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Abstract: In this study, we carried out an immuno-
histochemical investigation of time-dependent altera-
tions in the distribution of proteoglycans, and the
proliferation profiles of hepatocytes and fat-storing
cells (FSCs) in the livers of rats intoxicated with p-
galactosamine (GalN). The proliferative cells were
analyzed by proliferative cell nuclear antigen (PCNA)
staining. In untreated rats, heparan sulfate,-dermatan
sulfate, and chondroitin/chondroitin sulfate were
detected within the portal spaces and the central veins,
and, with the exception of chondroitin, also within the
reticular fibers. After administration of GalN, the
number of PCNA-positive cells (FSCs and hepatocytes)
and FSCs increased, reaching maximal on the 2nd and
3rd days, respectively. Heparan sulfate showed com-
plicated changes. Dermatan sulfate decreased in portal
spaces from the 2nd to the 3rd day, and in reticular
fibers from 12 h to the 6th day. Chondroitin/chondroitin
sulfate staining was observed from 2 h to the 6th day in
the sinusoidal endothelia, which suggests that the sinu-
soidal endothelia may produce chondroitin/chondroitin
sulfate transiently during liver damage as part of the
mechanism of regeneration. Heparan sulfate and
chondroitin/chondroitin  sulfate were detected in
necrotic regions, but dermatan sulfate was not. These
observations suggest that heparan sulfate and chondro-
itin/chondroitin sulfate are involved in cell proliferation
or morphogenesis and that the dermatan sulfate plays
a role in the differentiation or functional maintenance
of cells in liver regeneration.
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Introduction

The extracellular matrix (ECM) of human and animal
liver contains several types of collagens, glycoproteins,
proteoglycans {PGs), and elastin as the major classes
of components. The ECM provides cohesiveness within
tissue compartments, induces polarization of cells, and
acts as a major determinant of gene expression and
differentiation.! Although the ECM is only a small
component (by weight) of the liver, it has a crucial
role, not only in providing a structural framework, but
also in maintaining the differentiated state of hepato-
cytes.? This role of the hepatic matrix has been clearly
demonstrated in cell culture, where the hepatocyte
phenotype has been shown to be dramatically altered,
dependent on the nature of the matrix substratum
upon which the cells are cultured.” The hepatic ECM -
undergoes quantitative and qualitative changes in
pathological states.*> Until now, however, no data
have been available concerning the time-dependent
changes of the histological expression of PGs in acute
liver injury. In this study, using an immunohisto-
chemical method, we examined the time-dependent
changes in hepatic proteoglycans, in addition to such
changes in proliferating FSCs and hepatocytes, in rats
with acute hepatitis induced by bp-galactosamine
{GaIN).

Materials and methods

p-Galactosamine-induced acute liver injury in rats

A total of 190 male Sprague-Dawley rats {Charles
River Japan, Yokohama), weighing around 200g,
received a single intraperitoneal injection of GalN
(Sigma Chemical Co., St. Louis, Mo.), at 2g/kg body
weight, dissolved in saline (1 g/5ml) and pH-adjusted
to 7.0. Twenty-six untreated rats served as controls,
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Four or five GalN-treated rats and two controls were
killed at each of the following time points: 2, 6, and
12h; 1, 2, 3, 4, 5, and 6 days; and 1, 4, §, and 12
weeks after treatment. A total of 133 rats died spon-
taneously after GalN injection. Liver samples and sera
were processed for biochemical, histological,
immunohistochemical, and ultrastructual studies.
Serum AST and ALT levels were determined by an
enzymatic method, using a biochemical analyzer
(TBA-400; Toshiba Co. Ltd., Tokyo, Japan).

Primary antibodies

Monocional mouse anti-human dermatan sulfate pro-
teoglycan (6B6), anti-heparan sulfate (HepSS-1), anti-
proteoglycan ADi-0S (1BS), anti-proteoglycan ADi-4S
(2B6), and anti-proteoglycan ADi-6S (3B3) antibodies
were purchased from Seikagaku Kogyo Co. Ltd.
(Tokyo, Japan). The characteristics of these antibodies
are: HepSS-1 recognizes an epitope present in heparan
sulfate (HS);® 6B6 recognizes a core peptide, the anti-
genic properties of which are similar to those of PGIl/
decorin;”*® and 1BS, 2B6, and 3B3 recognize chondro-
itin (C-08), chondroitin 4-sulfate (C-4S), and/or
dermatan sulfate (DS), as well as chondroitin 6-sulfate
(C-6S) stub, with chondroitinase ABC pretreatment.”
Monoclonal mouse anti-desmin (DE-B-5) and
anti-PCNA (PC10) antibodies were obtained from
Boehringer Mannheim GmbH (Mannheim, Germany)
and Dakopatts (Glostrup, Denmark), respectively.

Immunohistochemical staining for light
microscopy (LM)

For routine histological examinations, sections were
stained with hematoxylin and eosin (H&E), Azan,
periodic acid Schiff (PAS), PAS after diastase diges-
tion, and silver impregnation. For immunohistological
studies, tissue blocks were mounted in Tissue-Tek
(Miles Laboratories Inc., Elkhart, Ind.), and frozen
rapidly in dry ice-ethanol, after which cryostat sections,
3-um-thick, were cut. The sections were air-dried for
30 min, fixed in acetone for 10 min at —20°C, incubated
for 25min with 0.3% H,0O, in methanol, digested for
60 min at room temperature with 0.2 U/ml of chondro-
itinase ABC (Seikagaku Kogyo Co. Ltd.) in 20mM
Tris-HCI buffer, pH 8.0, washed in PBS, incubated for
20min with 1% normal goat serum (NGS) and then
incubated overnight at 4°C with primary antibodies
diluted in PBS, pH 7.4, containing 1% NGS. The
reacted primary antibodies were visualized with 0.6 mM
3,3’-diaminobenzidine tetrahydrochloride (DAB)/
0.005% H,0, solution, using a Vectastain ABC Elite
kit (Vector Laboratories Inc., Burlingame, Calif.) ac-
cording to the manufacturer’s directions, and counter-
stained with Mayer’s hematoxylin. For double-staining

with the first primary antibodies and with the second
primary antidodies, after the first antibodies were
visualized with DAB/H,0, substrate solution, the
sections were washed, with continuous stirring, for 2h
in 0.1M glycine hydrochloride buffer, pH 2.0, and
then in PBS. The same procedure as above was then
employed with the second antibodies, and the sections
were immersed for Smin in S0mM Tris-HCI buffer,
pH 7.6, containing 1.2mM 4-methoxy-1-naphthol
(Aldrich Chemical Co. Inc., St. Louis, Mo.) and
0.005% H,0,, after which they were counterstained
with Mayer’s hematoxlin and mounted in glycerin-
PBS.

Immunohistochemical staining for iransmission
electron microscopy (TEM)

Tissue blocks were fixed in periodate lysine parafor-
maldehyde fixative for 24h, and cut at a thickness of
40 um with a microslicer. The sections were digested
with chondroitinase ABC, incubated with primary
antibodies for 24 h, with biotinylated secondary anti-
bodies for 1h, and with ABC reagent for 1h. After
preincubation in DAB without H,O, for 30min, the
sections were incubated in DAB/H,0; substrate solu-
tion for 25 min, postfixed in 2.5% glutaraldehyde for
10min and in 1% O,0, dissolved in 0.2 M phosphate
buffer for 15min. Ultrathin sections were viewed,
either unstained or after staining with lead citrate for
3min, with a Hitachi H700 electron microscope.

Analytical procedure

The extent of immunoreactivity of individual ECM
constituents was graded semiquantitatively on a 0-4
scale (0, absent; 1, trace; 2, weak; 3, moderate; 4,
strong), and at least three sections from different rats
killed at each time point were examined. The numbers
of desmin-positive FSCs and PCNA-positive cells were
counted with a LM, at a magnification of 400, with a
field measuring 0.1964 mm?. Three rats were examined
at each time point, and one rat served for three sec-
tions in the counting of FSCs and for one section in
the counting of PCNA-positive cells. In each section,
only the number of cells containing a nucleus in the
plane was counted in three periportal and three peri-
central areas chosen at random. The entire surface
area of the microscopic field was regarded as the
reference surface area of each microscopic field.

Statistical analysis

The data were expressed as means + (SD). Statistical
significance was analyzed by the two-tailed Mann-
Whitney test. When the associated probability was P
< 0.05, differences were considered significant.
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Results

Histological changes

Serum ALT levels increased immediately after GalN
injection, reached a peak at 24h, and decreased to
control level after the 6th day (Fig. 1). In H&E-stained
and silver-impregnated sections, some reticular fibers
in lobules had become slender as early as 2h after
GalN injection. At 12h, foci of hepatocellular necrosis
were disseminated throughout the lobules, and reti-
cular fibers were altered, showing an irregular dia-
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Fig. 1. Changes in serum ALT levels after p-galactosamine
(GalN) injection. Peak value was observed on the 1st day
after GalN injection. The data points represent the mean
number of serum ALT levels of three rats at each of the
investigated time points. Vertical bars represent SD. h, hour;
d, day; w, week

meter, and were fragmentary within necrotic areas.
From the 1st to 2nd day, reticular fibers disappeared
within necrotic areas, and at the same time, bundles of
fine and tortuous fibers surrounded proliferative bile
ductules or liver cell rosettes around the portal tracts.
On the 3rd day, these bundles grew in diameter and
expanded around the juvenile hepatocytes, and fine
fiber frameworks emerged along with the sinusoids
(Fig. 2A-D). Rat livers showed parenchymal necrosis
of varying severity, from focal to panacinar necrosis.
Histological features in H&E-stained sections returned
to normal at 1 week, and the configuration of reticular
fibers with silver impregnation returned to normal as
late as 12 weeks after GalN administration.

Proliferation of hepatocytes and fat-storing cells

Figure 3A summarizes the results for the eounting of
FSCs. In counting the number of FSCs, we omitted
desmin-positive smooth muscle cells and fibroblast-like
cells in the portal tracts and central veins.!*'' The
number of FSCs in control rats was 14.0 + 2.5 cells/
0.2mm? in the periportal areas (zone 1'?) and 11.1 *
2.0 cells/0.2mm? in the pericentral areas (zone 3); the
difference between the former and the latter was sig-
nificant (P < 0.05). After GalN injection, the number
of FSCs increased markedly in zone I and in the
necrotic areas. On the 3rd day, the number of FSCs
increased to 36.2 £ 7.0 cells/0.2mm* and 30.9 + 7.3
cells/0.2mm? in zones 1 and 3, respectively, and,
decreased to 19.6 * 3.8 cells/0.2mm? and 15.3 + 3.2
cells/0.2 mm? in zones at 12 weeks, the number 1 and
3, respectively. The number of FSCs was greater in
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Fig. 3. A Changes in the number of fat-storing cells (FSCs)
in periportal and pericentral areas. After GalN injection, the
numbers of FSCs were significantly increased at 6h and
thereafter (P < 0.05), reaching their maximal values on the
3rd day in both the pericentral and periportal areas. The
number of periportal FSCs (circles) was always greater than
that of pericentral FSCs (dots). The data points represent
the mean number of FSCs in nine periportal fields and nine
pericentral fields of three sections (three sections per rat
were examined and the counting was repeated in three rats)
at each time point. Vertical bars indicate SD. *Significant
difference (P < 0.05) between these two areas by Mann-

zone 1 than in zone 3 at all time points. To examine
the proliferation of hepatocytes and FSCs after GalN
injection, liver sections were double-stained for desmin
and PCNA"® (Fig. 4). PCNA-positive hepatocytes and
PCNA-positive FSCs were more numerous in zone 1
than in zone 3. Figure 3B summarizes the numbers of
PCNA-positive hepatocytes and PCNA-positive FSCs.
In untreated rats, these values were 0.5 = 0.5 cells/
0.2mm? and 0.2 * 0.4 cells/0.2mm?, respectively.
From 6h to the 4th day and from 12h to the 3rd day
after GalN injection, these numbers were significantly
increased (P < 0.05), respectively. Maximal values
were observed on the 2nd day, when 33.0 = 6.7
hepatocytes/0.2mm? and 5.5 '+ 2.1 FSCs/0.2 mm?
were positive for PCNA.

Immunosiaining of PGs in untreated liver

Immunoreactivity for each ECM component showed
different localizations and different intensities in
untreated rats. The intensity of immunostaining with
antibodies 6B6, 1B5, 2B6, and 3B3 on chondrotinase
ABC pretreatment and with HepSS-1 without chon-
droitinase ABC pretreatment is shown in Table 1 and
Fig. 5. The interlobular bile duct and the reticular
fibers in the lobules were not stained by 1B5 in GalN-
untreated or treated rats, indicating no association of
C-05 with these portions.
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Whitney test (two-tailed). B Changes in the numbers of
proliferating cell nuclear antigen (PCNA) positively stained
cells (hepatocytes and FSCs). The numbers of PCNA-positive
hepatocytes and PCNA-positive FSCs increased significantly
(P < 0.05) from 6h to the 4th day and from 12h to the 3rd
day, respectively, reaching their maximal values on the 2nd
day after GalN injection. The data points represent the
mean number of total cells in nine periportal plus nine
pericentral fields of three sections (one section per rat was
examined and the counting was repeated in three rats) at
each time point. Vertical bars indicate SD. Circles, PCNA-
positive hepatocytes; dots, PCNA-positive FSCs

Expression of DS and HS after GalN injection

The intensity of immunostaining for DS decreased -
from the 2nd to the 6th day in portal tracts and from
12h to the 6th day in lobular reticular fibers, and
returned to normal 1 week after GalN injection. The
changing profile of DS staining was similar to that of
type III collagen. HS staining, which showed more
complicated changes than the changes for other ECM
components, decreased from 2h to the 6th day and
returned to the control level after 1 week in portal
tracts, while increasing after 2h to reach a peak on the
2nd day, followed by a decrease, in lobular reticular
fibers. Some, but not all hepatocytes and the connective
tissue in necrotic areas throughout the lobule were
stained positively for HS from 12h to the 2nd day.
Sinusoidal walls, where HS was detected uniformly in
Disse’s space beneath the sinusoidal endothelia by
TEM (data not shown), were stained weakly in zone 1
and the mid-zonal areas (zone 2), with the maximal
intensity on the 2nd day after injection (Fig. 5).

Expression of C-0S, C-4S, and C-6S after
GalN injection

Staining for C-0S, C-4S, and C-6S showed similar pat-
terns, except that lobular reticular fibers and interlo-
bular bile ducts were not stained for C-0S. In portal
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Fig. 5. Distribution of the staining for individual proteo-
glycans (PGs). The extent of immunoreactivity was graded
semiquantitatively on a 0—4 scale. The bars represent the
mean number of graded immunoreactivities. 0, Absent; I/,
trace; 2, weak; 3, moderate; 4 strong
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Fig. 4. Double-staining for desmin and PCNA in the rat
liver on the 2nd day after GalN injection. 3-3’ Diamino-
benzidine tetrahydrochloride (DAB) was used to visualize
PCNA immunoreactivity (brown} and 4-methoxy-1-naphthol
was used to visualize desmin immunoreactivity (blue) (x50,
orig. mag.). Insef: Another field of a similar preparation
showing a PCNA-positive hepatocyte (arrowhead), a PCNA-
positive FSC (arrow), and a PCNA-negative FSC. (double
arrow). (X250, orig. mag.)
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Fig. 6. Double staining for C-68 and desmin in the rat liver
121 after GalN injection. Sinusoidal lining cells stained for
C-6S (arrowhead), radiating from a portal tract, were co-
located with desmin-positive FSCs (arrow} and were never
costained for desmin. These chondroitin/chondroitin’ sulfate
positive cells were more numerous in zone 1 than in zone 3,
and were identical to sinusoidal endothelial cells. DAB and
4-methoxy-1-naphthol were used to visualize C-6S (brown)
and desmin (blue) immunoreactivities, respectively (x50,
orig. mag.). Inset: Another field of ‘a similar preparation
showing that C-6S-positive sinusoidal endothelial cells (arrow-
head) were distinct from FSCs (arrow). (X250, orig. mag.)
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Table 1. Immunoreactivity of individual ECM components in normal rat liver

DS HS C-08 C-48 c-e8

Portal space

Connective tissue fiber +++ ++ ++ +++ + 4+

Interlobular vein +4+++ + +-+ ++ +++

Interlobular artery ++++2 + ++ 44 +

Interlobular bile duct +4+° + - + +
Lobule

Hepatocyte - € - - -

Sinusoid (Disse’s space) - +d - - -

Reticular fiber + + - + +
Central vein ++t ++ ++ +++ +++

ECM, Extracellular matrix; DS, dermatan sulfate; HS, heparan sulfate; C-0S, chondroitin;

C-4S, chondroitin 4-sulfate; C-6S, chondroitin 6-sulfate;
+-++, moderate; ++++, strong

*Tunica intima was not stained, but tunica media was stained
®Basal side of the epithelium was stained

¢Some, but not all, hypatocytes were stained

9Stained in periportal areas

tracts, C-0S staining decreased from 6h to the 4th day
and C-4§ staining decreased from the 1st to the 2nd
day and thereafter returned to the control level, but
the C-6S staining pattern showed no significant change
after GalN injection. In the lobular reticular fibers, C-
4§ and C-6S staining, both of which were positive in
untreated rat livers, decreased from 6h to the 2nd day
and returned to the control level after the 3rd day,
while no staining for C-0S was observed at any time
point after GalN injection. Sinusoidal lining cells,
which were not stained in control rats, stained posi-
tively for C-0S, C-4S, and C-6S from 2h to 1 week
after GalN injection, radiating from the portal tracts,
in zone 1 and zone 2, and these positively stained cells
showed a distribution pattern similar to that of desmin-
positive cells (Figs. 5, 6). By TEM, C-0S, C-4S, and
C-6S were detected on the endoplasmic reticulum (ER)
of non-parenchymal cells and in the connective tissue
around these cells in necrotic areas at 6h (Fig. 7A),
and were further detected on the ER, the Golg
apparatus, and the cell membrane of sinusoidal endo-
thelial cells from 6 h to the 2nd day after GalN injection
(Fig. 7B); they were not detected on these portions of
sinusoidal endothelial cells in negative control sections
(Fig. 7C). Therefore, it appears that these non-
parenchymal cells may synthesize C-0S/chondroitin
sulfate (CS) PGs for this period of time.

Discussion

The present study was undertaken to investigate the
time-related distribution of ECM component expres-
sion, focusing on PGs and the proliferation profiles of
FSCs and hepatocytes, during liver injury and re-

s

—, absent; +, trace; ++, weak;

generation in rats induced by the administration of
GalN. Liver injury in rats provoked by GalN admin-
istered by a variety of routes has many features in
common with human viral hepatitis, and a well-
reproducible dose-effect relationship is obtained if
strains of rats of the same age and weight are used."
During this study, however, liver injury tended to be
more severe in weak looking or dying rats than liver
injury in other rats when they were killed. Conse-
quently, excessively affected livers were not examined
at each of the investigated time points. In control rat
livers, the number of FSCs per 0.2mm? was 26.1%
higher in periportal than in pericentral areas. In the
acute GalN models, the number of FSCs was in-
creased between 6h and 12 weeks, with a maximum
on the 3rd day after injection both in the periportal
and the pericentral areas, and these cells were always
more numerous in the periportal than in the pericentral
areas. Geerts et al.'! reported that the number of FSCs
increased in pericentral areas and did not alter in
periportal areas after a single CCl, injection in rats.'!
In general, the experimental necrosis produced by GalN
is diffuse rather than zonal, while that induced by
CCl, is centrizonal.'® Therefore, the number of FSCs
may be increased in the damaged regions of the
lobules, depending on the toxic agent applied. The
number of PCNA-positive FSCs was significantly
increased between 12h and the 3rd day, and the
maximal number was observed on the 2nd day after
injection, when a 4.5-fold increase relative to control
rats was observed. Many of the PCNA-positive FSCs
were observed in clusters in necrotic areas, in contrast
to the diffuse distribution of PCNA-positive hepato-
cytes throughout the lobules. These observations
support the possibility of a direct paracrine flux of FSC
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growth-promoting factor from damaged hepatocytes to
FSCs. 1

PGs consist of a protein core, which may be geneti-
cally distinct, and a variable number of glycosamino-
glycans (GAGs) covalently linked to serine, threonine,
or asparagine residues on the core.'” Many PGs have
been discovered and tentatively classified into cate-
gories:'® extracellular matrix/basement membrane
PGs,'”? membrane-intercalated/cell-surface PGs,>' %3
and intracellular PGs.?* The predominant PGs in liver
tissue are HS, DS, €S, and hyaluronic acid, which
show not only several-fold increases in amount, but
also histological redistribution of the constituents in
fibrotic liver.?

In control rat liver, the immunostaining pattern for
DSPG’ was similar to that of type IlI collagen, rather
than to that of type I collagen. After GalN injection,
the intensity in the portal tracts decreased from the
2nd to the 3rd day, followed by an increase from 1
week; in the reticular fibers in the lobules, the intensity
decreased from 12h to the 6th day; and no DSPG
staining was observed in the necrotic areas at any time
point. The number of PCNA-positive hepatocytes
showed a peak value on the 2nd day. These observa-

Fig. 7A-C. Rat liver section stained for chondroitin/
chondroitin sulfate proteoglycans (PGs). A Electron micro-
scopic immunolocalization of C-08 6h dfter GalN injection.
The intercellular space (arrow) and the endoplastic reticulum
of unidentified nonparenchymal cells (arrowhead) were
stained for C-0S. A lymphocyte can be seen in the center
(x8000). B Immunolocalization of C-4S on the 2nd day after
GalN injection. C-4S was detected within the cell membrane
(star), the endoplastic reticulum (arrowhead) and the Golgi
apparatus {arrow) of sinusoidal endothelial cells (x20000).
C Negative control. The rat liver section was processed in
the same way as that in B, except that there was no incu-
bation with the biotinylated secondary antibody. C-4S was
not detected within the cell me¢mbrane or in any of the
portions of sinusoidal epithelial cells shown in B. 4, Hepato-
cyte; r, red blood cell;. e, sinusoidal endothelial cell; n,
nonparenchymal cell; s, sinusoid. X8000 orig. mag.

tions suggest that DSPG induces hepatocytes not to
proliferate, but to differentiate, and to maintain their
characteristic functions through interactions with
cytokines, such as TGF-o and TGE-§, similar to the
effect for FSCs.

In this study, HS in untreated rat liver was detected
in the portal space, reticular fibers, the sinusoidal wall,
and the central vein by LM. From 2h to the 1st day
after GalN injection, the immunostaining intensity was
decreased in the portal tracts and the reticular fibers.
On the other hand, intensity was increased in Disse’s
space, and some, but not all, hepatocytes in the lobules
were stained positively, in addition to extracellular
spaces in the necrotic areas throughout the lobules,
from 12h to the 2nd day. The distribution of hepa-
tocytes stained by HepSS-1 was consistent with that of
PCNA-positive hepatocytes. These observations are in
agreement with those of other reports.?®?7 It is likely
that HepSS-1 detected some or all kinds of HSPG
molecules. This may indicate that each component of
the liver shows a different and complicated pattern of
changing immunostaining intensity with HepSS-1.

Many PGs with CS-GAG side chains have been
reported to date: extracellular aggrecan,®® PG-M/
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versican,”® phosphacan;* cell-surface NG2;*! intra-
cellular PG,**% and others. These CSPGs, as do
HSPGs, have multiple functional properties. For
instance, the migration efficiency of melanoma cells
may be enhanced in the presence of TGF-§ by addi-
tional mechanisms that act in combination with CD44-
CSPG.** Phosphacan-CSPG, which represents the
glycosylation and possible extracellular splicing variants
of a receptor type protein tyrosine phosphatase, may
modulate cell interaction and developmental pro-
cesses.’® It has been reported that FSCs are an
important source of PG in normal liver,> and that
they synthesize at a high rate in vitro all the noncoll-
agenous matrix components occurring in the fibrotic
liver matrix.”> We found that C-0S, C-4S, and C-6S
PGs were expressed in the sinusoidal lining cells in the
periportal area from 2h to the 6th day after GalN
injection. These C-0S-, C-4S-, and C-6S-positive cells
were colocalized with desmin-positive FSCs, and were
never costained with anti-desmin antibody. By TEM,
C-0S, C-48S, and C-6S PGs were detected at 12h in
necrotic areas uniformly around lymphocytes and
nonparenchymal cells, the cell types of which were not
determined. They were also detected within the cell
membranes, the ER membranes, and the Golgi
apparatus of the sinusoidal endothelial cells from 6h
to the 2nd day after GalN injection. These obsenva-
tions suggest that C-0S/CS PGs are synthesized, at
least transiently, by non-parenchymal cells including
sinusoidal endothelia C-0S/CS PGs may play an im-
portant role in liver regeneration.
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