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SUMMARY villous trophoblasts, were absent in chorion laeve
trophoblasts in preeclampsia. These results suggest
We examined the subcellular localization of ADP-that in preeclampsia there are no, or at least less
degrading activity and cytochrome c oxidasesevere, abnormalities in the enzyme activities of
(CCO) activity in chorion laeve trophoblasts fromchorion laeve trophoblasts, compared with villous
term and near term human fetal membranes, artrophoblasts, as far as enzyme-histochemically
compared them with those from severe preeclamjdetectable enzymes are concerned.
tic fetal membranes. The methods used for th
detection of enzyme activities were the lead nitrat
method for ADP-degrading activity and the INTRODUCTION
diaminobenzidine method for CCO. Precipitates
indicative of ADP-degrading activity were visible Preeclampsia is one of the major unsolved prob-
on surface microvillous plasma membranes olems in feto-maternal medicine, and is a leading
chorion laeve trophoblasts both from normal anccause of placental insufficiency. It affects approxi-
preeclamptic fetal membranes. The intensity anmately 5% of all pregnancies, and frequently caus-
distribution patterns were the same in the normees fetal/neonatal/maternal morbidity and mortality
and preeclamptic subjects. CCO labeling was visi(Cunninghamet al. 1997). This disease occurs not
ble in almost all laeve trophoblastic mitochondrigonly in pregnant women but also women with
both in normal and preeclamptic cases. Previouslhydatidiform moles (abnormal placental prolifera-
we demonstrated that in preeclamptic villous trotion without a fetus), and it disappears immediately
phoblasts there were decreases in ADP-degradirafter delivery, indicating that preeclampsia is a
activity and the presence of CCO-negative mito“placental disease” (Redman 1991; Widschwendter
chondria, which were proposed to lead to dysfuncet al.,1998).
tion of each villous trophoblast, and finally to pla- Though the etiology and pathogenesis of pre-
cental insufficiency in preeclampsia. Reductions oeclampsia are still obscure, our previous enzyme-
changes in enzyme intensities/distribution pattern:histochemical observations demonstrated that, in
which are characteristic features of preeclamptivillous trophoblasts with preeclampsia, some impor-
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tant placental enzymes, such ABP-degrading distribution changes in preeclampsia, similar te vil
enzyme (Matsubaret al. 1997a) and cytochrome ¢ lous trophoblasts he present study was arficef to
oxidase (CCO) (Matsubaet al. 1997b) exhibited  clarify this issue.We enzyme-histochemically
decrease/change in their enzyme intensities or-distidemonstratedADP-degrading activity and CCO
bution patterns, compared to those withouactivity in normal term or near term human chorion
preeclampsialVe proposed that in preeclamptic-pla laeve trophoblasts, using the lead nitrate (No¥ikof
centa there were some trophoblastic dysfunctions and Goldfischer 1961) and diaminobenzidine
each cell level, which may lead to placental ifisuf (Seligmanet al. 1968) methods, respectiveive
ciency of preeclampsia. Preeclampsia, therefore, also compared them with those from preeclamptic
possibly a “villous trophoblastic cell disease” (Mat chorion laeve trophoblasts.

Subareet al. 1997a,b).

Besides these villous trophoblasts (syncytiotro

phoblasts and cytotrophoblasts) in the placenta, theMATERIALS AND METHODS
are chorion laeve (cyto)trophoblasts in the feta

membranes (the chorioamnion) (Benirschke an' The subjects were ten Japanese pregnant women
Kaufmann 2000)These two trophoblasts originate at term or near term; they were classified into the
from the same stem cells (outer cell mass of the blafollowing two groups: (1), women at 34-39
tocyst) in early human placental/chorioamnion(35.82.2, meattsd.) weeks of gestation without
development. Latertrophoblasts located near the evidence of preeclampsia (gestational age-matched
implantation pole become villous trophoblasts.control, n=5); and (2), patients with severe
while those localized in the anti-implantation polepreeclampsia at 34-39 (3&20) weeks of gesta
become chorion laeve trophoblasts (Benirschke artion with a maternal blood pressuel60/110
Kaufmann 2000).While the former villous tro  mmHg on at least two separate occasions and a uri
phoblasts, especially villous syncytiotrophoblastsnary protein level 0&300 mg/dl (preeclampsia,
were considered to be functioning cells of the plan=5). After obtaining informed consent, pieces of
centa and many histochemical observations weiplacental tissue and reflected chorioamnion were
made, little attention was paid to chorion laeve troobtained within 3 min of placental deliveryla
phoblastsThis was due to the belief that chorion cental tissues were taken from the central part of the
laeve trophoblasts may be a less active remnant maternal surface, and fetal membranes from three
the initial capsular chorion, contributing as a meredifferent sites 5 cm from the placental giar
covering of the amniotic cavityand thus having These specimens were fixed in various concentra
lower biological significance. Recent reports, how tions of glutaraldehyde in a cacodylatefbuf0.1
ever disproved this idea. Chorion laeve trophoblastM, pH 7.4) (2.0% for villous trophoblastisDP-
possessed many enzymes similar to villous trcdegrading activity 1.0% for CCO, and 0.5% for
phoblasts (Matsubaet al. 1994; 1997c; Matsubara chorion laeve trophoblast&DP-degrading activi
and Sato 2000), and produced a variety of- sutty) for 30 mins at 4C. Ultrastructural enzyme-his
stances essential for the maintenance of pregnanitochemistry forADP-degrading activity and CCO
including renin (Poisneet al. 1981), endopeptidas were performed, as previously reported by our
es (Germine et al. 1994) and 15-hydrex group (Matsubar&t al. 1997a,b; 2000). In brief,
yprostaglandin dehydrogenase (Sangihal. 1994), specimens were sectioned (4fh) on a freezing
which indicated that chorion laeve trophoblasts wer microtome and incubated for 30 min fADP-
biologically active cells and greatly contributed todegrading activityor 120 min for CCO at 3T in
pregnancy physiologysince preeclampsia is consid a corresponding reaction medium: a lead nitrate
ered to be a “trophoblastic cell disease” and distrikmedium (2.0 mMVADP, 80 mM tris-maleate bidr
ution of some enzymes changed in preeclamptic vi(pH 7.4), 5.0 mM manganese chloride, 3.6 mM
lous trophoblasts, and since chorion laeve trolead nitrate) (Novikdfand Goldfischer 1961) for
phoblasts originate from the same stem cells as viADP-degrading activity; and a diaminobenzidine
lous trophoblasts and play significant roles in mainmedium (1 mg/ml cytochrome ¢, 100 mM phos
taining normal pregnancif is natural to assume that phate bufer (pH 7.4), 0.5 mg/ml diaminobenzidine,
chorion laeve trophoblasts may also exhibit enzym0.1 mg/ml catalase) (Seligmast al. 1968) for
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CCO. To confirm the specific detection of each RESULTS

enzyme activitya full series of cytochemical con

trol experiments were performed as previously Figure 1 shows the subcellular localization of vil
described (Matsubae al. 1997a,b). Sections were |ous trophoblastiéDP-degrading activity without
postfixed in 1.0% bdéred osmium tetroxide for 60 (a) and with (b) preeclampsia, and CCO without (c)
mins, dehydrated and embedded in epoxy resiiand with (d) preeclampsia. Precipitates indicative of
Ultrathin sections were prepared, lightly stainecADP-degrading activity were markedly visible on
with uranyl acetate and lead citrate, and observethe syncytial microvillous membranes in normal
under a transmission electron microscope. placentas without preeclampsia (Fig. 1a), but they
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Fig. 1 -Villous trophoblastsADP-degrading activity without (a) and with (b) preeclampsia, and cytochrome c oxidase (CCO)
without (c, ¢’) and with (d, d’) preeclampsia. Precipitates indicativeDR®-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 (BVhile labeling for CCO was visible in almost all mitochondria in normal villous trophoblasts

(c), in preeclampsia, CCO-positive (arrows) and -negative (arrowheads) mitochondria were obsefedaf@as marked by
asterisks in (c) and (d) are shown in (c’) and (d’), respectiaha higher magnification. Co-localization of CCO-positive
(arrows) and -negative (arrowheads) mitochondria was evident in preeclamptic villous syncytiotrophoblasts (gijn Bar=1
syncytiotrophoblast, c: cytotrophoblast, ivs: intervillous space.
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were less dense in preeclamptic placentas (Fig. ltmembranes were less dense in preeclamptic pla
As for CCO, in normal villous trophoblasts, almostcentas compared to normal ones (Matsuleéua.
all mitochondria exhibited positive CCO-staining 1997a). Syncytial microvillous membranes os
(Fig. 2c,c’), while in preeclampsia, both CCOspo sessed a series of adenine nucleotide-degrading
tive and CCO-negative mitochondria co-existed (Figenzymes, such as Ca+HAase, ADP-degrading
2d d). activity, and 5’-nucleotidase (Matsubaet al.
Figure 2 shows the ultrastructural localization 011987), which degrade®iTP to ADP, then toAMP,
chorion laeve trophoblast&DP-degrading activi and finally to adenosine, respectivel¥his
ty without (a) and with (b) preeclampsia, and CCCmicrovillous adenine nucleotidase system may
without (c) and with (d) preeclampsia. Laeve-tro modulate platelet adherence to the syncytiad sur
phoblasts were oval-or polygonal-shaped, and héface or platelet aggregation, thus maintaining the
some microvilli. They were connected to each-oth fluidity of the maternal blood in the intervillous
er by desmosomes, which were useful to distinspace (Matsubara&t al. 1987). ADP, a potent
guish them as laeve trophoblasts. Deposifsi?-  platelet aggregatpis degraded by placentaDP-
degrading activity were observable on the surfacdegrading activity toAMP (lioka et al, 1993),
plasma membranes of chorion laeve trophoblasts which is an anti-platelet aggregatardecrease in
normal fetal membranes without preeclampsiisyncytial microvillous ADP-degrading activity
(Fig. 2a). In preeclampsia, the intensities and dicmay therefore, lead to accumulationAIDP adja
tribution patterns were apparently the same (Ficcent to the syncytial microvillous surface, enhanc
2b) as those in normal pregnancy (Fig. 2a). CC(ing platelet aggregation in the site and bringing
labelings were visible in the intermembrane spaceabout intervillous thrombus formation, which is
and intracristal spaces of all mitochondria of chori frequently observed in preeclamptic placentas
on laeve trophoblasts both from normal (Fig. 2c, ¢’ (Benirschke and Kaufmann, 2000). Intervillous
and preeclamptic (Fig. 2d, d’) pregnancies. Irthrombi may inhibit adequate materno-fetal -sub
preeclampsia, CCO-negative mitochondria, whictstance transfeteading to placental indidiency.
were characteristically observed in preeclamptiiSecondly preeclamptic villous trophoblasts exhib
villous trophoblasts (Fig. 1d, d’), were not ited a characteristic distribution pattern of CCO. In
detectable in laeve trophoblasts (Fig. 2d, &). preeclamptic placentas, CCO-positive and -nega
series of cytochemical control experiments (i.e.tive mitochondria co-existed in the villous syncy
substrate omission, inhibitor addition, section oil tio- and cytotrophoblasts, while in normal placen
ing, etc) gave no enzyme labeling (data not showntas almost all mitochondria showed positive CCO
ensuring the specific detection of the enzyme activstaining (Matsubarat al. 1997b). We proposed
ities. Gestational ages did noffeaft the enzyme that, in preeclampsia, mitochondrial CCO did not
distribution, and there were no significant varia function well, leading to villous trophoblast dys
tions in staining pattern in the same group, nor sicfunction at each cell level, and finally to placental
nificant differences among sections taken from dif insufficiency in this disease (Matsubaet al.
ferent sites within the same subjects; thus th1997b). Thus, the change/decrease in enzyme
observations cited above are believed to be repractivity in preeclamptic villous trophoblasts may
sentative findings of various placental/chorieam be closely associated with the pathogenesis or
nion specimens. pathophysiology of preeclampsia. Preeclampsia
may, therefore, be a “trophoblastic cell disease”.
The present study confirmed the enzyme distribu
DISCUSSION tion change characteristic of preeclamptic villous
trophoblasts. We did not, however find a
We demonstrated previously that two importandecrease/change in enzyme intensities and distribu
placental enzymes decreased/changed in thetion pattern of two enzymes in preeclamptic chorion
enzyme intensities or distribution patterns inlaeve trophoblastsThe distribution patterns of
preeclamptic villous trophoblasts compared to norADP-degrading activity and CCO in preeclampsia
mal ones. Firstlyprecipitates indicative oADP-  differed between villous trophoblasts and laeve tro
degrading activity on villous syncytial microvillous phoblastsWe do not know the reason for this phe
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Fig. 2 - Chorion laeve trophoblas&DP-degrading activity in normal (a) and preeclamptic (b) pregnamyCCO without (c,

¢’) and with (d, d’) preeclampsia. Deposits indicativeABfP-degrading activity (arrows) were visible on surface microvillous
membranes of chorion laeve trophoblasts from normal (a) and preeclamptic (b) preghararga marked by an asterisk in (a)

is shown in the inset at a higher magnification. Deposits (arrowg)fBrdegrading activity were visible on the surface plas

ma membrane§.he 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) subjéedigures (c, ¢’) and (d, d’) indicate CCO activi§CO labeling

was visible in almost all mitochondria both in normal (c, ¢’) and preeclamptic (d, d’) chorion laeve trophdblasiseas

marked by asterisks in (c) and (d) are shown in (c’) and (d’), respectatedyhigher magnification. Leave trophoblasts from
preeclampsia did not have any CCO-negative mitochondria. Bar=1

nomenon. One possible reason, howewgy be a hypoxia compared to villous trophoblastic hypoxia.
lack of, or lower degree of, laeve trophoblasticin preeclamptic placentas, physiological dilatation
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of placental bed spiral arteries, characteristic of noimitochondrial abnormalities (Clarke 1999)llous
mal pregnancydoes not occuthe lack of placental trophoblasts consist of two populations; syncy
vessel dilatation reduces blood influx into the inter tiotrophoblasts and cytotrophoblasdtsyvitro exper
villous space, resulting in intervillous hypoxia in iments andn vivoobservations showed that villous
preeclampsia (Redman 1991As villous tro  cytotrophoblasts fuse to each other or to adjacent
phoblasts depend on intervillous maternal blood fosyncytiotrophoblasts (Benirschke and Kaufmann
their oxygen, they may def from hypoxia in  2000), and thus have the capacity to form the syn
preeclampsia (Redman 1994dschwendteet al.  cytium. Chorion laeve trophoblasts, on the other
1998), which may lead to trophoblast cell dysfunc hand, do not have the capacity to form syncytia
tion, and finally to decreased enzyme activities(Benirschke and Kaufmann 2000), which may
Chorion laeve trophoblasts, on the other hancaccount for their lack of change in mitochondrial
receive oxygen from underlying maternal parietaCCO in preeclampsia.
decidual vessels. In these vessels, unlike those of t Physiological roles of these two enzymes in fetal
placental bed, physiological vessel dilatation doemembrane biology are not knowithe chorion
not occur even in normal pregnaneynd thus pari  laeve trophoblast surface plasma membranes had
etal decidual vessel blood flow may remain intact irCa++ATPase and 5’-nucleotidase (Matsubeiral.
preeclampsia. Hypoxia in parietal decidual vesse1994), andADP-degrading activity (the present
blood (oxygen supplier for laeve trophoblasts), maystudy); thus they have a complete adenine nueleoti
therefore, be absent, or at least less severe, thandase system (degradiAgP-ADP -AMP —adene
intervillous blood (oxygen supplier for villous tro sine), similar to villous syncytial microvilli (Mat
phoblasts), though direct measurement of the oxysubaraet al. 1987; 1997a)While the villous ade
gen content at these sites is impossiblaus, the nine nucleotidase system may maintain the blood
oxygen supply to laeve trophoblasts may remaifluidity of the intervillous space as cited previouysly
intact, or may be less disturbed, thus maintaininlaeve trophoblastic adenine nucleotidases, including
enzyme activities even in preeclampsihis is ADP-degrading activitymay have other roles, as
hypothetical, although reasonatM¢hatever the rea laeve trophoblasts do not have contact with the
son for the lack of decreased enzyme activities imaternal blood. Cell-to-cell signal transduction, a
preeclamptic laeve trophoblasts, the preserwell known function of adenosine in other tissues
enzyme-histochemical study indicated that ther(Fishmanet al. 2000), may be one possible role,
may be no, or at least less severe, abnormalities although direct evidence is lacking. CCO, the
the enzyme activities of chorion laeve trophoblastimportant enzyme of the mitochondrial respiratory
compared to villous trophoblasts. chain, is required for cell respiration and eyer
One possible cause of preeclampsia is a mitecho supply within cells (Albertst al. 1994).As cited
drial disorder (Mdischwendteret al. 1998). Tor-  previously laeve trophoblasts are metabolically
begsenet al. (1989) observed a high incidence of active cells, which demand adarenegy supply for
preeclampsia in a family with mitochondrial dys their various functions/metabolism. CCO may
function. Since then, epidemiological (Berkowatz therefore, fuel laeve trophoblasts with ejer
al. 1990), genetic (Folgerst al. 1996), and bio  Though details are obscure, these two enzymes may
chemical (Furuiet al. 1994) studies have strongly play significant roles in fetal membrane physiology
suggested a close association between preeclampand it has now become clear that cytochemically
and placental mitochondrial dysfunction. Folgetg detectable enzyme activities remain intact in
al. (1996) detected mutations in mitochondrial preeclamptic laeve trophoblasts.
tRNA genes in families with a high occurrence of In conclusion, we demonstrated a subcellular
preeclampsiaWe also observed CCO-negative localization ofADP-degrading activity and CCO in
mitochondria in preeclamptic villous trophoblastshuman fetal membrane chorion laeve trophoblasts
(Matsubaraet al.1997b), which was reconfirmed by from normal and preeclamptic pregnanci&BP-
the present studyin the present studyhowever degrading activity was present on the surface plas
CCO-negative mitochondria were not observed iima membranes of laeve trophoblasts, and CCO
preeclamptic laeve trophoblasts. Cells, if they havlabeling was visible in all laeve trophoblastic mito
syncytial features, are more likely to be involved irchondria both in normal and preeclamptic subjects.
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A decrease iADP-degrading activity and the pres turition: uterotonin degradation. J. Clin. Endocrinol. Metab.
ence of CCO-negative mitochondria, which were 78, 463-470, 1994.
characteristic of preec_lamptic viIIous_trophobIasts|ioka H.,Akada S., Sakamoté., Shimamotdr., Yamada.,
were not observed in preeclamptic laeve- troSakamotoY., Moriyama S.I., and Ichijo M.: Properties of
phoblasts. In preeclampsia, there may be no, or ADP-degrading activity of human syncytial brush border
least less severe, abnormalities in laeve trophoblaMemprane vesicles. Placent 333-339, 1993.
enzyme functions, compared to those of villous troMatsubara S., and Sato I.: Enzyme-histochemically detectable
phoblasts. Preeclampsia, therefore, may be a uviglucose-6-phosphatase is_present in chorion laeve tro
lous” trophoblastic disease, but not a “laeve™ tro phoblasts. Histochem. Cell Bidll3, 363-368, 2000.
phoblastic disease, solely from an enzyme-histcMatsubara STamadar., Kurahashi K., and Saiff: Ultracy-
chemical viewpointAlthough we elucidated some tochemical localization of adenosine nucleotidase activities in
. . the human term placenta, with special reference to 5’-nucleoti
of the features of chorion laeve trophoblasts in Nol ... ctivityacta Histochem. Cytocheran, 409-419, 1987.
mal and pathological (preeclampsia) conditions _
further studies using methods other than enzym¢Matsubara S., Sayama M., Safo |., dathadal.: Enzyme-

histochemist to elucidate th Icytochemistry of human term chorion laeve at term: enzyme
IStochemistry are necessary 1o elucidate the rol¢q . qi;ation on the chorionic trophoblagtsia-Oceania J.

these two enzymes play in fetal membrane physioopstet. Gynecol0, 217-222, 1994.

ogy In both conditions. Matsubara S., Sato |., and Saito Ultrastructural localiza

tion and cytochemical characteristics of human placental
ADP-degrading activity in normal and preeclamptic pregnan
REFERENCES cy. Trophoblast Researd) 121-129, 1997a.

] Matsubara S., Minakami H., Sato |., and S@itdecrease in
Alberts B., Bray B., Lewis J., ReM., Roberts K., andVat  cytochrome ¢ oxidase activity detected cytochemically in the

son J.D.: Engy conversion: mitochondria and chloroplasts. piacental trophoblast of patients with pre-eclampsia. Placen
In Molecular Biology of the Cell. (Ed#\lberts B, Bray B., 518 255-259, 1997b.

Lewis J., RafM., Roberts K. andVatson J.D.) Garland, New ) )
York, pp. 653-720, 1994. Matsubara S., Minakami HTakayamarI'., and Sato I.: Cellu

) lar and subcellular localization of nicotinamide adenine-dinu
Benirschke K. and Kaufmann: Pathology of the human pla  clectide diaphorase activity in the human placenta. J. Obstet.
centa, Springe¥erlag, NewYork, 2000. Gynecol. Res23, 133-138, 1997c.

Berkowitz K., Montaegudé., Marks F. Jackson U. and Baxi  Matsubara STakizawaT., and Sato I.: Enzyme-histochem
L.: Mitochondrial myopathy and pre-eclampsia associatetjstry on the human placental trophoblasts: thiecefof fixa
with pregnancyAm. J. Obstet. Gynecol62, 146-147, 1990.  tjon delay on the enzyme activitlistochem. Cell Biol113,

ClarkeA.: Mitochondrial genome: defects, disease, and evo 287-292, 2000.
lution. J. Med. Geneg7, 451-456, 1990. Novikoff A.B., and Goldfischer S.: Nucleotide diphosphatase

Cunningham F&., MacDonald E., Gant N.E Leveno K.J. activity in the Golgi apparatus and its usefulness for-cyto
Gilstrap L.C., Hankins G.D.yand Clark S.L.: Hypertensive chemical studyProc. NatlAcad. Sci. USA47, 802-810, 1961.

disorders in pregnancin Williams Obstetrics, 20edn. (Eds.  poisne .M., Wood G.W, Poisner R., and Inagaft Locat
Cunningham, 5., MacDonald, E., Gant, N.F Leveno, jzation of renin in trophoblasts in human chorion laeve at

K.J., Gilstrap, L.C., Hankins, G.D.\and Clark, S.LApple-  term pregnancyEndocrinologyl09, 1150-1155, 1981.
ton&Lange, Connecticut, pp. 693-744, 1997. ) )

] Redman C.W5.: Current topic: preeclampsia and the placen
Fishman B BarYehuda S., Farbsteih, Barer F; and Ohana ta, Placentd 2, 301-308, 1991.

G.:Adenosine acts as a chemoprotective agent by stimulatir

G-CSF production: a role férl andA3 adenosine receptors. Sangha R.K.Walton J.C., Ensor C.Mlai H.H., and Challis
J. Cell Physiol183, 393-398, 2000. R.G.: Immunohistochemical localization, messenger ribonu

) cleic acid abundance, and activity of 15-hydroxyprostaglandin
FolgergT., Storbakk N.TorbegsenT., and @ian P Muta  dehydrogenase in placenta and fetal membranes during term

tions in mitochondrial transfer ribonucleic acid genes in pre-gnd preterm labord. Clin. Endocrinol. Metati8, 982-989,
eclampsiaAm. J. Obstet. Gynecol. 174, 1626-1630, 1996. 1994,

FuruiT., Kurauchi O,Tanaka M., Mizutani S., Ozawl, and  SeligmanA.M., Karnovsky M.J.Wasserkrug H.L., and Han
Tomoday.: Decrease in cytochrome c oxidase and cytochromker J.S.: Nondroplet ultrastructural demonstration of

oxidase subunit | messenger RiAels in preeclamptic preg  cytochrome oxidase activity with a polymerizing osmiophilic
nancies. Obstet. Gynec@4, 283-288, 1994. reagent, diaminobenzidine (DAB). J. Cell Bigg, 1-14, 1968.

GermainA.M., Smith J., Casey M.L., and MacDonalCP
Human fetal membrane contribution to the prevention of par

217



