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Fig. 1. Inhibition of lZ5I-TNF-a, but not lZ5I- 
IFN-y, binding to rnacrophages after incubation 
with taxol. Thioglycollate-elicited peritoneal mac- 
rophages (CD1, 8 weeks, Charles River) were 
incubated with taxol (10 pM) at 37°C for indicat- 
ed times. The cells were washed, and lZ5I-TNF-a 
(0) or lZ5I-IFN-y (0) binding was then mea- 
sured at 4" or 25"C, respectively, for 3 hours as 
described (5, 15). Results are means * SE from 
one of three similar experiments. 

Shared Actions of Endotoxin and Tax01 on TNF did not diminish binding of l Z 5 1 - ~ N ~ - a  
(10). By a lirnulus test, 10 pM taxol con- Receptors and TNF Release tained too small an amount of LPS ( < l  

Bacterial lipopolysaccharide (LPS) exerts profound effects on mammalian hosts in part 
by inducing macrophages to release tumor necrosis factor* (TNF-a); the mecha- 
nisms involved are unresolved. The microtubule stabilizer taxol shared two actions of 
LPS on macrophages: it rapidly decreased TNF-a receptors and triggered TNF-a 
release. Both actions of taxol were absent in LPS-hyporesponsive C3H/HeJ mice. In 
recombinant inbred mice, the genes controlling responses to LPS and to taxol were 
closely linked. Dexarnethasone blocked release of TNF-a by both stimuli but did not 
block the decrease in TNF-a receptors. Thus, a protein associated with microtubules 
may be a cellular target of LPS. 

E NDOTOXIC LIPOPOLYSACCHARIDE, 

the major component of the outer 
membrane of Gram-negative bacte- 

ria, has profound effects on eukaryotic cells 
and mammalian organisms (1). Among its 
primary targets are macrophages, which re- 
spond to LPS by releasing inflammatory 
mediators. such as TNF-a. interleukin-1. 
interleukin-6, interferon-a, interferon-& 
platelet activating factor, eicosanoids, and - 
reactive oxygen and nitrogen intermediates 
(2). TNF-a is an endogenous mediator of 
septic shock (3). However, it is not clear to 
what intracellular targets LPS binds (4, or 
how LPS initiates TNF-a production or anv 
other cellular effect. Macrophages respond 
to TNF-a by means of specific receptors 
(TNF-R) (5). The LPS decreases macro- 
phage TNF-R expression so rapidly that 
secretion of TNF-a and its binding to TNF- 

Beatrice and Samuel A. Seaver Laboratory, Division of 
Hematology-Oncology, Department of Medicine, Cor- 
nell University Medical College, New York, NY 10021. 

R could account for only a small part of the 
effect (5). We recently observed that micro- 
tubule-depolymerizing agents also decrease 
TNF-R by a mechanism not involving TNF- 
a release (6). Taxol is a plant-derived antitu- 
mor drug (7) that binds polymerized tubulin 
stoichiometricdy and reversibly at a site 
different from colchicine, podophyllotoxin, 
vinblastine, or guanine nucleotides and 
thereby inhibits depolymerization (8). We 
now show that taxol acts on macrophages to 
mimic two effects of LPS: to decrease TNF- 
R and to induce TNF-a release. 

Taxol (10 pM, 37OC) inhibited the bind- 
ing of '25~-labeled TNF-a ( l Z 5 1 - ~ N ~ - a )  to 
macrophages by 50% w i t l n  30 rnin, as 
measured at 4°C. By 1 hour, we could detect 
no TNF-a binding sites (Fig. 1). Binding of 
interferon-y (IFN-y) was unaffected by 
taxol (Fig. l), similar to the insensitivity of 
the IFN-y receptor to LPS (9). A 1-hour 
incubation with taxol at 4°C before, or 
addition of taxol during, the binding step 

pgiml) to decrease TNF-R (5) .  
To see if taxol was inducing TNF-a re- 

lease, we used an antiserum (15E) against 
murine TNF-a (11). When present during 
incubation with taxol, 15E partially reversed 
the inhibitory effect of taxol on l Z 5 1 - T ~ ~ - a  
binding (Fig. 2A). This suggested that taxol 
triggered TNF-a release, but that binding of 
endogenous TNF-a was only partidy re- 
sponsible for decreased binding of lZ51- 

TNF-a. Induction of TNF-a by taxol was 
confirmed by a radioreceptor assay (12). 
Macrophage-conditioned media from the 
culture assayed in Fig. 1 were collected and 
tested for their ability to compete with lZ51- 

TNF-a for binding sites at 4"C, a condition 
in which the indicator cells could not re- 
spond to taxol. These conditioned media 
blocked binding of l Z 5 1 - T ~ ~ - a  (Fig. 2B). 
Independent evidence was provided by us- 
ing flow cytometry to measure the fluores- 
cence of saponin-permeabilized murine 
macrophages stained with a monoclonal 
antibody to TNF. Staining for intracellular 
TNF-a was induced by both tax01 and LPS 
(Fig. 2C). 

To  test if responses to LPS and taxol share 
a genetic basis, we examined LPS-hypore- 
sponsive C3HlHeJ mice, whose gene defect 
has been mapped to the fourth chromosome 
(LPSd) (13). TNF-R expression on C3H/ 
HeJ macrophages was unaffected by taxol 
(10 PM), whereas on macrophages from the 
closely related LPS-responsive strain 
C 3 W e N  (LPSn) TNF-R surface expres- 
sion was decreased by 50% with -0.15 pM 
taxol and by >95% with 1 pM taxol (Fig. 
3). In contrast, exogenous TNF-a decreased 
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50 Fig. 2. Taxol induces TNF- 
6 - 

o_ a release. (A) Antiserum for 
1200 murine TNF-ci prevented 

S 'O TNF-R decrease by taxol. - 
E Macrophages were treated 

8 800 
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U 

binding. (8 )  Competition 
6 1 of lZ51-TNF-ci binding at 

o 4°C by conditioned media 
-Tax01 +Tax01 0 0.5 2 3 M LPS ~ 0 x 0 1  from taxol-treated macro- 

Time (hours) phages. Supernates from 
Fig. 1 were used as the me- 

dium in which to measure '251-TNF-a binding to untreated macrophages at 4°C. Abscissa indicates the 
duration of taxol treatment before the conditioned media were collected. Control ( A )  shows binding in 
the absence of taxol. (C) Induction of TNF-a in macrophages treated with LPS (10 nglml) or taxol (10 
pM) for 1 hour at 37°C. M indicates medium alone. The cells were washed and stained with hamster 
monoclonal antibody against murine TNF-a (16) and fluorescein-conjugated second antibody in the 
presence of 0.04% saponin; then 10,000 cells per condition were analyzed by a FACScan flow 
microfluorometer (Becton Dickinson). Background fluorescence was assayed by omitting the first 
antibody and was subtracted. Results are means of mean linear fluorescence channel t SE of triplicates 
from one of four experiments. 

the expression of TNF-R on C3WHeJ mac- 
rophages (10). Thus, the inability of 
C3HlHeJ macrophages to decrease TNF-R 

0 0.1 0.3 1 3 10 

Taxol (uM) 

Fig. 3. Differential responses to taxol by macro- 
phages from C3WHeN (@) (Charles River) and 
C3H/HeJ mice (0) (Jackson Laboratory). Mac- 
rophages were incubated with indicated concen- 
trations of taxol at 37°C for 1 hour, then assayed 
for TNF-a binding. Results are means t SE from 
one of six similar experiments. 

Fig. 4. Effect of dexamethasone on 
LPS- and taxol-induced (A) TNF- 1500 
R decrease and (8 )  TNF-a release. 
LPS (10 nglml) or taxol (10 pM) 
was added to macrophages that had 200 
been treated overnight with (shad- 
ed bar) or without (open bar) dexa- 

900 methasone ( 1 pM).  After 2 hours at a 37"C, supernatants were removed, c 
and in (A) TNF-ci binding was 2 600 
measured at 4°C. In (B), the LPS- 5 
and taxol-conditioned media from 8 
(A) were used as the binding buffer $ 300 
in the '251-TNF-a binding assay of 
untreated macrophages. Results are 
means '- SE for triplicates. M, me- 0 
dium alone. 

in response to taxol did not reflect a general- 
ized inability to decrease TNF-R. Taxol was 
equally efficient at blocking proliferation of 
C3H/HeN and C3HlHeJ bone marrow cells 
in vitro (10). The mitotic spindle apparatus 
in C3HlHeJ mice, therefore, appears to be 
inhibited normally by taxol. 

We next examined a panel of recombinant 
inbred strains (BXH) from the F2 genera- 
tion of the cross between C57BL16J (LPS 
high responder) and C3HIHeJ (LPS low 
responder) (1 3). Individual BXH strains 
were characterized as LPS high or low re- 
sponders on the basis of the mitogenic 
responses of their splenocytes (13). All nine 
strains tested were concordant for the pres- 
ence or absence of decrease of TNF-R in 
response to the two stimuli, LPS and taxol 
(Table 1). Thus, the genes controlling re- 
sponses of TNF-R to LPS and taxol are 
closely linked. 

TNF-a induction by LPS in macrophages 
from C3HlHeJ mice is blocked transcrip- 
tionally and translationally (14). Dexameth- 
asone induces similar defects in cells from 

M LPS Taxol M LPS Taxol 

Table 1. Comparison of responses to LPS and 
taxol in BXH recombinant inbred strains. Thio- 
glycollate-elicited peritoneal macrophages in 24- 
well culture plates (lo6 cells per well) were first 
incubated with taxol (10 pM) or LSP (1 nglml) 
or medium alone for 1 hour at 37°C. Results are 
means of triplicates from one of four similar 
experiments. 

Mouse lZ51-TNF-a binding (cpm) 

strains Medium LPS Taxol 

CD 1 
C3HMeJ 
BXH-2 
BXH-3 
BXH-6 
BXH-7 
BXH-9 
BXH-10 
BXH- 11 
BXH- 14 
BXH-19 

endotoxin-sensitive mice (14). We com- 
pared the effects of dexamethasone on de- 
crease of TNF-R (Fig. 4A) and induction 
of TNF-a (Fig. 4B) in endotoxin-sensi- 
tive macrophages. Dexamethasone (1 PM)  
blocked macrophage release of TNF-(r in 
response either to LPS or to taxol; their 
conditioned media competed poorly with 
' 2 5 ~ - ~ ~ ~ - a  for binding to indicator macro- 
phages at 4°C (Fig. 4B). In contrast, dexa- 
methasone had no effect on the LPS- or 
taxol-induced decrease in TNF-R (Fig. 4A). 
Thus, induction of endogenous TNF-a was 
not the main reason why LPS (5)  and taxol 
decreased TNF-R. 

In conclusion, taxol, a drug whose best 
known action is to stabilize tubulin poly- 
mers, mimics at least two related but inde- 
pendent actions of LPS on macrophages: 
decrease of TNF-R surface expression and 
induction of TNF-a release. The gene con- 
trolling these responses to taxol is closely 
linked to the gene controlling responsive- 
ness to LPS. Thus, an intracellular target 
affected by taxol might be involved in ac- 
tions of LPS on macrophages and other 
cells. Because the relevant target of taxol 
does not seem to be a key component of the 
mitotic spindle, this target is probably not 
tubulin, but it may be a microtubule-associ- 
ated protein whose binding to tubulin is 
affected by taxol. Further experiments are 
necessary to determine which intracellular 
molecules LPS and taxol affect in common. 
This information may lead to new insights 
into the actions of LPS on mammalian cells 
and the participation of the cytosekleton in 
responses of cells to their environment. 
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Sodium Current-Induced Release of Calcium from 
Cardiac Sarcoplasmic Reticulum 

The role of sodium-calcium exchange at the sarcolernrna in the release of calcium from 
cardiac sarcoplasmic reticulum was investigated in voltage-clamped, isolated cardiac 
myocytes. In the absence of calcium entry through voltage-dependent calcium chan- 
nels, membrane depolarization elicited release of calcium from ryanodine-sensitive 
internal stores. This process was dependent on sodium entry through tetrodotoxin- 
sensitive sodium channels. Calcium release under these conditions was also dependent 
on extracellular calcium concentration, suggesting a calcium-induced trigger release 
mechanism that involves calcium entry into the cell by sodium-calcium exchange. This 
sodium current-induced calcium release mechanism may explain, in part, the positive 
inotropic effects of cardiac glycosides and the negative inotropic effects of a variety of 
antiarrhythmic drugs that interact with cardiac sodium channels. In response to a 
transient rise of intracellular sodium, sodium-calcium exchange may promote calcium 
entry into cardiac cells and trigger sarcoplasmic calcium release during physiologic 
action potentials. 

I N MAMMALIAN HEART MUSCLE, THE pendent ca2+ channels. This had led to the 
release of ca2+  from the sarcoplasmic suggestion (5) that ca2+ influx through 
reticulum (SR) is important in the acti- sarcolemmal ca2+  channels is required for 

vation of contraction. In contrast to skeletal coupling membrane depolarization to SR 
muscle, where ca2+ release is directly con- ca2+ release in heart muscle. However, in- 
trolled by membrane voltage throLgh a 
charge-coupled release mechanism (I), ca2+ 
release in the heart is generally believed to 
involve a ca2+-induced release mechanism 
(2). Sarcolemmal Ca2+ channels are thought , , " 
to provide the primary source of ca2+ for 
both the trigger for release of Ca2+ as well as 
the loading of ca2+ into the SR (3). In 
studies (4) that have used ca2+-sensitive 
dyes to monitor SR ca2+ release, it has not 
been ~ossible to show ca2+ release in the 
absen;e of ca2+ entry through voltage-de- 
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tracellular Na+ concentration is well known 
to be another important determinant of 
myocardial contractile strength ( 6 ) .  For ex- 
ample, Na+ is implicated in the inotropic 
mechanism of action of digitalis glycosides, 
in which a rise of intracellular Na+ is 
thought to augment ca2+ entry into heart 
cells by promoting reverse-mode activity of 
the ~ a + - C a ~ +  exchanger (7). Although 
there is substantial evidence that Na+-Ca2+ 
exchange is an important transport system 
for extruding Ca2+ (forward-mode activity) 
from cardiac cells ( 8 ) ,  there is controversy 
whether this system promotes sarcolemmal 
ca2+ entry during the action potentials and 
thereby contributes to excitation-contrac- 
tion coupling under physiological condi- 
tions (9) .  These considerations prompted us 

to re-examine whether ca2+  influx through " 
voltage-dependent ca2+ channels is manda- 
tory for cardiac SR ca2+  release. Our ex- 
periments show that ca2+ influx through 
voltage-dependent ca2+ channels is not a 
prerequisite for SR ca2+ release. After phar- 
macological blockade of myocardial ca2+ 
channels. SR ca2+ release can be elicited in 
response to activation of tetrodotoxin 
(TTX)-sensitive Na+ currents in an extracel- 
lular ca2+-dependent manner. 

In isolated guinea pig myocytes, internally 
dialyzed with the ca2+ indicator indo-1 
(potassium salt) (lo), action potentials elic- 
ited under current-clamu conditions were 
accompanied by a rapid increase in intracel- 
lular ca2+ concentration ([ca2+li) (Fig. 
1A). The onset of this rise of [ca2+li  was 
delayed by approximately 15 t o 3 0  mi after 
the upstroke of the action potential. During 
the action potential plateau, [ca2+li  either 
continued to slowlv rise. was sustained. or 

i d  

slowly declined. Repolarization of the ac- 
tion potential resulted in the return of ca2+  
toward previous resting values. To test if 
Na+ entry through voltage-dependent Na+ 
channels might contribute to excitation-con- 
traction coupling during the action poten- 
tial, we examined the effects of the Na+ 
channel antagonist TTX on the action po- 
tential ca2+ transient. Exposure of cells to 5 
KM TTX significantly reduced the size of 
the Ca2+ transient (Fig. 1, Al and A2). In 
this cell, l T X  produced little, if any, change 
in the action potential plateau or duration, 
which makes it unlikely that the change 
observed in the ca2+ transient was caused 
by diminished Ca2+ entry through Ca2+ 
channels during the plateau. The ability of 
TTX to reduce the amulitude of the ca2+ 
transient is consistent with its known nega- 
tive inotropic effects in the heart (1 1). 

In other experiments, we voltage-clamped 
isolated myocytes (12) and directly exam- 
ined the possibility that activation of Na+ 
currents might contribute to the Na+ tran- 
sients recoraed. Membrane holding poten- 
tial was varied to ermine  the possible role 
of myocardial Na+ currents (Fig. 1B). From 
a holding potential of -70 mV (near the 
cell's resting membrane potential), a 500-ms 
test pulse to 0 mV elicited an inward current 
that activated quickly and inactivated in two 
phases (Fig. 1, B1). This inward current 
reflects the activation of two components: 
fast ITX-sensitive Na+ channels and dihy- 
dropyridine-sensitive Ca2+ channels. Dur- 
ing the test pulse, [ca2+li rose rapidly from 
a resting value to reach a plateau slightly 
higher than 1 KM.  On return to the holding 
potential, [Ca2+]i returned to a resting level, 
as observed in current-clamp experiments 
during the last phase of action potential 
repolarization. Na+ currents were voltage- 
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