
Of course whistle-blowers are not al- 
ways right. They might be motivated by 
personal malice, they may be cranks, or 
they may be honest, but mistaken. Both 
common sense, and a sense of loyalty to 
the employer, dictate an earnest effort to 
settle differences of opinion by working 
within the organization. However, if 
higher authorities fail to respond, and if 
the matter appears to involve serious is- 
sues of human safety and health, it may 
be necessary to bring the matter to pub- 
lic attention. The individual who takes 
such a risk obviously needs good legal 
advice and other kinds of help (15). Our 
complex society needs increasing input 
from those who perceive otherwise un- 
noted risks or opportunities and bring 
messages that may be unwelcome to es- 
tablished authorities. To use criticism 
and dissent constructively in dealing 
with both risks and opportunities, clear 
policies are needed, with definitions of 
procedures for due process in con- 
troversial cases and, if necessary, formal 
hearings and a possibility of appeal. 

The polarization of opinions on some 
issues today is disturbing. The conflict 
between the advocates and enemies of 
nuclear power is one example; the dis- 
pute over the origins of cancer is becom- 
ing another. Richard Peto (16) described 
the distortions and untruths promoted by 

tobacco companies in their efforts to dis- 
credit the overwhelming evidence for the 
relation between smoking and lung can- 
cer. At the same time he severely criti- 
cized some of the alleged evidence that 
would ascribe nearly all cancers to toxic 
substances introduced by man. S. S. Ep- 
stein, whom Peto sharply criticized, has 
responded vigorously (17). The gravity 
of the hazard from industrial carcinogens, 
to workers and others, is clear; but 
their relative role in the totality of human 
cancers is still hotly debated. In the 
bitterness of such controversies, either 
side may distort data. As Peto remarked, 
"Scientists on both sides of the en- 
vironmentalist debate now have career 
interests at stake." But it is important 
above all that the passion for getting 
at the truth should be the dominant pas- 
sion for scientific workers when they are 
trying to act as responsible scientists. 
That may appear sometimes to be an un- 
attainable goal in the atmosphere of cur- 
rent debate, but it is worth striving for, 
both to maintain the confidence of the 
public and to keep confidence in our- 
selves. 
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to which they bind. However, studies in 
my laboratory and elsewhere suggest 
that membrane receptors for soluble 
polypeptides may be divided into two 
categories. The basic distinction be- 
tween receptors is that the binding of 
ligand by class I receptors leads to 
changes in cell behavior or metabolism. 
These changes result from the interac- 
tion of ligand and receptor at the cell 
surface and, although ligand internaliza- 
tion may occur, it is not a prerequisite 
for ligand function. The major role of 
class I1 receptors is to mediate ligand 
internalization. Binding of ligand to class 
I1 receptors does not per se lead to 
alteration of cell activity. Modifications 
of cell behavior, if they occur at all, 
are consequences of ligand metabolism. 
Receptors in each class show similari- 
ties in their divalent ion requirements, 
topographical distribution, and regu- 
lation. 

In this article I consider only receptors 
for soluble polypeptides, excluding those 
for cholera and diphtheria toxin. A major 
caveat to any analysis of receptor behav- 
ior is that, with rare exceptions, what is 
measured is not receptor molecules but 
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receptor function; that is, ligand binding. 
Because in many instances the stoichi- 
ometry of ligand-receptor interaction is 
unknown, knowledge of receptor proper- 
ties is at best qualitative. For example, 
the quantitative definition of receptors is 
unclear in systems where receptors may 
be clustered and thus ligand binding may 
be multivalent. In such systems determi- 

Class I1 Receptor 

The distinguishing feature of class I1 
receptors is that their major, if not sole, 
function is to mediate ligand internaliza- 
tion and thus remove the ligand from the 
extracellular environment (Table 1). A 
long-term inability to internalize ligand, 
or an excessive internalization of ligand, 

Summary. Polypeptide receptors on mammalian plasma membranes can be 
categorized on the basis of function. The binding of ligand by class I receptors results 
in changes in cell metabolism or behavior. Hormone-receptor interactions typify this 
group. The binding of ligand by class II receptors results in ligand internalization. 
Although changes in cellular activity may result from metabolism of the internalized 
ligand, the interaction between ligand and class II receptor does not itself lead to 
alterations in cell behavior. Class II receptors include those for low-density lipopro- 
teins and for a-macroglobulin-protease complexes. Although receptors within each 
category are chemically disparate, they show striking similarities in behavior. Analysis 
of the behavioral patterns of receptors in each category reveals insights into receptor 
physiology and allows for a prospective analysis of receptor characteristics. 

nation of receptor distribution or turn- 
over may be subject to error. Despite 
these caveats, analysis of receptor be- 
havior may lead to insights in receptor 
function. 

Class I Receptor 

The categorization of membrane re- 
ceptors is based on whether the major 
function of the receptor is to transmit 
information (class I receptors) or inter- 
nalize ligand (class I1 receptors). All of 
the receptors in class I, after interaction 
with ligand, impart information that sub- 
sequently modifies some aspect of cell 
behavior or metabolism. Receptors in 
class IA are the traditional hormone re- 
ceptors, whereas those in class IB are 
receptors for other, humoral nonhor- 
monal agents. The immunoglobulin E 
(IgE) receptor of the mast cell is a proto- 
type of the latter group (2). The distin- 
guishing feature of these receptors is that 
binding of agents to receptors leads to 
modulation of metabolic activity without 
requiring internalization of ligand or re- 
ceptor. Studies indicate that molecules 
other than ligand which interact with 
receptors can also effect information 
transfef.. For example, antibodies to the 
insulin (3) or IgE receptor (4) mimic the 
specific ligand. Such observations sug- 
gest that the information required to 
modify cell behavior is encoded in the 
receptor, and that ligand presumably al- 
ters receptor conformation and triggers a 
cellular response. Because there is al- 
ready extensive literature on hormone 
receptors, the emphasis in this article 
will be on type I1 or scavenger receptors. 
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may lead to pathophysiological sequelae. 
However, occupancy per se of class I1 
receptors by ligand does not appear to 
lead to any alteration in cell behavior or 
overall metabolic activity. Two exam- 
ples illustrate this point: human fibro- 
blasts incubated in vitro exhibit identical 
rates of macromolecular synthesis and 
growth in the presence or absence of 
low-density lipoprotein (LDL) (5); cells 
incubated in the presence or absence of 
transcobalamin II-cobalamin complexes 
also exhibit similar growth rates (6). Be- 
cause of the high intracellular concentra- 
tion of cobalamin, prolonged cobalamin 
deprivation would be required before 
any effect on cell growth would be seen 
(7). Thus, aside from events resulting 
from the metabolism of internalized lig- 
and, the act of binding and internaliza- 
tion of ligand does not appear to convey 
any signal or information. 

Ligand internalization by class I1 re- 
ceptors provides the cell with a required 
factor, for example, cobalamin (6), or a 
substrate such as cholesterol, which in 
energetic terms may be more expensive 
to synthesize than import (5). Class I1 
receptors also internalize, and thus re- 
move from biological fluids, potentially 
noxious agents, of which both a-macro- 
globulin-protease complexes (7) and 
mannose-terminal glycoproteins (8) are 
prime examples. In some instances inter- 
nalized ligand may be transferred out of 
the cell rather than stored or catabolized. 
Thus class I1 receptors can mediate 
transcellular movement of macromol- 
ecules. An example of this is the uptake 
of maternal immunoglobulin G (IgG) by 
yolk sac receptors, providing passive 
immunity to the embryo (9). 

Distinctions Between Class I and 

Class I1 Receptors 

Divalent ion requirement. Although 
both classes of receptors exhibit high- 
affinity binding with their specific ligand, 
binding of ligand to class I1 receptors is 
dependent on divalent cations, whereas 
binding of ligand to class I receptors is 
divalent cation independent (Table 2). 
For example, there is no measurable rate 
of dissociation of a-macroglobulin- 
['25~]trypsin complexes from macro- 
phage surface receptors when cells are 
incubated in ca2+ containing buffers. 
Removal of ca2+ by addition of the 
chelating agent EDTA promotes immedi- 
ate dissociation of ligand-receptor com- 
plexes (10). Binding of asialoglycopro- 
teins to the purified hepatic binding pro- 
tein is also Ca2+ dependent, and ligand- 
receptor complexes dissociate in the 
presence of chelating agents (11). Simi- 
larly, binding of 12'1-labeled LDL's to 
membrane fragments is ca2+ dependent 
(12). 

Dissociation of receptor-ligand com- 
plex. Hormone (H) or class I receptor 
(R)-ligand interactions are conventional- 
ly treated as reversible reactions 

Kl 
H + R +  HR 

K -  1 

where the dissociation constant K, is 
defined as K-,/K1. The dissociation of 
ligand from receptors is measurable and 
may represent a physiological mecha- 
nism by which hormone-mediated infor- 
mation transfer may be regulated. Thus 
when the concentration of extracellular 
hormone is lower than KD, dissociation 
of hormone-receptor complexes will oc- 
cur, a-Macroglobulin-trypsin complexes 
(lo), or asialoglycoproteins (11) bound to 
receptors on cells or membrane frag- 
ments, do not exhibit measurable rates 
of dissociation. When there is no signifi- 
cant K-, (or "off rate"), analysis of 
(class 11) receptor ligand interactions in 
terms of KD is inappropriate. According- 
ly, standard analyses of ligand receptor 
interaction (that is, Scatchard analyses) 
are precluded. However, not all class II- 
ligand interactions are typified by ex- 
ceedingly slow rates af receptor-ligand 
dissociation. Under some conditions, 
binding of '25~-labeled IgG to yolk sac 
membranes appears to be reversible 
(13). 

Clearly, time is implicit in the term 
"measurable rate of dissociation." Re- 
ceptor-bound LDL (14) or a-macroglob- 
ulin-protease complexes (15) are inter- 
nalized within minutes; thus under phys- 
iological conditions measurement of 



rates of dissociation of ligand-receptor 
complexes may be precluded. What ap- 
pears to be important is not the rate of 
dissociation but the rate of dissociation 
relative to the rate of internalization. 

Internalization of Ligand and 

Regulation of Class I1 Receptors 

That the major function of class I1 
receptors is internalization is demon- 
strated by the finding that these recep- 
tors may be reutilized. After the binding 
of a ligand to surface receptors, the 
ligand is internalized and either accumu- 
lates in a subcellular compartment or is 
passed through the cell, while the num- 
ber of surface receptors remains un- 
changed. Analysis of the kinetics of lig- 
and uptake indicates that the same com- 
plement of surface receptors is capable 
of entering into further cycles of ligand 
binding and internalization. Most of the 
observations on reutilization have been 
made during studies of the fibroblast 
LDL receptor (14), the macrophage a- 
macroglobulin-protease complex recep- 
tor (16), and the macrophage receptor 
for mannose terminal glycoconjugates 
(9). 

Receptor-mediated endocytosis is ex- 
tremely rapid; the half-life of ligand 
bound to either the fibroblast LDL re- 
ceptor (14) or the macrophage a-macro- 
globulin-protease receptor (15) is 2 to 4 
minutes. The internalization of receptor- 
bound a-macroglobulin-protease com- 
plex can be described by first-order ki- 
netics, suggesting that internalization of 
ligand is a random process and that most 
(- 95 percent) receptor-bound ligand 
has an equal probability of being inter- 
nalized (15). 

Experiments show that: 
1) Cells are capable of internalizing, in 

the steady state, an amount of ligand in 
excess (greater than five- to tenfold) of 
the amount of ligand bound to surface 
receptors. 

2) The rate of ligand uptake cannot be 
ascribed to receptor biosynthesis de 
novo, because the rate of receptor syn- 
thesis, Ks, is about 1 percent per hour 
for the LDL receptor (17) and 15 percent 
per hour for the a-macroglobulin-prote- 
ase complex receptor (18), which is 
much less than the rate of ligand uptake. 

3) Direct examination of fibroblasts 
(12) and macrophages (16) has produced 
no evidence of large internal pools of 
receptors, indicating that replacement of 
internalized ligand receptor complexes 
does not occur by insertion of receptors 
from some reservoir. 

Thus, although the internalized ligand 
is catabolized to its components, the 
surface receptors are spared from catab- 
olism and reutilized. Support for this 
idea is provided by other observations. 
Uptake of asialoglycoproteins by rat he- 
patocytes does not affect either receptor 
number or half-life (17). This result im- 
plies that the catabolism of internalized 
asialoglycoproteins is not accompanied 
by catabolism of receptors. However, 
only 10 percent of the parenchymal cells' 
content of receptors are expressed on 
the surface, the remainder being local- 
ized on intracellular membranes. Thus the 
possibility remains that ligand uptake 
reflects the continued recruitment of re- 
ceptors from an intracellular reservoir. 
Doyle et al. recently fused hepatocyte 
plasma membrane vesicles to mouse L 
cells (19). Mouse L cells do not have 
receptors for asialoglycoproteins and 
cannot bind these glycoproteins. After 
fusion with hepatocyte membrane vesi- 
cles, the mouse L cells could mediate 
several rounds of ligand uptake. This 
experiment indicates that continued lig- 

and uptake did not result from recruit- 
ment of receptors from an intracellular 
reservoir. Rather, ligand uptake resulted 
from the reutilization of the complement 
of surface receptors. Further support for 
this view comes from the study of Stock- 
ert et al. (20) who demonstrated that 
perfusion of rat liver with antibody to 
receptor led to sustained and specific 
inhibition of ligand uptake. Thus, al- 
though hepatocytes contain intracellular 
asialoglycoprotein receptors, they do not 
appear to play a role in the internaliza- 
tion of extracellular ligand. 

Fetal yolk sacs have the ability to 
accumulate selectively large quantities 
of phosphovitellogen, IgG, and albumin 
(9). The amount of material accumulated 
is such that it is energetically unfeasible 
to synthesize new receptors for each 
molecule of ligand internalized. While 
this line of reasoning is at best sugges- 
tive, it is consistent with the view that 
receptors may be reutilized. 

In contrast to class I1 receptors, evi- 
dence suggests that class I receptors may 
be utilized once or, at best, only a limited 
number of times. Thus, binding of ligand 
may be followed by the internalization 
and catabolism of receptor-ligand com- 
plexes. This phenomenon has been stud- 
ied with the use of epidermal growth 
factor (21), human chorionic gonadotro- 
pin (22), and insulin (23). Binding of 
ligand leads to the internalization of lig- 
and and the disappearance of a signifi- 
cant fraction of surface receptors. Reap- 
pearance of receptor activity requires 
protein synthesis and is blocked by cy- 
cloheximide. These observations indi- 
cate, but do not prove, that receptor 
reappearance results from de novo re- 
ceptor biosynthesis. 

The rates at which ligand-receptor 
complexes are internalized vary widely: 
90 percent of cell-bound epidermal 

Table 1. Ligands that bind to class I1 receptors. The major function of class I1 receptor is ligand internalization (N.D., not determined). 

Ligand 
Function of 

receptor-ligand 
complex 

Regulation of 
receptor number or 
activity by ligand 

Dependence 
Topo- of ligand- 
logical receptor 
distri- binding 
bution on di- 

valent ions 

Low-density lipoproteins 

a-Macroglobulin-protease 
Glucose or mannose terminal 

glycoproteins 
Galactose terminal glycoproteins 
IgG yolk sac receptor 
Phosphovitellogen 

Fibrin 
Cobalamin-cobalamin-I1 

Supplies cholesterol 

Removes injurious agents 
Removes injurious agents 

Removes injurious agents 
Fetal immunity 
Supplies source of protein 

for embryo 
Removes injurious agents 
Supplies vitamin B12 

Receptor synthesis inhibited 
by cholesterol (18) 

No (16, 30) 
No (8, 10) 

N.D. 
No (29) 

Pits (59) 

N.D. 
N.D. 

N.D. 
(Pits)* (9) 
(Pits)* (9 )  

N.D. 
N.D. 

*Evidence inconclusive. 

16 SCIENCE, VOL. 212 



growth factor was internalized with a 
half-time (TI,*) of 2 minutes at 37OC (21), 
whereas in 30 minutes only 50 percent of 
hepatic parenchymal cell insulin recep- 
tors were internalized (24). Factors that 
control the rate of internalization of class 
I receptor-ligand complexes have yet to 
be defined. Internalization of ligand-re- 
ceptor complexes may be a mechanism 
by which modifications of cell behavior 
or metabolism initiated as a result of 
class I receptor-ligand complexes may 
be limited. Internalization would result 
not only in a decrease in ligand concen- 
tration but also a decrease in receptor 
concentration. Recently, Mayfield et al. 
(25) presented data indicating that inhibi- 
tion of the ability of cells to internalize 
epidermal growth factor led to an en- 
hancement of that hormone's activity. 
This result is consistent with the view 
that internalization limits the response to 
hormones. 

Regulation of Receptor Number or 

Activity 

On exposure to ligand, class I recep- 
tors may be down regulated; that is, the 
number of surface receptors may be re- 
duced. Thus, binding of ligand to class 
IA receptors leads to regulation of recep- 
tor number. The reduction in receptor 
number may result from an acceleration 
in the rate of receptor catabolism where 
the initial step in this process is a ligand- 
induced receptor internalization. Thus, 
formation of a ligand-receptor complex 
is followed by receptor internalization 
and a consequent decrease in surface 
receptor concentration. Most class I re- 
ceptors exhibit this behavior; however, 
there are not enough data to determine 
whether a similar phenomenon occurs 

with class IB receptors. Polymorphonu- 
clear leukocytes incubated in high con- 
centrations of the chemotactic peptide 
Met-Leu-Phe, or in C5A lose their 
chemotactic activity (26). This desensiti- 
zation may result from either a loss of 
receptors or an inability of receptor- 
ligand complexes to transmit informa- 
tion. For example, in recent studies the 
chemotactically active derivatives of 
met-Leu-Phe were rapidly internalized 
(27), whereas IgE-induced mast cell de- 
granulation was not followed by internal- 
ization of receptor bound IgE (28). 
Regardless of whether class I receptors 
are down regulated or desensitized, re- 
duction in receptor number or activity 
results in modulation of information 
transfer. 

In contrast to class I receptors, where 
ligand binding leads to receptor regula- 
tion, binding of ligand by class I1 recep- 
tors does not lead to regulation of recep- 
tor number or activity. If regulation of 
receptor number occurs, it appears to 
result from a metabolite derived from the 
internalized ligand. A number of exam- 
ples demonstrate this point: 

1) Youngdahl-Turner et al. (29) dem- 
onstrated that incubation of human fibro- 
blasts with high concentrations of either 
cobalamin- or transcobalamin II-cobala- 
min complexes for 24 hours did not lead 
to a reduction in receptor number. The 
half-life of the transcobalamin receptor is 
8 hours. If regulation occurred at the 
level of receptor synthesis or degrada- 
tion, the turnover rate of the receptor 
would have been such that a decrease in 
receptor number would, presumably, 
have been observed. 

2) Incubation of alveolar macrophages 
with high concentrations of a-macro- 
globulin-protease complexes for up to 12 
hours did not alter the number of surface 

receptors (30). Receptor half-life was 4 
hours (16); therefore, if regulation of 
receptor number occurred by modula- 
tion of receptor turnover, this similarly 
would have been observed. 

3) Incubation of alveolar macrophages 
with high concentrations of mannose ter- 
minal glycoproteins did not prevent con- 
tinued receptor-mediated uptake (SO), 
suggesting the continued presence of 
surface receptors. 

4) Injection of galactose terminal gly- 
coproteins into rats did not affect either 
the number or turnover rate of the galac- 
tose terminal glycoprotein receptor of 
parenchymal cells (19). 

5) Probably the most well-studied 
class I1 receptor is the human fibroblast 
LDL receptor. Incubation of cells with 
LDL's will, after a certain time, result in 
a decrease in receptor number. Con- 
versely, incubation of cells in the ab- 
sence of LDL's will lead to an increase 
in surface receptor number. The time 
course of these changes in receptor num- 
ber is much greater than the time re- 
quired for down regulation of class I 
receptors. Alteration in receptor number 
results from control of receptor biosyn- 
thesis, not degradation (18). Additional 
data suggest that regulation of receptor 
number results not from the uptake of 
LDL's per se or the accumulation of 
LDL's in lysosomes, but from events 
that occur subsequent to the metabolism 
of the LDL's. For example, fibroblasts 
from individuals with Wolman's disease 
show decreased levels of acid lipase and 
an inability to hydrolyze cholesterol es- 
ters. The fibroblasts exhibit constitutive- 
ly high levels of LDL receptors and 
unregulated uptake of LDL's (31). Addi- 
tion of oxygenated cholesterol deriva- 
tives to either normal fibroblasts or fi- 
broblasts from patients with Wolman's 

Table 2. Ligands that bind to class I receptors. These ligands transmit information as a result of binding to the class I surface receptors (N.D., not 
determined). 

Dependence 

Ligand 
Function of 

receptor-ligand 
complex 

Regulation of 
receptor num- 
ber or activity 

by ligand 

Topological 
distribution 

of ligand- 
receptor 
binding 
on di- 

valent ions 

Ligands (hormones) that bind to class IA receptors 
Chorionic gonadotropic Regulates hormone production Down regulated (22) N.D. - (22) 
Epidermal growth factor Metabolic activity or mitosis Down regulated (21) Randomly distributed (51) - (21) 
Insulin Metabolic activity Down regulated (23) Randomly distributed (45) - (23) 
Glucagon Metabolic activity Down regulated (62) N.D. - (63) 
Thyroid-releasing hormone Hormone release or synthesis Down regulated (64) N.D. - (64) 

Ligands (humoral agents) that bind to class IB receptors 
IgE (mast cells) Histamine release Desensitized (2) Randomly distributed (4) - (2) 
Met-Leu-Phe (polymor- Chemotaxis Down regulated (26) Randomly distributed (26) - (26, 65) 

.phonuclear monocytes) 
CSA (polymorphonuclear Chemotaxis Desensitized (26) N.D. - (65) 

monocytes) 
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disease results in reduction of LDL re- 
ceptors and, consequently, reduction in 
LDL uptake (32). These observations 
indicate that regulation of LDL recep- 
tors results from regulation of receptor 
biosynthesis which is controlled by the 
concentration of free (nonesterified) cho- 
lesterol. Thus, regulation of receptor 
number results from activities "down- 
stream" from ligand binding and inter- 
nalization. 

Unregulated Class I1 Receptor Activity 

Together, these observations suggest 
that the activity of class I1 receptors may 
be unregulated. In those instances where 
receptors are subject to regulation, the 
site of regulation appears not to be at the 
level of ligand binding or internalization. 
This is understandable in teleological 
terms in that macrophages, for example, 
may be exposed to only low concentra- 
tions of a-macroglobulin-protease com- 
plexes or lysosomal glycosidases for ex- 
tended periods or to high concentrations 
intermittently. The high concentrations 
would result from processes such as 
acute pancreatitis or, more frequently, 
lysosomal degranulation of leukocytes. 
The same argument may be used for the 
uptake of transcobalamin 11-cobalamin 
complexes; that is, the receptor is ex- 
posed to the ligand in low concentrations 
most of the time, and high concentra- 
tions intermittently. Thus, there has 
been no obvious evolutionary pressure 
to develop mechanisms of receptor regu- 
lation. There appears to be no rationale 
for regulation of (in terms of decreasing) 
the accumulation of maternal IgG or 
phosphovitellogen by the developing 
yolk sac, since a sustained rate of ligand 
uptake would be desirable rather than 
disadvantageous. 

Although the reutilization of receptors 
provide an efficient means of ligand up- 
take, unregulated uptake can, under cer- 
tain conditions, lead to pathological con- 
sequences. Macrophages respond to a 
large endocytic load by the de novo 
synthesis and secretion of neutral prote- 
ases among which are elastase, collage- 
nase, and plasminogen activator (33). 
Incubation of alveolar macrophages with 
high concentrations of a-macroglobulin- 
protease complexes or mannose-termi- 
nal glycoproteins results in collagenase 
secretion (30). Internalization of proteins 
by fluid-phase pinocytosis will also lead 
to protease secretion. However, relative 
to the concentration of a-macroglobulin- 
protease complexes, a 50- to 100-fold 
higher concentration (in terms of milli- 

grams per milliliter) of albumin is re- 
quired to bring about comparable rates 
of collagenase secretion. These results 
demonstrate the difference in efficiency 
of uptake between receptor-mediated 
and fluid-phase pinocytosis. They also 
show that uptake of a-macroglobulin- 
protease complexes, a route for disposal 
of potentially injurious proteases, may 
itself induce protease secretion. 

Receptor-mediated uptake of other lig- 
ands by macrophages may also lead to 
protease secretion. Mouse peritoneal 
macrophages exhibit receptors for solu- 
ble fibrin-fibrinogen complexes (34). 
Uptake of these complexes provides a 
mechanism of limiting thrombus forma- 
tion by preventing the formation of mi- 
croparticulate fibrin. Data indicate that 
incubation of mouse peritoneal macro- 
phages with soluble fibrin leads to prote- 
ase secretion. The concentration of fibrin 
required to induce protease secretion is 
higher than that required to saturate sur- 
face receptors (35). These data suggest 
that protease secretion may be a conse- 
quence of the receptor-mediated uptake 
of fibrin. 

As mentioned above, individuals with 
Wolman's disease have low concentra- 
tions of acid lipase, or none at all, and 
are unable to metabolize cholesterol es- 
ters. These individuals are hypercholes- 
terolemic because of both unregulated 
cholesterol biosynthesis and unregulated 
uptake of LDL's. 

The initiation or progression of athero- 
sclerosis may also be related to unregu- 
lated receptor activity. One of the early 
signs of an atherosclerotic plaque is the 
presence of cells containing an excessive 
intracellular accumulation of cholesterol 
esters. These "foam cells" can develop 
in vivo, in animals fed high cholesterol 
diets (36), or in vitro, in cultured smooth 
muscle cells or macrophages that are 
exposed to derivitized lipoproteins (36). 
Smooth muscle cells in culture regulate 
intracellular cholesterol by modulation 
of either the level of the branch point 
enzyme in cholesterol biosynthesis, hy- 
droxymethylglutaryl coenzyme A reduc- 
tase, or the level of LDL receptors. 
Incubation of LDL's with N,  N-dimethy- 
1,3-propanediamine results in the forma- 
tion of an LDL molecule with a strong 
positive charge (37). This molecule, 
while it can interact with the smooth 
muscle LDL receptor, is also taken up 
by adsorptive endocytosis independent 
of the normal route of uptake. Uptake by 
this route is not regulated and exposure 
of cells to derivitized LDL leads to mas- 
sive accumulation of intracellular choles- 
terol esters. 

Recently, Goldstein et al. (38) demon- 
strated that macrophages were unable to 
internalize LDL's selectively but had a 
high affinity for acetylated or maleated 
LDL's. Binding of acetylated LDL's to 
cells exhibited all of the characteristics 
of a receptor-mediated process in that 
binding was time-dependent, saturable, 
and exhibited specificity, although the 
features recognized by the receptor re- 
main to be defined. The rate of uptake of 
the acetylated LDL by macrophages was 
unaffected by either cellular cholesterol 
content or extended prior exposure to 
acetylated LDL. As a consequence of 
lack of regulation of receptor function 
the cells accumulated large amounts of 
cholesterol esters and developed an ap- 
pearance similar to that of foam cells in 
erythematous lesions. These results and 
the results of Mahley et al. (36) have led 
to the hypothesis that environmental fac- 
tors may result in the generation of al- 
tered lipoproteins that may be taken up 
by receptors not subject to regulation, 
either of number or activity. Unregulat- 
ed receptor uptake leading to massive 
cholesterol ester accumulation may be a 
casual feature in the development of 
atheromatous plaques and atherosclero- 
sis (39). 

Although cells themselves do not regu- 
late uptake of a-macroglobulin-protease 
complexes, other mechanisms in the 
body may limit unregulated ligand up- 
take. For example, cells may not be 
exposed to high concentrations of a- 
macroglobulin-protease complexes be- 
cause proteases introduced into plasma 
may bind first to other protease inhibi- 
tors, specifically to al-antiprotease (al-  
antitrypsin). The clearance of al-antipro- 
tease-protease complexes is slow and 
with time proteases are transferred to a2- 
macroglobulin (40). Thus, in plasma, al- 
antiprotease acts as a reservoir prevent- 
ing the development of high concentra- 
tions of a2-macroglobulin-protease com- 
plexes. Thus unregulated ligand uptake 
may be prevented or inhibited by noncel- 
lular mechanisms (41). 

Receptor Reutilization and 

Membrane Recycling 

The mechanisms behind reutilization 
are still unclear. Anderson (42) has 
pointed out that although there is evi- 
dence of receptor-mediated ligand inter- 
nalization, there is no direct evidence of 
receptor internalization. If such evi- 
dence could be obtained, then an associ- 
ation between reutilization and mem- 
brane recycling would be established. 
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The recycling hypothesis has been de- 
veloped to explain the ability of cells to 
internalize large quantities of surface 
membrane yet still retain a constant sur- 
face area. Steinman et al. (43), studying 
fluid-phase pinocytosis in mouse perito- 
neal macrophages and fibroblasts (L 
cells), concluded that these cell types 
internalized an amount of plasma mem- 
brane equivalent to 200 and 25 percent, 
respectively, of their surface area per 
hour. The amount of internalized mem- 
brane was in vast excess of the biosyn- 
thetic capacity of either cell type (44). 
Therefore, it has been hypothesized that 
in order to maintain a constant surface 
area, the bulk of internalized membrane 
must be reinserted back into the plasma 
membrane or recycled. Similar argu- 
ments have been advanced on the basis 
of studies of pinocytic activity in amoeba 
(45), thyroid epithelium (46), and secre- 
tory cells (47). An analogous conclusion 
that internalized membrane is recycled is 
based on a theoretical consideration of 
the ratios of surface area to volume in 
pinocytic vesicles and lysosomes (48). 

However, all the arguments in favor of 
recycling are based on theoretical con- 
siderations or morphometric analyses. If 
it could be established that during recep- 
tor-mediated ligand uptake the receptor 
is internalized, this would be biochemi- 
cal evidence of the recycling hypothesis 
and would provide a theoretical basis for 
reutilization. 

Topographical Distribution of 

Surface Receptors 

It is clear from the preceding discus- 
sion that membrane receptors show at 
least two different patterns of behavior. 
Certain mechanisms must be able to sep- 
arate class I receptors, which appear to 
be irreversibly internalized and degraded 
following ligand binding, from class I 
receptors that are reutilized. On the ba- 
sis of published studies, I suggest that 
two factors may contribute to the separa- 
tion process: (i) differences in plasma 
membrane polypeptides may enable 
them to be selectively internalized, and 
(ii) localization of class I1 receptors in 
specialized structures on the cell surface 
may facilitate internalization. 

Selective internalization. Studies on 
the distribution of receptors for insulin 
(49), epidermal growth factor (50), and 
IgE (51) demonstrate that these recep- 
tors are randomly distributed. Receptors 
occupied by ligand exhibit lateral mobil- 
ity in the plane of the membrane. In a 
number of instances, signal transmission 

requires the lateral mobility of receptors. 
For example, mast cell histamine release 
results from IgE receptor cross-linking 
(51), and glucagon stimulation of adenyl- 
ate cyclase appears to result from the 
association of mobile protein subunits in 
the membrane (52). Occupied receptors 
may also aggregate and form a patch that 
is internalized. The patch may become 
associated with a region of membrane 
referred to as a coated pit (49). The 
extent to which receptor-mediated inter- 
nalization proceeds via coated pits is not 
known. Either all (49) or some (50) of 
receptor-bound epidermal growth factor 
is internalized by coated pits. a*-Macro- 
globulin bound to the surface of fibro- 
blasts appears to be internalized by coat- 
ed pits (49). However, the physiological 
role of fibroblast uptake of a2-macro- 
globulin is unclear. The fact that recep- 
tor-bound ligand is internalized suggests 
that ligand binding induces an alteration 
in receptor structure which results in 
internalization of receptor-ligand com- 
plexes. That this internalization is specif- 
ic and restricted to only a subset of 
membrane components is inferred from 
the observation that on the same cell 
insulin will promote the loss of insulin 
receptors but not those of growth hor- 
mone (53). 

These observations are fundamentally 
analogous to those of Berlin and col- 
leagues (54) demonstrating that phagocy- 
tic activity results in the internalization 
of selected classes of membrane compo- 
nents. It has been suggested that endocy- 
tic stimuli, such as phagocytic particle or 
perhaps a ligand-receptor complex, may 
select a domain of lipids that leads to an 
altered membrane fluidity in the environ- 
ment of the stimuli (55). This altered 
environment may allow for selective in- 
clusion or exclusion of other classes of 
membrane proteins. Endocytosis of this 
area of membrane then results in the 
selective internalization of membrane 
components. Ukena and Berlin (56) have 
implicated microtubules as playing a 
controlling role in determining the lateral 
mobility of membrane proteins and thus 
by inference the selectivity of internal- 
ization, although the exact role of micro- 
tubules remains to be defined. 

Specialized structures for internaliza- 
tion. Studies by Anderson et al. (57) 
show that the native distribution of LDL 
receptors is nonrandom and that the re- 
ceptors are localized in coated pits. I 
have obtained evidence that at least 50 
percent of a-macroglobulin-protease 
complex receptors on macrophage sur- 
faces are localized in coated pits (58). 
That the native distribution of these re- 

ceptors is nonrandom indicates that they 
are sequestered from the bulk of mem- 
brane proteins. That localization in coat- 
ed pits is relevant to the function of class 
I1 receptors was demonstrated by the 
studies of Anderson et al. (59). These 
workers showed that fibroblasts from a 
hypercholesterolemic individual (J.D.) 
had receptors capable of binding but not 
of internalizing LDL. Studies of the to- 
pographical distribution of LDL recep- 
tors on these fibroblasts demonstrates 
that they are in fact excluded from coat- 
ed pits. This observation is the most 
striking demonstration that receptor 
clustering is necessary for function. 
However, the mechanisms leading to re- 
ceptor clustering, or the exact function 
of receptor localization in coated pits, is 
not understood. It is possible that aside 
from providing a specialized transport 
structure, an additional function of clus- 
tered receptors is to increase the valency 
of binding. Among the virtues of a multi- 
valent binding system would be a low- 
ered rate of dissociation ( K -  ,) of ligand- 
receptor complexes. 

From the few studies on the distribu- 
tion of other class I1 receptors that have 
been conducted it is difficult to deter- 
mine whether the distribution observed 
is native or ligand-induced. For example, 
Roth et al. (9) observed that ferritin-IgG 
conjugates could bind in vitro to isolated 
plasma membrane of chicken yolk sac. 
In particular, when binding to the mem- 
brane occurred, the conjugate was local- 
ized in coated pits and only 20 percent of 
the coated pits contained ligand. Howev- 
er, since prior to membrane isolation the 
yolk sac plasma membrane had been 
exposed to IgG, it is unclear whether the 
localization of receptors in coated pits 
reflected the native distribution of recep- 
tors or was ligand-induced. Thus, al- 
though present studies indicate that class 
I1 receptors are localized in coated pits, 
further data are required to determine 
whether this is the native distribution of 
the receptors. 

Conclusions and Prospectives 

Receptors of disparate chemical na- 
ture can be grouped on the basis of 
function. In this article I have defined 
the characteristics of two categories of 
receptors-those whose major function 
is information transfer and those recep- 
tors whose function is primarily ligand 
uptake. Receptor classes are distinguish- 
able on the basis of divalent cation de- 
pendency of ligand binding, topological 
distribution, and regulation of receptor 
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number. Class I receptors appear to be 
catabolized after ligand-binding, whereas 
class I1 receptors are spared from catab- 
olism. 

The receptors within each category 
have similar characteristics that suggest 
possible mechanisms underlying recep- 
tor function. For example, most class I1 
receptor-ligand interactions require diva- 
lent cations. This requirement may have 
arisen out of a necessity to modulate 
ligand-receptor interactions. If receptors 
have a fate independent of the bound 
ligand, then some mechanism must be 
able to modulate ligand-receptor affinity. 
One way to achieve such modulation 
would be to control the concentration of 
divalent cations. The concentration of 
divalent cations found in plasma would 
favor format~on of ligand-class I1 recep- 
tor complexes. A low concentration of 
divalent cations in lysosomes (or incom- 
ing endocytic vesicles) would result in 
dissociation of ligand-class I1 receptor 
complexes, thus allowing for catabolism 
of ligand-independent receptors. 

The classification of receptors by 
function points out areas for further 
study. For example, analysis of transfer- 
rin-mediated iron uptake by reticulo- 
cytes suggests that the transferrin recep- 
tor may be reutilized (60). However, 
binding of transferrin to reticulocyte re- 
ceptors is independent of divalent cat- 
ions, and the native distribution of trans- 
ferr~n receptors is random (61). Thus, it 
is unclear whether the transferrin recep- 
tor could best be described as a class I or 
class I1 receptor. If the transferrin recep- 
tor has behavior patterns similar to class 
I1 receptors, then one would predict that 
receptor function, in terms of either 
number or activity, would be unaltered 
by uptake of transferrin. This point is of 
interest because of the possibility that 
unregulated transferrin receptor function 
may be implicated in the etiology of 
diseases of iron overload, such as idio- 
pathic hemochromatosis. 

As more information on receptor char- 
acteristics becomes available, the num- 
ber of categories may have to be expand- 
ed, modified, or perhaps even aban- 
doned. However, the present classifica- 
tion of membrane receptors reveals 
insights into receptor physiology and 
may reflect a common evolutionary 
strategy. 

Note added in proof: Three studies 
have recently appeared that directly 
demonstrate the recycling of membrane 
components (66). 
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