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Progesterone regulates reproductive function through two intracellular recep- 
tors, progesterone receptor-A (PR-A) and progesterone receptor-B (PR-B), that 
arise from a single gene and function as transcriptional regulators of proges- 
terone-responsive genes. Although in vitro studies show that PR isoforms can 
display different transcriptional regulatory activities, their physiological sig- 
nificance is unknown. By selective ablation of PR-A in mice, we show that the 
PR-B isoform modu1ate.s a subset of reproductive functions of progesterone by 
regulation of a subset of progesterone-responsive target genes. Thus, PR-A and 
PR-B are functionally distinct mediators of progesterone action in vivo and 
should provide suitable targets for generation of tissue-selective progestins. 

The steroid hormone progesterone p) functions 
in establishment and maintenance of pregnan- 
cy. The physiological effects of P are mediated 
by interaction with specific intracellular proges- 
terone receptors (PRs) that are members of the 
nuclear receptor superfamily of transcription 
factors (1,2). PRs are expressed as two protein 
isoforms, PR-A and PR-B, that are produced 
from a single gene by transcription at two dis- 
tinct promoters and by translation initiation at 
two alternative AUG signals (3,4). Mice lack- 
ing a functional PR gene display pleiotropic 
reproductive abnormalities including inability 
to ovulate, uterine hyperplasia and inflamma- 
tion, severely limited mammary gland develop- 
ment, and impaired thymic function and sexual 
behavior (2). 

The production of two PR isoforms from 
the PR gene is conserved in a number of 
vertebrate species (3, 5, 6), and the ratios of 
the individual isoforms vary in reproductive 
tissues as a consequence of developmental 
(6) and hormonal status (7) and during car- 
cinogenesis (8). The PR-A and PR-B iso- 
forms differ only in that PR-B contains an 
additional w-terminal stretch of about 165 
amino acids. This region encodes a transac- 
tivation function that is specific to PR-B and 
is required to specify target genes that can be 
activated by PR-B but not PR-A (9). 

When expressed individually in cultured 
cells, PR-A and PR-B display different trans- 
activation properties that are specific to both 
cell type and target gene promoter used (10). 
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PR-B functions as a strong activator of tran- 
scription of several PR-dependent promoters 
and in a variety of cell types in which PR-A 
is inactive. Under these conditions, agonist- 
bound PR-A can repress transcriptional activ- 
ity of PR-B and other steroid receptors in- 
cluding estrogen receptor a (ERa) (11). Fi- 
nally, when bound to some progestin antag- 
onists, PR-B, but not PR-A, can be converted 
to a strongly active transcription factor by 
modulating intracellular phosphorylation 
pathways (12). 

To determine whether the functional dif- 
ferences between the PR isoforms observed 
in vitro are reflected in a differential physio- 
logical capacity to mediate the diverse repro- 
ductive functions of P, we have selectively 
ablated expression of PR-A in PR-A knock- 
out (PRAKO) mice. 

Previous studies have shown that muta- 
tion of an internal ATG codon at which trans- 
lation of PR-A is initiated (ATG,) selectively 
abolishes expression of PR-A, but not of 
PR-B, when the full-length cDNA encoding 
PR is expressed in cultured cells (3, 13). 
Thus, we have used a CREJloxP-based gene 
targeting strategy (14) to introduce a conser- 
vative amino acid substitution of the ATG, 
codon (Met166+Ala) in the murine PR 
(mPR). gene in embryonic stem (ES) cells 
(15). Male chimeras generated from three 
independent clones carrying the ATG, mu- 
tation transferred the mutation to the next 
generation, and litters born from PRAKO+/- 
intercrosses resulted in normal Mendelian in- 
heritance of the mutation. 

The absence of PR-A in PRAKO-/- fe- 
male mice was confirmed by protein immu- 
noblot analysis of uterine extracts from estro- 
gen @)-treated animals (16, 17). A strong 

irnmunoreactive band corresponding to the 
PR-A protein was detected in wild-type (WT) 
mice, but this band was absent from uterine 
extracts of PRAKO-/- animals (Fig. 1). The 
PR-B protein was present in similar amounts 
in both WT and PRAKO-/- mice and was 
typically detected as a doublet, presumably as 
a result of phosphorylation (18). 

All animals appeared normal except that 
PRAKO-/- females were infertile, a pheno- 
type that was similar to that previously ob- 
served in PRKO mice in which both PR iso- 
forms were ablated (2). To determine whether 
the infertility of the PRAKO-I- mice was due 
to an inability to ovulate, we administered preg- 
nant mare serum gonadotropin and human cho- 
rionic gonadotropin to 21-day-old mice to in- 
duce superovulation (2). Normal superovula- 
tion occurred in WT and PRAKO+'- mice, 
with comparable numbers of oocytes produced 
in both cases (Table 1). PRAKO-/- mice pro- 
duced reduced numbers of oocytes, whereas 
PRKO mice produced no oocytes. Crosses be- 
tween superovulated PRAKO-/- females and 
WT males also failed to result in successful 
pregnancies despite the release of a small num- 
ber of oocytes fiom PRAKO-I- females. Uteri 
of these females failed to show decidualization 
of stromal cells in response to trauma1 stirnula- 
tion (19), indicating that infertility was also 
associated with defective uterine implantation. 
Consistent with this finding, analysis of the 
expression of several implantation-specific 
uterine epithelial target genes indicated that 
PR-B regulated the expression of only a subset 
of these genes (Fig. 2, A to D). Expression of 
calcitonin (CT), histidie decarboxylase 
(HDC), and amphiregulin (AR) is increased in 
the WT uterine epithelium in response to P (in 
association with uterine receptivity) (20). Ex- 
pression of lactofenin (LF) is increased by E 
and decreased in response to P (21). Ovariec- 
tomized mice were administered a single dose 
of either vehicle (control), E, P, or E plus P, and 
uterine extracts were prepared for RNA and 
protein analysis (16). Ablation of PR-A result- 
ed in a complete loss of regulation of CT, 
whereas the regulation of HDC was retained 
(Fig. 2, A and B). P-induced expression of AR 

PR-A + - 
80 kD 

Fig. 1. Ablation of PR-A expression in PRAKO 
mice. Protein immunoblot analysis of PR-A and 
PR-B in WT and PRAKO-I- uterine extracts. 
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Fig. 2 Expression of P-
responsivetarget genes 
in the uterine e itheli-
um of PRAKO-P-mice. 
Expressionof (A) ff,(B) 
HDC, and (C) AR in 
uterine total RNA d e  
rived from WT, 
PRAKO-I-, or PRKO 
animals RNA levels 
were standardized to 
that of cydophilin 
(CPH) and represented 
as an average fold in-
crease in four experi-
ments 2 SEM. (D) Pro-
tein immunoblot of 
uterine U: expression in 
WT, PRAKO-I-, or 
PRKO mice. No hor-
mone treatment (C), 
estrogen (E), or estro-
gen plus progesterone 
(EP). (E) PR immunohis-
tochemistry of uterine 
sections obtained from 
ovariectomized un-
treated (control) and E-
treated (E) WT, PRAKO 
(-I-), and PRKO ani-
mals. (Insets) Panels 
represent.highermagni-
fications of areas indi-

WT PRAKO-/- PRKO ** -
3% 

3 1 
a**rnI\? PL%OC PBKO 

WT *KO 0 P-0 PRKO 

cated by the asterisk 
Bars, 100 k m  (controls) and 50 p,m (plus E). 

WT PRAKO PRUO PRAKO PRKO 
+I- +I- -I-

Table 1. Dependence of  ovulation on PR-A. 

Croup Oocytes* 

WT 
PRAKO+I-
PRAKO-I-

PRKO 

'Average number of oocytes (2SEM) released per mouse 
after superovulationin WT. PRAKO+'-, PRAKO-I-, and 
PRKO mice; n = 8 per test group. 

was also lost in PRAKO-'- mice (Fig. 2C). 
PR-B alone completely inhibited the E-depen-
dent induction of epithelialLF (Fig. 2D). These 
data indicate that defective implantation in 
PRAKO-'-uteri is associated with loss of P-
regulated expression of a subset of genes asso-
ciated with receptivity. This differential target 
gene regulation by PR-B was not due to differ-
ences in spatiotemporal expression of PR-B 
relative to that of PR-A. Expression of PR-B in 
the uterine epithelium of untreated PRAKO-'-
mice was similar to that observed in WT uteri 
(Fig. 2E). E-treatment of PRAKO-'-mice re-
sulted in decreased expression of PR-B in the 
epithelium and increased expression in the stro-
ma1 a d  myometrial compartments. 

Progesterone is a potent antagonist of E-
induced proliferation of the uterine epitheli-
um (2). We examined mice administereddai-
ly with either vehicle, E alone, or E plus P for 
4 days and injected with 5-bromo-2'-de-
oxyuridine (BrdU) for 2 hours (16). Histo-

D WT J?RAKO-I- -0 
C E E P  C E E P  C E E P  

LF 0-- I " I - -

logical analysis of uterine sections indicated 
that the epithelial morphology was similar in 
control WT, PRAKO-I-, and PRKO mice 
(Fig. 3). Treatment of all groups with E re-
sulted in hyperplasia of the luminal epitheli-
um (LE) and the appearance of numerous 
scattered BrdU-positive proliferating cells. 
The addition 0f.P with E resulted in an inhi-
bition of uterine epithelial proliferation in 
WT animals. However, as previously ob-
served in PRKO mice (2), this antiprolifera-
tive effect of P was absent in PRAKO-I-
mice. Indeed, treatment of PRAKO-'- mice 
with E plus P resulted in a P-dependent in-
crease in proliferation over that observed 
with E alone. This observation was con-
firmed by quantitative comparison of BrdU-
labeled cells in E- and E plus P-treated WT, 
PRAKO-I-, and PRKO uterine epithelium 
(IS). These results indicate that selective ab-
lation of PR-A results in a gain of P-depen-
dent proliferative activity mediated through 
PR-B that is not observed in E- and P-treated 
WT or PRKO mice. This acquisition of a 
P-dependent proliferative response indicates 
that PR-A may diminish overall P as well as 
E responsiveness in the uterus. The finding 
that PR-B can contribute to, rather than in-
hibit, uterine epithelial cell proliferation may 
have important clinical implications for the 
hormonal management of uterine endometrial 
dysplasias. The relative expressionof PR iso-
forms under these conditions will be an im-

portant determinant of the effectiveness of 
progestin therapy. Thus, generationof PR-A-
selective progestin that can distinguish be-
tween different conformations of PR-A and 
PR-B as recently demonstrated in the case of 
ER (22) may be of significant clinical value. 

To determine whether PR-B can elicit 
morphogenic responses of the mammary ep-
ithelium to P, we compared the morphology 
of mammary glands of ovariectomized WT, 
PRAKO-I-, and PRKO mice treated with E 
and P for 3 weeks (23). Analysis of whole 
mounts of the thoracic mammary glands 
showed extensive hormone-dependent ductal 
branching that filled the fat pad and the ap-
pearance of multiple alveolar lobules in 
PRAKO-'- mice (Fig. 4A). Further, the or-
ganized expression of E-cadherin outlining 
the mammary epithelial cells in PRAKO-I-
mice (Fig. 4B) indicated normal architecture 
and basal membrane integrity. Thus, PR-B is 
sufficient to elicit normal proliferation and 
differentiationof the mammary epithelium in 
response to P. Finally, E- and P-treated 
PRAKO-I- mice also displayed normal thy-
mic involution, a process we have previously 
shown to be PR dependent (24) 

Our data indicate that PR-B mediates 
reproductive responses to P in a tissue-
selective manner and that the PR-A and 
PR-B isoforms are functionally distinct me-
diators of progestin action in vivo. Thus, 
correct relative expression of the PR-A and 
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Fig. 3 (left). Abnormal proliferative responses to  E and P treatment in mammary gland whole mounts of untreated (Control) or E plus P 
PRAKO-I- uterus. BrdU immunolabeling of uteri from ovariectomized (EP)-treated WT, PRAKO-I-, and PRKO mice. Bar, 500 pm. (B) 
WT. PRAKO-I-, and PRKO mice treated with sesame oi l  (Control), E, E-cadherin immunofluorescence shows an organized expression pat- 
or E plus P (EP). Bars, 200 p m  (controls) and 50 p m  (hormone- tern for E-cadherin in  the mammary gland of both the WT and 
treated). Fig. 4 (right). Independence of mammary gland alve- PRAKO-I- mice (green); cytokeratin-14 in  myoepithelial cells (red). 
ologenesis and tertiary ductal side branching from PR-A. (A) Thoracic Bars, 20 pm. 

PR-B isoforms is likely to be of critical 
importance to ensure appropriate reproduc- 
tive tissue responses to P. Isoform-selective 
modulators of PR activity may allow tissue- 
selective modulation of progestin activity 
in hormonal therapy. 
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P or no hormones were implanteds.c. on days 1 and 
10, and tissues were collected 11 days later. Mam-
mary glands were fixed in 10% formalin and stained 
with hematoxylin as described (2). For indirect im-
munofluorescence, frozen mammary tissue was sec-
tioned at 5 0 - ~ mthickness, permeabilized with 5% 
Triton X-100, and fixed in 4% paraformaldehyde. 
Sections were incubated overnight at 4'C in rabbit 
polyclonalantiserum to cytokeratin-14 (1:500 dilu-
tion; a gift from D. R. Roop, Baylor College of Medi-
cine) containing 1% bovine serum albumin and rat 

monoclonal IgC to E-cadherin (1:500 dilution; 
Zymed, San Francisco, CA). Antibodies were visual-
ized with Texas Red-goat antibodies to rabbit IgC 
(1:200 dilution; Molecular Probe, Eugene, OR) and 
fluorescein isothiocyanate-goat antibodiesto rat IgC 
(1:400 dilution; PharMingen, San Diego, CA). Serial 
optical sectioning was performed with a confocal 
laser-scanning microscope (Multiprobe 2001, Molec-
ular Dynamics). Three-dimensional images were re-
constructed with Image Space Software (Molecular 
Dynamics). 

Oligodendrocyte Precursor Cells 

Reprogrammed to Become 


Multipotential CNS Stem Cells 

Toru Kondo* and Martin Raff 

During animal development, cells become progressively more restricted in the 
cell types to which they can give rise. In the central nervous system (CNS), for 
example, multipotential stem cells producevarious kindsof specifiedprecursors 
that divide a limited number of times before they terminally differentiate into 
either neurons or glial cells. We show here that certain extracellular signals can 
induce oligodendrocyte precursor cells to revert to multipotential neural stem 
cells, which can self-renew and give rise to neurons and astrocytes, as well as 
to oligodendrocytes. Thus, these precursor cells have greater developmental 
potential than previously thought. 

Oligodendrocyte precursor cells (OPCs) are 
arguably the best-characterized precursors in 
the mammalian CNS. They arise from multi-
potential cells in spatially restricted germinal 
zones and then migrate widely through the 
developing CNS (1-3). After a number of cell 
divisions, most OPCs terminally differentiate 
into postmitotic oligodendrocytes (4, 5), al-
though some persist in the adult CNS (6, 7). 
Fetal calf serum (FCS) (8) and certain cyto-
kines, including some bone morphogenic 
proteins (BMPs) (9), induce OPCs in culture 
to differentiate into type-2 astrocytes, al-
though there is no convincing evidence that 
OPCs normally become astrocytes in vivo. 
Here we show that a 3-day exposure to these 
signals that induce type-2 astrocytes, fol-
lowed by culture in basic fibroblast growth 
factor (bFGF), causes many purified OPCs to 
revert to a state that resembles that of multi-
potential CNS stem cells. The reverted cells 
can self-renew and give rise to neurons and 
type-1 astrocytes, as well as to oligodendro-
cytes. These unexpected findings suggest that 
extracellular signals can reverse glial cell 
specification and can convert specified pre-
cursors into multipotential stem cells. 

We purified OPCs from postnatal day 6 
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(P6) rat optic nerve to greater than 99% 
purity by sequential immunopanning, as pre-
viously described (10). We cultured the cells 
in poly-D-lysine (PDL)-coated culture dishes 
in serum-free medium containing platelet-
derived growth factor (PDGF) but no thyroid 
hormone (TH), to stimulate their prolifera-
tion and to inhibit their differentiation (11). 
After 5 days in culture, we tested their pro-
liferative response to bFGF by removing the 
PDGF and adding bFGF: >99% of the cells 
stopped dividing and differentiated into oli-
godendrocytes within 5 days (not shown), 
just as they do when PDGF is removed in the 
absence of bFGF (11). This finding attests to 
the purity of the cultures and indicates that 
bFGF alone is a poor mitogen in these con-
ditions. When, however, we first induced the 
OPCs to differentiate into type-2 astrocytes 
by adding 15% FCS for 3 days (Fig. 1B) and 
then removed the FCS and PDGF and cul-
tured the cells in bFGF for a further 5 days, 
>40% of the cells could be labeled by a 
6-hour pulse of bromodeoxyuridine (BrdU) 
(Fig. 1A). Thus, FCS-treated OPCs become 
responsive to the mitogenic effect of bFGF, a 
growth factor that is mitogenic for some 
CNS stem cells (12). Epidermal growth fac-
tor (EGF), which is also mitogenic for some 
CNS stem cells (13), did not stimulate BrdU 
incorporation under the same conditions (Fig. 
1A). Using this protocol, we could keep the 
cells proliferating in bFGF, without serum, 
PDGF, or TH, for many weeks, during which 
time most of the cells reverted to a bipolar 

~ ~ ~ ~ ~ ~ 
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morphology characteristic of perinatal OPCs 
(4)  (Fig. 1C). When we cultured the cells in 
the same way, but in tissue culture dishes 
without the PDL coating, the cells produced 
floating neurosphere-like bodies after 10 days 
(Fig. ID), just as CNS stem cells do under 
similar conditions (13, 14). Together, these 
findings raised the possibility that OPCs cul-
tured sequentially in PDGF, FCS, and bFGF 
may acquire some of the properties of multi-
potential CNS stem cells. 

To test this possibility, we assessed 
whether OPCs cultured in this way acquired 
the ability to produce neurons. We induced 
purified P6 OPCs to become type-2 astro-
cytes in 15% FCS and PDGF for 3 days and 
then cultured them in PDL-coated culture 
dishes in bFGF, without serum, PDGF, or 
TH, for 5 days or 1 month. We then stained 
the cells with neuron-specific monoclonal an-
tibodies that recognize microtubule-associat-
ed protein 2 (MAP2), low molecular weight 
neurofilament protein (NF-L), or middle mo-
lecular weight neurofilament protein (NF-M), 
all of which are widely used as neuronal 
markers. We also stained the cells with the 
A2B5 monoclonal antibody (15) to identify 
OPCs (a), monoclonal anti-galactocerebro-
side (GC) antibody (16) to identify oligoden-
drocytes (17), and rabbit antibodies to glial 
fibrillary acidic protein (GFAP) to identify 
astrocytes (17, 18). As shown in Table 1, the 
proportion of cells that expressed neuron-
specific markers greatly increased after 5 
days in bFGF and increased two to three 
times further between 5 days and 1 month in 
bFGF, and most of these cells were A2B5-
negative (A2B5-) (Fig. 1, E to G); at either 
time point, the proportion of A2B5-positive 
(A2B5+) OPCs was <40% and the propor-
tions of GC+ oligodendrocytes and GFAPt 
astrocytes were <I%. By contrast, when we 
stainedthe cells after 1 month in PDGF or after 
3 days in 15% FCS, >80% were A2B5+, less 
than 5% were MAP2+, and none were NF-L' 
or NF-M+ (Table 1). Thus, OPCs cultured 
sequentially in PDGF, FCS, and bFGF can 
give rise to neurons. 

When we cultured cells treated in this way 
in bFGF for 2 months, many of them re-
mained MAP2+, but <5% now expressed 
NF-L or NF-M (Fig. 2A). As it was shown 
previously that PDGF encourages CNS stem 
cells to develop into neurons (14, 19), we 

~ , 
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