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Summary—We have suggested that in the nonhuman primate endometrium, stromal cells
might play a role in mediating the effects of estrogen on the epithelium, especially during the
luteal-follicular transition (LFT) when target cells normally escape from the inhibitory
influence of progesterone (P). We now report that like estrogen receptors (ER), endometrial
progestin receptors (PR) are detectable only in stromal cells until the fifth day of the LFT.
With a technique that combined immunocytochemistry and autoradiography on the same
sections, we characterized the cellular distribution of ER or PR coincidentally with the
localization of [*H]thymidine taken up in vitro by endometria from monkeys undergoing an
LFT. DNA synthesis in the glands of the upper endometrium was E,-dependent, but the
distribution of [PH]thymidine was not positively correlated with the presence of ER or PR.
Readministration of P to animals on days 3 or 4 of the LFT significantly reduced the
[*H]thymidine labeling index of the glandular epithelium and caused stromal ER to decline,
but P did not block the eventual appearance of ER in epithelial cells on day 5 of the LFT.
Thus, E, stimulated DNA synthesis in epithelial cells that lacked ER, and P suppressed DNA
synthesis in these cells even though PR was only detected in the stroma when P treatment
began. These data are consistent with a role for endometrial stromal cells in mediating the

effects of E, and P on the epithelium during the LFT.

INTRODUCTION

The primate menstrual cycle is characterized by
dramatic shifts in serum concentrations of estra-
diol (E,) and progesterone (P) which provoke
equally remarkable cellular changes in the en-
dometrium. An important shift in the balance of
influence of E, and P on the endometrium
occurs when serum P levels fall rapidly at the
end of the luteal phase of a nonfertile cycle while
concentrations of E, remain relatively con-
stant [1]. In the natural menstrual cycle, the
uppermost regions of the endometrium are
sloughed in the menstrual flow, and the surface
of the remaining tissue heals. In response to E,,
the glandular elements of the surviving endo-
metrial tissue proliferate to regenerate the com-
plete endometrium [2]. Bartelmez [3] described
four distinct zones in the endometrium of the
rhesus macaque to account for the consistent
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morphological gradient he observed from the
lumenal surface (zone I), to the region adjacent
to the myometrium (zone IV). He reported that
mitotic dctivity was confined to zones I-III
before ovulation, and that zone IV was mitoti-
cally inactive until shortly after ovulation. Re-

cently, Padykula[4] has confirmed these
observations with [’H]thymidine autoradiog-
raphy.

Estrogen receptors (ER) are presumed to play
a role in the endometrial proliferative response
to E, because concentrations of ER parallel E,
action, and substances such as antiestrogens and
P which interfere specifically with ER action or
lower ER concentrations also depress estrogen-
dependent growth [5-7]. In the adult macaque
endometrium, the antagonistic effects of E, and
P on cell proliferation and the synthesis of ER
and PR as well as the separated pathways of
subcellular differentiation induced by these hor-
mones are well characterized {8~10]. In a pre-
vious study, we used E, and P capsules to create
an artificial luteal-follicular transition (LFT) in
spayed monkeys and reported that endometrial
ER levels, which were low at the end of P
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treatment, increased steadily during the 7 day
period following removal of the P-capsule,
though serum E, levels were constant. Because
the various endometrial zones are not fully
re-established during the LFT, we studied the
distribution of ER in the upper glands (zone
II/III). Immunocytochemically detectable ER
was exclusively located in endometrial stromal
cells until day S, and the appearance of epi-
thelial ER on day 5 coincided with an 8-fold
increase in the epithelial mitotic index [11].
This suggested that progression through Gl
of the cell cycle and commitment to DNA
synthesis occurred in epithelial cells that lacked
ER.

In the current study, we used a combined
immunocytochemical/autoradiographic (ICC/
AR) method to localize ER or PR together with
[*Hlthymidine in endometria from monkeys ex-
periencing an LFT. We also mapped the general
distribution of endometrial PR during days 0-5
of the LFT. We found that ER and PR were
present almost exclusively in the stroma when a
significant  estrogen-dependent increase in
[*H]thymidine uptake occurred in the glandular
epithelium. Moreover, if P was readministered
to animals on days 3 or 4 of the LFT when PR
was only detected in the stroma, epithelial DNA
synthesis measured on day 5 was inhibited, and
stromal but not epithelial ER was suppressed.
The results support the hypothesis that stromal
cells might mediate effects of both E, and P on
the epithelium during the LFT.

EXPERIMENTAL

Animals

Adult female cynomolgus macaques (Macaca
fascicularis) were housed and cared for under
the supervision of the veterinary staff of the
Oregon Regional Primate Center according to
the guidelines established by the National Insti-
tutes of Health and the Animal Welfare Act.
Twenty animals were ovariectomized under
Fluothane/nitrous oxide anesthesia and allowed
to rest 2-3 months before the experiment. Silas-
tic™ tubing (Dow Corning: i.d., 0.34 cm; o.d.,
0.46 cm) was filled with crystalline steroid (Ster-
aloids, Wilton, N.H.), and the ends were sealed
with the Silastic silicone type A medical ad-
hesive. Each animal was implanted with a 2cm
E,-filled Silastic™ capsule while chemically re-
strained with ketamine. Fourteen days later a
6cm P-filled implant was inserted into each
animal and allowed to remain in place for 14

days to produce an artificial menstrual cycle. In
17 of these animals, an artificial LFT was
induced by removing only the P capsule (desig-
nated as day 0). Menses occurred 2-3 days
following removal of the P implants. The uterus
was removed from 9 animals on either day 4
(n=1), 45 (n=3) or 5 (n=25) following re-
moval of the P implant (E,-maintained ani-
mals). In 8 animals, the P implant was reinserted
on day 3 or 4 of the LFT (P-treated animals),
and uteri were collected either 1 (n =3), 2
(n =2) or 3 (n =3) days later. Control tissue
was obtained from 3 animals 5 days after re-
moval of both E, and P implants (E, and P
withdrawn animals). Concentrations of E, and
P were determined in serum obtained on the day
of surgery. Steroid radioimmunoassay pro-
cedures have been previously described [12,13]
except that different antisera for E,[14] and P
[15] were used.

Tissue

Uteri were separated from the cervix and
quartered along the longitudinal axis. The en-
dometrium from two of the quarters was cut
into thin (less than 1 mm) cross-sectional slices
with a razor blade. Two slices were fixed, three
were frozen immediately and the rest were incu-
bated in 1 xCi/ml PH]thymidine in Trowell’s
medium (pH 7, 25 mM HEPES) for 60 min, at
37°C in an atmosphere of 60% oxygen, 33%
nitrogen and 7% carbon dioxide. After incu-
bation, the slices of tissue were placed in a drop
of OCT™ (Tissue Tek, Miles, Elkhart, Ind.) and
frozen in liquid propane for immunocytochem-
istry of ER and PR. The endometrium from the
remaining two quarters was removed with iris
scissors and analyzed for ER quantities as de-
scribed below. Details of procedures for fixation
and morphological evaluation, biochemical
measurement of ER and quantitation of mitotic
indices (MI) were identical to those described
previously [8, 11, 16]. A complete set of frozen
blocks was available from the previously pub-
lished study of ER during the LFT [11]. These,
as well as tissues collected for the current exper-
iments, were used to establish the general pat-
tern of PR distribution during the LFT (days
0-5).

ER binding and exchange assay

Tissue was homogenized in 10 vol (w/v) TE
buffer [10 mM Tris—~(hydroxymethyl) amino-
methane HCI, pH 7.4, 1.5 mM ethylenedinitrilo-
tetraacetic acid] containing 1 mM dithiothreitol
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in an ice bath by means of Duall tissue grinders,
size 22 (Kontes Glass Company, Vineland,
N.J.). All subsequent procedures were done at
0-4°C. The homogenate was centrifuged at
1000 g for 10 min to separate the cytosol from
the crude nuclear fraction. Three hundred
microliter aliquots of the cytosols were mixed
with [PH]Moxestrol [R2858; 11 f-methoxy-
17-ethynyl-1,3,5,(10)-estratriene-3,17-diol;  79-
87 Ci/mmol; New England Nuclear (Boston,
Mass.); 23 nM final concentration] in the ab-
sence (A) or presence (B) of 100-fold radioinert
Moxestrol and were incubated for 3h at 0°C.
The cytosols were then added to charcoal
pellets obtained by centrifugation from 1 ml of
a dextran charcoal suspension (1.25% charcoal
and 0.625% dextran in TE buffer). The cytosols
were mixed gently with the charcoal for 10 min
and then centrifuged at 8000 g for 10 min. The
supernatants were then drawn off from the
charcoal pellets, mixed with 5 ml of Atomlite™
(New England Nuclear Corp.), and the radioac-
tivity was determined in a scintillation counter.
The crude nuclear pellets, prepared as described
above, were washed 3 times with 2ml of TE
buffer each time and by centrifugation at 1000 g
for 10 min. Aliquots (300 u1) of washed nuclear
resuspensions were mixed with [*H]Moxestrol as
above. After incubation for 1h at 37°C, nuclei
were washed 4 times: first with 1 ml of 0.5%
Triton X-100 in TE buffer, then 3 times with
1 ml of TE. The washed nuclear pellets were
dissolved in 1 ml Soluene 100™ (Packard In-
strument Company, Downers Grove, Ill.) at
70°C for 1h. Five milliliters of Atomlite sol-
ution were added, and the radioactivity was
determined as above. The specific receptor,
defined as the difference between total (A) and
nonspecific (B) binding, is expressed as femto-
moles per milligram of DNA.

Immunocytochemistry and autoradiography

Immunocytochemistry of ER was done as
described previously [11,17]. Immunocyto-
chemistry for PR was accomplished with the
same protocol as for ER except that the an-
tiprogesterone receptor antibody, B-39 (gener-
ously provided by Dr Geoffrey Greene) was
diluted to a concentration of 0.5-0.1 ug/ml.
That this antiPR recognizes the macaque PR
has been previously reported [10, 18]. This con-
centration range was 10-50 times the lowest
concentration necessary to detect PR in serial
sections of endometria from estrogenized ani-
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mals shown to have high levels of both stromal
and epithelial PR. Approximately 70-80, 6 g,
serial sections were adhered to gel coated slides
(two sections per slide). Fewer slides were pre-
pared from fresh frozen blocks not incubated in
[PH]thymidine. Alternating slides were fixed and
immunostained for ER or PR. Several slides
from each block were either exposed to antianti-
gen B of Timothy Grass Pollen (AT) or buffer
in place of the antireceptor antibody. For
[PH]thymidine labeled blocks, alternating pairs
of slides reacted for ER and PR were then
rinsed, dehydrated, briefly air dried, coated with
liford K5.D nuclear track emulsion (Poly-
sciences, Warrington, Pa), exposed for 16-20
days at 4°C and developed in Kodak D-19
developer at 18°C. Some of the paired slides
were post-stained in Gill’s 3X hematoxylin
(Polysciences). Slides were photographed on a
Zeiss microscope equipped with planapochro-
matic lenses at magnifications of 300x and
408 x on Kodak Ektar™ 25 film.

The entire serial set for each block was
screened to select replicate pairs of slides with
the greatest amount of [*H]thymidine labeling.
We analyzed the straight glands just beneath the
repairing surface of the endometrium and omit-
ted the surface (zone I) and basalis (zone IV).
This area was designated zone II/III after the
nomenclature of Bartelmez[3] because the dis-
tinction between these two zones is not clear
during the LFT. Nuclei were scored as
[PH]thymidine labeled if at least 10 grains per
nucleus were present and as receptor-positive if
any detectable immunocytochemical reaction
was present. In cases where the reaction was
barely discernible, the presence or absence of
staining was confirmed with phase contrast op-
tics. Receptor-positive cells included all those
with nuclei which exhibited marginal, but per-
ceptible staining, as well as very intensely
stained nuclei because we wished to include all
cells with any detectable receptor in these
measurements. Quantitative analysis of the sim-
ultaneous distribution of [*H]thymidine and ER
or PR was performed by constructing frequency
tables which included the number of
H]thymidine labeled and/or receptor-positive
(ER or PR) nuclei for each block (2 or 3 per
animal). The total number of cells evaluated per
slide (650-2200) varied according to the total
population of epithelial cells within zone II/II1.
The labeling index (LI), defined as the fraction
of [*H]thymidine labeled cells, was extracted
from these data. Because the number of stromal
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cells in any given section was extremely large,
approx. 1000 cells were evaluated per slide.

The percentage of epithelial cells undergoing
mitosis in zone II/III was determined by count-
ing the combined number of prophase, meta-
phase, anaphase and telophase figures in plastic
sections of samples of endometrium from each
animal (2-3 blocks per animal). Each section
contained approx. 750 total epithelial cells in
zone II/II1.

Statistical analyses

Frequencies of codistribution of [*H]-
thymidine and ER or PR for individual blocks
were subjected to standard yx? analyses. Concen-
trations of total, cytosolic and nuclear ER,
percent receptor distribution, LI and MI were
analyzed by ANOVA and pairwise ¢-tests
(Bonferroni probabilities) with Biomedical
Data Processing (BMDP) software, University
of California Press, Berkeley [19]. The LI data
for days 4.5 and 5 were pooled for statistical
comparisons. LI and MI data for the 5 animals
treated with P for either 1 or 2 days and sampled
on day 5 were also pooled for statistical
analyses.

RESULTS

PR is present only in stromal cells during the LFT

On day 0 of the LFT (the day the P capsule
was removed), PR was detectable in stromal
cells of the endometrium, but the glands in zone
II/IIT were PR-negative [Fig. 1(a)]. During the
first 4.5 days of P withdrawal in the presence of
E,, PR was evident in stromal cells, but the
epithelium was PR-negative until day 5 when
some glandular epithelial cells in zone II/III
were PR-positive [Fig. 1(b—d)]. There was no
difference in the pattern of PR staining between
sections of previously frozen blocks and the new
samples collected for this study or between fresh
frozen blocks and samples incubated in
[*H]thymidine before freezing. In the E, and P
withdrawn, control animals, stromal, but not
epithelial PR was detectable, but the intensity of
PR staining was significantly reduced [Fig. 3(h)]
compared to samples from E,-maintained ani-
mals [Fig. 1(a—d)].

[PH]Thymidine uptake is not correlated with epi-
thelial ER or PR

Zones I and IV. In all animals from all
treatment groups, menstruation occurred 2-3
days after the P capsules were removed, and the
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endometrial surface (zone I) underwent repair
on days 4-5. ["H]Thymidine labeled cells were
present in the superficial regions of all samples
[Fig. 3(e)]. Labeled cells were often difficult to
distinguish as epithelial or stromal, but some
were clearly epithelial cells in the process
of migrating from the mouths of damaged
glands to form a new lumenal surface. As we
have previously reported [11], these cells were
often ER- and PR-negative. This observation
confirms the previous suggestion [20] that fol-
lowing menstruation, the endometrial surface
can be repaired in the absence of estrogen.

Zone I1/III. That E, is responsible for the
initial rise in epithelial cell division in zone II/III
of the endometrium during the LFT was shown
by comparing mitotic (MI) and labeling indices
(LI) for glandular epithelial cells from the E,-
maintained and E, and P withdrawn macaques
(Fig. 2). The LI on days 4.5 and 5, and the M1
on day 5 are both significantly higher (P < 0.01)
in the E,-maintained than the E, and P with-
drawn group. PR staining was absent from all
epithelial nuclei on day 4.5, though many stro-
mal nuclei were ER- and PR-positive in all
samples from every animal [Fig. 3(a), (b)]. Thus,
the first wave of epithelial DNA synthesis (on
day 4.5) in E,-maintained animals appeared to
precede the rise in MI by about 12h and
occurred prior to or simultaneous with the
appearance of ER in the epithelium.

By day 5 of P withdrawal, numerous mitoses
were visible in glandular epithelial cells of zone
II/II1. Large numbers of [*H]thymidine labeled
nuclei were observed in most glands located
in zone II/ITII, and about one third of all
[*H]thymidine-labeled nuclei were ER-negative
on day 5 [Fig. 3(c)]. x-square analyses of
the frequency of occurrence of ER and/or
[*H]thymidine showed that there was no inter-
action between the distribution of these two
markers. In some samples from experimental
animals on day 5 and in two or three blocks
from the animal on day 4.5 in which epithelial
ER, but not PR was detected, the relationship
between the occurrence of [PH]thymidine and
ER was negative (P <0.01). The remainder of
the samples analyzed (all blocks from every
animal), showed no significant relationship be-
tween the occurrence of ER and [*H]thymidine.
In other words there was a tendency for ER and
[*H]jthymidine to be distributed randomly or in
separate cells rather than simultaneously within
the same nuclei during the LFT. Data on
specimens from control animals also showed no
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Fig. 1. Immunocytochemistry of PR in endometrial zone II/III during the LFT. Fresh frozen sections of

endometria from monkeys treated sequentially with E, for 14 days followed by E, and P for 14 days (a)

and then withdrawn from P for 4 (b), 4.5 (c) or 5 (d) days were stained with 0.5 gg/ml of an antiPR

antibody, B-39, as described in the Experimental section. PR was present only in stromal cells (S) until
day 5 when some glandular epithelial cells (E) became PR-positive. x 800

direct correlation between ER and [*HJ-
thymidine except in two cases where it was
negative (P < 0.05).

Analysis of serial sections also confirmed that
on day 5 of the LFT, glands which were PR-
positive were always ER-positive as well. In
sections reacted for PR that were also prepared
for autoradiography, we noted that in certain

glands, numerous epithelial nuclei were radio-
active and completely PR-negative [Fig. 3(d)].
Regression analyses of the relationship between
the fraction of [*H]thymidine-positive versus the
fraction PR-positive nuclei indicated that there
was no correlation (R? = 0.16) between the oc-
currence of [*H]thymidine labeling and epi-
thelial PR. Moreover, y-square analyses of the
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Fig. 2. [*H]Thymidine uptake and mitotic rates in epithelial
cells in endometrial zone II/III during the LFT. Data are
expressed as the mean + SEM of the labeling index (LI;
shaded bars) or mitotic index (MI; striped bars). All animals
were manipulated through one artificial cycle as described in
the Experimental section before assignment to one of the
following treatment groups: control, day S of E, and P
withdrawal (5C); P withdrawal in the presence of E, for 4.5
(4.5) or 5 (5) days; day S of P withdrawal with P reinserted
for 1 [5(1P)} or 2 [5(2P)] additional days preceding surgery;
or day 6 of P withdrawal with P reinsertion for 3 days prior
to surgery [6(3P)]. n =3, except for 5(2P), where n = 2.

relationship between the presence of PR and
[*H]thymidine within the epithelium revealed a
significant trend (P < 0.01) for these two par-
ameters to be distributed in separate nuclei in all
blocks from E,-maintained animals on day 5 of
the LFT.

In the three E, and P withdrawn control
animals, ER was detected in both stromal and
epithelial cells [Fig. 3(g)], but epithelial PR was
undetected in serial sections of these same
samples. Moreover, stromal PR (present after
14 days of E, and P) was actually decreased
[Fig. 3(h)]. Serum steroid measurements
confirmed that concentrations of E, and P were
minimal in control animals on day 5 of E, and
P withdrawal (Table 1).

P-treatment during the LFT inhibits epithelial

DNA synthesis but suppresses stromal ER and
PR

When a P capsule was reinserted into E,-
maintained animals on day 3 or 4 of the LFT,
the LI of zone II/III measured on day 5 was
significantly lower (P < 0.01) than the LI for
E,-maintained animals not treated with the ad-
ditional P (Fig. 2). Adding back P for 1, 2 or 3
days during the LFT did not significantly
change concentrations of E, in serum compared
to animals with only E, implants (Table 1).
Numbers of ER (total, cytosolic and nuclear) in
tissues from animals treated with P for either 1
or 2 days on days 4 and 3, respectively, were
reduced by approx. 70% as compared to levels
in E,-maintained animals on day 5 (P < 0.05;
Table 1). The mean total ER concentration in
P-treated animals was numerically lower, but
not significantly different from control aminals
withdrawn from E, and P through day 5.

To determine whether the P had suppressed
epithelial ER when PR was only detected in the
stroma, serial sections of endometria from ani-
mals retreated with P before day 5 were im-
munostained with antiER and antiPR
antibodies. In the epithelium, the intensity of
the immunocytochemical reaction for ER was
indistinguishable in P-treated and E,-main-
tained animals. Combined ICC/AR showed that
there was no tendency for PH]thymidine labeled
epithelial cells to be preferentially ER-negative
or ER-positive after P treatment. Conversely,
the additional P treatment resulted in signifi-
cantly reduced stromal staining for ER on day
5 in zone II/III {Fig. 3(f)]. The exception was
stromal cells in zone I which remained moder-
ately ER-positive after P treatment. Although
ER was rapidly suppressed in the endometrial
stroma after treatment with P, PR staining was
intense in the stroma after 1 day of P and
remained elevated after 2 days of P exposure. By

Table |. Effects of P treatment during the LFT on concentrations of ER and serum steroids

P-treated
E,-maintained Control
Day 5+
Day 4.5 Day 5 Day 5 (1,2 days P)
Animals (n) 3 5¢ 3 5
Serum E, (pg/ml) 125+ 19 99 + 12 9+3 133+ 18
Serum P (ng/ml) 0.19 +0.03 0.34 +-0.08 0.21 £0.07 103120
Cytosol receptor (fmol/mg DNA) 2481 + 963 4378 + 838 3804 + 1269 1400 + 262*
Nuclear receptor (fmol/mg DNA) 317 + 156 876 + 134 133 + 16* 225+99
Total receptor (fmol/mg DNA) 2798 + 1114 5254 + 941 3937 + 1284 1625 + 337*

Data are expressed as mean + SEM. The number of days of P withdrawal following one artificial cycle is indicated. The number

of days of P reinsertion is denoted in parentheses for the appropriate group.
*Data from 3 animals appeared previously (Fig. 1; reference [14]).
*Significant differences (P < 0.05) in mean receptor values between P-treated or control vs E, maintained day 5 groups.



Fig. 3. Combined immunocytochemistry/autoradiography of ER or PR and [*H]thymidine during the LFT. Serial frozen
sections of monkey endometria incubated in [’H]thymidine were immunostained with either antiER or antiPR antibodies
and then processed for autoradiography as detailed in the Experimental section. Treatment groups are as defined in
Fig. 2. (a and b), Day 4.5. Many glandular epithelial cells (E) in zone II/III had [*H]thymidine-labeled nuclei, and most
of these were negative for ER (a) and PR (b). (c, d and e), Day 5. Numerous glands were ER-positive, but about one third
of all *H]thymidine-labeled epithelial cells in zone II/III were ER-negative (c). PR was undetectable in serial sections of
many ER/[H])thymidine-positive glands (d). Cells of the repairing surface (zone I) were often labeled with [*H]thymidine
(arrowhead), but they were ER-negative (). (f), Day 5(1P). PH]Thymidine labeling and stromal (S), but not epithelial,
ER staining was decreased [compare (c) and (f)] after adding back P for 1 day. (g and h), Day 5 control. [*H]Thymidine
uptake was low in zone II/II1, but ER (g) was readily detectable in both stromal and epithelial nuclei though PR (h) was
minimally detectable only in the sttoma. x 1500
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3 days of treatment with P, the stromal reaction
for PR was markedly reduced though not absent
in zone II/III. Complete suppression of stromal
PR by P was not observed, and the intensity of
PR staining in the myometrium was not reduced
by P. The response of the endometrial basalis
(zone IV) to P treatment during the LFT will be
reported elsewhere.

The above immunocytochemical observations
were confirmed by quantitative analyses of the
distributions of ER and PR in zone II/III.
About two thirds of all epithelial cells in this
region exhibited ER staining on day 5 of the
LFT, and about 40% were PR-positive, regard-
less of whether P was reinserted. The variability
in ER and PR immunostaining among blocks
from the same animal was high, and the mean
percentages of ER- and PR-positive epithelial
cells were not different among groups. However,
the number of ER-positive stromal cells de-
creased more than 3-fold after 1 day of P
reinsertion and only 10% were ER-positive after
2 or 3 days of P. The percentage of PR-positive
stromal cells was unchanged after 1 day of P and
decreased to less than 10% of all stromal cells
after 3 days of P (Table 2). Because variability
in the percentage of receptor-positive cells could
obscure actual effects of P, particularly in the
epithelium, we normalized these data as the ER
to PR ratio for individual serial section pairs
from replicates of each block. If P suppression
of ER occurred, ER/PR values should be less
than one because PR was not as rapidly sup-
pressed as ER. In the epithelium, no single
ER/PR datum point for any treatment was less
than one, nor was there a decline in the mean

Table 2. Effect of P on cellular distribution of ER and PR detected

by ICC
Day % ER+ % PR+ ER/PR
Epithelium
5(0P) 66.93 + 12.56 38.77+5.98 1.81 £ 0.36
5(1P) 62.32 +12.27 43251+ 10.72 1.534+0.12¢
5(2P) 61.54 + 8.02 13.09 + 6.62 12.13 £ 8.02
6(3P) 55.19 + 15.02 42.99 +18.20 21.74 + 19.58
Stroma
5(0P) 81.05+1.79 76.76 + 1.31 1.06 + 0.24
5(1P) 24.85+9.89* 82.39+2.23 0.30 £ 0.11°
5(2P) 11.97 + 7.04** 4407 + 17.31 0.31 £0.22
6(3P) 10.57 + 3.52*%* 9.33 +2.61** 1.09 £ 0.18

Data are mean percentages or mean ratios of percentages of
cells which exhibit immunocytochemically detectable ER or
PR + SEM. The number of days following P withdrawal after
one artificial cycle is indicated to the left, and the number in
parentheses is the number of days of P treatment immediately
prior to hysterectomy. Significantly different mean values for %
ER and % PR-positive epithelial or stromal cells in blocks from
day 5(0P) specimens vs P-treated samples are denoted by aster-
isks (*P < 0.05) or **P < 0.01).

*The mean ER/PR ratios for stroma vs epithelium after 1 day of P
treatment on day 5 are significantly different, P < 0.01.
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ER/PR value after P treatment. In the stroma
after one day of P, ER/PR values fell to one
third the ratio calculated for samples taken from
animals not treated with P. Moreover, the mean
ER to PR ratio after one day of P treatment was
significantly (P < 0.01) lower in stroma than in
epithelium (Table 2).

DISCUSSION

A variety of hypotheses exist to explain the
mechanism of estrogen-dependent cell prolifer-
ation in normal and neoplastic tissues [21-30].
In the developing rodent reproductive tract,
indirect, paracrine mechanisms were postulated
to account for observations that underlying
stromal cells, but not epithelial (target) cells
contained ER when DNA synthesis was in-
itiated in the epithelium [31]. Cunha [32] used
reciprocal recombinations of adult epithelia
with fetal stroma, and adult stroma with fetal
epithelia to show that cell-cell interactions
which regulate developmental processes may
govern tissue remodeling and hormone action in
the adult. Other experiments have shown that
stroma can enhance the response of epithelial
cells to E, either in vitro or when transplanted
together in vivo [33-35]. Thus, there is a growing
body of indirect evidence to support the idea
that steroid hormone action is dependent on the
continued cooperation of the various hormon-
ally responsive cell types within a tissue of the
mature organism.

Previously, we suggested that some of the
effects of E, in the endometrial epithelium of the
adult macaque might be mediated by the under-
lying ER-positive stroma [11]. With ICC/AR we
report here that ER and PR are generally not
detectable in endometrial epithelial cells during
the presumed critical period of E, stimulation,
and when detected, their distributions are
not correlated with the distribution of [*HJ-
thymidine. Because E, and peptide growth fac-
tors are thought to act at an early stage in the
commitment to DNA replication [36-39], a lag
should occur after the appearance of epithelial
ER before the onset of DNA synthesis to sup-
port either a direct or autocrine role for ER in
the stimulation of cell proliferation. The nega-
tive interaction between [*H]thymidine uptake
and the appearance of epithelial PR indicates
that separate pathways for E, activation of these
processes may exist. These pathways could in-
clude different cell types, different populations



ER, PR and endometrial DNA synthesis

of epithelial cells or differential timing of these
responses within a given cell.

We also found that epithelial DNA synthesis
in zone II/III was inhibited by adding back P
during the LFT when all PR was detected in the
stroma. This P treatment did not prevent the
appearance of ER in the epithelium on day 5,
even though ER was dramatically reduced in
stromal cells on day 5. We know from our
previous work [40] that when ER and PR are
present in both epithelial and stromal cells, for
example after 14 days of E, treatment, 1 day of
P treatment can dramatically suppress immuno-
cytochemically detectable ER in both endo-
metrial cell types. In this current study, the drop
in numbers of ER determined biochemically
was correlated with stromal, not epithelial loss
of ER, when P treatment began on days 3 or 4
of the LFT. Thus, the lack of P suppression of
epithelial ER indicated a lack of direct P action
within the epithelium, and the loss of stromal
ER marked a direct effect of P in the stroma.
The most straightforward interpretation of the
inhibitory effect of reinsertion of P during the
LFT is that P blocked the initiation of estrogen-
dependent DNA synthesis in the epithelium by
reducing stromal ER. This is consistent with the
view that estrogen-dependent stromal mitogens
are the proximal regulators of epithelial DNA
synthesis. However, further work is necessary to
distinguish between a loss of ER and the poten-
tial array of other P-induced changes within the
stroma and/or epithelium as causative factors in
P inhibition of epithelial proliferation.

The possibility exists that concentrations of
ER and PR too small to detect with immuno-
cytochemistry could mediate hormone action.
We attempted to discover whether technical
difficulties might have resulted in ER loss during
the immunocytochemical protocol. Incubation
of slices of endometrium in vitro with E, to
maximize the number of occupied ERs and
enhance receptor affinity for the nucleus re-
sulted in no change in the overall pattern or
intensity of ER immunostaining. Pre-
fixation [41] and freeze substitution[42] im-
proved the retention of ER staining in samples
from spayed animals but had little effect on the
intensity of ER staining in samples from E,-
maintained animals.

An interesting aspect of this and our previous
study is that unlike the rapid proliferative re-
sponse that occurs following treatment of
spayed or immature animals with E,, the endo-
metrial epithelium remained refractory to E,
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stimulation (as assessed by DNA synthesis,
mitotic indices and PR induction) for a rela-
tively lengthy time (4.5-5 days) following P
withdrawal. We know P disappears rapidly
from the serum because concentrations of P
determined in a previous study [11] were less
than 1 ng/ml as early as 12 h following P with-
drawal. We and others have shown that im-
munocytochemically detectable ER[40] and
PR [43] are present, though minimal, after long
term hormone withdrawal. Thus, the initial
phase of estrogen action following P withdrawal
in the presence of E,, such as occurs in the
natural menstrual cycle, may be a more complex
process than E, stimulation of tissues with-
drawn from hormones for longer periods.

The effect of P on stromal PR observed in this
study confirmed recent reports that P suppres-
sion of PR is a slower process than P suppres-
sion of ER[44,45]. Data in the human
endometrium during the menstrual cycle
[46, 47], and studies on the localization of PR in
monkeys treated with P in the presence of E, or
during the natural menstrual cycle [10] suggest
that stromal PR is readily detectable even after
several days of P exposure. It remains to be
determined if concentrations of ER and PR in
specific populations of target cells partially re-
bound from an initial P inhibition or undergo
cycles of suppression and recovery.

Significant differences in the proliferative re-
sponse to E, and P occur among the various
endometrial zones. Here, we have attempted to
define the relationships between ER, PR and
estrogen action in the glands of the upper
endometrium (zone II/III) following a rapid
decline in serum P in the presence of E,. Our
data suggest that interactions between stroma
and epithelium may mediate certain aspects of
the early proliferative response to E, in the
glandular epithelium. Whether such interactions
continue to operate throughout the follicular
phase when ER is distributed in both epithelial
and stromal cells deserves consideration.
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