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Abstract

Methodological aspects of the use of X-ray micro-
analysis in physiological and pharmacological experi-
ments on cultured myometrial cells were investigated.
Cultured human myometrial cells were grown from
biopsies after detaching the fibroblasts. Of the cultured
cells, 95-98% showed desmin-like immunoreactivity.
Transmission electron microscopy showed that subcul-
tured cells were different from myometrial cells in situ.
The effects of washing the cells to remove external salt-
rich medium were investigated. All solutions removed
the external medium, resulting in lower concentrations
of Na and Cl. In the cells washed with 0.3 M mannitol,
most of the elemental concentrations were significantly
lower than in their unwashed counterparts and those
washed in the other solutions. In cells washed in either
0.15 M ammonium acetate or distilled water, no signifi-
cant differences in P and K compared with their un-
washed counterparts were found. There were also no
significant differences between cells washed in ammoni-
um acetate and in distilled water. In subsequent experi-
ments ammonium acetate was used. Incubation of cells
in standard Ringer’s solution resulted in an increase in
Na and Cl, and a decrease in K, concomitantly with an
increase in Ca. Although Ringer’s solution per se can
elicit changes in diffusible elements in the cells, physio-
logical and pharmacological effects of oxytocin could
still be detected in Ringer’s solution. However, effects
of oxytocin were different when the experiment was
done in culture medium, instead of in Ringer’s solution.

Key Words: X-ray microanalysis, diffusible elements,
ion transport, smooth muscle, myometrium, cell culture,
oxytocin.
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Introduction

The mechanism controlling myometrial activity in
women is poorly understood. It is likely that myometri-
al contraction is preceded by electrical activity followed
by an increase in intracellular Ca>* (Carsten and Miller,
1987). The innervation of myometrium decreases
throughout pregnancy (Cole and Garfield, 1989), there-
fore hormonal regulation could play a major role in
labor. In the accepted theory on hormonal regulation,
based in part on animal experiments, oxytocin stimulates
uterine contraction (Wray, 1993), whereas progesterone
inhibits contraction (Putnam et al., 1991). In many ani-
mals, the progesterone concentration in maternal blood
decreases at term, presumably allowing the onset of
labor. However, this does not seem to be the case in
monkeys, sheep, guinea pigs and women. In women,
the progesterone concentration in maternal blood does
not decrease prior to labor (L6fgren and Bickstrom,
1990) and progesterone may enhance spontaneous con-
traction in myometrium in vitro (Fu et al., 1993).
Therefore, clinically relevant studies on myometrial con-
traction should preferably be carried out on human
tissue.

Physiological and pharmacological studies on human
myometrium evidently can only be carried out in vitro;
for instance, on isolated tissue or in cell cultures.
Isolated myometrium has been used for X-ray microanal-
ysis (Hongpaisan er al., 1995; Rezapour er al., 1996).
The advantage of cell cultures, on the other hand, is that
a small amount of isolated myometrium can be multi-
plied and used for many experiments.

Rinsing the cultured cells with washing solutions be-
fore freezing the cells to remove the external salt rich
solution that otherwise would disturb X-ray microanaly-
sis, can induce artefacts. Washing cultured cells with
distilled water has been shown to result in cell swelling;
however, the diffusible elements Na, Cl and K do not
cross the cell membrane (Borgmann er al., 1994; War-
ley et al., 1994). Washing with isotonic ammonium
acetate does not result in volume changes (Borgmann et
al., 1994) but causes a loss of diffusible elements in
some types of cultured cells (Borgmann et al., 1994;
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James-Kracke et al., 1980). During freeze-drying,
water and volatile ammonium acetate are removed by
sublimation. Non-volatile sugars, e.g., mannitol or
sucrose, are not removed by freeze-drying and therefore
will interfere with imaging in the electron microscope
and with X-ray microanalysis (Warley er al., 1994).

In the present study, we have developed a system
for culturing smooth muscle cells from human myome-
trium for an X-ray microanalytical study on elemental
composition. An appropriate washing method for the
cells and the effects of buffers during pharmacological
stimulation were investigated.

Materials and Methods

Uterine biopsies were taken from term pregnant
women undergoing elective cesarean section at the De-
partment of Obstetrics and Gynecology, Uppsala Univer-
sity Hospital. Informed consent was obtained from all
patients, and the study was approved by the Ethics Com-
mittee of Uppsala University. The biopsy was collected
in cold sterile calcium-magnesium-free Hanks’ buffered
salt solution (Gibco BRL, Life Technologies, Tiby,
Sweden). After the decidua and serosa were removed,
the myometrium was washed 4-5 times in a washing so-
lution (calcium-magnesium-free Hanks’ buffered salt
solution containing 25 mM N-[2-hydroxyethyl]pipera-
zine-N’-[2-ethanesulfonic acid] (HEPES), 100 U/ml pen-
icillin G (Sigma, St Louis, MO) and 100 pg/ml strepto-
mycin (Sigma). Dissected myometrium was placed in
the washing medium supplemented with 1 mg/ml colla-
genase type IV (Sigma) and 3.3 U/ml elastase type II-A
(Sigma) at 37°C in an incubator supplied with 5%
CO,/air for 30 minutes. Under the dissecting micro-
scope, the remaining connective tissue was teased away
from the myometrium with sterile needles. The myome-
trium was then finely chopped into 1 mm? pieces and
returned to the incubator for 150 minutes in the enzyme
solution, described above, but with an elastase content
of 15 U/ml to aid complete dissociation. After centrifu-
gation at 35 g at room temperature for 10 minutes and
washing in culture medium which consisted of Dulbec-
co’s Modified Eagle Medium (Gibco) supplemented with
25 mM HEPES, 10% fetal calf serum (Gibco), 100
U/ml penicillin G, 100 ug/ml streptomycin, 50 ug/ml
gentamicin (Sigma) and 1.5 ug/ml amphotericin B
(Sigma), isolated myometrial cells were resuspended and
returned to culture in the incubator.

Fibroblasts can attach to the substrate relatively
quickly (about 1 hour) (Polinger, 1970). After isolation,
the cells were therefore left in a Petri dish in the incuba-
tor which allowed fibroblasts and macrophages to attach
to the substrate. One hour later, the supernatant with
non-attached cells was transferred to culture in a new
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Petri dish. After two days, the culture medium was
replaced, and then changed every 2-3 days. Before con-
fluence, the cultured cells were treated with low concen-
trations of trypsin (0.02%; Sigma) in the incubator at
37°C for 1-3 minutes. This selective detachment for fi-
broblasts was repeated 3-4 days later. In some cases,
clones of epithelioid cells observed among cultured cells
were removed with a sharp knife or detached with 1%
dispase for 10-15 minutes. When confluence was
reached, cultured cells were passaged by treatment with
0.05% trypsin using standard cell culture techniques.

In this study, subcultured cells at the second passage
were used. The monolayer cell culture was incubated in
a serum-free culture medium for one day before the
experiment, allowing the cells to differentiate.

Cultured cells were seeded out on glass coverslips
sterilized under ultraviolet light before use. The cells
were allowed to attach and spread in the culturing
chamber. After initial rinses {3 times in 440 mOsm
phosphate buffered saline (PBS) at pH 7.4 to remove the
culture medium}, the cultures were fixed in a cold mix-
ture (1:1) of methanol and acetone (10 minutes), and air
dried (30 minutes). The cultures were washed in PBS
(3 x 5 minutes), kept in PBS + 10% normal swine se-
rum + 0.1% triton X-100 (30 minutes) at room temper-
ature (RT), and incubated with a desmin antibody
(1:100; D-8281; Sigma) in PBS + 10% normal swine
serum + 0.1% triton X-100 + 0.1% NaNj (overnight,
RT). After rinses in PBS + 0.1 triton X-100 (3 x 10
minutes), incubation with tetramethyl rhodamine
i1sothiocyanate-conjugated swine anti-rabbit antibodies
(1:20; R-156; Sigma) in PBS was performed (1 hour,
RT). The cell cultures were rinsed in PBS (3 x 10
minutes) and mounted with fluoromount-G (Southern
Biotechnology Association, Birmingham, AL). As con-
trols, the primary or secondary antibodies were omitted;
in this case no immunolabeling was found.

For transmission electron microscopy, cell cultures
grown in a Petri dish were fixed with glutaraldehyde
(2.5%) in 0.1 M cacodylate buffer pH 7.2 for 30 min-
utes and washed in 0.1 M cacodylate buffer. Then tis-
sue was postfixed in osmium tetroxide (1%) for 30 min-
utes, dehydrated in an ethanol series, and infiltrated in
absolute ethanol containing increasing concentrations of
Agar 100 Resin (Agar Scientific, Stansted, UK). The
resin was polymerized in the Petri dish for two days at
60°C. Sections were cut, contrasted with uranyl acetate
and lead citrate, and examined in a Hitachi (Tokyo,
Japan) H-7100 transmission electron microscope (TEM).

Cultured cells were seeded out on 75 mesh titanium
grids (Agar Scientific). The grids had been covered
with a Formvar (Merck, Darmstadt, Germany) film
coated with a thin carbon layer. The grids were steri-
lized under ultraviolet light before use. The cells were
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Table 1. Effects of rinsing solutions on the elemental content of human myometrial cells in culture.
Element Not washed Mannitol Ammonium acetate Distilled water
Na 1188 + 114 23 + 4o 77 + 6 57 + 4
Mg 1+ 1 8 + In 14 + 1 17 + 1*
377 + 17 233 + 213 360 + 18 390 + 20
S 424 + 27 115 + 7t 162 + 10 155 + 7
Cl 1157 + 115 69 + 6n 106 + 6 9 + 8
K 445 + 26 317 + 31o 480 + 21 485 + 27
Ca 9+ 2 1+0.5 0+ 0 0.3 +0.2

Data were collected from 10-12 cells from each of 4 women. Asterisks (*) indicate significant differences (from
unwashed cells) with 95% confidence interval, only tested for the elements Mg, P and K. Significant differences
between mannitol and ammonium acetate or distilled water are indicated by 2 (all elements).
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Figure 5. Effects of washing of cultured cells to re-
move external salt-rich medium. The cells were washed
with isotonic mannitol, ammonium acetate and distilled
water, and compared to unwashed cells. The K/P ratio
is given as mean and 95% confidence interval (bars).
Data which do not overlap are considered significantly
different. The data are based on cultured cells from 4
women, in each case 10-12 cells were analyzed.

cells. Ammonium acetate and distilled water are volatile
buffers and disappear during freeze drying; thus no rem-
nants of these solutions were present. After freeze dry-
ing, cultured myometnal cells showed an oval nucleus
with prominent nucleoli. In some cells, finger-like pro-
Jjections were visible at the edges of the cells (Fig. 3).
The effect of washing the cells to remove the salt-
rich medium, which would otherwise disturb X-ray mi-
croanalysis, was investigated (Fig. 4). The statistical
analysis, except for contaminating Na, S, Cl and Ca in
unwashed cells, is summarized in Table 1. All solutions
removed the external medium, resulting in lower con-
centrations of Na, S, Cl and Ca in washed cells than in
unwashed controls. In the cells washed with mannitol,
most elemental concentrations were significantly lower
than in their unwashed counterparts and those washed in
distilled water or ammonium acetate. Cells washed with
ammonium acetate or distilled water did not show signif-
icant differences in P and K concentrations compared to
their unwashed counterparts; Mg in cells washed with
distilled water was higher than in unwashed cells. No
significant differences were observed between cells
washed with ammonium acetate and with distilled water.
The K/P ratios of unwashed cells were significantly
lower than those of the cells washed with mannitol or
ammonium acetate (Fig. 5). The K/P ratio of cells
washed with mannitol was not significantly different
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Figure 6. Effect of standard Ringer’s solution on cle-
ment composition of myometrial cell cultures. Cells
incubated in culture medium served as control. Data (in
mmol/kg dry weight) are given as mean and standard er-
ror (bars). Ca concentration is multiplied with 10. The
data are based on cultured cells from 3 women, in each
case about 15 cells were analyzed.

from those washed in ammonium acetate and in distilled
water (Fig. 5). In subsequent experiments, ammonium
acetate was therefore employed as a washing fluid.
When cell-covered grids were incubated at room
temperature in drops of standard Ringer’s solution, an
increase in Na and Cl, and a decrease in K concentration
was observed, concomitantly with an increase in Ca con-
centration, at 2 minutes after the start of the incubation
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Figure 7. Effects of oxytocin, tested in standard Rin-
ger’s solution on myometrial cell cultures. Controls
were cells not exposed to oxytocin. Data (in mmol/kg
dry weight) are given as mean and standard error (bars).
Ca concentration is multiplied with 10. The data are
based on cultured cells from 4 women, in each case
about 10-12 cells were analyzed. * P < 0.05; ** P <
0.01 (compared to control).

(Fig. 6). Incubation in Ringer’s solution for 5 minutes
resulted in increases in Na, Cl and Ca, parallel with a
decrease in K concentration (Fig. 6). Intracellular Mg,
P and S concentrations did not change throughout the
period of incubation (Fig. 6).

Stimulation with oxytocin in Ringer’s solution was
carried out at room temperature for 5 minutes. Oxyto-
cin caused a concentration-dependent increase in Na; at
1 mU, oxytocin caused a significant decrease in K, but
the effect of oxytocin on K was not enhanced by increas-
ing the oxytocin concentration. No significant effect on
Cl was observed. Ca was slightly increased (Fig. 7).

The myometrial cell cultures were also stimulated
by addition of oxytocin to the serum-free culture medi-
um at 37°C in a humidified atmosphere containing 5%
CO; in air, in which the cells were maintained quiescent
before the experiment. The cells were exposed to oxy-
tocin for 5 minutes. At 1 mU, oxytocin did not cause
significant changes in Na, K and Ca; 10 mU oxytocin
resulted in a significant increase in Na, and a significant
decrease in K content (Fig. 8). At 100 mU oxytocin, a
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Figure 8. Effects of oxytocin, tested in culture medium
for each oxytocin concentration on myometrial cell cul-
tures. Controls were cells not exposed to oxytocin.
Data (in mmol/kg dry weight) are given as mean and
standard error (bars). Ca concentration is multiplied
with 10. The data are based on cultured cells from 3
women, in each case about 15 cells were analyzed. * P
< 0.05; ** P < 0.01; *** P < 0.001.

further increase in Na and Ca and a decrease in K con-
centration was observed (Fig. 8). Cl was not affected
by oxytocin at any concentration.

Discussion

The intermediate filament desmin is present specifi-
cally in adult muscle cells (Lazarides, 1982); fibroblasts
may produce desmin in cell cultures (Tuszynski et al.,
1979). In liver cultures, smooth muscle cells expressed
desmin-like immunoreactivity, while fibroblasts did not
react with an antibody to desmin (Takase et al., 1988).
Thus, the literature on this point is controversial and it
cannot be excluded that fibroblasts present in cultures of
human myometrium can produce desmin. However,
most of the cultured cells used in this study did not
originate from other cells which do not produce desmin,
e.g., endothelial cells, nerve cells (Lazarides, 1982).
After culture, the morphological appearance of myome-
trial cells was different from the ultrastructure of myo-
metrium in situ. This is in agreement with findings on
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other types of smooth muscle in culture, but cultured
fibroblasts also transform and have morphological char-
acteristics similar to subcultured smooth muscle cells
(Chamley-Campbell et al., 1979). However, the cul-
tured cells used in this study responded to oxytocin
stimulation indicating that most of the cultured cell
population in the present study was derived from the
smooth muscle cells of human myometrium.

To find an optimal washing procedure for myo-
metrial cell cultures grown on permeable supports,
measurements were performed on washed freeze-dried
cells, as compared to unwashed cells. Washing the cells
with mannitol resulted in significantly lower concen-
trations of most of the elements compared to their un-
washed counterparts and to cells washed in the other
solutions. The possible explanation for this is that the
mannitol deposit on the cells causes absorption of char-
acteristic X-rays of most elements, and/or increases the
background (continuum) radiation.

In a companson of concentrations in washed cells
with those in unwashed cells, elements such as Mg, P
and K, which are present in high concentrations intracel-
lularly but in low concentrations in the extracellular
medium, can be used as controls. However, Mg in cells
washed in distilled water was higher than in unwashed
cells, possibly due to absorption of Mg X-rays by con-
taminating NaCl in the unwashed preparation. The P
content adequately represents the dry mass of the cell,
whereas the K concentration may indicate the effect of
the rinsing solution in washing out K from the cell
(Warley et al., 1994). In the present study, the K/P
ratios of the cells with different rinsing solutions were
compared with the unwashed counterpart. The K/P ratio
of mannitol-washed cells was not significantly different
from that in cells washed with ammonium acetate and
distilled water. These results suggest that the absorption
of characteristic X-rays by the deposited mannitol or the
increased production of the continuum affects the X-ray
signal for P and K in about the same way. Surprisingly,
the K/P ratio of unwashed cells was significantly lower
than that of the cells rinsed with mannitol or ammonium
acetate. One possible explanation is that when the elec-
trons pass the salt-rich contamination left on the cells,
they are left with insufficient energy to excite K X-rays
which requires a higher critical potential than excitation
of P X-rays. Also, K X-rays are absorbed much more
strongly by the Cl of the salt than P X-rays.

Rinsing the cultured myometrial cells with washing
solutions can induce artefacts. Borgmann er al. (1994)
have shown that washing of cultured renal A6 cells for
10 s with distilled water resulted in cell swelling of
about 40% and in a decrease of cellular Na, Mg, P, Cl
and K concentrations related to wet weight, whereas
concentrations related to dry weight were not changed.
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Similarly, in cultured smooth muscle cells from airway
rinsing cells with distilled water for 5, 10 and 20 sec-
onds did not result in any significant change on Na, Mg,
P, Cl and K concentrations per dry weight compared to
cryosectioned cultured cells (Warley er al., 1994).
Ammonium acetate is (about) isotonic and no volume
changes would therefore be expected, but the possibility
of pH changes cannot be excluded. Washing with iso-
tonic ammonium acetate did not cause volume changes,
but it caused a loss of cell Cl already after 10 seconds in
cultured renal cells (Borgmann er al., 1994). A 2-sec-
ond wash with ammonium acetate was accompanied by
a loss of cell K in cultured vascular smooth muscle
(James-Kracke er al., 1980).

In the present study, the P and K concentrations
after rinsing with ammonium acetate and distilled water
were not significantly different from that of unwashed
cells. This indicates that both solutions could not have
any effect on washing out intraceliular P and K. In ad-
dition, we did not see a significant difference in Cl con-
centrations between cells washed with ammonium acetate
and distilled water. This indicates that ammonium ace-
tate might not wash out Cl, possibly because in this
study its pH was adjusted to 7.4. In stimulation experi-
ments, it should also be taken into consideration that
controls and experimentally treated cells were rinsed in
the same way, and that minor artefacts caused by the
rinsing procedure therefore would cancel out.

In general, an increase in Na and Cl and a decrease
in K concentration in myometrial cells indicates mem-
brane depolarization. It is unknown why cultured myo-
metrial cells develop depolarization as well as an in-
crease of Ca concentration when incubated in standard
Ringer’s solution. The elemental composition of isolated
myometrium could be affected by changes in the extra-
cellular fluid (from the culture medium to Ringer’s
solution) (Daniel and Lodge, 1973). Moreover, cultured
myometrial cells maintained in serum-free medium for
24 hours, similar to the preparation in this study, were
found to have a higher spontaneous increase in intracel-
lular Ca2? ions after being placed in a normal balanced
salt solution (Morgan et al., 1993).

Oxytocin can activate contraction in myometrial
cells (for review see, e.g., Wray, 1993) by: (a) increas-
ing Ca?™* influx via receptor-operated and voltage-oper-
ated channels; (b) G-protein-phosphoinositidase C-cou-
pling receptors which increase inositol 1,4,5-triphos-
phate, which then releases Ca?* ions from an internal
depot; (3) suppressing Ca2* extrusion at the sarcolemma
and the sarcoplasmic reticulum, e.g., by inhibiting the
Ca?*-ATPase.

In Ringer’s solution, oxytocin at any concentration
induced depolarization of cultured myometrial cells,
while total Ca content did not increase significantly.
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This suggests that oxytocin in Ringer’s solution can
stimulate cultured myometrial cells by releasing Ca?*
from an intracellular store, e.g., the endoplasmic
reticulum, by an inositol 1,4,5-trisphosphate (IPj)-
dependent mechanism (reviewed by Wray, 1993) rather
than by causing Ca’* influx from the extracellular
medium. It has also been shown that oxytocin can cause
contraction of isolated myometrium in Ca*-free me-
dium without a measurable increase in intracellular free
Ca2* (Matsuo et al., 1989). On the other hand, these
experiments are a summation of the effects of the Ring-
er’s solution itself and of oxytocin on the cultured cells
(compare Figs. 6, 7 and 8). Both factors together
enhance the changes of Na and K, whereas they do not
further increase the total Ca concentration, as compared
to the effects of Ringer’s solution or oxytocin alone.

The cultured cells remain quiescent during incuba-
tion in the serum-free culture medium. Experiments
with oxytocin in the culture medium showed a different
pattern of response compared to -experiments done in
Ringer’s solution. Oxytocin at 10 mU elicited an in-
crease in the Na and a decrease in the K concentration,
whereas total Ca in the cells was not changed. Again,
this might mean that activation may be elicited by the
involvement of intracellular Ca2* stores (Morgan et al.,
1993). An increase in total Ca concentration in the cells
after stimulation with 100 mU oxytocin indicates an
increase in Ca?* influx.

Conclusion

It seems likely that ammonium acetate and distilled
water are suitable washing solutions for X-ray micro-
analysis of cultured smooth muscle cells from human
myometrium. Standard Ringer’s solution caused change
in intracellular Na, Cl, K and Ca concentrations of the
incubated cell cultures in a time-dependent manner. In
stimulation experiments, changes in elemental concentra-
tions nduced by oxytocin can be detected in both
Ringer’s solution and serum-free culture medium. The
pattern of elemental changes involving movement of ions
from the extracellular fluid into the intracellular spaces
is, however, different in the culture medium.
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Discussion with Reviewers

J. Wroblewski: According to your data distilled water
and ammonium acetate are equally good as rinsing
solutions before freezing. Other studies have shown that
ammonium acetate may cause leakage of ions from cul-
tured chondrocytes (Wroblewski er al., 1983) or vascu-
lar smooth cells (James-Kracke ez al., 1980). Could you
please comment on how myometrial myocytes better
withstand ammonium acetate treatment than chondro-
cytes or other smooth muscle cells?

Authors: The unwashed cells were contaminated with
Na, S, Cl and Ca from the external medium. Only the
P and K concentrations in cultured cells rinsed with
ammonium acetate or distilled water can therefore be
compared with the unwashed control. The possibility
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that both rinsing solutions might cause loss of Na, S, Cl
and/or Ca in the washed cells cannot be excluded.
However, as mentioned in the Discussion, because con-
trols and oxytocin-stimulated cells were treated in the
same way, minor artefacts caused by the rinsing proce-
dure would be negligible. Our conclusion that cultured
myocytes can withstand rinsing with ammonium acetate
is based on a comparison with cells rinsed with distilled
water and cells rinsed with mannitol. We do not know
exactly why cultured myometrial smooth muscle cells
withstand ammonium acetate better than chondrocytes
and other smooth muscle cells. This may be due to bio-
logical differences between cell types and/or method-
ological differences between studies. For instance, in
the present study, the pH of the ammonium acetate solu-
tion was adjusted to 7.4, while this pH adjustment was
not reported for the other studies.

A. Campos: How do you think that the ultrastructural
substrate of the microanalyzed region of the cell might
influence your data?

Authors: In the analysis of cultured cells grown on the
titanium grids covered with Formvar film, areas close to
the grid bars were avoided. Thus, the only extraneous
structure in the microanalyzed region of the cell was the
Formvar film. Formvar consists of polyvinyl formal
resin containing only low molecular weight elements that
cannot be detected by the X-ray detector used in this
study. However, the Formvar film contributes to the
background (continuum) radiation. In the present study,
quantitative analysis was carried out based on the peak-
to-continuum ratio after correction for extraneous back-
ground (Roomans, 1988). Hence we expect no effect of
the substrate on the analysis.

Additional Reference
Wroblewski J, Roomans GM, Madsen K, Friberg U

(1983) X-ray microanalysis of cultured chondrocytes.
Scanning Electron Microsc 1983; I1: 777-784.
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