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Abstract

Aims/hypothesis. The aim of this study was to investi-
gate whether gestational diabetes mellitus, which oc-
curs in the microvascular remodelling phase of pla-
cental development, causes alterations in surface ex-
pression of tight and adherens junctional molecules
involved in endothelial barrier function and angio-
genesis.

Methods. Term placenta, delivered by elective Cae-
sarian section, from normal pregnancy (n=5) and
those complicated by gestational diabetes (n=15)
were perfusion-fixed and analysed by indirect immu-
nofluorescence and confocal scanning microscopy.
Using systematic random sampling, the surface ex-
pression of endothelial junctional proteins and the
relative incidences of immunostained vessels were
compared between the two study groups. Total vessel
lengths were measured by stereological techniques.
Results. The adherens junctional molecules, vascular-
endothelial cadherin and S-catenin, and the tight
junctional molecules, occludin and zonula occlu-
dens-1 were localised to paracellular clefts in both

study groups. The diabetic placentae showed pro-
nounced reductions in the intensity of immunofluo-
rescence and in the number of immuno-positive ves-
sels. A corresponding statistically significant increase
(from 19% to 56%) in the percentage of vessels
showing junctional anti-phosphotyrosine immunore-
activity was found. The differences observed repre-
sented real changes in the absolute lengths of immu-
nostained regions along the vessels. The stereological
measurements failed to detect any statistically signifi-
cant change in the combined length of fetal vessels in
gestational diabetic placenta.
Conclusion/interpretation. Our results suggest that
even short duration diabetic insult, alters the surface
expression of placental junctional proteins. This al-
teration could be mediated by the tyrosine-phospho-
rylation pathway. The changes suggest impaired bar-
rier function rather than accelerated vascular growth.
[Diabetologia (2000) 43: 1185-1196]
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The human placenta is a highly vascularised organ
whose major functions are to allow materno-fetal ex-
change of solutes and oxygen. Formation of the pla-
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cental fetal vessels (vasculogenesis) occurs in the first
4 weeks of pregnancy and elaboration of the mi-
crovascular beds (angiogenesis) occurs in the last tri-
mester of pregnancy. The structure and permeability
of these vessels, at term, resemble those of skeletal
muscle capillaries [1,2]. Both vascular remodelling
and effective barrier formation are key endothelial
functions, which influence fetal well-being and peri-
natal outcome. One of the major complications in
pregnancies is diabetes mellitus. In pregnancies in
women with pre-existing diabetes, both vasculogene-
sis and angiogenesis, in theory, can be affected. Ges-
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tational diabetes (GDM) is however, by definition a
complication arising during pregnancy [3], typically
in the second or third trimester, after vasculogenesis
has occurred. Thus, the GDM placental vascular bed
could be an extremely valuable model for the study
of microangiopathy in early diabetes because distur-
bances in vasculogenesis and pre-existing maternal
microvascular disease affecting the uterine circula-
tion are excluded.

The maternal glucose intolerance of GDM is usu-
ally mild but nevertheless is associated with a high in-
cidence of complications during pregnancy including
excessive fetal growth (macrosomia), increased peri-
natal mortality and morbidity of the infants [3]. An
early study of the placenta from gestational diabetic
mothers found there was statistically significantly
more surface area of exchange between mother and
fetus, in terms of peripheral villous and capillary sur-
face areas [4]. These changes were hypothesised to
be structural modifications that represent successful
adaptations to maternal metabolic disturbances. The
cellular mechanisms involved in placental vascular
remodelling in GDM are however, not known.

Diabetes mellitus has been linked to accelerated
microangiopathy; both capillary hypertension and in-
herited or acquired changes in capillary permeability
have been associated with this [S]. Increased angio-
genesis is also a common feature of diabetic vasculo-
pathy, specifically manifest in diabetic retinopathy
[6]. In placenta from pregnancies complicated by
pre-existing diabetes, various pathological altera-
tions, including placental hypertrophy and hypovas-
cularity have been reported [7,8]. Increases in the vol-
ume, surface area and length of placental capillaries
in the well-controlled diabetic mother have also
been reported and these changes are accompanied
by greater total diffusive conductance [9]. The integ-
rity of the placental endothelium and the mechanisms
which allow increased angiogenesis in these pregnan-
cies are still not clear.

The endothelial paracellular cleft is one of the
principal pathways for the passage of hydrophilic sol-
utes, acting as the structural equivalent of the “small
pore” [10] specifically in continuous endothelia, such
as those in guinea-pig [11] and human placenta [2].
Two physical entities in the pathway, the tight and ad-
herens junctions are thought to regulate both cell-cell
adhesion and permeability. It is the adhesive mole-
cules present within these junctional complexes
which dictate the permeability status of the endothe-
lium.

Vascular endothelial cadherin (VE-cadherin) is
the transmembrane glycoprotein of endothelial adhe-
rens junctions. Homotypic binding of its extracellular
portion allows cell-cell adhesion whereas rigidity of
the extracellular domains and clustering behaviour
might influence adhesive strength [12]. The cytoplas-
mic tail of VE-cadherin is linked to signal transduc-
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tion ligands of the armadillo family, S-catenin, plako-
globin (y-catenin) and p120; binding with a-catenin
allows anchorage to perijunctional actin microfila-
ments [13]. Tyrosine phosphorylation of VE-cadherin
and f-catenin has been linked to increased perme-
ability and small-pore barrier dysfunction in vitro
[14, 15]. In mice, cytosolic truncation of the VE-cad-
herin gene impairs VEGF-mediated endothelial sur-
vival and angiogenesis [16]. We have previously
shown that VE-cadherin is present in human placen-
tal vessels and can be perturbed, resulting in altered
tracer leakage [17,18].

The molecular composition of tight junctions is
under immense scrutiny. So far occludin and claudins
have been identified as transmembrane proteins
[19,20]. Several signalling molecules have been de-
scribed on the intracellular aspect, of which zonula
occludens-1 (ZO-1) is the key signalling molecule
which also mediates anchorage to actin microfila-
ments [21]. We have localised occludin to the paracel-
lular clefts of conduit vessels in the normal human
term placenta but found no immunostaining in ex-
change vessels; ZO-1 was present throughout [22].

Alterations in expression of adhesion molecules in
the human placenta and in systemic vessels in diabe-
tes are just beginning to be reported [23,24]. We
have previously reported (abstract) a significant re-
duction in the surface expression of VE-cadherin
and f-catenin of placental vessels in GDM [25].
Whether this down-regulation extends to tight junc-
tional proteins, is associated with phosphorylation of
junctional proteins and is a consequence of increased
angiogenesis are still to be determined.

The present study investigates the localisation pat-
tern of VE-cadherin, $-catenin, occludin, ZO-1 and
phosphotyrosine immunoreactivity in vascular pro-
files in human term placentae selected at random
from normal and insulin-treated GDM pregnancies.
The total vessel lengths in placentae from these two
groups were also estimated.

Materials and methods

Tissue selection. The study was based on pregnancies moni-
tored at Queen’s Medical Centre, Nottingham (local ethical
committee approval and patient consent obtained). Patients
in the experimental group (n = 5) were diagnosed as having
GDM in the second trimester by an oral 75 g glucose tolerance
test [26]. They were managed in accordance with established
protocols. All five patients required insulin for adequate glu-
cose control (28 weeks onwards). Patients in the control group
(n= 5) had normal (uncomplicated) term pregnancies. Pa-
tients in both groups were of similar age, non-smokers with
no history of microvascular complications, hypertension or
pre-eclampsia. The birth weights of neonates, all delivered by
elective Caesarean section in the last trimester, were recorded
in both groups and their centiles calculated using local custo-
mised charts which made allowances for maternal size, ethnic-
ity and parity [27]. All neonates from the GDM group were



M. O.Babawale et al.: Placental vessels in gestational diabetes

Table 1. Maternal, neonatal and placental characteristics of
the control group: normal uncomplicated pregnancies

Patients Birth Centile Placental  Gestational age
weight (kg) weight (gm) at delivery (week)

A 3.70 76 675 37

B 3.86 86 902 38

C 2.84 9 511 37

D 2.96 28 562 39

E 4.0 62 670 41

macrosomic (> 97" centile). All neonates from the normal
pregnancy group had birth weights between 3-97" centiles.
The clinical details of patients are shown in (Tables 1, Table 2).

Tissue processing. Placentae were collected immediately after
delivery and the umbilical cord clamped so as to prevent col-
lapse of the vessels and minimise further blood loss from the
placenta. Once in the laboratory, placental wet weights were
recorded. The clamps were removed and the fetal vasculature
of selected lobules of normal and GDM placentae were perfus-
ed for a 20-min equilibration period (to reverse any post-partu-
rition hypoxic changes) with oxygenated Medium 199 accord-
ing to a well-established method [1]. The maternal circulation
was also independently perfused. Fetal flow was 5 ml/min, ma-
ternal flow 18 ml/min, fetal pressure 40-80 mmHg and mater-
nal pressure less than 20 mmHg. The fetal vessels were perfu-
sion-fixed for 30 min with 0.4 % para-formaldehyde in 0.1mol/l
phosphate buffer (pH 7.3), excised and immersion-fixed for a
further 120 min. We took 2 cm? biopsy specimens and froze
them in nitrogen-cooled isopentane. Tissue biopsy specimens
were also processed for transmission electron microscopy to
evaluate structural integrity and any malperfusion effects.
Any placentae with such deficiencies were not used for any
subsequent analyses.

Antibodies. All antibodies were purchased from Sigma, St
Louis, Mo., USA, unless stated otherwise. The primary anti-
bodies used were: mouse anti-human monoclonal antibody to
VE-cadherin, clone 55-7H1 (5ug/ml, Pharmigen, San Diego,
Calif., USA); rabbit polyclonal antibody to S-catenin (5ug/
ml); rabbit polyclonal antibody to ZO-1 (10ug/ml, Zymed, Ca-
lif., USA); rabbit polyclonal antibody to occludin (20ug/ml,
Zymed) and rabbit polyclonal antibody to phosphotyrosine
(5ug/ml, Transduction Laboratories, Lexington, Ky., USA).
Secondary antibodies were Flourescein isothiocyanate-conju-
gated (FITC) goat anti-mouse IgG (11ug/ml) and tetramethyl
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rhodamine isothiocyanate (TRITC)-conjugated goat anti-rab-
bit IgG (50ug/ml).

Immunostaining. Frozen sections of placental tissue were air-
dried, washed in PBS (pH 7.2), permeabilized with 0.1 % Tri-
ton x 100 for 10 min, blocked with 5% normal human serum
(30 min, room temperature) and incubated with appropriate
antibody overnight at 4°C. Sections were thoroughly washed
in PBS + 0.1 % BSA and incubated with appropriate second-
ary antibody for 2 h at 37°C.

Microscopy. Immunoreactivities were assessed using a Nikon
fluorescence microscope (Nikon, Welwyn Garden City, UK)
and a Leica TCS4D laser scanning confocal microscope (Leica
Microsystems, Milton Keynes, UK). Optical sections
(0.4-0.8 um intervals) were stored and manipulated using the
accompanying software. Maximum intensity projections and
single optical sections (same laser settings, same depth of sec-
tioning) were compiled for comparing fluorescent intensities
between normal and GDM immunoreactivities.

Vessel sampling. The relative incidences of vascular profiles
showing different junctional immunoreactivities were estimat-
ed by applying random sampling procedures and unbiased pro-
file counting rules. Provided that encounters between section
planes and vessels occur at random orientations, these two-di-
mensional counts also represent the relative lengths in three-
dimensional immunostained regions along the entire length of
the vascular bed [28,29]. Sections were therefore cut at differ-
ent positions in haphazardly oriented tissue blocks within
which the spatial arrangements of placental villous vessels are
highly variable.

For sampling profiles on immunostained slides, systematic
random sampling of fields of view was adopted [30]. Using the
fluorescence microscope and a grid inserted into the eye-piece,
the numbers of vascular profiles showing junctional immu-
noreactivity on section planes were counted using the unbiased
‘forbidden line’ counting principle [31]. These numbers were
subsequently expressed as percentages of total vessels counted
(all vessels, whether positive or negative for immunoreactivi-
ty). The percentage of vessels for each antibody was recorded.
To maintain efficiency, we aimed at counting no more than
about 200 sampling items (vascular profiles showing positive
immunoreactivity) for each placenta.

Stereological estimations. To be sure that relative lengths of im-
munostained regions were not misinterpreted due to changes
in total vessel length during insulin-treated GDM, we made

Table 2. Maternal, neonatal and placental characteristics of the study group: pregnancies complicated by insulin-treated gestation-

al diabetes

Patients Birth weight  Centile Placenta weight Insulin (final dosages) HbA, (%)* HbA, (%) Gestational age
(kg) (gm) at delivery (week)
F 4.08 >99 950 Mixtard. 32 units 6.6 6.9 37
am/32 units pm
G 4.46 >99 1030 Mixtard. 24 units 5.6 4.7 38
am/28 units pm
H 3.88 99 709 Insulatard. 8 units 6.5 54 37
am/8 units pm
I 3.94 99 720 Mixtard. 90 units 8.1 6.6 37
am/55 units pm
J 3.71 97 685 Insulatard. 4 units pm 53 53 37

HbA . was measured at ? = end of second trimester, ® = end of third trimester. HbA . < 6.8 % was considered normal. Formulation

of Mixtard 70:30



1188

stereological estimates of the total lengths of vascular beds in
control and GDM placentae. To minimise shrinkage and pro-
cessing distortions, toluidine blue-stained semi-thin resin sec-
tions were used. Systematic random sampling of fields was
achieved using an Olympus microscope (Olympus, Denmark,
A/S Silkborg, Denmark) with a motorised stage controlled by
x-y axis step motors. Selected fields were projected on to the
horizontal workbench and analysed using a pair of test lattices,
each of which was superimposed at random. One lattice com-
prised a quadratic array of test points and was used to estimate
the volume density of fetal vessels within placenta [28,29]. The
other comprised an unbiased counting frame [30] and was used
to estimate the length density of vessels within each placenta.

The mean calibre diameter was estimated by dividing vol-
ume density by length density (to obtain vessel mean cross-sec-
tional area) and then calculating the diameter of an equivalent
circle. Total length was found by multiplying length density by
placental volume, which was obtained from placental weight
and an empirical estimate of tissue density (1.05 g/cm?®).

Measurements were done on placentae which had been
coded, experimenters were blinded about origin of sections un-
til after all measurements were taken and calculated.

Statistics. Group means and standard errors of means (SEMs)
were calculated for each variable. For group estimates of the
mean ratio between placental weight and birth weight, ratios
were first calculated for each subject. Values of the percentag-
es of vessels showing immunolocalisation for VE-cadherin, (-
catenin, occludin, ZO-1 and junctional phosphotyrosine were
calculated for normal and insulin-treated GDM placentae.
The Mann-Whitney U test was used to compare groups and
apparent differences were considered to be significant at a
probability level of p equal to or less than 0.05. Correlations
between selected variables and birth weight were undertaken
in each group using Spearman’s coefficient of rank correlation.

Results

All neonates in the insulin-treated GDM group were
macrosomic (= 97" centile) but the apparent birth-
weight differences between groups just failed to
reach statistical significance. The mean (SEM)
weight of the placenta in the GDM group was 819
(71.3) g whereas that in the normal group was 664
(67.3) g. This apparent difference did not achieve sta-
tistical significance. The ratio between placental
weight and birth weight (the placental ratio) was sim-
ilar in both groups.

Analyses of adherens junctional proteins. Vascular en-
dothelial-cadherin and -catenin, were immunoloca-
lised to endothelial paracellular clefts of the placental
vasculature in normal pregnancies and those compli-
cated by insulin-treated GDM (Fig. 1). Optical slicing
and rotation of the sections by confocal laser scan-
ning microscopy showed that, in both groups of pla-
centa, VE-cadherin was localised to discrete mem-
brane microdomains and was present through the en-
tire extent of clefts in large vessels and in microves-
sels (Fig.1). A similar profile was seen for the cyto-
plasmic linking molecule, 8-catenin (Fig.1). The per-
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centage of immunoreactive vessels (Fig.2) differed,
however, between the two groups. In control placen-
tas, the proportion of vessels staining positively for
VE-cadherin amounted to almost 100 % and the pro-
portion staining for S-catenin to about 94 %. The cor-
responding figures fell to 80 % and 65 %, respectively
in the GDM group (p < 0.01; Table 3). This loss of im-
munoreactivity was not related to position in the vas-
cular tree, because both large and small vessels were
affected. In GDM, there was also a reduction in the
intensity of immunofluorescence for both molecules
(Fig.1). Of the five placenta in the GDM group, two
had a severe reduction in VE-cadherin (and j-cate-
nin) immunoreactive vessels (Fig.2).

Analyses of tight junctional proteins. Occludin was lo-
calised only along the paracellular clefts of large ves-
sels (arteries, veins and arterioles) of the normal hu-
man term and insulin-treated GDM placenta
(Fig.3). Microvessels in the terminal villi in both
types of placentae were devoid of occludin immuno-

>

Fig.1A-F. Confocal fluorescent micrographs of human term
placenta showing localisation of adherens junctional mole-
cules, VE-cadherin and S-catenin in placentae from normal
pregnancies and those complicated by insulin-treated gesta-
tional diabetes. Bar = 50 um. Stem villi = sv, intermediate vil-
li = iv, terminal villi = tv. A VE-cadherin immunoreactivity in
normal term placenta (patient E). Inmunoreactivity is present
in continuous lines corresponding to endothelial paracellular
clefts of vessels. Fluorescent ‘hot spots’ of immunoreactivity
are visible in cleft extents of longitudinal and oblique vascular
profiles suggestive of VE-cadherin clustering to discrete mem-
brane regions. B VE-cadherin in GDM placenta (patient G).
Positive paracellular immunostaining can been seen in stem
terminal villi. Note reduced intensity of immunostaining in
these GDM vessels compared with normal placenta vessels in
Fig. 1A. Both images are maximum intensity projections of 20
optical slices (total thickness 8um), acquired at the same laser
power setting. Patient G is one of the two patients with pro-
nounced reduction in number of vessels (< 60 % ) showing im-
munoreactivity to adherens junctional molecules. C Anti-VE-
cadherin immunoreactivity in GDM placenta (patient G). Vas-
cular profiles showing positive paracellular immunoreactivity
are interspersed with those with no immunostaining (aster-
isks). The latter were scored as immunonegative in this study.
D Anti $S-catenin immunoreactivity in normal term placenta
(patient E). B-Catenin can been seen in paracellular clefts of
vessels in all villi. Note presence of S-catenin at the cell-cell
borders of trophoblasts (arrow). E Anti $-catenin immunore-
activity in GDM placenta (patient H). Micrograph shows re-
duced intensity of anti-3-catenin immunoreactivity compared
with (Fig. 1D). Both micrographs are maximum intensity pro-
jections of 20 optical slices (0.4um per slice) acquired on the
same laser setting. Note immunoreactivity in the overlying tro-
phoblast layer is still present in the GDM placenta. F Anti (-
catenin immunoreactivity in GDM placenta (patient I). Micro-
graph shows a stem villus vessel with greatly reduced anti--
catenin immunofluorescence in paracellular clefts. Note lack
of -catenin (asterisks) in adjacent intermediate and terminal
villi
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Table 3. The relative incidences of vessels immunoreactive for various junctional adhesion molecules in placentae from normal

and insulin-treated GDM pregnancies

Group VE-cadherin [-catenin Z0-1 Occludin P-tyrosine
Normal 99.3 (0.43) 94.2 (2.86) 100 (0.00) 97.7 (0.57) 19.2 (0.56)
GDM 79.6 (8.72)* 64.6 (3.78)* 89.3 (1.15)* 96.0 (0.27)° 56.4 (1.23)

Values are group means (SEM) expressed as a percentage of vessel profiles in each study group. ® denotes significant at p < 0.01;

b denotes significant at p < 0.05

staining (Fig.3). A percentage of large vessels from
the GDM placentae showed a reduction in the inten-
sity of occludin immunofluorescence (Fig.3). Al-
though the percentage of immunoreactive large ves-
sels in the GDM and normal placenta was roughly
96 % or higher, the apparent difference between
groups, although small, was significant (p < 0.05; Ta-
ble 3, Fig.2).

Zonula occludens-1, the cytoplasmic linking pro-
tein of tight junctions, was immunolocalized to the
paracellular clefts of large vessels and microvessels.
All the vessels analysed in the normal term placenta
(Fig.3), but only 89 % of those analysed in the insu-
lin-treated GDM placenta (Fig.3) were immunoposi-
tive. The difference was significant (p < 0.01; Table 3,
Fig.2). Negative vessels were not restricted to a par-
ticular size class, loss of junctional ZO-1 was seen
throughout the vascular bed.

Phosphorylation of junctional proteins. The location
of anti-phosphotyrosine immunoreactivity was very
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Fig.2. Effect of gestational diabetes on junctional molecules.
Scatter diagram showing percentage of human placental vascu-
lar profiles immuno-positive (at paracellular clefts) for VE-
cadherin, f-catenin, occludin and ZO-1 for each of the five
term placentae from normal pregnancies (patients A-E) and
insulin-treated GDM pregnancies (patients F-J). Percentage
of vessels with anti-phosphotyrosine immunoreactivity at par-
acellular clefts is also shown. A systematic random sampling
method was used to count the vessels. ll normal, & GDM

similar to that for junctional proteins in that it was as-
sociated with paracellular clefts. In the normal hu-
man term placenta, phosphotyrosine immunoreactiv-
ity was observed as weakly fluorescent lines corre-
sponding to the endothelial paracellular clefts in
19% of sampled vessels (Fig.4, 2). In insulin-treated
GDM placentae, phosphotyrosine immunoreactivity
was seen as bright fluorescent lines corresponding to
paracellular clefts in 56 % of the vessels analysed, re-
gardless of position in the vascular tree (Figs. 4, 2).
There was a highly significant difference in expres-
sion of junctional anti-phosphotyrosine immunoreac-
tivity in GDM vessels compared with normal vessels
(Table 3, Fig.2).

>

Fig.3A-F. Fluorescent micrographs of human term placenta
showing immuonolocalisation of the tight junctional mole-
cules, occludin and ZO-1, in placentae from normal pregnan-
cies (patients B and C) and those complicated by gestational
diabetes (patient F). Bar = 50 um. A Occludin in normal pla-
centa (patient B). Confocal micrograph (single optical section,
0.4 um) showing immunolocalisation of occludin in endothelial
paracellular clefts of intermediate (iv) and stem villi (sv) ves-
sels. Note lack of occludin (asterisk) in the capillary of an adja-
cent terminal villus (tv). B Single optical section showing oc-
cludin in GDM placenta (patient F). Immunolocalization of
occludin is similar to that seen for normal placentae, i.e., oc-
cludin can be seen in paracellular clefts of a stem villus (sv)
vessel and is absent from an adjacent capillary (*) in the termi-
nal villi (tv). A vessel in the intermediate (iv) can now be seen
as immuno-negative. There was a small but statistically signifi-
cant reduction in the percentage of occludin immuno-positive
vessels in GDM placentae. C Anti-occludin immunolocalisa-
tion in GDM placenta. Fluorescent micrograph showing vascu-
lar profiles in a stem villus (sv) with greatly reduced anti-occlu-
din intensity of immunofluorescence. Note negative immu-
noreactivity in an adjacent intermediate villus (*). Capillaries
in terminal villi (tv) are immuno-negative. D ZO-1 immunolo-
calisation in normal term human placenta. Confocal micro-
graph (single optical section, 0.4 um thick) shows anti-ZO-1
in stem (sv) and intermediate villi (iv). E Immunolocalisation
of ZO-1 in GDM placenta (patient F). Confocal micrograph
(single optical section, 0.4 um thick) shows ZO-1 immunoloca-
lised at endothelial paracellular clefts of vessels in the stem
(sv) and intermediate villi (iv). F Immunolocalisation of ZO-1
in GDM placenta (patient F). Confocal micrograph (single op-
tical section, 0.4 um thick) showing reduced fluorescent inten-
sity in vascular profiles of stem (sv) and intermediate villi (iv)
compared with that in the single optical section taken from
the normal placenta (Fig.3D). These GDM vessels were
counted as positive vessels
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Figs.4 A-D. Anti-phosphotyrosine immunoreactivity in (A,
B) normal term (patient A) and GDM placentae (C, D).
A Confocal micrograph (single optical section, 0.4 um thick)
shows weak immunoreactivity in vascular profiles of a stem vil-
lus (sv). Immunoreactivity to anti-phosphotyrosine was localis-
ed to endothelial paracellular clefts (similar location to junc-
tional adhesion molecules). B Fluorescent micrograph show-
ing reduced (arrow) immunofluorescence in an intermediate
villus (iv) and negative immunoreactivity in capillaries present
in terminal villi (tv, asterisks). In placentae from normal preg-
nancies < 19% of vessels showed paracellular immunostain-
ing. C Micrograph from patient G. Confocal micrograph (sin-
gle optical section, 0.4 um thick) showing a stem villus (sv)
with paracellular anti-phosphotyrosine immunoreactivity in
vascular profiles. Note the higher intensity of fluorescence in
these profiles compared with that in Fig. 4A (normal placenta).
D Fluorescent micrograph (from patient I) shows numerous
capillaries in terminal villi (tv) with bright anti-phosphotyro-
sine immunoreactivity at paracellular clefts. There was a
(37 %) increase in the number of vessels showing paracellular
phosphotyrosine immunoreactivity in all the insulin-treated
GDM placentae

Morphometric analyses. Using semi-thin resin sec-
tions, the mean (SEM) length of vessels in normal
placentas was found to be 324 (41.5) km with a mean
calibre diameter of 18.0 (1.6) um. These values were
not significantly different in insulin-treated GDM
placentae [290 (61.2) km and 16.2 (0.9) um respec-
tively].

Correlation of immunoreactivity with vessel lengths. A
significantly higher proportion of vessels in the insu-
lin-treated GDM group did not show immunoreactiv-
ity to antibodies against adherens or tight junctional
molecules (Table 3). This loss of reactivity was seen
throughout the vascular tree and not only in terminal
microvessels. There was an increase in the proportion
of GDM vessels showing phosphotyrosine immu-
noreactivity at paracellular clefts. Taken together,
the differences in relative incidences of immunostain-
ed vessels represent real changes in the absolute
lengths of immunostained regions along those ves-
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sels: the combined length of fetal vessels did not alter
significantly in GDM placentas.

Correlation of immunoreactivity with birth weight and
placental weight. Because of apparent differences in
birth and placental weights, we examined whether
there was any correlation between these variables
and the numbers/lengths of vessels showing positive
immunoreactivities. In normal placentas, Spearman’s
rank correlation analysis failed to find any significant
correlation between birth weight and the incidences
of various immunoreactivities or between placental
weights and immunoreactivities. In placentae from
insulin-treated GDM pregnancies, there were signifi-
cant negative correlations between birth weight
and phosphotyrosine immunoreactivity as well as
between placental weight and phosphotyrosine
immunoreactivity (correlation coefficient = — 0.90;
p < 0.05 in both cases).

Discussion

This study shows that perturbation of adherens junc-
tional (VE-cadherin and f-catenin) and tight junc-
tional (ZO-1 and occludin) molecules occur in the vas-
culature of human placentae from pregnancies com-
plicated by insulin-treated gestational diabetes. Sta-
tistically significant reductions were found in the per-
centages of vessel profiles (and, hence, proportions
of total vessel lengths) immunostained for VE-cadh-
erin, 3-catenin, ZO-1 throughout the vascular tree or
immunostained for occludin in the case of large ves-
sels. These changes were further associated with an in-
crease in tyrosine phosphorylation at junctional re-
gions, implicating the tyrosine kinase-signalling path-
way in this perturbation. The endothelial changes we
observed could be a reflection of impaired barrier
function or increased angiogenesis or both of placen-
tal vessels induced by the GDM milieu. We saw, how-
ever, no difference in the absolute length of vessels in
the placentae from insulin-treated GDM pregnancies.

Gestational diabetes and barrier function. Inflamma-
tory mediators such as VEGF or histamine are re-
ported to induce increases in vascular permeability
which have been linked to the reversible redistribu-
tion of adhesion molecules from junctional regions
[14,15,32,33]. The perturbation of junctional mole-
cules in diabetes is, however, only just being reported.
Using the diabetic rat, it has been shown [34] that
VEGTF could induce rapid phosphorylation of the
tight junctional proteins, occludin and ZO-1. Our
study showed perturbation of the adherens junctional
VE-cadherin in a human disease. Vasoactive agents
which are active in diabetes, such as chronic hyper-
glycaemia, oxygen free radicals, increased inflamma-
tory mediators, cytokines, VEGF, hypoxia and ad-
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vanced glycation end-products, have been linked to
a delayed and sustained increase in permeability
[5,35,36]. The underlying cellular mechanisms, specif-
ically the involvement of the inter-endothelial junc-
tions, have not been explored.

The cadherin-catenin complex in endothelial cells
is thought to be dynamic and capable of changing
composition in relation to the microenvironment or
functional status. A recent study has emphasised the
role of VE-cadherin in maintaining vascular perme-
ability in vivo: intravenous injection of an antibody
mAB BV13, directed against mouse VE-cadherin, in-
duced a concentration-dependent and time-depen-
dent increase in vascular permeability in murine
hearts and lungs, causing interstitial oedema and
haemorrhage [37]. In human endothelial angiosarco-
ma or in hemangiomas where the vascular structures
are profoundly altered, VE-cadherin is poorly ex-
pressed or lost from cell-cell contacts [13]. In our
study, the reduced incidence of VE-cadherin, -cate-
nin and ZO-1 and the increased phosphorylation ob-
served in paracellular clefts of GDM placental vascu-
lature could be a consequence of inflammatory
events. Perturbation of VE-cadherin by inflammato-
ry mediators can occur in the human placenta; perfu-
sion of human placental microvessels with 100 umol/l
histamine resulted in a complete loss of VE-cadherin
and platelet endothelial cell adhesion molecule 1
(PECAM-1) from paracellular clefts, widening of
tight junctional gaps and increased extraction of ra-
diolabelled molecular tracers [18].

In porcine aortic endothelial cells, hyperglycaemia
does elicit a dose-dependent increase in albumin per-
meability by activation of the protein kinase C path-
way [35]. Studies in our laboratory have shown that
a2 h hyperglycaemic insult perturbs VE-cadherin, re-
sulting in the appearance of a discontinuous immuno-
staining pattern and increased permeability to 40
000M, dextrans in HUVEC cells [38]. As stated earli-
er, this discontinuous staining or loss of immunofluo-
rescence at paracellular gaps have been linked to in-
creased permeability in numerous in vitro studies.

The association of VE-cadherin with the catenins
is important. Truncation of the cytoplasmic tail of
VE-cadherin results in loss of control of paracellular
permeability even though the mutant molecule can
still cluster at junctions and promote cell-cell attach-
ment [39]. The association can be perturbed by in-
flammatory mediators; VEGF causes tyrosine phos-
phorylation of S-catenin, loss of S-catenin from sites
of small paracellular hole formation and time-depen-
dent and concentration-dependent increase in per-
meability of bovine pulmonary artery endothelial
cell monolayer [15]. The loss of S-catenin from about
35% of the GDM vessels sampled in this study sug-
gests f-catenin reorganisation in adherens junctions
and barrier dysfunction in these paracellular clefts.
The loss seemed to be restricted to the endothelium;
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no loss of S-catenin was seen in the overlying epithe-
lial layer (trophoblast).

The considerable reduction in VE-cadherin and -
catenin immunoreactive vessels (< 60%) in two of
the placentae from the GDM group was surprising.
One of the two mothers subsequently developed
post-partum Type II (non-insulin-dependent) diabe-
tes mellitus. Gestational diabetes is well known to in-
crease the risk of developing overt diabetes later in
life [40]. In an earlier study [23] and in ongoing
work, we found a severe down-regulation of VE-
cadherin in placentae from women with pre-gesta-
tional diabetes (0-20% immunostained vessels, de-
pendent on maternal microvascular complications).
In the present study, the second patient who showed
a pronounced decrease in immuno-staining profile
had also had a previous GDM pregnancy. Both pre-
disposition to diabetes and a number of chronic in-
flammatory events could therefore influence localisa-
tion and expression of endothelial junctional adhe-
sion molecules.

Zonula occludens-1 is involved in cadherin-based
cell adhesion in non-epithelial cells by working as a
cross-link between the cadherin/catenin complex
and the actin-based cytoskeleton [21]. It is therefore
not surprising that we found a statistically significant
reduction in the number of vessels showing ZO-1 im-
munolocalisation along with those of VE-cadherin
and fS-catenin. The role of ZO-1 in the cadherin-
based cell adhesion system does not exclude its func-
tion in tight junctions. Phosphorylation of ZO-1 has
been linked with decreased transcellular electrical re-
sistance in brain endothelial cells [41].

In the human placenta, insulin-treated GDM
seems to cause a large increase in tyrosine-phospho-
rylation of junctional proteins; both intensity of fluo-
rescence and number of vessels (56 %) with anti-ty-
rosine phosphorylation immunoreactivity in clefts
were increased in the GDM group. In our study, we
did not attempt to isolate which of the junctional pro-
teins were phosphorylated. Apart from the endothe-
lial specific VE-cadherin, the presence of adhesion
molecules in the overlying epithelial would have cre-
ated unacceptable background levels. Furthermore,
the wealth of evidence published shows that all the
adhesion molecules investigated in this study are vul-
nerable to tyrosine-phosphorylation and their adhe-
sive function can be modulated by this pathway. In
addition, or alternately, the increased phosphoryla-
tion could also be the result of tyrosine kinase activa-
tion of insulin, IGF-1 or VEGF receptors, i.e. cell
surface receptors which might also be present in para-
cellular membrane domains. All of these receptors
are susceptible to the diabetic milieu [34, 42].

It has been recently shown [16] that transgenic
mice with truncated VE-cadherin form primary tubes
but not vascular networks. These findings further
confirm the functional importance of VE-cadherin
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in vascular remodelling and angiogenesis. De-adhe-
sion and disruption of junctional complexes have to
occur before endothelial cells can detach, proliferate
and migrate to form new blood vessel sprouts; junc-
tional de-adhesion seems to be the common mecha-
nism in loss of barrier function and angiogenesis.
The potent angiogenic factor VEGF, has been shown
to induce tyrosine phosphorylation of adherens junc-
tions and allow endothelial cell motility [14]. In epi-
thelial cells, freely available or dissociated -catenin
is reported to participate directly in the Wnt growth
factor signalling cascade, translocate to the nucleus
and regulate the gene expression of cellular growth
and differentiation [43]. In our study, the reduction
in VE-cadherin and $-catenin expression from junc-
tional regions and the corresponding increase in ty-
rosine phosphorylation immunoreactivity in the
GDM placental vasculature suggests a similar mecha-
nism is operating; thus we cannot exclude the possi-
bility that these changes could be indicative of some
form of increased vascular remodelling in the GDM
group. We did not observe f3-catenin immunoreactivi-
ty in the nucleus of these vessels. However, immuno-
electron methods may be required to confirm that
this molecule is not translocated to the nucleus in
these vessels.

Perturbation of the tight junctional molecule, oc-
cludin and phosphorylation of ZO-1 in rat retina
[34] have been linked to vascular leakage. The endo-
thelial cells of the blood-retinal barrier contain fused,
continuous tight junctions, the disruption of which
would lead to increased permeability. In the placenta
(and other systemic vessels), the tight junctions are
not fused or continuous [1]. Therefore, the primary
role of occludin and ZO-1 might not be in regulating
permeability but in maintaining stable adhesion. Per-
turbation of these molecules could be indicative of la-
bile junctions, which allow vascular remodelling. No-
tably, in the insulin-treated GDM placenta, junctions
in large vessels (in intermediate and stem villi) also
seem to be affected, implicating these vessels in vas-
cular remodelling (and impaired barrier function).
Branching angiogenesis, at the capillary level (in ter-
minal villi), might not be the way in which the last tri-
mester placenta grows and proliferates. It has been
shown that extensive endothelial proliferation occurs
at the intermediate villous level allowing the authors
[44] to hypothesise that human placental angiogene-
sis in the last trimester occurs by increased capillary
loop formation and bulging out of vessels as terminal
villi.

In this study the differences in mean placental
weight, length or diameter of fetal vessels in the two
study groups failed to reach statistical significance,
suggesting that increased angiogenesis is not a fea-
ture of insulin-treated GDM. There has been a report
of increased capillary surface area in placentae from
mothers with gestational diabetes [4]. There is stere-
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ological evidence that placental vessels from pre-ges-
tational diabetes are statistically significantly in-
creased in total volume, surface area and length [9].
The junctional adhesion molecule repertoire is, how-
ever, very different in this diabetic group [23]. From
the stereological data on the surface densities of ves-
sels and the numerical densities of capillary endothe-
lial cells it is possible to estimate the mean surface
area per endothelial squame cell. These calculations
suggest that squame area does not alter substantially
in pre-gestational diabetic placentae. The increases
in total capillary surface area and length are therefore
due to endothelial hyperplasia rather than hypertro-
phy. Studies in our laboratory (unpublished) have
shown an increase in proliferating cell nuclear anti-
gen (PCNA) activity in the endothelium of the insu-
lin-treated GDM placentae (average increase of
12.4%; p < 0.01) used in the present study. We there-
fore cannot exclude the possibility that increased pro-
liferation is a feature of these GDM placentae. It is
possible that in the insulin-treated GDM a steady
state is maintained by equalising enhanced rates of
endothelial cell repair/replacement and enhanced
rates of cell damage/loss.

Women with GDM were treated with insulin for
the last trimester. Although five fetuses were macro-
somic despite normal matenal HbA, _ value, tight gly-
caemic control remains a cornerstone of management
in such pregnancies, there is little evidence that accel-
erated fetal growth can be arrested or reversed by
such a strategy [45,46]. Our data does not support
the view that good maternal glycaemic control pre-
vents macrosomia or the perturbed immunoreactive
profile of placental vessels. Maternal HbA!¢ values
might not adequately reflect the quality of glycaemic
control of the fetus.

Even short duration exposure to diabetes, during
the vascular remodelling phase of placental growth,
affects the surface expression and phosphorylation
status of key adhesion molecules responsible for
maintaining endothelial integrity.
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