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Summary 

Using double-label quantitative immunoelectron mi- 
croscopy on ultrathin cryosections of rat liver, we 
have compared the endocytotic pathways of the 
receptors for asialoglycoprotein (ASGP-R), man- 
nose-b-phosphate ligands (MP-R), and polymeric 
IgA (IgA-R). All three were found within the Golgi 
complex, along the entire plasma membrane, in 
coated pits and vesicles, and within a compartment 
of uncoupling of receptors and ligand (CURL). The 
receptors occurred randomly at the cell surface, in 
coated pits and vesicles. Within CURL tubules 
ASGP-R and MP-R were colocalized, but IgA-R and 
ASGP-R displayed dramatic microheterogeneity. 
Thus, in addition to its role in uncoupling and sorting 
recycling receptor from ligand, CURL serves as a 
compartment to segregate recycling receptor (e.g. 
ASGP-R) from receptor involved in transcytosis (e.g. 
IgA-R). 

Introduction 

The directed targeting of both extracellular and intracellular 
macromolecules to specific intracellular destinations is a 
common feature of all eucaryotic cells. For the most part, 
these processes are governed by the nature of the specific 
receptors and their respective ligands. For example, in 
receptor-mediated endocytosis, ligands bind to specific 
plasma membrane receptors. These receptor-ligand com- 
plexes then cluster in clathrin-coated pits and enter the 
cell via endocytosis. The resulting coated vesicles deliver 
their contents to a population of endocytotic structures. 
For many ligand-receptor systems the acidification of this 
endosomal compartment is sufficient to allow dissociation 
of ligand from receptor (e.g. asialoglycoproteins, low den- 

sity lipoprotein, insulin). These ligands are then transferred 
to lysosomes, wherein they are rapidly degraded. The 
receptors, on the other hand, are spared lysosomal deg- 
radation and return to the plasma membrane, via poorly 
understood mechanisms, for subsequent endocytotic cy- 
cles (for recent reviews see Brown et al., 1983; Helenius 
et al., 1983; Pastan and Willingham, 1983). Other ligands, 
such as viruses and toxins, are similarly delivered to en- 
docytotic compartments. However, during acidification, the 
virus or toxin passes from the endocytic vesicle into the 
cytoplasm. The fate of these receptors is not known. Other 
variations in the general scheme of receptor-mediated 
endocytosis include receptors for transferrin, mannose-6. 
phosphate-containing enzymes, and polymeric IgA. For 
example, the receptor for mannose6-phosphate residues 
on lysosomal enzymes is thought not to acquire its ligand 
from the extracellular media. However, similar to the system 
described above, the mannose-6-phosphate receptor un- 
couples from its ligand in a prelysosomal acidic compart- 
ment (Gonzalez-Noriega et al., 1980). The receptor for 
polymeric IgA binds its ligand at the cell surface. However, 
this receptor does not uncouple its ligand intracellularly nor 
does it recycle (Kuhn and Kraehenbuhl, 1982). 

We do not know the relative distribution or exact location 
of any one receptor species relative to another at the cell 
surface. Similarly, the extent to which various receptors 
share common coated pits and vesicles is unknown. In 
addition, it is not known whether all of these receptors 
must transit the acidic endosomal compartment during 
their intracellular movement. In order to address these 
issues, which underlie receptor-mediated endocytosis and 
intracellular targeting, we have examined morphologically 
the distribution and fate of three independent ligand- 
receptor systems in the same cell. 

For the simultaneous demonstration of multiple antigens, 
we have used our technique of double-label colloidal gold- 
protein A immunoelectron microscopy (Geuze et al., 1981; 
Slot and Geuze, 1981). In the present study we use this 
method to delineate the distribution and fate of three 
independent receptor systems in rat liver cells, Each of 
these ligand-receptor systems demonstrates a distinctly 
different intracellular route: the asialoglycoprotein receptor 
(ASGP-R), the mannose6phosphate receptor (MP-R), and 
the polymeric IgA receptor (ISA-R). 

The ASGP-R is one well documented receptor system 
(for reviews see Ashwell and Harford, 1982; Schwartz et 
al., 1982). The receptor occurs exclusively in liver paren- 
chymal cells and provides for the clearance of galactose- 
terminal glycoproteins from the circulation. Using immu- 
noelectron microscopy we have previously shown that the 
receptor is diffusely distributed along the entire plasma 
membrane of rat hepatocytes (Geuze et al., 1982). The 
ASGP-R is taken up in clathrin-coated pits and vesicles 
that transfer ligand-receptor complexes to an elaborate 
system of anastomosing tubules and vesrcles (Geuze et 
al., 198313). Ligand-receptor complexes uncouple within 
this compartment, termed CURL (compartment of uncou- 
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pling receptors and ligands) (Geuze et al., 1983a). Presum- 
ably, CURL is analogous to a variety of structures termed 
endosomes (e.g. Helenius et al., 1983) and receptosomes 
(e.g. Pastan and Willingham, 1983). 

The second receptor examined is the MP-R, involved in 
targeting of newly synthesized lysosomal enzymes to pri- 
mary lysosomes (for review see Sly and Fischer, 1982). 
The MP-R binds mannose6phosphate residues uniquely 
present on lysosomal enzymes. The site at which MP-Rs 
deliver their ligands to the lysosomes is unknown. Initially, 
it was thought that in fibroblasts newly synthesized lyso- 
somal enzymes were captured via receptor-mediated en- 
docytosis following their secretion (secretion-recapture hy- 
pothesis, Hickman and Neufeld, 1972). However, it is now 
generally accepted that MP-Rs bind ligand in the Golgi 
complex and either follow an entirely intracellular route or 
travel via the plasma membrane for delivery of ligand to 
the lysosome, perhaps via a trans-Golgi lamella, GERL 
(e.g. Novikoff and Novikoff, 1977). The precise location 
where secretory proteins and lysosomal enzymes separate 
is not known, Furthermore, the compartment in which the 
MP-R and lysosomal enzymes uncouple is not currently 
known. 

The third receptor system studied, ISA-R, also known as 
membrane secretory component (SC), provides for the 
directed transfer of polymeric immunoglobulins, predomi- 
nantly IgA, from the blood to the bile (for reviews see Kuhn 
and Kraehenbuhl, 1982; Mullock and Hinton, 1981; Mostov 
et al., 1980). Following binding at the sinusoidal membrane 
surface, the receptor-ligand complexes are internalized 
via endocytotic vesicles. The complexes are then directed 
to the bile canalicular domain by routes as yet poorly 
defined. At the bile canalicular membrane, the IgA is 
released covalently coupled to the extracytoplasmic por- 
tion of the receptor (secretory component, SC). A small 
15 kd cytoplasmic piece of the receptor remains behind 
in the canalicular membrane. Therefore, in contrast to the 
ASGP-R and MP-R, the receptor for IgA does not recycle 
and is sacrificed during the transcytosis of IgA. Thus, 
although the ISA-R originates at the sinusoidal plasma 
membrane domain, it must segregate from the other re- 
ceptors during its transcellular movement. Our ObseNa- 
tions indicate that this occurs within CURL. 

Figures l-7. lmmunoelectron Micrographs of Ultrathin Cryosections of Rat Liver 

The sections were double-labeled with protein A complexed to colloidal gold for the srmultaneous demonstration of MP-R and ASGP-R. The labeling sequence 
was first antibody, 8 nm gold; second antibody, 5 nm gold. The actual sizes of the gold particles vary to some extent: the smaller from 4 to 5 nm, and the 
larger from 8 to 10 nrn. 

Figure 1. MP-R, 8 nm gold; ASGP-R, 5 nm gold. Golgi complex and developrng secretory granules at the trans.Golgr side. Both receptors occur rn the Golgi 
cisternae and rn developing secretory granules (SG). Note the MP-R labeling in the lateral outcroppings of the Golgi cisternae (arrowheads). 82.000x. 

Figure 2. Labeling as Figure 1. Microvilli at the sinusoidal cell surface. The two receptors show a diffuse distribution along the plasma membrane. 105,ooOX. 

Figure 3. Labeling as Figure 1. Coated vesrcle containing both receptors. 105,000X. 

Figure 4. As Figure 3, but MP-R was labeled wrth 5 nm gold and ASGP-R with 8 nm gold. 105,ooOX. 

Figure 5. MP-R, 8 nm gold; IgA, 5 nm gold. Coated pit with MP-R and IgA ligand. 115,000X. 

Figure 6. MP-R, 8 nm gold; ASGP-R. 5 nm gold. The CURL tubule at the left shows both receptors together. The right tubule with attached uncoated vesicle 
shows a coated outcropping rich rn ASGP-R (arrowhead). 45,000X. 

Frgure 7. MP-R, 8 nm gold; ASGP-R, 5 nm gold. CURL tubules showing both receptors intermingled. 45.000x. 

Results 

The objective of this study was to compare by direct 
visualization the subcellular distribution of three functionally 
distinct receptor systems in the hepatocytes: the receptor 
for asialoglycoproteins (ASGP-R), for mannose&phos- 
phate residues on lysosomal enzymes (MP-R), and for 
polymeric IgA (ISA-R). 

Distribution of Receptors 
ASGP-Rs occur diffusely along the entire plasma mem- 
brane, including the bile canalicular membrane (Geuze et 
al., 1982). We have shown by immunoelectron microscopy 
that approximately 36% of the cell’s ASGP-Rs are at the 
cell surface. Of the intracellular receptors, 20% are in the 
Golgi complex and 30% in CURL (Geuze et al., 1983a). 
Following endocytosis, ligand is delivered to CURL tubules 
(Geuze et al., 1983b). Vesicles containing free ligand 
emanate from these tubules, supporting the notion that 
uncoupling of receptor-ligand complexes occurs within 
the tubules, Some general aspects of the distribution of 
ASGP-Rs can be appreciated in Figures 1, 2, 7, 8, and 16. 

The distribution of MP-Rs is generally similar to that of 
ASGP-Rs. At the cell surface, MP-R labeling was diffuse 
(Figure 2) and occurred along the entire plasma mem- 
brane. Intracellularly, MP-R labeling was low in the endo- 
plasmic reticulum, but was clearly present in the cisternae 
of the Golgi complex (Figure 1) and in CURL (Figures 6, 
7). In the Golgi cisternae, MP-R colocalized with ASGP-R 
(Figure 1) and with ISA-R (not shown). As described 
elsewhere (Geuze et al., submitted) MP-R was often found 
in lateral dilatations of the Golgi cisternae (Figure 1). Like 
ASGP-R, MP-R was present in small amounts in the mem- 
branes of secretory vesicles (Figure 1). Lysosomes 
showed little MP-R reactivity (Geuze et al., submitted). 

The subcellular distribution of ISA-R and its ligand seen 
in the present study is generally consistent with that re- 
ported by Takahashi et al. (1982). ISA-R labeling was 
limrted to parenchymal cells and was diffusely detected at 
the sinusoidal membrane (Figure 8). ISA-R and IgA reactiv- 
ity at the bile canaliculi was predominantly associated with 
exocytotic vesicular elements (Figure 14). Frequently, com- 
plexes of fusing vesicles were seen. Both ISA-R (SC) and 
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IgA (ligand) label were also present within the bile cana- 
licular lumen. Within the cells, ISA-R was found within the 
rough ER as well as within the Golgi cisternae and CURL. 
On occasion, IgA itself occurred within the Golgi cisternae 
(Figure 16). It is possible that this IgA is either IgA monomer 
or secretory IgA, both of which are recognized by our anti- 
IgA antibody (Orlans et al., 1978) following another route 
within the cell. After infusion of polymeric IgA (not detailed 
herein) this Golgi localization of IgA was seen more fre- 
quently. Rarely, lysosomes containing small amounts of 
ISA-R and IgA were identified (Figure 15). 

All three receptor species were identified at the sinusoi- 
dal cell surface. However, since ASGP-R and ISA-R differ 
with respect to the fate and destination of their respective 
ligands, some degree of receptor sorting was anticipated. 
In the following sections we focus on a comparison among 
the three receptors along the endocytotic pathway. We 
examined normal cells from rats that fasted overnight and 
cells from rats that were perfusion-fixed after continuous 
30 min infusion with asialofetuin (ASF). Since physiological 
levels of ASGP in rat blood are presumed to be low 
(Partridge et al., 1983) it was expected that the frequency 
of ASGP-R relative to MP-R and ISA-R in the endocytotic 
compartments might change following administration of 
ASF. A constant infusion of ASF at 100 pg/min for 30 min 
is sufficient to demonstrate both ligand and ASGP-R 
throughout the entire pathway (Geuze et al., 1983a). As 
discussed below, we did not detect any significant altera- 
tion in receptor distribution following ASF administration. 
The most likely explanation for this is the extremely large 
capacity of the rat liver in vivo to take up ASF (240 Kg/ 
min/g), as demonstrated by Partridge et al. (1983). There- 
fore, unless otherwise indicated, the following description 
refers to both normal cells and cells following ASF admin- 
istration. For ease in comparison, the illustrations are 
grouped according to the receptor pairs ASGP-R/MP-R 
and ASGP-R/ISA-R studied in double-labeling experiments, 

Colocalization of ASGP-R and MP-R 
Both ASGP-R and MP-R were randomly distributed and 
intermixed at all domains of the sinusoidal plasma mem- 

brane (Figure 2). Coated membrane pits and coated vesi- 
cles often contained both ASGP-R and MP-R (Figures 3, 
4). A similar random distribution was found in experiments 
that simultaneously evaluated MP-R and ISA-R as well as 
MP-R and IgA (Figure 5). Quantitation of the distribution 
within pits and vesicles revealed ASGP-R in 76% of the 
pits and 84% of the coated vesicles in the control cells 
(Tables 1 and 2). Similarly MP-R was found in 60% of the 
pits and 52% of the vesicles (Tables 1 and 2). If internali- 
zation of these two receptors is random, it is expected 
that 46% (76% x 60%) of the pits and 44% (52% X 84%) 
of the vesicles should contain both MP-R and ASGP-R. 
The actual values, 51% and 37% respectively, are remark- 
ably similar to the predicted values (Tables 1 and 2). We 
also determined the ratio of ASGP-R and MP-R labeling 
along the uncoated sinusoidal plasma membrane of normal 
cells and in coated pits and vesicles of both normal cells 
and cells following ASF administration (for details of count- 
ing procedures, see legends to tables). As seen in Table 
3, ASGP-R labeling at the plasma membrane, coated pits, 
and coated vesicles was respectively 3.5, 2.6, and 2.8 
times that of MP-R. 

There was no substantial redistribution of ASGP-R in pits 
and vesicles in cells obtained from animals following ASF 
administration (Tables 1 and 2). In addition, the ratio of 
ASGP-R to MP-R in plasma membrane, pits, and vesicles 
was the same in cells from animals following ASF admin- 
istration as in normal cells (Table 3). Following endocytosis 
in coated pits and vesicles, ASGP-R is delivered to CURL 
(Geuze et al., 1983a, 1983b). CURL tubules are especially 
abundant in the peripheral cytoplasm of the sinsuoidal- 
lateral cell corners, and extend deep into the cytoplasm 
up to the trans-Golgi area. MP-R and ASGP-R were colo- 
calized in CURL tubules (Figures 6 and 7). However, there 
was little if any MP-R or ASGP-R identified in uncoated 
CURL vesicles (Figure 6). 

Colocalization of ISA-R and ASGP-R 
ISA-R and ASGP-R also occured with an apparently ran- 
dom distribution at the sinusoidal cell surface (Figure 8) 
and shared coated pits and vesicles (Figures 8, 9). ISA-R 

Figures 8-16. Ultrathin Cryosections of Rat Liver Double-Labeled with Colloidal Gold for the Demonstration of IgA-R and ASGP-R and Their Ligands 

Figure 8. ISA-R, 5 nm gold, ASGP-R, 8 nm gold. Sinusoidal plasma membrane with diiuse labeling for both receptors, At the left, a pit with mixed label. 
115,ooox. 

Frgure 9. ISA-R, 8 nm gold, ASGP-R, 5 nm gold. Coated pit containing both receptors. 125,OCOx. 

Figure 10. ISA-R. 8 nm gold; ASGP-R, 5 nm gold. Continuous CURL tubule showing segregation of receptors, 160,000x. 

Figure il. ASF. 8 nm gold; IgA. 5 nm gold. CURL tubules showing segregation of ASF administered in vivo and @I, 160,000x. 

Figure 12. IgA, 8 nm; ASGP-R, 5 nm. Only IgA label is present in this area. The label can be seen in a CURL tubule connected with a developing IgA 
transferring CURL vesicle. 115,ooOx. 

Figure 13. ISA-R, 5 nm gold; ASGP-R. 8 nm gold. Essentially complete segregation of receptors between the IgA transfer vesicles and the sinusoidal plasma 
membrane. Note the ISA-R labeled CURL profile close to the lower vesicle. 67,OCOx. 

Figure 14. ISA-R, 8 nm gold; IgA, 5 nm gold. Exocytotic figure of a tgA transfer vesicle with the plasma membrane of a bile canaliculus. Note the characteristic 
electron-dense layer against the limiting membrane of the vesicle. Also note the membrane asscciation of the label, indicating that the IgA-R-ligand complex 
is not yet cleaved from the membrane. 85,0@3X. 

Figure 15. IgA. 8 nm gold; ASF, 5 nm gold. The rat was continuously infused with ASF for 30 min. Note the segregation of ltgands. ASF is confined to the 
two lysosomes and IgA to the transfer vesicle. 85,fMOx. 

Figure 16. IgA, 8 nm gold; ASGP-R. 5 nm gold. Golgi complex with IgA labeling within its cistemae. 85,000x. 
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Table 1. Percentage of Coated Pits Containing Receptor Label in Normal 
Cells (-ASF) and Cells following ASF Infusion (+ASF) 

Table 2. Percentage of Coated Vesicles Containing Receptor Label in 
Normal Cells (-ASF) and Cells followlng ASF Infusion (+ASF) 

Receptor -ASF +ASF Receptor -ASF +ASF 

None 14 15 

MP-R 60 56 

ASGP-R 76 74 

MP-R + ASGP-R 51 45 

No. of pits counted 195 211 

None 20 14 

ISA-R 51 57 

ASGP-R 69 71 

ISA-R + ASGP-R 40 52 

No. of pits counted 236 261 

The table displays the enumerated data of two double immunolabeling 
experiments for the simultaneous demonstration of MP-R and ASGP-R and 
of ISA-R and ASGP-R. In each experiment four rats (two normal and two 
following ASF infusion) were used. Sections from two tissue blocks of each 
rat were studied. Note that the categories indicated MP-R, ASGP-R. and 
ISA-R refer to all pits showing label for the appropriate receptor, and thus 
include pits containing mixed label. 

labeling occurred in 51% of the pits and in 45% of the 
vesicles in normal cells. From the identical areas the 
corresponding values for ASGP-R were 69% and 79%, 
respectively (Tables 1 and 2). These values are in close 
agreement with those obtained in the MP-R/ASGP-R dou- 
ble-labeling experiment (76% and 84%). Assuming non- 
selective internalization, it is predicted that 35% (51% x 
69%) of the pits and 35% (45% x 79%) of the vesicles 
should contain both receptors. The actual values, 40% 
and 35% respectively, are again remarkably similar to the 
predicted values. The percentages of pits and vesicles 
showing ISA-R or ASGP-R were not significantly different 
in the cells from animals following ASF administration. 
Quantitation of ASGP-R and ISA-R labeling revealed aver- 
age ratios of ASGP-R/ISA-R of 2.3, 2.6, and 2.8 for plasma 
membrane, pits, and vesicles, respecfively (Table 3). 

In contrast to the situation seen with MP-R and ASGP- 
R, ISA-R and ASGP-R as well as their respective ligands 
were essentially completely separated from one another in 
the peripheral endocytotic compartments (Figures 10-13). 
Generally, ISA-R and ASGP-R were identified within the 
same continuous CURL tubule profile but within distinct 
microdomains, as seen in Figure 10. Receptor movement 
is not generally unidirectional. Individual molecules may be 
involved in movement from the surface to internal com- 
partments, between internal compartments, or from inter- 
nal compartments to the surface. Therefore, to define 
further the segregation of ISA-R from ASGP-R within micro- 
domains of CURL, we examined the localization of their 
respective ligands, since both IgA and ASF originated 
extracellularly. As seen in Figure 11, IgA and ASF also 
were found within different microdomains of CURL tubules. 
Endocytosed IgA appeared to be transferred from the 
tubules to detaching vesicles (Figure 12). These vesicles 
were characterized morphologically by the presence of 

MP-R 52 48 

ASGP-R 84 94 

MP-R + ASGP-R 37 43 

No. of vesicles counted 179 208 

ISA-R 45 50 

ASGP-R 79 84 

ISA-R + ASGP-R 35 24 

No. of vesicles counted 251 127 

For details of the counting procedure, see legend to Table 1. Since the 
lumen of the vesicles in the sections is not always accessible to the 
immunoreagents and since unlabeled vesicles are easily overlooked, neg- 
ative vesicles were not included in the enumeration. 

Table 3. Quantitatlon of Gold Particles over the Sinusoidal Plasma 
Membrane, Coated Pits, and Coated Vesicles in Sections of Normal Cells 
(-ASF) and Cells following ASF Infusion (+ ASF), lmmunolabeled for the 
Simultaneous Demonstration of Receptor Pairs 

Pits Vesicles 
Receptor Plasma 
Pair Membrane -ASF +ASF -ASF +ASF 

ASGP-R/MP-R 3.5 2.6 2.2 2.8 2.3 

ASGP-R/ISA-R 2.3 2.6 3.2 2.8 2.6 

The data represent the ratios of the particle counts. In the case of plasma 
membrane, gold particles were counted over the uncoated sinusoidal 
membrane of ten cells in tissue sections of two tissues blocks from each 
of two rats. These sections were also used to quantify the gold particles in 
double-labeled pits and vesicles. 

dense material against the luminal side of their limiting 
membrane (Figures 13 and 14). We cannot exclude the 
possibility that some of these vesicles invaginated directly 
from the plasma membrane. IgA-containing vesicles often 
occurred close to the plasma membrane; however, conti- 
nuity was never observed. On the other hand, vesicles 
with membrane-associated IgA were frequently seen in 
continuity with the membrane of bile canaliculi (Figure 14). 
In the Golgi areas, IgA-transfer vesicles often were localized 
near lysosomes. However, in contrast to ASF, IgA labeling 
was rarely found within lysosomes (Figure 15). 

Discussion 

We have compared by immunoelectron microscopy the 
endocytotic pathways of three receptor systems in the rat 
liver parenchymal cell. All three receptors are found at the 
sinusoidal plasma membrane. The ASGP-R and ISA-R 
internalized exogenous ligands, but direct these ligands to 
different cellular destinations. We examined cells that were 
processing ligand at steady state to ensure optimal detec- 
tion of the endocytotic process. One disadvantage of such 
an approach is that the analysis is confined to a static 
situation, albeit of the entire endocytotic pathway. On the 
other hand, many of our observations can be interpreted 
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in a kinetic fashion. First, the ligands ASF and IgA are not 
synthesized by the liver cells. Thus compartments contain- 
ing these ligands must be involved in ligand transfer from 
the sinusoidal plasma membrane to lysosomes and bile 
canaliculi. Second, it is reasonable to assume that coated 
pits (and peripheral coated vesicles) are endocytotic and 
engaged in vectorial transport of receptors to within. 

Plasma Membrane, Coated Pits, and Coated 

Many of the coated pits and vesicles along the sinusoidal 
plasma membrane demonstrated two receptor species or 
one receptor and the ligand of another. Thus liver coated 
pits and vesicles contain at least three distinct receptors. 

The colocalization within coated pits of two different 
ligands with the same lysosomal destination has been 
reported previously. In human fibroblasts, low-density li- 
poprotein (LDL) occupies pits together with epidermal 
growth factor (EGF) (Carpentier et al., 1982) or with OLD- 
macroglobulin (Via et al., 1982). Approximately 75% of the 
fibroblast coated pits contained both EGF and LDL (Car- 
pentier et al., 1982). On the basis of these studies of ligand 
distribution, it was suggested that each pit contains multi- 
ple receptors for different ligands. However, the presence 
of the receptors themselves has not been previously dem- 
onstrated. In the case of ASGP-R and MP-R we estimated 
that 51% of the coated pits and 37% of the coated vesicles 
in normal liver cells contain both receptors. The frequency 
of the ASGP-R and ISA-R in coated pits and vesicles was 
very similar. These data are most consistent with nonse- 
lective internalization of these three receptor species. This 
finding was substantiated by the quantitative analysis of 
receptor labeling. We conclude that the entire sinusoidal 
plasma membrane and the coated membrane area are 
quantitatively similar in their composition of these three 
receptor species. Clearly, subpopulations of pits and ves- 
icles with disproportional receptor composition may exist. 
Coated pits and vesicles may contain a greater receptor 
density (molecules per unit length of membrane) than the 
plasma membrane (see Figures 4, 5). However, as dis- 
cussed elsewhere (Geuze et al., 1983a), differences in 
penetration of immunoreagents among plasma membrane, 
pits, and vesicles in the cryosections does not allow a 
direct quantitative comparison of label densities. 

The Role of CURL 
MP-R and ASGP-R 
We have shown previously that following internalization 
ASGP-R-ligand complexes are transferred to CURL tu- 
bules (Geuze et al., 1983b). Receptor-ligand uncoupling 
takes place and vesicles containing free ligand detach 
from the tubules (Geuze et al., 1983a). ASGP-R-ligand 
uncoupling requires passage through an acidic prelyso- 
somal compartment (Harford et al., 1983). Thus, in liver 
cells, this compartment is the tubulo-vesicular CURL sys- 
tem. 

It is clear that an acidified compartment is involved in 

the uncoupling of a variety of ligand-receptor complexes, 
including the MP-R system (Gonzalez-Noriega et al., 1980). 
Prevention of uncoupling by elevation of the pH within 
these prelysosomal compartments (Tycko and Maxfield, 
1982; Maxfield, 1982) diminishes the return of the MP-R 
(Gonzalez-Noriega et al., 1980) and the ASGP-R (Tolle- 
shaug and Berg, 1979; Schwartz et al., 1984) to the cell 
surface following endocytosis, consistent with the involve- 
ment of a common prelysosomal compartment. The pres- 
ent observations demonstrate a substantial codistribution 
of MP-R and ASGP-R in CURL tubules. We assume that 
lysosomal enzymes bound to MP-R at the cell surface are 
transferred to lysosomes in an analogous fashion to the 
transport of ASGPs. In this model the acidic milieu in CURL 
uncouples MP-R and enzyme (Gonzales-Noriega et al., 
1980). The uncoupling precedes the recycling of MP-R 
(Rome et al., 1979). 

On the other hand, endogenous lysosomal enzymes are 
thought to bind to MP-R at an intracellular site, presumably 
the Golgi complex (Von Figura and Weber, 1978; Sly and 
Stahl, 1978). Using immunocytochemistry, we have previ- 
ously demonstrated that lysosomal enzymes occur in the 
Golgi cisternae in a variety of cell types, including rat 
hepatocytes (Brands et al., 1982; Slot and Geuze, 1983). 
We also found MP-R and cathepsin D colocalized in the 
Golgi cisternae of rat hepatocytes (Geuze et al., submit- 
ted). Considering the requirement for an acid compartment 
through which newly synthesized lysosomal enzyme must 
transit, CURL appears a likely such candidate. Thus CURL 
may be involved in targeting of both endogenous and 
endocytosed lysosomal enzyme. Unfortunately, we were 
unable to demonstrate lysosomal enzymes in association 
with MP-R in coated pits or CURL (Geuze et al., submitted). 
Thus the possible role of CURL in lysosomal enzyme 
targeting remains to be established. 
@A-R and ASGP-R 
Although other receptors may be involved to a limited 
extent in IgA binding (Brandtzaeg, 1981; Tolleshaug et al., 
1981), it is well established that SC containing ISA-R is 
responsible for the bulk of the biliary polymeric IgA trans- 
port (Fisher et al., 1979; Socken et al., 1979; Orlans et al., 
1979). Despite reported involvement of sinusoidal mem- 
brane invaginations and endocytotic vesicles in IgA trans- 
location (Takahashi et al., 1982), the morphological details 
of intracellular movement are lacking. Our present obser- 
vations clearly demonstrate that coated pits, coated vesi- 
cles, and CURL participate in IgA transport. However, in 
contrast to the situation with the MP-R, there is an apparent 
segregation between ISA-R and ASGP-R within CURL. 
Continuous CURL tubules demonstrated domains highly 
enriched in IgA-R-ligand complexes but containing sparse 
ASGP-R, ASGP, and MP-R labeling. Thus, following endo- 
cytosis, IgA-R-ligand appears to concentrate within spe- 
cialized CURL microdomains. As noted previously, the 
system of CURL tubules extends from the sinusoidal cell 
periphery down to the transQolgi area. The tubules be- 
tween these cell regions are interconnected. IgA sorting 
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Frgure 17. Model of Receptor and Ltgand Traffic with the Rat Liver Cell 

Symbols for individual receptors and lrgands are given at upper nght. The secretory pathway IS shaded, the endocytotic pathway has been left white. All three 
receptors are located in the Golgl cisternae rn whrch MP-R is bound to ligand (Geuze et al.. submitted). All three receptors also occur I” the secretory granules, 
albert to a limited degree, thus providing a route for receptors to reach the plasma membrane. In addition, small vesicles developing from the lateral rims of 
the trans.cisternae may transfer the receptors to the surface. All three receptors display a diffuse random distribution at the sinusoidal cell surface and are 
proportionally internalized in coated pits and vesicles containing mixed receptor populations. Both ligand-occupied and free receptors are entrapped within 
the pits. The coated vesicles deliver their contents to CURL, the acidic prelysosomal compartment in which ASGP-R and presumably MP-R uncouple from 
their ligands. Ligand then accumulates in vestcles that transform into lysosomes. In contrast, IgA-A-ligand complexes segregate from the other receptors 
within CURL segments from which IgA transfer vesicles pinch off. These CURL segments contatn only sparse ASGP-R and MP-R. The possibility that IgA- 
transfer vesicles originate directly from the plasma membrane is also considered (upper rght). Transfer of tgA to Golgi cisternae occurs, but the major flow is 
via transfer vesicles to the bile canaltculi, where excretion of ISA/SC, so-called slgA, occurs. 

was noted significantly in the peripheral tubules at the 
sinusoidal-lateral cell corners, In these areas transfer vesi- 
cles containing IgA appeared to arise from the CURL 
tubules. IgA-transfer vesicles accumulated in the bile can- 
alicular region. These vesicles often appeared fused and 
h continuity with the bile canalicular membrane. At all 
intracellular sites IgA was membrane-attached, even during 
exocytosis into the bile canalicular lumen. This observation 
supports the notion that the proteolytic cleavage of mem- 
brane SC bound to IgA, resulting in the secretory IgA of 
the bile, occurs at the bile canalicular membrane. 

Sorting of the ISA-R from other receptors is apparently 
very efficient. Whereas all three receptors were randomly 
distributed at the sinusoidal plasma membrane, the IgA-R 
alone was found within IgA-transfer vesicles. The mecha- 
nism responsible for this sorting process within the CURL 
tubule is unknown. The possibility remains that IgA-transfer 
vesicles could also derive directly from invagination of the 
sinusoidal plasma membrane; however, we have observed 
no continuity between any of the IgA-transfer vesicles and 

the sinusoidal plasma membrane in the tissue sections 
examined. 

Final Remarks 
The observations described in this study are summarized 
in Figure 17. CURL plays a central role in the sorting 
mechanisms that occur during receptor-mediated endo- 
cytosis: ligand is sorted from receptor, and various types 
of receptors are segregated from one another. The ISA-R 
is not reutilized. These receptors migrate in an unidirec- 
tional manner, rough ER-Golgi cisternae-sinusoidal 
plasma membrane-coated pits-CURL-transfer vesicles- 
bile. The bond between ISA-R and polymeric IgA allows 
their passage through CURL intact and limits their utilization 
to a single cycle. MP-R and ASGP-R, on the other hand, 
do return to the cell surface following ligand uncoupling in 
an acidified compartment. The route travelled by the un- 
coupled ASGP-R from CURL to the cell surface is un- 
known. Two likely possibilities exist. First, the receptors 
may cycle via the Golgi complex. ASGP-R were more 
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numerous in Golgi cisternae than would be expected if 
only newly synthesized receptors were to pass through 
the Golgi complex. For example, the human ASGP-R in 
hepatoma cells requires 60 min to appear at the cell 
surface following biosynthesis in the rough ER, and has a 
mean lifetime of 30 hr (Schwartz and Rup, 1983). Thus 
only 3% of all ASGP-R will be in transit at any given time. 
However, we found more than 20% of all ASGP-R within 
the Golgi complex of normal rat liver cells (Geuze et al., 
1983a). Second, uncoupled receptors may return directly 
from CURL tubules to the cell surface. To determine 
whether one or both of these pathways are utilized will 
require further study. 

Experimental Procedures 

Antibodies 
We used affinity-purified well characterized rabbit antibodies against ASGP- 
13 (Schwartz et al., 1981; Geuze et al., 1963a), MP-R (Geuze et al., 
submitted), SC (free and bound) (ISA-R) (Ortans et al., 1979). fetuin (Geuze 
et al., 1963a), the heavy chain of IgA (Orlans et al.. 1978; Rose et al.. 1964) 
and amylase (Geuze et al., 1979). 

Animals and Tissue 
Male Wistar rats of about 200 g were fasted overnight prior to use. 
Experimental rats were treated as detailed previously (Geuze et al., 1963a). 
These animals recerved a continuous tail-vein infusion of ASF at 106 ag/ 
min. Thirty minutes after the onset of ASF infusion, the livers were perfusion- 
fixed via the dorsal aorta with 4% parafomtaldehyde in 0.1 M cacodylate 
buffer at pti 7.4 (frnal concentrations). Fixation was performed within 1 min 
of the end of ASF infusion. Afler 5 min of perfusion-fixation, pieces of two 
liver lobes were cut into 1 mm slices, These tissues were further fixed by 
immersion in the same fixatrve overnight. The slices were then equilibrated 
with 2.3 M sucrose in buffer and frozen in liquid nitrogen. 

lmmunocytochemistry 
Cryosectioning and immunolabeling were essentially as described (Geuze 
et al., 1983a, 1961). Preparation of cryosectrons, uranyl stains, and methyl 
cellulose embedding were according to Tokuyasu, 1978, and Tokuyasu 
and Srnger, 1976. For double-labeling, the first antibody was labeled with 6 
nm (6-10 nm) protein A-colloidal gold and the second with a 5 nm (4-5 
nm) gold probe. The gold probes were sized as described (Slot and Geuze. 
1961). Background labeling as judged from sections labeled with anti-rat 
pancreas amylase and interference between the labeling steps was neglr- 
gible (Geuze et al., 1963a). 

Quantitatlon 
In double-labeled sections we counted the number of coated pits and 
coated vesicles with no label, with one size of gold label (one receptor), 
and with both sizes of gold label (two receptors). Pairs of ASGP-R and MP- 
R as well as ASGP-R and ISA-R were studied in two normal rats (fasted 
overnight) and two rats following ASF infusion. The numbers of tissue 
blocks used and coated structures counted are enumerated in the legends 
to Tables 1 and 2. To eliminate any influence of diierential labeling of the 
two gold probes (5 nm gold was generally three times more sensitive than 
6 nm gold), the sequence of application of the antibodies was reversed. 
The numbers of pits and vesicles in each of the categories (Tables 1 and 
2) utilizing both sequences were averaged and expressed as percentages 
of the total. 

The same sections were used for the determination of labeling ratios for 
the two receptor pairs. The number of gold particles on the sinusoidal 
plasma membrane and in coated pits and vesicles of 10 parenchymal cells 
per tissue block was counted and was expressed as (the ratios) ASGP-R/ 
MP-R and ASGP-R/k&R. The final ratios given in Table 3 are the averages 
for the two antibody sequences for each receptor pair studied. The counting 
of coated pits and vesicles and the counting of gold particles were 
performed directly on the screen in the microscope at an instrumental 
magnification of 24,OtIOX. 
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