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Flow Cytometric Bromodeoxyuridine/DNA Analysis of Hyperthermia and/or
Adriamycin for Human Pancreatic Adenocarcinoma Cell Line Capan-2
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The effects of hyperthermia, adriamycin (ADM), and hyperthermia combined with ADM on pancre-
atic cancer cells were investipated from the viewpoint of cytokinetics using flow cytometric
bromodeoxyuridine (BrdUrd)/DNA analysis. Human pancreatic adenocarcinoma cell line Capan-2
was used. The untreated cells could be clearly divided into G, 8, G;M phases on contour plots of
BrdUrd/DNA distribution. After heat treatment at 41-43°C, there was an accumulation of cells in the
G;M phase which was correlated with the increase in temperature. After heat treatment at 44 or 45°C,
there was marked increase in non BrdUrd-labeled cells in the S phase. ADM caused no change in the
percent of non BrdUrd-labeled cells in the S phase, even after treatment with a concentration of 1.0
#eg/ml, though that concentration of ADM caused a marked increase in the percent of cells in the G,M
phase. After hyperthermia combined with ADM, the accumulation of the G:M phase increased
remarkably, and was significantly higher than that after each treatment alone (P<0.005); however,
non BrdUrd-labeled cells in the S phase did not increase. In this study the synergistic effect of
hyperthermia combined with ADM in increasing the percent of cells in the G:;M phase could be
observed by flow cytometry. The study illustrates the importance of performing in vitro flow
cytometric BrdUrd/DNA analysis of combined therapy prior to the use of the combined therapy in
patients.
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Pancreatic cancer, lying deep in the abdominal cavity,
is not readily treatable with the hyperthermia apparatus
currently available. Furthermore, pancreatic cancers are
usually hypovascular, so it is difficult to attain a sufficient
concentration of chemotherapeutic agents within the
cancer. Hyperthermia combined with chemotherapy
might be expected to show increased effectiveness
through synergy,"? although there are very few reports
concerning the use of combined therapy against pancre-
atic cancer as related to the cell cycle of the cancer. Flow
cytometric DNA histogram analysis has sometimes
yielded questionable results in cytokinetic studies, due to
the occurrence of overlapping of the early S phase with
the G, phase, and the late S phase with the G,M phase.>*
BrdUrd’/DNA analysis was devised in an attempt to
avoid this confusion.*™ :

In the present paper, flow cytometric BrdUrd/DNA
analysis was utilized to study the effects of hyperthermia
and ADM separately and in combination against pancre-
atic cancer cells in tissue culture. The potential usefulness

' To whom requests for reprints should be addressed.

? Abbreviations: BrdUrd, bromodeoxyuridine; FCM, flow cyto-
metry; ADM, adriamycin; PBS, phosphate-buffered saline;
FITC, fluorescein isothiocyanate; PI, propidium iodide; CV,
coefficient of variation.

of the combined therapy was supported by the results of
this study from the viewpoint of cytokinetics.

MATERIALS AND METHODS

Cell cultures Capan-2 cells derived from a human pan-
creatic adenocarcinoma® were grown as monolayer cul-
tures in 75 cm’ tissue culture flasks (Falcon 3024: Becton
Dickinson Co.} in Dulbecco’s modified Eagle’s medium
(Whittaker Bioproducts Inc.}, supplemented with 109%
fetal calf serum (Commonwealth Serum Laboratories),
2 mM v-glutamine (Flow Laboratories), 2 mM sodium
pyruvate (Whittaker Bioproducts Inc.), 100 units/ml of
penicillin and 100 pg/ml of streptomycin (Flow
Laboratories). Cells were plated at a density of 1x 10°
cells/ml and incubated in 5% CO, at 37°C with 100%
humidity. All experimental treatments were carried out
on exponentially growing cell cultures 72 h after seeding.
Until the surviving cell number and the cytokinetics were
cxamined 24, 48, and 72 h after the treatments, the
Capan-2 cells were cultured subsequently in exchanged
fresh medium.

Heat treatment Cell monolayers were exposed for 60
min to elevated temperatures in the range of 41-45°C
by placing the culture flask in a waterbath at the
appropriately controlled temperature.
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ADM treatment Cells were incubated for 60 min in a
medium containing 0.1, 0.5 or 1.0 ¢g/ml concentration
of ADM at 37°C.

Heat treatment combined with ADM Cells in a medium
containing 0.1 pzg/ml of ADM were exposed to heat
treatment at 41°C for 60 min.

Staining The modified method of Dolbeare et al. was
used for these experiments. Capan-2 cells were treated
with 5 gg/ml BrdUrd for 30 min. The cells were then
harvested, fixed in cold 70% ethanol and stored at 4°C.
Ethanol-fixed cells were removed from the ethanol solu-
tion, treated with 0.1% ribonuclease (Sigma Chemical
Co.) for 15 min at 37°C, resuspended in 2 N HCI for 20
min at room temperature, washed twice with sodium
tetraborate and then once with PBS, and resuspended for
30 min in a PBS solution containing 0.5% Tween 20
(Sigma Chemical Co.) and 20 ul of FITC-conjugated
monoclonal anti-BrdUrd antibody (Becton Dickinson
Co.). The cells were then washed twice with PBS and
resuspended in 50 yg/ml PI (Sigma Chemical Co.). To
eliminate clumping, the stained cells were passed through
a 50 gm nylon mesh (NBC Industry).

FCM  The BrdUrd/DNA dusal-stained cells were
analyzed using a FACS-440 (Becton Dickinson Co.).
The argon laser was adjusted to emit 700 mW at 488 nm,
and a dichroic mirror 560 was used to separate the two
fluorescences. Green fluorescence from FITC was mea-
sured through a 530 nm band-pass filter and recorded as
a measure of the amount of incorporated BrdUrd. Red
fluorescence from PI was measured through a 585 nm
band-pass filter and recorded as a measure of the total
DNA content. Routinely, 10,000 cells were measured for
each distribution at a flow rate of less than 500 cells/s.
The bivariate BrdUrd/DNA. distributions were displayed
as contour plots.

Cytokinetic analysis The windows for the G, phase, S
phase, G,M phase and non BrdUrd-labeled cells in the
S phase were placed on the contour plots for untreated
Capan-2 cells. They were adapted for the treated cells,
and cytokinetic data were analyzed using the CONSORT
30-Rev. D program {(Becton Dickinson Co.) on a
Hewlett Packard 9000/300 computer connected to a
FACS-440.

Cell count The surviving cell number at the time of flow
cytometric analysis was determined using a Coulter
counter (Coulter Electronics). The surviving cell number
after treatment was expressed as a percentage of the
control value, calculated as follows:

No. of cells in treated flask
No. of cells in untreated (control) flask

% 100 (%).

The cells used for flow cytometric analysis were almost
all alive, as confirmed by dye exclusion using trypan blue.
Statistical analysis Each datum was the mean = SD of
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the results from five flasks. The statistical significance of
the differences between groups was examined by using
Student’s ¢ test.

RESULTS

Cytokinetics of the control cells Untreated Capan-2 cells
could be clearly divided into three cohorts of G, S, and
G,M phases (Fig. 1), and the proportion of each cell
phase could be calculated reproducibly with a small 8D
value (Table I). The mean ratio of non BrdUrd-labeled
cells in the S phase was 2.1%.

Cytokinetics and surviving cell number after heat treat-
ment The cytokinetics of the Capan-2 cells at 48 h after
41°C heat treatment showed an accumulation in the G,M
phase, a result which was significantly different as com-
pared with the control ( P<0.05) (Table I). The accumu-
lation in the G,M phase at 48 h increased in accordance
with rise in temperature up to 43°C (Fig. 2). The total
amount of BrdUrd incorporated into the S phase cells,
however, decreased with rise in temperature, and over
44°C, non BrdUrd-labeled cells in the S phase increased
and the discrimination of the S phase cells from the G, or
G,M phase cells became difficult, even on the contour
plots of BrdUrd/DNA distribution (Fig. 3). The values
of the ratio of non BrdUrd-labeled cells in the S phase
48 h after heat treatment at 41°C, 42°C, 43°C, 44°C,
and 45°C were 2.3+0.4%, 2.610.2%, 4.210.3%,
8.1+0.69%, and 14.9£2.1%, respectively {mean*+SD).
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Fig. 1. Contour plots of bivariate BrdUrd/DNA distribution
of untreated Capan-2 cells. The abscissa is relative DNA con-
tent and the spindle is relative BrdUrd content. 1, G, phase; 2,
S phase; 3, G,M phase. Slit area shows non BrdUrd-labeled cells
in the S phase.



Cytokinetics after Combined Therapy

Table 1. Comparison of Cytokinetics and Surviving Cell Number (% of Control) at 48 h after Various

Treatments
Percent of cells in each cell cycle phase Surviving
Treatment g cell number
G, 8 G:M (% of control)
Control (Untreated) 42.011.3 414=L0.8 16.6+1.1 2.110.7 100
41°C 37.2%x21 43.6+2.9 19.2+2.5 23104 81.0+4.8
ADM 0.2 pg/ml 35.8+£3.2 424114 21,8124 2.1x0.1 752127
41°C+ADM 0.1 ug/ml 18.3£4.8 22.6£39 59.1£8.3 24402 40.3L£3.6

@) Non BrdUrd-labeled cells in the S phase (% to the total cells). 41°C+ADM 0.1 zg/ml means

simultaneous combination of the two treatments. Values represent the mean and SD of five flasks.
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Fig. 2. Cytokinetics and mean surviving cell number (% of
contrel) shown as the open columns with bar, at 48 h after heat
treatment at various temperatures for 60 min. Illll, G, phase;
[, 8 phase; T, G,M phase.

The surviving cell number (% of control) decreased in
accordance with rise in temperature (Fig. 2).
Cytokinetics and surviving cell number after treatment
with ADM The cytokinetics after treatment with 0.1 ug/
ml of ADM showed an accumulation in the G;M phase.
The ratio of the G,M phase at 48 h after treatment was
21.8+2.4%, and was statistically significantly higher
than that of the control (P<0.01). The accumulation in
the G,M phase increased and the surviving cell number
(% of control) decreased as the concentration of ADM
rose (Fig. 4). However, non BrdUrd-labeled cells in the
S phase did not increase and the values of the ratic at 48
h after treatment with 0.1, 0.5, and 1.0 gg/ml of ADM
were 2.110.1%, 2.220.2%, and 2.210.2% respectively
(mean =SD). After treatment with 1.0 y#g/ml of ADM
cells in the late 8 phase, which were shown to have a
continuous relation with the G,M phase cells on the
contour plots of BrdUrd/DNA distribution, became ap-
parent (Fig. 5).

Cytokinetics and surviving cell number after hyper-
thermia combined with ADM The surviving cell number
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Fig. 3. Contour plots of bivariate BrdUrd/DNA distribution

48 h after heat treatment at various temperatures for 60 min.
The abscissa is relative DNA content and the spindle is relative
BrdUrd content. a, 41°C; b, 42°C; ¢, 43°C; d, 44°C; e, 45°C.

(% of control) after the combined treatment was severely
suppressed and showed the synergistic effect of the com-
bination (Table I).
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Fig. 4. Cytokinetics and mean surviving cell number (% of
control) shown as open columns with bar, at 48 h after treat-
ment with various concentrations of ADM at room tempera-

ture for 60 min. INEM, G, phase; [, § phase; 1, G,M-

phase.

Heat treatment combined with ADM resulted in an
increase in the accumulation during the G,M phase, and
was significantly higher than that after each treatment
alone (P<0.005) (Table I). The mean ratio of non
BrdUrd-labeled cells in the S phase at 48 h after treat-
ment was 2.470.2% in the combination (Table I,
Fig. 6).

The cytokinetics after combined treatment indicated
an intensive accumulation in the G,M phase at 24 h after
treatment, an accumulation which continued up to 72 h
later. In addition, the surviving cell number (% of con-
tral) showed long-lasting suppression (Fig. 7).

DISCUSSION

Flow cytometric BrdUrd/DNA analysis was devised
by Dolbeare et al.¥ The method has been widely used for
various investigations, including cytokinetic studies with
numerous types of anti-cancer agents. However, there
were very few reports on the use of this technique for the
study of hyperthermia or combined therapy.

Dolbeare ef al. stated that no procedure for BrdUrd/
DNA analysis exists which is universally optimal for all
tissues and experimental endpoints.” In the present ex-
periment, we conducted a preliminary evaluation of
staining conditions, for example various concentrations
and durations of HC] exposure, and under the conditions
described above the pancreatic adenocarcinoma cell line
Capan-2 could be clearly analyzed by using the BrdUrd/
DNA method. Untreated Capan-2 cells were found to
have about 29% non BrdUrd-labeled cells in the S phase.
However, it was difficult to prove the cells to be non-
synthesizing (the Sq cells of Darzynkiewicz ef al”), as
there was a possibility of changes occurring in the perme-
ability of the cell membrane for BrdUrd after heat treat-
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Fig. 5. Contour plots of bivariate BrdUrd/DNA distribution
at 48 h after treatment with various concentrations of ADM at
room temperature for 60 min. The abscissa is relative DNA
content and the spindle is relative BrdUrd content. a, 0.1 ¢g/
m]; b, 0.5 yg/ml; ¢, 1.0 ug/ml.

ment. Hence, in the present study, these were simply
designated non BrdUrd-labeled cells in the § phase.

In the previous studies on cytokinetics after hyper-
thermia using FCM, a block in the S phase and in the
(,M phase was revealed by DNA histogram analysis,'* '”
though the ratio of each cell phase was not obtained with
sufficient accuracy for statistical evalution. By using
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Fig. 6. Contour plots of bivariate BrdUrd/DNA distribution
at 48 h after heat treatment at 41°C simultaneously combined
with 0.1 zg/ml of ADM for 60 min. The abscissa is relative
DNA content and the spindle is relative BrdUrd content.

1009

Cytokinetics and cell
number (%)

s 38
I il

HH

]

10- M i
24 48 72

After treatment (h)

Fig. 7. Cytokinetics and surviving cell number (% of control)
at various time lapses after 41°C heat treatment simultaneously
combined with 0.1 ug/ml of ADM for 60 min. The open
column shows surviving cell number, ®, G, phase; O, S phase;
W, G,M phase. Values represent the mean and SD of five flasks.
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BrdUrd/DNA analysis, a statistically significant differ-
ence of accumulation in the G,M phase after treatment
even at lower temperatures, such as at 41°C, was noted as
compared with the control. The surviving cell number
(% of control} decreased in parallel with the extent of
cytokinetic perturbation after hyperthermia. In this
study the total amount of incorporated BrdUrd was
shown to decrease markedly after treatment at higher
temperatures (over 44°C). At 45°C, the incorporation of
BrdUrd almost stopped.

Cytokinetics after Combined Therapy

ADM is an antitumor antibiotic which causes a block
in the G;M phase in flow cytometric DNA. histogram
analysis."> '  BrdUrd/DNA analysis quantitatively
showed accumulation in the G,M phase after treatment
with low concentrations, such as 0.1 and 0.5 g#g/ml of
ADM. With higher concentrations, such as 1.0 ug/ml, a
greater accumulation in the G,M phase was noted, as was
an increment in the late S phase cells. However, non
BrdUrd-labeled cells in the S phase did not increase. The
surviving cell number (% of control) also decreased in
parallel with the extent of cytokinetic perturbation, espe-
cially accumulation in the G,M phase. These results
suggest that the degree of cytokinetic perturbation could
indicate the effectiveness of an anti-cancer agent.

In the present study, the effect of hyperthermia com-
bined with AIDM was tested for the first time by BrdUrd/
DNA analysis, using FCM. The cytokinetics after com-
bined therapy revealed an increase in the accumulation of
the G,M phase which was similar to the cytokinetic
changes after exposure to several-fold higher concentra-
tions of ADM alone. The extent of accumulation after
combined therapy was significantly higher than that after
each respective separate treatmenti. Non BrdUrd-labeled
cells in the S phase, which increased after exposure to
higher temperatures, did not increase. This phenomenon
appears to support the assumption that the synergism was
due to an increment of the effect of ADM by
hyperthermia, not of hyperthermia by ADM. In vitro, the
mechanism of synergism between the effect of hyper-
thermia and ADM was suggested to be an increased
ADM uptake by the cells due to change in the per-
meability of the cell membrane during heat treatment.!¥
The cytokinetics at various time lapses after combined
therapy showed a marked effect, with a great accumula-
tion of the G,M phase up to 72 h after treatment. In
addition, from the viewpoint of surviving cell number
(% of control), the effect of the combined treatment
indicated synergism. Therefore, hyperthermia combined
with ADM might prove to be a useful therapy for pa-
tients with pancreatic cancer.

To improve the poor prognosis of pancreatic cancer,
further basic investigations of combined therapeutic
modalities are needed. The experimental model utilized
in the present study might be useful in the further study
of other variations of exposure, including time intervals
and the concentrations of various agents. Flow cytomet-
ric BrdUrd/DNA analysis is more expensive and time-
consuming than DNA histogram analysis by FCM. How-
ever, it is the only method that accurately discriminates S
phase cells from other cell phase cells, even in the case of
diploid or polypoid cells. It is therefore recommended for
utilization in a study of specimens of pancreatic cancer
obtained from patients at the time of operation.
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