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Summary 

Experiments were performed on 11 long-term fetal lamb prep- 
arations (103-138 days of gestation) to investigate the sensitivity 
and relative responsiveness of the fetal volume receptors in mod- 
ulating fetal plasma arginine vasopressin (pAVP) secretion and 
plasma renin activity (PRA) secretion during fetal hypovolemia 
and after fetal blood volume replacement. During fetal hemorrhage 
there were significant decreases (P < 0.05) in fetal hematocrit 
(34.7 f 2.58 to 27.0 f 1.64%), plasma proteins (3.14 f 0.15 to 2.78 
f 0.19 g/100 ml), mean arterial blood pressure (MABP) (58.1 f 
2.59 to 52.2 f 2.60 mmHg) and fetal arterial pH (7.38 f 0.01 to 
7.35 f 0.01). A significant increase in fetal pAVP concentration 
from 0.73 f 0.21 to 34.9 f 10.04 pU/ml ( P  < 0.01) and fetal PRA 
from 4.78 2.22 to 40.4 f 18.31 ng/ml/hr ( P  < 0.05) was 
demonstrated at the peak of fetal hemorrhage. Two hr after 
correction of the fetoplacental blood volume, these values were 
back to base line levels. No change in either maternal pAVP or 
PRA was seen during fetal hemorrhage. When individual values 
for log pAVP and log PRA were plotted as a function of percent 
of fetoplacental blood volume removed the correlation coefficients 
were 0.82 and 0.60, respectively. A multiple regression analysis 
showed a high correlation of log pAVP and log PRA with the 
volume of blood removed and a low partial correlation with the 
fetal MABP. This suggests the decrease in fetal MABP was not 
the primary factor explaining the increase in pAVP and PRA 
during fetoplacental blood volume depletion. The data indicate 
that the fetal volume receptors for control of arginine vasopressin 
secretion are fullv functional in the last trimester of gestation and 
suggests that fetal pAVP and PRA are released as a; exponential 
function of the wrcent of feto~lacental blood volume de~letion. 
Finally, an isosmotic water shift from the fetal interstitial space to 
the fetal vascular space is described during fetal hemorrhage. 

Speculation 

It is suggested that a change in the equilibrium between the 
forces regulating fluid movement through the fetal capillary mem- 
branes, in accordance with Starling's principle, activates isosmotic 
water fluxes from the fetal interstitial space to the fetal vascular 
compartment counteracting the effects of fetal blood volume de- 
pletion. Therefore, the role of arginine vasopressin (AVP) release 
during fetal hemorrhage, if any, will be to act as a pressor 
substance helping to maintain fetal blood pressure. No major 
effect of AVP on placental membranes was demonstrated in vivo. 

Available information suggests that the newborn is capable of 
secreting vasopressin at birth and that both the osmoreceptors and 
volume control systems are fully functional (14, 21, 22). 

During fetal life, the increase in concentration of circulating 
vasopressin has been evoked by either osmolar or volume stimuli, 
using short-term fetal lamb preparations (exteriorized fetuses) (3, 

32). However, the effects of surgical stress and anesthesia on the 
fetus may themselves have influenced this response (15, 17). 
Recently, using long-term fetal lamb preparations (chronically 
catheterized) and avoiding the effects of surgical stress on the 
fetus, we demonstrated that the fetal osmoreceptor system for 
control of AVP secretion is fully functional in the last trimester of 
pregnancy (38). 

The present protocol was designed to study the responsiveness 
of the fetal hypothalamic neurohypophyseal system to a hemor- 
rhagic stimulation under conditions that approximate the usual 
physiologic situation using long-term fetal lamb preparations. 
Using a specific and sensitive radioimmunoassay for AVP (34), 
we were able to assess the sensitivity and relative responsiveness 
of the fetal volume receptors in modulating fetal AVP secretion 
during fetal hypovolemia and after fetal blood volume replace- 
ment. Finally, this model permitted us to investigate the physio- 
logic mechanisms regulating the fetal blood volume during fetal 
hemorrhage. 

METHODS 

Eleven pregnant, mixed breed Dorset-Suffolk ewes, between 
103-138 days of gestation (term, 145 days) were obtained from a 
local source. Gestational ages were estimated according to the 
induced ovulation technique (23). The intrauterine fetal weight at 
the time of the experiment was estimated according to the equation 
formulated by Gresham et al. (18). 

In all fetuses, the chronic indwelling catheter preparation was 
used as previously described (29). Briefly, under halothane anes- 
thesia, polyethylene catheters were passed into the fetal femoral 
artery and vein. A catheter was also placed in a superficial 
tributary of a maternal femoral artery. After surgery, the ewes 
were kept in a restricted area and fed a standard sheep chow. The 
animals were usually standing and eating within 1 hr postsurgery. 
Ampicillin (1 g every 8 hr) was given intramuscularly for the first 
3 days after surgery. 

PHYSIOLOGIC STUDIES 

Experiments were not conducted before the 6 postoperative 
days. After control collection of fetal arterial blood for pH, blood 
gases, plasma electrolytes (Na+, K+, C1-), plasma osmolality, 
total plasma protein, hematocrit, and determination of PRA and 
pAVP, fetal hemorrhage was performed in a steplike fashion. 
Fetal blood (25 ml) was removed in heparinized syringes every 10 
min up to a volume estimated between 25-30% of the total 
fetoplacental blood volume. In four animals, the blood removed 
was between 30-35% of the total volume. The total fetoplacental 
blood volume (135 ml/kg) was estimated from the data of Creasy 
et al. (9). During fetal hemorrhage, arterial fetal blood samples 
were collected in between every fetal blood removal period. 

Thereafter, the total fetal blood removed was returned to the 
fetal circulation. When necessary, maternal blood was added to 
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the fetal volume to compensate for the fetal blood volume used 
for fetal blood samples. Another fetal blood sample was taken 120 
min after the fetal blood was returned. Fetal blood pressure was 
monitored throughout using a Statham P:!3Db strain gauge trans- 
ducer (40), but was not corrected for intrauterinte pressures. 

Maternal blood samples were also monitored for PRA and 
pAVP before, during, and 120 min after fetal hemorrhage. 

ANALYTIC METHODS 

All blood samples for AVP and PRA measurements were 
collected in chilled tubes containing potassium EDTA, kept on 
ice and centrifuged immediately at 4°C. Vasopressin (34) and 
PRA (19,27) were measured by radioimmunoassays. Sodium and 
potassium concentrations were measured with a flame photometer 
(4 1) and chloride concentration by potentiometric titration using 
a chloridometer (42). Blood osmolality was determined by freezing 
point depression employing an osmometer (43). Arterial fetal 
blood for pH, PC02, and PO:! was collected anaerobically in 
heparinized glass syringes and immediately determined with the 
appropriate pH, PCOz, and PO:! electrodes (44) at 39OC. Protein 
content of fetal serum was determined using a refractometer (45). 

DATA ANALYSES 

The data were evaluated using the I test for paired data. The 
regression lines were determined with the least-squares formula. 
Analysis of variance using the F distribution was applied to test 
the means between different groups of data. The term "significant" 
is used throughout the paper to describe changes with a total P 
value of less than 0.05 in a two-sided significance limit. The results 
are presented as means 2 SE. 

RESULTS 

Arterial blood and plasma values for all experiments are sum- 
marized in Table 1. At the peak of fetal hemorrhage, there was a 
decrease in fetal pH from 7.38 & 0.01 to 7.35 -+ 0.01 (P < 0.05) 
and an increase in fetal POz from 21.1 + 1.34 to 24.9 f 1.32 
mmHg (P < 0.05). Fetal plasma electrolytes and plasma osmolality 
remained stable during fetal hemorrhage and 120 min after blood 
volume correction when compared to control values. There were 
significant decreases in both fetal hematocrit from 34.7 f 2.58 to 
27.0 -+ 1.64% (P < 0.05) and fetal plasma protein from 3.14 f 0.15 
to 2.78 f 0.19 g/100 ml (P < 0.05) during fetal hemorrhage when 
compared to control values. These values returned to base line 

Table 1. Changes in fetal blood and hernodynamics values during 
fetoplacental blood removal and 120 rnin after blood volume 

replacement 

Control Hemorrhage Posttransfusion 

PH 7.38 f 0.01 7.35 f 0.011;".86 f 0.01 
PCO' (mmMg) 41.9 + 1.40 44.0 f 1.59 45.1 + 2.66 

PO2 (mmHg) 21.1 f 1.34 24.9 f 1 . 3 2 ' ; ' 2 . l  f 1.76 

Na+ (mEq/liter) 144. f 1.03 143. f 0.94 144. f 0.92 

K+ (mEq/liter) 4.57 f 0.17 4.72 f 0.24 4.37 f 0.21 

CI- (mEq/liter) 104. f 1.68 104. f 1.58 103. f 2.00 

Osmolality 289. f 2.12 292. f 2.50 290. f 0.93 

(mOsm/kg 

H20) 
Hematocrit (%) 34.7 f 2.58 27.0 f 1.64'.' 34.5 + 2.64'." 

Total protein (g/ 3.14 f 0.15 2.78 f 0.19':' 3.14 f 0.22'*' 

100 ml) 

MABP (m~nHg)~  58.1 f 2.59 52.2 f 2.60';' 58.4 f 3.97'~' 

Heart rate (beats/ 183. * 9.86 205. f 12.48 205. f 11.5 

min) 

' Control vs. hemorrhage values. 

' P < 0.05. 

" Hemorrhage vs. posttransfusion values. 

MABP: mean arterial blood pressure. 

\-, . . 
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Control 6-10% 11-20% 21-30% > 30% 

Fetoplacental Blood Volume Removed 

Fig. 1. The relationship of fetal pAVP and PRA to changes in fetopla- 

cental blood volume is shown. The figures in parentheses indicate the 

number of determinations for each point. 

Table 2. Changes in fetal and malernalpA VP and PRA during 
fetoplacenlal blood volume removal and 120 rnin after blood 

volume reolacement 
-- 

Control Hemorrhage Posttransfusion 

Fetus 

AVP pU/ml 0.73 * 0.21 34.9 f 10.04';' 1.77 + 0.67'." 
PRA ng/ml/hr 4.78 f 2.22 40.4 f 18.31'" 4.74 f 2.87"" 

Ewes 

AVP pU/ml 1.09 f 0.32 1.38 f 0.46 0.58 + 0.12 
PRA ng/ml/hr 1.45 f 0.34 1.15 f 0.23 1.47 f 0.38 

' P < 0.01. 

* Control versus hemorrhage values. 

Hemorrhage vs. posttransfusion values. 

P < 0.05. 

levels 120 min after fetal blood volume correction. At the peak of 
fetal hemorrhage the fetal MABP was significantly lower (P < 
0.05) than control values and values found 2 hr after fetal blood 
volume replacement. 

The changes in the levels of pAVP and PRA after fetal hem- 
orrhage are shown in Table 2. A significant increase in fetal pAVP 
from 0.73 f 0.21 to 34.9 f 10.04 pU/ml (P < 0.01) and fetal PRA 
from 4.78 f 2.22 to 40.4 f 18.31 ng/ml/hr ( P  < 0.05) was 
demonstrated at the peak of fetal hemorrhage. Two hr after 
correction of the fetal blood volume, fetal pAVP and PRA were 
back to control values. No change was demonstrated during fetal 
hemorrhage in either maternal pAVP or PRA. 

The relationships of fetal pAVP concentration and fetal PRA 
to isosmotic changes in fetal blood volume are shown in Figure I. 
It was demonstrated that fetal pAVP and PRA rose at a significant 
(P  < 0.01) increasing rate relative to the degree of hypovolemia. 
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Log PRA = 00368 1% blood volume removed) + 04155 
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Fig. 2. Log linear relationship of fetal pAVP and PRA to the percent 
of fetoplacental blood volume removed is shown. 

When individual values for pAVP were plotted as a function of 
percent of fetoplacental blood volume depletion, a linear regres- 
sion of the data showed a correlation coefficient of 0.65. However, 
the data were best fit by plotting the log of individual pAVP 
concentrations against the percent of blood volume depletion (r 
= 0.82, P < 0.001) (Fig. 2). The increase in fetal PRA during 
blood volume depletion was also best fit by the log fit (r = 0.60, 
P < 0.001) (Fig . 2) rather than by the linear fit (r = 0.52). 

DISCUSSION 

It has been previously demonstrated that the pituitary of mam- 
malian fetuses contains AVP. In the human fetal pituitary, AVP 
has been identified as early as 11 wk of gestation (24,33). In other 
mammalian species, including the guinea pig, rabbit, sheep, and 
seal, the presence of AVP has been documented in the fetal 
pituitary gland during the last half of gestation (3, 7, 16, 37). In 
addition, investigators using short-term fetal preparations in sheep 
and monkeys were able to measure concentrations of circulating 
vasopressin during the last trimester of gestation (3, 32). More 
recently, Weitzman et al. (38), using a sensitive and specific 
radioimmunoassay were able to measure pAVP concentrations in 
long-term fetal lamb preparations as early as 101 days of gestation 

and demonstrated that the fetal pituitary was able to release AVP 
in response to hypertonic saline infusion. 

The response of the fetal pituitary to release AVP during fetal 
hemorrhage has been studied previously using short-term fetal 
preparations and relatively insensitive assays of hormone activity 
(3, 16). These studies demonstrated that fetal hemorrhage in such 
preparations increased pAVP concentrations (3); however, the 
effects of surgical stress and anesthesia on the fetus might have 
modified the normal fetal response to fetal hemorrhage (15, 17). 
Furthermore, it is well-known that reestablishment of normal 
fetoplacental circulation after surgery may require up to 5 post- 
operative days (30). 

In the present study, the use of the long-term fetal preparation 
permits the investigators to study the relative responsiveness of 
the fetal volume receptors to regulate the fetal AVP secretion in 
well oxygenated, nonstressed fetuses. These studies confirm pre- 
vious preliminary findings in the long-term fetal lamb preparation 
(10, 12) and demonstrate a significant increase in fetal plasma 
AVP during blood volume depletion. Moreover, it is shown that 
an increase in fetoplacental blood volume inhibits, as in adult 
animals (39), the release of vasopressin from the fetal neurohy- 
pophysis. 

In the present study, the rise in pAVP appears when the 
fetoplacental blood loss is between 6-lo%, confirming previous 
findings in short-term fetal lamb preparations (3) and showing 
that the volume receptor response to hypovolemia during fetal life 
is similar to that in the adult animals (13). However, it remains 
possible that the fetus may increase pAVP in response to a smaller 
amount of blood volume loss, because small hemorrhages were 
not performed in those animals. Claybaugh and Share (8) have 
shown that reduction in blood volume by as little as 2.6% stimu- 
lated AVP release during continuous slow hemorrhage in anesthe- 
tized adult dogs. In the present protocol, the fetal pAVP levels 
were already three times higher (2.32 + 0.64 pU/ml) than the 
control values (0.73 + 0.21 pU/ml) (P < 0.05) when the fetopla- 
cental blood volume was reduced by 6-10% (Fig. l), suggesting 
that the threshold for vasopressin release during fetal life is 
probably lower than a 6% reduction in fetoplacental blood volume. 
In favor of such an hypothesis, an exponential relationship is 
described between fetal pAVP concentration and the percent 
change in fetoplacental blood volume such that the log of pAVP 
is a linear function of percent change in blood volume (Fig. 2). 
Finally, we found that the pAVP response to fetal blood volume 
depletion is not related to fetal age with similar responses being . 
observed in fetuses from 103-138 days of gestation. We also 
demonstrated no correlation between fetal and maternal levels 
during fetal blood volume loss suggesting an absence of placental 
transfer of fetal pAVP to the mother and a relative placental 
impermeability to vasopressin. Studies by Alexander et al. (1, 2) 
and Czernickow et al. (10) also suggested that AVP does not cross 
the placenta. 

When the fetal pAVP values obtained after fetoplacental blood 
volume depletion are compared to the values obtained during fetal 
hypertonic saline infusion (38), it is found that the levels measured 
during volume depletion greatly exceed the levels achieved under 
hyperosmotic stimulus (38). These results suggest that, in terms of 
plasma concentration that can be achieved, reduction of fetal 
blood volume is a far more potent stimulus for the release of fetal 
AVP than is an increase in fetal plasma osmolality. However, 
when compared on the basis of percent change, small changes in 
osmolality (38) are more efficient in stimulating vasopressin secre- 
tion than small changes in blood volumes. Thus, it suggests that 
in fetuses like in adults, the osmoregulatory system is more sensi- 
tive than the volume receptor system in regulating AVP release 
(13). ,--,- 

During hemorrhage, the primary stimulus for vasopressin 
release is probably the reduction of blood volume. However, some 
investigators suggested that a fall in arterial pressure is the prime 
stimulus for vasopressin release during blood volume depletion 
(4, 6). Similarly, recent studies using both short-term (35) and 
long-term fetal lamb preparations (28) indicated that fetal plasma 
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renin activity increased significantly during fetal blood volume 
reduction. In the present study, a slight, but significant difference 
is found between fetal MABP before hemorrhage and at the peak 
of fetoplacental blood volume loss. However, no significant dif- 
ference is found when the mean arterial blood pressure before 
fetal hemorrhage is compared to blood pressure corresponding to 
6-10% or 11-20% fetal blood volume loss. Moreover, a multiple 
regression analysis shows a high correlation of log pAVP and log 
PRA with the volume of blood removed and a low partial corre- 
lation with the fetal MABP. Therefore, during fetoplacental blood 
volume loss, the rise in PRA and the increased release of vaso- 
pressin by the fetal neurohypophysis do not depend solely on a 
reduction in arterial pressure, suggesting an important role of the 
fetal volume receptors in the normal physiologic control of these 
two hormone systems. 

The physiologic role of AVP in the fetal animal is still unclear. 
Alexander et a[. (1) suggested that the release of fetal AVP in 
response to fetal hypoxia may have some survival values during 
fetal life. Daniel et al. (1 I )  demonstrated that fetal pAVP increased 
after occlusion of the umbilical cord, suggesting that fetal AVP 
might have a role to play in the defense against metabolic derange- 
ments caused by brief periods of cord occlusion. In the present 
study, we have indirect evidence that there are physiologic mech- 
anisms counteracting the effects of fetal hemorrhage. Significant 
decreases in fetal hematocrit and plasma proteins without any 
significant change in plasma osmolaiity and sodium concentration 
were found during fetal hemorrhage indicating an isosmotic water 
shift in the direction of the fetal vascular space. A sipilar fall in 
fetal hematocrit during fetal hemorrhage was also observed pre- 
viously by Alexander et al. (3). 

Various factors may explain this isosmotic water shift during 
fetal hemorrhage. First, the decrease in fetal MABP during fetal 
blood loss may increase the hydrostatic pressure gradient between 
maternal and fetal circulations with resultant ultrafiltration of 
protein-free plasma (isosmotic water) into the fetal circulation. 
Such a mechanism implies that the diffusion rate of water and 
electrolytes across the placenta are similar. However, studies in 
the sheep (26), monkey (5), and human placenta (3 1) demonstrated 
that the placental membranes limit transplacental diffusion of 
electrolytes (Na+, C1-), but not water. Therefore, a simple dis- 
equilibrium in the hydrostatic pressure gradient between maternal 
and fetal circulations is unlikely to be the explanation for the 
present findings. 

Second, AVP, which is known to increase water fluxes from the 
maternal to the fetal side of the placental membranes (25), may 
have altered placental water permeability and induced a net flow 
of water from mother to fetus. Such changes probably didn't 
occur, however, because fetal plasma osmolality and sodium 
concentration remained stable in the face of the dilution in fetal 
plasma protein and hematocrit. It remains possible that AVP 
shown to stimulate sodium transport in many tissues (20), may 
have simultaneously increased the transplacental fluxes of electro- 
lytes and water, producing an isosmotic water shift in the direction 
of the fetal vascular space. Such an AVP action on the placental 
membranes, however, remains to be demonstrated. 

The only hypothesis remaining then, is that the shift of isosmotic 
water in the direction of the fetal vascular space during fetal 
hemorrhage is secondary to the absorption of fluids from the fetal 
interstitial space. When the fetal MABP decreases there is a 
disequilibrium between the forces regulating fluid movement 
through the capillary membranes in favor of a net absorption of 
isosmotic fluid into the fetal capillary circulation in accordance 
with the Starling's principle (36). Therefore, the present study 
demonstrates that under conditions of acute fetal hemorrhage, the 
fetus may protect itself against hypovolemia by replacing blood 
volume loss at the expense of the fetal interstitial fluid volume. 
The inability of the present study to demonstrate a water shift 
from maternal to fetal circulation does not completely exclude, 
however, the role. of such a mechanism to protect fetal blood 
volume because water movement might be detectable using more 
precise methods. 

The physiologic significance of the rise in plasma AVP and 
PRA, and possibly angiotensin-11, is probably that these vasoactive 
peptides act to maintain fetal blood pressure in the face of 
hypovolemia. In the present study, the fall in fetal MABP during 
hemorrhage is significant, but rather small (6 mmHg) when one 
konsiders the degree to hypovolemia achieved (25-35% of the 
fetoplacental blood volume). It is also possible that other vasoac- 
tive hormones are secreted during fetal hemorrhage; and, if so, 
their interaction with AVP and PRA will have to be investigated. 

In summary, the present study indicates that in long-term fetal 
lamb preparations the fetal volume receptors are active and fully 
functional during the last trimester of gestation. It is suggested 
that hypovolemia rather than the fall in arterial pressure per se is 
the piime stimulus for AVP liberation and rise in plasma renin 
activity during fetal hemorrhage. Results show that during fetal 
life, pAVP and PRA are released as an exponential function of 
the percent of fetoplacental blood volume depletion. Finally, it is 
suggested that there are physiologic mechanisms counteracting the 
effect of fetal hypovolemia by increasing isosmotic water fluxes 
into the fetal circulation and by maintaining fetal blood pressure; 
one of these mechanisms being the absorption of fluids from the 
fetal interstitial space. 
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