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ABSTRACT We have developed a procedure for simulta-
neous flow cytometric measurement of cellular DNA content and
amount of BrdUrd incorporated into cellular DNA. Propidium
iodide was used as a fluorescent probe for total cellular DNA and
a monoclonal antibody against BrdUrd was used as a probe for
BrdUrd incorporated into DNA. Fluorescein-labeled goat anti-
mouse antibody was used to fluorescently label the bound anti-
BrdUrd probe. Bivariate DNA/BrdUrd distributions measured
for Chinese hamster ovary cells labeled for 30 min with BrdUrd
clearly show the G1- and G2M-phase cells to have low BrdUrd-linked
fluorescence and the S-phase cells to have high BrdUrd-linked
fluorescence. Cell cycle.traverse rates were estimated for Chinese
hamster ovary cells from bivariate distributions measured- for
samples taken periodically after pulse labeling with BrdUrdw Bi-
variate DNA/BrdUrd distributions were also applied in the anal-
ysis of the response of C3H murine bone marrow cells to treat-
ment in vivo with l-I3-D-arabinofuranosylcytosine (araC). Bivariate
distributions were measured for bone marrow cells taken from
mice that were pulse labeled with BrdUrd at various times after
treatment with araC. The resulting DNA/BrdUrd sequences show
the kinetics of recovery from araC and allow discrimination of the
araC sterilized cells.

A broad range of biological and biomedical investigations de-
pends on the ability to distinguish DNA synthesizing cells. On-
cologists, for example, have devoted substantial effort to es-
tablishing correlations between the frequency of DNA syn-
thesizing human tumor cells and the treatment prognosis (1).
Effort has also been devoted to improvement of anticancer
therapy with S-phase specific agents by treating when the ex-
perimentally determined frequency of tumor cells in S phase
is maximal (2). In these studies, S-phase cells are usually as-
sumed to be those that appear labeled in autoradiographs pre-
pared immediately after pulse labeling with [3H]dThd or those
with S-phase DNA content in DNA distributions measured flow
cytometrically. Cytokineticists have relied heavily on measure-
ments of the frequency of DNA synthesizing cells to determine
the cell cycle traverse characteristics of normal and malignant
cells. The classical "fraction of labeled mitosis" procedure (3),
for example, depends on assessment of the frequency of mitotic
cells that appear radioactively labeled in autoradiographs of
samples taken periodically after labeling with [3H]dThd. Stud-
ies of the cell cycle traverse characteristics of drug-treated cell
populations (4) typically require measurement of the amount of
[3H]dThd incorporated by cells in S phase (e.g., by liquid scin-
tillation spectrometry) or determination of the fraction of cells
with S-phase DNA content (e.g., by DNA distribution analy-
sis), or both. Studies of mutagen-induced genetic damage that
use unscheduled DNA synthesis as an index of damage also rely

on the detection of low levels of incorporation of [3H]dThd (5).
These broad-ranging biomedical studies are often limited by

the measurement techniques. For example, autoradiographic
determination of the fraction of cells incorporating radioactive
DNA precursors like [3H]dThd is limited by the labor-intensive
nature of the measurements and by the subjectivity associated
with discrimination between unlabeled and weakly labeled cells
(6). Determination of the amount of radioactive DNA precur-
sor incorporation by liquid scintillation is also suboptimal be-
cause no information is available about the distribution of ra-
dioactivity incorporation among the cells of the population.
Finally, interpretation of DNA-distributions measured by flow
cytometry is difficult because no information is available about
the absolute rate of DNA synthesis (7). Thus, a population pro-
liferating with twice the rate of another might have the same
DNA distribution if the two populations spend the same frac-
tional times in the G1, S, and G2M phases of the cell cycle. Fur-
thermore, discrimination between actively synthesizing and
quiescent cells with S-phase DNA content is impossible.
We now report the development of a powerful, yet simple,

flow cytometric procedure that promises to decrease or remove
many of the limitations inherent in earlier methods for study
of cell proliferation. Our procedure is based on the simulta-
neous flow cytometric measurement of cellular DNA content
and amount of incorporated BrdUrd. For these measurements,
propidium iodide (PrdI) is used as the probe for total DNA con-
tent and a monoclonal antibody against BrdUrd (8) is used as
the probe for BrdUrd incorporated into DNA. The flow cy-
tometric measurements are arranged to form bivariate distri-
butions of DNA content vs. BrdUrd content. These DNA/
BrdUrd distributions readily show the relative amounts of
BrdUrd incorporated into the DNA of cells whose DNA con-
tents place them in the G1, S, and G2M phases of the cell cycle.
This procedure is sufficiently sensitive to allow quantification
of very low levels of BrdUrd incorporation (e.g., the incor-
poration that occurs during a 3-min labeling period). Further,
it allows discrimination between DNA synthesizing and non-
synthesizing cells with S-phase DNA content. It is rapid, and
it is applicable in vitro and in vivo. We demonstrate the utility
of the technique by applying it to the cytokinetic analysis of
asynchronously growing Chinese hamster ovary (CHO) cells
grown in vitro and to the cytokinetic analysis of mouse bone
marrow cells from mice treated in vivo with 1-/3-D-arabinofura-
nosylcytosine (araC).

MATERIALS AND METHODS
In Vitro Studies. In one series of experiments, CHO cells

growing exponentially in minimal essential alpha medium with

Abbreviations: araC, 1-,8-D-arabinofuranosylcytosine; CHO, Chinese
hamster ovary; Pi/NaCl, phosphate-buffered saline; PrdI, propidium
iodide.
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10% fetal calf serum at 3 X 105 cells per ml were treated for
30 min with 10 ,uM BrdUrd. The cells were then refed with
conditioned medium from a second untreated spinner flask.
Twenty-milliliter aliquots were removed at 2-hr intervals,
counted, washed with phosphate-buffered saline (Pi/NaCl, pH
7.2), and fixed for at least 30 min in cold 70% ethanol.

In a second series of experiments, exponentially growing CHO
cells were treated with [3H]BrdUrd for 30 min (specific activity,
35 Ci/mmol; 1 Ci = 3.7 X 1010 Bq; final concentration, 1 kkCi/
ml). The cells were then harvested, washed in Pi/NaCl, and
fixed for at least 30 min in cold 70% ethanol.

In Vivo Studies. Control and araC-treated female C3H mice
(Washington University, St. Louis, MO) were injected intra-
peritoneally with 50 mg of BrdUrd per kg 1 hr prior to sacrifice.
araC-treated mice received BrdUrd 3, 6, and.9 hr after a single
intraperitoneal injection of 500 mg of araC (Upjohn) per kg.
The femurs of each mouse were removed and the hemato-
poietic cells were harvested by flushing with 1 ml of alpha me-
dium. The recovered cells. were then resuspended by pipet-
ting, filtered through 37-gum mesh, and fixed with 70% ethanol.

Cytochemistry. Cells were removed from ethanol (in which
they can be stored for several days at 40C), resuspended in 2
ml of 1.5 M HC1 at 200C for 20 min, washed twice. with 5 ml
of Pi/NaCl, and resuspended for 1 hr in Pi/NaC1 solution con-
taining 0.5% Tween 20 (Sigma), 0.5% bovine serum albumin,
and a 1:200 dilution of monoclonal anti-BrdUrd (8). The cells
were then washed twice with Pi/NaCl and resuspended for 30
min in a solution containing Pi/NaCl, 0.5% Tween 20, a 1:100
dilution of a stock solution of fluorescein-labeled goat anti-mouse
gamma globulin (Cappel Laboratories, Cochranville, PA), and
1% neutral goat serum (to prevent nonspecific adsorption of the
fluorescein-labeled anti-mouse gamma globulin). The cells were
then washed twice with 5 ml of Pi/NaCl and resuspended in
1 ml of Pi/NaCl containing 5 ,ug of PrdI (Polysciences, War-
rington, PA) per ml. After 1 hr, the cells were ready for flow
cytometric analysis.

Flow Cytometry and Sorting. Cell analysis was performed
with the Lawrence Livermore National Laboratory flow cytom-
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eter (9). Cell sorting was accomplished by using a fluorescence-
activated cell sorter (Becton Dickinson, Sunnyvale, CA). Dur-
ing flow cytometry, cells were excited at 488 nm. Red fluo-
rescence from Prdl was collected through a 600-nm-long wave-
length pass filter and recorded as a measure of total DNA content
and green fluorescence from fluorescein was collected through
a 514-nm bandpass filter and recorded as a measure of the amount
of incorporated BrdUrd. The resulting data were accumulated
to form a bivariate 64 x 64 channel distribution showing the
distribution of DNA (red fluorescence) and BrdUrd (green flu-
orescence) among the cells of the population.

Cells were sorted from several regions of the bivariate DNA/
BrdUrd distribution measured for CHO cells treated for 30 min
with [3H]BrdUrd. Sorting regions are indicated in Fig. 2 Up-
per. Ten thousand cells were sorted from each region directly
into liquid scintillation vials. The radioactivity per cell was de-
termined as described (10).

RESULTS

In Vitro Studies. Fig. 1 shows bivariate DNA/BrdUrd dis-
tributions measured for CHO cells before BrdUrd treatment
(Left) and immediately after a 30-min BrdUrd pulse (Right).
The G1-, S-, and G2M-phase cells in the unlabeled' population
are all seen at low green fluorescence as are G1- and G2M-phase
cells in the labeled population. However, the S-phase cells in
the labeled population have substantial green fluorescence.
Gratzner and Leif (11) have reported that anti-BrdUrd anti-
bodies bind stoichiometrically to BrdUrd in DNA so, after cor-
rection for low-level nonspecific staining, the intensity of green
fluorescence is proportional to the amount of incorporated
BrdUrd. This procedure is highly sensitive so that low levels
of BrdUrd incorporation can be easily quantified. In fact, we
have found that BrdUrd incorporated during a 3-min pulse can
be easily quantified by this procedure (data not shown). This
antibody-based procedure is substantially more sensitive than
earlier flow cytometric procedures proposed for BrdUrd mea-
surements, in which BrdUrd incorporation was assessed by the

DNA content

FIG. 1. Contour plots of bivariate DNA/BrdUrd distributions measured for exponentially growing CHO cells prior to treatment with BrdUrd.
(Left) and immediately after a 30-min exposure to 10 ,uM BrdUrd (Right). The origin of each contour plot is indicated with a cross. Also shown on
the abscissas and ordinates are univariate frequency distributions for total.DNA content (red fluorescence) and amount.of incorporatedBrdUrd
(green fluorescence), respectively.
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extent of quenching of Hoechst 33258 fluorescence (12, 13).
The earlier procedure could be applied only to quantification
of BrdUrd incorporated over a period of several hours.

The bivariate distributions provide detailed information about
the kinetics of the DNA synthesis process. For example, the
DNA/BrdUrd distribution in Fig. 1 measured for CHO cells
immediately after pulse labeling with [3H]BrdUrd clearly shows
the variation in BrdUrd incorporation rates. Substantial vari-
ation in BrdUrd-linked green fluorescence is seen, even for cells
with the same DNA content. These data also show the variation
in the rate of BrdUrd incorporation across S phase. They show
the rate of BrdUrd incorporation to be highest in mid-S phase
and lowest in early and late S phase and are in good agreement
with previous measurements of the variation of the rate of in-
corporation of [3H]dThd across S phase (10).

The relation between the amount of incorporated BrdUrd
and the intensity of green fluorescence is illustrated by data in
Fig. 2 Lower, which shows the correlation between BrdUrd-
linked green fluorescence and the amount of [3H]BrdUrd per
cell as determined by liquid scintillation spectrometry for cells
sorted from the regions marked in Fig. 2 Upper. The corre-
lation between BrdUrd-linked green fluorescence and BrdUrd
incorporation is good (r = 0.97), confirming that in CHO cells
the green fluorescence is an accurate measure of BrdUrd in-
corporation.

Cell cycle traverse rates can be estimated from DNA/BrdUrd
distributions measured periodically after BrdUrd pulse label-
ing, such as those shown in Fig. 3 for CHO cells. These data
show that the BrdUrd-labeled cohort, initially in S phase, be-
gins to move out of S phase and through G2M immediately after
labeling. By 8 hr, the labeled cells are predominantly in G2M
phase and G1 phase, and by 10 hr they have begun to reenter
S phase. The magnitude of the green fluorescence halves as the
labeled cohort passes through division because the average
amount of BrdUrd per cell halves. The BrdUrd content per cell
in mid-S phase is high immediately after labeling and decreases
and increases as the BrdUrd-labeled cohort moves out of and
back into S phase. The BrdUrd content per cell in G1 phase is
low immediately after labeling and increases and decreases as
the labeled cohort moves into and out of G1 phase. In practice,
we estimate cell cycle phase durations quantitatively from
changes in the average values of BrdUrd per cell in mid-S phase
and BrdUrd per cell in G1 phase extracted from the bivariate
distributions. These curves are quantitatively the same as the
radioactivity per cell in mid-S-phase and Gj-phase curves mea-
sured for cells sorted from samples labeled with a radioactive
DNA precursor and can be analyzed by using the same com-
puter analysis procedure (14). The G1-, S-, and G2M-phase du-
rations estimated for the CHO cells by this procedure are 7.2,
7.4, and 1.1 hr, respectively.

In Vivo Studies. Bivariate DNA/BrdUrd analyses can also be
carried out in vivo for normal and araC-treated populations. Fig.
4 shows bivariate DNA/BrdUrd distributions measured for
mouse bone marrow cells obtained from mice pulse labeled with
BrdUrd 3, 6, and 9 hr after treatment with 500 mg of araC per
kg. The control bivariate distribution was obtained from mice
that received only BrdUrd 30 min prior to sacrifice. All dis-
tributions show two distinct peaks with GI DNA content-one
at low green fluorescence and one at higher green fluores-
cence. Cells sorted from the low green fluorescence peak were
determined by microscopic analysis to be lymphocytes and blast
cells, whereas cells sorted from the high green fluorescence
peak were determined to be mostly well-differentiated gran-
ulocytes and macrophages. In the control population, cells sorted
from mid-S phase were determined to be predominantly blast
cells and thus to be associated with the low green fluorescence
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FIG. 2. (Upper) A bivariate DNA/BrdUrd distribution measured
for exponentially growing CHO cells immediately after a 30-mintreat-
ment with [3H]BrdUrd. For simplicity, only a single contour level is
shown to outline the bivariate distribution. Also shown are regions from
which cells were sorted for determination of the radioactivity per cell.
(Lower) A plot showing the correlation between BrdUrd-linked green
fluorescence and radioactivity per cell for the various regions shown in
Upper. Background levels of green fluorescence were subtracted before
linear regression analysis. The solid line is a linear regression to the
data.

peak with Gl-phase DNA content. The DNA/BrdUrd distri-
bution measured for cells treated with BrdUrd 3 hr after araC
treatment shows that the majority of cells with an S-phase DNA
content are characterized by low green fluorescence values, in-
dicating negligible levels of DNA synthesis (i.e., BrdUrd in-
corporation). However, the DNA/BrdUrd distribution mea-
sured for cells treated with BrdUrd 6 hr after araC treatment
shows that most of the cells with S-phase DNA content that did
not incorporate BrdUrd are gone (perhaps lost to phagocytosis

Cell Biology: Dolbeare et al.
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FIG. 3. Bivariate DNA/BrdUrd distributions measured for expo-
nentially growing CHO cells at 2-hr intervals after a 30-min treatment
with 10 MM BrdUrd. Data shown as described in the legend to Fig. 1.

or migration). The appearance in early S phase of a population
incorporating substantial amounts of BrdUrd is also evident in
this distribution. The DNA/BrdUrd distribution measured for
cells treated with BrdUrd 9 hr after araC treatment shows a

substantial population of cells in early S phase that have in-
corporated a greater than normal amount of BrdUrd, suggest-
ing an elevated rate of DNA synthesis.

DISCUSSION
We have demonstrated in this paper a technique for the si-
multaneous flow cytometric analysis of cellular DNA content
and amount of incorporated BrdUrd. The critical aspect of the
procedure is the use of 1.5 M HC1 to partially denature the
cellular DNA so that the monoclonal anti-BrdUrd can bind to
the incorporated BrdUrd (the antibody does not bind to BrdUrd
in double-stranded DNA; data not shown) while leaving suf-
ficient double-stranded DNA for PrdI binding. The HC1 treat-
ment also serves to hydrolyze double-stranded RNA, so that
treatment with RNase is not required to get highly DNA-spe-
cific PrdI binding. PrdI fluorescence distributions measured
for CHO cells treated with HC1, as described in this report, or

treated with RNase, as described by Gray and Coffino (15), were

similar in shape, illustrating that the HC1 treatment did not
substantially alter the PrdI fluorescence distribution. In ad-
dition, the fluorescence intensity was not substantially differ-
ent for HCl vs. RNase treatment. However, inferences about
the extent of DNA denaturation cannot be made from these
data because the hydrolysis treatment is expected to remove

histone proteins, thereby increasing the number of available

PrdI binding sites (16), while denaturing DNA, thereby de-
creasing the number of PrdI binding sites (17).
The good correlation between BrdUrd-linked green fluo-

rescence and amount of radioactivity per cell for cells sorted
from a [3H]BrdUrd-labeled cell population (Fig. 2 Lower) il-
lustrates that, for CHO cells, the BrdUrd-linked green fluo-
rescence is proportional to the amount of incorporated BrdUrd.
In spite of this, some of the distributions in Figs. 1-3 show el-
evated green fluorescence intensities for cells with apparent GI
DNA content. In the DNA/BrdUrd distribution in Fig. 1, the
elevated green fluorescence for some cells with GI DNA con-

tent is a reflection of the sensitivity of the BrdUrd labeling pro-

cedure and is not due to nonspecific antibody binding. The el-
evated green fluorescence results from antibody binding to
BrdUrd incorporated during only a few minutes of DNA syn-

thesis as cells moved into S phase midway during the labeling
period. The total DNA content change during this short syn-

thetic period is so small that no change can be detected in total
DNA content. This can be understood by realizing that in CHO
cells with a 7-hr S phase (and assuming, for simplicity, a con-
stant rate of DNA synthesis), a 15-min period of DNA synthesis
would cause only a 4% increase in total DNA content (a 1-chan-
nel shift in the distribution in Fig. 1). Therefore, it is not sur-
prising that some cells with an apparent GI DNA content ac-

tually are early S-phase cells and have incorporated measurable
amounts of BrdUrd. The elevated green fluorescence in cells
with GI-phase DNA content in the 4-hr distribution in Fig. 3
is also a quantitative measure of BrdUrd incorporation. Here
the distribution shows the BrdUrd-labeled cohort of cells that
moved out of S phase and into G1 in the 4-hr period after the
BrdUrd labeling period. Thus, all of the in vitro data supports
our conclusion that we have developed a quantitative proce-
dure for the flow cytometric measurement of cellular DNA
content and amount of incorporated BrdUrd.

Interpretation of the in vivo study of mouse bone marrow is
more complicated. In this study, a population of G1 cells was
identified that seemed to bind antibody nonspecifically. These
cells were sorted and determined morphologically to be highly
differentiated cells. Such cells are known to possess F, recep-
tors and thus bind immunoglobulins nonspecifically (18). Such
nonspecific binding should be taken into account during inter-
pretation of bivariate DNA/BrdUrd distributions measured for
bone marrow populations.
The DNA/BrdUrd analysis procedure described in this pa-

per should facilitate a broad range of biological and biomedical
investigations. The in vitro CHO studies illustrate the utility of
the procedure in studies of DNA synthesis and in tracing the
movement of a BrdUrd-labeled cohort of cells around the cell
cycle, as required for cytokinetic analysis of asynchronous pop-
ulations (Fig. 3). The in vivo studies of bone marrow cells be-
fore and after treatment with araC demonstrate the applica-
bility of the procedure for in vivo analyses and suggest the power
of the technique in the study of drug-treated populations (Fig.
4). The procedure appears especially useful for discrimination
between therapeutically inactivated cells with S-phase DNA
content and cells in S phase that are actively synthesizing DNA.
The BrdUrd procedure should also be of use to oncologists

interested in the detection of low-frequency hyperdiploid tu-
mor populations (19). After BrdUrd labeling, hyperdiploid GC
populations, normally obscured by diploid S-phase cells, should
be visible in the DNA/BrdUrd distribution as having elevated
DNA content and low BrdUrd content; the normal S-phase cells
should fall in a different portion of the DNA/BrdUrd distri-
bution, having elevated DNA contents and elevated BrdUrd
contents.

The DNA/BrdUrd procedure has several advantages over
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FIG. 4. Bivariate DNA/BrdUrd distributions measured for bone marrow cells obtained from control C3H mice and from C3H mice labeled with
BrdUrd 3, 6, or 9 hr after araC treatment. Data are shown as isometric plots with DNA content on the x axis, BrdUrd on the y axis, and frequen-
cyl on the z axis. The squarA root of the frequency is displayed to show the low frequency populations in S phase more clearly.

previously reported procedures for study of cell proliferation
or DNA synthesis. (i) Radioactive DNA precursors are not re-
quired so that problems associated with radiotoxicity are elim-
inated. Of course, this may be replaced by some BrdUrd tox-
icity. However, the magnitude of this is unknown and may be
decreased by simultaneous treatment with deoxycytidine. (ii)
The analysis time is short (as low as 5 min per sample) and only
a few million cells are required for analysis. (iii) The difficulty
of discriminating between labeled and unlabeled cells inherent
in autoradiography is substantially decreased because the dis-
tribution of background green fluorescence for unlabeled G1-,
S-, and G2M-phase cells can be accurately measured and taken
into account during analysis of bivariate DNA/BrdUrd distri-
butions. (iv) Discrimination can be made between labeled and
unlabeled cells with S-phase DNA content. This feature is es-
pecially useful during the study of perturbed populations. (v)
These measurements can be performed by using relatively sim-
ple, commonly available flow cytometers.
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