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Early Morphological Detection of Estramustine
Cytotoxicity Measured as Alteration in Cell Size
and Shape by a New Technique of Microperifusion

K. Gunnar Engstrom, Kjell Grankvist and Roger Henriksson

The present study describes a new microscopic perifusion technique for detecting momentary alterations in
cell volume and shape. The method has been applied for evaluating early signs of cytotoxicity following
chemotherapeutic treatments. The effects of estramustine phosphate (EMP) have been evaluated. EMP is a
complex between oestradiol-17p and the alkylating agent nor-nitrogen mustard and has recently demonstrated a
marked cytotoxicity against malignant glioma cells. The results showed a concentration-dependent increase in
cell size and a concomitant decrease in shape factor following EMP-treatment of glioma cells. These changes
correlated with cytotoxicity evaluated as cell proliferation and cell membrane alterations shown by 3¢Rb fluxes
and ultrastructural visible membrane damage. The colon cancer line HT-29 displayed no reactions at all
following EMP treatment. It is suggested that acute alterations in cell morphology and shape display a strong
correlation to the cytotoxicity of EMP encountered by traditional cell culture systems. The findings are discussed

with respect to cell membrane disturbances caused by EMP and its potential role as an early test of cytoxicity.

Eur ¥ Cancer, Vol. 27, No. 10, pp. 1288-1295, 1991.

INTRODUCTION .
AN INTACT cell volume is known to be of critical importance
for the preservation of cell functions including growth and
proliferation [1]. Extensive studies on cell volume regulation in
the last few years indicate that a wide variety of cells share
common regulatory capacities, although a pronounced diversity
exists between different cell types in the nature of the ion
transport systems involved. Predictive tumour sensitivity tests
have received increasing attention and several different predic-
tive cellular and animal systems have been developed with
varying degree of success [2]. There is, thus, still a strong need
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for more effective predictive tests of drug sensitivity in clinical
oncology.

Itis obvious that drugs affecting different parts of the cytoske-
leton as microtubules can have a major impact on the cellular
volume and shape. Estramustine phosphate (EMP), used in the
treatment of advanced prostatic carcinoma [3] and recently
shown to exert considerable cytotoxic effects on several glioma
cell lines [4, 5], is a conjugate between oestradiol-173 and the
alkylating agent nor-nitrogen mustard. EMP has been shown to
induce mitotic arrest [4, 6] and inhibited monocyte phagocytosis
[7] by an interaction with the microtubule function.

In the present study, we describe a new microscopic technique
which gives the ability to correlate early alterations in cell size
and shape with the cytotoxicity of anticancer drugs. It is shown
that acute changes in cell morphology strictly correlate to the
cytotoxicity of EMP encountered in traditional cell culture
systems.
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Fig. 1. Experimental set up for the microperifusion system as seen
from above (upper part) or in cross-section (lower part). Arrow
indicates flow direction.

MATERIALS AND METHODS

Cell culture

The human malignant glioma cell line, MG-251, and the
human malignant colon cancer cell line, HT-29, were grown as
monolayer cultures in Eagle’s MEM supplemented with 10%
fetal calf serum. The cells were incubated at 37°C in humidified
atmosphere containing 5% CO,. Medium was changed three
times a week. Cells were harvested by incubation with 0.2 ml
EDTA (0.5 mmol/l) for S min followed by trypsin (0.1%). The
cells were portioned into plastic tissue culture dishes containing
basal medium and then kept under controlled conditions (37°C
and 5% CQO,) before usage. Estramustine phosphate (oestradiol-
3-N-bis (chloroethyl) carbamate phosphate) was diluted in Eag-
le’s medium to appropriate concentrations and included in the
incubation media. A coulter multisizer was used to analyse cell
numbers.

Experimental set-up for cell microperifusion

A microperifusion chamber was made by thin glass plates on
a plastic frame and consisted of a small cell compartment (about
85 pl) at the bottom of, and in connection with, a larger medium
reservoir (about 2.5 ml) (Fig. 1). Evaporation from the reservoir
was prevented by a top glass cover. With aid of a peristaltic
pump (LKB 12000 Varioperpex, LKB AB, Bromma, Sweden)
in series with a flow damper, medium from the larger reservoir
was made to perifuse cells in the smaller compartment. The
volume rate was 75 pl/min corresponding to a flow rate of about
16 mm/min. The damper prevented vibrations from the pump
to dislodge the cells in the chamber. Medium was continuously
added to the chamber from external test tubes and was preheated
when passing over the heated microscope stage. The temperature
in the cell chamber was kept at 37°C and was continuously
measured by a temperature probe in the vicinity of the cell
under study.

The chamber was mounted on the stage of an inverted
microscope equipped with an oil objective lens (100/1.25). Cells
were recorded by photography once per min. All microscopic
equipment and the camera were from Zeiss AG (Oberkochen,
Germany).

A small volume of cell suspension, about 50 pl, was injected
into the slit entrance of the cell compartment and allowed to
settle for 1| min before the perifusion was started with basal
medium. A selected cell was perifused for 10 min after which
time the pumping was stopped. The basal medium in the
reservoir was exchanged for appropriate test medium and the
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perifusion continued. Owing to the protected environment in
the smaller cell compartment, the medium exchange procedure
does not interfere with the cell. In addition, because of the
straight opening of the cell compartment against the medium
reservoir a sharply cut interface of test medium will push the
basal medium ahead when pumping is restarted and gives a
unique time resolution when observing acute changes to cells
under microscopic study. After a 30 min perifusion in test
medium cell viability was tested by the Evans blue dye exclusion
test (0.67 mg Evans blue/ml albumin-free basal medium) [8].

The cell images on coded negative films were measured
by means of a computerised image analyser (Kontron MOP-
Videoplan, Munich). Cell images on the negative films were
scanned by a video camera and the cell contours were followed
with the digitizer cursor. The projected cell area (PCA) and a
perimetrical shape factor [4D PCA/(perimeter)?] were calculated
by the computer.

86 Rb-accumulation

The glioma cells were incubated for 30 min at 37°C with or
without EMP. They were then washed twice with Eagle’s
medium and the incubation continued for 15 or 120 min in the
presence of 28 mol/l ¥RbCl! [9]. The cells were briefly rinsed,
trypsinised and transferred to scintillation vials to which scintil-
lation fluid was added. Radioactivity was determined in the
liquid scintillation counter and the number of counts of treated
cells was compared to that of untreated cells.

Scanning electron microscopy

Specimens for scanning electron microscopy were cultured
for 2 days as described above. The cells were fixed in 3%
glutaraldehyde in 0.1 mol/l phosphate buffer, dehydrated in
alcohol, critical point freeze-dried, mounted on stubs and sputt-
er-coated with gold and examined using a JEOL T330 scanning
electron microscope.

N

Cell growth (% of controt)
8

L__/», , N\

0 5 20 40 100
Estramustine concentration (mg/l)

Fig. 2. Antiproliferative effect of different concentrations of EMP

on malignant glioma cells (MG-251). The results are expressed as

percentage of control following 3 (—M) or 6 ((1—J) days’ incu-

bation. Mean (S.E.) of four separate experiments. A—/\ indicates

concentration response curve for EMP expressed as percentage of

surviving clones of a colon cancer cell line (HT-29). Mean (S.E.) of
six separate experiments.
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Chemicals

Eagle’s MEM was from Gibco, fetal calf serum from Biochrom
KG, Berlin, polystyrene dishes from Costar, Cambridge, Massa-
chusetts, **RbCl from Amersham, Buckinghamshire, UK, and
micronised estramustine (oestradiol-3-N-bis(2 chloroethyl) car-
bamate phosphate) from Pharmacia. All other chemicals were
of analytical grade.

Statistics

Results are given as mean values (S.E.). For the evaluation of
microperifusion data a linear regression was calculated for
each individual cell during test perifusion, min 11-40, and
extrapolated to 10 min. Dose-response curves were based on
mean values between min 35 and 40. The mean values for linear
slopes and intercepts, and the dose-response correlations were
compared by using an unpaired Student’s ¢ test with correction
for unequal variance between groups.

Fig. 3. Scanning electron micrograph of malignant glioma cells MG-

251 treated for 2 days with estramustine 20 mg/l. (A) Estramustine

treated cells, illustrating the blebs and stub-like projections,

especially corresponding to the area over nucleus (x 3500). (B) Close-

up of spherical rounded-up cell type with broad-based cell projections

which was found in increasing amounts following estramustine treat-
ment (X 6700).

K.G. Engstrom et al.

Fig. 4. Light photomicrophotographs of glioma cells: (a,b) MG-251-

B and (¢,d) MG-251-T, and colon cancer cells: (e,f) HT-29 during

perifusion with basal medium (left panels), and after perifusion with
40 mg/l estramustine for about 20 min (right panels (x 2275).

RESULTS

Cell growth

Estramustine phosphate (EMP) caused a dose-dependent
inhibition of the growth of the glioma cell lines tested (Fig. 2)
with maximal inhibition at 40 mg/l. The typical appearance of
cells in mitosis (G2/M) following EMP exposure [4] was also
evident in the present study with rounded-up broad based
spherical cell projections also seen in scanning electron
microscopy (Fig. 3). The colon cancer cell line HT-29 was not
affected by EMP during culture at all (Fig. 2).

8Rb uptake

The uptake of *Rb by glioma cells was reduced in a dose-
dependent fashion, following 30 min exposure of the cells to
EMP, already within 15 min of incubation with %Rb and
was even more pronounced at a 2 h incubation. EMP at a
concentration of 80 mg/l caused a mean reduction (S.E.) of *Rb
accumulation to 93.1 (1.5) (n = 8, P < 0.001) and 66.5 (6.0)
(P < 0.01) expressed as percentage of control following 15 min
and 120 min incubation with 3Rb, respectively.

PCA and shape factor of perifused cells

Two characteristic features of the human glioma cells appeared
in light microscopy, one type having an irregular cell curvature
with numerous short and broad-based cell projections clearly
visible by light microscopy, and the other having a smooth cell
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Fig. 5. Projected cell area, PCA, (left panels) and shape factor (right panels) for human malignant glioma cells with thin-based cell projections,
MG-251-T, as a function of microperifusion time. Estramustine, 0 (upper panels), 5, 20 and 40 mg/l (lower panels) was added immediately
after the observation at 10 min of perifusion. Mean values (S.E.) for the number of cells given within parenthesis in each panel.

curvature with thin and hardly visible microspiculae sprouting
out from its surface (Fig. 4 a,c). The former will be referred to
as MG-251-B (broad based projections) and the latter as MG-
251-T (thin-based projections). The two types of glioma cells
are likely to reflect different phases of the cell cycle [4]. Among
the colon cancer cells, HT-29, only one type of cell-structure
was distinguished (Fig. 4¢). Dead and viable cells were easily
distinguished by their completely different appearance under
the microscope; dead cells having more clearly seen nucleus and
granular organelles, and by the Evans blue dye exclusion test.
In Fig. 5 the PCA-projected cell area (left panels) and shape
factor (right panels) are shown for MG-251-T cells perifused at
various concentrations of EMP, 0-40 mg/l. Similarly, the MG-
251-B cells are illustrated in Fig. 6. The cell reactions in terms

of linear regression between 11-40 min perifusion are found in
Table 1.

During the initial 5 min of basal perifusion the cell settlement
onto the glass surface caused fluctuations in both size and shape.
The shape then stabilised during the following 5-10 min (Figs 5,
6]. These six last observations served as the reference level,
100%, to which the subsequent 30 min of test perifusion was
compared. It was further noted that with no EMP added, cell
size (PCA) and shape factor were stable for the MG-251-T cells
(Fig. 5, top panels) whereas for the MG-251-B cells the PCA
declined as a function of time accompanied by a rounding up of
shape toward that of their T-shaped counterparts (increase in
shape factor, Fig. 6, top panels).

The shape factor was 0.970 (0.004) for the MG-251-T cells
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Fig. 6. PCA (left panels), and shape factor (right panels), for human malignant glioma cells with broad-based cell projections, MG-251-B, as
a function of microperifusion time.

which differed significantly (P < 0.001) from the MG-251-B
cells, 0.904 (0.016) [mean (S.E.) values for 28 T-cells and 29 B-
cells during the basal perifusion period, 5-10 min]. The two
subgroups of glioma cells were, however, of almost identical
size and the PCA was 418 (37)um? for the MG-251-T-cells and
401 (30)pm? for the MG-251-B-cells corresponding to a spherical
diameter of 22.6 (0.87)m and 22.2 (0.79)m, respectively.
The change of medium did not cause any major effects on
cellular morphology as judged from the generaily smooth curve
between the observations at 10 and 11 min (Figs S and 6).
However, the shape factor for the MG-251-B cells during basal
perifusion (Fig. 6, top right panel) increased within this time

interval (10-11 min), but was accompanied by a corresponding
decrease in PCA (Fig. 6, top left panel).

The addition of EMP caused a dose-dependent increase in
PCA and a decrease in shape factor (Figs 5, 6 and Table 1).
Obviously, these parameters varied both as a function of EMP
concentration and duration of perifusion. The linear regression
slopes and intercepts deviated significantly (P < 0.05 to
p < 0.005) from those of the control perifusions (Table 1). The
EMP effect was already visible within a few minutes of exposure
and reached a fairly well defined plateau within about 20 min
(Figs 5 and 6). Because these plateaus could compromise the
calculation of linear regression, dose-response curves were plot-
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Table 1. Effects of estramustine on glioma cell and colic cancer cell morphology during microperifusion

Projected cell area Shape factor
EMP(mg/l) Slope Intercept Slope Intercept

MG-251-T

9% Basal medium  0.052 (0.077) 98.7 (2.13) —0.015 (0.018) 100.9 (0.61)

4 5 0.127 (0.053) 101.7 (1.38) —-0.010 (0.019) 99.7 (0.24)

6 20 —0.010 (0.103) 103.4 (1.34) —0.274 (0.146) 104.3 (1.71)

9 40 0.393 (0.132)* 96.4 (1.98) —0.464 (0.109)t 103.3 (1.53)
MG-251-B

9 Basal medium —0.205 (0.108) 98.4 (1.46) 0.137 (0.112) 106.1 (1.69)*

4 5 0.004 (0.126) 98.9 (1.74) —0.067 (0.077) 101.3 (1.64)

7 20 0.299 (0.183)* 100.8 (2.06) —0.178 (0.215) 101.1 (4.24)

9 40 0.309 (0.169)* 101.9 (2.89) —0.246 (0.117)* 96.7 (3.13)*
HT-29

6 Basal medium —0.032 (0.036) 99.2 (0.90) —0.007 (0.016) 100.2 (0.54)

6 40 0.058 (0.048) 99.0 (0.92) 0.054 (0.052) 99.5 (0.38)
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Mean (S.E.) with corrections for unequal variances. *P < 0.05, P < 0.005 for differences against basal
perifusion within group of cells; if not otherwise is indicated.

fNo. of experiments.

ted by using the mean values calculated for the last 5 min of the
test perifusion (35-40 min) (Fig. 7). In all curves dose-response
was obvious, although the level of significance was reached only
for the MG-251-T shape factor (P < 0.01).

The human colon cancer cell line HT-29 did not respond to
EMP (Fig. 8 and Table 1). The very modest increases in PCA
and shape factor in the presence of EMP did not differ signifi-
cantly from the control level. The HT-29 cell size; PCA,
236 (13)um? corresponding to a spherical diameter of 17.3
(0.51) wm, was significantly (P < 0.001) smaller than the MG-
251 cells. However, the shape factor, 0.978 (0.0069), was similar
to the MG-251-T cells.

DISCUSSION

Maintenance of constant cell volume is known to be of great
importance in the physiological control of cell function and
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Fig. 7. Dose-response curves for estramustine, 0—40 mg/l, for PCA

(left panels), and shape factor (right panels), on human malignant

glioma cells with thin-based cell projections, MG-251-T (upper

panels), and broad-based cell projections, MG-251-B (lower panels).

Correlation coefficients and significances for regression curves are
indicated.

growth [1]. The present study further underlined the important
role of adequate regulation of cell volume in the growth of
malignant cells. It was shown that very early changes in cell size
and shape strictly correlate with the cytotoxicity of the anticancer
drug estramustine phosphate (EMP) on glioma cells.

EMP is a complex between oestradiol-17(3 and the alkylating
agent nor-nitrogen mustard and is widely used in the treatment
of advanced prostatic cancer [3, 10]. We have recently shown
that EMP is specifically metabolished by glioma cells [5] and
have demonstrated a marked cytotoxic effect of this drug on
cultured human malignant glioma cells [4]. The mechanisms for
the cytotoxic action of EMP are still not completely understood.
Earlier studies have suggested microtubules as the main target
for the cytotoxic effects of EMP [6, 7, 11]. Although EMP
contains a highly active alkylating agent, it has been claimed
that its cytotoxic effect is mediated through non-DNA targets
[12]. It has also been demonstrated that EMP cytotoxicity may
involve a direct interaction with DNA and cell membrane
components [13, 14]. Evidence that EMP cytotoxicity involves
cell membrane damage was provided in the present study by a
8Rb accumulation assay, by scanning electron microscopy and
by a new light microscopic technique of cell microperifusion,
which is a modified version of an earlier described technique
[15]. In addition, ®¢Rb leakage was found to be a very early
event following EMP exposure. *Rb is a commonly used tracer
for potassium movements across the membrane [9]. In earlier
studies, we had observed effects on %Rb fluxes following long-
term EMP treatment in glioma cells {13] and in transformed
fibroblasts [14].

Membrane damage might be related to previous observations
that EMP—like other substances such as diamide and t-butylhy-
dro-peroxide—is capable of generating free oxygen radicals.
The direct involvement of free oxygen radicals in EMP toxicity
has been shown in both a cell-free system [16] and in studies
on different cell cultures [14]. The present study shows that
exposure to EMP causes bleb formation on the cell surface,
something that might relate to lipid peroxidation via free oxygen
radicals [17]. The severity of bleb formation and holes has been
suggested to correlate with the degree of loss of cell viability
[18].
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Fig. 8. PCA, and shape factor for human malignant colon cancer cells as a function of microperifusion time.

It was found that cultured and isolated glioma cells (MG-251)
can be subgrouped into those with broad-based membrane
projections {MG-251-B) and those with thin-based membrane
projections (MG-251-T) using the new microperifusion system.
The two groups of cells are identical in PCA, an indicator of cell
volume, but differ markedly in shape factor. The MG-251-B-
cells and MG-251-T-cells are likely to represent the same cell-
line but in different phases of the mitotic cycle and with different
types of cell projections [4]. The unstable baseline during control
perifusion of the MG-251-B cells was probably one to a gradual
mitotic transformation, and not rarely, cells were observed to
interchange from “B” to “T” shape and vice versa.

Regardless of the subgroup, glioma cells showed a consistent
morphological alteration when exposed to EMP starting at a
relatively low concentration of 5 mg/l. EMP caused an obvious
dose-response pattern in terms of increase in cell size,
accompanied by the occurence of numerous blebs and a corre-
sponding decrease in shape factor. Membrane blebs appeared
within only a few minutes of EMP exposure. Interestingly, it
was noted that MG-251-B tended to react faster than their MG-
251-T counterparts (40 mg/l). The exact interpretation of this
finding in relation to the two “types” of glioma cells needs
further testing, including the assumption that the observed
differences in morphology (“T” and “B” cells) represent cells in
different phases of the cell cycle. It is known that cells in G2/M
phase have a spherical appearance with rounded cell projections
[4, 19], here referred to as “B-shapes”. According to the present
findings, these cells could be more vulnerable to cytotoxic drugs.
The EMP-induced bleb formation seen by light microscopy
and microperifusion, was also confirmed by scanning electron
microscopy, although after relatively long exposure to EMP
[13]. That the colon cancer cell line was almost unaffected by
EMP was a significant observation. No changes were seen in
either cell size/shape or cytotoxicity. Thus, the resistance of
HT-29 cells was demonstrated in form of unaltered cell volume
as well as unaffected cell growth.

The PCA expresses the diametrical cross section area of a cell

‘and is a good estimate of the cell volume. The EMP-induced

increase in cell volume indicates that membrane leakage, shown
by decreased #Rb net influx, causes a net flow of ions and water
to enter the cell. Such leakages may either be of non-specific
nature or include a variety of dynamic and well-regulated ion
channels [1].

In conclusion, the findings of EMP induced early cellular
changes—cell size and shape—in sensitive glioma cells and none
in resistant colonic cancer cells raises the possibility of prediction
of cytotoxic activity of certain drugs. The main advantage of the
technique used is that the time resolution for cell exposure is of
the order of 500 ms, which is a great improvement on previous
techniques, where the concentration of new medium built up
during several minutes of perifusion. However, a more extensive
evaluation of this new and simple technique is required in order
to estimate its potential in predictive application. Interestingly,
previous investigations have shown that bleb formation predicts
cell death in leukaemic cells [18] and hepatocytes [20]. Finally,
the momentary altered cell morphology further stressed a direct
action of EMP on the cytoskeleton and cell membrane in its
antitumoral action.
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Changes in the Hormone Dependency of Epithelial
Cell Proliferation in the Genital Tract of Mice
Following Neonatal Oestrogen Treatment

D.F.C. Gibson, S.A. Roberts and G.S. Evans

The genital tract epithelium of the female laboratory mouse has been widely studied as a model of oestrogen-
dependent growth and proliferation. Perturbation of the hormonal imprinting of these tissues during neonatal
development has also been used to study the development of pathological abnormalities, particularly in the
cervical epithelium. This study demonstrates that mice treated neonatally from days 1-5 with supraphysiological
concentrations of oestrogen are able to maintain high levels of proliferation following the removal of the ovaries
later in adult life. This high level of proliferation was shown to be independent of the ovarian oestrogens and of
oestrogens produced peripherally by aromatisation. These results suggest conversion of the genital tract in these
mice to a fully hormonal “independent” state. However, neonatal treatment with oestrogen was not found to
produce a uniform change to hormonal independence. Further challenge of the adult ovariectomised mice with
oestrogen, demonstrated that a population of cells still retained the ability to respond to the mitogenic influence

of this hormone.
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INTRODUCTION
IN 1971, a cluster of clear cell adenocarcinoma cases was reported
in young women, which was linked to the intra-uterine exposure
[1] to a synthetic oestrogen, diethylstilbestrol (DES). Earlier
studies had also shown the development of pathological abnor-
malities in the genital tract of female mice exposed neonatally to
high doses of oestrogen [2]. Similar effects were seen when
oestrogen and DES were given during fetal mouse development,
except that DES was effective at much lower doses than oes-
trogen. This apparent anomaly was thought to be the result of
the protective effects of the high concentration of fetal «-

fetoprotein, which binds to the natural but not the synthetic
oestrogen [3]. Apart from this difference, the effects of oestrad-
iol-178 and DES during early development are thought to be
very similar, since the synthetic agent binds to the oestrogen
receptor [4].

The development of the human reproductive tract during the
first trimester (the critical period for DES exposure) closely
correlates with that of the perinatal mouse, and so the mouse
represents a useful model for investigating the effects of oes-
trogen upon the development of the genital tract [5]. A wide
range of genital tract abnormalities have also been described



