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How wounps HeAL has been a concern
of surgeons since the dawn of medicine. In
the beginning it was thought that “humors”
within the body affected repair as evi-
denced by the statement attributed to Para-
celsus, “There is an inborn balsam which
heals wounds.” This notion of a humoral
factor in healing dominated surgical writ-
ing until Virchow’s studies in cellular pa-
thology provided a scientific background
for the investigation of injury and repair.
From that time until the present surgeons
have looked upon wound healing largely as
a cellular phenomenon, first in terms of
histology and later, following the classic
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contribution of Harvey and Howes,'* in
terms of tensile strength as a quantitative
measure of cellular proliferation. Extensive
investigations ' in the last decade into the
nature and function of connective tissue
now make it apparent that in a broad sense
there are “humoral factors” in wound heal-
ing which merit study and analysis quite as
much as the more established cellular
changes. This paper reviews our efforts to
elucidate the nature of repair in normal
and protein depleted animals in terms of
“humoral” as well as “cellular” pathology
and it records our observations along the
same lines on scorbutic animals. It also
describes a sponge biopsy technic designed
to apply these studies to primarily closed
wounds both in experimental animals and
in man.

CONCEPT AND METHOD OF STUDY

It is well established that a viscous,
amorphous, gel-like material occupies the
spaces between bundles of connective tis-
sue fibers.? ¢ This material, the connective
tissue ground substance, is present very
early in embryonic development. Its prop-
erties vary with age, under various condi-
tions and in different body tissues. In addi-
tion to water, electrolytes, enzymes and
products of metabolism, ground substance
contains soluble proteins, mucoproteins and
polysaccharide protein complexes. These
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Fic. 1. The normal pattern of healing in the white rat. (Data from Dunphy and Udupa,?)

substances give to ground substance its gel-
like, semi-sol nature and in an actual physi-
cal sense make it a “balsam” which may
contribute to wound healing,

The exact origin of ground substance is
not known, but there is considerable evi-
dence to indicate that it is derived from
the blood and from secretions of fibroblasts
and mast cells. It is evident that ground
substance, fibroblastic activity and collagen
formation are closely interrelated. Since
collagen is the principal constituent of a
scar, it represents the end result of connec-
tive tissue repair in which ground sub-
stance presumably plays an essential role.
The presence of collagen in a healing
wound may be detected with some degree
of exactness by staining technics and by
chemical extraction for hydroxyproline, an
amino acid found only in collagen. Al-
though the various components of ground

substance cannot as yet be specifically
identified by readily adaptable histochemi-
cal or chemical technics, certain procedures
when taken together provide some indica-
tion of the state and presence of some of
its components. Metachromasia, the phe-
nomenon by which a basic blue dye stains
tissue pink or red, occurs in embryonic
connective tissue and in ground substance
in certain stages of healing. It is probably
related to the presence of an acid sul-
phated polysaccharide. Hales colloidal iron
stain, although less specific, may also indi-
cate the presence of mucopolysaccharides.
Quantitative measurement of mucopolysac-
charides by chemical extraction for hexosa-
mines also has definite limitations but cer-
tainly is indicative of a carbohydrate com-
ponent in tissue. Finally, silver stains are
quite specific for reticulin and reticular ma-
terial. Here again, although the nature and
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Fie. 2. The pattern of healing in protein depletion. (Data from Udupa,
Woessner and Dunphy.23)

role of reticulin is not certain, there are
good grounds for considering it a stage in
the development of collagen.'® ¢

We have attempted to elucidate the “hu-
moral sequences” in repair by the follow-
ing measurements:

1. For mucopolysaccharides: (a) Histo-
chemical—Hale's colloidal iron stain,'t- 2
metachromatic staining with toluidine blue,
periodic acid Schiff stain.'* (b) Chemi-
cal extraction—hydrolysis for hexosamine
(Blix #).

2. For reticulin and reticular staining ma-
terial—-Silver impregnation.

3. For collagen: (a) Histochemical—Van
Gieson’s stain, Mallory’s connective tissue
stain. (b) Chemical extraction—hydrolysis
for hydroxyproline ( Neuman and Logan ).t

OBSERVATIONS

The Normal Sequence of Repair: This
has been described in detail in previous
communications from which Figure 1 is
reproduced.” It can be seen that in the
early stages of repair, from one to five days,

there appears to be a marked concentration
of hexasamine in the wound. This impres-
sion receives confirmation from histochemi-
cal changes which are not depicted here
but which show a distinct increase in meta-
chromasia and colloidal iron staining dur-
ing the period from two to six days after
wounding. Silver stains show an apprecia-
ble amount of silver staining reticular ma-
terial in the wound as early as the fifth and
sixth days after injury. Since reticulin is a
developmental stage of collagen, it appears
a safe assumption that the soluble pre-
cursors of collagen are present in the wound
by the fourth day or earlier.

The inverse relationship which exists be-
tween hexosamine concentration and col-
lagen formation has led us to suggest that
the early period of healing, far from being
a “lag phase,” should be regarded as a
“productive” or “substrate” phase of repair.
This is a period in which mucoproteins,
sugars and the soluble protein precursors
of collagen appear in the wound. From the
sixth day onwards collagen formation pro-
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ceeds. The curve of increase in concentra-
tion of collagen formation in the wound
closely resembles that of increase in tensile
strength. It is our impression that tensile
strength is probably a function of collagen
formation rather than merely of fibroblastic
proliferation. The implications of these two
phases of repair become more evident when
one examines the sequences under condi-
tions of protein and vitamin C deprivation.

The Pattern of Healing in Protein Deple-
tion: The production of mucopolysaccha-
rides and collagen in the wounds of protein
depleted rats is distinctly altered as shown
in Figure 2. The quantity per gram of tis-
sue of these substances is less and the time
required for its production is considerably
lengthened. It is of interest that the single
amino acid methionine if added to a non-
protein diet has a remarkable effect in shift-
ing the production of these materials quali-
tatively towards the normal. The details of
these observations have been described
elsewhere,*#

The Pattern of Healing in Ascorbic Acid
Deficiency: The effect of ascorbic acid de-
ficiency on the production of mucopoly-
saccharides and collagen in the healing
wound has been studied in normal and
scorbutic guinea pigs.

MATERIALS AND METHODS

Experiments were conducted on 72 male
guinea pigs weighing hetween 250 and 350
Gm, Thirty-two animals were used as nor-
mal controls and 40 were placed on the
standard scorbutogenic diet of Sherman 2!
for 20 days before wounding. The control
animals were given a diet supplemented
with vitamin C in the form of fresh vege-
tables and oranges.

Wounding was done as follows: Under
ether anesthesia the back of the animal
was shaved and the skin prepared with 2
per cent isopropyl alcohol. Two circular
wounds were made on the interscapular
area of the back of each animal measuring
about 3 em. in diameter. The skin, sub-
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cutaneous tissue and superficial muscles of
the back were excised. Bleeding points, if
any, were clamped and ligated with fine
catgut. No dressings were applied. The
wounds were allowed to heal without any
further local treatment.

On the fourth, eighth, twelfth and six-
teenth days after wounding, animals were
sacrificed by an overdosage of ether anes-
thesia. It should be noted that the day
selected for taking samples in this series of
animals differs from that previously re-
corded in normal and protein depleted ani-
mals. This was done because of the dif-
ficulty encountered in getting adequate
samples of new tissue in three day wounds
particularly in the scorbutic animals.

One of the two wounds in each animal
was utilized for histologic and histochemi-
cal studies and the other for chemical anal-
yses. Material for histologic study was fixed
in Zenker’s, 10 per cent formalin and 4 per
cent freshly prepared lead acetate solution.
It was then dehydrated, cleared and em-
bedded in paraffin and cut at 8. Stainings
were done with haematoxylin and eosin,
Van Gieson’s collagen stain, Mallory’s con-
nective tissue stain and Gomori’s silver im-
pregnation stain. Histochemical stainings
were done with periodic acid Schiff stain,
metachromatic staining using 0.1 per cent
toluidine blue and 30 per cent aleohol and
Hale’s colloidal iron stain as modified by
Rinehart and Abul Haj.2°

For chemical determinations, samples of
the granulation tissue and wound edges
were taken, avoiding inclusion of obviously
normal tissue. These were placed in acetone
for one week, changing the solution three
times during the period. A portion of these
tissues were then utilized for the determina-
tions of hexosamine and hydroxyproline by
the methods of Blix® and Neuman and
Logan.}7

Eight scorbutic animals were given a
daily intramuscular injection of 25 mg. of
ascorbic acid beginning on the eighth day
after wounding. Four were sacrificed on
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HEALING PATTERN OF NORMAL GUINEA PIG WOUNDS
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Frc. 3. The pattern of healing in the normal guinea pig (cf Table I).

the ninth day and four on the twelfth day
to study the effect of ascorbic acid adminis-
tration on lhexosamine and hydroxyproline
concentration in a scorbutic animal.

RESULTS

Normal Healing of Wounds in Guinea
Pigs: The wounds of normal animals on the
fourth day on histochemical examination
revealed large numbers of immature fibro-
blasts invading the fibrin clot. There was
well formed intercellular substance which
stained metachromatically with toluidine
blue. Positive stains were also obtained with
P.AS. and colloidal iron. The concentration
of hexosamine and hydroxyproline in these
tissues is depicted in Figure 3 and recorded
in Tables I and II. It can be seen that on
the fourth day there was a significant in-
crease in the amounts of hexosamine in the
wound in comparison with normal skin and
subcutaneous tissue. There was also evi-
dence of a small amount of collagen in the

wound on the fourth day. This may repre-
sent the inclusion of adjacent collagenous
tissue in the sampling since histologically
no collagen fibers can be seen at this time.
It may also indicate the presence of small
amounts of hydroxyproline and soluble
precursors of collagen. This observation
merits further study.

On the eighth day there were large num-
bers of newly formed collagen fibers around
the fibroblasts. Chemical studies at this

TasLE 1. Hevosamine Conlenl of Normal Wounds
(Guinea Pigs)

Normal Skin—450 mg./100 Gm. dry tissue (Persson)*

Post-
operative Mg. Hexosamine/100 Gm.
Day Dry Tissue Mean
4 day 845 866 868 930 877
8 day 637 611 659 705 653
12 day 476 444 483 507 478
16 day 473 460 455 500 474

*437 mg./100 Gn. dry tissue (Personal Data).

CURTRIEN
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A

Fic, 4. Photomicrograph of a normal cight day wound (A) and an eight day scorbutic
wound (B) stained by silver impregnation. Note the delicate reticulin fibrils in the normal
wound in contrast to the globular appearing reticular material in the scorbutic wound. Quan-
titatively, however, there appears to be no deficiency of reticular staining material,

TasLE I1. Collagen Conlent of Normal Wounds®
(Guinea Pigs)

Post-
operative Gm. Collagen/100 Gm.
Day Dry Tissue Mean
4 day 8.57 6.8 7.69
8 day 19.2 24.8 22.0
12 day 28.2 30.8 29.5
16 day 322 32.2

? We are indebted to Dr. J. Frederick Woess-
ner of the Department of Biology, Massachusetts
Institute of Technology for the hydroxyproline
determinations.

time showed a rise in collagen content from
6 per cent to 20 per cent of dry weight.
The hexosamine concentration of the inter-
cellular substance has fallen below that
found on the fourth day and there was
correspondingly a diminution in the degree
of metachromasia. The P.A.S. and colloidal
iron stains were not as strongly positive as
noted earlier. On the other hand, silver
impregnation stains showed a consider-
able amount of reticular staining material
throughout the wound (Fig. 4).

By the twelfth day the wounded area in
the normal animal has filled with newly
formed, young collagen fibers which can
readily be demonstrated by Van Gieson’s
stain (Fig. 5). There are very few reticular

staining fibers in the area at this stage and
stains for mucopolysaccharides show very
little evidence of positive reaction. The
contrast between a normal wound and a
scorbutic twelve day wound when stained
with Hale’s colloidal iron technic is shown
in Figure 6. By the sixteenth day the find-
ings have changed comparatively little from
the twelfth day except that histologically
the collagen fibers appear denser and more
mature. Chemical estimation for collagen,
however, shows no significant increase in
content over the twelve day wound.

The general pattern of healing in open,
granulating wounds in the guinea pig con-
forms very closely to that previously de-
scribed in the white rat.”

Healing in Scorbutus: In the scorbutic
animals on the fourth day the wounds con-
tain plenty of fibroblasts actively prolifer-
ating and invading the clots, The contrast
histologically with the normal wound is not
striking. There are also capillary endothelial
cells found to be actively proliferating, but
there seems less orientation of these cells
towards capillary formation than is noted
in the normal wound. The intercellular
ground substance does not stain metachro-
matically, although the P.A.S. and colloidal
iron stains are clearly positive in the scor-
butic wound by the fourth day. The results
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Fic. 5. Photomicrograph of a normal (A) and a scorbutic (B) twelve day wound stained
for collagen with Van Gieson’s stain, Note the immature cellular arrangement and lack of

fibers in the scorbutic wound (X 720).

Fic. 6. Photomicrograph of a normal (A) and a scorbutic (B) twelve day wound stained
with Hale’s colloidal iron technic. Note the mature cells, oriented fibers and pale, intercellular
substance in the normal wound. The scorbutic wound shows a dense over-staining with the
colloidal iron interpreted as indicative of a large amount of mucopolysaccharides in the im-

mature ground substance,

of chemical analyses are shown in Figure
7 and recorded in Tables III and IV. The
concentration of hexosamines is less than
that seen in the normal wound. The same
minimal amount of hydroxyproline was
found in the scorbutic wound as in the
normal wound and it is not clear whether
this represents some hydroxyproline in col-
lagen precursors or whether it is a result
of sampling of collagenous tissue at the
wound edges.

On the eighth day the fibroblasts are still
actively proliferating and multiplying but
appear somewhat less well oriented than in
the normal wound. The cells appear large
and immature and there is no evidence of

collagen fibers being laid down around
them. When these tissues are stained with
silver impregnation technic, however, one
sees large collections of reticular material
in the intercellular space. This material is
thick and poorly oriented, occurring in
globules rather than as fibrils (Fig. 4). The
toluidine blue stain continues to show no
metachromatic change although the P.AS.
and colloidal iron stain remains positive.
The hexosamine content of the granulating
wounds has risen moderately whereas in
the normal animals it is clearly falling to-
wards normal at this time. The most dra-
matic difference between the normal and
scorbutic animals is seen in the collagen
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Fic. 7. The pattern of healing in scorbutic guinea pigs. The dotted lines indicate the altera-

tion which follows the administration of 25 mg. of vitamin C daily intramuscularly (cf Tables

III, IV and V).

content as measured by hydroxyproline
concentration (Figs. 3 and 7).

By the twelfth day in the scorbutic wound
the fibroblasts still show little evidence of
maturing. Hale’s colloidal iron and P.A.S.
stain remain positive. The contrast between
a normal twelve day wound and a twelve
day scorbutic wound when stained with
Hale’s technic is depicted in Figure 6. The
colloidal iron produces a deep, rich blue in
the staining which appears dark in the
black and white reproduction. It can be
seen that in the scorbutic wound the en-

tire ground substance is heavily stained,
whereas in the normal 12 day wound there
are well formed collagen fibers, cellular
activity has decreased and the ground sub-
stance stains quite faintly, The hexosamine
content of the twelve day scorbutic wound
remains high and very little collagen can
be demonstrated by chemical extraction.
This conforms with the histologic evidence
of collagen lack. However, it is of great
significance that as in the eight day wound
silver stains show a large collection of
reficular staining material. Since reticular

TABLE TI1. Hexosanrine Content of Scorbulic Wounds

Skin of Scorbutic Animal—525 mg./100 Gm. Dry Tissue (Persson) *

Postoperative

Day Mg. Hexosamine/100 Gm. Dry Tissue Mean
4 day 600 616 648 576 599 655 620 616
8 day 880 804 883 815 831 814 906 848
12 day 1330 1289 13711 1473 1576 1251 1278 1367
16 day 1188 1166 1341 1078 1004 1155

* 534 mg./100 Gm. Dry Tissue (Personal Data).
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TasLie IV. Collagen Conlent of Scorbutic Wounds

Post-
operative Gm. Collagen/100 Gm.
Day Dry Tissuc Mean

. 4 day 6.10 49 504 61 1.57 5.94
I 8day 6.5 53 566 796 835 6.75

12 day 654 7.0 10.1 106 1035 8.92
} 16 day 9.3 9.3

Tasre V. Hexosamine and Collagen Content of Scorbutic
Wounds afler Treatment with Vitamin C

Post-
operative Days of Mpg. Hexosamine/
Day Treatment 100 Gm. Dry Tissue ~ Mean
9 day 1 day 733 721 727
12 day 4 day 585 591 588
Gm. Collagen/
100 Gm. Dry Tissue  Mean
9 day 1 day 10.54 8.45 9.5
12-day 4 day 23.5 18.3 21.0

material is presumably a precursor of col-
lagen, we interpret this finding as indicat-
ing a considerable quantity of protein pre-
cursors of collagen which are not properly
oriented towards collagen formation.

The various findings in wounds on the
sixteenth day were quite similar to those
found on the twelfth day. Hexosamine con-
tent remains high. It is doubtful whether
the differences in hexosamine concentra-
tion as depicted in Figure 7 between the
twelfth and sixteenth days are of signifi-
ance. It is evident, however, that the
hexosamine concentration of these wounds
has not fallen towards the normal levels
seen in the control animals. By the six-
teenth day the animals were quite ill and
may have been suffering from multiple de-
ficiences. For this reason studies were not
carried beyond the sixteenth day.

A most interesting observation was the
rapidity with which alterations in hexosa-
mine and hydroxyproline concentration fol-
lowed the daily administration intramus-
cularly of 25 mg. of ascorbic acid to the
scorbutic animals. This was started on the
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Fia. 8. Photomicrograph of a twelve day
scorbutic wound after four days of treatment with
intramuscular vitamin C. Note the cellular or-
ganization and collagen fibers (Van Gieson’s stain
X 720). Contrast with Figure 5 (B).

eighth day in eight animals; four were
sacrificed after 24 hours and the other four,
four days later. The changes are depicted
in the dotted line in Figure 7 and recorded
in Table V. Histologic and histochemical
observations confirm this finding (Fig. 8).
Metachromasia could be demonstrated after
24 hours, and after four days there was
distinctly less tissue which stained posi-
tively with Hale’s colloidal iron and the
P.A.S. stains.

Whatever the exuct mechanism of as-
corbic acid action, it accomplishes this with
great rapidity and suggests to us that the
basic materials for wound repair are pres-
ent in the scorbutic wound, but an im-
portant key to collagen synthesis is lacking.

DISCUSSION

These observations provide a new per-
spective of wound healing. It is evident
that distinct differences can be detected
between normal repair on the one hand
and repair in protein depleted and scorbu-
tic animals on the other hand. It is very
tempting to speculate upon the significance
of these alterations and we have suggested
that in protein deficiency there is a lack
of the “building blocks” of repair, whereas
in scorbutus the basic materials are pres-
ent in adeguate amounts but cannot be
utilized until ascorbic acid is provided.
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In protein depletion the addition of a
single amino acid methionine restores the
pattern of hexosamine and hydroxyproline
concentration towards the normal.*® The
mechanism of this action is not clear, but
presumably methionine permits more rapid
utilization of the animal's body proteins.
Williamson has shown that a direct rela-
tionship exists between gain in tensile
strength and sulfur content of granulation
tissue.* He has also shown that in the early
stages of repair there is a high concentra-
tion of methionine, whereas in the later
stages cystein predominates.*” The signifi-
cance of these interrelationships are not
entirely clear. Our own efforts to elucidate
the mechanisms of action of methionine by
giving S35 labeled methionine and sodium
sulphate to normal and protein depleted
animals 48 hours after wounding have not
as yet furnished sufficient data on which
to base conclusions. It is of interest, how-
ever, that when S35 sodium sulphate is
given, there is much less concentration in
the wound as shown by autoradiographs
than when S35 labeled methionine is given.
This contrast is particularly striking in the
protein depleted animal. That this repre-
sents a specificity of action of methionine
for the healing wound is evidenced in part
by the fact that the S35 uptake of sodium
sulphate and methionine appears to be es-
sentially of the same order in samples of
cartilage taken from the same animals. The
entire subject of sulphur and sulphate me-
tabolism in repair requires intensive study,

A comprehensive analysis of the enor-
mous data, both experimental and clinical,
which relates to the action of ascorbic acid
in healing wounds is not within the scope
of this paper. Comment will be restricted
to the effect of ascorbic acid on ground
substance. Wolbach at the conclusion of
his classic study ** on scorbutus felt that
there was a lack of a specific substance
which produced gelification of ground sub-
stance. He did not postulate a deficiency of
ground substance. Similarly, Hunt’s '* beau-
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tiful histologic studies demonstrated no
lack of fibroblastic proliferation or reticulin
formation. He also showed that if normal
guinea pigs with freshly healed wounds
were placed on a scorbutogenic diet, newly
formed collagen reverted to reticular-like
precollagen. The histochemical studies of
Gersch and Catchpole * and Bradfield and
Kodicek * suggest that the state of muco-
polysaccharides in the ground substance
are abnormal, but that there is no lack of
these materials. Further confirmation that
there is no deficiency of mucopolysaccha-
rides in scurvy comes from the work of
Persson ' who showed that the tissue con-
centrations of hexosamine in scorbutic ani-
mals was increased. Penney and Balfour,s
however, because of the lack of metachro-
masia in ground substance in vitamin C de-
ficiency concluded that there was a faulty
production of mucopolysaccharides,

Our studies support the concept that
there is no deficiency of mucopolysaccha-
rides in ground substance. It may be that
the state of polymerization of the acid poly-
saccharide is altered so as to prevent meta-
chromasia. Walton and Ricketts 2* have
shown that metachromasia is related to
sulphation of acid polysaccharides and we *
have shown elsewhere that the phenomenon
of metachromasia in solutions of acid poly-
saccharide can be blocked by the addition
of protein to the solution. A similar mecha-
nism may prevent the phenomenon of meta-
chromasia in vivo. Finally, the prompt ap-
pearance of collagen in the wound following
the administration of vitamin C {Fig. 7)
intramuscularly supports our concept that
the “building blocks” of repair are at hand
but a key to collagen synthesis is lacking.

In this same connection, however, the
report of Kodicek and Loewi® is of par-
ticular interest. While studying S35 sulphate
uptake by granulation tissue they noted in
normally healing wounds an inverse rela-
tionship between hexosamine and hydroxy-
proline concentration in maturing granula-
tion tissue quite similar to that which we

w
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have described. In comparing normal and
scorbutic animals, however, they nofed no
significant difference in concentraho'n of
hexosamine in samples taken on the eighth
and thirteenth days, whercas our data sug-
ease in hexosamine con-

gest an actual incr
7 ervations were made

centration. Their obs
on wounds which had been closed primarily
after excision of all the tendons in the hind_
leg. The method permitted sampling of
pure granulation tissue in contrast to our
technic in which small amounts of adjacent
wounded tissue were included in the sam-
ples. Also, the apimals in the studies of
Kodicek and Loewi had been on a scor-
butogenic diet for only ten days prior to
wounding, whereas our animals had been
on a scorbutic diet for 20 days. Whether
these factors account for the difference in
results or whether, as has occurred to us,
there may be distinct differences in the
mechanisms of repair in open wounds ver-
sus primarily closed wounds is a subject
for further appraisal. Surface trauma and in-
fection may influence the hexosamine con-
centration of open granulating wounds,
particularly in depleted animals. Finally,
it should not be concluded from these
studies that the inverse relationship which
has been demonstrated between hexosamine
concentration and collagen formation nec-
essarily indicates a causal relationship.
Much more work in this area is needed.
The problems and questions raised in
the preceding discussion have impelled us
to search for a technic which would per-
mit distinet and separate sampling of
newly formed tissue and of the immediately
adjacent wound tissue. The method de-
scribed below we believe lends itself to
this purpose and may provide a method
for extending these observations to man.

THE SPONGE BIOPSY TECHNIC

The work of Grindlay® and others has
shown the feasibility of collecting material
for study by implanting a polyvinyl alcohol
sponge in various tissues. Struthers and
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Grindlay ** have studied new bone forma-
tion and Boucek* has employed it for
analysis of tissue lipids.

We have encountered a number of tech-
nical difficulties in adapting this method to
a study of wound healing. Reactions to the
sponge are not always uniform and in the
early stages of repair new tissue may be
squeezed out of the sponge during excision.
Preliminary data reveal that the rate of
growth and chemical composition of the
new tissue varies depending upon whether
it is implanted in muscle or subcutaneous
tissue, This suggests that the mechanism of
repair in these tissues may have funda-
mental humoral differences requiring eval-
uation. Despite these and other difficulties
we believe that with continued experience
fairly uniform samples of new tissue can be
obtained and the newly formed tissues can
be clearly distinguished from the surround-
ing wound edges, yet uniform samples of
the latter can also be taken for analysis.

A distinct advantage of this method is
that one can quantify the amount of new
tissue formed per unit weight of sponge
implanted. This provides another dimen-
sion for the study of healing. There appear
to be distinct differences in the amount of
new tissue formed in normal and depleted
animals. Another advantage of the sponge
biopsy technic is that several samples can
be taken from a single wound without
sacrificing the animal or greatly disturbing
the wound itself. This represents a distinct
advance and makes the technical applica-
tion of this method to the study of healing
in man quite promising. Preliminary ob-
servations indicate that the sponge biopsy
technic can be effectively applied to heal-
ing wounds in man.

SUMMARY
1. Chemical and histochemical studies
provide a new perspective of wound heal-
ing based upon a “humoral” as well as a
“cellular” approach.
2. Significant differences in the pattem
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of healing in normal and depleted animals
can be detected by these methods.

3. In ascorbic acid deficiency fibroplasia,

mucopolysaccharide production and the
tormation of reticular procollagen material
are not inhibited and may be considerably
increased. The basic defect of repair in
ascorbic acid deficiency appears to be one
of collagen synthesis. Evidence is presented
that this defect is corrected within twenty-
four hours following the intramuscular ad-
ministration of ascorbic acid.

4. A sponge biopsy technic which per-

mits the study of repair by these methods
in primarily closed wounds is described.
Preliminary observations indicate that this
can be applied effectively to a study of
wound healing in man.

4.
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DiscussioN.—Dr. Orvar SweNnsoN, Boston,
Massachusetts: I wish to commend Dr. Dunphy
for opening up a new field of investigation. Some
years ago we investigated the composition of frac-
ture hematoma, and it is through Dr. Dunphy’s
work that our interest in this field has been re-
newed, We have been able to demonstrate that in
the first four days of wound healing there is a
spectacular rise in mucoprotein, The problem is
sampling, Dr. Dunphy’s idea of using a sponge is
indeed an ingenious one.

Dn. Joun A. ScurLring, Rochester, New York:
I, too, would like to commend Dr. Dunphy for
this work, which, along with the work of Dr.
Howes, is very fundamental and emphasizes that
the so-called lag phase is a period of intense bio-
logic activity. Perhaps it is in this period that all
of us as surgeons can learn factors that will help
us to push this curve to the left as we look at it
from a clinical point of view.

We have used a somewhat different method
for a number of years to secure wound fluid,
namely, the implantation of a wire mesh eylinder,
which is obliterated by granulation tissue, enabling
a cellular study as well as analysis of fluid, The
most recent study ¢ really raises more questions
than it answers, but it was related to the ultra-
centrifugal analysis of this fluid and to the Tiselius
patterns,

There is a marked difference in the low density
lipoprotein levels in wound fluid secured this way,
First, in wound fluid the low density lipoproteins
are low, vet they are high in the serum of a
wounded animal. At the same time, if you look at
the Tiselius pattern, the alpha and beta globulins
are significantly elevated, and may be included in
this category, In other words, some chemical
changes occur. Thirdly, the gamma globulin is
elevated in wound fluid; fibrinogen is absent,

The significance of this is a matter of con-
jecture, but the study of wound fluid and the fuid
phase, as emphasized by Dr. Dunphy, seems cer-
tainly a fundamental contribution. Again, 1 would
like to congratulate him on his study.

? Proc. Soc. Exp. Biol. & Med. 89: 189-192,
1055,

Dr. Amos R. Koonrtz, Baltimore, Maryland:
Every surgeon certainly ought to be interested in
wound healing, Whether he is or not, this paper
by Dr. Dunphy is most stimulating. 1 would like
to ask him one question about the role of fibrin in
wound healing.

In about 1903, I bhelieve, Hertzler showed that
in intestinal anastomosis, when fibrin collects in the
trough between the loops of the anastomosed
bowel, it intensely facilitated wound healing.
Baitsel, at Yale, in around 1916 demonstrated in
tissue culture the advantage of fibrin in wound
healing. He believed that fibrin was actually con-
verted into connective tissue fibers.

I would like to know exactly how fibrin plays
a part. I never have exactly understood it. Does it
increase the growth of fibroblasts by fumishing
more protein, or just how does it work? Thank
you very much,

Dr. Davip Rosinson, Kansas City, Kansas:
This very interesting and fascinating study which
Dr. Dunphy has just reported is of importance be-
cause it gets to the fundamentals of wound heal-
ing, or at least it tends to add basic knowledge.

One of the difficulties we have had when
studying wound healing has been a lack of ade-
quate tools other than just observation. Could one
grow cells in tissue culture and measure them
quantitatively, one might be able to get a quanti-
tative assay of some meaning., Unfortunately there
are too many imponderables and difficulties in tis-
sue culture to make a good quantitative cell count
unless one might employ the hela cell as a tool for
the study of stimulator or inhibitor substances.

We have been especially interested, first, in
stimulator substances, and have come to no wvery
basic conclusions in tissue cultures studies. Of late
we have been interested in inhibitor substances,
particularly the role of the mast cell in wound
healing, hoping that we might identify the muco-
polysaccharide that is present in the wound as the
inhibitor substance. There is some evidence to be-
lieve that the mucopolysaccharide released from
mast cells may be an inhibitor; it may be heparin;
it may be histamine; it may be some other sub-
stances which to date cannot be identified. One of
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the difficulties of histochemical assays is that we
cannot be quite sure what the chemical substance
is that combines with the dye which is being
studied.

1 appreciate and have enjoyed this presentation
by Dr. Dunphy and his associates. It is a real
contribution to our knowledge today.

Dr. J. EncrLesert Dunruy, Boston, Massa-
chusetts: I don't think I can answer Dr. Koontz’s
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question. Fibrin may contribute to the first stage
in the formation of collagen as part of certain
soluble protein precursors. What is in it, I really
don’t know, but I suspect that when it is added
to tissue culture or to & wound it is providing some
of these precusors of collagen. Beyond that, I can-
not go. It is one of the things we are interested in.

I would like to thank the discussants very much
for their remarks.



