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Research Article

To test the hypothesis that carbon monoxide transfer across the placenta is, in part, a facilitated process, we have looked
for evidence of saturation kinetics for carbon monoxide. In eight pregnant ewes, fetal to maternal carbon monoxide
transfer was examined in a preparation in which the fetal side of the placenta was perfused with blood. The
carboxyhemoglobin concentrations on the fetal side of the placenta were varied from 4.8 to 70% in 23 measurements. At
increased carbon monoxide tensions, the transfer from fetus to mother always decreased. The slope of log rate of carbon
monoxide transfer vs. log partial pressure gradient across the placenta was significantly different from 1. Placental
membrane diffusing capacity was calculated separately from total placental diffusing capacity which includes hemoglobin
reaction rates and erythrocyte membrane diffusion. Placental membrane diffusing capacity decreased at increased
carbon monoxide tensions. Placental permeability for urea did not change with increasing carbon monoxide tensions.
These results are consistent with the hypothesis that carbon monoxide diffusion in the placenta is, in part, carrier
mediated.
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ABSTRACT To test the hypothesis that carbon
monoxide transfer across the placenta is, in part, a
facilitated process, we have looked for evidence
of saturation kinetics for carbon monoxide. In eight
pregnant ewes, fetal to maternal carbon monoxide
transfer was examined in a preparation in which the
fetal side of the placenta was perfused with blood.
The carboxyhemoglobin concentrations on the fetal
side of the placenta were varied from 4.8 to 70% in
23 measurements. At increased carbon monoxide
tensions, the transfer from fetus to mother always
decreased. The slope of log rate of carbon monoxide
transfer vs. log partial pressure gradient across the
placenta was significantly different from 1. Placental
membrane diffusing capacity was calculated separately
from total placental diffusing capacity which includes
hemoglobin reaction rates and erythrocyte membrane
diffusion. Placental membrane diffusing capacity de-
creased at increased carbon monoxide tensions. Pla-
cental permeability for urea did not change with in-
creasing carbon monoxide tensions. These results are
consistent with the hypothesis that carbon monoxide
diffusion in the placenta is, in part, carrier mediated.

INTRODUCTION

In a series of recent communications (1-5), Gurtner
and Burns have proposed that oxygen transfer in the
placenta is, in part, carrier mediated. These authors
have suggested that the carrier might be cytochrome
P-450 as proposed by Longmuir et al. (6). The studies
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were carried out in pregnant ewes using a preparation
in which the umbilical circulation is perfused
while the maternal uterine circulation remains intact.
These authors have shown that: (a) apparent oxygen
diffusing capacity is 15-70 times greater than argon
diffusing capacity (4); (b) changing the solubility of
argon or nitrogen in either the perfusate or the maternal
circulation does not result in any change in placental
diffusing capacity, while an increase in oxygen solu-
bility does result in an increase in oxygen diffusion
(5); and (c) that compounds which bind to cytochrome
P-450 decrease the placental transfer of oxygen but
not of argon (1-3).

Oxygen transfer from mother to fetus is influenced
by uterine and umbilical blood flows, placental oxy-
gen consumption, and the distribution of maternal
and fetal blood flows within the exchange units of the
placenta, as well as the permeability characteristics
of the tissues which separate the maternal and fetal
erythrocytes (7). Carbon monoxide (CO) placental
permeability is dependent only on diffusion across the
placental tissues and, diffusion across the erythrocyte
membranes plus the reaction rates with hemoglobin
(8). Because there would be less variables involved,
we chose carbon monoxide to study the question of
facilitated transport in the placenta. We reasoned that
if there is a carrier for carbon monoxide then if the
transport system is offered a large enough quantity of
CO it would tend to become saturated. If the CO
carrier were saturated transplacental flux would then
take place only by simple diffusion and we should
observe a fall in the rate of transfer at high CO
tensions. To isolate the placental membrane diffusion
from the total CO transport system (placental
membrane, erythrocyte membrane, and hemoglobin
reaction) we have calculated membrane diffusing
capacity separately.

Since Longo (8) had found a linear relationship
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between placental CO transfer (Vco)! and CO partial
pressure gradient between uterine vein and umbilical
vein up to 18% carboxyhemoglobin ([HbCO]) we de-
cided our studies would have to include higher
CO saturation. We have used the umbilical circulation
perfusion preparation for two reasons. First, it enabled
us to saturate blood on one side of the placenta
with up to 70% [HbCO] which would be impossible
in an intact preparation. Second, by measuring the
transfer of CO from the fetal to the maternal circula-
tion, we were insured of a large sink for the CO
which crossed the placenta so that even at higher
CO tensions there would be negligible back pressure.

METHODS

The studies were performed using ewes between 125 days
gestation and term (147-150 days). Spinal anesthesia (tetra-
caine, 30-40 mg) was employed. Both umbilical arteries
and both umbilical veins were cannulated. The umbilical
circulation was perfused with adult sheep blood at 39°C.
The perfusion rate was always 50 ml/min. The volume of the
oxygenator in the perfusion system was 500 ml. The gas
tensions with which the oxygenator blood was equilibrated
were O,, 3.8% and CO,, 6.7%. 25 mg of phenoxybenza-
mine was injected into the umbilical artery tubing at the
start of perfusion. CO was added to the oxygenator by
equilibrating various quantities of blood with 100% CO in
syringes. Oxygenator CO tension was reduced by exchanging
with large volumes of blood which had no added CO. The
perfusion of the umbilical circulation was not interrupted
after the flow had started. After a new level of CO had
been established we waited 20-30 min before measuring
the placental diffusing capacity (Dp,). Blood samples were
simultaneously drawn from the umbilical artery, umbilical
vein, and the maternal uterine vein, and analyzed for CO
content, Po,, pH, and hemoglobin. The characteristics of each
preparation are listed in Table I. Umbilical artery pres-
sures were constant to within 5 mm Hg throughout the
experiments.

Po, and pH were determined at 39°C on a blood gas
analyzer (Radiometer Co., Copenhagen). CO content was
measured by the standard ferricyanide method (9) using
an infrared analyzer (Beckman Instruments, Inc., Fullerton,
Calif.). By varying the amount of blood analyzed (1 or 2 ml)
and the output of the infrared analyzer, sensitivities of 0.006,
0.013, 0.025, and 0.038 ml CO/100 ml blood were obtained.
The most sensitive setting was used at low [HbCO] and
the 0.038 setting for highest [HbCO]. In this way the
sensitivity averaged 9.7+3.6% (SD) of the gradient between
fetal artery and vein. In five repeated measurements from
the same sample the SD was 1.2% of the mean. A second
extraction with oxygen in samples with 50% [HBCO]
was made and no residual CO detected. Hemoglobin was
determined by the cyanmethemoglobin method (10). Hemo-

! Abbreviations used in this paper: [HbCO], carboxyhemo-
globin saturation; [HbO,], oxyhemoglobin saturation; Po,,
partial pressure of oxygen; Pco, partial pressure of carbon
monoxide; APCO, partial pressure gradient across the placenta
for CO; Dg,,, total placental diffusing capacity for carbon
monoxide; Dy, membrane diffusing capacity; Vco, rate of
transfer of carbon monoxide from fetus to mother; Py,
placental permeability of urea; P, the partial pressure of
oxygen at which blood is 50% saturated with oxygen.

Placental Diffusing Capacities at Varied Carbon Monoxide Tensions

TABLE I
Characteristics of Experimental Preparations

Perfusion
Maternal blood Duration
Animal Fetal Placental hemoglobin hemoglobin Perfusion of
number weight weight type type pressure  perfusion
g g mm Hg h
1 2,800 252 B B 30 1.8
2 2,000 342 B B 35 2.1
3 1,136 99 B B 50 1.8
4 2500 255 B B 30 1.7
5 2281 275
3,347 329 AB B 30 1.2
6 3,100 355
3,400 358 AB AB 35 19
7 2400 177
3,125 170 B AB 35 1.9
8§ 3421 185 AB AB 37 1.9
Mean 2,683 254 35.3 1.8
SD +708 =88 +6.6 +0.3
SEM +214 26 +2.3 +0.1

The characteristics of the animal preparation and placental
blood perfusion data used in this study. In animals 5-7 only
one of twin umbilical circulations was perfused.

(glog)in types were determined by starch gel electrophoresis
11).

Fetal to maternal urea permeability studies were carried
out as follows: 50 uCi of [“Clurea (sp act 5-8 mCi/mmol;
New England Nuclear, Boston, Mass.) was premixed in
6.0 ml blood and then added in three divided quantities to
the oxygenator 15-20 min before each measurement of Dpg.
Blood samples for isotope determination were obtained from
the three vessels at the same time as measurements for
Dpco- Blood samples were prepared as follows: to 0.5 ml blood,
2.0 ml water and 0.5 ml 30% trichloroacetic acid were
added. After centrifugation at 5,000 rpm for 10 min, 0.5 ml
of the supernate was added to 10 ml of scintillation fluid
(Aquasol, New England Nuclear) and counted for 10 min.

Calculations. Fetal to maternal CO transfer was calcu-
lated from:

Vco = Q x ([COlg — [COly)/100,

where, Vco = CO transferred, ml/min, standard temperature
and pressure, dry; Q = umbilical blood flow, ml/min;
[CO]s and [CO]yy = CO content (ml/100 ml blood) in the
fetal artery and fetal vein. Placental diffusing capacity for CO
was calculated from:

Dy, = VCO/(PcOy, — PCOy,),

where, Dy, = placental diffusing capacity, ml/min per mm
Hg, standard temperature and pressure dry; Pco,, and Pco,,,
= partial pressure of CO in umbilical vein and maternal
uterine vein.

The partial pressure gradient for CO across the placenta
was calculated using the measurement in fetal umbilical
vein and maternal uterine vein and is not the mean gradient
across the exchanging capillaries. This approach has been
previously used (8). The partial pressure of CO was deter-
mined from the Haldane expression (12), using the value of
218 for M (8). Oxygen saturations were determined mathe-
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TABLE 11
Placental-Diffusing Capacities during Fetal to Maternal Exchange

Ani- Exper- Umbilical artery Umbilical vein Uterine vein
mal iment
num- num- co co CO
ber ber content [HbCO] Pco content [HbCO] Pco content [HbCO] Pco vco DP¢o Dp¢o/kg
mlimin/
mlimin/ mm Hg
ml/100 ml % mm Hg ml/100 ml % mm Hg ml/100 ml % mm Hg ml/min mm Hg x kg
1 1 1.039 7.39 0.033 0939 6.8 0.025 0.099 0.73 0.003 0.050 2.27 0.81
2 2.027 15.0 0.065 1.868 14.1 0.050 0.146 1.08 0.004 0.080 1.74 0.62
3 3.061 226 0.091 2.862 227 0.086 0.196 145 0.005 0.099 1.22 0.44
2 4 0.818 6.1 0.022 0.729 5.55 0.019 0.145 0.73 0.003 0.044 2.75 1.38
5 3.641 27.5 0.090 3435 270 0.091 0.136 0.68 0.003 0.103 1.17 0.59
6 5440 46.7 0.181 5.243 43.0 0.155 0.575 289 0.012 0.098 0.69 0.35
3 7 0.769 483 0.018 0.714 455 0.016 0.239 1.36 0.005 0.028 2.55 2.25
8 2.024 126 0.045 1.901 11.9 0.040 0.237 1.35 0.005 0.061 1.74 1.53
9 3.288 205 0.072 3.156 196 0.065 0.259 148 0.006 0.066 1.12 0.99
4 10 0.707 4.89 0.022 0.663 4.67 0.017 0.121 092 0.004 0.022 1.69 0.68
11 0.909 6.72 0.030 0.852 6.29 0.024 0.115 0.89 0.003 0.029 1.38 0.55
12 1.277 9.08 0.039 1.220 8.67 0.034 0.105 0.80 0.003 0.029 0.94 0.38
5 13 8.514 64.2 0.237 7845 616 0.264 0.397 2.51 0.008 0.335 1.31 0.39
14 7828 642 0.237 7282 618 0.267 0.434 2.53 0.008 0.273 1.05 0.31
15 6.326 51.9 0.204 5.671 498 0.193 0470 256 0.008 0.327 1.77 0.53
6 16 4833 282 0.077 4534 260 0.076 0.218 124 0.004 0.149 2.07 0.61
17 2.079 114 0.034 1911 105 0.031 0.167 0.93 0.003 0.084 2.99 0.88
7 18 13.096 708 0.380 12.647 679 0.336 0.316 1.92  0.007 0.225 0.68 0.22
19 11480 608 0.244 11.251 59.6  0.237 0.293 1.78 0.007 0.115 0.50 0.16
20 2.016 10.7 0.040 1.848 9.92 0.043 0.184 1.09 0.004 0.084 2.15 0.69
8 21 4451 458 0.145 4.114 442 0.145 0.194 145 0.005 0.169 1.13 0.33
22 3.251 345 0.118 2994 334 0.095 0.198 148 0.005 0.129 143 0.46
23 0.853 7.78 0.032 0.728 6.55 0.026 0.131 0.93 0.003 0.063 2.74 0.88

The measurements in each animal preparation are listed in the order in which they were performed. [HbCO] = carboxy-
hemoglobin saturation; PCO = partial pressure of carbon monoxide; VCo = carbon monoxide transferred from fetus to mother:
DpP¢o = placental carbon monoxide diffusing capacity. DP¢o/kg = placental carbon monoxide diffusing capacity per kilogram

fetal weight.

matically from the Po, and pH. A Bohr factor of 0.49 (13)
aud 2.6 (14) as the slope of the log-log relationship be-
tween O, saturation and PO, were used. A P, of 41 for
type B and 36 for type AB sheep bloods, were determined
by a method previously described (15). The Pj5, was adjusted
for the effect of CO by the method of Roughton and Darling
(16). In two instances at [HbCO] of 7 and 50%, O,
content was independently measured (Lex-O,-Con, Lexington
Instruments Corp., Waltham, Mass.). The oxygen saturations
obtained from these values were within 1% of the mathe-
matically determined values. An example of the calculation
of PCO can be seen using the values in the fetal artery
of animal 1 experiment 1 (Table II). Pco = [HbCO] x Po,/M
x [HbO,). The CO content was 1.039 ml/100 ml and the
hemoglobin 10.5 g/100 ml. The [HbCO] is therefore 7.39%.
The Po, was 23.9 mm Hg. Type B blood was used in the
perfusate and has a P;, of 41 mm Hg; at [HbCO]
7.5% this falls to 35.5 mm Hg. At a Po, of 23.9 mm Hg
the calculated [HbO,] was 24.4%. Pco then is 7.39 x 23.9/
218 x 24.4 = 0.033 mm Hg.

Because Ds,, as calculated above includes the reaction
rates of CO with hemoglobin, the erythrocyte membrane
diffusion, as well as the placental membrane diffusion,
we have calculated the latter separately. This was done
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by rearranging the equation of Longo et al. (17) from:
/Dy, = 1B Vem + 1Dy, + 16 Vey,
to

1/Dyee = 1/Dp, — 10:,Ver — 10meVem,

Pco
where, Dy, = membrane diffusion capacity, ml/min per mm
Hg; 6, 01, = rate of CO exchange between erythrocytes
and plasma on the maternal and fetal sides, ml/min per mm Hg
x ml; Vep. Ver = capillary volumes on the maternal and fetal
sides of the placenta, ml.

The value for 6, in adult sheep blood used was 0.76
ml/min per mm Hg X ml (18). 8¢, may change depending
on the levels of [HbO,], [HbCO], and reduced hemoglobin
present. At the levels present in these experiments, no
measurements of 6c, have been made. However, Forster
(19) has presented arguments which show that 6¢, remains
constant over the range 15-90% reduced hemoglobin.
Only when reduced hemoglobin falls below 15% does
0co begin to rapidly decline (see Fig. 3 in reference 19).
Thus we have reduced 8¢ only when the combined [HbO.]
and [HbCO] saturations exceed 85%. We have assumed that
capillary volume on the maternal and fetal sides of the
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placenta were equal. We used the value 13.7 mlkg fetal
weight for capillary volume, a value determined in previous
studies using single-injection double-indicator dilution tech-
nique (20) at the perfusion pressures (35 mm Hg) used in
the present studies. Mean capillary [HbO,] was calculated
from mean capillary Po,. The latter was estimated from
arterial PO, X 0.33 + venous PO, X 0.66. An example of the cal-
culation of Dy, is taken from animal 7 experiment 18 of
Table II. 1/Dy, = 1/0.218 — 1/0.64 x 13.7 — 1/0.76 x 13.7.
Mean capillary [HbO,] + [HbCO] on the fetal side of the
placenta was 92% and therefore, 6y, was reduced to 0.64.
D, = 0.228 ml/min per mm Hg X kg. Placental permeability
for [1*C]Jurea was calculated from:

P = Q (cpmy, — cpmg,)/(cpmy, — cpMyyy),

where, P = permeability, ml/min; Q = umbilical blood flow
ml/min; cpm = counts per minute per milliliter in umbilical
artery (fa); umbilical vein (fv) and maternal uterine vein
(mv).

RESULTS

23 placental diffusing capacities for CO were meas-
ured in eight preparations. The CO content, [HbCO],
Pco, Veo, and Dy, values obtained are presented in
Table II. The values listed in Table II are in the
order in which measurements were made in each
preparation. The PO, in the umbilical artery was
25.4+5.0 (mean*SD), in the umbilical vein 29.7
+8.7, in the maternal uterine vein 52.9+8.9, and in the
uterine artery 77+6.5. It can be seen that placental
CO diffusing capacity is always decreased with in-
creased CO tensions on the fetal side of the placenta.
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FIGURE 1 Membrane diffusing capacity (Dy,,) as a function

of carboxyhemoglobin concentration in the fetal artery
([HbCOl,).
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TaBLE III

Placental Urea Permeability at Varied
Carboxyhemoglobin Saturations

Animal
number [HbCOls, Purea Decrease
% ml/min %
4 6.72 40.1
9.08 33.9 15.5
5 64.2 36.5
64.2 36.7
51.9 32.8 10.1
6 28.2 37.7
114 389 -3.2
7 70.8 38.8
60.8 33.2
10.7 384 1.0
8 458 34.3
34.5 32.1
7.78 28.0 184

The measurements were made simultaneously with carbon
monoxide transfer (Table II) and are listed in the order in
which they were performed. [HbCO];, = carboxyhemoglobin
saturation in the fetal umbilical artery, P.., = placental
permeability for urea.

This was observed whether the measurements went
from low to high CO tensions (preparations 1-3)
or from high to low CO tensions (preparations 6-8).

If a linear relationship exists between fetal to ma-
ternal transfer of CO and the partial pressure gradient
across the placenta (AP¢,) then a log-log plot of these
two variables will have a slope of unity. The slope
of log Vco/kg fetal weight vs. log APco for all meas-
urements in Table II is 0.55 with 95% confidence
limits of 0.71-0.38 (r =0.90). Therefore, the rela-
tionship between CO transport across the placenta
and partial pressure gradient is not linear.

In Fig. 1 the membrane diffusing capacity (Dyg,
ml/min per mm Hg X kg) is plotted against [HbCO]
in the fetal artery. In only three instances did the
value of reduced hemoglobin fall below 15% resulting
in a decrease in 0., for fetal capillary blood. It
can be seen that when the placenta is perfused with
blood athigh [HbCO] the membrane diffusing capacity
is reduced.

In five preparations (4-8) placental transfer of
[C]lurea was measured at the same time as the CO
diffusing capacities were determined. These results
are presented in Table III. As in Table II, the re-
sults are listed in the order in which the measure-
ments were made in each preparation. Urea permea-
bility was stable in two preparations (6 and 7)
and fell 10.1-18.4% in the other three. However,
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this change in urea transfer was possibly related to
duration of the experiment but not to the carboxy-
hemoglobin level on the fetal side of the placenta.

DISCUSSION

CO placental diffusing capacity has been previously
measured in sheep (8). The authors mixed CO in the
ewe’s respiratory gases in a closed circuit. The uptake of
CO was measured in the intact fetal circulation over
a 50-min period. In eight experiments they obtained
a value of 0.54+0.15 ml/min per mm Hg x kg for
Dy, In the 13 measurements in the present ex-
periments which were made at [HbCO] 25% or less,
the value for Dp, is 0.93+0.52. Although our meas-
urement is higher, the values are not significantly
different (P > 0.05; ¢ test for unpaired samples).

Increasing the CO tension at which CO transfer
is measured always resulted in a fall in the rate of
CO transport (Table II). Grouping the data from all
eight preparations has shown that the relationship
between CO transferred from fetus to mother and the
partial pressure gradient across the placenta is not
linear. The movement of CO from fetal blood across
the placenta to the maternal compartment involves the
dissociation from fetal hemoglobin, fetal erythrocyte
diffusion, membrane diffusion in the placenta, and
combination with maternal blood. We have therefore
made separate calculations which show that membrane
diffusing capacity falls at increased CO tensions (Fig.
1). It has been shown that 6, for the dissociation
step in human blood is equal to 6, for the combina-
tion reaction (21).

The question of a change in ¢, at high [HbCO]
saturations is critical to our conclusions. If ¢, falls
on the fetal side of the placenta then the decrease
in Dp, observed may be due to a reduction in
erythrocyte unloading of CO and not to any change in
placental membrane transport processes. As outlined
in the methods section we have followed the argu-
ments of Forster (19), and in our calculation of Dy,
for Fig. 1, 8,,, was only reduced when reduced hemo-
globin was less than 15%.

As an alternate approach let us examine the necessary
change in 6,,, which would explain the present find-
ings. Dy, at [HbCO] up to 25% is 0.93+0.52
(n = 13) whereas at 25-75% [HbCO], it falls to 0.39
+0.15 (n = 10) (P < 0.01). The reciprocal of diffusing
capacity (1/Dy,,) is the resistance to diffusion from
fetal to maternal blood. Longo et al. (17) have con-
cluded that the resistance of the erythrocytes in the
fetal placental capillaries is 20% of the total resistance.
In the present studies we find that resistance goes
from 1.08 to 2.54 at HbCO over 25%. If all of this
2.4-fold increase in resistance were taking place in the
erythrocytes on the fetal side of the placenta; then,
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in the absence of a change in fetal capillary volumes,
0,,, would have to fall by a factor of 7.8. The 20% re-
sistance for fetal erythrocyte (17) is based on a fetal
capillary blood volume of 3.3 ml’/kg. We have shown
that this value is probably too small (20) and at the
higher value (13.7 ml/kg) the resistance in fetal erythro-
cytes falls to 10%. While 6,,, may be changing in our
studies it is unlikely that this factor can explain
the magnitude of decline in Dy, which was observed
at [HbCO] saturation over 25%.

It has been shown that a modest (11-14%) reduc-
tion in pulmonary diffusing capacity for CO can be
caused by an uneven distribution of pulmonary blood
flow to diffusing capacity (22). However, in order for
capillary blood CO tensions to rise to significant levels,
in those segments with long transit times, measure-
ments were made with alveolar Pgo of about 25 mm
Hg (22). This greatly exceeds our maximum P¢, in
fetal arterial blood (0.380 mm Hg). Nevertheless,
we have followed the approach of Hyde and co-
authors (22) to evaluate what effect uneven distribu-
tion of maternal to fetal flow rates in the placenta
could have on our interpretation of the data. The up-
take of CO by the maternal blood at any interval
of time will be

d[CO],/dt = Dp(PcO; — PCOy)/Vey,

where d[CO],/dt is the milliliters of CO taken up by
the maternal blood per unit time; Dp,, is the placental
diffusing capacity for CO (ml/min); Pco; and Pcoy,
are the CO partial pressures in the fetal and ma-
ternal capillaries as they enter the exchange unit
and Vem is the maternal capillary blood volume.

We have chosen our experimental value with the
highest Pco; (0.380 mm Hg from animal 7, experiment
18) at entry on the fetal side. Assuming that the ob-
served fall in Dy, at 70.8% [HbCO] may be due to
build up of CO tension in maternal blood in areas
with a low flow rate, we allowed Dy, to equal 2.15
ml/min the value obtained at [HbCO] of 10.7% in this
animal. We used a value of 0.004 mm Hg for Pco,, at
entry to the exchange with fetal blood and 42.8
ml as maternal capillary blood volume. We calculated
the uptake of CO by the maternal blood at 0.1-s
intervals and from the capacities of fetal and maternal
bloods obtained the new values for [HbCO] and PCO in
both fetal and maternal blood. We repeated the cal-
culations until fetal [HbCO] had fallen to the measured
umbilical vein value of 67.9%. This took 18.3 s which
corresponds to a maternal flow rate of 140 ml/min.
At this time matermnal end capillary blood had a
[HbCO] of 4.40% with a Pco of 0.0167 mm Hg.
This can be contrasted with the measured maternal
uterine vein values of 1.92% and 0.007 mm Hg.
Thus, it can be seen that even if there are areas
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of maternal blood flow with long transit times the
driving pressure from the fetal blood in our blood
to blood exchange of CO is insufficient to allow a
significant back pressure on the maternal side.

The influence of physiological shunts (23-25) should
not be an important factor in placental CO exchange.
Even at the very low flow rate in the fetal umbilical
circulation used in these experiments the ratio of CO
partial pressure in the fetal vein to that in the fetal
artery was 0.90+0.12, so that unlike oxygen the con-
tribution of any change in shunt fractions would not
significantly alter the results. Although we are not
aware of any direct measurements which address the
question, we have assumed that CO is not consumed
by the placenta.

In simple diffusion across the placenta, the deter-
minants for gas transfer primarily involve the dif-
fusional distances between maternal and fetal bloods
and the area of exchange. In the sheep placenta,
area is primarily dependent on the maternal and fetal
capillary volumes. We have recently shown that
fetal capillary volume is altered by perfusion pressure
(20). In the present series of experiments the per-
fusion pressure remained stable with a tendency to
increase (5 mm Hg) with duration of the experiment.
Over the range of pressures observed (25-35 mm Hg)
both distension and recruitment of previously unper-
fused fetal placental capillaries may have taken place
(20). This would result in an increase in diffus-
ing capacity. Alternatively, if the increase in perfusion
pressure at constarnt flow represents edema this would
result in a decrease in diffusion. We have attempted
to deal with this effect by measuring Dy, while
going from low to high CO tensions in some prepara-
tions and from high to low tensions in others.
In both instances we find a decrease in Dy, with
high CO tension.

It may be argued that in the range of [HbCO] 30-
70% the placental tissues become hypoxic and the
fall in diffusion is a nonspecific effect. However,
our measurements of urea transfer were not affected
by increasing [HbCO] on the fetal side of the placenta
(Table III). Urea permeability in the sheep placenta
is membrane limited (26). While the pathways of
transfer for urea may not be the same as those for
CO (hydrophilic vs. lipid routes), these measurements
argue against a severe disruption of placental mem-
brane transport.

In summary, we have considered a number of al-
ternate explanations for the fall in CO transfer at
elevated CO tensions. None of these seem to provide
a satisfactory alternate interpretation of our data. The
measurements obtained in these experiments are con-
sistent with the hypothesis of a CO carrier in the
placental membrane.

Placental Diffusing Capacities at Varied Carbon Monoxide Tensions
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