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ABSTRACT Significant cardiovascular side effects have
limited the use of taxol as an anticancer drug. A link between
decreased plasma membrane dynamics and taxol has been
implied because taxol can inhibit intracellular vesicle move-
ments. Reduced membrane recycling caused by taxol could
inhibit agonist-evoked Ca2+ signaling within endothelial cells,
resulting in endothelium-dependent vasodilation. Bradykinin
and ATP are two agonists that evoke Ca2+ transients in
endothelial cells. Since the bradykinin receptor-agonist com-
plex is internalized and recycled whereas the ATP agonist-
receptor complex is not, we expected that a taxol inhibition of
recycling would decrease bradykinin but not ATP receptor
activity. We found that taxol depresses (i) the frequency (to
41% of control) and velocity (to 55% of control) of microtu-
bule-dependent vesicle transport and (ii) bradykinin-evoked
cytosolic Ca2+ transients (to 76% of control) in bovine aortic
endothelial cells. In studying bradykinin receptor desensitiza-
tion, which reflects receptor recycling, we demonstrate that
taxol inhibits bradykinin-evoked CaW+ transients by 50%.
Taxol did not significantiy alter ATP-evoked Ca2+ transients in
either single-exposure or desensitization experiments. We sug-
gest that taxol's reduction of bradykinin-evoked Ca2+ tran-
sients is due to altered microtubule-dependent membrane
recycling. This report describes taxol's ability to alter plasma
membrane composition through effects on vesicle transport
and membrane trafficking pathways. This finding provides a
possible mechanism by which taxol can substantially alter
cardiovascular function.

Taxol, originally isolated from the bark of a western yew,
Taxus breviofolia, was initially found to be highly cytotoxic
against several murine tumors (1), and it now appears to be
effective against many different tumor types (2). Taxol is one
of several cell cycle-targeted chemotherapeutics including
vincristine and vinblastine that inhibit mitosis by interference
with the microtubule (MT) mitotic spindle. Since taxol in-
hibits mitosis by MT stabilization (3), it is distinct from the
other MT-targeted chemotherapeutics that inhibit mitosis by
MT destabilization.

Despite its success in treatment ofa variety of solid tumors
including ovarian, breast, and lung, assessment of taxol
toxicity in clinical trials has revealed a disturbingly high
(30-40%o) incidence of cardiac bradyarrhythmias and tachy-
arrhythmias and, in a small number of patients, the more
serious complications of myocardial ischemia and infarction
(2). These latter episodes of myocardial ischemia and infarc-
tion suggest that an understanding of the cardiovascular
effects of taxol may be of importance. Since cell cycle
chemotherapeutics usually exhibit their principal side effects
in rapidly dividing cells, these reported incidences of cardio-
vascular toxicity are puzzling and also unique to taxol
relative to other MT-targeted chemotherapeutics.

In interphase cells in culture, MTs are often organized in
a radial array around a single MT-organizing center (MTOC)
located near the nucleus and the Golgi apparatus. Increasing
evidence has implicated MT-dependent vesicle transport
along interphase MTs in cellular membrane trafficking (4, 5).
Taxol causes a major reorganization of MTs within cells by
catalyzing the assembly of MTs from sites other than the
MTOC (3, 6). We have recently reported that taxol, like
nocodazole, inhibits MT-dependent vesicle transport in CV-1
cells (6). It is logical, then, to postulate that taxol might alter
endocytic processing and receptor recycling, processes that
involve MT-dependent vesicle transport.

Taxol's cardiovascular toxicity could be linked to an
alteration in density of plasma membrane receptors caused
by disruption of MT-dependent transport. Receptors that
might be critically important in the development of cardio-
vascular toxicity would be those coupled to Ca2+-signaling
pathways. We have evaluated the effects oftaxol on two such
receptors, the bradykinin (BK) receptor and the ATP recep-
tor, which undergo different degrees ofdesensitization during
agonist exposure, apparently because of their distinct recy-
cling pathways. Recent studies have shown that BK binding
is followed by internalization of the BK-BK receptor com-
plex, release ofBK in the endosomal pathway, and recycling
of the BK receptor from the late endosomes or trans-Golgi
network (7, 8). In contrast, all available evidence indicates
that ATP binding to its receptor does not promote receptor
internalization and/or recycling or degradation (7). These
two receptors constitute distinct models for determination of
the effects of taxol on receptor recycling. If taxol alters
receptor recycling, then functional differences in the agonist-
evoked responses between plasmalemmal BK receptors and
ATP receptors should be detectable.
We have examined taxol's effects on MT-dependent ves-

icle movements, cellular organization, and plasma membrane
composition in bovine aortic endothelial cells (BAECs). We
found that taxol significantly inhibits the frequency and
velocity of small MT-dependent vesicle movements in these
cells. Both MT and Golgi organization were altered by taxol.
When agonist (BK or ATP)-evoked Ca2+ transients were
measured, we found that taxol inhibited BK but not ATP
effects. Our results suggest that taxol alters the plasma
membrane density of the BK receptor, but not the ATP
receptor. This is consistent with our view that taxol can affect
plasma membrane composition by altering MT-dependent
membrane trafficking pathways.

Abbreviations: MT, microtubule; MTOC, microtubule-organizing
center; BK, bradykinin; BAEC, bovine aortic endothelial cell; DIC,
differential interference contrast; VSV-G, vesicular stomatitis virus
G glycoprotein; [Ca2+]j, intracellular calcium concentration.
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MATERIALS AND METHODS
Materials. Taxol was purchased from Calbiochem. Mono-

clonal antibody YOL1/34 was obtained from Accurate
Chemicals. Antibody P5D4 was obtained from Thomas Kreis
(University of Geneva, Switzerland). EM grade glutaralde-
hyde and paraformaldehyde were obtained from Polyscience.
Brij 35 and Triton X-100 were obtained from Pierce. Fetal
bovine serum was obtained from HyClone. All other media
and additives used in tissue culture were obtained from
GIBCO/BRL. The acetoxymethyl ester offura-2 (fura-2 AM)
was from Molecular Probes. All other biochemicals were

purchased from Sigma.
Cell Culture and Treatment of BAECs. Endothelial cells

were collected from bovine aortas as described (9) and
cultured in DMEM containing 10%6 fetal calf serum and 1 x
antibiotic/antimycotic solution. Greater than 95% ofthe cells
prepared in this way stained for factor VIII antigen and
express angiotensin-converting enzyme activity. Cultures
were split 1:4 for subculture at confluence (3-5 days) with
0.05% trypsin/0.53 mM EDTA. Only cells between the sec-
ond and eighth passage were used.
For video microscopy, BAECs were plated at low density

on sterile 20 x 40 mm no. 1 glass coverslips. Exposure to
taxol or vehicle was in a Petri dish for 60 min at 37°C in
conditioned medium. For nocodazole treatment, MTs were

depolymerized by incubation of the cells on ice for 30 min,
followed by exposure ofthe cells to nocodazole at 1 pg/ml on
ice for 20 min, and recovery at 37°C for 30 min prior to
observation of vesicle movements. To infect BAECs with
ts045 (the temperature-sensitive mutant ofthe virus encoding
VSV-G), cells on coverslips were exposed to a high titer
stock of ts045 and incubated at 32°C for 1 hr. After extensive
rinsing with PBS, fresh medium was added, and the cells
were incubated for 3 hr at 39°C. The cells were then incubated
at 32°C for selected times prior to fixation.
Immunofuorescence Studies. Visualization of samples was

with a Zeiss Axiophot (x 100 Neofluar objective) equipped
with a Photometrics Star 1 charge-coupled device camera.
Extraction and fixation of MTs was as described (6). For
visualization of vesicular stomatitis virus G glycoprotein
(VSV-G) by immunofluorescence, BAECs were fixed,
stained, and mounted as described (10) using the P5D4
primary antibody to the VSV-G (11).
Video-hunced Differential Interference Contrast (DIC)

Microscopy and Analysis. A Zeiss inverted microscope
equipped with fiber-optic illumination and a x100/1.3 nu-
merical aperture objective was attached to a Dage-MTI
VE-1000 camera (newvicon tube) and a Hamamatsu/Argus
10 image processor and used for video-enhanced DIC mi-
croscopy as described (12). Data were recorded on s-VHS
tapes. An air curtain incubator maintained the microscope
stage at 37°C.

Analysis of the frequency and run length of vesicle move-
ments in BAECs within a defined area of each cell was as
described (6). Only vesicles <300 nm in diameter that moved
for distances 21 ,an were included. Control and treated
BAECs (10 cells per plate) were observed, and differences in
vesicle movements were evaluated for statistical significance
at the P c 0.05 level by using a t test.
Measurement of the Inhtcellular Concentration

([Ca2+10 elicited by BK and ATP. Fluorescence was quanti-

tated using a Deltascan system (Photon Technology Interna-
tional, Princeton, NJ) coupled to an inverted epifluorescence
microscope (Nikon Diaphot) and a single beam photomulti-
plier tube (Hamamatsu, Middlesex, NJ). Single cells were

alternately excited at 340 and 380 nm, and emitted light was
collected by a photomultiplier tube (510 ± 10 nm). Photon
sampling was restricted to the target area, and fluorescence

emission at the two excitation wavelengths was stored for
subsequent analysis.
BAECs were plated at very low density on glass coverslips

and loaded with fura-2 AM at 1 ,uM for 30 min. Taxol-treated
cells were incubated with 4 juM taxol for 60 min prior to fura-2
AM loading. Coverslips with the fura-2-loaded BAECs were
transferred to the epifluorescence microscope, where a cell
was randomly selected for study. The experimental chamber
was perfused with Hepes-buffered physiological salt solution
at a rate of 0.5 ml/min at room temperature.

RESULTS
Small Vesicle Movements in BAECs Are MIT-Dependent and

Inhibited by Taxol. Subconfluent BAECs on glass coverslips
assume a fibroblast-type morphology. The peripheral regions
of these cells are <1 jum thick and ideal for imaging of small
vesicle movements with video-enhanced DIC microscopy.
Fig. 1 shows images of control and taxol-treated BAECs as
seen by video-enhanced DIC microscopy with representative
vesicles (<300 nm in diameter) marked by arrows. After
treatment with the MT poison, nocodazole (1 pg/ml), the
frequency of small vesicle movements in BAECs is reversibly
reduced to 1% ± 2% of the levels seen in control cells (n =
10), suggesting that the small vesicles that we observe in our
assay are moving along MTs. The frequency of small vesicle
movements of this same vesicle population in BAECs is
significantly (P 5 0.05) inhibitable by taxol. Taxol (4 AM, 60
min) reduced the frequency of MT-dependent vesicle move-
ments to 41% ± 7% of that seen in controls. Incubation in
taxol-free media for 60 min at 37°C reversed this effect.
A dose-response curve for inhibition of the frequency of

MT-dependent vesicle movements in BAECs by taxol is
shown in Fig. 2, from which an IC50 value was calculated to
be 1 ,uM. Inhibition of vesicle movements became significant
(P : 0.05) at doses of taxol .500 nM. Taxol also significantly
(P < 0.05) reduced the velocity of vesicle transport (Table 1)
at concentrations -200 nM.

Taxol Alters MT Organization in BAECs. In BAECs grown
to subconfluency on glass, MTs form a radial array around a
single MTOC, with the (-) ends clustered in the perinuclear
region at the MTOC near the Golgi apparatus, and the (+)
ends radiating out to the cell periphery (Fig. 3A). Taxol
treatment rearranged MTs from this normal radial array
around a single juxtanuclear MTOC into arrays clustered
around multiple MTOCs distributed throughout the cyto-
plasm (Fig. 3B). This effect was seen at doses as low as 100
nM within 15 min of exposure to taxol, although effects were
more pronounced at higher doses. This dramatic change in
MT and MTOC organization in these cells is quite distinct
from the changes seen after treatment with nocodazole.

Taxol Alters Transport of the VSV-G Through the Gog
Apparatus. The Golgi apparatus is localized on MTs near the
MTOC and represents a focal point for membrane trafficking
within the cell. To test for alterations in the functional

FIG. 1. Video-enhanced DIC microscopy of BAECs. (A) Con-
trol. (B) Taxol-treated (4 uM, 60 min, 37°C) BAEC. Arrows indicate
vesicles measured in the assay. (x 1670.)
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FIG. 2. Dose-response curve for taxol inhibition of frequency of
MT-dependent vesicle movements in BAECs. Error bars represent
SEMs, and n - 20 cells for each point.

organization of the Golgi, we followed the transport of a
membrane protein, VSV-G, to the Golgi after release from a
temperature block. The temperature-sensitive mutant of the
virus encoding VSV-G (ts045) allows VSV-G to accumulate
in the endoplasmic reticulum at its nonpermissive tempera-
ture (390C). After a shift to the permissive temperature
(320C), VSV-G moves rapidly to the Golgi apparatus. As
shown in Fig. 4A, VSV-G in BAECs is found primarily in a
juxtanuclear distribution after shift from 390C to 320C with the
ts045 infection, which is consistent with the transport of this
protein to the Golgi. After taxol treatment, however, the
released VSV-G is concentrated in two or more sites through-
out the cytoplasm (Fig. 4 B-D). If VSV-G movement to the
Golgi in taxol-treated BAECs is similar to its movement to
the Golgi in control BAECs, these data suggest that the Golgi
membranes are redistributed in taxol-treated BAECs.

Taxol Effects on the Amplitude of BK- and ATP-Evoked
Ca2+ Transients. Vasoactive substances such as BK and ATP
evoke a Ca2+ transient in endothelial cells. The amplitude of
the response is proportional to agonist concentration and
presumably to density of agonist receptors on the cell sur-
face. Previous work has demonstrated that BK binding to its
receptor results in desensitization due to internalization of
the BK-BK receptor complex, whereas ATP stimulation
does not result in appreciable ATP receptor desensitization
(7).
We have measured the intracellular Ca2+ transients in

BAECs elicited by BK and ATP in control and taxol-treated
(4 puM, 60 min) BAECs. Taxol significantly (P c 0.05)
reduced the peak and decay phase of the BK-evoked Ca2+
transient at 2 pM BK (Fig. 5A Inset). The BK dose-peak
Ca2+ response relationship revealed that taxol significantly
(P < 0.05) reduced the peak value of the BK-evoked Ca2+
transients by 21.9% and 23.7% at 100 nM and 2 uM BK (Fig.
SA). In contrast, 4 ,uM taxol had no significant effects on
either the early or delayed components of the ATP-evoked

Table 1. Velocity of MT-dependent vesicle movements in
taxol-treated BAECs

Velocity,
Taxol, nM pm/sec
0 (control) 1.50 ± 0.08

4000 0.83 ± 0.07*
500 0.% ± 0.08*
200 1.04 ± 0.16*
100 1.40 + 0.16

*Signdficantly different from the control at P < 0.05.

FIG. 3. Tubulin immunofluorescence in BAECs. (A) Control. (B)
Taxol-treated (4 AM, 60 min, 3TC) BAEC.

Ca2+ transients or on the ATP dose-peak Ca2+ response
relationship (Fig. SB). BK does not alter MT distribution in
control or taxol-treated cells (data not shown).
Our data demonstrate that a threshold BK concentration

had to be exceeded to elicit taxol's depressant effect on the
Ca2+ transient, suggesting that receptor saturation during the
brief exposure to BK was necessary to detect taxol's effect.
As taxol had no significant effect on the ATP response, the
effect of taxol on the BK response may be due to receptor
desensitization through changes in the recycling pathway.

Desensitization Experiments Show That Taxol Depresses
BK-Evoked Ca2+ Transients. Since the BK receptor under-
goes recycling through a late endosomal or Golgi compart-
ment after BK binding, successive exposures to BK would be
expected to result in BK receptor desensitization and reduc-
tion in amplitude of the second BK-evoked Ca2+ transient
relative to that ofthe first. Recovery from BK desensitization
should then be related to the amount of receptor recycled to
the surface. To investigate taxol's effects on the recycling of
the BK receptor, desensitization experiments were per-
formed in control and taxol-treated BAECs sequentially
exposed to two doses of BK or ATP (at 20-min intervals)
using measures of [Ca2+]i to quantitate the degree of receptor

FIG. 4. Immunofluorescence of VSV-G in BAECs infected with
ts045 in the absence (A) or presence (B-D) of4 pM taxol. Cells were
fixed 15 min after release ofthe temperature block in transport. Taxol
(4 pM) treatment was 60 min at 37°C prior to ts045 infection.
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FIG. 5. (A) BK dose-response curve for control and taxol-treated
BAECs. (Inset) [Ca2+]I transients induced by 2 pM BK (30- to 60-sec
exposure) in control and taxol-treated (60 min prior to agonist
exposure, 4 juM, 37°() BAECs. (B) ATP dose-response curve for
control and taxol-treated BAECs. (Inset) [Ca2+]i transients induced
by 10 pM ATP in control and taxol-treated BAECs. Horizontal bars
indicate the presence of agonist during fluorescence measurements.

recycling. Fig. 6 demonstrates that the second BK-evoked
Ca2+ transient in taxol-treated cells is only 35% ± 8.8% (n =
8) of the first BK-evoked response (Fig. 6B); in contrast, the
second BK-evoked Ca2+ transient in control cells is 70.1% +
7.7% of the first BK-evoked Ca2+ transient (Fig. 6A). When
the same experimental protocol was performed with ATP, the
second Ca2+ transient elicited by ATP was minimally re-
duced (Fig. 6C), and taxol had no effect (Fig. 6D). The
second ATP-evoked Ca2+ transient is 91.7% ± 4.5% of the
first (Fig. 6D) in taxol-treated cells compared to 91.4% +

3.7% (n = 10) in control cells (Fig. 6C).

DISCUSSION
We demonstrate a significant correlation between the taxol-
induced decrease in parameters of MT-dependent vesicle
transport and the taxol-induced decrease in agonist-evoked
Ca2+ transients. Since the effects of taxol on agonist-evoked
Ca2+ transients are specific for BK, whereas ATP-evoked
Ca2+ transients remained unaffected, the decrease in BK-
evoked Ca2+ transients correlates with receptor recycling.
Cellular organization is altered by taxol, with redistribution
of MTs from the normal radial array around the MTOC to
multiple MT bundles dispersed in the periphery and alter-
ations in VSV-G processing through the Golgi. We suggest
that the taxol-induced alteration in MT structure and orga-

nization generates a change in cell polarity and in this way
produces the change in MT-dependent vesicle transport and,
consequently, the change in BK receptor recycling. This
report on the ability of taxol to alter plasma membrane
composition through changes in receptor recycling is impor-
tant in understanding both the mechanism underlying MT-
dependent membrane recycling and a mechanism underlying
taxol's cardiovascular toxicity.
For both BK- and ATP-dependent Ca2+ transients, the

hormonally evoked Ca2+ transient is composed of Ca2+ both
from internal stores and from an influx of Ca2+ across the
plasma membrane (13, 14). Influx of Ca2+ through the plas-
malemma appears to occur via a nonselective cation channel,
whose activation is dependent on receptor occupancy instead
of voltage (15, 16). The effects of taxol on the BK-evoked
transient were seen only at concentrations at or exceeding
100 nM. However, sequential exposure to two doses of BK
resulted in a more pronounced reduction in amplitude of the
second Ca2+ transient. Since this effect was negligible with
ATP, we interpret the effects of taxol on the BK response to
represent a selective decrease in the plasma membrane
composition of BK receptors due to changes in receptor
internalization (desensitization) and recycling. These effects
in turn could impact on vasodilator function of the endothe-
lium by decreasing endothelial release of vasoactive sub-
stances such as NO and prostacyclin which are closely
coupled to increases in cytosolic Ca2+ levels (17-19). Endot-
helial-mediated relaxation of vascular smooth muscle tone is
mediated by endothelial cell response to a variety of vaso-
active agents, including BK and ATP. Arachidonic acid
release is in part dependent on Ca2+ activation of phospho-
lipase A2 (20). It is clear that the release of vasodilators by
endothelial cells is highly dependent upon the integrity of the
hormone receptor systems, cell signaling pathways, and
membrane ion channels in the plasmalemma and in the
endoplasmic reticulum.
Most internal calcium is stored in the endoplasmic reticu-

lum, an organelle with morphology highly dependent on
cellular MTs (4, 5). It is possible that alterations in MT
structure by taxol could change organization of the endo-
plasmic reticulum and indirectly perturb Ca2+ release. The
ability ofATP to elicit the agonist-evoked Ca2+ transients in
both control and taxol-treated cells is evidence that taxol
does not directly affect internal mechanisms of Ca2+ release.
In addition, we stained cells with 3,3'-dihexyloxacarbocya-
nine, a fluorescent marker for the endoplasmic reticulum
(21), and saw comparable regions of endoplasmic reticulum
extended through the periphery of control and taxol-treated
BAECs (data not shown). Thus, our data imply that taxol
alters membrane receptor composition by its effects on BK
receptor desensitization without affecting the Ca2+ signaling
pathway activated by BK receptor activation.
Nocodazole has previously been reported to alter param-

eters of MT-dependent vesicle movements (6, 22) and to
redistribute the Golgi apparatus (23). In addition, nocodazole
apparently causes changes in rates of protein secretion (24)
and in protein transport from early to late endosomes (25, 26).
However, nocodazole does not alter the recycling of heparin
sulfate proteoglycans (27) and the transferrin receptor (27-29)
from endosomal compartments and the Golgi to the plasma
membrane or the recycling of lipids (30) to the plasma
membrane. Although both nocodazole and taxol inhibit ves-
icle transport, only taxol causes a complete reorganization of
MTs that is consistent with a possible change in cell polarity
due to redistribution ofMT (-) and (+) ends. We believe that
the taxol-induced changes in recycling of the BK receptor
described here are due to changes in vesicle transport that are
elicited through changes in polarity of cellular MTs. Changes
in receptor recycling in the endothelium of taxol-treated
patients are possibly linked to the development of cardio-
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vascular toxicity. The failure of colchicine and the vinca
alkaloids to elicit cardiovascular toxicity comparable to that
of taxol is expected because these drugs do not cause

comparable changes in cell polarity. The availability of new
taxol analogs such as taxotere will provide us with additional
tools for understanding the mechanism underlying taxol's
effects on MT-dependent membrane recycling.
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