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Asphyxia in utero in pre-term fetuses is associated with evolving hypoperfusion of the
gut after the insult. We examined the role of the sympathetic nervous system (SNS) in
mediating this secondary hypoperfusion. Gut blood flow changes were also assessed during
postasphyxial seizures. Preterm fetal sheep at 70% of gestation (103-104 days, term is 147 days)
underwent sham asphyxia or asphyxia induced by 25 min of complete cord occlusion and
fetuses were studied for 3 days afterwards. Phentolamine (10 mg bolus plus 10 mgh~! rv)
or saline was infused for 8 h starting 15 min after the end of asphyxia or sham asphyxia.
Phentolamine blocked the fall in superior mesentericarteryblood flow (SMABF) after asphyxia
and there was a significant decrease in MAP for the first 3 h of infusion (33 4= 1.6 mmHg versus
vehicle 36.7 &= 0.8 mmHg, P < 0.005). During seizures SMABF fell significantly (8.3 2.3
versus 11.4 £ 2.7 ml min—!, P < 0.005), and SMABF was more than 10% below baseline
for 13.0 &= 1.7 min per seizure (versus seizure duration of 78.1 = 7.2 s). Phentolamine was
associated with earlier onset of seizures (5.0 &= 0.4 versus 7.1 & 0.7 h, P < 0.05), but no change
in amplitude or duration, and prevented the fall in SMABE. In conclusion, the present study
confirms the hypothesis that postasphyxial hypoperfusion of the gut is strongly mediated by
the SNS. The data highlight the importance of sympathetic activity in the initial elevation of
blood pressure after asphyxia and are consistent with a role for the mesenteric system as a key
resistance bed that helps to maintain perfusion in other, more vulnerable systems.
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In the pre-term infant, pre- and postnatal haemodynamic
disturbances are associated with a high rate of
impaired postnatal intestinal adaptation during the
first days of life; for example, delayed meconium
passage, abdominal distension, bilious vomiting and
a delay in tolerating enteral feeding (Robel-Tillig
et al. 2002). Early establishment of enteral feeding
is important, promoting the normal development
of the gut as a physical, mechanical, physiological
and immunological barrier (Strodtbeck, 2003). The
key link between the variety of disparate clinical
problems and early gastrointestinal dysfunction, as
well as increased risk of severe complications such
as necrotizing enterocolitis (NEC), appears to be
impaired perfusion of the mesenteric bed (Coombs
et al. 1990; Malcolm et al. 1991; Coombs et al. 1992;
Akinbi et al. 1994). Currently, however, there is little
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information on the specific mechanisms that control gut
perfusion in the perinatal period.

We have recently reported that exposure of the pre-
mature fetus to asphyxia in wutero is associated with
development of delayed hypoperfusion of the gut during
the early phase of recovery (Bennet et al. 2000). This
phenomenon is not specific to fetal life or the gut (Conger
& Weil, 1995), but its mechanisms and significance
remain controversial. Some data in the adult suggest that
both central and peripheral secondary hypoperfusion is
related to impaired endothelial control of blood flow
(Hossmann, 1997; Karimova & Pinsky, 2001; Reber
et al. 2002; Ten & Pinsky, 2002), while others suggest
that it is actively mediated, reflecting reduced metabolic
requirement (Michenfelder & Milde, 1990; Gold &
Lauritzen, 2002). Although there is no specificinformation
in the fetus, several lines of evidence suggest the hypothesis
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that «-adrenergic sympathetic nervous system (SNS)
activity may play a key role in regulating gut perfusion
during recovery after an asphyxial insult. The fetal gut is
innervated by the autonomic nervous system from very
early in development (Read & Burnstock, 1970), and the
autonomic nervous system is an important regulator of
intestinal blood flow under a variety of physiological and
pathological conditions (Nuwayhid et al. 1975; Jensen et al.
1987b; Paulick et al. 1991; Jensen & Lang, 1992; Rouwet
et al. 2000; Mulder et al. 2002). Redistribution of blood
flow away from the peripheral organs such as the gut
during hypoxia and asphyxia in utero is, for example,
largely mediated by a-adrenergic receptors (Iwamoto et al.
1983; Jensen & Lang, 1992; Giussani et al. 1993), and
sympathectomy in the sheep fetus results in increased
meconium passage (Westgate et al. 2002).

A potential further complication of exposure to asphyxia
is the development of seizures, which may occur both
pre- and postnatally (Osiovich & Barrington, 1996;
Ingemarsson & Spencer, 1998; Westgate et al. 1999; Keogh
et al. 2000; Patane & Ghidini, 2001). Seizures may cause
further circulatory instability, although most studies of
seizures have largely focused on their impact on cerebral
circulation, with little attention given to other vascular
beds. In the adult, however, data show that the marked
increase in blood pressure typically observed during
seizures is facilitated primarily by increased peripheral
vascular resistance, in particular in the mesenteric bed,
rather than by changes in cardiac output (Doba et al.
1975; Kreisman et al. 1993). In the adult, there is marked
activation of the SNS during seizures, which is likely to
mediate this vasoconstriction (Baumgartner et al. 2001).
It is known that seizures in pre-term infants also cause
marked increases in blood pressure (Perlman & Volpe,
1983), but the effects on peripheral blood flow have not
been evaluated.

Therefore it was the aim of the present study to test
the hypothesis that the postasphyxial secondary hypo-
perfusion of the pre-term fetal sheep gut is mediated by
a-adrenergic  receptor Further, we
characterized the impact of postasphyxial seizures
on gut blood flow and examined the role of «-adrenergic
receptors in mediating changes in gut blood flow during
seizures.

activation.

Methods
Surgical procedures

All procedures were approved by the Animal Ethics
Committee of The University of Auckland. Twenty-eight
time-mated singleton Romney-Suffolk cross sheep were
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operated on at 98-99 days of gestation (term is 147 days).
Food, but not water, was withdrawn 18 h before surgery.
Ewes were given 5 ml of Streptocin (procaine penicillin,
2500001U, and dihydrostreptomycin, 250 mgml™',
Stockguard Laboratories Ltd, Hamilton, New Zealand)
intramuscularly for prophylaxis 30 min before the start
of surgery. Anaesthesia was induced by 1.v. injection
of Alfaxan (alphaxalone, 3 mgkg™', Jurox, Rutherford,
NSW, Australia), and general anaesthesia maintained
using 2-3% halothane in O,. Ewes were intubated but
not ventilated and the depth of anaesthesia, maternal
heart rate and respiration were constantly monitored by
trained anaesthetic staff. Under anaesthesia a 20 gauge 1.v.
catheter was placed in a maternal front leg vein, and the
ewes were placed on a constant infusion isotonic saline
drip (at an infusion rate of approximately 250 mlh™') to
maintain maternal fluid balance.

All surgical procedures were performed using aseptic
techniques (Bennet et al. 1999, 2000). Catheters were
placed in the left fetal femoral artery and vein, right
brachial artery and vein, and the amniotic sac. A
2S-type ultrasonic blood flow probe (Transonic Systems
Inc., Ithaca, NY, USA) was placed around the superior
mesentericartery (SMA) to measure gastrointestinal blood
flow. Two pairs of electrodes (AS633—5SSEF, Cooner Wire
Co., Chatsworth, CA, USA) were placed on the dura over
the parasagittal parietal cortex (5 and 10 mm anterior to
bregma and 5 mm lateral) and secured with cyanoacrylate
glue to measure electrocortical activity (EEG). A reference
electrode was sewn over the occiput. Electromyographic
electrodes were placed in the nuchal muscle to measure
electromyogram (EMG) activity, and electrocardiogram
(ECG) electrodes were sewn across the chest to record
fetal heart rate (FHR). An inflatable silicone occluder
was placed around the umbilical cord of all fetuses (In
Vivo Metric, Healdsburg, CA, USA). All fetal leads were
exteriorized through the maternal flank and a maternal
long saphenous vein was catheterized to provide access
for postoperative care and euthanasia. Antibiotics (80 mg
gentamicin, Pharmacia and Upjohn, Rydalmere, NSW,
Australia) were administered into the amniotic sac before
closure of the uterus.

Postoperatively, all sheep were housed together in
separate metabolic cages with access to water and food
ad libitum. They were kept in a temperature-controlled
room (16 = 1°C, humidity 50 £ 10%), ina 12 h light—dark
cycle. A period of 4-5 days postoperative recovery was
allowed before experiments commenced, during which
time antibiotics were administered daily for 4 days 1.v. to
the ewe (600 mg benzylpencillin sodium, Novartis Ltd,
Auckland, New Zealand, and 80 mg gentamicin). Fetal
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catheters were maintained patent by continuous infusion
of heparinized saline (20 ITU ml~! at 0.15ml h™") and the
maternal catheter maintained by daily flushing.

Experimental design

Experiments were conducted at 103—-104 days gestation.
Mean arterial pressure (MAP) measured from the femoral
artery, mean venous pressure measured from the femoral
vein (both corrected for maternal movement by sub-
traction of amniotic fluid pressure), FHR, SMABF, EEG
and nuchal EMG activity were recorded continuously from
12 h before occlusion until 72 h after occlusion. Data were
stored to disk by custom software for offline analysis
(Labview for Windows, National Instruments Ltd, Austin,
TX, USA).

Fetuses were randomly assigned to one of four groups:
sham occlusion plus vehicle infusion (sham vehicle group,
n =7); sham occlusion plus infusion of the ¢-adrenergic
antagonist phentolamine (sham phentolamine, n =5);
occlusion plus vehicle infusion (asphyxia vehicle, n = 8);
and occlusion plus infusion of phentolamine (asphyxia
phentolamine, n = 8). Phentolamine (Regitine, Novartis
Pharma AG, Basel, Switzerland) was administered 1.v., via
the brachial vein, to the fetus as a 10 mg in 1 ml bolus
given over 5 min, followed by a continuous infusion at
10mgh~! at 1 mlh™!, starting 15 min after the end of
occlusion or sham occlusion and continued for 8 h. In
the vehicle groups, isotonic saline was infused at the same
volume and rate over the same time period. The period
of 8 h was chosen because this was the mean duration of
gastrointestinal hypoperfusion postasphyxia observed in
previous studies (Bennet et al. 2000).

In the occlusion groups, asphyxia was induced by rapid
inflation of the umbilical cord occluder, for 25 min, with
sterile saline of a defined volume known to completely
inflate the occluder as determined by previous pilot
experiments using flow probes placed on an umbilical
vein. Successful occlusion was confirmed by a rapid rise
in MAP and bradycardia (Bennet et al. 2000). Arterial
blood was taken from the brachial artery 15 min before
asphyxia, at 20 min from commencement of asphyxia, and
2,4, 6, 10, 24, 48 and 72 h postasphyxia for preductal pH
and blood gas determination (Ciba-Corning Diagnostics
845 blood gas analyser and co-oximeter, MA, USA) and
for glucose and lactate measurements (YSI model 2300,
Yellow Springs, OH, USA).

On completion of the experiment at 72 h, ewes and
fetuses were killed by an overdose of pentobarbitone
sodium (9 g 1.v. to the ewe; Pentobarb 300, Chemstock
International, Christchurch, New Zealand).
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Data analysis and statistics

The nuchal EMG signal was bandpass filtered between
100 Hz and 1 kHz; the signal was then integrated using a
time constant of 1 s. The EEG signal was low-pass filtered
with a sixth order low-pass Butterworth filter, with a
cut-off frequency of 50 Hz. A power spectrum was then
calculated from this 256 Hz sampled signal. Data from
left and right EEG electrodes were averaged to give mean
total EEG activity. For clarity of data display the EEG
intensity was log transformed (dB, 20 x log(intensity);
Williams et al. 1992). Additionally the raw EEG signal
was processed through a digital FIR low-pass filter with
a cut-off frequency of 30 Hz and stored at a sampling rate
of 64 Hz for analysis of seizures. Seizures were identified
visually and defined as the concurrent appearance of
sudden, repetitive, evolving stereotyped waveforms in the
EEG signal lasting more than 10s and of an amplitude
greater than 20 'V (Scher et al. 1993). Superior mesenteric
artery vascular resistance was calculated using the formula
(mean arterial pressure — mean venous pressure)/blood
flow (mmHg (ml min~')~").

Statistical analysis was performed using SPSS for
Windows (SPSS, Chicago, IL, USA). For the analysis of
the long-term recovery data (1-72 h postocclusion) the
control pre-occlusion baseline period was taken as the
mean of the 12 h before occlusion. For between group
comparisons two-way analysis of variance for repeated
measures was performed. When statistical significance
was found between groups, or between group and time,
analysis of covariance (ANCOVA) was used to compare
selected time points, using the baseline control periods
before occlusion as a covariate. For seizure analysis, the
preseizure baseline period was taken as the 2 min before
the onset of a seizure. Maximum changes observed during
seizures were compared to the preseizure baseline using a
paired Student’s t test . Percentage changes in nuchal EMG
are presented as median (25th, 75th percentile). Data are
presented as means & s.e.M. Significance was accepted
when P < 0.05.

Results
Blood composition measurements

Values and statistical comparisons for arterial pH, blood
gases, glucose and lactate for the control and treatment
groups before occlusion, at 20 min of sham occlusion
or occlusion, and 2, 4, 6, 8, 24, 48 and 72 h after sham
occlusion or occlusion, are presented in Table 1.
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Table 1. Fetal arterial pH, blood gases, glucose and lactate values for all groups 15 min before (control), during (20 min) and after
(2, 4, 6, 8, 24, 48 and 72 h), either sham umbilical occlusion or occlusion

Control 20 min 2h 4h 6h 8h 24 h 48 h 72 h
pHa
Sham veh. 739+00 738+00 739+00 739+00 7.394+00 738+00 738+00 737+00 7.37+0.0
Sham phent. 738+00 739+00 740+00 739+00 739+00 739+00 738+00 7.38+00 7.38+£0.0
Asphyxia veh. 737+00 683+0.05 734+00° 740+£00 7.42+0.0¢ 7394+00 738+00 738+00 7.37+£0.0
Asphyxia phent. 7.36 +0.0 6.88+0.0§ 7.36+0.0 7.41+00 7.40+00 736+00 738+00 738+00 7.37+0.0
Paco, (mmHg)
Sham veh. 480+ 1.8 486+1.7 476+18 489+23 488+20 49.7+16 475+19 487+1.8 4834238
Sham phent. 452 +3.1 45.04+3.0 472+1.2 46.2+34 471+37 462+26 48.0+23 49.0+3.2 457420
Asphyxia veh. 47.2+09 137.7+7.75 441+14 4534+08 43.0+1.0* 483+1.1 448+18 453+08 443+1.2
Asphyxia phent. 48.9+3.6 132.0+£3.4§ 46.1+3.6 46.4+20 47.5+2.0 467+18 46.1+07 46.1+0.7 44.9+0.7
Pao, (mmHg)
Sham veh. 23.54+08 23.2+07 23.1+£09 232+1.0 234407 233+09 249+4+09 249+14 250+1.1
Sham phent. 256 +1.2 256+13 269+13 249+05 250+0.7 253+08 26.0+1.2 278427 254+1.0
Asphyxia veh. 24.44+0.7 82+1.15 268+ 12" 242+14 248+1.0 26.8+0.9* 284+09* 287+08" 29.1+t1.2
Asphyxia phent. 23.6 + 1.6 9.0+1.2§ 238+19 245+12 258+23 274+22 280+12 280+12 281+1.6
Lactate (mmol)
Sham veh. 082+0.1 081+01 087+02 08+01 08 +0.1 1.15+0.2 066+0.2 0.75+0.1 0.85+0.1
Sham phent. 0.734+00 0.75+0.2 0.72+0.1 0.76+0.1 0.75+0.0 0.82+0.1 065+0.1 0.74+0.1 0.78+0.0
Asphyxia veh. 0.74+0.1 6.11+0.2§ 3.71+0.7f 2.56+0.5f 1.83+03* 203+05 095+0.1 0.73+0.1 0.83+0.1
Asphyxia phent. 0.88 +0.1 6.02+0.2§ 1.90+0.4* 1.15+05 1.25+04 067+0.1 064+00 0.64+0.0 0.72+0.1
Glucose (mmol)
Sham veh. 1.03 + 0.1 1.02+0.1 1.09+0.1 1.03+0.1 1.07+0.1 1.19+£0.2 1.15+£0.1 1.16+0.1 1.16+0.1
Sham phent. 091+0.1 093+0.1 080+0.1 0.64+0.1* 0.88+0.1* 0.90+0.1 0.83+0.1 094+0.1 0.93+0.1
Asphyxia veh. 1.07+0.1 059+0.1t+ 1.25+0.1 1.284+0.1 1.36+0.1 152+02 143+0.1 1.24+£0.1 1.18+0.1
Asphyxia phent. 0.90+£0.1 0.40+0.1% 1.02+0.1 096+0.1 0.97+0.1 1.09+0.1 1.07+01 1.07+0.1 1.09+0.1

pHa is the arterial pH, Paco, is the arterial partial pressure of CO; and P,co, is the arterial partial pressure of O,. Data are means £ s.e.m.
*P < 0.05, P < 0.01, P < 0.005, §P < 0.001 compared to sham vehicle group values.

Superior mesenteric artery blood flow

and vascular resistance

There were no significant differences in SMA blood
flow or resistance between groups before occlusion and
between the asphyxia groups during occlusion. SMABF
rapidly returned to sham vehicle values immediately
postocclusion in both occlusion groups (Fig.1A). In
the asphyxia vehicle group SMABF then changed in
a biphasic hypoperfusion pattern similar to that pre-
viously described (Bennet et al. 2000), with an initial
hypoperfusion between 35 min and 2 h after the start of
infusion (nadir at 73 min postocclusion of 4.5 & 0.9 versus
11.5 + 0.8 ml min~"! in the sham vehicle group, P < 0.01).
Hypoperfusion was associated with a significant increase
in vascular resistance (8.6 & 2.6 versus 3.3 + 0.4 mmHg
(ml min~!)~!, compared to sham vehicle, P < 0.005). This
first period of hypoperfusion was followed by a transient
return to basal values, maximal at 3.5h, before falling
significantly again between 4.5 and 7.5h (P < 0.05) and
then returning again to baseline before seizures started.
This secondary decrease in SMABF was also associated

with a small but significant rise in vascular resistance
(5.6 £ 0.4 mmHg (ml min~')~!, P < 0.05).

In the asphyxia phentolamine group there was a
transient rise in SMABEF, maximal at 20 min after the
start of infusion (14.6 £ 1.7 versus 11.0 2.6 ml min~!
in the sham wvehicle group, P <0.05, Fig.1A). This
was associated with a small but significant drop in
vascular resistance (1.9 0.4 wversus 3.4+ 0.4 mmHg
(mlmin~")~!, compared to the sham vehicle group,
P <0.05). Thereafter SMABF was not significantly
different to sham vehicle group values, despite a tendency
to rise between 1.5 and 2.5 h; this rise was similar to that
seen in the asphyxia vehicle group, but occurred earlier
(maximal at 2 versus 3.5h). In the sham phentolamine
group, phentolamine infusion produced a transient but
modest rise during the first 15 min of infusion, followed by
a slight reduction in flow between 1 and 3 h (coincidental
with the transient fall in FHR seen in this group after
initial tachycardia, Fig.4B), but there were no overall
significant differences between the sham vehicle and sham
phentolamine groups (Fig. 1B).
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During seizures SMABF fell in the asphyxia
vehicle group from 11.4+2.7mlmin~' to a nadir
of 8.3+ 23mlmin~! (P < 0.005, Fig.2A), regardless of
whether electrographic seizures were present. SMABF
was more than 10% below baseline for 13.0 £ 1.7 min
per seizure (versus seizure duration of 78.1 £7.2s). The
fall in SMABF was associated with a significant increase
in SMA vascular resistance (from 4.3 £ 0.7 mmHg (ml
min~!)~! preseizure to a peak of 8.6 +2.3 mmHg (ml
min~')~!, P <0.05). In contrast, there was no change
in SMABF in the asphyxia phentolamine group during
any seizures (9.0 & 1.4 versus 8.6 = 1.4 min ml™', Fig. 2B)
and no significant change in resistance (5.2 + 1.1 versus
5.4+ 1.3 mmHg (ml min~')~!. No seizures occurred in
the sham occlusion groups.

Figure 1. Time sequence of changes in
SMABF during the 4 h before occlusion
and for 10 h postocclusion

A shows the responses of the asphyxia vehicle
group (0) and the asphyxia phentolamine
group (®). The groups are further denoted by
arrows. Note the biphasic fall in SMABF in the
vehicle group, interrupted by a transient
period of vasodilatation. Phentolamine causes
an initial vasodilatation, but the secondary
hypoperfusion phases are prevented. The
same transient vasodilatation seen in the
asphyxia vehicle group also occurs in the
phentolamine group, but the response occurs
earlier. B shows the SMABF responses of the
sham vehicle group (0) and sham
phentolamine group (®), showing no
differences between groups. Data are 1 min
averages, means £ S.e.m., *P < 0.05,

P < 0.01 compared to sham vehicle group.
The axis break denotes the period of
occlusion, not shown.
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Blood pressure

There was no significant difference in MAP between
groups before occlusion and between the asphyxia groups
during occlusion. In the asphyxia vehicle group an
initial transient period of hypertension immediately
postocclusion (P < 0.001, Fig.3A) was followed by a
period of sustained elevation of pressure between 30 min
and 3h after the start of infusion (41.0 £ 1.6 versus
36.0 = 0.8 mmHg in the sham vehicle group, P < 0.05).
Thereafter MAP returned to basal values until seizures
started. During seizures MAP increased during individual
seizure episodes from 36.3+0.4 to 42.0+ 0.9 mmHg
(P < 0.005, Fig. 2A).

In the asphyxia phentolamine group MAP was
also significantly increased immediately postocclusion
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(P < 0.001, Fig. 3A), but pressure fell rapidly at the onset
of infusion and was reduced for 3 h after the start of
infusion (33 &£ 1.6 versus 36.7 & 0.8 mmHg in the sham
vehicle group, P < 0.005). There was a notable secondary
fall in pressure starting at 1.8 h postocclusion for 54 min
(nadir of 30.4 & 2.1 mmHg, P < 0.001); thereafter MAP
progressively returned to baseline. During seizures there
were no significant changes in MAP during phentolamine
infusion (Fig.2B). There was no difference in MAP
between sham occlusion groups (Fig. 3B).

Fetal heart rate

In the asphyxia vehicle group, after a transient period
of rebound tachycardia during the first 10 min post-
occlusion (P < 0.001, Fig.4A), FHR returned to sham
vehicle group values until 1.6 h, when FHR slowly began
to rise again, increasing abruptly at 2.2h for 54 min
(220.0 & 15 versus 183.4 + 4.4 beats min~! in the sham
vehicle group, P < 0.05). FHR then gradually returned
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to baseline values until seizures started. There were no
significant changes in FHR during seizures.

In the asphyxia phentolamine group FHR followed a
similar but time-shifted pattern to the asphyxia vehicle
group. Rebound tachycardia (P < 0.001, Fig.4A) was
followed by a transient return to baseline for 1.45h,
then after a gradual rise FHR rose abruptly for 67 min
(209.9 + 7.0 versus 183.6 £ 5.6 beats min~' in the sham
vehicle group, P < 0.005); thereafter FHR was variably
increased as a function of seizures, rising significantly
to 219.7 £+ 8.5beats min~! versus an interseizure base-
line of 189.0 + 3.2 beats min~!, P < 0.05). Phentolamine
infusion alone significantly increased FHR during the first
hour (maximal at 5min of infusion; 282.4 4 10.6 beats
min~! versus sham vehicle group values of 189.4 & 5.5
beats min~!, P < 0.001, Fig. 4B); thereafter the changes
in FHR were variable, but there was a significant effect of
treatment over time compared to the sham vehicle group
(P <0.05).

Figure 2. Examples of changes in EEG,
nuchal EMG, MAP and SMABF during
seizures

Data are 1 min averages from single fetuses,
recorded over 2 h, 3 h after seizures had
begun. A shows the response of an asphyxia
vehicle group fetus, demonstrating marked
vasoconstriction and increased blood pressure
during seizures. B shows the response of an
asphyxia phentolamine group fetus, showing
abolition of both the blood flow and blood
pressure responses to each seizure.
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EEG, EMG and seizure activity

EEG amplitude was rapidly suppressed at the onset of
occlusion in both groups, and remained significantly
suppressed (5.3 £0.9 versus 45.6 £5.8 uV in the sham
vehicle group and 5.4 + 0.9 versus 43.6 £ 6.7 uV in the
sham phentolamine group, P < 0.001 both groups), except
between 9 and 18 h in the asphyxia vehicle group and 6
and 14 h in the asphyxia phentolamine group, when EEG
amplitude increased due to seizures.

The onset of seizures occurred significantly earlier in the
asphyxia phentolamine group compared to the asphyxia
vehicle group (5.01 &= 0.4 versus 7.1 & 0.7 h, respectively,
P < 0.05). There were no significant differences, however,
in the total seizure duration (15.5 &= 3.5 versus23.2 = 3.7 h,
asphyxia vehicle versus asphyxia phentolamine), total
number of seizures (56.0 £ 10.0 versus 73.2 +28.0),
number of seizures per hour (3.1 4 0.7 versus 4.2 + 1.3),
intensity of individual seizures (118.2+20.8 wversus

Figure 3. Time sequence of changes in
MAP during the 4 h before occlusion and
for 10 h postocclusion

A shows the responses of the asphyxia vehicle
group (0) and the asphyxia phentolamine
group (). The groups are further denoted by
arrows. Note the lower blood pressure in the
phentolamine group compared to vehicle
infusion, and the subsequent further fall in
blood pressure corresponding with the
transient vasodilatation seen in the
phentolamine group in Fig. 1. Similarly, MAP
falls in the vehicle group during the same
period of vasodilatation, but at a slightly later
time. B shows the MAP responses of the
sham vehicle group (0) and sham
phentolamine group (@), showing no
differences between groups. Data are 1 min
averages, means =+ s.e.M., *P < 0.05,

P < 0.005, §P < 0.001 compared to sham
vehicle group. The axis break denotes the
period of occlusion, not shown.
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172.0 £25.3 uV) or duration of individual seizures
(78.1+7.2 wversus 76.8+12.0s). All fetuses in the
asphyxia groups had electrographic evidence of seizures
(Fig. 2A and B), except one fetus in the asphyxia vehicle
group, which showed only cardiovascular and nuchal EMG
evidence of seizure activity. There were no seizures in the
sham groups. Nuchal EMG activity was present during
75.0% (73,81) of seizures in the asphyxia vehicle group, and
80.0% (79,88) of seizures in the asphyxia phentolamine
group (Fig. 2A and B).

Discussion

This study demonstrates for the first time that the
sympathetic nervous system is a key mediator of delayed
gastrointestinal hypoperfusion during recovery from an
asphyxial insult in pre-term fetal sheep. Prevention of
this delayed hypoperfusion by «-adrenergic blockade
significantly reduced fetal blood pressure during the early
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recovery phase after asphyxia. Further, it confirms that
sympathetic activity mediates the fall in gut blood flow
during postasphyxial seizures in the immature fetus. Inter-
estingly, gut blood flow remained markedly suppressed for
several minutes after resolution of each seizure, indicating
that sympathetic activation was not simply a nonspecific
effect of the epileptic discharge. Thus, while postasphyxial
seizures were brief and infrequent compared to those seen
at term, their impact on gut blood flow was marked.
Secondary hypoperfusion is known to develop in many
vascular beds after ischaemic insults both pre- and post-
natally, typically in the first few days after an insult (Conger
& Weil, 1995). The duration and speed of onset, and to a
lesser extent the degree of the hypoperfusion, are reported
to be related to the severity of the insult, at least in the
brain, where the phenomenon has mostly been assessed
(Karlsson et al. 1994; Huang et al. 1999). The under-
lying factors which mediate this phenomenon remain the
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subject of research. Proposed hypotheses include end-
othelial dysfunction, disturbed blood—vessel wall inter-
actions and reduced metabolic demand (Hossmann, 1997;
Reber ef al. 2002; Ten & Pinsky, 2002). The present study
shows that for the pre-term fetal sheep gut after asphyxia,
hypoperfusion is not related to hypotension, but rather is
primarily related to a sympathetically mediated increase in
vascular resistance. Both the relative rapidity of the changes
in flow and its variable nature, with a transient reduction
in vasoconstriction between 2 and 4 h postasphyxia in both
asphyxia groups, argues against the reduction in blood flow
being due to passive vascular dysfunction.

The physiological significance of this apparently active
and relatively prolonged period of hypoperfusion of the
gut during the latent phase of recovery after asphyxia
is unknown; however, we may hypothesize that its
purpose is to maintain systemic perfusion pressure. In
the adult, under conditions of decreased cardiac output

Figure 4. Time sequence of changes in
FHR during the 4 h before occlusion and

10 for 10 h postocclusion

A shows the responses of the asphyxia vehicle
group (0) and the asphyxia phentolamine
group (@). The groups are further denoted by
arrows. Both groups had a similar initial
response, but note the earlier onset of
tachycardia in the phentolamine group at
around 2 h postocclusion, corresponding with
the transient period of increased SMABF
shown in Fig. 1. Note also the increase in FHR
after 4 h in this group, corresponding with
the appearance of seizures. B shows the FHR
responses of the sham vehicle group (0) and
sham phentolamine group (®). Note the
tachycardia observed with phentolamine
infusion alone, which is not seen in the
asphyxia phentolamine group in A. Data are
means £ s.e.m., *P < 0.05, P < 0.01,

§P < 0.001 compared to sham vehicle group.
The axis break denotes the period of umbilical
cord occlusion, not shown.
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caused by cardiogenic or hypovolaemic shock, selective
vasoconstriction of the afferent mesenteric arterioles is
reported to be crucial in sustaining total systemic vascular
resistance, thereby maintaining systemic arterial pressure
(Reilly et al. 2001; Ceppa et al. 2003). Under these
conditions, while there is some degree of vasoconstriction
in other peripheral systems, it is disproportionately greater
within the mesenteric circulation, and thus perfusion of
non-mesenteric organs is maintained at the expense of the
gut (Reilly et al. 2001; Ceppa et al. 2003). Similarly, in
the fetal sheep marked constriction of the mesenteric bed
occurs during acute asphyxia to facilitate redistribution
of combined ventricular output in favour of central
organs such as the heart, adrenals and brain (Jensen
et al. 1987a; Yaffe et al. 1987; Bennet et al. 2000),
but its role during postasphyxial recovery has not been
evaluated.

Although it was not possible to evaluate myocardial
histology and function directly in the present study, there
is considerable clinical and experimental evidence to show
that reversible myocardial injury and associated cardiac
dysfunction are common during recovery from exposure
to perinatal asphyxia (Gunn et al. 2000; Lumbers et al.
2001; Hunt & Osborn, 2002). Consistent with the hypo-
thesis of early myocardial dysfunction, in the present study
phentolamine infusion led to a reduction in blood pressure
for 3—4 h despite normalization of SMA blood flow for
most of this period. This is in contrast with the significant
elevation seen in the asphyxia vehicle group, which was
associated with an increase in SMA vascular resistance.
This hypothesis is further supported by the fall in blood
pressure observed in the asphyxia vehicle group during
the period of spontaneous gastrointestinal vasodilatation
around 4 h postasphyxia, which was followed by a modest
increase in pressure during the second period of hypo-
perfusion between 5 and 7 h. Currently it is unclear what
is mediating this transient rise in blood flow. It may be
related to a reduction in sympathetic tone; however, other
factors are likely to play a role in mediating both the
vasoconstriction and vasodilatation. Nitric oxide (NO),
for example, is known to be an important modulator of
perfusion in the pre-term gut (Fan et al. 1998; Reber et al.
2002) and is also known to modulate sympathetic activity
(Prast & Philippu, 2001). Inaddition, NO can alter vascular
reactivity at the sympathetic neuroeffector junction in the
rat mesenteric bed by deactivation of noradrenaline (Kolo
et al. 2004). There may also be similar roles for other
neurotransmitters and peptides such as neuropeptide Y
(Sanhueza et al. 2003; Kolo et al. 2004).

Finally, it is striking that in the sham phentolamine
group, phentolamine infusion was associated with a
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marked immediate tachycardia, but no change in blood
pressure. Subsequently FHR varied, but on average
was elevated for the remainder of the infusion period.
Since, in the fetus, stroke volume is relatively fixed and
therefore changes in combined ventricular output are
primarily dependent on changes in FHR, this finding
strongly implies that under normal conditions the
fetus responds to the fall in SMA resistance during
a-adrenergic blockade with an increase in combined
ventricular output to prevent hypotension. Conversely,
the transient return of FHR to baseline values between
2 and 3h in this group was associated with an
increase in resistance and a fall in SMA blood flow. In
marked contrast, there was no increase in FHR in the
asphyxia phentolamine group in response to the start of
phentolamine, and when FHR was elevated at around 2—
3 h, at the same time as SMA vasodilatation, pressure fell
abruptly. These data suggest a limited ability to increase
combined ventricular output after asphyxia, consistent
with myocardial dysfunction, and further highlight the
requirement for peripheral vasoconstriction for pressure
support.

The other major findings of the present study are that
postasphyxial seizures in the pre-term sheep fetus are
also associated with mesenteric vasoconstriction, and that
the SNS plays a key role in mediating this phenomenon.
In the human newborn, postasphyxial seizures generally
occur within a few hours of birth (Scher, 1997); however,
under some circumstances seizures may also start in utero
(Osiovich & Barrington, 1996; Ingemarsson & Spencer,
1998; Westgate et al. 1999; Patane & Ghidini, 2001), and
then continue after delivery (Keogh et al. 2000). The
present study is the first to report the appearance of
stereotypically evolving seizures in the pre-term fetal brain.
We have previously reported that such seizures do not
develop at 60% of gestation (Bennet ef al. 1999) and it
is likely that the appearance of seizures at 70% of gestation
reflects changes in neuronal development, such as the onset
of cortical myelination (Barlow, 1969).

Neonatal seizures in pre-term infants are classically
described as being brief and subtle, sometimes composed
of unusual behaviours which are difficult recognize and
classify and thus typically EEG analysis is required to
confirm their presence (Scher et al. 2003). In part, because
such EEG monitoring has not been routine during the early
recovery period (Hellstrom-Westas et al. 1995; Caravale
et al. 2003; Scher et al. 2003) there have been limited
studies of the impact of seizures on cerebral circulation
in pre-term infants (Perlman & Volpe, 1983; Boylan
et al. 2000), and none which have evaluated peripheral
blood flow. The present study demonstrates that seizures
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were brief and relatively infrequent events which caused
marked vasoconstriction of the gut. This vasoconstriction
was mediated by sympathetic activity, with complete
abolition of the reduction in SMA blood flow during
each seizure by a-adrenergic blockade. However, while
the seizure duration was short it was notable that the
impact on the gut was longer lasting, with blood flow
to the gut being reduced for longer than the seizure
duration itself, with a corresponding elevation in MAP.
Speculatively, this prolonged effect may help support
perfusion of critical organs, such as the brain, until cerebral
metabolism fully recovers after each seizure. Further,
our data support a role for the SNS in modulating
seizure activity in the pre-term sheep fetus. Postnatally,
the SNS is well known to play a role in modulating the
threshold for seizures. Endogenous noradrenaline is an
anticonvulsant neurotransmitter, and blockade of «- and
B-adrenoreceptors potentiates seizures (Weinshenker &
Szot, 2002). Consistent with this, in the present study, the
mixed a-receptor blocker, phentolamine, was associated
with significantly earlier onset of stereotypic evolving
seizures but no change in their amplitude, frequency or
total duration.

In conclusion, the present study confirms the hypo-
thesis that delayed postasphyxial hypoperfusion of the gut
is mediated by «-adrenergic activity. The data highlight
the importance of endogenous sympathetic activity in
maintaining the initial elevation of blood pressure after
asphyxia and are consistent with the hypothesis that the
mesenteric system is a key resistance bed that helps to
support perfusion in other, more vulnerable systems.
Further, this study has shown that seizures develop after
asphyxia in the premature fetus at 70% of gestation and
that these seizures are associated with a significant impact
on blood flow to the fetal gut. Postnatally, perfusion
of the mesenteric circulation is tightly linked with gut
function. Therefore, although the hypoperfusion seems to
be responsive rather than a consequence of local injury,
we may predict that it will be associated with gastro-
intestinal disturbances and delayed adaptation to postnatal
life (Coombs et al. 1990, 1992; Malcolm et al. 1991; Akinbi
etal 1994).
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