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Abstract Purpose: We have previously reported incom-
plete cytotoxic responses of other human solid tumors
(bladder, head and neck, ovarian and prostate) to pac-
litaxel. This ®nding is qualitatively di�erent from the
nearly complete response observed in monolayer cul-
tures of human cancer cell lines. The present study ex-
amined the pharmacodynamics of paclitaxel in human
breast tumors. Methods: Three-dimensional histocul-
tures of patient tumors were used. The cytostatic e�ect
was evaluated by measurement of the inhibition of 48-h
cumulative bromodeoxyuridine (BrdUrd) incorporation.
The apoptotic e�ect was evaluated in terms of mor-
phological changes and by in situ DNA end labeling.
Results: Paclitaxel produced partial cytostasis (�30%
maximum) and induced apoptosis (maximum apoptotic
index of 3.3% to 29%) in all 15 tumors. More than 95%
of apoptotic cells were BrdUrd labeled, but not all
BrdUrd-labeled cells were apoptotic. The maximal
apoptotic indices in the tumors were signi®cantly cor-
related with the BrdUrd labeling index of untreated
controls (r2 � 0.63, P < 0.01). The maximum apop-
totic e�ect was observed at a tenfold lower drug
concentration (0.1 lM ) compared to the maximum
cytostatic e�ect (1 lM ). Neither of these e�ects was
enhanced by increasing the drug concentration to
10 lM. Conclusions: The pharmacodynamics of paclit-
axel in human breast tumors are comparable to those
found in other human solid tumors. The labeling of
apoptotic cells by BrdUrd and the correlation between
the proliferation index and apoptosis suggest that drug-
induced apoptosis is linked to cell proliferation and is
completed after DNA synthesis. The ®nding that maxi-

mal cytostatic and apoptotic e�ects of paclitaxel were
achieved at or below the clinically achievable concen-
tration of 1 lM suggests further increasing the dose to
elevate plasma concentration beyond 1 lM may not
improve treatment outcome.
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Introduction

Paclitaxel shows signi®cant activity against human
cancers including ovarian, breast, non-small-cell lung,
and head and neck cancers (reviewed in reference 2).
Paclitaxel is e�ective in treating breast cancer with a 20±
60% complete and partial response rate (reviewed in
reference 6). The signi®cant activity of paclitaxel in
previously treated breast and ovarian cancer patients is
particularly impressive, as most previously treated pa-
tients are refractory to subsequent chemotherapy. Pac-
litaxel has multiple pharmacologic e�ects. It promotes
the polymerization of microtubules, causes blockade at
the G2/M interphase, inhibits DNA synthesis, and in-
duces apoptosis in tumor cell lines, murine solid tumors,
and leukemic cells in patients [5, 8, 13, 19, 22, 24].

The clinical activity of paclitaxel in patients, as a
function of drug concentration and exposure time, is a
subject of intense interest. Di�erent durations and fre-
quencies of treatments are being evaluated clinically to
identify the most e�cacious treatment schema. Paclit-
axel is usually administered every 3 weeks by infusion
over 3, 24 or 96 h, at doses ranging from 135 to 250 mg/
m2 [6]. The 3-h treatment schedule is advocated in part
because of its application in an ambulatory setting [26],
whereas preclinical data suggest that the therapeutic
e�ect is improved by prolonging treatment to 96 h [15].
Recently, phase I and II trials have been initiated to test
the merits of daily and weekly treatment schedules. The
maximal tolerated dose is related to treatment dura-
tion and frequency. In general, a higher dose is better
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tolerated when given over a longer time. Pharmacody-
namic data are needed to determine whether increasing
the dose or the dosing frequency can increase the drug
e�ects.

We have recently shown that paclitaxel produces
cytostatic (i.e. inhibition of DNA synthesis) and apop-
totic e�ects in three-dimensional histocultures of human
bladder, head and neck, ovarian and prostate tumors,
but neither e�ect is complete even at drug concentra-
tions that are ten times the clinically achievable con-
centration [29, 34]. These data are qualitatively and
quantitatively di�erent from the data obtained using
monolayer cultures of human cancer cell lines, which
exhibit nearly complete responses to paclitaxel at lower
concentrations [21, 23]. The e�ects of paclitaxel in three-
dimensional cultures of human breast tumor cells are
not known.

The goal of the present study was to determine the
e�ects of paclitaxel in human breast tumors as a func-
tion of drug concentration. These studies required the
evaluation of drug sensitivity in individual patient tu-
mors, and were performed using histocultures of surgical
specimens of breast tumors. The major advantages of
the histoculture system are the maintenance of a three-
dimensional tissue architecture, cell±cell interaction, and
inter- and intratumoral heterogeneity [33]. The clinical
relevance of the human tumor histoculture system has
recently been demonstrated by Ho�man et al. These
investigators have shown in retrospective and semipro-
spective preclinical and clinical studies that drug re-
sponses in human solid tumor histocultures correlate
with the sensitivity and resistance of cancer patients to
chemotherapy and with patient survival [10, 18, 27].

Materials and methods

Chemicals and supplies

Paclitaxel was a gift from Bristol-Myers Squibb (Wallingford, Ct.).
Sterile pig skin collagen (Spongostan standard) was purchased
from Health Designs Industries (Rochester, N.Y.), bromodeoxy-
uridine (BrdUrd) from Sigma (St. Louis, Mo.), cefotaxime sodium
from Hoechst-Roussel (Somerville, N.J.), gentamicin from Solo
Pak Laboratories (Franklin Park, Ill.), minimal essential medium
(MEM) from Life Technologies (Grand Island, N.Y.), antibodies
against BrdUrd from BioGenex (San Ramon, Calif.), and a labeled
streptavidin-biotin (LSAB) detection kit from Dako (Carpinteria,
Calif.). All chemicals and reagents were used as received.

Histoculture of tumor specimens

Specimens of human breast cancer were obtained via the Tumor
Procurement Service at The Ohio State University Comprehensive
Cancer Center. Tumor pathology was determined by clinical pa-
thologists. The tumor specimens were placed in medium within 10
to 30 min of surgical excision, and maintained at 4 °C until use.

Histoculture of the tumor specimens was performed as previ-
ously described [11]. In brief, the non-necrotic portions of the
specimens were cut to about 1 mm3 pieces under sterile conditions.
Four to six tumor pieces were placed on a 1-cm2 presoaked colla-
gen gel in six-well plates, and cultured in a humidi®ed atmosphere
of 95% air and 5% CO2 at 37 °C. The culture medium (pH 7.4)

consisted of MEM supplemented with 9% heat-inactivated fetal
bovine serum, 0.1 mM nonessential amino acids, 100 lg/ml gent-
amicin and 95 lg/ml cefotaxime. The tumor pieces were cultured
for 3 or 4 days before use in pharmacodynamic studies.

Pharmacological e�ects of paclitaxel

Tumor histocultures were incubated with paclitaxel. A paclitaxel
stock solution was prepared in ethanol. Su�cient volume of stock
solution was added to the culture medium so that the ®nal ethanol
concentration was <0.1%.

The antiproliferative e�ect of paclitaxel was measured by the
inhibition of DNA precursor incorporation into tumor cells. Note
that this method measured all cells that incorporated the precursor,
including the apoptotic cells. Tumor histocultures were exposed to
various concentrations of paclitaxel ranging from 0.001 to 10 lM
for 24 h. These concentrations are equivalent to about 1% to
1000% of the clinically achievable plasma concentrations [29, 34].
After drug treatment, the medium was exchanged and the tumor
pieces were washed three times with 5 ml of drug-free medium. The
tumor pieces were incubated with 40 lM BrdUrd for 48 h, washed
twice with PBS, then ®xed in 10% neutralized formalin and em-
bedded in para�n. The embedded tissues were cut into 5 lm sec-
tions using a microtome, depara�nized, and analyzed for BrdUrd
labeling using LSAB kits and standard immunohistochemical
methods. Controls were processed similarly, with the exception of
drug treatment. Tissue sections were examined microscopically, the
labeled tumor cells were scored, and the fraction of labeled cells
(LI) was determined. A typical experiment used a total of 12 to 20
tumor pieces for each drug concentration. A minimum of 200 cells
per tumor piece, or >1500 cells, were counted per concentration.

Apoptosis was evaluated by monitoring morphological changes
and by the TUNEL method. Apoptotic cells were de®ned by
chromatin condensation and margination, disappearance of nu-
cleoli, formation of membrane blebs, apoptotic bodies and cell
shrinkage [16]. TUNEL was performed according to the manu-
facturer's instruction for ApoTag, the in situ apoptosis detection
kit (Oncor), except that slides were pretreated by boiling in 0.01 M
sodium citrate solution (pH 6.0) for 5 min. We and others have
previously shown that this method gives the same results as mor-
phological observation [11, 12].

Pharmacodynamic data analysis

The relationship between paclitaxel-induced inhibition of DNA
synthesis and drug concentration was analyzed by computer-®tting
the following equation to the experimental data:

E � �E0 ÿRe� � 1ÿ Cn

Kn � Cn

� �
�Re �1�

where E is the LI of drug-treated tissues, C is the drug concen-
tration, E0 is the LI of untreated controls, K is the drug concen-
tration at one-half E0, n is a curve shape parameter, and Re is the
residual fraction. The maximal extent of inhibition, Emax, is
(E0)Re). Values for IC30 (the drug concentration needed to pro-
duce 30% inhibition) were determined, instead of the more cus-
tomary IC50, because paclitaxel produced less than 50% e�ect in
some tumors. Equation 1 is a modi®cation of the more commonly
used equation that describes a sigmoidal concentration-e�ect re-
lationship that encompasses a spectrum of e�ects from 0% to
100%. Inclusion of the Re term was necessary to described the less-
than-complete e�ect, i.e. the average maximum inhibition of DNA
synthesis was <100%.

Statistical analysis

Di�erences in mean values between groups were analyzed using
paired or unpaired Student's t-tests when the standard deviations
were of similar magnitude, and using the Wilcoxon two-sample test
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when otherwise. Software for statistical analysis (NPAR1WAY
and TTEST procedures) was by SAS (Cary, N.C.). Frequencies
were compared using Fisher's exact test (FREQ procedure). Pre-
dictive relationships between tumor pathologic parameters and
tumor chemosensitivity were evaluated by linear regression analysis
using the REG software routine.

Results

Human breast tumor histocultures

Of 22 specimens of breast carcinoma evaluated, 15 were
successfully cultured, yielding su�cient viable tumor
cells (>200 cells/fragment) for pharmacodynamic eval-
uation. In general, these were specimens with little
stroma and obtained from the periphery of a tumor. The
other 7 tumors either contained excessive stroma or
failed to incorporate BrdUrd. Patient and tumor data
are listed in Table 1. The range and average values of
BrdUrd LI are comparable to the previously reported LI
of 31 � 17% [33]. High-grade (III) tumors and late-
stage (III and IV) tumors tended to show a higher LI
than the low-grade and early-stage tumors, but the dif-
ferences were not statistically signi®cant (P � 0.13).

Paclitaxel-induced apoptosis

Figure 1 shows the morphological changes and the
staining of apoptotic cells by the TUNEL method.
Paclitaxel induced apoptosis in all 15 tumors. The
maximal apoptotic index occurred at a drug concentra-
tion of 0.1 lM in 80% of tumors. The average apoptotic
index was not signi®cantly enhanced when the drug
concentration was increased by up to 100-fold to 10 lM
(Fig. 2). The maximal apoptotic index varied by about

Table 1 Patient and tumor
characteristics, and tumor sen-
sitivity to paclitaxel. IC30 is the
taxol concentration needed to
produce 30% inhibition of
BrdUrd-labeled cells after a
24-h drug treatment. Emax is
the maximal e�ect

Tumor
no.

Patient
age

Stage Grade Control LI
(%)

Antiproliferative e�ect Apoptotic e�ect
maximum index

(years) IC30 Emax (%)a

(mM) (%)

1 71 IIA I 19 0.4 50 3.3
2 53 IIA III 32 0.3 42 14
3 31 IIIA II 21 0.11 53 3.3
4 35 IIIA II/III 34 0.61 30 15
5 23 IIIB III 75 0.13 34 27
6 44 IIIA III 45 2.5 31 12
7 48 IIIB III 40 >10 28 6.9
8 85 IIIB III 42 3.5 34 9.4
9 70 IIIA III 45 3.7 33 13
10 70 IV II 50 >10 14 29
11 57 IIA III 60 >10 27 18
12 42 IV III 56 >10 17 10
13 74 IIB III 22 0.2 64 4
14 49 IIA III 69 >10 21 24
15 44 IIIA III 39 5.9 33 10

Mean 53 NA NA 43 3.5b 34 13
SD 18 17 0.11 to >10b 14 8

a The untreated controls showed a maximum apoptotic index of 0±0.8%
bMedian is presented instead of mean�SD because IC30 in ®ve tumors exceeded 10 lM

Fig. 1A,B Paclitaxel-induced apoptosis. A Apoptotic cells induced
by 0.1 lM paclitaxel (tumor no. 5). Note that nearly all apoptotic
cells, identi®ed by the presence of apoptotic bodies, were BrdUrd
labeled, whereas not all labeled cells were apoptotic (BrdUrd was
stained brown). B Apoptotic cells demonstrated by TUNEL
staining (brown). Counterstaining hematoxylin (blue)
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tenfold among the tumors. More than 95% of apoptotic
cells were BrdUrd labeled, but not all BrdUrd-labeled
cells were apoptotic.

Paclitaxel-induced inhibition of DNA synthesis

Paclitaxel produced a sigmoidal, concentration-depen-
dent inhibition of BrdUrd LI (Fig. 2). The average
maximum inhibition was �30%. The IC30 values for the
antiproliferation e�ect varied by >100-fold (Table 1).
The antiproliferation e�ect reached its maximum level at
a drug concentration of 1 lM. Further increasing the
drug concentration to 10 lM did not enhance the e�ect.

Tumor pathology and paclitaxel e�ects

The maximal apoptotic index correlated signi®cantly
with BrdUrd LI of untreated controls (r2 � 0.63,

P < 0.001). There was a tendency for the late-stage and
high-grade tumors to show a higher sensitivity to the
apoptotic e�ect and a lower sensitivity to the antipro-
liferation e�ect compared with the less malignant tu-
mors, as indicated by the higher apoptotic index and the
higher IC30 for the ®rst group. However, the di�erences
were not statistically signi®cant (Table 2).

Relationship between apoptotic and cytostatic e�ects

Individual tumors displayed opposite sensitivity to the
two drug e�ects, e.g. the tumor that was the most sen-
sitive to the cytostatic e�ect was the least sensitive to the
apoptotic e�ect (tumor 13 in the present study). The
maximum antiproliferative e�ect correlated inversely
with the maximum apoptotic e�ect (Table 1; r2 � 0.43,
P < 0.01).

Discussion

The results of the present study show that paclitaxel
inhibited DNA synthesis and induced apoptosis in all 15
human breast tumors. Several aspects of these pharma-
cological e�ects are comparable to the drug e�ects in
human head and neck, bladder, prostate and ovarian
tumors, as follows [3, 7, 11, 25]. First, paclitaxel pro-
duced incomplete cytostasis and incomplete apoptosis,
even at concentrations that were ten times the clinically
achievable concentration of 1 lM, in nearly all of the
100 human solid tumors studied. In contrast, paclitaxel
produces complete cytotoxicity in monolayers of human
cancer cells at much lower concentrations [21, 23]. These
di�erences suggest that three-dimensional human tu-
mors are more resistant to paclitaxel than monolayers.
Multilayer structure-related chemoresistance is well
documented (reviewed in reference 17). The incomplete
inhibition of BrdUrd LI in human breast tumors is

Fig. 2A,B Pharmacodynamics of paclitaxel e�ects. Human breast
tumors were treated with paclitaxel for 24 h. A Drug-induced
inhibition of 48-h cumulative BrdUrd incorporation. B Drug-
induced apoptosis. Note that the inhibition of BrdUrd labeling is
expressed relative to untreated controls, whereas the apoptotic
index represents the actual number (not relative to controls). Also
note the di�erent scales for the two e�ects. Values are means � SD
of 15 tumors

Table 2 Relationship between
tumor stages, grade and pacli-
taxel e�ects. IC30 is the pacli-
taxel concentration needed to
produce 30% inhibition of
BrdUrd-labeled cells after a
24-h drug treatment. Emax is
the maximal e�ect. The values
are means � SD, except where
noted. Statistical analysis was
performed using Student's
unpaired t-test, except where
noted

Tumor status n Control LI
(%)

Antiproliferative e�ect Apoptotic e�ect
maximum index

IC30 Emax (%)
(lM)a (%)

Stage I/II 5 34 � 15 0.47 41 � 18 8 � 5
(0.2 to >10)

Stage III/IV 10 48 � 16 3.6 31 � 10 16 � 9
(0.11 to >10)

P-value 0.12 0.62 0.15 0.1
Grade I & II 4 32 � 15 3.2 38 � 18 11 � 12

(0.11 to >10)

Grade III 11 47 � 16 3.5 33 � 12 14 � 7
(0.13 to >10)

P-value 0.13 0.79 0.57 0.63

aMedian and range are presented because the IC30 in ®ve tumors exceeded 10 lM. Statistical analysis
by Wilcoxon's nonparametric two-sample test
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consistent with literature data showing that paclitaxel-
treated cells can proceed with DNA synthesis [21, 23].
The less-than-complete cytostatic and apoptotic e�ects
suggest that repeated treatments may be necessary.
Studies to evaluate the e�ect of more frequent treat-
ments are warranted.

Second, the labeling of nearly all paclitaxel-induced
apoptotic cells by DNA precursor and the signi®cant
correlation between the maximum apoptotic index and
BrdUrd LI indicate that apoptosis is linked to prolifer-
ation and is completed after DNA synthesis. Consistent
with this hypothesis is the ®nding that the maximum
apoptotic index in individual tumors never exceeded the
LI (e.g. Table 1). A similar positive correlation between
paclitaxel-induced apoptosis and proliferation has been
observed in monolayer cultures of human lung, breast,
cervical, colon, ovarian, and astrocytoma cells, and in
Chinese hamster ovarian cells [9, 21, 23]. Third, the
maximum apoptotic e�ect was observed at a lower drug
concentration than the maximum cytostatic e�ect.
Fourth, because both the cytostatic and apoptotic e�ects
are expected to be a function of intracellular drug con-
centration, the opposite sensitivity of individual tumors
to the two e�ects indicate that these e�ects are mainly
determined by factors unrelated to and/or in addition to
drug concentration. Finally, more malignant head and
neck, bladder, breast and prostate tumors appear to be
equally or more sensitive to the apoptotic e�ect than less
malignant tumors. In advanced ovarian tumors, apop-
tosis is the major paclitaxel e�ect. These ®ndings suggest
the e�cacy of paclitaxel in treating late-stage and high-
grade tumors, since apoptosis is generally considered a
major antitumor e�ect. A notable di�erence among the
di�erent tumor types is that in bladder and head and
neck tumors, the more malignant tumors show a sig-
ni®cantly lower sensitivity to the paclitaxel-induced cy-
tostatic e�ect. In contrast, results of the same
comparison in breast, ovarian and prostate tumors did
not show statistically signi®cant di�erences, probably
because of the limited sample size.

For breast tumors, intertumor variation in sensitivity
to the cytostatic e�ect (>100-fold) of paclitaxel is sub-
stantially higher than the variation for the apoptotic
e�ect (10-fold). These variations are presumably a result
of biological di�erences between individual tumors.
Studies to evaluate intertumor di�erences in the ex-
pression of the multidrug resistance gene and genes in-
volved in the regulation of apoptosis (e.g. p53, bcl-2),
and the relationship between these di�erences and tumor
sensitivity are ongoing.

In breast tumors, the maximum paclitaxel e�ects for
a 24-h treatment were achieved at a concentration of
1 lM, which is comparable to the 0.9 lM steady-state
concentration in humans attained during a 24-h infusion
of the maximal tolerated dose of 250 mg/m2 [29, 34].
Because increasing the drug concentration to 10 lM did
not enhance either the antiproliferative or the apoptotic
e�ects, we suggest that increasing the drug dose to ele-
vate plasma concentrations is not likely to enhance the

therapeutic e�ect. At present, it is not known whether
cytostasis or apoptosis is responsible for the clinical
activity of paclitaxel. The results of the present and
previous studies, using histocultures of human breast,
head and neck, ovarian and prostate tumors, show that
for a 24-h treatment, maximum apoptosis is achieved at
0.1 lM in 70±80% of these tumors [7, 11, 25].

If indeed apoptosis is the major e�ect, our results
would imply that it may be unnecessary to use the
maximal tolerated dose in these tumor types. Additional
studies are also needed to determine the maximally ef-
fective concentrations in di�erent treatment schedules,
e.g. 96-h treatment and repeated daily treatment. It
should be emphasized that these pharmacodynamic
comparisons are done using the assumption that the
in vitro concentrations are equal to in vivo concentra-
tions. There are several known di�erences for paclitaxel
pharmacokinetics under in vitro and in vivo conditions.
For example, we have shown that (a) there are di�er-
ences in the extent of protein binding in culture medium
and in plasma [30], (b) depletion of paclitaxel from
culture medium is dependent on cell density [14], and (c)
uptake of paclitaxel is saturable, and the drug e�ux
from cells is slow, resulting in a delayed e�ect [23].

It is noted that the present study used ethanol as the
solvent for paclitaxel. The clinical preparation of pac-
litaxel uses Cremophor as the solvent. Paclitaxel may
show less intracellular retention in Cremophor because
the highly lipophilic paclitaxel may favor partition in
Cremophor. Cremophor has multiple e�ects that may
alter the paclitaxel pharmacodynamics. In mice, Cre-
mophor is responsible for the nonlinear plasma phar-
macokinetics of paclitaxel [31]. The data further suggest
that Cremophor alters the plasma protein binding, tissue
distribution, tissue binding and consequently the intra-
cellular retention of paclitaxel. On the other hand, the
small volume of distribution of Cremophor suggests that
it is not taken up in tissues [31]. Hence, the intracellular
retention of paclitaxel at the tissue level under in vivo
conditions may be signi®cantly di�erent from that under
in vitro conditions.

Another factor that needs to be considered in devel-
oping optimal treatment schedules for paclitaxel is the
issue of treatment duration. The kinetics of the time-
dependent drug e�ect are not fully understood; some
literature reports indicate a higher activity by prolonging
the treatment duration [15, 20, 23, 24, 32] whereas other
reports indicate no enhancement [1, 28]. The present
study was designed to establish the cytostatic and ap-
optotic e�ects of paclitaxel. Owing to the limited size of
patient specimens and the labor-intensive nature of the
histoculture chemosensitivity evaluation system, we used
only one treatment time. The 24-h treatment duration
was selected because it is one of the most commonly
used schedules.

A separate study in our laboratory using multiple
human cancer cell lines to examine the relationship
between treatment durations and paclitaxel e�ects,
has found that paclitaxel produces cytotoxicity even
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after treatment is terminated, in part because the
drug-induced apoptosis occurs slowly with a lag-time of
about 24 h, and in part because of the slow drug e�ux
from cells which in e�ect extends the treatment duration
[4]. Furthermore, because the drug e�ects are exerted in
the M phase, the cell cycle distribution kinetics also play
a role in determining the response of tumor cells to
paclitaxel treatments. A computational pharmacokinetic
model is being developed in our laboratory to incorpo-
rate the di�erences between in vitro and in vivo condi-
tions, and to account for the time-dependent changes in
drug concentration in plasma, the kinetics of drug up-
take into and e�ux from tumor cells, the cell cycle ki-
netics of tumor cells, and the time-dependent e�ects of
paclitaxel, in order to provide more accurate quantita-
tive analysis and for extrapolating in vitro pharmaco-
dynamic data to in vivo situations.
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