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Abstract. A novel heparan sulfate proteoglycan
(HSPG) present in the extracellular matrix of rat liver
has been partially characterized. Proteoglycans were
purified from a high salt extract of total microsomes
from rat liver and found to consist predominantly
(~90%) of HSPG. A polyclonal antiserum raised
against this fraction specifically recognized HSPG by
immunoprecipitation and immunoblotting. The intact,
fully glycosylated HSPG migrated as a broad smear
(150-300 kD) by SDS-PAGE, but after deglycosylation
with trifluoromethanesulfonic acid only a single ~40-
kD band was seen. By immunocytochemistry this
HSPG was localized in the perisinusoidal space of
Disse associated with irregular clumps of basement
membrane-like extracellular matrix material, some of
which was closely associated with the hepatocyte sinu-
soidal cell surface. It was also localized in biosyn-
thetic compartments (rough ER and Golgi cisternae) of

hepatocytes, suggesting that this HSPG is synthesized
and deposited in the space of Disse by the hepatocyte.
The anti-liver HSPG IgG also stained basement mem-
branes of hepatic blood vessels and bile ducts as well
as those of kidney and several other organs (heart,
pancreas, and intestine). An antibody that recognizes
the basement membrane HSPG found in the rat glo-
merular basement membrane did not precipitate the
150-300-kD rat liver HSPG. We conclude that the
liver sinusoidal space of Disse contains a novel popu-
lation of HSPG that differs in its overall size, its dis-
tribution and in the size of its core protein from other
HSPG (i.e., membrane-intercalated HSPG) previously
described in rat liver. It also differs in its core protein
size from HSPG purified from other extracellular ma-
trix sources. This population of HSPG appears to be a
member of the basement membrane HSPG family.

tant extracellular matrix components that appear to

have multiple functions among which are regulation

of cell adhesion (24, 35, 36), cell migration and differentia-
tion (8, 23), and basement membrane permeability (18).
Considerable structural diversity exists among HSPG with
two major families having been described: one found in
basement membrane (9, 12, 42) and another that is associ-
ated with the plasma membrane of many cells (6, 31, 32, 34).
Two populations of HSPG have been extracted from rat
liver: a detergent-soluble, membrane-intercalated HSPG (22,
32) and a heparin-releasable HSPG which binds to the cell
surface via its glycosaminoglycan (GAG) side chains (21).

HEPARAN sulfate proteoglycans (HSPG)' are impor-
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Previously a polyclonal antibody was raised against proteo-
glycans purified from a detergent extract of rat liver micro-
somes. It proved to recognize the presumptive membrane-
intercalated population of HSPG, which were found to be
associated with the sinusoidal domain of the hepatocyte plas-
malemma and with biosynthetic and endocytic compartments
of the hepatocyte (41). The nature of the heparin-releasable
population of HSPG is not yet established, but it has been
suggested that these HSPG may represent a proteolytically
cleaved form of the membrane-intercalated HSPG (21).

The purpose of this study was to characterize the heparin-
releasable, salt-extractable population of HSPG from rat
liver (22, 32). Toward this end, we raised an antibody against
proteoglycans obtained by extraction of rat liver microsomes
with high salt. Using the antibody, we have partially charac-
terized a novel population of HSPG which was found to be
associated with the liver perisinusoidal extracellular matrix
and basement membranes, rather than with the hepatocyte
cell membrane. This HSPG appears to represent a member
of the family of basement membrane HSPG.
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Materials and Methods

Na,*3804 (carrier free) was obtained from ICN Radiochemicals (Radio-
isotope Division, Irvine, CA). Chondroitinase ABC was from Miles Scien-
tific Division (Naperville, IL); Superose 6, Q Sepharose, and Protein
A-Sepharose were from Pharmacia Fine Chemicals (Piscataway, NJ), and
Freund’s complete and incomplete adjuvants were from Gibco Laboratories
(Grand Island, NY). Ultrapure urea was obtained from United States Bio-
chemicals (Cleveland, OH), and ultrapure guanidine hydrochioride (gdn-
HCI) was obtained from Bethesda Research Laboratories (Gaithersburg,
MD). Aprotinin was purchased from Boehringer-Mannheim Biochemicals
(Indianapolis, IN); autofluor and Ecoscint from National Diagnostics (Man-
ville, IL); BCA protein assay reagents from Pierce Chemical Co. (Rockford,
IL); and Immobilon polyvinylidene difluoride (PVDF) transfer membrane
from Millipore Corp. (Bedford, MA). Mouse Engelbreth-Holm-Swarm
(EHS) tumor laminin was purchased from Collaborative Research Inc. (Bed-
ford, MA); human plasma fibronectin from Bethesda Research Laboratories;
and NBT/BCIP (alkaline phosphatase substrate) from Kirkegaard and Perry
Laboratories, Inc. (Gaithersburg, MD). All other chemicals were supplied
by Sigma Chemical Co. (St. Louis, MO).

Antibodies

Anti-basement membrane HSPG (anti-BM HSPG) which was raised against
proteoglycans purified from rat glomeruli was characterized elsewhere
(Pietromonaco, S. F, and M. G. Farquhar. J. Cell Biol. 107:909; 40, 42,
43). It specifically precipitates only HSPG from glomerular proteoglycans
(42) and from cultured glomerular epithelial cells (43) and stains all base-
ment membranes by immunofluorescence. TRITC-conjugated goat anti-
rabbit F(ab); was purchased from Tago, Inc. (Burlingame, CA), and Fab
fragments of sheep anti-rabbit IgG conjugated to HRP were obtained from
Dr. J. Kim (Tago, Inc.). Goat anti-rabbit IgG conjugated to 5 nm colloidal
gold was purchased from Janssen Pharmaceuticals, Inc. (Piscataway, NJ),
and alkaline phosphatase-conjugated goat anti-rabbit IgG from Fisher Sci-
entific (Springfield, NI).

Biosynthetic Labeling

For analytical characterization of liver HSPG, rats (125-150 g) were given
two injections of 1 mCi [**S]sulfate (at # = 0 and 8 h), and the animals
were killed 4 h after the last injection.

Preparation and Extraction of Rat Liver
Total Microsomes

Rats were perfused via the descending aorta with PBS, and the livers were
quickly removed and placed on ice after which a total microsomal fraction
(TM) was prepared from the livers (11). All buffers contained protease in-
hibitors (1 mM PMSF, 5 mM benzamidine, 100 mM e-aminocaproic acid,
and 5 pg/mi aprotinin). The method for extraction of liver TM was based
upon that used previously to differentially solubilize HSPG associated with
the hepatocyte cell surface (21, 22, 32). Briefly, the TM pellet was gently
homogenized and extracted with 2 M NaCl in Tris-buffered sucrose (250
mM sucrose, 100 mM Tris, pH 7.4) for 30 min at 4°C. The extract was cen-
trifuged at 100,000 g for 90 min, and the supernatant was diluted to 0.2 M
NaCl with urea buffer (8 M urea, 0.05 M sodium acetate, pH 6.0, and 0.5%
Triton X-100) for subsequent ion exchange chromatography.

Ion Exchange Chromatography

Proteoglycans were isolated by ion exchange chromatography using Q Sepha-
rose, eluting with a 0.2-1.0 M NaCl linear gradient at a flow rate of 15 ml/h
(43). 1 ml fractions were collected and aliquots were analyzed for radioac-
tivity. Fractions containing [**S]sulfate-labeled proteoglycans were pooled,
diluted to <0.2 M NaCl with urea buffer and subjected to a second, concen-
trating ion exchange step over a 200-ul Q Sepharose column. For samples
to be analyzed directly by gel filtration chromatography, the column was
eluted with 4 M gdnHCI, 005 M sodium acetate, pH 60, 0.5% Triton
X-100. For samples to be subjected to enzymatic or chemical treatments be-
fore gel filtration chromatography or immunoprecipitation, the column was
eluted with 100 mM Tris-HCI, pH 80, 1 M NaCl.

Gel Filtration Chromatography
Analytical gel filtration chromatography was performed using a Superose

The Journal of Cell Biology, Volume 113, 1991

6 FPLC column equilibrated in 4 M gdnHCI, 0.05 M sodium acetate, pH
6.0, 0.5% Triton X-100 (47). Proteoglycan samples (0.2 ml) containing
2,000-20,000 cpm were injected onto the column, and 0.4-ml fractions
were collected at 24 ml/h. Aliquots were diluted with 70% ethanol and ana-
lyzed for radioactivity. The void volume (V,) and total volume (V;) of the
column were determined with blue dextran and [*H]serine, respectively.

Enzymatic and Chemical Treatments

Chondroitinase ABC digestion (0.1 U/0.1-ml sample) was carried out at
37°C for 1 h in the presence of 50 mM sodium acetate and protease inhibi-
tors (2 mM N-ethylmaleimide, 1 mM PMSF, 10 pg/ml pepstatin). If the
samples were to be separated by gel filtration (to determine the relative
amounts of heparan sulfate to chondroitin/dermatan sulfate proteoglycan),
an equal volume of 8 M gdnHCl, 1% Triton X-100 was added to the digested
material, and the sample was loaded directly onto the Superose 6 column.
For immunoprecipitation, an equal amount of 2x RIPA buffer (50 mM Tris-
HCIl, pH 7.3, 0.15 M NaCl, 1% Triton X-100, 0.1% SDS, and 10 mM EDTA)
was added to the samples.

Nitrous acid deamination was conducted (20°C for 1 h) according to
Cifonelli and King (7). Briefly, 0.1 ml of ion exchange purified proteoglycan
in 100 mM Tris-HCI, pH 80, 1 M NaCl, was lyophilized and reconstituted
with 0.1 ml 0.2 M NaNQ; in 3.5 M acetic acid. The reaction was termi-
nated by neutralization with 1 M Tris, pH 10, and the digested material was
diluted with an equal volume of either 8 M gdnHCl, 0.05 M sodium acetate,
pH 6.0, 1% Triton X-100 for gel filtration, or with 2 x RIPA buffer for immu-
noprecipitation.

Alkaline B3-elimination of O-linked GAG chains was conducted with
005 N NaOH and 1 M NaBH, according to Carlson (5). After digestion
for 24 h at 45°C, the sample was adjusted to 4 M gdnHCI, 0.05 M sodium
acetate, pH 6.0, 0.5% Triton X-100, and analyzed by gel filtration.

Chemical deglycosylation of the proteoglycan was carried out with
trifluoromethanesulfonic acid (TFMS) according to Edge and Spiro (10),
with minor modifications. In brief, ~10-25 ug ion exchange purified pro-
teoglycan from unlabeled rat liver was dialyzed against 10 mM ammonium
bicarbonate, pH 8.6, and lyophilized in Reacti-vials (Pierce Chemical Co.).
Anisole (20 ul) and TFMS (30 ul) were added to the dried samples on ice,
the Reacti-vials sealed and purged with nitrogen, and the reaction carried
out at 0°C with constant stirring for 4-6 h. The sample was transferred to
~70°C (10-15 min), after which ice-cold pyridine:H,0 (1:1) (150 ul) was
added dropwise, while the sample was kept cool in an ice bath. It was then
dialyzed against 10 mM Tris, pH 6.8, for 12-24 h with many changes, ex-
tracted with anhydrous ether (three times), lyophilized, and finally resolubi-
lized in SDS sample buffer (0.15 M Tris, pH 6.8, 10% SDS, 25% glycerol,
5% B-mercaptoethanol, and bromophenol blue) before electrophoresis.

Preparation of Antigen

Total microsomes were prepared from unlabeled rat livers and extracted as
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Figure 1. Ton exchange chromatography of [**S]sulfate-labeled pro-
teoglycans purified from rat liver microsomes. Total microsomes
were prepared from biosynthetically labeled rat liver as described
in Materials and Methods, extracted with 2 M NaCl, applied to a
Q Sepharose column, and eluted with a 0.2-1.0 M NaCl gradient
(40 ml each). I-ml fractions were collected, and aliquots (20 ul)
were counted for radioactivity. Liver proteoglycans elute in a single
peak between 0.5 and 0.9 M NaCl (bracker).
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Figure 2. Gel filtration chromatography of proteoglycans from rat
liver microsomes. Radiolabeled proteoglycans were purified by two
passes over Q Sepharose, and gel filtration chromatography per-
formed under FPLC conditions (<170 psi, 24 ml/h) using a Su-
perose 6 column. Proteoglycans (200 ul, ~20,000 cpm) were ap-
plied to the column in gdnHCI buffer, and 0.4 ml fractions
collected. (4) Approximately 88% of the proteoglycan elutes early
from the column in two poorly resolved peaks (K 0.26 and 0.39).
The remainder of the counts are found in a small peak (K, 0.81).
(B) Nitrous acid deamination of the proteoglycan reduces most of
the material to small fragments which elute in the V;. (C) Alkaline
B-elimination results in a shift to a broad peak (K. 0.65), indicat-
ing extensive heterogeneity of GAG chains.

described above. Tracer [>*S]sulfate-labeled proteoglycan was added to the
extract which was separated by ion exchange chromatography. Fractions
from the Q Sepharose column containing the proteoglycan were pooled (see
Fig. 1) and precipitated with ice-cold 95% ethanol (5-6 vol). Protein con-
tent of the precipitate was determined by the Pierce BCA assay. The yield
was ~10 ug proteoglycan/g liver tissue.

Antibody Preparation

A rabbit was immunized via the popliteal lymph nodes following precisely
the procedure of Louvard et al. (26). The initial injection consisted of 30
pg protein emulsified in CFA. Subsequent boosts (20 ug) were given at days
22, 32, and 33, and the animal was bled 1 wk later. IgG was purified from
serum by ammonium sulfate precipitation.

Immunocytochemistry
Rat tissues were fixed by retrograde perfusion with periodate-lysine-para-
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Figure 3. Immunoprecipitation of [*3S]sulfate-labeled HSPG by
anti-liver HSPG IgG. Proteoglycans were purified by ion exchange
chromatography from a 2 M NaCl extract of biosynthetically la-
beled rat liver microsomes and separated by SDS-PAGE (lane A4).
Immunoprecipitation was carried out as described in Materials and
Methods using anti-liver HSPG IgG (lanes E, G, I), anti-BM
HSPG IgG (lane C), or preimmune IgG (lanes B, D, F, H). Pro-
teoglycan (~50000 cpm) was either precipitated directly (lanes
B-E) or subjected to chondroitinase ABC (lanes F and G) or ni-
trous acid (lanes H and /) treatment prior to precipitation. Ion ex-
change purified proteoglycans migrate on SDS-PAGE as a broad,
diffuse smear, 150-300 kD, or barely enter the resolving gel (lane
A). Anti-liver HSPG IgG precipitates a heterogeneous group of
proteoglycans that appear as a broad smear 150-300 kD and a
weaker, heterogeneous band at ~82 kD (lane E). Precipitation of
the upper broad band is not affected by treatment with chon-
droitinase ABC (lane G), but is eliminated by nitrous acid deamina-
tion (lane 7). Anti-BM HSPG IgG precipitates HSPG, which barely
enters the resolving gel (lane C). Preimmune IgG does not precipi-
tate [**S]sulfate-labeled macromolecules (lanes B, D, F, H).
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formaldehyde (PLP) fixative (2% paraformaldehyde, 0.75 M lysine, 001 M
sodium periodate in phosphate buffer [30]), followed by immersion (6 h)
in the same fixative. For immunofluorescence, semithin frozen sections
(0.5 um) were prepared on a Reichert Ultracut OMU-4 ultramicrotome
equipped with a cryoattachment as described elsewhere (39). Sections were
incubated sequentiaily with preimmune or immune serum (1:200 in PBS,
0.1% ovalbumin, pH 7.4 for 2 h), followed by TRITC-anti-rabbit F(ab’);
conjugate (1:200 for 2 h). The sections were examined by epifluorescence
and photographed in a Zeiss Photomicroscope IH (Kodak Tri-X Pan ASA
400).

For immunoperoxidase, cryostat sections (20-30 um) cut from PLP-
fixed, fasted rat liver were incubated with immune IgG (1:100) overnight,
followed by incubation with Fab fragments of sheep anti-rabbit IgG conju-
gated to HRP (1:50) for 2 h. They were then fixed in 3% glutaraldehyde
in 0.1 M sodium cacodylate buffer, reacted with DAB, and processed for
electron microscopy as detailed elsewhere (4).

Immunogold labeling on ultrathin frozen sections was performed as de-
scribed by Tokuyasu (45). Ultrathin cryosections were cut from rat liver tis-
sue at —110°C on a Reichert OMU-4 equipped with a cryoattachment. Sec-
tions were incubated for 1 h with immune IgG (diluted 1:30 in PBS
containing 10% FBS), followed by goat anti-rabbit IgG conjugated to 5 nm
colloidal gold (diluted 1:50). They were then postfixed in 2% glutaralde-
hyde in PBS (10 min), stained with 2% OsO; (10 min), followed by 2%
acidic uranyl acetate (20 min), and finally absorption stained (5 min) with
0.002% lead citrate in 3% polyvinyl alcohol (46).

Immunoprecipitation

ITon exchange-purified proteoglycans (10,000-50,000 cpm) obtained from
[*3S]sulfate-labeled rat liver TM were incubated with 20 pl preimmune se-
rum in 1 ml RIPA buffer for 30 min at 20°C, after which 5 mg Protein
A-Sepharose beads were added (1 h). After centrifugation, the cleared super-
natants were incubated (I h) with 20 gl of immune IgG, 5 mg Protein
A-Sepharose beads were added, and the antigen-antibody mixture incu-
bated overnight at 4°C. After extensive washing (four changes of RIPA
buffer over 4 h, one change PBS, two changes distilled water), the immuno-
precipitates were solubilized in SDS-PAGE sample buffer (0.15 M Tris, pH
6.8, 10% SDS, 25% glycerol, 5% (-mercaptoethanol, bromopheno! blue)
and separated on 5-10% gradient Laemmli polyacrylamide gels. Fluorogra-
phy was conducted using Autofiuor, and the gels exposed to Kodak X-Omat
AR x-ray film in the presence of an intensifier screen.

Immunoblotting

Ion exchange-purified proteoglycans were obtained from 2 M NaCl extracts
of unlabeled rat liver TM. Intact and TFMS deglycosylated proteoglycans
(10-25 ug), mouse EHS laminin (1 xg), and human plasma fibronectin (1
ug) were separated by SDS-PAGE under denaturing conditions, and the sep-
arated proteins were electrophoretically transferred to Immobilon mem-
branes (150 mA for 15-18 h at 4°C). Unbound sites on the membrane were
blocked by incubation in 5% nonfat dry milk, 1% Tween 20 in PBS (1 h
at 20°C). Immunoreactive bands were detected by sequential incubation
with immune IgG (1:1,000), alkaline phosphatase-conjugated anti-rabbit
IgG, and NBT/BCIP substrate.

Results

Chromatographic Analysis of Liver HSPG Extracted
by 2 M NaCl

When a TM fraction prepared from rat liver was extracted
with 2 M NaCl, ~25% of the total S radioactivity was
solubilized. 80-95% of these counts bound to, and were
eluted from the ion exchange column in a single peak between
0.5 and 0.9 M NaCl (Fig. 1). Analysis of the proteoglycans
pooled from this peak by gel filtration chromatography indi-
cated that most of the counts (~88%) eluted as two poorly
resolved peaks, K., 0.26 and 0.39, while ~12% eluted in a
minor peak, K,, 0.81 (Fig. 2 A). Pretreatment of the sample
with chondroitinase ABC removed only 10-15% of the 35S
radioactivity from the major peak (data not shown). The
counts were depleted equally from the K., 0.26 and 0.39
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peaks but the minor peak at K,, 0.81 was unchanged. Ni-
trous acid deamination before chromatography reduced the
majority of the high molecular weight material to small frag-
ments that eluted in the V; (Fig. 2 B). The lack of suscepti-
bility of the fraction to chondroitinase ABC, together with
its sensitivity to nitrous acid deamination, indicate that most
of the sample consists of HSPG. Alkaline $-elimination re-
leased GAG chains with a complex elution profile, the major
peak being K., 0.65 (Fig. 2 C). The complex profile sug-
gests a bimodal pattern with the trailing edge representing
the original K., 081 peak, which most likely consists of
intracellular degradation products. The large peak at the V;
probably represents free sulfate released by alkaline treat-
ment. The complexity of the pattern is most likely due to ex-
tensive heterogeneity of GAG chains which is known to oc-
cur in other proteoglycans.

Characterization of the Anti-Liver HSPG IgG
by Immunoprecipitation and Immunoblotting

When polyclonal IgG generated against liver proteoglycans
purified from a high salt extract of TM was used to precipi-
tate biosynthetically labeled proteoglycan, a broad, smeared
band (150-300 kD) was precipitated along with high molec-
ular weight material at the top of the resolving gel (Fig. 3,
lane E). The predominant smeared band centered near the
200-kD molecular weight marker had the typical diffuse
profile characteristic of proteoglycans, which is due to the
attached GAG chains. Sometimes a minor band at 82 kD (not
seen in the original starting material) was also seen, but this

KD

Figure 4. Immunoblotting of
liver proteoglycans before and
after TFMS deglycosylation.
Proteoglycans purified by ion
exchange chromatography from
a 2 M NaCl extract of unla-
beled rat liver microsomes
were separated by SDS-PAGE
under denaturing conditions
and transferred to Immobilon
membrane. Anti-liver HSPG
IgG reacts with intact proteo-
glycans of heterogeneous size
visualized as a broad smear,
150-300 kD (lane A). After
TFMS treatment, the antibody
recognizes a 40-kD core pro-
tein (lane B). The unbound
fraction of the Q Sepharose
column contains many proteins
. demonstrated by Coomassie
blue staining (lane D); none
reacts with the polyclonal IgG
(lane C).
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Figure 5. Indirect immunofluorescence staining of semithin (0.5 um) cryosections prepared from various PLP-fixed rat tissues with anti-liver
HSPG. (A and B) Liver: strong staining is seen of the perisinusoidal regions (arrows) and of basement membranes of the blood vessels (V)
and bile capillaries (Bc) in the portal triad. Staining of the perisinusoidal extracellular matrix (arrows) is shown at higher magnification in B.
(C) Kidney: the glomerular basement membranes (G), Bowman’s capsule, and basement membranes of tubules (T') and peritubular capil-
laries are stained. (D) Heart: cross-section of cardiac muscle from the left ventricle. The antibody reacts strongly with the basement mem-
branes surrounding the myocytes and capillaries. (E) Pancreas: the capillary basement membranes and those surrounding the pancreatic
lobules at the basal surface of the acinar cell are stained. (F) Small intestine: the basement membranes underlying the epithelial cells
and surrounding the capillaries and lymphatics in the lamina propria are stained. Bars: (4, C, E, and F) 20 ym; (B and D) 10 pm.

was an inconsistent finding; it may represent a breakdown
product generated during the immunoprecipitation proce-
dure. Pretreatment of the sample with chondroitinase ABC
had no effect on the precipitation of the broad 150-300-kD
band (Fig. 3, lane G), whereas the latter was not seen after
treatment with nitrous acid (Fig. 3, lane I), which degrades
HSPG. No radiolabeled material was precipitated by preim-
mune IgG (Fig. 3, lanes B, D, F, and H). When an antibody
(anti-BM HSPG) raised against glomerular proteoglycans
that recognizes kidney and other basement membranes (42)
was used for immunoprecipitation, only material of high
molecular mass which barely entered the resolving gel was
precipitated (Fig. 3, lane C). This indicates that the anti-liver
HSPG, but not the anti-BM HSPG recognized and precipi-

tated a population of HSPG which migrates at ~150-300 kD
on SDS gels.

The anti-liver HSPG also detected a similar broad 150-
300 kD band by immunoblotting of purified liver proteogly-
cans (Fig. 4, lane A), and, similarly, prior treatment with
chondroitinase ABC did not alter the reactivity (data not
shown). When purified liver proteoglycans were chemically
deglycosylated with TFMS before SDS-PAGE (to remove
GAG chains and N- and O-linked oligosaccharides), the anti-
body recognized a ~40-kD core protein (Fig. 4, lane B).
The flowthrough (unbound fraction) from the Q Sepharose
column was also tested for immunoreactivity with anti-liver
HSPG. As anticipated, many Coomassie blue-stained bands
were present in the flow-through (Fig. 4, lane D), but none

Soroka and Farquhar Novel ECM Heparan Sulfate Proteoglycans from Rat Liver 1235



Figure 6. Immunoperoxidase localization of liver HSPG. Cryostat sections were incubated with anti-liver HSPG IgG followed by Fab frag-
ments of sheep anti-rabbit IgG and processed as described in Materials and Methods. (4) Peroxidase reaction product is detected around
the sinusoids (§) in the space of Disse (D), where it is associated with clumps of extracellular matrix material located between the en-
dothelium (En) and the sinusoidal surface of the hepatocyte (He). (B) Enlargement of the space of Disse showing reaction product (arrow-
heads) located between processes of the sinusoidal endothelium (£r) and the hepatocyte (He) microvilli. Reaction product is also seen
in association with the hepatocyte and endothelial plasma membranes. (C) In a less strongly reacted specimen, clumps of reactive extracel-
lular matrix material (arrowheads) are seen to be located in close proximity to the adjacent endothelial and hepatocyte cell membranes
in the space of Disse (D). K, Kupffer cell. Bars: (4 and C) 1 um; (B) 0.5 um.
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Figure 7. Immunoperoxidase localization of liver HSPG in the bile duct epithelium (4) and in hepatocytes (B and C)). Preparation similar
to that in Fig. 6. (4) The basement membrane (BM) surrounding a bile duct in the portal triad is strongly reactive for this HSPG. The
core protein of this HSPG is also detected within the rough ER (er) and Golgi (G) cisternae of the bile duct epithelium (EP). (B and C)
Small fields demonstrating reaction product in the stacked Golgi cisternae (G) and rough ER (er) of hepatocytes. L, lumen of the bile
duct; Cis, cis side of Golgi; Trans, trans side of the Golgi; mv, multivesicular endosome. Bars: (4 and B) 1 um; (C) 0.5 um.

of them stained with the anti-liver HSPG IgG (Fig. 4, lane
C), thus confirming the specificity of the antibody for the
tightly bound proteoglycan fraction. No reactivity with lam-
inin or fibronectin was detected by immunoblotting or by
ELISA (data not shown).

These data indicate that the antibody raised against the
proteoglycans extracted by high salt from liver microsomes
specifically recognizes by both immunoprecipitation and im-
munoblotting a population of HSPG (150-300 kD) with a 40-
kD protein core. This population of HSPG is not recognized
by the anti-BM HSPG raised against glomerular proteo-
glycans.

Immunocytochemical Localization of Liver HSPG

When the anti-liver IgG was used for indirect immunofluo-
rescence on semithin (0.5 um) sections from rat liver, there

was strong staining of the perisinusoidal region, as well as
of basement membranes of the vessels of the portal triad
(Figs. 5, 4 and B). The sinusoidal staining appeared as an
interrupted, punctuate fluorescence pattern surrounding the
sinusoids (Fig. 5 B). Staining of basement membranes was
also seen in all organs examined, including kidney (Fig. 5
C), heart (Fig. 5 D), pancreas (Fig. 5 E), and intestine (Fig.
5 F). Interestingly, when the anti-BM HSPG antibody pre-
pared from glomerular proteoglycans was used to stain rat
liver, only the basement membranes of the bile ducts and
large blood vessels of the portal triad were stained. No reac-
tivity was seen with the extracellular matrix material in the
space of Disse.

When the HSPG recognized by the anti-liver HSPG IgG
was localized at the electron microscopic level by immuno-
peroxidase, the perisinusoidal staining was seen to be due to
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Figure 8. Immunogold localization of liver HSPG. Ultrathin cryosections of
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rat liver were incubated with anti-liver HSPG followed by

a 5-nm gold-anti-rabbit IgG conjugate. (4) Most of the gold particles (arrows) are associated with clumps of barely discernable extracellular
matrix material located in the space of Disse (D) between the endothelium (En) and the sinusoidal plasma membrane domain of the hepato-
cyte (He). (B) Another field of a similar preparation showing the proximity of the HSPG to the sinusoidal domain of the hepatocyte plasma

membrane (arrows) facing the space of Disse (D). Bar, 0.1 pm.

the presence of this HSPG in the space of Disse. Aggregates
of reaction product were located between the abluminal sut-
face of the endothelium and the sinusoidal plasmalemma of
the hepatocyte (Fig. 6, A-C). In lightly reacted specimens
(Fig. 6 C), reaction product was seen to be associated with
ili-defined clumps of extracellular matrix material in the
space of Disse. Sometimes small amounts of reaction prod-
uct were closely associated with the epithelial and endothe-
lial plasma membranes adjacent to the reactive extracellular
matrix. However, little or no reaction product was seen on
the bile canalicular membrane or lateral surfaces of the he-
patocyte below the junctional complexes. The basement
membranes of the blood vessels and bile ducts of the portal
triad (Fig. 7 A) were also heavily reactive. Moreover, reac-
tion product was found within the ER and Golgi cisternae of
both the hepatocytes (Figs. 7, B and C) and the bile duct epi-
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thelium (Fig. 7 A). The presence of reaction product within
biosynthetic compartments indicates that both these cell
types synthesize HSPG recognized by the antibodies.

Results of immunogold localization of this HSPG on ultra-
thin cryosections confirmed results obtained by immunoper-
oxidase. Gold particles were mainly found in association
with extracellular matrix material in the space of Disse (Fig.
8 A). They were also found in clusters along the hepato-
cyte plasmalemma (Fig. 8 B), suggesting close association
of the extracellular matrix material with the surface of the
hepatocyte.

Thus, the anti-liver HSPG IgG we generated recognizes a
population of HSPG found in the perisinusoidal extracellular
matrix and basement membranes of the rat liver. It also
reacts with HSPG present in basement membranes of many
other rat tissues.

1238



Discussion

We have previously shown that two antigenically distinct
populations of HSPG can be distinguished in liver, kidney
and other cells: one type of HSPG is associated with cell
membranes and the other with basement membranes. These
two types of proteoglycans are found both in situ in intact
liver (41) and kidney (14, 42) and in cultured liver and kidney
cell lines (40, 43). In the present study we set out to charac-
terize the heparin/salt-releasable type of HSPG described in
rat liver which was suggested to represent a proteolytically
cleaved form of the membrane-associated HSPG. An anti-
body raised against proteoglycans purified from a high salt
extract of rat liver microsomes proved to recognize exclu-
sively HSPG by immunoprecipitation and immunoblotting
and to stain irregular clumps of basement membrane-like ex-
tracellular matrix material deposited in the liver sinusoidal
space of Disse and with basement membranes of the blood
vessels and bile duct epithelium of the portal triads. Thus,
the immunocytochemical results indicate that the HSPG rec-
ognized are associated with the extracellular matrix rather
than with cell membranes. Moreover, the anti-liver HSPG
stained basement membranes of kidney and other tissues
(heart, pancreas, intestine). The pattern was comparable to
that obtained with antibodies raised against HSPG purified
from other basement membrane sources, e.g., renal glomer-
uli (42) and the EHS sarcoma (17, 20) and was quite different
from that obtained with an antibody that recognizes mem-
brane intercalated HSPG (40, 41). The anti-liver HSPG
showed no reactivity by immunoblotting or ELISA with lam-
inin or fibronectin. Moreover, the antibody precipitates from
a rat liver proteoglycan fraction a population of HSPG with
a mobility of 150-300 kD (by SDS-PAGE) with an ~40-kD
core protein (after TFMS deglycosylation). The overall size
of this population of HSPG and its core protein size differ
from those of the membrane-intercalated HSPG previously
found to be associated with plasma membranes of rat liver
(41) which have an overall size of ~80 kD with an ~20-kD
protein core (22). Thus, the immunochemical data we ob-
tained indicate that the antibody recognizes the core protein
of a population of extracellular matrix-associated HSPG
found in rat liver that differs in its properties from the mem-
brane-intercalated HSPG from rat liver. It also differs in its
overall size and core protein size from HSPG purified from
other extracellular matrix sources, especially kidney base-
ment membranes.

A good deal of size diversity has been reported among
HSPG from different extracellular matrix sources (28, 44).
For example, the EHS sarcoma which makes a basement
membrane-like matrix contains two (high and low density)
HSPG, 650 and 130 kD, with core proteins of 450 and 21-34
kD, respectively (19, 25), whereas HSPG from the bovine
(10) and rat (33) glomerular basement membrane have been
reported to be 200-400 kD, with a core protein of 130 kD
(determined by TFMS treatment). Further evidence suggest-
ing differences between the liver and glomerular basement
membrane HSPG is that an antibody we raised previously
against glomerular proteoglycans fails to precipitate the 150-
300 kD HSPG from rat liver, and it fails to stain the clumps
of basement membrane-like matrix in the space of Disse (al-
though it does stain basement membranes of liver arterioles,
vemules and bile ducts). Similar immunostaining results

were obtained by Couchman (9) and Schleicher et al. (38)
with antibodies raised against HSPG purified from PYS-2
cell cultures and porcine glomeruli, respectively. Previously
it has been shown that the BM-1 antibody raised against EHS
sarcoma HSPG does stain the perisinusoidal matrix (15, 16).
These results suggest that the anti-liver HSPG IgG we have
generated recognizes a novel HSPG present in the liver peri-
sinusoidal extracellular matrix that shares some epitopes in
common with other basement membrane HSPG but has one
or more antigenic determinants which are recognized by
some but not all antibodies raised against basement mem-
brane HSPG.

Cellular Sources of Basement Membrane HSPG
in Rat Liver

The hepatocyte most likely represents the main cellular
source of the HSPG we have used as immunogen because the
hepatocyte is by far the predominant liver cell type and a to-
tal microsome fraction from rat liver would be expected to
be composed of vesicles derived primarily from this cell
type. Other cell types present (Kupffer cells, endothelial cells,
bile duct epithelium, fat-storing cells) contribute <5% of
the total microsome fraction (2), which was the starting
material for the salt extraction. Microsomes contain vesi-
cles derived from both intracellular compartments (rough
and smooth ER, Golgi, vesicular carriers, endosomes) and
from the plasma membrane. Therefore, the HSPG extracted
from liver microsomes would be expected to be derived pri-
marily from hepatocytes and would include not only those
from ER and Golgi vesicles containing biosynthetic precur-
sors in transit through hepatocytes, but also those from plas-
malemmal vesicles presumably with amorphous clumps of
extracellular matrix still attached. That the proteoglycans
can be extracted from microsomes with 2 M NaCl is compat-
ible with the earlier assumption (21) that these HSPG are
bound to the cell membrane or to other extracellular matrix
components via electrostatic interactions.

Previous studies conducted on primary cultures of isolated
hepatocytes and lipocytes have reported that the primary
source of sinusoidal extracellular matrix components (lami-
nin, collagen IV, and HSPG) in the liver is the lipocyte
(perisinusoidal stellate cell or fat-storing cell) (1, 15, 27, 37).
However, in this study we have demonstrated by immuno-
electron microscopy the presence of the core protein of base-
ment membrane HSPG in biosynthetic compartments (ER
and Golgi cisternae) of both the hepatocyte and the bile duct
epithelium. This suggests that the hepatocyte most likely
synthesizes and deposits HSPG in the perisinusoidal matrix,
whereas the bile duct epithelium synthesizes and deposits
HSPG in their basement membranes. Furthermore, in an
earlier study, we demonstrated the presence of membrane-
associated HSPG in the intracellular compartments of hepa-
tocytes (41) using an antibody that recognizes only the
membrane-associated type of HSPG. These data indicate
that the hepatic parenchymal cell synthesizes both cell mem-
brane and basement membrane-type HSPG which are the
only HSPG from liver that have been characterized to date.
Interestingly, Brandan and Hirschberg (3) have shown that
there is a temporal (precursor-product?) relationship be-
tween a hydrophobic, Golgi-associated form of HSPG and
hydrophilic, plasma membrane-associated HSPG. Our re-
sults demonstrate that the basement membrane and cell mem-
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brane-type HSPG we have characterized have distinctive
sizes and different distributions once released from the cell.
Whether or not the HSPG studied by Brandan and Hirsch-
berg corresponds to the 150-300-kD HSPG with the 40-kD
protein core identified in this study remains to be determined.

Diversity among Basement Membrane HSPG

Our data add to the growing evidence for the existence of
heterogeneity in HSPG populations associated with different
basement membrane sources. The size difference and the ex-
istence of unique epitope(s) in the perisinusoidal population
of liver HSPG suggests that there may be differences in its
amino acid sequence or in its conformation as compared to
HSPG derived from other sources. That there should be
structural differences between HSPG derived from different
types of basement membranes is logical, because there are
vast differences in the organization and functions of base-
ment membranes in different locations. This is especially
notable when comparing the renal glomerular basement mem-
brane with the loosely organized basement membrane-like
matrix found in the space of Disse in the liver. The former
is a uniform and compact basement membrane layer which
is organized into a continuous sheet (in three dimensions)
made up of a tight, well-defined latticework that functions as
a refined macromolecular filter restricting passage of anionic
molecules >70 A effective molecular radius (13). By contrast,
in the liver, where the sinusoids form an open network with
a discontinuous endothelium, there is no typical basement
membrane layer. The surface of the hepatocyte is in direct
contact with the blood plasma, and the endothelium is sep-
arated from the hepatocyte plasmalemma by the space of
Disse, which contains occasional collagen fibrils and irreg-
ular clumps of extracellular matrix material (29). The latter
is known to contain collagen III and basement membrane
components, such as collagen IV, fibronectin, and laminin
(16, 27, 29), as well as basement membrane-type HSPG (15,
16). The function of this loosely organized matrix composed
largely of basement membrane proteins is unknown, but,
since it is discontinuous, it seems unlikely that it has a major
filtration function.

HSPG are known to differ widely in their hydrodynamic
properties due in large part to the number and size of their
GAG chains. That genuine differences also exist in the size
of their core proteins is also now generally accepted (28, 44).
However, at present it is not clear how much of the size diver-
sity is generated by differential proteolytic processing of a
common precursor, by differential splicing of mRNA, or
whether they represent separate gene products. The explana-
tion will become apparent only when DNA sequence data is
available on the core proteins of basement membrane HSPG
derived from a variety of sources.

The authors gratefully acknowledge the assistance of Dr. Toru Noda in the
immunogold labeling of ultrathin cryosections (Fig. 8).

This work was supported by National Institutes of Health grant
DK17724 and by a gift from RIR Nabisco (1986-1989) (to Marilyn G. Far-
quhar).

Received for publication 5 September 1990 and in revised form 7 February
1991.

References
1. Arenson, D. M., S. L. Friedman, and D. M. Bissell. 1988. Formation of

The Journal of Cell Biology, Volume 113, 1991

extracellular matrix in normal rat liver: lipocytes as a major source of pro-
teoglycan. Gastroenterology. 95:441-447.

2. Bolender, R. P., D. Paumgautner, G. Losa, D. Muellener, and E. R.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.

Weibel. 1977. Integrated stereological and biochemical studies on hepa-
tocyte membranes. I. Membrane recovery in subcellular formations. J.
Cell Biol. 77:565-583.

. Brandan, E., and C. B. Hirschberg. 1989. Differential association of rat

liver heparan sulfate proteoglycans in membranes of the Golgi apparatus
and the plasma membrane. J. Biol. Chem. 264:10520-10526.

. Brown, W. J., and M. G. Farquhar. 1984. The mannose-6-phosphate

receptor for lysosomal enzymes is concentrated in cis Golgi cisternae.
Cell. 36:295-307.

. Carlson, D. M. 1968. Structures and immunochemical properties of

oligosaccharides isolated from pig submaxillary mucin. J. Biol. Chem.
243:616-626.

. Carlstedt, 1., L. Coster, A. Malmstrom, and L..-A. Fransson. 1983. Proteo-

heparan sulfate from human skin fibroblasts. Isolation and structural
characterization. J. Biol. Chem. 258:11629-11635.

. Cifonelli, J. A., and J. King. 1972. Distribution of 2-acetamido-2-deoxy-

D-glucose residues in mammalian heparins. Carbohydr. Res. 21:173-
186.

. Cohn, R. H., J. J. Cassiman, and M. R. Bernfield. 1976. Relationship of

transformation, cell density, and growth control to the cellular distribu-
tion of newly synthesized glycosaminoglycan. J. Ceil Biol. 71:280-294.

. Couchman, J. R. 1987. Heterogeneous distribution of a basement mem-

brane heparan suifate proteoglycan in rat tissues. J. Cell Biol. 105:1901-
1916.

Edge, A. S. B., and R. G. Spiro. 1987. Selective deglycosylation of the
heparan sulfate proteoglycan of bovine glomerular basement membrane
and identification of the core protein. J. Biol. Chem. 262:6893-6898.

Ehrenreich, J. H., J. J. M. Bergeron, P. Siekevitz, and G. F. Palade. 1973.
Golgi fractions prepared from rat liver homogenates. 1. Isolation proce-
dure and morphological characterization. J. Cell Biol. 59:45-72.

Eldridge,C. F., J. R. Sanes, A. Y. Chiu, R. P. Bunge, and C. J. Corn-
brooks. 1986. Basal lamina-associated heparan sulfate proteoglycan in
the rat PNS: characterization and localization using monoclonal antibod-
ies. J. Neurocytol. 15:37-51.

Farquhar, M. G. 1982. The glomerular basement membrane: a selective
macromolecular filter. /n The Cell Biology of the Extracellular Matrix.
E. D. Hay, editor. Plenum Publishing Corp., New York. 335-378.

Farquhar, M. G., M. C. Lemkin, and J. L. Stow. 1985. Role of proteogly-
cans in glomerular function and pathology. In Nephrology. R. R. Robin-
son, editor. Springer-Verlag, New York.

Friedman, S. L., F. J. Roll, J. Boyles, and D. M. Bissell. 1985, Hepatic
lipocytes: the principal collagen-producing cells of normal rat liver.
Proc. Natl. Acad. Sci. USA. 82:8681-8685.

Geerts, A., H. J. Geuze, J. W. Slot, B. Voss, D. Schuppan, P. Schellinck,
and E. Wisse. 1986. Immunogold localization of procollagen III,
fibronectin and heparan sulfate proteoglycan on ultrathin frozen sections
of the normal rat liver. Histochemistry. 84:355-362.

Hassell, J. R., P. G. Robey, H. J. Barrach, J. Wilczek, S. I. Rennard, and
G. R. Martin. 1980. Isolation of a heparan sulfate-containing proteogly-
can from basement membrane. Proc. Natl. Acad. Sci. USA. 77:4494~
4498,

Kanwar, Y. S., A. Linker, and M. G. Farquhar. 1980. Increased perme-
ability of the glomerular basement membrane to ferritin after removal of
glycosaminoglycans (heparan sulfate) by enzyme digestion. J. Cell Biol.
86:688-693.

Kato, M., Y. Koike, Y. Ito, S. Suzuki, and K. Kimata. 1987. Multiple
forms of heparan sulfate proteoglycans in the Engelbreth-Holm-Swarm
mouse tumor. J. Biol. Chem. 262:7180-7188.

Kato, M., Y. Koike, S. Suzuki, and K. Kimata. 1988. Basement membrane
proteoglycan in various tissues: characterization using monoclonal anti-
bodies to the Engelbreth-Holm-Swarm mouse tumor low density heparan
sulfate proteoglycan. J. Cell Biol. 106:2203-2210.

Kjellen, L., A. Oldberg, and M. Hook. 1980. Cell-surface heparan sulfate:
Mechanisms of proteoglycan-cell association. J. Biol. Chem. 255:
10407-10413.

Kjellen, L., 1. Pettersson, and M. Hook. 1981. Cell-surface heparan sul-
fate: an intercalated membrane proteoglycan. Proc. Natl. Acad. Sci.
USA. 78:5371-5375.

Lander, A. D., D. K. Fujii, D. Gospodarowicz, and L. F. Reichardt. 1982.
Characterization of a factor that promotes neurite outgrowth: evidence
linking activity to a heparan sulfate proteoglycan. J. Cell Biol. 94:
574-585.

LeBaron, R. G., J. D. Esko, A. Woods, S. Johansson, and M. Hook. 1988.
Adhesion of glycosaminoglycan-deficient Chinese hamster ovary cell
mutants to fibronectin substrata. J. Cell Biol. 106:945-952.

Ledbetter, S. R., B. Tyree, J. R. Hassel, and E. A. Horigan. 1985.
Identification of the precursor protein to basement membrane heparan sul-
fate proteoglycans. J. Biol. Chem. 260:8106-8113.

Louvard, D., H. Reggio, and G. Warren. 1982. Antibodies to the Golgi
complex and the rough endoplasmic reticulum. J. Cell Biol. 92:92-107.

Maher, J. J., S. L. Friedman, F. J. Roll, and D. M. Bissell. 1988. Im-
munolocalization of laminin in normal rat liver and biosynthesis of lami-

1240



28.
29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

nin by hepatic lipocytes in primary culture. Gastroenteroiogy. 94:1053-
1062.

Martin, G. R., R. Timpl, and K. Kiihn. 1988. Basement membrane pro-
teins: molecular structure and function. Adv. Prot. Chem. 39:1-50.
Martinez-Hernandez, A. 1984. The hepatic extracellular matrix. I. Elec-
tron immunohistochemical studies in normal rat liver. Lab. Invest. 51:

57-74.

McLean, I. W., and P. K. Nakane. 1974. Periodate-lysine-paraformalde-
hyde fixative: a new fixative for immunoelectron microscopy. J. Histo-
chem. Cytochem. 22:1077-1083.

Mautoh, S., I. Funakoshi, N. Ui, and I. Yamashina. 1980. Structural charac-
terization of proteoheparan sulfate isolated from plasma membranes of
an ascites hepatoma, AH-66. Arch. Biochem. Biophys. 202:137-143.

Oldberg, A., L. Kjellen, and M. Hook. 1979. Cell-surface heparan sulfate.
Isolation and characterization of a proteoglycan from rat liver mem-
branes. J. Biol. Chem. 254:8505-8510.

Deleted in proof.

Rapraeger, A., and M. Bernfield. 1983. Heparan sulfate proteoglycans
from mouse mammary epithelial cells. A putative membrane proteogly-
can associates quantitatively with lipid vesicles. J. Biol. Chem. 258:
3632-3636.

Rollins, B. J., and L. A. Culp. 1979. Preliminary characterization of the
proteoglycans in the substrate adhesion sites of normal and virus-trans-
formed murine cells. Biochemistry. 18:5621-5629.

Saunders, S., and M. Bernfield. 1988. Cell surface proteoglycan binds
mouse mammary epithelial cells to fibronectin and behaves as a receptor
for interstitial matrix. J. Cell Biol. 106:423-430.

Schafer, S., O. Zerbe, and A. M. Gressner. 1987. The synthesis of pro-
teoglycans in fat-storing cells of rat liver. Hepatology. (Baltimore). 7:
680-687.

Schleicher, E. D., E. M. Wagner, B. Olgemoller, A. G. Nerlich, and K. D.
Gerbitz. 1989. Characterization and localization of basement membrane-

39.

41.

42.

43,

45.

46.
47,

associated heparan sulfate proteoglycan in human tissues. Lab. Invest.
61:323-332,

Schnabel, E., G. Dekan, A. Miettinen, and M. G. Farquhar. 1989. Biogen-
esis of podocalyxin: the major glomerular epithelial sialoglycoprotein: in
the newborn rat kidney. Eur. J. Cell Biol. 48:313-326.

. Stow, J. L., and M. G. Farquhar. 1987. Distinctive populations of base-

ment membrane and cell membrane heparan sulfate proteoglycans are
produced by cultured cell lines. J. Cell Biol. 105:529-539.

Stow, J. L., L. Kjellen, E. Unger, M. Hook, and M. G. Farquhar. 1985.
Heparan sulfate proteoglycans are concentrated on the sinusoidal plas-
malemmal domain and in intracellular organelles of hepatocytes. J. Cell
Biol. 100:975-980.

Stow, J. L., H. Sawada, and M. G. Farquhar. 1985. Basement membrane
heparan sulfate proteogiycans are concentrated in the laminae rarae and
in podocytes of the rat renal glomerulus. Proc. Natl. Acad. Sci. USA.
82:3296-3300.

Stow, J. L., C. J. Soroka, M. MacKay, L. Striker, G. Striker, and M. G.
Farquhar. 1989. Basement membrane heparan sulfate proteoglycan is the
main proteoglycan synthesized by glomerular epithelial cells in culture.
Am. J. Pathol. 135:637-646.

. Timpl, R. 1989. Structure and biological activity of basement membrane

proteins. Eur. J. Biochem. 180:487-502.

Tokuyasu, K. T. 1986. Application of cryomicrotomy to immunocyto-
chemistry. J. Microsc. 143:139-149.

Tokuyasu, K. T. 1989. Use of polyvinylpyrrolidone and polyvinyl alcohol
for cryoultramicrotomy. Histochem. J. 21:163-171.

Yanagishita, M., and D. J. McQuillan. 1989. Two forms of plasma mem-
brane-intercalated heparan sulfate proteoglycan in rat ovarian granulosa
cells. Labeling of proteoglycans with a photoactivatable hydrophobic
probe and effect of the membrane anchor-specific phospholipase. J. Biol.
Chem. 264:17551-17558.

Soroka and Farquhar Novel ECM Heparan Sulfate Proteoglycans from Rat Liver 1241



