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T. E. Starzl, M.D., F.A.C.S., Denver, Colorado, K. A. Porter, M.D., London, England,
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DURING THE LAST DECADE, evidence has been ac-
cumulated in our laboratories (24, 25, 37-40) that
substances termed hepatotrophic factors in portal
venous blood can specifically influence liver func-
tion as well as the size, chemical composition and
dividing capability of the hepatocytes. In this
report, the role of these portal hepatotrophic fac-
tors will be examined in the acute regeneration
process that follows partial hepatectomy.

METHODS
Animal Groups

Seventy mongrel dogs, weighing 8 to 29 kilo-
grams, contributed to the final data. An approxi-
mately equal number of experiments failed because
of thrombosis of the vascular reconstructions, pre-
mature death of the dog from a variety of other
complications or because of failure to produce
alloxan diabetes.

The various operations, biopsies and sacrifice
procedures were performed under anesthesia with
pentobarbital sodium supplemented with phency-
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clidine hydrochloride (Sernylan®) and succinyl-
choline chloride (Anectine Chloride®).

Group 7. Eleven normal dogs were anesthetized,
group 1A. After obtaining several grams of tissue
from one of the right and one of the left liver lobes
for the various analyses, the flogs were sacrificed
(Fig. 1a). These same dogs were the normal con-
trols in another recent publication (40).

Six additional normal dogs of group 1B were
submitted to a sham operation that was designed
to simulate the procedure in group 2. The portal
vein and its bifurcation were dissected free as well
as the more inferior junction of the superior mesen-
teric and splenic veins. The superior mesenteric
vein was occluded for 20 to 30 minutes after which
the tip of the inferior lobe of the pancreas was
resected as shown in Figure 1b. Four days later, the
dogs were sacrificed, and tissue was obtained for
both the histopathologic and the autoradiographic
studies.

Group 2. Five dogs had a procedure called
splanchnic division, which diverts the nutrient rich
intestinal venous blood into the left liver lobes
through a reversed external jugular vein graft (37)
and which provides perfusion of the right liver
lobes by the hormone rich pancreaticogastroduo-
denosplenic venous blood (Fig. 1b). The tail of the
inferior lobe of the pancreas was resected (Fig. 1b)
to prevent the experimental artifact that would
have been caused by drainage of this small piece of

843
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Fic. 1. A series of control procedures not involving partial hepatectomy. The dogs either were
normal or had been submitted to acute splanchnic division. a, Group 1—normal dogs, with or
without sham operation. b, Group 2—dogs in which the left liver lobes were perfused with intestinal
blood and .in which the right liver lobes received pancreaticogastroduodenosplenic venous blood.
Explanation of partial removal of inferior lobe of pancreas is given in text. ¢, Group 3—same opera-
tion as in b, but in dogs with alloxan-induced diabetes. d, Group 4—same operation as in b, but
with total pancreatectomy. The duodenum and common duct were left intact.

pancreatic tissue into the intestinal vein and, from
there, into the left liver lobes.

Group 3. Stable diabetes mellitus was induced
with a single injection of 70 to 80 milligrams of
alloxan—mesoxalyl urea—per kilogram of body
weight. The diabetes mellitus was managed by daily
subcutaneous injections of 10 to 15 units of neutral
protamine Hagedorn insulin. Three to eight weeks
later, two dogs had the same splanchnic division
procedure as those in group 2 (Fig. 1c). Insulin
therapy was continued in the three and five day
periods of postoperative observation.

Group 4. Six dogs had total pancreatectomy with
preservation of the duodenum and common duct at
the same operation as splanchnic venous division
(Fig. 1d). Three of the dogs were given insulin
subcutaneously for the three to four day period of
postoperative study, group 4A. The diabetes mellitus
of the remaining three dogs was not treated, group
4B.

Group 5. Four normal dogs had complete removal
of the most right and the most left liver lobes (Fig.
2a). These two lobes make up an estimated 30 per
cent of the total liver weight. The dogs were sacri-
ficed four days later.

Group 6. Four dogs had resection of the two most
leftward liver lobes, the most right liver lobe and
the tip of a small lobe located along the left side of
the vena cava. The estimated resection was 60 per
cent. The dogs were sacrificed three days later.

Group 7. Six dogs had the same splanchnic divi-
sion procedure as those in group 2. In addition, a

30 per cent hepatectomy was performed (Fig. 2b).
The dogs were sacrificed four to five days later.

Group 8. Five dogs had the same splanchnic divi-
sion procedure as those in group 2, plus a 60 per
cent hepatectomy. The dogs were sacrificed after
two or three days.

Group 9. Four dogs had total pancreatectomy on
the same day as a 30 per cent hepatectomy and
splanchnic division (Fig. 2¢). During the four days
between operation and sacrifice, two dogs were
treated subcutaneously with insulin, group 9A.
Two dogs were not treated, group 9B.

Group 70. Five dogs had partial portacaval trans-
position (Fig. 3a). The left portal branch was de-
tached and anastomosed end-to-end to the supra-
renal inferior vena cava. Thus, the left lobes were
perfused with systemic venous blood, including the
renal and adrenal effluent, whereas the right lobes
were exposed to the total nonhepatic splanchnic
venous return. The dogs were sacrificed five days
after operation, except for one dog that was ob-
served for seven days.

Group 77. Three dogs had simultaneous partial
portacaval transposition and total pancreatectomy
(Fig. 3b). Postoperatively, they were not treated
with insulin during the four or five days of the ex-
periment.

Group 72. Five dogs underwent partial portacaval
transposition. From 89 to 95 days later, reoperation
was performed. The expected hypertrophy of the
right lobes and the atrophy of the left lobes were
found. The most far right and the most far left

- ——

—— e 4‘& ———

5. .
3

Right lo
resecte

" Right
bra

Lin
resec
norin

Fic
hepat
and 6
cent, §
tecton

lobes were rerr
per cent resect
were sacrificed

Group 73. Fc
hepatectomy a
after partial pc
the pancreas v
cutaneous insu
until sacrifice.

Deoxyribonucleic

About two
were given (Cl
route. The spe
mole. Because
(CH;-*H) thy:
of the investig
body weight, t
from 0.05 to (
weight.

At the time
frozen and ke
analyses were
tion of deoxyr
cording to the
with minor n
(40). In essenc
the ribonuclei
sodium hydrc
spectively. De
from the resic
hot perchlori



gy
h
10 Pancreatectomy
r

her were
with or
ntestinal
s blood.
& opera-
n b, but

ormed (Fig. 2b).
e days later.

: splanchnic divi-
2, plus a 60 per
e sacrificed after

ncreatectomy on
epatectomy and
ng the four days
two dogs were
in, group 9A.
9B.

ortacaval trans-
branch was de-
d to the supra-
: left lobes were
d, including the
s the right lobes
vatic splanchnic
rificed five days
)g that was ob-

ltaneous partial
pancreatectomy
ere not treated
days of the ex-

rtial portacaval
ter, reoperation
artrophy of the
left lobes were
e most far left

e e

B -

G U Y SO

-

Starzl ef al.: PORTAL HEPATOTROPHIC FACTORS, DIABETES AND LIVER ATROPHY 845
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F1c. 2. Procedures involving hepatectomy or acute splanchnic division. a, Groups 5 and 6—
hepatectomy without splanchnic division. The extent of hepatectomy was 30 per cent in group 5
and 60 per cent in group 6. b, Groups 7 and 8 —splanchnic division was carried out plus 30 per
cent, group 7, or 60 per cent, group 8, hepatectomy. ¢, Group 9—splanchnic division, total pancrea-
tectomy and 30 per cent hepatectomy on the same day.

lobes were removed (Fig. 4a), for an estimated 30
per cent resection. After four more days, the dogs
were sacrificed.

Group 73. Four dogs had the same 30 per cent
hepatectomy as those in group 12, 89 to 95 days
after partial portacaval transposition. In addition,
the pancreas was totally removed (Fig. 4b). Sub-
cutaneous insulin was given for the next four days
until sacrifice.”

Deoxyribonucleic Acid Synthesis

About two hours before sacrifice, the 70 dogs
were given (CH;-*H) thymidine by the intravenous
route. The specific activity was 6.4 curies per milli-
mole. Because doses of 1.5 or 4.5 millicuries of
(CH;-*H) thymidine were used at different phases
of the investigation, but without consideration of
body weight, the dose spectrum was broad, ranging
from 0.05 to 0.41 millicurie per kilogram of body
weight.

At the time of sacrifice, liver biopsies were quick-
frozen and kept at minus 20 degrees C. until the
analyses were completed. Extraction and purifica-
tion of deoxyribonucleic acid were carried out ac-
cording to the method of Schneider and Greco (32)
with minor modifications as described elsewhere
(40). In essence, the method involves first removing
the ribonucleic acid and acid soluble fractions with
sodium hydroxide and cold perchloric acid, re-
spectively. Deoxyribonucleic acid is then extracted
from the residue, including protein and lipid, with
hot perchloric acid. The deoxyribonucleic acid

content was measured by the diphenylamine method
of Burton (5), using calf thymus deoxyribonucleic
acid- as the standard.

The in vivo incorporation of (CH,-*H) thymidine
into deoxyribonucleic acid was estimated by
measuring the specific activity of the deoxyribo-
nucleic acid obtained by extraction. The details of
the counting were described in another publication

Normal
pancreas Pancreatectomy
a e b

Fre. 3. Procedures involving acute partial portacaval
transposition without partial hepatectomy. a, Group 10—
partial portacaval transposition with systemic venous blood
to left lobes. b, Group 11—same as in a, plus total pan-
createctomy.
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F1e. 4. Chronic partial portacaval transposition plus
delayed hepatectomy. a, Group 12—30 per cent hepatec-
tomy three months after transpositon. b, Group 13—30 per
cent hepatectomy and total pancreatectomy three months
after transposition.

(40). The results of the radioactivity uptake were
expressed as counts per minute per 10 micrograms
of deoxyribonucleic acid.

Pathologic Studies

Samples of liver tissue were fixed in 10 per cent
normal buffered Formalin® (aqueous solution of
formaldehyde). Frozen sections were cut and
stained with hematoxylin and eosin, Gordon and
Sweet’s silver impregnation method for reticulin
fibers, Perls’ Prussian blue method for iron, tri-
chrome for collagen and fibrin, periodic acid-Schiff
method for glycogen and Pearse’s method for
ceroid and lipofuscin.

Other paraffin sections were covered by stripping
film. The autoradiographs were exposed for 28 to
64 days, developed and then stained through the
emulsion with Ehrlich’s hematoxylin and eosin by
Pelc’s method.

Additional small hepatic samples were initially
fixed in glutaraldehyde solution and then postfixed
in osmic acid and embedded in Epon® (synthetic
embedding medium). Half micron and ultrathin
sections were cut. The former were stained with
azure II for examination in the light microscope,
while the latter were stained with lead citrate and
examined in a Philips 300 electron microscope.

The size of the hepatocytes was determined on
hematoxylin and eosin stained sections by a method
previously described (37). In essence, the technique
consists of tracing out large numbers of hepatocytes
on standard thickness paper, cutting out the
silhouettes and weighing them. The weights were
designated as size units. Midzonal hepatocytes also
were used for measuring rough endoplasmic

reticulum length per area of cytoplasm by the
morphometric method of Loud (21).

RESULTS
Normal Dogs

Deoxyribonucleic acid synthesis. Thymidine uptake
was equal in the right and left lobes of the livers of
the 11 normal dogs of group 1A. The average
specific activity was not much different at the doses
of 1.5 and 4.5 millicuries (Fig. 5). A 30 per cent
hepatic resection resulted in a slight bilateral in-
crease in the specific activity of the residual hepatic
tissue of the dogs of group 5 that were administered
1.5 millicuries of tritiated thymidine. After a 60 per
cent hepatectomy, the dogs of group 6 that were
given 4.5 millicuries of tritiated thymidine had a
sixfold increase in specific activity that was equal on
both sides (Fig. 5).

Hisiopathology and autoradiography. There were no
significant differences in the sizes of either the
lobules or the hepatocytes in the right and left
liver lobes of the 11 normal dogs in group 1A. All
of these livers lacked fat and nine contained nor-
mal amounts of glycogen and appeared normal
ultrastructurally. The other two livers were defi-
cient in glycogen. Autoradiographs of the livers of
the dogs in group 1A showed similar low numbers
of labeled hepatocytes in the right and left lobes
(Table I). The findings were the same in the dogs
of group 1B after the sham operation, as shown in
Table I.

A 30 per cent hepatic resection in the dogs of
group 5 resulted, after four days, in a slight, but
nonsignificant, enlargement of the hepatocytes in
all lobes (Table I) and in an accumulation of
vacuoles of various sizes in the liver cell cytoplasm.
In one dog, large fat globules were present in the
centrilobular hepatocytes. The amount of stain-
able glycogen was reduced. The mitotic index was
normal, but autoradiographs (Table I) showed
that the number of labeled hepatocytes was slightly
and significantly raised, p<0.001. Ultrastructur-
ally, the hepatocytes contained more autophago-
somes and less glycogen than normal, and the
cisternae of the rough endoplasmic reticulum were
often dilated.

Three days after 60 per cent hepatectomy in
group 6, the hepatocytes were enlarged in both
sides of the liver, and their cytoplasm contained
many vacuoles and some fat. The amount of stain-
able glycogen was reduced. Both the mitotic index
and the number of labeled hepatocytes (Table I)
were markedly raised. Electron microscopic exam-
ination of the hepatocytes confirmed the decrease
in the amount of cytoplasmic glycogen and showed
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Fie. 5. Tritiated thymidine uptake expressed as specific
activity in the right, R, and left, L, liver lobes of normal
dogs with and without hepatic resections. Two doses of
[CH3-3H]| thymidine were used. Five of the normal dogs
from group 1 received 1.5 millicuries; the other six were
given 4.5 millicuries. The four dogs of group 5 had 30 per
cent liver resections; four days later, they received the
smaller thymidine dose. Another four dogs, group 6, were
sacrificed three days after 60 per cent resection; they re-
ceived the larger thymidine dose. Note that 30 per cent
resection caused only a slight increase in thymidine uptake,
whereas the 60 per cent resection produced a sixfold in-
crease in specific activity. N, Number of experiments.

Fic. 6. Relative thymidine uptake of the right, R, and
left, L, liver lobes after splanchnic division. In each experi-
ment, the liver lobe side having the greater specific activity
was assigned a value of 100 per cent and a proportionally
lower percentage calculated for the other side of the liver.
The numbers in parentheses correspond to the dog groups

that the hepatocytes contained many autophago-
somes and increased numbers of lipid droplets.
Dilatation of the cisternae of the rough endoplasmic
reticulum was marked.

Splanchnic Division

Deoxyribonucleic actd synthesis. The absolute spe-
cific activities in the dog livers submitted to
splanchnic division were so variable from experi-
ment to experiment that data analysis was limited
to comparisons between the right and left lobes,
using an analytic technique whereby the side with
the greater specific activity was assigned a value of
100 per cent. A proportionally smaller percentage
was calculated for the liver side with less specific
activity.

The results are summarized in Figure 6. After
splanchnic division, the predominant deoxyribo-
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described in the section on methods. Statistical comparisons
between the right and left lobes in each group are indicated
by p values or by NS, not significant. For comparison, the
results are given in the top row from the normal dogs of
group 1 and the dogs of groups 5 and 6 after hepatic resec-
tion. Note that the advantage in thymidine uptake enjoyed
by the right lobes which received pancreaticogastroduo-
denosplenic blood after splanchnic division in groups 2, 7
and 8 was abolished in groups 3 and 4 or even transferred
to the left lobes in group 9 by the creation of diabetes,
either with alloxan or by pancreatectomy.

nucleic acid synthesis in the dogs of group 2 was in
the right lobes which were perfused with pancre-
aticogastroduodenosplenic blood, although the
lobar differences were not significant. However,
this effect was accentuated in groups 7 and 8 by
partial hepatectomy and reached statistical sig-
nificance. The dominance of the right lobes in
deoxyribonucleic acid synthesis was eliminated by
alloxan-induced diabetes, group 3, or after pan-
createctomy, group 4. The most clearcut results
were in the dogs~of group 9 submitted to 30 per
cent hepatic resection plus total pancreatectomy
(Fig. 6). The predominant deoxyribenucleic acid
synthesis was transferred to the left lobes to a
statistically significant degree, p<0.01.
Histopathology and autoradiography. Five days after
splanchnic division in the dogs of group 2, the
hepatocytes in the left liver lobes, which had re-
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TABLE I.—COMPARISONS OF HEPATOCYTE SIZE AND CELL DIVISION BY AUTORADIOGRAPHY IN SPLANCHNIC

Statistical
comparisons
between
groups,
Group Description p values
1A Normal dogs :
1B Normal sham
5 30 per cent resection A
: 5 ws. 1
6 60 per cent resection
6 wvs. 1
6 vs.5
2 Splanchnic division
2 w1
7 Splanchnic division
-+ 30 per cent
resection 7 wvs.5
7 vs.2
8 Splanchnic division
—+ 60 per cent .
resection 8 wvs. 6
: 8 wvs.2
8 w7
3 Splanchnic division
-+ alloxan diabetes
-+ insulin 3 wvs. 1
3 wvs. 2
4A Splanchnic division
-+ pancreatectomy
-+ insulin 4A vs. 1
4A vs. 2
4B Splanchnic division
-+ pancreatectomy,
no insulin 4B vs. 1
4B vs. 2
4B vs. 4A
4A and B Splanchnic division
-+ pancreatectomy
4 wvs. 1
4 vs.2
9A Splanchnic division
-+ pancreatectomy
~+ 30 per cent
resection 9A vs. 5
-+ insulin 9A vs. 4A
9B Splanchnic division
-+ pancreatectomy
+ 30 per cent
resection, 9B vs. 5
no insulin 9B vs. 4B
9B vs. 9A
9A and B Splanchnic division
+ pancreatectomy
-+ 30 per cent
resection 9 wvs.7
9 wvs. 4

Mean t standard deviation.
NS, Not significant.

ceived the nutrient rich intestinal venous blood,
had undergone a number of changes (Fig. 7).
They had decreased in size (Table I), were irreg-
ular in shape and were depleted of glycogen. The
lobules were shrunken, and the Kupffer cells were

No.
exp.

11

DIVISION EXPERIMENTS

Hepatocyte size,

No. of labeled hepatocytes

5.

Left
1.5
+0.4
1.8
+09
5.5
+1.4
<0.001
14.2
+17
<0.001
<0.001
5.4
+1.1
<0.001
9.9
+2.0
<0.01
<0.01
14.8
+28
NS
<0.001
<0.01
9.6
+13
<0.001
<0.01
8.8
+1.8
<0.001
<0.02
1.7
+0.7

<0.01

© <0.01

5.3
+4.1
<0.01

NS

103
+18

<0.05
NS
4.8

+0.1

NS
<0.01

NS

7.6
+3.3

NS
NS

size units. per 1,000 hepatocyte.
R. vs. L. R. vs. L.
Right b value Left Right # value
0.176 NS 0.175 1.6 NS
+0.041 +0.047 £0.5
0.172 NS 0.172 1.7 NS
+0.043 +0.048 +1.1
0.186 NS 0.192 5.3 NS
+0.034 +0.010 +1.7
NS NS <0.001
0.200 NS 0.198 14.6 NS
+0.072 +0.020 14
NS NS <0.001
NS NS <0.001
0.218 <0.02 0.109 16.5 <0.001
+0.071 +0.039 *25
NS <0.02 <0.001
0.254 <0.01 0.188 172 <0.001
+0.072 +0.069 +15
NS NS <0.001
NS NS NS
0.285 <0.05 0.218 24.7 <0.01
+0.081 +0.033 +5.0
NS NS <0.01
NS <0.01 <0.02
NS NS <0.01
0.167 NS 0.163 1.9 <0.02
+0.005 +0.007 +1.0
NS NS NS
NS NS <0.001 .
0.168 NS 0.165 1.9 <0.01
+0.023 +0.028 +1.0
NS NS NS
NS NS <0.001
0.147 NS 0.144 1.8 NS
+0.043 +0.041 +1.1
NS NS NS
NS NS <0.001
NS NS NS
0.158 NS 0.155 1.9 NS
+0.033 £0.033 +0.9
NS NS NS
NS NS <0.001
0.188 NS 0.189 4.8 NS
+0.028 +0.042 +0.7
NS NS NS
NS NS <0.05
0.181 NS 0.181 49 NS
+0.053 +0.058 +0.4
NS NS NS
NS NS <0.05
NS NS NS
0.184 NS 0.185 4.9 NS
+0.035 +0.043 +05
NS NS <0.001
NS NS <0.001

increased in number and size and contained hemo-
siderin. There were no fat globules visible by light
microscopy. Ultrastructurally, the rough endo-
plasmic reticulum was reduced in amount and dis-
organized, and some of the cisternae were dilated.
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f labeled hepatocytes
1,000 hepatocytes.
R. s L.
b value Left
NS 1.5
+0.4
NS 1.8
+0.9
NS 5.5
+1.4
<0.001
NS 14.2
+1.7
<0.001
<0.001
<0.001 5.4
+1.1
<0.001
<0.001 9.9
£2.0
<0.01
<0.01
<0.01 14.8
+28
NS
<0.001
<0.01
<0.02 9.6
+13
<0.001
<0.01
£0.01 8.8
t18
<0.001
<0.02
NS 1.7
+0.7
NS
<0.01
- <0.01
NS 53
+4.1
<0.01
NS
NS 10.3
*1.8

S - e

<0.05
NS
NS 48
+0.1

NS
<0.01
NS
NS 7.6
+3.3

Fic. 7. Changes in a liver three days after a splanchnic division experiment of group 2 as shown
by light microscopy, electron microscopy and autoradiography. The hepatocytes in the nutrient
enriched lobes, panels on right, are atrophic; depleted of glycogen and rough endoplasmic reticulum
i and contain increased smooth endoplasmic reticulum when compared with the enlarged and ultra-
? structurally normal liver cells in the hormone influenced lobes, panels on left. The rate of cell division,
| as indicated by autoradiography, is increased on both sides of the liver, but particularly in the
1 hormone influenced lobes. Upper panels, hematoxylin and eosin, X120; middle panels, electron
‘l micrography, X1,700; and lower panels, autoradiography, X300.
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had been perfused by the hormone rich pancreati-
cogastroduodenosplenic blood, had larger lobules
and hepatocytes than were present in the normal
dogs of group 1. The enlarged hepatocytes con-
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F1c. 8. Changes in a liver three days after a spanchnic division and total pancreatectomy experi-
ment of group 4B as shown by light microscopy, electron microscopy and autoradiography. The
hepatocytes on both sides of the liver are atrophic and contain excess cytoplasmic fat. The amount
of glycogen and rough endoplasmic reticulum is reduced: The rate of cell division, as indicated by
autoradiography, is bilaterally normal. Upper panels, hematoxylin and eosin, X120; middle panels,
electron micrography, X1,700; and lower panels, autoradiography, X300.

tained normal quantities of glvcogen and were free
of fat. Binucleate liver cells and proliferating bile
ductules were present, and the mitotic index was
raised. Ulirastructurally, the enlarged liver cells

were essentially normal. Autoradiography showed
about three times as many labeled hepatocytes in
the enlarged right lobes as in the smaller left lobes
(Table I).
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Fic. 9. Changes in a liver three days after a splanchnic division and 60 per cent hepatectomy
experiment of group 8 as shown by light microscopy, electron microscopy and autoradiography. The
hepatocytes on both sides of the liver are enlarged and contain normal amounts of rough endo-
plasmic reticulum, increased numbers of autophagosomes and lipid droplets and less glycogen than
normal. The rate of cell division, as indicated by autoradiography, is higher on both sides of the
liver than after splanchnic division alone and is particularly increased in the hormone influenced
lobes, panel on left. Upper panels, hematoxylin and eosin, X120; middle panels, electron microg-
raphy; X1,700; and lower panels, autoradiography, X300. i

The addition of a 60 per cent partial hepatectomy hepatocytes on both sides of the liver (Table I).
to splanchnic division in group 8 resulted in the The left lobe hepatocytes, instead of being atrophic,
kind of histologic appearance shown in Figure 8. were as large as the liver cells on that side after 60
There was marked enlargement of the lobules and per cent resection alone. Right lobe hepatocytes
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TABLE II.—COMPARISONS OF HEPATOCYTE SIZE AND CELL DIVISION BY AUTORADIOGRAPHY IN PARTIAL
PORTACAVAL TRANSPOSITION

Statistical
comparisons Hepatocyte size, No. of labeled hepatocytes
between size units. per 1,000 hepatocytes.
groups, No. R.vs. L. R. vs. L.
Group Description b values exp. Right p value Left Right p value Left
1A Normal dogs 1 0.176 NS 0.175 1.6 NS 1.5
+0.041 +0.047 +0.5 +0.4
1B Normal sham 6 0.172 NS 0.172 1.7 NS 1.8
N +0.043 +0.048 +1.1 +0.9
5 30 per cent resection 4 0.186 NS 0.192 5.3 NS 5.5
+0.034 +0.010 +17 +1.4
5 wvs. 1A NS <0.001 <0.001
10 Partial transposition 5 0.211 <0.02 0.123 137 - <0.01 2.3
+0.066 +0.031 +45 +0.9
10 wvs. 1A NS <0.05 <0.001 <0.05
11 Partial transposition 3 . 0.147 NS 0.114 4.1 NS 1.9
-+ pancreatectomy +0.020 +0.014 +3.1 +1.6
11 vs, 1A NS <0.05 <0.05 NS
11 vs. 10 NS NS <0.05 NS
12 Partial transposition 5 0.206 <0.05 0.136 12.4 <0.01 6.5
-+ 30 per cent £0.043 +0.029 +3.6 +1.3
resection 12 vs. 5 NS <0.01 <0.01 NS
12 vs. 10 NS NS NS <0.001
13 Partial transposition 4 0.209 NS 0.197 52 <0.05 101
=+ 30 per cent £0.036 +0.037 +1.0 +3.2
resection 13 wvs. 12 NS <0.05

-+ pancreatectomy
-+ insulin

were larger than after simple resection. The en-
larged right lobar hepatocytes contained less
glycogen than normal, and in four of the five livers,
light microscopy showed globules of fat in the cyto-
plasm of the cells on the right side. In two of these
livers, fat also was present in the hepatocytes of the
left lobes. Binucleate liver cells were present, and
the mitotic index was raised on both sides of the
liver. Autoradiography showed more labeled hepa-
tocytes on both sides of the liver than after splanch-
nic division alone (Table I). The numbers of
radioactive nuclei on the left sides of the livers were
roughly the same as after the 60 per cent resection
alone. The numbers on the right side were higher
than after either 60 per cent resection or splanchnic
division alone. Ultrastructurally, the hepatocytes
on both sides contained fewer glycogen granules
than normal and increased numbers of autoph-
agosomes and lipid droplets. The amount of rough
endoplasmic reticulum was normal, but the cis-
ternae were a little dilated.

Similar, but much milder, changes were pro-
duced by the combination of 30 per cent partial
hepatectomy and splanchnic division, which was
used for group 7 (Table I).

The difference in size of the hepatocytes in the
left versus the right lobes, brought about by
splanchnic division, did not occur in the seven
diabetic dogs of groups 3 and 4 (Table I and Fig.
9). After two to five days, the hepatocytes in the
right and left lobes were almost equal in size and

<0.01 NS

smaller than those of normal dogs. The hepatocyte
atrophy was most obvious in the three dogs of
group 4B which were not treated with insulin;

these dogs also showed abundant fat in the cyto-

plasm of the hepatocytes. The livers of the other
dogs in groups 3 and 4 were free of fat visible by
light microscopy.

Ultrastructurally, the hepatocytes on both sides
of these livers in diabetic groups 3 and 4 showed
varying degrees of disruption and loss of rough
endoplasmic reticulum, an increase in the amount
of smooth endoplasmic reticulum, a loss of gly-
cogen particles and increased numbers of lipid
droplets. Autoradiography showed normal num-
bers of labeled hepatocytes in both sides of the
livers of the three diabetic dogs of group 4B that
were not given insulin. In the dogs treated with
insulin, there were increased numbers of radio-
active liver cells in the left lobes.

The addition of the 30 per cent hepatectomy in
the diabetic dogs of group 9 was associated with
slightly larger hepatocytes on both sides of the
liver. The hepatocyte size was similar to that seen
after liver resection alone in group 5. The numbers
of radioactive cells were raised on both sides of the
livers in group 9 (Table I), but the number of
labeled hepatocytes was highest in the left lobes
of the insulin-treated dogs of group 9A. The ultra-
structure of the hepatocytes did not differ signifi-
cantly from that seen in the livers of the diabetic
dogs of groups 3 and 4.
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Partial Portacaval Transposition

Deoxyribonucleic acid synthesis. The right liver lobes
of the dogs of group 10 which were perfused for
four or five days after operation with the total
splanchnic venous return had significantly greater
deoxyribonucleic acid synthesis than the left lobes
which were receiving the venous return from the
kidneys and hindquarters (Fig. 10). This right
lobar dominance was not changed by the absence
of the pancreas in the dogs of group 11 (Fig. 10).

Three months following partial portacaval trans-
position and four days after 30 per cent hepatec-
tomy, group 12, deoxyribonucleic acid synthesis
was again significantly greater in the right liver
lobes. The addition of pancreatectomy at the time
of 30 per cent hepatectomy in group 13 switched
the predominant deoxyribonucleic acid synthesis
to the left lobes, although the lateralization to the
left did not achieve significance (Fig. 10).

Histopathology and autoradiography. Four to five
days after partial portacaval transposition in the
dogs of group 10, the hepatocytes in the left liver
lobes, which had received systemic blood, had de-
creased in size (Table II) and had become de-
pleted of glycogen. The lobules were smaller
than normal and the Kupffer cells were increased
in size and number and contained hemosiderin.
Ultrastructurally, there was loss of rough endo-
plasmic reticulum, glycogen granules were scarce
and there were increased numbers of small lipid
droplets. The right liver lobes, which had received
splanchnic venous blood, had larger lobules and
hepatocytes than were-present in the normal dogs
of group 1. Ultrastructurally, the enlarged cells
were essentially normal. Autoradiographs showed
more labeled hepatocytes in the right lobes than in
the left lobes (Table II).

The presence of untreated diabetes in the dogs
of group 11 changed some of these findings. The
enlargement of the hepatocytes in the right lobes
failed to occur, and the number of radiocactive
thymidine-labeled hepatocytes in these lobes was
lower than after uncomplicated portacaval trans-
position, although still greater than on the left side
(Table II).

Three months after partial portacaval transpo-
sition and four days following 30 per cent hepatec-
tomy, group 12, the hepatocytes of the right lobes
were larger than the left, and the incidence of
labeled hepatocytes was also greater on that side.
The ultrastructure of the liver cells in the right and
left lobes did not differ significantly from that seen
after partial portacaval transposition alone (40).
The addition of diabetes treated with insulin,
group 13, was associated with enlargement of the
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Fia. 10. Relative thymidine uptake of the right, R, and
left, L, liver lobes after partial portacaval transposition. The
method of calculation, the nomenclature and the statistical
comparisons are the same as in Figure 6. The right liver
lobes, which in this preparation received the total splanchnic
venous return, had significantly greater deoxyribonucleic
acid synthesis, groups 10, 11 and 12, except when pancrea-
tectomy was superimposed upon delayed 30 per cent hepatic
resection, group 13.

previously atrophic hepatocytes in the left lobes to
a size greater than normal and similar to those in
the right lobes. The enlarged hepatocytes con-
tained many lipid droplets. Autoradiography
showed more labeled hepatocytes in the left lobes
than in the right lobes. Ultrastructurally, the rough
endoplasmic reticulum was dilated in the hepato-
cytes of both lobes and reduced in amount in the
cells of the left lobes. There were fewer than nor-
mal glycogen granules in all lobes.

DISCUSSION

In a classic article published 55 years ago, Rous
and Larimore (31) raised the possibility that sub-
stances in portal venous blood prevented atrophy
and promoted regeneration. In discussing the
atrophic effects of portal branch ligation upon the
regions of rabbit liver thus deprived of splanchnic
blood and the concomitant hypertrophy found in
the rest of the liver, they suggested ‘. . . that the
liver has no essential activity—none on which its
maintenance depends—that it (sic) is not inti-
mately connected with substances derived from
organs drained bysthe portal system.”

Rous and Larimore (31) did not have evidence in
direct support of their suggestion, nor was sub-
stantiation provided by subsequent workers in-
cluding Mann (23) during the next 40 years.
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Instead, articles by Child (7) and Fisher (10, 11,
12) and their associates led to the almost universal
acceptance of the alternative view that the portal
component of total hepatic blood flow was im-
portant primarily in proportion to its quantity and
that the quality of the blood was not significant.

During the last decade, the pendulum has moved
back toward the position that portal venous blood
has special properties which profoundly affect
hepatocellular structure and function. The revival
of the qualitative concept came from our investiga-
tions with revascularization of auxiliary liver grafts
(24, 25, 39). In these experiments, coexisting whole
livers or two portions of the same liver were given
different kinds of portal venous inflow. The hepatic
tissue perfused with venous return from the
splanchnic organs underwent hypertrophy, hyper-
plasia and glycogenation in comparison with the
hepatic tissue deprived of this advantage. The
confirmation by other workers of these observa-
tions has been summarized elsewhere (37, 38, 40).

Results of recent studies have indicated the na-
ture of the hepatotrophic substances. The essence
of their influence is the interreaction of hormones
generated by splanchnic organs and delivered
straight to the liver and with a presumably aug-
mented significance because of the concentrated
flux of nutritional substrate in the same venous
blood (37, 38, 40). Both by inference and by direct
testing, insulin was concluded to be the single most
important hepatotrophic factor, although by no
means the only one (37, 38, 40). This hormonal
and biochemical concept has helped to explain
earlier observations by Marchioro (25), Pouyet
(27), and Ranson (29) and their associates that
were made in experiments in which splanchnic
venous flow was divided between two livers or two
liver fragments.

Although its probable relation to liver regenera-
tion has been obvious, the hepatotrophic concept
as it has evolved in our laboratories has been based
on chronic experiments not involving partial
hepatectomy. The acute studies herein reported
were undertaken in diabetic and nondiabetic dogs,
of which some were submitted to subtotal hepatic
resection. The same double liver fragment models
which originally made it possible to study hepato-
trophic effects in chronic experiments were adapted
for the acute investigations. The advantage of these

preparations is that hepatotrophic factors appar-

ently are exhausted or greatly diminished by expo-
sure to one hepatic fragment and, therefore, are
relatively unavailable to the other competing liver
tissue, even when the latter had a quantitatively
good blood supply from nonsplanchnic origins.

The clearing of insulin by the liver has been par-
ticularly well studied, as was recently reviewed by
Field (9). An unmasking of the role of portal blood
constituents is thereby made feasible to an extent
not possible if portal blood is bypassed around a
single liver but eventually returned to it in diluted
form as with Eck’s fistula or the portacaval trans-
position of Child.

Nondiabetic dogs submitted to splanchnic divi-
sion or partial portacaval transposition showed the
remarkable rapidity with which liver tissue was
altered after it was denied exposure to either the
total splanchnic venous return or its pancreatico-
gastroduodenosplenic component. Within four or
five days, the hepatocyte atrophy was almost as
pronounced as we have reported (24, 37, 40) in
the same kinds of experiments after two months.
Deglycogenation, depletion or distortion of the
rough endoplasmic reticulum, fatty vacuclization
and other structural changes also were advanced
within four or five days. The ultrastructural ab-
normalities in these shrunken hepatocytes were
similar to those reported by Reaven and his col-
leagues (30) in rat livers within three days after
the production of the insulinopenia of alloxan dia-
betes. At the same time, hypertrophy of the healthy
contralateral liver cells had occurred.

These differential effects upon the right and left
liver lobes were drastically altered by diabetes
mellitus in the splanchnic division experiments. A
similar modification of results was caused by the
addition of pancreatectomy to partial portacaval
transposition. The crucial observation was that the
lobes previously protected either by pancreatico-
gastroduodenosplenic or by total splanchnic flow
now partly, or completely, lost this advantage. The
profoundly influential effects of iatrogenic diabetes
mellitus were similar to those reported by us previ-
ously over the much longer period of two months
(38, 40). ) :

A special note should be made about the effect
of the blood flow deviations upon over-all hepato-
cyte replication. In all double liver fragment ex-
periments not involving diabetes or hepatectomy,
the deprivation of one portion of the liver of
qualitatively optimal blood set into motion a low
grade proliferative response which could be con-
sistently detected by autoradiography, which did
not occur in the sham operated upon controls and
which was shown in a previous report (40) to
persist through the first two postoperative months.
Although this heightened mitotic activity was pre-
dominantly in the hypertrophic liver lobes per-
fused by the total splanchnic return or its pancrea-
ticogastroduodenal portion, cell division in the
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disadvantaged hepatic tissue that was undergoing
atrophy was also raised above control levels. The
atrophy itself may have provided an impetus for
cell renewal, even though a full expression of re-
sponse was possible only in the optimally perfused
lobes. In the experiments which did not involve
hepatectomy, diabetes mellitus blunted the in-
crease in cell proliferation on both sides, even when
insulin treatment was provided. The low grade
hyperplastic response was eliminated if exogenous
insulin was withheld. Parenthetically, these experi-
ments provided an example of the kind of dissocia-
tion that can occur between hyperplasia and hyper-
trophy, as has been noted by ourselves (38, 40) and
by Weinbren (44), Malamud (22), Sigel (35, 36)
and Price (28) and their associates. The combina-
tion of simultaneous low grade hyperplasia and
severe atrophy has even been recorded in dog and
baboon livers after the performance of an Eck
fistula (38).

The pace of changes in the livers of nondiabetic
dogs submitted to splanchnic division or partial
portacaval transposition was as rapid as described
in rabbits by Rous and Larimore (31) after portal
branch ligation and by Weinbren and his co-
workers (44) after simple portacaval shunt in rats,
but the involutional changes in their experiments
could have been primarily due to a loss of the
quantity of portal inflow instead of a reduction in
its quality. Indeed, this was the interpretation
placed on their own observations by Weinbren and
his group -(44). In our double liver preparations,
both of the hepatic fragments retained a portal
inflow. Nevertheless, Weinbren and his associates
(44) have suggested that portal flow disparities be-
tween the liver fragments in such experiments
could have accounted for all the hepatotrophic
effects described by us (37) in an earlier publica-
tion. In the light of all the evidence now available,
this criticism is not tenable.

There is little point in debating exactly how
much flow through the portal vein was provided
to the two liver sides in these specific experiments,
since such measurements were not made. Suffice it
to say that it is probably impossible to compensate
liver tissue for the loss of splanchnic venous blood
flow with any amount of replacement, however
great, if the diverted splanchnic blood is being de-
livered to another and competing liver fragment.
This was demonstrated in our laboratories by
Marchioro and his associates (24) who arterialized
portal vein branches to dog liver lobes after de-
taching these branches from the main portal vein.
Atrophy of the altered lobes was not thereby pre-
vented, even though the arterialized portal flow

was, undoubtedly, several times normal, as
Zuidema and his associates have reported (47).
Supernormal portal flow in rapidly atrophying
auxiliary livers or liver fragments that were re-
vascularized by portacaval transposition has also
been reported by Marchioro (24) and Daloze (8)
and their associates. Farlier work by us (42) and
by Heer and his co-authors (15) had already
shown that the total blood flow of whole livers
revascularized by portacaval transposition was
essentially normal. Finally, Pouyet and his col-
leagues (27) have calculated in their version of the
splanchnic division procedure that the intestinal
component of splanchnic venous return was greater
than the fraction from the pancreaticogastroduo-
denosplenic area, even though the latter has a much
greater hepatotrophic effect.

Such tedious discussions and counterarguments
about potential artifacts introduced by blood flow
disparities in double liver fragment models no
longer serve a useful purpose, since they have been
rendered moot by our acute experiments herein
described as well as by our reported chronic experi-
ments (40). This work showed that differential
hepatotrophic effects found in the two coexisting
liver fragments were canceled or remarkably di-
minished by diabetes mellitus. In both the long
and short term experiments, the results with stable
alloxan-induced diabetes were particularly en-
lightening, since alloxan is not known or suspected
to change splanchnic flow. Thus, the only con-
ceivable explanation for the results was that a
fundamental change in the relative chemical en-
vironment of the two liver sides had been wrought
by removal of endogenous insulin. Dramatic con-
sequences of the removal or addition of insulin or
other hormones have also been shown by Leffert
(18, 19) in hepatocyte monolayer cultures in which
flow factors did not exist at all. Earlier, the role of
insulin in supporting the growth and replication
of other kinds of cells had been well established by
Lieberman and Ove (20).

By using cell division as an end point, it was
interesting to compare the results in the dogs of
group 3 which were submitted to splanchnic divi-
sion plus alloxan-induced diabetes with those ob-
tained in the dogs of group 4 which had splanch-
nic division and total pancreatectomy. As in chronic
animals reported edrlier (38, 40), there was not a
potent or even identifiable further effect of the total
loss of the pancreas compared with the conse-
quences caused by the simpler hormone defect of
alloxan-induced diabetes. This meant that glu-
cagon and other substances from the pancreas
singly or together did not have a hepatotrophic role
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approaching in importance that of insulin. These
observations have greatly weakened our own earlier
speculation (37) which was subsequently sup-
ported by Bucher and Swaffield (4) that the insulin
to glucagon ratio might be more important than
insulin alone. Our more recent findings are also a
frontal challenge to the contention by Price (28)
and Whittemore (45) and their colleagues that
glucagon is the principal hepatotrophic factor.

Our emphasis on insulin as the single most im-
portant hepatotrophic influence and, for that
matter, the only easily identifiable one in our test
system, does not imply that it is the sole factor. In a
number of recent publications (37, 38, 40, 41),
information was reviewed favoring multiple portal
and extraportal factors. These presumably include
other hormones than insulin and probably also
nutrients. .

The acute experiments herein reported have fur-
ther strengthened the multifactorial hypothesis as
it applies to hepatocyte mitosis. In the splanchnic
division experiments of groups 3 and 4, the creation
of diabetes eliminated the dominance of cell divi-
sion in the previously favored right lobes and trans-
ferred this to the left, providing there was treatment
with subcutaneous exogenous insulin which was
eventually distributed to both fragments. However,
if the replacement insulin was omitted as in group
4B, the rate of cell division became bilaterally
equal. Confirmatory observations were made in
the dogs of groups 9 and 13, which were submitted
to total pancreatectomy plus 30 per cent hepatic
resections. In all these dogs with diabetes of one
kind or another, the combination of exogenous in-
sulin plus intestinal blood apparently supported
cell renewal in liver tissue to a greater extent than
exogenous Insulin plus gastroduodenosplenic or
inferior vena caval blood. A subtle, but significant,
hepatotrophic effect of intestinal venous blood was
seemingly unmasked by the special conditions of
these experiments. Analogous conclusions have
been reached from observations after a two month
interval (37, 40).

Until now, the discussion has focused almost
entirely upon double liver fragment preparations
exclusive of partial hepatectomy. The addition of a
30 or 60 per cent hepatic resection in normal, and
otherwise unaltered, dogs evoked the well known
changes of healthy hepatocyte hyperplasia and hy-
pertrophy through the whole liver. In nondiabetic
dogs with splanchnic division or partial portacaval
transposition, these findings were most prominent in
the optimally perfused liver lobes. However, the
lobes deprived of total splanchnic flow or its pan-
creaticogastroduodenosplenic component also par-

ticipated in the regeneration efforts, although at a
lower rate. It was interesting that the disadvantaged
lobes appeared generally more healthy than in the
companion nonhepatectomy experiments, as if these
lobes had benefited or been provided protection by
something about the over-all regeneration re-
sponse. In the same kinds of experiments, the
hepatic regeneration response was markedly in-
hibited bilaterally if diabetes was superimposed
and, to an even greater extent, if insulin therapy
was omitted postoperatively. A clearer demonstra-
tion of the participation of portal blood factors in
regeneration and the permissive role of insulin
could hardly be imagined. Yet, the same collection
of experiments has shown the inexorability of re-
generation and its lack of total dependence upon
any single known factor. The work of Younger (46)
and Short (34) and their associates has made the
same point.

In the 11 years since the first papers from our
laboratory reopened the possibility that portal
blood contents affect liver structure and function, a
number of workers have tested the role of hepato-
trophic substances in the acute regeneration after
liver resection and often with conflicting conclu-
sions. After a first negative report by Lee and Edg-
ington (16) consistent support for the concept of
hepatrophic portal factors has come from surgical
research laboratories of the University of Cali-
fornia, San Diego, by Lee (17), Chandler (6),
Sgro (33) and Broelsch (1) and their associates

with studies using double liver fragment prepara-.

tions or techniques of selective visceral extirpation.
Fisher (10, 11, 12), an earlier opponent of the
hepatrophic hypothesis, became one of its adher-
ents (13), although incorrectly localizing the liver
supporting splanchnic factors to the intestine (14),
as has been shown by our studies and those of Sgro
(33) and Broelsch (1) and their associates and of
Poirier and Cahow (26). The contention of Price
(28) and Whittermore (45) and their associates that
glucagon is the principal hepatotrophic substance
now seems indefensible for reasons already stated.
Weinbren, who long ago showed that liver regen-
eration can occur after Eck fistula (43), remains
the major spokesman against the role of portal
blood factors in regeneration (44).

A recent article by Bucher and Swaffield (4) is
apt to have a conciliatory effect on these divergent
points of view. These authors had previously mini-
mized the role of portal blood factors in the govern-
ance of regeneration (3) but in their later work
was described an important role by insulin and
glucagon as regulators of the rate and extent of the
regeneration process. Although our data reported
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herein and elsewhere (40) have de-emphasized the
contribution of glucagon relative to that of insulin,
our broader view of regeneration as a complex
event under multifactorial control could hardly be
more elegantly stated than was done at an earlier
time by Bucher and Malt (2) who said, ‘. . . nor is
there any basis for choosing between a unitary
agent or trigger mechanism versus an interplay of
several effectors with shifts in balance according to
circumstances.”

SUMMARY

The acute influence of portal blood hepatotroph-
ic factors upon the canine liver and upon hepatic
regeneration was studied after surgical operations
which provided qualitatively different portal
venous perfusion to the right and left liver lobes.
With one such procedure called splanchnic divi-
sion, the nutrient rich venous return from the in-
testines was directed to the left lobes, whereas the
hormone rich blood from the pancreas and other
splanchnic organs of the upper part of the abdomen
passed to the right lobes. Within three to five days,
the rate of cell division on both liver sides was in-
creased as judged by autoradiography, but the
hormone influenced right lobes exhibited hyper-
trophy and hyperplasia relative to the nutrient

enriched left lobes. In the latter, the hepatocytes

underwent pronounced atrophy, deglycogenation,

depletion or distortion of the rough endoplasmic .

reticulum, fatty vacuolization and other structural
changes. When 30 or 60 per cent hepatic resection
was carried out at the same time as splanchnic
division, the regeneration of the hormone domi-
nated hepatic tissue after three to five days was
greater than that of the hepatic tissue receiving the
intestinal venous effluent, as judged by multiple
criteria, although both liver sides participated in

. the regeneration process.

The advantage enjoyed by the right liver lobes in
relation to the left liver lobes both in the resting or
in the regenerating state after splanchnic division
was reduced or eliminated by pre-existing alloxan-
induced diabetes or after concomitant total pan-
createctomy. Similar, but less complete, observa-
tions about the effect of pancreatectomy were made
in dogs submitted to the procedure of partial porta-
caval transposition, in which all the splanchnic
venous blood passed to the right lobes, whereas the
left lobes were revascularized with systemic venous
blood from the vena cava.

These observations have added to the recent tor-
rent of evidence that insulin is the most easily
demonstrable and, therefore, probably the most
important specific hepatotrophic factor in portal

venous blood. At the same time, further subtle
support has been added to our previously proposed
hypothesis that multiple other hormonal and pos-
sibly nonhormonal factors from the splanchnic
viscera and other sources also contribute to the
essence of the hepatotrophic effects. These effects
were evident and quite advanced within a few
days. A prominent hepatotrophic role of glucagon
was not identifiable.
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