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Paclitaxel (Taxol®), a cytotoxic natural product that dis-
rupts microtubule integrity, is being clinically evaluated
for use against gliomas. We examined paclitaxel-induced
killing in seven cell lines derived from human malignant
astrocytic gliomas and medulloblastomas with the goal
of characterizing range of sensitivity, contribution of P-
glycoprotein 170–mediated drug ef�ux to resistance, and
cross-resistance with alkylating agents. Exposure to
paclitaxel for 8 h or less produced biphasic survival
curves for all lines, with 40–75% of cells comprising a
subpopulation that was 9–26 times more resistant to
paclitaxel than the more sensitive fraction. Increasing
exposure to 24 h eliminated the resistant subpopulation,
increasing sensitivity 50- to 400-fold. The dose produc-
ing one log of kill (LD10) after a 24-h exposure ranged
from 4 to 18 nM, comparable to concentrations in the
cerebrospinal �uid of brain tumor patients given a 3-h
infusion of paclitaxel. Concurrent exposure to paclitaxel

and either nimodipine or verapamil, inhibitors of P-gly-
coprotein activity, did not increase sensitivity, demon-
strating that the �vefold range in sensitivity was not due
to P-glycoprotein–mediated drug ef�ux. Importantly,
there was no correlation between LD10 for paclitaxel and
LD10 for 1,3-bis(2-chloroethyl)-1-nitrosourea, streptozo-
tocin, and temozolomide, indicating no expression of
cross-resistance to these different classes of tumoricidal
agents. Our results suggest that greater clinical ef�cacy of
paclitaxel against malignant brain tumors may be
obtained by infusion for 24 h or longer and support the
use of paclitaxel in combination with alkylating agents.
Neuro-Oncology 1, 101–108, 1999 (Posted to Neuro-
Oncology [serial online], Doc. 98-12, April 30, 1999.
URL <neuro-oncology.mc.duke.edu>)

The continuing poor prognosis for malignant brain
tumors is, in part, a consequence of the lack of
effective chemotherapy for newly diagnosed and

recurrent disease. During the last three decades, the
methylating agent procarbazine, and the chloroethylat-
ing agents BCNU3 (carmustine) and CCNU (1-(2-
chloroethyl)-3-cyclohexyl-1-nitrosourea; lomustine) have
been the most commonly used tumoricidal drugs for
malignant gliomas and medulloblastomas (Prados and
Russo, 1998). The cytotoxicity of these agents is medi-
ated by the formation of approximately 15 alkyl base
adducts in DNA, including the lethal lesions O6-alkyl-
guanine and N3-alkyladenine (Beranek, 1990; Ludlum,
1997). Unfortunately, intrinsic or acquired resistance
limits clinical response to alkylators in most malignant
brain tumors. In vitro evidence implicates DNA repair as
one mechanism of resistance to alkylating agents. For
example, numerous studies have shown that the DNA
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repair protein O6-methylguanine-DNA methyltrans-
ferase limits alkylating agent–induced killing in human
brain tumor–derived cell lines and xenografts (Bobola et
al., 1995a, 1995b, 1996; Friedman et al., 1995; Schold et
al., 1996) by removing lethal alkyl adducts from the O-6
atom of guanine (Pegg et al., 1995). Moreover, results
from our laboratory (Bobola et al., 1995a, 1995b, 1996)
indicate that brain tumor alkylating agent resistance is
multifactorial, which will complicate the development of
antiresistance therapies. In light of the limited ef�cacy of
alkylators, new chemotherapeutic agents need to be eval-
uated for malignant brain tumors. Agents, the cytotoxic-
ity of which is not mediated by DNA damage, are par-
ticularly attractive since their lethality will not be limited
by DNA repair activities that restrict alkylating
agent–induced killing.

Paclitaxel (Taxol®), one of a number of tumoricidal
agents that target microtubules, has produced clinical
responses against a number of solid tumors (Hajek et al.,
1996), including tumors refractory to DNA-damaging
agents (Ezcurdia et al., 1997; Gore et al., 1995; Ravdin,
1995; Woo et al., 1996). At stoichiometric concentra-
tions, paclitaxel binds to ab tubulin heterodimers and
suppresses normal microtubule remodeling necessary for
cell cycle progression (Jordan and Wilson, 1998). The
resulting kinetic stabilization of spindle microtubules pro-
motes mitotic arrest in G2-M (Rudner and Murray, 1996)
with only subtle disorganization of the spindle. Blocked
cells ultimately exit mitosis and undergo apoptosis. Pacli-
taxel-induced apoptosis, which is p53 independent (Vasey
et al., 1996; Woods et al., 1995), is preceded by the acti-
vation of Raf-1, a protein kinase that functions in cellular
proliferation and survival (Blagosklonny et al., 1996).
Importantly, paclitaxel-induced Raf-1 activation pro-
motes the phosphorylation of Bcl-2, inactivating its anti-
apoptotic activity (Blagosklonny et al., 1996; Wang et al.,
1996), suggesting that Raf-1 and Bcl-2 monitor the
integrity of spindle assembly and chromosome separation
(Haldar et al., 1997).

There have been several studies of paclitaxel-induced
killing in human and rat brain tumor–derived cell lines
(Cahan et al., 1994; Gupta et al., 1997; Helson et al.,
1993; Silbergeld et al., 1995; Terzis et al., 1997) and
xenografts (Riondel et al., 1992). We have extended
these previous reports by characterizing paclitaxel cyto-
toxicity in four human glioma- and three medulloblas-
toma-derived cell lines that differ in susceptibility to
methylating and chloroethylating agents to assess the
variability of sensitivity among brain tumor lines, deter-
mine the contribution of P-gp–mediated drug ef�ux to
paclitaxel resistance, and compare paclitaxel and alkylat-
ing agent sensitivity.

Materials and Methods

Drugs

Paclitaxel was obtained from the Division of Cancer
Treatment, National Cancer Institute, NIH, as a 6-
mg/mL (10.5 mM) solution in 50% polyoxyethylated
castor oil (Cremphor EL) and 50% absolute ethanol.

Immediately before use, paclitaxel was diluted in sterile
dimethylsulfoxide so that a constant volume was added
at all doses. Nimodipine (Miles, West Haven, Conn.) and
verapamil (Sigma, St. Louis, Mo.) were dissolved in
absolute ethanol and sterile dimethylsulfoxide, respec-
tively, at a �nal concentration of 800 µM. The �nal con-
centration of ethanol was no greater than 0.5%, while
the �nal concentration of dimethylsulfoxide was 0.25%.
These concentrations of solvents had no effect on cell
growth or colony-forming ability.

Cell Culture

The medulloblastoma-derived lines UW228-1, UW228-
2, and UW228-3 were established and characterized in
our laboratory (Keles et al., 1995). The glioma lines
SF763, SF767 (Berens et al., 1990), and U-373 MG (Pon-
ten and MacIntyre, 1968) were from the American Type
Culture Collection (Rockville, Md.). SNB19 (Gross et al.,
1988) was provided by Dr. Richard Morrison, University
of Washington. The CHO-derived lines AuxB1 and
CHRC5 (Ling and Thompson, 1974) were the generous
gift of Dr. Victor Ling, University of Toronto. The brain
tumor lines were grown in Dulbecco’s modi�ed Eagle’s
medium supplemented with 15% fetal bovine serum
(HyClone, Logan, Utah), 2 mM L-glutamine, 100
units/mL penicillin, and 100 mg/mL streptomycin,
whereas AuxB1 and CHRC5 were grown in a -minimum
essential medium supplemented with 10% fetal bovine
serum, 2 mM L-glutamine, 100 units/mL penicillin, and
100 mg/mL streptomycin. All lines were propagated as
monolayers at 37°C in 5% CO2 and 95% humidi�ed air.

Determination of growth rate was carried out in 35-
mm petri dishes inoculated with 2 mL of supplemented
medium containing 1.53 104 cells. At 24-h intervals,
medium was removed and saved, and cells were released
by trypsinization. The cells were returned to the medium
and pelleted by centrifugation at 800g for 5 min at 4°C.
The pellet was resuspended in 1 mL of ice-cold phos-
phate-buffered saline, and the total cell number was deter-
mined using a hemacytometer. Ploidy and cell cycle char-
acteristics of exponentially growing cells were determined
by �ow cytometry at the Flow Cytometry Laboratory,
Department of Pathology, University of Washington.

Cytotoxicity Assay

Paclitaxel sensitivity was determined by clonogenic assay
as described previously (Bobola et al., 1995a). Brie�y, 12-
well trays were inoculated with 2 mL of medium con-
taining 750 cells and incubated overnight. The cultures
were then incubated with paclitaxel for 4, 8, 24, and 48
h, were washed free of residual drug with phosphate-
buffered saline, and were incubated in fresh, drug-free
medium for 10–14 days. Colonies were �xed and stained
with methanol containing 0.5% methylene blue to aid
counting. Colony-forming ef�ciency (number of colonies
formed/number of cells plated) ranged from 20 to 50%.

Paclitaxel sensitivity was determined by analysis of
survival curves (log surviving fraction vs. dose) using
standard methods (Harm, 1980). A curve-�tting pro-
gram (CA-Cricket Graph III, Computer Associates,
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Islandia, NY) was used to generate a survival curve for
each cell line from a minimum of three independent
experiments (i.e., a minimum of nine determinations per
drug concentration). Both linear curves, indicative of uni-
form drug sensitivity throughout the population, and
biphasic curves, indicative of two subpopulations that
differ in sensitivity, were observed. Paclitaxel sensitivity is
reported as the parameters D37 and LD10, which are
derived from survival curves and are suf�cient to recon-
struct them. D37, a measure of the rate of cell killing, is
the drug concentration necessary to reduce survival by
63% on the exponential portion(s) of the survival curve.
LD10 is the drug dose that reduces survival of the total
population to 10%. For biphasic curves, LD10 re�ects
D37 for each subpopulation and the fraction of cells in
each subpopulation. Graphical derivation of D37 and
LD10 from survival curves is presented in detail in Bobola
et al. (1995a).

Results

Time Dependence of Cytotoxicity

We assayed the paclitaxel sensitivity of seven human
brain tumor–derived cell lines by quantitating survival of
colony-forming ability after exposure of adherent, expo-
nentially proliferating cells. Table 1 summarizes the sur-
vival parameters D37 and LD10 derived from survival
curves such as those in Fig. 1. Notably, cytotoxicity
increased for all lines with prolonged drug exposure.
After incubation with paclitaxel for 4 h, all lines dis-
played biphasic survival curves, indicating two subpopu-
lations that differ in sensitivity. The more resistant sub-

population comprised 25–60% of the total and had D37
from 9- to 26-fold greater than that of the more sensitive
subpopulation (Table 1). Doubling the exposure time to
8 h still produced biphasic survival curves and had only
a modest effect on killing, as evidenced by a 1.7-fold
mean reduction of LD10 (range from 1.2- to 3.1-fold).
For most lines, increase in cytotoxicity was limited by
failure to appreciably decrease the fraction of more resis-
tant cells and/or D37 in one or both subpopulations. In
contrast, the twofold or greater decrease in LD10 for U-
373 MG and UW228-3 (Fig. 1) was accompanied by a
1.5-fold or greater reduction in the fraction of more resis-
tant cells and in the D37 for both subpopulations. Incu-
bation with paclitaxel for 24 h, however, had a very pro-
nounced effect on cytotoxicity. In all lines, the more resis-
tant subpopulation was eliminated, producing linear sur-
vival curves. This, together with a 7- to 37-fold reduction
in D37, reduced LD10 from 52- to 365-fold compared
with cells treated for 4 h. Interestingly, the relative sensi-
tivity of the lines also changed as treatment was increased
to 24 h. This transition is best illustrated by U373 MG,
which had the lowest LD10 after treatment for 4 and 8 h
but the second highest LD10 after exposure for 24 h
(Table 1). Incubation with paclitaxel for 48 h did not
enhance cytotoxicity (data not shown).

Correlation of Paclitaxel Cytotoxicity with DNA 
Content, Cell Cycle Fraction, and Growth Rate

Ploidy, cell cycle distribution, and doubling time for the
cell lines are shown in Table 2. Regression analysis
revealed no statistically signi�cant correlations between
LD10, after 24-h exposure to paclitaxel and ploidy
(r=–0.526), or fraction of cells in G1 (r=0.0399), S

Table 1. Taxol sensitivity of human glioma- and medulloblastoma-derived cell lines

4 h 8 h 24 h

Cell line Fractiona D37
b (nM) LD10

b (nM) Fractiona D37
b (nM) LD10

b (nM) Fractiona D37
b (nM) LD10

b (nM)

Gliomas 

SNB19 0.50 55 ± 14 2524 ± 135 0.55 36 ± 10 1715 ± 35 1.0 7.7 ± 0.35 18 ± 2.6

0.50 1410 ± 130 — 0.45 1170 ± 211 —

U-373 MG 0.45 44 ± 10 798 ± 44 0.70 34 ± 4.0 362 ± 0.7 1.0 6.7 ± 1.6 15 ± 3.9

0.55 438 ± 95 — 0.30 301 ± 46 —

SF767 0.50 52 ± 12 1413 ± 35 0.55 43 ± 4.9 1135 ± 100 1.0 2.5 ± 0.16 3.9 ± 0.70

0.50 895 ± 243 — 0.45 763 ± 88 —

SF763 0.40 63 ± 15 1678 ± 35 0.45 43 ± 6.5 1442 ± 44 1.0 9.8 ± 0.93 13 ± 2.1

0.60 944 ± 193 — 0.55 812 ± 30 —

Medulloblastomas 

UW228-1 0.45 65 ± 4.7 1717 ± 97 0.70 59 ± 8.0 1098 ± 35 1.0 4.4 ± 0.35 10 ± 0.70

0.55 930 ± 100 — 0.30 601 ± 121 —

UW228-2 0.75 49 ± 15 1671 ± 25 0.65 36 ± 4.4 1160 ± 21 1.0 4.6 ± 0.35 10 ± 0.88

0.25 561 ± 99 — 0.35 889 ± 216 —

UW228-3 0.60 34 ± 2.8 1334 ± 62 0.75 20 ± 1.9 424 ± 0.7 1.0 4.6 ± 0.35 11 ± 0.70

0.40 879 ± 163 — 0.25 452 ± 84 —

D37 and LD10 were derived from survival curves, including those in Fig. 1, as described in MATERIALS AND METHODS.

aProportion of total cells. 

bMean ± SD.
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(r=–0.155), and G2/M (r=0.267) phase. Interestingly,
there was a statistically signi�cant inverse correlation
between LD10 and doubling time (r=–0.814, P=0.025).
The correlation is exempli�ed by comparison of SNB19
and SF767, which differ �vefold in LD10 after 24-h expo-
sure (18 and 3.9 µM; Table 1) and twofold in doubling
time (17.7 and 33.4 h; Table 2). No correlation between
LD10 and DNA content, cell cycle fraction, and doubling
time was observed for cells treated for 4 or 8 h.

Potentiation of Cytotoxicity by Calcium Channel
Blockers

Although increasing time of exposure greatly increased
paclitaxel cytotoxicity, it did not eliminate differences in
sensitivity among the lines. Drug ef�ux mediated by P-gp
is a known mechanism of resistance to paclitaxel in
human tumor-derived cell lines (Helson et al., 1993; Ise et
al., 1996; Mechetner et al., 1998; Parekh et al., 1997) and
could account for the differential drug sensitivity.
Notably, P-gp–mediated resistance can be suppressed by
calcium channel blockers, including verapamil and
nimodipine (Ford and Hait, 1990). To examine directly
the contribution of P-gp to the �vefold range in paclitaxel
resistance, we treated the brain tumor cell lines for 24 h

with paclitaxel in the presence of 2 µM verapamil or 2
µM nimodipine. As illustrated in Fig. 2 and summarized
in Table 3, LD10 was not reduced appreciably with either
calcium channel blocker. In contrast, both verapamil and
nimodipine reduced LD10 seven- to eightfold in two CHO
lines, AuxB1 and CHRC5 (Table 3), in which resistance to
hydrophobic cytotoxic compounds such as paclitaxel is
mediated by P-gp (Kartner et al., 1985). In accord, pre-
liminary experiments revealed only faint or absent
immunostaining for P-gp in the brain tumor lines, while
CHRC5 was strongly immunopositive (data not shown).

Comparison of Paclitaxel and Alkylating Agent 
Sensitivity

The LD10 of our brain tumor lines to the chloroethylating
agent BCNU and the methylating agents streptozotocin,
temozolomide, and N-methyl-N 9 -nitro-nitrosoguanidine,
determined in earlier studies (Bobola et al., 1995a, 1995b,
1996), are shown in Table 4. The difference in LD10
among the seven lines varies from approximately 2.5-fold
for streptozotocin to over 10-fold for N-methyl-N 9 -nitro-
nitrosoguanidine, a range comparable to the �vefold
range in paclitaxel sensitivity. Examination of Table 4
revealed no apparent relationship between sensitivity to

Fig. 1. Examples of paclitaxel-induced killing of human brain tumor cell lines. Each point is the average of three independent experiments (nine
determinations for each dose). Percent survival is the quotient of the number of colonies at a given drug dose divided by the number of colonies
for controls treated with solvent alone multiplied by 100. Standard deviations were <20% of the mean. U-373 MG and UW228-3 were derived
from a glioblastoma and a medulloblastoma, respectively. O, 4-h exposure; X, 8-h exposure; S, 24-h exposure.
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paclitaxel and to any of the alkylating agents. In accord,
regression analysis revealed no correlation between sensi-
tivity to paclitaxel and susceptibility to BCNU, streptozo-
tocin, temozolomide, or N-methyl-N 9 -nitro-nitrosoguani-
dine. The lack of correlation is exempli�ed by SF767 and
UW228-1, which differ by threefold in their sensitivity to
BCNU but have similar LD10 for paclitaxel.

Discussion

Despite advances in surgical technique, radiation ther-
apy, and chemotherapy, the prognosis for primary brain
tumors remains unfavorable (Berger et al., 1994; Prados
and Russo, 1998). In vitro studies have indicated that the
effectiveness of chloroethylating and methylating agent-
based chemotherapies is limited by intrinsic and acquired
resistance mediated, at least in part, by DNA repair activ-
ities (Bobola et al., 1995a, 1995b, 1996). Management is
further complicated by diffuse in�ltration of surrounding
normal brain by tumor cells early in the course of the dis-
ease and by the recurrence of low-grade tumors as more
aggressive high-grade neoplasms. Because most primary
brain tumors recur within 2 cm of the tumor margin as
seen on imaging studies (Wallner et al., 1989), agents that
can control local recurrence after radiotherapy and alky-
lating agent-based chemotherapy will likely have a signi-
�cant impact on survival. The clinically demonstrated
activity of paclitaxel against a number of solid tumors

(Hajek et al., 1996), including those resistant to DNA-
damaging agents (Ezcurdia et al., 1997; Gore et al.,
1995; Ravdin, 1995; Woo et al., 1996), suggests its use
in the treatment of recurrent brain tumors.

We observed an approximately �vefold range of LD10
for paclitaxel among the seven brain tumor lines (Table
1), a variability comparable to that we previously
observed for chloroethylating and methylating agents
(Table 4; Bobola et al., 1995a, 1995b, 1996). The range
and magnitude (4–20 nM) of LD10 after 24-h exposure to
paclitaxel is comparable to that reported by Cahan et al.
(1994) and Gupta et al. (1997) for �ve different human
glioma and medulloblastoma cell lines. LD10 did not dif-
fer between glioma (12 ± 6.1 nM) and medulloblastoma
(10 ± 0.58 nM) cell lines (mean ± SD for 24-h exposure),
suggesting that both tumor types share common determi-
nants of sensitivity. Importantly, the paclitaxel concentra-
tions that produce one log of kill are comparable to those
observed in the cerebrospinal �uid of brain tumor patients
after a 3-h infusion of paclitaxel (Glantz et al., 1995).

All of the lines we studied showed biphasic responses
after incubation with paclitaxel for 4 and 8 h, as evi-
denced by a subpopulation comprising 40–75% of cells
that are 9- to 25-fold less susceptible to killing than the
more sensitive subpopulation (Table 1 and Fig. 1).
Increasing exposure to 24 h eliminated the more resistant
subpopulation, reducing LD10 50- to 400-fold compared
with cells treated for 4 h. The presence of a more resis-
tant fraction of cells, the size of which is dependent on

Table 2. Growth characteristics and DNA content

Cell line Doubling time (h) % G1 phase % S phase % G2 phase Ploidy

UW228-1 25.2 47 43 10 1.6

UW228-2 33.4 49 27 24 1.7

UW228-3 29.0 51 34 15 1.7

SNB19 17.7 44 32 24 1.8

U-373 MG 22.7 50 32 18 2.1

SF763 33.4 49 33 18 2.8

SF767 23.2 20 37 23 1.9

Fig. 2. Effect of calcium channel blockers on paclitaxel sensitivity of the glioblastoma line SNB19 and the medulloblastoma line UW228-1. X,
paclitaxel alone; O, paclitaxel concurrently with nimodipine. Essentially identical results were obtained for paclitaxel with verapamil (data not
shown). See legend to Fig. 1 for details.
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duration of paclitaxel exposure, has been reported for
many human tumor cell lines (Baguley et al., 1995; Lieb-
mann et al., 1993), including those derived from brain
tumors (Cahan et al., 1994; Gupta et al., 1997; Helson et
al., 1993; Silbergeld et al., 1995). The linear dose
response and greater sensitivity displayed by our asyn-
chronously growing lines treated for 24 h likely re�ects a
large majority of cells transiting G2 and subsequently
being arrested at the G2/M interface and undergoing apo-
ptosis. This mechanism is supported by the observation
that nanomolar concentrations of paclitaxel do not effect
progression through G1 and S phases (Horwitz et al.,
1986), and by the report that greater paclitaxel resistance
in ovarian carcinoma cell lines is associated with longer
doubling times (Baguley et al., 1995).

Paradoxically, we found a statistically signi�cant
inverse correlation between LD10 and doubling time for
our lines (i.e., greater resistance is associated with faster
growth). Conceivably, the more rapidly proliferating
lines might express a compensatory resistance mecha-
nism(s) that eliminates the expected greater sensitivity to
paclitaxel associated with faster growth (Baguley et al.,
1995). Drug ef�ux mediated by P-gp contributes to pacli-
taxel resistance in vitro and in vivo (e.g., Mechetner et
al., 1998). Notably, focal regions of tumor cells
immunopositive for P-gp have been detected in a minor-
ity of gliomas (Feun et al., 1994) and medulloblastomas
(Tishler et al., 1992). Concurrent treatment with ³100-
fold molar excess of nimodipine or verapamil, inhibitors
of P-gp–mediated drug ef�ux (Ford and Hait, 1990), had
no appreciable effect on paclitaxel sensitivity, reducing
LD10 no more than 40% (Table 3). In contrast, the same
treatment decreased LD10 six- to sevenfold in the P-
gp–expressing CHO lines AuxB1 and CHRC5. These
results demonstrate that P-gp–mediated resistance does
not account for the �vefold range of sensitivity or the
inverse correlation between LD10 and doubling time

among our lines. Other documented determinants of
resistance to paclitaxel that might function in brain
tumor cell lines include overexpression of the 190-kDa
multidrug resistance protein (Lautier et al., 1996) and
increased expression of tubulin isotypes (Jaffrezou et al.,
1995; Kavallaris et al., 1997; Ranganathan et al., 1998)
or mutated tubulin monomers (Giannakakou et al.,
1997) that bind paclitaxel less avidly. Absence of 
Raf-1 also abrogates paclitaxel-induced apoptosis
(Blagosklonny et al., 1996).

Resistance to one cytotoxic agent can be accompanied
by decreased sensitivity to unrelated drugs (Jensen et al.,
1997). For example, therapy with cis-platinum can pro-
duce resistance to other tumoricidal compounds (Yang
and Page, 1995). We observed no correlation between
sensitivity to paclitaxel and susceptibility to killing by
chloroethylating and methylating agents, including
BCNU and temozolomide, which are currently used in
the chemotherapy of malignant gliomas (Prados and
Russo, 1998). This suggests that glioma and medul-
loblastoma lines do not frequently express unrecognized
mechanisms that could promote cross-resistance between
paclitaxel and alkylating agents. In accord, gliomas
recurring after alkylating agent–based chemotherapy are
responsive to paclitaxel (Chamberlain and Kormanik,
1995, 1997).

The maximum tolerated dose and toxicity of paclitaxel
in patients with recurrent malignant gliomas have been
evaluated in phase I and phase II trials (Prados et al.,
1996; Chang et al., 1998). Small prospective trials have
reported modest ef�cacy when paclitaxel alone is given to
patients with gliomas recurring after radiotherapy and
alkylating agent–based chemotherapy (Chamberlain and
Kormanik, 1995, 1997). Notably, in all brain tumor tri-
als, paclitaxel was administered as a 3- to 4-h infusion,
which has been observed to produce peak cerebral spinal
�uid concentrations ranging from 5 to 83 nM 3–5 h after
beginning infusion (Glantz et al., 1995). However, pacli-
taxel has a half-life in plasma of 4–6 h (Arbuck et al.,
1993), which would reduce peak concentration 16- to 64-
fold within 24 h, resulting in levels that are less than the
LD10 for the brain tumor lines we studied (Table 1). Pacli-
taxel is metabolized in human liver by the cytochrome
P450 isoform CYP3A4 (Marre et al., 1996). Notably, ele-
vation of CYP3A4 activity has been observed in patients

S.H. Tseng et al.: Taxol-induced cytotoxicity in human brain tumors

Table 3. Effect of 2 mM nimodipine or verapamil on Taxol 
cytotoxicity

LD10 (nM)a

Taxol 1 Taxol 1
Cell line Taxol nimodipine verapamil

Gliomas

SNB19 18 ± 2.6 17 ± 2.8 15 ± 1.8

U-373 MG 15 ± 3.9 18 ± 3.2 18 ± 2.5

SF763 13 ± 2.1 13 ± 2.3 12 ± 2.3

SF767 3.9 ± 0.70 3.2 ± 0.18 2.8 ± 0.18

Medulloblastomas

UW228-1 10 ± 0.70 9.0 ± 0.35 9.3 ± 3.3

UW228-2 10 ± 0.88 12 ± 2.5 12 ± 1.8

UW228-3 11 ± 0.70 12 ± 1.1 12 ± 0.70

CHO

AuxB1 54 ± 19 9.0 ± 1.8 9.0 ± 1.8

CHRC5 6380 ± 2039 967 ± 141 931 ± 264

LD10 was derived from survival curves, including those in Fig. 2, as described in 

MATERIALS AND METHODS. 

aMean ± SD. 

Table 4. Comparison of Taxol and alkylating agent sensitivities

LD10 (mM)

Line Taxol BCNU STZ TMZ MNNG

SF767 0.0039 129 3000 973 9.4

UW228-1 0.010 197 5700 1037 22

UW228-1 0.010 117 3800 972 19

UW228-3 0.011 213 3800 1048 17

SF763 0.013 366 5300 789 11

U-373 MG 0.015 84 4900 1007 9.9

SNB19 0.018 49 2200 360 0.8

BCNU, 1,3-bis(2-chloroethyl)-1-nitrosourea; STZ, streptozotocin; TMZ, temozolomide;

MNNG, N-methyl-N9 -nitro-nitrosoguanidine.
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treated with methylprednisolone (Monsarrat et al., 1998)
or barbiturates (Royer et al., 1996), indicating that agents
used to control edema and seizures associated with brain
tumors may accelerate paclitaxel metabolism, reducing
peak concentrations and half-life in plasma.

Our results suggest that the ef�cacy of paclitaxel against
malignant brain tumors may be increased if it is given con-
tinuously for at least 24 h, either by infusion or interstitial
implantation of a biodegradable polymer (Walter et al.,
1994). Moreover, continuous infusion may permit mainte-
nance of tumoricidal concentrations at lower doses, thereby
reducing toxicity to the patient. Our observations have two
other clinical implications. First, the apparent lack of cross-

resistance between paclitaxel and alkylators suggests that
use of both in combination may be more effective than
using either alone, as observed for ovarian cancer treated
with paclitaxel and cisplatin (McGuire et al., 1997).
Notably, loss of p53, which is frequently observed in astro-
cytic gliomas, is associated with increased resistance to
DNA-damaging agents but not to microtubule-disrupting
agents (Iwadate et al., 1998). Second, paclitaxel may be
effective against recurrent medulloblastomas for which
there is currently no therapy that can produce long-term
remission (Cohen and Packer, 1996). Further clinical trials
are necessary to fully evaluate the potential of paclitaxel in
the therapy of malignant brain tumors.

Arbuck, S.G., Christian, M.C., Fisherman, J.S., Cazenave, L.A., Sarosy, G.,

Suffness, M., Adams, J., Canetta, R., Cole, K.E., and Friedman, M.A.

(1993) Clinical development of Taxol. Monogr. Natl. Cancer Inst. 15,

11–24.

Baguley, B.C., Marshall, E.S., Whittaker, J.R., Dotchin, M.C., Nixon. J.,

McCrystal, M.R., Finlay, G.J., Matthews, J.H.L., Holdaway, K.M., and van

Zijl, P. (1995) Resistance mechanisms determining the in vitro sensitivity

to paclitaxel of tumour cells cultured from patients with ovarian cancer.

Eur. J. Cancer 31A, 230–237.

Beranek, D.T. (1990) Distribution of methyl and ethyl adducts following alky-

lation with monofunctional alkylating agents. Mutat. Res. 231, 1–30.

Berens, M.E., Weisman, A.S., Spencer, D.R., Dougherty, D.V., Elliger, S.S., and

Rosenblum, M.L. (1990) Growth properties and oncogene expression in 2

newly derived human glioma lines: Assessment of growth determinants.

Proc. Am. Assoc. Cancer Res. 31, 46. (Abstract)

Berger, M.S., Spence, A.M., and Stelzer, K.J. (1994) Brain tumors. In: Brain,

M.C., and Carbone, P.P. (Eds.) Current Therapy in Hematology/Oncology.

Philadelphia: Mosby Publishers, pp. 525–542.

Blagosklonny, M.V., Schulte, T., Nguyen, P., Trepel, J., and Neckers, L.M.

(1996) Taxol-induced apoptosis and phosphorylation of Bcl-2 protein

involves c-Raf-1 and represents a novel c-Raf-1 signal transduction path-

way. Cancer Res. 56, 1851–1854.

Bobola, M.S., Blank, A., Berger, M.S., and Silber, J.R. (1995a) Contribution of

O6-methylguanine-DNA methyltransferase to monofunctional alkylating

agent resistance in human brain tumor-derived cell lines. Mol. Carcinog.

13, 70–80.

Bobola, M.S., Berger, M.S., and Silber, J.R. (1995b) Contribution of O6-

methylguanine-DNA methyltransferase to resistance to 1,3-(2-

chloroethyl)-1-nitrosourea in human brain tumor-derived cell lines. Mol.

Carcinog. 13, 81–88.

Bobola, M.S., Tseng, S.H., Blank, A., Berger, M.S., and Silber, J.R. (1996) Role

of O6-methylguanine-DNA methyltransferase in resistance of human

brain tumor cell lines to the clinically relevant methylating agents temo-

zolomide and streptozotocin. Clin. Cancer Res. 2, 735–741.

Cahan, M.A., Walter, K.A., Colvin, O.M., and Brem, H. (1994) Cytotoxicity of

taxol in vitro against human and rat malignant brain tumors. Cancer

Chemother. Pharmacol. 33, 441–444.

Chamberlain, M.C., and Kormanik, P. (1995) Salvage chemotherapy with

paclitaxel for recurrent primary brain tumors. J. Clin. Oncol. 13,

2066–2077.

Chamberlain, M.C., and Kormanik, P. (1997) Salvage chemotherapy with

paclitaxel for recurrent oligodendrogliomas. J. Clin. Oncol. 15,

3427–3432.

Chang, S.M., Kuhn, J.G., Rizzo, J., Robins, H.I., Schold, S.C., Jr., Spence, A.M.,

Berger, M.S., Mehta, M.P., Bozik, M.E., Pollack, I., Gilbert, M., Fulton, D.,

Rankin, C., Malec, M., and Prados, M.D. (1998) Phase I study of pacli-

taxel in patients with recurrent malignant glioma: A North American brain

tumor consortium report. J. Clin. Oncol. 16, 2188–2194.

Cohen, B.H., and Packer, R.J. (1996) Chemotherapy for medulloblastoma and

primitive neuroectodermal tumors. J. Neurooncol. 29, 55–68.

Ezcurdia, L., Jovtis, S.L., Mickiewicz, E., Temperley, G., Rodinon, M., Blajman,

C., Coppola, F.S., Lewi, D., Cazap, E., Breier, S., Fasce, H., Fein, L., Polera,

J., Triguboff, E., Uranga, G., Pasccon, G., Luchina, A.M., Martinez, C.A.,

Politi, P.M., Rubio, G., and Alvarez, A.M. (1997) Paclitaxel in platinum-

resistant ovarian cancer patients. Argentine Multicenter Taxol Group.

Semin. Oncol. 24 (Suppl. 15), S15-53–S15-56.

Feun, L.G., Savaraj, N., and Landy, H.J. (1994) Drug resistance in brain

tumors. J. Neurooncol. 20, 165–176.

Ford, J.M., and Hait, W.N. (1990) Pharmacology of drugs that alter multidrug

resistance in cancer. Pharmacol. Rev. 42, 155–199.

Friedman, H.S., Dolan, M.E., Pegg, A.E., Marcelli, S., Keir, S., Catino, J.J.,

Bigner, D.D., and Schold, S.C., Jr. (1995) Activity of temozolomide in the

treatment of central nervous system tumor xenografts. Cancer Res. 55,

2853–2857.

Giannakakou, P., Sackett, D.L., Kang, Y.K., Zhan, Z., Buters, J.T., Fojo, T., and

Poruchynsky, M.S. (1997) Paclitaxel-resistant human ovarian cancer cells

have mutant beta-tubulins that exhibit impaired paclitaxel-driven poly-

merization. J. Biol. Chem. 272, 17118–17125.

Glantz, M.J., Choy, H., Kearns, C.M., Mills, P.C., Wahlberg, L.U., Zuhowski,

E.G., Calabresi, P., and Egorin, M.J. (1995) Paclitaxel disposition in plasma

and central nervous systems of humans and rats with brain tumors. J.

Natl. Cancer Inst. 87, 1077–1081.

Gore, M.E., Preston, N., Ahern, R.P., Hill, C., Mitchell, P., Chang, J., and Nicol-

son, M. (1995) Platinum-Taxol non-cross resistance in epithelial ovarian

cancer. Br. J. Cancer 71, 1308–1310.

Gross, J.L., Berhens, D.L., Mullins, D.E., Kornblith, P.L., and Dexter, D.L.

(1988) Plasminogen activator and inhibitor activity in human glioma cells

and modulation by sodium butyrate. Cancer Res. 48, 291–296.

Gupta, N., Hu, L.J., and Deen, D.F. (1997) Cytotoxicity and cell-cycle effects

of paclitaxel when used as a single agent and in combination with ioniz-

ing radiation. Int. J. Radiat. Oncol. Biol. Phys. 37, 885–895.

Hajek, R., Vorlicek, J., and Slavik, M. (1996) Paclitaxel (Taxol): A review of its

antitumor activity in clinical studies. Neoplasma 43, 141–154.

Haldar, S., Basu, A., and Croce, C.M. (1997) Bcl-2 is the guardian of micro-

tubule integrity. Cancer Res. 57, 229–233.

Harm, W. (1980) Biologic Effects of Ultraviolet Radiation. Cambridge: Cam-

bridge University Press.

Helson, L., Helson, C., Malik, S., Ainsworth, S., and Mangiardi, J. (1993) A sat-

References

http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-2685^28^2943L.141[aid=4807324]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1052-6773^28^2915L.11[aid=4807310]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-5107^28^29231L.1[aid=4807311]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.1851[aid=4807313]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2913L.70[aid=4807314]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2913L.81[aid=4807315]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^292L.735[aid=4807316]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0344-5704^28^2933L.441[aid=4807317]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2913L.2066[aid=4631003]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2915L.3427[aid=4630995]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2916L.2188[aid=4807318]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0167-594X^28^2929L.55[aid=4807319]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0167-594X^28^2920L.165[aid=4682064]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0031-6997^28^2942L.155[aid=1917059]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2955L.2853[aid=159194]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9258^28^29272L.17118[aid=4807320]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8874^28^2987L.1077[aid=4807321]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2971L.1308[aid=4807322]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2948L.291[aid=166254]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0360-3016^28^2937L.885[aid=4807323]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2957L.229[aid=741421]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1052-6773^28^2915L.11[aid=4807310]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2913L.70[aid=4807314]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0899-1987^28^2913L.81[aid=4807315]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0344-5704^28^2933L.441[aid=4807317]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2913L.2066[aid=4631003]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2915L.3427[aid=4630995]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2955L.2853[aid=159194]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0027-8874^28^2987L.1077[aid=4807321]


S.H. Tseng et al.: Taxol-induced cytotoxicity in human brain tumors

Neuro-Oncology AP RIL 199 9108

uration threshold for taxol cytotoxicity in human glial and neuroblastoma

cells. Anticancer Drugs 4, 487–490.

Horwitz, S.B., Lothstein, L., Manfredi, J.J., Mellado, W., Parness, J., Roy, S.N.,

Schiff, P.B., Sorbara, L., and Zeheb, R. (1986) Taxol: Mechanisms of action

and resistance. Ann. N. Y. Acad. Sci. 466, 733–744.

Ise, W., Heuser, M., Sanders, K.H., Beck, J., and Gekeler, V. (1996) P-glyco-

protein-associated resistance to taxol and taxotere and its reversal by

dexniguldipine-HCl, dexverapamil-HCl, or cyclosporin A. Int. J. Oncol. 8,

951–956.

Iwadate, Y., Tagawa, M., Fujimoto, S., Hirose, M., Namba, H., Sueyoshi, K.,

Sakiyama, S., and Yamaura, A. (1998) Mutation of the p53 gene in

human astrocytic tumours correlates with increased resistance to DNA-

damaging agents but not to anti-microtubule anti-cancer agents. Br. J.

Cancer 77, 547–551.

Jaffrezou, J.P., Dumontet, C., Derry, W.B., Duran, G., Chen, G., Tsuchiya, E.,

Wilson, L., Jordan, M.A., and Sikic, B.I. (1995) Novel mechanism of resis-

tance to paclitaxel (Taxol) in human K562 leukemia cells by combined

selection with PSC 833. Oncol. Res. 7, 517–527.

Jensen, P.B., Holm, B., Sorensen, M., Christensen, I.J., and Sehested, M.

(1997) In vitro cross-resistance and collateral sensitivity in seven resistant

small-cell lung cancer cell lines: Preclinical identi�cation of suitable drug

partners to taxotere, taxol, topotecan and gemcitabin. Br. J. Cancer 75,

869–877.

Jordan, M.A., and Wilson, L. (1998) Microtubules and actin �laments:

Dynamic targets for cancer chemotherapy. Curr. Opin. Cell Biol. 10,

123–130.

Kartner, N., Evernden-Porelle, D., Bradley, G., and Ling, V. (1985) Detection

of P-glycoprotein in multidrug-resistant cell lines by monoclonal antibod-

ies. Nature 316, 820–823.

Kavallaris, M., Kuo, D.Y.S., Burkhart, C.A., Regl, D.L., Norris, M.D., Haber, M.,

and Horwitz, S.B. (1997) Taxol-resistant epithelial ovarian tumors are

associated with altered expression of speci�c b -tubulin isotypes. J. Clin.

Invest. 100, 1282–1293.

Keles, G.E., Berger, M.S., Srinivasan, J., Kolstoe, D.D., Bobola, M.S., and Sil-

ber, J.R. (1995) Establishment and characterization of four human medul-

loblastoma-derived cell lines. Oncol. Res. 7, 493–503.

Lautier, D., Canitrot, Y., Deeley, R.G., and Cole, S.P. (1996) Multidrug resis-

tance mediated by the multidrug resistance protein (MRP) gene.

Biochem. Pharmacol. 52, 967–977.

Liebmann, J.E., Cook, J.A., Lipschultz, C., Teague, D., Fisher, J., and Mitchell,

J.B. (1993) Cytotoxic studies of paclitaxel (Taxol) in human tumour cell

lines. Br. J. Cancer 68, 1104–1109.

Ling, V., and Thompson, L.H. (1974) Reduced permeability in CHO cells as a

mechanism of resistance to colchicine. J. Cell. Physiol. 83, 103–116.

Ludlum, D.B. (1997) The chloroethylnitrosoureas: Sensitivity and resistance to

cancer chemotherapy at the molecular level. Cancer Invest. 15, 588–598.

Marre, F., Sanderink, G.J., deSousa, G., Gaillard, C., Martinet, M., and Rahami,

R. (1996) Hepatic biotransformation of docetaxel (Taxotere®) in vitro:

Involvement of the CYP3A subfamily in humans. Cancer Res. 56,

1296–1302.

McGuire, W.P., Hoskins, W.J., Brady, M.F., Kucera, P.R., Partridge, E.E., Look,

K.Y., Clarke-Pearson, D.L., and Davidson, M. (1997) Comparison of com-

bination therapy with paclitaxel and cisplatin versus cyclophosphamide

and cisplatin in patients with suboptimal stage III and IV ovarian cancer:

A Gynecologic Oncology Group study. Semin. Oncol. 24 (Suppl. 2), S2-

13–S2-16.

Mechetner, E., Kyshtoobayeva, A., Zonis, S., Kim, H., Stroup, R., Garcia, R.

Parker, R.J. and Fruehauf, J.P. (1998) Levels of multidrug resistance

(MDR1) P-glycoprotein expression by human breast cancer correlate with

in vitro resistance to taxol and doxorubicin. Clin. Cancer Res. 4, 389–398.

Monsarrat, B., Chatelut, E., Royer, I., Alvinerie, P., Dubois, J., Dezeuse, A.,

Roche, H., Cros, S., Wright, M., and Canal, P. (1998) Modi�cation of

paclitaxel metabolism in a cancer patient by induction of cytochrome

P450 3A4. Drug Metabol. Dispos. 26, 229–233.

Parekh, H., Wiesen, K., and Simpkins, H. (1997) Acquisition of taxol resistance

via P-glycoprotein- and non-P-glycoprotein-mediated mechanisms in

human ovarian carcinoma cells. Biochem. Pharmacol. 53, 461–470.

Pegg, A.E., Dolan, M.E., and Moschel, R.C. (1995) Structure, function, and

inhibition of O6-alkylguanine-DNA alkyltransferase. Prog. Nucleic Acid

Res. Mol. Biol. 51, 167–223.

Poten, J., and MacIntyre, E.H. (1968) Long term culture of normal and neo-

plastic human glia. Acta Pathol. Microbiol. Scand. 74, 465–486.

Prados, M.D., and Russo, C. (1998) Chemotherapy for brain tumors. Semin.

Surg. Oncol. 14, 88–95.

Prados, M.D., Schold, S.C., Spence, A.M., Berger, M.S., McAllister, L.D.,

Metha, M.P., Gilbert, M.R., Fulton, D., Kuhn, J., Lamborn, K., Rector, D.J.,

and Chang, S.M. (1996) Phase II study of paclitaxel in patients with recur-

rent malignant glioma. J. Clin. Oncol. 14, 2316–2321.

Ranganathan, S., Benetatos, C.A., Colarusso, P.J., Dexter, D.W., and Hudes,

G.R. (1998) Altered b -tubulin isotype expression in paclitaxel-resistant

human prostate carcinoma cells. Br. J. Cancer 77, 562–566.

Ravdin, P.M. (1995) Taxoids: Effective agents in anthracycline-resistant breast

cancer. Semin. Oncol. 22, 29–34.

Riondel, J., Jarcot, M., Fressi, H., Puisieux, F., and Potier (1992) Effects of free

and liposome-encapsulated taxol on two brain tumors xenografted into

nude mice. In vivo 6, 23–27.

Royer, I., Monsarrat, B., Sonnier, M., Wright, M., and Cresteil, T. (1996)

Metabolism of docetaxel by human cytochromes P450: Interactions with

paclitaxel and other antineoplastic drugs. Cancer Res. 56, 58–65.

Rudner, A.D., and Murray, A.W. (1996) The spindle assembly checkpoint.

Curr. Opin. Cell Biol. 8, 773–780.

Schold, S.C., Jr., Kokkinakis, D.M., Rudy, J.L., Moschel, R.C., and Pegg, A.E.

(1996) Treatment of human brain tumor xenografts with O6-benzyl-2’-

deoxyguanosine and BCNU. Cancer Res. 56, 2076–2081.

Silbergeld, D.L., Chicoine, M.R., and Madsen, C.L. (1995) In vitro assessment

of Taxol for human glioblastoma: Chemosensitivity and cellular locomo-

tion. Anticancer Drugs 6, 270–276.

Terzis, A.-J.A., Thorsen, F., Heese, O., Visted, T., Bjerkvig, R., Dahl, O., Arnold,

H., and Gundersen, G. (1997) Proliferation, migration and invasion of

human glioma cells exposed to paclitaxel (Taxol) in vitro. Br. J. Cancer 75,

1744–1752.

Tishler, D.M., Weinberg, K.I., Sender, L.S., Nolta, J.A., and Raffel, C. (1992)

Multidrug resistance gene expression in pediatric primitive neuroectoder-

mal tumors of the central nervous system. J. Neurosurg. 76, 507–512.

Vasey, P.A., Jones, N.A., Jenkins, S., Dive, C., and Brown, R. (1996) Cisplatin,

camptothecin, and taxol sensitivities of cells with p53-associated mul-

tidrug resistance. Mol. Pharmacol. 50, 1536–1540.

Wallner, K.E., Galicich, J.H., Krol, G., Arbit, E., and Malkin, M.G. (1989) Pat-

terns of failure following treatment for glioblastoma multiforme and

anaplastic astrocytoma. Int. J. Radiat. Oncol. Biol. Phys. 16, 1405–1409.

Walter, K.A., Cahan, M.A., Gur, A., Tyler, B., Hilton, J., Colvin, O.M., Burger,

P.C., Domb, A., and Brem, H. (1994) Interstitial taxol delivered from a

biodegradable polymer implant against experimental malignant glioma.

Cancer Res. 54, 2207–2212.

Wang, H.G., Rapp, U.R., and Reed, J.C. (1996) Bcl-2 targets the protein

kinase Raf-1 to mitochondria. Cell 87, 629–638.

Woo, H.L., Swenerton, K.D., and Hoskins, P.J. (1996) Taxol is active in plat-

inum-resistant endometrial adenocarcinoma. Am. J. Clin. Oncol. 19,

290–291.

Woods, C.M., Zhu, J., McQueney, P.A., Bollag, D., and Lazarides, E. (1995)

Taxol-induced mitotic block triggers rapid onset of a p53-independent

apoptotic pathway. Mol. Med. 1, 506–526.

Yang, X., and Page, M. (1995) P-glycoprotein expression in ovarian cancer cell

line following treatment with cisplatin. Oncol. Res. 7, 619–624.

http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.1296[aid=4807352]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.1296[aid=4807352]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0365-5555^28^2974L.465[aid=4807351]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0955-0674^28^2910L.123[aid=4807350]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0955-0674^28^2910L.123[aid=4807350]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2975L.869[aid=4807349]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2975L.869[aid=4807349]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-4973^28^294L.487[aid=4807325]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0077-8923^28^29466L.733[aid=4807326]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1019-6439^28^298L.951[aid=4807327]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0965-0407^28^297L.517[aid=4807329]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0028-0836^28^29316L.820[aid=160710]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9738^28^29100L.1282[aid=4807330]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0965-0407^28^297L.493[aid=4681985]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2952^28^2952L.967[aid=624800]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2968L.1104[aid=736778]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9541^28^2983L.103[aid=4807331]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0735-7907^28^2915L.588[aid=4807332]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1078-0432^28^294L.389[aid=4807333]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0090-9556^28^2926L.229[aid=4807334]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0006-2952^28^2953L.461[aid=4807335]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0079-6603^28^2951L.167[aid=1894634]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0732-183X^28^2914L.2316[aid=4807337]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2977L.562[aid=4807338]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0093-7754^28^2922L.29[aid=4807339]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0258-851X^28^296L.23[aid=4807340]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.58[aid=623709]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0955-0674^28^298L.773[aid=4807341]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2956L.2076[aid=4631047]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0959-4973^28^296L.270[aid=4807342]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2975L.1744[aid=4807343]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0022-3085^28^2976L.507[aid=4807344]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0026-895X^28^2950L.1536[aid=736792]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0360-3016^28^2916L.1405[aid=4807345]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0008-5472^28^2954L.2207[aid=684497]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0092-8674^28^2987L.629[aid=162614]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0277-3732^28^2919L.290[aid=4807346]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1076-1551^28^291L.506[aid=4807347]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0965-0407^28^297L.619[aid=4807348]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/1019-6439^28^298L.951[aid=4807327]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0021-9738^28^29100L.1282[aid=4807330]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0079-6603^28^2951L.167[aid=1894634]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0007-0920^28^2975L.1744[aid=4807343]
http://www.ingentaselect.com/rpsv/cgi-bin/linker?ext=a&reqidx=/0277-3732^28^2919L.290[aid=4807346]

