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SUMMARY

1. Capillary permeability-surface area (PS) products for the low molecular weight
radioactive tracers, 22Na, 5"Cr-EDTA (relative molecular mass 357) and 57Co-
cyanocobalamin (relative molecular mass 1353) were measured in the fetal circulation
of isolated dually perfused lobules of normal term human placentae using the single
circulation, multiple-tracer dilution technique.

2. In lobules perfused with M199 medium, containing dextran and 5 g I` bovine
albumin, the extractions of all three tracers decreased as the flow was increased over
the range of 2-8 ml min-', and PS products for 5"Cr-EDTA and 57Co-cyanocobalamin,
but not for 22Na, reached constant values at flows above 01 ml min-' g-1.

3. Flow-independent PS products in the presence of albumin were
0-025 + 0-002 ml min-' g-1 (mean±+ S.E.M., n = 25) for 57Co-cyanocobalamin and
0057 + 0003 ml min-' g-1 (n = 25) for 51Cr-EDTA. The ratio of PS values (51Cr-
EDTA/57Co-cyanocobalamin) was 2 28, while the ratio of the corresponding free
diffusion coefficients was 179, indicating substantial restriction to the diffusion of
the 57Co-cyanocobalamin.

4. In another series of lobules perfused in the absence of albumin, extraction
values for all three test tracers were constant over the same flow range. Values at
high flow rates were therefore about twice those measured in the presence of albumin,
and PS products for all three tracers failed to reach diffusion-limited values.

6. Lobules perfused with and without albumin were fixed using a glutaraldehyde
fixative containing 1% Alcian Blue dye. An ultrastructural examination of the
endothelium showed no significant changes in cell or cleft morphology, or in the
glycocalyx, in the absence of albumin which might account for the observed
permeability change.

7. These data are the first physiological measurements specifically characterizing
fetal microvascular permeability in the human placenta. The results suggest that
permeability resembles that found in skeletal muscle and, as such, the endothelium
presents a significant barrier to the diffusion of large solutes. The observed 'protein
effect' indicates that albumin can interact with elements of the solute pathway to
increase its restrictiveness.
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INTRODUCTION

The human placenta at term provides a barrier regulating the transfer of materials
between mother and fetus. In the areas of the terminal villi believed to be responsible
for nutrient and gas exchange the placental interface consists of two major tissue
layers: the syncytiotrophoblast, which is bathed on its microvillous surface with
maternal blood flowing through the intervillous space, and the endothelium of the
fetal villous circulation, separated from the syncytiotrophoblast by a composite
basal lamina derived from both tissue layers. Placental physiologists have, until now,
been largely concerned with the permeability of the whole interhaemal barrier and
the individual contribution of the endothelium is unknown. An early electron
microscopic study of the placental villous capillary endothelium indicated that it was
a tight continuous endothelium resembling that found in brain more than that of
muscle capillaries, and was characterized by the presence of zonulae occludentes
blocking the intercellular spaces (Heinrich, Metz, Raviola & Forssmann, 1976).
However, a recent study by Leach & Firth (1992) has shown that, in the terminal
villi, the endothelial junctions consist of wide zones of uniform width interspersed
with tight junctional regions which were found to be discontinuous along the axial
length of the cleft.

These results suggest a structural similarity between human placental villous
capillaries and continuous non-brain capillaries such as those of skeletal muscle
(Simionescu, Simionescu & Palade, 1973) or heart (Ward, Bauman & Firth, 1988).
As such, microvascular permeability in the human placenta appears to differ from
physiological and morphological measurements obtained in the guinea-pig placenta,
which is a commonly used animal model in placental transfer studies, and where
substantial permeability to radioactive tracers (Eaton, Yudilevich, Bradbury &
Bailey, 1977) and electron-dense macromolecules (Sibley, Bauman & Firth, 1982)
has been demonstrated.
We report here the first measurements of fetal villous microvascular perm-

eability-surface area (PS) products, obtained in isolated lobules of normal term
human placenta, using a well-established, multiple-tracer dilution technique (Martin
de Julian & Yudilevich, 1964; see Bassingthwaighte & Goresky, 1984 and Crone &
Levitt, 1984 for reviews). The data suggest that the capillaries exhibit permeability
characteristics similar to those of skeletal muscle and, as such, probably contribute
substantially to the restricted transplacental movement of high molecular weight
substances. A preliminary account of some of these studies has been presented in
abstract form (Eaton, Leach & Firth, 1992).

METHODS

Placental preparation
Normal term human placentae were obtained at elective Caesarian section. Perfusion of the fetal

circulation in a selected, intact lobule was started, within 5 min of delivery of the placenta, by
inserting a cannula into the fetal chorionic artery supplying the lobule. The fetal venous drainage
was collected from a cannula introduced into the corresponding chorionic vein via the umbilical
vein. The placenta was then inverted (maternal surface uppermost) and the perfused area was
isolated from the rest of the placenta by clamping the lobule inside an annular Perspex chamber
(6-5 cm diameter). The maternal circulation was established by inserting five cannulae, fed from a
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distribution head, through the basal plate of the lobule into the intervillous space. Both the fetal
and maternal circulations of the selected lobule were perfused in open circuit. Preparations were
perfused for an initial stabilizing period of 20 min. This has been shown to restore normal placental
function and structure following the ischaemia and hypoxia associated with delivery of the
placenta (Bloxham & Bullen, 1986; Leach & Firth, 1992). During this period the fetal flow was

TABLE 1. Relative molecular mass, Stokes-Einstein radius and free diffusion coefficients in water
at 37 °C (D37) for the tracer molecules used in this study (data are taken from Sweiry & Mann, 1991)

Relative Molecular
molecular radius D37

Tracer mass (nm) (cm2 S-' x 10-s)

22Na 22 0-23 1-80
51Cr-EDTA 357 0 47 0 70
57Co-cyanocobalamin 1353 0-84 0 39
'251-albumin - 66000 3-61 0093

maintained at 6 ml min-' and the maternal flow was 20 ml min-1. Perfusion pressures were
monitored proximal to the site of insertion of the arterial cannulae. Initial perfusion pressures on
the fetal side ranged between 20 and 80 mmHg while the maternal side perfusion pressure was
always below 20 mmHg. The procedures and perfusion apparatus have previously been described
in detail (Contractor, Eaton, Firth & Bauman, 1984).
Experiments were performed on ten isolated, dually perfused lobules of normal term human

placenta. Six lobules were perfused in the presence of 5 g 1-1 bovine serum albumin in the perfusate
and four in the absence of albumin. The weights of the perfused lobules in the two groups were
38-0 + 4 2 g (mean + S.E.M., n = 6) and 45-2 + 3-2 g (n = 4) respectively, and were not statistically
different (t test).

Perfusates
The perfusate for both the maternal and fetal circuits was M199 tissue culture medium to which

was added 2-2 g 1-1 sodium bicarbonate, 100 /tM adenosine to ensure maximal vasodilatation of the
fetal capillary bed (Wheeler & Yudilevich, 1988; Reviriego Alonso, Ibafnez & Marin, 1990),
2 mg 1` cyanocobalamin (vitamin B12) to saturate carrier-mediated uptake mechanisms for this
vitamin (Mann, Smaje & Yudilevich, 1979), and 8 g 1-l of dextran (- 20000 relative molecular
mass) as the oncotic agent. This perfusate had a mean osmolarity of 292+3 (mean+S.E.M.,
n = 14) mosmol 1-1. In some experiments perfusates also contained 5 g 1-1 bovine albumin. The
perfusion media and all chemicals were obtained from Sigma Chemical Co. (Poole, Dorset).
Perfusates were oxygenated with 95% 02, 5% CO2.

Radioactive tracer molecules
22Na and 57Co-cyanocobalamin were purchased from Amersham International, PLC, (Amersham,

Bucks) and 51Cr-EDTA was obtained from NEN (Du Pont UK Ltd, Stevenage, Herts). The
intravascular reference tracer, 1251-bovine albumin, was prepared from bovine serum albumin
(Sigma) and carrier-free 1251 (Amersham) using the iodogen procedure (Fraker & Speck, 1978). The
iodinated protein was purified on a Sephadex G25 (Pharmacia Ltd, Milton Keynes) column, to
remove free iodine and low molecular weight breakdown products, immediately prior to use.
Hence, < 2% of 1251-albumin activity was found to be non-precipitable in the presence of 10%
trichloroacetic acid. The physical characteristics of the tracers used in this study are listed in
Table 1.

Single-passage, multiple-tracer experiment
In most perfusions eight successive multiple-tracer dilution experiments were performed in each

lobule, with duplicate determinations being made at four fetal flow rates (2, 4, 6 and 8 ml min-'),
in random order. A 100lOl bolus containing the four radioactive tracers was rapidly injected
( 2 s) into the fetal arterial inflow cannula and, after a predetermined delay (dependent on the
perfusion flow), thirty samples, each containing two drops of the fetal venous outflow, were
subsequently collected from the chorionic vein. At the end of the collection the fetal venous outflow
was pooled for a further 3 min period. This provided a measurement of the venous flow rate and
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aliquots of this sample could be removed for counting in order to obtain total tracer recovery data
over a period of 3 5-5 min following the bolus injection. Only data from experiments where the
measured fetal inflow and outflow rates were similar were used. Background samples, single isotope
standards, sequential run samples and 3 min sample aliquots, as well as aliquots of the isotope
mixture, were counted in a 4-channel scintillation counter (LKB 1282, Pharmacia) using
predetermined windows which minimized cross-channel overlap without substantially reducing
counting efficiency.

Data analysis
Data were analysed on a microcomputer, using a BASIC program, based on the procedure

described by Martin de Julian & Yudilevich (1964). Sample counts were corrected for background
and cross-channel contamination and the activities of the four tracers in the successive venous
samples were expressed as percentages of the injected dose. Test tracer extractions (E) were
calculated from the individual sample data using the relationship:

E= 1-ct/Ct,
where ct is the test tracer concentration and Ct is the concentration of the 125I-albumin. Extraction
values for the test tracers were plotted against the accumulated reference tracer (albumin) recovery
as a means of weighting the samples. It was found that extraction curves generally exhibited an
initial maximal plateau area comprising values from four to eleven samples. Hence, values within
these plateau regions were averaged to produce the mean extraction values.

Extraction values were used to calculate permeability-surface area (PS) products using the
relationship developed by Renkin (1959) and Crone (1963):

PS = -Fln (1 -E) ml min- g-',
where E is the tracer extraction and F is the fetal perfusion flow per gram of tissue. Data were kept
in this form to facilitate comparisons with other tissues. Detailed capillary surface area data (in
units of cm2 cm-3) are not available for the human placenta, precluding calculation of permeability
coefficients.

Ultrastructural studies
At the end of the tracer study (usually about 60 min) the perfusate on the fetal side was changed

to a mixture of 2% glutaraldehyde and 2% freshly prepared paraformaldehyde in 0-06 M sodium
cacodylate-HCl buffer, pH 7-3. The tissue was perfusion fixed for 30 min and the fixed area was
excised, blotted dry and weighed. It was subsequently cut into 1 mm3 cubes and immersion fixed
for a further 60 min before being transferred to a cacodylate buffer containing 0 5 M sucrose. Tissue
pieces were post-fixed for 1 h in 1% osmium tetroxide, dehydrated and embedded in Araldite
(Taab Laboratory Equipment Ltd, Aldermaston, Berks). Semi-thin sections were stained with
Toluidine Blue to locate terminal villous capillaries. Suitable blocks were sectioned (70 nm thick)
and stained with uranyl acetate and lead citrate. Twenty capillaries from each perfused lobule were
viewed under a Jeol 100CX electron microscope and checked for ultrastructural signs of ischaemic
degeneration. Data obtained from placentae showing morphological damage were discarded.

Membrane imaging and goniometric analyses
Two placentae from the albumin-free group and two from the albumin group were fixed and

prepared for electron microscopy as described above, but were post-fixed in 1 % osmium tetroxide
containing 1P5% potassium ferrocyanide to mordant the tissue. This improves membrane imaging,
so facilitating measurements of membrane spacing and also reveals linkers in the paracellular clefts
(Leach & Firth, 1992). Ultra-thin sections of five microvessels from each of the four placentae were
obtained as described above. Twenty paracellular clefts were observed at a magnification of
x 160000. The thin sections were rotated so that junctional zones of paracellular clefts were aligned
along the tilt axis of the goniometer stage. The junctions were then photographed every 5 deg over
a range of tilt angles which bracketed the point of maximal membrane clarity. The distances
between the two membranes at the tight junctional regions and adjoining wide zones were
measured on prints (magnification x 256000) using an eyepiece graticule (Leach & Firth, 1992).

Alcian Blue staining of the glycocalyx
In two experiments in which the lobules were perfused with either albumin-containing or

albumin-free perfusates the fixative contained 1% Alcian Blue 8GX (Gurr, BDH Chemicals, Poole,
Dorset). This electron-dense dye, which binds to anionic sites has been used in ultrastructural
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studies to visualize the glycocalyx (Montesano, Mossaz, Ryser, Orci & Vassalli, 1984). Previous
studies using Ruthenium Red as an alternative label to visualize the glycocalyx (Baldwin &
Winlove, 1984) showed that this larger molecular weight marker was subject to steric hindrance
and was not suitable for labelling the glycocalyx in the presence of serum proteins. In experiments
using albumin-containing perfusates the fetal vasculature was flushed through with an albumin-
free perfusate for 2 min prior to fixation to remove intravascular albumin. Tissue was prepared for
electron microscopy as described above and the Alcian Blue-stained microvessels (ten from each
experiment) were photographed at x 160000 magnification to show the luminal glycocalyx and the
intercellular cleft region.

Statistical analysis
All data are presented as means + S.E.M. and significance was determined using an unpaired t test.

RESULTS

Figure 1A shows typical outflow dilution profiles obtained from the chorionic
venous cannula following the injection of a bolus containing the four radioactive
tracers into the chorionic arterial cannula supplying the perfused lobule. The
experiment was performed at a flow of 6 ml min-' in the presence of 5 g 1-1 albumin.
The activities of the four tracers in the successive outflow samples are plotted as
percentages of the quantities injected (to normalize the data) against the collection
time in seconds. The dilution profiles for the three permeant tracers, 57Co-
cyanocobalamin, 51Cr-EDTA and 22Na all initially fall below that of the intravascular
reference tracer, 125I-albumin. This indicates that, during the single passage through
the fetal villous circulation in the perfused lobule, the three test tracers left the
intravascular space marked by the albumin and passed out into the interstitium. The
total recoveries of the four tracers over the 3-75 min collection period were: 1251_
albumin, 96-3 %, 57Co-cyanocobalamin, 95 0 %, 51Cr-EDTA, 90-2 % and 22Na, 84-7 %.
The combined data from all dilution curves in ten experiments performed in the
presence or absence of albumin gave an '251-albumin recovery of 101-9+1-7%
(n = 67).
The fractional extractions of the permeant tracers were quantified in the

successive venous samples using the relationship described in the Methods, and the
values are plotted in Fig. 1B against the accumulated reference tracer recovery. This
is a means of weighting the individual samples which prevents those with low
activities (associated with large counting errors) being given an equal weighting to
samples containing substantial numbers of counts. The points in the initial plateau
region of the extraction curves were averaged to calculate the mean extraction
values. Extraction curves for 57Co-cyanocobalamin and 5'Cr-EDTA always had
substantial initial plateau regions and did not lend themselves well to the zero time
extrapolation procedure described by Martin de Julian & Yudilevich (1964). The
22Na curves frequently exhibited an obvious initial plateau region, but occasionally
backflux occurred quite rapidly (Fig. 1B). A statistical analysis (paired t test) of
maximal extraction values averaged from the first three to five samples and the zero-
time extraction values (EO) showed that they were not significantly different. Hence
plateau values were used in all subsequent analyses.

Figure 2 is a plot of the individual extraction values obtained in the presence of
albumin-containing perfusates. Each point represents an individual measurement,
and the extraction values for the three permeant tracers, calculated as described
above, are plotted against the flow (in ml min-' g-'). Also plotted is the calculated
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A 1251-albumin
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Fig. 1. Analysis of single-circulation, multiple-tracer dilution curves. A, venous outflow
concentration profiles for the four tracers are plotted against the collection time.
Concentrations have been normalized with respect to the injected quantities of the
tracers. B, fractional extraction values for the three test tracers in the consecutive
samples, calculated relative to the '25I-albumin concentrations, are plotted against the
accumulated area under the 1251-albumin dilution curve as a means of weighting the
individual extraction values.

linear regression line for each set of data. It can be seen that extraction values
decrease with increasing molecular weight and that, within each band, there is a flow-
dependent fall in extraction over the range studied. The negative slopes of the
regression lines plotted for each data set are statistically significant for all three
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Fig. 2. Effect of perfusion flow on capillary solute extraction. Combined extraction data
for the three test solutes, obtained in the presence of albumin, are plotted against the
perfusion flow. Each point represents an individual measurement. The regression lines
plotted for each tracer have correlation coefficients of -0-642 for 22Na, -0-722 for
5"Cr-EDTA and -0686 for 57Co-cyanocobalamin (B12); P < 0 001 in all cases.
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Fig. 3. Effect of perfusion flow on capillary solute extraction in the absence of albumin.
Each point represents an individual measurement of extraction. The slopes of the
calculated regression lines are not statistically significantly different from zero.

tracers (P < 0001). In contrast Fig. 3 illustrates a similar plot from four experiments
in the absence of albumin. The calculated slopes of the regression lines for the
combined data were not statistically different from zero in all cases.
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Fig. 4. Effects of flow on permeability surface area (PS) products. PS values for 22Na,
51Cr-EDTA and 57Co-cyanocobalamin (B12), obtained in the presence of 5 g 1-1 albumin in
the perfusate, were grouped into one of four flow ranges (see text). Data are plotted as
means+s.E.M. of 5-11 values, with error bars for both PS and flow determinations.

TABLE 2. Effect of flow on extraction and PS values for 51Cr-EDTA and 57Co-cyanocobalamin
obtained in the presence and absence of albumin

Flow (ml min-' g-1)

0-025-0-075 0-075-0-125 0-125-04175 0-175-0-225

0-456+0-035 (9)
0-238+0-023 (9)
0-033+0-002 (9)
0.015+0-001 (9)

With albumin
0-411+0-037 (7) 0-316+0-021 (11)
0-180+0-022 (7) 0-169+0-021 (11)
0-053+0-006 (7) 0-057+0 005 (11)
0-020+0-003 (7) 0-027+0-002 (11)

Albumin-free

EEDTA 0-484+0-022 (10) 0-406+0-014 (11) 0-437+0-021 (9)
EB12 0-317+0-023 (10) 0-280+0-018 (11) 0-303+0-018 (9)

PSEDTA 0-034+0-002 (10) 0-054+0-003 (11) 0-085+0-007 (9)
PSB12 0-020+ 0-002 (10) 0-035 + 0-003 (11) 0-056 + 0-005 (9)

Values are given as means+s.E.M., with the number of experimental
parentheses. PS values are in ml min-' g-.

0-259±0-019 (7)
0-126±0-014 (7)
0 061 +0 005 (7)
0-027±0003 (7)

0-450+0-017 (3)
0-334+0-014 (3)
0-121+0-013 (3)
0-082 + 0-008 (3)

observations (n) in

The 51Cr-EDTA and 57Co-cyanocobalamin extraction data from these two series
of experiments are presented in Table 2, grouped over four equal flow ranges

(0-025-0-075, 0-075-0-125, 0-125-0-175 and 0-175-0-225 ml min-' g-1). It can be seen

that even at low flows the extraction values for both tracers are higher in the absence
of albumin. Moreover, in the absence of protein there is very little change in the
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extraction values for 51Cr-EDTA or 57Co-cyanocobalamin as the flow increased.
Hence, at the highest flows, the extraction values for 57Co-cyanocobalamin and
5'Cr-EDTA, in the absence of albumin, are about twice those obtained in the presence
of albumin.

028

0.24 -

22Na
0.20

'C 0.16
51Cr-EDTA

E 012 -
C,)

008-01

004

0 0.05 0.10 0.15 0.20 0.25
Perfusion flow (ml min-' g-1)

Fig. 5. Effects of flow on permeability surface area (PS) products measured in the absence
of albumin in the perfusate. Values were treated as described in Fig. 4. and similarly
plotted.

The extraction data obtained in the presence or absence of albumin were fitted to
the Renkin-Crone equation to calculate permeability-surface area (PS) products. PS
values for all three tracers were grouped within the same flow ranges and data
obtained in the presence of albumin are plotted in Fig. 4 as mean PS against mean
flow rates. Standard error bars for both variables are also plotted. It can be seen that
at the higher flows studied the PS values for 57Co-cyanocobalamin and 51Cr-EDTA
became independent of flow (see Table 2) and hence provide an estimate of diffusion-
limited permeability. PS data from the three highest flow ranges were there-
fore combined. This resulted in a PS value for 57Co-cyanocobalamin of
0025+ 0-002 ml min-' g-' (n = 25) and for 51Cr-EDTA of 0057 + 0 003 ml min-' g-1
(n = 25). In contrast, despite the flow-dependent reduction in extraction values for
22Na (Fig. 2) the PS curve continued to rise even at the highest flows tested and
therefore all PS estimates for 22Na are flow dependent.

In the absence of albumin, PS curves for all three tracers when plotted similarly
(Fig. 5) continued to rise sharply with increasing flow and diffusion-limited PS
values, independent of flow, were not reached within the physiological range used
(Table 2). Flows higher than 8 ml min-' could not be used because they resulted in
extensive ultrastructural damage (data not shown).
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Endothelial cells from placentae perfused for 90 min with either albumin-
containing or albumin-free perfusates showed a similar cleft and cell morphology to
that of placentae perfused for only the 20 min equilibration period (Leach & Firth,
1992). Placental microvessels were seen to possess one to four paracellular clefts per
cross-sectional profile. The fine structure of the paracellular clefts (Fig. 6) revealed

Fig. 6. Micrograph showing organization of the paracellular cleft of fetal microvascular
endothelium (E) from a placenta perfused in the presence of albumin for 90 min, and post-
fixed in 1% osmium tetroxide containing 15% potassium ferrocyanide to enhance
membrane imaging. The paracellular cleft can be seen to contain two tight junctional
regions (t) where the plasmalemmal membrane leaflets of adjoining endothelial cells
appear in close apposition. The tight junctional regions are interspersed with wide zones
bridged at intervals with linkers. IL, interstitial layer; ML, microvessel lumen. Tilt
angle =-20 deg. Bar = 04Ium.

one to four tight junctional regions per cleft. At some angle of tilt, the two outer
leaflets of the apposed membranes were seen to possess a separation of 3-4+ 0 4 nm
(n = 5) in the presence of albumin, which was not significantly different from that
obtained in the absence of albumin (4-1+0±2 nm, n = 10, P > 0 7). Corresponding
measurements for the wide regions of the clefts were 149+0-3 nm (n = 45) and
15-6+003 nm (n = 48, P > 0-1) respectively. The wide regions appear to be bridged
at intervals with electron-dense 'linkers' under these experimental conditions.

In the experiments where 1% Alcian Blue was included in the fixative the
glycocalyx was seen as a wide dense band on the luminal surface of the cell, which
extended into the paracellular cleft. The width and density of the glycocalyx showed
variation between capillaries and also within a single capillary in placentae perfused
both in the presence (Fig. 7A) and in the absence (Fig. 7B) of albumin.
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B

Fig. 7. Electron micrographs of fetal microvascular endothelium (E) of term human
placentae showing the luminal surfaces at the paracellular cleft regions. At the end of the
tracer experiments the placentae were perfused with fixative containing 1% Alcian Blue
to stain the glycocalyx layer. Panel A shows the variation in the width and density of the
glycocalyx observed in capillaries perfused in the presence of albumin. Panel B shows a
similar variation in capillaries perfused with albumin-free solutions. IL, interstitial layer;
CL, capillary lumen. Bar = 01 #um.

6-2
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DISCUSSION

This study provides the first physiological data specifically describing the
permeability characteristics of the fetal microvascular endothelium in the term
human placenta to low molecular weight molecules. In addition, this is the first time,
to our knowledge, that the 'protein effect' on permeability has been demonstrated
in a perfused human vascular network. The well-established, multiple-tracer dilution
technique used in this study provides estimates of permeability-surface area
products which can be compared with those obtained by similar methods in a range
of other tissue. Paaske & Sejrsen (1989) have recently reviewed the techniques used
to measure the permeability of continuous capillaries and a critical discussion of the
indicator-dilution method can be found therein. A comparison of the PS values
obtained using this technique, under conditions which exclude a flow-dependent
contribution to the measurement, indicate that placental capillaries most closely
resemble skeletal muscle capillaries in their permeability characteristics (Trap-
Jensen & Lassen, 1970; Paaske, 1977), and are more permeable than brain capillaries
(Yudilevich & de Rosa, 1971) but far less permeable than heart capillaries (Mann,
1981) or the fenestrated capillaries in pancreas (Sweiry & Mann, 1991) or salivary
gland (Mann et al. 1979).
The vascular network in the terminal villi consists of two separate capillary

plexuses each main artery being accompanied by a paravascular and a superficial
capillary network. While an early electron microscopic study of terminal villous
capillaries suggested the presence of tight junctions between endothelial cells similar
to those seen in the brain (Heinrich et al. 1976), this has not been confirmed by a recent
study of intercellular clefts in these vessels (Leach & Firth, 1992). These authors
found that intercellular junctions had a mean width of 15-6 nm, and serial sectioning
revealed that each cleft usually contained one to four tight regions. Each tight
junction apposition was found, by goniometric tilting, to have a separation of 4-1 nm
between the outer leaflets of the adjoining plasma membranes. Furthermore, these
lines of cell-to-cell contact were not continuous throughout the axial length of the
capillaries. They concluded that the placental capillaries most resembled non-CNS
continuous capillaries. Although in the present study we sampled a smaller number
of microvessels, we observed a similar ultrastructural organization of the paracellular
clefts in placentae perfused for 90 min (Fig. 6) as in the previous study, where lobules
were perfused for only 20 min (Leach & Firth, 1992). These results thus provide
ultrastructural support for the physiological measurements ofpermeability presented
here.
The relationship between microvascular permeability and ultrastructure has been

recently reviewed (Clough, 1991). The inadequacies of an ultrastructural correlate for
the cylindrical pore theory developed by Pappenheimer, Renkin & Borrero (1951) led
to the fibre matrix theory (Curry & Michel, 1980; see reviews by Curry, 1986 and
Michel, 1988). In this model the hydraulic resistance of the pathway is defined by
both the dimensions of the pores and the modulating effect on solute entry of the
fibre matrix on the cell surface (glycocalyx) and in the junctional cleft region. The
role of protein in modulating permeability was systematically studied in Michel's
laboratory (Levick & Michel, 1973; Mason, Curry & Michel, 1977). They showed that
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albumin concentrations as low as 1 mg ml-' will prevent increases in hydraulic
conductivity in Ringer solution-perfused frog single mesenteric capillaries. This
effect of serum proteins on maintaining 'normal' permeability has been reported in
many other systems, e.g. rabbit heart (Mann, 1981), rat lung (Schneeberger &
Hamelin, 1984) and rat muscle (Haraldsson & Rippe, 1985). Of the serum proteins
involved (including immunoglobulin G and orosmomucoid), albumin appears
quantitatively the most important (see Michel, 1988 for review). Schneeberger &
Hamelin (1984) demonstrated albumin in the wide regions of the cleft but found it
excluded from the tight regions. Hence removal of albumin may increase
permeability of the wide regions without affecting the narrow regions.

In the present study the largest test tracer, 57Co-cyanocobalamin, has a molecular
radius of 0-84 nm which is nearly one-fifth of the minimum gap width in the tight
regions of the endothelial gap junctions (Leach & Firth, 1992). If the diffusion of the
permeant tracers 57Co-cyanocobalamin and 5'Cr-EDTA was through a limited
number of large pores, the ratio of their mean PS products (2 28) should equal the
ratio of their free diffusion coefficients in water (1-79). The observed inequality is
itself indicative of restricted diffusion (see Mann et al. 1979 for discussion) in the
presence of albumin. The increased extractions at high flow in the absence of albumin
suggest increased access to these limiting areas. The observation that, even in the
tight regions of the intercellular junctions, the mean gap diameter is nearly 18 times
larger than the diameter of 22Na (Leach & Firth, 1992; Table 1) accounts for the
increasing PS values for this tracer found both in the presence and absence of
albumin.
Clough (1991) reviews evidence for the link between albumin and the glycocalyx

in frog mesenteric capillaries by showing that re-perfusion with albumin-containing
solutions causes 'lifting' of the glycocalyx (previously labelled with ferritin in the
absence of protein), i.e. albumin increased the diffusional pathway for solutes to
traverse. In our perfusion system the variation in the width of the glycocalyx
observed for placentae perfused for about 90 min with albumin-containing (Fig. 7A)
or with albumin-free (Fig. 7B) perfusates means that we cannot assert that albumin
either alters the thickness of, or causes any observable structural changes to, the
luminal glycocalyx. It is apparent, however, that the permeability effect in the
absence of albumin cannot be correlated with any observable changes in endothelial
morphology or tissue damage.

It is concluded that the permeability of the fetal capillaries in the term human
placenta resembles that of skeletal muscle both physiologically and ultrastructurally
and that solute movement may be modulated by the presence of albumin in the
perfusate. The human placenta lacks a lymph drainage system and in other species
this has been associated with the fetal endothelium providing most of the resistance
to the transplacental transfer of large molecules (Thornburg & Faber, 1976; Boyd,
Canning, Stacey, Ward & Weedon, 1983). In vivo transfer data in human placenta
(Bain, Copas, Landon & Stacey, 1988; Bain, Copas, Taylor, Landon & Stacey, 1990)
would lend support to the conclusion that the endothelium exerts a major regulatory
role in transplacental transfer.
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