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ABSTRACT: Hypotension reduces cerebral O2 supply, which may
result in brain cell damage and loss of brain cell function in the
near-term neonate. The aim is to elucidate 1) to what extent the
functional disturbance of the cerebral cortex, as measured with
electrocortical brain activity (ECBA), is related to cerebral cortical
tissue damage, as estimated by MAP2; and 2) whether there is a
relationship between the glutamate, nitric oxide (NO), cGMP path-
way and the development of cerebral cortical tissue damage after
hemorrhagic hypotension. Seven lambs were delivered at 131 d of
gestation. Hypotension was induced by withdrawal of blood until
mean arterial blood pressure was reduced to 30% of normotension.
Cerebral O2 supply, consumption, and ECBA were calculated in
normotensive conditions and after 2.5 h of hypotension. Concentra-
tions of glutamate and aspartate in cerebrospinal fluid (CSF), NO2

and NO3 (NOx) in plasma, and cGMP in cortical brain tissue were
determined in both conditions. CSF and brain tissue from siblings
were used to determine normotensive values. Cortical neuronal dam-
age was detected after 2.5 h of hypotension. ECBA was negatively
related to the severity of the cortical damage. ECBA was related to
respectively glutamate, NOx, and cGMP concentrations. In conclu-
sion, cortical neuronal damage is detected after 2.5 h of hemorrhagic
hypotension in the near-term born lamb. The damage is reflected by
a reduction of ECBA. The glutamate, NOx, cGMP pathway is likely
to be involved in the pathogenesis of cerebral cortical damage.
(Pediatr Res 59: 221–226, 2006)

The developing brain requires an adequate supply of oxy-
gen and substrates for function and growth. In immature

newborns, cerebral oxygenation and hemodynamics are easily
disturbed because of the immaturity of various organ systems,
e.g. pulmonary and cardiovascular systems. Sufficient cerebral
O2 supply is therefore frequently jeopardized in those infants.
Hypotension may diminish or disrupt the cerebral blood flow
(CBF), with a consequent reduction of the supply of oxygen
and substrates to the brain, thereby hindering the brain in
normal functioning and growth (1).
Neurons are very sensitive to reduced supplies of oxygen

and glucose (2,3). Reduced cerebral O2 supply results in a
cascade of events. The excess release of excitatory amino

acids, in particular glutamate, during conditions of energy
failure initiates a massive influx of Ca2� into the cell. The
increased intracellular Ca2� concentration triggers Ca2�-
dependent processes (4), such as the formation of NO from
L-arginine by nitric oxide synthase (NOS) (5). NO increases
the concentrations of cyclic GMP (cGMP) through the acti-
vation of soluble guanylate cyclase (sGC) (5). Ultimately, this
cascade may lead to brain cell dysfunction and cell death (6).
Whereas brain cell dysfunction can be measured in vivo

noninvasively by neurophysiological methods (7,8), brain cell
death can only be assessed histologically. Microtubule-
associated proteins (MAP) are a diverse family of cytoskeletal
proteins apparently present in all vertebrates including man
(9). They perform important functions related to normal neu-
ronal integrity through the maintenance of nerve cell shape
and intracellular transport, and to the regulation of neuronal
morphogenesis (10). It has been shown that the loss of MAP2
correlates with neuronal degeneration after brain injury in
rodents (11). Alteration of the cytoskeleton is a major step in
the initiation of apoptosis in several cell types (12).
In a previous study, we demonstrated in near-term lambs

that brain cell function deteriorated during hypotension when
MABP had been reduced to 30% of normotension (13). The
aim of the present study is to elucidate 1) to what extent the
functional disturbance of the cerebral cortex, as measured
with ECBA, is related to cerebral cortical tissue damage, as
estimated by MAP2 staining after 2.5 h of hemorrhagic
hypotension in lambs born at 131 d of gestation, and 2)
whether there is a relationship between the glutamate, NO,
cGMP pathway, and the development of cerebral cortical
tissue damage.

METHODS

The study was approved by the Institutional Animal Care and Use Com-
mittee of the University of Nijmegen before implementation.

Animal preparation and instrumentation. Seven pregnant ewes of Dutch
Texel breed were operated at 131 d of gestation (term 147 d) under general
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anesthesia with 3% isoflurane. After a polyvinyl catheter was inserted into the
jugular vein, isoflurane anesthesia was replaced with infusion of 600 mg/h
ketamine hydrochloride and 15 mg/h midazolam. A catheter was placed into
the left carotid artery for measurement of MABP and blood sampling. The
ewe was kept in an optimal ventilatory (PaO2: 10–15 kPa, PaCO2: 4–5 kPa;
pH: 7.3–7.4) and circulatory (MABP: 100–120 mm Hg) condition. A preg-
nant horn of the uterus was exposed, and an incision was made in the uterus
over the fetal head. Siblings were kept in utero and were not instrumented.
They were used to determine concentrations of glutamate and aspartate in
cerebrospinal fluid (CSF) and concentrations of cGMP and MAP2 staining in
cerebral cortical tissue during normotension.

The fetus’ head and right fore limb were delivered and an occluder was
placed around the umbilical cord, but was not clamped yet. A polyvinyl
catheter [outer diameter (OD) 2.1 mm] was placed in the right brachial vein
for administration of ketamine hydrochloride (10 mg/kg/h), glucose 5% (2
mL/kg/h), and a single dose of antibiotics (amoxicillin 50 mg/kg, gentamicin
2.5 mg/kg). The right brachial artery (polyvinyl catheter, OD: 2.1 mm, with
its catheter tip in the arcus aortae) and right jugular vein (polyurethane
catheter, OD: 0.9 mm, in the cranial direction) were cannulated for measure-
ment of the MABP and blood sampling. MABP was measured with dispos-
able transducers (Edwards Life Sciences BV, Los Angeles, CA). Blood gases
were analyzed with a blood gas analyzer (ABL 510, Radiometer Medical A/S,
Copenhagen, Denmark). Arterial oxygen saturation (SaO 2) values were
corrected for interspecies differences (14).

After exposing the left carotid artery, we applied an appropriately sized
perivascular ultrasonic blood flow transducer (2SL, S or B, Transonic System
Inc., New York, NY) to assess changes in carotid artery blood flow (Qcar). A
close linear relationship between Qcar and CBF was reported by Van Bel et
al. (15).

Cerebral O2 supply and O2 consumption were calculated as follows:
O2 supply (mL O2/min) � Qcar � CaO2,
O2 consumption (mL O2/min) � Qcar � (CaO2 – CvO2),
with arterial (venous) oxygen content:
Ca(v)O2 (mL O2/mL) � arterial (venous) O2 saturation (Sa(v)O2) � Hb

(g/dL) � 1.36 ((mL O2/g Hb)/100).
Two disposable subdermal needle electrodes for EEG recordings (Oxford

Instruments BV, Gorinchem, The Netherlands) were positioned on the pari-
etal regions of the skull, and one electrode on the occipital region as a
reference. ECBA was calculated as the root mean square (RMS) value of a
band-filtered (2–16 Hz), one-channel EEG (7,8), which is comparable with a
voltage scale.

Experimental procedures. After preparation, the instrumented lamb was
intubated. Ventilation was started using a continuous flow, pressure-
controlled ventilator (Babylog 1 HF, Dräger, Lübeck, Germany). Minor
adjustments of the ventilator settings were sometimes required to obtain
optimal blood gases.

When the instrumented lamb was in an optimal ventilatory (PaO2: 10–14
kPa; PaCO2: 4.5–6.0 kPa; pH: 7.3–7.4) and circulatory (MABP 60–65 mm
Hg) condition, the umbilical cord was clamped to mimic an extrauterine
condition. Surfactant (Survanta, Ross Laboratories, Columbus, OH) was
administered if necessary to achieve an optimal ventilation and oxygenation
with a fraction of inspired oxygen concentration (FiO2) of 0.30.

A stabilization period of three hours was applied. To obtain hypotension,
blood was withdrawn in a stepwise manner until MABP had dropped to
approximately 30% of normotension (13). The blood withdrawal procedure
lasted approximately 15–20 min. Hypotension was maintained for 2.5 h. At
the end of the normotensive stabilization period and after 2.5 h of hemor-
rhagic hypotension, mean values of MABP, Qcar, and ECBA were calculated
over 3 min and cerebral arterial and venous blood samples were obtained to
calculate cerebral O2 supply and O2 consumption values and for measurement
of the concentrations of NOx in plasma.

Measurements of MABP, Qcar, and ECBA could only be performed in the
instrumented lambs. Instrumentation of the siblings was not feasible. CSF was
obtained at the end of the hypotensive period. Thereafter, the lambs were
killed with an overdose of pentobarbital. Within 5 min, cerebral cortical tissue
was obtained. Because the ewes were kept in an optimal ventilatory and
circulatory condition until the end of the experiment, we assumed that the
siblings were in a normotensive (fetal) situation (8). The glutamate and
aspartate concentration in the CSF and the cGMP concentration in brain tissue
as well as the MAP2 staining in the siblings were considered to be similar in
the instrumented lambs during normotension, if CSF and brain tissue could
have been obtained in these lambs during normotension. Therefore, we linked
the CSF glutamate, cGMP tissue concentration, and MAP2 staining scores of
the siblings to the physiologic normotensive values of the instrumented lambs.

Sampling of body fluids and brain tissue. Blood was obtained from the
right brachial artery in the seven instrumented lambs before and after 2.5 h of
hemorrhagic hypotension. CSF was obtained by puncture of the cisterna

magna. After anterior flexion of the neck, the needle was introduced through
the foramen magnum at a point just below the nuchal ridge until the
appearance of CSF. Blood and CSF samples were immediately centrifuged
(3000 rpm, 10 min) and frozen at –80°C until analysis. From each of the
seven instrumented lambs and the seven siblings, one cerebral cortical tissue
sample was dissected from the left parasagittal brain, 5 mm distal from the
sutura sagittalis and 2 mm posterior from the sutura coronalis, adjacent to the
EEG electrodes. The samples were coded for blinding purposes. Brain tissue
samples were halved for cGMP determination and MAP2 staining. They were
immediately frozen in liquid nitrogen and kept in the freezer (–80°C) until
analysis.

NOx determination. Plasma samples from the seven instrumented lambs,
before and after 2.5 h of hemorrhagic hypotension, were used to determine
NOx. Nitrates, as end-products of the cerebral nitric oxide production, were
reduced to NO2 by spongy cadmium. The sum of the concentrations of NO2

and NO3 (NOx) was measured after using the Griess reagent. OD was read at
540 nm (VersaMax, Molecular Devices, Menlo Park, CA).

Glutamate and aspartate determination. The concentrations of glutamate
and aspartate were determined in CSF of the instrumented lambs after 2.5 h
of hemorrhagic hypotension. Concentrations of glutamate and aspartate dur-
ing normotension were determined in CSF samples of the siblings. Frozen
aliquots of the samples were unthawed and immediately deproteinized with-
out dilution by ultrafiltration through Amicon Ultra-4 devices with 10,000 D
membrane. The free amino acids were derivatized using Waters AccQ.Fluor
reagent kit (Milford, MA). Cysteic acid was used as internal standard.
Separation of the derivatives of cysteic acid, aspartate, glutamate, asparagine
and glutamine was achieved with Waters HPLC equipment provided with a
RP8RP C18 column in a 30-min program. Elution was started with a mixture
of 91% (vol/vol) eluent A (Waters kit) and 9% (vol/vol) of a 60% (vol/vol)
acetonitrile in water. After 7 min, the ratio was changed to 86:14%. Fluoro-
metric detection with excitation wavelength of 250 and emission wavelength
of 395 nm took place in a Waters 474 flow cell. Commercially available
amino acid mixtures were used for quantification.

cGMP determination. The brain tissue was homogenized in 6% trichlo-
roacetic acid (TCA). The homogenate was centrifuged for 10 min at 10,000
g. The pellet was washed with TCA, centrifuged again, and the supernatants
of both centrifugation steps were pooled. Then, the supernatants were cleared
of TCA by a 4-fold wash with water-saturated diethyl ether. The washed
supernatants were dried under N2 and stored at –20°C. The pellet material was
diluted with distilled water and samples were used for the determination of the
protein content with the BCA protein assay reagent (Pierce, Rockford, IL).

The cGMP enzyme immunoassay RPN 226 was used for the determination
of the cGMP concentration (Amersham Pharmacia Biotech, Little Chalfont,
Buckinghamshire, UK) in the distilled water dissolved supernatants of brain
tissue. The assay, including the acetylation procedure, was performed as
prescribed by the manufacturer. The enzyme reaction was stopped by the
addition of sulfuric acid and OD was read at 450 nm.

MAP2 staining. The frozen cerebral cortical tissue samples were cut in
slices of 8 �m. Immunohistochemistry was performed with cross-reactive
mouse-anti-MAP2 (Sigma Chemical Co.-Aldrich, Steinheim, Germany),
which is specific for all forms of MAP2. Sections were then incubated with
horse-anti-mouse-biotin (Vector Laboratories, Burlingame, CA). Visualiza-
tion was performed using Vectastain ABC (Vector Laboratories). Sections
were counterstained with hematoxylin.

The gray matter tissue was scored for positive immunoreactivity. The
observer (E.v.d.T.) was blinded to the coding. A three-point score was used,
were 1 � optimal positive MAP2 staining (no cerebral cortical tissue dam-
age); 2 � suboptimal positive MAP2 staining (minor cerebral cortical tissue
damage); 3 � no/minimal positive MAP2 staining (extensive cerebral cortical
tissue damage and neuronal degeneration) (11,16,17).

Statistical analysis. The mean of left and right hemispheric ECBA was
used for further analysis. The Mann-Whitney U test was used to compare
values obtained during normotension and after 2.5 h of hemorrhagic hypo-
tension. The Kruskal-Wallis test was used to compare the three MAP2 score
groups. Spearman correlations were used to test the relationship between
ECBA and the biochemical parameters. Statistical analysis was performed
with the SPSS statistical package (version 12.0, SPSS Inc., Chicago, IL).

RESULTS

There were no statistically significant differences in birth
weight and gender between the instrumented lambs and the
siblings.
Table 1 shows the physiologic variables and the CSF

excitatory amino acid concentrations during normotensive

222 VAN OS ET AL.



conditions and after 2.5 h of hemorrhagic hypotension. After
2.5 h of hemorrhagic hypotension, MABP, Qcar, cerebral O2

supply, cerebral O2 consumption, and ECBA were signifi-
cantly lower and the concentration of glutamate was signifi-
cantly higher compared with the normotensive situation. Four
lambs showed extensive cerebral cortical tissue damage, and
three lambs showed minor cerebral cortical tissue damage.
There was a trend toward higher concentrations of aspartate
after 2.5 h of hemorrhagic hypotension (p � 0.06).
Kruskal-Wallis tests showed that cerebral O2 supply was

significantly (p � 0.05) different between the three MAP2
groups (Fig. 1). Figure 2 shows representative examples of the
stained cerebral cortical tissue samples. ECBA differed sig-
nificantly (p � 0.05) between the MAP2 groups; the more
neuronal damage, the lower ECBA (Fig. 3). Mann-Whitney U
tests showed that the group with no damage was significantly
(p � 0.05) different from the minor damage group and the
minor damage group was significantly (p � 0.05) different
from the extensive damage group. Glutamate, NOx, and tissue
cGMP were higher in the group with extensive damage than in
the groups with no damage and minor damage (Fig. 4).

Spearman correlation tests showed that ECBA was related
to glutamate (r � –0.95, p � 0.000), to NOx (r � –0.90, p �
0.000), and to cGMP (r � –0.68, p � 0.02).

DISCUSSION

We demonstrated that ECBA is related to the severity of
neuronal damage in the underlying cerebral cortex during
hemorrhagic hypotension in near-term born lambs. The sig-
nificant relationships between ECBA and glutamate, NOx,
and cGMP suggests that the glutamate, NOx, cGMP pathway
plays a role in the pathogenesis of cortical neuronal damage.
In the clinical situation, brain injury is a multiplicative effect
of the severity of the hypotensive insult and its duration. Due
to the design of the study, we can only speculate about the
order and the timing of the cascade. A causal relationship
between this pathway and cortical neuronal damage was also
shown by Van den Tweel et al. (18) and Zhu et al. (19). To
test the reversibility of structural and functional neuronal
damage was beyond the scope of this study. Furthermore,
brain injury is a multiplicative effect of the severity of the
hypotensive insult and its duration. Although the influence of
time was not specifically addressed in the present study, four
out of seven near-term born lambs showed extensive cerebral
cortical tissue damage after 2.5 h of hypotension (30% of
normotensive MABP). In human newborn infants of 26–30
wk gestation a MABP �30 mm Hg for over an hour was
associated with severe hemorrhage, ischemic lesions, or death

Table 1. Median (range) variables during normotension and after
2.5 h of hemorrhagic hypotension

Normotension
(n � 7)

Hypotension
(n � 7)

MABP (mm Hg) 62 (60–66) 20 (13–33)¶
Qcar (mL/min) 24 (13–53) 8 (2–14)¶
Cerebral O2 supply

(mL O2/min)
3.4 (2.1–4.8) 0.3 (0.1–1.2)¶

Cerebral O2 consumption
(mL O2/min)

0.9 (0.8–1.6) 0.2 (0.1–0.3)§

Aspartate (�M) 2.9 (1.9–6.3) 9.6 (3.7–12.8)
Glutamate (�M) 9.4 (2.8–17.1) 21.6 (10.3–36.2)*
ECBA (�V) 8.7 (7.5–12.0) 2.9 (1.3–7.7)§

Mann-Whitney U test compared with normotension.
* p � 0.05; § p � 0.005; ¶ p � 0.001.

Figure 1. The relationship between no (n � 6), minor (n � 4), and extensive
(n � 4) cerebral cortical tissue damage and cerebral O2 supply (p � 0.05).
Extreme values are represented by �.

Figure 2. Microscopic images of MAP2 stained frozen 8 �m sections of
cerebral cortex showing no tissue damage (left), minor damage (middle), and
extensive damage (right).

Figure 3. The relationship between no (n � 6), minor (n � 4), and extensive
(n � 4) cerebral cortical tissue damage and brain cell function (p � 0.05).
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within 48 h (20). Note that this study concerns preterm infants,
and not near-term born lambs, which were used in the present
study.
The near-term born lamb model was chosen to study cere-

bral cortical tissue damage after 2.5 h of hemorrhagic hypo-
tension, because the lamb’s brain development in the last
trimester of pregnancy is rather similar to that in the human
fetus (21). Not all organs mature in the same order and with
the same speed in the various species. Indeed, the maturational
process of the CNS and lungs in lambs occur not in the same
way as in the human fetus and infant. In comparison with the
human situation, brain maturation is more advanced in the
lambs of corresponding gestational age, whereas the lung
maturation is slower in lambs. However, the lamb model is
applicable in fetal as well as neonatal studies and there is
extensive experience with cerebral hemodynamic studies in
this animal model (21,22). Furthermore, it is suitable for acute
and subacute studies and the size of a near-term lamb is
adequate to test and monitor multiple organ systems (22).
Low blood pressure, a common problem in the care for

human preterm infants, usually arises from the interplay of
ductal shunting, high or low vascular resistance, poor myo-
cardial function, and interaction with positive pressure venti-
lation, and not only from blood or fluid loss (23). We have
chosen to induce hypotension by withdrawal of blood, a
method that has been applied by many other research groups
to mimic the hypotensive near-term newborn (24,25).
This article shows the results of a relative small number of

animals. For ethical reasons, we did not sacrifice more sheep
and lambs than absolutely necessary. There was a consider-
able interanimal variation in the physiologic parameters,
which might reflect the variability in maturation and autoreg-
ulatory capacities at this stage of fetal development. Despite
this variability and the relatively small sample size, we could
detect statistically significant decreases in MABP, Qcar, ce-
rebral O2 supply, O2 consumption, and ECBA and a statisti-
cally significant increase in glutamate concentrations after
2.5 h of hemorrhagic hypotension. Furthermore, there was a
clear trend toward higher concentrations of aspartate. How-
ever, this increase did not reach statistical significance.
Noninvasive recording of electrocortical brain cell activity

by means of EEG and CFM-like signals (e.g. ECBA) can be
used as a measure for brain cell function in the newborn

period (26). Moreover, abnormal tracings are related to neo-
natal death and in the survivors to impaired neurodevelop-
mental outcome (27–29). Hellstrom-Westas (30) compared
tape-recorded EEG and amplitude-integrated EEG (CFM) in
sick newborn infants with gestational ages between 24 and 41
wk. She found a good agreement between these techniques
with regard to assessing brain function. Klebermass et al. (31)
evaluated the CFM as a tool for neurophysiological surveil-
lance in neonatal intensive care patients. They studied high-
risk newborn infants with gestational ages between 25 and 41
wk and found that the correlation between conventional EEG
and CFM was 100%.
The cortical brain tissue samples were obtained from a

defined area in the left parasagittal cortex, adjacent to the EEG
electrodes. Therefore, the results of this study do not provide
information about differences between cortical regions and
white matter lesions. Sampling of CSF and brain tissue in the
instrumented lambs during both the normotensive condition
and after 2.5 h of hemorrhagic hypotension was not feasible.
The ewes were monitored continuously and were kept in an
optimal ventilatory and circulatory condition and the umbili-
cal cord was not obstructed during the experiments. Since an
optimal oxygenation and circulation of the siblings was war-
ranted, we used the CSF and brain tissue of the siblings to
determine concentrations of glutamate, aspartate and cGMP,
and MAP2 staining during normotension (8). As expected,
low glutamate, aspartate, and cGMP concentrations were
found in the CSF of the siblings as well as an optimal MAP2
staining. The values of cerebral O2 supply, cerebral O2 con-
sumption, and ECBA during normotension in this study were
comparable to values reported previously (7,8,13). Further-
more, the effect of delivery on the physiologic and biochem-
ical parameters is assumed to be negligible after a cesarean
section, in particular after a stabilization period of 3 h.
Pettigrew et al. (16) showed in rats that the earliest sign of

brain tissue injury could already be detected by MAP2 stain-
ing 15 min after focal cerebral ischemia. The loss of MAP2
staining after 2.5 h of hemorrhagic hypotension in near-term
lambs as observed in this study suggests a loss of brain cell
(neuronal) integrity leading to a disturbed brain cell function,
as shown by ECBA, through mechanisms that very likely
involve the glutamate, NO, cGMP pathway.

Figure 4. The relationship between no (n � 6), minor (n � 4), and extensive (n � 4) cerebral cortical tissue damage and the concentrations of CSF-glutamate
(p � 0.05), plasma NOx (p � 0.05), and tissue cGMP (p � 0.05). Extreme values are represented by �.
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Many interconnected pathways are involved in the patho-
genesis of perinatal hypoxia-ischemia brain injury, including
excessive neuronal Ca2� influx, overproduction of excitatory
amino acids (such as glutamate) and NO release, formation of
reactive oxygen species, lipid peroxidation, and induction of
cytokine production (32). There is increasing evidence that
NO is an important initiator of the neuronal damage following
hypoxia-ischemia (4,33).
The main vasoactive effect of NO is to activate the enzyme

sGC and thereby to increase the concentration of cGMP. In
turn, cGMP activates cGMP-dependent protein kinases, which
can phosphorylate multiple different proteins to induce vascu-
lar relaxation (34). cGMP is often used to investigate the
NOS/sGC system because of the short half-life of NO (35). In
this study, the effect of reduced cerebral O2 supply during
hemorrhagic hypotension is still reflected in the NOx concen-
trations because we have frozen the plasma samples immedi-
ately after withdrawal and centrifugation.
During hypotension, vasodilatation occurs in the cerebral

circulation, in contrast to the peripheral circulation where
vasoconstriction occurs. The concentration of NOx seems to
be involved in the mechanisms underlying this coupling be-
tween O2 supply and cerebral vascular tone (36). Therefore,
the concentrations of NOx in plasma will reflect mainly the
cerebral situation. Previously, the concentrations of NOx and
cGMP were also determined in the human preterm newborn
(37,38). The concentrations of NOx and cGMP were sug-
gested to be related to hypotension and brain damage. In
preterm infants with respiratory distress syndrome, a CO-
mediated cGMP increase was found (39). In hypotensive
immature lamb, this alternative route mediated by CO prob-
ably does not play a major role, since our results suggest that
the concentration of NOx is related to the increase in the
concentration of cGMP.
Early recognition of newborns at risk for cerebral damage

by means of advanced methods of neuroimaging, combined
with a rationale for intervention, may result in the prevention
or reduction of lifelong disabilities (40). We conclude that
brain cell function can be monitored noninvasively by ECBA
and that cortical neuronal damage can be detected after 2.5 h
of hemorrhagic hypotension in the near-term born lamb. The
damage is reflected by a reduction of ECBA. The glutamate,
NOx, cGMP pathway is likely to be involved in the patho-
genesis of cerebral cortical damage. These finding might help
to understand the pathology and optimize the treatment of
hypotensive human neonates.
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