
rate calculations. To mitigate these sources of bias, 
we confined comparisons to a single group of birds, 
the osclne passerines. We compare taxa only when 
the overall mtDNA genome was sampled with re- 
striction fragments [restriction fragment length poly- 
morphism~ (RFLPs)] or sequence data were avail- 
able for coding genes. Differences between closely 
related species are primarily third base position tran- 
sitions, and such changes probably evolve in a 
clocklike manner. 

11, Independent clock calibrations for a diverse array of 
avian taxonomic orders support a mtDNA substitu- 
tion rate of 2%/My. These include: geese (Anseri- 
formes [G. F. Shields and A. C. Wilson, J. Mol. Evoi. 
24,212 (1 987)], 2.0%/My]; Old-world partridges and 
fowl {Galliformes [E. Randi, M o i  Phyiogenet. Evol. 6, 
214 (1996)], 2.O%/My]; cranes (Gruiformes [C. 
Krajewski and D. G. King, Mol. Bioi Evoi 13, 21 
(1996)], 0.7 to 1.7%/My]; albatrosses {Procellari- 
iformes [G. B. Nunn, J. Cooper, P. Jouventin, C. J. R. 
Robertson, G. G. Robertson, Auk 113, 784 (1996)], 
0.65%/My]; Hawaiian honeycreepers {Passeri- 
formes [C. L. Tarr and R. C. Fle~scher, ibid. 110, 825 
(1 993)], 2.O%/My], and New-world quail [Galliformes 
(R. M. Zink, unpublished data), 2.O%/My]. 

12. This phenomenon is termed lineage sorting. Alterna- 
tively, haplotype trees from species isolated for a 
sufficient period do reflect species (taxonomic) limits 
(termed reciprocal monophyly). 

13. Species studied traditionally have been considered 
sisters, although recent work has shown that some 
are not sisters but rather are members of species 
complexes. All pairs and complexes are thought to 
have Late Pleistocene origins (5). Three subspecies 
pairs are included because they qualify as phylo- 
genetic species; their inclusion makes the tests 
more conservative. Nomenclature follows the most 
recent AOU Check-list [American Ornithologists' 
Union, Check-list of North American Birds (Allen 
Press, Lawrence, KS, ed. 6, 1983)l and subse- 
quent supplements. 

14. We compared both mtDNA coding gene sequences 
and RFLPs, which provide comparable estimates of 
songbird sequence divergence (15). A subset (n = 
12; those shown in Fig. 1 with standard errors) of 
sequence data having an uncorrected average per- 
cent divergence of 6.3 (20.76) has a Kimura two- 
parameter [S. Kumar, K. Tamura, M. Nei, MEGA: 
Moiecuiar Evolutionary Genetic Anaiysis (Pennsylva- 
nia State Univ., University Park, PA, 1993), version 
1.011 corrected distance of 6.7 (?0.86). The similar- 
ity of these values indicates little saturation. 
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4.1%) (16); Rusty and Brewer's blackbirds (Eupha- 
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Regulation of Human Placental Development 
by Oxygen Tension 

Olga Genbacev, Yan Zhou, John W. Ludlow, Susan J. Fisher* 

Cytotrophoblasts, specialized placental cells, proliferate early in pregnancy and then 
differentiate into tumor-like cells that establish blood flow to the placenta by invading the 
uterus and its vasculature. In this study, cytotrophoblasts cultured under hypoxic con- 
ditions (2 percent oxygen), mimicking the environment near the uterine surface before 
10 weeks of gestation, continued proliferating and differentiated poorly. When cultured 
in 20 percent oxygen, mimicking the environment near uterine arterioles, the cells 
stopped proliferating and differentiated normally. Thus, oxygen tension determines 
whether cytotrophoblasts proliferate or invade, thereby regulating placental growth and 
cellular architecture. 

T h e  human placenta's unique anatomy 
(Fig. 1) is due in large part to differentiation 
of its epithelial stem cells, termed cytotro- 
phoblasts (1 ). How these cells differentiate 
determines whether chorionic villi, the pla- 
centa's functional units, float in maternal 
blood or anchor the conceptus to the uter- 
ine wall. In floating villi, cytotrophoblasts 
differentiate by fusing to form multinucle- 
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ate syncytiotrophoblasts whose primary 
function-transport-is ideally suited to 
their location at the villus surface. In an- 
choring villi, cytotrophoblasts also fuse, but 
many remain as single cells that detach 
from their basement membrane and aggre- 
gate to form cell columns (Fig. 1A). Cy- 
totro~hoblasts at the distal ends of these 
columns attach to and then deeply invade 
the uterus [interstitial invasion (Fig. 1, A 
and C)] and its arterioles (endovascular in- 
vasion). As a result of endovascular inva- 
sion, the cells re~lace the endothelial and 
muscular linings of uterine arterioles, a pro- 
cess that initiates maternal blood flow to 
the placenta and greatly enlarges the vessel 
diameter. Paradoxically, the cells invade 
only the superficial portions of uterine 
venules. How this unusual behavior is reg- 
ulated is unknown. 

Our laboratory is studying the differen- 
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tiation pathway that gives rise to anchoring 
villi and the population of cytotrophoblasts 
that. much like tumor cells. invade the 
uterus. This process begins when cells form 
columns and ends when they have deeply 
invaded the uterus. In between, the cytotro- 
phoblasts differentiate in stages. Those in 
columns react with an antibody against the 
Ki67 antigen (anti-Ki67) (Fig. lB), which 
is indicative of DNA synthesis (2). Distal to 
this region, anti-Ki67 staining abruptly 
stops (Fig. ID), and the cytotrophoblasts 

Fig. 1. Tissue sections of 
the maternal-fetal inter- 
face at 10 weeks of ges- 
tation (20). (A) Cytokera- 
tin (ck) staining shows 
the placental trophoblast 
populations. In anchor- 
ing villi (AV), cytotropho- 
blast (CTB) stem cells are 
attached to the tropho- 
blast basement mem- 
brane (BM). These cells 
fuse to form multinucle- 
ate syncytiotrophoblasts 
(ST), which cover most 
of the villus surface of the 
placenta, where they are 
in direct contact with ma- 
ternal blood in the inter- 
villous space (IVS). In cer- 
tain areas, a subpopula- 

intricately modulate their expression of 
stage-specific antigens, including integrin 
cell adhesion molecules (3), matrix metal- 
loproteinase-9 ( 4 ) ,  HLA-G [a cytotropho- 
blast class Ib major histocompatibility com- 
plex molecule (5)], and human placental 
lactogen (6). 

In considering mechanisms that could 
regulate this process, we took into account 
that blood flow to the placenta changes 
dramatically in early pregnancy. During 
much of the first trimester, there is little 

tion of cytotrophoblast 
stem cells aggregates to form cell columns (COL). These fetal cells invade maternal tissue (F+M), thereby 
attaching the anchoring villi to the uterus (U). (B) Cytotrophoblast stem cells and cytotrophoblasts in cell 
columns react with an antibody against Ki67, an antigen indicative of DNA synthesis. Cells in the column 
also begin to switch their expression of stage-specific antigens to those indicative of invasion. (C) 
Cytokeratin staining shows that once the cell columns contact the uterus, the cytotrophoblasts disag- 
gregate and invade the uterus, where they intermingle with maternal cells. (D) Once they disaggregate, 
Ki67 staining abruptly stops. 

Fig. 2. Low oxygen (2% 
0,) stimulates cytotro- 
phoblast BrdU incorpo- 
ration in vitro. Anchor- 
ing villi (AV) from 6- to 
8-week-old placentas 
were cultured on Matri- 
gel (m) for 72 hours in 
either 20% 0, (A and B) 
or 2% 0, (C and D) (21). 
By the end of the culture 
period, fetal cytotro- 
phoblasts migrated into 
the Matrigel (F-m). To 
assess cell proliferation, 
BrdU was added to the 
medium (22). Tissue sec- 
tions of the villi were 
stained with anti-cyto- 
keratin (ck) (A and C), 
which recognizes syncy- 
tiotro~hoblasts (ST) and 

endovascular invasion, so maternal blood 
flow to the placenta is at a minimum. The 
mean oxygen pressures of the intervillous 
space (that is, at the uterine surface) and 
within the endometrium are estimated to be 
(mean + SD) 17.9 + 6.9 and 39.6 + 12.3 
mm Hg, respectively, at 8 to 10 weeks of 
gestation (7). Afterwards, endovascular in- 
vasion proceeds rapidly; cytotrophoblasts 
are in direct contact with blood from ma- 
ternal spiral arterioles, which could have a 
mean oxygen pressure as high as 90 to 100 
mm He. Thus, as cvtotro~hoblasts invade - 
the uterus during the first half of pregnancy, 
they encounter a steep, positive gradient of 
oxygen tension. These observations, to- 
gether with the results of initial experi- 
ments we conducted on isolated cvtotro- 
phoblasts (8),  suggested that oxygen ten- 
sion might regulate cytotrophoblast prolif- 
eration and differentiation along the 
invasive ~athwav. 

As a model system for testing this hy- 
pothesis, we used organ cultures of anchor- 
ing villi explanted from early gestation (6 
to 8 weeks) placentas onto an extracellu- 
lar matrix substrate. Some of the anchor- 
ing villi were cultured for 72 hours in a 
standard tissue culture incubator (20% 0, 
or 98 mm Hg). Figure 2A shows a section 
of one such villus that was stained with an 
antibody that recognizes cytokeratin to 
demonstrate syncytiotrophoblasts and cy- 
totrophoblasts. The attached cell columns 
are clearly visible. To assess the cells' abil- 
ity to synthesize DNA, the villi were in- 
cubated with 5-bromo-2'-deoxyuridine 
(BrdU), a thymidine analog. Incorpora- 
tion was detected in the cytoplasm, but 
not the nuclei, of syncytiotrophoblasts. 
Few or none of the cells in columns incor- 
porated BrdU (Fig. 2B). Other anchoring 
villi were maintained in a hypoxic atmo- 
sphere (2% 0, or 14 mm Hg). After 72 
hours, cytokeratin staining showed prom- 
inent cell columns (Fie. 2C). and the nu- . - ., 
clei of many of the cytotrophoblasts in 
these columns incoruorated BrdU (Fie. . L. 

2D). Because cytotrophoblasts were the 
onlv cells that entered S ~hase .  we also 
coApared the ability of aGchoring villus 
explants cultured under standard and hy- 
poxic conditions to incorporate [3H]thy- 
midine (9). Villus explants cultured under 
hypoxic conditions (2% 0 , )  incorporated 
3.3 + 1.2 times more [3H]thymidine than 
villi cultured under standard conditions 
(20% 0 , )  (n = 21 per group; dissected 
from seven   la cent as). In contrast. 
[3H]thymidine incorporation by explants 
cultured .. . in a - 6% - -  0, atmosphere (40 mm 

cytot;ophoblasts' (CTB) Hg) was no different than that in control 
but not cells in the villus core (vc), and with anti-BrdU (Band D), which detects cells in S phase. villus explants villi (n = 8 per group; dissected from four 
maintained in 2% 0, (C) formed much more prominent columns (COU with a larger proportion of CTB nuclei placentas). Taken together, these results 
that incorporated BrdU (D) than explants cultured in 20% 0, (A and B). suggest that a hypoxic atmosphere compa- 
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rable to that encountered by early gesta- 
tion cytotrophoblasts in the intervillous 
space stimulates the cells to enter S phase. 

Cytokeratin staining also showed that 
the cell columns associated with anchoring 
villi cultured under hv~oxic conditions , , 
were larger than cell columns of control 
villi cultured under standard conditions 
(compare Fig. 2, A and C). We made serial 
sections of columns attached to two villus 
explants maintained for 72 hours in 20% 0, 
and two that were maintained in 2% O,, 
and then counted the number of cells in 
each column (n = 8 per group; dissected 
from two placentas). Under standard tissue 
culture conditions, the columns contained a 
mean of 516 -1 72 cells; under hypoxic 
conditions, they contained a mean of 
1476 + 156 cells. These results indicate . . 
that hypoxia stimulates the proliferation of 
cvtotro~hoblasts in cell columns. 
' w e  ieasoned that the hypoxia-induced 

changes in the cells' proliferative capacity 
would be reflected by changes in their 
expression of proteins that regulate pas- 
sage through the cell cycle. With regard to 
the G2-M cell cycle transition, we were 
particularly interested in their cyclin B 
expression because threshold levels of this 
protein are required for cells to enter mi- 
tosis (1 0). Immunoblotting of cell extracts 
(1 I )  showed that after 3 days in culture, 
anchoring villi maintained in 2% 0, con- 
tained 3.1 times more cyclin B than did 
villi maintained in 20% 0, (Fig. 3A). 
Immunolocalization experiments con- 
firmed that cyclin B was primarily ex- 
pressed by cytotrophoblasts. Because 
p21WF1/C1P1 abundance has been correlat- 
ed with cell cycle arrest (12), we also 
examined the effects of oxygen tension on 
cytotrophoblast expression of this protein. 
Very little p21WF1/C1P1 expression was de- 
tected in cell extracts of anchoring villi 
maintained for 72 hours in 2% 0, (Fig. 3B), 
but expression increased 3.8-fold in anchor- 
ing villi maintained for the same time period 
in 20% 0,. Immunolocalization experiments 

Fig. 3. Hypoxia induces changes in cytotropho- 
blast expression of proteins that regulate progres- 
sion through the cell cycle. (A) Villus explants cul- 
tured for 72 hours in 2% 0, contained 3.1 times 
more cyclin B than did villi maintained under stan- 
dard culture conditions (20% 0,) for the same 
length of time. (B) Expression of p21 increased 
3.8-fold in anchoring villi cultured for 72 hours in 
20% 0, as compared to those in 2% 0,. 

confirmed that p21WF11C1P1 was primarily ex- 
pressed by cytotrophoblasts. These results, 
replicated in five separate experiments, con- 
firm that culturing anchoring villi in 20% 
0, induces cytotrophoblasts in the attached 
cell columns to undergo cell cycle arrest, 
whereas culturing them in 2% 0, induces 
them to enter mitosis. 

Changes in proliferative capacity are of- 
ten accompanied by concomitant changes 
in differentiation. Accordingly, we investi- 
gated the effects of hypoxia on the ability of 
cytotrophoblasts to differentiate along the 
invasive pathway (Fig. 4). Under standard 
tissue culture conditions, cytotrophoblasts 
migrated from the cell columns and modu- 
lated their expression of stage-specific anti- 
gens, as they do during uterine invasion in 
vivo (3). For example, they began to ex- 
press integrin a l ,  a laminin-collagen recep- 
tor that is required for invasiveness in vitro 
(13). Both differentiated cytotrophoblasts 
and villus stromal cells expressed this anti- 
gen (Fig. 4B). When cultured under hy- 
poxic conditions, cytotrophoblasts failed to 
stain for integrin a l ,  but stromal cells con- 

tinued to express this molecule, suggesting 
that the observed effects were cell type- 
specific (Fig. 4E). Hypoxia also reduced 
cytotrophoblast staining for human placen- 
tal lactogen, another antigen that is ex- 
Dressed once the cells differentiate. Howev- 
er, lowering the 0, tension did not change 
cytotrophoblast expression of other stage- 
specific antigens, such as HLA-G (Fig. 4, C 
and F) and integrins a5/pl and av/P3. 
These results suggest that hypoxia produces 
selective deficits in the ability of cytotro- 
phoblasts to differentiate along the invasive 
pathway. 

The effects of oxygen tension on the 
proliferative capacity of cytotrophoblasts 
could help explain some of the interesting 
features of normal placental development. 
Before cvtotro~hoblast invasion of maternal 
vessels establishes the uteroplacental circu- 
lation (510 weeks). the conceDtus is in a , , 

relatively hypoxic atmosphere. During this 
~eriod. the mass of the ~lacenta increases 
kuch more rapidly than ;hat of the embryo 
proper. Histological sections of early stage 
pregnant human uteri show bilaminar em- 

Fig. 4. Some aspects of cytotrophoblast differentiation and invasion are arrested in hypoxia. Anchoring 
villi (AV) from 6- to 8-week-old placentas were cultured on Matrigel (m) for 72 hours in either 20% 0, (A 
through C) or 2% 0, (D through F). Tissue sections of the villi (20) were stained with anti-cytokeratin (ck) 
(A and D), anti-integrin a1 (Band E), or anti-HLA-G (C and F). Cytotrophoblasts (CTB) that composed 
the cell columns (COL) of villus explants that were cultured in 20% 0, up-regulated both integrin a1 (B) 
and HLA-G expression (C). In contrast, cytotrophoblasts in anchoring villus columns maintained in 2% 
0, failed to express integrin a1 , although constituents of the villus core (vc) continued to express this 
adhesion molecule (E). However, not all aspects of differentiation were impaired: The cells up-regulated 
HLA-G expression normally (F). ST, syncytiotrophoblast. 
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bryos surrounded by thousands of tropho-
blast cells (14). The fact that hypoxia stim­
ulates cytotrophoblasts but not most other 
cells (15) to undergo mitosis could help ac­
count for the discrepancy in size between the 
embryo and the placenta, which continues 
well into the second trimester of pregnancy 
(16). Although we do not as yet understand 
this phenomenon at a mechanistic level, we 
know that cytotrophoblasts within the uter­
ine wall mimic a vascular adhesion molecule 
phenotype (17). In other tissues, hypoxia 
induces the production of vascular endothe­
lial growth factor, which stimulates endothe­
lial cell proliferation (18), raising the possi­
bility that similar regulatory pathways oper­
ate during placental development. 

We suspect that the effects of oxygen 
tension on cytotrophoblast differentiation 
and invasion could have important impli­
cations. Relatively high oxygen tension 
promotes cytotrophoblast differentiation 
and could help explain why these cells ex­
tensively invade the arterial rather than the 
venous side of the uterine circulation. Con­
versely, if cytotrophoblasts do not gain ac­
cess to an adequate supply of maternal ar­
terial blood, their ability to differentiate 
into fully invasive cells may be impaired. 
We suggest that the latter scenario could be 
a contributing factor to pregnancy-associat­
ed diseases, such as preeclampsia, that are 
associated with abnormally shallow cytotro­
phoblast invasion and faulty differentiation, 
as evidenced by their inability to up-regu-
late integrin a l expression (19). 

(1970)]. The separated proteins were transferred to 
nitrocellulose paper [H. Towbin, T. Staehelin, J. Gor­
don, Proc. Natl. Acad. Sci. U S A 76, 4350 (1979)]. 
Blots were blocked in TBST [20 mM tris-HCI (pH 
8.0), 120 mM NaCI, 0.1 % Tween-20] containing 4% 
nonfat dry milk. The replicas were incubated over­
night with primary antibodies in TBST containing 2% 
nonfat dry milk. Anti-cyclin B (Pharmingen, San Di­
ego, CA) was used at 2.5 |xg/ml and anti-p21 (On­
cogene Research Products, Cambridge, MA) at 2 
ixg/ml. Antibody binding was assessed with the use 
of horseradish peroxidase-conjugated secondary 
antibodies and enhanced chemiluminescence de­
tection (Amersham). Densitometric analysis was per­
formed using the NIH Image program. 

12. A. L Gartel, M. S. Serfas, A. L. Tyner, Proc. Soc. 
Exp. Biol. Med. 213, 138 (1996). 

13. C. H. Damsky et al. development 120,3657 (1994). 
14. A. T. Hertig, Anat. Rec. 82, 420 (1942). 
15. T. G. Graeber etal., Nature 379, 88 (1996). 
16. J. D. Boyd and W. J. Hamilton, J. Obstet. Gynaecol. 

Br. Commonw. 74, 161 (1967). 
17. Y. Zhou etal., J. Clin. Invest 99, 2139 (1997). 
18. J. Stone et al., J. Neurosci. 15, 4738 (1995). 
19. Y. Zhou, C. H. Damsky, K. Chiu, J. M. Roberts, S. J. 

Fisher, J. Clin. Invest. 91, 950 (1993). 
20. Placental-bed biopsy specimens were obtained as 

previously described (5, 17). Sections of these spec­
imens were incubated with anti-Ki67 (Dako, Carpin-
teria, CA) and anti-human cytokeratin (7D3) [S. J. 
Fisher et al., J. Cell Biol. 109, 891 (1989)]. Antibody 
binding was detected with fluorescein-conjugated 
rabbit anti-mouse immunoglobulin G (IgG) and rho-
damine-conjugated goat anti-rat IgG (Jackson Im-
munoresearch). Tissue blocks of cultured anchoring 
villi were prepared like the biopsy specimens. Sec­
tions cut from these blocks were double stained with 
7D3 and an anti-integrin a1 mouse IgG (T Cell Diag­

nostics, Woburn, MA). Different sections were 
stained with an anti-HLA-G mouse monoclonal an­
tibody produced in our laboratory (5), anti-integrin 
a5 (3), anti-av/(33 (LM609, D. Cherish, Scripps Re­
search Foundation), anti-human placental lactogen 
(Harlan Bioproducts, Indianapolis, IN), anti-cyclin B, 
and anti-p21 (both from Santa Cruz Biotechnology, 
Santa Cruz, CA). Antibody binding was detected as 
described above. 

21. Anchoring villi were dissected from 6- to 8-week-old 
human placentas and plated on Matrigel substrates 
(Collaborative Biomedical Research) [O. Genbacev, 
S. Schubach, R. K. Miller, Placental, 439 (1993)]. 
Control and hypoxic cultures were maintained for 3 
days as previously described (8). Dissolved 0 2 at the 
cell-medium interface, measured using a micro-ox­
ygen electrode (MI-730; Microelectrodes, Inc., Lon­
donderry, NH), was 20% (98 mm Hg) under standard 
tissue culture conditions, and either 6% (40 mm Hg) 
or 2% (14 mm Hg) in hypoxic conditions. 

22. After 48 hours, the culture medium was aspirated, 
and medium containing 1 |xM BrdU (Sigma) was 
added. After 24 hours, villi on filter substrates were 
washed with PBS for 20 min, fixed for 1 hour (4°C) in 
4% paraformaldehyde, embedded in optimal-cut­
ting-temperature medium, and frozen in liquid nitro­
gen (5, 17). Sections cut from these blocks were 
incubated with a fluorescence-labeled antibody to 
BrdU (Boehringer Mannheim, Indianapolis, IN). Adja­
cent sections were stained with 7D3. 
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The cell division cycle gene, CDC34, is required for ubiquitin-mediated degradation of 
G t regulators and cell cycle progression through the transition from G1 to S phase in 
budding yeast. A CDC34 requirement for S phase onset in higher eukaryotes has not 
been established. Studies of the simple embryonic cell cycle of Xenopus laevis eggs 
demonstrated that Cdc34p in a large molecular size complex was required in the initiation 
of DNA replication. Cdc34p appears to regulate the initiation function of Cdk2-cyclin E, 
perhaps through the degradation of the Xenopus cdk inhibitor, X i d . * 

1 rotein ubiquitination and degradation 
were linked to cell cycle control by the 
discovery that Cdc34p, an essential G r to 
S-phase regulator in budding yeast, is a 
ubiquitin conjugating enzyme (UBC3) (1). 
The Cdc34p-dependent degradation of a 
single substrate, p40siclp [an inhibitor 
of cyclin-dependent kinase (cdk) Cdc28p 
complexed with cyclins Clb5p or Clb6p], 
appears to be sufficient to trigger the tran­
sition from Gl to S phase (2). This degra­
dation requirement in yeast is a key element 
coupling extrinsic control of cell prolifera-
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tion to the cell cycle. The human homolog 
of CDC34 can complement the yeast 
cdc34-2 temperature-sensitive strain (3). 
Cdc34p in mammalian cells may also func­
tion to couple extrinsic control by growth 
factors to cell cycle progression. However, 
Cdc34p may play a more basic role in the 
intrinsic control of each cell cycle. A re­
quirement for Cdc34p in the early embry­
onic cell cycle of the frog Xenopus laevis, 
where cell division is independent of ex­
trinsic controls, may reveal a more funda­
mental role for protein degradation in reg­
ulating the initiation of DNA replication. 

We tested whether Cdc34p is required 
for the onset of DNA replication in higher 
eukaryotes and examined the nature of such 
a requirement using an in vitro DNA rep-
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