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Abstract—Adriamycin fluorescence was measured by flow cytometry after exposing
synchronized Chinese hamster (line CHO) cells to a fixed dose of adriamycin
(ADR). T hree synchrony methods were used: mitotic selection, isoleucine-deficient
culture and pretreatment with low doses of ADR. Approximately a 1.6- to 2-fold
increase in ADR fluorescence intensity was observed for cells in G, + M compared
to cells in G,. An increase in ADR fluorescence was also noted for cell populations
exhibiting a G, block after pretreatment with low-dose ADR. No significant
difference in fluorescence intensity was observed for G, cell populations with two
different volume distributions. Results suggest that the magnitude of ADR
fluorescence is affected by the cell cycle distribution and that cellular susceptibility
to drug-induced cytokinetic changes during exposure must also be taken into

consideration when measuring ADR uptake.

INTRODUCTION

SUSCEPTIBILITY of cells to adriamycin (anthra-
cycline HCI, ADR) can be predicted by quantify-
ing intracellular drug concentration after
exposure to ADR [1,2]. Reduced uptake, a
manifestation of ADR-resistance, results from
decreased ADR permeability across the plasma
membrane [1-8] and/or from an active drug-
exclusion mechanism [9]. Although ADR is
known to intercalate between base pairs of DNA
[10], it has been reported that only 26% of
intracellular ADR is bound to DNA in Chinese
hamster cells [8]. ADR fluorescence distributions
measured by flow cytometry (FCM) are often
complex because ADR distributions vary within a
cell as well as within a cell population.

The present study was designed to obtain ADR
fluorescence profiles asa function of cell cycle and
to find correlations between ADR fluorescence
distributions and DNA histograms. ADR
fluorescence was also measured of cell popula-
tions with normal and perturbed cell cycle
distributions since the magnitude of perturbation
correlates with the level of intracellular ADR {11].
Attempts are also made to determine the role of
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cell volume in ADR fluorescence. A flow
cytometer was used to measure ADR fluorescence
as described previously {12].

Results indicate that G, cells display a narrow
fluorescence distribution of low intensity whereas
cells in G,+ M exhibit a broad fluorescence
distribution with as much as a 2-fold increase in
intensity compared to that of G, cells. Con-
siderably higher ADR fluorescence intensity is
also observed for cells in early S than for cells in
late G,. However, changes in cell volume appear
insignificant in ADR fluorescence. A long-term
ADR exposure induces changes in cell cycle
distribution which results in increased magnitude
of ADR fluorescence intensity.

MATERIALS AND METHODS

Chinese hamster cells (line CHO), in
suspension culture, used in this study were
maintained in F-10 medium supplemented with
15% newborn calf serum (NCS) and antibiotics at
37°C [13).

Three methods of cell synchrony were employed:
mitotic selection [14], isoleucine deficiency [13)
and ADR-induced perturbation. For mitotic
selection exponentially growing (monolayered)
CHO cells in culture bottles were mechanically
shaken, and detached mitotic cells were collected
in ice-cold medium. After adequate numbers of
cells were collected, the cells were cultured in
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medium at 37°C and, at various times after the
beginning of incubation, aliquots of the cells
were removed from the culture for ADR exposure.
For the isoleucine deficiency-induced synchrony
exponentially growing CHO cells in suspension
were centrifuged and resuspended in isoleucine-
deficient medium supplemented with 10% NCS
(dialyzed) for 36hr. The cells were then
centrifuged, and the cell pellet resuspended in
complete medium. At various times after release
aliquots of cells were taken and exposed to ADR.
For ADR-induced synchrony CHO cells in
suspension (2 X 105 cells/ml) were cultured in F-
10 medium containing 0.05 ug/ml ADR for 1 hr
at 37°C. After exposure the cells were centrifuged,
rinsed twice with phosphate-buffered salt
solution (PBS) and resuspended in drug-free
medium at 37°C. At various times after pre-
treatment aliquots of the cells were removed from
the culture and re-exposed to ADR. For each
synchrony experiment part of the cells were also
fixed in ethanol for DNA histogram analysis.

ADR exposures were carried out as follow: cells
in suspension culture (2 X 10 cells/ml) taken at
various times after the beginning of synchrony
were resuspended in medium containing freshly
prepared ADR (Adria Laboratories, Columbus,
OH, U.S.A)) at 5 ug/ml for 1 hr at 37°C in the
dark. After ADR exposure the cells were
centrifuged (200 g, 5 min), rinsed twice with PBS,
resuspended in PBS and immediately measured
for intracellular ADR fluorescence by a flow
cytometer FMF II [15]. Asynchronous CHO cells
(2 X 105 cells/ml) similarly treated with ADR
were used as a normalization marker. The argon-
laser emission was set at 488 nm and the power
output at this wavelength was in the range of
1-1.5W. The samples were run at a rate of
approximately 500-1000 cells/sec.

For approximate comparison of ADR
fluorescence distributions the fluorescence
intensity of each population was quantified on
the basis of the average channel. The average
channel value (ACV) of each distribution is
calculated by the integral value of the distribution
(the number of cells times the channel number for
each channel) divided by the number of cells as
follows:

1=b i=b
(zz=a 1’N1)/(zl=a Nz)’

where N; is the number of cells at the channel 7.

DNA histograms were obtained by FCM after
staining ethanol-fixed cells with mithramycin
excited at 457 nm [16).

RESULTS

In order to obtain ADR fluorescence distribu-
tions of cells in G, § and G, + M, cells
synchronized by mitotic selection were exposed to
5 ug/ml ADR for 1 hr and both DNA histograms
and ADR fluorescence distributions were obtained
(Fig. 1). The abscissa and the ordinate correspond
to fluorescence intensity and number of cells
respectively. It required approximately 8.5 hr for
cells to reach the G,/S boundary after mitotic
selection. Cells in G, as shown by mithramycin
staining display a narrow ADR fluorescence
distribution with an average channel value (ACV)
of 84 (8.5 hr after mitotic selection). Cells mainly
in the early S region show a broad fluorescence
distribution with an ACV of 133 (11.5 hr after
mitotic selection), approximately 60% higher
than that of cells in G,. The ACV for cells mainly
in mid-late S phase is 157 (14.5 hr after mitotic
selection), approximately 90% higher than that of
G, cells. For cells mainly in G, + M regions
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Fig. 1. DNA histograms (left) and ADR fluorescence
distributions (right) for CHO cells synchronized by mitotic
selection. The abscissa (channel number) corresponds to
fluorescence intensity of mithramycin (DNA histograms) and
ADR. Average channel values (ACV) for the ADR fluorescence
distributions are 84 for cells in G, (8.5hr after mitotic
selection); 138 for cells in early S (11.5hr after mitotic
selection); 187 for cells in mid-late S (14.5 hr after mitotic
selection); and 163 for cells in G, + M (17.5 hr after mitotic
selection).
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(17.5 hr after mitotic selection) the ACV is 163,
also about 90% higher than that of cells in G;.
ADR fluorescence distributions are also broad for
these cells.

A similar study was carried out using CHO cells
synchronized by the isoleucine-deprivation
method [13] to determine the ADR fluorescence
distribution of cells in specific phases of cell cycle.
Figure 2 shows the DNA histograms (insert) and
ADR fluorescence distributions of cells in G, §
and G, + M. The ADR fluorescence for cells in G,
also exhibits a narrow distribution as compared to
those of S and G, + M. The ACVsforcellsin G, S
and G, + M were 78, 117 and 124 respectively.
Thus the ACV ratios for cells in G;,Sand G, + M
are 1, 1.5 and 1.6 respectively. The ACV ratios are
somewhat different from those obtained using the
mitotic selection method, probably attributable to
the difference in synchrony method.

Since only a fraction of intracellular ADR is
bound to the nucleus (8] and the rest remains in
the cytoplasm, cells with a large volume may have
a higher ADR fluorescence than those with a
small volume. In order to determine the influence
of cell volume in ADR uptake, G, «cell
populations of two different volume distributions
were exposed to ADR and ADR fluorescence
distributions measured. This was carried out by
using the isoleucine deficiency-induced synchrony
method {13]. After release from 36-hr culture in
1soleucine-deficient medium the cell volume of G,
cells was found to be larger than the G, cells of the
exponentially growing population. Thisis partly
due to increased protein synthesis [17]. The cells
relcased from isoleucine-deficient medium
continued to increase in size as the cells progressed
through the G, phase. During the period from the
early to late G, phase (0 and 7 hr after release) the
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Fig. 2. ADR fluorescence distributions and DNA distribu-

tions (insert) for CHO cells synchronized by the isoleucine

deficiency method. T he abscissa{channel number) coresponds

to fluorescence intensity of ADR and mithramycin (insert).

ACVs for cells in G, ( ) S (- ) and G, + M
( ) are 78, 117 and 124 respectively.
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Fig.3. ADR fluorescence distributions for CHO cellsinearly

( ) and late (————— ) G, phase. The two populations

(insert) differ by 20% in cell volume but there is no significant
change in ADR fluorescence.

cell volume increased by approximately 20% (Fig.
3, insert). ADR fluorescence distributions for
these cells, however, are similar, suggesting that
ADR fluorescence is not affected by the change in
cell volume (Fig. 3).

Since it appeared from these results that cells in
early S may have considerably higher ADR
fluorescence than those in G, it seemed possible
that the ADR fluorescence profile may be affected
if there is a change in cell cycle distribution during
the ADR exposure period. To study this effect,
asynchronous cells were pretreated briefly with a
low dose of ADR to induce cell cycle changes and
the cells were then re-exposed to ADR at various
times after pretreatment. The ADR dose used for
pretreatment was so low that immediately after
pretreatment no ADR fluorescence was detected
by FCM. Figure 4 shows the DNA histograms and
ADR fluorescence distributions for pretreated
cells re-exposed to 5 ug/ml for 1 hr at various
times after pretreatment. The ACV for ADR
fluorescence is 102 at 0 hr (immediately after the
pretreatment with 0.05 ug/ml for1 hr). At3 hr the
ACV is 115 forcellsaccumulated in Sand G, + M,
an increase of 13% compared to that of 0 hr. At
6 hr, when more cells are found in late S and
G, + M, the ACV is 118, an increase of 16%. At
9 hr, when there isa significant G, block, the ACV
1s 163, approximately 60% higher than thatof 0 hr.
The data indicate that a cell population with a
block in G, will have a higher ADR fluorescence
and that populations with altered cell cycle
distributions will have an altered ACV.

DISCUSSION

Quantification of drug uptake as a means to
predict cellular response to drugs appears
attractive since the time period required for this
assay would be considerably shorter than that
based on colony formation. However, when
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Fig.4. DNA histograms and ADR fluorescence distributions

for ADR-pretreated cells. Cells pretreated with low-dose ADR

were re-exposed to a fixed dose of ADR and ADR fluorescence

measured 0-9 hr after pretreatment. ACVsare 102,115,118 and

163 for cells re-exposed to ADR at 0, 3 6 and 9hr after
pretreatment respectively.

interpreting ADR uptake measured by ADR
fluorescence intensity, various factors such as
drug concentration or exposure period must be
taken into consideration. ADR fluorescence
distributions obtained by flow cytometry are also
complex, partly due to the fact that ADR may be
found in the nucleus as well as in the cytoplasm.
ADR fluorescence as measured by ACV indicatesa
60% increase in intensity for cells in the early S
phase compared to those in G, and only a 30%
increase for cells in G, + M compared to those in
S (Fig. 1), suggesting that cells in the early S phase
appear to give a higher ADR fluorescence/unit
DNA content than those in G, or G, + M.
Published data also indicate that cells in S appear
to be most sensitive in terms of cell inactivation
[18-20]. Kimler and Cheng observed that the

CHO cells in early S and M are very sensitive to
ADR whereas the cells in G, and G, are less
sensitive [21].

Due to the cell age-dependence of ADR
fluorescence the ADR incorporation in the cell
population is not only affected by the influx and
efflux of the drug but also by the distribution of
the cells through the cell cycle. In addition,
during ADR exposure the cell cycle distribution
may be affected depending on the dose and
exposure period. After briefly exposing syn-
chronized CHO cells to low doses of ADR,
Barranco et al. found that cells in all phases of the
cell cycle except mitosis were delayed [20]. Tobey
et al. observed that CHO cells treated during G,
phase progressed through S phase after treatment
with high doses of ADR [22]. Gé&hde etal.
observed a reduced traversal of CHO cells from G,
after high doses of ADR treatment [23). These
cytokinetic changes during ADR exposure must
be taken into consideration. After brief treatment
with low-dose ADR, ADR-resistant V79 cells
appear to show minimal changes in the cell-cycle
distribution whereas ADR -sensitive cells exhibita
progressive cell cycle perturbation [11). Thusafter
low-dose ADR treatment the unperturbed cell
cycle distribution will not affect the ADR
fluorescence intensity of ADR-resistant cells
whereas reduction in the G, population of ADR-
sensitive cells will be likely to shift the
fluorescence profile toward higher ACVs. The
degree of shift depends also on the dose and on the
duration of exposure. It suggests that a cell
population perturbed by other agents would also
be likely to show an altered ADR fluorescence as
compared to that of an unperturbed population.

In summary, the ADR fluorescence profile and
intensity for cells in G, are peaked and low,
whereas those for cells in early S through M
phases are broad and high. The magnitude of
intracellular ADR f[luorescence appears to be
dictated not only by a number of known factors
such as drug concentration, exposure period,
membrane permeability [1-8] and active drug
efflux [9], but also by cell cycle distribution,
kinetics of the population during exposure and
previous treatment.
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