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Abstract To identify subtle changes which might lead to
liver failure after liver transplantation, rat livers stored at
4° C in University of Wisconsin solution for 8, 16, 24,
and 32 h were examined by transmission electron mi-
croscopy, scanning electron microscopy, cellular matrix
maceration and freeze fracture for ultrastructural analy-
sis. Endothelial cells exhibited aggregation of intramem-
brane particles (IMPs) at § h and produced tiny blebs ac-
companied by marked development of pits. As deteriora-
tion advanced, endothelial cells exposed the perisinu-
soidal faces of hepatocytes directly to the lumen with de-
struction of sieve plates. They then degraded with loss of
IMPs. Macrophages followed a similar deterioration pro-
cess to endothelial cells. Membranes of hepatocytes did
not demonstrate aggregations of IMPs for 32 h. Rough
endoplasmic reticulum (rER) lost ribosomes and smooth
ER (sER) increased in amount and dilated in an irregular
form. Autophagosomes appeared in the cytoplasm, en-
gulfed cytoplasmic matrix containing intracellular orga-
nelles and became autophagic vacuoles. At 32 h bile ca-
naliculi were filled with detached vesicles. This may be
one of the causes of preservation related bile duct com-
plications after liver transplantation.
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Introduction

University of Wisconsin (UW) solution was introduced
in the field of organ preservation for transplantation in
1986 [44] and has a clear advantage over Euro-Collins
solution, a previously widely used kidney and liver pres-
ervation fluid {16, 27]. UW solution is also used in tissue
preparation for electron microscopy [41].

Sinusoidal endothelial cells are considered to be more
sensitive to cold ischaemia than hepatocytes [26] and the
ultrastructure of hepatocytes is well maintained for 48 h
storage with UW solution [27]. Bleb formation is one of
the major ultrastructural changes seen in the sinusoid of
preserved liver, and occurs mainly in hepatocytes [26,
28, 29]. Why blebs are formed on ultrastructurally well
maintained hepatocytes is unknown. In this study, we ex-
amined movement of intramembrane particle by freeze
fracture, transmission electron microscopy (TEM), scan-
ning EM (SEM), and matrix cell maceration method dur-
ing liver storage with UW solution in order to indentify
subtle changes which might lead to liver failure after liv-
er transplantation.

Materials and methods

Female Wistar rats aged 9-11 weeks were obtained from Sankyo
Labo Service Company, Japan. All animals received humane care
in compliance with “Guide for the care and use of laboratory ani-
mals” published by National Institutes of Health (publication
number 86-23, revised 1985). Diet and water were fed ad libitum
before experimentation. The anaesthesia and procedure for liver
procurement were similar to that for a donor operation of rat liver
transplantation [31], except that subhepatic inferior vena cava,
common bile duct, and phrenic vein were not prepared. Rat livers
were perfused with cold UW solution through portal vein and pre-
served in the same solution at 4° C for 0, 8, 16, 24, or 32 h before
fixation. Eight and 32 h time points were chosen because these are
survival and nonsurvival points in the rat liver transplantation
mode] and they are the main time points currently studied. The
whole liver was perfusion fixed at each time point, and the left
lobe was used for the study. One of the components of UW solu-
tion, hydroxyethy! starch, was a gift from Green Cross Company,
Japan.
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For TEM rat livers were examined at 0(n=3), 8(n=3), 16(n=2),
24(n=2) and 32(n=3) h. Three to four samples were studied from
each liver. The cold-stored livers were perfused and fixed with
2% glutaraldehyde in cacodylate buffer solution (0.08 M, pH
7.3). A part of the left lateral lobe was excised, cut into small
pieces and immersed in the same fixation solution for 1 h. The
pieces were then washed with cacodylate buffer, postfixed with
1% osmium tetroxide (0OsO,) in cacodylate buffer solution for 1
h, dehydrated in an ethanol series and embedded in Poly-
bed/Araldite mixture. Ultra-thin and semi-thin sections were pre-
pared with an ultramicrotome (Ultracut N, Reichert-Jung, Au-
stria) and ultra-thin sections were stained with uranyl acetate and
lead citrate and examined with a JEM 2000EX electron micro-
scope (JOEL, Japan).

For SEM rat livers were examined at 0(n=3), 8(n=3), 16(n=2),
24(n=2) and 32(n=3) h. Five samples were studied from each liver.
The liver was perfused, fixed and cut in the same way as for TEM.
The samples were then fixed with 2% glutaraldehyde in cacody-
late buffer for 1 h and postfixed with 1% OsO, for 2 h. They were
then immersed in 70% ethanol for 10 min. The ethanol was
changed three times. The samples were then frozen on the alumi-
num plate which had been cooled by liquid nitrogen and were
fractured by a razor blade. They were then transferred into 70%

Fig. 1la—c Hepatocyates. Cytoplasmic membrane and bile canali-
culi. a A replica of normal hepatocytes. Intramembrane particles
(IMPs) in the protoplasmic (P) and exoplasmic (E) faces were dis-
tributed homogeneously. Gap junctions (Gj) and tight junctions
(Tj) develop well. The fracture planes of cytoplasmic processes
(arrowheads) in the bile canaliculi (asterisk) possess numerous
and uniformly distributed IMPs. x 22,000. b Ultra-thin section of
a bile canaliculus (asterisk) stored in UW solution for 32 h. The
tips of cytoplasmic processes (arrowheads) are swollen. Small ve-
sicles (arrows) are detached in the canaliculi. These vesicles are
very low in electron density, varied in size and continuous like
beads. x 22,000. ¢ A replica of hepatocytes at 32 h preservation.
IMPs of E and P faces are distributed homogeneously, respective-
ly, although number of particles seem to decrease slightly. 7j and
Gj (short arrows) remain intact. The replica of a bile canaliculus
(asterisk) is featured by bulging tips of cytoplasmic processes (ar-
rowheads) and many vesicles of varying sizes (arrows) without
IMPs. These features are comparable to those in (b). x 25,000

ethanol and dehydrated in an ethanol series. Dehydrated samples
were immersed in isoamyl acetate for more than 3 h, dried with a
HCP-2 critical point drying device (Hitachi, Japan), and then coat-
ed with 20 nm thickness of platinum-gold using a SC500 sputter
coater (Emscope, UK). Samples were observed with a $-800 SEM
(Hitachi),

The cellular matrix maceration method [39] was used to ob-
serve intracellular structures by SEM. Rat livers were examined at
0(n=2), 8(n=2) and 32(n=2)h. Five samples were studied from
each liver. The livers were perfused with 70 ml of cacodylate buf-
fer solution then 30 ml of 2% glutaraldehyde for 2 min and
flushed again with 30 ml of buffer solution. The samples were
postfixed in 1% OsO, at 4° C for 2 h, then transferred into 70%
ethanol and exchanged three times for 10 min each. The tissues
were then frozen on an aluminum plate chilled with liquid nitro-
gen and cracked by a razor blade. The samples were brought back
into 70% ethanol, kept for 10 min at room temperature, rinsed
with two changes of buffer solution, and macerated in 0.1% OsO,
for 4 h at room temperature. After that, they were dehydrated in an
ethanol series and followed the above method for SEM.

In freeze-fracture studies livers were examined at O(n=3),
8(n=3), 16(n=2), 24(n=2) and 32(rn=3) h. Three samples were
studied from each liver. After perfusion fixation with 2% glutaral-
dehyde cacodylate buffer solution and washing with buffer solu-
tion, the samples were immersed in 25% glycerol in cacodylate
buffer from 1 to 1.5 h then transferred to specimen-holders, frozen
in liquid freon and quickly transferred to a freeze-fracture device
(BAF 301, Balzers, Switzerland). They were fractured at a stage
temperature of —130° C. The fractured surface was shadowed with
platinum-carbon evaporated from an electron beam gun at a 45°
angle, and the carbon was then evaporated at a 90° angle. The tis-
sues were digested with perchloric acid for a minimum of 3 h. Af-
ter washing, the replicas were placed on copper grids and ob-
served with the EM.

Results

In the membranous plane of normal hepatocytes, numer-
ous intramembrane particles (IMPs) were distributed
uniformly (Fig. 1a). Hepatocytes were sealed by tight




Fig. 2a—f Hepatocytes Intra-
cellular organelles [mitochon-
dria (M), rough endoplasmic
reticulum (#ER), and smooth
endoplasmic reticulum (sER)].
a M, rER and sER in a normal
hepatocyte. sER surrounds a
mitochondrion like a chain (ar-
row). x 18,000 b M, rER and
sER at 32 h preservation. rER
loses ribosomes in places
(short arrows). sER in the vici-
nity of a M takes vesicular
forms (arrow) with larger dia-
meter than normal. x 22,000.

¢ 7ER and sER and M in a nor-
mal hepatocyte observed by
scanning electron microscopy
(SEM) after removal of cellular
matrix. rER possesses rich ri-
bosomes. SER (arrows) attach-
ing to the outer surface of a
mitochondrion is continuous
with peripheral sER network.

% 73,000. d rER and M at 32 h
preservation. rER shows nude
areas (short arrows) containing
no ribosomes. Spherical ve-
sicles with large size than usual
sER are in the vicinity of a M.
% 51,000. e A replica of rER
and sER and M of normal hepa-
tocytes. IMPs in these organel-
le are distributed homoge-
neously. An arrow shows sER
surrounding a M. x 22,000. f A
replica of #ER and sER and M
at 32 h preservation. IMPs in
the fracture plane of 7ER and M
did not aggregate. sER increa-
ses near rER and takes vesicu-
lar forms (arrows) with varied
sizes. Compare with Fig. 3 (a)
% 18,000

junctions formed along a bile canaliculus. Gap junctions
extended and developed well on the hepatocellular sur-
face. No aggregation of IMPs was observed for 32 h
(Fig. 1c). At 32 h IMPs seemed to be more sparse and
bile canaliculi showed marked degradative alterations.
Microprocesses in bile canaliculi swelled at the tip (Fig.
1b, ¢). Small vesicles, which filled the lumen, seemed to
originate from cytoplasmic processes and were frequent-
ly continuous like beads and did not possess IMPs in
freeze replica. Though intracellular organelles of hepa-
tocytes did not present aggregations of IMPs for 32 h,
their ultrastructure showed deterioration. Rough endo-
plasmic reticulum (rER) lost ribosomes (Fig. 2a—d) at 32
h. In normal hepatocytes, smooth ER (SER) surrounded
mitochondria like a chain (Fig. 2a, ¢) but at 32 h sER
was increased, dilated and seemed to be pinched off as
irregular vesicles (Fig. 2b, d, f). The formation of auto-
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phagosomes was specific to hepatocytes and appeared in
an incomplete manner at 8 h (Fig. 3). A few linear struc-
tures were seen in ultra-thin sections, these were fre-
quently lamellar, segregated near rich sER regions (Fig.
3a) and were identified as smooth membranous struc-
tures by SEM (Fig. 3b). Later membranes engulfed part
of the cytoplasm containing mitochondria and sER to
form autophagosomes (Fig. 3¢, d). In freeze fracture,
these phagosomes had lost IMPs in most parts of the
membrane except for small regions with particle aggre-
gations. The autophagosomes gave rise to autophagic
vacuoles containing vesicles and a part of cytoplasmic
matrix (Fig. 4a, b). Membranes fractured in a complicat-
ed pattern (Fig. 4c) and did not exhibit aggregations of
IMPs.

Significant features of sinusoidal endothelial cells
during cold storage were small blebs, pit formation, and
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Fig. 3a~d Hepatocytes. For-
mation of autophagosomes. a
Thin section of a hepatocyte at
8 h. Dilated sER (asterisk) with
more irregular diameters in-
creases markedly. Linear struc-
tures (arrows) close to the dila-
ted sER segregate, which seems
to be continuous with SER. M
contacts their inner part. These
are the beginning of formation
of autophagosomes. x 19,000.
b SEM at 32 h shows that these
linear structures are membra-
nous (asterisk), which have few
particles on the surface and are
associated with sER (arrows).
% 41,000. ¢ Mature autophago-
somes at 24 h. Strands (arrows)
extend from the periphery to-
wards the central area contain-
ing vesicles (arrowheads) and
M and form spaces (asterisks).
% 20,000. d A replica of auto-
phagosomes at 16 h. An auto-
phagosome is fractured lamel-
larly (asterisks 1 and 2). In the
fracture face, IMPs aggregate
partly (arrows), but are almost
lost extensively (asterisks 1, 2,
3). Crossing fracture of phago-
somal matrix contains a M
(long arrow). x 17,000

Fig. 4a—c Hepatocytes. Auto-
phagic vacuoles. a Ultra-thin
section shows a vacuole in a
hepatocyte at 24 h including
granules (arrows) with high
density. x 22,000. b SEM de-
monstrates granules (arrows)
and interconnecting strands
(long arrow) between them in a
vacuole at 32 h. X 37,000. ¢ A
fracture face of vacuoles at 8 h
exhibits complicated, lamellar
structures (asterisk). x 17,000




Fig. Sa—g Hepatic sinusoidal
endothelial cell. a A normal struc-
ture of a sinusoidal lumen disclos-
ing smooth surface and typical
sieve plates. x 20,000. b At 8 h
the surface of endothelial cell is
rough. The structure of sieve pla-
tes (asterisk) becomes mesh-like.
Sieve plates are interrupted in
places, where broken tips inflate
(short arrows). Many vesicles
stick to the areas. They are single
or form bead-like structures (long
arrows). Small irregular pits are
identified in the cell body (arro-
whead). x 30,000. ¢ The endothe-
lial cell at 16 h preservation. Irre-
gular dilatations of sieve plate are
found here and there and some of
the sieve plates are lost. Defects
(arrows) in the cell body surface
increase. x 30,000. d Ultra-thin
section of endothelial cells at 8 h
preservation proves that some
blebs (arrow) connect to a cell
body. Blebs rarely originate from
hepatic cells. The matrix of endo-
thelial cells increase in density. The |
cytoplasm contains many vacuoles
(asterisk). x 14,000. e Endothelial
cells at 8 h preservation. Pits (ar-
rows) develop well. Two pits fuse
and become large ones. They cor-
respond to the defects seen in
SEM (b, ¢). x 23,000. f A replica
of normal endothelial cells. IMPs
are distributed homogeneously.
Sieve plates (asterisk) are recogni-
zed as areas consisting of varied-
size circles. x 23,000. g A replica
of an endothelial cell at 16 h.
IMPs aggregate (white arro-
wheads). Small protuberants (ar-
rows) are seen. They are counter-
parts to defects in b, ¢ and pits in
e. An asterisk shows a sieve plate,
in which many microvilli of a he-
patocyte are exposed. X 17,000

change of surface texture in the luminal surface. The
surface of normal endothelial cells was smooth and
formed sieve plates associated with fenestration (Fig.
5a). The discrete cytoplasm among small fenestrae was
slender. At 8 h, a large number of tiny blebs appeared
on endothelial cells and sieve plates (Fig. 5b). Some of
them seemed to be derived from microvilli, but many
were apparently derived from endothelial cells. Their
diameters ranged from 0.05 to 0.2 mm and their size re-
mained the same. They were single or bead-like. The
slender cytoplasm forming the fenestrae swelled in the
middle or was broken to bulge at the tips. Small irregu-
lar pits were formed in the cell body at 8 h (Fig. 5b)
and were marked at 16 h (Fig. 5¢). Ulwra-thin section
showed that many of these small blebs originated from
endothelial cells (Fig. 5d). Pits in another section of en-
dothelial cell developed well and fused to form more
complicated and larger ones (Fig. 5¢). Though IMPs in
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normal endothelial cells were distributed homogene-
ously (Fig. 5f), they aggregated in small groups in places
at 8 h (Fig. 5g). Prolonged preservation caused hepa-
tocytes to produce large blebs in the perisinusoidal sut-
faces as well as in the hepatocellular surfaces at 32 h
(Fig. 6a, b).

The pattern of deterioration of macrophages was simi-
lar to that of endothelial cells. Macrophages formed tiny
blebs like those seen in endothelial cells in the surface at
8 h (Fig. 6¢, d). A few of them seemed to be connected
to the surface (Fig. 6¢). Though IMPs in the membra-
nous plane of normal macrophages were distributed uni-
formly and depressions were moderate in number (Fig.
6e), IMPs aggregated at 8 h and many depressions with
varied sizes were formed (Fig. 6d, e). At 16 h, a macro-
phage exhibited a large giant swelling of cytoplasm con-
taining no intracellular organelles, which was like a larg-
er bleb seen in hepatocytes (Fig. 6f). At the final stage,
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Fig. 6a-h Bleb formation of hepatocytes and fate of macrophage.
a Blebs (arrow) originating from hepatocyte are typically formed
in surfaces facing the hepatic sinusoid at 32 h. They inflate at the
tips of microvilli. Before this stage, bleb formation can rarely be
identified in hepatocytes. x 13,000. b Blebs (arrow) are formed in
the hepatocellular surface of hepatocytes and detached in the sepa-
rate space (asterisk). X 6,000. ¢ At 8 h a macrophage formed many
small blebs (arrow) with high electron density, which are similar
to small blebs seen in endothelial cell and appear to be continuous
with macrophages. At least macrophages do not engulf them.
x 15,000. d A replica of a macrophage at 8 h. Intramembrane par-
ticles aggregate like strands (arrowheads). Small depressions deve-
lop well (white arrows). Large circular depressions (short arrow in
the white circle) are also observed. Vesicles (short arrow) attach to
the surface. In a replica the connection of vesicles to the surface of
the macrophage can not be confirmed. A vacuole (long arrow) in
the cytoplasm loses IMPs. x 16,000. e A replica of a normal

macrophage. Comparing to d, IMPs are distributed evenly, the size
of depressions (white arrow) is uniform and less in number. Large
depressions are not conspicuous. x 11,000. f Ultra-thin section of a
macrophage at 8 h shows dramatic changes of the cytoplasm. Va-
cuoles, secondary lysosomes and residual bodies increase marked-
ly. The specific cytoplasmic swelling (asterisk) containing no intra-
cellular organelles develops in the periphery. It is similar to the
blebs of hepatocytes seen in b. x 6,000. g The final stage of macro-
phage at 24 h. The matrix is lost and vacuoles increase. Membranes
of the cytoplasm and organelles are interrupted in places. The cyto-
plasm protrudes irregularly like a bleb (asterisk). x 10,000. h A re-
plica of macrophages and microvilli of hepatocytes at 32 h. Par-
ticle-free areas and aggregations of IMPs intermingle in the P face
of a macrophage (asterisk). Arrows show replicas of blebs formed
in hepatocytes. The particles are lost partly. The E face of the
macrophage (star) discloses subtle deficiency of membrane par-
ticles and small projections of coated pits (arrowheads). x 1,200



macrophages lost their cytoplasmic matrix, mitochon-
dria, and IMPs and formed many vacuoles and interrupt-
ed membranes (Fig. 6g, h).

Discussion

IMPs are considered to be composed of various trans-
membrane proteins. Redistribution of IMPs is caused by
various conditions such as hypothermia [11], ischaemia
[6, 13], activation of platelets [7] and other factors {40],
and is considered to be a sign of deterioration [36]. The
redistribution of IMPs caused by hypothermia is inter-
preted as a result of lateral phase separation in the plas-
ma membrane [35]. Lateral phase separation may result
in increased permeability of the membrane and is consid-
ered to be harmful, although probably reversible. Redis-
tribution of IMPs caused by ischaemia is considered to
be caused by loss of phospholipids or binding of calcium
ions to lipids of membrane, both resulting in decreased
membrane fluidity [13]. The aggregation of IMPs during
renal ischaemia is reversible if the ischaemia time is
short, later becoming irreversible [6] and should thus be
considered an early sign of injury. During simple cold
storage, the liver is exposed to hypothermia and ischae-
mia combined but aggregation of IMPs is not found in
the plasma membrane of hepatocyte at 32 h. However,
aggregation of IMPs is obvious in sinusoidal endothelial
cells and macrophages at 8 h, demonstrating the relative
resistance of hepatocytes to hypothermic injury. The re-
distribution of IMPs in endothelium is related to marked
pit formation, clearly demonstrated with TEM and repli-
ca. Pinocytosis is supposedly associated with the move-
ment of IMPs [33].

One of the characteristic morphological changes dur-
ing liver preservation is the formation of blebs [18]. Bleb-
bing is an early consequence of hypoxic injury to cells,
and may eventually cause death of the cell [24]. It may
occur in apoptosis [42]. Blebbing is also observed during
hypoxia in other organs including the proximal convolut-
ed tubule of the kidney [8] and cerebal endothelium [35,
25]. Blebs may be shed [19, 23] and cause circulatory
disturbance [28]; large blebs may narrow sinusoidal lumi-
na and cause death after transplantation. Blebs formed
following hypothermic liver preservation [26, 27, 291, or
hypoxia [22, 23] are considered to originate from hepa-
tocytes. In our study, there were two kinds of blebs, small
(0.05-0.2 mm) and large (several mm). Small blebs were
mainly derived from endothelial cells and were conspicu-
ous at 8 h. They had high electron density and sometimes
formed bead-like structures. As blebs may cause reduc-
tion of cell volume [12], the numerous small blebs seen
might reduce cell volume producing mesh-like changes in
endothelial cells and exposing the sinusoidal surfaces of
hepatocytes. The blebs formed on isolated hepatocytes
are reversible at early stages of hypoxia [17] and the
small endothelial blebs may also be reversible since 8 h-
preserved liver is capable of supporting life after trans-
plantation [32]. These surface changes could be mechani-
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cal obstacles for passage of leucocytes which has been
shown to be delayed after hypothermic preservation [43].
We saw no large blebs on endothelial cells before their
death but these appeared on the perisinusoidal and hepato-
cellular surfaces of hepatocyles after 24 h

Blebs are also formed on bile canalicular surfaces of
hepatocytes, probably because bile canaliculi may not be
exposed to preservation solution [3]. This has important
clinical implications, as these blebs may cause problems
in biliary excretion as the blebs of sinusoidal endotheli-
um cause disturbance of blood circulation. In human liv-
er transplantation, ischaemic biliary complications with
long preserved livers unrelated to arterial thrombosis or
ABO incompatibility have been reported [21, 38]. Our
results indicate that bleb formation on bile canaliculi
may be a factor in these biliary complications.

The morphological changes in Kupffer cells look sim-
ilar to the endothelial cells. Small blebs with high elec-
tron density and IMP redistribution are observed at 8 h
and these cells are apparently more vulnerable to cold
storage than hepatocytes. There are contradictory reports
of the fate of the Kupffer cell, some report that it is acti-
vated [4, 34], while others consider it to be injured [2,
20]. Activation and injury may both occur.

Autophagosomes were fond in hepatocytes in this
work, and have been formed within 15 min of perfusing
the liver with an amino acid free solution [10]. They are
also formed during hypoxia [15]. Autophagosomes are
considered to originate from ribosome-free regions of
rER [10] although SER [1], lysosomes [37] and Golgi-
associated ER from which lysosomes form [30] are also
proposed as origins. A sheet of ribosome-free rER invag-
inates and surrounds intracellular organelles and forms
an autophagosome with double membranes. The inner
membrane is then degraded and transformed into an au-
tophagic vacuole [9, 10]. The function of the autophago-
some is to rid the cell of “worn-out” organelles [14], but
its physiological role during hypothermic preservation is
not clear.
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