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Abstract. We have performed DNA flow analysis, mitotic 
index studies, time-lapse photography, and paclitaxel up- 
take studies of human tumor cell lines exposed to pacli- 
taxel. DNA flow analysis demonstrated that cells began 
accumulating in G2/M within 6 hrs of exposure to pacli- 
taxel; by 12 hrs over 50% of cells accumulated in G2/M at 
all concentrations tested. After 24 hrs of exposure to 10 nM 
paclitaxel, cells underwent non-uniform mitotic division 
resulting in multinucleated cells. Of cells treated with 
30 nM to 1000 nM paclitaxel, 75% to 85% remained 
blocked in G2/M for up to 72 hrs. Although a large pro- 
portion of cells treated with higher concentrations of pa- 
clitaxel (10,000 nM) was blocked in G2/M, a significant 
proportion (10% to 40%) of these cells was also in G1. 
Cells exposed to lower concentrations of paclitaxel (10 nM 
to 1000 nM) in medium containing 0.135% (v/v) Cremo- 
phor EL also had a relatively large proportion in G1. Mi- 
totic index studies demonstrated that the paclitaxel-induced 
G2/M block was initially a mitotic block and that cells 
remained in mitosis for up to 24 hrs. With additional time 
of exposure to paclitaxel, mitotic index and time-lapse 
studies indicated that cells attempted to complete mitosis; 
however, cytokinesis was inhibited and cells became mul- 
tinucleated. Time-lapse photography revealed that pacli- 
taxel markedly prolonged the time in mitosis from 0.5 hr to 
15 hr. High levels of Cremophor EL (0.135% v/v) markedly 
reduced the number of cells in mitosis but did not alter the 
mitotic delay induced by paclitaxel. 3H-paclitaxel uptake 
studies revealed that high concentrations of Cremophor EL 
did reduce the rate of uptake of paclitaxel into cells but had 
little effect on total paclitaxel accumulation. These results 
confirm that paclitaxel has striking effects on the cell cycle 
and show that high concentrations of Cremophor EL are 
capable of inducing a cell cycle block distinct from the 
mitotic block seen with paclitaxel. These results also de- 
monstrate that cells exposed to paclitaxel for longer than 
24 hours attempt to complete mitosis but the process of 
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cytokinesis is inhibited. Together with cytotoxicity data, 
these results indicate that entry into and exit out of mitosis 
are prerequisites for paclitaxel cytotoxicity. 

Introduction 

Paclitaxel is a novel chemotherapeutic agent that is derived 
from the bark of the Western yew tree [16]. Paclitaxel binds 
tightly to the ]3-tubulin subunit of microtubules [12]. Pa- 
clitaxel promotes the assembly of microtubules in the ab- 
sence of microtubule associated proteins and prevents the 
disaggregation of microtubules that normally occurs at low 
temperatures or in the presence of low concentrations of 
calcium [14, 15]. In the presence of paclitaxel, cytoplasmic 
microtubules are condensed into anomalous bundles and 
mitotic microtubules form multiple asters [1]. The effects 
of paclitaxel on microtubules are believed to account for 
the development of a block in proliferating cells in the G2 
or M phases of the cell cycle that is consistently seen after 
exposure to the drug [14]. 

Paclitaxel's effects on microtubules and the cell cycle 
have been known for years and are believed to account in 
large measure for the cytotoxicity of the drug. However, the 
exact mechanism of paclitaxel-induced cytotoxicity is not 
known. We have found that paclitaxel exhibits a number of 
unique characteristics in in vitro clonogenic assays [4, 8]. 
First, the dose-response curve of paclitaxel cytotoxicity is 
initially steep at low concentrations of the drug (<20 nM), 
but then is flat over a wide range of paclitaxel concentra- 
tions (30 nM to 1000 nM). Second, very high concentrations 
of paclitaxel (10,000 r~), actually improve cell survival 
compared with lower paclitaxel concentrations. Third, pa- 
clitaxel cytotoxicity is time-dependent, with toxicity in- 
creasing with increased times of exposure. Fourth, cells in 
plateau phase of growth are much less sensitive to pacli- 
taxel than are exponentially growing cells. Finally, high 
levels of Cremophor EL, the diluent in which paclitaxel is 
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prepared for clinical use, can antagonize paclitaxel cyto- 
toxicity. 

In an attempt to determine the mechanism(s) responsible 
for the cytotoxic properties of paclitaxel, we have con- 
ducted a number  of studies utilizing DNA flow cytometry, 
time-lapse photography, mitotic index, and paclitaxel up- 
take studies. These studies confirm that entry into, and exit 
out of, mitosis is a likely prerequisite for cell killing by 
paclitaxel. Further, we have found that Cremophor EL can 
block cells in G1, prevent the entry of cells into mitosis, 
and antagonize paclitaxel's cytotoxicity. 

Materials and Methods 

Chemicals. Paclitaxel powder was supplied by the Cancer Therapy 
Evaluation Program (CTEP), National Cancer Institute. The powder 
was dissolved in dimethyl sulfoxide (DMSO) (Sigma Chemical Co., 
St. Louis, Mo.) to a stock concentration of 10 n-an. Paclitaxel diluted in 
Cremophor EL was obtained from the Pharmacy Branch of the Clinical 
Center at the NIH at a stock concentration of 6 mg/mI (7.4 raM). 
Cremophor EL was obtained from CTER Propidium iodide (PI) and 
RNAse A were purchased from Sigma Chemical Co. 3H-Paclitaxel 
(specific activity 23 Ci/mmol) was obtained from Research Triangle 
Institute (Research Triangle Park, NC). The 3H-paclitaxel was found to 
be 96% pure by thin-layer chromatography and 95% pure by high- 
pressure liquid chromatography. 

Cell culture. The human breast adenocarcinoma line MCF-7 and lung 
adenocarcinoma line A549 were both obtained from ATCC (Rockville, 
MD) and maintained in RPMI 1640 medium supplemented with 10% 
fetal bovine serum (FBS) and antibiotics. For cell experiments, a 
number of 100-ram petri dishes were plated with 5x105 cells. Ex- 
ponentially growing cells were exposed to various concentrations of 
paclitaxel or its appropriate diluent 24 h later. For experiments that 
studied cells in plateau phase of growth, cells were permitted to grow 
for a minimum of 72 h before they were exposed to paclitaxel. After 
exposure to paclitaxel for various times, the cells were rinsed, tryp- 
sinized, washed in PBS (pH 7.4) and collected for DNA flow analysis 
and mitotic index survey. 

Flow analysis. Between 5x105 and 15x105 cells were fixed and 
stained in 2 ml of 0.1% sodium citrate/0.1% Triton X-100 solution 
containing 50 btg/ml PI. After at least 24 h in the fixative solution at 
4 ~ C, all samples were analyzed using an EPICS V cell sorter (Coulter 
Electronics, Hialeah, Fla.) with an argon ion laser tuned to 488 nm for 
excitation. Prior to flow analysis, 50 btg/ml of RNAse A was added to 
all samples. The PI fluorescence was detected using 514/530 nm fil- 
ters. Both linear and log DNA histograms were collected and analyzed. 
For DNA degradation, log histograms are presented. For cell cycle 
analysis, linear DNA histograms were used and analyzed using pre- 
viously described computer programs [5]. 

Mitotic index. Cells were briefly (<10 rain) exposed to hypotonic 
saline (35 m• NaCI) and then fixed with methanol/acetic acid (3 : 1). 
Cells were dropped onto microscope slides and stained with crystal 
violet. Cells were viewed by light microscopy and the number of 
mitotic, interphase, or multinucleated cells were scored. A minimum of 
500 cell nuclei were scored for each time point. 

Time-lapse photography. Cells (i0 x 103) were plated into 25-mm petri 
dishes in 3.5 ml of medium and allowed to attach and grow for 24 h. 
Paclitaxel, Cremophor EL, or DMSO was added to the cells to the 
appropriate final concentrations after a suitable field of 20-30 cells 
was identified through the photography system. Culture dishes were 
viewed using a Nikon inverted microscope (Diaphot-TMD) equipped 
with an on-stage chamber receiving a flow of humidified 5% CO2 and 
air, and located in a 37~ warm room. The phase contrast field of 20- 

30 cells was recorded at one frame every 4 s through the camera port 
using a Panasonic WV-CL 300 camera connected to a Panasonic VHS 
(model AG-6030-P) time-lapse recorder. The tapes could be viewed or 
used to produce still photographs. To determine the duration that cells 
were in mitosis, individual cells were identified on the videotapes. 
Mitosis was considered to have begun when a cell became round and 
condensed. Mitosis was considered to have ended either with the ap- 
pearance of cell division or, in the case of many cells exposed to pa- 
clitaxel, when the condensed cell again became flat, regardless of 
whether daughter cells were produced or not. 

3H-Paclitaxel binding. Cells were plated into 24-well plates at a 
concentration of 50,000 cells per well, and 24 h later 0.1 btCi of 3H- 
paclitaxel was added to each well (8.7 nM final concentration) to assess 
paclitaxel uptake in exponentially growing cells. To follow the time 
course of 3H-paclitaxel uptake into cells, medium was aspirated from 
the plates at various times after the addition of labeled paclitaxel and 
the cell monolayer was extensively washed with phosphate-buffered 
saline, pH 7.4. Cells were then lysed with 0.5 ml of a solution con- 
taining 1% Triton X-100 and 1% sodium dodecyl sulfate. The lysates 
were collected and counted in a liquid scintillation counter. To assess 
specific paclitaxel binding to cells, unlabeled paclitaxel, in final con- 
centrations of 10, 50, i00, 250, or 1000 nM was also added to wells 
containing 3H-paclitaxel. After 12 h, cells were collected for counting 
of bound radioactivity as described above. Cells that had been exposed 
to unlabelled paclitaxel alone were trypsinized and counted. Results 
are expressed as cpm/105 cells. 

Results 

Flow analysis 

Paclitaxel caused a G2/M block in all human Cell lines 
tested, a finding similar to previously reported results [14]. 
Figure 1 shows the temporal development of the G2/M 
block in A549 cells exposed to 50 nM paclitaxel. An in- 
crease in the G2/M fraction was evident within 6 h of pa- 
clitaxel exposure, and over 80% of cells were in G2/M 
within 24 h. Figure 2 shows the effect of a 24 h exposure to 
different concentrations of paclitaxel on the cell cycle of 
A549 cells. At very low concentrations of paclitaxel ( 5 -  
10 riM), extensive nuclear damage, indicated by the broad 
peak centered about channel 125, was seen in addition to 
accumulation of cells in G2/M. Concentrations of pacli- 
taxel up to 1000 nM also resulted in the characteristic G2/M 
block, although nuclear damage was markedly reduced. 
However, at very high concentrations of paclitaxel 
(10,000 riM) a significant proportion of cells remained in 
G1. All other human cell lines we have studied [8] also 
showed flow cytometry patterns similar to those exhibited 
by A549 cells after exposure to paclitaxel, although the 
extent of the G1 block caused by 10,000 nM paclitaxel did 
vary between cell lines. 

Because of the possibility that the high levels of Cre- 
mophor EL that would be present in solutions of 10,000 nM 
paclitaxel might be responsible for the G1 block, cell cycle 
analysis was performed on cells incubated in 0.135% (v/v) 
Cremophor EL and exposed to low levels of paclitaxel (5 nM 
to 50 riM; Fig. 3). This (0.135%) is the concentration of 
Cremophor EL that is present in a 10,000 nM solution of 
paclitaxel prepared from a stock of paclitaxel formulated 
for clinical use (6 mg/ml paclitaxel in Cremophor EL). The 
Cremophor EL did prevent accumulation of cells in G2/M 
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Fig. 1. DNA flow cytometry analysis of A549 cells exposed to 50 nM 
paclitaxel for increasing periods of time. Cells were exposed to 
paclitaxel and prepared for flow cytometry as described in "Meth- 
ods". Of the control cells (upper left panel), 45% are in G1, 43% are in 
S, and 12% are in G2/M. Within 6 h of exposure to paclitaxel (upper 

i i t 

72 hr  

50 100 150 200 

right panel), a majority of cells are blocked in G2/M, though a 
significant minority of cells remain in G1. With increasing duration 
of exposure to paclitaxel, nearly all cells move out of G1 and are 
blocked in G2/M 

after exposure to paclitaxel for 24 h. The nuclear damage 
that was seen after cells were exposed to 5 nM or 10 nM 
paclitaxel (Fig. 2B) was also reduced in the presence of 
0.135% Cremophor EL. In contrast, high levels of DMSO, 
an alternative solvent for paclitaxel, did not affect the G2/ 
M cell cycle block normally induced by paclitaxel. 

Mitotic index 

Because DNA flow analysis cannot distinguish between 
cells in the G2 or M phases of the cell cycle, cells were 
fixed and stained to count the proportion of cells in mitosis 
after treatment with paclitaxel. Table 1 shows the propor- 
tion of A549 cells in mitosis or interphase as well as the 
proportion of cells with multiple micronuclei. During the 
first 12-24 h of exposure to 50 mA paclitaxel the proportion 
of mitotic cells increased sharply to between 40% and 60% 
of total cells. Between 24 and 48 h, however, the proportion 
of mitotic cells fell and the overwhelming majority of cells 
(>70%) were multi-nucleated. A far smaller proportion of 

cells exposed to 10,000 nM paclitaxel, however, was found 
to be in mitosis compared with cells incubated in 50 nM 
paclitaxel. Only about 10% of cell nuclei were mitotic at 
any time after exposure to 10,000 nM paclitaxel. 

To determine whether the Cremophor EL diluent was 
responsible for the lower proportion of mitotic nuclei noted 
at high concentrations of paclitaxel, cells were incubated in 
medium containing 50 nM paclitaxel to which Cremo- 
phor EL had been added to give a final concentration of 
0.135% (v/v). High concentrations of Cremophor EL did 
result in a marked decrease in the proportion of cells in 
mitosis compared with cells exposed to identical amounts 
of paclitaxel in low concentrations of Cremophor EL 
(Table 1). 

Time-lapse photography 

Cells were videotaped for up to 72 h during exposure to 
paclitaxel. Cells not exposed to paclitaxel stayed in mitosis 
for about 30 rain. Concentrations of paclitaxel of between 
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Fig. 2. DNA flow cytometry analysis of A549 ceils exposed to 
increasing amounts of paclitaxel for 24 h. Cells were exposed to 
paclitaxel and prepared for flow cytometry as described in "Methods". 

Control cells are shown in panels A and D. Cells were exposed to 10 nM 
(panel B), I00 nM (panel C), 1000 nM (panel E), or 10,000 nM 
paclitaxel (panel F) 
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Fig. 3. DNA flow cytometry analysis of  A549 cells exposed for 24 h to 
10 nM or 50 nM paclitaxel in the presence or absence of 0.135% (v/v) 
Cremophor EL. Cells were exposed to paclitaxel and/or Cremophor EL 
and prepared for flow cytometry as described in "Methods". Panel A 
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shows cells exposed to 10 nu paclitaxel only. Panel B represents cells 
exposed to 10 nM paclitaxel in the presence of Cremophor EL. Panel C 
shows cells exposed to 50 nM paclitaxel only. Panel D represents cells 
exposed to 50 nM paclitaxel in the presence of Cremophor EL 
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Fig. 4. Time that cells remained in mitosis during exposure to 
paclitaxel. Cells were videotaped with time-lapse photography as 
described in "Methods". Individual cells were followed on tape and 
the time that each cell stayed in mitosis was determined. Values shown 
are means _+ S. D. 

5 nM and 10,000 nM increased the duration of mitosis up to 
15 h (Fig. 4). Although mitotic index and time-lapse studies 
showed that high levels of paclitaxel or Cremophor EL 
(0.135%) resulted in a reduced rate of entry of cells into 
mitosis, Fig. 4 demonstrates that mitosis was prolonged in 
those cells that entered mitosis, regardless of the con- 
centration of Cremophor EL in the medium. Cells treated 
with paclitaxel that entered a prolonged mitotic state 
eventually re-formed the nuclear membrane and attached to 
the plate surface; however, the process of cytokinesis was 
inhibited and cell division rarely occurred. Instead, ceils 
developed multiple nuclei and frequently continued to at- 
tempt to go through mitosis but were unable to divide into 
daughter cells (Fig. 5). High concentrations of paclitaxel 
(10,000 riM) or of Cremophor EL resulted in a reduced rate 
of mitosis formation as compared with cells exposed to 
lower amounts of paclitaxel. These high concentrations of 
paclitaxel also caused the formation of multiple cyto- 
plasmic vacuoles (Fig. 5). Cytoplasmic vacuoles were also 
noted in cells exposed to 0.135% Cremophor EL alone 
(results not shown). 

3H-paclitaxel uptake 

Incubation of cells in high concentrations of Cremophor EL 
reduced the rate at which cells accumulated 3H-paclitaxel 
(Fig. 6). In contrast, high levels of DMSO had no effect on 
paclitaxel uptake. In A549 cells, the total accumulation of 
3H-paclitaxel was slightly reduced by 0.135% (v/v) Cre- 
mophor EL; however, the total uptake of 3H-paclitaxel into 
MCF-7 cells was not affected by Cremophor EL (Fig. 6). 

Discussion 

We have shown, in rodent and a variety of different human 
tumor cell lines, that paclitaxel has a unique dose-response 

Table 1. Distribution of A549 cells in the cell cycle and as multi-nu- 
cleated cells after exposure to paclitaxel. After exposure to paclitaxel 
for the times indicated, cells were fixed, stained, and counted as de- 
scribed in "Methods". Where the addition of "Cremophor" is in- 
dicated, cells were incubated in 0.135% (v/v) Cremophor EL during 
exposure to paclitaxel. Where the addition of "DMSO" is indicated, 
cells were incubated in 0.135% (v/v) DMSO during exposure to pa- 
clitaxel. Values expressed are percentages of total cells _ SD 

Paclitaxel Time (h) Interphase Mitosis Multinucleated 

0 - 97.6-+0.3 2.4_+0.2 - 

50 raM 6 79.2_+ 1.7 20.0--+ 1.6 0.8_+0.4 

50 nM 12 54.2-+1.6 43.5_+1.6 2.2--+0.5 

50 m~ 24 16.7_+1.3 66.5_+1.7 16.7-+1.3 

50 nM 48 3.1-+0.7 22.4-+1.6 74.6--+1.7 

50 nM+ 24 69.8-+2.0 19.0_+ 1.7 11.2--+ 1.4 
Cremophor 

50 nM+ 24 15.6_+ 1.6 41.8_+2.2 42.6--+2.2 
DMSO 

10,000 nM+ 24 65.6_+1.8 12.1_+1.2 22.3_+1.5 
Cremophor 

10,000 nM+ 24 8.8_+1.2 56.7_+2.1 34.5+--2.0 
DMSO 

cytotoxic effect [4, 8]. All lines exposed to paclitaxel for 
24 h that we have studied exhibit a sharp decline in cell 
survival at low (<--20 riM) concentrations of the drug. 
However, each line also demonstrates a plateau in survival 
at concentrations of paclitaxel above about 30 riM. At very 
high concentrations of paclitaxel (10,000 riM) several cell 
lines show an increase in cell survival. We have also found 
that the cytotoxicity of paclitaxel is highly dependent on 
the time that cells are exposed to the drug. Little or no 
cytotoxicity is seen in cells that are treated with paclitaxel 
for less than 12 h. Cytotoxicity increases in all cell lines as 
time of exposure to paclitaxel increases, so that cell killing 
after 72 h is as much as 200 times greater than that seen 
after 24 h of paclitaxel treatment. Further, we have noted 
that cells in the plateau phase of growth are markedly more 
resistant to paclitaxel than are cells growing exponentially. 

Although paclitaxel avidly binds to tubulin to promote 
the formation and prevent the dissolution of microtubules 
[10], the exact mechanism of paclitaxel-induced cyto- 
toxicity is unknown. The DNA flow cytometry studies re- 
ported here and by others [9, 14] show that exposure of 

Fig. 5. Phase microscope images of cells monitored by time-lapse 
video. Panels A through L are MCF-7 cells; panels M through X are 
A549 cells. Paclitaxel concentrations are designated for each row. 
Column headings indicate time points after addition of paclitaxel to the 
medium. The mitosis phase (rounded cells) persists for hours in cells 
exposed to paclitaxel. Multidirectional nuclear "divisions" (straight 
black arrows in D, G, N, O, P, and T) result in micronucleated cells 
(white arrows in B, D, H, P, and 7). Far fewer cells entered mitosis 
when cultures were treated with 10,000 nM paclitaxel than with 
exposure to lower paclitaxel concentrations; 10,000 nM paclitaxel 
also resulted in the appearance of cytoplasmic vacuoles (examples at 
bent arrows in K and 32). 



336 



337 



338 

10 

r 

10 

g~ 

10 

10 

10 

10 

r,.) 

A549 
4 

----m--- A549 
A549 + Cremophor 
A549 + DMSO 

I I I 

0 1 2 3 

Time (Hrs) 

M C F - 7  4 

-7 
~/ - ~  MCFF:77+Crem~176 DMSO 

2 [  1] , I I , I 

0 1 2 3 

Time (hrs) 

Fig. 6. Uptake of paclitaxel into A549 (above) and MCF-7 (below) 
cells. Cells were incubated in 3H-paclitaxel and collected at various 
times as described in "Methods" 

exponentially dividing cells to paclitaxel rapidly results in a 
block in the G2/M phases of the cell cycle. The extent of 
the G2/M block was somewhat dependent on paclitaxel 
concentration. Cells incubated in 5 nM to 10 nM paclitaxel 
were able to complete mitosis after about 12 h; however, 
cell division occurred in a non-uniform manner, leading to 
the production of multinucleated cells. Above paclitaxel 
concentrations of 30 nM, cell accumulation at the G2/M 
border became noticeable within 6 h of exposure to the 
drug and persisted for at least 72 h with continued pacli- 
taxel exposure. However, mitotic index measurements 
demonstrated that, though cells exposed to any level of 
paclitaxel less than 1000 nM were initially blocked in mi- 
tosis, with time most cells did attempt to complete mitosis. 
All lines had a significant proportion of cells in mitosis 
after 12-24 h of exposure to paclitaxel. With continued 
exposure to paclitaxel, the proportion of mitotic cells de- 
creased and the overwhelming majority of cells developed 
multiple micronuclei. Time-lapse photography of ceils ex- 
posed to paclitaxel confirmed the development of multiple 
micronuclei with increasing time of exposure to the drug. 

Thus, although cells exposed to paclitaxel maintain a G2/M 
DNA content as determined by flow studies, these cells 
were not statically blocked in mitosis. Rather, they pro- 
gressed through mitosis but were unable to divide and in- 
stead developed multiple micronuclei. 

It may be more accurate to refer to paclitaxel-treated 
cells that have a tetraploid DNA content but have pro- 
gressed through mitosis as tetraploid G1 cells. Our DNA 
flow cytometry studies separate cells on the basis of DNA 
content and so cannot distinguish between G2, M, or tet- 
raploid G1 cells. However, using bromo-deoxyuridine la- 
beling, we have found that paclitaxel-treated tetraploid or 
multi-nucleated human cells do not reinitiate DNA syn- 
thesis (data not shown). This is in contrast to some pacli- 
taxel-treated rodent cells, which appear to be able to re- 
initiate DNA synthesis [3, 9] and acquire a DNA content of 
8n or greater (n. b., diploid content = 2n). 

Our results are consistent with those recently reported 
by Lopes et al. [9], who found that the human ovarian 
cancer cell line A2780 progressed through mitosis in the 
presence of paclitaxel but was unable to successfully di- 
vide. Lopes et al. also noted the emergence of a fraction of 
A2780 cells with DNA content of 8n after exposure to 
paclitaxel. We also have found that a large fraction of the 
rodent cell line V79 acquire a DNA content of 8n or greater 
with prolonged exposure to paclitaxel [3]. However, we 
have seen very few human cells progress to a DNA content 
of 8n after exposure to paclitaxel [8]. The fraction of 
A2780 cells in the study by Lopes et al. which developed a 
DNA content of 8n appeared to be small in contrast to the 
large fraction (>50%) of rodent cells that eventually acquire 
an 8n DNA content during paclitaxel exposure [3, 9]. The 
reason for these differences in the emergence of cells with 
DNA content of 8n or greater in different cell lines is not 
known. However, there are significant differences in the 
doubling (cell cycle) times between the A2780 cells (16 h) 
and the cell lines we used in the present study (24 h). It is 
possible that intrinsic differences in cell cycle progression 
between the different cell lines could account for the dif- 
ferences in the number of 8n cells. 

We have found that concentrations of  Cremophor EL, 
equivalent to that which would be present in a 10,000 nM 
solution of paclitaxel, inhibit the cytotoxicity of paclitaxel 
[8]. The current studies demonstrate that Cremophor EL 
blocks the cell cycle effects of paclitaxel. High con- 
centrations of Cremophor EL reduced the percentage of 
ceils in G2/M and increased the percentage of cells in G1 
after exposure to paclitaxel as assessed by flow cytometry. 
Mitotic index studies confirmed that 0.135% (v/v) Cre- 
mophor EL reduced the proportion of mitotic nuclei ob- 
served in a population of cells exposed to paclitaxel. Our 
time-lapse photography studies of cells also showed that 
high concentrations of Cremophor EL reduced the number 
of cells that entered mitosis in the presence of paclitaxel. 
However, time-lapse photography revealed that once cells 
progressed into mitosis paclitaxel markedly prolonged the 
duration of mitosis regardless of the level of Cremophor EL 
in the medium. These results again confirm the ability of 
paclitaxel to block cells in mitosis. Furthermore, these re- 
sults suggest that high levels of Cremophor EL antagonize 
paclitaxel by preventing cells from entering mitosis. We 
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have noted antagonism of paclitaxel cytotoxicity under 
other conditions that reduce the proportion of cells that 
enter mitosis, including glutathione depletion by L-BSO 
[7], simultaneous or concurrent use of cell cycle active 
chemotherapeutic agents [6], and maintenance of cells in 
plateau phase of  growth [8]. 

Others have shown that Cremophor EL, the diluent in 
which paclitaxel is prepared for clinical use, is a biologi- 
cally active solvent [2, 18]. Our studies confirm that this 
diluent has biologic effects and suggest that high levels of  
Cremophor EL can reduce the rate of  accumulation of  
paclitaxel into cells. Cremophor EL can antagonize the 
cytotoxicity of  paclitaxel in human tumor cell lines. 
Though disruption of  the cell cycle appears to be one me- 
chanism through which Cremophor EL antagonizes pacli- 
taxel, other possible modes of  action cannot be excluded. In 
particular, we have found that Cremophor EL also slightly 
decreased the total accumulation of  paclitaxel by A549, but 
not MCF-7 cells. It is possible that the reduced rate of 
paclitaxel accumulation by cells in the presence of  high 
levels of  Cremophor EL could contribute to antagonism of 
paclitaxel cytotoxicity. However, the total accumulation of  
paclitaxel by MCF-7 cells did not appear to be affected by 
Cremophor EL, and total accumulation in both cell lines 
was maximal within 3 - 6  h of  exposure of  cells to the drug. 
We have found that very high levels of  Cremophor EL can 
antagonize paclitaxel cytotoxicity during exposures to the 
drug of  as long as 72 h. It seems unlikely, therefore, that a 
reduction in rate of  accumulation of  paclitaxel that would 
only influence the first few hours of  a cell 's exposure to the 
drug, can account for prolonged antagonism of paclitaxel 
cytotoxicity. 

Serum paclitaxel concentrations of  10,000 nM have been 
achieved in patients given short infusions of  the drug [17]. 
Though the pharmacokinetic properties of  paclitaxel have 
been well described [13], there is no information on the 
pharmacokinetics of  Cremophor EL in humans. It is pos- 
sible that this lipid solvent is rapidly cleared by the liver 
when given i.v. to patients. If this is the case, then the 
Cremophor EL levels used in these studies may not be 
maintained in humans, even if paclitaxel serum levels of  
10,000 nM or greater are achieved. Recently, however, i.p. 
administration of  paclitaxel has been reported in patients 
with ovarian cancer [11]. Patients given paclitaxel by the 
i.p. route achieve peritoneal paclitaxel concentrations in 
excess of 100,000 riM. Nothing is known about the clear- 
ance of  Cremophor EL from the peritoneum. On the basis 
of  the results reported here and elsewhere [8], if high levels 
of  Cremophor EL introduced into the peritoneum were to 
persist for a prolonged period, one might expect that the 
solvent would interfere with the clinical response of in- 
traperitoneal tumors to paclitaxel. 

In summary, we have shown that paclitaxel causes cells 
to accumulate in G2/M within a few hours of  exposure. 
Although high concentrations of  paclitaxel (10,000 nM) 
caused a large proportion of  cells to remain in mitosis, a 
significant proportion of  cells also remained in G1 in the 
presence of  10,000 nM paclitaxel. High concentrations of  
Cremophor EL reduced the paclitaxel-induced accumula- 
tion of  cells in mitosis. However, Cremophor EL did not 
affect paclitaxel-induced prolongation of  mitosis. Cremo- 

phor EL lowered the rate of accumulation of paclitaxel into 
cells; though total accumulation of paclitaxel by A549 cells 
was reduced by Cremophor EL, the diluent had no effect on 
total accumulation of paclitaxel by MCF-7 cells. These 
results are consistent with the hypothesis that paclitaxel is 
cytotoxic to cells only while they are in mitosis [9]. 
Whether cells exposed to paclitaxel are destined to die once 
in mitosis or whether they must attempt to complete mitosis 
before death is certain is unknown. However, our results 
clearly indicate that maneuvers that prevent the entry of  
cells into mitosis should antagonize paclitaxel cytotoxicity. 
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