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Alpha-adrenergic receptor activation
after fetal hypoxia-ischaemia suppresses
transient epileptiform activity and
limits loss of oligodendrocytes and
hippocampal neurons
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Abstract

Exposure to hypoxic-ischaemia (HI) is consistently followed by a delayed fall in cerebral perfusion. In preterm fetal sheep
this is associated with impaired cerebral oxygenation, consistent with mismatch between perfusion and metabolism. In
the present study we tested the hypothesis that alpha-adrenergic inhibition after HI would improve cerebral perfusion,
and so attenuate mismatch and reduce neural injury. Chronically instrumented preterm (0.7 gestation) fetal sheep
received sham-HI (n=10) or HI induced by complete umbilical cord occlusion for 25 minutes. From |5 minutes to
8 hours after HI, fetuses received either an intravenous infusion of a non-selective alpha-adrenergic antagonist, phen-
tolamine (10 mg bolus, 10 mg/h infusion, n=10), or saline (n = 10). Fetal brains were processed for histology 72 hours
post-HI. Phentolamine infusion was associated with increased epileptiform transient activity and a greater fall in cerebral
oxygenation in the early post-HI recovery phase. Histologically, phentolamine was associated with greater loss of
oligodendrocytes and hippocampal neurons. In summary, contrary to our hypothesis, alpha-adrenergic inhibition
increased epileptiform transient activity with an exaggerated fall in cerebral oxygenation, and increased neural injury,
suggesting that alpha-adrenergic receptor activation after HI is an important endogenous neuroprotective mechanism.
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Introduction metabolism, and perfusion followed by a delayed fall

Preterm birth is highly associated with mortality and
life-long neurodevelopmental disabilities,' and there
are no established neuroprotection or neuro-repair
interventions. Antenatal and/or perinatal hypoxia-
ischaemia (HI) remains a major contributor in the mul-
tifactorial aetiology of preterm brain damage.> Thus,
better understanding of the pathogenesis of HI injury
in the preterm brain is vital to improve care of this
vulnerable group. It is well established that HI brain
injury evolves over hours to days, with characteristic
neurophysiological, cerebral perfusion and oxygena-
tion changes over time.* After acute HI there can
be transient normalisation of cerebral oxidative

during the early recovery (‘latent’) phase after HI,
before the delayed failure of oxidative metabolism
and seizures. This delayed or secondary cerebral
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hypoperfusion after HI has been reported in multiple
species and paradigms; the speed of onset and duration
of hypoperfusion are broadly associated with the sever-
ity of the initial insult.* Secondary hypoperfusion is
associated with overall suppression of EEG activity
and cerebral metabolism.>® However, there can be mis-
match between cerebral perfusion and metabolism
during this phase.

In preterm fetal sheep, cerebral oxygenation mea-
sured by near-infrared spectroscopy (NIRS) fell
during the phase of delayed hypoperfusion after HI
induced by 25 minutes of complete umbilical cord
occlusion.”® Interestingly, in this paradigm, abnormal
epileptiform transient activity (spikes, sharp and slow
waves) on a suppressed background was present
throughout the latent phase, and the frequency of
sharp waves was associated with subcortical neuronal
loss.”? The period of cerebral hypoxia corresponded
with the peak frequency of abnormal epileptiform tran-
sients, raising the possibility that it may represent a
second “hit” after HI.” Both in term neonates with
HIE and more generally in preterm infants, altered
neuro-vascular coupling and low cerebral oxygen satu-
ration in the early period after birth are associated with
adverse outcomes.'%!!

Cerebral hypoperfusion after HI may be mediated
by endothelial dysfunction secondary to increased pro-
duction of reactive oxygen species, altered balance
between vasoconstrictors and vasodilators, and inflam-
matory mediators.'>!* However, studies attempting to
reverse hypoperfusion using vasodilators have had var-
iable outcomes.'*'* For example, in preterm fetal sheep
intravenous (i.v.) infusion of an endothelin receptor
antagonist (Bosentan) and a vasodilator (L-arginine, a
nitric oxide donor) from 30 minutes to 8§ hours after the
end of HI did not reverse the post-hypoxic hypoperfu-
sion in the superior mesenteric artery bed.'” In contrast,
1.v. infusion of the non-selective alpha-adrenergic recep-
tor phentolamine reversed the delayed post-hypoxic
hypoperfusion in peripheral beds.'>'® These data sug-
gest that sympathetic nervous system (SNS) activation is
a key mediator of delayed hypoperfusion after HI.

In this study, we examined if alpha-adrenergic recep-
tor blockade in 0.7 gestation preterm fetal sheep after
HI induced by complete umbilical cord occlusion for
25 minutes would restore cerebral perfusion, and so
improve cerebral oxygenation and reduce neural injury.

Methods

Ethical approval

All procedures were approved by the Animal Ethics
Committee of the University of Auckland following
the New Zealand Animal Welfare Act 1999, and

carried out in accordance with the code of Animal eth-
ical conduct established by the Ministry of Primary
industries of New Zealand for the use of animals for
teaching and research (AEC approval number 1942).
The experiments are reported in accordance with the
ARRIVE guidelines for reporting animal research.'’

Fetal surgery

Thirty Romney-Suffolk cross fetal sheep were instru-
mented on gestation days 99-100, as previously
described.'® For twin pregnancies, only one fetus was
surgically instrumented. Ewes were acclimatised to lab-
oratory conditions for one week before the surgery,
during which time, regular veterinary and welfare
checks were performed. Food, but not water, was with-
drawn 12—18 hours before the surgery to reduce the risk
of aspiration during surgery. Ewes were given an intra-
muscular injection of the antibiotic oxytetracycline
(20mg/Kg Phoenix Pharm, Auckland, New Zealand)
30 minutes Dbefore surgery for prophylaxis.
Anaesthesia was induced by an i.v. injection of propofol
(5mg/kg, AstraZeneca, Auckland, New Zealand), and
maintained with 2 to 3% isoflurane in oxygen after intu-
bation. The depth of anaesthesia, maternal respiration
and heart rate was constantly monitored during surgery
by trained anaesthetic staff. Maternal fluid balance was
maintained by a continuous i.v. infusion of Plasma-Lyte
148 (~250 ml/h) (Baxter, Auckland, New Zealand).

All surgical procedures were performed using aseptic
techniques, as previously described.'® A maternal mid-
line incision was made to expose the uterus, and the
fetus was partially exteriorised for instrumentation.
A femoral and brachial artery, and one brachial vein
were catheterised with saline-filled polyvinyl catheters
(SteriHealth, Dandenong South, VIC, Australia) for
blood pressure measurement, pre-ductal fetal blood
sampling and drug infusion, respectively. An additional
catheter was secured to the fetus to measure amniotic
fluid pressure. An ultrasound flow probe (3S type,
Transonic Systems Inc., New York, USA) was placed
around a carotid artery to measure carotid blood flow
(CaBF; as an index of global cerebral flow)."”

A pair of electrodes (AS633-3SSF wire, Cooner
Wire, Chatsworth, CA, USA) were placed subcutane-
ously across the fetal chest to measure fetal electrocar-
diogram (ECG). Two pairs of electrodes (AS633-7SSF,
Cooner Wire) were placed through burr holes on the
dura over the parietal parasagittal cortex bilaterally,
5 and 10mm anterior, Smm lateral to the bregma to
measure fetal electroencephalographic (EEG) activity.
The burr holes were sealed with surgical wax and elec-
trodes fixed in place using cyanoacrylate glue. A refer-
ence electrode was placed over the occiput. In a subset
of 18 fetuses, small fibre optic probes used for near
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infrared spectroscopy (NIRS) were placed bilaterally
on the skull over the parietal lobe 1.5cm anterior and
1.5cm lateral to the bregma and optode prisms were
secured with rapid setting dental cement (Rocket Red;
Dental Ventures of America Inc., Anaheim, CA, USA).
An inflatable silicone occluder (OCI6HD, 16 mm, In
Vivo Metric, Healdsburg, CA, USA) was loosely
placed around the umbilical cord to allow post-
surgical occlusion to induce fetal HI.

At the end of surgery, fetal catheters were hepari-
nised (20U/ml heparin in saline), the fetus was
returned to the uterus, and the amniotic fluid lost
during surgery was replaced with sterile 0.9% saline
(~500ml at 39°C). The uterus was closed, and the
antibiotic Gentamicin (80mg, Pfizer, Auckland,
New Zealand) was administered into the amniotic
sac. All the fetal leads were exteriorised through the
maternal flank. The maternal midline skin incision
was repaired and infiltrated with a local analgesic:
10ml 0.5% bupivacaine plus adrenaline (AstraZeneca
Ltd., Auckland, New Zealand). A maternal long saphe-
nous vein was catheterised for post-operative care.

After surgery, animals were housed together in indi-
vidual metabolic cages with access to concentrated pel-
leted food and water ad Ilibitum. Rooms were
temperature-controlled (16 + 1°C, humidity 50 + 10%)
with a 12:12 hour light: dark cycle, with lights on at
06.00 hours. A period of 4-5 days of recovery was
allowed before the commencement of experiments.
Antibiotics were given i.v. to the ewe daily for 4 days;
600 mg benzylpenicillin sodium (Novartis, Auckland,
New Zealand) and 80mg gentamicin (Pfizer,
Auckland, New Zealand). Fetal and maternal vascular
catheters were maintained patent by continuous infu-
sion of heparinised saline (20 U/ml at a rate of 0.2 ml/
hour). The fetal condition was assessed via continuous
computer recordings of all fetal physiological variables
(LabVIEW for Windows, National Instruments,
Austin, TX, USA), and daily fetal arterial samples
taken to monitor pH and blood gases (ABL800 Flex
analyser, Radiometer, Auckland, New Zealand), glu-
cose and lactate (YSI 2300 Analyser, YSI Ltd.,
Yellow Springs, Ohio, USA).

Physiological recordings

Fetal mean arterial blood pressure (MAP, Novatrans
11, MX860; Medex, Hilliard, OH, USA), corrected for
maternal movement by subtraction of amniotic fluid
pressure, fetal heart rate (FHR) derived from the
ECG, CaBF, and EEG were recorded continuously
from 24 hours before until 72 hours after HI. Data
was stored for offline analysis using custom data acqui-
sition software (LabVIEW for Windows). All pressure
signals were low-pass filtered with a fifth-order

Butterworth filter with a cut-off frequency at 20 Hz
and then digitised at a sampling rate of 512 Hz. The
raw ECG signal was filtered with an analogue first-
order high-pass filter with a cut-off frequency set at
0.05Hz and a fifth-order low-pass Bessel filter with a
cut-off at 100 Hz and digitised at a sampling rate of
1024 Hz. R-R intervals were extracted from this
signal to calculate heart rate. The CaBF signal was
low-pass filtered with a second-order Butterworth
filter at 0.1 Hz, digitised at 512 Hz.

The EEG signals were amplified 10,000x fold and
then processed with a first-order high-pass filter at 1.6 Hz
and an analogue fifth-order low-pass Butterworth filter
with a cut-off frequency set at 500 Hz. The signal was
then filtered by a low-pass filter with a digital IIR Type
2 Chebyshev filter with a cut-off frequency of 128 Hz for
analysis of raw EEG waveforms for seizures. The real-
time intensity spectra and associated parameters were
extracted from four-second epochs. Total EEG power
(in microvolts squared (uV?)) was calculated on the
power spectrum between 1 and 20 Hz. For data presen-
tation, the EEG power was log-transformed (EEG power
(dB), 10 x log (power)) to give a better approximation of
a normal distribution.? Spectral edge frequency was cal-
culated as the frequency below which 90% of the power
was present. EEG amplitude and spectral edge were
stored as one-minute averages.

Concentration changes in fetal cerebral deoxyhae-
moglobin [Hb], oxyhaemoglobin [HbO2] and
cytochrome oxidase [CytOx] were measured as 10 sec-
onds averages using a NIRO-500 spectrophotometer
(Hamamatsu Photonics KK, Hamamatsu City,
Japan). Changes in the cerebral [HbO2], [Hb] and
[CytOx] were calculated from the modified Lambert-
Beer law using a previously established algorithm
which describes optical absorption in a highly scatter-
ing medium.”® The NIRS measures obtained are rela-
tive changes from zero, not absolute changes.
Standardisation of the inter-optode distance was used
to reduce signal variability within and between animals.
The key parameters calculated were the total haemo-
globin (HbT) and HbD. HbT =HbO2 + Hb and is an
index of total cerebral blood volume at a stable hae-
matocrit. HbD is the difference between the concentra-
tions of HbO2 and Hb (HbD =HbO2 — Hb) and is a
volume-weighted average of total cerebral intravascu-
lar oxygenation.

Experimental design

Experiments were conducted at 104—105 days of gesta-
tion. Fetuses were randomly assigned to the following
groups: sham-HI (Sham-HI, n = 10), HI-saline (HI-Sal,
n=10) or HI-phentolamine (HI-Phento, n = 10). Sham
occlusion fetuses received no occlusion. All the
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occlusions were undertaken between 09:00 and 09:30
hours. Fetuses either received a continuous intravenous
infusion of saline or phentolamine (10mg loading
bolus, followed by continuous infusion at 10mg/h)
from 15 minutes to 8 hours after the end of umbilical
cord occlusion. The dose of phentolamine used in these
studies was titrated to restore carotid blood flow to
sham-HI levels during post-HI hypoperfusion. Fetal
arterial blood was taken at 30 minutes prior to umbil-
ical cord occlusion, 5 and 17 minutes during occlusion,
and then 1, 2, 4, 6, 24, 48 and 72 hours after occlusion
for pH and blood gas determination and for glucose
and lactate measurements. 72 hours after umbilical cord
occlusion, ewes and fetuses were killed with an overdose
of pentobarbitone sodium, intravenously administered to
the ewe (9g, Pentobarb 300; Chemstock International,
Christchurch, New Zealand). This method is consistent
with the Animal Welfare Act of New Zealand. Fetuses
were delivered by caesarean section, and fetal weight
and sex were determined, and fetal organ weights mea-
sured. Fetal brains were perfusion fixed via cannulation
of both carotid arteries with 500 ml isotonic heparinised
saline (20 U/ml) followed by 1litre of 10% phosphate-

buffered formalin (Global Science, Auckland,
New Zealand).
Immunohistochemistry

Brain tissue was post-fixed by immersion in 10%
phosphate-buffered formalin for one week, then proc-
essed and embedded in paraffin using standard proce-
dures. 10 pm coronal sections were cut at the level of
the mid-striatum (23 mm anterior stereotaxic zero) and
dorsal hippocampus (17mm anterior of stercotaxic
zero) using a microtome (Leica Jung RM2035, Leica
Microsystems Ltd., Albany, New Zealand), and
mounted on chrom-alum and gelatine (Sigma-Aldrich)
coated slides and oven dried. Immunohistochemical
staining was performed as previously described.?! The
following primary and secondary antibodies were used:
1:200 rabbit anti-neuronal nuclei monoclonal antibody
(NeuN, Ab177487, Abcam, Cambridge, England), 1:200
mouse monoclonal anti-2'3'-cyclic nucleotide 3'-phos-
phodiesterase (CNPase, Ab6319, Abcam), 1:200 rabbit
monoclonal anti-oligodendrocyte transcription factor-2
antibody (Olig-2, Ab109186, Abcam), 1:200 rabbit poly-
clonal anti-ionized calcium binding adaptor molecule
1 (Ibal) (Ab178680, Abcam) anti-mouse biotinylated
monoclonal IgG (BA-9200, Vector Laboratories,
Burlingame, California, USA, 1:200) or anti-rabbit bio-
tinylated monoclonal IgG (BA - 1000, Vector
Laboratories, 1:200).

Sections taken 17 mm anterior from stereotactic zero
were used to analyse neuronal density in the following
subcortical regions, cornu amnonis (CA) of the dorsal

horn of the anterior hippocampus (divided into CA1/2,
CA3, CA4, and dentate gyrus). Striatal neuronal den-
sity (including caudate nucleus and putamen) and
white matter damage in periventricular and intragyral
tracts were analysed on a section taken 23 mm anterior
to stereotactic zero. For quantification of surviving
neurons (NeuN), immature and mature oligodendro-
cytes (CNPase), total number of oligodendrocytes
(Olig2) and microglia and macrophages (Ibal), regions
of interest were imaged at 20 times magnification using
light microscopy on a Nikon 80i microscope equipped
with a DS-Fil-U3 camera and NIS Elements Br
4.0 imaging software (Nikon Instruments, Melville,
New York, USA). In total, three fields in white
matter tracts, seven fields in the striatum (four in the
caudate nucleus and three in the putamen) and one
field in each subdivision of the hippocampus were
imaged in each hemisphere. Numbers of positively
labelled cells were quantified using Imagel] software
(National Institutes of Health, USA). The average of
cell count in each region from both the hemispheres
was calculated.

Data analysis

All physiological and histological analysis was per-
formed blinded to the experimental group using codes
for experimental protocols. Offline analysis of fetal
physiological parameters was performed with custom-
ised LabView-based programs. Data were assessed as
hourly averages, with the 24-hour period before the
experiment used as a reference to evaluate acute phys-
iological changes associated with the experiment. Log
transformed EEG power was normalised to baseline
for analysis. EEG transients and seizures were identi-
fied visually on the raw EEG. EEG transients were
defined as fast spikes (<70ms) and sharp waves
(70 to 250ms) occurring singly.”>** Seizure activity
was defined as the appearance of sudden, repetitive,
evolving stereotypic waveforms, lasting more than
10 seconds with an amplitude greater than 20 uV.'®!®
Vascular resistance was calculated as MAP/blood
flow.®

Based on the variance in subcortical neuronal loss
and white matter injury after 25 minute umbilical cord
occlusion in a previous study,?' a sample size of n= 10/
group was estimated to have 90% power to detect a
13% reduction in neuronal count in the striatum, and
7% reduction in oligodendrocyte counts in the PVWM.
Statistical analysis was performed using SPSS version
25, SPSS Inc., Chicago, Illinois, USA. There was no
mortality in the experimental groups. For the continu-
ously recorded physiological parameters and immuno-
histochemical data, between group comparisons were
performed by two-factor mixed-methods analysis of
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variance (ANOVA), with time or regions of interest as
repeated measures and HI and phentolamine as inde-
pendent variables. Post-hoc tests were performed when
a significant overall effect of group or interaction
between group and time was found. Between group
comparisons were performed by univariate analysis
with the Sidak post-hoc test. Statistical significance
was accepted as P < 0.05. Data are presented as mean-
+ standard deviation.

Results

Sex distribution, body and organ weights at
post-mortem

The sex distribution was comparable between groups
(female:male ratio Sham-HI 5:5, HI-Sal 6:4, HI-Phento
4:6) and there was no difference in post-mortem body
or spleen weights between the groups. HI was associ-
ated with a reduction in brain weight (Sham-HI 29.3 +
1.4g, HI-Sal 252+0.8g, HI-Phento 24.6+0.8¢g;
P =0.023 Sham-HI vs. HI-Sal, P =0.009, Sham-HI vs.
HI-Phento), with no difference between the HI groups.

Cardiovascular and biochemical parameters
during HI

During the pre-HI baseline, there was no difference
between the groups in any physiological parameters.
HI was associated with immediate bradycardia (aver-
age nadir FHR: HI-Sal 64.4 + 7.8 bpm and HI-Phento
67.5+ 8.4 bpm), progressive hypotension (mean nadir
of blood pressure HI-Sal 11.2 + 0.8 mmHg, HI-Phento
11.6 £0.9mmHg), hypoxia, hypercapnia, and mixed
acidosis with no difference between the HI groups
(Supplementary Table 1). The time course of recovery
of blood gases and acid-base status after HI was com-
parable between the groups. In the HI-saline group,
blood glucose and lactate concentrations were higher
than the sham-HI group until 6 hours post-HI but
recovered to baseline levels by 2 hours in the HI-
phentolamine group (Supplementary Table 1).

Post-occlusion fetal heart rate and blood pressure

HI was associated with transient tachycardia from 2 to
3 hours post-HI, followed by a reduction in heart rate
from 12 to 24 hours, with no significant difference
between the groups (Figure 1). FHR in the HI-
phentolamine group was higher than the HI-saline
group from 48 to 72 hours post-HI (P =0.046).

MAP was moderately elevated in the HI-saline
group from 1 to 3 hours post-HI (P =0.004 Sham-HI
vs. HI-Sal) (Figure 1). In contrast, phentolamine was
associated with a significant reduction in MAP during
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Figure |. Post-occlusion cardiovascular changes. Time
sequence of changes in fetal heart rate (bpm, Panel A) and mean
arterial pressure (mmHg, Panel B) during 24 hours before
umbilical cord occlusion and 72 hours of post-HI recovery in the
sham-HI (open circles, n = 8), Hl-saline (closed squares, n = 8)
and HI-phentolamine (grey triangles, n =8) groups. Data during
umbilical cord occlusion are not shown here. The shaded area is
the period of phentolamine infusion. Data are hourly averages
presented as mean &= SD (SD is shown as dotted lines), and were
analysed using mixed-design ANOVA with time as a repeated
measure and HI and phentolamine as independent factors.
Between group comparisons were performed using the Sidak
post hoc test. Figure symbols are (a) sham-HI vs. Hl-saline

P < 0.05, (b) sham-HI vs. Hl-phentolamine P < 0.05 and

(c) Hl-saline vs. HI-phentolamine P < 0.05.

early recovery (P=0.046, Sham-HI vs. HI-Phento;
P=0.001, HI-Sal vs. HI-Phento, 1 to 3 hours post-
HI). MAP in the HI-phentolamine group was signifi-
cantly lower than the HI-saline group from 12 to
24 hours post-HI (P=0.019, HI-Sal vs. HI-Phento).

Post-occlusion carotid blood flow and vascular
resistance

In the Hl-saline group, CaBF transiently recovered to
pre-HI baseline values during the first hour after HI,
followed by a delayed reduction from 2 hours. CaBF
partially recovered from 4 hours but remained signifi-
cantly lower than the sham-HI group throughout the
remainder of the experiment (P=0.011 Sham-HI vs.
HI-Sal) (Figure 2). The reduction in perfusion was
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Figure 2. Post-occlusion cerebral blood flow changes. Time
sequence of changes in carotid blood flow (% baseline, Panel A)
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hours before umbilical cord occlusion and 72 hours of post-HI
recovery in the sham-HI (open circles, n =8), Hl-saline (closed
squares, n = 8) and HI-phentolamine (grey triangles, n = 8)
groups. Data during umbilical cord occlusion are not shown here.
The shaded area is the period of phentolamine infusion. Data are
hourly averages presented as mean &= SD (SD is shown as dotted
lines), and were analysed using mixed-design ANOVA with time
as a repeated measure and HI and phentolamine as independent
factors. Between group comparisons were performed using the
Sidak post hoc test. Figure symbols are (a) sham-HI vs. Hl-saline
P < 0.05, (b) sham-HI vs. HI-phentolamine P < 0.05 and

(c) Hl-saline vs. Hl-phentolamine P < 0.05.

associated with an increase in carotid vascular resistance
(P=0.001, Sham-HI vs. HI-Sal). In the HI-phentolamine
group, CaBF was maintained at sham-HI levels through-
out the post-HI recovery.

Neurophysiology

HI was associated with a rapid suppression of EEG
power and spectral edge frequency (Figure 3). EEG
power remained suppressed throughout post-HI recov-
ery, with no difference between the occlusion groups
(P=0.001, Sham-HI vs. HI-Sal; P =0.002, Sham-HI vs.
HI-Phento from 48 to 72 hours post-HI). Between 2 to
4 hours post-HI, there was a transient relative increase
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Figure 3. Post-occlusion neurophysiological recovery. Time
sequence of changes in EEG power (normalised to baseline AdB,
Panel A), spectral edge frequency (Hz, Panel B) during 24 hours
before umbilical cord occlusion and 72 hours of post-HI recov-
ery in the sham-HI (open circles, n=10), Hl-saline (closed
squares, n = 10) and HI-phentolamine (grey triangles, n = 10)
groups. Data during umbilical cord occlusion are not shown here.
The shaded area is the period of phentolamine infusion. Data are
hourly averages presented as mean £ SD (SD is shown as dotted
lines), and were analysed using mixed-design ANOVA with time
as repeated measure and HI and phentolamine as independent
factors. Between group comparisons were performed using the
Sidak post hoc test. Figure symbols are (a) sham-HI vs. Hl-saline
P < 0.05, (b) sham-HI vs. HI-phentolamine P < 0.05 and

(c) Hi-saline vs. Hl-phentolamine P < 0.05.

in spectral edge frequency that was higher in the HI-
phentolamine group than HI-saline group (P =0.016),
and there was no difference between the occlusion
groups during the remainder of the recovery
(P=0.001, Sham-HI vs. HI-Sal; P=0.001, Sham-HI
vs. HI-Phento from 48-72 hours post-HI).

NIRS measures

HI was associated with a rapid reduction in HbO2 and
increase in Hb that recovered after the end of HI (data
not shown). After HI, HbO, (P =0.042, Sham-HI vs.
HI-Sal) and HbT fell (P=0.027, Sham-HI vs. HI-Sal)
during the first six hours post-HI. There was no effect
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of occlusion on CytOx concentrations during early
recovery. From 12 to 72 hours post-HI, CytOx
(P=0.059, Sham-HI vs. HI-Sal) and Hb (P=0.016,
Sham-HI vs. HI-Sal) were reduced, and HbD
(P=0.002, Sham-HI vs. HI-Sal) was increased in the
Hl-saline group (Figure 4). Phentolamine infusion
altered the early post-HI recovery of NIRS parameters.
In the HI-phentolamine group, HbT was comparable to
the sham-HI level, but there was a reduction in HbO2
(P=0.039, Sham-HI vs. HI-Phento, not shown) and
HbD (P=0.043, Sham-HI vs. HI-Phento, not shown)
during the first six hours post-HI. Further, HbD in
the HI-phentolamine group was lower than the HI-
saline group from 2 to 18 hours post-HI (P =0.010).

Seizures

During early post-HI recovery, a high frequency of
epileptiform transients (sharp spikes and waves) was

observed on the continuous EEG recording in both
the occlusion groups (Figure 5). Phentolamine was
associated with an increase in epileptiform transient
activity from 2 to 8 hours post-HI (HI-Sal 11.6+5.2
events/minute; HI-Phento 40.9+19.2 event/minute;
P =0.003).

High amplitude stereotypic evolving seizures were
not observed in the sham-HI group. These seizures
developed on average 7 to 10 hours post-HI in all HI
groups. Alpha-adrenergic receptor inhibition with
phentolamine did not change the average onset time
(HI-Sal 10.94+7.5 hours vs HI-Phento 7.3+2.4
hours) or the total number of seizures (HI-Sal 39.2 +
23.9 vs, HI-Phento 66.3 +43.4), but was associated
with a greater number of seizures early after seizure
onset. The average seizure count in the HI-
phentolamine group was higher than the HI-saline
group from 10 to 15 hours post-HI (P =0.046, supple-
mentary figure 1) . There was no difference between the
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Figure 4. Cerebral oxygenation after HI. Time sequence of changes HbT (umol/100g, Panel A), HbD (umol/100g, Panel B) and

CytOx (umol/100 g, Panel C) during 12 hours before Hl and 72 hours post-HI recovery in the sham-HI (open circles, n =5), Hl-saline
(closed squares, n =8) and HI-phentolamine (grey triangles, n =5) groups. The shaded area is the period of phentolamine infusion.
Data are hourly averages presented as mean = SD (SD is shown as dotted lines), and were analysed using mixed-design ANOVA with
time as a repeated measure and Hl and phentolamine as independent factors. Between group comparisons were performed using the
Sidak post hoc test. Figure symbols are (a) sham-HI vs. Hl-saline P < 0.05, (b) sham-HI vs. HI-phentolamine P < 0.05 and (c) HI-saline

vs. Hl-phentolamine P < 0.05.
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Figure 5. Examples of continuous EEG recordings. EEG
recordings from individual fetuses in the sham-HI (Panel A), HI-
saline (Panel B) and HI-phentolamine (Panel C) groups at 2 hours
after HI. Hourly epileptiform transients counts during the first
8 hours post-HI in the Hl-saline (closed squares, n=8) and HI-
phentolamine (grey triangles, n =8) groups (Panel D). Data are
presented as individual animals (the central bar mean £ SD).
Figure symbol is (a) HI-saline vs. Hl-phentolamine P < 0.05.

occlusion groups in the total time spent seizing (HI-Sal
242+ 13.4 hours vs HI-Phento 31.8+17.3 hours),
seizure burden (HI-Sal 136.9 4+ 69.3 seconds/hour, HI-
Phento 144.1 £+ 57.9 seconds/hour), average amplitude
(HI-Sal 160.5+34.2uV, HI-Phento 140.7 4+39.7uV)
and duration (HI-Sal 84.7+438.0 seconds vs HI-
Phento 74.3 £27.0 seconds) of seizures. In both the
HI groups there were two distinct peaks in the average
seizure amplitude and duration. The first peak in sei-
zure amplitude and duration was between 12 and 16
hours after the end of HI and the second peak was
between 36 and 40 hours. Both the periods of higher
average seizure amplitude and duration corresponded
with night time (between 9 pm and lam).

Immunohistochemistry

White matter

HI was associated with a marked reduction in the
number of the immature and mature oligodendrocytes
(CNPase positive cells) (PVWM P =0.008 Sham-HI vs.
HI-Sal, IGWM1 P=0.009 Sham-HI vs. HI-Sal,
IGWM2 P =0.024 Sham-HI vs. HI-Sal) and the total
number of oligodendrocytes (Olig2 positive cells)
(PVWM P=0.006 Sham-HI vs. HI-Sal, IGWMI1
P=0.007 Sham-HI vs. HI-Sal, IGWM2 P=0.001
Sham-HI vs. HI-Sal) across all the white matter regions
examined (Figure 6 and Supplementary figure 2).
Alpha-adrenergic receptor inhibition with phentol-
amine was associated with a greater loss of the olig2
positive cells (PVWM P =0.002 HI-Sal vs. HI-Phento,
IGWMI1 P=0.001 HI-Sal vs. HI-Phento, IGWM2
P =0.034 HI-Sal vs. HI-Phento).

HI was associated with a diffuse increase in microglia
and macrophages (Ibal-positive cells) in the white matter
tracts (PVWM P =0.001 Sham-HI vs. HI-Sal, IGWM 1
P =0.001 Sham-HI vs. HI-Sal, IGWM2 P =0.001 Sham-
HI vs. HI-Sal) (Figure 6 and Supplementary figure 2).
A similar increase in Ibal positive cells was observed in
the HI-phentolamine group, and there was no difference
between the occlusion groups (PVWM P =0.001 Sham-
HI vs. HI-Phento, IGWMI1 P=0.001 Sham-HI vs.
HI-Phento, IGWM2 P=0.001 Sham-HI vs. HI-Phento).

Subcortical neuronal loss

HI was associated with neuronal loss in the dorsal hip-
pocampus and striatum (CA12 P=0.021 Sham-HI vs.
HI-Sal; CA3 P=0.001 Sham-HI vs. HI-Sal; DG
P=0.010 Sham-HI vs. HI-Sal; caudate P=0.032
Sham-HI vs. HI-Sal) (Figure 7). Alpha-adrenergic
receptor inhibition with phentolamine was associated
with increased neuronal loss in the CA3 (P=0.035
HI-Sal vs. HI-Phento) and CA4 (P=0.002 HI-Sal vs.
HI-Phento) regions of the hippocampus. Further, 50%
of the fetuses in the phentolamine infusion group devel-
oped infarctions in the CA4 region (Figure 7, Panel P).

Discussion

The present study demonstrates that an infusion of the
non-selective alpha-adrenergic antagonist phentol-
amine after HI was associated with higher EEG fre-
quency, and increased numbers of epileptiform
transients during the latent phase, with a greater fall
in cerebral oxygenation during the latent phase, as
shown by a greater reduction in HbD, consistent with
exacerbation of mismatch between perfusion and
metabolism. After 3 days recovery alpha-adrenergic
receptor inhibition with phentolamine was associated
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Figure 6. White matter immunohistochemistry. Cell density of immature and mature oligodendrocyte (CNPase, Panel A; Sham-HI
n=29, HI-Sal n= 10, HI-Phento n= 10), total oligodendrocytes (Olig2, Panel B; Sham-HI n=9, HI-Sal n=9, HI-Phento n=9) and
microglia and macrophages (Ibal, Panel C; Sham-HI n =8, HI-Sal n =8, HI-Phento n = 8) in the white matter areas of periventricular,
and parasagittal intragyral areas in the sham-HI (open circles), Hl-saline (closed squares), and HI-phentolamine (grey triangles) groups
at 72 hours after 25 minutes of umbilical cord occlusion. Data are presented as individual animals (the central bar mean £ SD), and
analysed using mixed design two-way ANOVA with regions as repeated measures and HI and phentolamine as independent variables.
Comparisons between the groups were performed using the Sidak post hoc test. Figure symbols are (a) P < 0.05 vs. sham-HlI, (b)
P < 0.05 vs. Hl-saline. PVYWM: periventricular white matter, IGWM: intragyral white matter.

with greater neuronal loss in the hippocampus and oli-
godendrocyte loss in the white matter tracts. Together
these findings strongly suggest that the SNS plays a key
role in actively mediating neuro-inhibition after HI, and
that this endogenous neuroinhibition is neuroprotective.

SNS: post-HI neuro-inhibition and cerebral
hypoperfusion

Alpha-adrenergic receptor blockade after HI was asso-
ciated with increased numbers of epileptiform transi-
ents during the latent phase and more seizures during
the early secondary phase, with no effect on amplitude
and duration, suggesting a reduced threshold for neu-
ronal excitability. Consistent with this, infusion of a
specific alpha-2 adrenergic receptor antagonist (idaxo-
zan) after 25-minute umbilical cord occlusion in pre-
term fetal sheep also increased epileptiform transient
activity.?? In adult rats exposed to pentylenetetrazole-
induced seizures, alpha-2 adrenergic receptor

antagonist (atipamezole) increased seizure burden,
and alpha-2 adrenergic receptor agonist (dexmedetomi-
dine) reduced hippocampal neuronal activity and sei-
zure burden.”® These findings are consistent with
alpha-adrenoceptor mediated endogenous neuro-
inhibitory modulation.?

Phentolamine is a non-specific alpha-adrenergic
receptor antagonist. Alpha-adrenoreceptor activation
inhibits excitatory synaptic transmission. The alpha-2
adrenoreceptor subtype is the primary mediator of this
neuro-inhibitory effect.”>*® Ontological studies in
sheep from fetus to adult suggested that alpha-1 regu-
lation plays a key role in cerebral vascular development
and contractility, and cerebral autoregulation.?’
Potentially, combined blockade of both alpha-1 and
alpha-2 receptor subtypes may have additive effects
on neuronal activity.”® Alternatively, the alpha-
adrenergic receptor subtypes may differentially regu-
late vascular tone and neuro-inhibition. For example,
in the present study phentolamine infusion was
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Figure 7. Neuronal survival. Cell density of neurons (labelled with NeuN, Panel A) in caudate nucleus, putamen, CAl2, CA3, CA4
and DG of the hippocampus in sham-HI (open circles, n = 10), Hl-saline (closed squares, n =9) and HI-phentolamine (grey triangles,
n =8) groups at 72 hours after 25 minutes of umbilical cord occlusion. Data are presented as individual animals, (central bar is

mean £ SD). Data was analysed using two-way ANOVA with region as a repeated measure and HI and phentolamine as independent
factors. Comparisons between the groups in each region were performed using the Sidak post hoc test. Figure symbols are (a)

P <0.05 vs. sham-HI and (b) P < 0.05 vs. Hi-saline. CA: cornu amnonis, DG: dentate gyrus. Photomicrographs of neurons (NeuN-
positive cells) in the striatal caudate nucleus (caudate, panel B-D), putamen (panel E-G), CAIl/2 (panel H-J), CA3 (panel K-M), CA4
(panel N-P) and dentate gyrus (DG, panel Q-T), of the hippocampus of sham-HI, HI-saline and HI-phentolamine groups at 72 hours

post-HI. Scale bar is 50 pm.

associated with both increased neuronal activity and
cerebral perfusion, whereas, selective alpha-2 adrener-
gic receptor blockade after HI in preterm fetal sheep
increased epileptiform activity with no effect on sec-
ondary hypoperfusion.*?

Although carotid blood flow was restored to sham-
HI level after phentolamine infusion, HbT (an index of
cerebral blood volume) was not significantly different
between the occlusion groups. Blood haemoglobin

concentration was comparable between the occlusion
groups, suggesting that HbT values were not affected
by differences in haemoglobin levels. The cerebral arte-
rioles of the preterm fetus are innervated by the SNS
and sympathetic activation modulates resistance.?
Nevertheless, given that the carotid vessels supply
extracranial tissues as well as the brain,*® we cannot
exclude the possibility that improved carotid blood
flow during the phentolamine infusion may in part be
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related to vasodilation of the extracranial beds. It is
reasonable to note that previous studies in fetal sheep
have shown that carotid blood flow is an index of cephal-
ic blood flow to the brain and correlates well with
microsphere and laser Doppler measurements under
physiological and pathophysiological conditions,”'*-*
and of particularly relevance, laser Doppler and carotid
blood flow were highly correlated during delayed post-
hypoxic hypoperfusion.’ In a previous study, a change of
20% or more in brain blood flow was closely matched by
a similar change in carotid arterial flow duration and
degree, and changes in oxygenation did not affect the
relationship.™ It is also important to note that a previous
study in 0.6 fetal sheep using radiolabelled tracers
reported regional differences in cerebral blood volume
within the brain that may not be detected by NIRS
recordings from the parietal region.”'

Despite improving carotid blood flow in the present
study, phentolamine was associated with a greater fall
in HbD during the latent phase, suggesting exacerba-
tion of the mismatch between cerebral perfusion and
metabolism. HbD remained lower than the HI-saline
group during the period of increased seizure incidence
in the early secondary phase, consistent with ongoing
impaired cerebral oxygenation.>?> HbD is influenced by
arterial oxygen saturation, but there was no difference
in oxygen saturation and content between the occlusion
groups. It is unclear why in the present study perfusion
did not increase above sham-HI values to meet the
demand associated with increased neural activity.
This suggests that there is either a sustained increase
in vascular tone mediated by other vasoconstrictors and/
or a degree of impaired endothelial function that limited
vasodilation. For example, sustained vasoconstriction
may, in part be associated with a high expression level
of alpha-adrenergic receptors in fetal cerebral arteries
and high responsiveness to adrenergic stimulation.*

We have previously reported that NMDA receptor
activation also contributes to the early phase of delayed
hypoperfusion.®* In newborn piglets subjected to 10
minutes of ischaemia, infusion of an adenosine
uptake inhibitor attenuated delayed cerebral hypoper-
fusion.®> In addition, there is evidence that post-HI
endothelial function is impaired by factors such as
increased reactive oxygen species (ROS), an altered
balance between vasoconstrictors and vasodilators
and inflammatory mediators.'>!'* For example, nitric
oxide (NO) is a key vasodilator and the NO synthesis
pathway is altered by ROS activity and inflammation,
leading to loss of NO bioavailability.

SNS inhibition: Exacerbation of neural injury

Alpha-adrenergic receptor blockade with phentolamine
was associated with greater subcortical neuronal loss

and oligodendrocyte loss in the white matter tracts in
the present study, strongly supporting an endogenous
protective role of alpha-adrenergic receptor activation
after HI. Consistent with this, preclinical studies of
augmenting the neuroinhibitory effect of the SNS
after HI have shown improved neural outcomes. For
example, in preterm fetal sheep subjected to 25-minute
umbilical cord occlusion, the alpha-2 adrenergic recep-
tor agonist clonidine (10pg/kg/h, 15 minutes to
4 hours, i.v.) reduced subcortical neuronal loss at
72 hours after HI.*” Similarly, in P7 rats, the highly
selective alpha-2 adrenergic receptor agonist dexmede-
tomidine given 1-hour post-HI reduced brain tissue loss
at seven days.*® However, there are concerns about the
dose-dependent adverse effects of alpha-adrenergic
agonists.?’°

Multiple mechanisms may have contributed to the
exacerbation of neural injury in the present study.
Firstly, the loss of alpha-adrenergic receptor-mediated
endogenous neuro-inhibition leading to transient epi-
leptiform activity may have contributed to greater neu-
ronal loss. Previous studies in preterm fetal sheep have
shown that the frequency of epileptiform activity after
HI correlates with the severity of hippocampal neuro-
nal loss,”?* and suppression of epileptiform transients
was associated with improved subcortical neuronal sur-
vival.***% Increased epileptiform activity may reflect
underlying spreading depolarisations, representing a
disruption of cellular electrochemical gradient that
spreads through various brain regions inducing exces-
sive metabolic demand and intra-cellular calcium over-
load in the injured tissue.*’** In turn, increased
intracellular calcium overload can lead to mitochondri-
al dysfunction, oxidative stress and activation of the
intrinsic cell death pathways.*

In addition to the direct effect of phentolamine on
neuronal activity, the greater fall in cerebral oxygena-
tion might also contribute to the worsening of neural
injury. Post-HI cerebral hypoperfusion is common, and
the degree is related to the severity of the insult and
normally remains coupled to cerebral metabolic rate
with actively mediated vasoconstriction modulating
blood flow as in the current study, without hypoten-
sion.”>**4> We have previously shown that alterations
in perfusion-metabolism coupling during post-HI
recovery are associated with greater neural injury,®*°
for example after exposure to the steroid dexametha-
sone in preterm fetal sheep.®*” Nevertheless, these find-
ings are correlative, and the absolute magnitude of the
fall in HbD was relatively modest (5 pmol/100 g com-
pared to a fall of ~40 umol/100 g during profound HI
in the same model).” Further studies are needed to
quantify the absolute changes in cerebral oxygen
consumption.
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Phentolamine infusion may have adversely affected
mitochondrial function. During post-HI recovery there
is a progressive fall in CytOx concentration, as seen in
the NIRS data, consistent with a secondary failure
of mitochondrial oxidative capacity.” In the HI-
phentolamine group, the reduction in CytOx concen-
tration started earlier and was more rapid than in saline
treated fetuses, denoting a faster evolution of mito-
chondrial failure. Consistent with this, there was a sig-
nificantly greater incidence of seizures after their initial
onset, leading to an earlier peak in activity, suggesting
a lowered threshold for neuronal excitability after
phentolamine exposure. However, it is important to
note that high amplitude seizure activity was not
altered after the end of phentolamine infusion, includ-
ing the circadian nature of preterm seizure expression
after HI, consistent with our earlier findings.'®

Interestingly, phentolamine infusion after HI in the
present study was associated with increased loss of
total oligodendrocytes in the white matter tracts.
There was no effect on the survival of immature and
mature oligodendrocytes, inferring selective loss of pre-
oligodendrocytes, consistent with a developmental vul-
nerability.***’ Oligodendrocyte progenitor cells express
alpha-adrenergic receptors, which play a maturational
role.’®" It is not known if the blockade of alpha-
adrenergic receptors on oligodendrocytes can directly
enhance cell death pathways. Potentially, secondary
tissue hypoxia and increased extracellular excitatory
amino acids during excessive neuronal activity may
have contributed to oligodendrocyte loss after phentol-
amine infusion. Greater oligodendrocyte loss was not
associated with increased microglial activation, sug-
gesting that exacerbation of white matter damage was
not mediated by neuroinflammation. Similarly, in adult
mice exposed to sepsis, intracerebroventricular injec-
tion of an alpha-2 adrenergic antagonist (atipamezole)
attenuated the anti-inflammatory and neuroprotective
effects of dexmedetomidine but did not increase sepsis-
induced microglial activation.>?

The hippocampus appeared to be particularly vul-
nerable to greater damage in the phentolamine group.
Strikingly, we observed infarction in the CA4 region of
the hippocampus in half of the phentolamine group,
suggesting that CA4 neurons were particularly suscep-
tible to injury associated with the post-HI increase in
epileptiform transients after alpha-adrenergic block-
ade. Studies in hippocampal slice preparations have
demonstrated that hippocampal subfields generate epi-
leptiform activity in a distinct pattern and specific
frequency range, and CA4 is associated with the gen-
eration of interictal and seizure-like events.>® Further,
the hippocampal sub-fields show differential responses
to pharmacological and endogenous stimuli and to
metabolic impairment and hypoxic depolarisation,

suggesting different mechanisms are involved in the
regulation of regional hippocampal activity.>*>>

Consistent with the present study, in adult rats the
adrenergic neurotoxin (DSP-4) given 2weeks before
cerebral ischemia was associated with exacerbation of
post-ischemic neuronal loss in the CA3 and CA4 sub-
fields of hippocampus.’® Potentially, a region-specific
distribution of alpha-adrenergic receptors could have
contributed to the increased vulnerability of these hip-
pocampal regions in the present study. The CA4 region
has a high density of adrenergic innervation and of all
subtypes of alpha-adrenergic receptors during brain
development.””>®

Conclusions

The present study demonstrates that endogenous acti-
vation of alpha-adrenergic receptors after HI in pre-
term fetal sheep inhibits neural activity and reduces
neural injury after 3 days recovery. Non-selective
alpha-adrenergic receptor blockade increased carotid
blood flow, but also increased epileptiform transient
activity, with transient worsening of cerebral hypoxia.
The specific mechanism of the greater neural injury
after alpha-adrenergic receptor blockade is unknown.
Potentially, it might reflect the direct loss of endoge-
nous neuroinhibition or an indirect effect through
greater exposure to excitotoxicity or reduced tissue oxy-
genation. Regardless, these data strongly support the con-
cept that alpha-adrenergic receptor activation is a key
endogenous neuroprotective mechanism after HI. These
data suggest the effects on both cerebral metabolism and
blood flow should be considered when investigating
potential neuroprotective therapies. Of concern, alpha-
adrenergic receptor agonists are increasingly being used
as sedatives in critically ill neonates, and can affect oxy-
genation.” The present study highlights the need for care-
ful assessment of the effects of any intervention on neural
activity and cerebral oxygenation.
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