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Myofibroblasts are responsible for the generation of
contractile force in granulation tissue and pathological
3 Granulation tissue that contains myo- trast, inactivation of MLCP via a Rho/Rho kinase

contractures.

fibroblasts generates measurable amounts of isometric

ABSTRACT

During wound healing and fibrocontractive diseases fibroblasts acquire a smooth
muscle cell-like phenotype by differentiating into contractile force generating
myofibroblasts. We examined whether re ;ulation of myofibroblast contraction in
granulation tissue is dominated by Ca”"-induced phosphorylation of myosin
light chain kinase or by Rho/Rho kinase (ROCK)-mediated inhibition of myosin
light chain phosphatase, similar to that of cultured myofibroblasts. Strips of
granulation tissue obtained from rat granuloma pouches were stimulated with
endothelin-1 (ET-1), serotonin, and angiotensin-IT and isometric force generation
was measured. We here investigated ET-1 in depth, because it was the only ago-
nist that produced a long-lasting and strong response. The ROCK inhibitor
Y27632 completely inhibited ET-1-promoted contraction and the phosphatase
inhibitor calyculin elicited contraction in the absence of any other agonists, sug-
gesting that activation of the Rho/ROCK/myosn light chain phosphatase path-
way is critical in reguldtmg in vivo myofibroblast contraction. Membrane
depolarization with K™ also stimulated a long-lasting contraction of granulation
tissue; however, the amount of force generated was significantly less compared to
ET-1. Moreover, K *-induced contraction was inhibited by Y27632. These results
are consistent with inhibition of myosin light chain phosphatase by the Rho/
ROCK signaling pathway, which would account for the long-duration contrac-
tion of myofibroblasts necessary for wound closure.

MLCK in response to intracellular Ca>* and i is rapld and
short in duration being terminated by MLCP.'*! In con-

(ROCK) mechanism leads to a sustained contrac-
tion.'%!'%13 Differentiated myofibroblasts exhibit SM cell

force in response to specific agonists of smooth muscle
(SM) cell contraction, such as serotonm angiotensin-IT
(AT-II), and endothelin-1 (ET-1).*"7 Previous studies have
examined the effect these agonists have on myofibroblast
force generation;*® however, little has been done to exam-
ine the intracellular signaling pathways utilized by these
agonists to promote the contraction of myofibroblasts in
granulation tissue.

Myofibroblasts form stress fibers containing the major
contractile elements actin and myosin II (for a review, see
Tomasek et al.%). The activation of myosin II that allows
its cyclic attachment to actin ﬁlaments mvolves myosin
light chain phosphorylation by the Ca’"-calmodulin-de-
pendent myosin light chain kinase (MLCK). Dephosphor-
ylation of myosin light chain by rnyosm light chain
phosphatase (MLCP) inactivates myosin.’ In fibroblasts
and SM cells, stress fiber contraction is mediated by
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features, such as the expression of SM a-actin in stress fib-
ers, ' raising the question of whether myofibroblast con-
traction is regulated similar to SM cells or to fibroblasts.
We, and others, have recently demonstrated that

AT-lI Angiotensin-I|

CPI-17 17 kDa protein kinase C-potentiated inhibitory protein of type
| protein phosphatase

ET-1 Endothelin-1

MLCK Myosin light chain kinase

MLCP Myosin light chain phosphatase

MYPT1  Myosin phosphatase target subunit-1

ROCK Rho/Rho kinase

SM Smooth muscle
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myofibroblast contraction in vitro is regulated predomi-
nantly through MLCP inactivation via the Rho/ROCK
pathway.!>'®" We hypothesize that the Rho/ROCK/
MLCP pathway is the predominant regulatory mechanism
for myofibroblast contractile activity in granulation tissue
and that this can promote wound closure by sustained
rather than rapid contraction.’

In this stud7y we have used rat granuloma pouch granu-
lation tissue to evaluate the role of the Rho/ROCK/
MLCP pathway in regulating myofibroblast contraction
in vivo. We have found that ET-1 promotes significantly
greater and longer-lasting force than either serotonin or
AT-II; therefore, we confined our studies to the regulation
of ET-1-promoted contraction of myofibroblasts in gran-
ulation tissue. ET-1-promoted contraction was partially
inhibited by the MLCK inhibitor ML-7 and completely
blocked by the broad spectrum kinase inhibitor H-7, sug-
gesting that an alternative kinase to MLCK is critical for
regulating the contraction of myofibroblasts in granula-
tion tissue. The ROCK inhibitor Y27632 completely
inhibited ET-1-promoted contraction, while the phospha-
tase inhibitor calyculin promoted contraction of myofib-
roblasts in granulation tissue. Membrane depolarlzatlon
with K™, which results in an influx of Ca®", promoted a
long- duration contraction similar to ET- 1; however, the
amount of force generated was less than 35 % of that gen-
erated by ET-1. Also similar to ET-1, K*-induced con-
traction was inhibited by the ROCK inhibitor Y27632.
These results are consistent with the hypothesis that the
Rho/ROCK/MLCP pathway is critical in regulating my-
ofibroblast contraction in granulation tissue and is respon-
sible for the sustained force generation required for wound
closure.

MATERIALS AND METHODS

We have used the granuloma pouch model of granulation
tissue to study the effects of several SM cell contraction-
inducing and -inhibiting agents on the isometric force de-
velopment by a myofibroblast-rich tissue. Granuloma
pouches were induced in anesthetized male Sprague—
Dawley rats (200-300 g) by injecting 20 mL of air into the
dorsal subcutaneous tlssue followed by 1 mL of 1% cro-
ton oil in corn oil.!”!® This treatment produces the forma-
tion of an abscess-like structure whose wall is rich in
myofibroblasts.>”!” Granuloma pouch granulation tissue
was dissected 21 days postformation and transferred to
Tyrode’s solution (134 mM NaCl, 3.4mM KCl, 2.3mM
KH,POy4, 0.30mM MgSOy, 2.8 mM CaCl,, 7.7 mM b-glu-
cose, and 16.1 mM NaHCOs), bubbling with 95% O, and
5% CO,. All experiments were performed following the
University of Oklahoma-Health Sciences Center IACUC
approved protocols.

Isometric force measurement

Dissected granuloma pouch tissues were placed into
gassed Tyrode’s solution and cut into strips 5x15mm in
length. The ends of the strips were tied with 5-0 silk suture
and immediately placed in tissue baths (Radnoti Glass
Technology Inc., Monrovia, CA) containing 9mL of
Tyrode’s solution bubbling with a 95% O, and 5% CO,
mixture at 37 °C. One side of each strip was tied to an

314

Tomasek et al.

analog force transducer (Kent Scientific, Torrington, CT)
and the other was tied to a stabilized glass rod in the tissue
bath. The strips were allowed to rest for 1 hour, stretched
three times to a tension of 1.5g over 1 hour, and then al-
lowed to rest for another hour before treatment. During
this time tissue baths were washed every 10 minutes with
fresh Tyrode’s solution and continuously bubbled with a
95% O, and 5% CO, mixture. Measurements were made
on an Apple Macintosh Quadra 650 using the Strawberry
Tree Data Acquisition System (copyright 1987-89, Straw-
berry Tree Inc., Sunnyvale, CA). Tension was recorded
every 2 seconds, and the peak resulting from each treat-
ment was used to produce dose-response curves.

In a first series of experiments, maximal tension devel-
opment was determined after cumulative stimulation with
ET-1, AT-II, and serotonin (all from Bachem Inc Tor-
rance, CA) in concentrations ranging from 107'° to 10~*
M. ET-1 promoted the strongest and longest duration
contractlon and was used in subsequent experiments at
10~7 M. The phosphatase inhibitor calyculin (BIOMOL
Resedrch Laboratories Inc., Plymouth Meeting, PA) was
also tested for contraction. For membrane depolarization
tissue strips were exposed to 60mM K™ solution. The
following inhibitors were used to determine their effect
on ET-1-promoted contraction: broad spectrum kinase
inhibitor H-7  (1-(5-iso- qulnohnylsulfonyl) 2 methyl-
piperazine; Sigma-Aldrich, St. Louis, MO),* specific
MLCK inhibitor ML-7 (1- (5 chloronaphthalenesulfonyl)
1H- hexahydro 1 ,4-diazepine; BIOMOL Research Labo-
ratories Inc.),”! and ROCK inhibitor Y27632 (Calbio-
chem-Novabiochem Corp., San Diego, CA).>* Granula-
tion tissue strips were initially contracted with ET-1 fol-
lowed by extensive washing for 1 hour and subsequent
treatment with the inhibitor and a secondary contraction
with ET-1. Percent inhibition was determined by compar-
ing the secondary contraction that occurred in response to
inhibitor plus ET-1 with the initial contraction that oc-
curred in response to ET-1 alone. Tension peaks were de-
termined and mean values calculated from three tissue
strips per animal and at least three animals per experimen-
tal condition.

RESULTS

Previous studies have shown that ET-1, AT-II, dnd sero-
tonin promote contraction of granulatlon tissue.*”” In this
study, we compared the ability of these agonists to pro-
mote contraction and the duration of force generation. All
three substances promoted a dose-dependent contraction
of granulation tissue, with approximately a twofold great-
er amount of force generated by ET-1 compared with AT-
IT and serotonin (Figure 1A). Serotonin (Figure 1B) and
AT-II (Figure 1D) both elicited a rapid rise in force with
maximum force generated within 5 minutes and force lev-
els returned to baseline within 30 minutes of drug admin-
istration. In contrast, ET-1 elicited a slower rise in force
requiring up to 15 minutes to reach maximum contraction
(Figure 1C). This maximum force generation was main-
tained for up to 60 minutes, with a subsequent slow loss of
force taking as long as 90 minutes to reach baseline. These
results show that ET-1 promotes a contraction of much
greater intensity and longer duration than either AT-II or

Wound Rep Reg (2006) 14 313-320 © 2006 by the Wound Healing Society



Tomasek et al.

>
—
[

-
o

—=— Endothelin
—— Angiotensin
—e— Serotonin

e
)

Force (grams)
[=) [=)
£ (<]

0.2
0.0 ‘ ‘ ‘ ‘ ‘ ‘ :
109 10° 10® 107 10% 105 10* 1073
Agent (M)
B SEROTONIN
0.5x1075M
Serotonin 05¢g
I\\ 5 min
(o] ENDOTHELIN
107 M
Endothelin 059
5 min
D ANGIOTENSIN-II
10°5M
Angiotensin
05¢g
— 5 min

Figure 1. Generation of contractile force by granulation tissue
in response to ET-1, AT-lIl and serotonin. Strips of 21-day
granuloma pouch tissue were treated with ET-1, AT-Il, and se-
rotonin and force generation was recorded. (A) Dose-response
curves were determined by measuring maximum contraction
after application of contraction agonists; all agonists elicited a
dose-dependent increase in force generation; however, ET-1
generated greater force than either AT-Il or serotonin. (B) Se-
rotonin promoted a rapid increase in force generation followed
by a short plateau and a rapid fall in force. (C) ET-1 promoted a
slow increase in force followed by a long plateau. (D) AT-Il pro-
moted a sharp increase in force generation, followed by a drop
to approximately 70% within 2 minutes and a slow decrease
thereafter.

serotonin; therefore, we examined regulation of force gen-
eration in ET-1-promoted contraction in this study.

To be certain that contraction of the granulation tissue
strips was not the result of SM cell contraction in small
vessels we compared the contraction of rat granuloma
pouch tissue and bladder in response to specific SM cell
agonists. Electr1cal field stimulation (5 —40 kHz), nor-
epinephrine (1() >uM), carbachol (10~*puM), and o-me-
thyl ATP (10> pM) promoted significant contraction of
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bladder; however, none of these treatments could promote
greater than 5% of the contraction elicited by ET-1
(107"M) on the same granulation tissue strip (not illus-
trated).

Protein kinase inhibitors inhibit ET-1-promoted
contraction of granulation tissue

Two protein kinase inhibitors were tested for their abilities
to inhibit ET-1-promoted contraction of granulatlon tis-
sue; H-7, a broad spectrum kmdse inhibitor,?® and ML-7,
a spec:1ﬁc inhibitor for MLCK.?! We have previously dem-
onstrated that both inhibitors inhibit contraction of cul-
tured myofibroblasts.'> H-7 was found to inhibit ET-
I-promoted contraction in a dose-dependent manner by
greater than 50% at 50 uM (Figure 2) and elicited relaxa-
tion of ET-1-contracted tissue (not illustrated). ML-7 in-
hibited ET-1-promoted contraction significantly less than
H-7 (Figure 2), suggesting that an alternative kinase to
MLCK is important in regulating myofibroblast contrac-
tion in granulation tissue.

ROCK inhibitor Y27632 blocks ET-1-promoted
granulation tissue contraction

The small GTPase Rho and its downstream mediator,
ROCK, promote stress fiber assembly and increased con-
tractility in cultured fibroblasts.'>** We have previously
demonstrated that activation of Rho and ROCK is neces-
sary for contraction of cultured myofibroblasts.'> We uti-
lized the ROCK inhibitor Y27632 to determine whether
activation of ROCK is necessary for ET-1-promoted con-
traction of granulation tissue. Granulation tissue strlps
treated with Y27632 at concentrations greater than 10’
M showed a reduced contractile response to ET-1 (Figure
3). Y27832 at 10~* M decreased baseline tension and dra-
matically reduced ET-1-promoted force by greater than
80%. When added to granulation tissue in the phase of
ET-1-promoted contractlon Y27632 caused relaxation at
concentrations of 107> M dnd above (not illustrated).
These results suggest that active ROCK is necessary for
ET-1 to promote contraction of granulation tissue.

Type | phosphatase inhibitor is sufficient to promote
granulation tissue contraction

MLCP activity is reduced by ROCK-dependent phospho-
rylation of the myosin blndmg subunit resulting in
increased force generatlon 4 MLCP is a member of the
family of type 1 phosphatases that can be inhibited by
the phosphatase inhibitor calyculin,** ® which is sufﬁment
to promote contraction of cultured myofibroblasts.'®
Granulatlon tissue contracted in response to the addition
of 107 M calyculin (Figure 4). The amount of force gen-
erated in response to calycuhn was greater than 50% of
that elicited in response to 10~' M ET-1 administered after
washing out the calyculin. These results suggest that
MLCP plays an important role in the regulation of gran-
ulation tissue contraction.
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Figure 2. Kinase inhibitors H-7 and ML-7 inhibit ET-1-promoted
force generation of granulation tissue. (A-C) Strips of 21-day-old
granuloma pouch tissue were initially contracted with ET-1, exten-
sively washed for 1 hour, subsequently treated with H-7, followed
by a secondary contraction with ET-1. (A) Compared to the initial
contraction in control experiments, secondary contraction with ET-
1 is slightly lower; (B) this secondary contraction is dramatically re-
duced after treatment with 5x 107> M H-7; and (C) almost com-
pletely inhibited after treatment with 5x10~* M H-7. Moreover,
baseline force generation drops immediately after addition of 5x
10~* M H-7. (D) Dose-inhibition curves were determined for H-7
and ML-7 inhibition of ET-1-promoted contraction of 21-day gran-
uloma pouch tissue strips. Granulation tissue was initially contract-
ed with ET-1 (107 M), subsequently washed for 1 hour, treated
with inhibitors H-7 and ML-7 at different doses and stimulated a
second time with ET-1 (10~7 M). Percent force was determined by
comparing the secondary contraction with the initial contraction.
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Figure 3. Y27632 inhibits ET-1-promoted force generation of
granulation tissue. (A and B) Strips of 21-day-old granuloma
pouch tissue were initially contracted with ET-1, extensively
washed for 1 hour, subsequently treated with Y27632, fol-
lowed by a secondary contraction with ET-1. Compared with
control (see Figure 2A) the secondary contraction with ET-1 is
dramatically reduced after treatment with (A) 107° M Y27632
and (B) almost completely inhibited at 10™* M Y27632. (C)
Dose—-inhibition curve for Y27632 of ET-1-promoted contrac-
tion of 21-day granuloma pouch tissue strips. Granulation tissue
strips were initially contracted with ET-1 (1077 M), subsequent-
ly washed for 1 hour, treated with the inhibitor Y27632 at dif-
ferent doses and stimulated a second time with ET-1 (10~7 M).
Percent force was determined by comparing the secondary
contraction with the initial contraction.

Effects of membrane depolarization on granulation
tissue contraction

SM cell membrane depolarization with K* opens voltage
gated Ca’" channels causing Ca®" influx to increase intra-

cellular Ca®>*. Addition of K* to granulation tissue pro-
moted generation of a long-duration contractile force,

Wound Rep Reg (2006) 14 313-320 © 2006 by the Wound Healing Society
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CALYCULIN

Figure 4. Calyculin promotes contraction of granulation tissue.
Strips of 21-day-old granuloma pouch tissue were contracted
with calyculin (107 M) followed by extensive washing and
subsequent addition of ET-1 (10~7 M) to determine contractile
potential of the strip. In the absence of any other contractile
agonist, the phosphatase inhibitor calyculin elicited tissue con-
traction, which reached ~50% of contraction after secondary
stimulation with ET-1.
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Figure5. Force curves for K*-promoted contraction of granu-
lation tissue. (A) Strips of 21-day-old granuloma pouch tissue
were initially contracted with ET-1 (10~7 M) followed by exten-
sive washing for 1 hour, subsequent treatment with K™ and a
secondary contraction with ET-1 (10~7 M). (B) Strips of 21-
day-old granuloma pouch tissue were initially contracted with
ET-1 (1077 M) followed by extensive washing for 1 hour and
subsequent treatment with Y27632 (107°M) and a secondary
contraction with K*.

similar to ET-1; however, force generation was 30.1 +8%
of that observed for ET-1 (Figure 5A). To determine
whether K™ promoted maximum contraction, ET-1 was
added to granuloma pouch tissue on top of K* mediated
contraction. ET-1-promoted additional contraction that
reached approximately 80% the amount of force generat-
ed by the initial addition of ET-1 (Figure 5A); the same
amount of contraction observed with a second addition of
ET-1 to control cultures (Figure 2A). These results show
that K* can promote only partial contraction compared
with ET-1. To determine what role ROCK activity might
play in the response of granulation tissue to K™, the
ROCK inhibitor Y27632 was added either before addition
of K* or at the peak of K promoted-force generdtlon
The administration of 107® M Y27632 before K™ reduced
force generation by 18% (not illustrated), while 107> M

Y27632 reduced the force generation by greater than 75%

Wound Rep Reg (2006) 14 313-320 © 2006 by the Wound Healing Society
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(Figure 5B). The administration of 107> M Y27632 after
the tissue was contracted with K™ resulted in a rapid re-
laxation (not illustrated). These results suggest that
ROCK activity is necessary for granulation tlssue contrac-

tion 1n response to increased intracellular Ca’* elicited
by K

DISCUSSION

We previously proposed that the Rho/ROCK/MLCP
pathway is the key regulator of myofibroblast contraction
in vitro.”> Here we examined whether the same mecha-
nism is important in regulation of myofibroblast contrac-
tion of granuloma pouch granulation tissue. We selected
to study the intracellular signaling pathways regulating
ET-1-promoted myofibroblast contraction of granulation
tissue because ET-1 promoted the strongest and longest
lasting tissue contraction among the three effective ago-
nists studied, serotonin, AT-II, and ET-1. The specific
ROCK inhibitor Y27632 completely inhibited ET-1-pro-
moted contraction of myofibroblasts in granulation tissue
and caused complete relaxation of ET-1-promoted con-
traction. In contrast, the MLCK inhibitor ML-7 could
only partially inhibit ET-1-promoted contractlon As
previously shown for myofibroblasts in vitro,'” the phos-
phatase inhibitor calyculin alone promoted contraction of
myoﬁbroblasts in granulation tissue. Increased intracellu-
lar Ca®" in response to membrane depolarization by
K *-promoted contraction that lasted as long as ET-1 stim-
ulation but was significantly smaller; this response was
inhibited by Y27632. These results show that while activa-
tion of MLCK by elevated intracellular Ca>* participates
in myofibroblast force generation, simultaneous activation
of the Rho/ROCK/MLCP pathway is essential to promote
full granulation tissue contraction as illustrated schemat-
ically in Figure 6.

In SM and nonmuscle cells, contractile force generation
by actom;/osin interaction is regulated by phosphorylation
of MLC?’ via specific protein kinases of which MLCK is
the only one identified as regulated by Ca®". In this study
we found that MLCK activity is mandatory for maximal
contraction of granulation tissue myofibroblasts, because
the MLCK-specific inhibitor ML-7 partially inhibits ET-
l-promoted contractlon In addltlon we found that in-
creasing intracellular Ca®* by K™ depolarization can pro-
mote myofibroblast contraction suggestlng a Ca’*-
dependent regulation of contraction in granulation tissue
myofibroblasts. Previous studies showed using isolated
stress ﬁbers from fibroblasts that contraction is stimulated
by MLCK'*!"" and we have previously demonstrated 2
role for MLCK in contraction of myofibroblasts in vitro.">
However, it should be emphasized that the level of con-
traction in response to increased intracellular Ca®" was
only 30% of the contraction in response to ET-1 suggest-
ing additional pathways regulating myofibroblast con-
traction.”®

Our results showing that the phosphatase inhibitor ca-
lyculin can promote force generatlon in granulation strips
are consistent with a possible Ca’ -1ndependent mecha-
nism of force generation in myofibroblasts. Ca”"-inde-
pendent kinases have been shown to phosphorylate MLC,

including ROCK,* 1nte%r1n -linked kinase,’ 21pper in-
teracting protein kmase and citron kinase.>* Whether
317
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long - lasting rapid transient
CONTRACTION CONTRACTION
(ET-1) (AT-IL serotonin)

Figure 6. Model for regulation of two types of myofibroblast
contraction in granulation tissue. (1) ET-1 activation of the Rho/
Rho kinase (ROCK) pathway results in myosin light chain
phosphatase (MLCP) inactivation and maintained phosphorylat-
ion of myosin light chain leading to a long-lasting contraction.
This pathway is the main regulatory mechanism for long-lasting
myofibroblast contraction important in wound closure (gray
panel). (2) Serotonin and AT Il can lead to phosphorylation of
MLC by activation of MLCK through Ca?" release, promoting a
rapid and transient contraction (white panel). Inhibitors and
agonists used in this study are printed in this study are printed
in italics.

these Ca”"-independent kinases play a role along with
MLCK in regulating myofibroblast contraction is current-
ly unclear. We have previously found in cultured myofib-
roblasts that the ROCK inhibitor Y27632 could only
partially inhibit calyculin promoted contraction suggest-
ing that a kmase other than ROCK was, important in
promotmg Ca’"-independent contraction.' It will be im-
portant 1n future studies to determine the possible role of
these Ca’*-independent kinases in myofibroblast force
generation.

A number of studies have shown the importance of
MLC dephosphorylation by MLCEP in regulating SM and
nonmuscle cell contraction.?® Inhibition of MLCP will in-
crease myosin light Chdll’l phosphorylation levels and is a
prlmary cause for Ca’*-sensitization in SM cell contrac-
tion.”® Phosphorylation of the 110 kDa noncatalytic myo-
sin phosphatase target subunit (MYPTI) has been shown
to be one of the n’ldjOI‘ mechanisms that inhibits MLCP
activity” and ROCK is the prlmary kinase responsible for
phosphorylation of MYPT1.%* Contraction of isolated fib-
roblast stress ﬁbers appears to follow a similar ROCK-
MLCP pathway.'®'? Our results suggest that myofibro-
blast contraction in granulation tissue is also regulated by
ROCK inhibition of MLCP. The ROCK inhibitor Y27632
can inhibit ET-1-promoted contraction of granulation tis-
sue strips and the MLCP inhibitor calyculin can promote
contraction.

An alternative mechanism by which MLCP may be in-
hibited is through the binding of CPI-17 (17 kDa PKC-
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potentiated inhibitory protein of type 1 protein phosphd-
tase) to the 38 kDa catalytic subunit of MLCP.*>> The
phosphorylation of CPI-17 results in its binding to the 38
kDa catalytic subunit of MLCP and thereby inhibition of
MLCP activity. While originally identified as a substrate
for protein kinase C, other kinases have been identified to
phosphoryldte CPI-17 1nc1ud1ng ROCK,*¢ integrin-linked
kinase,?’ protein kinase N*® and zip-like kinase.* Inhibi-
tion of myofibroblast contraction by Y27632 could poten-
tially block phosphorylation of CPI-17 resulting in
continued activity of MLCP and decreased contraction.
Whether inhibition of MLCP activity occurs via phos-
phorylation of MYPT1 or CPI-17 it would appear that
ROCK is critical in decreasing the activity of MLCP and
promoting myofibroblast COl’ltI‘dCthl’l

Membrane depolarization with K™ was found to be able
to promote contraction of granuloma pouch granulation
tissue. Similar to the response to ET-1 this contraction was
long in duration and could be inhibited by Y27632. There
appear to be two possible explanations as to how increased
cytosolic Ca?* in response to membrane depolarization
could promote ;oﬁbroblast contraction. It is possible
that increased Ca~" activates MLCK to a level where it
can overcome the activity of MLCP resulting in contrac-
tion. Altemdtlvely, in addition to activating MLCK-in-
creased Ca®" could increase the activity of ROCK and
subsequently decrease the activity of MLCP. Recently it
has been shown that membrane depolarization-induced
contraction of rat caudal arterial SM involves activation
of ROCK.*’ Either of these alternatives could be operating
in myofibroblasts in granuloma pouch granulation tissue.
It is clear that membrane depolarization does not fully
promote force generation, as addition of ET-1 to K*-con-
tracted tissue will increase force generation. Interestingly,
we have found that excisional wound granulation tissue
does not contract in response to membrane depolarization
with K™ (B. Hinz, unpublished results) suggesting differ-
ences in different populations of myofibroblasts. It has
been shown that MLCK and MLCP activities vary among
SMs*! and it is very likely that the activities of these en-
zymes vary in different populations of myofibroblasts. It
will be interesting to determine whether differences in K™*-
induced contractions of different types of granulation tis-
sues are due to differences in MLCK and/or MLCP activ-
ity in different populations of myofibroblasts.

Our results are consistent with two types of contraction
in myofibroblasts; one being a rapid, transient contraction
promoted by AT-II and serotonin and the other being a
slow, long-lasting contraction promoted by ET-1. We have
previously proposed that the function of myofibroblasts
during granulation tissue contraction is to maintain a con-
stant contractile force on the surroundlng tissue while a
new shorter matrix is de 051ted Previous studies have
shown that increased Ca*”" ehclts K rapid, but transient
contractile response in stress fiber'?; not the type of long-
term contraction needed to be generdted by myofibro-
blasts during tissue reorganization. Presumably AT-IT and
serotomn functlon by increasing Ca’" and activating
MLCK***; however, this remains to be determined for
myoﬁbrobldsts in granulation tissue. In contrast, slow,
long-term contraction of stress fibers results from activa-
tion of the RhoJROCK pathway with subsequent inhibi-
tion of MLCP.!> We demonstrate here that ET-1 promotes

Wound Rep Reg (2006) 14 313-320 © 2006 by the Wound Healing Society
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the slow, long-term contraction of myofibroblasts in gran-
ulation tissue through the Rho/ROCK/MLCP pathway.
Previously it has been shown that granuloma pouch myo-
fibroblasts express both the ET 5 and the ETg ET-1 recep-
tors; however, only the ET, receptor appears to be
involved in promoting ET-1 stimulated contraction.® In
SM cells ET-1 can promote long-lasting contraction by
binding to the ET4 receptor and utilizing G;3 to activate
the Rho/ROCK pathway and subsequently inhibit
MLCP.** Whether myofibroblasts in granulation utilize
this same pathway needs to be determined. We propose in
myofibroblasts in granulation tissue that activation of the
Rho/ROCK pathway with subsequent inhibition of
MLCP is essential to promote the slow, long-duration
contraction necessary for myofibroblast function during
wound healing.
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