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A B S T R A C T When 1251-glucagon is incubated with
freshly isolated rat hepatocytes and studied by quanti-
tative electron microscope autoradiography, the la-
beled material localizes to the plasma membrane of
the cell at early times of incubation at 20°C; at later
times of incubation at 20°C, there is little further
translocation of the labeled ligand. When incubations
are carried out at 37°C, the labeled material is pro-
gressively internalized by the cell after a brief delay.
Whenthe internalized radioactivity is further analyzed,
it is found to associate preferentially with lysosome-
like structures. When the cell-associated radioactivity
is extracted, there is degradation of the ligand in
incubations carried out at 37°C.

The events involved in the interaction of 1251_
glucagon with the hepatocyte are similar to those
previously described for labeled insulin in this cell.
The process of binding, internalization, and lysosomal
association appears to be a general process related to
many polypeptide hormones and growth factors, and
may represent the mechanism by which the specific
binding of the ligand to the cell surface mediates
the degradation of the ligand and the loss of its
surface receptor.

INTRODUCTION

Glucagon is a polypeptide hormone secreted by the
A cell of the islets of Langerhans and gastrointestinal
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tract that plays an important role in fuel homeostasis.
The hormone produces these metabolic effects by
activating the enzyme adenylate cyclase to form
cyclic 3'5'-AMP, which in turn activates a series of
phosphorylation steps (1-3). The essential components
of this system, i.e., the receptor, the catalytic com-
ponent, and other regulatory components, are con-
tained in the plasma membrane; and glucagon is a
classic example of a polypeptide hormone that activates
a second messenger (3).

It has been demonstrated recently by quantitative
electron microscope (EM)l autoradiography in rat
hepatocytes in vitro and in rat liver in vivo that 125I-
insulin binds to the plasma membrane of the hepato-
cyte and is subsequently internalized by the cell
(4-8). Insulin, in contrast to glucagon, has no known
second messenger and the mechanism involved in its
activation of intracellular processes is unknown.

In this investigation we have studied the morpho-
logic events involved in the interaction of 125I-glucagon
with freshly isolated rat hepatocytes and have com-
pared these events with insulin and other polypeptide
hormones.

METHODS
Cells and reagents. Hepatocytes were isolated from 6-8-

wk-old male Wistar rats fed ad lib. by a modification of the
method of Seglen (9). The cells were suspended in buffer,
then washed four times by low-speed centrifugation. 95%
of the cell suspension obtained by this procedure are
hepatocytes and 85% of these hepatocytes are viable as
judged by two criteria: their ability to exclude trypan blue

I Abbreviation used in this paper: EM, electron microscope.
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and their peripheral refractoriness under the phase-contrast
microscope. After 60 min at 37°C and 120 min at 20°C, the
proportion of viable cells is >75%. 1251-Glucagon was prepared
at a specific activity of 68-98 ,Ci/,ug by a modification of the
chloraminie T method (10), and labeled glucagon was purified
by gel filtration on a Sephadex G-50 column before each
experiment.

Incubation conditions. Hepatocytes (1 X 106 cells/ml)
were inctubated in duplicate with 0.7 nNI 1251-glucagon in
0.5 ml of Krebs-Ringer bicarbonate buffer (pH 7.5) containing
3% bovine serum albumin (fractioin V) and bacitracin (0.8
mg/ml). Cells were incubated at 200 and 37°C f'or varing
periods of' time in plastic Falcon tubes (Falconi Labware,
Div. of Becton, Dickinson & Co., Oxnard, Calif.). For each
incubation time, identical incubations were carried out in
the presence of 30 tLM unlabeled glucagon to determine the
nonspecific binding (cell-associated radioactivity in the
presence of' an excess of unlabeled hormone). At the end of
each incubation period, I ml of chilled buffer was added to
each tube, which was then centrifuged at 50g for 20 s. The
superncate was removed and the cell pellet (quickly re-
suspended in I ml of chilled buffer and cenitrif'uged for 30 s
at 5OOg in a Beckmain plastic microfuge tube (Beckman
Instrumenits, Inc., Spinco Div., Palo Alto, Calif.). Cell pellets
wvere wtashed once more withoLut resuspenisioni and with
chilled buffer containinig stucrose (100 mg/ml). 4%glutaralde-
hyde in 0.1 NI phosphate buffer (pH 7.4) was added to each
pellet, which was alloved to fix f'or 2.5-4 h at room tempera-
ture. The glutaraldehyde vas then aspiratecl and replaced
with 0.1 NI phosphate buffer (pH 7.4), and the radioactivity
in duiplicatte cell pellets determined in a gammacounter.

Preparation for electron inicroscopy and autoradiography.
Cell pellets were washed three times in phosphate buffer,
postfixed in 0. 1 XI osmiutm tetroxide in phosphalte buffer 0. I NM
(pH 7.4), progressi'velv dehydrated in gradledl ethaniol,
embedded in Epon (Shell Chemical Co., Houston, Tex.), cut
in 60-80-nm thin sections, and placed on copper grids. The
grids were coated with Ilford L4 emulsion (Ilford Ltd., Ilford,
Essex, England) by the method of Caro et al. (1 1), incubated at
40C for 3 Xwk, and developed wvith Microdol X (Eastman Kodak
Co., Rochester, N. Y.) as previously described (12). Prepara-
tions were theni stained with uranvl acetate anid lead citrate
and examinled on a Philips ENI 300 electron microscope
(Philips, Eindhoven, The Netherlands).

Samnpling and analysis of data. For eacih time point
analyzed, three blocks were used, and twvo sectionis were cut
from each block. Developecl grainis were photographed on
cells juidged morphologically well preserved at an initial
miiagnificationi of x 10,000 calibrated with a refereniee grid
(2,160 lines/mm). A mean of' 150 consecutive grains was
photographed for each time point. Grain ceniter was deter-
mined as previously described (12), and the distanee between
the grain center and the closest plasmila membrane was
Imleasuire(d on1 positive priints at a finial magniificatioin of
x30,000. The normiializedl number of grainis or the percent
total grains was plottedc as a f'uinction of the dlistance between
the graini center and the plasmia memiibranie (13).

Morphonietry. To knosv if' internalizecl grains hacl a
preferenitial associationi with intracellular organelles, a
probability circle method (14) was appliedl as previously
described (6). We used as ref'ereniee previously published
morphomiietric data (6) of'the volumte density for the differenit
strtcittures analvzedl (mIitochlondria, microbodie s, l'sosomial
struetuires, glveogen, rouigh end(loplasm;iie reticulumiii). The
total nlImlt)er of poinits acecumuitilated for a given orgaanelle
was tlheni caleulated and expressed as a percenitage of the
total numb)er of grains couintedl.

Atnalylsis of cell-associa ted radioactiv ity. In a separate

set of incubations at 200 and 37°C, cells were centrifuged
and washed as described under incubation conditions. the
cell pellet was mixed with a solution composed of 0.1%
Triton X-100, 3 NI acetic acid, and 6 M urea. This mixture
was centrifuged in a Beckman microfuge (Beckman Instru-
ments Inc.) at 12,000g for 5 min at room temperature; 87-
97% of the total cellular radioactivity was found in the
supernate. The extract was then applied to a G-50 (fine)
column (0.9 x 50 cm), which was equilibrated in and eluted
by either the extraction mixture or by 1 M acetic acid. 1-ml
samples were collected on an automated fraction collector.
Ali(luots of the media were taken at each time point of
incubation and applied directly to the Sephadex column as
above and, in addition, were examined for precipitability
by trichloracetic acid and adsorption to tale.

RESULTS

General cha racteristics of the isolated hepatocytes.
The isolated hepatocytes used for these experiments
are 22.0±0.1 p.m in diameter. They have the typical
morphological characteristics of other isolated hepato-
cytes previously described (15, 16). As seen by scain-
ninig EM (Fig. 1) aind in thin sections (Fig. 2), the
cells are well isolated and well preserved. Biochemical
studies provide evidence for the functional integrity
of these cells: they are able to bind labeled insulin
and glucagon (16) and to respond metabolically to
catecholamines (17), glucagon (18, 19), corticosteroids
(20), aind inlsu}lin (21).

Quantitative studies of the initial interactioni of

FIGURE 1 Lo\-p)os\er view of isolated hepatocytes. These
cells have a miieani (liamiieter of 22 gi.t ats imieasuire(d in the
statndlardl incubation *medlia, and this scanniiinig electroni micro-
graph illtistrates their three-dimensiional aspect: the cells
assu;me at rolindle(I shlpe, and their sturface is covered with
numerouis microvilli. x 1,800.
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FIGURE 2 Transmission electron micrograph of a thin section
of similar cells. This picture, representative of the isolated
status of the cells in the various incubations studied, shows
a good ultrastructural preservation of the plasma membrane
and the cytoplasm. x2,200.

125I-glucagon with isolated hepatocytes. We have
assumed in this and previous studies that the incuba-
tion of labeled hormones at low temperatures for short
periods of time most closely simulates the initial
binding step. When i251_glucagon is incubated with
isolated hepatocytes for 5 min at 20°C, developed
grains are easily detected at the cell periphery. Whena
large number of grains are photographed and their
distribution analyzed by the method of Salpeter et al.
(13), it can be seen that grains distribute symmetrically
around the plasma membrane (Fig. 3). This distribution
is essentially identical to the binding of 1251-insulin
to cultured human lymphocytes and isolated rat
hepatocytes; in addition, this grain distribution fits
within the universal curve of 125I irradiation from a
defined line source (Fig. 3).

Thus, i251Iglucagon initially localizes to the plasma
membrane. To determine whether grains localize to
specialized regions of the plasma membrane such as
coated invaginations, we have evaluated 200 photo-
graphs in which grains appear +250 nm of the plasma
membrane. Although coated invaginations are easily
detected, <1% of the grains analyzed were found
associated with these structures (data not shown).

Quantitative studies of apparent steady-state bind-
ing. When hepatocytes are incubated with 0.7 nM
i251-glucagon at 200C, the labeled material progres-
sively associates with the cell up until 90 min, when
apparent steady-state binding is reached and main-
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FIGURE 3 Distribution of 1251-insulin around plasma mem-
brane of IM-9 cultured human lymphocytes (top) and distribu-
tion of 1251-glucagon in isolated rat hepatocytes (bottom).
The methods of binding, preparation for autoradiography, and
analysis of data for the hepatocytes were similar to the
methods used for the lymphocyte previously described (12).
In this analysis, the normalized number of grains was plotted
as a function of the distance of the grain center to the plasma
membrane, and the histogram was constructed therefrom.
This distance was expressed both in nanometers and in
half-distance (distance from a line source of 125I that contains
50% of the developed grains). This last unit is used only for
comparison with the universal curve of i251 irradiation. The
solid line represents the universal curve of i25I irradiation
and is derived from the distribution of 1251 irradiation around
a defined line source (13). We have previously established
that when 1251-insulin is incubated with human lymphocytes
for 2 min at 15°C (12) and with isolated hepatocytes for 5 min
at 20°C (8), the distribution of autoradiographic grains is
consistent with localization to plasma membrane. Similarly,
when isolated rat hepatocytes are incubated with labeled
glucagon for 5 min at 20°C, the distribution of autoradiographic
grains is consistent with predominant plasma membrane
localization.

tained for at least 120 min (Fig. 4). In three of the four
experiments shown in Table I, there is little shift in
grain distribution over the entire incubation period,
but in one experiment a moderate grain shift is ob-
served at later times of incubation (Fig. 5) (Table I).

Fate of i25I-Glucagon in Isolated Hepatocytes 1083
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FIGURE 4 Time-course binding of 0.7 nM 1251-glucagon to isolated rat hepatocytes at 200 (experi-
ment 1) and 37°C (experiment 2). At 20°C, steady-state binding is reached by 90 min, whereas at
37°C, a steady state is achieved in 10-20 min. Nonspecific (NS) binding is low at both temperatures
used.

In contrast to the 20°C experiments, when cells are min (Fig. 4). By 30 min of incubation there is significant
incubated at 37°C, steady-state binding is reached by translocation of '251-glucagon, as demonstrated by the
10 min of incubation and maintained for at least 60 grain-distribution histogram (Fig. 6). When all four

TABLE I
Characteristics of Cell-associated Radioactivity from Cells Irncubated at 20°C

Timiie (min)

Experimenit 5 15 30 60 90 120

1 Percent translocated* 0 0 1 1 0 1
Total number of grains analyzed 82 96 130 141 135 182
Percent total 1251-glucagon boundl 1.12 2.45 3.44 4.94 5.96 5.74
Percent total '251-glucagon nonspecifically bound 0.09 0.25 0.31 0.34 0.27 0.39

2 Percent translocated* 0 0 19 18 16 31
Total number of grains analyzed 156 115 114 140 147 127
Percent total '251-glucagon boundt 1.30 2.17 3.56 4.44 4.21 4.58
Percent total '251-glucagon nonspecifically bound 0.29 0.29 0.33 0.38 0.38 0.50

3 Percent translocated* 0 5 7
Total number of grains analyzed 171 - 155 180
Percent total 1251-glucagon boundt 2.56 - 6.64 7.57
Percent total 1251-glucagon nonspecifically bound 0.32 - 0.46 0.47

4 Percent translocated* 0 4 5
Total number of grains analyzed 86 121 160
Percent total '251-glucagon boundt 5.22 - 2.11 - 11.22
Percent total 1251-glucagon nonspecifically bound 2.65 2.31 2.55

* To calculate the percent translocation for each experiment, the 5-min time point at 20°C was used as a control. For example,
in the first experiment, 87%of grains were contained within +250 ,tm. For each time point, the percent translocation is therefore
the percent grains beyond 250 ,u minus 13%.

Percent translocation = (grains > 250 iLm 0. 13 x 100.
total grains J

t Approximate counts per minute bound for each time point can be calculated for both total and nonspecific by taking 5 x 105
cpm for 1251-glucagon.
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FIGURE 5 Grain-distribution histogram of '251-glucagon binding to isolated hepatocytes after
incubation with 0.7 i±M 1251-glucagon at 20°C (experiment 1). The percent total number of grains
was plotted as a function of the distance of the grain center to the plasma membrane, and histograms
were constructed therefrom. In this experiment, there was essentially no change in autoradio-
graphic grains distribution from 5 to 20 min; this is consistent with plasma membrane localization
of grains. For further details of this experiment, see experiment 1, Table I.

incubations are considered for 30- and 60-min time Since autoradiography measures total binding, we

periods, a mean of 30% of the labeled glucagon is wished to be certain that nonspecific binding (cell-
intemalized by the cell, and the remainder is localized associated radioactivity in the presence of excess

to the plasma membrane (Table II). unlabeled glucagon) did not significantly influence
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FIGURE 6 Grain-distribution histogram of 1251-glucagon binding to isolated hepatocytes at 37°C
(experiment 2). Histograms corresponding to each time point ofbinding analyzed were constructed
as in Fig. 4. At the initial time of incubation, most grains localized to the plasma membrane, but
with increasing time of incubation there was a progressive shift of the grains to an intracellular
compartment extending to a maximal distance of -1,700 nm. Data were derived from Table II.

total grain distribution. First, it can be seen that
nonspecific binding is a relatively small proportion of
the total binding at both 200 and 37°C (Fig. 4) (Tables
I and II). Further, it can be seen that the nonspecific
binding distributes in the same way as the total binding
and therefore has little influence on the interpretation
of the shift in grain distribution as a function of
time (Fig. 7).

Quantitative localization of internalized 1251-gluca-

gon. To determine whether internalized grains
preferentially localize to specific intracellular struc-
tures, we have measured the volumetric density of
the major intracellular organelles of the peripheral
(2 gm) cytoplasm, in which grains predominantly
localize, and have previously reported these data
in detail (6). Wenext used a probability circle method
to estimate the probability that a given structure
represents the source of a developed grain. The
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TABLE II
Characteristics of Cell-associated Radioactivity from Cells Incubated at 370C

Time (min)

Experiment 2 5 10 20 30 60

1 Percent translocated* 4 4 6 13 17 29
Total number of grains analyzed 46 195 136 181 180 157
Percent total 12I-glucagon boundt 1.29 1.88 2.02 2.54 2.72 2.49
Percent total '2I-glucagon nonspecifically bound 0.26 0.29 0.14 0.17 0.22 0.35

2 Percent translocated* 1 3 3 11 30 33
Total number of grains analyzed 117 100 130 125 193 160
Percent total 12I-glucagon boundt 1.32 1.65 2 1.90 1.85 2
Percent total 'uI-glucagon nonspecifically bound 0.27 0.27 0.31 0.34 0.44 0.45

3 Percent translocated* 12 - 34 38
Total number of grains analyzed 134 166 174
Percent total 125I-glucagon boundt 1.77 - 2.32 2.41
Percent total 125I-glucagon nonspecifically bound 0.24 0.40 0.46

4 Percent translocated* 8 12 28 36
Total number of grains analyzed 182 168 134 137
Percent total 12I-glucagon boundt 4.88 5.27 6.14 5
Percent total 17-I-glucagon nonspecifically bound 2.13 1.86 1.77 2

* For the method of calculation see Table I.
4 Approximate counts per minute bound for each time point can
cpm for 1251-glucagon.

analysis was restricted to grains beyond 250 nm of
the plasma membrane.

When the percentage of grains associated with a
given structure was expressed in terms of the volume
density of the structure, it can be seen that there is a
fivefold preferential association of grains to lysosome-
like structures (Figs. 8 and 9), whereas there is no
preferential association to mitochondria, microbodies,
rough endoplasmic reticulum, or glycogen (nucleus
and lipid droplets, not shown, are associated with
<1% of grains). Examples of membrane-bounded
structures considered lysosomelike are shown in Fig. 8.

Nature of the cell-associated radioactivity. Morpho-
logically intact, biologically active, freshly isolated
hepatocytes release soluble protease activity into their
incubation media (Figs. 1 and 2). When cells are
incubated for 30-60 min at 37°C and separated from
the incubation media, the media activity degrades
labeled glucagon and insulin. To study cell-related
degradation, it is first necessary to inhibit this soluble
protease activity. Bacitracin inhibits this activity by
about 85% over a 1-h incubation at 37°C, and we have
included this protease inhibitor in all incubations. We
have previously shown that bacitracin does not inhibit
internalization2 (6, 8), and this has recently been

2 Receptor-linked 1251-insulin degradation is mediated by
internalization. Manuscript submitted for publication.

be calculated for both total and nonspecific by taking 5 x 105

confirmed (22). Ammonium chloride inhibits cell-
related degradation as shown below, but has no affect
on the soluble protease activity.

Whencells are incubated with labeled glucagon and
washed, and the cell-associated radioactivity is ex-
tracted and filtered on G-50 Sephadex, the radioactivity
elutes predominantly in two peaks. The major peak
elutes coincident with the 1251-glucagon marker, and
the other peak elutes beyond the 1251 elution volume
in the region of iodotyrosyle peptides (Fig. 10). A
small, relatively constant peak is seen in the void
region of the column. For incubations carried out at
20°C, most of the radioactivity elutes in the position
of glucagon, up until 120 min (Fig. 11, right). For
incubations carried out at 37°C, there is a greater and
progressive decrease in radioactivity eluting as intact
glucagon, up until 60 min of incubation (Fig. 11, left).
When the radioactivity appearing in the incubation
media is analyzed at each time point of incubation at
both 200 and 37°C, the data is generally similar to what
is seen in the cell extracts (Tables III and IV). We
have previously found that degraded products are not
taken up by the cells and are largely lost from the
hepatocytes during the processing of the pellet (6).
Thus, most of the radioactivity that was recorded in
our autoradiogram was derived from material with a
molecular size similar to native glucagon. These data
are similar to what we have previously reported for
insulin in the hepatocyte (6).

Fate of 125I-Glucagon in Isolated Hepatocytes 1087
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FIGURE 7 Grain-distribution histogram of '251-glucagon binding to isolated hepatocytes after 60
min of incubation with 0.7 nM 125I-glucagon at 37°C. The open columns represent the
distribution of grains corresponding to total binding. The percentage of total number of
grains is plotted as a function of the distance of grain center to the plasma membrane. In this
condition, 60%of the grains distribute around the plasma membrane, and 40%are found inside the
cell. Biochemical data indicate that in this experiment, nonspecific binding represented 14% of
the total binding. To know whether this nonspecific component could influence the total binding
grain distribution, we compared grain-distribution histograms of total and nonspecific binding
for identical time and temperature of incubation (60 min at 37°C). This analysis showed clearly
that nonspecific binding distributes in the same way as the total binding and cannot be responsible
for the shift in grain distribution observed for total binding.

To determine the relationship between the propor-
tion of the ligand internalized and the proportion
of the ligand degraded, the mean value of the percent
125I-glucagon internalized at each time point for the
four incubations shown in Table II was plotted as a

TABLE III
Analysis of Media Radioactivity of 125I-Glucagon

Incubated with Isolated Hepatocytes at 20°C

Time (min)

5 30 60 120

Elution peak II 87 86 85 83
Talc adsorption 96 95 93 91
Trichloracetic acid precipitation 87 79 71 62

In this experiment, an aliquot of the incubation media was
taken at each time point shown and either analyzed by Seph-
adex gel filtration as shown in Fig. 10 or by talc adsorption
and trichloracetic acid precipitation as previously described
(23).

function of the percent '251-glucagon degraded (Fig.
11); a strong positive correlation between these two
parameters was found (r = 0.95).

In an additional experiment, hepatocytes were
incubated for 60 min with the lysosomal stabilizing

TABLE IV
Analysis of Media Radioactivity of '25I-Glucagon

Incubated with Isolated Hepatocytes at 370C

Time (min)

2 10 30 60

Elution peak II 90 90 88 82
Talc adsorption 96 95 90 86
Trichloracetic acid precipitation 83 77 62 38

In this experiment, an aliquot of the incubation media was
taken at each time point shown and either analyzed by Sepha-
dex gel filtration as shown in Fig. 10 or by talc adsorption
and trichloracetic acid precipitation as previously described
(23).
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FIGURE 8 Selected images of developed autoradi
grains associated with structures referred to as lysos
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agent, 8 mMammonium chloride. In this cas

was less cell-related degradation than seen in
tions where only bacitracin was present (Tabl

DISCUSSION
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localizes to the plasma membrane of the hepatocyte;
(b) at 20°C the labeled material remains predomi-
nantly localized to the plasma membrane from initial
binding through apparent steady-state binding; (c)
at 37°C, after a brief delay, the labeled material is
progressively internalized by the hepatocyte; (d) the
internalized labeled material preferentially associates
with lysosomelike structures; (e) when i25_Iglucagon
is incubated with hepatocytes at 37°C, the cell-associ-
ated radioactivity is degraded as a function of

- :11 incubation time.
Thus, labeled glucagon interacts with the hepato-

cyte in a qualitatively similar fashion to labeled
insulin. Both ligands initially bind to the plasma
membrane; both ligands are internalized by the cell
at 37°C; both ligands preferentially associate with
lysosomal structures; and both ligands are degraded
by the cell (6). Glucagon and insulin differ somewhat
quantitatively in their interaction with the hepatocyte
in that the internalization of glucagon is somewhat
slower and more temperature dependent. The inter-

ographic nalization of i25I-insulin is proportional to binding
omelike. at both 200 and 37°C, whereas the rate of internalization
tr bodies of 1251-glucagon is more delayed with respect to the
sosomes; rate of binding (24). Inasmuch as the cell is the same
)plasmic in both cases, the differences must reside in the ligand

or the specific receptor. It is unclear, however, what
property is important in producing these differences.,e there When analyzed in an appropriate quantitative

incouba- fashion, the EM autoradiographic technique is well
e V). suited to measuring i251 radioactivity on the plasma

membrane, and when a base line is established, a shift
in grain distribution clearly indicates internalization

rly time of radioactivity (12, 13). We have shown that non-
initially specific binding and background irradiation do not

MITOCHONDRIA MICROBODIES LYSOSOMES RER GLYCOGEN

FIGURE 9 Relationship of autoradiographic grains to intracellular organelles (mitochondria,
microbodies, lysosomes, rough endoplasmic reticulum, and glycogen) expressed as the ratio of the
percentage of grains related to organelles over the relative volume occupied by intracytoplasmic
organelles (volume density) (experiment 4).
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FIGURE 10 Sephadex G-50 filtration elution profile of extract
of cell-associated radioactivity. Hepatocytes were incubated
with '251-glucagon in Krebs-Ringer bicarbonate buffer in
the presence of 0.8 mg/ml of bacitracin. At the end of each
time point of incubation (shown in Figs. 5 and 6), cells were

centrifuged and the pellet washed with buffer. The cell
pellet was then extracted with a mixture of 0.1I% Triton X-100,
3 M acetic acid, and 6 M urea, and the mixture centrifuged
at 12,OOOg for 5 min. The supernate (87-97% of total cellular
radioactivity) was then applied at a G-50 (fine) column
(0.9 x 50 cm), which was either equilibrated in and eluted by
the extraction mixture or by 1 M acetic acid. The peak
elution volume of the void, '25I-glucagon, and 125I are shown
at the top and the slashes designate the fractions (1 ml each)
pooled for peaks I, II, and III. Peak I (void) refers to fraction
11-15; peak II (intact '251-glucagon) to fraction 22-32; and
peak III (degraded products) to fraction 33-42. The results
of all incubation times at 20° and 37°C are given in Fig. 11.

account for the shifts in grain distribution. We have
interpreted these data to mean that 1251-glucagon
initially binds to specific cell surface receptors and
is internalized by adsorptive pinocytosis into small
endocytic vesicles, and that these vesicles subse-

200 C~~~~~ ~Peak 11

Peak III
la_ Peak III

._,,,,,-PeakI A

I i l I 1rPeak I

0 15 30 60 0 30 60 120
TIME - MINUTES

FIGURE 11 Percentage of radioactivity appearing in Sepha-
dex elution profile shown in Fig. 10 for each time point
of incubation.

quently fuse with membrane-bounded structures with
the morphologic characteristics of secondary lyso-
somes. As in our previous study with 1251-insulin in
the isolated hepatocyte, we have been unable quanti-
tatively to associate labeled glucagon with structures
having the morphologic characteristics of endocytic
vesicles. We believe this is due to our inability to
resolve these small structures quantitatively by the
autoradiographic technique. Morphologic probes with
higher resolution demonstrate both low density
lipoprotein (25) and epidermal growth factor (26) in
presumably endocytic vesicles at early times of
incubation.

Wehave shown, however, that grains are preferen-
tially localized to membrane-bounded structures, which
we interpret to be secondary lysosomes. First, these
structures are indistinguishable from our previous
study with labeled insulin (cf. Fig. 9 with Fig. 3
of reference 6). In addition, when cytochemical tech-
niques are used, we find, in preliminary studies, that
grains frequently associate with acid phosphatase-

TABLE V
Sephadex G-50 Elution Profile of Radioactivity Extracted
from Hepatocytes Incubated in the Presence or Absence

of Ammonium Chloride for 60 min at 37°C

Elution

Condition Peak I Peak 11 Peak III

Bacitracin 3 69 20
Bacitracin plus 8 MM

ammonium chloride 2 83 9

Methods are the same as for experiments shown in Figs. 10
and 11.
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positive structures.3 Finally, we have applied the
autoradiographic technique used in this study to five
different ligands in four cell types: these include
low density lipoprotein (27) and epidermal growth
factor binding to cultured human fibroblast (28, 29);
insulin binding to cultured human lymphocytes
(12, 30), isolated rat hepatocytes (6), and intact liver
(7); human growth hormone (31) and anti-insulin
receptor antibodies to cultured human lymphocytes
(32); and epidermal growth factor binding to human
epidermoid carcinoma cells.4 In addition, we have
compared the autoradiographic technique to studies
using ferritin-labeled ligands in two of these systems
(27).4 When these studies are taken together, they
suggest that all of the ligands studied in the different
cell types are involved in a similar qualitative process,
and that all of these systems involve lysosomal associ-
ation of the internalized material.

Our studies demonstrate the initial localization of
1251-glucagon to the cell membrane by a morphologic
technique. The data confirm previous biochemical
studies and further suggest that binding, internaliza-
tion, and lysosomal processing are general mechanisms
related to many polypeptide hormones and growth
factors.

Because all the components of the glucagon system
necessary for the expression of a biologic effect (i.e.,
receptor-adenylate cyclase and its nucleotide-binding
regulatory subunit) are contained in the plasma
membrane, it is unlikely that internalization is neces-
sary for the biologic action of glucagon. This assump-
tion is further supported by the delay in internalization
with respect to binding at physiologic temperatures.

There are at least two other functions mediated
through the hormone receptor: these include degrada-
tion of the ligand (33) and the ability of the hormone
to regulate the concentration of its cell surface
receptor (34).

Recent studies have shown that hepatic metabolism
accounts for 32% of the metabolic clearance rate for
glucagon and 49% of the metabolic clearance rate of
insulin (35). These figures are consistent with the
relative proportions of glucagon (see Table II) and insulin
(24) internalized by the hepatocyte under apparent
steady-state conditions, and support the notion that

3In preliminary studies we find that when 1251-insulin is
incubated with isolated hepatocytes and 1251-human growth
hormone is incubated with cultured human lymphocytes, that
approximately one-third and one-half, respectively, of lyso-
somelike structures associated with grains are positive for a
single lysosomal marker (acid phosphatase). These values
are somewhat higher than reported by Bergeron et al. (5),
as previously discussed (7).

4Wehave studied by our autoradiographic technique cells
of the A-431 epidermoid carcinoma line that have previously
been studied for ferritin-epidermal growth factor binding
by Haigler et al. (26).

one function of the internalization process is to remove
the hormone from the cell surface to an internal
degradation site.

Although we cannot conclude that the hepatocyte
degrades glucagon exclusively by way of a lysosomal
pathway, we have shown that glucagon degradation is
occurring, as the incubation proceeds, in a similar
fashion to that of labeled insulin (6, 8). In addition,
both glucagon and insulin degradation in hepatocytes
are inhibited by agents such as ammonium chloride
(36), which are thought to act as lysosomal stabilizing
agents.5 The degradation of glucagon as insulin by
hepatocytes is complex, involving both cell-related
processes and soluble proteases. It is not possible,
therefore, to quantify directly the lysosomal component
of glucagon degradation.

It is now well established for a number of polypeptide
hormones and growth factors that the ligand can cause
the loss of its cell surface receptor. This process has
been demonstrated for glucagon both in vivo (10, 38,
39) and in vitro (40). If internalization occurs by way
of adsorptive pinocytosis, then the membrane segment
containing the receptor may also be internalized (41).
Under these conditions the specific hormone receptor
would be lost from the cell surface. Since the various
components of the receptor-effector system (the
receptor and the catalytic subunits) are presumably
free to move in the plane of the membrane, each
component may be internalized separately.

Other polypeptide hormones that have similarities
to glucagon, in that they act through a second mes-
senger, appear to behave in a similar fashion to
glucagon (42, 43).

The mechanism by which a presumed univalent
ligand such as glucagon, other polypeptide hormones,
and growth factors appear to induce their intemaliza-
tion by the cell is unknown. It is attractive to speculate
that these agents induce some form of aggregation of
their specific receptor proteins, but further work will
be necessary to confirm these speculations.
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