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The effects of dexamethasone on post-asphyxial cerebral
oxygenation in the preterm fetal sheep

Christopher A. Lear, Miriam E. Koome, Joanne O. Davidson, Paul P. Drury, Josine S. Quaedackers,
Robert Galinsky, Alistair J. Gunn and Laura Bennet

Fetal Physiology and Neuroscience Group, Department of Physiology, The University of Auckland, Auckland, New Zealand

Key points

e Mothers at risk of preterm delivery are routinely given synthetic glucocorticoids such as
dexamethasone to help mature fetal lungs and improve survival after birth.

e We have previously shown that dexamethasone given after an acute episode of asphyxia in
preterm fetal sheep is associated with greater brain injury.

e In this study we found that fetal exposure to dexamethasone after asphyxia in preterm fetal
sheep was associated with reduced intracerebral oxygenation during the critical latent phase of
recovery.

¢ In the secondary phase, maternal dexamethasone was associated with increased epileptiform
transient activity and evidence of greater mitochondrial oxidation.

e These findings suggest that fetal exposure to the synthetic glucocorticoid dexamethasone is
associated with a critical mismatch between the brain’s demand for oxygenation and the supply
of oxygen that may contribute to greater brain injury.

Abstract Exposure to clinical doses of the glucocorticoid dexamethasone increases brain activity
and causes seizures in normoxic preterm fetal sheep without causing brain injury. In contrast,
the same treatment after asphyxia increased brain injury. We hypothesised that increased injury
was in part mediated by a mismatch between oxygen demand and oxygen supply. In preterm
fetal sheep at 0.7 gestation we measured cerebral oxygenation using near-infrared spectroscopy,
electroencephalographic (EEG) activity, and carotid blood flow (CaBF) from 24 h before until
72 h after asphyxia induced by 25 min of umbilical cord occlusion. Ewes received dexamethasone
intramuscularly (12 mg 3 ml™") or saline 15 min after the end of asphyxia. Fetuses were studied for
3 days after occlusion. During the first 6 h of recovery after asphyxia, dexamethasone treatment
was associated with a significantly greater fall in CaBF (P < 0.05), increased carotid vascular
resistance (P < 0.001) and a greater fall in cerebral oxygenation as measured by the difference
between oxygenated and deoxygenated haemoglobin (delta haemoglobin; P < 0.05). EEG activity
was similarly suppressed in both groups. From 6 to 10 h onward, dexamethasone treatment was
associated with a return of CaBF to saline control levels, increased EEG power (P < 0.005), greater
epileptiform transient activity (P < 0.001), increased oxidised cytochrome oxidase (P < 0.05)
and an attenuated increase in [delta haemoglobin] (P < 0.05). In conclusion, dexamethasone
treatment after asphyxia is associated with greater hypoperfusion in the critical latent phase,
leading to impaired intracerebral oxygenation that may exacerbate neural injury after asphyxia.
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Introduction

Neurodevelopmental disability after premature birth is
multifactorial (Mallard et al. 2014). Metabolic acidosis
measured from cord blood and the need for resuscitation
atbirth are common among preterm babies and associated
with an adverse neonatal course (Gezer et al. 2013) and
increased risk of white matter injury (Reid ef al. 2014).
Among these cases, overt asphyxia occurs in approximately
20/1000 preterm infants, and is associated with a high risk
of death, neural injury on modern imaging and disability
among survivors (Low et al. 2003; Kerstjens et al. 2012;
Sukhov et al. 2012; Corchia et al. 2013). The majority
of preterm fetuses at risk of delivery are now exposed to
maternal treatment with synthetic glucocorticoids such
as dexamethasone or betamethasone (Lundqvist et al.
2009), which has significantly reduced perinatal morbidity
and mortality (Roberts & Dalziel, 2006). Surprisingly,
there is little direct information on how exposure to
maternal glucocorticoid treatment affects fetal adaptation
to asphyxia. Nearly all our knowledge is based on postnatal
rodent studies, which largely suggest that steroids protect
against hypoxic—ischaemic injury (as recently reviewed
by Bennet et al. 2012b). Exposure to dexamethasone
was, however, not protective in near-term fetal sheep
against neural injury induced by acute reversible carotid
artery occlusion (Elitt et al. 2003). Moreover, in contrast
to postnatal rodent studies, we found that exposure to
maternal dexamethasone after a severe acute asphyxial
insult increased both white and grey matter injury in pre-
term fetal sheep (Koome et al. 2013).

The specific reasons for these conflicting results
are unknown, but potentially in our recent study,
dexamethasone may have impaired key protective fetal
cerebral metabolic responses during recovery from
asphyxia. There is now considerable evidence that pre-
term brain injury evolves over time after asphyxia (Bennet
et al. 2010). For approximately the first 6 h after the
end of the insult, there is a ‘latent’ phase during which
mitochondrial oxidative metabolism recovers at least
partly to normal (Bennet et al. 2006). During this time
electroencephalographic (EEG) activity is suppressed and
cerebral perfusion is reduced (Quaedackers et al. 2004),
probably coupled to reduced cerebral metabolism (Jensen
et al. 2006; Yan et al. 2009). Further, although EEG
amplitude is suppressed during the latent phase, there can
be a transient increase in spectral edge frequency mediated
by epileptiform transients (low amplitude, high frequency
events). Greater epileptiform transient activity in thelatent
phase after asphyxia in preterm fetal sheep is associated
with greater neural injury (Dean et al. 2006; Bennet
et al. 2010). Of particular interest, epileptiform transient
activity is associated in time with reduced intracerebral
oxygenation measured by near-infrared spectroscopy
(NIRS) (Bennet et al. 2006).
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The latent phase is followed by the secondary phase,
which extends over several days and is characterised by
secondary loss of cerebral oxidative metabolism (Bennet
et al. 2006). This phase is associated with high amplitude,
stereotypic evolving seizures and a partial restoration of
cerebral perfusion (Bennet et al. 2006; Davidson ef al.
2014). NIRS studies have shown that the fetal brain is well
oxygenated during the secondary phase, consistent with
the concept of luxury perfusion where oxygen delivery
significantly exceeds cerebral metabolic demand (Bennet
et al. 2006).

We have previously shown, in healthy, normoxic fetal
sheep, that exposure to maternal dexamethasone was
associated with transient EEG hyperexcitability, with
marked induction of seizures and seizure-like activity
(Davidson et al. 2014). After fetal asphyxia, maternal
dexamethasone treatment was associated with increased
epileptiform transients during the latent phase, although
there was no increase in the burden of seizures in the
secondary phase (Koome et al. 2013). Thus, we wished
to test the hypothesis that dexamethasone may cause loss
of protective endogenously mediated neural suppression
during the latent phase of recovery from asphyxia in pre-
term fetal sheep at 0.7 of gestation leading to increased
cerebral hypoxia. At this age, brain development is broadly
equivalent to human brain development at 27-30 weeks’
gestation (McIntosh et al. 1979).

Methods
Fetal surgery

All  procedures were approved by the Animal
Ethics Committee of the University of Auckland.
Fifty-eight singleton Romney/Suffolk fetal sheep were
surgically instrumented at 98-100 days of gestation
(term = 147 days) as previously described (Bennet et al.
1999b, 2006; Davidson et al. 2011; Koome et al. 2013).
Ewes were anaesthetised by intravenous injection of
propofol (5 mgkg™~'; AstraZeneca Limited, Auckland, New
Zealand) and general anaesthesia was maintained with
2-3% isoflurane in oxygen. A midline incision was made to
expose the uterus, and the fetus was partially exteriorised
for instrumentation. Polyvinyl catheters were placed in the
left femoral artery (with the catheter positioned to sit in
the aorta) and vein (with the catheter positioned to sit in
the inferior vena cava) to measure blood pressures and
right brachial artery for pre-ductal blood sampling. An
additional catheter was placed into the amniotic sac for
measurement of amniotic fluid pressure.

An ultrasound flow probe (size 3S; Transonic Systems,
Ithaca, NY, USA) was placed around the left carotid artery
to measure carotid artery blood flow (CaBF) as an index of
cerebral blood flow (van Bel et al. 1994; Gratton et al. 1996;
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Gonzalez et al. 2005). Two pairs of electrodes (Cooner
Wire, Chatsworth, CA, USA) were placed over the parietal
cortex bilaterally, 10 mm lateral to bregma and 5 mm
and 10 mm anterior to measure EEG activity. A reference
electrode was sewn over the occiput. A pair of electro-
des was placed across the fetal chest to measure the fetal
electrocardiogram from which fetal heart rate (FHR) was
derived.

In addition, in a subset of 21 fetuses, two small flexible
fibre-optic probes used for NIRS recordings were placed
biparietally on the skull 3.0-3.5 cm apart, 1.5 cm anterior
to the bregma in fetuses assigned to the sham-saline,
asphyxia—saline and asphyxia—dexamethasone groups,
and secured using rapid setting dental cement (Rocket
Red; Dental Adventures of America Inc., Anaheim, CA,
USA) (Bennet et al. 1999b, 2006; Drury et al. 2012).
An inflatable silicone occluder was placed around the
umbilical cord to facilitate umbilical cord occlusions (In
Vivo Metric, Healdsburg, CA, USA). All fetal leads were
exteriorised through the maternal flank, and a maternal
long saphenous vein was catheterised for postoperative
care.

Gentamicin was administered into the amniotic sac
(80 mg gentamicin; Pharmacia & Upjohn, Rydalmere,
New South Wales, Australia) before the uterus was closed.
Ewes were given 5 ml of streptocin (Stockguard Labs
Ltd., Hamilton, New Zealand) intramuscularly 30 min
before surgery for prophylaxis. The maternal midline skin
incision was infiltrated with a local analgesic, 10 ml 0.5%
bupivacaine plus adrenaline (AstraZeneca Ltd., Auckland,
New Zealand).

Postoperative care

Following surgery, ewes were housed together in separate
metabolic cages with ad libitum access to food and
water. Rooms were temperature and humidity controlled
(16 £ 1°C, humidity 50 = 10%) with a 12 hlight/dark cycle
(light 06.00-18.00 h). Ewes were given daily intravenous
antibiotics [600 mg Crystapen (Biochemie, Vienna,
Austria) and 80 mg gentamicin (Pharmacia & Upjohn)]
for 4 days after surgery. Fetal catheters were maintained
patent with continuous infusion of heparinised saline
(20 U ml™! at 0.15 ml h™!). Experiments began 4-5 days
after surgery.

Data recording

Fetal mean arterial blood pressure (MAP), central venous
pressure, CaBF, FHR, EEG and NIRS parameters were
recorded continuously from 24 h before until 72 h after
umbilical cord occlusion (Davidson et al. 2011; Koome
et al. 2013). All signals were digitised at a sampling rate of
4096 Hz and decimated to lower rates for data analysis.
Data were stored and processed using the program
Labview (National Instruments, Austin, TX, USA). Fetal
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blood pressures were recorded using Novatrans IT, MX860
pressure transducers (Medex Inc., Hilliard, OH, USA)
and corrected for maternal movement by subtraction
of amniotic fluid pressure. The blood pressure signals
were collected at 64 Hz and low-pass filtered at 30 Hz.
CaBF was measured continuously using a two-channel
Transonic T-206 Flowmeter (Transonic Systems Inc.) and
data were 10 Hz low-pass filtered with a second order
Butterworth filter. The raw electrocardiogram signal was
analogue filtered with a first order high-pass filter set at
0.05 Hz and an eight order low-pass Bessel filter set at
100 Hz.

EEG signals were recorded via leads through a
head-stage with an overall gain of 10,000. Signals were
then processed with a sixth order low-pass Butterworth
filter set to 500 Hz. Total EEG power (uV?) was calculated
on the power spectrum between 1 Hz and 20 Hz. EEG
spectral edge frequency was calculated as the frequency
below which 90% of EEG power was present. EEG power
was log transformed for presentation [dB, 20 x log (power)
(Szeto, 1990; Williams & Gluckman, 1990)]. EEG signals
were saved at 1024 Hz for analysis of epileptiform trans-
ient activity. Concentration changes in fetal cerebral
deoxyhaemoglobin ([Hb]), oxyhaemoglobin ([HbO,])
and cytochrome oxidase ([CytOx]) were measured using
a NIRO 500 spectrophotometer (Hamamatsu Photonics
KK, Hamamatsu City, Japan) as previously described
(Bennet et al. 1999b, 2006; Drury et al. 2012). Data were
collected as 10 s averages. The NIRS measures obtained
were relative changes from zero not absolute changes
(Bennet et al. 19995, 2006; Drury et al. 2012). Signals were
zeroed at the start of baseline recordings and are displayed
relative to the average of the 24 h baseline period.

Experimental protocol

Experiments were conducted at 103—104 days of gestation.
Fetuses were randomly assigned to sham asphyxia—saline
(sham-saline, n = 13), sham asphyxia—dexamethasone
(sham—dexamethasone, n = 12), asphyxia—saline (n = 18)
or asphyxia—dexamethasone (n = 15) groups. Fetal
asphyxia was induced by complete umbilical cord
occlusion for 25 min (Bennet et al. 2006). Occlusions were
started between 10.00 and 10.30 h. Sham asphyxia fetuses
received no occlusion. To maximise group sizes to ensure
statistical power, and in keeping with our animal ethics
commitment to the 3Rs principle of minimizing animal
experiments, we have included animals from previously
published studies in the following groups: sham-—saline,
n = 13, five with NIRS; six previous animals including
four with NIRS (Bennet et al. 2006) and seven new animals
including one with NIRS, asphyxia—saline, # = 18, nine
with NIRS; seven previous animals including three with
NIRS (Bennet et al. 2006; Drury et al. 2013; Koome et al.
2013) and 11 new animals including six with NIRS, and
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asphyxia—dexamethasone, n = 15, seven with NIRS; eight
previous animals (Koome ef al. 2013) and seven new
animals all with NIRS. All animals used in this study
were judged as healthy and within the ranges considered
normal for our laboratory after assessment of blood gases
and physiological parameters before starting experiments.
Fifteen minutes after the end of occlusion or sham
occlusion, ewes received a 3 ml intramuscular injection
of either dexamethasone (12 mg dexamethasone sodium
phosphate; David Bull Laboratories, Mulgrave, Victoria,
Australia) or the equivalent volume of saline. Fetal
arterial blood samples (0.3 ml) were taken 15 min before
occlusion, at 5 and 17 min during occlusion, and at 2,
4 and 6 h post-occlusion, then daily thereafter between
08.30 and 09.30 h. Blood samples were analysed for pH
and blood gases (blood gas analyser 845 and co-oximeter;
Ciba-Corning Diagnostics, Cambridge, MA, USA) and
glucose and lactate levels (YSI 2300, YSI Life Sciences,
Yellow Springs, OH, USA). Three days after occlusion,
ewes and fetuses were killed by an overdose of sodium
pentobarbital intravenously to the ewe (9 g Pentobarb 300;
Chemstock International, Christchurch, New Zealand).

Data analysis

Offline analysis of the physiological data was carried
out using customised Labview programs (National
Instruments). Changes in cerebral [HbO,], [Hb] and
[CytOx] were calculated from a modified Lambert—Beer
law using a previously established algorithm that describes
optical absorption in a highly scattering medium (Wray
et al. 1988; Bennet et al. 1999b, 2006; Drury et al
2012). [DHb] was calculated as the difference between
[HbO,] and [HDb], as a measure of net intracerebral
oxygenation (Brun et al. 1997; Bennet et al 2006).
Carotid vascular resistance (CaVR) was calculated using
the formula (MAP — mean venous pressure)/carotid blood
flow (mmHg min~! ml™1).

Continuous raw EEG traces in both asphyxia groups
were analysed each hour after occlusion to determine
the percentage of time spent making repetitive rhythmic
slow wave transient epileptiform activity, as previously
described (Koome et al. 2013). These waveforms were
defined by a period of 200-350 ms from trough to peak,
with waveforms forming consistent events lasting >10 s.
These waveforms were often seen in conjunction with
sharp and fast wave epileptiform transients, characterised
as individual or multiple waveforms with a duration of
>70 ms and <300 ms (Davidson et al. 2012).

Statistical analysis

Statistical analysis was performed using SPSS v22
(SPSS Inc., Chicago, IL, USA). The time course of
changes in cardiovascular, haemodynamic, EEG and NIRS
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parameters after asphyxia were analysed using hourly
averages in the following three phases: the latent phase
(2-6 h after occlusion), early secondary phase (7-24 h
after occlusion) and late secondary phase (25-72 h after
occlusion). The first hour after occlusion was omitted
from statistical analysis because dexamethasone was given
15 min after occlusion. The baseline period was taken as
the mean of the 24 h before occlusion. Treatment effects
on MAP, FHR, EEG power, EEG spectral edge frequency,
CaBF and CaVR were evaluated by three-way ANOVA with
asphyxia and dexamethasone as independent factors and
changes over time treated as repeated measures. Treatment
effects on NIRS parameters were evaluated by two-way
ANOVA with group as the independent factor and changes
over time treated as repeated measures. Treatment effects
on fetal biochemistry were evaluated in the following three
phases: during occlusion (5 and 17 min during occlusion),
latent phase (2—6 h after occlusion) and secondary phase
(24-72 h after occlusion) and assessed using three-way
ANOVA as above.

If there was a significant interaction effect of combined
treatment or of treatment with time after three-way
ANOVA, or a significant effect of group after two-way
ANOVA then the effect of group was further investigated
using the Fisher’s protected least significant difference
(LSD) post-hoc test. Additional time intervals were tested
as appropriate, including the nadir of [DHb], which was
compared to baseline values by one-way ANOVA and
the P value corrected for number of comparisons. The
changes in post-occlusion interictal EEG activity were
compared between the two asphyxia groups by two-way
ANOVA with group as the independent factor and
changes over time treated as repeated measures. Statistical
significance was accepted when P < 0.05. Data are pre-
sented as means + SEM.

Results
Fetal biochemistry

Umbilical cord occlusion was associated with profound
hypoxia, mixed respiratory and metabolic acidosis and a
fall in plasma glucose levels (Table 1, P < 0.001), which
resolved after release of occlusion. Over the entire recovery
period after occlusion, asphyxia was associated with a
small decrease in P,co, (P < 0.005) while dexamethasone
treatment was associated with lower pH (P < 0.05).
Both asphyxia and dexamethasone were independently
associated with increased P,o, (P < 0.05), increased
glucose levels (P < 0.05) and increased lactate levels
(P < 0.001) on all three days of recovery after occlusion.
These three later parameters all showed a significant
interaction between asphyxia and dexamethasone
treatment (Table 1, P < 0.05), such that post-hoc analysis
suggested that the asphyxia—dexamethasone group had a

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Table 1. Fetal blood gases, pH and metabolites after fetal asphyxia and maternal dexamethasone treatment
5 min 17 min
Group Baseline occlusion occlusion +2h +4h +6 h +24 h +48 h +72h
pH ss 736 £0.01 737 £ 0.01 738 £ 0.01 7.39 + 0.01 739 £ 000 7.38 +0.01 7.37 £ 0.00 7.37 £ 0.01 7.37 £ 0.01
SD 737 £0.01 737 £ 001  7.38 + 0.01 7.37 + 0.01' 735+ 0.01' 7.36 + 0.01" 7.37 + 0.01" 7.33 £ 0.02! 7.36 + 0.02"
AS 737 £ 0.01  7.04 + 001" 6.83 + 001" 7.35 + 0.02 7.41 +0.01 739 +0.01 7.37 + 001 7.37 + 0.01 7.38 + 0.01
AD 7.37 £0.01  7.04 + 001" 6.87 + 0.03' 7.32 + 0.02! 7.36 £ 0.01! 7.37 + 0.01" 7.38 + 0.01" 7.33 £ 0.02! 7.32 + 0.03!
Paco, ss 493 + 1.2 47.4 + 0.8 475+ 11 474 +10 483+ 1.1 486+ 1.1 473 +15 488+ 13 462+ 14
(mmHg) SD 511 + 1.3 47.1 £ 0.8 472 +£11 527 +16 504+ 17 476+ 14 505+ 19 501 +17 472+15
AS 493 + 1.0 1015 + 3.2 1477 +£ 3.70 438 + 1.00 445 + 1.00 47.0 + 0.81 463 + 1.11 465 + 1.31 456 + 1.0
AD 48.1 £ 1.1 97.0 £ 2.41  133.0 £ 431 445+ 111 443 + 081 449 £ 111 424 +£ 09" 442 + 091 463 £ 1.1f
Pao, ss 23.8 + 0.6 23.9 + 0.6 237 £07 230+06 23.6+06 234+05 234+07 235+08 239406
(mmHg) SD 23.8 + 0.6 23.6 + 0.6 235+ 07 224+ 11" 240+ 1.4' 238+ 09" 251+ 09" 244+ 17" 243+ 12!
AS 232 + 0.7 5.6 + 0.41 7.0 + 041 246 + 081 236 + 1.61 246 + 1.50 260+ 09" 269+ 1.11  26.7 + 0.9
AD 24.5 + 0.4 7.8 + 0.7 93 + 09" 282+ 0.9 275+ 09 27.4 + 08 309 + 0.6 32.6 + 0.9 32.0 £ 1.5
Hct (%) Ss* 25.6 + 0.9 25.6 + 0.4 258 £ 05 254 +07 262406 264+04 256+07 27.0+09 284+ 1.1
SD 271+ 1.0 25.9 + 0.7 262 +08 307 +22 292415 300+ 14 255+19 264+ 15 264420
AS* 25.8 + 1.0 28.1 £ 1.0 274 +£09 272+1.0 281+12 273+14 282+13 273+11 281+12
AD* 23.0 + 0.9 27.0 + 0.9 254 +09 264+10 263+08 273+10 254+13 253+ 18 263428
Oct SS* 3.7 + 0.1 3.8 + 0.2 3.8 + 0.2 3.7 + 0.2 3.9 + 0.1 3.9 + 0.1 3.4 + 0.2 3.6 + 0.2 3.9 + 0.2
(mmol I-)  SD 3.9 + 0.2 3.6 + 0.2 3.7 + 0.1 4.0 + 0.4 4.0 + 0.3 42 + 03 41 + 02 3.7 +£03 3.7 +03
AS* 3.5 + 0.2 0.5 + 0.0f 0.4 + 000 4.0+ 0.2 4.0 £ 0.3 4.1 + 03 42 + 02 41+031 45+ 02
AD* 3.5 + 0.1 0.5 + 0.0f 0.4 + 000 4.1+ 0.1 42 +02 42 + 0.1 43 + 011 434020 43+ 04
Lactate ss 0.6 + 0.0 0.7 + 0.0 0.7 + 0.0 0.7 + 0.0 0.7 + 0.0 0.7 + 0.0 0.7 + 0.0 0.7 + 0.0 0.8 £ 0.1
(mmol I-)  sD 0.7 + 0.1 0.7 + 0.0 0.7 + 0.0 09+01 14+01% 16+028 08+01 1.1+02 09 +0.1F
AS 0.8 + 0.0 4.0 + 0.1 70 £ 020 33+031 19+£03 19+02 11+01 1.0+01 08+ 01
AD 0.8 + 0.0 4.0 + 0.1 6.5+ 030 424+ 041 42+ 04" 47 + 04 16+ 01 09+ 011 0.8+ 0.1
Glucose ss 1.0 £ 0.1 1.0 £ 0.1 1.0 £ 0.1 1.0 £ 0.1 1.0 £ 0.1 1.1 £ 0.1 1.1 £ 0.1 1.0 £ 0.1 1.0 £ 0.1
(mmol I-1) SD 0.9 + 0.1 1.0 £ 0.1 1.0 £ 0.1 1.2 £ 0.1 1.7 £ 0.1 2.0 £ 0.2} 1.3 £ 0.1 1.0 +£ 0.1% 1.0 £ 0.1*
AS 1.0 £ 0.1 0.5 + 0.2f 06+01 13+01 12+£01 14+010 12+01 11 +o01t 1.0 £ 01t
AD 1.0 £ 0.1 0.3 + 0.0 07 + 011 1.5+ 04t 234014 32+ 014 21+ 014 1.3+ 040 1.1 £ 010

Data are means + SEM. Abbreviations: AD, asphyxia—dexamethasone; AS, asphyxia—saline; Hct,

haematocrit, O,ct, arterial blood oxygen content; Paco,, arterial

pressure of carbon dioxide; P,o,, arterial pressure of oxygen; SD, sham-dexamethasone; SS, sham-saline. *Data only shown for fetuses with near-infrared spectroscopy
measurements. {Effect of asphyxia, P < 0.05. ‘Effect of dexamethasone treatment, P < 0.05.

higher P,o, (P < 0.005,LSD test) and higher glucose levels
(P < 0.001, LSD test) compared to all other groups over
the recovery period. The sham—dexamethasone group had
higher glucose levels than the two saline-treated groups on
the first day of recovery (P < 0.01, LSD test), but lower
levels than the asphyxia—dexamethasone group (P < 0.001,
LSD test). The asphyxia—dexamethasone group also had
higher lactate levels than all other groups during recovery
(P < 0.05, LSD test).

Post-occlusion mean arterial pressure and fetal heart
rate

Asphyxia was independently associated with a moderate
increase in MAP from 2 to 24 h after occlusion (Fig. 1,
P < 0.05) and a significant tachycardia from 2 to 6 h
(P < 0.005). Dexamethasone treatment was associated
with an independent (i.e. additive) increase in MAP from
2to6h (P <0.001) as well as a small increase in FHR from
6 to 24 h (P < 0.05). Thereafter there were no significant
effects of either treatment on MAP or FHR.

Post-occlusion carotid blood flow and carotid vascular
resistance

Asphyxia was independently associated with significantly
reduced CaBF (P < 0.001) and increased CaVR (P < 0.005)

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society

for the entire recovery period after occlusion (Fig. 2). From
2 to 6 h dexamethasone treatment was independently
associated with reduced CaBF (P < 0.001) and increased
CaVR (P < 0.001). Further, from 2 to 6 h, there
was also a significant interaction between asphyxia
and dexamethasone treatment on these parameters
(P < 0.01), such that post-hoc analysis suggested that the
asphyxia—dexamethasone group had significantly lower
CaBF (P < 0.05, LSD test) and greater CaVR (P < 0.001,
LSD test) compared to all other groups from 2 to 6 h.
From 7 to 24 h dexamethasone treatment was associated
with an apparent trend toward increased CaVR (P=0.06).
Finally, there was a complex interaction between asphyxia,
dexamethasone treatment and time on CaBF from 7 to
24 h (P < 0.005), such that CaBF in the combined
asphyxia—dexamethasone group rose over this time to
asphyxia—saline levels.

Post-occlusion electroencephalographic power and
spectral edge frequency

Asphyxia was associated with significant independent
suppression of both EEG power (P < 0.001) and spectral
edge frequency (P < 0.001) for the 72 h recovery period
(Fig. 2). During the secondary phase from 7 to 24 h there
was an independent effect of dexamethasone treatment
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to increase EEG power (P < 0.005) and decrease spectral
edge frequency (P < 0.05).

Post-occlusion epileptiform and interictal activity

The increase in EEG power and accompanying decrease
in spectral edge frequency in the asphyxia—dexamethasone
group corresponded with the appearance of rhythmic slow
wave and high amplitude sharp wave transient activity on
the continuous EEG records (Fig. 3). These waveforms
occurred in a markedly greater proportion of the EEG
recordings in the asphyxia—dexamethasone group from
7 to 24 h after occlusion (Fig. 4, P < 0.001, two-way
ANOVA). There were no differences between groups after
24 h of recovery (data not shown).

Post-occlusion near-infrared spectroscopy parameters

Umbilical cord occlusion was associated with an increase
in [Hb] and a profound fall in [HbO,], which resolved
rapidly after release of occlusion [similar to our previous
report (Bennet et al. 2007), data not shown]. During
recovery there was a significant effect of group on [Hb]
over the entire period until the end of the experiment
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E 40+
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= 351
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30’ s Sham-dexamethasone
* Asphyxia-saline

240- = Asphyxia-dexamethasone
__ 2201
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— 200+
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o
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160"

-24 0 6 24 48 72
Time (h)

Figure 1. Time sequence of changes in MAP (mmHg) and FHR
(bpm) from 24 h before until 72 h after umbilical cord
occlusion in sham-saline (n = 13), sham-dexamethasone

(n = 12), asphyxia-saline (n = 18) and asphyxia—
dexamethasone (n = 15) groups

Data are 1 h means £ SEM. A, effect of asphyxia, P < 0.05; D, effect
of dexamethasone treatment, P < 0.05; FHR, fetal heart rate; MAP,
mean arterial pressure.
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(Fig. 5, P < 0.001) and on [HbO,] from 2 to 24 h after
occlusion (P < 0.05). Post-hoc analysis showed that [Hb]
was similarly decreased in both asphyxia groups compared
to the sham—saline group for the entire recovery period
(P < 0.005, LSD test). [HbO, ] was significantly decreased
in both asphyxia groups compared to the sham-—saline
group from2to6h (P <0.001,LSD test) and this reduction
was significantly greater in the asphyxia—dexamethasone
group compared to the asphyxia—saline group (P < 0.001,
LSD test). Afterwards, [HbO,] in the asphyxia—saline
group returned to sham-saline levels from 7 to 24 h,
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Figure 2. Time sequence of changes in EEG power (dB, change
from baseline), spectral edge frequency (Hz), CaBF (ml min~—")
and CaVR (mmHg ml~'min~") from 24 h before until 72 h after
umbilical cord occlusion in sham-saline (n = 13), sham-
dexamethasone (n = 12), asphyxia—saline (n = 18) and
asphyxia—dexamethasone (n = 15) groups

Data are 1 h means & SEM. A, effect of asphyxia, P < 0.05; CaBF,
carotid blood flow; CaVR, carotid vascular resistance; D, effect of
dexamethasone treatment, P < 0.05.
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whereas it remained lower in the asphyxia—dexamethasone
group compared with both the sham-saline and the
asphyxia—saline groups (P < 0.05, LSD test). From 24 h
onward, thereafter there were no significant differences
between groups for [HbO,].

There was a significant effect of group on [DHb]
over the entire recovery period after occlusion (Fig. 6,
P < 0.001). During the latent phase, [DHb] fell below
baseline levels in both asphyxia groups (P < 0.005,
one-way ANOVA) to a nadir at 3 h before recovering
back to baseline levels. Post-hoc analysis showed [DHb]
over the entire latent phase was significantly lower in
the asphyxia—dexamethasone group compared to both
the sham—saline and asphyxia—saline groups (P < 0.05,
LSD test). From 7 to 24 h [DHb] gradually increased
above sham-saline levels in both asphyxia groups
(P < 0.05, LSD test), but this increase was significantly
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abnormal slow wave rolling activity. D, effect of
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greater in the asphyxia—saline group compared to the
asphyxia—dexamethasone group (P < 0.05, LSD test).
After 24 h, [DHb] remained significantly elevated in
both the asphyxia—saline (P < 0.001, LSD test) and
asphyxia—dexamethasone (P < 0.005, LSD test) groups
compared to the sham—saline group, with no significant
difference between the two asphyxia groups.

There was a significant effect of group on [CytOx] over
the entire recovery period (Fig. 5, P < 0.05). Post-hoc
analysis showed that [CytOx] was significantly higher in
both asphyxia groups compared to the sham—saline group
from 2 to 6 h (P < 0.05, LSD test). From 7 to 24 h [CytOx]
was lower in the asphyxia—saline group compared to both
the sham-saline and asphyxia—dexamethasone groups
(P <0.05,LSD test), with no significant difference between
the sham-saline and asphyxia—dexamethasone groups.
After 24 h, [CytOx] was lower in the asphyxia—saline

15 30 45 60

Time (s)
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group than in the sham—saline group (P < 0.05, LSD test).
The asphyxia—dexamethasone group showed intermediate
values that were not significantly different to either group.
Over the final 12 h of the experiment both asphyxia groups
had lower [CytOx] levels than the sham-saline group
(P <0.05,LSD test), with no significant difference between
the two asphyxia groups.

Discussion

The present study demonstrates that exposure to maternal
dexamethasone treatment starting 15 min after severe
asphyxia in preterm fetal sheep was associated with a
significantly greater fall in carotid blood flow and intra-
cerebral oxygenation during the latent phase of recovery
from asphyxia. From approximately 6 h onwards, asphyxia
was associated with a progressive increase in intra-
cerebral oxygenation above sham—saline levels, consistent
with relative luxury perfusion (Bennet et al 2006).
Intriguingly, this late increase was both slower and less
pronounced after dexamethasone treatment, and was
associated with increased abnormal background (i.e. inter-
ictal) EEG activity and greater CytOx levels. Together
these findings suggest that exposure to dexamethasone was
associated with impaired intracerebral oxygenation during
the latent phase followed by increased post-asphyxial
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Figure 4. Time sequence of changes in percentage time per
hour of prolonged slow wave interictal activity and levels
of oxidised CytOx (xmol 100 g—') for the first 24 h after
umbilical cord occlusion in asphyxia—saline and asphyxia—
dexamethasone groups

Data are 1 h means &+ SEM. *Asphyxia—saline vs.
asphyxia—dexamethasone, P < 0.05. CytOx, cytochrome oxidase.
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cerebral activity and mitochondrial oxidation during the
secondary phase that may have contributed to increased
neural injury (Koome et al. 2013).

Regulation of cerebral blood flow after severe asphyxia
is complex and only partly understood. Despite rapid
recovery of cephalic blood flow and intracerebral
oxygenation with reperfusion after asphyxia, this is
followed by delayed hypoperfusion in many studies during
the latent phase (Bennet et al. 19995, 2006, 20124). This
hypoperfusion is not associated with hypotension, but
rather is actively mediated by increased vascular resistance
(Quaedackers et al. 2004). Studies in adult and fetal
animals have shown that this cerebral hypoperfusion
is closely coupled to reduced cerebral metabolism and
suppression of EEG activity (Gold & Lauritzen, 2002;
Bennet et al. 2006; Jensen et al. 2006; Yan et al. 2009).
In the present study, there was a striking interaction
between dexamethasone treatment and asphyxia such that
fetuses exposed to both showed a greater reduction in
CaBF during the latent phase than any other group. This
greater fall in CaBF was not compensated for by a further
reduction in EEG activity, resulting in a greater fall in
intracerebral oxygenation. Given the stimulatory effect of
dexamethasone on the fetal EEG (Davidson et al. 2011)
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Figure 5. Time sequence of changes in Hb (zmol 100 g—')
and HbO; (xmol 100 g~') from 24 h before until 72 h after
umbilical cord occlusion in sham-saline (n = 5), asphyxia—
saline (n = 9) and asphyxia-dexamethasone (n = 7) groups
Data are 1 h means &+ SEM. 1, asphyxia—saline vs. sham-saline,

P < 0.05; 2, asphyxia—dexamethasone vs. sham-saline, P < 0.05; 3,
asphyxia—saline vs. asphyxia—dexamethasone, P < 0.05; Hb,
deoxyhaemoglobin; HbO;, oxyhaemoglobin.
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further EEG suppression may not have been possible.
Alternatively, EEG activity may have been maximally
suppressed at this stage of recovery, preventing further
adaptive responses.

These data suggest that there was uncoupling
between cerebral metabolism and oxygen supply in the
asphyxia—dexamethasone group. Although we did not
measure tissue oxygenation directly in the present study,
the greater fall in DHb in the asphyxia—dexamethasone
group is highly consistent with impaired oxygen delivery
(Soul et al. 2000) and thus may have contributed to the
greater injury we observed in our previous study (Koome
et al. 2013). An acute fall in umbilical blood flow has
been observed after dexamethasone treatment in term fetal
sheep, which was not associated with a fall in fetal P,q,
(Jellyman et al. 2004). This is in contrast to an earlier study
that reported a transient reduction in P,o, (Bennet et al.
1999a). Given that there was no reduction in fetal oxygen
tension during recovery in the present study, changes in
placental or umbilical perfusion cannot explain the fall in
intracerebral oxygenation.

The mechanisms mediating the greater fall in cerebral
perfusion after dexamethasone exposure in the present
study are unclear, but may reflect altered control or activity
of vascular constrictors and dilators. The sympathetic
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Figure 6. Time sequence of changes in DHb (xmol 100 g=1)
and levels of oxidised CytOx (xmol 100 g=') from 24 h before
until 72 h after umbilical cord occlusion in sham-saline (n = 5),
asphyxia—saline (n = 9) and asphyxia—dexamethasone (n = 7)
groups

Data are 1 h means & SEM. 1, Asphyxia—saline vs. sham-saline,

P < 0.05; 2, asphyxia—dexamethasone vs. sham-saline, P < 0.05; 3,
asphyxia—saline vs. asphyxia—dexamethasone, P < 0.05; CytOx,
cytochrome oxidase; DHb, delta haemoglobin.
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nervous system plays a key role in regulating blood flow
after adverse events such asischaemia (ter Laan etal. 2013).
We have demonstrated that hypoperfusion in the latent
phase is, at least in part, mediated by sympathetic activity
(Quaedackers et al. 2004). Exposure to glucocorticoids can
potentiate sympathetic vasoconstriction (Ullian, 1999),
and thus could have indirectly augmented cerebral vaso-
constriction. Consistent with this hypothesis, in the
current study FHR was increased in the combined
asphyxia—dexamethasone group during the latent phase.

Similarly, dexamethasone can enhance the sensitivity
to the vasoconstrictor endothelin. In rats, glucocorticoids
increase the rate of preproendothelin-1 gene transcription
in vascular smooth muscle cells and the aorta (Provencher
et al. 1998). In the fetus, Docherty et al. (2001) have
shown in 0.75 of gestation fetal sheep that dexamethasone
infusion to the fetus is associated with increased peripheral
vascular resistance, which may be mediated by increased
responsiveness of endothelin-1 receptors. Supporting this
observation, Molnar and colleagues showed in fetal sheep
that repeated maternal injections of dexamethasone at 0.7,
0.75 and 0.8 of gestation were associated with normal
vascular vasodilatory responses but enhanced sensitivity
to endothelin (Molnar et al. 2002), which persisted after
birth (Molnar et al. 2003). However, in exploratory
experiments we were unable to reverse latent phase hypo-
perfusion with either endothelial inhibition or nitric oxide
donors, suggesting that delayed cerebral hypoperfusion
after asphyxia is strongly neurally mediated (Bennet
et al. 2012a). Endothelial function experiments with and
without dexamethasone are required to dissect the effects
of glucocorticoid treatment on post-asphyxial vascular
control.

Given that dexamethasone was administered to the ewe,
the effect of glucocorticoids on placental perfusion must
also be considered. We did not measure the placental
transfer of dexamethasone in the current study, but we
and others have shown in near-term fetal sheep that
dexamethasone levels peak in the ewe 1 h after injection,
and in the fetus after 2 h, with levels still detectable 24 h
later (Bennet et al. 1999a; Jellyman et al. 2009). Further,
Kutzler et al. (2003) have shown that dexamethasone
increases the sensitivity of fetal placental blood vessels to
endothelin, which could have potentially altered placental
function. However, as discussed above, in the current study
any changes in placental or umbilical perfusion did not
lead to a fall in fetal P,0,.

In term fetuses, the secondary phase of injury is
associated with cerebral oedema, loss of mitochondrial
function and reduced cerebral oxidative metabolism,
but increased cerebral blood flow, blood volume and
oxygenation (Wassink et al. 2014). Thus, in this phase
the brain has relative luxury perfusion with an excess
of oxygen delivery over cerebral utilization. In contrast,
in the preterm fetus while there is a secondary loss of
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oxidative metabolism, there is no cortical oedema and
no phase of hyperaemia (Bennet et al. 2006). Despite
this there is still a significant rise in cerebral oxygenation
as measured by NIRS, consistent with luxury perfusion
as seen in term fetuses. Dexamethasone treatment
altered this response and significantly attenuated the
rise in cerebral oxygenation during the secondary phase.
Again, this does not reflect reduced peripheral blood
oxygenation, as the dexamethasone-treated fetuses had
a greater pre-ductal P,o, at this time. This observation
along with the observation that there were no differences
in CaBF between asphyxia groups strongly suggests that
there was an increase in cerebral metabolism in the
dexamethasone group.

Consistent with this hypothesis, there was a greater
increase in EEG activity in the asphyxia—dexamethasone
group during the secondary phase, characterised by high
amplitude, low frequency activity, which was similar
to EEG hyperactivity observed in normoxic preterm
fetal sheep after maternal dexamethasone treatment
(Davidson et al. 2011). We speculate that a possible
mediator of the increased EEG activity was enhanced
glutamate activity (Abraham et al. 1996), potentially
augmented by impaired reuptake of glutamate due to
decreased expression of the GLT-1 glutamate trans-
porter (Chang et al. 2013). Moreover, glucocorticoid
exposure is associated with increased intracellular
calcium levels during depolarization (Sze & Yu, 1995;
Bhargava et al. 2002), and thus may augment neuro-
nal responses to excitation. We have previously reported
that post-asphyxial seizure activity was decreased by
dexamethasone treatment after asphyxia (Koome et al.
2013). Thus, the increase in metabolism appears to reflect
the increased background interictal activity.

Further supporting the hypothesis of increased cerebral
activity, we observed greater fetal CytOx levels during
the secondary phase after dexamethasone compared to
saline treatment. Greater oxidization of CytOx could
potentially reflect restricted supply of reducing equivalents
down the oxidative phosphorylation pathway (Newman
et al. 2000), or alternatively greater cellular consumption
of high energy phosphates (Springett ef al. 2003). The
asphyxia—saline group showed a progressive loss of CytOx,
consistent with evolving mitochondrial injury (van Bel
et al. 1993; Marks et al. 1996; Bennet et al. 2006). In the
present study, given that CaBF was not different between
the two asphyxia groups in the secondary phase, increased
CytOxin the asphyxia—dexamethasone group suggests that
there was increased utilization of oxygen and reducing
equivalents, leading to greater mitochondrial activity
compared to the asphyxia—saline group. Thus, collectively
these data suggest that increased neural activity during
the secondary phase may not be adequately supported by
increased oxygen delivery, and so may promote further
neural cell death.

C. A. Lear and others
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Our data also suggest, intriguingly, that the normal
decline in CytOx during the secondary phase is not
only a passive function of mitochondrial death, but may
also reflect active suppression of cerebral metabolism,
many days after asphyxia. We may speculate that the
increase in fetal neural activity associated with maternal
dexamethasone imposed an additional stress on damaged
mitochondria, increasing oxidative activity and promoting
the propagation of programmed cell death pathways
(Drury et al. 2014). In rat pups, postnatal dexamethasone
was associated with reduced brain growth, but these effects
were ameliorated by co-administration of antioxidants
(Camm et al. 2011). Whether such interventions can offset
the deleterious effects of antenatal dexamethasone after
asphyxia in the preterm brain remains to be explored.

The mechanisms of increased white and grey matter
injury in this paradigm are probably multifactorial.
For example, glucose levels were higher in the
asphyxia—dexamethasone group throughout the 3 day
recovery period. The fetus is an obligatory glucose user
(Hay et al. 1983), and so increased glucose and an
associated rise in insulin levels may drive an increase
in cerebral metabolic rate and oxygen demand, as is
speculated to occur after betamethasone exposure in term
fetal sheep (McCallum et al. 2008). This in turn may
have contributed to increased neural activity. Jellyman
et al. (2009) also found that dexamethasone enhanced
cerebral glucose delivery, which would be consistent with
an increase in cerebral metabolism at this time. Increased
activity and cerebral metabolism at this time would stress
already injured cells, thereby limiting the chances of their
survival.

Clinically hyperglycaemia is associated with increased
risk of death and morbidity among preterm infants;
however, it is not known whether controlling glucose
improves outcomes (Mehta, 2003; Heald et al. 2012).
Studies in newborn piglets have shown that hyper-
glycaemia during hypoxia—ischaemia (HI) exacerbated
neural injury (LeBlanc et al. 1993) and may have impaired
neural metabolism up to 2 h after HI (Park et al. 2001),
but did not worsen injury when induced after HI (LeBlanc
et al. 1994). Further studies are required to evaluate the
effects of glucose alone, and to dissect out the effect of
glucose on the brain independently from the changes in
cerebral activity and perfusion.

Finally, this study evaluated the effects of
dexamethasone and as yet we do not know if the
same effects would be seen with betamethasone.
There is some limited clinical evidence that maternal
betamethasone treatment may be associated with
better outcomes from preterm birth (for a review, see
Bennet et al. 2012b). However, unlike dexamethasone,
betamethasone is associated with cerebral hypoperfusion
and increased cerebral metabolic activity in normoxic
animals (Schwab et al. 2000; McCallum et al. 2008) and

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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growth-restricted fetal sheep (Miller et al. 2007). Recently,
Yawno et al. (2014) have shown that betamethasone
has adverse effects on neural development of the
preterm sheep fetus and that this is in part related to
impaired neurosteroid production. Neurosteroids play an
important role in regulating neural activity of the normal
brain and are upregulated during the latent phase as part
of the processes mediating endogenous neuroprotection
(Nguyen et al. 2004; Yawno et al. 2007). Thus, it is
probable that betamethasone may be associated with
similar if not greater effects on the preterm brain after

asphyxia.

Perspectives and significance

The majority of preterm infants are now exposed to
maternal glucocorticoid treatment, and so it is vital
to understand how antenatal glucocorticoids modulate
evolving neural injury if given after perinatal asphyxia.
In this study we found that dexamethasone exposed the
damaged brain to cerebral deoxygenation in the critical
latent phase, and subsequently to increased abnormal
interictal EEG activity during the secondary phase, with
evidence of greater mitochondrial oxidative activity, at a
time when it is normally highly suppressed. We speculate
that these events were associated with significant cellular
metabolic stresses for the injured brain, and so increased
secondary neural cell death.
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