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Contraction due to microtubule disruption is associated with
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ABSTRACT Microtubules have been proposed to function
as rigid struts which oppose cellular contraction. Consistent
with this hypothesis, microtubule disruption strengthens the
contractile force exerted by many cell types. We have inves-
tigated an alternative explanation for the mechanical effects
of microtubule disruption: that microtubules modulate the
mechanochemical activity of myosin by influencing phosphor-
ylation of the myosin regulatory light chain (LC2o). We
measured the force produced by a population of fibroblasts
within a collagen lattice attached to an isometric force trans-
ducer. Treatment of cells with nocodazole, an inhibitor of
microtubule polymerization, stimulated an isometric contrac-
tion that reached its peak level within 30 min and was typically
30-45% of the force increase following maximal stimulation
with 30%o fetal bovine serum. The contraction following no-
codazole treatment was associated with a 2- to 4-fold increase
in LC2. phosphorylation. The increases in both force and LC20
phosphorylation, after addition of nocodazole, could be
blocked or reversed by stabilizing the microtubules with
paclitaxel (former generic name, taxol). Increasing force and
LC20 phosphorylation by pretreatment with fetal bovine se-
rum decreased the subsequent additional contraction upon
microtubule disruption, a finding that appears inconsistent
with a load-shifting mechanism. Our results suggest that
phosphorylation of LC20 is a common mechanism for the
contractions stimulated both by microtubule poisons and
receptor-mediated agonists. The modulation of myosin activ-
ity by alterations in microtubule assembly may coordinate the
physiological functions of these cytoskeletal components.

Microtubule disruption induces a contraction in a strikingly
diverse variety of tissue culture cells (1-4). The "force coun-
terbalance" or "tensegrity" model of cytoskeletal structure
explains this contraction as a transfer of contractile load from
internal struts (microtubules) to sites of extracellular anchor-
age (5, 6). The tensegrity model provides a simple and elegant
explanation for the mechanical effects of microtubule inhibi-
tors that is consistent with many experimental observations.
Nevertheless, measurements of the micromechanical loads
upon specific cytoskeletal components of intact cells have not
yet been achieved (7), and so direct experimental verification
of this model is not presently possible.
An obvious alternative to the tensegrity model, that micro-

tubule disruption increases tension through activation of cel-
lular contractile elements, has received less attention. Micro-
tubules or microtubule-associated proteins may influence the
dynamic properties of the actin cytoskeleton. Microtubule
depolymerization can block or reverse the disruption of actin
stress fibers by phorbol ester (1, 8). Proteins have been
identified that bind to both microtubules and actin filaments
(9-12). It has been suggested (1) that depolymerization of
microtubules may release associated proteins that organize
actin filaments (12, 13), possibly resulting in increased tension.

Microtubules may directly interact with intracellular signal-
ing pathways. For example, disruption of microtubules can
enhance transduction of signals mediated by GTP-binding
proteins (14) or activate cellular protein kinases (15). In
addition, some protein kinases physically associate with mi-
crotubules (16-18). Thus, microtubule disruption might ini-
tiate biochemical signals which activate the force-generating
components of the cytoskeleton. This activation could be
sufficient to account for both increased tension (19) and
changes in actin organization (20).
The major force-generating system of fibroblasts is com-

posed of a cytoplasmic network of actin and myosin. Non-
muscle cells regulate actin-myosin interactions through re-
versible phosphorylation of the myosin regulatory light chain
(LC20) (19, 21-25), a mechanism analogous to the regulation
of smooth muscle contraction. Thus, we can test the hypothesis
that the mechanical consequences of microtubule disruption
are mediated through activation of cytoplasmic myosin motor
activity by correlating LC20 phosphorylation levels with iso-
metric force.
We have previously described a technique designed to

measure the tension exerted by fibroblasts cultured in a
collagen matrix (19, 26) and have used this approach to
demonstrate that microtubule disruption results in a 2- to
3-fold increase in force. This contraction is of similar magni-
tude to that following stimulation with thrombin, a mitogen
known to produce large intracellular free Ca2+ transients (26).
We subsequently established a correlation between isometric
tension and LC20 phosphorylation in thrombin-stimulated
chick embryo fibroblasts (CEFs) analogous to that docu-
mented in smooth muscle (19).

In this report, we explore the possibility that microtubules
regulate contraction by controlling the mechanochemical ac-
tivity of myosin through phosphorylation of LC20. In addition,
we quantitatively study the interactions between contraction
stimulated by microtubule disruption and contraction stimu-
lated through receptor-mediated agonists.

MATERIALS AND METHODS

Cell Culture. CEFs (a generous gift of Milton Schlesinger,
Washington University) isolated from 11-day chicken embryos
were maintained in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% fetal bovine serum (FBS),
penicillin at 50 units/ml, and streptomycin at 50 ,ug/ml.
Primary cultures were passaged 4 days after isolation and were
used to make fibroblast-populated collagen gel samples or
plated on 35-mm tissue culture dishes for phosphorylation
measurements 1-2 days following this first passage.

Isometric Tension Apparatus. Isometric tension was mea-
sured by a published technique (19), with modifications. Strips
of Velcro were glued to 1.4-cm glass rods (2.5-mm outer
diameter) with "self-leveling" Silastic adhesive (Dow Corn-

Abbreviations: CEF, chicken embryo fibroblast; FBS, fetal bovine
serum; FPCL, fibroblast-populated collagen lattice; LC20, regulatory
light chain.
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ing). The rods were separated by spacers and placed in
rectangular wells (1.5 cm x 1.6 cm). Nine hundred eighty
microliters of ice-cold DMEM/10% FBS containing CEFs at
0.9 x 106 cells per ml and rat tail collagen (Upstate Biotech-
nology, Lake Placid, NY) at 1.0-1.2 mg/ml was poured
between the rods. The medium bathing the cells was replaced
with serum-free DMEM 24 hr after the gels were cast.

After 24-48 hr in serum-free medium, the preparation was
mounted on the force transducer (19) and then restretched to
its original length. After 30-60 min, baseline force reached a
steady value, and agonists were added. In some experiments
the tissue partially detached from the Velcro under the
increased tension from FBS stimulation. Experiments in which
>10% of the samples detached were eliminated from the final
data analysis.
Measurement of Light-Chain Phosphorylation. Phosphor-

ylation measurements were performed on CEFs in collagen
lattice "discs" adherent to 35-mm tissue culture dishes or on
monolayer cultures prepared by seeding 4 x 105 CEFs per
35-mm tissue culture dish as indicated in the figure captions.
Cell-populated collagen discs were prepared by placing a
300-gl drop ofDMEM containing cells at 1.2 x 106 per ml and
collagen at 0.75 mg/ml in the center of a dry 35-mm tissue
culture dish, similar to the method of Tomasek et al. (27). The
collagen solution was warmed to room temperature for 30 sec
prior to placement of the drop on the tissue culture dish.

For phosphorylation measurements, cells were precipitated
in ice-cold 10% trichloroacetic acid/2 mM dithiothreitol.
Precipitate scraped from dishes or from cell-populated colla-
gen lattices was washed once with 1 ml of acetone/2 mM
dithiothreitol and dried on ice. Pellets were solubilized in 80 ,l
of 9.0 M urea/2 mM dithiothreitol/20 mM Tris/22 mM
glycine/1 mM EGTA/250 mM sucrose at pH 8.8 with the aid
of a bath sonicator.
Glycerol/urea/PAGE with immunoblotting was carried out

by a modification of the procedure of Taylor and Stull (28) as
described (19) or, in later experiments, the signal was en-
hanced with the following modifications. Protein was trans-
ferred to nitrocellulose in 23 mM glycine/20 mM Tris, pH
8.8/20% methanol. After transfer, the nitrocellulose mem-
brane was incubated with 1% glutaraldehyde in phosphate-
buffered saline for 5 min, washed three times in phosphate-
buffered saline, and rinsed twice for 1 min with 0.1% NaBH4.
The membrane with then blocked overnight at room temper-
ature with 5% nonfat dry milk. LC20 was detected with a 1:1000
dilution of an affinity-purified rabbit antibody (a gift of Primal
de Lannerole, University of Illinois) followed by ECL reagents
(Amersham).

RESULTS
Contractility Is Coupled to Microtubule Disruption and

Assembly. We measured the increase in the contractile force
exerted by CEFs in fibroblast-populated collagen lattices
(FPCLs) upon disruption of microtubules. Contraction was
often apparent within seconds after addition of nocodazole
(Fig. 1A). Force typically increased 1-2 mN before reaching a
steady level within about 30 min.
Treatment of cells with paclitaxel (former generic name,

taxol) stabilizes microtubules to subsequent disruption by
nocodazole (1, 29). Pretreatment of CEFs with paclitaxel, 20
min prior to the addition of nocodazole, stabilizes microtu-
bules to disruption (demonstrated by immunofluorescence,
data not shown). Thus, paclitaxel-treated cells provide a
control for any side effects of nocodazole which do not result
from microtubule disruption.

Paclitaxel (10 ptM) entirely inhibited the nocodazole-
induced contraction (Fig. 1 B and C). The ability of paclitaxel
to block contraction was specific for microtubule-disrupting
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FIG. 1. Specific block of nocodazole contraction by paclitaxel.
FPCLs were mounted on force transducers (see Materials and Meth-
ods). Results are representative of at least three experiments. (A)
Nocodazole (Noc, 5 ,uM) stimulated a contraction that typically
reached maximal levels within about 30 min. (B) Addition of paclitaxel
(Pac, 10 j,M) usually resulted in a small relaxation. Paclitaxel pre-
treatment (20 min) completely inhibited the nocodazole contraction
but had little effect on contraction stimulated by a saturating dose of
thrombin (Thb, 1 unit/ml). (C) Paclitaxel (10 ,uM) pretreatment had
little effect on contraction stimulated by 5% FBS.

agents, since contractions stimulated by thrombin (Fig. 1B) or
5% FBS (Fig. 1C) were not blocked in paclitaxel-treated cells.

Paclitaxel Reverses the Nocodazole-Induced Contraction.
Because paclitaxel reverses microtubule disruption in nocoda-
zole-treated cells, even in the continued presence of nocoda-
zole (29), we tested the mechanical effect of adding paclitaxel
to cells precontracted with nocodazole. Paclitaxel (in the
continuous presence of nocodazole) stimulated a strikingly
rapid relaxation (Fig. 2A). Force was reduced to its pre-
nocodazole level within 5 min of paclitaxel addition and then
typically declined an additional 200-300 ,uN at a slower rate.
Cells relaxed in this manner still retained the ability to contract
in response to thrombin (Fig. 2,4). The rapid relaxation after
paclitaxel was specific for nocodazole-contracted cells, since
paclitaxel showed little effect on cells contracted with throm-
bin or FBS (Fig. 2 B and C).
Time Course of Nocodazole- and FBS-Stimulated Contrac-

tions. Force increased rapidly in the first few minutes following
addition of FBS and continued to increase at a slower rate
throughout the entire 2-hr monitoring period (Fig. 3). The
contraction in response to nocodazole reached a maximum at
about 30 min before declining slowly to 80% of its maximal
value at 2 hr (Fig. 3).

Microtubule Disruption Is Associated with Increased LC20
Phosphorylation. By measuring changes in LC20 phosphory-
lation following the addition of nocodazole, we investigated
the possibility that microtubule disruption causes contraction
through myosin activation. We found relatively large variations
in baseline LC20 phosphorylation between different prepara-
tions of CEFs. Nevertheless, LC20 phosphorylation levels both
before and after stimulation with nocodazole, thrombin, or
FBS were consistent among different samples from the same
preparation of CEFs. In agreement with our previous findings
(19), serum-starved CEFs typically had 10-40% of LC20
monophosphorylated with the remainder unphosphorylated.
After nocodazole stimulation, monophosphorylated/diphos-
phorylated LC20 increased to 40-70%.

Addition of 5 ,M nocodazole resulted in a LC20 phosphor-
ylation increase which appeared nearly maximal by 30 min and
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FIG. 2. Specific reversal of nocodazole contraction by paclitaxel.
Results are representative of at least three experiments. (A) Addition
of paclitaxel (Pac, 10 ,tM) rapidly reversed the nocodazole (Noc, 5
,xM)-stimulated contraction (in the continued presence of nocoda-
zole). Force was reduced to below pre-nocodazole levels within 5-10
min. Cells contracted and relaxed in this manner retained the capacity
to contract in response to thrombin (Thb, 1 unit/ml). (B and C)
Paclitaxel (10 ,LM) had little effect on cells contracted with thrombin
(1 unit/ml) or 5% FBS.

which continued for at least 40 min after stimulation (Fig. 4).
LC20 phosphorylation following nocodazole treatment was
typically about equally divided between the mono- and diphos-
phorylated forms, although some experiments showed a sig-
nificant preference toward the monophosphorylated form.
The LC20 phosphorylation after nocodazole was blocked by

paclitaxel pretreatment or reversed by paclitaxel post-
treatment (Fig. 5). Cells treated with 5 ,uM nocodazole for 20
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FIG. 4. Time course of LC20 phosphorylation increase after addi-
tion of nocodazole to CEFs within collagen lattice discs. Nocodazole
(5 ,uM) was added at time 0. The percentage of LC20 monophospho-
rylated (v) or diphosphorylated (o) and the sum of mono- and
diphosphorylated LC20 (v) are displayed. Error bars show standard
error (n = 3). Results are representative of three similar experiments.

min followed by 10 ,uM paclitaxel for 20 min (without washout
of nocodazole) or cells pretreated with 10 ,tM paclitaxel for 20
min before addition of 5 ,tM nocodazole for 20 min (without
washout of paclitaxel) typically had LC20 phosphorylation
levels below that of controls treated only with vehicle (dimethyl
sulfoxide). This reduction in LC20 phosphorylation to below
baseline levels was consistent with the corresponding force mea-
surements (Fig. 1 B and C and Fig. 2A), which, following addition
of paclitaxel, usually declined to below baseline levels as well.
Prestimulation with FBS Reduces the Nocodazole-

Stimulated Contraction. To examine further a possible role for
load shifting in the contraction due to microtubule disruption,
we determined whether maximal precontraction of the cells by
30% FBS affected the strength of the nocodazole-induced
contraction. FBS was used because it produced a relatively
stable contraction, increasing only 4% between 80 and 120 min

60
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FIG. 3. Time course of contractions after FBS and nocodazole.
Solid lines represent average response to FBS (A) or nocodazole (B)
as a percentage of the maximal response to the particular agonist (n
= 3). Dotted lines show standard error. CEFs stimulated with 30%
FBS exhibited a rapid force increase in the first 5 min. Force continued
to increase at a slower rate for the entire 2-hr period. The response to
10 ,uM nocodazole reached a maximum at about 30 min and then
slowly declined.
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FIG. 5. Effect of microtubule stabilization by paclitaxel on the LC20
phosphorylation resulting from microtubule disruption. The percent-
age of total phosphorylated (sum of mono- and diphosphorylated)
(open bars), monophosphorylated (hatched bars), and diphosphory-
lated (crosshatched bars) LC20 is displayed. Con, control cells treated
with vehicle (dimethyl sulfoxide); Noc, 5 ,uM nocodazole for 20 min;
Pac-Noc, 10 ,uM paclitaxel for 20 min followed by 5 ,tM nocodazole
for 20 min (in the continued presence of paclitaxel); Noc-Pac, 5 ,LM
nocodazole for 20 min followed by 10 ,uM paclitaxel for 20 min (in the
continued presence of nocodazole). Error bars display standard error

(n = 3).
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(Fig. 3). Thus, the incremental effect of nocodazole was easiest to
observe during this plateau in the FBS-stimulated contraction.

Force was measured over 110 min during which matched
samples were treated either with 30% FBS for 80 min before
addition of 10 ,uM nocodazole or with 10 ,tM nocodazole for
30 min before addition of 30% FBS. Total force was similar at
the end of both protocols (Fig. 6). However, the response to
nocodazole in cells precontracted with FBS was only 32% of
the nocodazole response from cells not precontracted with
FBS. The effect of FBS precontraction on the nocodazole
response is actually underestimated in this experiment, since
the FBS response contributes to some of the force rise after the
addition of nocodazole (Fig. 3). Cells pretreated with nocoda-
zole exhibited only 78% of the contractile response to FBS
relative to cells with intact microtubules (Fig. 6).
We were concerned that the large stress of 30% FBS

contraction might somehow cause mechanical damage to the
preparation which could result in the reduced additional
response to nocodazole. Therefore, we measured the contrac-
tile response to microtubule disruption in single preparations
both before and after washout of FBS. In a representative
example (Fig. 7), cells precontracted for 80 min with FBS
generated an additional 780 ,uN after addition of nocodazole.
However, after all agonists were washed out, a contraction of
1470 ,uN was measured in response to nocodazole. In four
similar experiments, the nocodazole response after FBS was

only 51 5% of that after washout.
Increasing Phosphorylation with FBS Decreases the Addi-

tional Phosphorylation from Nocodazole. We sought to -de-
termine whether the decreased nocodazole-induced contrac-
tion of FBS-contracted cells was associated with a similarly
blunted increase in LC20 phosphorylation. Cells showed a
similar increase in LC20 phosphorylation after treatment with
nocodazole (30 min) or FBS (80 or 120 min) (Fig. 8). The
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FIG. 7. Contractile response to nocodazole before and after wash-
out of FBS. Cells were precontracted with 30% FBS. After 80 min in
FBS, force reached a relatively steady level. At this time, microtubules
were disrupted with 10 ,uM nocodazole (Noc) (without removal of the
FBS). Force increased an additional 780 ,uN in the 40 min after
nocodazole. However, following washout of FBS and nocodazole, cells
produced about twice as large a contraction upon readdition of
nocodazole. This figure is representative of four experiments.

additional change in LC20 phosphorylation following micro-
tubule disruption of FBS-contracted cells was small to insig-
nificant. Thus, preactivation with FBS results in an even more
blunted effect on the LC20 phosphorylation response to mi-
crotubule disruption than on the corresponding force change.

DISCUSSION
Nocodazole Induces Contraction Through Microtubule Dis-

ruption. It appears highly unlikely that nocodazole stimulates
contraction through a side effect rather than through micro-
tubule disruption. Danowski (1) has shown that several mi-
crotubule inhibitors, all at very low concentrations, produce
contractions of similar magnitude and that stabilization of
microtubules with paclitaxel blocks the contractile activity of
microtubule inhibitors. In Fig. 1, we demonstrate that pacli-
taxel pretreatment blocked the contractile effects of nocoda-
zole but did not block contraction stimulated by FBS or
thrombin. Therefore, paclitaxel blocked the nocodazole con-
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FIG. 6. Force response to a combination of FBS and nocodazole.
(A) Cells were either contracted first with 30% FBS for 80 min before
addition of 10 ,uM nocodazole (Upper) or contracted with 10 ,tM
nocodazole for 30 min before addition of FBS (Lower). In both
protocols force was monitored for 110 min following addition of the
first stimulus. (B) A summary of three experiments performed as in A.
The final force was similar whether FBS or nocodazole was added first.
However, the incremental response to nocodazole (hatched bar) was
reduced by a factor of -3 in FBS-activated cells.

X~~~~~\
Con 30 80 FBS- 110

Noc FBS Noc FBS

FIG. 8. LC20 phosphorylation after a combination of FBS and
nocodazole. LC20 phosphorylation was measured in CEFs on 35-mm
tissue culture dishes. The percentage of total phosphorylated (sum of
mono- and diphosphorylated, open bars), monophosphorylated
(hatched bars), and diphosphorylated (crosshatched bars) LC20 is
displayed. CON, vehicle (dimethyl sulfoxide) for 120 min; Noc, 10 JIM
nocodazole for 30 min; 80 FBS, 30% FBS for 80 min; FBS-Noc, 30% FBS
for 80 min after which 10 ,tM nocodazole was included for an additional
30 min without washout of FBS; 110 FBS, 30% FBS for 110 min.
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traction specifically by stabilizing microtubules to nocodazole
rather than by acting as a general inhibitor of contractility. The
rapid reversal of contraction following repolymerization of
microtubules by paclitaxel argues against a role for secretory
products in mediating the nocodazole-stimulated contraction.
Mechanism of Contraction Resulting from Microtubule

Disruption. The load-shifting and LC20 phosphorylation
mechanisms predict opposite effects of preexisting myosin
activation on nocodazole-stimulated contraction. If the force
increase measured after nocodazole treatment was caused by
contractile load shifting from microtubule struts to extracellular
contacts, then increasing contractility by phosphorylating LC2o
should increase the force that could be shifted off microtubules.
If, however, the contraction resulting from microtubule disrup-
tion was due to LC20 phosphorylation, a prior contraction due to
an increase in LC20 phosphorylation might saturate this response,
resulting in a reduced additional contraction.
To determine the effect of preexisting LC20 phosphorylation

on the magnitude of nocodazole-stimulated contraction, we
used FBS to raise force and LC20 phosphorylation levels prior
to addition of nocodazole. Cells precontracted with FBS
showed a decreased contractile response to microtubule dis-
ruption. This result is inconsistent with the predictions of the
tensegrity model but is consistent with microtubule disruption
mediating contraction through an increase in LC20 phosphor-
ylation. Furthermore, we found that nocodazole stimulated no
further increase in LC20 phosphorylation of FBS-contracted
cells, confirming that a component of the pathway leading to
LC20 phosphorylation, utilized by both nocodazole and FBS, is
saturated after FBS stimulation.
The similar increases in LC20 phosphorylation after treat-

ment with 30% FBS for 80 min or 10 pLM nocodazole for 30
min (Fig. 8) were unexpected because 30% FBS stimulates a
2- to 3-fold larger force increase than nocodazole. Also
surprising was that the small additional contractile response to
microtubule disruption in FBS-contracted cells was not asso-
ciated with a measurable increase in LC20 phosphorylation.
The interpretation of these differences between the changes in
force relative to LC20 phosphorylation in FBS and nocodazole-
stimulated contractions is complicated because the force and
phosphorylation measurements were conducted on different
preparations (FPCL vs. monolayer) and because of the pos-
sibility of a transient component to the LC20 phosphorylation
increase following FBS stimulation (24). However, these ap-
parent differences between the dynamics of LC20 phosphory-
lation and force suggest that LC20 phosphorylation may not be
the only mechanism mediating the FBS- and nocodazole-
stimulated contractions.

Microtubule Dynamics Are Coupled to LC20 Phosphoryla-
tion. The central finding of this work is the coupling of
microtubule dynamics to LC20 phosphorylation. Although the
physiological significance of this link between microtubule and
microfilament dynamics is unknown, our findings are consis-
tent with the hypothesis that microtubules organize motile
functions of nonmuscle cells. In contrast to muscle cells, which
are specialized for unaxial contraction, nonmuscle cells exhibit
more complex motile activity. Cell locomotion and cell division
involve contractions confined to specific regions of the cell (30,
31). Therefore, these functions are likely to utilize mechanisms
that modulate myosin activity in specific regions of the cytoplasm.

Spatially inhomogeneous shifts in microtubule morphology
or stability precede directed cell locomotion and cell division
(31-34), suggesting that microtubules may direct the subcel-
lular distribution of the forces driving these processes. The
present results support a role for myosin activation, through
LC20 phosphorylation, as a mechanism by which microtubules
might direct the spatial pattern of contractility within cells.
Summary. Our purpose was to better define how microtu-

bule disruption leads to cell contraction. Although our results

do not rule out a contribution from a tensegrity mechanism,
increased LC20 phosphorylation following microtubule disrup-
tion suggests that myosin activation may partially or fully
explain the contractile and morphological effects of microtu-
bule disruption. The interactions between microtubules and
intracellular free Ca2+ regulation or other pathways leading to
LC20 phosphorylation (28) remain an important question.
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