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PartiaL or complete closure of wound  ences from man. The contraction mecha-
defects by inward movement of pre-exist- nism has been shown to originate from
ing tissues may occur in mammals, includ-  loose connective tissue proliferation local-
ing man, to a far greater degree than is  ized beneath the marginal zone of the
generally recognized. Reduction in the  wound. This new formed tissue rather than
area of a surface defect or contraction  the mass of granulation tissue filling the

should be distinguished from gross short-  wound appeared to act as the “organ of
ening of scar tissue which may also be  contraction.”®* New collagen formation
described as contraction, or as contracture.  seemed to tether the advancing margin but

Neither process is yet well explained, and  was not itself essential for normal contrac-
there probably is an overlap of mechanisms  tion dynamics.” Histological study showed
of both phenomena. However, in the first  marked orientation of fibroblasts in the

case the process is principally one of migra-  critical zone of the wound margin.® These
tion of pre-existing tissues and in the sec-  observations suggested that contraction
ond of remodelling of new formed tissues. ~ might be due to massed cellular migration.

Experimental analysis of wound closure  In continuing studies of the mechanism,
by contraction has been made in guinea  open wounds in guinea pigs were subjected
pigs, with realization of anatomical differ-  to x-irradiation at varying times and effect
on contraction measured.

* Submitted for publication February 3, 1961.
Supported in part by research grant C-3638 Methods

from the United States Public Health Services . .
and A.E.C. Contract AT(30-1)-2643, Full thickness wounds measuring 2 X 2

This is publication number 1054 of the Cancer cm. were made through skin and pannicu-
Commission of Harvard University. lus carnosus of both sides of the trunks of
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F1G. 1la, b. Contraction measured as percentage
of initial area at various times after wounding.
Curve “C” represents unirradiated controls. Nu-
merical designation of other curves indicates radia-
tion time in days after wounding. Each curve
represents data from 8 animals with one wound
on each side.

male guinea pigs weighing about 300 Gm.,
as described previously.®* Wounds were not
dressed. Wound outlines were traced di-
rectly on transparent paper at one- to
three-day intervals and areas determined
by planimetry.

At varying time intervals before and
after wounding, the right sided wound and
its periphery were x-irradiated, without
anesthesia. Four to eight animals com-
prised each group. The animals were
shielded by collimation and by 0.8 mm. of
lead except for a 4 X 4 cm. square portal
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centered on the wound. Thus a zone ex-
tending 1.0 cm. back from the wound edge
received radiation. Tubular plastic holders
for cephalad and caudad extremities re-
strained other than respiratory movements
during radiation; 750 roentgens of x-irra-
diation were delivered to the right sided
wound (10 MA, 100 KV, 0 filter, at a dis-
tance of 20 cm., time 2 min. 5 sec.). The
dosage was selected after preliminary ex-
periment showed death occurring in five
days following 6,000 r similarly delivered,
in eight days after 4,000 r, in nine days
after 2,000 r, with survival at doses of
1,000 r and below. The animals receiving
750 r of irradiation lost none or small
amounts of weight immediately following
either operation or radiation, but regained
this promptly and remained healthy, grow-
ing normally for a five-week period of
follow up. Some animals were listless for
a few days. None had diarrhea.

Penetration of radiation was measured
as exit dose with a Victoreen ionization
chamber at the surface of the wound on
the opposite side of the animal, at levels
which varied from 80 to 115 r. Control
data were derived from a group of unirra-
diated guinea pigs identically wounded.

Another group of guinea pigs weighing
400 to 600 Gm. had two wounds measur-
ing 14 X 14 cm., placed on their right
sides, the wounds spaced 3.5 cm. apart.
The opposite sides were left intact. Four
animals were traced daily as controls.
Four animals received 750 r centered on
their posterior wounds, with shielding that
limited radiation to a zone extending 1.0
cm. peripheral to the wound edge, and
four received radiation to the anterior
wound. All were irradiated 36 hours after
wounding.

An additional group of animals was simi-
larly wounded, irradiated and sacrificed at
intervals for histological study. Tissues
were fixed in Bouin’s fluid and sections
stained with hematoxylin and eosin. Ter-
minal perfusion of the vascular system with
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a carbon suspension of uniform particle
size (Pelikan No. C 11/1431 a.)** was done
in unirradiated and irradiated animals in
order to study distribution of capillaries.

Results

Contraction Measurements. Contraction
was retarded by radiation to a degree
which varied with the time of radiation
with respect to time of wounding. In gen-
eral, radiation resulted in a lag in initiation
of the rapid phase of contraction. In cases
where maximal effects were observed the
process proceeded at a diminished rate.
Completion of contraction was delayed but
with the 750 r dose used all wounds ulti-
mately closed fully.

Maximum retardation of contraction, in
initiation, rate and duration of effect fol-
lowed radiation between 24 and 48 hours
after wounding, with peak effect at 36
hours. Relatively smaller effects were found
when radiation was done 24 hours prior
to wounding or when radiation was de-
layed until the fifth to seventh day after
wounding (Fig. la, b, 2). The greatest
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Fic. 2. Variation in total retardation of con-
traction between the fifth and 21st days after
wounding as percentage delay compared with un-
irradiated controls for various times of irradiation
before or after wounding. Open circles indicate
wounds on the side opposite those irradiated di-
rectly. Each point represents the average of 8
wounds.

STUDIES IN WOUND HEALING 743

RETARDATION OF CONTRACTION
(PERCENT)

50: - e

RETARDATION OF CONTRACTION
(PERCENT)

TIME (DAYS AFTER WOUNDING)

Fic. 3a, b. Retardation of contraction in irra-
diated wounds as percentage delay compared with
unirradiated controls at various times. Numerical
designation of the curves are the radiation time
in days before or after wounding. Data from 8
animals with one wound on each side.

slowing of contraction when compared
with the normal pattern was observed be-
tween the ninth and eleventh days (Fig.
3a, b).

Contraction of wounds on the side oppo-
site to those directly irradiated was also
delayed. The effects observed were quali-
tatively similar to those in directly irradi-
ated wounds, but of smaller magnitude
(Fig. 2). Doses of ionizing radiation meas-
ured at the surface of these wounds were
one tenth to one seventh of those admin-
istered on the opposite side.

When two wounds were located on the
same side of the animal so that complete
shielding of one wound was possible, no
retardation of contraction occurred in the
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Fic. 4a, b. Contraction as percentage of initial
wound area with time in days of: a) anterior
wounds in unirradiated animals, anterior wounds
in animals where the posterior wound was irradi-
ated and anterior irradiated wounds; b) posterior
wounds in unirradiated animals, posterior wounds
in animals where the anterior wound was irradi-
ated, and posterior irradiated wounds. Anterior
and posterior wounds are separately plotted to
control variations in contraction pattern due to
regional anatomical stresses. Each point represents
mean of data from 4 wounds. Wounds in unirradi-
ated animals are indicated by black dots and
broken line curve. Unirradiated wounds in animals
having an irradiated wound are represented by
crosses and dotted lines. Irradiated wounds are
designated by open circles and solid line curve.
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shielded wounds (Fig. 4a, b). Retardation
of contraction of the irradiated wounds
was similar to retardation seen in the first
series irradiated at 36 hours.

Histological Observations. The general
microscopic effects of local irradiation on
new forming connective tissue at the
wound margin were similar to those de-
scribed by previous authors? and these
aspects do not require detailed description.
Subsequent effects were most dramatic
when radiation was given at the sensitive
period of 24 to 48 hours. Fewer mononu-
clear cells appeared in the early stages and
fewer defined fibroblasts later. The number
of polymorphonuclear leukocytes at the
wound surface was not reduced, and in
some instances appeared to be increased.
By the fifth and seventh days in wounds
radiated at 24 hours, the fibroblast popu-
lation was much lower than normal, the
fibroblasts were irregular in size, shape,
staining and orientation. Some cells were
greatly enlarged, some were small and dark
staining, some were irregular in outline.
There were fewer spindle shaped cells at
seven days. The usual oriented pattern was
greatly disturbed. There was little collagen
fiber formation evident, and the apparently
edematous region of repair contained ir-
regular fibrinoid strands (Fig. 5, 6).

Marked inhibition of capillary prolifera-
tion following radiation was demonstrated
by carbon injection. Dilatation and promi-
nence of probably pre-existing capillaries
in the wound base was noted. Reduction
in number of capillaries in the new form-
ing tissue was real and not apparent, due
to edema, since the total volume of regen-
erate was no greater and often was smaller
than unirradiated tissue at any stage (Fig.
5a, e; 6a, e). Examination of wounds on
the opposite side of the animal from the
directly irradiated wound showed lesser
alterations of morphology (Fig. 5c, d;
6c, d).

Radiation at later periods resulted in
lesser effects. Thus radiation of the al-
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Fic. 5. Photomicrographs of wound margins at 5 days. (H and E; a, c, e are magnified
25%, b, d, f 225X.) At low magnification dermis and overlying epidermis are at the top right,
muscle of the abdominal wall along the bottom of the i)hotomicrograph. The remaining tissue

is chiefly new forming repair tissue with some residual loose connective tissue overlying the
deep fascia and in some cases beneath the dermal edge at the far right. Capillaries injected with
carbon suspension appear black. High magnification photomicrographs are representative areas
of new formed tissue. Irradiation was done 24 hours after wounding. a and b, Unirradiated
wound. Note profusion of new capillaries, and dense cellularity. ¢ and d, Wound on side
opposite to directly irradiated wound, receiving only radiation which had penetrated throuﬁh
tlge animal. Capillaries are reduced in number, cell population is lower. e and f, Directly
irradiated wound (750r). There are few new capillaries, the endothelial cells appear to be
swollen. Prominent capillaries in the wound base seem to be largely residual vessels in the
original loose connective tissue. Fibroblasts are reduced in number, vary greatly in size and
shape, and show bizarre forms. Intercellular spaces appear widened and filled with material
having fibrinoid appearance. Little organization is evident. Total amount of new tissue is de-
creased slightly. The epithelium is little affected morphologically.
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Fic. 6. Sequences similar to Figure 5, at seven days. Irradiation was 24 hours after
wounding. a and b, Unirradiated wound. The tissue is well populated with fibroblasts which
are more homogeneous in morphology and show orientation. Fibers are assuming prominence.
New capillaries are seen in large number. ¢ and d, Wound receiving low radiation dosage.
The new formed tissue is somewhat less cellular; the tissue is less dense; capillaries are fewer.
e and {, Irradiated wound. Cell morphology is variable and bizarre; little orientation is evident;
intercellular spaces show few well-defined fibers.

ready established repair tissue mass at five  diated and unirradiated wounds were in-
days or at seven days resulted in markedly  distinguishable by 30 days.

less cell change, less edema, and less re-
duction in fiber content and total amount
of new tissue by day 12 when compared The present study showed that moderate
with 12-day wounds irradiated early. Irra-  doses of local radiation administered within

Discussion
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a critical time period after wounding sig-
nificantly delayed the gross process of con-
traction, without inhibiting its eventual
completion. The total retarding effect in-
creased as the same radiation dose was
administered from 12 hours to a peak effect
at 36 hours after wounding, then fell. With-
out radiation, contraction usually became
brisk at five days and was well established
in its rapid phase at seven days. When ra-
diation was applied after contraction had
achieved its momentum relatively little de-
lay resulted. The mechanism apparently
had become well established by this time.
If the contraction mechanism is basically
of cellular origin, as previous studies have
suggested,® ™ 27 it may depend upon pro-
liferation of a sufficient number of fibro-
blasts before the phase of rapid contrac-
tion, differentiation of some necessary
characteristics of fibroblast maturity, or
establishment of a satisfactory capillary
supply.

Since the radiation beam had no added
filtration it can be assumed that most of
the energy was absorbed in the skin edge
layers and the exposed subcutaneous tis-
sues of the wound opening. However, sys-
temic effect of this radiation must be as-
sumed in view of the penetration measured
on the opposite side of the animal. The
qualitatively similar but quantitatively dif-
ferent effect on wounds on each side of
the animal suggested a marked local effect.
This was substantiated by the histological
findings described. Failure of radiation to
inhibit a completely shielded wound in an
animal where the irradiated wound was
affected indicated that the effect described
was largely a local one at the dosage used.

In the present state of uncertainty about
the origin of fibroblasts, about interrela-
tionships of the two principal continuing
cell populations in repair—fibroblasts and
capillary endothelial cells, and about the
specific nature of radiation effects upon
these and other components of new form-
ing tissue, precise interpretation of these
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results in regard to the mechanism of con-
traction becomes speculative. Maximow 2
early demonstrated that radiation (with
doses calculated by Ritchie® to be about
450 r) of new tissue forming in celloidin
blocks 24 hours after implantation, and at
other intervals, resulted in diminution of
the number of fibroblasts, absence of mito-
tic figures, distortion of fibroblast forms,
and swelling and nuclear fragmentation of
capillary endothelial cells. He speculated
on the special sensitivity of fibroblasts
about to divide. Sensitivity of fibroblasts to
radiation has been shown in vitro.® 17 It is
a classical principle of radiobiology that
rapidly dividing cells manifest radiation
damage sooner than reproductively less
active cells. The decreasing total effect on
retardation after three days with increas-
ing time of radiation after wounding might
suggest that irradiation injured chiefly that
portion of the cell population which was
in a sensitive mitotic or differentiating
phase at any given time. Maximum total
effect at 36 hours might result from the
fact that a large part of the population was
in a sensitive state at the time of radiation,
since cell proliferation was then well under
way. Embryological studies indicate in-
creased sensitivity of cells just prior to and
during the phase of differentiation.* 5 2° If
collagen fiber production may be consid-
ered as an index of functional differentia-
tion of the fibroblast, the phase of differen-
tiation would bracket the observed period
of maximal radiation sensitivity.

A primary local effect on new capillary
formation must also be considered. Stearns
early demonstrated by direct observation
the close interrelationship of fibroblasts
and budding nutrient capillaries in re-
pair.2® 22 Fibroblasts were never observed
far from the advancing capillary bed. Also
utilizing a direct vision chamber in the
rabbit’s ear, van den Brenk found no inhi-
bition of growth of a regenerate after sin-
gle irradiation with doses below 1,500 to
2,000 r, immediate inhibition with doses
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over 2,000 r with resumption of growth at
a reduced rate after a variable latent pe-
riod. At doses from 300 r to 1,500 r capil-
lary bed formation was often modified or
destroyed; above 1,500 r, more marked
destruction occurred, notably in newly
formed capillaries. He believed that a
viable connective tissue remnant continued
to develop and acted as a barrier to the
inhibited vascular component, unless sec-
ondary trauma occurred.* In these experi-
ments, radiation was given from seven to
ten days after appearance of the blastema
on the direct vision table. The same author
also pointed out that the intensity of dam-
age to capillaries was maximal in the most
immature sites, despite lack of clearly
demonstrable mitotic figures.*®

No reports of systematic study of wound
contraction following local radiation have
come to our attention. Van den Brenk
stated that local irradiation with doses as
low as 500 r after wounding in the rabbit
decreased contraction rate. The effect was
dose dependent.?®* Walter and Slome noted
that locally applied x-ray up to 1,500 r
delayed contraction of circular excised
wounds in rats.2® Radakovich, Dutton and
Schilling found no retardation of wound
contraction in rats when total body irradia-
tion from 150 to 650 r was given from eight
weeks to immediately prior to wounding.*®

Numerous investigators have described
the effect of radiation on repair tissue.
Since the forces for contraction have been
shown to originate in the new tissues aris-
ing from the loose connective tissue, cer-
tain of these studies bear on the phe-
nomena reported here. Pohle, Ritchie and
Wright found that irradiation of rat skin
with 1,000 r prior to incision had no histo-
logical effect on healing, while postopera-
tive radiation immediately, at 24 hours and
at 48 hours resulted in retardation of heal-
ing with maximal effect at 24 hours.** Lack
of fibroblastic growth, atypical fibroblast
giant cells and persistence of fibrin net-
works were noted. Less effect was noted on
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epithelium.”®* Low doses did not stimulate
healing.1¢

Nathanson studied the effects of beta
radiation on incisional wound healing in
dogs using histological criteria of healing.
He observed accelerated healing with
small doses (50-100 r) and retardation
with high doses (1,000 r) when radiation
was applied immediately after incision.
All doses of radiation caused wound re-
tardation when administered 24 hours after
wounding, the amount of retardation vary-
ing with dose. When wounds were sub-
jected to radiation at 48 hours, retardation
was observed with higher doses and no
effect with smaller doses.*®

The histological observations reported
here showed depression of fibroblast forma-
tion, alteration of fibroblast morphology
and inhibition of capillary proliferation,
without indication of a priority of effect
on either cellular element. Disorganization
was also prominent. Distinction between
the roles of fibroblasts and capillaries in
furthering the movements of contraction
was not possible and may well not be sepa-
rable. The statement that contraction was
hindered when ordered marginal prolifera-
tion of fibroblasts and capillaries was in-
hibited therefore seems justified. The de-
pression of fibrogenetic function also noted
was probably not critical in the light of
previous evidence demonstrating normal
contraction in scurvy.” These findings were
consistent with a theory of contraction
invoking directed cell migration at the
wound margin.

In the course of studies on the origin of
fibroblasts Allgower gave total body irra-
diation of 1,300-1,400 r (x-rays) to rabbits
with one ear shielded, and wounds were
applied immediately to both protected and
unprotected ears. At this high dose level
of total body radiation there was depres-
sion in granulation tissue formation in both
protected and unprotected ears by 50 to
70 per cent. Similar irradiation four days
after wounding with wounds protected did
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not impede granulation tissue formation.
Allgower interpreted these results to indi-
cate a systemic effect on a distant source
of fibroblasts or their precursors, with ac-
quisition of local wound autonomy by four
days.? In support of this thesis he has re-
ported production of hydroxyproline con-
taining materal by cells cultured from the
blood.? MacDonald has recently presented
radioautographic evidence favoring local
origin of fibroblasts.'!

The present data demonstrating later
qualitative and quantitative effects upon
fibroblasts occurring in areas radiated im-
mediately after wounding and at early
intervals after wounding strongly suggested
local origin of these cells. This was fur-
ther supported by observation of a retard-
ing effect resulting from local irradiation
24 hours prior to wounding. It seems un-
likely that the phenomena reported could
have resulted from radiation effects upon
extra-cellular elements secondarily affect-
ing cells recruited from blood-borne pre-
cursors, particularly when radiation was
administered in the earliest post-wounding
intervals, when little inter-cellular sub-
stance had yet been formed. There was
no histological evidence of continued in-
crease in fibroblasts adjacent to the non-
proliferating capillaries to indicate a possi-
bility of blockage of vascular recruitment
by the mechanism of radiation inhibition
of capillary growth. Dependence of mam-
malian repair upon local cellular response
at the site of injury would seem to parallel
the local nature of regenerative response
in lower animals, as Butler and O’Brien
demonstrated in studies of the effect of
local irradiation in regeneration of the
urodele limb.?

Summary and Conclusions

1. Initiation and rate of skin wound
closure by contraction in guinea pigs were
retarded by moderate doses of local x-irra-
diation (750 r). Complete closure ulti-
mately occurred.
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2. Maximum effect followed irradiation
between 24 and 48 hours after wounding;
only slight effect followed radiation at five
days or later.

3. Depression of fibroblast formation, in-
hibition of capillary proliferation and dis-
organization of the architecture of repair
resulted from irradiation, concomitantly
with retardation of contraction.

4. The data are consistent with a theory
that wound closure by contraction may
result from oriented cell migration.

5. The findings support the probability
of local origin of fibroblasts in wound
repair.
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better the radiation dose distribution in the ex-
perimental animals. A recently developed in-phan-
tom radiation detector 2 was made to simulate
the irradiated anatomy. This dosimeter gave a
three dimensional picture of the relative dose in
various parts of the guinea pig and demonstrated
that the radiation exerted most of its effects in
the first few millimeters of tissue.22 From these
studies it can be concluded that any systemic ef-
fects probably were minimal.
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