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Canine livers were preserved by simple hypothermic storage
using modified Sacks' solution and prostacyclin. Orthotopic
liver transplantation was then carried out. Five of six and three
of five livers preserved for 24 and 48 hours, respectively, were
able to sustain life for more than five days.
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ONE OF THE MAJOR limitations of liver preservation
is the liver's extreme sensitivity to hypoxia. For

the past 20 years, two basic preservation techniques
have been employed in experimental and clinical trans-
plantation: hypothermia storage'-6 and hypothermic
pulsatile perfusion.7-'2 The latter has been reported to
be a superior method when preserving the liver for more
than a few hours; however, the complexity of the
method and inconsistent results have restricted its gen-
eral use. From the clinical point of view, hypothermia
storage has been the preferable method for the two- to
four-hour ischemic periods commonly necessary for
liver transplantation in man. Some progress in clinical
liver storage has been reported.'3 The arterial ischemic
time was as long as 5 hours, 37 minutes in one donor
liver that was flown from Buffalo, New York to Me-
morial Hospital in New York City for a heterotopic
transplant.

Experimentally, some improvements in preservation
for 8-12 hours have been seen using a high potassium
and magnesium solution, plasma protein fraction or
hyperosmolar solution with glucose and cortisone.3'5
Attempts to perform orthotopic liver transplantation
using a liver that has been preserved for more than 24
hours have failed.

This report concerns the use of a heretofore unre-
ported method for liver preservation that has a high
success rate after both 24- and 48-hour storage. The
method is simple storage at refrigerator temperatures
in a hyperosmolar, modified Sacks' solution containing
prostacyclin (prostaglandin 12). The viability of the pre-
served liver was assessed by orthotopic liver transplan-
tation.
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Materials and Methods

Mongrel dogs of either sex, weighing 7.0 to 27.0 kg
were used. Anesthesia was induced with intravenous
thiopental sodium (10-15 mg/kg) followed by nitrous
oxide and a minimum of halothane. During surgery,
donor dogs received an infusion of about 1,000 ml of
Ringer's lactate solution. After the donor liver was freed
except for vascular attachments, its portal vein was
flushed with cold Ringer's lactate solution (1,000 ml)
at a hydrostatic pressure of 100 cm. Two thousand
milliliters of test solution were then infused through the
portal vein and celiac axis over a 30- to 45-minute pe-
riod. During this period, the liver was removed and
transferred to a sterile basin. The basin containing the
liver and 1,000 ml of the infusion fluid were placed in
a sterile plastic bag and stored, surrounded by ice, in
a standard refrigerator (38 F).
There were four experimental groups: I. Liver per-

fusate was Ringer's lactate solution supplemented with
glucose 1.0 g, methylprednisolone 250 mg, and cepha-
zolin 500 mg per liter. The liver was refrigerated for
24 hours. II. Modified Sacks' solution II4 containing
KH2PO4 0.74 g, NaHCO3 1.2 g, K2HPO4 9.5 g, KHCO3
0.6 g, and mannitol 37.5 g per liter of distilled water.
This solution was sterilized by ultrafiltration and re-
frigerated until needed. On the day of usage, the fol-
lowing substances were added to each liter: 1 M MgCl2
solution 8 ml, methylprednisolone 250 mg, and cepha-
zolin 500 mg. The ionic composition was Na 14, K 121,
Mg 16, Cl 16, and P04 115 mEq. The final pH was
7.75-7.80, and the osmolarity was 420 osmoles (mea-
sured). This solution was designated as M-solution.
Liver refrigeration was for 24 hours. III. 100 ,ug of
prostacyclin dissolved in 0.05 M Tris solution was added
just prior to perfusion to each liter of modified Sacks'
solution as described for Group II. The prostacyclin
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solution was used immediately after preparation or

stored at -20 C for use in less than seven days. The
liver was refrigerated for 24 hours. IV. Perfusate was

the same as for Group III, but the liver was stored for
48 hours.

Immediately prior to transplantation, the stored livers
were rinsed through the portal vein and celiac axis with
2,000 ml of cold Ringer's lactate solution that contained
NaHCO3 (10 mM) and prostacyclin (100 ,ug/L) for
experimental Groups III and IV. Prostacyclin was not
added to the perfusate in Groups I and II. At the end
of preservation, a small biopsy was taken from the pre-

served liver for light and electron microscopic exami-
nation.

Following the rinse, the liver was transplanted or-

thotopically using a recently described technique.'5 Im-
mune suppression was with azathioprine (4 mg/kg/
day), starting on the day before transplantation, and
methylprednisolone (3 mg/kg/day), beginning on the
day of transplantation. The methylprednisolone dosage
was tapered to 0.5 mg/kg/day by the fifth day. Aza-
thioprine dosage was adjusted according to peripheral
blood counts. Blood samples were collected for bio-
chemical determinations every day in the first week and
every other day in the following weeks.

Results
The results are summarized in Table 1. Five of six

dogs in Group I[ died within 24 hours of transplantation
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from uncontrolled bleeding. The bleeding usually began
15 to 20 minutes following portal revascularization. One
dog survived for six days dying of liver failure. Jaundice
and hypoglycemia were present.
Two of five recipients in Group II survived beyond

24 hours. Of these two, one died from unknown causes

on the fifth day, and the other died of peritonitis caused
by biliary complications on the 25th day. Two of the
remaining three dogs regained consciousness. However,
all three died within 24 hours following transplantation
with severe bleeding.

Six of six recipients in Group III survived more than
48 hours. Five of them survived more than five days,
with the sixth dying from arterial thrombosis on the
third day. In Group IV, three of five recipients lived
more than five days. Two died on the sixth day, with
one showing an arterial thrombosis, and the other hav-
ing peritonitis of unknown origin. The third dog died
from rejection on the eighteenth day. Of the remaining
two, one died from massive bleeding two hours after
transplantation, and the other died of liver failure 24
hours following transplantation.

Figure 1 shows the changes in SGOT that were ob-
served following liver transplantation. Initial values ob-
tained on the day following transplantation were very

high (mean 2089 ± 773), with Group I, II, and IV more

elevated than Group III. The high values, especially in
Group III, quickly dropped and were 116 ± 95 IU by
the fifth post-transplant day. The latter is essentially

TABLE 1. Results of Liver Preservation

Changes in
Experimental Group Dog No. Liver Weight Survivals Cause of Death

I 24-hr preservation with Ringer's 387 + 13.5% 6 days Massive necrosis of the liver
lactate solution 780 + 8.4% 12 hrs Bleeding

682 + 25.0% 12 hrs Bleeding
207 + 3.9% 8 hrs Bleeding
407 + 1.7% 6 hrs Bleeding
021 + 9.6% 6 hrs Bleeding

II 24-hr preservation with M-solution 872 + 2.0% 25 days Peritonitis
757 - 3.2% 5 days Unknown
782 nd* 12 hrs Bleeding
854 + 4.9% 12 hrs Bleeding
639 + 8.1% 5 hrs Bleeding

III 24-hr preservation with M-solution P-i nd 40 days Malnutrition
and PGI2 677 + 1.5% 20 days Infection (evisceration)

445 + 1.1% 17 days Perforation of gastric ulcer
620 - 1.4% 11 days Perforation of gastric ulcer
058 - 0.6% 6 days Perforation of gastric ulcer
101 nd 3 days Arterial thrombosis

IV 48-hr preservation with M-solution P-2 nd 18 days Rejection
and PGI2 559 + 8.5% 6 days Arterial thrombosis

358 + 21.6% 6 days Peritonitis
603 + 15.6% 24 hrs Liver failure
425 + 6.8% 2 hrs Bleeding

* nd = not done.

Vol. 196 * No. I



40 MONDEN AND FORTNER

5000 k

000 F

500 F
-

0
(I)

0oo F

*'I-,
\ I

A-

501

O III

0 1 2 3 4 5
Weeks after, Transplantation

FIG. 1. Changes in SGOT level following orthotopic transplantation
of preserved livers. The livers were preserved for 24 hours in a Ringer's
lactate solution (X...X), in a modified Sacks' solution alone
(i\ - - - A), in the modified Sacks' solution with prostacyclin
(0 0), and in the modified Sacks' solution with prostacyclin for
48 hours (O - - -O).

that observed for fresh liver transplants in this labo-
ratory. In a representative series using fresh donor liv-
ers, the SGOT level on the first and fifth days after
orthotopic transplantation averaged at 433 ± 498 and
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105 ± 64 IU, respectively. Changes in total bilirubin
levels following transplantation are shown in Figure 2.
It is clearly evident that liver function was especially
well preserved in Group III.
Changes in liver weight during preservation were

measured. In Group I, the liver's weight increased by
10.4 ± 7.6%, and in Groups II and III, the liver in-
creased in weight 3.0 ± 4.6% and 1.5 ± 1.2%, respec-
tively. Forty-eight-hour storage resulted in a weight in-
crease of 13.1 ± 5.9%.

Light micrographs of biopsies taken from the pre-
served livers at the end of preservation are shown in
Figure 3. The anatomical structure is severely altered
in Group I, and the plasma membrane is indistinct for
the most part (Fig. 3a). On the other hand, the plasma
membrane in Group III livers is well preserved, al-
though each cell appears slightly swollen and the sin-
usoid is minimally dilated (Fig. 3c). The histologic ap-
pearance of the liver in Group II animals was
intermediate between that of Groups I and III (Fig.
3b). Electron microscopy of the liver in animals of
Group III reveals a nearly normal organelle; the plasma
membrane, bile capillary, mitochondria, lysosome, rough
endoplasmic reticulum and nucleus are well preserved
(Fig. 4). The histologic appearance of a liver biopsy
taken from a transplanted liver in Group III on the
sixth post-transplant day is almost normal (Fig. 3d).
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FIG. 2. Changes in serum total bilirubin level following orthotopic
transplantation of preserved livers. Symbols are same as in Figure 1.

Canine livers were transplanted successfully after a
minimum storage of 24 hours in a modified Sacks' so-
lution containing protacyclin. Storage was at refriger-
ator temperature (38 F). Four of six recipients survived
more than ten days. The other two died of causes un-
related to preservation; one dying of a perforated gastric
ulcer on the sixth day and the other of an arterial throm-
bosis on the third day. Even preservation of the liver
for 48 hours had a high success rate since three of five
animals survived transplantation more than five days.

Weight gain by the liver that had been stored for 24
hours was minimal. At 48 hours, however, significant
gains were seen (Table 1). Some liver damage was sus-
tained even at 24 hours storage in that the SGOT was
elevated to a greater extent than seen when fresh livers
are transplanted and in the hypoalbuminenia, which
was present. Fortunately, bilirubin and alkaline phos-
phatase levels were not affected. The morphologic ap-
pearance of the liver preserved for 24 hours in M-so-
lution with prostacyclin was minimally altered.
The mechanism by which prostacylcin in M-solution

successfully preserved the canine liver is not understood
fully. Sacks' solution is widely used for kidney hypo-
thermia preservation.'4 It was modified in the study re-
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FIG. 3. Biopsies taken at the end of a 24-hour preservation and taken six days following transplantation of 24-hour preserved liver in a modified
Sacks' solution combined with prostacyclin (D, bottom right). The livers were preserved for 24 hours in a Ringer's lactate solution (A, top left),
in a modified Sacks' solution (B, top right) and in the modified Sacks' solution with prostacyclin (C, bottom left) (hemoxylin-eosin stain, original
magnification X200).

FIG. 4. Electron micrograph of the canine
liver at the end of 24-hour preservation
in a modified Sacks' solution with pros-
tacyclin (X6000).
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ported here so as to have an alkaline pH in order to
prevent hydrolysis of the prostacyclin. This compound
is hydrolyzed rapidly to an inactive form-6 keto pros-
taglandin Fla at pH 7.4, 37 C.'6 Use of an alkaline
solution is contrary to that recommended by Calne and
others for liver preservation.4"7

Prostacyclin (PGI2), the major product of arachi-
donic acid metabolism synthesized by vascular endo-
thelial cells, was recently discovered.'8 It is known to
be a potent inhibitor of platelet aggregation and a va-
sodilator.'9'20 In addition, prostacyclin has been found
to be a stabilizer of lysosomal membranes.20 Recently,
it has been reported that the lysosomal and cytoplasmic
membrane integrity of hepatocytes during hypoxic liver
perfusion was well preserved by prostacyclin. This cy-
toprotective effect is unrelated to its vasodilation and
inhibition of platelet aggregation.2'

In conclusion, successful preservation of the canine
liver for 24 hours in six of six animals and for 48 hours
in three of five animals has been achieved using pros-
tacyclin in a modified Sacks' solution at refrigerator
temperature. This may obviate the existing severe lim-
itations on donor liver exchange and transportation ca-
pabilities. In addition, limited function of some grafted
liver due to poor preservation, even short-term, may be
obviated also in the future.
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