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ABSTRACT

A rapid method has been developed which combines immu-

nofluorescence and autoradiography and permits the double
labeling of DNA. P388 murine leukemic cells were incubated with
bromodeoxyuridine and tritiated thymidine simultaneously. After
fixation, the sample was first processed with a monoclonal
antibody to bromodeoxyuridine (RPMB I) so that any cell in S-

phase was brightly fluorescent (RPMB technique). Next, tritiated
thymidine grains were developed by autoradiography, and the
result demonstrated fluorescence as well as black grains in each
S-phase cell. P388 cells sensitive (P388S) and resistant (P388R)
to 1-0-D-arabinofuranosylcytosine (ara-C) were incubated with
bromodeoxyuridine and [3H]ara-C simultaneously. Processing by

autoradiography and RPMB techniques revealed that all S-phase
cells in the P388S sample demonstrated vivid "double labeling,"

whereas P388R cells only revealed bright green fluorescence in
S-phase cells, but no grains, confirming a lack of ara-C incorpo

ration into the DNA by this line. Finally, a computerized digital
analysis system attached to a microphotometer was used to
quantitate fluorescence and grains per cell, and the data dem
onstrated that the number of [3H]ara-C grains in each P388S cell

was inversely proportional to the degree of fluorescence in that
cell, indicating that DNA synthesis was inhibited by ara-C. In
conclusion, a simple, easy-to-use double-labeling method has

been introduced which will be useful to a wide variety of re
searchers, because this technique together with the digital anal
ysis system offers the possibility of measuring drug sensitivities
in individual cells.

INTRODUCTION

[3H]dThd3 has been used extensively to define cell cycle

kinetics, and efforts have been made to detect 2 isotopes in the
same cell simultaneously such as tritium and 14Cto further refine

cell cycle measurements (1). Since the /3-energies of the 2 differ
by a factor of 10, tritium 0-particles traverse 1 um in the emulsion,
whereas 14Celectrons penetrate beyond 10 ^m so that double

layers of emulsion separated by celloidin could help distinguish
the 2 types of grains (2). Since both isotopes form black grains,
the only way to differentiate one type from the other is the depth
of the image formed. Although extremely important in concept,
the technique is so laborious in addition to being fraught with
unreliable results that it has remained a rarely used, highly
sophisticated tool in the domain of a few researchers.

1We gratefully acknowledge grant support from the National Cancer Institute

(Grants CA5834, CA33462, Al 19827, and BRSG RR 05648 17 sub).
2To whom requests for reprints should be addressed, at Roswell Park Memorial

Insitute, Leukemia Service, 666 Elm Street, Buffalo, NY 14263.
3The abbreviations used are: [3H]dThd, tritiated thymidine; BrdUrd, bromode

oxyuridine; ARG, autoradiography; ara-C, 1-rf-D-arabinofuranosylcytosine; PBS,
phosphate-buffered saline.

Received 3/1/84; revised 5/25/84,11/16/84,1/11/85; accepted 1/24/85.

We have reported a method using BrdUrd and a monoclonal
antibody (RPMB I) against BrdUrd which can provide an accurate
estimate of S-phase (fluorescent) cells within 4 h of acquiring the

sample (3) without the tedious darkroom procedures involved in
ARG. We have now combined this method with autoradiographic
procedures so that radiolabeled compounds incorporated into
DNA can be detected simultaneously with BrdUrd incorporated
into DNA. The development of this dual-label methodology
should permit reinstitution of the double-label cell cycle method

ology described above but without the problems attendant in the
past with this approach to cell cycle measurement. Additionally,
we have extended this approach to the study of ara-C and have
demonstrated the utility of this method in recognizing S-phase
cells which are resistant to ara-C by virtue of their failure to
incorporate ara-C into DNA and have also demonstrated the
feasibility of assessing the relationship between ara-C incorpo

ration into DNA and the effects of this agent on DNA synthesis.

MATERIALS AND METHODS

P388 murine leukemic cells were maintained in RPMI 1640 culture
medium and passed every seventh day. A cell line resistant to ara-C was

established by the addition of increasing doses of this drug to the liquid
culture medium every week. After 20 passages, it was repeatedly
confirmed that cells were able to grow in spite of the continuous presence
of ara-C (5 Â¿ig/ml),and this line was subsequently designated as the
P388R line. P388S and P388R cells at a concentration of 1 x 107 cells/
ml were incubated for 2 h at 37Â°C in 5% CO2 in the following groups:
Group 1, [3H]dThd alone using 10 nC\/m\ (specific activity, 77 Ci/mmol)
along with 10~5 M FdUrd. Cells were washed once in cold dThd and 3

times in PBS and were processed for ARG as described below; Group
2, BrdUrd alone using 10~4 M BrdUrd and 10~5 M FdUrd and processed

by RPMB technique described below; Group 3, [3H]ara-C alone using 10
n\ of [3H]ara-C (1 mCi/ml; specific activity, 15.5 Ci/mmol) and processed
for ARG as group 1; Group 4, [3H]dThd (10 //Ci/ml), 10'4 M BrdUrd, and
10"5 M FdUrd and processed for double labeling described below; and
Group 5, [3H]ara-C (10 ?\), 10~4 M BrdUrd, and IO'5 M FdUrd and

processed for double labeling.
RPMB I Antibody. This is a monoclonal antibody prepared by standard

cell fusion procedures for producing hybridomas using spleen cells from
mice immunized with bromouridine and X-63/AG-8.653 HAP-sensitive

myeloma cells. The monoclonal antibody has been shown to be highly
specific for BrdUrd.4 Concentrations of dThd as high as 10~3 M did not
inhibit binding in a radioimmunoassay, while BrdUrd at 10~5 M effectively

competed with the antigen in a radioimmunoassay.
RPMB Technique. Groups 2, 4, and 5 were processed as follows.

After completing incubations, cells were resuspended in PBS. Three
drops of this suspension were pipeted onto Alcian blue-coated coverslips

and fixed in 70% ethanol for 10 min. After a washing, 4 N HCI were
poured on coverslips for 20 min at room temperature. Cells were next
exposed to Tris buffer containing 0.1% bovine serum albumin for 1 h at
37Â°C in 5% CO2. RPMB I diluted 1:100 with PBS:0.05% NP40 was
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Table 1

Summary of results of 3 experiments

Experiment 1
P388S

P388RExperiment

2
P388S

P388RExperiment

3
P388S
P388R%

of [3H]-
oThd-positive

cells30

3529

351919%

of BrdUrd-
positivecells29

3333

3220

16%

of ["^ara

c-positive
cells25

023

0160%

of [3H]dThd-

positive/% of
BrdUrd-positive

cells26/26

31/3126/26

31/3119/18

17/17%

of [3H]ara-C-

positive/% of
BrdUrd-positive

cells29/24

0/3327/25

0/3120/24

0/18
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Chartl. Fluorescence and grains quantitated by the automated micropho-

tometer in a slide from P388S cells incubated with [3H]ara-C and BrdUrd. Each â€¢,

single cell. Note that there is an inverse relationship between the number of grains
(representing ara-C incorporation) and fluorescence (representing the amount of
DMA synthesis in that cell).

pipetted on each coverslip for 1 h at room temperature. Coverslips were
rinsed in PBS:Triton X-100 0.1% for 30 min and exposed to fluorescein
isothiocyanate-conjugated goat anti-mouse antibody (Tago) diluted 1:20

with PBS:1% goat serum for 30 min at room temperature. A final rinse
for 30 min was carried out in PBS/Triton X-100 followed by a rinse in

distilled water, and coverslips were ready to be examined in a fluores
cence microscope.

Autoradiography. Slides from Groups 1 and 3 as well as RPMB-

processed coverslips from Groups 4 and 5 were coated with NTB2
nuclear track emulsion (Eastman Kodak, Rochester, NY) and exposed in
the dark for 24 h. Groups 3 and 5 were exposed for 1 week. All exposures
in the dark were at -80Â°C. D19 developer was used to develop the

samples, and after fixing, slides were stained with May-Grun wald-Giemsa

stain, and coverslips were mounted on glass slides with Elvanol and
examined under a fluorescence microscope. Results were read sepa
rately by 2 observers counting at least 300 cells from 2 to 4 slides, and
the range of error between the 2 observers was 1 to 2%.

Simultaneous Quantitation of Grains and Fluorescence. An auto
mated microscope photometer-data acquisition and display system (SRL
MODEL DADS-560) from E. Leitz, Inc., was used to simultaneously

quantitate fluorescence and the number of grains from individual cells.

This machine uses a fluorescence microscope connected to a photo-

multiplier tube and a source of polarized light. The polarized light strikes
the cell under study and if grains are present in the nucleus, the light is
reflected back as nonpolarized light, and the photomultiplier tube con
verts this into an electrical signal. Fluorescence emitted from a cell is
quantitated and converted into an electrical signal by the photomultiplier
tube also. The 2 values are then displayed on the computer screen as a
point in relation to their intensity of fluorescence and grain count. Each
point, therefore, represents a single cell on the display screen.

RESULTS AND DISCUSSION

Table 1 summarizes the results of 3 separate experiments.
The [3H]Thd labeling index of both P388S and P388R cells are

almost the same (30% versus 35%, 29% versus 35%, and 19%
versus 19%), and these values correlate with results obtained
by the RPMB technique (Table 1). The correlation coefficient
between the labeling index and RPMB processed BrdUrd-posi
tive cells for individually labeled cells is r = 0.99. Fig. 1 demon

strates the vividly fluorescent P388S cells which incorporated
BrdUrd into the DMA as detected by the monoclonal antibody
(RPMB I).

In the double label group, when [3H]dThd and BrdUrd were

used simultaneously, every cell in all 3 experiments demon
strated the presence of bright fluorescence and black grains in
both P388S and P388R lines (Table 1). The double label is vivid
and unmistakable as seen in Fig. 2, where P388S cells incubated
with [3H]dThd and BrdUrd demonstrate the presence of markedly

double-labeled cells, and their distinction from nonlabeled cells

is clear. When the automated DADS system was used to quan
titate grains and fluorescence over individual cells from these
slides, a direct relationship between the 2 was noted both in the
P388S and P388R groups. This was not unexpected, since both
[3H]dThd as well as BrdUrd measure the synthesis of DMA.

In the [3H]ara-C experiment (Table 1, Group 3) developed by

ARG, almost all S-phase cells from the P388S group incorpo
rated [3H]ara-C into their DNA (e.g., labeling index of 30% with
a [3H]ara-C index of 25% in Experiment 1, and so on), whereas
none of the 35% S-phase P388R cells incorporated [3H]ara-C.

This observation has already been reported by our group (4) and
appears to be due to very low levels of deoxycytidine kinase in
the P388R cells. When [3H]ara-C and BrdUrd were used simul
taneously, [3H]ara-C grains were similarly detected in almost all

fluorescent cells (Table 1; Fig. 3) of P388S group, but in none of
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Chart2. Automated quantitation of grains and fluorescence from a slide con

taining P388R cells incubated with BrdUrd and [3H]ara-C. Note a complete lack of
[3H]ara-C incorporation and the resultant, relatively brighter fluorescent pattern of

the cells, indicating the unhampered continuation of DMA synthesis. The lack of
ara-C incorporation in this line is due to almost complete absence of the enzyme
deoxycytidine kinase (see text for details).

the fluorescent cells of P388R group. In addition, it was noted
that the number of [3H]ara-C grains overlying a cell were inversely

proportional to the degree of fluorescence of that cell (Chart 1).
In other words, the more [3H]ara-C a cell incorporated, the

greater was the suppression in its DNA-synthetic ability. On the
other hand, when P388R slides with BrdUrd and [3H]ara-C were

examined in the DADS system, the positive cells revealed only
bright fluorescence and no grains (Chart 2).

Gratzner and Leif (5, 6) reported the use of monoclonal anti
bodies raised against iododeoxyuridine, but their work was

primarily in flow systems. In this study, we used a monoclonal
antibody against BrdUrd, attached the cells firmly to coverslips
by cationizing glass (7), and used bovine serum albumin to
decrease nonspecific binding of the antibody. These latter 2
steps were important factors in allowing us to distinguish be
tween fluorescent and nonfluorescent cells. The entire RPMB
technique can be completed within 4 h to provide a rapid labeling
index, and with the use of high-speed ARG (8), double labeling

can be achieved within 24 h. The ability to place 2 easily
distinguishable probes into cells which are actively synthesizing
DNA will greatly facilitate cell cycle time estimates and will permit
direct studies of the S-phase dependent incorporation of chem-

otherapeutic agents into DNA and other cellular macromolecules.
Finally, with the digital analysis system, objective measurements
of the amount of drug incorporated and the effects of the drug
on the DNA synthesis of the cell under study were made possible.
The ability to analyze the drug sensitivities of individual cells
rather than the population as a whole opens up a new area of
research, since we have the potential of recognizing even rare
drug-resistant cells with this method.
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Fig. 1. P388S cells incubated for 2 h with BrdUrd and processed by the RPMB technique demonstrate clearly fluorescent (S-phase) and nonfluorescent (non-S-phase)

cells.
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Fig. 2. P388R cells Incubated for 2 h with BrdUrd and [3H]dThd and developed by ARG and RPMB technique reveal distinct double labeling in the S-phase cell. The

other cells appear hazy because, as we focus on the grains, the rest of the field goes out of focus.

Fig. 3. P388S cells incubated with [3H]ara-C and BrdUrd demonstrate double labeling in the S-phase cells. Note the degree of fluorescence is less than for ['HjdThd

and BrdUrd (Fig. 2).
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