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I. Introduction

(a) Gen era l Ai ms

The reported studies are part of our continuing investi gations supported
by the A rmy Medica l Resea rch and Development Command aime d towards improving
the wound heal ing of seve re l y injured soldiers . Since the wounded man nust
hea l his wounds to recover and return to d u t y ,  an understanding of the bas i c
biochemical , phys i olog ic and morpholog ic factors invo l ved in healing and how
these are a f f ec ted by se ri ous i n j u r y  is ftindamenta l to establishing improved
prophy l actic and the rapeutic measures .

We have mentioned in our previous progress reports that wound healing may
be conside red as a specific biolog ical process related to the gene ra l phenomenum
of growth and regeneration. The various stages (including inflammation , bloo d
vessel and l ymphatic formation , fibrob lastic proliferation , mucopo l y s a c c h a r i d e ,
gl ycoprote in and collagen synthesis ,collagen cross—linking , collagen resorption ,
remodelling of the wound , etc.) indicate tha t the entire process is an orderl y
one , showing a hi gh degree of integration and organization cha racteristic of the
processes in which cont ro l mechanisms are ope rative .

Our studies are based on our view that some of the key steps in these
processes are affected adve rsel y by injury and these may be modified in ways
to improve the rate and qual ity of wound healing and thereby shorten
con~~ lescence. Since wound heal ing is an integrated process , factors which
stimulate or inhibit one phase of the process have an effect on the overall
p rocess , the magnitude of the effect depend i ng in part on how “rate—limiting ”
i s  the fac et of hea l in g be i ng affected. These periods are not sha rpl y
sepa rated. Included is a continuation of our studies of chem i ca l accelerators
of heal in g poss i bl y present in wounds and/or the blood. Studies of li ver
regeneration are include d because we believe tha t investi gation of humoral
factors which regulate and modulate live r regene.rat ion are closely related
to the question of wh y a wou nd beg ins to heal , wha t keeps it going, and what
stops it. Also , liver injury seve re enoug h to require hepatic resection is
not ra re in seriousl y injured sold iers . Since ~‘sound hea l ing and wound in—
fection are so closel y interrelated , studies directed towards the prevention
and contro l of wound infection and its loca l and systemic effects are included.

This progress report describes our studies dealin g with:

I . Attempts to ameliorate the adve rse effects of serious injury on wound
heal ing by various nutritiona l , chem i ca l , and hormonal means , s i n g l y and in
comb i nation , with emphasis on repa rative vesse l formation , fibroblastic p ro-
life ration , collagen synthesis , and collagen c ross—linking.

I I .  Demonstration , isolation and chemica l identification of possible
humora l stimulators and regulators of wound repair and live r regene ration .

II I .  Attempts to improve by various chem i ca l and hormona l means the depressed
loca l and systemic resistance to infection associated with seriou s injury .
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(b) Methods for Assessment of Wound Heal ing

Some of the ways in wh i ch we have assessed the ef f e c ts of the va ri ous
experimental reg imens follow. Almost all of these have been used by us for
a number of years and are well established in our laboratory.

Standard dorsal skin incisions are made and po l yviny l a l coho l sponges of
fixed size and weight implanted subcutaneously (I). In some experiments , mesh
cylinders , stainless stee l or nylon , are imp lantea (2). The wound s are closed
with fine stainless stee l sutures. All operations are conducted aseptically.

At various times postoperat ively, the animals are killed and the wound and
sponge granulomas excised . Using methods previously described by us (1 , 3)
(J. Trauma , 1+: 543 (1964); Ann. Surg. 161 : 293 (1965), the breaking strengths
of adjacent wound strips are tested i mmediately or afte r fixation in buffered
10% forma lin. We devised a new multiple guillotine so that the strips may be
wei ghed . Other wound stri ps are examined histolog i c a l l y. The sponge granulomas
are also exam i ned histolo g ically. In addition , hyd roxyprol m e  is measured as an
index of reparative collagen . In some cases , the degree of cross-linking of the
reparative collagen is estimated by the measurement of salt—so l uble and salt—
insoluble collagen. The am i no acid composition of the newl y formed collagen is
determ i ned in some experiments. Other measurements include the DNA and RNA
contents of the granuloma s and the uptake of 3H—Thym id ine into the DNA of the
g ranulomas .

Wh en sta in less stee l mesh c y l i n d e r s  are im p lan ted , the wound f l ui ds are
anal yzed for their chem i cal composition and the presence of wound -heal i ng acce l-
erating factor(s).

The me thods for assessment may be tabulated as follows :

(1) General measurements

a) Body wei ght , food and water intakes (ad Hb itum and pa i red —
feeding techniques ), BUN , plasma proteins , Hct , WBC , differ-
ential , and various other chemica l measurements in tissues ,
blood and urine as required , e.g., vitamin A.

b) Metabolic balance studies (food , urine , feces).

(2) Assessment of fibroblasts — number and appearance

a) Histolog i c appearance of i nc i s i ons and sponge and cy linder re-
generative tissues (li gh t microscopy) .

b) DNA content of sponges ; 3H Thymidine uptake into the DNA of the
sponge an d cy linder reparative tissue. These measurements are
no t spec i f i c for f i b robla s ts b ut a re hel p f u l when cor re la ted w it h
the h i s tolog ic observations; special stains to aid in identifi-
cation of fibrob lasts are performed .

(3) Assessment of fibroblast function , collagen , ground substance, and
blood vessel formation

a) Assessment of the quantit y and morpholog i c a ppea rance of the
co l l age n on h i stolog ic examination of incisions and of the sponge
and cylinder reparative tissue us i ng special stains selectiv e
for  co l l agen .
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b) Va rious histolog ic stains to assess various components of groun d
substance qualitativel y to assess blood vessel formation. (5)

c) Hydroxypro line ‘:ontent of the sponge and cyl i nder reparative
tissue as a quantitative ,ieasure of reparative collagen .

d) Breaking strengths of the skin incisions in fresh state and also
after fixation in form alir i ; the ratio of these two determinations
reflects the degree of spontaneous cross—linking wh i ch has occurred
in  the wound co l l a g e n .

e) In selected cases , am i no ac id  anal ysis of reparative collagen . (6)

I I .  Adverse Effects of Severe Injury on Wound Heal ing ; Attempts to Improve
I4ealina in the Severely Injured

Backg round

For some time , we have been conducting stud i es directed towards an under-
stand i ng of the basic biochem i cal , ph ysiologic arid morphologic factors i nvolved
in wound healin g and how these are affected by serious injury with the view of
establishing the basis for improved proph ylaxis and therapy of injured patients.

Normally, a complicated series of interrelated metabolic reactions exists
i n t h e young heal thy adult in a manne r that produces a relativel y stead y ,  albeit
d ynamic , state . These interrelationships are disturbed after injury and the
s tead y metabolic state is modified . Changes i nvolving protein , ca rboh ydrate ,
fat , water , v i tamin , endocr i ne and e lec t ro l y te  metabol ism in almost every organ
on the bod y occu r .  The res ponses are d ynamic and follow a generally predictable
pattern (1—9).

Some of the usual features of the metabolic response to injury during the
f irst seve ral weeks may be briefly summarized as follows : increased heat
production; wei ght loss; negative nitrogen , potass ium , sulfur and phosphorus
ba lances ; increased gluconeogenesis , earl y hyperg l ycemia , and often modified
carbohydrate utilization; altered fat metabol ism , i n c l u d i ng increa sed~~ ncentra-
tions of serum free fatty acids and a tendency to ketosis; retention of sod i um
chloride and water; and alteration in the metabolism of certain vitamins , e.g.,
asco rb i c ac i d , r i b o f l a v i n , thiamine , ni cotinamide and vitamin A. The metabol i sm
of certain t race elements , particularl y i ron , coppe r and zinc are changed in ways
wh i c h  may requ i re increased intakes ot these elements. These metabolic changes
are usua l l y accompan i ed in the ear l y phase b y i nvolution of l ymphoid tissue and
the thymus , l ymphopen ia and eos i nopenia , leuko cy tos i s , ad renal cor ti cal hyper—
trophy w i th  associated dep letion of adrenal cholestero l and ascorbic  ac i d , and
an increase in the secretion of cer ta in  sympathetic gangl ia (norepinephrine )
ad renal  med u l l a r y ,  and ad renal cortical hormones and ADH. Whethe r thy ro i d and
pituitary g rowth hormone secret ions and functions change is unsett led . There
i s g e n e r a l l y  an ea r ly  i ncrease in seru m g l ucagon and a f a l l  in  seru m i nsul i n;
la ter serum g lucagon falls and serum insulin rises. Liver function is altered ,
as ev idenced , for example , by an i nc rease i n su l fob romo ph tha l ei n re tent ion and
a dec rease i n the ra te of conj uga ti on of adrenal s te ro ids .

A mu l t ip l ic i t y  of cond it ion ing and modulating fac tors may mod i f y these
me ta b o l i c  changes , i nc lud i ng age , sex and nutritional status of the patients
and the severity of injury. In general , the me tabo l i c  changes paral le l  the
seve r i t y  of t he injury and are seen in their  most accentuated fo rm in prev ious ly
heal th y young men , in sho r t , the wounded sold ier.
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Under l y ing these changes is a variety of factors inc l ud i ng alterations in
neuro—endocrine activity , fever , increased heat loss and heat production (pri-
mary and secondary), al tered food intake , immobilization , e f fec ts of endogenous
metabo lites , e f fec ts of bacter ia  and their products when infect ion is present ,
and the external env i ronment (temperature , hu m i d i ty ,  air—flow ) . A ttention should
be d rawn to the recent investigations of Wilmore , et al., suggesting that alter-
ations in CNS and hypothalamic function resulting i n i ncreased ca techo l amine
elaboration is fundamental to the hype rme tabol i sm f o l l o w i ng injury (8, 9). The
possib le e f fec ts  of env i ronmenta l temperature on modif y i ng the metabo l i c reac ti ons
to injury in animals (10) (11) (12) (14) (15) and patients (8) (13) has rece i ved
cons iderable attention; we will return to this later.

Our understand i ng of these matters is still incomplete and we do not fully
unders tand the mecha ni sms un d e r l y i ng these me tabo l ic changes , nor do we f u l l y
understand their physiolog ic consequences . We w i l l  not discuss these ma t ters
in deta il in this progress report since they are described elsewhere (1—15) .
We will focus in this report on the questions : How do these metabolic changes
af fec t  the c l i n i ca l course and convalescence of the injured patients ,part icu l ar ly
from the points of view of wound healing and wound infection? Should attempts
be made to mod i fy them?

($) Ef fect  of Iniury on Wound Heal ing

We have pointed out elsewhere that since the injured man must heal his
wounds for successful recovery, systematic studies of the heal i ng of operative
and traumatic wounds should p rovide objective evidence in one important area
as to the si gni f icance of the early metabolic derangements. Althoug h some
have inferred that wound heal ing is “no rma l” in the earl y per iod af ter i nj u r y ,
the evidence with experimental animals is clear: wound healing is seriously
impaired after injury . Thus, we showed a number of year s ago tha t the heal i ng of
laparotoniy wounds made in rats (16) and guinea pi gs (17) one day af te r they
were severely burned on their backs was si gni f icant ly  slowe r than in unburned
con t ro l s .

A. Effects of Femoral Fracture on Wound Heal ing

We have extended this type of study to the healing of dorsal sk in inc is ions
and the formation of repa rat ive t issue in subcutaneous implanted pol y v i n y l alcohol
s~ponges to an imals wi th unilateral and bi }atera l femoral fractures. The results
of these experiments have recently been pub l ished in the Annals of Surgery ( 19 )
and the Journal of Trauma ( 14 ) ( 31 ) .  We turned to this experimental mode l for
the following reasons: (I) There are considerable data in the l i te ra ture  re-
gard i ng the metabolic responce of rats to femoral fracture ; in fact , the early
classic experimental studies of Cuthbertson carried out in the 1930’s dealt with
femora l fractures ; (2) femoral fractu res have some advantage over burns --
the water vapor loss throug h the burned area and presence of bacteria with
possible infection of vary ing severity introduce variab l es wh i ch may complicate
the study and its interpretation . Also studies in our l aboratory over a period
of years have shown that dorsal ski n in c i s ions and implanted polyvinyl alcoho l
sponges have certain advantages over laparo tomy wounds.

These experiments were conducted with adult male rats. We found that the
hea l ing of skin incisions (e.g. breaking strength in both the fresh and forma l in
fixed states) and the formation of reparative tissue (e.g. hyd roxyp rol inc con-
tent) in s.c. implanted pol yvinyl alcohol sponges are impa i red signifi cantl y in
rats with unilateral or bilateral ~emoral fractures (18) (19). This impa i rment
in healing was g reater in those rats with bilateral fenioral fractures than in
those with unilateral fernoral fractures as judged by the formation of reparative

~ollagen . The rats with fracture showed an expected si gnificant increase in urinary
nitrogen excretion . In some experiments the ratswere fed ad libitum while in
others pair—feeding was carried out. Th~ results were similar in both instances.



In other stud i es carried out a number of years ago , us i ng N 15 glycine ,
we found that the pro tein contents of the very act ive organs , such as the
intest ina l tract  and l iver , changed l itt le or i nc reased i n the bu rned ra ts
despite their marked l y increased turnove r rates . By contrast , the protein
content of the carcasses of the bu rned rats decreased , and indeed , ca rcas s
p ro te i n acco un ted m a thema ti c a l l y  for mos t of the ex t ra ur i nary nit rogen loss.
This suggests that the integrity of certain vital organs is maintained at the
expense of less active areas , such as the skeletal muscle (20). This view s
supported by our observation (20) that liver regeneration following partial
hepatectomy proceeds faster in the burned rat at a time when the healing of a
laparo tomy wound is impaired.

The d ifference in behavior of the l ive r and carcass of the burned rat is
s t r i k i n g l y differen t from the behavior of these organs in the acute l y starved
but otherwise uninjured animal . There, liver protein drops sharply, at a rate
far greater than that for the carcass protein in the starved but othe rwise
heal thy ra t. When rats are burned in addition to being starved , the loss of
l iver protein is slowed , as would be anticipatea from l5N g l ycine and l iver
regeneration studies (20).

These experiments sugges t that both increased anabo l ic and catabolic
processes go on after severe injury to the rat; all tissues do not participate
eq ua l l y  in this response. These find i ngs have just recently been confirmed by
others (21). The available information on how patients react from the point of
view of t issue protein synthesis and breakdown is very l im i ted (22 — 28) due to
the complex i ty of the interpretation of such studies where reliance must be
p la ced almos t ent i r e l y  on blood ,urine and fecal data , since tissue biopsy (other
than of skeletal muscle , bone ma r row , and skin) for research purposes is inter—
d icted in most instances in pat ients . We have discussed these matters at
l eng th elsewher e, including the role of asco rbic acid in those animals (includ i ng
man) wh i ch require exogenous vitamin C (17) (20) (29). We are aware of the
work of Waterlow and his colleagues (22) (23)~~~suggesting that a primary change
is decreased protein synthesis (e.g. of albumin) after injury , but the types of
patients studied by them (patients undergo i ng modest or moderately seve re
e lec t ive  surgery) and the timing (the first few d~ys after injury) are quite
d ifferent from the previously hea l thy young man undergo i ng seve re traumatic
injury. R ecently Ski llman and his associates (28) reported that dail y
postoperative infusion of a 3.5% solution of essential and non—essential am i no
acids led to a g reate r rate of albumin synthesis than the infusion of 5% glucose
dail y as tes ted on the 14th postoperative day in patients undergo i ng elective
gastro— i ntestinal surgery.
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B. Effect of Testosterone Prop ionate on Wound Heal ing in Rats
with and without  Femo ra l Fracture

In related experiments (publ ished in detail recentl y (14) (31) , we showed
that the administrat ion of testosterone propionate (s.c., or i.m .) to rats had
no influence on wound healing of rats with or withou t femo ra l fracture . We conducted
these experiments because we(12) and others , e.g., Abbott and Hirschfe ld (13)
had shown that the increased urinary nitrogen excretion wh i ch cha racteris ticall y
follows injury (and the intensity of wh i ch is proport i ona l to the severity of
the injury) is lessened by the administration of testosterone propionate to
expe r imental animals and patients. However , there had been no ev i dence whe the r
this was of any physio logic or clinica l benefit. Our data indicate that iti s not
from the po int of wound hea l in g — that is , the impa ired healing of rats w it h
femora l fractu re was not improved at all by administration of testoste rone propionate
beg i nn i n g  on the day of wound i ng and f rac ture and conti n ued thro ughout the
postope rative period .

C. Effect of Env i ronmental Tempe rature on Wound Healing in Rats
with and without Femora l Fracture; Effect of Testosterone
Propionate at two Env i ronmental Tempe ratures

The f i nd in gs of these stu d i es have very recen t l y appea red in the J.Trauma
(14) (31); a prel imina ry report had been presented elsewhe re.

Caid we l l  an d h i s assoc i ates (34) (35) (3b) a nd Cu thbe rtson and h i s assoc i a tes
(37) (38) (39) have reported that the increased urina ry nitroge n excretion of
rats with burns (Caldwell) or femoral fracture (Cuthbe rtson) is sharpl y reduced
when they a re ada pted to a h i ghe r than norma l ambient tempe ratu re (30 °C vs. 22 °C)
prior to injury and mainta i ned at the hi gher temperature . Cuthbertson also reported
a l imit ed expe rim ent wh i ch sugges ted tha t th i s was a l so  so when rats m a i n ta ined
at 22 °C prior to injury were t ransfe r red to 30 °C immed i a tel y after injury.

Our experi ments have shown tha t when ra ts in a 22 °C room with or withou t
femo ra l fracture we re transferre d just after injury or sham—injury to a 30 °C
room , the re was a marke d d rop i n  food i n take i mmed i a tel y. Accord ing l y,  we have
conducted both pa i r-feeding and ad l ibitum feeding experiments. Among pa i r—fed
rats without fractu re, wound healin g was litt l e ‘diffe rent at 22° and 30°C. Femora l
fracture impa i red si g n i f i c a nt l y  heal i ng of s k i n  i nc i s ions  and co l l agen  fo rma ti on
in s.c. pol yvi ny l alcoho l sponges when rats were kept at 220 postope rat i ve l y ,
but t his d i f fe rence was much less for rats at 30 °C. Wounded rats with fractures
ate less afte r injury when offered food ad li b i tum part i cularl y those kep t a t
30 °C. Despite this , weig ht losses were similar for rats at 220 and 300. W hen
the rats of all groups at 22° and 300 (wi th and without fracture) were pair-fed
aga i nst rats with fracture at 30 °C., we i ght loss was less for rats at 30 °C
and their urinary nitrogen excretion relative to nitrogen intake was less than
tha t by correspond ing rats at 220. At 220, fractu red rats excreted significantl y
more n itrogen relative to food intake than pa i r-fed sham controls , bu t at 300C.,
this ratio was similar for rats with and without fracture .

Testosterone propionate , s.c., dec reased u r i na ry ni troge n excret ion by ra ts
with femora l fracture mainta i ned at 220 or 300 after injury , bu t had no sa1utoryefi~~t
on wound healing in those rats or their pa i r—fed sham—fractured controls.
In fact , testosterone slowed healing of the rats with fracture , pa r t i c u l a r l y
as jud ged by the collagen contents of the sponge granulomas.
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0. Studies with Vitamin A, Vitamin A Antagonists (C i t r a l ) .  DOCA, and Metyrapone;
Cor t isol Receptor P ro tei n

Backg round

We poi nt ed out in our prev ious  repor ts tha t a d i s turbance i n the meta b o l i s m
of water—soluble vitamins , es pe c i a l l y a scorb ic  ac i d , after seriou s injury is
w e l l  document ed , bu t that little info rmation regarding the fat—soluble vitamins
af ter in j u r y  is available (40 ,4l ,42,Z+3, L+k—L+8 ,49,50,50a).

A number of observations in our laboratories during the last few years have
sugge sted tha t the re may be an i ncreased requiremen t fo r v i tam i n A af te r i n ju ry
unde r conditions whe re pre—exist ing vitamin A deficiency does not exist. We
began these exper i men ts on the hypothesis that serLus trauma increases the
requ i rement for vitamin A. Kagan (5j~ had found that rats with subcutaneous
abscesses as the result of repeated inject i ons of turpentine and sweet almond
oil showed sustained decreases in serum vitamin A concentrat i on and in live r
vitamin A concentration and content. Gastrointestinal absorption of vitamin A
was not altered , but urinary excretion increased , and the kidney concentration
of vitamin A was hi gher than no rmal . Cla rk and Colburn (52) had found that
large doses of cortisone result in the rapid depletion of vitamin A from the
l ive r and kidneys of rats. Hunt and his associates (53) (54) have shown that
vi tamin A restored the breaking strength of incisions and the closure of open
skin wounds in cortisone t reated rats towards norma l , bu t the v it ami n A had no
positive effect on the healing of rats not receiving cortisone . Our experiment s
sugges t , howeve r , tha t vi tam i n A has an accelera ti ng effec t on wou nd heal i ng in
rats eating a nutritionall y comp l ete commercial rat chow and not g i ven cort i sone.
Herrmann and Woodward (55 ) also found that vitamin A given to”non—de ficient ”
rats resulted in increased fibroplas~a as jud ged h i stolog i c a l l y and by hydroxy—
pro l m e  content of sponge granulomas.

Recen t l y ,  the re have been reports (including our own (56 ,57 , .58 ) of an
appa rent increased need for vitamin A afte r injury , wi th pa rt i c u l a r  re fe rence
to the occurrence of stress ulcers (59), burns(6O ,5O~ an d f rac tu re (56 ,57,58).

I. Effect of Margina l Vitamin A Intake on
Response to Mino r Wounding

Ra ts on a marg i nal in take of v i ta m i n  A , suff icient to maintain near norma l
g rowth , los t we i gh t p rom pt l y after relatively minor wounding (dorsal skin incision
and pol yv i ny l alcoho l sponge , s.c., im plants) despite little difference in food
in take compared with their wounded norma l controls and about half of the rats on
marg inal vitamin A intake died. The mildl y A—de ficie nt rats formed less repa rative
collagen , and that collagen which was formed was less cross-linked than norma l
(as judged by the ra t io of the b reak ing  st reng ths of wounds t rea ted in  the f resh
state and after formal in fixation) providing for a much weaker wound.

No diffe rences were found between the two groups of rats in te rms of blood
u rea ni t rogen (BUN) and the serum Na , K , Ca , Cl. , u r ic  ac id  or crea t i n i n e
concen t ra t ions , all of wh i ch were within no rma l limits. The serum g lucose , howeve r ,
was 65 mg. percent in the deficient rats ve rsus 120 mg percent in the cont rols.
I t is p ossible that impa i red g lucose mob i l i za ti o n  may be associa ted wi th the
reduced ab ility of the vitamin A deficient rat to surv i ve surg ical st ress. This
may i nvolve an interference with eithe r corticoid or growth hormone respons i veness
in the A—deficien t state.
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In another experiment , rats we re rende red v i tam in A-def ic ient  as
described above . Af te r  wounding, t he def ic ient  an imals lost  wei ght at a
rate s i m i l a r  to that seen in the previous experiments. At the end of the
first week postoperative l y the an im a l s  were t rea ted each day fo r the nex t
14 .4ays with two times the dail y vitamin A intake of the contro l rats used
in this study. The re was an i mmediate response to the vitamin A. The
s l u g g i s h , moribund rats became mo re act i ve , ga ined 8 grams in the first day
and continued to gain wei gh t at a ve ry hi gh rate for the followin g week.
When they were killed (21 days postope rative l y) their wounds we re as strong
as those of control rats when tested in both the fresh and forma l in—fixed
states . We carried out this study prior to the present progress report;it is
in cluded for  back ground information. (56)

2. Effect of Vitamin A Administration to Wounded , “Non-deficient ” Rats

Supp l emental vitamin A (oral and topica l to marg i ns of s k i n  i nc i s io ns and
ins tilled in the sponges at the time of implantation) g ive n to health y no rma l
ra ts in ges ti ng a commerc i al ra t chow , bu t rest r ic ted in foo d i n take by pa ir—
feed i ng ,  subjec ted to dorsal  sk i n i nc i s i ons and pol y v i n y l alcohol sponge s.c.
implants , led to s i gnificant increases in wound strength (p .~~ 0.001).

3. Effect of Vitamin A Supplementation on the Heal ing of Wounds
of Rats with Femo ra l Fracture (4b) (58)

a. I ncisions , b. Implanted polyvinyl alcohol sponges

Groups of hea l th y wounde d ra ts wi th and wi thou t uni la tera l o r b i l a tera l
femo ra l f rac tu res fed a comme rc ia l chow ra t ion were stud i ed w it h a nd wi thou t
the add it io n of supp le men tal vi ta m i n  A. In some experi ments the animals were
pair-fed and in other experiments we re allowed food ad lib i tum. The healing
of do rsal skin i ncisions and the formation of repa rative tissue in s.c.
implanted pol yv i ny l a lcohol  sponges we re s i g n i f i c a n t l y inc reased when supple-
men tal vi tam i n A was g iven , a l t h o u g h the vitamin A did not completel y obv i a te the
adverse effects of fracture (58). The ratio of the b reaking strengths of the
s k i n  i n c i s i o ns af te r fo r m a l i n f i xa ti on to the b reaki ng s trengths i n the f resh
s ta te was lowe r in the v i tamin  A supplemented rats , supporting our ear l i e r
experiments that v i tam in A increased the rate of collagen c ross—l ink ing .

For h isto log ic eva luation of the sk in inc is ions and sponge granuloma of
the ra ts k i l l ed at 11 days , a quan titation for each category descr ibed(collagen ,
ground substance and numbe r of fibroblasts) was based on arbitrary scales of
I to 3 and the ra ti os of ground substance to collagen ca l culated. No statisticall y
si g n i f i c a nt d i f fe rences i n co l lage n a nd g rou nd subs tance we re fou nd by the
exam ination of skin wounds. G round substance of sponge granuloma s of vi tam i n A
fractu red rats compared with peanut oil group was significantl y increased (p< 0.02)
as was the ratio of ground substance to co llagen (p4 0 .00 1) .  No differences
were found in the numbe r of fibroblasts in the wounds or sponge granulomas .

c. Open Skin Wounds

I n contrast to our findin gs regarding skin inc isions and the formation
of sponge granu lomas , un i la tera l or bilatera l femora l fracture did not slow the
r ates of c losure of open dorsal sk in  wounds , nor d id supplementa l v i tamin  A

have any effect on closure of open wounds in rats w i t h  or without femo ra l
f racture .

These diffe rences in behavior between the healing of sutured skin incisions
and t he closure of open skin wounds are not too su rpr is ing.  The heal ing of
open sk in wounds depends on factors d i f fe rent in seve ra l important ways from
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t hose invo lved in the gain of strength of healing skin incisions. Thus ,
w hi le l i t t l e  strength is at ta ined by healing skin incisions in scorbutic
gu i nea pigs ( in large meas u re due to a failure of collagen synthesis) the
c losure of open skin wounds in such gu inea pi gs proceeds at an essent ia ll y
norma l rate as shown by Abe rcrombie and associates (61) and G r i l l o  and
G ross (62)

It should be noted , though, that Hunt and h is assoc ia tes  found that the
closure of open wounds in rats t reated with cortisone is slowed and this is
pa rtiall y obviated when supp lemental v i tamin  A is g iven loca l ly  or pa renteral l y.
Thus , the ef fects of exogenous cort isone on the closure of open skin wounds
are d i f fe rent f rom what we have observed in rats w i th  femo ra l fracture .
Whether the diffe rence is largely quantitative (i.e., a re f l ec t i on  of the dose
of cortisone used ve rsus the stimulus of femo ra l fracture) or qualitative
(i.e., a r e f l ec ti on of qu al it at ive d i f f e re nces i n metabol i c and ph y s i o l o g ic
changes due to exogenous cort i sone versus the effects of femora l fracture)
remains to be established.

4. Experiments with Vitamin A Supp l ementation of Defined Diets
on Wound Hea lin q

We have carr ied out seve ra l experiments I) w i t h  rats i n i t i a l ly fed a
comme rcial rat chow and then adapted to a vitamin A deficien t (defined) diet
supplemented with added vitamin A ,and 2) with rats fed from weaning the defined
die t supplemented with vitamin A. Afte r being subjected to a dorsal skin wound ,
pol yv i ny l a lcohol  sponge im pla nt s a nd b i la tera l comm i nu ted femo ral f rac tu res ,
ora l and topical (to wounds) vitamin A in va ry ing amounts was g iven to the
rats. The intake of more v i tamin  A did not prevent postope rative wei gh t loss
after fracture and wounding, pa rticularl y among rats maintained on the defined
die t from weaning . No diffe rences in healing were found among rats adapted
to the define d diet with incisions. We raised the poss ib i l i t y  in our resea rch
app l icat ion that pe rha ps the fa i l u r e  of v it am i n  A to ame l i o r a te the hea l in g of
wounds in rats w i th  frac ture i ngest i ng  the def in ed d ie t in cont rast to the
pos i t i ve  effect of v i tamin A g iven to similarl y in ju red a nd wou nded ra ts
ingest ing a chow d iet mi ght be the presence of some nutrient(s) in the chow
diet absent pe rhaps in the defined diet. One such group of nutrients we
cons i de red were the trace elements , si nce , for example , (1) i n the absence of
adequate z inc , vi tamin  A is not mobilized from the liver and (2) when body
z i n c  i s  l 2~~ 

heal i ng is impa i red. Accord ing l y ,  an experime nt was conduc ted
recent ly in w hich t race elements known to be requ i red by the rat were added in
amounts conside red adequate even in the presence of inj u ry . Irrespective of the
ora l supp l ements or topica l vi tamin A treatments , supp l emental vitamin A minimized
the cha rac te r i s ti c ear l y r i se in adrenal  wei ght associated with i r,ju ry. Live r
v itamin A concentration and contents we re s imi la r  for a g iven supp lemental dose
of v it am in  A i n  ra ts onl y wounde d and rats wounded and subjected to ferno ral
fracture . Serum vitamin A concentrations we re l ower in wounded rats with fracture
than in ra ts onl y wounded at each leve l of vitamin A supplementation. Within
each of these groups , the leve l of v i tamin A supplementation had little effect on
serum vitamin A despite differences in liver vitamin A contents. In this respect ,
the i n ju red  rats behave d re la ti vel y s i m i l a r l y to the uninjured animals. No
d ifference in the strength of 10—14 day old dorsal skin incisions w~~ noted among
various groups of rats each mainta ined from the time of weani ng (3 weeks of age)
on a v i tamin A free diet supplemented w i th  50-60 pg vi ta m i n  A three ti mes a week
for 8 weeks , t hen subjected to dorsal skin incis ions and s.c. pol y v i n y l a lcohol
sponge imp lants ; postope rat ivel y some groups we re m a i n ta in ed on the leve l of
5O-60 ,ug vi tamin A while othe r groups were g i ven l 000 ,pg v itamin A . We believe
t hat the fa i lure of v i tamin A to affect the gain of wound strength in the rats w i t h
femora l f rac tu re inges ti ng the “defined” die t while it does in rats with femora l
f rac tu re inges t ing  a “nu tritionall y comple te” comme rc i a l  ra t chow d i et re f l ec ts a
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nutrient deficiency in the “defined” diet which we have not yet identified.
The his tolog i c exa min a t io ns of the i nc i s i ons and spo nge repa ra t ive ti ss ue
and the hyd roxypro l m e  measurements of the sponge repa rative tissue are in
progress and wi l l  be reported in a subsequent progress report .

5. Effect of Vitamin A and Citra l on Peritoneal Adhesion Formation

Backg round

The developmen t of adhes i ons f o l l o w in g intraabdom i na l surge ry constitutes
an important surg ical p rob l em . Adhes i ons are a majo r ca use of mecha n ica l
intestinal obstruction , often requiring ope rative therapy. The mechanism of
adhes ion formation remains unknown. Seve ra l factors which influence their
develop ment are : t rauma , foreign bodies , and bacterial infection . Ell i s  (63)
has proposed that it is not serosal integrity but tissue ischemia which is the
impo rtant factor in the etiology of postope rative adhes ions.

We have mentioned ear l ie r  in th is  report tha t Ehrl ich  and Hunt have show n
that v i tamin  A antagonizes t he inh ib i tory ef fect  of cort isone on wound heal ing(53)
(5L1.) . We have a lso pointed out that we have shown that supplemental v i tamin  A
accelerates heal ing of skin incisions in norma l rats and rats with femora l
fracture i ngesting rat chow ( 58 ). Anothe r observation made in our l abo rato ry
is that rats receiving h i gh doses of vitamin A orall y for periods of 4 — 5 weeks ,
exhibited thickening of the sp l enic and live r capsules. Based on these observatior~~,we dec ided to study the effect of vitamin A and a vitamin A inhibitor on the
formation of intraabdomina l adhes i ons.

Expe r iments we re carried out on Swiss , wh it e fema l e  m ice , wei gh ing 20-25
grams. Peritoneal l i ga ti on as descr ibed b y E l l i s (64) was the method used to
produce intraabdom i na l adhesions . Open ethe r anesthesia was used. Sham—ope ration
cons isted of opening and c los ing the abdomen throug h a midline incision. Animals
we re g iven ground labo ratory chow and water ad libitum. In the experimental groups
of mice , the die t was supplemented with either all—trans -Vitamin A acetate or
Ci t ra l or both. C i t ra l is a v i tamin  A inh ib i tor ;  i ts  chem ica l fo rmula is :

(CH 3)2 CCHC H2CH 2C(cH 3) :C HCHO M.~i.: l52.24

The technique of peritoneal ligation proved to be a simple and reliable
method for the production of intraabdom i nal adhesions . From our experimenta l
results it was evident that the i ngestion of a diet with a hi gh (300 mg/Kg diet)
or intermediate (150 mg/Kg diet) supp l ement of vitamin A for ten d ays following
peritonea l ligation enhances adhesion formation whe reas a lowe r (75 mg/Kg die t)
supplement of vitamin A had no effect. On the othe r hand , ingest on of a diet
w i t h  a h i gh supp lement (l0 ,00O~~Kg die t) of Citra l for ten days postoperative l y
p revented adhesion formation iYi a si gnificant numbe r of mice . An intermediate
d ietary supp l ement of Citra l (l ,O00~,/Kg diet) had a lesser but si g n i f i ca nt ef fec t ,
whe reas a low (1O0~~/kg die t) supp lement had no effect . Simu l taneous administration
of d ie tary supp l em~nts of vitamin A and Citra l p roduced variable results: in the
hi gh supplement group , the vitamin A effect was greater than that of Citral
resu l t ing in the development of 3+ adhesions in over 50% of the animals. Howeve r ,
Ci t ra l prevented the full expression of the v i tamin  A ef fect  as show n by the
absen ce of 4+ adhesions (53% of the mice receiving this leve l of supp l ement of
v itamin A alone developed 4÷ adhesions) . In the intermedia te supplement group,
the C i t ra l  effect was mo re pronounced , 40% of the anima ls had 1+ adhes ions and
none had 3+ adhesions (40% of the mice receiving vitamin A onl y had 3-’- adhes ions.)
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In the low supplement group, there was no s i g n i f i can t d i f f e rence f ro m
the controls (80).

6. Effect of DOCA administration on vitamin A and Wound Healing

The administration of modest amounts of DOCA to rats mildly deficient
in v i tamin A (as result of a low intake of vitamin A) results in seve re
wei ght loss , ma rke d decrease in strength of heal ing wounds and decreased
fo rmation of imp lanted sponge granu loma col lagen.  A l l  these ef fects  are
much g reater than are seen in vitamin A supplemented rats g iven DOCA . We
have mentioned that Ehr lich and Hunt have shown that extra-vitamin A
antagonizes the adverse effects of cort i sone on the heal ing of incisions and
open wounds in rats (53, 54).

7. Ef fects of Metyra~one

Back g roun d

The marked metabolic de rangements associated with injury include seve ra l
reactions wh i ch are similar to those which result from excess glucocort i coid
hormone secretion. Two such reactions are muscle—wastin g and decreased
i mmunolog ic competence . ~te (15) (20) and others (2)(1+ )(9)(12)(l3)have
d iscussed in detail elsewhere current views regard ing the role of the CNS-
Hypot ha lamus—Pi tu i ta ry—A d renal Ax is  in the metabolic reaction to injury .
Metyrapone inh ib i ts  g lucocort icoid synthesis and leads to the accumulation
of DOC. In expe r iments using Metyrapone we have found the fo l lowing:

Ra ts

I) In rats subjected to do rsal skin inc is ions and implantat ion s .c .
of pol yv i nyl  alcoho l sponges , we have always observed postoperative
weight loss which persists for seve ra l days . We have observed that
administration of metyrapone (200 mg/kg diet) decreases this wei ght
loss.

2) The operation causes a 35% reduction in spleen size; metyrapone
t reated anima ls show onl y a 10% decl ine ’(p<. O .OO l) .

3) Ope rated animals show a 25% decrease in thymic size; metyrapone
ani ma l s  sh owed no loss in thy m i c we i ght (p~~0.OOl).

4) The breaki ng strength of the incisions of the metyra pone treated
an i mals  was s i g n i f i c a nt l y h i gher than that of the cont rol rats
(pc .O.OOl), and the metyra pone treated rats fo rmed repa ra t ive
collage n (as assessed by hyd roxyproline) at a faster rate in s.c.
im p la nted pol yv inyl alcohol sponges.

M i ce

1) I n norma l mice , metyrapone inc reased thymic wei ght sli ghtl y ,
and thyi-n ic protein and RNA substant ia l l y (65).

2) Phys ica l stress (the wearing of a body cas t , such as used i n
sk in graft  experiments) decreased thy m i c  we ight , protein , DNA ,
and R~’&A ; metyrapone antagonized these effects si gn ificantl y.
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3) Phys ica l  stress decreased the i mmunocompetence of mice as
jud ged by their ability to reject allografts and a vir a l
tumo r (Moloney Sarcoma) ; metyrapone increased the imrnuno—
competence of both stressed and non—stressed an imals as
j u d ged by their resistance to i noculation of the Mo l oney
Sa rcoma virus (lower tumo r incidence , prolonged latency
period , and faster tumo r regression time) and C3H b reast
adeno carcinoma(tumo r inc i dence , tumo r sco re , survival)
(66)

4) Metyrapone antagonized stress ulce r formation followin g
restraint and food deprivation (67).

23



8. Effect of Vitamin A on Cortiso l Receoto r Protein

In  loo k in g for an explanation for the observations of Hunt and his
coworkers , that vitamin A can antagonize some of the defects in wound heal ing
cue to cortisone administration and our own observation that v i ta m i n A can
overccme some of the aaverse effects of trauma in wound heal ing , we exam i ned
the influence of vitam i n A on the cortiso l “rece pt or ” prot ein.

The cortiso l recepto r protein is not to be confused with the corti sol
bindin g g lobulin (transcort in ) present in plasma . The recepto r protein
has a mu ch h i gher af f i n i ty for  the s tero i d and i s the reb y a b l e  to accep t
transcor tin—b ound steroid. Liver and th ymus a re  the two ri ches t sou rces of
cort i ca l receptor protein.

Significance of the cortiso l recepto r orote in

The co rti sol rececto r protein permits liver and thymus to remove cortisol
frcm the circ u lation and permits the live r to respond to cortisol (e.g. incu ct ion
of en:ymes for cluconeogenesis) and the thymus to respond to cortiso l (selective
destruction of non—sensitized l ymphocytes ; inhibition of protein synthesis by
surv iving l ymphocytes). Prior to our work it was known that liver and th ymus
l evels of the cortiso l recepto r prot ein were elevated b y cortisol administration
an d l owered b y ad renalec tomy.

Cur orel in inarv excerirnents show the follow i nc:

(1) The stress of partial body casting (the type of stress that is
immunosuppressive as assessed , e.g., by a l l o g ra f t rej ec ti on and M o l oney
Sarcoma Virus tumo r rejection) more  than doub l es the liver conten t of cortisol
recepto r protein , and increases the cortisol recepto r protein in the thymus to
an even grea ter degree .

(2) Supplemental vitamin A (given to no rma l rats) increases the levels of
the recepto r protein about 2C~~, but vitamin ~ blocks the much lar ger (lOO—2OO ~ )
increase in li ver and th ynus cortiso l receptor pro,te in induced by partial bcd y
cast ing.

Current Studies wi th Vitamin A, Met’fraoone and Deoxvcorticoste rone (000

We are continuing our studies with vitamin A in two major areas:

1 . wou nd hea l in g in se r ious l y injured rats with emphasis
on the mechanism(s) of action of vitamin A;

2. infection , loca l and systemic , wi th the view tha t supple-
men tal vitamin A will  increase the resistance (loca l and
systemic) of seriousl y i njured ani m als. This aspect of our
i nves tigations is described in Section IV of this report.
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Studies w i t h  Metyrapore and deoxycort icosterone (DOC) .~i l 1  be car r i e d  cut a l s o
in these t~ :O areas. These studies are designed to cast li ght on the nechankm of
vitaH n A s  actions and are not conducted w ith the view tha t these agents (~ etyrapone ,
DOC I Ill  be used as therapeutic agents c l i n i c a l l y in the care of injure c pa t ie n ts.

Scme of the spe c if ic E ;<peri rrents to be Conducted are Di rected
Toward Ans ;iering the Follo w ing question s

(a) Does v i t a m i n  A re cu ir e the presence of macrophaces to exert
arn eli orat in c effect on the imp aired hea l ing of seriousl y i n iu r ~ d
anima l s? An ti-rracroph age serum w i l l  be used to help answe r
this question .

(b) A question related to thethove is the following: W i l l  vitaH r
exert its anta gonis tic effect on exocenous cortisone qiven to rats
whose only injury is a skin inci sion or ooen skin wound and who
are t reated with anti -rnacroohaQe serum or does vitamin A recui -e
the presence of macroohaces for this antagonistic effect to be
e ‘iide n t?

The major ini t i a l  examination in both experiments (a) and (b) wi l l  include
—easurernent of the breaking and tensile strengths of the skin incisions , the .eich z ,
hyiroxyproline , DNA , and protein contents of the sponge (or cy linder) repa rative
tissue , and the histolog ic examination of the skin incisions and the sponge (or
cy lincer) repa rative tissue. Depending on the findin gs , additiona l spec iali:ed
measurements related principall y to col lagen synthesis and cross—linking w i l l  be done.

(c) Does vitamin A affect collacenase activity ?

Collagenase activity in the repa rative tissue (sponge or cy l inde r) wil l  be
measured in some groups of rats of the precedin g expe r iments to test our hypothes is
that vi t amin A may affect collagenase activity; our rationale for this hypothesis

~ias g iven in our research app l ication . This hypothesis . , ill also be tested in
experiments in wh i ch scme rats receiving exogenous g lucoco rt i co i ds are g ive n
supDler-e ntal v i tamin A while others are not. The b reaking strength cf the incisions
w i l l  be mea su;-ed also and the ‘ iei ght , hydroxypro line , DN A , and protein contents of
the sponge (or cy linder) repa rative tissue j il l  be c~ termi ned. Histolog ic exam i nation
of the heal i ng incisions and repa rative sponge (or cy l inder) tissue t i l l  be carried out.

(d) Vitamin A Metabol i sm After I njury

I . We p l a n  to con ti n ue our s tu d i e s  to:

a. determine quantitative l y the influence of
injury on the metabolism of vitamin A ,

b. determine the leve l of increased requirement
of vitamin A following wounding and other injuries.

The l evels of vitamin A w i l l  va ry for different g roups of rats , matc hed by
star t in g wei ght , and pal r—fed or fed ad 1 lb i turn postoperativel y. The i njuries w i l l
be unila t era l or bilatera l femora l fractures in some experiments; the test wounds
w i l l  be skin incisions and s.c. implanted pol yviny l alcohol spo nges.

(e) Vita m in A. Co rt iso l Receptor Protein

1 . determine the effect of unila t eral and b i lateral comminuted fenoral
f ractures and severe burns (3 O— 35 ~ bod y s u r f ace , 30) on the concen t ra ti on and
ccntent of cortiso l recepto r prot ein in the I iver and th ym us of rats;

2. ce terrrine the effect of supplemental vitamin A g iven to simi l a r l y
inj u rec rats cn the live r and th yrnus c,Qrt isol recepto r protein.



Roles of Vitamin A, Metyrapone: Deoxycorticosterone and Ad juvant s
in Resistance to Infec tion

Our previous and proposed studies of the relationship of vita m in A ,
Metyrapone , deoxycorticosterone and c~.rtain adjuvants to infect ion ,specific a l l y
in regard to the altered resistanc e to infect ion of seve ra l y injured animals
and patients are described in Section IV of this report.

E. Ar g in ine Supp l ementation as a Stimulus for Wound Healing :
G rowth Ho rmone

Background and Rationale

Seve ra l yea rs ago ,we undertook a study aimed at determin ing the relat iv e
importance of dietary prol i ne ,g l yc i ne and arg inine for wound healin g. These
experiments we re based on the fact that these am i no acids can be synthesized
by the rat but unde r conditions of rapid body g rowth , there can be a growth
response to dieta ry supplementation with these am i no acids . Further , g l ycine
is present in ve ry hi gh conce itration in collagen and scleropro teins , and
pro l m e  and its derivative hydroxyprol m e  are present in hi gh concentrations
in collagen . Arg inine is also present in fairl y hi gh concentration in
collagen. In addition , a rg inine is a precursor of proline and , therefore ,
a l so  of h ydroxyprol i ne .

(continued On next page)
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We were interestec in stuc y ing the relative si gni f i cance fo r wo u nd heal  i ng
of th e following pathways :

a) glutarnat ~ pyrro l ine carboxylic acid ) pro l ine

and
b) arg in i ne 3. ornithi n e ? pyrroline carboxy lic acid — —— .?~ 

proUne

In an ini t i a l  experiment des i gned to determ i ne if g l yc in e or  p ro l i ne
stimulated wound healing , young adult Sprague—Dawley rats we re wounded in a
standard fashion (dorsal skin incisions and subcutaneous implants of pol yv i nyl
alcoho l sponges) and placed on a chem i cally defined diet lacking proline ,
glutamic acid , g lyc i ne and a rg inine. These animals were placed in one of four
grou ps: (1) no supplement , (2) g l yc i ne su pplemen ted , (3) pro l ine supplemented ,
and (14)  g l yc ine plus proline supplemented .

Dur ing the first postoperativ e week all the wounded animals lost 15—20 g
each . It should be emphasized that unwounded rats of this age gain wei ght when
ingesti ng these diets . All diets were then altered to include an arg inine
supplement , whereupon the wounded animals began to gain weig h t at a near no rmal
pattern . Under these conditions , then , arg inine was a major limit i n g  am i no acid
fo r the wounded , but not the unwounded rats . Adding glycine to the ara~ ni ne
suppleme ntec diet in comparable circumsta nces led to an additional modest wei gnt
gain so that the rats now gained wei ght normally. When proline was added rather
than ,or in addition to ,g lycine , no effect in wei ght gain attributable to pro l ine
was seen.

In terms of wound strength , the re was a subs tan ti al d e l a y  in healin g in
all groups during the first week postoperative l y. Af ter the arg inine supplement
was added , there  was an ab rup t i ncrease i n the ra te of gain of wound strength
so tha t near no rmal l evels were reached in 2—3 weeks. Additional pro l m e ,
adde d to the a rg inine , had no apparen t additional effect on the alread y improved
heal ing , but when gl yc ine rathe r than prol m e  was aeded to the arg inine suo ple—
r’ented diets , heal ing vas accelerated s t i l l  further , just as the gain in wei ght
was. The results show that under the con citions of these exoeriments arcinine
is indis oensab le for both arowth and wound rep air of wouncec animals; the
arainine requirement is clearl y increased by the wound inc , since unwoundec youno
adult rats crow satisfactorily on the unsupplemented basal diet.

We have recen tl y cond ucted several experiments to stud y the i n f l uence of
arg i n i n e  supple men ta ti on~.on wound healing in young adult rats fed a commercial
l aboratory chow (Tekiad). In a typica l experiment two groups (10 male rats each ,
wei ghing 190 g) were maintained on Teklad . Three days preoperatively the ration
of one group was altered as follows : to the chow , arg i nine—HC I was added ,
5 g/kg diet , and their drinking water  was n~de to contain 0.5% arg in ine—HC I . The
ot her group of rats (controls) was continued on the unmo dified chow and tap
wate r .  A f t e r  wounding (dorsal sk in inc is ion  and the subcutaneous implantation
of po l yvinyl alcoho l sponges) the controls were con t inued on the i r p reo pera t~ve
food and water rations , while the experimental group was fed the arg in ine supple-
ments for an additional 14 days , and then fed the contro l rations. The rats were
kille d 10 days postoperativel y. The break ing strengths of the dorsal skin in-
cisions of the ar c inine suoclementec group were s lcni t i c a n tlv strcnce r ’7f .~~ c c D . C C I I
than those of the contro l unsuoplerrentec crouc . This is a remarkable effect.

This chow contains l.d/3 a rg inine and no rma l rats g row and rep roduce in exce llent
fashion when i ngesting it.

27



\~e have confi rmec th ?s ary ini n e effect in several suusequent ~cu nc heal ing
st~cies (~ 3,S9 ,7C).

We bel ieve that the arg inine effect on heal ing is due to the following:

a. it is recuired for repair anu regenerat~cn in amounts that canno t
be synthesi zed by the rat , i.e. , there is an increased arg inine require m en t
resulting from wounding or injury;

5. the adcec arg inine may act by becom i ng in~~ rporated into protein(s)
as eitner arg in ine or pro l ine or the arg inine may be acting by g iv ing rise to
ci amines (putrescine , agnatine) or pol yam i nes (spern i ne , spermidine ) wh i ch may
st imulate fibroblast divisio n or wh i ch may infl uence inflammation and neo—
vasc u la r iza t ion;

c. the adced arg in i ne -ray act as a releasing agent for ho rmcnes , such
as c rowth ho rmone , ~nsu l in and glucegon , or t may act to i n tr ib i t the release
of ACTH .

In an initial experiment us i ng hypoph ysectom i zed rats receiving ACTH ,
tes tosterone propionate , and thyroxine , but not g rowth ho rmone , we ( 69 ) have
fcunc that dietary arg inine supplementation did not affect wound healing (break-
ing strength of dorsal skin incisions and hyc roxyproflne content of the reoar—
ative tissue found in s.c. implanted col yv iny l alcoho l sponges). This experi-
ment supports the view that the arg inine effect on healing may be mediated b y
growth hormone. We are currently repeating and entend ing this type of stud y
using hypoph ysectomized rats wh i ch rece i ve ho rmonal suoplenents other than
g rowth hormone , some of wh i ch receive arg inine supplementation and some of wh i ch
do not. The effects of the arg inine supplementation on heal ing wi l l  be assessed
using the r’ethoos alread y described in this report . We anticipate confirm-
ing our nitial experiment and will then extend the experiments to include
h 1no~ hysec tomize c rats receiving ACTH , testosterone cropionate , th yroxine arc
growth ho rmone (some groups in maintenance amounts , other groups in surer—
maintenance amount s) some of wh i ch rece i ve arg inir )e suople m entat ion and scme

of which do not. We have reviewed in our research grant application tire
studies of others deal ing with the effects of growth ho rmone on wound
healing and protein metabolism after surge ry .

Our current experiments are aime d at determi ning the extent of the a rcini ne
ef fec t s on hea l in a i n seve rel y injured animals and the mechanism of the effects.
In these experiments , in addition to observations of wound healing, we plan
to determ i ne : (a) plasma growth ho rmone l evels in wounded and unwounded rats
w it h and w it hou t b i la tera l f rac tures and wit h and wi thou t arg inine supplemente ;
(b) plas ma corticosterone in the same animals; and (c) live r and th ymic
cortisol binding protein levels in these animals .
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Ou r cu rrent stu d i e s  a l s o  dea l w it h the e f fec t of arg inine on
wo un d h e a l i ng in se r ious l y injured animals; g rowth hormone supplementation
with and without arg i n ine supplementation will also be assessed. Rats
w i t h  bi latera l femo ra l fractures and contro l rats without f ractures
w i l l  have skin incision s , pol yv i ny l alcohol sponge s.c. implants or
stainless steel mesh cy linde r implants. G roups of rats wi l l  be t reated
with arginine and g rowth hormone, singly and together. Appropriate un-
t reated control rats wi ll be studied concu r rentl y. Die tary intake will
be ad libitum in some experiments , pair feeding, in othe rs , and when indicated ,
reoulated by tube feeding . Measurements of body wei gh t an d the heal  in g of the
skin incisions and the formation of the sponge or cylinder repa rative tissue
w i l l  be assessed by the tech n i ques a l r e a d y desc ribed. Pa rallel studies wi l l
be carried out with rats with bu rns (30—35% , third degree) rather than
femo ra l fracture , as descr ibed elsewhere in this application.

Extension of our observations on the effect of growth ho rmone wi l l
be made , with special attention directed toward the influence of this compound
on collagen synthesis. The hormone wil l  be added to culture media of fibro —
b las ts  at various concentrations. I ncubation with proline — l4C wi l l  then be
done with both exponentiall y g row i ng and sta ti ona ry cu l tures , in orde r to
establ i sh whe the r the effec ts of g rowt h hormon e on co l l agen  sy nthes i s  a re
different in rapidl y growing and in non—growing cel l populations.

F. Ac tion of Tumo r Angiogenesis Factor(s) (TAF) in Healing Wounds.
Can such Treatment Promote the Healin g of Wounds in Seve rely
Injured Animals

Backg round

Fol kman has described the prepa ration of a protein from various
solid tumors and from tumor cells grown in cu l ture which has the property
of stimulating ang iogenesis (TAF) (71-75) . The protein has been extracted
from both the nuclei and cytoplasm of a variety of tumo rs and the current
view is that TAF is a non—histone protein produced in the nucleus , and
is stored in and secreted by the cytoplasm. Its molecular wei ght is in
the nei ghbo rhood of 100,000. Not all workers accept the view that TAF
is uniquel y a tumo r protein. Proteins of similar function have been
assoc i a ted w it h vascu la ri za t io n i n  fe tal develo pme nt a nd i n v a s c u l a r i z i ng
wounds . In the healin g wound seve ra l groups (Ross (76), Hunt (77), and
Peacock (78)) have found that macrophages are intimatel y in vo l ve d in wound
repa i r  by their support of fibrop lasia. Hunt ’s group has shown that the
macro phage st i mu l a tes wound angioge nes i s , al thoug h they have no t show n tha t
macrophage extracts can do so.

(continued next page)
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Fol kman and we hav e shown that TAF is not tumori genic arc we have found
tha t its use does not confer i mmun i ty to tumors such as MuSV . Since ang io—
genes is is a limiting facto r in the early wound healing period , we have been
ca r ry ing ou t experiments to determine how TAF affects fibrop lasia , i n c l ud i n g
fibroblastic proliferation and collagen synthesis.

We have used murine solid tumors of two types ~s sources of TAF: (a) C3HBA
(mali gnant mamma ry tumor) and (b) MuSV—M (Murine Sarcoma virus tumor). For our
first experiments , the so] id tumors were harvested and extracted for our initial
exper im en ts b y the or i g inal procedure of Folkman (.71 ,72)

(1) Two experi ments were conducted using such TAF prepared from MuSV—M
tumors :

Rats were subjected to dorsal skin incisions for the subcutaneous
i m p l a n ta ti on of pol yv iny l alcoho l sponges . The sponges contained either muscle
ex t rac t , p re pared b y the methods used to prepare TAF (control), gel atin (additional
control), or TAF in gelatin. After five days , the sponges were removed . ThE
sponces had more than tw i ce as much hyd roxyoroline as the other two crouos . In
ano ther similar experiment us i ng another TAF preparation , the sponges we re removed
at day 7. A qain , the TAF soonoes had more than tw i ce as much hvd roxyoro l m e
as con trols. Tne ge latin was absorbed by this time .

2. Dorsal skin inc isions were made in rats arid the incision bathed
wi th a solution of TAF in Hanks ’ solu tion just prior to suturing . A contro l
grou p of rats were operated upon but a similar solution of muscle extract used
ra ther than TAF. All rats were killed 2 weeks l a te r .  No e f fec ts  on breaking
strength of the skin incisions were found . In a subsequent experiment , the
sol utions were instilled in the wound area for 3 days and the rats killed on
day 8. The break ing strenath of the wounds of th~ TAF treated rats was now
tw i ce as strona as that of the control rats.

(continued next page)
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(2) Three experinerits were conducted using TAP prepared fron C3HBA tunor,
a tunor requiring cell transplantation and presi=ied not to depend on the pres—
ence of an oncogenic virus.

1. The extracts were evaluated using the Selye air pouch technique.
Increased cap~llarit7 of the pouch was seen in rats injected with the extract
ccnfir~ing Folknan who also used the air pouch technique ( 5). Muscle and
1~ver extracts did not enhance capillarity. We found increased blood vessel
develop ent at days 2, 3 and 5.

2. This type of TAP preparation was used by Drs . H. Miller and G.
Sosler in our departnent in dogs subjected to coronary artery constrictIon
to see if TAP treatnent increased collateral vessel developi~ient. Application
of TAP in uridissolved gelatin and agar increased vascularization of the
myocardiun more than application of gelatin and agar alone did. The dogs
were followed and Observed 3 and 6 weeks after the application of an A~eriodconstrictor.

3. Rats were subjected to 7 c~ dorsal skin incisions and to In—
plantat~ cn of polyvinyl alcohol sponges into sub cutaneous tIssue t~~der pento—
barbital and ether anesthesia. The wounds were treated with either TAP or an
ex~~act of non—tunorous nuscies (control) . Anir.als were killed on post—
op~~ at~ve days 6 or 10. The nean breaking strength for 10 day old control
wo~~ ds was 190 gn; wounds f rom TAP treated an~nals were stronger , 272 gn ,
p~< 0.002 . Granu1os~as fron control rats contaIned 0.27 ng of hydroxypro line/ lOO mg
sponge at day 6 and l.2Sng/100 ng sponge at day 10. The corresponding values
for the TAP treated groups were 0.6 mg at day 6 (p<~ .O O1) and 1.8 ng at day 10
(p(0.OO1). We conclude that TAP supports increased fibroplasia in the rat
pres~~ab1y through TAP—s tinulated neovascularizatlon , but the nechansin renalns to
be found (79).

We plan to extend these p r o m i s i n g  studIes . Cur studies will be dIrected
towa rds answering the following queszlcns :

(a) Can the action of TAP on wound healing be rodif~ed (inp rovad) by
use of techniques to alter the rate at which TAP is delivered to a wound site?

(b) Can TAP be used to pronote healin g of wounds other than skin incisions ,
e.g. skin grafts ?

(c) Can TAP be used to help correct the inpaired healing of wounds associ-
ated wit h sev~rei.njury ?

(d) How does TAP function to promote angiogenesis , fibroplasia and in-
creased collagen synthesis? Can TAP action be accentuated by cotth inin g it
wIth the use of chenicals such as vita in A which also have local effects on
promotin g healIng ?
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II (2) Additional Studies Deal i ng with Attempts to Increase Fibroblastic
Pro l iferation , Collagen Synthesis and/or Collagen Cross—linking
and Thereby Accelerate Heal ing Afte r Injury

The cr iti ca l role f i b roblas ts p l ay  in wound hea l ing  has lo ng been recognized.
W ithout adequate numbe rs of fibroblasts , without properl y functioning f i brob la s ts ,
wound healing canr~ proceed. These cells , among their special funct i ons , are the
sole manufacture rs of collagen , and the synthesizers of some of the essential
components of the g round substance . The adve rse effects of “too much” cor ti sone
on wound healing, fo r examp le , are due in la rge meas ure to a subs tant i a l  decr ease
in the numbers of fibrob lasts due in part to inhibition of their multiplication
and some changes in their ultrastructure . In asco rbic acid deficienc y, the re is
no decrease in the numbe r of wound fibroblasts , nor in the rate in which they
appea r , but the re is a si gnificant change in the ribosoma l arrangement along with
the endop la sm i c  re t ic u l um , a disarrangement which is promptl y restored to the
no rma l orderl y “pol ysomal ” arrangement when asco rbic acid is given — Ross and
Benditt (1), Ross (la).

F i b rob l a s ts have gene ra l l y been cons id ered to beg in making collagen onl y after
the “growth” phase but recent results from our l abo ratory indica te tha t fibroblasts
in the l ogarithmic g rowth phase can synthesize and extrude collagen (Manne r) (9).

The rates at which the entrance and multiplication of fibroblas ts enter the
wound unde r no rma l circumstances are well known. These rates are slow enough
to have enc~~ raged i nvesti gators to attempt to accelerate them , with the expectation
tha t wound hea l ing  would be speeded up thereb y. Prudden has reported l im i ted
success in this regard with cartilage powde r and n—acety l—g lucosam ine pol yme rs
applied locall y to the wound (2).

a) Additional Methods to Increase Fibroblast Proliferation and
Collagen Synthesis in Wounds .pfl. Imp lantatior , of Cultured
Fibrob lasts into Animals

Our objectives in this phase of our studies we re to dete rm i ne whethe r cu l tured
dip l oid fibrob lasts surv i ve when added to pol yviny l alcohol sponge implants in rats ,
rema in v iab le  upon re incubation , acce lerate the synthesis  of ground substance and
co l lage n , and increase the rate of healin g and the strength of wounds . The long
term fate of implanted cu l tur~~d ip lo i d f i b r o b l asts was a l so  stud i ed , with particular
attention to possible tumo r formation.

Backg round

The su rv iv al of a nd the react io ns to re i mplan ted cul ture d c e l l s  i n a n i m a l s
or pa ti ent s have been s tud i ed by a numbe r of i nves t i gators . Most of these studies
we re , howeve r , concerned w i t h  the i nvest igation of reject ion phenomena and/or of
specific tumo r anti gens. Southam et al. (1) showed tha t human and other neoplast ic
cell line s grew better afte r subcutaneous injection into cancer patients than in
healthy volu nteers; ch i ck embryo fibroblasts did not surv i ve (3). Established
epithe l ial cell lines from no rmal tissues also survived well after subcutaneous
in ject ion into cance r pat ients , but  such es ta b l i s h e d  l i nes at the t ime of i m p l a nta t io n
we re no longe r d ip lo id  (Moo re et al ., 1956 (1+)) . Ce l l s  of the human epide rma l l ine
NCTC 3075 surv i ved for severa l months in patients with advanced mycosis fungo i des
but for  shor ter t ime pe ri ods in  pa t ien ts i n less advanced stages of the d i s e a s e,
indicating an impairment of the imunolog ica l defense mechanism (Van Scott et al.
(1956) (5). In these studies , the imp lanted ep i the l ia l  ce l l s  d id  not ke ra t in ize
or othe rwise carry out specialized functions of diffe rentiated cells. Bi l l i n g ham

32

.-  —- .
~- -



and Silve rs (1970) (6) found that pi gmented cells of gu i nea pi g c e l l s  su rvived
well when trarderred into non—pi gmen ted a reas wi th in the same a n ima l or a s i b l i n g
within a hi ghl y inbre d strain. Human skin epithelial cells grown in culture can
be s u c c e s s f u l l y  autotrnas p la nted to burned  pa t ien ts ( ); the lo ng term fa te of
these transp lants has not bee~determ ined , i.e., w hethe r neoplasms may develop.

a. Tissue Culture of Fibrobla sts

An imals of highly inbred s t ra ins  (Fischer rats) we re used in orde r to obviate
genetic variability.

Fibroblast cultures we re derived f rom the skins of newborn an ima ls  by minc ing
and t rypsiri izat ion (0.1 — 0.25% t rypsin , at times in the presence of 0.00 1 — 0.002
M Na 2 EDTA) . The cultures we re grown in Petri dishes in Eag le ’ s HEM w i t h  5 - 10%
ca lf serum and subcultured until enough mater ial for the implantat ion experiments
was avai lable.  For the exper ime nt s , the cel ls we re dispe rsed by t ryps in izat ion,
washed repea tedl y w it h balanced sal t sol uti on to remove ca l f  se rum p ro te in s ,
and f ina l l y suspended in balanced sal t  solut ion for re injection into experimental
animals.  A l iquots of the suspension we re also transferred into Petri dishes with
the standard growth medium in orde r to determine the viability of the suspended
cells at the time of re i njection.

b. Determ i nation of Surviva l and Function of the Cultured Fibroblasts
When In jected into Animals; Effect on Wound Healing (Manne r et al.(9),
Seifter et al. (8).

In our investi gations the effect of the implantation of Fische r rat fibroblasts
grown in culture on a) the rate of collagen synthesis in subcutaneousl y im p l a n t e d
“Ivalo n”pol yviny l alcoho l sponges and b) the heal ing of skin incisions was studied
in rats.

a) Rat emb ryo sk in f ibrob lasts  we re derived f rom the do rsal sk in of 15— 1 7 day ra t
emb ryos . F ibroblasts  f rom repa rat ive t issue were ob tai ned f rom pol yviny l a lcohol
sponges subcutaneous ly imp lanted into rats and removed af ter  k—.5 days . Dul becco—Vogt
med ium containing 0.025 H of HEPES buffer (ph 7.35) and supp lemented w i t h  10% fetal
ca lf serum , penici ll in , streptomyc in , amphoter ic in B , and au reomycin , at 36°—37 °C
i n  10% C02/a ir , were the conditions of cell culture ..

The c e l l s  we re ha rves ted b y t ryps in i za t ion , wash ed tw i ce by cen t r i fuga t ion i n cold
serum— free cu l ture medium , and were then resuspended in serum—free medi um (l—2xl0 7
cell/mi). 0.1—0.2 ml of the cell suspens i on was instilled into each poly v i n y l a lcohol
sponge. Contro l sponges containin g an equal vo lume of serum—free t issue culture medium
onl y. The sponges (4 per animal) were inserted asept ical l y into 250 gm rats unde r
pentoba rbita l anesthesia in subcutaneous pockets. The recipient rats we re the same
inbred Fischer stra in fran wh ich the cu lture d fibrob lasts had been derived .

I n sponges removed fou r days afte r implantation , a si gn if icant inc rease in
co llagen content after inoculation w t h  repair t issue f ibrob lasts was observed
a lthough even in the f ibroblast- inocu lated sponges the collagen content was low at
this time . After seven days , the collagen content of the fibroblast— inoculated
sponge s was more than tw i ce as h i gh as in the controls. In fact , the amount of
co llagen present af ter 7 days in f ibroblast- inoculated sponge s was approx imately
the same as that in non—inoculated sponges af ter  14 days. The inc rease was about
equal when skin fibrob lasts and when fibroblasts from repair tissue were i noculated ,
or, in one experiment, from human lung (WI—38).
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Prelimina ry experiments , in wh i ch rapidl y prolife rating f i broblas ts we re
tagged by pu ls e — l a b e l l i n g  and we re then i n s t i l l e d  into sponges prior to implantat ion
into rats , showed that 10 — l5’~ of the radioactive label was present in the sponges
at the time of remova l one week later. This radioactivity was presumabl y present
i n vi abl e ce l l s  s ince dead c e l l s  and c e l l  deb r is wou ld  l i kel y have been removed from
the tissue within this time period. The fibroblasts in the i noculum , althoug h onl y
a fraction of them may remain viable , are thus sufficient to provide a si gnificant
acceleration of collagen synthesis during earl y stages of wound repair.

In other experiments , cul tured ra t f i b r o b l a s ts , i mmob i l i z e d  in  p lasma clo ts ,
we re introduced into dorsal skin incisions in rats to determ i ne whethe r wound
b reaking strength would be affected by the instillation into the wound of colla gen
synthesizing fibrob lasts at the time of woundin g. We believe tha t there was a
mechanica l problem in maintaining the instilled fibroblasts at the wound site ,
since t he skin of the rat is re lat ive ly thin and it is cer ta in  that most of the
ins t i l l ed  f ib rob las ts  do not stay in the wound i tse lf bdt are d is t r ibuted in the unde r’.
l y ing tissue. Despite this , in two of three experiments in which cultured fibroblas ts
derived from repa rative tissue formed in implanted pol yvi ny l a lcohol  spo nges we re
instilled into the incision at the time of woundin g and immobilized in a plasma clot
produced by the simu l taneous instill a tion of a small amount of plasma and thrombin ,
there we re statisticall y si gnificant (p< ~O.0l), thoug h modest (10—20%) inc reases in
wound b reak ing strength , 12 days postope rative ly. Howeve r , in on ly one of seven othe r
expe riments with cultured fibroblasts of othe r types (e.g., de rived from the skin of
rat emb ryos) was an accelerating effect on the gain of wound strength seen. These
data suggest that the re may be something special about fibroblas ts derived from
actively repairing tissues.

c. Long-term Effects of Cultured Fibrob lasts , with Emphasis
on Poss ible Tumo r Formation

Back ground

The capacity of culture-grow n cells derived from malignant tumors to cause tumors
when re-injected into animals has been studied by a numbe r of investi gators .
Southam , Moore and Rhoads (3) established that human established cell lines ori ginating
f rom mal i gnant tumors survived in terminal cance r patients , for m i ng  nodu les w~iich
persisted up to seve ra l weeks in cance r patients but for much shorter periods in
no rma l subjects. S im i l a r  results were reported by Nadler and Moo re (10) who also
in jected human ma li gnant t umo r ce l l s  into cance r pat ients and found local pers istence
of the cells for severa l weeks but no tumo r propagation and no systemic reaction .

Ea rle and his associates (18) (19) studied by in v i t r o  cul tures  and i njec t ion
technique possible changes in the morphology of f ibroblasts derived f rom norma l mice
and their a b i l i t y  to lead to tumor formation whe n injected (after culture) into mice ,
particu lar l y when the ce l l s  we re cu ltu red in the presence of a ca rc inogen (20—methy l—
cho lanthrene) . They presented in 191+3 t he results of injection of seve n s t ra ins  of
fibrob last cultures into young C3H mice ; these s t ra ins had a l l  been der ived ori g inall y
f rom a pr ima ry cul ture of f ibrob lasts  of a C3H mouse. Included we re tv~ contro l
strains (i.e., no met hy lcho lanthrene added knowingly to t he cultures) , one of which
was a l tered ve ry s l i ghtl y mo rpho log ical l y dur ing successive passages in culture w h i l e
the othe r was mo re a l tered.  The ce l l s  grown in the presence of methy icholanthrene
s howed substant ial  morpholog ic changes. Cu ltures of each ce l l  strain on re i njection
into C3 H mice gave r ise to tumo rs . The a l te rations in the control cul tures were
thoug ht by Ear le and associates to have p robabl y having resulted from trace contami-
nation of the contro l cultures with 20—methy l c h l o r a n threne , al thoug h the possibility
of the changes having arisen spontaneousl y could not be ruled out. These various
st ra i ns of cells we re kept growing by Earle and associates for many years, but the
methyl cholanthrene was removed from the culture media. As the yea rs went by,those
cult ures of cells ori g inally treated with methylchloran threne led to fewer tumors
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whe n i njec ted i n to m i ce , but the contro l strain which had led to the hi g hes t
incidence of tumors when injected continued to maintain this property (20).

Aa ronsonai d Toda ro (ii) observed tha t cells of established mouse embryo
li nes formed tumors when re i njected in mice . The cell lines used we re all
derived from a sing le poo l of 14 to 17 day old Baib /c mouse emb ryos . “Balb /c
mouse embryo lines maintained in cu l ture for ove r 200 gene rations unde r conditions
that minimize cell—cell contact do not become tumori genic but lines cultivated
u nder con di t io ns where there i s  extensive c e l l — c e l l  contact become tumo r—producing
within 30 generations. The tissue—culture prope rty that co r relates best with
tumori genicity is the loss of contact inhibitions of cell divisions ”.

Sou tha m , Moore and Rhoads ( 3 )  stated that norma l dip l oid human embryonic
fibroblasts did not produce tumors in any of their experiments , and i nd eed a l l
the cell lines that we re found to produce tumo rs in the above experiments we re
heterop loid.

These findings were confirmed mo re recently by Petricciani et al. (12)
who tested the tumori ge ni c it y of a l a rge  number of ce l l  l i nes in pr ima tes
t reated with antith ymocy t ic  g lobulin. In these an i mals , whose immune rejection
system was inhibited , none of the non—transfo rmed dip l oid cell lines , or prima ry
ce l l  l i nes , or prima ry cell explants , including Wl38 , ch i ck emb ryo and duck
emb ryo fibroblasts produced tumors , wh ile established cell lines or virus—
t ransfo rmed cells were almost lOO% tumori genic.

Our long—term experiments — Long—term studies we re carried out in which the
possible causation of tumo rs by the re—implanted fibroblasts was monito red.
Cul ture—grown rat fibroblasts (2—3 x 106 per site) were injected subcutaneousl y
into young rats while in anothe r group of rats pol yviny l alcoho l sponges , inocu-
la ted with 2—3 x 106 ce l l  each , we re in ser ted subcu taneousl y; con t rol ra ts fo r
the latter rece i ved the sponges , but no cells; contro l rats for the former re-
ce i ved on l y the media in which the cells we re suspended.

I n  these studies , a suspension of h i ghl y i nb red Fisch er ra t f i b roblas ts ce l l s
derived from the repa rative tissue of polyv i ny l alcohol sponge implants and g rown
in tissue cu l ture (15 subcultu res ove r a 2 month period) was added to sponge
impla nts in other Fischer rats of the same hi ghl y—inbred strain and allowed to
remain implanted for a year or mo re. When exam i ne& just before plantin g, the
cul tures of cells pool ed appeared unchanged morpholog i c a l l y after 15 passe~~T.
For six months , these rats grew well and no abno rma l si gns we re noted. Pal pable
tumo rs at the side of the sponge implants with cell suspension were found in 4 of 10
rats after seven months. Eventually all of the rats developed massive tumors on
the side with the sponge implant containing added cell suspension; no tumors
develope d in the othe r side of the rats with sponge implants containing added media
only .

Small p i eces (lxi m) of viable tumo r (fibrosarcoma , h i s tolog i c a l l y) were
excised and i m p l a nted subcu taneousl y i n rats; all rats developed tumors by two
weeks after the injection. A suspension of tumo r cells was prepa red by grinding
p ieces of v iab le tumor t i ssue  suspended in Dulbecco ’ s cu l ture medium in a g lass
Potter—tissue homogenizer and the suspension injected subcutaneousl y in othe r rats.
For ‘+—5 weeks , no pa l pable tumors we re noted but during the next month , a l l
(5 out of 5) rats developed tumo r sites whe re the suspension was injected.

In other rats , a 0.22~u M i l l i po re f i l t ra te of the ce l l  suspe ns io n of v i a b l e
piece of tumor tissue was injected subcutaneousl y. Ove r a 12 month period , these
rats g rew normall y and showed no s i gns of tumo r formation .
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This stud y was repeated in othe r Fischer rats with sponge implants con-
taining fibroblasts derived from aoded wound sponge fibroblasts. These cel l

~u1tures were examined just before planting and appeared morpholog i ca ll y un-
changed after 8 subcultures. For the past five months , these rats grew
normally with no untoward si gns of abno rmalities , but by 12 months a l l  ha d
developed tumors , wh i ch were readily transplanted to other rats.

Conc l us i on

I n view of these find i ngs , it would appea r that if one is to attempt to
speed wound healing by the implantation of cultured fibrob l asts , onl y “young ”
cu ltures must be used , before any possib le transformation has occurred . These
findings make us concerned about this curren t use by othersof skin epithelial
cells g rown in cu l ture for many generations and then used as skin transplants
in burn patients , especially children . The possibility of late neoplasia can-
not be i gnored .

A.2) Stud i es with Compound 1+8/80 ( 21 ) (22 )

Situatiors exist clinically where fibroplasia is either deficien t or
excessive and where contro l of fib roplasia would be an useful ach i evemen t
(Peacock and Madden and associates (23)(21+) (2& (26); Levenson and associates
(27)(28). Table 1 is a simplified diag ram suggesting that mast cells wh i ch
synthes i ze and release biogenic amities are thought to act as stimuli for fibro —
plasia. This possibility is sugges ted by observations ind i cating an association
of cells wh ich produce biogenic amines with excessive fibrosis. For example ,
carc i no i d tumors are common l y  assoc i a ted w it h excess i ve f i bros i s no t o n l y  a t
the tumor site but also at Sites distan t from the tumor. Carcinoid tumor cells
produce and re lease large amounts of sero tonin , a compound cla i med b y some to
enhance fibrob lastic division and collagen secretion in tissue culture. Histamine
has also been impl icated as having an impo r tant role in fibroplasia. On the
other hand , f ib ros i s  has been reported to fo l low the admin is t ra t ion  of sero tonin
antagonist , methyserg ide .

Table 1

EXCESS FIBROPLASIA

_____________  

It 

_______________

CARC I NOID — 
~ BIOGENIC AMINES — MAST CELLS

The questions we have begun to ask are:

1. Do biogenic am i nes influence fibropla sia?

2. Do the mast cells have a special role in fibroplasia?

To study these questions , we cnose Compound 48/80 for our initia l  experi-
ments. Compound 1+8/80 liberates bio genic am i nes from mast cells by causing
these cells to degranulate and discharge their amines . In rats and mice , the
mast cells contain bo th histam i ne and sero tonin , unl ike human mast cell s wh i ch

con ta i n o n l y  his tamine . 36
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In the first two experiments rats were treated with intraperitoneal
inj ections of Compound 48/80 sol ubil ized in 0.9% NaC1 in doses of l00 ,&ig
to 150 ~.ig for 8 days ; dorsal skin incisions were made under li gh t e ther
anesthesia on the 2nd day of the injection series and wound breaking
strength was measured on the 7th day after infliction of the wound . In
two other experiments , Compound 1+8/80 was g iven intraperitoneal l y on 6 con-
secutive days preceding wound i ng , in increasing doses from l00~~g to 1 000 tig.
In the latter two experiments there were pair—fed contro l groups to eliminate
the potent ia l  influence of poss i b l e  re d u ced food i n take b y the 48/80 treated
rats. Wound breaking strength was determined on the 7th day after wounding
in all experiments . Contro l rats in all four experiments rece i ved 0.9% saline
injections intraperitoneally on the days the experimental rats rece i ved Compound
48/80 injections . In the first two experiments , wound break i ng s t reng th was
decreased b y treatmen t with Compound 48/80 wh i ch was g iven pre- and postoperatively.
In the othe r two experiments , when ra ts rece i ved . 1+8/80 in doses g radually
increasin g from 100 to 1 000,ug during the 6 days preceding wounding but none in
the postope rative period , wound breaking strength was si gnificantly increased
over those of the ad 1 ibitum and pair—fed contro l rats injected wit h sal m e .
Histolog ic examination of the mesenteries of rats in these latter two experi-
ments demonstrated mo re numerous , smaller and less densly granulated mast cells
in the Compound 1+8/80 — treated rats . We interpret our data as ind i cating that
the mast cells were very activel y regenerating after the completion of Compound
48/80 injection series and that the wound healing taking place dur ing this
period benefited from this process.

II (2) B. Methods to Increase the Rate at Wh i ch Wounds Gain Strength by Con-
troll ing the Rate of Cross—linkin g of Reparative Collagen

Introduction

We pointed out in our previous research progress reports that the breaking
s treng th of wound s i s l a r g e l y dependent not only on the amount of collagen
present and its arch i tectural arrangement at the gross and li ght micro scopic
lev els , but also on the degree of the cross—linking at the intra — and inter-
molec u l a r l evels  and on the assoc i a ted ground substance components . Cross—
l i nk in g of c o l l a gen beg i ns when c o l l a gen i s syn thes i zed by the f i b rob l as ts and
secre ted or extruded into the extracellular space and continues at a rapic rate
for many weeks , follow ing wh i ch it slows , but continues possibly throug hout the
liefe of the an i mal . The importance of the intra— and inter—molecular bonding
of c o l l a gen on the s t reng th of the co l l agen  and thereb y of the wound i s i l l u s t ra ted
by the “positive ” ef fec t of for ma ldeh yde on the hea l i ng wo und an d by the “nega ti ve”
effec ts of lath yrogens (such as B—am i no propionitrile , penicillam i ne , penicillin ,
and soni cotinic acid hydrazide).

Normally, it takes a nurther of weeks for the major portion of cross—
link ing of newl y formed wound collagen to occur (29) This can be accelerated
in vitro in a matter of hours (e.g., by formaldehyde) (29), (Fig. 1—3), and on e
should be able to bring this about in vivo. How to do this , and how to l i m i t
the e f fec ts  to the wound s i t e , is the cha l lenge , as we have pointed out in our
resea rch application and reports . Our aim is to reach a relatively “mature ”
degree of collagen cross—linking soon afte r the newly syn thes i zed collagen is
laid down in the wound without affecting col l agen cross-linking elsewhere in the
bod y (because of the postulated relationships of increasing collagen cross—linking
to ag ing ) and without interfering with the architectural rearrangement of collagen
f i br i ls  and f i be rs wh i ch goes on in the heal i ng wound . We try to take advantage
o f the special cha rac te r i s t i c s  of the healing area (e.g., the very rapid formation
o f collagen wh i ch is no t yet c ross—l inked to a substant ia l  degree ) in our at te mpts
to accomplish this. 37
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In our spec ific approaches we have been concerned pri marily with ways
of increasing cross—I inking of reparative colla gen and thereb y wound strength
by

I. the use of enzymes to increase the ra te of colla gen cross—
linking in the wound ;

2. the use of chemicals wh i ch will cause by non—enzymatic means
the aggregation and cross—linking of reparative collagen
in situ.

1 . To speed collagen cross—linking in situ by treatment of the wound
with enzymes capable of cross—linking collagen. with the aim of
improv i ng wound strength. The enzymes to be used i;iclude d i am i ne
oxidase and l ysyl oxidase.

(continued next page)
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Back~~~~~~d f o ~~ uSe o f these enzymes

The cross—linking of collacen involves the enzymatic conversion of certain
E-amino groups of specific iysyi residues of collagen to the corresponding
aldehydes . These aldehydes cross—link by one of two main reactions . Either
they form aldi~nines with E—amino groups on neighboring chains or they form
aldol links with other aldehydes. Tanzer has written an excellent review of
collazen cross—linking(30) and a brief outline of the current status of
collagen biosynthesis and cross—linking has been published by Kivirikko
and Ristelli (31).

A number of years ago we undertook pilot experiments with the aim of
isolatIng an enzyme from sponge granulomas and wound fluid which could cross—
link lathyritic collagen. A crude enzyme preparation was obtained which had
the properties of increasing the viscosity of collagen and of altering the
gelation properties of lathyritic collagen. Our aim was to treat wounds
with this enzyme for the purpose of strengthening the wound.

Subsequent to this, others have shown that cross—linkIng of collagen
is indeed mediated by extracellular enzymes . It is well established that
collagen achieves its mature form as an extracellular protein . It is also
clear from the work of a number of investigators that collagen is extruded
from the fibroblasts before the stage where all the lysyl residues have been
oxidized to the correspondIng aldeyde , and before cross—linking occurred .
Thus, extracellular aldehyde poor collagen accumulates in BAPN treated rats
and aldehyde—rich collagen accumulates in penicillamine treated rats. A
reasonable inference , then was that the cross—linkIng of collagen is mediated
by extracellular enzymes, and thIs has been demonstrated (32 , 33).

Amine oxidase had earlier been implicated prevIously in collagen cross—
linking as enzymes. Thus, based upon the correlation between the lathyro—
genic action of certain compounds and their inhibition of diamine oxidase
(DAO) activity, several groups , e.g., Tanzer (J. Cell ~Iol. 22:623, 1962)
(31+) ,Levene (J. Exp . ~ed. 116:119, 1962) (35), Page and Benditt (P.S.E.B.~~.124: 434, 1967) (36)and ourselves (37) had suggest~ d that lathyrogens of the
BAPN type act by inhibiting extra—cellular DAO . We had further suggested
that DAO probably acts in strengthening salt insoluble as well as salt
soluble collagen.

The work of Siegel and Nartin (J.B.C. 245:1653, 1970) (38) and Fowler
and N.iller (B.B.R.C. , 40:1970) (39) has made it clear that enzymes derived
from normal bone and cartilage a) ca~ oxidize selected lysyl amino groups of
normal and lathyritic collagen to the aldehyde stage, b) produce an increase
In the molecular weight of these collagens via a cross—linking mechanism .
The enzyme is a copper protein and requires pyridoxal phosphate. It has many
properties of the amine oxidases but differs from the serum amine oxidase in
its substrate specificity . Thus lysyl oxidase is a special example of the
class of proteins known as amine oxidases . Since 1972 (Narayanan , A.S.,
Siegel, R.C.. and ~artIn , G.R., BBRC 46:743)(4O) there have been few advances
in the purificatIon of lysyl oxidase; purification seems not to be an active area
of lysyl c’:-:idase research. Since our work wIth lysyl oxidase is of an
applied nature we would consider purification of the enzyme beyond the
scope of the present applIcatIon .

It should be noted that in the early phase of formation of reparative
collagen some of the cross—links are reversible , i.e. the Schiff’s base has
not yet been reduced (30). 
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(a) Wound Healin g Experiments with DAO; Loca l Treatment of Wounds

Our decision to use DAO exper imentall y was based upon the fact that DAO
resembles in some ways the enzyme system active l y invo l ved in colla gen cross-
linking. This does not mean that we think DAO is the natura l cross—linking
agent. Secondl y, DAO is readil y available as a commercial product. The key
feature involved in the use of enzymes to speed collagen cross-linking j c

the fact tha t the process is , for the most part , an extrace ll ular one , and
the enzymes involved exist ext racellular l y.

Recentl y seve ra l wound healing experiments we re conducted by us using
po rc i ne DAO . No rmal Sprague—Dawley male rats wei ghing about 250-300 g
were used. Sterile DAO so lubi l ized in saline was instilled at the dorsal
skin incision site by injection unde r the wound at various times postoperatively.
When the wounds were exam i ned on the tenth postope rative day, there was a
si gnificant increase in the b reaking strength of the wounds rece ivin g the DAO
insti li ations as compa red with that of controls; the DAO t reated wounds we re
tw i ce as strong as those of the controls , p<O .OO I , when tested in the fresh
state. Strong support for the view that the effect of the DAO ias to increase
the rate of the repa rative collagen is our finding that the breaking strengths
of the skin incisions after fixation in buffered forma l in we re the same in
both the DAO—treated ard contro l rats. The ratio of the breaking strength
of the wounds after forma l in fixation to the breakin g strength of the wounds
in the fresh state was much greater in the DAO t reated rats. The results of
a representative experimen t are g iven in the following table 1 .

(continued next page)
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Wound Healing Experiments with Lysy l Oxidase

We have prepa red sizeable batches of 1 ysy i ox i dase f rom ch i ck
embryo connective tissue using the method of Ma rayanan , S i egel , and
Ma rtin (40). The method of Pinnel l and Martin (56) was used to assay
the l ysy l ox i dase activity. A series of wound healing experiments in
rats similar to those just described for DAO wi l l  be carried out.
We expect that these experiments w i l l  support our hypothesis , namely,
that the injection of lysy l ox i dase into the heal ing wound w i l l  speed
up the cross—linking of the repa rative collagen .

(continued on next page)
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(c) M i croc~y~ ta l line Colla gen Hemostat (MCCH) and Wound Healing

At times following trauma and also durin g the excision of deep burns
b leed in g is excessive and difficult to control .

A new hemostatic agent , Mic rocrystalline Collagen Hemostat (MCCH)
was undergoing prec l inica l and clinica l evaluation by nume rous investi-
gators I//hen we started our studies. MCCH (Avitene 1 000 (Av i con , For th
Worth , Texas) is purified bov i ne de rma l collagen , shre dded into fibrils and
conve rted into an insoluble partial hyd rochloric acid salt. The size of the
mecha ni c a l l y shredded fibril fragments corresponds to natura l aggregates
of tropocollagen , that is , they are submicron in size. This f i b r i l l a r
structure diffe rentiates it from Gelfoarn , a gelat n prepa ration . This new
agent has a potent hemostatic action and its genera l use in clinica l
su rge ry ~.as antici pated ( 45 —— 55 ). The refo re , it seemed
important to us to stud y its behavior , includin g effects other than hemostatic .
We chose in these initial studies to investi gate its effects on wound hea l ing
in animals and in man and conducted the follo wi n g studies:

A. Influence of MCCH on the closure of open skin cunas in m ice .

B. Influence of MCCH on the healing of skin incisions in rats.

C. Influence of MCCH on the take of split—thickness skin grafts in pi gs.

D. I nfluence of MCCH on the healing of dono r sites and the take of
split—thickness skin grafts in man.

A. A full—thickness dorsal skin defect was made in mice and standard amounts of
MCCH applied immediatel y to the wound in half the mice . The re were no si gnificant
diffe rences in wound closure rates between control and MCCH t reated mice .B. A
standard dorsal skin incision was made in rats. In half the rats , MCCII was put
into the incision just before suturing with fine stainless stee l sutures . There
were no statisticall y si gnificant diffe rences in b reaking strengths between control
and MCCH treated rats when tested on the 8th , 20th and 40th days postope rat ive ly.
H i s tolog i c exam i n at io n of the woun ds showed m i l d  i n f l a mmatory reac t ion su r rou nd i n g
the MCCH—fibe r fragments , but no g iant cells . Small amounts of MCCH we re demon-
strable at 40 days.C. Full thickness skin burns in pigs were excised one day after
bu rn i ng. MCCII was applied immediatel y in some pi gs; excess MCCII was removed by
saline irri ga tion. Split thickness skin autografts were applied. MCCH was app l i ed
to dono r s i tes . The “takes ” of t he graf ts we re excel lent and not af fected by the
use of MCCII and the donor s i tes  healed uneventfu ll y.D. MCCII was used in~~u r
patients with burns , th ree of whom unde rwent e a r l y  exc i s i on of f u l l  th i ckness sk in
burns and i mmediate autograft ing. The fou rth unde rwent skin graft ing to the
gra nulating areas 3 months afte r injury . The MCCII was applied to some donor sites
and to some areas of excision. In one patient with severe burns , •wound sepsis
deve loped equall y in areas w i th  and without MCCII and the grafts were lost.
In the other three patients , the re we re excellent takes of the grafts at all sites.
All dono r sites , t rea ted and un t rea ted , healed no rm a l l y in all patients.
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I l l . Chemical Accelerators of Wound Healing and Regeneration Present in
Wounds and/or the Blood

(1) LIV ER REGENE RATION

Introduction

The ability of the liver to regenerate rapidly after partial hepatectomy
is striking. Thus, after two—thirds of the liver is resected in the rat ,
the liver remnant reaches the preoperative size of the organ within 2 weeks
and then stops. A similar , but substantially slower , process occurs in
man fo llowing partial hepatectouiy because of severe injury to the liver
(most often of the right lobe), an important form of war (and civilian )
injury, or because of limited hepatic neoplastns . Conceptually, the process
from some points of view, is s 1.inilar to that of a healing wo und: (1) Wha t
ini tiates the healing and regenerative processes? (2) What keeps them
going? (3) What stops them?

We have been interested in the problem of liver regeneration in relation
to wound healin g and injury for some time. While at the Walter Reed Army
Resear ch Institute, we found that while the healing of skin incisions was
impaired in rats with severe burns, liver regeneration following partial
hepatectomy was accelerated in. such rats . These physiologic data correlated
with studies of protein synthesis and breakdown which we conducted using
N15 glycine in these animals (1) . A more detailed discussion of these aspects
was given in a previous application. During the past 3 years , we have
carried out studies with the following objectives:

a. Objectives

1. to study factors involved in liver regeneration;

2. to determine whether one or more blood—borne factors are
present which: a). stimulate liver regeneration and/or

b). inhibit liver regeneration;

3. to at tempt to isolate and chemically tharacterize such a
blood—borne factor(s).

b. Background

The thought that the ser a of animals following partial hepatectomy contain
factors influencin g liver regeneration in primary and secondary ways has been
held for a long time . Experiments using tissue culture techniques to compare
the effects of sera obtained from animals before and after partial hepatectomy
have shown that fibroblastic outgrowth from liver exp lants and the duration
of survival of cultured fib roblas ts were greater when the cultur e medium
contained serum from partially hepatectomized rats rather than serum from
nornal ra ts (Glinos and Gey, 1952) ( 2) .  These experiments fi.’llowed those
of Bucher and associates (1951) which showe d that when one member of a pair
of parabio tic rats underwent partial hepatectomy , the unoperated partner
developed an increased hepatocyte ruitotic rate ( 3).

There is considerable interest in the possible ef fects of insulin and
glucagon on liver regeneration. These studies have derived in par t from
studies of the ef fects of the blood supp ly to the liver (portal vein and
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hepatic artery) on liver regeneration. Thus, investigations of alterations
of blood supply to the liver by shunting the portal vein or by ligating the
hepatic artery have been made to determine their effects on liver regeneration.
Ligation of a branch of the portal vein results in atrophy of the liver lobe
supplied by that branch and hyperplasia of the other lobes (Rous and Larimore,
1920) (4 ) .  However, neither the portal blood supply nor the hepatic artery
are essential for the occurrence of liver regeneration (5 ) (Weiribren , 1959);
Weinbren has demonstrated that when a liver lobe with deficient portal
blood f low regenerating after partial hepatectomy is compared with the
corresponding lobe deprived of portal blood in another group of animals with
intact livers , str iking increases in weight, cellular and lobular size, and
incidence of mitotic figures occur in the regenerating lobe. Thus,
deprivation of portal blood does not prevent regeneration after partial
hepatectomy. However , the portal blood supply may alter the rate of liver
regeneration

Starzl and his associates (1973—1975) have carried out recently a series of
imaginative experiments using the split—liver technique. In one model , (Mod el 1)
the portal branch serving one lobe of the liver is interrupted and the lobe
is supplied by systemic blood by anastomosis to the inferior vena cava. The
other lobe continues to be supplied by the portal vein. Both lobes continue
to receive systemic blood from the hepatic artery. In another model , (Model 2)
intestinal venous blood is shunted entirely to one side of the liver while
pancreatico—duodenal—splenic blood goes to the other side (6 ) (7).

In the first model, the liver cells on the side receiving pancreatico—
duodenal—splenic blood are larger, have higher levels of glycogen and gluco—
kinase and lower concentrations of cyclic A~~ and of active phosphorylase than
those on the side receiving only systemic blood. In ezperiinents conducted
using the second model, Starzl and associates found that the hepatocytes of
the side of the liver receiving the pancreatico—duodenal—splenic blood were
larger than those receiving mesenteric blood , though the latter were larger
than those on the side of the liver in the first model receiving blood from
the inferior vena cava. 

I

Starzl and his colleagues have recently (7) reported an extensive
series of experiments using their split—liver technique in normal, alloxan—induced
diabetic, and total pancreatectomized diabetic dogs . The latter two groups of
dogs were treated with maintenance doses of subcutaneously administered insulin
during the postoperative period.

In the pancreatectomized—insulin maintained group the liver (split—liver
technique Model 1) was abnormal (fat—laden hepatocytosis) especially the side
supplied by the inferior vena cava. In the alloxan—treated group , the liver
abnormalities were less. The rate of uptake of 3H—thymidine into liver DNA
following partial hepatectomy was somewhat higher by the side receiving the
splenic blood, especially when the partial hepatectomy involved two—t hirds of
the liver . Using Model 2 of their split—liver technique they found that the
dominance (in terms of size, cell division, etc. ) of the right lobe of the
liver (when it received - hormone—rich pancreatico—gastroduodeno—splenic
venous blood) over the left lobe of the liver (which received the nutrient—
rich venous return from the intestines) was now almost completely eliminated and ,
in fact, the most active cell division was in the left lobe. In a modification
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of the sp lit—liver experimental design , when blood from the gut , pancreas ,
gastroduodenum , and spleen was diverted to the righ t lobe and blood from the
hindquarters , kidney and adrenals into the lef t lobe, there was an especially
striking hypertrophy of the right lobe and morphologic damage to the left lobe.
In such dogs total pancreatectomy or alloxan—induced diabetes (with the dogs in
each case receiving subcutaneous insulin) reduced , but did not elimInate, the
right lobe hypertrophy,  and there was not a shif t of greater cell division to
the left side.

Starzl and his associates state: “These findings are consistent with our
earlier multifactorial hypothesis which holds that portal hepatotropic factors
are mainly interreacting hormones generated by splanchaic organs and delivered
straight to the liver and that the hormone interrelationships might have augu—
mented significance because of the high concentration of nutritional substrate
in the same venous blood. The observations also substantiate by direct testing
the suggestion that insulin is the most important hepatotrophic factor and that
it profoundly affects many aspects of liver cell structure, division, and
function.” (7).

In a subsequent pub lication , Starzl’s group reported additional experi—
merits supporting their view; they found that the infusion of insulin into the
venous supply of the lef t liver lobe deprived of portal blood (complete portal
caval shunt) prevented the atrophy which normally occurred, while the right
lobe which was not infused with insulin atrophied. Glucagon alone had no effect.
Glucagon in small doses did not potentiate the insulin and glucagon in large
doses may have inhibited the insulin effect (8).

A number of other investigators , including Orloff and associates (9)(l0)
(11) (12) and Fisher (13) have carriedout experiments in which various abdominal
viscera have been removed and the effects on liver regeneration noted. The
results are conflicting; some experiments suggest that the pancreas is a key
organ (e.g., Orloff et al.), others that the intestinal tract is involved (e.g.,
Fisher and associates) (13), Sakai et al. (14), Chandler (15) (See later dis-
cussion also.)

Other investigators have suggested tha t glucagon is an important factor in
the regulation of liver regeneration (Whittemore , et al., (16) , Price , et al.,
(17)); they showed (as had others) that liver regeneration following partial
hepatectomy occurs in the absence of portal factors, with the liver remaant
supplied solely by the hepatic artery. Price and his colleagues interpret this
(again , as have others) that factors of portal organs modify, but do not initiate,
the regenerative response to partial hepatectomy. The rats were maintained by i.v.
infusions including enough insulin to maintain minimal glycosuria. Although
liver regeneration following partial hepatectomy occurred , there was a 12—hour
lag in their peak liver DNA response. Infusion of glucagon into these evis-
cerated partially hepatectornized animals lessened the lag period and restored
the peak DNA response close to that of controls. This suggested to them that
glucagon is one of the major factors which regulates liver regeneration.

Bucher who has been a leading investIgator In the field of liver regen-
eration for many years has suggested that insulin , glucagon and amino acids
have permissive arid modulating roles, rather than prime regulating roles. Thus,
in some experiments carried out by Bucher and Swaffield (18, l8a) liver regen-
eration fo1low~ng partial hepa tectomy occurred in ra ts whose stomachs , intestines,
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spleen and pancreas were removed , the rats being maintained by continuous i.v.
infusions of fluids containing only glucose and electrolytes. The growth
response (H3 thymidine uptake into DNA, mitosis) was considerably slower than
when portal blood was provided. When insulin was added to the infusion, insulin
dosage and uptake of thym.idine into DNA did not correlate. She also found
that insulin did not activate DNA synthesis in eviscerated rats with intact
livers . In later experiments , Bucher and Swaffie .ld found in rats (19)
eviscerated of portal spletichnic organs and deprived of a portal blood supply that :

“Addition of insulin (with glucose) or glucagon (with FreAmine) had
little effect when given separately. In combination, however , the
two hormones were capable of fully restoring the DNA biosynthetic
rate to normal , even when the start of the hormone treatment was
delayed for 6—7 hours after the partial hepatectomy.’

‘The modest but significant regenerative activity inducible in the
near total absence of pancreatic hormones , and the non—deleterious
effect of delaying insulin and glucagon treatment for 6—7 hours in
eviscerated rats, bo th sugges t that, despite the profound influence
of these hormones , additional hormonal or humoral agents may be
involved in the initial activation of hepatic regeneration. The
precipitous fall in por tal vein insulin levels to near zero tha t
we observed during the first several hours of regeneration ifl
normal (non-eviscerated) rats further supports this view, as does
the prelimInary findIng that infusion of insulin and glucagon into
eviscera ted b!it non—hepatectoinized control rats failed even minimally
to excite D~A synthesis in intact livers.’

“Thus, although there is a likelihood that other agents may serve to
initiate and even to sustain regeneration , the pancreatic hormones,
acting in synergy , appear to be the major regulators of the rate
and possibly also of the magnitude of the proliferative process.”

Leffert (20)conducting experIments with primary mor.olayer cultures
of fetal rat hepatocytes found that insulin and somatomedin stimulated DNA
synthesis. Neither growth hormone, nor hydroxycortisone, nor 31 51 GM?
initiated DNA synthesis, but when added to insulin , the insulin stimulatory
effect was increased . Glucagort inhibited the insulin stimulated response
without reducing the basal DNA synthesis rate. Leffert (21) also has found
a decrease in glucagon binding capacity by plasma membranes of regenerating
liver tissue.

Gerschenson and associates (22) found that insulin had a growth—
promoting effect (Including the formation of polyrjbosomes) on epithelial
cells derived from adult liver growing in culture ; in the absence of insulin
in the basal culture medium used, the cells did not grow unless serum was
added to the medium; while serum was not required if insulIn was added to the
basal culture medium.

Orloff and his associates have repor ted a fall in por tal vein insulin
following partial hepatectomy (70%) of rats (23); this together with some of
their other studies indicated to them that insulin does not play a primary role
in inducing liver regeneration.
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Nan cy et al. (24) found an eleven fold increase in peripheral serum
glucagon 6 hours following partial hepatectozny (70%) in rats, but not after
sham—hepatectomy . Serum insulin levels were unchanged compared with share
controls for 72 hours after operation. Growth hormone fell to low levels
at 6 and 48 hours after the partial hepatectocny ; total serum thyroxine and
free thyroxine levels also fell at 24 — 72 hours . It should be noted that
sham—hepatectomy was performed and then 6 weeks later the partial hepatectomy
performed in the same rats. They concluded that neither growth hormone,
thyroxine nor insulin are primary stimulants of hepatic regeneration but
that glucagon may modify hepatic regeneration.

Whittemore, Voorhees , and Price (25) reported additional expenirnehts in rats
with total biliary diversion and removal of the entire gastro intestinal
tract, spleen and pancreas and partial hepatectorey (68%). The rats were
given glucose, electrolytes and water intravenously. The blood supply to the
liver was varied : hepatic artery alone, hepatic artery plus arterialized
blood (from mesenteric artery) through the portal vein s Insulin was given
at low and high levels and glucagon was given at varying amounts to both
insulin groups. Liver regeneration was assessed principally by uptake of 3H—
thyrnidine into hepatic DNA and measurement of total DNA, ‘RNA , and protein.
They interpret their study as showing “(1) glucagon balances the effect of
insulin to produce maximal response to partial hepatectomy in eviscerated
rats regardless of the hepatic blood supply. (2) Augmentation of hepatic
blood flow in eviscerated rats increases the DNA synthetic response to partial
hepatectomy and increases the sensitivity to glucagon in balancing the effects
of insulin. ” It should be noted that in all experiments the blood going to
the liver was arterialized.

Duguay and Orloff (26) have just recently reported a study of liver
regeneration following 70% partial hepatectomy in dogs with and without
total pancreatectoray and with and without insulin replacement to maintain
normal peripheral blood sugar levels. The dogs received no food by mouth for
1 day befcre and for the 2—3 days postoperatively. Five percent glucose in
saline was injected continuously during the postoperative period. The pan—
createctomy when dons was done at the same time as the partial hepatectomy .
Using the uptake of H thymidine into DNA (assayed chemically and radiauto—
graphically) and mitotic counts as indices of regeneration, they found matked
depression of regeneration in the pancreatectomized dogs not receiving insulin, a
depression which was only moderately elevated when insulin was given. They
concluded that these experiments confirmed their view that the hepatotropic
factor originated in the pancreas, but that insulin is not this factor. No
dogs undergoing partial hepatectomy and removal of some organ other than the
pancreas was not done; this would have served as a useful control

In an accompanying report, Lee, Duguay and Orloff (27) , found that
perfusion of a non—regenerating liver isograft with a crude extract of dog
pancreas stimulated regenerative activity as compared with perfusion with
saline or no perfusion. No perfusions were done , however , with extracts of
other tissues as additional controls -
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Chandler ( 15) used rabb i ts because their unusually divided portal
blood tributaries make possible ready separation of the pancreatic—
duodenal venous blood from the rest of the sphlanchnic blood and the
ready direction of “portal” blood of various conb~nations to the caudate
lobe or the larger main liver mass. They concluded from a number of
experIments that “The insulin—containing paricreatico—duodenal component
of portal blood is not adequate, by itself, to prevent liver atrophy or
to stimulate DNA replication selectively. The hepatotrophic activity of
rabbit portal blood is either markedly volume—dependent , or primarily
a property of venous blood emenating from splanchrric viscera other than
the pancreas and duodenum.” No rabbits with partial hepatectoniy were
studied.

Sakai, et al. (14 ) have found as have others (28) (29)
and ourselves that the serum of rats following partial hepatectomy
stimulates the growth of hepatocytes in culture. In subsequent tissue
culture studies using primary explants of hepatocytes , sera samples of
blood were samp led a) from the “cot~~on” portal vein, the “pancreatic”portal and the “mesentenic” por tal veins of rats with and without 70%
partial hepatectomy and b) the mesenteric vein of rats wIth total or
partial resections of the intestine or splenectomy 1—2 months earlier.
The sera samples were added to the basal culture medium and the effects
on the hepatocyte multiplication noted. They concluded that in normal
rats the serum hepatropic factor originated from the ileum and that an
inhibitor was present in splenic vein blood. The sera hepatotropic
activities were unchanged in the “cormnon”, or “mesenteric” portal blood
after partial hepatectomy , while the level rose in the “pancreatic” portal.
Their finding of hepatotropic activity in the portal blood of normal rats
may be a reflection of the culture technique they employed — their basal
medIa contained no other serun .(such as . fetal calf serum). There was no
apparent correlation of hepatropic activity and insulin concentrations
in the various sera tested.

As will be pointed out in the section dealing with our experiments,
we interpret our data along with the results of others just reviewed
as indicating that while certain hormones , especially insulin arid
glucagon , blood supply and diet are able to influence the rate of liver
regeneration to some extent, none of these factors appears to play an
obligatory role in initiating liver regeneration. The nature of the
stimulus to liver regeneration remains obscure. “hatever the cause of
this growth phenomenon , it must account for three features: (1) the
growth is confined to the liver, (2) xnitosis appear simultaneously
throughout the liver , arid (3) the growth is limited in extent , ceasing
when previous size is attained.
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A possibility exists that another type of factor(s) appears in the serum
after partial hepatectomy which stimulates growth of the hepatic cells .
Alternatively , a factor(s) preventing the growth of liver cells in the normal
animal with an intact liver may disappear from the serum following actual
hepatec tomy, or , indeed , both the occurrence of stimulatory and the dis-
appearance of inhibitory factors may occur. Both in vivo and in vitro
studies (some of which have already been mentioned) have been made in an
attempt to demonstrate humoral agents related to liver regeneration.

One of the first evidences suggesting the presence of a serum factor in
liver regeneration was provided by experiments in parabiotic rats (Bucher,
et al., 1951) (3 ) ,  as mentioned earlier in this section of the application.
When one member of a parabiotic pair was partially hepatectomized, the tmoperated
partner developed an increased hepatic mitotic rate. A particularly great
increase in rzitotic rate in the imoperated animal occur-red in triplet para—
biotic rats in which two animals were partially hepatectomized. While some
subsequent observations have confirmed this report (Weinbren , 1959) (5 ) ,  a
recent investigation failed to do so (Rogers, et al., 1961) (30).

Further evidence in support of humor-al control is derived, however, from
studies of carotid to jugular cross—circulation of blood between partially
hepatectoinized and normal rats via polyethylene cannulas. At a rate of flow
of about 2 mi/rain, DNA synthesis is stimulated in the normal partner, when
measured 20 hours after the beginning of the exchange ; if the exchange lasts
less than 10—12 hours, the expected DNA rise after 20 hours does not occur
(Moolten and Bucher , 1967)(3l). Sakai (32) also carried out cross—circulation
experiments supporting the view of humor-al control of liver growth.

Injections of serum from partially hepatectomized rats have been reported
to increase the mitotic rate in livers of normal rats (Friedrich—Freksa and
Zaki, 1954) (33). However, other investigators reported contradictory
results (Weinbren , 1959) (5 ) .

More consistent evidence for the e:dstence of serum factors influencing
liver growth has been obtained by measuring the effect of injections of ser~~
~~ ~~~ or 

— thymidine incorporation into liver DNA , in addition to comparing
micotic rates. It was found that the injection of serum from normal animals
greatly reduces DNA synthesis, whereas the opposite effect was obtained when
serum drawn after partial hepatectomy was used (Siny the and Moore, 1958) (34).

Strong support for the concept of humoral control has come also from a
series of experiments with hepatic autografts. Investigators have shown that
bits of liver implanted in regions remote from portal blood, proliferate in
response to partial ablation of the parent organ (Leong, et al., 1964) (35).

We have already mentioned that tissue culture techniques have been used to
compare the effects of serum obtained from animals before and after partial
hepatectomy. Fibroblastic outgrowth from liver explants and the duration of
survival of cultured fibroblasts were greater when culture medium containing
serum from partially hepatectomized rats was compared with medium containing
serum from normal rats (Glinos and Gey , 1952) ( 2). Tissue culture studies
will be discussed again in relation to some of our own investigations .

There have been some studies suggesting that the liver itself may produce
factors which (a) stimulate, and (b) inhibit liver regeneration . A number of
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isolated and cross circulated liver perfusion studies have been performed by
Levi and Zeppa (36) which suggest that there is a substance in the perfusate
obtained from hepatectomized rats (24 hours after operation) that causes an
increase in D~A synthesis when perfused into normal rat liver. These authors
interpret their data as showing that the liver rer~mant following partial hepat—
ectomy is the source of the humor-al factor ~timulatin~ liver regeneratIon .
These results have not yet been confirmed , though as far as we know, only on~
other group of investigators have attempted to carry out experIments similar to ,
but not identical with, those of Levi and Zeppa. (See discussion of our studies).

Fisher (1971) (13) , however , interpreted data of his experiments using
extracorporeal carotid to jugular circulation that a humor-al factor responsible
for liver regeneration does not arise from the liver remaant. Fisher found that
while intact livers of normal rats incorporated thymidine in proportion to the
amount of liver removed in the cross—circulation partner , the greatest response
occurred after total hepatectony. Evidence from porta caval—shunted partially
hepatectomized animals cross—circulated with normal animals indicated to Fisher
that the factor is in portal blood , and that the onset of regeneration Is the
result of a quantitative imbalance between the available portal blood factor
and the number of liver cells present. (See also preceding di3cussion of pos-
sible portal blood factors and later discussions of our experiments.)

The technique of plasmapheres~ s has been used in studies of liver regenera-
tion. Dilution of plasma, accomplished by plasnapheresis, has been found to
cause stimulation of mitosis in livers of otherwise intact rats (Cu rios, 1967)
(37). Conversely , concentration of plasma brought about by fluid restriction
has been shown to inhibit mitosis in partially hepatectomized rats (Glinos ,
1967) (37). On the basIs of the above results it was speculated that an inhibitor
is normally present in the serum of intact rats. The decrease in plasma albumin
which occurs after partIal hepatectony has been suggested as a possible cause of
regeneratIon (Glinos, 1958) , but there is not enough evidence to sup9ort this
theory (38).

Leffert (79) has reported that “dialyzed fetal bcvlne serum contains two
growth—controllin g raacrozolecular fractions : one stimulates and the other inhibits
proliferation of primary cultured differentiated fetal rat hepatocytes.” Intra—
peritoneal injections of Serum Fraction I as prepared by Leffert (amxaoniun
sulfate, 50%, pH 7.4, 40C precipitates both fractions) produced stimulation
of liver taitosis, while Serum Fraction II suppressed in vItro incorporation of
CH3— [3H] thyraidine into DNA. Mixing experiments showed that SF I and SF II
mutually antagonize one another. Leffert concluded that both the relative and
absolute serum levels of multiple factors control the growth of fetal hepato—
cytes in vitro .

It is generally believed that the stimulus for hepatic regeneration is tissue
specific. There is however experimental evidence suggesting that this may not be
so. Cardoso and his associates (39) studIed the effect of partial hepatectoray
upon the circadian distribution of nitosis in the cornea of rats and found
evidence of increased nitotic activity following partial hepatectomy . Paschhis
nad his associates (40) reported similar findings. A stimulatory effect en tumor
growth following partial hepatectomy was also observed by Trotter (41) who
studied subcutaneously transplanted hepatomas in mice. Bucher (42) believes that
the non—specific effects that have been reported are oli ght and do not challenge
the notion that the hepatotropic factor acts primarli-’ on the liver cells.
Gentile , All and Grace (43) found that serum from. rats 24 hours following
partial hapatactomy , in concentratIons of 0.6 to 5~ stimulated the growth of
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~rimary cultor:s of ezbr~onic rat fibrobiacts . (~~ also later discussion of
cur e:periments). this regard , ~uch2: and lt OiOO belIeve that the non—

~t~ecifIc effects that have been rerorted are sLi-~ht and do not challense the
notion that the he~ atot rcp ic fact or acts rri -2riiy on the 11.’ar cells ( A L ) .
hc~~ ver , S~ ka± , Pfefe onn and Rountz (L.4a) have recently r~oorted e:pe:iments
indicatin: that serum cbtai~ ed from rats subjected to 70% partIal he;atectz~~s zu.~at2c ootn ne~ atac’.tes and l:.m:.~ccytes tn cu~ tura . (See also discussion of
cur studies cm s?eca:~cit~ or he~ atotrcpic factor(s)).

Interest in substances which may inhibi t wound healIng and regeneratIon
has increased recently (3ullough, 1960) (45) . It has been speculated that tIssue—
soecific mitotic inhibitors are released in the extracellular fluid and can , by
a simPle negatIve—feedback mechanism , control the sIze of normal tissues in the
adult organism and regulate healing and regeneratIon . These tissue—specific
mitotlc inhibitors have been named chalones. One of the best studied is the
epidermal chalor.e: it is a protein of 30 ,000 to 40 ,000 daltons that has been
purIfied 2 ,000— fold (3oldiath and Laurence , 1968) (46). ~ullough, et al., (1967) ,
have shown that althcuth the chalone Is tIssue—specIfIc , it is act s~ ecies—
s~ ecifIc (17). The chalone inhibits Dt~A synthesis ; its action I.~ on G1 and 02
phases of the cell c~ cLe (~~:~ o , 1969) (13). TIssue—s~ ecific mb:otlc inhibitors
have so far been demonstrated in about 10 tIssues. Verly and his associ~ tas
(:971) have ~urif iad from rabbi: liver a chalone (450-fold) which they have
sho~.-n is a pz ype~ t±de of low clecular weioht . These authors measured chalome
activity by the inhibition of DNA synthesis in liver slices from the remainias
lobe of a subtotally hepatectcmi:ed rat (49). As far as we :.~~ow no attem~ t to
isolate a chalone from regenerating liver has been reported .

P.ecent ly a number of investIgations dealing with polyamines follcwing
hepatectomy have been reported . Polyamines are widely occurrins substances which
are thcught important in nucleic acid function. They are ~ ‘.own growth factors
for micro—organIsms and cells in culture , and their importance in liver regen—
erat iori has been indicated (50— 55). Fausto has shc~~ (50) that ornithine
decarbo:ylase (t he rate limiting enzyme in polyamir.e s r ~thesis) increases very
soon after part ial hepatectooy and reaches a peak at about 13 hours . The rise
occurs at the same tine liver P~ A is rising. This very early rise in ormithice
decarbo:~ylase has led researchers to consider the eat me as having prine signi-
ficance in the regenerative process . The conversion of ornithir.e to the polyanice
putrescine occurs at a rate 60 times normal wI:h~~ 8 hours of the hepatec~~~~ (50 ) ;
the concentration of putresc ine doubles withi:. 4 hours and remains elevated
for several days . Spermidine accumulates more slowly and spermine even slower.
Actinomycin D given at the time of partial hepatectomy prevents this acceleration.
Giving Actinomycin 0 30—60 minutes after the partial hepatectomy is much less
effective in depressing the increase in o~~ithine decarboxylase. The early
increase in this enzyme is also prevented by prior hypcphysectoray and restored
when growth hormone is given ~~0~y~~~hysectomized animals. In some in vitrostudies wIth rat hepatocytes/’~e~fert found no special role in promoting growth
po lyamimes wgea~ added to the basal tissue culture medIum (56).  B is s e l l  (81 ,82) and
Jeeje e~ hoy (c 3 .~ L+) have conducted mart y c t u d i e~ d~ o1 ing w i t h  hepatocy~e cu 1 t ur~5.

C. S tud ies  C a r r i e d  Out by Us

As cescribed in the preced ing sec t ion  the re are re ports to suggest t h a t
a ) a f a c t o r  aprea rs ~n the serum of hepatectomi zed ar~ -’a1s wh i ch stimu late
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liver regeneration , b) a factor is present in the serum of normal rats
which inhibits regeneration , and c) both a) and b) are true. Further ,
evidence has been obtained indicating that certain hormones ( e.g., insulin,
glucagon) modify the rate of liver regeneration but that liver regeneration
can begin in their absence albeit at a substantially slowed rate. Our aim
was to clarify some aspects of these matters .

One of the central techniques employed in our studies was to
determine the effects of sera and sara ultrafiltrates from rats and
humans on the growth in tissue culture of E1 cells , hepatocytes derived
from the foetál rat liver, which we obtained from Dr. Harry Eagle at
the Albert Zinstein College of Medicine. A review of these studies
was given in ourresearch application and the results of our experinents
hove been published in a number of papers (57—65 ). Only a brief
summary is included here. We studied sara of rats , dogs , and humans
under a wide variety of conditions.

We interpret our studies carried out so far as indicating the
following :

Studies in Rats and Patients

1) a serum factor(s) inhibiting liver regeneration is not present
in normal rats or humans;

2) a serum factor(s) stimulating liver regeneration is present
following partial hepatectcmy in rats and humans ;

3) neither total portal vein gradual occlusion in rats , nor
99.5% pancreatectomy in rats, nor unilateral nephrectomy
in rats or humans affect the appearance and activity of
this serum factor(s) following partial hepatectomy ;

4) this stimulating factor(s) is ultrafilterable and has
a MW of 5,000 — 12 ,QOO;

5) glucagon and insulin each stimulate the growth in tissue
culture of E

1 
cells when added to media containing sera

from normal or sham—hepatectomized rats. These effects
are much less when the insulin and glucagon are added to
media containing sera from rats with partial hepatectomies.
It is of interest that insulin and glucagon have similar
effects in this system , whereas in many physiological
situations they act antagonistically ;



6) although insulin and glucagon modify the rate of liver regeneration ,
it is unlikely in our view that they are primary initiators of this
process.

7) The hepatotrcpic activity of sera from rats following hepatectomy as
assessed by the growth of E1 cells in culture is independent of its
insulin content, since serum from rats undergoing partial hepatectomy
after 99.5% pancreatectomy and maintained on small doses of oral
insulin has undiminished hepatotropic activity despite very low
levels of serum insulin (levels which are the same low values seen
in rats with 99.5% pancreatectotay and sham—hepatectomy whose serum
has no hepatotropic activity). Measurements of serum glucagon
(pancreatic and gut) are under way in our laboratory in similar
experimental situations; -

8) the cellular and tissue specificity of the hepatotropic factor(s)
is still unsettled ; we found that sara from partially hepatectomized
rats accelerated not only the growth of E1 cells (hepatocytes
derived from foetal rat liver) but also t~e growth of fibroblasts
derived from rat embryomic tissue but not fibroblasts derIved from
the skin of adult rats;

9) the concentrations of certain amino acids may modify the rate of liver
regeneratic.i, but they are not the primary hepatotropic factor(s).
Following partial hepatectoiny (70%) in rats there is a prompt change
in most of the serum amino acid concentrations (66). Most amino
acids increase, generally by a factor of 1.5—2. Ornithine goes up
4—fold while arginine falls slightly and alanine is unchanged. We
tested the effect of varying amino acid mixtures on the growth of
E1 cells in culture by adding supplements of these mixtures to the
basal culture media. We found that the mixture simulating the
changes in serum amino acid concentrations A hours after hepatectomy
accelerated the growth of the E1 cells while mixtures simulating the
serum amino acids of normal rats or rats undergoing sham—hepatectomy
had no such effect. Such changes in amino acid concentrations are
not the basis for the action of the serum hepatropic factor(s) we
have demonstrated, since the hepatotropic factor(s) has a molecular
weight 5,000-12,000 and thus substantially larger than the free
amino acids. Leffert (~6) has found that arginine and ornithine are
obligatory amino acids for the growth of hepatocytes in culture.

10) Preliminary Studies of the Nature of the Serum Hepatotropic Factor(s)
In Rats

Few investigators who found a factor stimulating liver regeneration have
made few attempts to isolate and chemically define this factor. Gentile and
his associates (43) on the basis of enzymatic inhibition studies suggested that
F~]A may be the stimulating factor present in serum. Wrba and Voim (68)
suggest that liver regeneration may be the result of increased catalase
levels in the serum following hepatectozny .

Morley and Kingdon (69) have reported the appearance of a polypeptide(s)
in serum 12—36 hours following partial hepatectomy in rats ~-hich stimulates
hepatic DNA synthesis . The peptide(s) is resistant to boiling. This is not related
in ~or1ey ’s view tc growth horr’one, insulin , or thyroxin since he and his colleagues
fo :nd that these hormones do not increase In serum from partIally hepatectoriced
rots In this tIme postc~ erntive y (12—36 hours). Serum gluc:~on levels do increase55



but ~or1e~ doubts that RF1 is glucac~on sInce the latter is not a very effectIve
stinulant of liver E~ A svr~thesIs.

As mentioned , the results of our initial fractionation experiments show
clearly tha t the stimulating factor present in serum following partial hepatectcmy
is ultrafiltrable and has a MW of 5,000—12 ,000. Studies are under way to
elucidate the chemical nature of this factor(s) These studies involve
fractionation using Sephadex columns and chromatograp hic techniques. Attempts
are also being made to determine whethe r the in vitro cell stimulating activity
following partial hepatectomy is also present in the urine of the hepatectomi~ed
animals in the early postoperative period . Preliminary experiments involving
enzymatic screening of the serum activity showed that the in vitro cell growth
stimulating activity is not lost following incubation in the presence of
RNase, ONase, and Trypsin.

Holley , Kierman and associates (70—73) believe that there are four factors found
normal serum which can initiate DNA synthesis in 3T3 cells (3T3—4A cell line,
a clone of Swiss mouse embryo fibroblast cell line). Three of these factors
can be replaced by known substances, e.g., insulin, de:-:amethasone, and the
fibroblast growth factor (a polypeptide, 13,300 MW as purified from bovine
pituitary) of Cospodarowicz (1974)(74) . It i~ possib le that the activity of some
or all of these factors is increased following partial hepatactcmy in addition
to the appearance of specific hepatotropic factor(s) .

Pickart and Thalar (75) have described a tripeptide in the serum of normal
human subjects which stimulated macromolacular synthesis (but not grcwth) and
prolonged the survival of normal rat hepatocytes , maintained in monolayer
culture and accelerated DNA, RNA , and protein synthesis and cell growth of protein
synthesis and cell growth of neoplastic cells derived from Mcrris rat hepatoma
l239C (HTC cells). The tripeptide is bound to albumin and ~~ —globulin in
human serum, from which it could be extracted with heat denaturation of the
protein fraction. The activity of the trypeptide is potentiated by serum.
Chemically synthesized Gly—Lys—His or Gly—His—Lys were effective substitutes
for the native factor.

Studies in Dogs

11) Sera from dogs , normal, sham—hepatectomized , and . partially—hepatectomized
(30% and 60 %) behave in ways comparable to those of parallel groups of rats , that
is, we found no evidence of stimulator(s) or inhibitor(s) in the sera of normal
or sham—hepatectomized dogs , but we did find evidence of stimulator(s) in the
sera of dogs ob~ta~ned 7—14 days following partial hepatectomy , as assessed bytrie growtn of 

~i 
in culture.

12) We had previously reported on experiments in which rats were subjected
to 99.5% pancreatectomy and found that the sera of such rats did not stimulate
the growth of E1 cells in culture, but the sera of such rats which had a sub-
sequent partial hepatectomy (70%) did stimulate the growth of El cells, and to
the same extent as rats with intact pancreases subjected to partial hepatectomy.
However, 99.5% surgical pancreatectomy in rats is a very difficult technical pro-
cedure because of the nature of the blood supply to the duodenum and some of the
rats operated upon may develcp isohemic necrosis of the duodenum , a factor which
complicates such a study. By contrast , total pancreatectomy in the dog is a
technically simple procedure. Further , cannulation of various vessels for acute,
sub—acute , and chronic ex~ eriments is much easier in the dog than la the rat.
Also , there are considerable data in the literature regarding liver regeneration
in the dog, including the ingenious experiments of Starzl and his co lleagues .
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In our initial studies , we found that serum of a dog subjected 4 days
previousl y to partial hepatectomy (30~) three months following total
pancreatectorn y stimulated the growth of E 1 cells in culture to the same
extent as sera from dogs w i t h intact pancreases subjected to s i m i l a r  par t ia l
hepatectom ies.  The pancreatectom ized dogs had been kept on insul in lente
unt i l  three days prior to par t ia l  hepatectomy when the insulin was stopped.

We have shown prev ious ly in th is  same dog that w d,in 2 days f o l l o w in g
the last in ject ion of the insu l in  lente , immunoreactive insu l in  wasn ot
detectable in the periphe ra l blood; in this experiment , the dog was
without insulin for 7 days.

Measurements of serum immuno— reactive insulin and serum immunoreact i ve
g l ucagon in norma l dogs , sham-pancreatectoniized , sham—hepatectomized

pancreatectomized , and pancreatectomized-partial l y hepatectomized dogs were

obta i ned in later experiments; these data are to be correlated with the effects
of se ra from such dogs on the growth of E 1 cells in culture . We also
followed the uptake of3H-thymidine into DNA in various parts of regenerating

and control live rs to follow the rate of live r regeneration following partial

hepatectomy in dogs subjected to sham-pancreatectomy or pancreatectomy . These

data are being ana l yzed and wil l  be reported in a subsequent progress report .

13. Some Ancillary Studies Concerning the Possible
Sou rce (s) and Nature of the Serum Heoato—
t ropic Factor(s)

a) Does the regenerat i ng live r
produce an hepatotropic fa~ctor(s)?

In recent experiments (77) we used the approach of testing the effect of

“conditioned” tissue cu l ture media on the growth of hepatocytes in vitro. The

term “condit ioned’ 1 refers to media in which cel l s have been growing in

cu lture and then the ce l l s  removed and the media used to assess the g row th
of heavi ly added ce l l s .

Koch and Leffert (78 ,7g)have found tha t serum—deficient conditioned serum
obta ined from prima ry cu l tures of fetal rat hepatocytes initiates DNA synthesis

and mitosi s in homologous quiescent monolaye r cultures . The effect may be tissue—
soecif ic since they found that serum—deficient conditioned media from 3T3 fibr o—
b las t  cu l tu res  ~as inactive for the fetal rat hepatocytes. Arg inine and a li p i d
or lipid conta ining materia l we re shown to be two of the active factors in the
conditioned medium obtained from the fetal rat hepatocytes.
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For our e::oarlment rat hepatocytes were cbtalned from adult rats which
had under~ Cne no Operation , shan—hepatectomy , or 7O~ he~ atectomy 24 hours

~reviouSly . The livers ware perfused in sItu according to the method of
Eanney (In vitro 10:130 , 1974) and monolayer cultures were established. At
several tine inte~~ials the media from the nc al liver calls were substituted
with ‘ conditioned media” from 70% hepatectomized , sha —hepatectomized, and
other normal liver cells . Twelve—hour conditicnad media from regenerat±ng
liver cells produced a three—fold stimulation of growth of normal hepatocytes
on days 2 to 6. Conditioned media from normal or sham—hepatecto~ ized liver
cells had no effect on cell growth.

The activity of the enzyme ornithine decarboxylase (ODC) in the heratccyte
ono layer cultures was measured , since ODC levels are known to Increase

early in situations where actIve protein synthesis and cell growth are initiated.
len—hour conditioned r~edium from regenerating liver cells , when added to
normal heontocyta cultures , produced a four— fold Increase in heratocyta 0~ C
si:: hcurs later. A smaller C~ C increase was produced by sham—hemntactcmi:ad
or ncm a rat liver ccnditicnad madi~

These data suggest that henatocytes fro regenerating liver produce a
factor (s) whIch stimulates normal hepatocyte growth in vitro.

ie  pien to continue these experiments with the aim of isolating and
identifying the active hepatotropic factor(s) using methods described in the
sect ion of our proposed studies dealing with serum hepatotrcr~ c factor (s).
Are those factors the same or are they different?

We believe this approach will prove fruitful. In this regard , the use
of the conditioned media approach was used by Pohjenjelto and Raina (SO) t~
identify a growth factor for fibroblasts produced by human fibroblests in
vitro as ~utrescino. Fausto , ?randt and ~estner (5C) have ex prassed tho
vi.~ : The biochemical adartations occurring in the 1i’rer fragment as a
respor.se to a decrease in organ mass is seen as th~ primary stimulus for the
growth of the liver after partIal hepatectony.”

b) Does the addition of insulin antibody andfor s1uca~on antibody
modify the he~ atocyte growt h—~rcmo :ing ef fect  of sera from
animals which have been subjected to partial heDatectcmv?

We have descrIbed earlier in this section our studies which have led us
to conc lude that insulin and glucagon are modulating factors for liver
regeneration, but not the prime initiatin g factors . We also reviewed rnuch
of the ~;crk of others dealing with the roles of insulin and glucagon. In
a recent experiment , we tested the effects of the following sera on the
grow th of E1 cells in culture : serum from normal and sham—hepatectomized rats ,
serum from rats subjected to 70% partial hepatactomy , and serum from rats
subjected to 73~ partIal hepatectomy treated with insulin—antibody . The scm were
cbtair~o~ 24 hcurs posto~ eratively . We found that the insulin—antibody treatment of th.
scour. from the rats subjected to 70% partial hepatectcny did not change the
grc t~ -2 o— ctIag e f f ec t  of untreated serum from the partially he~atectomi:ed

rots. Wo plan to re~ eat this experiment and to carr-; cut similar experIments

~;i:h pl apon antibcdy . In related ex periments , sera will be treated ~;ith
otne: abccrb~ ntz , such as charcoal , to assesa the effect of removing other

in addition to insulin and giucagon , on the growti:—promoting
eff~ ct of sara from partially hepatectcn~aed animals.



Our current studies are aimed also at the isolation and identifi-
cation of the serum hepatot ropic factor (s)  that regulate l i ve r regeneration
following hepat ic resection ut i l i z i n g  in vitro and in vivo techniques to
demonstra te , iso late , and cha racterize such serum factor(s)

Sera obtained f rom partiall y hepatectomized , sham—hepatectomized and
norma l rats and dogs w i l l  be used and also f rom no rma l humans , patients under-
go i ng part ial hepatectom y, and patients unde rgoing abdom i nal ope rations not
involving the liver. Diffe rent sera fractions w i l l  be tested in assay sys tems
of rat hepatocyte cultures in vitro. We have found previousl y that the
hepatotropic factor(s) is present in ultrafi ltrates of the sera and appears
to have a maxima l molecular weig h t of 12 ,000. S imilarl y it was shown by
membrane pore size to have a minimum molecular wei ght of 5,000. This suggests
that the act i ve factor(s) is not a free amino acid or other ve ry small compound
unless it is a small peptide (3-20 residues) bound ionic al l y to a la rger
pept ide of 5,000—12 ,000 M.W . The hepatot ropic activity is not lost following
incubation of the u ltrafiltrates with RNase , DNase or trypsin.

The UV absorption spectra of the u l t r a f i l t r a t e s  f rom no rma l rats and
rats subjected to pa r t ia l  hepatectomy are being measured. We are looking
particularl y for quantitative diffe rences in absorption of these sera ultra—
filtrates at 200 m~u (peptide bonds) , 260 ri~u (nucleotides , etc.) and 280 r~u
(peptides) . We are looking also for new absorption peaks present in or peaks
absent from u ltraf il trates of the rats subjected to partial hepatectomy
compa red with those from sham—hepatectomized and no rmal rats . If such d i fferences
are found , attempts to identif y the compound(s) causing the change(s) the UV
absorption spectrum wi l l  be also.

Our present hypothesis is that most like l y the hepatot ropic factor(s) is
a peptide(s) , but not , for the reasons we have mentioned ear l ie r , insu l in or
glucagon . Our current ana l y t i c  approach is based on th is hypothesis.  If our
current studies suggest that the hepatot ropic factor(s) is not peptide in nature ,
ana l ytic schemes appropriate to the class of compounds indicated , e.g., nucleo-
t ides ,~ii 1 l  be fo l lowed.

(continued on next page)
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IV . Adverse Effects of Severe Injury on Resistance to Infection;
Some Aspects of Wound Infection and Wound Healing; Attempts to
Increase Local and Systemic Resistance to Infection

Obj ective

To modify the local and systemic responses to microbial contamination
and thereby increase local and systemic resistance to infection.

Our studies planned for this objective are directly related to certain
aspects of the interrelationships between wound healing and wound infection,
with specific reference to some of our already described wound healing
investigations .

Background

The problem of wound Infection is inextricably bound to wound healing;
when wound healing is impaired, wound infection is more common; when
significant wound infection is present, healing is delayed. There is
considerable evidence that animals and patients with severe injury have
a lowered resistance to infection, due to both local and systemic factors,
just as we have shown that animals with severe injury have impaired wound
healing. The local factors which underlie the decreased resistance to
infection include tissue damage, impaired blood supply , presence of
foreign bodies, and microbial contamination. The systemic factors include
non—itmaulogic and immunologic mechanisms — vascular ,~ cellular and humoral.
The adequacy of medical and surgical care is clearly important also.

No attempt will be made to review in detail these matters here; they
have been reviewed elsewhere by others (1) (2) (3) and ourselves (4).
We will limit our discussion to the few aspects which we are investigating
the roles of (1) Thymosin, (2) vitamin A, Metyrapone, and deo~ycorticosterone
(DOC) and (3) adjuvants in the prevention and treatment of bacterial and
fungal wound and systemic infections.

There are a number of studies indicating impaired th mic function
after injury. Rapid decrease in thytnus size and number of certain thymocytes
is one of the hallmarks of the reaction to any major stress. Lymphocyte
depletion and impaired T lymphocyte numbers and function in burned patients
and animals have been reported by others and from our laboratories (5)(6)(7) .
We and others have repor ted prolongation of the survival of skin homograf ts
in animals subjected to a variety of stresses, further evidence of depressed
cellular immunity (8)(9).:~There are considerable data indicating that the
thymus and T—cells play important roles in determining host response and
resistance to certain microbial infections and certain tumors. Castro and
Medawer have proposed that agents that increase thymic size will increase
T cell activity. These observations suggest that were one able to “protect”
cr “restore” thytsic function following injury , the resistance of the injured
individual to certain bacterial fungal and viral irife;’,tions would be
increased. Thymosin, vitamin A, Metyrapone, and DOC offer this potential.
The latter three compounds also may influence in a salutary way macrophage
and neutro~’h1l funct~ on. The use of some adjuvants nay potentiate these
actions.
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(1) Thymosin
Wound Hea l ing :  In fec t ion

We have conducted a number of wound healing and wound infection studies
with thytnosin. Thymosin is a thymic lymphocytopoietic substance ~hich has
been isolated from calf thymus by White and Goldstein. Chemically the lyrnpho—
cytopoietic activity is associated with a relatively heat—stable protein(s)
free of carbohydrate, lipids, and polynucleotides with a molecular weight
about 12,000. The effects of thymosin and anti—thymosin serum on lymphocytic
production, transformation, and a variety of immunological reactions,
specifically related to T cell functions and characteristics , including homo—
graft acceptance and rejection, and growth of Moloney Viral Sarcoma have been
extensively studied (11) (12) (13) . It is thought that one way thymosin
acts is on a precursor of immunologicall y competent T—cells by accelerating
the rate at which related population of these precursor cells. mature to
uniform T—cell characteristics and functions. The specific molecular basis
of this influence remains to be determined. “Suggestive data regarding a
possible basis for the action of thymus factors on lymphoid cells have been
presented by both Bach and co—workers and by Trainin and his collaborators
at this conference indicating that, as in the case of many other polypeptide
hormones, cyclic ANP may be a modulator in the process of T~-ce1l maturation.
In addition, the increased intra—cellular concentration of cyclic A~Pproduced in lymphoid cells by prostaglandin E2 and the ability of this
latter compound to enhance graft—versus—host reactivity indicate many
approaches to the elucidation of the mechanism of action of thyntic factors.” (11).
Thymosin may function to: (a) induce the appearance of specific types of
T—cells, and (b) induce the reversion of aberant T—cells to more normal
modes of function.

Thymosin is prepared generally from caif—thymus but has been demonstrated
In humans (thynius,serum).

As prepared by Hooper , Goldstein and their colleagues (14), thymosirt
fraction 5 contains several heat—stable acidic proteins that range in NW
from 12,000 to 14,000. It is not know whether all the lymphocytopoietic
activity sides in a single molecular species (fraction 8, MW 12,000) or
whether multiple thytsic factors act in concert to endow the host with its
normal complement of activity.

A number of other prepara tions of products obtained from the thymus by
other investigators have been described. All of these are polypeptides,
glycopeptides , or protein in nature with M.W.’s ranging from about 1,800
to about 170,000. A list of these appear in the paper by White (ii).
These may represent the various methods of preparation used by different
investigators or the existence of more than one thytnic hormone , or both.

The first administration of thymosin to a patient was to a child with
markedly low T lymphocytes in the peripheral blood (15). After demonstrating
an in vitro response of her lymphocytes to added thymosin, thytnosin treat-
ment of the child was begun. There was a significant increase in the number
of T lymphocytes In her peripheral blood. Delayed hypersensitivity reactions
to mumpS and candida appeared , but in vitro response of her ce lls to
phytohemaggluten and in mixed lymphocyte cultures were unchanged. Since
then , thymosin (Fraction 5 of looper, Goldstein and colleagues) has been
given to additional patients with a variety of primary and secondary iuimuno—
deficiency diseases and has partially reconstituted host is unologic
competence in ways similar to those seen in s.everal animal models.
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(a) Wound healing

The obse rva ti on of Doug herty of Utah that the administration of thynosin
to mice increases the numbe r of fibroblasts in the loose areolar tissue
suggested to us that th ymosin mi ght have an accelerating effect on wound healing.

A series of in vitro and in vivo experiments to establish the effects of
thyrnosin on fibroblastic prol ife ration and wound healin g was carried out in
collaboration with .Jhite and Goldstein using a preparation of thymosin as
prepa red by an earlier method of the i rs .

Pa r a l l e l  groups of mice with and without thyr”osin injections we re studied;
the thymos i n was d i s s o l v ed in 0.9% NaCL ; the controls were injected with the
sal ine alone . Mice were used rather than rats because mice are more responsive
to thymosin. Standard skin incisions and pol yv i nyl alcoho l sponge im p lants
(subcutaneous) were made ; body we i gh ts , food and water intakes were followed.

A t va ry ing time postope rative l y (2-20 days) the animals we re killed.

The re was a si gnificant systemic thymosin effect in terms of increase in
l ymph node size (axillary ,i nguina l ), rate of inco rporation of 3H—th ymid ine
into lymph node DNA , and numbe r of periphera l lymphocytes. There was a lso
a si gnificant increase in the thymosin t reated animals in the number of inflam-
matory cells in the repa rative tissue in both the skin incisions and sponge
granulorras in the first week postope ratively as judged his tologically, by
DNA contents, and uptake of 3H—thy m idine into DNA, as compa red with contro l
mice receiving saline , the vehicle in wh i ch the thymosin was dissolved.
Later , afte r the inflammatory phase passed , there was little diffe rence
between the th ymosin t reated and untreated mice in the healing of skin
i nc is ions  assessed by the h i s tolog ic appea rances and the breaking strength
of the wounds , and the his tolog i c appea ran ces a nd h yd roxy proflne  conten ts
of the sponge repa rative tissues 7-20 days postope rative l y.

Thy mos i n , thus , induced an increase in the inflammato ry reaction to
wounding.

(b) Infect i on

We have a l so  repo rted p rev i ousl y some experiments conducted with the
same thymosin prepa ration aimed at determining thd possible effects of
thymosin administration on altering the response of animals to wound
infect ion.  Morr is  and Burke (~6) have shown that the extent of the tissue
response to the intrade rma l injection of pathogenic bacteria , e.g., Staphy-
l ococcus aureus, is diminished in guinea pi gs treated with ALS . This
correla ted with a decrease in the numbe r of circulating l ymphocytes . The
view has been advanced tha t the l ocal t iss ue respo nse to such bac ter i al
infect ions consists of at least two phases , direct injury by t he bacteria
and a ce l l—mediated immunologic response of the delayed hypersensit i v i t y  type .
What influence this may have on the ability of the anima l to resist extens i ve
bac ter i al  con tam ina t ion , e s p e c i a l l y injured animals , was not explored in
Mo r r i s  a nd Bu rke ’s experiments.

(1) Thymosin
In our i nit ia l  experiments , the burned tails of mice we re dipp ed into a

culture of Pseudomonas aeruginosa hi ghl y v i r u len t for  mi ce , a techni que
descr ibed by Rosenthal (17) . Some mice rece i ved th ymos in d a i l y beg inning at
the time of c h a l l e n g e ,some rece i ved the saline vehicle , some did not. The
mortality in severa l repl i ca te experi m en ts wa s p romp t , hi gh , and similar in
bo th groups . This is a mode l in which the burn injury in duces dec rease i n
loca l t issue resistance but little if any decrease in systemic resistance .
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In another early experiment , we looked at the ef f ec t  of thymosin
administered to nice w hose s’?stenic resistance to infection was decreased
by a 3in~ ie injecticn of cor:isol and who were then c llen~ ed with Candida
albicans, injected intravenously . ~e found that cort iso l decreased the
systemic resistance o f mice to i.v. Ca.ndida albizans inj ection remarkab ly—
for example with a dose of Candida albicans which led to a mortality of
less than 1O~ in mica not receiving cortisol , mice receivino the single ~ .n.
dose of cortlsol (3 mg/20 g mouse ) just before the i.v. in~ecticn of the
Candida albicans had a mortality of 80—90%. Thymosin in low dosage had
no inf luence on this mortality .

(2) Vitamin A. Metyra~one, and Deo:~:cort icostercne

Cur previous and planned experinants dealing with the effects of
vitnmin A , ~etyrn:ome and deo:~jcort~ ccsterone on wound healing of injured
animals have ‘zeen discussed in Section II of this progress report.Tha close
similarity of their effects on the infla atory reaction and other steps
in the healing process was pointed out along with a discussion of possible
mechanisms underlyin: their actions . As we have already pointed out in this

p~’zgress ~~~~~ , there kas been considerable interest in recent years cn the
possiole inf luenza of vitamin A on the bioch emical , physioloolc , and
Imnunolozic responses of animals arid patients to injury , ~.alignancy, and
infectIons . Cohen and his associates, amor.o others , have written on these
matters (l~—2l). It has been known for a long time that dietary vitamin A
deficiency leads to a decreased resistar.ce to Infection . But what of the
individual no nlly nourIshed who iS suddenly subjected to a severe injury
or infection? Our wound healing studies (38) and those of others dealing
with serun and liver ~~ta in  A levels (23 , 24) and stress ulcers (25)
indicate that there is an increased ro~uirement for vitamin A under such
circunstcnces. will giving such individuals e::trn—vitamin A provide any
benefit if:o the point of view of the prevenzioz;ar.d treatment of Infecticns?
~:e think thIs a likely possibility?

Our prev ious s tud ies may be b r ie f l y s um marized as fo l lows :
(1) the administration of vitamin A to normal

mice increases thymic size and vitamin A given to stressed animals prevents
the anti—thymic action due to stress (sharp reduction in thymus size
and number of thymocytes) and prevents some of the i unosuppressant
act ion of stress as judged by the abilIty of mice to resist a viral
tumor (26 , 27) .~) When mice are subjected to trauma they are particularly
susceptible to the Moloney Sarcoma Virus ; a trauma—viral interaction occurs
so that while neither the trauma nor the viral infection are lethal by
themselves , the comb ination leads to substantIal mortality (50%). Supple-
mental vitamin A treatment lowers this mortalit signif icantly (Levine,et aI.(28).
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(3) Vitamin A counteracts the immunosuppressant effects of stress
(par t ia l  body cast ing)  as judged by the time of rejec ti on of sk in gra f t s
(9, 30) . Schweizer and Bartus (31) found that vitamin A g iven to norma l
rabbits did not alter surviva l of skin al lograft s .

(4) In experiments of burn-induced or cortisone—induced i mmuno—
suppress i on , the fol l owing data we re obta i ned by us in regard to lethality from
purposeful contam i nation with Ps .aeruginosa or Candida albicans (3~ (a) I n
the burne d rat (30—35% body surface , th ird degree) sin g l e—dose i .v . Pseudomonas
aeruginosa injection g i ven 1 hour afte r burning is mo re lethal than sing le—dose
topica l application to the burn 1 hou r after bu rning; dose—response mortality
curves demonstrated this. Vitamin A t reatment or prophylaxis did not protect
burned rats aga i nst death from i .v. Ps. aerug inosa inject i on . Vitamin A had a
modest ameliorating effect in 2 of 1+ experiments in burned rats whose bu rns
we re contaminated purposefull y by the topica l application of Ps. aeruginosa.

(b) Cortiso l (5 mg/20 g mouse , i.m ., s i ng l e dose) markedl y enhanced
the lethality of i .v. Candida albicans as alread y mentioned. Supp lemental
vitamin A orophyl actica ll y or therapeutically had little effect on this model
of exper imental candidiasis when the dose of Candida alb icans injected , was
rap idl y fatal for all experimental mice . At a l owe r dose challenge of
Candida albicans (but still eventually 1 00% fatal for the contro l mice) the
following was found: 15% of the contro l mice died 7 - ii days after challenge ,
50% at 14 - 17 days , and 1 00% at 19 - 21 days . Some mice receivin g supp l emental
vitamin A died earlier than some controls , but the final motality of the vitamin A
t reated rats was significantly l ower (65%) than that of the control rats receiving
corn oil (100%).

These f ind ings ind ica te  that supplementa l v i tamin A by itself does not
antagonize adequately the immunosuppres s ion resulting from a 30% third degree
bu rn or administration of large amounts of cortisol. This is consistent with
our data obtained in other experiments wh i ch showe~J that while vitamin A
could antagonize low and mode rate doses of cdrtisone in te rms of its effects
on thymus weig ht and composition , and resistance to Moloney Sarcoma virus , it
could not adequatel y antagonize hi gh doses of cort i~ one.

(5) Metyrapone (a compound that inhibits g lucocorticoid bios ynthesis , and
leads to an accumulation of deoxycort i coste rone) a) prevents the occu rrence of
gastroduodenal ulce rs after restraint or a cortisone administration , b) p revents
the changes in thymus wei ght and composition afte r stress , and c) protects mice
against the Moloney Sarcoma Virus (29) and the C31-IB mamma ry carc i noma (33) .
Deoxycort i costerone administration also protects mice against these two neoplasms
(33) (34).

(6) We have found also that while cort i sone administration decreases
thymic size , increases adrena l size , and slows skin graft rejection , administration
of deoxycort i coste rone does not lead to these changes . Cortisone and deoxycort i co-
sterone also have opposing effects on the growth of tumors (both a vira l (Murine
Sarcoma) and non—vira l (C~HBA mamma ry), the healing of wounds and susceptibility
to infections. This has led us to suggest that vitamin A anti-g lucocorticoid action
m a y result , in part , from a shift in the balance of adrenocorticoid secretion
f rom g luco—to m i ne ralo-cort ico ids .
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(7) In a recent stud y,the vitamin A content of tissues f rom contro l and
stressed animals were determined in rats receiving a chow diet and the same
diet supplemented w i t~i 150 ,000 I .U. of vitamin A/kg diet. The stress consisted
of a partial body cast app lied to the thorax and kept there for three days.
Male Sprague-Daw l ey rats wei ghing approx i matel y 250 g were used.

Casting lowered the vitamin A content~~ tissues in the following way:

plasma , 17%; l iver , 7%; adrenals , 18%; perirena l fat (white) , 0%; thyrnus , 99~ .

Feeding supp lemental vitamin A increased vitamin A contents to greater than norma l
va l ues in all tissues ; tissues of non—casted animals had mo re vitamin A than those
from casted rats. Among the organs exam i ned , the thymus was most affected by
casting stress in terms of vitamin A loss.

This suppo rts our previous experiments and view that an important role of
vi tamin A is to support thymu s-mediated i mmune r~~ctions . This concept was supported
further by our finding recentl y that vitamin A stimulates thymus g rowth in adrenal-
ectomized mice and that vitamin A exerts its anti-tumo r action in adrenalectom i zed
as well as intact mice. Adrenalectomy (ADX) increases thymic iei ght but vitamin A
g iven to ADX mice led to an even greater increase of thymu s wei ght. Vitamin A also
allowed tumor g rowth and decreased the earl y and late mortality resulting f rom
inocu l ation of norma l or ADX mice with Murine Sarcoma virus; this was used as one
type of v i ra l in fect ion .

(8) In a current experiment, we are extending our earlier studies of the effect
of vitamin A on the resistance of burned animals to infect i on and are including groups
of animals g i ven metyrapone alone or in comb ination w i t h  v i t am in  A. The hind limbs
of mice were bu rned by dipp i ng them into hot water to the leve l of the upper third of
the thi ghs (70 °C , 3 seconds) . The l imbs we re then dipped for a few seconds into
18 hou r active l y g rowing cultures of a strain of Pseudomonas aeruginosa virulent
for mice; different g roups had their limbs p laced in cultures of one of three
concent rations of bacteria: 5 x 103 , 5 x 10~ and 5 x 107. All mice we re g i ven 0.85%
NaC1 i.p. i mmedia tel y after the burn and 5% glucose in 0.85% NaCl to drink for
the firs t 24 hou rs post injury . The mice we re divide d into 4 groups : G rou p 1
co nt ro l s , ate a comme rcial mouse chow ; g roup 2, vi çamin A supp l emented , ate the
chow modi f ied by the inc lus ion of 200 mg of v i t am in  A /k g chow ; group 3, metyrapone
supp lemented , ate t he chow mod i f ied  by the inclusion of 200 mg metyrapone/k g chow ;
g roup 4 , ate chow supplemented by both vitamin A and metyra pone in the concentrations
noted respective l y for  g rou ps 2 and 3. The d iet s we re beg un 11 days prior to the
leg bu rns and challenge with the Ps. aeruginosa and continued thereafter. All mice
ate and drank ad libitum.

Among the fou r groups challenged with 5 x l0~ Ps. aeruginosa organisms , onl y 1
mouse died (Groups 1 and 2) ;  among, those c hal lenged w i t h  5 x l0~ organ isms , a ll died.
W hen the challenge was w i th  5 x 10~ organisms , 71% of group 1 , 78% of group 2, and
78% of grou p 4 died , w h i l e  onl y 13% of group 3 (metyrapone t reated) d ied.

This prelimina ry experiment suggests that the administration of metyrapone
has a protective effect against Ps. aeruginosa infection. This experiment w i l l  be
repeated and extended.
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Some of our current studies are based on our belief that it is
l i kel y that the effects of vitamin A and th ymosin on increasing the
resistance of injure d animals to infection w i l l  be additive and perhaps
synerg istic , because the mechanism of their effects on l ympHocytes ,
pa rt icu lar l y I lymphocytes , are d i f f e rent and poss ib l y complementa l . In
addition , it is poss ib le  that v i tamin  A may also increase ma crophage and
neutrophi l function , an additiona l factor in combating infection.
Experiments exp lo r ing  t h i s  la t te r  po s s i b i l i t y are in progress , e .g . ,
testing the effects of supplemental vitamin A on the resistance of mice
to injected endotoxin; resistance to endotoxin cor relates with function of
the RES . Depression of RES function afte r severe inj u ry is common .

It is also likely that Metyrapone and or DOC g iven in addition to
thymosin and/or vi tamin A w i l l  also increase resistance to infection since
the mechanisms of the Metyrapone and DOC actions are different from those
of both vitamin A and th ymosin. Metyrapone is a compound which decreases
glucocort icoid output. The experiments with Metyra pone and DOC are desi gned
princ i pall y to clarif y mechanisms , not as potential the rapy .

We believe also that the use of certain adjuvants wi l l  potenti ate
the same of the actions of the agents we are stud y ing.

A series of experiments are in progress testing the various possi-
bil i t i e s  just mentioned. Go l dstein , Wh i te and their associates have continued
to puri fy th ymosin and prepa rations are available to us wh i ch are conside rabl y
mo re act i ve than those we used in the past. We wil l  use principall y fraction 5
as prepa red by Hooper , Goldstein and their colleagues , the fraction that has
been gene rall y used clinic a l l y.

We are looking at the possible effects of th ymosin , vitamin A ,
Metyrapone and DOC administration , sing l y and in various combinations , on
the occu r rence and severity of experimental infections whe re the unde rl y ing
cause may be principall y.

(a) l owering of local res is~ ance ,

(b) l owering of systemic resistance ,

(c) a lowering of both local resistance
and systemic resistance.

Among the microbial agents to be used are Ps. aeruginosa , Staphylo-
coccus au reus and Candida albicans. A ll these are important clinicall y. The re
is evidence that the thymus and T l ymphocytes play important roles in candidiasis ,
and it may be that thymosin wi l l  prove to be most usefu l in this mode l . We think
vitamin A wi l l  be i mportant in both bacterial and funga l infections .

(cont i nued next pace)
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Ad j u van t s

There ex i s t  a va r ie t y  of agents that a l t e r  anima l or patient
responses to infective microorganisms or certain tumors .

We be l i eve  that ce rta in of these adjuvants are l i ke ly to he lp
restore the depressed de fense systems of injured an imals  and pa~~ients ,
pa r t icu lar l y when used w i t h  some of the other compound s we have a l read y
described.

We know of no studies in wh i ch adjuvants have been used to help
stimulate phagocyt ic or i mmune responses in animals or patients with
traumatic injuries. Our aim is to use ce rtain adjuvants to help inc rease
the resistance to infect ion of burned or injured animals. Vitamin A has
been called an adjuvant but for the purposes of this report it is
cons i de red se para te l y  by us. We propose to stud y the influence of Freund ’ s
Complete Adjuvant , B.C.G. , C. Pa rvum and yeast g lucan in the anima l models
a l ready descr ibed in the sec t ion  dea l ing w i t h  thymosin , v i t a m i n  A , Metyra pone ,
and DOC. These adjuvants w i l l  be used alone and in conjunction w ith vitamin A ,
Metyrapone or DOG.

In another series of experiments , the effects of supplemental
arg inine on the resistance of animals especiall y seriousl y injured animals ,
to infection w i l l  be assessed.

67



81 BLIOGR A PH Y

THE B I B L I O G R A P H Y  IS ARRANGED I N  VARIOUS SECTIONS CORRESPOND I NG
TO THE TOPICS OF DISCUSSION IN THE TEXT. THE REFERENCES IN
EACH SECTION ARE ARRANGED NUMER ICALLY.
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