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Abstract
Cerebral vasodilatory responses evoked by activation of NMDA receptors and by hypercapnia are
important factors in the integrated vascular response to perinatal cerebral ischemia. Cerebral
vasodilation to NMDA is mediated by nitric oxide in adult and newborn animals, whereas
vasodilation to hypercapnia is thought to become modulated by nitric oxide, at least in swine, after
the newborn period. The developmental role of nitric oxide in the cerebral blood flow response to
NMDA and hypercapnia was investigated at mid- and late gestation in fetal sheep. Superfusion of
300 μM NMDA over the cerebral cortex through a closed cranial window on the exteriorized head
of an anesthetized fetus increased laser-Doppler flow by 41 ± 7% (± S.E.) at 0.65 gestation. The
increase was reduced by superfusion of a nitric oxide synthase inhibitor (18 ± 8%). At 0.9 gestation,
the response to NMDA was augmented (85 ± 24%) compared to that at 0.65 gestation and was reduced
by a nitric oxide synthase inhibitor (32 ± 6%). In unanesthetized fetal sheep, hypercapnic reactivity
of microsphere-determined cerebral blood flow was not significantly attenuated by nitric oxide
synthase inhibition at 0.65 gestation (4.6 ± 0.7 to 3.7 ± 1.0% change/mmHg pCO2) or at 0.9 gestation
(4.0 ± 0.7 to 3.5 ± 0.9% change/mmHg pCO2). Therefore, nitric oxide-dependent cerebrovascular
dilation to NMDA-receptor activation is present as early as 0.65 gestation in fetal sheep and increases
further during the last trimester, whereas vasodilation to hypercapnia remains unchanged and
independent of nitric oxide during the last trimester. Hence, cerebrovascular reactivities to different
stimuli do not mature concurrently.
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1. Introduction
Hypoxia-ischemia in neonates born prematurely can result in white matter injury with
secondary disturbances in gray matter (Volpe, 2005), whereas hypoxia-ischemia in those born
near term can result in primary injury to peri-Rolandic cortical gray matter and basal ganglia
(Miller et al., 2005). In fetal sheep, cortical gray matter is also less susceptible to ischemic
injury at 0.65 gestation compared to 0.9 gestation (Reddy et al., 1998). This change in
susceptibility is presumably related to maturation of synaptic connections, expression of
excitatory neurotransmitter receptors, increased spontaneous electrical activity, and associated
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increased oxidative metabolism. In postnatal rats, the increased susceptibility to hypoxia-
ischemia seen at postnatal day 7 corresponds to an increased susceptibility to excitotoxic injury
by N-methyl-D-aspartate (NMDA) (McDonald et al., 1988; Ikonomidou et al., 1989).

Excitotoxic injury is largely dependent on stimulation of nitric oxide synthase (NOS) in
neurons. Expression of NOS is developmentally regulated differentially among regions. In
fetal sheep with 145 days of gestation, expression of NOS in the neuropil of the cortical plate
reaches a peak at 71 days, whereas neuronal somatodendritic expression progressively
increases between 71 and 110 days (Northington et al., 1996). This change in cortical cell
localization corresponded with fourfold increase in NOS catalytic activity and threefold
increase in cerebral blood flow (CBF) and cerebral O2 consumption between 92 days and 135
days (Northington et al., 1997). Co-localization of NOS in postsynaptic density proteins is
important for activation by localized calcium influx through NMDA-receptor channels. Thus,
the temporal localization of NOS parallels vulnerability to hypoxic-ischemic cortical injury in
fetal sheep.

Coupling of cerebral vasodilation to activation of NMDA receptors is dependent on nitric oxide
(NO) production (Faraci and Breese, 1993; Pelligrino et al., 1996). Cerebrovascular coupling
dependent on NO has also been demonstrated in immature animals such as newborn piglets
(Meng et al., 1995) and lambs (Northington et al., 1995). However, maturation of this vascular
coupling mechanism has not been investigated during early development prenatally under
conditions of intrauterine fetal blood gases and blood pressure.

In addition to NMDA, cerebral vasodilation to hypercapnia can require the presence of NO.
However, in this case, NO is thought to act as a permissive enabler rather than a mediator of
vasodilation (Iadecola and Zhang, 1996). The magnitude of NO dependency of the vascular
reactivity to CO2 varies among adult species and appears to be greater in rat (Iadecola and
Zhang, 1994) and cat (Sandor et al., 1994) than in monkey (McPherson et al., 1995) and human
(White et al., 1998). In swine, NO assumes a greater role in juveniles than in newborns
(Zuckerman et al., 1996). Thus, species and developmental differences exist in the contribution
of NO to cerebrovascular reactivity. Whether developmental changes in the role of NO in
CO2 reactivity exist in species other than pig and whether these changes occur prenatally in a
species with precocious offspring are not known. Substantial cortical development occurs
prenatally in fetal sheep, which have been used extensively to study development of
cerebrovascular regulation. Baseline CBF increases threefold between 0.65 and 0.9 gestation
in fetal sheep to match robust increases in oxidative metabolism (Gleason et al., 1989).
However, the relative increase in CBF during hypercapnia is unchanged (Helou et al., 1991)
and is similar to that in newborns (Rosenberg et al., 1982).

Regulation of the cerebral vasodilatory responses to NMDA and CO2 is presumed to be
important in CBF regulation during perinatal hypoxia-ischemia, where NMDA receptors are
activated and where carbonic acidosis occurs. Thus, the role of NO in these vascular responses
during fetal development is of interest. We tested the hypotheses (1) that the percent increase
in cortical CBF during NMDA administration in fetal sheep at 0.9 gestaion is greater than at
0.65 gestation, (2) that the increase in cortical CBF evoked by NMDA is reduced by an NO
synthase inhibitor, and (3) that NO synthase inhibition reduces CBF during normocapnia and
hypercapnia but does not reduce the percent change in CBF during hypercapnia at either
gestational age.

2. Methods
All procedures were approved by the Johns Hopkins University Animal Care and Use
Committee and conformed to the National Institutes of Health Guidelines.
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2.1. NMDA experiment
To measure CBF responses to NMDA, NMDA was applied topically in a cranial window on
the fetal skull and the local perfusion was measured by laser-Doppler flowmetry (LDF) on the
cortical surface in nonsurvival experiments on 12 fetuses at 0.65 gestation and 8 fetuses at 0.9
gestation. Cranial windows have been used by others in fetal sheep to assess developmental
vasoreactivity in vivo (Kurth and Wagerle, 1992). LDF monitors red blood cell flux in
approximately 1 mm3 of underlying cortex. Use of LDF is well suited for capturing the CBF
time course and peak response, which can vary among animals. The ewe was anesthetized with
halothane and mechanically ventilated through a tracheostomy with halothane and
supplemental O2. End-tidal CO2 monitoring was used to adjust ventilation. The maternal
femoral vessels were catheterized for pressure monitoring and infusion of lactated Ringer
solution. Rectal temperature was maintained at 39.5 °C with a heating blanket. Through a
midline laparotomy, an incision was made in the uterus to expose the foreleg for catheterizing
the axillary artery. After inserting the foreleg back into the uterus, the head of the fetus was
exteriorized, wrapped in cellophane to reduce evaporative cooling, and supported in a molded
plaster cast connected to a metal frame to reduce head movement. The rest of the body of the
fetus remained in the uterus to minimize disturbance of the placental circulation. A closed
cranial window was constructed over the parietal cortex by cementing a 1-cm plastic ring
around a craniotomy and gently dissecting the dura. The window was filled with artificial
cerebrospinal fluid and closed by gluing a coverslip to the ring, which contained ports for
superfusing fluid and for measuring pressure and fluid temperature in the window. Fluid
temperature was maintained by external heating. The LDF probe was secured to the glass
coverslip, and a drop of mineral oil was used to provide optical continuity. The window was
covered to reduce background light scattering.

Artificial cerebrospinal fluid containing 300 μM NMDA was superfused through the cranial
window at a rate of 0.2 ml/min for 10 min. The percent change in LDF was measured at 1-min
intervals for 40 min. After 40 min of observation, the window was flushed with artificial
cerebrospinal fluid. The window was superfused with 1 mM of the NOS inhibitor Nω-nitro-L-
arginine (L-NNA) in artificial cerebrospinal fluid at a rate of 0.1 ml/min for 20 min and 0.05
ml/min for an additional 40 min. The total 60-min duration of L-NNA superfusion was based
on studies that showed more complete inhibition of NOS activity and vascular responses in
tissue underlying an LDF probe when 60 min rather than 30 min was allowed for tissue
penetration (Irikura et al., 1994). The LDF response to superfusion of NMDA + L-NNA was
then measured. Measurements of blood gases, hemoglobin concentration, and O2 saturation
were made on axillary arterial samples obtained at baseline and at 1 h of L-NNA superfusion
(before starting each NMDA superfusion). Arterial pressure was continuously monitored.

2.2. Hypercapnia experiment
To measure the CBF response to hypercapnia, the radioactive microsphere technique was used
in chronically catheterized fetuses of time-dated pregnant sheep at 0.65 gestation (92–94 days;
n = 6) and 0.9 gestation (132–135 days; n = 7), as previously described (Harris et al., 2001;
Harris et al., 1989). Because the CBF response to hypercapnia is more stable than the transient
response to NMDA, microspheres injected at a single time point can be used to obtain regional
CBF measurements during steady state hypercapnia. The sheep were anesthetized with
halothane, intubated, and mechanically ventilated with 1.5% halothane, 30% N2O, and balance
O2. Under aseptic conditions, the uterus was exposed through a midline abdominal incision.
Through a single incision in the uterus, catheters were placed into the fetal axillary arteries,
pedal vein, and sagittal sinus. Incisions were closed with suture, and the catheters were
exteriorized to the flank of the ewe. Antibiotic administration included 1,200,000 U of procaine
penicillin, i.m., and 500 mg of ampicillin into the amniotic fluid.
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Regional CBF was measured by injection of 1–1.5 million microspheres into the inferior vena
cava (Harris et al., 2001). The microspheres had a nominal diameter of 15 μm and were labeled
with either 153Gd, 114mIn, 113Sn, 103Ru, 95Nb, or 46Sc. An arterial blood reference sample was
obtained by withdrawal of blood from the axillary artery at a rate of 1.17 ml/min in 93-day
fetuses and 2.55 ml/min in 133-day fetuses starting 0.5 min before the microsphere injection
and ending 1 min after the end of the injection. The brain was sectioned into cerebrum (cortical
grey plus white matter), diencephalon, brainstem, and cerebellum. Cervical spinal cord samples
were also obtained. Tissue and blood samples were counted for radioactivity, with correction
for spectral overlap of isotopes. Blood flow was calculated as the product of microsphere counts
in the tissue and the arterial blood reference withdrawal rate divided by microsphere counts in
the arterial reference sample (Harris et al., 1989). Cerebrovascular resistance (CVR) was
calculated using the difference between arterial and sagittal sinus pressure as cerebral perfusion
pressure.

Fetal blood that was withdrawn during the microsphere injections and sampling for blood gas
determination was replaced with blood having a similar O2 affinity. On the day of the
experiment (two days after surgery), blood was withdrawn from the ewe. The maternal blood
with low O2 affinity was exchange-transfused with the fetus 1 h before the start of the
experiment. The blood withdrawn from the fetus during the exchange transfusion had a high
O2 affinity and was later transfused back to the fetus to replace blood withdrawn during the
experiment.

Baseline measurements were made of fetal arterial blood pressure, pH, pCO2, pO2,
hemoglobin, O2 saturation, O2 content, and CBF. Sagittal sinus O2 content was also measured
to permit the calculation of cerebral O2 consumption (Harris et al., 2001). Hypercapnia was
induced by increasing the CO2 in a gas mixture flowing through a plastic bag that was secured
over the head of the ewe, which was standing in a cart. Measurements were made at 8–10 min
of hypercapnia. After return to normocapnia, the NOS inhibitor Nω-nitro-L-arginine methyl
ester (L-NAME) was infused intravenously into the fetus at a nominal dose of 60 mg/kg based
on an estimate of the weight of the fetus during surgery. This dose was previously shown to
inhibit brain NOS activity by 82% at 92 days and by 89% at 135 days of gestation (Northington
et al., 1997). After 30 min, a third set of measurements was made. Hypercapnia was then
repeated and a fourth set of measurements was obtained.

2.3. Statistical analysis
The percent change in LDF after topical application of NMDA was compared over time
between groups by two-way repeated measures analysis of variance (ANOVA). The maximum
percent change in the response was compared between age groups by unpaired t-test. The effect
of L-NNA on the maximum LDF response and other physiologic parameters was compared
with and without L-NNA by unpaired t-tests. Reactivity to CO2 was calculated as the percent
change in CBF or CVR divided by the change in arterial pCO2. Reactivity was compared before
and after L-NAME administration by paired t-tests. Other measurements in the hypercapnia
experiment were compared by two-way repeated measures ANOVA, where L-NAME was one
factor and CO2 was a second factor. If one of these factors had a significant overall effect or
a significant interaction with the other factor, contrasts were performed by paired t-tests with
the false-discovery-rate procedure for multiple comparisons (Curran-Everett, 2000). Data are
presented as mean ± S.E. with p < 0.05 considered significant.
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3. Results
3.1. Responses to NMDA

During 10 min of superfusion of 300 μM NMDA in fetal cranial windows, LDF gradually
increased and remained elevated before gradually decreasing at 25–40 min (Fig. 1A). Two-
way ANOVA indicated a significant effect of time and of L-NNA treatment in each age group.
When the percent responses were averaged at individual time-points, the increase in LDF was
blocked at 0.65 gestation (Fig. 1B) and markedly blunted at 0.9 gestation (Fig. 1C).

The maximum change in LDF at any particular time point was used for individual group
comparisons. The maximum response to NMDA was significantly greater in the 0.9-gestation
group than in the 0.65-gestation group (Fig. 2). Treatment with L-NNA significantly attenuated
the maximum increase in each age group.

After the 40-min observation period for the NMDA response and the subsequent 60-min period
of L-NNA superfusion, fetal arterial O2 content decreased moderately as a result of decreased
O2 saturation without a change in hemoglobin concentration (Table 1). This decrease in fetal
O2 saturation was assumed to be due to effects of surgery and prolonged anesthesia on the
placental circulation. Other physiologic variables such as mean arterial blood pressure and
arterial pCO2 were unchanged for the NMDA exposure after L-NNA administration.

3.2. Hypercapnic reactivity
Baseline CBF in cerebrum of fetal sheep at 0.9 gestation was threefold that at 0.65 gestation.
Increasing fetal arterial pCO2 by approximately 20–25 mm Hg increased CBF in both age
groups (Fig. 3). Two-way ANOVA indicated a significant overall effect of L-NAME
administration and an overall effect of pCO2 in both groups. After administration of L-NAME,
CBF during normocapnia decreased by 28 ± 7% at 0.65 gestation and by 25 ± 6% at 0.9
gestation. Subsequent hypercapnia increased CBF in both groups from normocapnic levels.
The level of CBF during hypercapnia after L-NAME administration was less than the level
during hypercapnia before L-NAME administration. Thus, L-NAME shifted CBF in cerebrum
downward during both normocapnia and hypercapnia.

An increase in fetal arterial pO2 during hypercapnia prevented a decrease in arterial O2
saturation or O2 content as a result of the Bohr effect induced by hypercapnia (Table 2).
Hemoglobin concentration was elevated after L-NAME administration in both groups, possibly
as a result of splenic contracture. Hemoglobin concentration did not change during
hypercapnia. Arterial O2 content was statistically increased after L-NAME administration only
in the case of hypercapnia in the 0.9-gestation group. Cerebral O2 consumption was not
significantly changed by L-NAME administration or by hypercapnia. Mean arterial blood
pressure increased after L-NAME administration in both age groups, but only minor changes
occurred with induction of hypercapnia. Calculation of CVR in cerebrum indicated significant
increases after L-NAME administration (Fig. 4). Decreases in CVR occurred during
hypercapnia both before and after L-NAME administration in both groups. As with CBF, two-
way ANOVA on CVR data indicated significant overall effects of L-NAME administration
and of CO2 level.

Because of the shift in baseline CBF and CVR in cerebrum after L-NAME administration, the
lower CBF during hypercapnia after L-NAME administration could be attributed to a change
in the normocapnic baseline rather than a change in CO2 reactivity. Moreover, the change in
arterial pCO2 during hypercapnia after L-NAME administration could not be precisely
matched to that before L-NAME administration. The relationship of CBF to arterial pCO2 is
approximately linear over a range of 30–80 mmHg (Reivich, 1964; Rosenberg et al., 1982).
Therefore, the slopes of the percent responses to CO2 alterations were analyzed as a measure
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of CO2 reactivity. The percent change in CBF per change in pCO2 during hypercapnia after
L-NAME was not different from the percent change before L-NAME at either 0.65 or 0.9
gestation (Fig. 5). Likewise, the percent change in CVR per change in pCO2 during hypercapnia
after L-NAME was not different from the percent change before L-NAME. Moreover,
hypercapnic reactivity of the CBF and CVR in cerebrum was similar at 0.65 and 0.9 gestation.

In addition to cerebrum, analysis of blood flow in cervical spinal cord, cerebellum, brainstem,
and diencephalon indicated overall effects of L-NAME and CO2. Two-way ANOVA on
percent reactivity of CBF to hypercapnia indicated an overall effect of brain region in each age
group but no overall effect of L-NAME administration and no interaction of L-NAME with
brain region. Thus, administration of L-NAME did not have a consistent effect on CO2
reactivity in any region at either 0.65 or 0.9 gestation (Fig. 6). However, calculated reactivity
was somewhat more variable in subcortical regions among fetuses than in cerebrum.

4. Discussion
The major findings of this study are (1) that neurovascular coupling to activation of NMDA
receptors in neocortex increases during the last trimester in fetal sheep, (2) that NO contributes
to this neurovascular coupling as early as 0.65 gestation, and (3) that NO contributes to basal
blood flow but is not required for cerebrovascular reactivity to hypercapnia at either 0.65 or
0.9 gestation. Therefore, developmental increases in the role of NO in neurovascular regulation
are specific for NMDA-receptor activation.

4.1. NMDA response
The maturation in neurovascular coupling in neocortex corresponds to enrichment of cortical
synaptic connections and various glutamate receptors (Furuta and Martin, 1999), a threefold
increase in cerebral O2 consumption (Gleason et al., 1989), and a fourfold increase in cortical
NOS catalytic activity (Northington et al., 1997). Coupling of Ca2+ currents by NMDA
receptors to NOS activity normally requires anchoring by PSD95 (Christopherson et al.,
1999). While NOS is present in neurons in the cortical plate at 0.65 gestation, subcellular
localization in synaptic processes coincident with NMDA receptors is presumably critical for
evoking an increase in NO sufficient for relaxing smooth muscle. In contrast, endothelial NOS
is already present in vessels at 0.4 gestation (Northington et al., 1996). Decreases in baseline
CBF with systemic L-NAME administration at 0.65 gestation indicate that vascular smooth
muscle is already responsive to tonic NO production derived from endothelium and/or neurons.
Therefore, increases in the blood flow response to NMDA between 0.65 and 0.9 gestation are
likely to be related to maturation of the synaptic molecular machinery that links NMDA
receptors with NOS, rather than to an inability of the vascular smooth muscle to respond to
NO.

The increase in CBF in response to hypoxia is greater at 0.9 gestation than at 0.65 gestation
(Harris et al., 2001). In this case, however, the percent change in CBF was not diminished by
L-NAME. In contrast, the CBF response to NMDA was reduced by NOS inhibition at both
gestational ages. Thus, vascular responses to both NO-dependent and NO-independent stimuli
change during this developmental period.

In newborn lambs NMDA increased CBF, and the response was inhibited by 1 mM of the
methyl ester form of L-NNA (Northington et al., 1995). Although perfusion of microdialysis
probes in cerebral cortex with the 1-mM concentration almost completely suppressed basal
NOS catalytic activity in vivo, a small increase in NOS activity and CBF persisted when NMDA
was added to the dialysis perfusion. Thus, the 1-mM dose of L-NNA used in the present study
may not have completely blocked NOS activity when NMDA was superfused, and incomplete
inhibition may have accounted for the residual LDF response to NMDA seen in the 0.9-
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gestation group. Alternatively, other mediators may make a small contribution to the vascular
response to NMDA by 0.9 gestation. For example, pial arteriolar dilation to NMDA is
dependent on both NO (Meng et al., 1995) and on carbon monoxide derived from heme
oxygenase activity in piglets (Robinson et al., 2002). Carbon monoxide and NO signaling can
interact in a complex manner in piglet pial arteries (Leffler et al., 2005b,a). Upregulation of
heme oxygenase function may be important in protecting the brain from oxidative stress at
birth. Thus, carbon monoxide or other mediators might also contribute to the residual LDF
response to NMDA in near-term fetal sheep.

Sheep were anesthetized with halothane in this experiment. Halothane and other inhalational
anesthetics are capable of decreasing NMDA receptor-mediated currents (Criswell et al.,
2004) by an interaction with transmembrane segment 3 of NR1 (Ogata et al., 2006) and lead
to an attenuation of evoked increases in cGMP (Zuo et al., 1999). An underlying assumption
in the present study is that halothane’s suppressive effect on NMDA currents was equivalent
in the two gestational age groups of fetuses.

4.2. Hypercapnic response
In agreement with previous work (Harris et al., 2001), administration of L-NAME increased
fetal arterial pressure at both ages. The increase in arterial pressure at 0.9 gestation was
attributed to increases in vascular resistance throughout the major fetal organs and placenta
(Harris et al., 2001). In the present study, administration of L-NAME increased CVR
proportionately more than it increased arterial pressure, and it resulted in a decrease in CBF.
Nevertheless, hypercapnic reactivity, whether based on the percent change in CBF or the
percent change in CVR from the post-L-NAME baseline, was unchanged from the control
hypercapnic reactivity. Other physiologic variables did not provide an explanation for the
maintained hypercapnic reactivity after L-NAME administration. Oxidative metabolism was
not significantly altered by L-NAME or hypercapnia. Arterial O2 content increased
approximately 10% during hypercapnia after L-NAME administration in the 0.9-gestation
group, but this increase would have acted to suppress hypercapnic reactivity rather than to
maintain it (Massik et al., 1989). Thus, the effect of the systemically administered NOS
inhibitor was to shift CBF and CVR during both normocapnia and hypercapnia but not to
change the relative response to a hypercapnic challenge.

Inhibition of NOS decreases cerebrovascular CO2 reactivity in adult rat and cat (Iadecola and
Zhang, 1994; Sandor et al., 1994). In monkeys, the decrease in CO2 reactivity after NOS
inhibition was modest and selective for cortex (McPherson et al., 1995). In humans, the role
of NO in CO2 reactivity is uncertain (White et al., 1998). Thus, the role of NO in CO2 reactivity
appears to vary among species. In swine, the role of NO varies with development. Pial arteriolar
reactivity to CO2 was not reduced by NOS inhibition in newborn pigs, whereas reactivity
became impaired after NOS inhibition in juvenile pigs (Zuckerman et al., 1996; Willis and
Leffler, 1999). Cerebrovascular reactivity to CO2 is primarily dependent on changes in
extracellular pH (Kontos et al., 1977; Koehler and Traystman, 1982). In adult rats, the role of
NO/cGMP is one of a permissive enabler rather than a mediator (Iadecola and Zhang, 1996;
Okamoto et al., 1997), whereas in piglets, prostacyclin/cAMP serves the role of permissive
enabler to hypercapnic dilation (Leffler et al., 1994). Results in the present study that showed
no effect on the CBF and CVR percent reactivity by L-NAME in either age group of fetuses
are consistent with the findings in piglet pial arteries. Thus, data from both sheep and pig
indicate that any contribution of NO to CO2 reactivity occurs relatively late in development.
Furthermore, L-NAME did not reduce CO2 reactivity at 0.9 gestation in subcortical regions
where neural maturation generally precedes neocortex and where CO2 reactivity was somewhat
greater than in neocortex. Moreover, CO2 reactivity in newborn lambs is similar to that in 0.9-
gestation fetuses when normalized for postnatal increases in cerebral O2 consumption
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(Rosenberg et al., 1982). Interestingly, further increases in CO2 reactivity were detected
between the newborn lambs and adult sheep (Rosenberg et al., 1982). Perhaps postnatal
maturation of an NO-dependent vascular mechanism permits additional vasodilation to
hypercapnia in adults.

Although absolute CBF increases threefold during the last trimester in fetal sheep, the relative
increase in CBF during hypercapnia is similar over this period (Helou et al., 1991). The present
work, which showed similar CBF and CVR reactivity to the change in arterial pCO2 on a
percentage basis under control conditions at 0.65 and 0.9 gestation, confirms this finding. Other
cerebrovascular responses, such as the pial arteriolar dilatory responses to acetylcholine
(Wagerle et al., 1992) and adenosine analogs (Kurth and Wagerle, 1992), are also similar at
these two gestational ages. Fetuses at 0.65 gestation also exhibit a modest intrinsic ability to
autoregulate CBF to decreases in perfusion pressure, but the range of autoregulation is limited
(Helou et al., 1994). Thus, some vascular responses, such as autoregulation, hypoxic
vasodilation and neurovascular coupling to NMDA, continue to develop between 0.65 and 0.9
gestation, whereas vascular responsivity to CO2, acetylcholine, and adenosine remain
unchanged during this period. Taken together with previous work, the present results support
the view that selected aspects of cerebrovascular reactivity mature over different time courses
in prenatal development rather than in concert.
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Fig. 1.
Cortical perfusion measured by laser-Doppler flowmetry and expressed as a percent of baseline
values (± S.E.) during and after 10 min of superfusion of a closed cranial window with 300
μM NMDA in fetal sheep at 0.65 (n = 12) and 0.9 (n = 8) gestation (A). The time course of the
control response to NMDA is compared with the response to NMDA after superfusion of 1
mM L-NNA in fetal sheep at 0.65 (B) and 0.9 (C) gestation. ANOVA indicated an overall
effect of L-NNA treatment on the flow response in both age groups.
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Fig. 2.
Maximum increase in laser-Doppler flow response (± S.E.) to NMDA over the 40-min
observation period before and after L-NNA superfusion over cerebral cortex of fetal sheep at
0.65 and 0.9 gestation. *p < 0.05 from pre-L-NNA response; +p < 0.05 between pre-L-NNA
responses of 0.65- and 0.9-gestation groups.
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Fig. 3.
Cerebral blood flow (± S.E.) measured by radiolabeled microspheres in cerebrum vs. arterial
pCO2 (PaCO2) before and after systemic administration of L-NAME in fetal sheep at 0.65
gestation (A, n = 6) and at 0.9 gestation (B, n = 7). *p < 0.05 from normocapnic blood flow.
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Fig. 4.
Cerebrovascular resistance in cerebrum (± S.E.) vs. arterial pCO2 (PaCO2) before and after
systemic administration of L-NAME in fetal sheep at 0.65 gestation (A, n = 6) and at 0.9
gestation (B, n = 7). *p < 0.05 from normocapnic value.
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Fig. 5.
Cerebral blood flow (CBF) reactivity in cerebrum (A) and cerebrovascular resistance (CVR)
reactivity in cerebrum (B) to hypercapnia, expressed as a percent change per mmHg increase
in arterial pCO2 (± S.E.) before and after systemic administration of L-NAME in fetal sheep
at 0.65 and 0.9 gestation. L-NAME had no significant effect on reactivity.
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Fig. 6.
Regional blood flow (CBF) reactivity to hypercapnia, expressed as a percent change per mmHg
increase in arterial pCO2 (± S.E.), in cervical spinal cord (A), brainstem (B), cerebellum (C),
and diencephalon (D) before and after systemic administration of L-NAME in fetal sheep at
0.65 and 0.9 gestation. L-NAME had no overall significant effect on regional flow reactivity.
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Table 1
Physiologic variables in NMDA experiments

0.65 Gestation 0.9 Gestation

MABP (mmHg) Control 36 ± 1 44 ± 1
L-NNA 34 ± 1 42 ± 1

PaCO2 (mmHg) Control 45 ± 1 46 ± 2
L-NNA 51 ± 2 49 ± 3

Hemoglobin (g/dl) Control 12.8 ± 0.4 15.6 ± 0.8
L-NNA 12.7 ± 0.4 15.3 ± 0.5

O2 Saturation (%) Control 69 ± 4 62 ± 2
L-NNA 49 ± 4* 46 ± 4*

Arterial O2 content (ml O2/dl) Control 11.9 ± 0.6 13.2 ± 0.6
L-NNA 8.6 ± 0.5* 9.7 ± 0.8*

Values are means ± S.E. MABP, mean arterial blood pressure; PaCO2, arterial pCO2.

*
p < 0.05 from control.
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