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Plasma vasopressin levels are closely associated with fetal
hypotension and neuronal injury after hypoxia-ischemia
in near-term fetal sheep
Christopher A. Lear1, Michi Kasai1,2, Paul P. Drury1, Joanne O. Davidson1, Etsuko Miyagi2, Laura Bennet1 and Alistair J. Gunn 1

BACKGROUND: Sensitive biomarkers are needed to rapidly identify high-risk infants after hypoxia-ischemia for neuroprotective
treatment. Hypotension is a key determinant of hypoxic-ischemic neural injury, and a potent stimulus of humoral pressors including
angiotensin-II and arginine vasopressin. We therefore aimed to quantify the relationship between vasopressin and angiotensin-II
levels in the latent phase after hypoxia-ischemia induced by umbilical cord occlusion (UCO) with both the severity of preceding
hypotension and subsequent neuronal injury.
METHODS: Chronically instrumented near-term fetal sheep underwent sham-UCO or UCO for either 15 min or until mean arterial
pressure was <8mmHg. Neuronal injury was assessed after 72 h recovery.
RESULTS: Umbilical cord occlusion was associated with severe hypotension that recovered after UCO; two fetuses developed
profound secondary hypotension within 6 h and died. Vasopressin levels but not angiotensin-II were significantly elevated 1–3 h
after UCO and were closely associated with the severity of hypotension during UCO and the subsequent severity of neuronal loss in
the parasagittal and lateral cortex, caudate nucleus and putamen. The Youden cut-point for vasopressin at 1 h was 180.0 pmol/L,
with sensitivity 100% and specificity 92.3% for severe neuronal injury or death.
CONCLUSION: Vasopressin levels shortly after moderate-severe hypoxia-ischemia may be a useful early biomarker to guide the
timely implementation of neuroprotective treatment.
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IMPACT:

● It can be difficuIt to rapidly identify infants who might benefit from therapeutic hypothermia. We investigated whether
increases in plasma pressor hormones early after hypoxia-ischemia were biomarkers for neonatal hypoxic-ischemic
encephalopathy using near-term fetal sheep.

● Arginine vasopressin levels were elevated at 1–3 h after hypoxia-ischemia and were predictive of the severity of preceding
hypotension and subsequent risk of severe neuronal injury or death after hypoxia-ischemia.

● Arginine vasopressin may help identify neonates at high risk of hypoxic-ischemic encephalopathy early within the therapeutic
window for hypothermia.

INTRODUCTION
Hypoxia-ischemia (HI) around the time of birth is a major cause of
neurodevelopmental disability, occurring in 1–3/1000 live births at
term gestation in developed countries.1 Therapeutic hypothermia
is now standard care for neonates with moderate-severe HI
encephalopathy (HIE).2 Despite hypothermia’s potent neuropro-
tective effects when initiated within its therapeutic window of
opportunity, it can be challenging to identify neonates who may
benefit from hypothermia due to a lack of early biomarkers of the
risk of HI injury.3

Arterial hypotension during HI is a critical factor triggering brain
injury across multiple experimental protocols.4,5 Arginine vaso-
pressin (AVP), renin and angiotensin-II (AII) are key vasoactive
humoral factors that support fetal blood pressure during hypoxia

and hypotension.6–11 AVP is released by the human fetus during
labor12 and, in observational studies, levels of AVP and copeptin
(which is derived from the same precursor protein and released in
equimolar amounts) were associated with acidosis at birth, and
with neurodevelopmental outcomes after HIE.13,14 More recent
evidence has shown that hypoxia is an additional stimulus of AVP
release in the fetus,11 and AVP may have an endogenous
neuroprotective role during HI.15 We have recently shown that
high AVP levels after HI are correlated with worse electroence-
phalographic recovery in near-term fetal sheep,16 but the
relationship of AVP levels to hypotension and neural injury is
unknown.
The purpose of this study was to investigate in a superset of our

previously studied cohort whether plasma AVP, renin and AII
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levels during the first 6 h after HI were correlated with the severity
of preceding hypotension during HI induced by reversible
umbilical cord occlusion (UCO) and with subsequent neural injury
assessed 72 h after UCO in near-term fetal sheep at 0.85 of
gestation. At this stage of gestation the fetal sheep is broadly
equivalent to the term human baby in terms of neural
development.17

METHODS
Ethics, subjects and surgical procedures
The subjects of this study represent an overlapping superset of
our previous publication that reported changes in heart rate
variability, cardiovascular and neurophysiological parameters and
the time course of AVP levels.16 All procedures were approved by
the Animal Ethics Committee of the University of Auckland
following the New Zealand Animal Welfare Act.
Twenty-one Romney/Suffolk fetal sheep were surgically instru-

mented at 117–125 d gestational age (term= 147 d), similarly to
previous reports.18,19 Ewes were given 5mL of Streptocin
(procaine penicillin (250,000 IU/mL) and dihydrostreptomycin
(250mg/mL, Stockguard Labs, Hamilton, New Zealand) intramus-
cularly 30min before the start of surgery. Anesthesia was induced
by intravenous injection of propofol (5 mg/kg; AstraZeneca,
Auckland, New Zealand), and general anesthesia maintained
using 2–3% isoflurane (Medsource, Ashburton, New Zealand) in
oxygen. Catheters were placed in the left fetal femoral artery, right
brachial artery, and the amniotic sac. Ultrasound flow probes (size
3S, Transonic Systems, Ithaca, NY, USA) were placed around the
right femoral artery to measure femoral blood flow (FBF) and left
carotid artery to measure carotid artery blood flow (CaBF). CaBF
provides an index of cerebral blood flow.20 A pair of electrodes
was sewn over the fetal chest to measure the fetal electrocardio-
gram (ECG). An 18–20-mm diameter inflatable silicone occluder
was placed around the umbilical cord (In Vivo Metric, Healdsburg,
CA, USA). Eighty mg gentamicin (Rousell, Auckland, New Zealand)
was administered into the amniotic sac before closure of the
uterus. All fetal leads were exteriorized through the maternal flank
and a maternal long saphenous vein was catheterized to provide
access for postoperative care.

Postoperative care
Ewes were housed together in separate metabolic cages with ad
libitum access to food and water, in temperature-controlled rooms
(16 ± 1 °C, humidity 50 ± 10%) with a 12-h light/dark cycle. Daily
intravenous antibiotics were administered to the ewe for 4 days
(600mg benzylpenicillin sodium; Novartis, Auckland, New Zeal-
and, and 80mg gentamicin). Fetal catheters were maintained by
continuous infusion of heparinized saline (20 U/mL at 0.2 mL/h).

Experimental recordings
Fetal mean arterial blood pressure (MAP), corrected for maternal
movement by subtraction of amniotic fluid pressure (Novatrans II,
MX860; Medex, Hilliard, OH, USA), and ECG were recorded
continuously from 24 h before until 72 h after UCO. The blood
pressure signal was collected at 64 Hz and low-pass filtered at 30
Hz. CaBF and FBF were measured continuously using a two-
channel Transonic T-206 Flowmeter (Transonic Systems) and data
were low-pass filtered at 10 Hz with a second-order Butterworth
filter. The raw ECG signal was analog filtered with a first-order
high-pass filter set at 1 Hz and an eight-order low-pass Bessel filter
set at 100 Hz, saved at 1024 Hz and then used to derive FHR. Data
were collected by computer and stored to disk for offline analysis.

Experimental protocol
Experiments were conducted 4 days after surgery at 121–129 d
(0.85) gestation. Fetuses were randomly assigned to HI (n= 16) or
sham-HI (n= 5). HI was induced between 0900 and 1000 hours by

rapid inflation of the occluder with saline to completely compress
the umbilical cord. Successful UCO was confirmed by observation
of a rapid onset of bradycardia with a rise in arterial pressure, and
by pH and blood gas measurements. UCO was terminated either
after 15 min (n= 8) or >15 min at a target MAP of 8 mmHg (n= 8)
to represent moderate-severe HI.18 Occlusion was stopped early if
MAP fell below 8mmHg. The occluder was not inflated in shams.
Note that in the HI group, one fetus did not have plasma samples,
and two fetuses died within 6 h and so did not undergo
histological assessment.

Fetal biochemistry
Fetal arterial whole blood and plasma samples were collected
before occlusion, at 12 min after the start of occlusion and at 1, 3,
6, 24, 48 and 72 h after occlusion. Whole blood was analyzed for
pH, blood gases (Ciba-Corning Diagnostics 845, MA, USA) and
glucose and lactate levels (YSI 2300, Yellow Springs, OH, USA).
Plasma samples were collected in prechilled vials on ice,
centrifuged at 4 °C and stored at −80 °C as rapidly as possible.
Samples were stored until completion of the study and underwent
batch analysis of AVP, renin and AII levels via radioimmunoassay,
as previously described.16,21 The interassay CVs for AVP were:
15.1% at 10.0 pmol/L, 11.9% at 5.1 pmol/L, 23.3% at 1.52 pmol/L.

Histology
Seventy-two hours after occlusion, ewes and fetuses were killed
by intravenous overdose of sodium pentobarbitone (9 g Pento-
barb 300, Provet, Auckland, New Zealand). At post-mortem, fetal
brains were perfusion-fixed in situ with 10% phosphate-buffered
formalin and immersion fixed for 1 week before paraffin
embedding. Coronal forebrain sections (10 µm) were selected
from 26mm anterior to stereotaxic zero to assess the caudate
nucleus and putamen, the parasagittal cortex and lateral cortex22

and 17mm anterior to stereotaxic zero to assess the thalamus,
and the cornu ammonis (CA, divided into CA1/2, CA3, CA4
regions) and dentate gyrus (DG) of the dorsal horn of the anterior
hippocampus.22 All sections were deparaffinized in xylene,
rehydrated and washed in 0.1 mol/L phosphate-buffered saline.
Sections were then stained with thionine acetate (Sigma-Aldrich)
and acid fuchsin (Sigma-Aldrich) to assess neuronal loss. The
sections were then dehydrated and mounted.

Histological analysis
Neuronal loss was scored by light microscopy at ×20 or ×40
magnification on a Nikon 80i microscope with motorized stage
and StereoInvestigator (v8, Microbrightfield, Williston, VT, USA)
using four fields in the caudate nucleus, three in the putamen, and
one field in the hippocampal divisions, lateral cortex, parasagittal
cortex, and medial nucleus of the thalamus. The proportion of
neurons showing ischemic cell change as shown by nuclear
condensation and acid fuchsin staining of the cytoplasm in each
region was scored on a six-point scale: 0= no dead neurons; 5=
0–9%; 30= 10–49%; 70= 50–89%; 95= 90–99%; and 100= 100%
dead neurons.23 For each animal, average scores for each region
were calculated from both hemispheres and from two sections.

Physiological data analysis
Offline analysis of the physiological data was carried out using
customized LabVIEW programs (National Instruments). Femoral
and carotid vascular resistance (FVR and CaVR) were calculated
using the formula mean arterial pressure/carotid blood flow
(mmHg/min/mL). Data are presented as 1-h means ± SEM.

Statistical analysis
Data were analyzed using SPSS v25 (IBM, Armonk, NY, USA).
Analysis of serial data were performed by two-way ANOVA, with
time as a repeated measure and group as the independent factor.
The association between the severity of hypotension during HI and
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neuronal injury was investigated via receiver operating character-
istic (ROC) analysis. ROC analysis was also used to investigate the
ability of AVP to discriminate between mild-moderate and severe
neuronal injury. For these analyses, cases (total n= 8) were fetuses
that either developed severe neuronal injury (defined as ≥50%
neuronal injury in ≥1 cortical or basal ganglia region, n= 6) or died
due to severe hypotension after HI (n= 2). The controls (total n=
13) were the sham group (n= 5) and fetuses that survived with
mild-moderate neuronal injury (n= 8).
The severity of hypotension during HI was quantified as the time

spent below six different thresholds: 90% of baseline MAP
(calculated over 24 h) representing the limit of cerebral autoregula-
tion in near-term fetal sheep,24 20, 15, 12, 10, and 8mmHg. ROC
curves were calculated for each threshold. 15mmHg demonstrated
the highest discriminative ability and was therefore used to
investigate the relationship between AVP concentrations, hypoten-
sion and neuronal injury. The relationship between AVP concentra-
tions at 1 h after HI and cardiovascular parameters was also
investigated. Statistical significance was accepted when p < 0.05.

RESULTS
Fetal characteristics and umbilical cord occlusion
All fetuses were healthy before experiments based on our
laboratory standards. The distribution of sex was not significantly
different between shams (4 females, 1 male) and HI (11 females, 5
males). UCO was associated with profound acidemia, hypercapnia,
hypoxemia, reduced bicarbonate concentrations and increased
lactate concentrations (all p < 0.001, Table 1). Profound hypoten-
sion was observed by the end of UCO (mean 10.9 ± 0.7 mmHg

compared to 43.5 ± 1.4 mmHg in controls, p < 0.001). All fetuses
recovered from UCO. Two fetuses (1 female, 1 male) in the HI
group subsequently developed severe hypotension and died
within 6 h of UCO; they were assigned maximal injury scores and
are shown in Figs. 4 and 6 for the purpose of illustration only. The
recovery of fetal arterial biochemistry is shown in Table 1.

Cardiovascular physiology after umbilical cord occlusion
Mean arterial blood pressure was increased at 0–2 h (p < 0.05,
Fig. 1) and 10–72 h (p < 0.01) after UCO compared to shams. UCO
was not associated with any changes to FHR over the 72-h
recovery period. CaBF was significantly reduced after UCO from 0
to 72 h (p < 0.05) compared to the sham group, with a significant
increase in CaVR from 0 to 72 h (p < 0.05). Continuous FBF and FVR
measurements were not available in one sham animal and one
UCO animal due to technical problems (final n= 4 shams, n= 13
UCO). FBF was significantly reduced from 0 to 72 h in the HI group
compared to the sham group (p < 0.01) in association with a
significant increase in FVR from 0 to 72 h in the HI group (p < 0.05).

Time course of AVP, AII and renin
AVP plasma concentrations were significantly increased during UCO
(Fig. 2, p< 0.005) and at 1–6 h after UCO (p< 0.05). There was no
effect of UCO on renin concentrations. AII concentrations were
significantly increased during UCO (p< 0.01) but resolved by 1 h after
UCO. AVP, renin and AII measured during UCO (12min after the start
of UCO) were not associated with the severity of terminal
hypotension. AVP levels 1 h after UCO were correlated with higher
MAP (p< 0.005, R2= 0.41, n= 20, Fig. 3), lower FBF p< 0.005, R2=
0.40, n= 18) and higher FVR (p< 0.001, R2= 0.63, n= 18) at that time.

Table 1. Fetal pH, blood gases and metabolites.

Baseline Occlusion 1 h 3 h 6 h 24 h 48 h 72 h

pH

Sham 7.39 ± 0.01 7.39 ± 0.01 7.39 ± 0.01 7.39 ± 0.02 7.39 ± 0.01 7.38 ± 0.01 7.37 ± 0.00 7.36 ± 0.02

HI 7.38 ± 0.01 6.92 ± 0.01* 7.24 ± 0.02* 7.33 ± 0.02* 7.34 ± 0.03* 7.40 ± 0.01 7.40 ± 0.01* 7.39 ± 0.01*

PaCO2 (mmHg)

Sham 53.2 ± 1.6 52.8 ± 1.7 53.1 ± 1.6 52.7 ± 1.7 52.9 ± 1.8 52.0 ± 1.8 53.0 ± 3.0 53.3 ± 1.5

HI 52.7 ± 1.2 133.3 ± 4.5* 54.0 ± 1.2 51.7 ± 1.2 51.8 ± 1.4 49.9 ± 1.1 49.9 ± 1.1 51.6 ± 1.2

PaO2 (mmHg)

Sham 23.1 ± 0.9 23.6 ± 1.0 22.9 ± 0.8 23.0 ± 1.3 22.1 ± 1.4 23.8 ± 1.1 22.2 ± 0.8 21.6 ± 0.7

HI 22.6 ± 0.8 5.5 ± 0.7* 25.3 ± 1.2 22.2 ± 1.2 20.8 ± 1.3 21.5 ± 1.1 25.6 ± 1.1 26.2 ± 1.1

O2ct (mmol/L)

Sham 4.2 ± 0.1 4.2 ± 0.1 4.0 ± 0.1 4.1 ± 0.2 4.0 ± 0.3 4.0 ± 0.2 3.7 ± 0.1 3.8 ± 0.3

HI 4.1 ± 0.2 0.5 ± 0.0* 4.1 ± 0.2 3.7 ± 0.3 3.5 ± 0.3 3.7 ± 0.2 4.4 ± 0.2 4.3 ± 0.2

BE (mmol/L)

Sham 5.5 ± 1.1 5.5 ± 1.0 5.3 ± 0.8 5.0 ± 1.2 5.5 ± 1.2 3.9 ± 1.2 3.8 ± 1.6 3.6 ± 2.0

HI 4.5 ± 0.4 −8.7 ± 0.5* −5.6 ± 0.6* 0.0 ± 1.4* 2.4 ± 1.2* 4.8 ± 1.1 5.0 ± 0.5 5.0 ± 0.3

HCO3− (mmol/L)

Sham 28.6 ± 1.1 28.7 ± 1.0 28.7 ± 0.9 28.3 ± 1.3 28.8 ± 1.3 27.7 ± 1.1 27.2 ± 1.0 27.9 ± 1.5

HI 28.4 ± 0.4 17.1 ± 1.3* 19.7 ± 0.5* 24.4 ± 1.1* 26.3 ± 1.2* 28.5 ± 1.0 28.9 ± 0.6 28.7 ± 0.4

Lactate (mmol/L)

Sham 1.2 ± 0.1 1.2 ± 0.1 1.3 ± 0.2 1.3 ± 0.2 1.1 ± 0.1 1.0 ± 0.1 1.0 ± 0.1 1.0 ± 0.1

HI 1.1 ± 0.0 6.1 ± 0.2* 6.5 ± 0.3* 5.3 ± 0.6* 4.9 ± 0.8* 3.2 ± 0.8* 1.3 ± 0.1 1.1 ± 0.1

Glucose (mmol/L)

Sham 1.0 ± 0.1 1.0 ± 0.0 1.0 ± 0.1 1.0 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1 0.9 ± 0.1

HI 0.8 ± 0.0 1.0 ± 0.1 1.6 ± 0.1* 1.2 ± 0.1* 1.5 ± 0.1* 1.5 ± 0.1* 1.4 ± 0.1* 1.0 ± 0.1

HI hypoxia-ischemia, PaCO2 arterial pressure of carbon dioxide, PaO2 arterial pressure of oxygen, O2ct arterial oxygen content, BE base excess.
*p < 0.05, sham vs. HI. Data are mean ± SEM.
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Neural injury
No neurons with ischemic cell change were seen in the
hippocampus in shams, and <1 cell per field with ischemic cell
change were seen in the parasagittal or lateral cortex, caudate
nucleus, putamen, and thalamus. HI was associated with mild
selective neuronal loss in the parasagittal cortex and lateral cortex
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(p < 0.05, Figs. 4a and 5a), with moderate to severe neuronal loss
in the caudate nucleus (p < 0.05), putamen (p < 0.05), thalamus
(p < 0.05) and DG (p < 0.05), and severe neuronal loss in
hippocampal CA regions (all p < 0.05, Fig. 5b).

Relationship between hypotension and neural injury
The cumulative duration of MAP below multiple predefined
thresholds of hypotension during UCO was highly associated with
severe neuronal injury or death. As shown in Fig. 4b, the areas
under ROC curves were: 90% of baseline (0.88, 95% CI 0.72–1.00),
20 mmHg (0.91, 95% CI 0.79–1.00), 15 mmHg (1.00, 95% CI
1.00–1.00), 12 mmHg (0.98, 95% CI 0.93–1.00, not shown), 10
mmHg (0.92, 95% CI 0.77–1.00) and 8mmHg (0.87, 95% CI
0.70–1.00, not shown). 15mmHg was the optimal threshold for
hypotension; the Youden cut-point at 428.5 s showed sensitivity
100% and specificity 100% for developing severe neuronal injury
or death.
The duration of MAP < 15mmHg showed a significant linear

relationship with the severity of neuronal injury in the parasagittal
cortex (p < 0.005, R2= 0.48, n= 19, Fig. 4d) and a sigmoidal
relationship with the severity of neuronal injury in the lateral
cortex (R2= 0.82, n= 19), caudate nucleus (R2= 0.77, n= 19)
and putamen (R2= 0.78, n= 19). By contrast, the duration of
MAP < 15mmHg was not associated with neuronal injury in the
thalamus or hippocampal regions.

Relationship between AVP and neural injury
AVP levels at 1 h were linearly associated with the duration of MAP
< 15mmHg during UCO (p< 0.001, R2= 0.67, n= 20, Fig. 4c).
Similarly, AVP levels at 3 h were also associated with the duration

of MAP < 15mmHg (p < 0.05, R2= 0.24, n= 20, data not shown). By
contrast, renin and AII concentrations after HI were not associated
with the severity of hypotension or simultaneous AVP concentra-
tions. AVP levels at 1 h showed a close relationship with risk of severe
neuronal injury or death, with an area under the ROC curve of 0.98
(95% CI 0.95–1.00, Fig. 6a). The Youden cut-point at 180.0 pmol/L
showed sensitivity 100% and specificity 92.3%. Plasma AVP
concentrations at 1 h showed a significant linear relationship with
the severity of neuronal injury in the parasagittal cortex (p < 0.001,
R2= 0.58, n= 18, Fig. 6b), lateral cortex (p < 0.001, R2= 0.68, n= 18),
caudate nucleus (p < 0.001, R2= 0.58, n= 18) and putamen (p <
0.001, R2= 0.62, n= 18), but were not associated with neuronal
injury in hippocampal regions or the thalamus (data not shown).
Although AVP levels at 3 h were substantially lower than at 1 h,

they were still predictive of severe neuronal injury or death with an
area under the ROC curve of 0.92 (95% CI 0.80–1.00, Fig. 6c). The
Youden cut-point at 39.9 pmol/L showed sensitivity 85.7% and
specificity 84.6%. AVP levels at 3 h were linearly associated with
neuronal injury in the parasagittal cortex (p < 0.001, R2= 0.60, n=
18, Fig. 6d), lateral cortex (p < 0.005, R2= 0.47, n= 18), caudate
nucleus (p < 0.01, R2= 0.38, n= 18) and putamen (p < 0.01, R2=
0.38, n= 18) but were not associated with neuronal injury in
hippocampal regions or the thalamus. Renin and AII levels were not
associated with the severity of neuronal injury (data not shown).

DISCUSSION
This study demonstrates that plasma AVP but not renin or AII
remain elevated for at least 3 h after moderate-severe HI induced
by reversible UCO. AVP levels at 1 and 3 h after HI were associated
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15mmHg, and plasma arginine vasopressin (AVP) concentrations measured at 1 h after HI. Open circles (shams), close circles (HI). d Linear and
nonlinear correlations between the severity of hypotension during HI and the severity of neuronal injury in the PSC, LC, caudate nucleus and
putamen. Open circles (shams), close circles (HI), crosses (fetuses that died, not included in regression analysis and shown for illustration
purposes only).
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with both the severity of hypotension during UCO and subsequent
neuronal injury after 3 days in the parasagittal and lateral cortex,
the caudate nucleus and putamen but not the hippocampus. The
Youden cut-point at 180.0 pmol/L for AVP levels at 1 h identified
cases that developed severe neuronal injury or died with 100%
sensitivity and 92.3% specificity. Similarly, although AVP levels fell
steadily after UCO, at 3 h the Youden cut-point of 39.9 pmol/L
offered 85.7% sensitivity and 84.6% specificity. Thus, AVP levels
seem to be a sensitive blood biomarker of the severity of HI injury
within the critical early latent phase.
During UCO, AVP and AII increased markedly, consistent with

previous evidence that these vasoactive factors help to attenuate
the fall in arterial pressure during HI.7,8,25 The primary stimulus for
AVP release is most likely the profound hypotension during UCO.26

Consistent with this, the duration that MAP was <15mmHg during
UCO was closely associated with AVP concentrations at 1 h. Other
factors that may have further stimulated AVP release include
profound fetal hypoxia and hypercapnia during UCO.11 AVP levels
increased further by 1 h compared to levels during UCO.
Unfortunately, for technical reasons, we did not have samples
from immediately after UCO. Considering that AVP is potently
released in response to arterial hypotension,26 it is likely that
additional release of AVP both in the final minutes of UCO (i.e. after
the sample at 12min) when hypotension was worsening, and
during the immediate reperfusion period contributed to the higher
concentrations observed 1 h after HI.
Moreover, the very prolonged elevation of AVP in the present

study supports the hypothesis that AVP continued to be released
in the early hours after HI. The half-life of AVP in adult humans is
just 24min.27 Although it is possible that impaired hepatic and
renal clearance of AVP after HI could have partly contributed to
the prolonged elevation in AVP,28,29 AVP clearance is considerably
faster in the near-term fetal sheep than in adult sheep or humans,
with a half-life of 2.8 min.30 Even more rapid clearance has been
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Fig. 5 Representative photomicrographs of neuronal outcomes
when assessed after 72 h of recovery. a Images from the control
and hypoxia-ischemia (HI) groups from the parasagittal and lateral
cortex and the caudate nucleus and putamen of the striatum.
b Images from the CA1/2 region of the hippocampus from the
control group, and two examples from the HI group. Note the severe
hippocampal injury after both moderate and severe HI. All images
were taken at ×40 magnification from sections stained with acid
fuchsin and thionine. White arrows indicate examples of healthy
neurons. Black arrows indicate examples of dead ischemic neurons
with condensed nuclei and acid fuchsin staining of the cytoplasm.
Scale bar= 100 µm.
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observed in newborn sheep.31 In the present study, AVP
concentrations on average fell from a peak of 248.2 ± 59.3 pmol/L
at 1 h after HI to 80.3 ± 21.3 pmol/L at 3 h after HI, considerably
slower than would be expected from previous findings.30 This
suggests that AVP continued to be released during the early hours
after HI, likely to provide arterial pressure support at a time of
impaired cardiac function. Supporting this postulate, AVP con-
centrations at 1 h after HI were correlated with the simultaneous
hypertension, reduction in FBF and increase in FVR (Fig. 3). These
data suggest that AVP is at least one of the humoral factors that
contribute to blood pressure support after severe HI. Naturally,
additional vasoactive factors are likely important, such as
catecholamines.32 By contrast, AII levels fell to sham control
values by 1 h after UCO, suggesting that AII was not critical to
sustain blood pressure after HI.
After the first 6 h of recovery, the HI group showed a continuing

increase in vascular tone and reduced blood flow in both the
carotid and femoral arteries. This was an important contributor to
the secondary increase in arterial pressure between 10 and 72 h.
AVP (and AII) had returned to control levels by this time,
suggesting that additional vasoactive factors other than AVP
and AII are critical mediators of late, sustained vasoconstriction.
There is considerable preclinical evidence that the severity and

duration of hypotension during HI are key determining factors for
the subsequent severity of brain injury.5 In the present study we
defined hypotension using formal ROC analysis (Fig. 2b). The
duration that MAP was <15mmHg during HI showed the
strongest association with severe injury or death, and showed a
sigmoidal relationship with the severity of neuronal loss in the
lateral cortex, caudate nucleus and putamen and a linear
relationship with neuronal loss in the parasagittal cortex. This
relationship confirms that there is a strikingly narrow threshold
during HI for severe neuronal injury to develop in these regions.
This indicates that it was the short, terminal period of severe
hypotension that was most associated with adverse outcome. In
turn this supports the hypothesis that it is not simply the presence
of hypotension that is important, but rather that even short
periods of severe hypotension during profound hypoxia critically
extend and exacerbate brain injury.
The duration that MAP was <15mmHg was associated with the

concentration of AVP at 1 h (Fig. 2c) and in turn AVP levels at 1 h
predicted severe neuronal injury or death based on ROC analysis.
Regional analysis showed AVP levels were associated with the
severity of neuronal injury in the parasagittal and lateral cortex, as
well as the caudate nucleus and putamen. Similar but weaker
associations were found between AVP levels and neuronal injury
at 3 h. Considering that the severity of hypotension was associated
with both AVP concentrations at 1 h and the severity of neuronal
injury at 72 h, the association between AVP and neuronal injury is
therefore most likely indirect, via its association with hypotension.
By contrast, AVP levels were not correlated with hippocampal

injury, reflecting the relatively severe hippocampal damage even
in fetuses with little basal ganglia injury (Fig. 5b). Previous studies
have shown that the hippocampus is exceptionally vulnerable to
prolonged periods of HI at this gestation, such that extensive cell
loss is seen after just 10 min of HI, a much shorter period than in
the present study.33,34 Considering this, the results of the present
study suggest that AVP levels 1 h after HI are unlikely to be a
sensitive marker of mild HI injury resulting from more mild
hypotension. Alternatively, copeptin is released in equimolar
amounts to AVP but has a longer half-life allowing it to be
measured as a surrogate for AVP.11,14 It is therefore possible that
copeptin levels after HI may provide better stratification of the
severity of HI, including milder injury, than observed with AVP.11

A key strength of the present study is the clinically relevant
paradigm of systemic HI, consistent with a severe sentinel event.
Such events account for approximately 25% of cases of HIE.35–37

Further studies will help confirm whether AVP levels show similar

changes during episodes of intermittent labor-like hypoxia and to
assess the predictive value of AVP or copeptin levels immediately
after HI. In the present study, plasma samples were stored at −80 °
C until they were batch analyzed at the completion of the study.
AVP is stable at −80 °C;38 however, it is possible that due to
sample handling after collection our present findings may
represent an underestimate of absolute AVP levels after HI.
Overall, these findings compliment previous clinical studies.

Both AVP and copeptin have been shown to be associated with
the severity of acidemia at birth.13,39,40 More importantly, copeptin
levels at 6 and 12 h after birth in infants with HIE in the Total Body
Hypothermia trial were correlated with the severity of neurode-
velopmental impairment at 2 years.41 These time points are too
late for timely initiation of therapeutic hypothermia, but given the
long half-life of copeptin, this finding strongly supports further
studies to evaluate copeptin levels at or shortly after birth to
rapidly identify moderate to severe HIE. Moreover, it is reasonable
to note that sentinel events represent only approximately 25% of
cases of HIE,35–37 and so the association between copeptin levels
and neurodevelopmental outcome41 suggests that copeptin must
have been elevated after a range of HI insults. Regardless, it will be
important for future studies to investigate whether the pattern of
HI influences the utility of AVP and copeptin as biomarkers.
Moreover, it will be important to investigate how factors such as
the mode of delivery, maternal analgesia and hypothermic
treatment affect AVP and copeptin levels, before clinical transla-
tion of these findings can be considered. Notwithstanding these
important limitations, the present study shows that AVP levels in
the critical early latent phase of injury after HI are highly
associated with the severity of subsequent cortical and subcortical
neuronal loss, supporting utility to identify high-risk infants who
would benefit from neuroprotective therapy.
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