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ABSTRACT

The thymidine analog 5-bromo-2'-deoxyuridine (BrdUrd) is felt to

exert its cytotoxic effects primarily through incorporation into DNA. We
have evaluated the incorporation of BrdUrd into the DNA of relevant
normal tissues (bone marrow, gut mucosa, and liver) and tumor in rabbits
with the VX2 tumor growing intrahepatically. Using constant i.v. infu
sions, steady state plasma drug concentrations ranging from 0.4 to 65.4
f/M were maintained for 24 h and tissues were harvested and processed
so that a sensitive gas chromatography/mass spectrometry (GC/MS)
method could be used to analyze the thymine and 5-bromouracil content
of hydrolyzed DNA. In all tissues, DNA incorporation showed saturating
effects as plasma BrdUrd concentration was increased and, BrdUrd
incorporation as a function of plasma concentration could be fitted to a
I.angmuir-like equation generating tissue-specific pharmacodynamic pa
rameters: /,â€ž,,for percentage thymine replacement at infinite plasma
BrdUrd concentrations, and CM for the arterial BrdUrd concentration
generating incorporation that is /â€ž,.,â€ž2. At all plasma concentrations of
BrdUrd the incorporation into DNA of bone marrow was greater than
that observed in VX2 tumor. However, BrdUrd labeling index (with a
BrdUrd monoclonal antibody) was greater in tumor than bone marrow.
Thus, pharmacodynamic differences in incorporation do not result solely
from cytokinetic differences between tissues. This model may prove useful
in evaluating the pharmacodynamics of incorporation in studies using
hepatic arterial infusion and biochemical modulation to improve selectiv
ity.

INTRODUCTION

Many antineoplastic agents are believed to act by inhibiting
or otherwise interfering with DNA synthesis. As a result, their
effects are exerted mainly upon rapidly dividing cells, a category
which includes gastrointestinal epithelium and hematopoietic
precursors within the bone marrow in addition to neoplastic
tissues. Since these drugs often exhibit steep dose-response
relationships, the extent to which their cytotoxic effects can be
directed specifically to tumor cells while sparing normal tissues
should have a significant impact upon therapeutic index. Stud
ies which quantify and correlate crucial drug effects on normal
and neoplastic tissues in vivo with achieved plasma concentra
tions have been reported for only a minority of antineoplastic
agents (1), primarily due to difficulties in identification and
quantification of relevant drug target effects and to the limited
number of human tumors amenable to such investigation.

BrdUrd' and IdUrd are halogenated pyrimidines that com

pete with thymidine for incorporation into replicating cellular
DNA. Such substitution has been demonstrated in vitro to
render mammalian cells more sensitive to the lethal effects of
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X-irradiation, UV light, and radiomimetic alkylating agents (2-
12), with the magnitude of sensitization observed to vary almost
linearly with the extent of thymidine replacement in cellular
DNA by the analogs (2, 3, 10, 11, 13). Exposure to BrdUrd
and IdUrd can result in direct cytotoxicity as well, presumably
through effects of fraudulent base substitution on DNA stability
and function, although this aspect of drug effect is relatively
unstudied. The S-phase specificity of these agents together with
their short plasma half lives suggest a rationale for continuous
infusion rather than bolus administration and, their relatively
high total body clearances and hepatic extraction ratios imply
the potential for selective advantage to be derived from regional
(hepatic arterial) delivery in the treatment of hepatic malignan
cies.

There has been a recent resurgence of interest in the clinical
application and investigation of BrdUrd and IdUrd and in
attempts to correlate DNA incorporation in tumor and bone
marrow cells with drug dose schedules and subsequent thera
peutic and toxic effects. We hypothesized that DNA incorpo
ration of thymidine analogs might not be a linear function of
exposure and might, in fact, display saturating kinetics. We
further hypothesized that various tissues in the intact animal
(or patient) might display tissue specific incorporation suscep
tible to improvement (more in tumor, less in normal tissues)
using perturbations of dose scheduling, regional administration,
and modulation with other antimetabolites. Fortunately, we
have previously developed and described the validation of a
sensitive and accurate GC/MS method for determining the
thymine and BrUra content of hydrolyzed DNA extracted from
tissue-derived cells (14, 15). In order to examine tissue specific
incorporation in a model relevant to our clinical interests, we
have implanted into the liver in New Zealand White rabbits the
VX2 carcinoma, an anaplastic squamous cell carcinoma origi
nating in a Shope virus-induced skin papilloma of a domestic
rabbit (16), and maintained steady-state systemic levels of
BrdUrd using constant intravenous infusion. Although our
initial studies utilize i.v. drug administration, this transplanta-
ble tumor model utilizes an animal large enough to receive
regional hepatic arterial drug infusions as well. We thus have
the capability to determine tissue-specific pharmacodynamics
for this antineoplastic agent and develop the data to validate
our hypotheses by comparing target effect as related to dose
rate, schedules, routes of administration, and use of other
modulating drugs. In this initial study we define the system and
describe the tissue specific pharmacodynamics of BrdUrd in
corporation into DNA in hepatic VX2 tumor, surrounding
normal liver, duodenal mucosa and bone marrow resulting from
24-h systemic (jugular venous) infusions as related to resultant
steady state plasma drug levels achieved.

MATERIALS AND METHODS

Catheter Placement. New Zealand white rabbits (Shankin Co., War
ren. MI) weighing between 2.5 and 3.5 kg, were fasted for 18 h, then
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anesthetized with 44 mg/kg of ketamine hydrochloride (Ketaset, Bristol
Laboratories, Syracuse, NY) and 10 mg/kg of xylazine (Rompun, Miles
Laboratories, Inc., Shawnee, KA). To provide access for i.v. infusion of
drug a catheter (0.020-inch i.d., 0.037 inch o.d., medical grade Silastic
tubing, Dow Corning) was inserted into the jugular vein and advanced
1 to 1.5 cm caudally. then secured with 3.0 silk. The catheter was then
advanced s.c. and dorsally to the shoulder back area where it was
threaded through a miniature, three-channel, swivel-tether system (Har
vard Apparatus, South Natick, MA). The swivel-tether system allows
the rabbit unrestricted movement in the cage during the drug infusion.

Maintenance and Implantation of VX2 Tumor in Vivo. Serial passage
of VX2 tumor in carrier rabbits was performed at intervals of approx
imately 3 weeks. The rabbit donating the tumor was sacrificed by i.v.
injection of Pentothal, immediately after which the tumor was stripped
from surrounding connective tissue and rinsed in Eagle's minimum
essential medium. The tumor was minced to approximately 1-mm3

fragments and the suspension of tumor fragments was transferred to a
small sterile flask. Purified collagenase was added to a concentration
of 20 i.u. per ml of suspension and the mixture was then stirred for 30
min at room temperature. An equal volume of 20% Viokase was then
added and the mixture again stirred for 30 min at room temperature.
The resulting cell and tissue fragment suspension was passed through
a Gelman filter holder (stainless-steel sieve without a filter) to remove
macroscopic tissue fragments. The cell suspension was centrifuged at
room temperature for 10 min at 2000 rpm, the supernatant decanted
and the pellet resuspended in 1-2 ml fresh Medium 199. The viable
cell number was estimated by trypan blue staining with microscopic
examination and the cell concentration adjusted by the addition of
Medium 199 to approximately 5 x 106/ml. Injection of 0.2 ml (1 x IO6
cells) into the thigh muscle resulted in production of 1-2 cm diameter
nodules in approximately 3 weeks in 90% of the innoculated animals.

Hepatic implants were placed in anesthetized female rabbits (3.0 kg)
through a midline incision made beginning at the sternum and extend
ing approximately 4-cm caudad. One injection of 0.2 ml VX2 tumor
cell suspension was made into each of the right and left lobes of the
liver using a 25-gauge needle. Bleeding and seepage of the cell suspen
sion were suppressed by use of gentle pressure with a gauze pad. To
minimize adhesions, 50 ml of 32% (w/v) dextran 70 solution (Hyskon,
Pharmacia) was placed in the abdominal cavity. Subcutaneous tissue
was closed with 2.0 Dexon and the skin with 3.0 Nylon. The rabbit
received i.m. injections of 250 mg ampicillin twice a day for 2 days
following the procedure. Isolated solid nodules, 5-15 mm in diameter,
have developed by 12-16 days postimplantation when BrdUrd infusions

were initiated.
BrdUrd Infusion Solution Formulation and Drug Stability. Although

the solubility of BrdUrd is only about 20 mg/ml at neutral pH at body
temperature, much higher BrdUrd concentrations (up to 300 mg/ml)
can be achieved at pH 9.8 in a 0.10 M carbonate/bicarbonate buffer.
Studies of BrdUrd stability using this alkaline, carbonate/bicarbonate
formulation have shown less than 15% BrdUrd degradation over a 14-
day period at 37Â°C.

Plasma BrdUrd Assay. Steady-state plasma BrdUrd levels were as
sayed according to the method we described previously (17).

BrdUrd-specific Immunohistochemical Labeling Procedure. An im
munohistochemical method (18-21) employing a monoclonal antibody
to BrdUrd (B44, Becton Dickenson Immunocytochemistry Systems,
Mountain View, CA) was used to define which cells in sections of
tumor and normal tissues had incorporated the analog. Briefly, tissues
fixed in 70% ethanol were embedded in paraffin using standard histo
logie methods. The 6-^m sections were mounted on chrome-alum

treated glass slides, deparaffinized with xylene, and the DNA denatured
using a strong acid (2 N HC1). The sections were neutralized with 0.1
M borax solution and rinsed with a "blocking buffer" (5% fetal calf

serum, 10% normal goat serum, 0.5% tween 20 in carbonate buffer,
pH 8.4). A 1:30 dilution of B44 in blocking buffer was applied to the
sections for 1 h. This antibody was removed with buffer and the
abundance and distribution of the B44 were determined using a biotin-
ylated goat anti-mouse antibody/avidin-horseradish peroxidase/DAB

system (Vectastain ABC kit, Vector Laboratories, Burlingame, CA).

Tissue Sample Preparation for Determination of BrdUrd Incorporation
into Cellular DNA. DNA was isolated from normal liver or VX2 hepatic
tumor by mincing Ihe samples in lysing solution (IO mM tris, pH 8.0, 10 IHM

EDTA, 0.6% sodium dodecyl sulfate), and gently homogenizing the
samples in glass homogenizers. The slurries were brought to a minimum
volume of 1 ml with lysing solution. Mononuclear cells were isolated
from bone marrow specimens by the Ficoll-Hypaque step gradient
technique, washed with normal saline, and lysed by final suspension in
lysing solution. Duodenum mucosa! epithelial cells were prepared by
splitting the duodenum lengthwise and rinsing it with normal saline,
after which mucosa! cells were scraped off with a microscope slide and
suspended in lysing solution. To each sample was added 0.10 ml
collagenase solution (10 mg collagenase/ml), the samples were vortexed
and incubated at 37Â°Cfor 1 h. Following this incubation. 0.10 ml

Proteinase K solution (0.5 mg proteinase K/ml) was added to each
sample, the samples were vortexed and incubated at 37Â°Cfor 2 h.
Aliquots of the resulting enzyme-treated lysates were stored at -20Â°C

until GC/MS assay.
GC/MS Assay of BrdUrd Incorporation into Cellular DNA. The

thymine and bromouracil content of cellular DNA was determined as
previously described by us (14, 15).

BrdUrd Incorporation Pharmacodynamics in Hepatic V\2 Tumor and
Normal Rabbit Tissues. 28 New Zealand White rabbits (2.5-3.5 kg)
with hepatic VX2 tumor implants and jugular venous catheters received
24 h i.v. infusions of BrdUrd. At 22, 23, and 24 h into the infusion,
blood was drawn from an ear artery, heparinized, and plasma separated
and stored frozen at -30Â°C until assay of the BrdUrd concentration.

At the conclusion of the 24-h infusion, each animal was sacrificed and
tissue samples from the hepatic VX2 tumor(s), bone marrow, duodenal
mucosa, and normal liver were taken for determination of the DNA
BrdUrd incorporation.

RESULTS

Tissue Specificity of BrdUrd Target Effect (Incorporation into
DNA). These initial studies were directed at determining the
effects of dose rate and arterial plasma [BrdUrd]ss on the
incorporation of BrdUrd into DNA of hepatic VX2, normal
liver, bone marrow, and duodenal mucosa in the rabbit. Tissue-
specific target effect data resulting from i.v. BrdUrd infusions
at dose rates ranging from 10 to 640 mg/kg/d (and correspond
ing arterial [BrdUrd]ss ranging from 0.4 to 65.4 Â¿Ã•M)are plotted
in Fig. 1.

ARTERIAL [BUDR]|1 (MH) ARTERIAL [BUDR]|I (nU|

GUT MUCOSA NORMAL LIVER

ARTERIAL[BUDR]u (|iM) ARTERIAL[BUDR]Â»(|iH)

Fig. 1. Effects of [BrdUrd]â€žon incorporation into the DNA of hepatic VX2
and normal tissues. BrdUrd was administered to 28 New Zealand White rabbits
as 24 h, i.v. (jugular venous) infusions ranging from 10 to 640 mg/kg/day. At 22,
23, and 24 h into the infusion, blood samples were drawn from an ear artery for
determination of plasma [BrdUrd)â€žlevels. After sacrifice, rabbit hepatic VX2
tumor, bone marrow, duodenal mucosa, and normal liver tissues were assayed for
their % DNA replacement of thymine by BrUra. DNA BrdUrd incorporations
versus [BrdUrd],, data were plotted and fitted to Equation B.
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Pharmacodynamic data relating incorporation to dose rate
and plasma drug level were analyzed as proposed by Wagner
(22) according to the following equations:

R = (Rm)(C')/[(ECs0y + C*\ (A)

in which R is the pharmacodynamic effect when the drug
concentration is C, Rm is the maximum effect as C approaches
infinity, EC50 is the effective concentration 50% (i.e., the con
centration when R = Rm/2), and s is a constant. The DNA
incorporation of BrdUrd versus [BrdUrd]ss data are well fitted
by an equation of the form of Equation A, which can be written:

/ = (/m.,)(C)/(C50 + C) (B)

where / is the percentage of DNA thymine replaced by BrUra
when [BrdUrd]5S = C, 7maxis the percentage of DNA thymine
replaced by BrUra when the [BrdUrd]ss approaches infinity, C50
is the [BrdUrd]M when / = 7max/2,and C is the [BrdUrd]ss. The
constant s in equation A is set to a value = 1 and therefore
omitted in Equation B.

Using Wilkinson's method (23) with x = C and y = /, and

the linear transform of Equation C:

1/7 = (C50/7m.Â»)(l/C) (C)

one generates 7maxand Csovalues which are characteristic of the
specific tissue tested (tumor, bone marrow, duodenal mucosa,
or normal liver). The statistical estimates of the pharmacody
namic parameters, 7maxand Cso, as described by the fitted data
for each of the four tissues tested, and measures of fit (r2 and
SD of scatter), are listed in Table 1. Wilkinson's method has

the effect of eliminating the peculiar weighting introduced by
the reciprocals in Equation C and effectively providing fits to
Equation B such that the percentage of BrdUrd incorporation
(7) values have equal weights.

By plotting the percentage of DNA thymine replaced by
BrUra (expressed as mean Â±SD) versus [BrdUrd]ss, and the
fitted curves described by Equation B and the 7maxand C50
values listed in Table 1, the tissue-specific pharmacodynamic
curves relating target effect and arterial [BrdUrd]ss can be
generated and are plotted in Fig. 1.

The data clearly indicate that of the four tissues tested, bone
marrow, a common source of dose-limiting BrdUrd toxicity,
exhibits the greatest percentage of DNA thymine replacement
by BrUra over the range of dose rates tested and arterial
[BrdUrd]5S observed. Since the difference between the C50(12.6
Â±2.0 versus 15.2 Â±2.6 /UM)values for bone marrow and hepatic
VX2 tumor are not significant, the greater BrdUrd incorpora
tion observed in bone marrow cellular DNA (versus tumor) is
determined by its significantly greater 7maxvalue (63.3 Â±4.8%
versus 47.2 Â±4.6% for tumor), and will remain greater inde
pendent of arterial [BrdUrd]ss when the drug is administered as
a 24-h, i.v. infusion.

Table 1 /â€žâ€žand C50values derived from the tissue-specific pharmacodynamic
curves relating % DNA Ihymine replaced by BrUra to peripheral arterial plasma

steady-stateBrdUrdconcentrations
/mÂ«,is % DNA thymine replaced by BrdUrd as arterial plasma [BrdUrd)Â«

approaches infinity. Cw is the arterial plasma [BrdUrd]ss at which / = /mÂ«/2.
Values expressed as Â±SE.

TissueBone

marrowDuodenal
mucosaNormal
liverHepatic

VX2 tumorn24252823An.,63.3

Â±4.85.8
Â±0.82.2
Â±0.247.2
Â±4.6CÂ»12.6

Â±2.00.8
Â±0.92.5
Â±0.815.2
Â±2.6r20.9050.3180.5210.842SDofscatter5.122.050.524.91

Immunohistochemical Analysis of the Proportion of Cells La
beled with BrdUrd in Rabbit Hepatic VX2 Tumor and Normal
Tissues. Using the commercially available BrdUrd-specific
monoclonal antibody and the DAB staining procedures as
described above, we have determined the proportion of cells
within the sampled rabbit tissues which, during the 24-h i.v.
BrdUrd constant infusions, actively incorporated BrdUrd into
their cellular DNA. Analysis of hepatic VX2 tumor and normal
tissue samples from six rabbits revealed that the percent of cells
containing the BrdUrd DNA label in hepatic VX2 tumor tissue
samples was 91.3 Â±4.3; in rabbit duodenal basilar crypt epithe
lium was 93.3 Â±3.0; in rabbit bone marrow was 66.7 Â±11.4;
and in rabbit normal hepatocytes was 3.8 Â±0.4 (values ex
pressed as mean percentage Â±standard deviation). Figs. 2-5
are representative photomicrographs of immunohistochemi-
cally stained sections from hepatic VX2 and normal tissues of
rabbits after 24-h i.v. BrdUrd infusions.

DISCUSSION

The relevant target effect for the thymidine analogs BrdUrd
and IdUrd is incorporation into cellular DNA. In what was felt
to be the first report of quantitative determination of substitu
tion by a drug into DNA without use of radiolabeled drug,
BÃ©langerÃ©tal.(24) found that hematological toxicity in patients
receiving i.v. infusions of IdUrd was related to the extent of
substitution for thymidine by the analog as measured in periph
eral blood granulocytes. Before undertaking clinical studies
which would evaluate thymidine analog incorporation in what
we feel are the pertinent tissues (tumor, bone marrow, gut), we
desired an understanding of incorporation in a manipulatable
model (animal system) where the pharmacodynamic relation
ship of analog substitution both in tumor and in relevant normal
tissues could be related to sustained plasma levels of BrdUrd.

We have proven that our first hypothesis holds in this model
system and have found that BrdUrd substitution is a nonlinear
function of steady-state plasma drug level for all tissues exam
ined. Furthermore, we have demonstrated that BrdUrd substi
tution pharmacodynamics can be described by an equation
(Equation A) similar in form to the Langmuir equation. Equa
tion A has received theoretical (25) and empiric support (26).
Although such equations have been utilized to fit pharmaco
dynamic data for several drugs including the antiarrhythmic
agents tocainide (27) and MD-750819 (28), </-tubocurarine
(29), morphine (30), and clonidine (31), we believe this is the
first time it has been applied to an anticancer agent.

Use of 7maxand Cso parameters, as herein described and
determined, allows comparison of tissues as to their intrinsic
incorporation characteristics, including comparison of tumor
to sensitive normal tissues and of in vitro cell lines to related
cell types in vivo. Furthermore, this quantitative approach al
lows the examination of the effects of manipulations aimed at
improving selectivity of uptake into tumor versus normal tis
sues. Variables for manipulation and study include duration of
constant infusion, analog in question (BrdUrd versus IdUrd),
effects of modulators such as thymidylate synthase inhibitors,
and route of delivery (see below).

Since the technique as applied measures average substitution
in the aggregate DNA of the cell population in question, it
might be argued that the cytokinetic differences in fraction of
cells in each tissue going through the DNA synthetic phase
accounts for differences between various tissues and that thy
midine labeling indices would suffice. Certainly a sensitive
measure of substitution per individual cell would be ideal. At

6902

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/2433769/cr0480236900.pdf by guest on 19 M

ay 2023



BrdUrd PHARMACODYNAMICS IN TUMOR-BEARING RABBITS

Fig. 2. Immunohistochemical visualization
of DNA incorporated BrdUrd; VX2 tumor
margin in the liver. The upper one-third of the
Held is the liver containing few small cells
positive for BrdUrd (arrow head): these are
probably Kupffer cells or circulating leukocytes
in hepatic sinusoids. The remaining area is
neoplastic tissue composed of lobules of cells
with a high labelling index. Intervening zone
(T) is a hepatic triad and surrounding pale
desmoplastic reaction. Mouse anti-BrdUrd,
DAB substrate, no counterstain. Bar, 30 i/ni.

Fig. 3. Immunohistochemical visualization
of DNA incorporated BrdUrd; VX2 neoplastic
cells. Unlabeled nuclei are barely visible (arrow
head). A wide variety of staining densities is
apparent from barely detectable (a) to heavily
labeled (A). Mouse anti-BrdUrd, DAB sub
strate, no counterstain. Bar, 20 jim.

present, however, monoclonal antibody techniques for meas
uring the population distributions of BrdUrd incorporation are
qualitative or, at best, semiquantitative (and would be expected
to correlate directly with thymidine labeling indices). It is
noteworthy that bone marrow has a lower BrdUrd labeling
index than the VX2 tumor although the incorporation and Im,x
of the bone marrow nucleated cells are much higher. Thus, the
differences seen in percent analog substitution cannot be due
to differences in proportion of cells labeled, but relate to cellular
and tissue differences in the ability to activate and incorporate
exogenous nucleoside, certainly due to pre-existent enzymatic
differences. On the other hand, the apparently low levels of
BrdUrd incorporation into the DNA of duodenal mucosa (/â€ž,ax
= 5.8 Â±0.8%) is primarily due to tissue sampling technique
which results in the pooling of DNA from the dividing popu

lation of mucosal cells (basilar crypt epithelium, labeling index
= 93.3 Â±3.0%, as well as from all other cell populations in the
duodenal mucosa. It is anticipated that protracted infusions
72+ h) will lead to a higher BrdUrd labeling index for tumor,
bone marrow, and gut mucosa, and such studies are planned.
Presently, we are attempting to develop a more quantitative
immunohistochemical assay for substitution utilizing the mono
clonal antibody which might allow analysis of substitution on
a per-cell basis within a given tissue.

The results of the present study are valuable in considering
regional drug infusions such as direct hepatic arterial BrdUrd
administration. Our data indicate that the advantage, in terms
of BrdUrd uptake as regional exposure increases, will fall at
progressively higher dose rates which, while generating ex
tremely high regional levels, may still result in systemic levels
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'

Fig. 4. Immunohistochemical visualization
of DNA incorporated BrdUrd; bone marrow
imprint. Anucleate erythrocytes are not labeled
(e). Heavily (a) and lightly (b) stained leuco
cyte precursers are present. Mouse anti-
BrdUrd, DAB substrate, no counterstain. Bar,
10 Â»m.

3

r-

Fig. 5. Immunohistochemical visualization
of DNA incorporated BrdUrd; Duodenum. Be
tween the serosa (s) and the lumen (/) are
unlabeled cells of the tips of villi (arrow head)
and heavily labelled crypt epithelial cells (c),
lymphoid aggregates (a) and submucosal
glands (#). Mouse anti-BrdUrd, DAB sub
strate, no counterstain. Bar, 100 /im.
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that are near plateau. At high systemic exposure levels (>20
/Â¿Mon Fig. 1), which are near plateau for bone marrow, an
increased tumor exposure (also near plateau) of even 20-fold
over that of bone marrow (such as created by hepatic arterial
infusion) would result in a bone marrow incorporation that
exceeds that of tumor due to the plateau effects. However, at
sufficiently low systemic drug levels, tumor incorporation may
be 10-fold greater than bone marrow such as would occur if,

for example, the hepatic arterial infusion generated a 10 ^M
level for tumor and a 0.5 pM level for bone marrow. Thus,
selectivity achievable with hepatic arterial infusion should be
dose rate dependent due to saturating pharmacodynamic effects
demonstrated in this model. A similar saturation phenomenon
could also explain, in part, why the therapeutic effects of hepatic
arterial infusion are often not as great as would be anticipated

from the high regional drug exposures generated. This finding
should give great caution to those clinicians bent on pushing
high drug dose rates in regional infusions inasmuch as selectiv
ity may fall as dose rate rises. The other option, increasing the
time with a given low concentration of drug, would thus be the
way to maximize C x T and remain regionally selective.

As others have noted (24), the ability to monitor analog
incorporation into DNA provides a facile guide to evaluate the
impact of maneuvers aimed at improving selectivity of uptake
into tumor versus sensitive normal tissue. We intend to apply
the pharmacodynamic insights and the techniques developed in
this model system into clinical investigations which utilize the
GC/MS assay (and stable BrdUrd isotopes) coupled with sur
gical biopsy of hepatic tumors, bone marrow, and gut. This
should allow a means to validate the pharmacodynamic prin-
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ciples seen in the VX2 rabbit model system and allow for the
rational extension of more selective therapies from animal
models into clinical experimental therapeutics.
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