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RAPID COMMUNICATION

Endothelial Regeneration

IX. Arterial Injury Followed by Rapid Endothelial
Repair Induces Smooth-Muscle-Cell Proliferation
but Not Intimal Thickening

TOYOHIRO TADA, MD,
and MICHAEL A. REIDY, PhD

From the Department of Pathology, University of Washington,
Seattle, Washington

Rat thoracic aortas were denuded of endothelial cells
with a fine nylon filament, which removed a row of
endothelium approximately 100 2 in width and caused
platelets to adhere to the exposed subendothelium. A
further group of rats was subjected to a sham operation
where only the abdominal aorta was injured, and an-
other group of rats was used as controls. Each animal
was continuously labeled with 3H-thymidine (6.7
Ci/mM, 10 ﬂCi}’hr) for 7 days, at which time they
were killed and the aortas perfusion-fixed with alde-
hydes. Sections of each aorta were processed for autora-
diography. The thoracic aortas from animals subjected
to the nylon filament injury showed no intimal thick-
ening, but there was a significant increase in the thymi-

dine index of the medial smooth muscle cells (SMCs) as
compared with aortas from sham operation or control
animals (1.02% + 0.44% versus 0.19% * 0.13% versus
0.15% =+ 0.12%). This experiment showed that continu-
ous administration of *H-thymidine permitted the de-
tection of a small but significant increase in replication
rates that could not be detected by the standard bolus
administration of 3H-thymidine, and that selected loss
of endothelium with minimal trauma to the vessel wall
caused SMC proliferation without intimal thickening.
These findings suggest that platelets may indeed pro-
vide SMC proliferation, but that migration of these
cells into the intima may be controlled by different
factor(s). (Am J Pathol 1987, 129:429-433)

THERE HAS BEEN much debate over whether en-
dothelial denudation with ensuing platelet interac-
tion with the vessel wall initiates proliferation of vas-
cular smooth muscle cells (SMCs) in vivo."? In recent
years work from this laboratory has shown that lim-
ited loss of endothelium does not lead to intimal
thickening despite the presence of platelets.>* This
finding was in contrast to that obtained with other
models of injury where vessels were totally denuded,
such as with a balloon catheter, and a profound SMC
proliferation was obtained.>” Why two models of
denudation in the same species and even in the same
vessel gave such differing results was unclear, but in-
jury to the medial cells and/or slow regrowth of endo-
thelial cells have been discussed in this context.’-’
In this study we reexamined the cellular response
after a limited denuding injury and focused our atten-
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tion on the proliferation of the medial SMCs. This is
because in other in vivo models we have observed that
medial proliferation can occur, but without any de-
tectable endothelial loss and without migration of
cells into the intima.® Furthermore, we have greatly
increased our ability to detect replicating cells ir vivo
by continuous infusion of 3H-thymidine with an in-
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dwelling osmotic pump.’ In this experiment, we
found that a transient loss of endothelium, 2-3 days,
led to an increase in SMC proliferation, but without
any migration of cells into the intima and, hence, no
thickening of the intima. These results suggest that
endothelial loss can induce SMC proliferation, but
that other factors may be necessary for cell migration.
Alternatively, rapid repair of wounds by endothelium
may play a role in inhibiting the process of SMC
movement into the intima.

Materials and Methods

Animals

Male Sprague-Dawley rats (Tyler Laboratories
Inc., Bellevue, Wash), approximately 20 weeks old,
were used in this study.

Induction of Injury of Aortas

The thoracic aortas of 8 rats were subjected to a
defined injury by means of a nylon filament (diameter
0.39 mm) inserted into a polyethylene tubing (PES50,
Clay Adams, Parsippany, NJ). The tip of the nylon
filament was bent such that it would come into con-
tact with the inner surface of the aorta. The catheter,
with the nylon filament withdrawn into the PES0, was
inserted into the aorta via the right femoral artery; and
at the level of the diaphragm, the filament was ex-
tended out of the polyethylene tubing to the level of
the aortic arch. The catheter was then slowly with-
drawn, and the incision closed. At the same time, in 5
of the rats an osmotic minipump was implanted into
the peritoneal cavity (model 2001, Alzet Co., Palo
Alto, Calif). These osmotic pumps contained 0.2 ml
of 3H-thymidine (6.7 Ci/mmol, 10 mCi/ml, New En-
gland Nuclear, Boston, Mass) and pumped at a rate of
10 uCi/hr for 7 days. This protocol is outlined in
Figure 1. A further 5 rats received no injury, but iden-
tical osmotic pumps filled with 3H-thymidine were
implanted as above. Another 5 animals were sub-
jected to a sham operation in which the polyethylene
tubing alone was inserted into the abdominal aorta to
the level of the diaphragm and then withdrawn. As
above, in these animals osmotic pumps containing
3H-thymidine were implanted into the intraperito-
neal cavity. After 7 days, all animals were perfused
with 2% glutaraldehyde, 1% paraformaldehyde in
0.15 M phosphate buffer for 5 minutes, as previously
described.!® A further 3 rats were injure with the
nylon filament but received no 3H-thymidine and
were perfusion-fixed as above 30 minutes after injury
and stained with 20 ml silver nitrate (0.25%) for ap-
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Figure 1—Schematic diagram illustrating the protocols for 2H-thymidine
administration. A—The implanted osmotic pump continuously infuses
3H-thymidine for the entire experimental period of 7 days. =~ B—3H-thymi-
dine is administered during the last 24 hours of the experiment by three bolus
injections.

proximately 15 seconds. The aorta was then perfu-
sion-fixed for a further 2 minutes and excised.

Light Microscopy and Autoradiography

The aortas of all rats were carefully excised and
immersion-fixed for a further 24 hours. These aortas,
except the 3 rats stained with silver nitrate, were pre-
pared for histology and autoradiography. Three sepa-
rate segments of each thoracic aorta were removed
and embedded in paraffin. Four 5-u cross-sections
were cut from each specimen with a distance of 100 u
between sections. The sections were dipped in Kodak
NTB-2 emulsion and exposed for 2 weeks. The slides
were then developed, stained with hematoxylin, and
mounted under coverslips; and the number of repli-
cating cells was counted. A cell was counted if three
distinct silver grains were observed over each nucleus.

Scanning Electron Microscopy (SEM)

Pieces of thoracic aorta were cleared of periadven-
titial fat, opened longitudinally, and pinned flat onto
Teflon sheets. The tissue was dehydrated through a
series of ethanol and dried in a critical-point dryer as
previously described.? Subsequently, the specimens
were mounted on an SEM stub with colloidal silver
paste, sputter-coated with gold/palladium, and exam-
ined in a JEOL 35C microscope, at a voltage of 15 kv.

Results

The nylon filament removed a row of endothelial
cells, approximately 100 u wide, along the length of
the thoracic aorta, and the exposed subendothelium
was covered by adhering platelets (Figure 2). In a pre-
vious study,* we showed that an injury of this size
completely reheals with endothelium after approxi-
mately 90 hours. For the purposes of this experiment,
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Figure 2—Scanning electron micrograph of thoracic aorta 30 minutes after
injury with the nylon filament. A row of endothelium was removed and the
exposed subendothelium covered by platelets. (X830)

it was not deemed necessary to repeat this work; how-
ever, Figure 3A shows the rehealed surface after 7
days. The regenerated endothelial cells that repopu-
lated the wound were densely packed and aligned
with flow. In all respects, these injured vessels were
identical to those subjected to a similar injury pre-
viously described by us.* The thoracic aorta of sham
and control animals showed no morphologic changes.

Histologic sections cut through the site of injury,
which was easily recognized by the endothelial cell
density and the 3H-thymidine labeling, showed no
intimal thickening after 7 days (Figure 3B). For com-
parison, balloon catheter injured vessels could
show extensive intimal thickening at this time.> Auto-
radiography, however, showed that in those animals
subjected to the nylon filament injury, there was a
very significant increase in medial SMC replication
(Table 1 and Figure 3B) that was not observed in
either the aortas of the sham operation animals or the
control animals. We did not observe a close associa-
tion between the location of replicating SMCs and the
sites of denudation. Most of the replicating SMCs
were not closely associated with those sites showing
endothelial cell replication (Table 2 and Figure 3B).
As previously published.># transmission electron mi-
croscopy revealed no morphologic evidence of medial
injury at early or late time periods.

Discussion

The results of this study showed that endothelial
cell loss followed by platelet adherence resulted in a
significant increase in the proliferation of SMCs in the
media of rat aortas. These data are of importance
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Figure 3A—Thoracic aorta of animal 7 days after injury with the nylon fila-
ment. The vessel was stained with silver nitrate (0.25%) to outline the cell
borders. The site of injury can be easily recognized by the densely packed
endothelial cells. Normal-sized endothelial cells are present on either side of
the injury. B—Section of thoracic aorta at the site of denudation 7 days
after injury with the nylon filament. The vessel showed no thickened intima,
but several labeled SMCs (silver grains over nuclei) are clearly visible in the
media. There is one labeled endothelial cell, and the cell with two grains
(arrow) was not counted. (XX900)

because they offer one possible explanation why in
the past different techniques for denuding a vessel of
endothelium have given such opposing results.3-57
For example, balloon catheter denudation of an ar-
tery causes very profound medial proliferation fol-
lowed by intimal thickening?5--!!; yet narrow cath-
eter denudation, which also causes endothelial loss
and platelet adhesion, was found to initiate no detect-

Table 1—SMC Replication in Rat Aortas with Continuous

Thymidine Labeling for 7 Days
Denuding Sham
injury operation Control
Thymidine 1.02 + 0.441 0.19+0.13 0.15+0.12
index*

*The cumulative thymidine index is the number of replicating cells/total
number of cells counted X100. (See text for details.)
1Mean =+ standard deviation (SD) (n = 5 for each group); P < 0.005.
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Table 2—Location of Replicating SMCs With Sites
of Endothelial Replication

Number of replicating
smooth muscle cells (%)*

Adjacent to endothelial

replicationt 345+ 26.7%
Distant to endothelial

replication 65.5 + 26.7%

*Data expressed as a percentage of total labeled SMCs + SD.
tincludes those SMCs that were directly covered by replicating endothelial
cells or lay within one cell length of a replicating endothelial cell.

able smooth-muscle-cell replication in the underlying
media. In this experiment we have now shown that
short-term loss of endothelium (approximately 3
days) caused by a mechanical catheter that does not
appear to do obvious damage to the underlying media
does lead to an increase in smooth-muscle-cell prolif-
eration. A key difference with these experiments as
compared with those previously published by us?* is
the administration of 3H-thymidine. In this experi-
ment, H-thymidine was administered continuously
throughout the entire 7 days; whereas in the latter
study *H-thymidine was administered in three bolus
injections over the last 24 hours of the experiment. In
our hands, continuous labeling with 3H-thymidine is
more sensitive in detecting cells undergoing replica-
tion than conventional techniques.® One reason for
this is that 3H-thymidine is always present, and there-
fore multiple rounds of division will be detected. It is
interesting to speculate what this value really means,
because multiple doublings of a few cells or single
replication of many cells would give the same cumu-
lative thymidine index. Without detailed information
on the concentration of 3H-thymidine in each cell, it is
not possible to suggest which pathway occurred. For
the purposes of this study, this was not relevant, be-
cause our aim was to detect whether cells underwent
any replication at all. It should be noted that the cu-
mulative thymidine index obtained by this procedure
should not be compared with data obtained by means
of single or multiple injections of *H-thymidine over a
24-hour period.

The data presented here could be used to support
the reaction to injury hypothesis?, however, surpris-
ingly, the majority of SMC replication took place at
sites not directly adjacent to sites of endothelial cell
denudation. This lack of any clear association of repli-
cating SMCs with replicating endothelial cells might
reflect that in some sites endothelial repair took place
without any replication or that we may not have rec-
ognized all replicating endothelial cells. We consider
this latter possibility quite plausible because in cross-
sections of these arteries only a small profile of each
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endothelial cell nucleus was visible as compared with
the large nuclear profile of the underlying SMCs (Fig-
ure 3), and if we assume a uniform nuclear distribu-
tion of *H-thymidine, then the fractional area of each
nucleus displayed in each cross-section could pro-
foundly influence the number of silver grains and thus
our ability to determine cell replication. This is espe-
cially true where the amount of 3H-thymidine incor-
porated might be minimal. Finally, there is the fact
that a wave of cell replication spreads along the vessel,
and therefore cells at distant sites might be induced to
proliferate because of a signal that originated at some
distance away.'¢

Of great interest to us was the finding that SMC
replication was not followed by migration of cells into
the intima. These data are in striking contrast to the
results obtained with balloon catheter injury, where
SMC:s were observed in the intima by Day 4, and a
very substantial intimal thickening was observed by
Day 7 (Table 3).° At the present time there are no firm
data to explain these differences, but one possibility
relates to the speed of endothelial regrowth. After in-
jury with the nylon filament, endothelial regrowth
occurred within approximately 3 days*; but after bal-
loon catheter denudation, endothelial regrowth was
slow.>!%12 In vitro, endothelial cells have been shown
to inhibit the growth of SMCs, possibly by the action
of a secreted heparinlike molecule.!>!5 Thus, the
presence of endothelial cells over the proliferating
SMCs may be an important confrolling factor in in-
tima lesion development. Some support for this con-
cept can be found in the study of Haudenschild and
Schwartz,'¢ where it was observed that after balloon
denudation, regions of the rat thoracic aorta closest to
the intercostal arteries, which were rapidly repopu-
lated with endothelium, showed little or no intimal
thickening. Areas away from the intercostal branches,
which were slow to be repopulated, showed extensive
intimal thickening.

Another possible explanation of why the nylon fila-

Table 3—Summary of Rat Vessel Wall Response After
Denuding Injury

Small
nylon filament Balloon cathetert
Extent of endothelial
cell loss 10-15 cells wide Total denudation

Injury to vessel media Not detected Acute loss of DNA
Time for complete

reendothelialization 72-96 hours* >1 year
SMC proliferation Medial only Intimal + medial
Intimal thickening

after denudation No Yes

*See Reidy and Schwartz.3

tSee Clowes et al.5
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ment does not provoke intimal thickening could be
that this injury does not damage the underlying me-
dial cells.* In contrast, the balloon catheter causes
detectable injury with cell death and possible release
of intracellular contents (Table 3).° Thus, it is possible
to speculate that mitogenic factors such as fibroblast
growth factor (FGF) are released from injured cells
directly into the media where they might stimulate
cell migration as well as cell proliferation.!’-!° Severe
stretching of the vessel caused by the balloon catheter,
possibly in connection with release of proteolytic en-
zymes from dead cells, may also facilitate the destruc-
tion of the matrix and thereby allow medial cells to
gain access to the intima. We consider this unlikely,
because recent work by one of us (M.A.R.) has shown
that in vivo stretching of an artery without widespread
endothelial denudation stimulates SMC proliferation
but no intimal thickening.?’

In summary, loss of endothelium using a nylon
filament caused a significant increase in the prolifera-
tion of the underlying medial SMCs. This was only
detected when 3H-thymidine was administered con-
tinuously for the duration of the experiment. This
cellular proliferation was not accompanied by intimal
thickening. One explanation for these findings is that
platelet interaction with the vessel stimulates cell pro-
liferation, but that rapid regrowth of the endothelium
prevents the migration of SMCs to the intima.
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