custom
analysis programs (LabVIEW for Windows), by an inves-
tigator blinded to the treatment groups through coding of
all experimental animals. Electroencephalographic seizure
activity was identified visually and defined as the concur-
rent appearance of sudden, repetitive, evolving stereotypic
waveforms in the EEG signal, lasting more than 10s and
greater than 20 pV.%¢ Seizure burden was calculated as the
cumulative duration (s/h) of seizures after asphyxia.
Signal artefact prevented EEG analysis in two fetuses in
the sham occlusion and occlusion-vehicle groups, and one
fetus in the occlusion-Epo group. CaBF from one fetus in
each occlusion group was also excluded due to poor
signal quality.

The effects of occlusion and rEpo on fetal physio-
logical and histological parameters were evaluated by
analysis of variance, with time or region treated as
repeated measures and baseline values as a covariate
for time series analysis (SPSS v22, SPSS Inc.,
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Chicago, IL, USA). Between-group comparisons were
performed with univariate analysis and Sidak correction
when a significant overall effect of group or an inter-
action between group and time was found. Seizure
duration and fetal biological data were compared by
non-parametric Kruskal-Wallis test. Data are pre-
sented as mean =+ standard error of the mean (SEM).
Statistical significance was accepted when P < 0.05.

Results

There were no significant baseline differences between
groups for EEG, SEF, CaBF, carotid vascular conduct-
ance (CaVC), FHR, MAP, extradural temperature, pH,
or arterial blood gases. Umbilical cord occlusion was
associated with profound hypoxia and mixed metabolic
and respiratory acidosis (P < 0.05, Table 1), immediate
bradycardia and progressive, severe hypotension
(occlusion-Epo  10.94+0.6  vs.  occlusion-vehicle
10.8 = 1.2mmHg, not significant (N.S.)) and carotid
hypoperfusion (8.6+£1.4 vs. 9.9+ 1.8mL/min, N.S.).
The sham occlusion group showed no significant
change from baseline (mean MAP: 32.6 £0.8 mmHg,
and mean CaBF: 23.3 £ 1.7mL/min, P < 0.05 compared
with occlusion).

Blood composition

After release of occlusion PaCO,, PaO,, arterial oxygen
content and cephalic oxygen delivery recovered to sham
occlusion values within 10 min, and pH and base excess
recovered within 1 h (Table 1). After reperfusion, in the
occlusion-vehicle group cephalic oxygen delivery fell
from 2 to 6h and 48 to 72h, compared with sham
occlusion (P <0.05). In contrast, occlusion-Epo was
associated with increased cephalic oxygen delivery com-
pared to occlusion-vehicle from 48 to 72h (P <0.05).
rEpo did not affect haemoglobin or haematocrit values
(N.S)).

Fetal plasma Epo levels remained below the detec-
tion limit of the immunoassay (<2.5mlIU/mL) in the
occlusion-vehicle group during the study. rEpo infusion
was associated with a rise in plasma Epo levels to a
maximum of 32,639 £2886 mIU/mL after 30min
(Supplementary Figure 1) and was maintained at
25,061 =608 mIU/mL from 2 to 72 h.

EEG power and SEF

Severe asphyxia was associated with immediate, rapid
suppression of EEG power and SEF, compared to
sham occlusion (P <0.05 vs. occlusion groups). After
occlusion, EEG power and SEF remained significantly
suppressed in the occlusion-vehicle group from 0 to
72h (P<0.05 vs. sham occlusion; Figure 1). In

contrast, rEpo infusion was associated with more
rapid recovery of EEG power and SEF after asphyxia,
such that EEG power was increased from 24 to 48h
(P <0.05 vs. occlusion-vehicle), and SEF from 54h
until the end of the experiment (P <0.05 vs. occlu-
sion-vehicle).

Electrographic seizures

Stereotypical seizures developed from 12.5+ 5.4h in the
occlusion-Epo group in 3/7 fetuses compared to
144+39h in 7/7 fetuses in the occlusion-vehicle
group (N.S.). Occlusion-Epo was associated with a sig-
nificant reduction in both the total number of seizures
compared to occlusion-vehicle (16.3+£10.5 vs.
44.14£9.0;, P<0.05) and the total seizure burden
(13.34+10.7 vs. 38.9£8.3min; P <0.05, Supplementary
Figure 2). There was no effect on duration of individual
seizures (40 £ 10 vs. 54 £ 5 s; N.S.) or maximum seizure
amplitude (183 £ 58 vs. 169 £ 13 uV; N.S.).

Extradural temperature

There were no significant differences in extradural tem-
perature between groups, either before, during, or after
asphyxia (Supplementary Figure 2).

FHR, MAP, CaBF, and CaVC

In both occlusion groups, FHR showed transient
tachycardia followed by a small secondary reduction
from 18 to 30h compared with sham occlusion
(P <0.05, Supplementary Figure 2). Release of occlu-
sion was associated with a transient increase in MAP
above sham control values in both occlusion groups.
In the occlusion-vehicle group, MAP remained at
sham control values for the remainder of the experi-
ment. By contrast, occlusion-Epo was associated
with a small increase in MAP from 6 to 29 h after occlu-
sion (P <0.05 vs. occlusion-vehicle, Supplementary
Figure 2).

Release of umbilical cord occlusion was associated
with a prolonged secondary fall in CaBF and CaVC
(Figure 1), from 0-72h and 0-60 h, respectively, com-
pared to sham occlusion (P < 0.05). The occlusion-Epo
group showed progressive recovery of both CaBF and
CaVC to sham control values, with values that were
greater than occlusion-vehicle from 30 to 72h and 48
to 72 h, respectively (P < 0.05; Figure 1).

Post-mortem

There was no significant difference in fetal body weight,
heart or kidney weights, fetal sex or number of
fetuses between experimental groups at post-mortem
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Continued

Table I.

Baseline 17 min +10min +1h +2h +4h +6h +24h +48h +72h

Group

3.7+0.2
39+04

3.5+0.1 0.5+0.0*% 40+0.2 4.1 £0.2 3.7+0.2 34403 35403 3.7+0.2 3.6+0.2
43+03 40+0.2 40+0.2 3.9+0.2 39403 40+0.2 40+03

37102

OCCL-VEH
OCCL-EPO

0.5+0.0*%

DO, (nmol/min)

SHAM

121.64+150 133.6+162  140.1+187
912489
142.3 4+9.6%

122.6 £ 16.7

112.6 + 15.1
68.2 +6.2%
748+ 10.7

1052+ 115

1067+ 11.4

11024132
15294+74

102.8+10.6 1140+ 125
149.2+21.1

101.6+5.5
105.8+10.0

83.0 £ 7.6%
125.0 & 10.2%

834487

944+ 14.1

73.4 +4.6*

62.1 £7.3*%
86.5+ 13.1

1132+74
117.9+17.6

78+ 1.1%*

OCCL-VEH

776+ 124

59+ 1.0*

OCCL-EPO

Fetal arterial blood samples were drawn from the sham occlusion (sham), occlusion-vehicle (occl-veh), and occlusion-erythropoietin (occl-Epo) animals at 60 min before the occlusion (baseline), 17 min
during umbilical cord occlusion, and 10 min, 1, 2, 4, 6, 24, 48, and 72 h after reperfusion. The 5 min blood sample during cord occlusion was omitted for brevity. PaCO,: fetal arterial pressure of carbon

dioxide; PaOy: fetal arterial pressure of oxygen; CtO,: fetal arterial oxygen content; DO,: cephalic oxygen delivery. Data are presented as mean = SEM; between-group comparisons by one-way ANOVA

with Sidak post-hoc correction. *P < 0.05 vs. sham occlusion group; *P < 0.05 vs. occlusion-vehicle group; #P < 0.05 vs. sham occlusion and occlusion-vehicle groups.

(Supplementary Table 1). Brain weight was reduced
in the occlusion-vehicle group compared with sham
occlusion (25.24+0.7g vs. 29.3£09g; P <0.05); the
occlusion-Epo group showed intermediate values between
the other groups (26.4+0.8 g, N.S.). Occlusion-Epo was
associated with a significant increase in liver weight com-
pared to sham occlusion and occlusion-vehicle
(106.8+69g vs. 64.2+3.6g and 76.7+3.0g; P <0.05).

Histopathology

Occlusion was associated with neuronal loss in the stri-
atal caudate nucleus, CA1/2, CA3, CA4, DG of the
hippocampus, and thalamic medial nucleus (P < 0.05,
occlusion-vehicle vs. sham occlusion, Figures 2 and 3).
In the occlusion-Epo group, neuronal survival was
increased overall (P <0.05 vs. occlusion-vehicle).
Post-hoc analysis suggested significant improvement
in the striatal caudate nucleus, CA3 and DG of the
hippocampus, and thalamic medial nucleus. Analysis
of the occlusion groups only showed an independent
effect of rEpo (P <0.001) but no significant interaction
between rEpo and region, consistent with overall
improvement. In parallel with changes in neuronal sur-
vival, occlusion-vehicle was associated with an overall
increase in numbers of caspase-3-positive cells (P < 0.05
vs. sham occlusion, Figure 2 and Supplementary
Figure 3), with an overall reduction of caspase-3 induc-
tion in the occlusion-Epo group (P < 0.05 vs. occlusion-
vehicle).

Occlusion was associated with marked loss of total,
Olig2-positive, oligodendrocytes (P < 0.05, occlusion-
vehicle vs. sham occlusion, Figures 4 and 5), and
CNPase-positive, immature to mature oligodendro-
cytes (P <0.05, occlusion-vehicle vs. sham occlusion,
Figures 4 and 5) in white matter. The occlusion-Epo
group showed significantly greater total numbers of
oligodendrocytes (P <0.05 vs. occlusion-vehicle). In
contrast, rEpo after occlusion had no effect on numbers
of immature to mature oligodendrocytes in any white
matter regions (N.S. vs. occlusion-vehicle). Occlusion
was associated with a small increase in numbers of
activated caspase-3-positive cells in the white matter
tracts compared to sham occlusion (1.9£0.2 vs.
1.0£0.1 cells/field; P <0.05), which was reduced after
rEpo infusion (1.3 +£0.2; P < 0.05 vs. occlusion-vehicle).

Further, occlusion was associated with an overall
increase in numbers and area fraction of GFAP-positive
cells in the white matter tracts (P <0.05, occlusion-
vehicle vs. sham occlusion, Figures 4 and 6).
rEpo-reduced numbers of GFAP-positive cells and
GFAP-positive area fraction to sham control values
(P < 0.05, occlusion-Epo vs. occlusion-vehicle). Similarly,
occlusion was associated with marked induction of Ibal-
positive microglia in the white matter tracts (P < 0.05 vs.
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Figure 1. Changes in electroencephalographic power (AEEG,
dB), spectral edge frequency (ASEF, Hz), carotid blood flow
(CaBF, % baseline), and carotid vascular conductance (CaVC, %
baseline) in the sham occlusion (open circles), occlusion-vehicle
(closed circles), and occlusion-Epo animals (closed squares).
Time point zero denotes the period (25 min) of umbilical cord
occlusion. Data are hourly averages and presented as

mean £ SEM. *P < 0.05, occlusion-vehicle vs. sham occlusion;
#P < 0.05, occlusion-Epo vs. sham occlusion; $p 0.05,
occlusion-vehicle vs. occlusion-Epo.

sham occlusion, Figures 4 and 6), with attenuation of this
increase in the occlusion-Epo group (P < 0.05 vs. occlu-
sion-vehicle).

Finally, occlusion-vehicle did not affect the number
of Ki67-positive cells compared to sham occlusion
(N.S.). In contrast, occlusion-Epo was associated with
markedly increased numbers of Ki67-positive cells in
the periventricular and parasagittal white matter,
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Figure 2. Neuronal (NeuN, panel a) and activated caspase-3
(panel b) -positive cell counts in the striatal caudate nucleus and
putamen, CAl/2, CA3, CA4, and dentate gyrus (DG) of the
hippocampus, thalamic medial nucleus (MN), and medial genicu-
late nucleus (MGN) in the sham occlusion, occlusion-vehicle, and
occlusion-Epo groups three days after severe asphyxia. Epo:
erythropoietin. Data are presented as mean £ SEM. *P < 0.05 vs.
sham occlusion, *P < 0.05 vs. occlusion-vehicle.

compared with sham occlusion and occlusion-vehicle
(P <0.05, Figures 4 and 5).

Discussion

This study demonstrates for the first time that continu-
ous infusion with rEpo in preterm fetal sheep, started
30min after severe asphyxia and continued for 72h,
was associated with partial neuroprotection in subcor-
tical regions and markedly improved numbers of
oligodendrocytes in the periventricular and parasagittal
white matter tracts, after three days recovery. rEpo
enhanced cell proliferation, reduced numbers of acti-
vated caspase-3-positive cells, and attenuated induction
of astrocytes and microglia in the white matter tracts.
Functionally, rEpo infusion markedly reduced the seiz-
ure burden, with faster recovery of electrocortical brain
activity and cephalic perfusion. These data suggest that
delayed treatment with rEpo, started within the early
recovery phase and continued for three days to reflect
a clinically plausible timing, can reduce hypoxic-
ischemic white and subcortical grey matter injury in
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PUTAMEN CAUDATE

CA4 CA3 CA1/2

Occlusion Occlusion
Vehicle EPO

Figure 3. Photomicrographs of neurons (NeuN-positive cells) in the striatal caudate nucleus (caudate, panel A—C), putamen (panel
D-F), CAl/2 (panel G-l), CA3 (panel J-L), CA4 (panel M-O), dentate gyrus (DG, panel P-R) of the hippocampus, thalamic medial
nucleus (MN, panel S-U), and medial geniculate nucleus (MGN, panel V-X) from the sham occlusion (left column), occlusion-vehicle
(middle column), and occlusion-Epo (right column) groups three days after severe asphyxia. Scale bar is 200 um.

Epo: erythropoietin.
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Figure 4. Astrocyte cell counts and area fraction (GFAP, panel a and b), microglia (Ibal, panel c), total oligodendrocytes (Olig2, panel
d), immature and mature oligodendrocytes (CNPase, panel e), and proliferating cell counts (Ki6é7, panel f) in the periventricular
(PYWM), and first and second parasagittal white matter (IGWM 1-2) of the sham occlusion, occlusion-vehicle, and occlusion-Epo
groups at three days after severe asphyxia. Data are presented as mean = SEM. *P < 0.05 vs. sham occlusion, *P < 0.05 vs. occlusion-
vehicle. #P < 0.05 vs. sham occlusion and occlusion-vehicle groups.

GFAP: glial fibrillary acidic protein; Epo: erythropoietin.

the immature brain, at least partially through anti-
inflammatory and anti-apoptotic mechanisms.
Prolonged umbilical cord occlusion was associated
with selective neuronal loss in the striatum, hippocam-
pus and thalamus, with diffuse loss of total and imma-
ture to mature oligodendrocytes, and induction of
astrocytes and microglia in the periventricular and para-
sagittal white matter, similarly to previous studies.?’
Continuous 7.v. infusion with rEpo started 30 min after
occlusion was associated with sustained concentrations
similar to levels achieved transiently after a single i.v.

injection in healthy preterm fetal sheep, which led to
potentially neuroprotective cerebrospinal fluid concen-
trations after 2.5h,*® although the effect on recovery
from HI was not tested. We now show that a three-
day infusion of rEpo markedly reduced post-asphyxial
neuronal loss in most subcortical regions in preterm fetal
sheep, despite a 30-min delay after the end of asphyxia.
Although this is the first study of rEpo after HI in a
preterm-equivalent large animal, it is broadly consistent
with the finding in P7 rats that optimal protection was
seen with 3x repeated daily doses of 50001U/kg when



1090 Journal of Cerebral Blood Flow & Metabolism 37(3)

Sham Occlusion Occlusion
Occlusion Vehicle EPO

Figure 5. Photomicrographs of total oligodendrocytes (Olig2-positive cells, panel A-F), immature and mature oligodendrocytes
(CNPase-positive cells, panel G-L), and total proliferating cells (Ki67-positive cells, panel M-R) in the periventricular (PVWM) and
intragyral white matter (IGWM) from sham occlusion (left column), occlusion-vehicle (middle column), and occlusion-Epo (right
column) animals at three days after asphyxia. Representative images for IGWM were taken from the first parasagittal white matter
(Olig2), and second parasagittal white matter (CNPase, Ki67). Scale bar is 200 um.

PVWM

IGWM

PVWM

IGWM

PVWM

IGWM

the first injection was given immediately after HI.” The Erythropoietin promotes expression of anti-apoptotic
present study did not evaluate the effect of intermittent relative to pro-apoptotic genes and inhibits caspase acti-
boluses; further studies are needed to establish the opti-  vation with DNA fragmentation after HI injury.?*-*
mal therapeutic regimen with rEpo for neuroprotection.  Consistent with these effects, in the present study,
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Figure 6. Photomicrographs of the astroglial (GFAP-positive cells, panel A—F) and microglial cells (Ibal-positive cells, panel G-L) in
the periventricular (PVWM) and intragyral white matter (IGWM) from sham occlusion (left column), occlusion-vehicle (middle
column), and occlusion-Epo (right column) animals at three days after asphyxia. Representative images for IGWM were taken from the

second parasagittal white matter. Scale bar is 200 pm.

rEpo improved neuronal survival with an overall reduc-
tion in numbers of caspase-3-positive cells. Interestingly,
in post-hoc analysis, the CA1/2 region of the hippocam-
pus did not appear to show any improvement in
neuronal survival. The reason for this apparent selective
lack of neuroprotection is unclear. The Epo receptor is
highly expressed in the hippocampus,®' and there is no

evidence for lack of penetration into the hippocampus.’
Thus, it is improbable that there was a regional difference
in rEpo activity. We speculate that this lack of neuropro-
tection might reflect relatively rapid evolution of cell
death, in a region that is highly vulnerable to HI.*?
There was a significant loss of both total
(Olig2 labelled) oligodendrocytes and CNPase-labelled
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immature/mature oligodendrocytes, in the periventricular
and parasagittal white matter at three days after occlu-
sion. The prolonged infusion of rEpo was associated with
a striking restoration of the number of Olig2-labelled
oligodendrocytes in the white matter tracts, but had no
effect on loss of CNPase-labelled immature/mature oligo-
dendrocytes after occlusion. The reported mechanisms of
acute white matter protection with rEpo include anti-
apoptotic and anti-inflammatory effects.** 3> Consistent
with this, in the present study, there was an overall reduc-
tion in activated caspase-3-positive cells, microgliosis and
astrogliosis in white matter after rEpo infusion. Post-
mortem analysis of preterm brain injury in modern
cohorts strongly suggests that astrocytosis in white
matter is associated with arrest of maturation of oligo-
dendroglia.*® Thus, reduced astrocytosis may contribute
to improved long-term recovery. Of interest, within both
the intragyral and periventricular WM tracts, rEpo was
associated with a significant overall increase in prolifer-
ating cells compared with vehicle infusion. Collectively,
these data strongly suggest that in addition to reducing
acute oligodendroglial death, rEpo selectively stimulated
proliferative  regeneration of pre-oligodendrocytes,
although it did not prevent asphyxia-induced death of
immature/mature oligodendrocytes.

A limitation of this study is that, for technical reasons,
we were not able to label pre-oligodendrocytes. However,
this hypothesis is highly consistent with considerable
in vitro and in vivo evidence that Epo promotes oligo-
dendrogenesis,>”*® and survival and maturation of
immature oligodendrocytes.***' Further, the selective
lack of protection of immature and mature oligodendro-
cytes in the present study is consistent with a previous
report in adult rats which showed that high-dose rEpo
(5000 IU/kg) injection after stroke did not reduce loss of
CNPase-positive oligodendrocytes in the striatum and
corpus callosum at seven days, even though it improved
long-term recovery of myelinating oligodendrocytes.*!
The reasons for lack of protection of more mature oligo-
dendrocytes are unknown, but may be related to matur-
ational loss of Epo receptors.***

Severe asphyxia was associated with long-lasting sup-
pression of EEG activity and SEF, with delayed onset of
evolving seizures. These features are highly predictive of
adverse outcomes in term and preterm infants.**
Infants who show recovery of EEG background activity
within 48 h after hypoxic-ischemia have better long-term
outcomes than those neonates that develop seizures and
persistent suppression of background activity.***® Thus,
the greatly reduced seizure burden and faster recovery of
EEG power and SEF during rEpo infusion are highly
consistent with reduced white and grey matter damage.

Faster recovery of brain activity with rEpo was
also associated with gradual restoration of CaBF and
cephalic oxygen delivery to sham occlusion values.

This improvement was mediated by improved vascular
conductance, with no change in fetal haematocrit. This
combination of improved brain activity and blood flow
strongly infers that increased CaBF was an autoregu-
latory adjustment to support improving cerebral
metabolism rather than a direct effect of rEpo. This is
highly consistent with evidence in near-term fetal sheep
that greater post-ischemic histological neuroprotection
with early initiation of cerebral cooling was associated
with improved recovery of EEG activity and CaBF
after rewarming.*’

There is reassuring evidence that three doses of 2500 IU/
kg did not increase the risk of complications of prematurity
in extremely low birth weight infants.” Similarly, in the
present study, there were few systemic effects. The infusion
of high-dose rEpo for three days was associated with a
small increase in mean arterial blood pressure (of
~3.6mmHg). This was not related to changes in fetal
haemoglobin or haematocrit. Given that heart rate was
normal or modestly reduced after occlusion in the present
study, the increase in arterial blood pressure during rEpo
infusion must be related to either a small increase in per-
ipheral vascular resistance or to enhanced stroke volume.
rEpo increased contractility and reduced tissue injury after
myocardial HI in adult mice and rats,*** suggesting that
there would be value in assessing the effects of rEpo on the
neonatal heart after perinatal asphyxia.

Further, in the present study, rEpo infusion was
associated with increased liver size at post-mortem.
Tissues were not kept for histology; however, poten-
tially this may reflect stimulation of hepatic erythropoi-
esis. This finding is consistent with a previous report of
increased liver size in male rats after repeated daily
injections for the first five days of life with 5000 IU/kg
rEpo.® Finally, we found no difference in extradural
temperature between experimental groups; thus exclud-
ing the possibility that rEpo-mediated neuroprotection
was confounded by hypothermia.

Some potential limitations of this study should be con-
sidered. Post-asphyxial white matter and neural injury
may continue to progress over days to weeks.!! Thus, in
future studies, it will be important to assess whether the
protection was maintained after the end of the rEpo infu-
sion. Nevertheless, although the continued expression of
apoptotic caspase-3-labelled cells is consistent with some
ongoing injury, the absolute numbers of apoptotic cells
was very low. Further, this study shows that despite rEpo
infusion, after three days recovery there was loss of more
mature oligodendrocytes. Thus, longer recovery times are
also important to confirm whether rEpo improves the
maturation of pre-oligodendrocytes after severe HI.*

Finally, it is important to appreciate that the pre-
sent study targeted acute isolated asphyxial injury at a
moderately preterm stage of brain development. Future
studies are needed to examine the effects of rEpo on the
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normal brain, the impact of greater delay in starting
treatment, and the potential to improve outcome after
the rather complex inflammatory insults that are more
common in extremely preterm infants.”® These issues will
be particularly relevant for clinical trials of rEpo in
extremely premature infants, where typically all infants
within the selected gestational age range are treated.'*
In summary, the present study demonstrates for the
first time that infusion of high-dose rEpo for three days
after severe asphyxia improves survival of subcortical neu-
rons and total oligodendrocytes in white matter in the
preterm fetal sheep with a corresponding improvement
in recovery of electrocortical brain activity and CaBF.
These improved outcomes were at least partially mediated
through anti-apoptotic and anti-inflammatory mechan-
isms, while the recovery of total numbers of oligodendro-
cytes was also associated with increased white matter
proliferation. These findings support rEpo as a potential
therapeutic intervention for preterm infants after HI.
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