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Summarv concentration of fetal and maternal vascular volume markers. 

After the infusion of 500 ml 20% mannitol to 12 pregnant ewes, 
we studied maternal and fetal plasma osmolality and maternal 
hematocrit responses and monitored blood pressure, heart rate, 
blood gas, and pH in chronically catheterized fetal lambs at  129- 
140 days gestation. To examine the effect of arginine vasotocin 
(AVT) and arginine vasopressin (AVP) on fetal/maternal water 
transfer, the mannitol infusion was repeated 1 day before or after 
the baseline mannitol study during a 2-h fetal infusion of AVT (7 
pU kg-' min-') or AVP (20-400 pU kg-' emin-') in eight and 
five animals, respectively. Mannitol was administered to the ewe 
after 1 h of the 2-h AVT or AVP infusion. The fetal and maternal 
osmolality and hematocrit responses were compared to the base- 
line mannitol responses in the same sheep. Maternal and fetal 
blood gases and pH were measured throughout the study periods 
during the AVT studies. In four of the ewes, an identical (sham) 
study was performed substituting 500 ml normal saline for the 

including hematocrit and osmolality. If an identical osmotic stim- 
ulus is repeated during AVP or AVT infusion into the fetal 
circulation, any effect of the exogenous hormone on placental 
water flow will be reflected in a diminished or augmented fetal to 
maternal water flux. 

Using a modification of the technique developed by Faber and 
Green (3), we previously infused hypertonic saline into the preg- 
nant ewe as a means of producing a net flux of water from the 
fetal to the maternal compartment (4). With this model we dem- 
onstrated that the acute fetal water loss evokes vigorous fetal AVP 
secretion. In the present study we employed the model to study 
the effect of fetal AVP or AVT on placental water flow. We 
modified the protocol to substitute mannitol (which does not cross 
the placenta) for the maternal osmolar load and assessed placental 
water flux before and during the infusion of AVP or AVT to the 
fetus. 

mannitol infusion to the ewe. - MATERIALS AND METHODS 
Fetal AVP infusion alone produced a significant decrease in 

fetal plasma osmolality ( P  < 0.001; two-way analysis of variance) 
and a slight increase in maternal osmolality ( P <  0.05). Fetal AVP 
or AVT infusion significantly obtunded the fetal osmolality incre- 
ment induced by maternal mannitol (each P < 0.001); moreover, 
there was a greater decrease in maternal hematocrit after mannitol 
alone than after mannitol with AVT (P < 0.05). Fetal hematocrit 
was maintained unchanged by transfusion with heparinized mater- 
nal blood. Maternal and fetal heart rates and maternal blood 
pressure remained unchanged during the studies. But during the 
fetal AVT infusion, fetal blood pressure increased from 64 k 3 to 
75 k 2 mmHg ( P  < 0.01); fetal and maternal Poz and pH remain 
unchanged; and fetal Pcoz increased from 30 + 2 to 37 + 4 ( P  < 
0.05). Normal saline (sham protocol) produced no change in any 
parameter. 

The data indicate that fetal blood levels of AVP and AVT can 
influence transplacental water flow. Fetal AVP infusion produces 
a net gain in fetal water by inhibiting baseline fetal to  maternal 
water flow. Both AVP and AVT infusion inhibit fetal to maternal 
water transfer after an osmotic stimulus to the ewe. 

Abbreviations 

AVP, arginine vasopressin 
AVT, arginine vasotocin 

Examination of fetal to maternal water exchange is possible by 
applying an acute osmotic stimulus (hypertonic saline or mannitol) 
to the maternal circulation. This creates a transplacental osmotic 
gradient and evokes a shift in water from the fetal to the maternal 
circulation (1, 2). The magnitude of this fetal to maternal water 
transfer reflects, indirectly, the permeability of the placental mem- 
branes under conditions in which placental blood flow is not 
limiting. The resultant water flux can be measured by a change in 

Femoral venous and arterial catheters were inserted under local 
anesthesia into date-bred healthy (Columbia-Suffolk) ewes with 
singleton fetuses of 124-129 days gestation. A maternal hysterot- 
omy was conducted under ketamine anesthesia. The fetal hind 
limb was exteriorized and catheters were inserted into the dorsal 
vein and artery and advanced to the site of maximal circulation. 
The fetus was then replaced in the uterus, the fetal catheters were 
exteriorized to a pouch attached to the flank of the ewe, and the 
uterus and maternal abdominal wall were closed. Catheters were 
maintained patent with a dilute heparin solution. 

Chloramphenicol was given intravenously for 5 days to the ewe 
and fetus and injected into the amniotic fluid for 5 days postop- 
eratively. Animals were maintained in indoor pens and had ad 
libitum access to baled alfalfa and water. Six to seven days were 
allowed for surgical recovery. Gestational age at the time of the 
studies ranged from 130-140 days. 

On the day of study, drinking water was removed from the 
cage. Studies were conducted only if the fetal pH exceeded 7.35. 
With the ewe standing, maternal and fetal blood pressure were 
measured continuously by means of a Statharn P23 transducer 
positioned at the ewe'imidabdomen, and maternal and fetal heart 
rates were recorded at 10-min intervals using a Beckman Offner 
8 channel direct writing recorder. Fetal pressures were corrected 
for amniotic fluid pressure. Fifty milliliters whole blood were 
removed from the maternal circulation into a heparinized syringe 
(1 unit heparin/4 cc blood) for subsequent fetal replacement 
transfusion. 

Two study protocols were utilized. In Protocol I (mannitol 
control), three baseline blood samples (4 ml each) were obtained 
at 10-min intervals from the femoral arterial catheter of 12 ewes 
and the dorsal arterial catheter of their fetuses for plasma osmo- 
lality and hematocrit measurements. Maternal and fetal pH, Poz, 
and Pco2 were measured at the time of each blood sampling. All 
samples were collected only after a sample of blood equivalent to 
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the 4 ml dead space in the catheter was withdrawn. After the 
baseline blood samples were obtained, 500 ml mannitol [Osrnitrol 
(20% solution), Travenol Laboratories, Inc., Deerfield, IL] were 
infused via the maternal femoral venous catheter over 10 min. 
Beginning 10 rnin after the start of the mannitol infusion, five (4 
ml each) blood samples were obtained from the maternal and fetal 
arterial catheters at 10-min intervals. Each sample was replaced 
with an equivolemic quantity of isotonic saline to the ewe and an 
equivolemic transfusion of maternal heparinized whole blood to 
the fetus. 

One day before and one day later, Protocol I1 (Mannit01 + 
AVP or AVT) was performed (once using AVT and once AVP) 
in the same animals. After obtaining three baseline blood samples 
at 10-min intervals, AVP (20-400 pU - kg-' min-') or AVT (7 pU . 
kg-'-min-') was infused for 2 h into the fetal dorsal venous 
catheter of five and eight animals, respectively. The infusion rates 
varied among animals but in any individual fetus the rate was 
maintained constant. Blood samples (4 ml from the fetus and 5 ml 
from the ewe) were obtained every 10 min from both the fetus 
and ewe throughout the AVP or AVT infusion period. Maternal 
and fetal samples were replaced with saline and maternal blood, 
respectively, as described. At the completion of the first 60 min of 
the fetal AVP or AVT infusion, mannitol was infused into the 
mother ewe via the femoral venous catheter in a manner identical 
to that of Protocol I. 

In four of the study animals, an additional (sham) study was 
performed one day before or subsequent to Protocol I and I1 
studies. In the sham protocol identical blood sampling was con- 
ducted in the fetus and ewe during and after a 500-ml infusion of 
isotonic saline infusion given to the ewe over 1 h. Maternal and 
fetal blood pressure, heart rate, blood gases and pH, serum os- 
molality and hematocrit were measured similarly to protocols I 
and 11. 

Four-milliliter samples of whole blood were collected in iced 
tubes containing 15% EDTA. All samples were spun at 2000 rpm 
in a refrigerated centrifuge and the plasma separated. One-milli- 
liter plasma samples were stored at -20°C for measurement of 
osmolality concentrations. AVP concentrations were measured in 
the plasma and infusate solutions by radioimmunoassy (5). Blood 
hematocrit was measured in duplicate. Plasma osmolality was 
determined by freezing point depression using an Advanced In- 
struments 3R precision osmometer. 

Each protocol was analyzed as a single, independent experi- 
ment. Mean values for the baseline and poststimulation (postman- 
nitol) study periods were compared using the paired t test. Com- 
parisons between groups for Protocol I, Protocol 11, and sham 
studies were made by two-way analysis of variance (ANOVA). 
Values were expressed as means -+ standard error of the mean. 

RESULTS 

Normal saline infusion into the ewe (sham protocol) produced 
no change in heart rate, blood pressure, or blood gases. Maternal 
serum hematocrit remained unchanged during the sham proce- 
dures and there was no change in fetal plasma osmolality (baseline, 
286 + 1.8 mOsm/kg versus postsaline, 285 f 2.2 mOsm/kg). The 
mean osmolality levels for the sham protocol, mannitol alone, 

Table 1. Mean ( f  S.E. M.) fetal plasma osmolalities during 
various study periods 

Posthor- 
Postmanni- Baseline mone infu- Postsaline 

sion to1 

Sham protocol 286 r 1.8 285 + 2.2 
Mamitol 292 i 2.1 306 r 4.1 
AVP + man- 293 f 3.6 283 i 3.6 292 f 4.0 

nitol 
AVT + man- 289 f 3.0 292 i 3.4 298 i 3.0 

nitol 

I Fetal AVP Infusion I 

L I 
0 30 40 50 60 

TIME (Minutes) 

Fig. 1. Mean (+- S.E.M.) plasma osmolality changes during AVP in- 
fusion in five fetuses. Overall differences = P < 0.01; ANOVA. 
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Fig. 2. Mean fetal osmolal changes after mannitol infusion to the ewe. 

mannitol + AVP, and mannitol + AVT studies are listed in Ta- 
ble 1. 

Mannitol versus Mannitol + AVP. The mean ( f  S.E.M.) basal 
fetal plasma AVP level was 0.7 + 0.1 pU/ml and the maternal 
baseline level was 0.5 + 0.1 pU/ml. The mean steady state fetal 
AVP level at the completion of the 60 rnin of AVP infusion was 
13.2 f 2.6 pU/ml; however, steady state levels varied in the several 
fetuses from 1.8-32 pU/ml because of the varying amounts of 
AVP infused (20-400 pU -min-'. kg-'). All of the values were in 
the physiologic range observed in mild-severe dehydration. 

Figure 1 shows the changes in fetal and maternal plasma 
osmolality in response to the I-h fetal AVP infusion, before 
maternal mannitol infusion. The mean ( f  S.E.M.) fetal baseline 
osmolality was 293 f 3.6 mOsm/kg and the mean maternal 
baseline osmolality was 297 f 1.7 mOsm/kg (not significant). 
Over the 1-h AVP infusion, mean fetal osmolality decreased 9.9 
-+ 1.9 mOsm/kg(P < 0.001) and maternal osmolality increased 2.5 
f I. 1 mOsm/kg (P < 0.05). 

Figure 2 shows the fetal plasma osmolality responses to mater- 
nal mannitol infusion with and without AVP infusion. Without 
AVP infusion fetal osmolality increased significantly by 10 min, 
whereas the response was delayed and obtunded in the fetuses 
infused with AVP (+7.0 -+ 2.1 versus -1.0 f 2.8 mOsm/kg, P < 
0.01). Fetal plasma osmolality increased gradually throughout a 
40-min period in both groups. The mean increments over baseline 
fetal values in the mannitol alone and mannitol + AVP fetuses at 
50 rnin were 14.2 -+ 2.1 and 9.3 -+ 3.6 mOsm/kg, respectively ( P  
< 0.05); moreover, the areas under the response curves for the two 
groups were significantly different by ANOVA ( P  < 0.001). Fetal 
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hematocrit did not change significantly in either group of animals 
probably because of the blood replacement. 

Figure 3 shows the changes in maternal plasma osmolality after 
mannitol infusion in the two study protocols. Values increased Ll Infusion 
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F 4 .  3. Maternal osmolal changes after mannitol infusion to the ewe 

markedly in both the mannitol alone and mannitol + fetal AVP 
infusion groups. The peak increment (at 10 min) was greater with 
fetal AVP infusion than without (41.0 f 2.9 versus 34.4 + 3.0 
mOsm/kg). The areas under the mean response curve also were 
greater in ewes whose fetuses received AVP infusions ( P  < 0.05). 

Mannitol versus Mannitol + A VT. Figure 4 shows the fetal blood 
pressure and heart rate responses during the AVT infusion (Pro- 
tocol 11). Each value represents the mean (-+ S.E.M.) of the 
samples obtained every 10 min during the baseline period, the 
initial hour of fetal AVT infusion, and the postmannitol period. 
Fetal heart rate changes were variable in the study animals. Fetal 
blood pressure increased from 64 + 3 to 75 + 2 torr ( P  < 0.01). 
Fetal and maternal Poz and pH remained unchanged and fetal 
Pco2 increased from 30 -+ 2 to 37 f 4 ( P  < 0.05). 

There was a greater decrease in maternal hematocrit (baseline 
to postmannitol) after mannitol alone that during mannitol with 
fetal AVT infusion (34.4 + 1.0 to 27.7 + 1.6 versus 29.7 f 2.3 to 
26.0 -+ 1.9% A6.7 versus 3.7; P < 0.05) 

Figure 5 shows the fetal plasma osmolality responses to mater- 
nal mannitol infusion alone and mannitol + fetal AVT infusion. 
Fetal AVT infusion alone produced no change in fetal osmolality 
(baseline, 289 f 3.0 versus AVT, 292 + 3.4 mOsm/kg). Maternal 
mannitol infused without fetal AVT evoked a greater peak incre- 
ment (at 20 min) in fetal osmolality (25 -+ 5.0 mOsm/kg) than did 
maternal mannitol during fetal AVT infusion (7 + 3.5 mOsm/kg). 
The area under the mean response curves also was greater in ewes 
whose fetuses received AVT infusions (P  < 0.01). 
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Fig. 4. Fetal pH, Po2, Pco2, heart rate, and blood pressure during fetal AVT infusion. 
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Fig. 5. Fetal  osmolality after mannitol infusion t o  the ewe. 

Flow across the placental membranes equals the filtration coef- 
ficient times change in pressure, where the filtration coefficient is 
l/resistence. Because we observed a significant increase in fetal 
blood pressure during the infusion of 7 pU .kg-'. min-' AVT, we 
repeated the studies in two animals at a reduced AVT concentra- 
tion producing no significant change in fetal blood pressure. There 
was a corresponding decrease in the effect on placental water 
transfer at the lesser concentration of AVT. The lowest concentra- 
tion infused continued to show an effect, however, in the absence 
of any biophysical changes, suggesting that the site of the effect of 
AVP and AVT may be on placental pore size. 

DISCUSSION 

The present results show a clear effect of fetal plasma AVP on 
fetal-maternal water flux across the ovine placenta. AVP infusion 
significantly reduced fetal plasma osmolality over a 60-min period 
indicating an increase in fetal total body water (Fig. 1). This 
would seem most likely due to an alteration of transplacental 
water fluxes, e.g., inhibition of fetal to maternal water flux relative 
to maternal to fetal flux. The mechanism, however, is not clear, 
and fetal AVT infusion (Fig. 5) did not reduce fetal plasma 
osmolality. Inhibition of renal free water clearance might have 
contributed: Robillard et al. (6) have shown an effect of AVP on 
free water clearance in the third trimester sheep. 

In addition, the fetal AVP infusion at least partially blocked 
the fetal to maternal water transfer induced by maternal mannitol 
infusion. This is demonstrated by the highly significant reduction 
in the areas under the postmannitol plasma osmolality increment 
versus time curves for the AVP infused versus non-AVP control 
fetuses (Fig. 2) and the significant increase in the postmannitol 
osmolality increment versus time curve for the ewes of the AVP 
infused versus control ewes (Fig. 3). A similar effect was produced 
by fetal AVT infusion (Fig. 5). 

It is unlikely that the magnitude of osmotic change after man- 
nit01 produced by the addition of AVP or AVT represents a 
change in hydrostatic pressure alone. Our findings of a change in 

water flow between the fetal and maternal circulations might be 
explained by a change in placental blood flow. This seems unlikely 
because of the results of the studies of Iwamoto, et al. (7) who 
measured the hemodynamic effects of vasopressin infusion in the 
chronically catheterized fetal lamb. The AVP infusions in that 
study produced plasma AVP levels (6.8-36.4 mU/ml) comparable 
to those achieved in our study (mean + S.E.M. = 13.2 + 2.6 mU/ 
ml) and produced a slight decrease in fetal plasma osmolality. In 
addition, these investigators observed an increase (of nearly 10%) 
in the % of fetal cardiac output delivered to the umbilical placental 
circulation and a significant increase in umbilical placental resist- 
ence. Measured flow rates to the placenta did not change in a 
consistent fashion. This was felt to be secondary to the opposing 
effects of fetal bradycardia (producing decreased placental blood 
flow) and increased blood pressure (producing increased placental 
flow). Blood flow to the kidneys was not altered. 

Vizsolyi and Perks (8) have shown that AVP or AVT added to 
the fetal side of the isolated guinea pig amnion diminishes fetal to 
maternal water flux in response to hyperosmolal conditions on the 
maternal side. We investigated a possible role of AVT in placental 
water transfer. As indicated, a significant effect was observed. 

These studies document for the first time that AVP or AVT in 
the ovine fetal circulation diminishes fetal/maternal water trans- 
fer. The mechanism for this effect is not clear. AVT may change 
fetal/placental blood flow or may have a direct effect on mem- 
brane pore size. The latter hypothesis is supported by the report 
that AVP or AVT decrease osmolar induced water transfer from 
the fetal to the maternal side of the isolated guinea pig amnion in 
vitro when AVP or AVT are added to the fetal side of the 
membranes (8). Effects in this model must be due to membrane 
flow changes. In addition, we found the diminution of fetal to 
maternal water transfer to occur in the absence of cardiovascular 
changes (heart rate, blood pressure) in several of our study ani- 
mals. 
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