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Abstract We have studied uptake of retinol-binding protein
(RBP) by rat liver cells. First, we compared the in vivo uptake
in different liver cells of '**I-labeled RBP with that of other well-
known ligands. We found that the ligands studied were recog-
nized differently by the various cell types in the liver, and that
RBP was most efficiently taken up by parenchymal and stellate
cells. We then studied the in vivo uptake of RBP in liver cells
by immunocytochemistry at the electron microscopic level
using ultrathin cryosections. Ten min after injection, RBP was
localized to parenchymal cells and stellate cells. In these cells,
RBP was detected on the cell surface and in vesicles near the cell
surface. RBP was observed mainly in association with the mem-
brane in these vesicles. Two hours after injection, RBP was local-
ized not only on the cell surface and in vesicles close to the cell
surface, but also in larger vesicles located deeper in the
cytoplasm of these cells. RBP in larger vesicles was observed at
a distance from the vesicular membrane. Finally, we compared
the distribution of endocytosed RBP in liver parenchymal cells
with that of asialo-orosomucoid, a ligand known to be internal-
ized by receptor-mediated endocytosis. We detected both ligands
on the cell surface and in small vesicles located close to the cell
surface and in larger vesicles located deeper in the cytoplasm.
Asialo-orosomucoid and RBP were seldom observed in the same
small vesicles, but the larger vesicles contained both ligands.
BB These data suggest that RBP is internalized in parenchymal
and stellate cells of the liver by receptor-mediated endocytosis.
—Senoo, H., E. Stang, A. Nilsson, G. M. Kindberg, T. Berg,
N. Roos, K. R. Norum, and R. Blomhoff. Internalization of
retinol-binding protein in parenchymal and stellate cells of rat
liver. J. Liptd Res. 1990. 31: 1229-1239.
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Retinol is transported in plasma bound to a specific
plasma transport protein, retinol-binding protein (RBP)
(1). The mechanism by which retinol is transferred from
retinol-RBP to cells is not yet fully elucidated. Since a
small amount of retinol may be in equilibrium with
retinol-RBP in plasma, it has been speculated that it may
partition into the plasma membrane without the involve-
ment of a receptor. Support for this uptake mechanism
has been reported by Fex and Johannesson (2) who incu-

bated artificial phospholipid membranes with [*H]retinol.
At equilibrium, 10-30% of the retinol was transferred to
membranes, and t;,; for retinol transfer was about 30
min. The same authors subsequently showed that retinol
can rapidly “flip-flop” across phospholipid bilayer mem-
branes (t;,2 < 30 sec) (3). Similar observations have been
made by Ho, Pownall, and Hollyfield (4).

Other observations indicate that a spontaneous, non-
specific transfer is not a major mechanism by which many
cells obtain retinol. For example, since white blood cells
do not store retinyl esters, and erythrocytes have much
longer half life in blood than white blood cells, one would
expect, based on a nonspecific spontaneous transfer, that
erythrocytes contained at least as much retinol as the
white blood cells. However, erythrocytes contain much
less retinol (about 1/1000th) than white blood cells (5). In
addition, Heller and Bok (6, 7), studied retinol-'?°I-
labeled RBP uptake in vitro and in vivo by bovine retina
and retinal pigment epithelial cells. They reported that
125]-labeled RBP was bound only to the choroidal surface
of the retinol pigment epithelial cells, and that an excess
of unlabeled RBP greatly reduced the binding. Binding to
photoreceptor cells or any other retinal cells was not ob-
served. McGuire, Orgebin-Crist, and Chytil (8) studied
the interaction of '#I-labeled RBP with rat testicular cells
by autoradiography. They observed that RBP bound pri-
marily to interstitial cells of rat testes. No interaction of
retinol-RBP with seminiferous tubule cells was observed.
A selective uptake of RBP was also observed by Gjgen
et al. (9) who injected '**I-labeled tyramine cellobiose-
labeled RBP intravenously into rats, and determined the
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recovery of radioactivity in liver, kidneys, intestine,
spleen; heart, lungs, etc. at different times. After 1 h,
~20% and 10% of the injected dose was recovered in liver
and kidneys, respectively, whereas other organs contained
<3%. By isolating the liver cell types, it was estimated
that parenchymal and stellate cells took up about equal
amounts of RBP when calculated per g of liver, whereas
Kupffer cells and endothelial cells in liver were much less
active.

Several investigators have also studied the binding of
RBP to cells in vitro. Evidence for a saturable plasma
membrane receptor that recognizes RBP has been re-
ported in experiments using isolated bovine retinal pig-
ment epithelial cells (10), a crude suspension of chicken
testicular cells (11), crude interstitial cells from rat testes
(8), and the F9 embryonal carcinoma cell line (12). In two
other studies using keratinocytes (13) and epithelial cells
from the intestinal mucosa (14), no binding of '**I-labeled
RBP to cells could be demonstrated.

Recently, Sivaprasadarao and Findlay (15, 16) pre-
sented data that convincingly support the idea of a highly
specific receptor for RBP on human placental brush
border membranes. The putative receptor was sensitive to
pH, trypsin, heat, and thiol-group reagents. Scatchard
analysis of the equilibrium binding of '*’I-labeled RBP
revealed both high (3 x 107 M) and low (9 x 107 M)
affinity binding components. Interestingly, the bound
RBP has a very high dissociation rate constant, i.e., most
of the bound RBP is displaced from the putative receptor
after 5 min. Since most uptake assays involve repeated
centrifugations to reduce nonspecific cell-association, spe-
cific RBP binding may have escaped several of the previ-
ous attempts to identify the RBP receptor.

By cross-linking radiolabeled RBP (mol wt 21,000) with
retina pigment epithelial membranes, Laurent et al. (17)
observed a cross-linked complex with a molecular weight
of 90,000-92,000 that could be blocked by excess un-
labeled RBP. The data suggest that the RBP receptor has
a molecular weight of about 70,000. A similar result was
obtained by a ligand-blotting technique (17).

In conclusion, these studies support the existence of a
membrane receptor for RBP. To study the mechanism for
uptake of RBP in liver cells in more detail, we have now
applied immunocytochemistry at the electron microscopic
level. We have injected human RBP into rats and local-
ized the human RBP in rat liver cells by the cryosection
technique.

MATERIALS AND METHODS

Materials

Vectastain ABC reagents were from Vector Laborato-
ries (Burlingame, CA). Sheep anti-human RBP was pur-
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chased from Biogenesis (Bournemouth, UK) and rabbit
anti-human orosomucoid was purchased from DAKO Im-
munoglobulins, Glostrup, Denmark. Rabbit anti-sheep IgG
and swine anti-rabbit IgG were obtained from Nordic Im-
munological Laboratories (Tilburg, The Netherlands).
Protein A-colloidal gold (5-7 nm in diameter) (18) was
generously donated by Dr. Jan W. Slot (Center for Elec-
tron Microscopy, School of Medicine, University of
Utrecht, The Netherlands). Protein A-colloidal gold with
a larger diameter (10 nm) was obtained from Janssen Bio-
tech N. V. (Olen, Belgium), and protein A was obtained
from Pharmacia (Uppsala, Sweden). RBP was isolated
from human and rat plasma as described (9), and bovine
testicular (-galactosidase was isolated as described by
Distler and Jourdian (19). Invertase and orosomucoid
were obtained from Sigma Chemical Co. (St. Louis,
MO). Orosomucoid was desialylated by neuraminidase
(20), and low density lipoproteins were isolated from hu-
man plasma and acetylated as described (21). The various
proteins were labeled with %I by the sodium hypochlorite
method (22). Plasma containing [*H]retinol-labeled rat
RBP was prepared as described previously (23). More
than 95% of the [*H]retinol-RBP was in a complex with
transthyretin as determined by gel filtration (23).

Animals

Male Wistar rats weighing 270-350 g were used. The
animals were maintained on an ordinary pelleted diet
{(No. 3155, AREX, Mg¢llesentralen, Norway) which con-
tained about 9.4 umol of retinoids/kg (30% retinyl acetate
and 50% retinyl palmitate). All animals were fasted for
12 h before the start of the experiments.

Preparation of liver cells

Total liver cell suspensions were prepared by a modified
collagenase perfusion technique (9, 24). Parenchymal
cells were isolated from the total liver cell suspénsion by
differential centrifugation and by centrifugal elutriation.
About 98% of the isolated parenchymal cells were viable
as determined by the trypan blue exclusion test. About
40% of the parenchymal cells estimated to be present in
intact liver were recovered in the isolated parenchymal
cell suspension.

Pure fractions of endothelial cells, Kupffer cells, and
stellate celis were isolated as described earlier (9, 24).
Cells were identified by transmission electron microscopy
(24). In addition, endothelial cells were identified after in-
cubation with fluorescein-conjugated ovalbumin, Kupffer
cells showed a positive cytochemical peroxidase reaction,
and stellate cells had a strong vitamin A-specific auto-
fluorescence (24). About 55%, 45%, and 8%, respectively,
of the total number of endothelial cells, Kupffer cells, and
stellate cells estimated to be present in liver were re-
covered in the final cell suspensions.
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Western blot analysis

The specificity of sheep anti-human RBP was examined
by Western blot analysis as described by Towbin, Staehelin,
and Gordon (25). Briefly, rat and human plasma, and
purified human and rat RBP were analyzed by 15% SDS-
PAGE (26). Proteins in the gel were then transferred to
nitrocellulose sheets by electroblotting, and immunoreac-
tive protein was visualized with Vectastain ABC reagents
and 4-chloro-1-naphthol.

Immunolabeling of cryosections and electron
miscroscopy

Rats were anesthetized with pentobarbital and 0.5 mg
human RBP dissolved in 500 gl phosphate-buffered saline
(PBS) was injected into the femoral vein. In some experi-
ments, 3.3 mg asialo-orosomucoid in 500 gl PBS was in-
jected at the same time. At various times after injection,
livers were prepared for ultrathin cryosectioning as de-
scribed by Griffiths et al. (27) and Geuze, Slot, .and
Schwartz (28). The rat livers were fixed in situ by a
modification of the perfusion fixation method (29) with
0.5% glutaraldehyde and 2% formaldehyde in 0.2 M
PIPES, pH 7.4. Liver slices were further fixed by immer-
sion in the same fixatives for 1 h, rinsed in 0.2 M PIPES,
pH 7.4, and small pieces (I mm?) from the fixed slices
were immersed in 2.3 M sucrose in 0.2 M PIPES for 1 h
for cryoprotection, before freezing in liquid nitrogen.
Livers of control rats were fixed and prepared by the same
procedure. Ultrathin sections of these specimens were cut
on an LKB Ultratome V with a cryonova unit at approxi-
mately —100°C using improved glass knives (30, 31). For
electron microscopy, sections were put on Formvar-

_carbon-coated copper grids.

Indirect immunolabeling was performed at room tem-
perature. The cryosections were first incubated with 10%
newborn calf serum (NCS) for at least 15 min to block
nonspecific binding of antibody, rinsed with PBS, and in-
cubated for 30 min with sheep anti-human RBP diluted
1:100 in 5% NCS. Sections were then rinsed with PBS, in-
cubated with rabbit anti-sheep IgG diluted 1:100 in 5%
NCS for 30 min, rinsed, and, finally labeled with protein
A-colloidal gold (5-7 nm in diameter) for 20 min.
Rinsing buffer contained 0.016 M glycine for quenching
of free aldehyde groups (32).

Cryosections obtained from rats injected with both hu-
man RBP and asialo-orosomucoid were used for double
labeling (18, 33). In one series of experiments (results
shown in Fig. 8), the sections were labeled in the following
order: 1) sheep anti-human RBP, 2) rabbit anti-sheep
IgG, 3) protein A-colloidal gold (d = 5 nm), and then
with 4) rabbit anti-human orosomucoid, and 5) protein
A-colloidal gold (d = 10 nm). As a control for cross-
reactivity, we also labeled some sections as follows: 1) rab-
bit anti-human orosomucoid, 2) swine anti-rabbit IgG,

3) protein A-colloidal gold (d = 5 nm), and then £) sheep
anti-human RBP, 5) rabbit anti-sheep IgG, and 6) pro-
tein-colloidal gold (d = 10 nm). The cryosections were
washed with PBS containing unconjugated protein A
(0.05 mg/ml) and 5% NCS between the two labeling se-
quences to block nonspecific binding of protein A-colloi-
dal gold to free IgG.

After immunolabeling, cryosections were stained and
embedded in the mixture of 0.3% uranyl acetate in 2%
methyl cellulose (33), for 10 min on ice, and then observed
in a JEOL 100-CX electron microscope at an accelerating
voltage of 80 kV. In control experiments, sections were in-
cubated with sheep anti-human RBP and the same vol-
ume of 0.2 mg/ml human RBP, instead of sheep anti-
human RBP alone.

RESULTS

Plasma clearance of RBP

As we planned to use heterologous RBP in the present
study, we first compared with plasma clearance of iodi-
nated human RBP with that of [*H]retinol-labeled rat
RBP. Both RBP preparations were 70-80% saturated
with retinol. Tracer amounts of human '*I-labeled RBP
and [*H]retinol-RBP were injected into the right femoral
vein of three rats, and blood samples were drawn from the
left femoral vein after different periods of time. The
plasma decay curves, which are presented in Fig. 1, show
that iodinated human RBP and retinol-labeled rat RBP
have similar initial clearance rates from plasma, suggest-
ing that human holoRBP is metabolized similarly to rat
holoRBP by the rats. The curves tend to separate after
about 1 h, suggesting that retinol may be more extensively
recycled than RBP.

100

1 T L L] 1 Ll

A [3H)retinol-RBP

80 O 1251.pgp
60
40

20+

Radioactivity
( % of administered )

60 120 180
Time ( min )

Fig. 1. Plasma clearance of RBP. Fifteen pg of '**I-labeled human
RBP (O) and [*H]retinol-labeled rat RBP (4) (5-50 x 10° cpm) was in-
jected intravenously into the right femoral vein of three rats, and 100 ul
blood was drawn from the left femoral vein after different periods of
time. The data represent mean + SD.
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Fig. 2. Uptake of various ligands in liver cells. About 5 x 10° cpm of the various '*’I-labeled ligands were injected
intravenously into rats, and liver cells were isolated after 10 min. The parenchymal cell fraction was contaminated
with less than 0.1% endothelial cells, Kupffer cells, or stellate cells. The endothelial cell fractions were contaminated
with 8% Kupffer cells and 2% stellate cells. The Kupfier cell fractions were contaminated with 6% endothelial cells
and 4% stellate cells. The stellate cell fractions contained less than 4% contaminating endothelial and Kupffer cells.
Data represent mean + SD (n = 3), except the data for 8-galactosidase and invertase which represent two rats.

Specific uptake of RBP in parenchymal and
stellate cells

To further characterize the hepatic uptake of human
RBP, we injected various '*’I-labeled ligands into rats

ab

ting. Purified human (a) and rat (b) RBP (5 ug protein) and human (c)
and rat (d) plasma (10 ug of protein) were analyzed by Western blot anal-
ysis. The proteins were transferred to nitrocellulose sheets and incubated
with sheep anti-human RBP. The monospecific reaction at 21 kD was de-
tected with Vectastain ABC reagents and 4-chloro-1-naphthol.
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and determined the uptake of the ligands in the different
liver cells (Fig. 2). Three rats were used in each group,
except for invertase and B-galactosidase where two rats
were used. While endothelial cells were most active in the
uptake of acetyl-LDL and the mannose-terminated glyco-
proteins, B-galactosidase and invertase, parenchymal cells
accumulated most asialo-orosomucoid. Human and rat
RBP were most efficiently taken up by the stellate cells.
This experiment suggests that stellate cells have the
largest number of RBP receptors per cell in liver. Since
there are about 10 times as many parenchymal cells as
stellate cells in liver, the data imply that about equal
amounts of RBP are taken up by parenchymal cells and
stellate cells per total liver. Similar results were obtained
in a control experiment where 500 pg labeled human
RBP was injected into rats, and cellular uptake in liver
cells was determined.

Identification of cells in cryosections of the liver

To study the cellular handling of RBP in rat liver by
cryosectioning, it is essential to identify the individual
cells. The shape, the size, and the lobular localization are
important characteristics of the liver cells. Parenchymal
cells are by far the largest cells in the liver. They are
located as a single or double cell layer between two
sinusoids. The basolateral plasma membrane of the
parenchymal cells that are facing the space of Disse con-
sist of characteristic microvilli. These cells also contain
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Fig. 4. Immunoelectronmicrographs of rat livers fixed 10 min after intravenous injection of 500 pg human RBP. Indirect immunolabeling was
performed as described under Materials and Methods. Arrows and arrowheads indicate, respectively, gold particles distributed on the cell surface
and in the cytoplasm near the cell surface of parenchymal (A-C) and stellate cells (D-F) (m, microvilli of parenchymal cells facing the perisinusoidal
space). The bar represents 100 nm.
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Fig. 5. Immunoelectronmicrographs of rat livers fixed 2 h after injection with 500 ug of human RBP. Indirect immunolabeling was performed as
described under Materials and Methods. These vesicles were located deep within the cytoplasm of parenchymal cells (A-C) and stellate cells (D-F).
The bar represents 100 nm.
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Fig. 6. Immunoelectronmicrographs of rat livers fixed 2 h after injection of 500 ug of human RBP. Indirect immunolabeling was performed as
described under Materials and Methods. Panel A: endothelial cell; panel B: high magnification of a portion (rectangle) of A; panel C: Kupffer cell;
panel D: high magnification of a portion (rectangle) of C (kc, Kupffer cells; ec, endothelial cells; pc, parenchymal cells; wbe, white blood cells;

m, microvilli of parenchymal cells; s, sinusoid). The bar represents 1.0 um.

structures resembling glycogen stores and bile canaliculi.
The endothelial cells were identified as the cells that make
up the wall of the sinusoids. The cells have a smooth sur-
face, and the thin cell layer is thickened only around the
nuclei. The stellate cells, which are located between the
endothelial cells and the parenchymal cells in the space of
Disse, contained huge lipid droplets. Structures resem-
bling collagen were often seen close to the stellate cells.
Their nucleus was indented by the lipid droplets and fine
processes projected from the cells. The Kupffer cells are
located within the sinusoids. The cells have an irregular
surface and a part of the cells often penetrates the
sinusoidal wall into the space of Disse.

Characterization of sheep anti-human RBP antibody

The sheep antibody against human RBP was charac-
terized by Western blot analysis. As shown in Fig. 3, the

antibody was monospecific for human RBP, and it did
not cross-react with purified rat. RBP or RBP in rat
serum. Cryosections of liver from control rats showed no
positive reaction against sheep anti-human RBP. Hence,
positive reaction in the experiments described below
represents cell-associated human RBP.

Distribution of cell-associated human RBP 10 min
after injection

We then injected human RBP intravenously into two
rats, and used the sheep antibody against human RBP to
detect human RBP in cryosections. The sheep antibody
was recognized by a rabbit anti-sheep IgG and protein
A-colloidal gold.

Ten min after injection of human RBP, positive label-
ing of human RBP was observed in parenchymal (Fig.
4A-C) and in stellate cells (Fig. 4D-F). Gold particles
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were seen at the cell surface (arrows) and in small vesicles
close to the cell surface (arrowheads). The vesicles were
60-150 nm in diameter. Most of the gold particles were
located close to the membrane of these vesicles, suggesting
that the RBP was bound to a membrane receptor. In
parenchymal cells, human RBP was localized only in the
perisinusoidal part of the cell (Fig. 4A-C). No labeling
was seen in Kupffer cells or in endothelial cells.

Distribution of human RBP in liver cells
2 h after injection

Two h after injection of human RBP into two rats, gold
particles were still seen at the cell surface and in vesicles
near the cell surface of parenchymal and stellate cells. The
morphological characteristics of these vesicles were the
same as for the labeled vesicles observed 10 min after in-
jection.

In addition, at this time after injection, gold particles
were also seen in larger vesicles or endosomes (34) located
deeper in the cytoplasm of parenchymal (Fig. 5A-C) and
stellate cells (Fig. 5D~F). This type of vesicle was negative
in sections cut from specimens fixed 10 min after injec-
tion. They were 270-500 nm in diameter, and some of
them resembled multivesicular bodies (MVB) (Figs. 5D,
E). Almost none of the gold particles were seen close to
the membrane of these vesicles.

In accordance with the uptake experiments presented
in Fig. 2, most of the uptake was by parenchymal and stel-
late cells. No certain positive reaction above the back-
ground was recognized in endothelial cells (Fig. 6A, B) or
Kupffer cells (Fig. 6C, D). Furthermore, liver cells in sec-
tions labeled with a mixture of sheep anti-human RBP
and human RBP showed no positive reaction (see Mate-
rials and Methods), indicating that human RBP block
binding of antibody to the section.

Counts of gold particles associated with different
subcellular structures

The results of experiments in which we counted the
number of gold particles associated with the different sub-
cellular structures are shown in Fig. 7. Ten min after in-
Jjection, most of the gold particles were identified on the
cell surface or in small vesicles of both parenchymal and
stellate cells. After 2 h, however, the relative distribution
changed, in that many more of the gold particles were as-
sociated with larger vesicles or endosomes. In stellate cells
about 30% of the gold particles were associated with
MVB at that time.

Endocytosed asialo-orosomucoid and RBP are detected
in the same intracellular vesicles in liver
parenchymal cells

We then compared the distribution of human RBP in
liver parenchymal cells with that of asialo-orosomucoid.
Asialo-orosomucoid is a well-characterized ligand known

1236 Journal of Lipid Research Volume 31, 1990

to be internalized by receptor-medaited endocytosis (20,
28). We injected 3.3 mg asialo-orosomucoid and 0.5 mg
human RBP into rats and studied the distribution of these
ligands in cryosections of the liver after 10 (Fig. 8A, B
and D-F) and 30 min (Fig. 8C).

In the experiments presented in Fig. 8A-C, we first in-
cubated the sections with antibody against human RBP
(small gold particles) and then with antibody against
asialo-orosomucoid (large gold particles). In the sections
presented in Fig. 8D-F, we changed the sequence of anti-
bodies to ascertain that co-labeling in the same vesicles
was not due to improper blocking of the first antibody.

Ten min after injection, both ligands were identified on
the cell surface, in small vesicles located close to the
plasma membrane (Fig. 8A) and in larger vesicles located
deeper in the cytoplasm (Fig. 8B and D-F). Asialo-
orosomucoid and human RBP were seldom observed in
the same smaller vesicles (d = 60-150 nm). The larger
vesicles (d = 270-500 nm) contained both asialo-
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Fig. 7. Counts of gold particles associated with different structures.
From several experiments similar to those presented in Figs. 4 and 5,
gold particles associated with cell surface (A), small vesicles close to the
plasma membrane (M), larger vesicles or endosomes (Q), and multi-
vesicular bodies (MVB) (@) were counted. In parenchymal and stellate
cells, respectively, 385 and 137 gold particles were counted in the 10-min
experiment, and 435 and 382 gold particles were counted in the 120-min
experiment.
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Fig. 8. Distribution of asialo-orosomucoid and RBP in parenchymal liver cells 10 min and 30 min after injection. Immunoelectronmicrographs
of rat livers fixed 10 min (panels A, B and D-F) and 30 min (panel C) after injection with 0.5 mg of human RBP and 3.3 mg asialo-orosomucoid.
The indirect double immunolabeling was performed as described under Materials and Methods. In the sections presented in panels A-C, human
RBP was first immunolabeled, and then orosomucoid. In panels D-F, orosomucoid was first immunolabeled, and then human RBP. Small gold parti-
cles (d = 5 nm) in panels A-C, and large gold particles (d = 10 nm) in panels D-F, therefore, represent human RBP (arrowhead).
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orosomucoid and human RBP. Typically, 2-4 gold parti-
cles specific for human RBP, and 5-20 gold particles
specific for asialo-orosomucoid were observed in these
vesicles. Thirty min after injection, much less asialo-
orosomucoid was detected in the sections, suggesting that
degradation had already started. Human RBP and
asialo-orosomucoid were still detected together in vesicles
with diameter 270-500 nm at this time (Fig. 8C).

DISCUSSION

In the present study, we have studied the in vivo uptake
of RBP by rat liver cells. First, we compared the uptake
in different liver cells of **I-labeled RBP with that of vari-
-ous well known ligands. While human and rat RBP were
most actively taken up by stellate cells, acetyl-LDL and
the mannose-terminated glycoproteins were mainly taken
up by endothelial liver cells, and asialo-orosomucoid by
parenchymal cells. Hence the ligands were recognized
very differently by the various cell types in the liver, and
the selective uptake of RBP by stellate cells was clearly
different from the other ligands studied. This experiment
suggests that stellate cells have the largest number of RBP
receptors per cell in liver. Since there are about 10 times
as many parenchymal cells as stellate cells in liver, the
data imply that about equal amounts of RBP are taken up
by parenchymal cells and stellate cells per total liver.

A selective uptake of RBP by parenchymal and stellate
cells was also observed when we injected human RBP into
rats and studied the uptake in rat livers by cryosectioning.
This uptake of RBP by parenchymal and stellate cells is
in accordance with the observation that only those two
liver cell types contain a significant amount of retinol;
only very small amounts of retinol are found in endo-
thelial and Kupffer cells (35-39). These experiments sup-
port the suggestion that RBP plays an important role in
the extensive recycling of retinol from plasma to the liver
(40).

An important aspect of the present report is that we
have studied the uptake of native, unmodified protein that
was subsequently identified in the liver sections by a
monospecific antibody (in contrast to gold conjugation of
ligand before uptake studies or labeling of ligand with
radioactive adducts such as !'%I-labeled tyramine-
cellobiose).

Ten min after injection, RBP was found in close contact
with the plasma membrane of parenchymal and stellate
cells. The distribution of RBP suggests that a cell surface
receptor specific to RBP exists along the perisinusoidal
surface of parenchymal cells. RBP was also found in vesi-
cles near the cell surface of parenchymal and stellate cells
after 10 min. RBP was mainly observed attached to the
membrane of these small vesicles, suggesting that it was
bound to a receptor. Asialo-orosomucoid was only occa-

1238 Journal of Lipid Research Volume 31, 1990

sionally detected in the same initial vesicle as RBP. At
later times, RBP was localized not only on the cell surface
and in vesicles close to the cell surface, but also in larger
vesicles located deeper in the cytoplasm of these cells. In
these larger vesicles, RBP was most often observed at a
distance from the vesicular membrane, suggesting that it
had dissociated from its receptor.

Asialo-orosomucoid is a well-characterized ligand
known to be internalized by receptor-mediated endocyto-
sis. The observation that RBP and asialo-orosomucoid
co-localized in these larger vesicles suggests that RBP is
also taken up by receptor-mediated endocytosis.

Taken together, our present study supports the sugges-
tion that a cell surface receptor for RBP is localized in
parenchymal and stellate cells, and indicates that these
cells internalize RBP by endocytosis. B
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