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Bovine epithelial and stromal cells of the endometrium were inoculated with Ureaplasma diversum,
pathogenic strain 2312, at 10° or 10° color-changing units (ccu)/ml in the presence of 1% fetal bovine serum
(depleted of steroids by dextran-charcoal treatment) to assess the effect of infection on prostaglandin
biosynthesis. When the inoculum of U. diversum was 10° ccu/ml, the concentration of U. diversum in the culture
medium decreased with time. U. diversum was found on the epithelial and stromal cell monolayers, increasing
in titer 100-fold, indicating that attachment and eventually growth occurred. When the inoculum was 10°
ccu/ml, the titer of U. diversum remained the same or increased in the supernatant and increased on epithelial
and stromal cells. The effect of infection was evaluated by measurement of the primary prostaglandin produced
by each cell type, prostaglandin F,, for epithelial cells and prostaglandin E, for stromal cells. Infection with
U. diversum significantly decreased prostaglandin F,, accumulation, by 44.7% * 6.0% at 10° ccu/ml (P < 0.005)
and 15.8% + 5.3% at 10° ccu/ml (P = 0.05) in epithelial cells. Prostaglandin E, accumulation by stromal cells
was decreased by 34.0% + 4.0% at 10° ccu/ml (P < 0.001) and by 13.5% % 2.7% at 10> ccu/ml (P < 0.005).
Infection with 10° ccu/ml did not alter endometrial cell viability, as shown by protein measurement, trypan blue
dye exclusion, and cell plating efficiency tests. Thus, alterations in prostaglandin production were not due to
cell deterioration. These observations suggest that U. diversum can alter prostaglandin E, and prostaglandin

F,, patterns in primary cultures of bovine endometrial cells without affecting cell viability.

Genital ureaplasmas are mycoplasmas belonging to the
bacterial class Mollicutes (28). Ureaplasmas, like all mycoplas-
mas, are unique in that they are small, like viruses, have a
genome that is 730 to 1,160 kbp in size, and are free living (26).
They lack a cell wall; thus, their protein lipid plasma mem-
brane can interact directly with the host cell membrane (27).
Clinical studies demonstrate an association between the hu-
man ureaplasma Ureaplasma urealyticum and a spectrum of
reproductive failures, such as infertility, spontaneous abortion,
stillbirth, premature delivery, perinatal morbidity, and mortal-
ity (3, 24, 30). In parallel, the bovine ureaplasma Ureaplasma
diversum is associated with a similar spectrum of reproductive
failures in the bovine, including vulvitis, endometritis, and
salpingitis (6), abortion and premature delivery (21), and
infertility (18). The pathogenic mechanisms involved in urea-
plasma infection are not known.

It has been suggested that in intrauterine infection, bacterial
phospholipases produce arachidonic acid from host tissue
phospholipids which artificially stimulate the prostaglandin
cascade and induce premature labor (1). Ureaplasmas have
phospholipases Al, A2, and C (4) localized in their membranes
(5). Since ureaplasmas have no cell wall and attach intimately
to host cells (27), such enzymes have direct access to substrates
in the hosts. It is possible that through the production of
arachidonic acid, diacylglycerol, and lysophospholipids, ure-
aplasmas have the potential to alter prostaglandin biosynthesis
and host cell function.

* Corresponding author. Mailing address: Ontogénie et Reproduc-
tion, Centre de Recherches du Centre Hospitalier, de I'Université
Laval, 2705 Blvd. Laurier, Ste. Foy, Quebec G1V 4G2, Canada. Phone:
418-654-2244. Fax: 418-654-2714.

1528

Prostaglandins are obligatory for the changes in vascular
permeability and decidualization of the endometrium which
occur at the time of fertilized-egg implantation. Inhibitors of
prostaglandin synthesis, such as indomethacin, delay or inhibit
these changes in various species (16, 17). Prostaglandins also
play a role in the maintenance of pregnancy. Prostaglandin F,,
(PGF,,) released from the uterus is the luteolysin in sheep,
pigs, cows, and horses (32). Thus, in early pregnancy, the
ability of the uterus to release PGF,, is altered so that reduced
amounts reach the ovary.

An in vitro model has been established in which U. diversum
and primary bovine endometrial cells are used to study the
effect of infection on endometrial cell function (25). In this
study, this model was modified and the following points were
investigated: survival of U. diversum in cell culture under the
conditions studied, whether U. diversum infection decreases
endometrial cell viability, and the effect of U. diversum infec-
tion on the production of prostaglandin E, (PGE,) and PGF,,
by bovine endometrial cells.

MATERIALS AND METHODS

Isolation of epithelial and stromal cells. Bovine uteri were
obtained from the slaughterhouse and placed on ice until
further processing at the laboratory. The day of the estrous
cycle of the tissue was estimated by examination of ovarian
morphology (15). Early- to mid-luteal-phase (days 1 to 12)
tissues were used. The cell cultures were prepared asceptically
by the method of Fortier et al. (10). Briefly, the myometrium of
the uterine horns was dissected, leaving the endometrium free
of vascular and smooth muscle tissue. The endometrium was
inverted to expose the luminal epithelium, and sections were
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placed in incomplete (Ca** and Mg>* free) Hanks’ balanced
salt solution (IHBSS) supplemented with an antimycotic anti-
biotic (Sigma, St. Louis, Mo.) and containing 0.3% trypsin
(Boehringer Mannheim, Laval, Canada). The tissue was di-
gested for 3 h at 22°C with gentle shaking every 30 min. Each
section was rinsed with THBSS and scraped with forceps to
remove remaining luminal epithelial cells. The tissue was then
placed in a new tube of IHBSS containing 0.02% trypsin,
0.02% collagenase (Sigma; type II), and 0.015% DNase I
(Sigma) and incubated at 37°C for 1 h with vigorous shaking in
order to recuperate stromal cells.

The cell suspension from the first digestion was inhibited by
the addition of 10% calf bovine serum (Flow Laboratories,
McLean, Va.), and the epithelial cells were recovered by
centrifugation at 1,200 X g for 12 min. The cells were washed
twice with THBSS and recovered by centrifugation each time.
The final pellet of cells was resuspended in 20 ml of RPMI
1640 (Flow Laboratories). This was then diluted in a final
volume of 280 ml of RPMI 1640 containing 5,000 IU of
penicillin G, 5,000 pug of streptomycin (Flow Laboratories),
and 50 mg of gentamicin (Sigma) per ml plus 10% FBS-DC
(fetal bovine serum [Flow Laboratories] depleted of steroids
by dextran-charcoal extraction). Stromal cells recovered from
the second digestion were processed like epithelial cells. The
cells were plated in 24-well culture plates (Becton Dickinson,
Lincoln Park, N.J.), and the medium was changed every 4 to 5
days until the cells reached early confluency.

U. diversum preparation. U. diversum 2312, passage 6, known
to be pathogenic in the bovine (18, 21), was obtained from L.
Ruhnke (Veterinary Services Lab, Guelph, Canada). Stock
cultures were prepared in complete Hayflick broth (14, 29)
consisting of PPLO broth (Becton Dickinson, Cockeysville,
Md.) supplemented with 1% phenol red, 20% unheated horse
serum, 10% of a yeast extract preparation (all generously
donated by L. Ruhnke), 20% urea (Sigma), and 1,000 IU of
penicillin G (Glaxo, Ware, England) per ml. The pH was
adjusted to 6.0 to 6.5 with 1 N HCL. As a control, uninoculated
medium was incubated identically. The prepared ureaplasmas
and control broth were aliquoted and stored at —86°C.

Titers of viable U. diversum were determined in Hayflick
broth with 20% fetal bovine serum (Flow Laboratories). A
tube dilution method was used to quantitate ureaplasmas. As
defined by Purcell (23), a color-changing unit (ccu) is defined
as the highest dilution of a mycoplasma suspension that will
produce a color change equivalent to 0.5 pH unit or greater in
broth medium with phenol red and urea or glucose or arginine.
Thus, 1 ccu is not necessarily equal to one mycoplasma. As
ureaplasmas tend to grow in clumps (29), the color-changing
unit could actually consist of hundreds of organisms, providing
only an estimate of the number of ureaplasmas present. For
this reason, all samples were subjected to mild sonication to
break up clumps before titration.

Infection of endometrial cells. Infection of epithelial and
stromal cells was done at early confluency (25), defined as the
time when cultured cells cover the entire growth area of the
culture dish as a monolayer. In previous studies (9, 10), we
have shown that at this state of early confluency, epithelial cells
have reached 85% of the density imposed by contact inhibition.
Stromal cells are at only 65% of their maximal density at this
time, since they tend to grow in multiple layers after the
surface of the dish is covered.

At the time of infection, the medium was replaced with fresh
RPMI 1640 containing 40 mM HEPES (N-2-hydroxyeth-
ylpiperazine-N'-2-ethanesulfonic acid; Sigma), 1% FBS-DC,
and no antibiotics. The pH of the medium was adjusted to 7.0.
Only 1% FBS-DC was added to the medium because fetal
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bovine serum itself significantly stimulates prostaglandin pro-
duction by the endometrial cells. However, the total absence of
serum for more than 24 h results in cell deterioration.

Cells were immediately infected with U. diversum 2312 at an
initial concentration of 10° to 10° or 10 to 10° ccu/ml. The
concentration of U. diversum used that caused reproductive
failure in the bovine in the in vivo studies ranged from 10° to
10'? ccu/ml or CFU/ml (6, 18, 21). The titer of U. diversum
recovered from these animals can average from 10° (18) to 107
ccu/ml (13), indicating that these concentrations of ureaplas-
mas do occur in vivo and cause physiological damage. The
maximal titers for U. diversum in vitro are 10° to 107 ccu/ml.
Thus, a comparable titer of ureaplasmas was used in the
experiments presented in this study. Incubated medium was
added to uninfected control cells. Cells were incubated at 35°C
with 5% CO..

For ureaplasma growth experiments, 100 pl of the culture
medium was serially titrated to measure the concentration of
U. diversum present at various times postinfection. The rest of
the culture medium was then discarded, and the cell monolayer
was washed twice with IHBSS. This method was sufficient to
remove unattached ureaplasmas and to leave the attached
ureaplasmas on the cell monolayer, as observed by electron
microscopy (25). To determine the concentration of ureaplas-
mas on the cell monolayer, the cells were scraped off in the
presence of 100 pl of IHBSS with a rubber policeman. The
total volume was used for assaying the ureaplasma concentra-
tion by serial titration. As a further control, U. diversum was
inoculated in RPMI 1640 with HEPES and 1% FBS-DC with
no cells, and the concentration of ureaplasmas was measured
by titration.

Cell viability. Cells were grown in 75-cm” tissue culture
flasks (Becton Dickinson) until early confluency was reached.
The medium was changed, and the cells were infected with 107
to 10° ccu of U. diversum per ml. After 48 h of infection, cells
were harvested by trypsinization. Cell viability was analyzed by
the trypan blue dye exclusion method and the cell plating
efficiency method (11). For the latter test, cells were replated
onto 24-well plates after trypsinization. After 24 and 48 h and
at the time of confluency, the culture medium was discarded
and 1 N NH,OH was placed on the cells. Levels of protein
were measured by the protein-dye binding method described
by Bradford (2), and DNA content was determined by the
3,5-diaminobenzoic acid-fluorometry method described by
Fiszer-Szafarz et al. (8).

PGE, and PGF,, accumulation. At various times postinfec-
tion, the culture medium was collected in glass tubes and
stored at —20°C until further processing. Cells were scraped
off and protein content was determined as described above.
Radioimmunoassays of PGF,, and PGE, were done as de-
scribed by Fortier et al. (10), omitting the extraction method.
Briefly, competition binding occurred between *H-PGF,, or
*H-PGE, (DuPont, Mississauga, Canada) and the prostaglan-
dins in the culture sample in the presence of a fully character-
ized PGE, antiserum (generously donated by T. G. Kennedy)
(7) or PGF-, antiserum (BioQuant, Ann Arbor, Mich.).

Statistical analysis. After analysis, the variance between
experiments was found not to be homogeneous, and accord-
ingly, the data were transformed to a percentage of the control
before analysis by the Student ¢ test.

RESULTS

U. diversum infection of bovine endometrial cells. Since the
prostaglandin experiments were carried out in 1% FBS-DC,
the effect of 1% serum on the survival of U. diversum was
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FIG. 1. Evaluation of viable U. diversum in the culture medium and
on the cell monolayer after infection. Concentrations of viable U.
diversum are shown after various times of infection for (A) epithelial
cells with an inoculum of 10° ccu/ml, (B) epithelial cells with an
inoculum of 10* ccu/ml, (C) stromal cells with an inoculum of 10°
ccu/ml, (D) stromal cells with an inoculum of 10° ccu/ml, and (E)
culture medium alone in the absence of cells. Data are representative
of three individual experiments. Symbols: (A, B, C, and D) 0J, cells; B,
culture medium; (E) O, 10° ccu/ml; A, 10° ccu/ml.

determined. Two different concentrations of U. diversum, 10°
and 103 ccu/ml, were added to the culture medium of epithelial
and stromal cells of the endometrium. Survival of ureaplasmas
in the culture medium and on the cells was monitored at
various times after infection by titration. When the inoculum
of U. diversum was 10° ccu/ml, the concentration of U. diversum
in the culture medium of epithelial cells diminished with time
until no color-changing units were observed (Fig. 1A). No
growth of U. diversum in the supernatant was observed. U.
diversum was also found on the cell monolayer, increasing
100-fold in titer at early times and then declining in titer until
no viable ureaplasmas were present. In the culture medium of
stromal cells, U. diversum increased in concentration from the
10° ccu/ml inoculum at early times to 107 ccu/ml (Fig. 1C),
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suggesting that growth occurred followed by a decline in U.
diversum concentration. On the stromal cell monolayer, U.
diversum increased to a titer as high as the inoculum and then
decreased over time.

When the inoculum was 10* ccu/ml, the concentration of U.
diversum present in the culture medium and on epithelial cells
remained at 10* ccu/ml for up to 72 h (Fig. 1B). On stromal
cells, U. diversum appeared to increase in titer with time both
in the culture medium and on the cells (Fig. 1D). The survival
of U. diversum in culture medium alone without cells is shown
in Fig. 1E. At a high initial concentration, ureaplasmas die over
time but remain viable at the lower concentration.

Cell viability after U. diversum infection. The viability of
epithelial and stromal cells after U. diversum infection was
examined in order to ensure that any alteration in cell function
was not due to cell death. Protein measurements made 48 h
after infection were the same for uninfected and infected cells:
94.8 + 17.67 and 105.3 = 19.67 pg per well (mean =+ standard
error of the mean, n = 12), respectively, for epithelial cells and
82.7 + 8.55 and 89.4 + 9.55 pg per well, respectively, for
stromal cells. Trypan blue dye exclusion tests demonstrated
cell viability to be 95% in both control and infected cells. For
further confirmation, a cell plating efficiency test was done with
control and infected cells. The protein and DNA content of
cells subcultured after infection appeared to be the same for
infected and control epithelial and stromal cells, suggesting
that cell viability was not altered by the infection (Fig. 2).

Effect of U. diversum infection on PGE, and PGF,, produc-
tion by endometrial cells. In accordance with previous studies,
it was apparent that epithelial cells produced more PGF,, than
PGE, and that stromal cells produced more PGE, than PGF,,
(10). Thus, only the accumulation of the major prostaglandin
produced by each cell type was measured in control and
infected cells. The amount of prostaglandins accumulated over
time was measured. Uninfected epithelial cells continually
produced PGF,, over time (Fig. 3A). Infection with U. diver-
sum at 10° ccu/ml dramatically decreased the accumulation of
PGF,,, which was observable by approximately 20 h. Infection
at 10° ccu/ml also lowered the PGF,, levels, but not to the
same extent as at 10° ccu/ml. Similar results were observed for
the amount of PGE, accumulated in stromal cells (Fig. 3B).

Since a maximal effect of infection was observed after 48 h of
infection, further experiments were performed with this infec-
tion time. Since it is commonplace to see variation between
different experiments when working with primary cell cultures,
the results were expressed as a percentage of the control
[(infected — control)/control X 100] for statistical analysis
(Table 1). In epithelial cells, PGF,, production was signifi-
cantly inhibited when infected with U. diversum at 10° ccu/ml
and to a lesser degree when infected at 10* ccu/ml. Similar
results were observed for stromal cells. PGE, production was
significantly inhibited at 10° ccu/ml and inhibited to a lesser
degree at 10° ccu/ml.

DISCUSSION

Ureaplasmas are associated with reproductive failures and
neonatal respiratory disease (3, 24, 30). Since PGE, and PGF,,
play a significant role in reproductive processes, it was of
interest to determine the effect of U. diversum infection on
prostaglandin biosynthesis in primary bovine endometrial cells.
Studies have suggested that certain mycoplasmas cause cell
deterioration when used at high concentrations to infect cell
cultures (33, 35). Alternatively, Masover et al. (20) reported
that ureaplasmas become cell associated but that the associa-
tion does not persist or cause extensive cytopathic effects. They



VoL. 62, 1994

200 1

U. DIVERSUM INFECTION OF ENDOMETRIAL CELLS 1531

Protein DNA
A
300 1 5 1
200 1 —{1— control
--=4-- Infected
100 1
e ——————p— T o] ol'l'l'l'l'l'l'l
0 24 48 72 96 120 144 168 E 0 24 48 72 96 120 144 168
time(hours) ‘E” time(hours)
Protein et DNA
<
=
o

protein (ug/ml)
[00)

100 1

0 P T
0 24 48 72 96 120 144 168
time(hours)

were also able to subculture their cells after infection without
difficulty, showing no apparent effects of prior infection. In this
report, U. diversum at an infecting concentration of 10° ccu/ml
did not cause cell death, as demonstrated by the trypan blue
dye exclusion method. Measurement of the protein and DNA
contents of cells subcultured after infection permitted evalua-
tion of viability by analysis of the growth patterns of these cells.
Protein levels estimate cell size as well as number, and DNA
levels measure the quantity of cells. DNA and protein levels
appeared to be the same for noninfected and infected cells
over the entire period of growth. This is indicative of no
significant loss in cell viability. However, whether infection
retards or modifies the growth process requires further inves-
tigation.

It has been reported (25) that in the presence of 10% serum,
U. diversum increased in concentration, both on the endome-
trial cell monolayer and in the culture medium, when the
starting inoculum was 10° ccu/ml. At 10° ccu/ml, the urea-
plasma titer declined in the supernatant but increased on the
cell membranes. In the present study, the above model was
modified in that U. diversum was inoculated in the presence of
a buffer and, more importantly, in the presence of only 1%
serum. In the culture medium of the cells, the titer remained

0 24 48 72 96 120 144 16
time(hours)

FIG. 2. Cell viability after infection with U. diversum, analyzed by the cell plating efficiency test. Epithelial (A) and stromal (B) cells were
subcultured after infection with U. diversum at 10° ccu/ml, and the protein and DNA contents were measured as described in Materials and
Methods. Each value represents the average of triplicate determinations.

the same or increased when the inoculum was low. When the
inoculum was high, the titer of ureaplasmas in the culture
medium declined, which is characteristic of mycoplasmas in
culture (12, 34). Depletion of nutrients from the cell culture
could explain their death, since all mycoplasmas require essen-
tial nutrients for growth.

On the epithelial and stromal cell monolayers, an increase in
titer of U. diversum was observed at early times (Fig. 1). It is
difficult to determine whether this increase was due to repli-
cation of the ureaplasmas already attached onto the monolayer
shortly after infection or to a slower rate of adherence that may
have occurred due to the lack of nutrients to provide adequate
metabolism. Given that ureaplasmas do not grow in such
minimal medium (Fig. 1E), it is possible that ureaplasmas
obtain nutrients from the cells for growth. Whether growth
contributes to the alteration in prostaglandin production re-
quires further investigation. Ureaplasma death could also be
explained by an accumulation of toxic products, as shown by
Furness (12) in broth cultures as a result of ureaplasmal
metabolism. The same may be true for U. diversum in cell
culture. If the above explanations are true, ureaplasmas would
be expected to survive longer in vivo, since nutrients would be
supplied continuously and toxic products would be removed.
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FIG. 3. Accumulation of prostaglandins in endometrial cells at
various times after infection. Cells were infected with U. diversum for
the times shown, and the levels of PGF,, in epithelial cells (A) and
PGE, in stromal cells (B) were measured by a radioimmunoassay.
Each value represents the average of triplicate determinations and also
represents one of three individual experiments. O, control (unin-
fected); M, 10° ccu/ml; A, 10° ccu/ml.

Gourlay (13) has shown that ureaplasmas can be maintained in
vivo for extended periods at high concentrations. These high
concentrations may be necessary to induce a significant patho-
genic response, as observed in our in vitro model.

Infection with U. diversum significantly inhibited PGF,,
production by epithelial cells at infecting concentrations of
10° and 10* ccu/ml. Infection similarly disturbed PGE, accu-
mulation by stromal cells. The reduction in prostaglandin
biosynthesis over the 48 h of infection (Table 1) appears to be
related to early cellular modifications, since a difference in
prostaglandin accumulation was observed as early as 14 h
postinfection (Fig. 3). Interestingly, this coincides with an
increase in the titer of ureaplasmas on the cell membranes in
both epithelial and stromal cells. Given that the maximal effect
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TABLE 1. Prostaglandin biosynthesis during infection
with U. diversum*®

Reduction in prostaglandin accumulation (%)

Cell type with inoculum:
(prostaglandin)
10° ccu/ml P 10* ccu/ml P
Epithelial 447 £ 6.0° =0.005 158 =53 =005
(PGF,)
Stromal (PGE,) 340 £ 40 =0001 135 =27 =0.005

% Endometrial cells were infected with 10° or 10% ccu of U. diversum per ml for
48 h, at which time the levels of PGE, and PGF,, were measured. Each value
represents the difference between infected and control cultures, expressed as a
percentage of the control value.

b .

Mean + standard error of the mean for four experiments.
¢ Mean * standard error of the mean for six experiments.

of infection on prostaglandin production was observed at the
higher concentration of ureaplasmas, the possibility that the
effect is dose dependent suggests that a mass-action relation-
ship may be involved. Stalheim et al. (34) demonstrated that
ureaplasmas from both the human genital tract and bovine
genital and respiratory tracts stopped ciliary activity. This
ciliostasis occurred even after the addition of nonviable ure-
aplasmas or washed, disrupted organisms, suggesting the pro-
duction of a cytotoxin by ureaplasmas. It is possible that
ureaplasmas secrete a toxic substance during growth in broth
or that their cell membrane could act as the toxic factor that,
when added to the endometrial cells, could disturb prostag-
landin production. Lamont et al. (19) showed that increasing
concentrations of ureaplasma-conditioned medium decreased
PGE, production by amniotic cells. The fact that conditioned
medium, presumably containing no ureaplasmas, was able to
decrease PGE, production also supports the presence of a
toxin-like substance.

The second concept is that the ureaplasmas are directly
affecting prostaglandin biosynthesis, given that they possess
phospholipases in their membranes, including phospholipase
A,, which are active even in nonviable ureaplasmas (5). It has
been shown that increasing concentrations of phospholipase
A, decreased PGE, production by amniotic cells (19). Thus, it
is possible that increased availability of ureaplasmal phospho-
lipase A, could release excessive amounts of arachidonic acid,
resulting in substrate inhibition of prostaglandin synthesis.

The increased availability of arachidonic acid could result
from several processes. Lipases can act on 1,2-diacylglycerol to
liberate intracellular arachidonic acid. Small amounts of 1,2-
and 1,3-diacylglycerols are synthesized by all members of the
class Mollicutes (31). Thus, it is possible that diacylglycerol may
provide yet another source of arachidonic acid. Diacylglycerol
is also an activator of protein kinase C (22), which then
introduces a whole network of signaling systems that may be
involved in regulating prostaglandin synthesis. Alternatively,
phospholipase A, inhibition could explain the inhibition of
prostaglandin production, since the liberation of arachidonic
acid from phospholipids, carried out by phospholipase A,, is
the rate-limiting step in prostaglandin biosynthesis.

Prostaglandins are potent regulators of cellular activities
involved in reproductive processess. They are necessary for
implantation and the maintenance of pregnancy (16, 17). A
possible mechanism of action of ureaplasmas could involve
their ability to disturb prostaglandin production, as shown in
this study. Further investigation is under way to understand
how this perturbation occurs.
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