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ABSTRACT. Chronically catheterized fetal lambs (n =
11, gestational age 111-139 days) and neonatal lambs (n
= 20, postnatal age 4-30 days) were studied to explore
during development the relationship of renal hemodynamic
responses during hypoxemia to plasma epinephrine con-
centration (E), plasma norepinephrine concentration (NE),
plasma arginine vasopressin concentration (AVP), and
plasma renin activity (PRA). A low oxygen gas mixture
(11.1 % 0.1% O;) was administered for 30 min to the
pregnant ewe or neonatal lamb to induce hypoxemia with
maintenance of normal arterial pCO, and pH. Arterial
blood pressure was recorded continuously and renal blood
flow (RBF) was determined by the radiolabeled micro-
sphere technique. Moderate hypoxemia (pO, 16 % 2 torr
and 33 % 6 torr in fetus and neonate, respectively) induced
increases in E, NE (measured by radioenzymatic assay),
and AVP (measured by radioimmunoassay) in both fetus
and neonate. PRA (measured by radiocimmunoassay) also
increased in response to hypoxemia in neonatal lambs. The
change in mean arterial pressure with hypoxemia (AMAP)
was significant in fetuses (AMAP 8 * 14%, p < 0.05) but
not in lambs (AMAP 1 % 10%, p > 0.5). Similarly, the
change in renal blood flow with hypoxemia (ARBF) was
significant (ARBF =51 * 24%, p < 0.001) in fetuses but
not in neonatal lambs (ARBF —9 * 38%, p > 0.1). These
results reflected a change in renal vascular resistance with
hypoxemia (ARVR) that was significant in fetal lambs
(ARVR 169 * 168%, p < 0.01) but not in neonatal lambs
(ARVR 51 * 180%, p > 0.2). The relationships of these
renal hemodynamic responses to the measured vasoactive
substances, and the influence of their interactions to pro-
duce these responses, were assessed by response surface
regression analysis. The response surface regression model
of responses to hypoxemia of E (AE), NE (ANE), AVP
(AAVP), and PRA (APRA) to AMAP and ARVR over the
entire development period fit the data well (adjusted R*
0.8427 and 0.8274, respectively). AE was the most predic-
tive of the components for both AMAP and ARVR (F ratio
7.89 and 7.25, respectively). Contour plots of the interac-
tion of AE with postconceptional age and ANE demon-
strated considerable age dependence of the relationship of
AE and ANE to AMAP and ARVR during development.
The results are consistent with the hypothesis that asyn-
chronous maturation of vascular g-adrenergic (vasodila-
tory) and «-adrenergic (vasoconstrictor) effector mecha-
nisms occurs throughout the fetal/neonatal period. (Pediatr
Res 23: 155-162, 1988)
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Abbreviations

E, plasma epinephrine concentration

NE, plasma norepinephrine concentration
AVP, plasma arginine vasopressin concentration
PRA, plasma renin activity

MAP, mean arterial pressure

RBF, renal blood flow

RVR, renal vascular resistance

AE, change in E with hypoxemia

ANE, change in NE with hypoxemia
AAVP, change in AVP with hypoxemia
APRA, change in PRA with hypoxemia
AMAP, change in MAP with hypoxemia
ARBF, change in RBF with hypoxemia
ARYVR, change in RVR with hypoxemia

Perinatal hypoxemia continues to be a major problem encoun-
tered in obstetric/neonatology practice (1). Major hemodynamic
adjustments occur in response to perinatal asphyxia or hypox-
emia, including response of RBF and RVR (2-9). Numerous
circulating vasoactive mediators appear in increased concentra-
tion in blood in response to perinatal hypoxemia, including E
(10-16), NE (10-16), AVP (9, 12, 15-20), and PRA (9, 12, 15,
21). Furthermore, previous work has demonstrated hemody-
namic and renal responses to hypoxemia that appear to be
developmental age dependent (9, 22, 23).

The roles of circulating mediators in fetal/neonatal responses
to hypoxemia remain unclear. The mechanism(s) of responses
to hypoxemia, as studied in adult animals, appears to be complex,
involving systemic sympathetic reflexes and local vascular ac-
tions as well as responses to circulating vasoactive mediators (18,
24-26). Due to the complex nature of this condition, the role of
individual circulating mediators is not likely to be substantiated
by study of isolated infusions of these mediators or specific
inhibitors. Therefore, the relationships of circulating vasoactive
mediators to the systemic arterial pressure and renovascular
responses to hypoxemia in the developing lamb were examined
by the technique of response surface regression analysis that
allows examination of interactions among variables as well as
quantitation of their main effects (26, 27). The responses of E,
NE, AVP, and PRA were measured in hypoxemic, chronically
catheterized fetal and neonatal lambs and analyzed in terms of
their relationship to responses of MAP, RBF, and RVR during
development.

METHODS

Mixed-breed Dorset Suffolk lambs and pregnant ewes were
obtained from a local source. Gestational age of fetuses was based
on the induced ovulation technique (28).
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Surgical procedures. Pregnant ewes were fasted for 48 h prior
to surgery. Induction of anesthesia of the ewe and fetal surgical
procedures were performed as described previously (12, 29-31).
Anesthesia and surgical procedures in neonatal lambs were also
performed as described previously (9, 15). Briefly, in the fetus,
catheters were placed in one femoral artery and a femoral vein
with catheter tips located in the distal abdominal aorta and
inferior vena cava, respectively. An additional catheter was
placed in the amniotic cavity for recording of intrauterine pres-
sure. In the neonate, chronic catheters were placed in both
femoral arteries and a femoral vein. Catheter tips were located
in the left ventricular cardiac chamber, distal abdominal aorta,
and distal vena cava, respectively. Recovery from surgical pro-
cedures of 6 days for fetal lambs and 3 days for neonatal lambs
was provided prior to performance of the experimental protocol.

Experimental protocol. Fetal lambs (n = 11) of 111-139 days
(mean 125 + 12 days) gestational age (term 145 days) and
neonatal lambs (n# = 20) 4-30 days (mean 9 =+ 6 days) postnatal
age were studied. Each experimental animal was studied only
once. These chronically catheterized animals were studied while
in a standing posture in a canvas harness (lambs) or a small cart
(ewes with in utero fetus). Arterial blood pressure was recorded
continuously on a Beckman R611 dynograph by means of a
pressure transducer (Statham) connected to the femoral arterial
catheter with its tip in the distal abdominal aorta. Arterial blood
samples were collected for determinations of pH, pCO,, pO,, E,
NE, AVP, and PRA. Withdrawn blood was immediately replaced
by maternal blood in fetal experiments or plasma protein fraction
(Plasmanate, Cutter Laboratories) in neonatal experiments. Sub-
sequently, microspheres (15 £ 3 um diameter, 3M Company)
labeled with a single radioactive isotope (**'Ce, *°Sr, “Sc, or
*Nb) were suspended in 3 ml of 0.9% saline solution and agitated
thoroughly. In fetal experiments approximately 4.0 X 10® micro-
spheres were injected into the fetal femoral vein catheter over a
30-s period. In neonatal experiments approximately 1.5 x 10°
microspheres were injected into the left ventricular catheter over
a 30-s period. In all experiments the microspheres injection was
followed by a 3-ml bolus flush of 0.9% saline solution. An
independent lower body reference sample was obtained by with-
drawal of blood (Harvard infusion/withdrawal pump) through a
femoral arterial catheter at a rate of 2.91 ml/min (fetuses) or
1.94 ml/min (neonates) for a period of 3 min starting approxi-
mately 20 s before the microspheres injection (32).

After the microspheres injection, systemic hypoxemia was
produced by directing an 11.1 + 0.01% oxygen in nitrogen gas
mixture (Air Products Co.) into a clear plastic bag that was
placed over the head of the ewe or neonatal lamb, as described
previously (9, 12, 15). During the first few minutes of adminis-
tration of the oxygen deficient inhaled gas mixture, the gas
mixture flow rate was adjusted according to the blood gas meas-
urements in order to maintain pH and pCO, values within the
normal range. Thirty min after initiation of the hypoxic gas
mixture administration, arterial blood was sampled for pH,
pCO,, pO,, E, NE, AVP, and PRA. A second injection of
radioactive microspheres labeled with a different isotope was
then performed as previously described. The fetus or neonate
was subsequently killed by bolus intravenous administration of
a lethal dose of sodium pentobarbital (Somlethal, Med-Tech,
Inc.). The kidneys were immediately harvested, weighed, cut into
sagittal sections of approximately 1 g, and placed in counting
vials.

Analytical procedures. Arterial blood pH, pQO,, and pCO, were
determined by a Radiometer pH/blood gas analyzer. Radiola-
beled microsphere (¥*Sr, '*'Ce, “Sc, *Nb) content of blood and
tissue was determined by counting in a y-spectrometer (Beckman
300) with isotope separation by standard methods (33). Samples
of blood for determination of PRA were collected in chilled tubes
containing EDTA, placed on ice, and centrifuged at 4° C within
20 min. Plasma renin activity was determined by radioimmuno-
assay using the method of Haber ef al. (34) as modified by Oparil
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(35). Plasma vasopressin was extracted using the bentonite ex-
traction and measured by radioimmunoassay procedures of
Skowsky et al. (36). Vasopressin assays were performed in the
Core Laboratory of the University of Iowa Cardiovascular Cen-
ter. Arterial blood epinephrine and norepinephrine content were
determined by radioenzymatic assay (Cat-a-Kit, Upjohn Co.) as
described by Peuler and Johnson (37).

Calculations and data analysis. RBF was determined accord-
ing to the formula: RBF (ml/min) = total kidney radioactivity
(counts/min) X reference flow rate from the femoral artery (ml/
min) + total radioactivity of reference blood sample in counts/
min. RVR was calculated according to the formula: RVR (mm
Hg/ml/min) = mean arterial pressure (mm Hg) + RBF (ml/
min). Comparisons of values among the age groups were per-
formed by analysis of variance (38). Response surface regression
analysis was used to characterize the relationship of dependent
and independent variables. Two animals had missing data so
that 29 animals contributed to the response surface regression
analysis. AMAP, ARBF, and ARVR were regressed on changes
in arterial AE, ANE, AAVP and APRA. The response surface of
AMAP, ARBF, or ARVR was individually plotted with respect
to two of the independent variables, and factored according to
postconceptional age. For the individual analyses, the remaining
independent variables were controlled by mathematically placing
them at zero change (26). A p value of less than 0.05 was required
for a difference to be declared significant.

RESULTS

Arterial blood values. Fetal and neonatal lambs developed
significant hypoxemia without significant changes in arterial pH
(Table 1) when hypoxic gas mixture was administered to the
maternal ewe or neonatal lamb, respectively. Although arterial
pCO; decreased significantly in response to hypoxemia in fetal
lambs, the change was very small. Significant.increases in arterial
NE (from 0.438 + 0.237 to 2.54 + 1.87 ng/ml, p < 0.01), E
(from 0.017 = 0.014 to 1.02 + 1.80 ng/ml, p < 0.01), and AVP
(from 2.43 + 1.08 to 50.70 £ 56.70 pU/ml, p < 0.01) occurred
in response to hypoxemia in fetal lambs. Arterial PRA did not
change significantly (from 7.30 + 11.20 to 9.74 + 17.50 ng/ml.
min, p > 0.2) in response to hypoxemia in fetal lambs. This
small change in PRA in fetal lambs in response to hypoxemia
(APRA) is due primarily to the very small response in the very
young (<120 day) fetuses (APRA 0.13 + 0.98 ng/ml-min) as
opposed to the older (>130 day) fetuses (APRA 4.5 + 9.3 ng/
ml-min). Similarly, significant increases in NE (from 0.428 +
0.265t0 3.63 = 7.15 ng/ml, p < 0.01), E (from 0.126 + 0.108 to
2.99 = 10.40 ng/ml, p < 0.01), and AVP (from 3.75 + 5.48 to
25.60 = 43.20 pU/ml, p < 0.01) in response to hypoxemia were
seen in neonatal lambs. In contrast to the response in the fetus,
PRA increased significantly (from 13.10 = 10.20 to 23.70 %
23.90 ng/ml-min, p < 0.01) in response to hypoxemia in neo-

‘natal lambs. Changes in NE (ANE), E (AE), AVP (AAVP), and

PRA (APRA) in response to hypoxemia in fetal and neonatal
lambs are presented in Figure 1. There were no significant
differences (p > 0.5) between fetal and neonatal lambs. AAVP,
on the other hand, was significantly smaller and APRA was
significantly greater in neonatal lambs.

Renal hemodynamics. Arterial Blood Pressure. MAP increased
slightly, but significantly, in response to hypoxemia in fetal lambs
(from 46 + 5 to 50 = 11 mm Hg, p < 0.05) (Fig. 2). MAP was
unchanged in response to hypoxemia in neonatal lambs (from
78 £ 10 to 79 + 13 mm Hg, p > 0.5) (Fig. 2). To illustrate the
distribution of the animals in terms of postconceptional age and
their respective change in MAP with hypoxemia (AMAP), AMAP
versus postconceptional age is plotted in Figure 3. To determine
the relationship of MAP responses to responses of E, NE, AVP,
and PRA during hypoxemia, and the interactions of these vari-
ables in producing the MAP response, response surface regression
analysis was performed. AMAP was regressed on postconcep-
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tional age, ANE, AE, AAVP, and APRA (Table 2). This model
was shown to explain greater than 84% of the variability of the
data (adj. R? = 0.8427). Analysis of the contribution of each
variable individually to the overall AMAP effect demonstrates
that only the E component is significant (Table 2). The interre-
lationships of the variables were further analyzed and three-
dimensional contour plots of predicted AMAP against two of the
independent variables were performed in selected cases for illus-
trative purposes. In the analysis, independent variables not being
directly considered were controlled by setting them at zero
change. See Appendix for demonstration of mechanics of plotting
individual points on the three-dimensional response surface con-
tours.

Of the variables examined, the interaction of postconceptional
age with ANE (T ratio 2.95, p < 0.019), AE (T ratio —2.61, p <
0.032), AAVP (T ratio —2.53, p < 0.035), and APRA (T ratio
—2.55, p < 0.035), as factors in the mean arterial pressure
response to hypoxemia, were significant. The contour plot of
predicted AMAP in relation to ANE and postconceptional age is
shown in Figure 44. This plot demonstrates that a given ANE
during hypoxemia is associated with a falling predicted AMAP
during the early postconceptional (fetal) period until just prior
to birth (145 days postconceptional age). Thereafter, the same
ANE in the postnatal lamb is associated with a progressively
rising predicted AMAP as postnatal age increases. In contrast,
the contour plot of predicted AMAP in relation to AE and
postconceptional age by this analysis (Fig. 4B) demonstrates a
predicted AMAP pattern that is the reciprocal of the ANE-
postconceptional age pattern. A given AE during hypoxemia is
associated with a rising predicted AMAP during the early
postconceptional (fetal) period until just after birth. Thereafter,
the same AE in the postnatal lamb is associated with a progres-
sively falling predicted AMAP as postnatal age increases (Fig.
4B). For example, at AE of 1500 pg/ml, a response near the
average for lambs in these experiments, a rising AMAP is pre-
dicted until approximately the time of birth, after which a falling
AMAP is the predicted response. Because ANE and AE have
significant but opposing relationships with postconceptional age
in respect to AMAP, the interactions of the three independent
variables may be important in the overall AMAP response to
hypoxemia during development. Therefore, analysis of the inter-
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actions of AE, ANE, and postconceptional age with AMAP were
performed and the response surface plots for predicted AMAP
in relation to AE and ANE at representative developmental ages
are depicted in Figure 5. As shown in Figure 54, at a postcon-
ceptional age of 125 days (i.e., early in the 3rd trimester of fetal
development), lower values of ANE are associated with progres-
sively rising predicted AMAP as AE increases until a plateau is
reached at a AE of approximately 3000 pg/ml. Thereafter, further
rises in AE are associated with lesser rises in predicted AMAP.
At higher values of ANE at this developmental age, a similar
pattern is seen except that increasing AE is associated with a
lower maximum predicted AMAP response. Also, at levels of AE
beyond the maximum predicted AMAP response, the rise in
predicted AMAP with increasing AE gradually decreases until,
at very high levels of AE, predicted AMAP becomes increasingly
negative as AE increases.

The pattern of predicted AMAP response evolves to one at

A MAP A RBF A RVR
mmHg ml/min mmHg/min e ml
15 — 0 4 —
B Fetus,n = 11
O Neonate, n = 20
3 —
10 — -25 P~
2 -
5 -50 *
4
0] -75 — -4 [¢]

Fig. 2. AMAP, ARBF, and ARVR in response to hypoxemia in sheep
fetus and neonate. Values are mean + SD. * Value in neonate is signifi-
cantly different from fetus, p < 0.01.

Table 2. Relationship of change in MAP with hypoxemia to
measured variables by response surface regression analysis*

F
Table 1. Arterial blood pH and gas values (mean + SD) Factor df ratio D adj. R?
Fetal lambs (n = 11) Neonatal lambs (n = 20) Total regression 20 8.47 0.0021 0.8427
. - : B 3 Age 6 1.52 0.2852
Variable Baseline  Hypoxemia  Baseline  Hypoxemia ANE 6 261 0.1046
pO: (torr) 27+3 16 £ 2% 90 + 10 33+ 6* AE 6 7.89 0.0051
pH 7.38+0.03 7.38+0.03 7.40+0.09 7.39=x0.16 AAVP 6 2.15 0.1562
pCO, (torr) 42+ 3 38 £ 2% 34+4 33+7 APRA 6 3.05 0.0740

* Comparison of hypoxemia to baseline value is significant, p < 0.05.

AE A NE
ng/mi ng/mi
15 — 15 —
i @ Fetus,n= 11
T [0 Neonate, n = 20

10 |~ 10 |-
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Fig. 1. AE, ANE, AAVP, and APRA in response to hypoxemia in
significantly different from fetus, p < 0.02.

* All changes are in response to hypoxemia.

A AVP A PRA
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sheep fetus and neonate. Values are mean + SD. * Value in neonate is
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post-conceptional age given the ANE of 3000 pg/ml. b signifies a pre-
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identical ANE of 3000 pg/ml. See “Appendix” for mechanics of plotting
individual points on a three-dimensional response surface contour plot.
The arrow at postconceptional age 145 days signifies birth.
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Fig. 5. Contour plots of predicted AMAP in relation to ANE and AE,
at representative postconceptional ages. 4, 125 days postconceptional
age; B, 145 days postconceptional age; and C, 165 days postconceptional
age.

Table 3. Relationship of change in RBF with hypoxemia to
measured variables by response surface regression analysis*

F

Factor df ratio D Adj. R?
Total regression 20 1.24 0.3954 0.1462
Age 6 0.84 0.5712
ANE 6 0.58 0.7392
AE 6 1.01 0.4785
AAVP 6 0.93 0.5193
APRA 6 0.67 0.6761

* All changes are in response to hypoxemia.

birth (postconceptional age 145 days) where progressively greater
ANE values, irrespective of AE, are associated with progressively
greater predicted AMAP at a steeper incline relative to that seen
at 125 days postconceptional age (Fig. 5B). In addition, at
progressively increasing values of AE at a given ANE, predicted
AMAP rises less steeply than it does at 125 days postconceptional
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age, plateaus, and then is associated with a steeper descent as AE
increases further relative to that seen at 125-days postconcep-
tional age. This pattern continues to evolve until at postconcep-
tional age of 165 days (20-day-old neonatal lamb), the incline of
predicted AMAP with increasing ANE at a given AE is similar
to that at 145 days, but there is little or no rise of predicted
AMAP as AE increases. Rather, predicted AMAP progressively
falls with increasing AE at any given ANE, resulting in large
negative values of AMAP at high levels of AE at that postcon-
ceptional age (Fig. 5C). Thus, the contour appears to rotate on
its horizontal (Y) axis toward more negative responses of AMAP
as postconceptional age increases.

RBF. RBF decreased significantly in response to hypoxemia
in fetal lambs (from 43.0 = 13.6 to 20.2 £ 10.5 ml/min, p <
0.001). The ARBF in neonatal lambs (from 166 = 87 to 146 +
84 ml/min), however, was not significant (p > 0.1). ARBF in
fetal and neonatal lambs is depicted in Figure 2. There was no
significant difference (p > 0.1) of ARBF in comparisons of fetal
to neonatal lambs. The individual relationships of ARBF to age,
ANE, AE, AAVP, and APRA were examined by response surface
regression analysis (Table 3). None of the independent variables

Table 4. Relationship of change in RVR with hypoxemia to
measured variables by response surface regression analysis*

F

Factor daf ratio D Adj. R?
Total regression 20 7.71 0.0029 0.8274
Age 6 3.23 0.0644
ANE 6 6.20 0.0109
AE 6 7.35 0.0064
AAVP 6 3.02 0.0754
APRA 6 1.51 0.2865

* All changes are in response to hypoxemia.

ARVR (mmHg/min.ml)

ARVR (mmHg/min-ml)

y | 130
Post Conceptionaf age (days) e

Fig. 6. Contour plots of predicted change in ARVR in relation to
postconceptional age and 4 ANE or B AE. Arrow at postconceptional
age 145 days signifies birth.
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A. 125 Days

ARVR (mmHg/min-ml)

B. 145 Days

A RVR (mmHg/min-mi)

ARVR (mmHg/min .ml)

3000
ANE (pg/mj) 0

Fig. 7. Contour plots of predicted ARVR in relation to ANE and AE
at representative postconceptional ages. A, 125 days postconceptional
age; B, 145 days postconceptional age; and C, 165 days postconceptional
age.

measured bore a significant relationship to ARBF and the overall
model did not explain the variability well (adjusted R* = 0.1462).

RVR. RVR increased significantly in response to hypoxemia
in fetal lambs (from 1.105 = 0.290 to 3.000 = 1.870 mm Hg/
ml-min, p<0.01). RVR did not change significantly in response
to hypoxemia in neonatal lambs (from 0.589 + 0.281 to 0.910
+ 1.140 mm Hg/ml-min, p > 0.2). The change in RVR with
hypoxemia (AR VR) was significantly smaller in neonatal relative
to fetal lambs (Fig. 2). Analysis of the relationship of ARVR to
postnatal age, AE, ANE, AAVP, and APRA by response surface
regression analysis is summarized in Table 4. This model ex-
plained approximately 83% of the variability of the data (adj. R?
= (.8274). ANE and AE each contributed significantly to the
overall ARVR response, whereas the contribution of AAVP and
postconceptional age were of borderline significance (Table 4).
APRA appeared not to contribute significantly to the overall
ARVR effect.

To further analyze these relationships, the interrelationships
of two of the independent variables with ARVR were examined,
and selected three-dimensional contour plots were performed for



160

illustrative purposes, as in the AMAP analysis. Independent
variables not being directly considered were controlled by setting
them at zero change, as seen previously.

The only variables with significant interaction in the ARVR
response by this analysis were ANE versus postconceptional age
(T ratio =2.36, p < 0.046) and AE versus postconceptional age
(T ratio 2.87, p < 0.021). The contour plot of predicted ARVR
in relation to ANE and postconceptional age demonstrates that
any given ANE is associated with a rising predicted ARVR at
early postconceptional (fetal) age (Fig. 64). With increasing
postconceptional age a transitional point is encountered at just
after the time of birth (postconceptional age of 145 days), with a
given ANE now being associated with a declining predicted
ARVR as postconceptional-age increases. In contrast, the analysis
of the relation of ARVR to AE and postconceptional age (Fig.
6.B) showed that predicted ARVR is negative at all levels of AE
at each postconceptional age, but becomes decreasingly negative
with increasing postconceptional age. Thus, the independent
interactions of AE and ANE with postconceptional age in relation
to ARVR oppose one another when analyzed individually.

To further understand these relationships, further analysis of
the interaction of these three variables (i.e. ANE, AE, and po-
stconceptional age) in relation to ARVR was performed and
illustrative three-dimensional contour plots are presented (Fig.
7). At the earliest postconceptional ages (e.g. 125 days) a given
ANE is associated with rising predicted ARVR with increasing
AE at high values of ANE, but progressively decreasing ARVR
at low values of ANE as AE increases (Fig. 74). With increasing
postconceptional age {145 days (birth), Fig. 7B], all ARVR
responses are negative but the higher levels of ANE are again
associated with decreasingly negative ARVR as AE increases,
whereas lower values of ANE are associated with progressively
decreasing predicted ARVR as AE increases, but the slope of the
fall of predicted ARVR with decreasing AE at low levels of ANE
is more at 145 days postconceptional relative to 125 days
postconceptional age. By the time the oldest postconceptional
ages are reached (165 days postconceptional age, Fig. 7C), the
entire contour shifts downward on the ARVR scale, but the basic
contour pattern remains the same.

DISCUSSION

Hypoxemia is associated with adaptive circulatory responses
to maintain systemic oxygen delivery to vital organs (38). Many
of these responses vary according to developmental age (9, 22,
23). The role that circulating vasoactive mediators play in these
hemodynamic adaptations to hypoxemia are poorly understood.
The present study attempts to examine the relationships of
vasoactive mediators to the hemodynamic responses to hypox-
emia in the developing lamb by the technique of response surface
regression analysis (26). This analysis not oniy allows evaluation
of the relationship of individual vasoa. ..ve mediators with the
hemodynamic variable, but also analyzes simple interactions
between mediators in relation to the hemodynamic response.
The use of this technique allows the construction of a model for
these responses over the entire early development period of the
lamb. These mathematical constructs derive their usefulness by
demonstrating the trends of the relationships of the variables
with developmental age. One may note that the extremes of the
ranges of AMAP and ARVR reach physiologically impossible
values. This is due to attempts to control the independent
variables not being directly considered during the analysis by
arbitrarily placing them at zero instead of some unknown critical
value.

Herein, hypoxemia was associated with increased circulating
levels of E, NE, and AVP in both fetal and neonatal lambs, as
has been reported in previous studies (10, 11, 40). Of these
potential vasoactive mediators, the present study suggests E as
the main effector. In support of these findings, previous studies
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in adult experimental animals have noted strong correlations
between systemic hemodynamic changes and increased levels of
plasma catecholamines during hypoxemia and/or hypercapnia
(24, 41-43). Further evidence for an essential role of the adre-
nergic system in these responses in the fetus is provided by
Hyman et al. (44). Asphyxiation of anesthetized lamb fetuses by
cord occlusion was associated with hypertension and bradycardia
(44). After adrenergic blockade with phenoxybenzamine and
propranolol, asphyxia was associated with profound hypotension
and/or death. These results suggest that catecholamine release in
response to asphyxia may be important to sustain circulatory
homeostasis in the fetal lamb, as has been suggested for as-
phyxiated human newborn infants (16). Furthermore, a-adre-
nergic blockade in normoxemic (45-48) and hypoxemic (47, 49)
fetuses was associated with decreased blood pressure, whereas
chemical sympathectomy with 6-hydroxy-dopamine in chroni-
cally catheterized fetal lambs failed to block the elevation of
blood pressure in response to cord-compression-induced hypox-
emia (11). These findings suggest that circulating catecholamines
rather than sympathetic nerve terminals modulate this response
in the fetus.

In the current study, the predicted arterial pressure response
to a given E response (AE) during hypoxemia was age dependent.
Furthermore, NE and E responses appeared to have opposing
relationships with arterial pressure responses in the develop-
mental period studied. Age-dependent responses to catechol-
amines have been previously reported (48, 50, 51). For example,
arterial pressure responses to equivalent doses of tyramine, an
agent that liberates NE from labile pool in nerves and chromaffin
tissue, are progressively greater from fetal to neonatal to adult
sheep (50). Woods er al. (48) demonstrated that near-term fetal
lambs had significantly lower pressor response to a given dose of
NE and lesser hypotensive response to isoproterenol than neo-
natal lambs. In addition, E infusion elevated the blood pressure
at all doses in piglets less than 1 wk old, but lowered the blood
pressure in piglets older than 1 wk of age (51). Direct comparisons
of these studies with results of the current study are not possible
due to the complex nature of the responses to hypoxemia.
However, the age-dependent arterial pressure responses of piglets
to epinephrine infusion have a pattern which is similar to the
arterial pressure versus E versus postconceptional age response
to hypoxemia in lambs of the current study. Buckley et al. (51)
have speculated that the age-dependent arterial pressure response
to E infusion in piglets is due to age-related maturation of
vascular S-adrenergic (vasodilatory) mechanisms which is asyn-
chronous with vascular «-adrenergic (vasoconstrictor) effector
mechanism maturation. Data from the current study are com-
patible with such a hypothesis.

Renal vascular resistance responses to hypoxemia in fetal and
neonatal sheep also fit well the response surface regression model
of the measured variables in the current study. Here again, E was
the most strongly correlated of the measured variables in relation
to the renal vascular response to hypoxemia. The increase in
RVR in response to hypoxemia in fetuses of the current study
was greater than that in neonates. Previous work (12) has also
suggested age-related renal vascular responsiveness in that the
renal vasculature of young fetuses appear to be more sensitive to
catecholamines during hypoxemia than that of older fetuses.
Similarly, increased renal vascular sensitivity to E has been noted
in neonatal relative to adult dogs (52).

In conclusion, this study of chronically catheterized fetal and
newborn lambs demonstrated that normocapnic hypoxemia in-
duced significant increases in serum concentrations of E, NE,
and AVP in both fetal and neonatal lambs. A response surface
regression model of the entire late fetal and neonatal develop-
mental period revealed that E responses were significantly cor-
related with responses of MAP and RVR. The relationships of
MAP and RVR responses to that of E and NE, and their
interactions, were highly influenced by postconceptional age.
These results suggest age-related maturation of vascular adrener-
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gic effector mechanisms that occur throughout the entire late
fetal and neonatal life of the lamb.
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APPENDIX

The technique for plotting individual points on a three-dimen-
sional response surface contour graph is illustrated below by
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plotting AE 500 pg/dl at a postconceptional age of 160 days to
determine the predicted AMAP. The heavy arrow in Appendix
Figure 1a at postconceptional age 145 days signifies birth.

As shown in Appendix Figure 1a, AE 500 pg/dl is first located
on the AE (X) axis. The point (X) is transposed to the response
surface contour by moving the point upward in parallel with the
AMAP (Z) axis plane, illustrated by the arrows to the transposed
0 and 500 pg/dl points in Appendix Figure 1q.

As shown in Appendix Figure 15, postconceptional age of 160
days is then located on the Y scale. This point (Y) is then
transposed to the response surface contour by moving the point
upward in parallel with the AMAP (Z) axis plane, as illustrated
by the arrow to point Y in Appendix Figure 1b. The intersection
of the.contour lines from point X (AE) and Y (postconceptional
age), respectively, is illustrated as point (X, Y, Z) in Appendix
Figure 15.

As illustrated in Appendix Figure 1c¢, the length of the vector
(black line) drawn in parallel to the AMAP (Z) axis from point
(X, Y, Z) to the (X, Y) plane, when transposed to the AMAP
scale, indicates the predicted AMAP relative to these two vari-
ables. This vector is transposed to the AMAP (Z) scale as indi-
cated by the arrows. Thus, the predicted AMAP associated with
AE 500 pg/ml at 160 days postconceptional age is 40 mm Hg
on this response surface contour plot.
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