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Vanadate and the Absence of Myofibroblasts
in Wound Contraction

H. Paul Ehrlich, PhD; Kerry A. Keefer, MS; Roland L. Myers, MS; Anthony Passaniti, PhD
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HE WOUND healing process

advances by an overlap-

ping sequence of events

referred to as “lag,” “prolif-

erative,” and “remodeling”
phases of repair. The lag phase is charac-
terized by inflammation, which checks in-
fection and initiates the proliferative phase
of repair. The proliferative phase is char-
acterized by the migration and division of
fibroblasts and the synthesis and deposi-
tion of a new, vascularized connective tis-
sue matrix. The remodeling phase of re-
pair involves the organization of that new
connective tissue matrix into a scar. The
connective tissue organization in scar dif-
fers from dermis; a parallel arrangement of
scar collagen fiber bundles replaces the bas-
ket-weave collagen fiber bundles of der-
mis. With few exceptions, dermal loss is
replaced with scar and not dermal regen-
eration. The amount of scar deposited in
full excisional wounds in rats is limited be-
cause of wound contraction, in which nor-
mal skin is pulled into the defect. Skin is
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pulled into the wound site by forces gen-
erated through the continued reorganiza-
tion of the newly deposited collagen fibers
in granulation tissue (GT),! rather than
through cell contraction. The require-
ment of a specialized fibroblast, the myo-
fibroblast, that has been proposed to gen-
erate those processes is the subject of this
report.

Cell “crawling” is required for the mi-
gration of fibroblasts into the wound site
during the early proliferative phase of re-
pair. Cell crawling involves polymerized
actin organized into a filamentous net-
work at the cell’s leading edge. Actin-
binding proteins play important roles in
the polymerization of actin into highly
branched networks seen in the leading
edge of ambulatory fibroblasts. > In seden-
tary fibroblasts, actin filaments are orga-
nized into cytoplasmic microfilaments that
aggregate into thick stress fibers. These ac-
tin bundles in stress fibers demonstrate
minimal branching and terminate at fo-
cal adhesion plaques near the plasma mem-
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brane of a cell. These focal adhesion plagues contain seyv-
eral proteins that are involved in cell signaling. * Tyrosine
phosphorylation and dephosphorylation of proteins in
focal adhesions act as switehes in the transfer of infor-
mation between the cell and its extracellular marrix, * Ten-
sion is mainmined on a substratum by cells through the
formation of cytoplasmic siress fibers.”

Fhe formation of e-smooth muscle {o-5M) actin-
containing stress libers in myolibroblasts may require
the dephosphorylation of selected tyrosine phosphate
residues. Vanadate is a potent inhibitor of phosphatase
that dephosphorylates tyrosine phosphate residues.
We examined the possibility of altering wound con-
traction and the character of GT deposited in polyvi-

nyl alcohol (PYA) sponge implants in rats ingesting
vanadate, For 1 week, rats in the experimental group
received vanadate in their drinking water, and the
control group received isotonte sodium chloride solu-
tion in their drinking water before open wounds were
made and PVA sponges were implanted. Two weeks
later, the rats were killed, the wound sizes were
recorded, and tissue specimens were hiochemically
and histologically analyzed. The following questions
are addressed: Does an inhibitor of tyrosine phosphate
turnover block myolibroblast formation? Are myofi-
broblasts critical for wound contraction? Are there dif-
ferences between myofibroblasts and [ibroblases in
arganizing collagen fiber bundles within GT?
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Rats ingesting sodium chloride solution or sodium chlo-
ride solution containing vanadate, 0.2 mg/mL, for 3 weeks
had similar weight gains. During the 2 weeks after wound-
ing, the group given sodium chloride solution alone (con-
trol group) gained 21+5 g (n=7), and the vanadate-
treated group gained 15 + 3 g (n = 8) (all data are expressed
as mean + SD). The difference between the 2 groups’
weight gain was not significant (P>.05; Student t test).

The full-excision open wounds healed mostly by
wound contraction. Figure 1 shows representative wounds
made on the backs of rats from the 2 experimental groups
immediately and 2 weeks after wounding. Wounds from
both groups contracted about 75% during the 2 weeks. The
noncontracted wound area was determined by weighing
tracings, and 1 area unit equaled 1 g. The initial wound size
averaged 27.6 U for both groups, and at 2 weeks, the con-
trol wounds contracted to 7.2 £ 2.2 U (n = 12), whereas the

Flgure 1. Wounds immmadiataly affer wounding in (A) & controd rat and (B} 2 vanadate-treated rat. Those zame wounds 2 weeks bifer from cantrol rals miaintingd

wound size of the vanadate-treated group was 7.1+ 1.8 U
(n =12). Administering vanadate parenterally did not al-
ter wound contraction. In both treated and control groups,
open wounds closed by wound contraction.

The weights of PVA sponges at the time of implan-
tation and harvesting at 2 weeks were recorded as a mea-
sure of GT deposited. The GT weight of sponges from
the control group was 63 + 36 mg and from the vanadate-
treated group, 77 + 40 mg. The amount of GT deposited
in the PVA sponge implants was similar between groups;
ie, there was no significant difference ( P>.05; Student ¢
test). The ingestion of vanadate did not alter the amount
of GT deposited in PVA sponge implants.

Vanadate treatment, however, altered the structure
of cells and the organization of collagen fibers bundles
in GT. In normal dermis, fibroblasts do not exhibit cy-
toplasmic stress fibers, but in GT they do. Rhodamine-
phalloidin-stained stress fibers within fibroblasts and
smooth muscle cells of blood vessel from a 2-week-old
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A, Section from a control rat shows fluorescent-staining stress fibers in fibroblasts. B, Section from a vanadate-treated rat shows the absence of fluorescent
stress fibers in fibroblasts, Smooth muscle cells are present in blood vessel. C, Section from a control rat shows o-SM actin-stained stress fibers in

myofibroblasts. D, Section from a vanadate-treated rat shows the absence of a-SM actin staining. Filaments are contained within smooth muscle cells of blood
vessels (original magnification, X 100 for all figures).
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Figure 3. Frozen sections of 2-week-old polyvinyl alcohol sponge implants were processed for «-smooth muscle («-SM) actin immunostaining. A, Section from a
control rat demonstrates myofibroblast populations with cytoplasmic o-SM actin filaments running parallel to one another. B, Section from a vanadate-treated rat
shows the o-5M actin staining limited to smooth muscle cells contained in blood vessels (original magnification x 360).

healing open-wound GT are shown in Figure 2.1n con-
tracting wounds from control rats, prominently stained
stress fibers in the myofibroblasts and in the smooth
muscle cells of vessel walls were evident (Figure 2, A).
In contrast, the GT of open wounds from vanadate-
treated rats (Figure 2, B) was devoid of stained stress fi-
bers within fibroblasts. Vanadate blocked the develop-
ment of stress fibers forming in fibroblasts but had no
effect on stress fibers within smooth muscle cells of blood
vessels. Although the degree of wound contraction was
identical in the open wounds of treated and control rats,
a major structural difference was that vanadate inges-
tion prevented the appearance of stress fibers in the
fibroblasts of the GT of contracting wounds.
Myofibroblasts have been characterized in GT and hy-
pertrophic scar by their prominent cytoplasmic stress fi-
bers, which contain a-SM actin.® Myofibroblasts were
readily identified in control rat GT by stress fibers show-
ing a-SM actin (Figure 2, C). On the other hand, in the
fibroblast populations of GT from vanadate-treated rats,
a-SM actin stress fibers were absent (Figure 2, D). The ab-
sence of a-SM actin—staining fibroblasts was not due to
flawed immunostaining because the smooth muscle cells
of the vessel wall did contain that antigen (Figure 2, D).
Granulation tissue from 2-week-old PVA sponge im-
plants was examined to confirm the open wound findings.
The PVA implants from control rats contained a high den-
sity of myofibroblasts (Figure 3, A). In contrast, GT from
PVA sponge harvested from the vanadate-treated rats con-
tained fibroblasts devoid of a-SM actin (Figure 3, B). Like

the GT of open wounds, the smooth muscle cells in the ves-
sel wall showed a-SM actin, demonstrating an internal con-
trol for immunostaining. In all slides examined from
vanadate-treated rats, the GT of both open wounds and PVA
sponge implants was devoid of myofibroblasts, but all blood
vessel smooth muscle cells contained a-SM actin.
Western blot analysis was used to determine the ex-
pression of 3 different cytoskeletal proteins in PVA sponge
homogenates: the focal adhesion plaque protein vinculin;
a-SM actin; and the microfilament protein f$-actin. Twenty
micrograms of protein from GT homogenate, from either
control or vanadate-treated rats, was analyzed and com-
pared. As shown in Figure 4, A, the ingestion of vana-
date specifically reduced the levels of a-SM actin com-
pared with those in controls, due to the absence of
myofibroblasts. Vanadate did not affect the levels of vin-
culin, indicating no alteration in its expression in focal ad-
hesion plaques (Figure 4, B). By the expression of equiva-
lent densities of B-actin bands (Figure 4, C), equal quantities
of cell microfilaments were applied to the polyacrylamide
gels. Tt appears that the expression of a-SM actin is spe-
cifically reduced in GT from vanadate-treated rats.
Biopsy specimens of 2-week-old contracting wounds
were examined by TEM. Granulation tissue of contract-
ing wounds from control rats showed typical myofibro-
blast cell populations. Characteristic, numerous cell-
cell associations and indentations of the cells’ nuclei were
seen (Figure 5, A). These myofibroblasts showed ag-
gregated microfilaments contained in stress fibers in an
area immediately below the plasma membrane of the cell,
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Figure 4. Western blot analysis of «-smooth muscle («-SM) from granulation tissue. Tissue homogenates of protein, 20 yig, from vanadate-treated or control rats
underwent immunoblot analysis. A, Following vanadate treatment, levels of o-SM actin are reduced in lane V (vanadate) compared with those in lane C (control).
B, The densities of B-actin bands in lanes G and V of tissue homogenates were equivalent. C, The levels of vinculin, a focal adhesion protein, were equivalent
between the 2 treatment groups. The arrows in all 3 indicate the location of the 66 000 molecular weight marker.
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Figrn 5. Transmiasion eectron micraohelopraphs of grenulalion Bssue from P-week-oid contracting cpen wounds from & cordral /=21 (4, orpinal magnification
w4500, and B, arigival magnification = S008). Ceils are attiched fo ane anatier, the collagen fiber bundles ar srranged randamly, and tere (s an area fust
beneath the plasma merthrang of the call tat is devold of subceilular organelles. Sactions from a vanadale-treaded ral are shown (€, original magnification
w4500, and 0, anigivtal magnification » 7700). Cails da not touch e anather, the colagen fiber fundles are aranged In 3 paralial manner, and just bepeath ihe
plasma mapmbrane of the cell are minmarows subcetiutar organalies (Srow).
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Figure 6. Formalin-fixed sections from 2-week-old polyvinyl alcohol sponge implants were stained with Sirius red and viewed with polarized light optics (original

U [ T —

magnification, X 50). A, The birefringence pattern is shown from a control rat. B, The birefringence pattern from a vanadate-treated rat is more intense because of

thicker, more parallel collagen fiber bundle packing.

which was devoid of other subcellular organelles (Fig-
ure 5, B). In addition, the extracellular compartment con-
tained collagen fiber bundles that were randomly ar-
ranged. In contrast, the GT from vanadate-treated rats
contained cell populations displaying minimal cell-cell
associations and the absence of cytoplasmic stress fi-
bers, and the area just beneath the plasma membrane of
the cell contained subcellular organelles (Figure 5, C).
The arrangement of collagen fiber bundles was striking
because they were organized in a parallel manner (Fig-
ure 5, D). The ingestion of vanadate appeared to pro-
mote the arrangement of collagen fibers in distinctively
ordered parallel bundles.

By light microscopy, hematoxylin-eosin-stained sec-
tions. of healing open wounds showed no obvious dif-
ferences in the cell types, cell density, or orientation of
blood vessels within the GT between the 2 treatment
groups (not shown). The PVA sponge implants from both
treatment groups showed similar levels of GT ingrowth,
density of cell populations, number of blood vessels, and
character of connective tissue. By Sirius red—polarized light
microscopy, however, differences in the packing and
organization of collagen fiber bundles were apparent
between treatment groups. The collagen fiber bundles of
GT from a control rat’s PVA sponge implants showed
modest intensity of greenish yellow birefringence,
and the collagen fiber bundles were finely organized
(Figure 6, A). The implants harvested from vanadate-
treated rats demonstrated greater greenish yellow bire-
fringent intensity, and the collagen fiber bundles were
organized in an orderly parallel manner (Figure 6, B).
The greater birefringence in the vanadate-treated rats com-
pared with the control rats was the more ordered ar-
rangement of the collagen fiber bundles. These differ-
ences in birefringence paralleled the TEM findings, in

which more ordered collagen fiber bundles were evi-
dent in the vanadate-treated group.

B COMMENT

The ingestion of vanadate in drinking water for 3 weeks
apparently was not toxic to adult rats because no differ-
ences in weight gain were noted. Despite ingesting so-
dium chloride solution in place of water for 3 weeks, both
groups of rats gained weight at equivalent rates. Likewise,
the ingestion of vanadate neither inhibited nor stimulated
the closure of open wounds or the amount of GT depos-
ited in PVA sponge implants. At the microscopic level, how-
ever, the long-term ingestion of vanadate altered both the
structure of cells and the organization of collagen fiber
bundles in GT. Parenteral vanadate inhibits the conver-
sion of fibroblasts to myofibroblasts, which have been pro-
posed to be responsible for wound contraction. ® The find-
ings presented here support the hypothesis that
myofibroblasts are not required for wound contraction.
Vanadate added in vitro to cultured fibroblasts pre-
vents the appearance of cytoplasmic stress fibers and large
focal adhesion plaques.'® Human fibroblasts in mono-
layer culture normally show prominent stress fibers, but
the inclusion of vanadate prevents their appearance. Vana-
date inhibits phosphatases that remove phosphate groups
from selected phosphorylated tyrosine residues in pro-
teins. Vanadate also down-regulates p125 focal adhesion
kinase, which is associated with the retarded appearance
of both stress fibers and focal adhesions. ! This implies that
the removal of selected tyrosine phosphate groups is in-
volved with the appearance of stress fibers and the ex-
pression of a-SM actin within fibroblasts of GT.
Theinvivo ingestion of vanadate does not prevent stress
fibers from developing in the smooth muscle cells of new
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blood vessels. This implies that the development of stress

fibers in fibroblasts requires signals different from those re-
quired for these structures to appear in smooth muscle cells.

With vanadate ingestion, a-SM actin expression occurred
insmooth muscle cells of new vessels but not in fibroblasts
developing into myofibroblasts. Although ingested vanadate
does not alter smooth muscle cell structure, it reportedly 1
enhances the proliferation and the contractility of vascular

smooth muscle cells. Others report *!>* that the phospho-
rylation of the tyrosine residues in focal adhesion proteins

can be related to cell shape, microfilament organization, and

cell locomotion. Transmission electron microscopic stud-

iesreveal that vanadate affects the organization of microfila-

ments in treated ovarian granulosa cells that show fragmented

actin filaments."

More important, the persistence of selected ty-
rosine phosphate residues in fibroblasts of GT pro-
motes the better organization of collagen fiber bundles.
Evidence supports a relationship between the phospho-
rylation of tyrosine residues and cell function in wound
healing. The binding of cells to extracellular matrix is as-
sociated with increased phosphorylation of focal adhe-
sion-associated tyrosine kinase. '® Mouse fibroblasts re-
ceiving high concentrations of platelet-derived growth
factor display alterations in the levels of tyrosine phos-
phate residues in focal adhesion proteins, show the ab-
sence of cytoplasmic stress fibers, and demonstrate bet-
ter attachment to their surrounding matrix. 7

It has been proposed that cell “tractional forces”
describe the mechanical force '® that organizes collagen
fiber bundles required for the evolution of scar integ-
rity, the contraction of open wounds, and the advance-
ment of scar contractures. '*? The organization and ori-
entation of collagen fibrils into scar matrix occur through
forces generated by resident cells. Fine microfilaments
are present in fibroblasts, generating the tractional forces
involved in the translocation of collagen fibrils, whereas
fibroblasts with stress fibers are poor at translocating col-
lagen fibrils.!® Parenteral vanadate prevents fibroblasts
from developing into myofibroblasts, while promoting
the more orderly organization of collagen fiber bundles.

By both TEM and polarized light optics, collagen fi-
ber bundles were more organized in the wound speci-
mens of the vanadate-treated group. Vanadate therapy
does not change the cell density of GT, as revealed by
hematoxylin-eosin—staining patterns. The maturation of
fibroblasts in rat GT and the development of stress fi-
bers apparently occur through the dephosphorylation of
selected tyrosine phosphate residues. Hence, a change oc-
curs in the interaction of cells and collagen fiber bundles
when these tyrosine residues lose phosphate. Vanadate
preserves selected tyrosine phosphate groups and pro-
longs the interaction of cells with collagen fiber bundles,
producing a more orderly connective tissue matrix.

The closure of open wounds in tight-skin mice by
wound contraction was shown to proceed in the ab-
sence of myofibroblasts.2! 1t was concluded from that study
that myofibroblasts do not actively participate in wound
contraction. The hypothesis for wound contraction is that
collagen is reorganized by the cytoskeletal contractile unit
of the fibroblast, where fine microfilaments attached to
small focal adhesion structures linked to o, integrin,

the collagen receptor, translocates collagen fiber bundles.
The mechanism for the reorganization of collagen fibers
into thicker fiber bundles is the translocation of colla-
gen fibrils over the cell surface. When collagen fibers reach
a point where there is sufficient resistance to the further
translocation of collagen fiber bundles, the collagen is
released from its attachment to ap, integrins, which causes
the intracellular clustering of focal adhesions into large
plaques, the aggregation of microfilaments into stress
fibers, and the expression of a-SM actin.?
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