
SUMMARY

We examined the subcellular localization of ADP-
degrading activity and cytochrome c oxidase
(CCO) activity in chorion laeve trophoblasts from
term and near term human fetal membranes, and
compared them with those from severe preeclamp-
tic fetal membranes. The methods used for the
detection of enzyme activities were the lead nitrate
method for ADP-degrading activity and the
diaminobenzidine method for CCO. Precipitates
indicative of ADP-degrading activity were visible
on surface microvillous plasma membranes of
chorion laeve trophoblasts both from normal and
preeclamptic fetal membranes. The intensity and
distribution patterns were the same in the normal
and preeclamptic subjects. CCO labeling was visi-
ble in almost all laeve trophoblastic mitochondria
both in normal and preeclamptic cases. Previously,
we demonstrated that in preeclamptic villous tro-
phoblasts there were decreases in ADP-degrading
activity and the presence of CCO-negative mito-
chondria, which were proposed to lead to dysfunc-
tion of each villous trophoblast, and finally to pla-
cental insufficiency in preeclampsia. Reductions or
changes in enzyme intensities/distribution patterns,
which are characteristic features of preeclamptic
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villous trophoblasts, were absent in chorion laeve
trophoblasts in preeclampsia. These results suggest
that in preeclampsia there are no, or at least less
severe, abnormalities in the enzyme activities of
chorion laeve trophoblasts, compared with villous
trophoblasts, as far as enzyme-histochemically
detectable enzymes are concerned.

INTRODUCTION

Preeclampsia is one of the major unsolved prob-
lems in feto-maternal medicine, and is a leading
cause of placental insufficiency. It affects approxi-
mately 5% of all pregnancies, and frequently caus-
es fetal/neonatal/maternal morbidity and mortality
(Cunningham et al.1997). This disease occurs not
only in pregnant women but also women with
hydatidiform moles (abnormal placental prolifera-
tion without a fetus), and it disappears immediately
after delivery, indicating that preeclampsia is a
“placental disease” (Redman 1991; Widschwendter
et al.,1998).
Though the etiology and pathogenesis of pre-

eclampsia are still obscure, our previous enzyme-
histochemical observations demonstrated that, in
villous trophoblasts with preeclampsia, some impor-
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tant placental enzymes, such as ADP-degrading
enzyme (Matsubara et al.1997a) and cytochrome c
oxidase (CCO) (Matsubara et al. 1997b), exhibited
decrease/change in their enzyme intensities or distri-
bution patterns, compared to those without
preeclampsia. We proposed that in preeclamptic pla-
centa there were some trophoblastic dysfunctions at
each cell level, which may lead to placental insuffi -
ciency of preeclampsia. Preeclampsia, therefore, is
possibly a “villous trophoblastic cell disease” (Mat-
subara et al.1997a,b).
Besides these villous trophoblasts (syncytiotro-

phoblasts and cytotrophoblasts) in the placenta, there
are chorion laeve (cyto)trophoblasts in the fetal
membranes (the chorioamnion) (Benirschke and
Kaufmann 2000). These two trophoblasts originate
from the same stem cells (outer cell mass of the blas-
tocyst) in early human placental/chorioamnion
development. Later, trophoblasts located near the
implantation pole become villous trophoblasts,
while those localized in the anti-implantation pole
become chorion laeve trophoblasts (Benirschke and
Kaufmann 2000). While the former villous tro-
phoblasts, especially villous syncytiotrophoblasts,
were considered to be functioning cells of the pla-
centa and many histochemical observations were
made, little attention was paid to chorion laeve tro-
phoblasts. This was due to the belief that chorion
laeve trophoblasts may be a less active remnant of
the initial capsular chorion, contributing as a mere
covering of the amniotic cavity, and thus having
lower biological significance. Recent reports, how-
ever, disproved this idea. Chorion laeve trophoblasts
possessed many enzymes similar to villous tro-
phoblasts (Matsubara et al.1994; 1997c; Matsubara
and Sato 2000), and produced a variety of sub-
stances essential for the maintenance of pregnancy,
including renin (Poisner et al.1981), endopeptidas-
es (Germine et al. 1994) and 15-hydrox-
yprostaglandin dehydrogenase (Sangha et al.1994),
which indicated that chorion laeve trophoblasts were
biologically active cells and greatly contributed to
pregnancy physiology. Since preeclampsia is consid-
ered to be a “trophoblastic cell disease” and distrib-
ution of some enzymes changed in preeclamptic vil-
lous trophoblasts, and since chorion laeve tro-
phoblasts originate from the same stem cells as vil-
lous trophoblasts and play significant roles in main-
taining normal pregnancy, it is natural to assume that
chorion laeve trophoblasts may also exhibit enzyme
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distribution changes in preeclampsia, similar to vil-
lous trophoblasts. The present study was an effort to
clarify this issue. We enzyme-histochemically
demonstrated ADP-degrading activity and CCO
activity in normal term or near term human chorion
laeve trophoblasts, using the lead nitrate (Novikoff
and Goldfischer, 1961) and diaminobenzidine
(Seligman et al. 1968) methods, respectively. We
also compared them with those from preeclamptic
chorion laeve trophoblasts.

MATERIALS AND METHODS

The subjects were ten Japanese pregnant women
at term or near term; they were classified into the
following two groups: (1), women at 34-39
(35.8±2.2, mean±sd.) weeks of gestation without
evidence of preeclampsia (gestational age-matched
control, n=5); and (2), patients with severe
preeclampsia at 34-39 (36.0±2.0) weeks of gesta-
tion with a maternal blood pressure ≥160/110
mmHg on at least two separate occasions and a uri-
nary protein level of ≥300 mg/dl (preeclampsia,
n=5). After obtaining informed consent, pieces of
placental tissue and reflected chorioamnion were
obtained within 3 min of placental delivery. Pla-
cental tissues were taken from the central part of the
maternal surface, and fetal membranes from three
different sites 5 cm from the placental margin.
These specimens were fixed in various concentra-
tions of glutaraldehyde in a cacodylate buffer (0.1
M, pH 7.4) (2.0% for villous trophoblastic ADP-
degrading activity, 1.0% for CCO, and 0.5% for
chorion laeve trophoblastic ADP-degrading activi-
ty) for 30 mins at 4°C. Ultrastructural enzyme-his-
tochemistry for ADP-degrading activity and CCO
were performed, as previously reported by our
group (Matsubara et al. 1997a,b; 2000). In brief,
specimens were sectioned (40 µm) on a freezing
microtome and incubated for 30 min for ADP-
degrading activity, or 120 min for CCO at 37°C in
a corresponding reaction medium: a lead nitrate
medium (2.0 mM ADP, 80 mM tris-maleate buffer
(pH 7.4), 5.0 mM manganese chloride, 3.6 mM
lead nitrate) (Novikoff and Goldfischer 1961) for
ADP-degrading activity; and a diaminobenzidine
medium (1 mg/ml cytochrome c, 100 mM phos-
phate buffer (pH 7.4), 0.5 mg/ml diaminobenzidine,
0.1 mg/ml catalase) (Seligman et al. 1968) for
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CCO. To confirm the specific detection of each
enzyme activity, a full series of cytochemical con-
trol experiments were performed as previously
described (Matsubara et al.1997a,b). Sections were
postfixed in 1.0% buffered osmium tetroxide for 60
mins, dehydrated and embedded in epoxy resin.
Ultrathin sections were prepared, lightly stained
with uranyl acetate and lead citrate, and observed
under a transmission electron microscope. 
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RESULTS

Figure 1 shows the subcellular localization of vil-
lous trophoblastic ADP-degrading activity without
(a) and with (b) preeclampsia, and CCO without (c)
and with (d) preeclampsia. Precipitates indicative of
ADP-degrading activity were markedly visible on
the syncytial microvillous membranes in normal
placentas without preeclampsia (Fig. 1a), but they

Fig. 1 - Villous trophoblasts. ADP-degrading activity without (a) and with (b) preeclampsia, and cytochrome c oxidase (CCO)
without (c, c’) and with (d, d’) preeclampsia. Precipitates indicative of ADP-degrading activity were visible on the microvillous
membranes of the syncytiotrophoblasts in normal placenta without preeclampsia (arrows) (a), and were less dense in a
preeclamptic villous syncytium (b). While labeling for CCO was visible in almost all mitochondria in normal villous trophoblasts
(c), in preeclampsia, CCO-positive (arrows) and -negative (arrowheads) mitochondria were observed (d). The areas marked by
asterisks in (c) and (d) are shown in (c’) and (d’), respectively, at a higher magnification. Co-localization of CCO-positive
(arrows) and -negative (arrowheads) mitochondria was evident in preeclamptic villous syncytiotrophoblasts (d’). Bar=1µm. s:
syncytiotrophoblast, c: cytotrophoblast, ivs: intervillous space.
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were less dense in preeclamptic placentas (Fig. 1b).
As for CCO, in normal villous trophoblasts, almost
all mitochondria exhibited positive CCO-staining
(Fig. 2c,c’), while in preeclampsia, both CCO-posi-
tive and CCO-negative mitochondria co-existed (Fig.
2d d’).
Figure 2 shows the ultrastructural localization of

chorion laeve trophoblastic ADP-degrading activi-
ty without (a) and with (b) preeclampsia, and CCO
without (c) and with (d) preeclampsia. Laeve tro-
phoblasts were oval-or polygonal-shaped, and had
some microvilli. They were connected to each oth-
er by desmosomes, which were useful to distin-
guish them as laeve trophoblasts. Deposits of ADP-
degrading activity were observable on the surface
plasma membranes of chorion laeve trophoblasts in
normal fetal membranes without preeclampsia
(Fig. 2a). In preeclampsia, the intensities and dis-
tribution patterns were apparently the same (Fig.
2b) as those in normal pregnancy (Fig. 2a). CCO
labelings were visible in the intermembrane spaces
and intracristal spaces of all mitochondria of chori-
on laeve trophoblasts both from normal (Fig. 2c, c’)
and preeclamptic (Fig. 2d, d’) pregnancies. In
preeclampsia, CCO-negative mitochondria, which
were characteristically observed in preeclamptic
villous trophoblasts (Fig. 1d, d’), were not
detectable in laeve trophoblasts (Fig. 2d, d’). A
series of cytochemical control experiments (i.e.,
substrate omission, inhibitor addition, section boil-
ing, etc) gave no enzyme labeling (data not shown),
ensuring the specific detection of the enzyme activ-
ities. Gestational ages did not affect the enzyme
distribution, and there were no significant varia-
tions in staining pattern in the same group, nor sig-
nificant differences among sections taken from dif-
ferent sites within the same subjects; thus the
observations cited above are believed to be repre-
sentative findings of various placental/chorioam-
nion specimens. 

DISCUSSION

We demonstrated previously that two important
placental enzymes decreased/changed in their
enzyme intensities or distribution patterns in
preeclamptic villous trophoblasts compared to nor-
mal ones. Firstly, precipitates indicative of ADP-
degrading activity on villous syncytial microvillous
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membranes were less dense in preeclamptic pla-
centas compared to normal ones (Matsubara et al.
1997a). Syncytial microvillous membranes pos-
sessed a series of adenine nucleotide-degrading
enzymes, such as Ca++ATPase, ADP-degrading
activity, and 5’-nucleotidase (Matsubara et al.
1987), which degraded ATPto ADP, then to AMP,
and finally to adenosine, respectively. This
microvillous adenine nucleotidase system may
modulate platelet adherence to the syncytial sur-
face or platelet aggregation, thus maintaining the
fluidity of the maternal blood in the intervillous
space (Matsubara et al. 1987). ADP, a potent
platelet aggregator, is degraded by placental ADP-
degrading activity to AMP (Iioka et al., 1993),
which is an anti-platelet aggregator. A decrease in
syncytial microvillous ADP-degrading activity
may, therefore, lead to accumulation of ADP adja-
cent to the syncytial microvillous surface, enhanc-
ing platelet aggregation in the site and bringing
about intervillous thrombus formation, which is
frequently observed in preeclamptic placentas
(Benirschke and Kaufmann, 2000). Intervillous
thrombi may inhibit adequate materno-fetal sub-
stance transfer, leading to placental insufficiency.
Secondly, preeclamptic villous trophoblasts exhib-
ited a characteristic distribution pattern of CCO. In
preeclamptic placentas, CCO-positive and -nega-
tive mitochondria co-existed in the villous syncy-
tio- and cytotrophoblasts, while in normal placen-
tas almost all mitochondria showed positive CCO
staining (Matsubara et al. 1997b). We proposed
that, in preeclampsia, mitochondrial CCO did not
function well, leading to villous trophoblast dys-
function at each cell level, and finally to placental
insufficiency in this disease (Matsubara et al.
1997b). Thus, the change/decrease in enzyme
activity in preeclamptic villous trophoblasts may
be closely associated with the pathogenesis or
pathophysiology of preeclampsia. Preeclampsia
may, therefore, be a “trophoblastic cell disease”.
The present study confirmed the enzyme distribu-

tion change characteristic of preeclamptic villous
trophoblasts. We did not, however, find a
decrease/change in enzyme intensities and distribu-
tion pattern of two enzymes in preeclamptic chorion
laeve trophoblasts. The distribution patterns of
ADP-degrading activity and CCO in preeclampsia
differed between villous trophoblasts and laeve tro-
phoblasts. We do not know the reason for this phe-
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nomenon. One possible reason, however, may be a
lack of, or lower degree of, laeve trophoblastic
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hypoxia compared to villous trophoblastic hypoxia.
In preeclamptic placentas, physiological dilatation

Fig. 2 - Chorion laeve trophoblasts. ADP-degrading activity in normal (a) and preeclamptic (b) pregnancy, and CCO without (c,
c’) and with (d, d’) preeclampsia. Deposits indicative of ADP-degrading activity (arrows) were visible on surface microvillous
membranes of chorion laeve trophoblasts from normal (a) and preeclamptic (b) pregnancy. The area marked by an asterisk in (a)
is shown in the inset at a higher magnification. Deposits (arrows) for ADP-degrading activity were visible on the surface plas-
ma membranes. The inset of (b) is an electron micrograph of an unstained specimen from another preeclamptic subject. Precip-
itates were clearly visible on the plasma membranes of two adjacent laeve trophoblasts. Intensities of deposits were apparently
the same between normal (a) and preeclamptic (b) subjects. The figures (c, c’) and (d, d’) indicate CCO activity. CCO labeling
was visible in almost all mitochondria both in normal (c, c’) and preeclamptic (d, d’) chorion laeve trophoblasts. The areas
marked by asterisks in (c) and (d) are shown in (c’) and (d’), respectively, at a higher magnification. Leave trophoblasts from
preeclampsia did not have any CCO-negative mitochondria. Bar=1µm.
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of placental bed spiral arteries, characteristic of nor-
mal pregnancy, does not occur. The lack of placental
vessel dilatation reduces blood influx into the inter-
villous space, resulting in intervillous hypoxia in
preeclampsia (Redman 1991). As villous tro-
phoblasts depend on intervillous maternal blood for
their oxygen, they may suffer from hypoxia in
preeclampsia (Redman 1991; Widschwendter et al.
1998), which may lead to trophoblast cell dysfunc-
tion, and finally to decreased enzyme activities.
Chorion laeve trophoblasts, on the other hand,
receive oxygen from underlying maternal parietal
decidual vessels. In these vessels, unlike those of the
placental bed, physiological vessel dilatation does
not occur even in normal pregnancy, and thus pari-
etal decidual vessel blood flow may remain intact in
preeclampsia. Hypoxia in parietal decidual vessel
blood (oxygen supplier for laeve trophoblasts), may,
therefore, be absent, or at least less severe, than in
intervillous blood (oxygen supplier for villous tro-
phoblasts), though direct measurement of the oxy-
gen content at these sites is impossible. Thus, the
oxygen supply to laeve trophoblasts may remain
intact, or may be less disturbed, thus maintaining
enzyme activities even in preeclampsia. This is
hypothetical, although reasonable. Whatever the rea-
son for the lack of decreased enzyme activities in
preeclamptic laeve trophoblasts, the present
enzyme-histochemical study indicated that there
may be no, or at least less severe, abnormalities in
the enzyme activities of chorion laeve trophoblasts
compared to villous trophoblasts. 
One possible cause of preeclampsia is a mitochon-

drial disorder (Widschwendter et al. 1998). Tor-
bergsen et al. (1989) observed a high incidence of
preeclampsia in a family with mitochondrial dys-
function. Since then, epidemiological (Berkowitz et
al. 1990), genetic (Folgerø et al. 1996), and bio-
chemical (Furui et al. 1994) studies have strongly
suggested a close association between preeclampsia
and placental mitochondrial dysfunction. Folgerø et
al. (1996) detected mutations in mitochondrial
tRNA genes in families with a high occurrence of
preeclampsia. We also observed CCO-negative
mitochondria in preeclamptic villous trophoblasts
(Matsubara et al.1997b), which was reconfirmed by
the present study. In the present study, however,
CCO-negative mitochondria were not observed in
preeclamptic laeve trophoblasts. Cells, if they have
syncytial features, are more likely to be involved in
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mitochondrial abnormalities (Clarke 1990). Villous
trophoblasts consist of two populations; syncy-
tiotrophoblasts and cytotrophoblasts. In vitro exper-
iments and in vivoobservations showed that villous
cytotrophoblasts fuse to each other or to adjacent
syncytiotrophoblasts (Benirschke and Kaufmann
2000), and thus have the capacity to form the syn-
cytium. Chorion laeve trophoblasts, on the other
hand, do not have the capacity to form syncytia
(Benirschke and Kaufmann 2000), which may
account for their lack of change in mitochondrial
CCO in preeclampsia.
Physiological roles of these two enzymes in fetal

membrane biology are not known. The chorion
laeve trophoblast surface plasma membranes had
Ca++ATPase and 5’-nucleotidase (Matsubara et al.
1994), and ADP-degrading activity (the present
study); thus they have a complete adenine nucleoti-
dase system (degrading ATP→ADP→AMP→adeno-
sine), similar to villous syncytial microvilli (Mat-
subara et al. 1987; 1997a). While the villous ade-
nine nucleotidase system may maintain the blood
fluidity of the intervillous space as cited previously,
laeve trophoblastic adenine nucleotidases, including
ADP-degrading activity, may have other roles, as
laeve trophoblasts do not have contact with the
maternal blood. Cell-to-cell signal transduction, a
well known function of adenosine in other tissues
(Fishman et al. 2000), may be one possible role,
although direct evidence is lacking. CCO, the
important enzyme of the mitochondrial respiratory
chain, is required for cell respiration and energy
supply within cells (Alberts et al. 1994). As cited
previously, laeve trophoblasts are metabolically
active cells, which demand a large energy supply for
their various functions/metabolism. CCO may,
therefore, fuel laeve trophoblasts with energy.
Though details are obscure, these two enzymes may
play significant roles in fetal membrane physiology,
and it has now become clear that cytochemically
detectable enzyme activities remain intact in
preeclamptic laeve trophoblasts. 
In conclusion, we demonstrated a subcellular

localization of ADP-degrading activity and CCO in
human fetal membrane chorion laeve trophoblasts
from normal and preeclamptic pregnancies. ADP-
degrading activity was present on the surface plas-
ma membranes of laeve trophoblasts, and CCO
labeling was visible in all laeve trophoblastic mito-
chondria both in normal and preeclamptic subjects.
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A decrease in ADP-degrading activity and the pres-
ence of CCO-negative mitochondria, which were
characteristic of preeclamptic villous trophoblasts,
were not observed in preeclamptic laeve tro-
phoblasts. In preeclampsia, there may be no, or at
least less severe, abnormalities in laeve trophoblast
enzyme functions, compared to those of villous tro-
phoblasts. Preeclampsia, therefore, may be a “vil-
lous” trophoblastic disease, but not a “laeve” tro-
phoblastic disease, solely from an enzyme-histo-
chemical viewpoint. Although we elucidated some
of the features of chorion laeve trophoblasts in nor-
mal and pathological (preeclampsia) conditions,
further studies using methods other than enzyme-
histochemistry are necessary to elucidate the roles
these two enzymes play in fetal membrane physiol-
ogy in both conditions.
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