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A B S T R A C T Using a monoclonal antibody to bro-
modeoxyuridine (BUdR) and immunohistochemistry,
we measured the incorporation of this thymidine an-
alogue into the DNAof human normal and malignant
cells exposed in vivo. BUdR given as a constant intra-
venous infusion for 12 or 24 h daily for up to 13 d
resulted in a steady-state plasma level of 10-6 Mduring
the infusion. Wedemonstrated extensive incorporation
of BUdR into both normal skin, normal bone marrow,
and malignant melanoma cells. In addition, this in-
fusion of BUdR was adequate to identify sister chro-
matid exchanges from human marrow chromosomes
exposed in vivo. Using this constant infusion, signifi-
cant but reversible (acute) toxicity was observed with
myelosuppression and skin photosensitivity. These
techniques, which are considerably less cumbersome
and time-consuming than the use of radioactive iso-
topes of thymidine, can be used for further human
studies of cell kinetics and chromosomal replication
in both normal and malignant cells.

INTRODUCTION

Studies of cell cycle kinetics and of nucleotide incor-
poration into the DNAof various tissues are important
for understanding normal and malignant cell growth
(1). Tritiated thymidine incorporation into DNAde-
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tected by autoradiography has been used to study the
cell kinetics of normal and malignant cells in vivo and
in vitro (1, 2). Bromodeoxyuridine (BUdR),' a pyrim-
idine analogue of thymidine, produces significant x-
ray sensitization following incorporation into DNA(3).
Clinical trials using BUdRshowed enhanced x-ray sen-
sitivity of human tumors (4-5); however, it has not
been possible to directly demonstrate BUdR incorpo-
ration into normal or malignant cells. As part of a
clinical investigation evaluating BUdR as an in vivo
x-ray sensitizer (5), we used a monoclonal antibody
and immunohistochemistry to measure BUdR incor-
poration into the DNAof normal and malignant cells.
This technique could quantitate the proportion of nor-
mal and malignant cells incorporating BUdR during
the period of infusion and, therefore, the proportion
of cells dividing (i.e., labeling index). This immuno-
histochemical technique was also used to detect BUdR
in the chromosomes of marrow cells and for the first
time directly demonstrate the phenomenon of sister
chromatid exchange (SCE) (6) in man in vivo.

METHODS

Therapy of patients and procurement of
human specimens
Tumor and normal tissue specimens were obtained from

patients treated with BUdRin a study at the National Cancer
Institute. Written informed consent was obtained before

' Abbreviations used in this paper: BUdR, bromode-
oxyuridine; SCE, sister chromatid exchanges.
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entry in the study. One patient with malignant melanoma
was treated with BUdR 650 mg/m2 by continuous in vivo
infusion for 8 d. Skin, tumor, and marrow biopsies were
obtained before and after the 8-d infusion. The second pa-
tient, also with malignant melanoma, was treated with BUdR
650 mg/m2 by intravenous infusion for 12 h every 24 h for
13 d. He received local radiotherapy for the last 7 d. A punch
biopsy of the melanoma was obtained following the 13-d
infusion.

Flow cytometric analysis of
BUdR incorporation

Chinese hamster V79 cells in log phase growth were cul-
tured in F12 medium supplemented with 10% fetal calf
serum. The cells were exposed to BUdR at a concentration
of 10- or 10-6 M for 17 h (approximately two cell cycles);
control cells were not treated with BUdR. The cells were
harvested by trypsinization and washed two times in 0.1 M
phosphate-buffered saline (PBS). The cell pellet was fixed in
50% ethanol at 4°C for 2 h. The cells were then treated with
1 N HCI for 10 min, centrifuged, and resuspended at 5 X
106 cells/ml in 0.2 ml PBS with 10% goat serum. A mono-
clonal antibody directed against BUdRwas prepared as pre-
viously described (7). This antibody was used at a dilution
of 1:20 to stain the cells (60 min at room temperature). The
cells were washed two times in PBS with 10% goat serum,
then stained with an affinity-purified fluorescein-conjugated
goat anti-mouse IgG second antibody (Cappel Laboratories,
Inc., Cochranville, PA) for 1 h. The cells were analyzed on
a fluorescence-activated cell sorter (FACS II, Becton, Dick-
inson & Co., Mountain View, CA) by using the 488-nm line
of an argon ion laser at 500 mWpower. Data analysis was
based on the collection of 10,000-50,000 cells/sample.

Immunohistochemical staining of
incorporated BUdR
V79 cells. Microscope slide preparations were made of

V79 cells that had incorporated BUdR (106 or 10' M for
17 h) or no BUdR. The cells were fixed in acetone, treated
with 0.1 N HCl, stained with the anti-BUdR monoclonal
antibody (dilution 1:40), washed, stained with a biotin-con-
jugated horse anti-mouse antibody (Vector Laboratories, Inc.,
Burlingame, CA, at a dilution of 1:200), and stained with an
avidin-biotin-peroxidase complex (8). Visualization of the
reaction product was achieved with the diaminobenzidine-
H202 reaction as previously described (8). Cells that contained
BUdR were identified by the presence of a dark pigment
over their nuclei.

Normal and malignant human tissue. Biopsies of normal
skin and two malignant melanomas were obtained before
and after treatment; frozen sections were prepared and
stained as described above or with hematoxylin and eosin.

Incorporation of BUdR into chromosomes. Marrow cells
from patients receiving BUdR infusions were incubated in
0.5 ,ug/ml of colchicine for 1 h, followed by treatment with
hypotonic PBS (0.02 M) and fixation in methanol and acetic
acid (3:1). The chromosomes were treated with 0.1 N hy-
drochloric acid and allowed to air-dry. The slides were then
stained with the monoclonal anti-BUdR antibody and the
immunohistochemical procedure described previously. 25
metaphase chromosomes were examined from one patient.
In a parallel study, chromosomes were also stained with a
technique used previously to identify BUdR incorporation

into chromosomes in vitro and based on differential chro-
matid staining following exposure to Hoechst 33258 and
Giemsa (9).

Measurement of blood levels of BUdR
Blood levels were assayed using a high-performance liquid

chromatography technique (manuscript submitted for pub-
lication).

RESULTS

BUdR incorporation into V79 cells. As a prelimi-
nary study to test the feasibility of this technique,
Chinese hamster ovary V79 cells were cultured in 10'
or 10-6 M BUdR or no BUdR for 17 h. BUdR was
detected in these cells both by a fluorescent antibody
technique (Fig. 1 A) and by immunohistochemical
staining (Fig. 1 B-D), following as little as 17 h of
exposure. The ordinate in Fig. 1 shows the relative cell
number and the abscissa the relative fluorescence in-
tensity (divided into 1,000 logarithmic channels) of
cells stained with the monoclonal antibody anti-BUdR
and a second fluorescein-conjugated goat anti-mouse
IgG antibody. The cells exposed to BUdRwere clearly
more fluorescent and the cells that had been exposed
to the higher concentration of BUdR yet even more
fluorescent. The median fluorescence channel for cells
incubated in 10' MBUdRwas 647, for 106 M it was
601, and for cells that had not incorporated BUdR it
was 456. Examination of the cells by fluorescence mi-
croscopy confirmed that fluorescence was localized in
the nucleus and a study with 3H-labeled BUdR (data
not shown) confirmed that cells exposed to the higher
concentration of BUdRincorporated more BUdR. Pan-
els B-D show the cells stained with the immunohis-
tochemical technique; panel B, cells incubated in the
presence of 10- MBUdR; panel C, cells incubated in
the presence of 106 MBUdR; and panel D, no BUdR.
Cells that incorporated BUdRwere darkly stained over
the nucleus and there was clearly more staining of cells
incubated in the higher concentration of BUdR and
no staining of cells not exposed to BUdR (panel D).
These studies established that the immunohistochem-
ical technique quantitatively detected BUdR incor-
poration into DNA.

BUdRincorporation into human cells. Tumor and
normal tissue specimens were obtained from patients
treated with BUdR as a radiosensitizer in a study at
the National Cancer Institute. One patient (Fig. 2) was
exposed to a constant blood level of BUdR for 8 d. A
marrow biopsy was obtained and chromosome prep-
arations were made. The chromosomes were stained
with the immunohistochemical technique (Fig. 2).
Chromosomes in 25/25 metaphases had darkly stained
chromatids, therefore suggesting they had incorporated
BUdR. There was no background staining with the
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FIGURE 1 (A) Chinese hamster V79 cells in log phase growth were exposed to BUdR at 10'
or 10-6 Mfor 17 h. They were stained with a monoclonal anti-BUdR antibody and a fluorescein-
conjugated goat anti-mouse second antibody. The plot shows the relative cell number vs. flu-
orescence intensity. Cytospin preparations were also made of the V79 cells that had incorporated
BUdR (10-' M, panel B, or 106 M, panel C, for 17 h) or no BUdR (panel D). The cells were
stained with the anti-BUdR antibody (dilution 1:20), a biotin-labeled horse anti-mouse antibody,
and an avidin-biotin-peroxidase complex. Visualization of the reaction product was achieved
with diaminobenzidine-H202 reaction.

second antibody alone and chromosomes obtained from
cells before therapy with BUdR did not bind the an-
tibody and therefore did not stain. Several of the chro-
mosomes displayed differential chromatid staining (Fig.
2), indicating that the antibody bound more to chro-
matids with two DNAstrands containing BUdR than
those with one. This staining pattern identifies this cell

as a second division metaphase that had incorporated
BUdR for two rounds of DNA synthesis. The arrows
indicate portions of chromatids where SCE occurred
in vivo. The appearance was similar to that observed
when chromosomes from human lymphocytes are ex-
posed to BUdR in vitro and stained using the Hoechst
stain 33258 and Giemsa. A parellel study using the
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FIGURE 2 A chromosome preparation stained with the immunohistochemical technique from
the marrow of a patient treated with BUdR. The staining pattern observed establishes that this
cell is a second division (with BUdR incorporation) metaphase. The arrows indicate SCE.

Hoechst stain and Giemsa technique to stain the chro-
mosomes from the same patient also demonstrated dif-
ferential chromatid staining, confirming the presence
of BUdR in these chromosomes (data not shown).

The immunohistochemical staining method (Fig. 3)
revealed that after in vivo infusion, BUdRwas present
in the nuclei of 10-50% of human malignant cells and
in the basal layer of cells of the normal epidermis.
Biopsies from two malignant melanomas were ob-
tained before and after in vivo exposure to blood levels
of 1-2 X 10-6 MBUdR for 8 (Fig. 3 A-C) and 13 (Fig.
3 D-F) d. Frozen sections were stained as described
or with hematoxylin and eosin. The first tumor con-
sisted of small nodules (0.5 cm' in size). There was no
staining of any cells in the tissue biopsies obtained
before treatment with BUdR (Fig. 3, panel A). Panel
B is a low-power view of the skin and tumor following
biopsy. Dark staining over the nuclei of the cells in-
dicates BUdR incorporation into the DNA of these
cells. Incorporation of BUdR was relatively homoge-
neous, and of 1,000 cells examined, 10% had incor-
porated BUdRduring the 8 d of infusion. The staining
was specific since no staining was detected when the
first antibody was replaced with MOPCmouse my-
eloma protein, pooled mouse immunoglobulin, or
mouse ascites fluid from NS-1.

Panels D, E, and F show tissue sections from the

second patient, who had a large rapidly growing ma-
lignant melanoma 30 X 30 X 34 cm in size and was
treated with 650 mg/in2 of BUdR by intravenous in-
fusion for 12 h every 24 h for 13 d. He received ra-
diotherapy for the last 7 d. The blood levels of BUdR
were 2 X 106 Mduring the 12 h of drug infusion and
rapidly dropped when the infusion was stopped. The
leukocyte count remained constant during therapy but
the platelet count fell from 557,000 to 125,000/mm3.
A punch biopsy of the melanoma after the 13-d in-
fusion was frozen in liquid nitrogen, tissue sections
were prepared and then stained with the immunohis-
tochemical technique. There was very little back-
ground staining (Fig. 3, panel D) but strong staining
of the nuclei in the tumor and in the normal epidermis
(panels E and F). There was heterogeneity in the pro-
portion of cells containing BUdR in different portions
of this tumor. Panel F of Fig. 3 shows a portion of the
tumor where few of the nuclei appear to have incor-
porated BUdR, surrounded by an area in which a large
proportion of the cells appear to contain BUdR.

DISCUSSION

Wehave developed an immunohistochemical technique
to identify BUdRin the nuclei of cells while preserving
the tissue structure. A monoclonal antibody to BUdR
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was found to bind to cell nuclei containing BUdR. This
was demonstrated using both a fluorescence technique
and the immunohistochemical technique.

This immunohistochemical technique was then used
to identify BUdR in tissue biopsies obtained before
and after therapy. As expected, it was found that
BUdR had been extensively incorporated into both
malignant and normal cells following in vivo admin-
istration. Distribution of cells that had incorporated
BUdR was relatively uniform in the small malignant
melanoma nodules examined. However, the distribu-
tion of cells that had incorporated BUdR in the large
melanoma was more heterogeneous, with 10-50% of
the cells containing BUdR in different portions of the
tumor. Variation in the labeling of this tumor was con-
sistent with previous findings using [3H]thymidine in
vivo in large tumor masses (2). The variability of pro-
liferation in different portions of the tumor may be
due to differences in perfusion.

The finding of large portions of the tumor with no
BUdR suggests that only some of the cells in a tumor
can be sensitized to radiation by BUdR. BUdRwas also
found in normal cells, confirming that it is not a se-
lective radiosensitizer for malignant cells, although it
is possible the extent of sensitization of tumor cells
may be greater if they incorporate more BUdR.

In skin, the greatest incorporation of BUdRwas seen
in the basal layer of the epidermis, which is consistent
with this being the site of highest cell proliferation.
There was also significant incorporation into skin ad-
nexal structures, such as sebaceous glands. More pro-
liferation was seen in the normal epidermal cells over-
lying the tumor than in epidermal cells from other
sites.

The incorporation of BUdR into normal skin and
into the normal proliferating cells in the marrow dem-
onstrated directly in this study for the first time is not
surprising. In addition to x-rays, BUdR also sensitizes
cells to UV light (10) and to fluorescent light (unpub-
lished observations) and so its presence in the normal
epidermis is consistent with the skin phototoxicity ob-
served when patients are treated with BUdR. BUdR is
cytotoxic at high concentrations (3) and therefore the
incorporation of BUdR into normal cells in the bone
marrow probably produces the fall in blood counts often
observed and the enhanced radiation sensitivity of
marrow progenitor cells (11). The mechanism(s) by
which BUdR sensitizes cells to UV light and causes

cytotoxicity are not totally understood. It has been
shown that photoproducts resulting from bromine rad-
icals, as well as uracil radicals, transiently exist (12).
The injury from these products can result in both single-
and double-strain breaks in DNA(12). The etiology of
cytotoxicity resulting from substitution of thymidine
by BUdRmay result from interference with the function
of DNA (13).

BUdR in chromosomes in the marrow after in vivo
infusion allowed us to demonstrate for the first time
that in man SCE occur in vivo. In vivo SCE has pre-
viously been reported using animal systems (14, 15).
Although the significance between SCE elevation and
exposure to a variety of mutagens is uncertain, there
appears to be a relationship (16). Our method should
allow for the study of in vivo SCE induction following
chemotherapeutic agents (that are also mutagens) in
selected patients.

There are several advantages to the technique we
described over those of [3H]thymidine for in vivo cell
kinetic studies in man. Since most studies of this nature
have been conducted in a clinical setting, the use of
[3H]thymidine for cell kinetic studies has involved ex-
posure to a potentially hazardous radioactive com-
pound in addition to the prescribed therapy. In our
study, BUdR itself is a major part of the therapy and
therefore cell kinetic studies can be conducted without
introducing additional procedures. Although we have
found significant but readily reversible toxicity to bone
marrow and skin using a prolonged infusion (5), it is
quite possible that important kinetic information can
be obtained with a shorter, less toxic infusion. Studies
are planned with infusion periods for only 1-2 d. Al-
though BUdR is a known mutagen (17), a short infusion
in selected patient populations may allow for in vivo
studies of chromosome replication and cell kinetics in
a variety of chronic diseases. Secondly, in vivo
[3H]thymidine studies in man are cumbersome, time-
consuming (up to months for autoradiograph storage),
and, due to low levels of isotope incorporation, the
interpretation of autoradiographs can often times be
difficult. The BUdRtechnique we describe is rapid and
easily interpreted with a minimum of background
staining. The recently renewed clinical interest in
BUdR as an x-ray sensitizer (5) provides a good op-
portunity to reexamine human malignant and normal
cell kinetics in vivo. Our approach, based on the de-
tection of BUdRby immunohistochemistry, may have

BUdR in Tumors and Chromosomes Detected with a Monoclonal Antibody

FIGURE 3 Biopsies of malignant melanomas and skin from two patients stained with an im-
munohistochemical technique. Panels A, B, and C show biopsies from the first patient's mel-
anoma and from uninvolved skin (panel A: pre-BUdR, panels B and C: post-BUdR). Panels D,
E, and F are biopsies from the second patient's melanoma (panel D: second antibody control;
panels E and F: first and second antibody).
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many applications, and, in some studies, replace
[3H]thymidine detected by autoradiography.
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