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ABSTRACT Quantitative electron microscopic au-
toradiographic studies in cultured human lymphocytes
and isolated rat hepatocytes have demonstrated that
labeled insulin initially localizes to the plasma mem-
brane and is subsequently internalized to a limited
region of the peripheral cytoplasm.

When 0.5 nm ®I-insulin is incubated with isolated
rat hepatocytes, binding to the plasma membrane oc-
curs at both 20°C and 37°C. Under steady-state binding
conditions =30-40% of the labeled hormone is inter-
nalized to a distance of =15% of the radius of the cell.
When the localization of the internalized labeled ma-
terial is analyzed, by 2-5 min of incubation at 37°C
there is a fivefold preferential association of autoradio-
graphic grains with lysosomal structures, and by 30-60
min of incubation at 37°C there is a 10-fold preferential
association. When the cell-associated radioactivity is
extracted and filtered on Sephadex G-50 at each time
point of incubation, radioactivity elutes predominantly
in the position of **I-insulin and is predominantly tri-
chloracetic acid precipitable, bindable to talc, and re-
bindable to liver membranes.

With increasing time of association at 37°C the initial
rate and absolute amount of labeled material dissoci-
able from the cell is reduced. With increasing time of
dissociation both the cell-associated radioactivity and
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the radioactivity released into the incubation medium
is progressively degraded.

These data demonstrate that in isolated rat hepato-
cytes labeled insulin initially localizes to the plasma
membrane, is progressively internalized, and associ-
ates preferentially with lysosomal structures. These
events may provide a mechanism that links cell surface
binding to the degradation of insulin and to insulin-
induced loss of its specific receptor.

INTRODUCTION

When insulin binds to specific surface receptors on
target cells several diverse effects take place. First, a
variety of biologic responses occur, the nature of which
depend on the cell. Second, there must be a mechanism
of terminating the stimulatory effect. Thus there is de-
gradation or inactivation of the hormone. Finally, in-
sulin exerts a regulatory effect on its specific receptor
that may lead to either an alteration of the affinity (1) or
of the concentration of the receptor (2).

The steady-state binding of insulin to its receptor has
been visualized as an equilibrium between the receptor
on the cell surface and its external environment (in-
cluding a component of noncompetitive binding [non-
specific binding], and degradation of the labeled ligand).
When the binding process is directly visualized, as can
be done by combining quantitative electron microscopic
autoradiography with direct binding studies, there is an
additional component of the process that is represented
by an intracellular translocation of the labeled hor-
mone. Our initial studies involved the cultured human
lymphocyte of the IM-9 line (3). We demonstrated that
labeled insulin initially localized to the plasma mem-
brane but at 37°C a small component was translocated
intracellularly. Further studies in isolated hepatocytes
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have demonstrated that labeled insulin initially lo-
calizes to the plasma membrane in a similar fashion to
the cultured human lymphocyte but as a function of
time at 37°C there is a systematic and progressive trans-
location of the labeled hormone intracellularly (4, 5).

Because the liver is a primary target for the biologic,
degradative, and receptor regulatory effects of insulin,
we have studied the visual events of binding in detail.
In the present study we have (a) characterized the iso-
lated hepatocyte morphologically, (b) determined
whether labeled insulin binds to specialized regions of
the cell surface (i.e., coated segment), (c) defined the
intracellular localization of the labeled material, (d)
investigated the nature of the cell-associated and dis-
sociated radioactivity, and (e) studied the dissociation
of cell-bound radioactivity as a function of association
time and temperature.

METHODS

Cells and reagents. Hepatocytes were isolated from nor-
mal 6- to 8-wk-old Wistar rats fed ad libitum by a modification
of the method described by Seglen (6). The salient features
of the method are: (a) nontraumatic canulation of the portal
vein, (b) immediate blanching of the liver upon perfusion of
the wash solution; perfusion without recirculation (50 ml/min)
of 200 ml of 10 mM Hepes buffer (pH 7.8) at 37°C, (c) perfusion
with recirculation of buffer that contained from 0.25 to 0.50
mg/ml collagenase (Sigma Chemical Co., St. Louis, Mo. or
Worthington Biochemical Corp., Freehold, N. J.) and 5-10
mM CaCl, for 6-10 min, (d) liver is teased apart and cell sus-
pension fitered through three layers of cheese cloth followed
by centrifugation at 50 g for 1 min and resuspension in Krebs-
Ringer bicarbonate buffer (KRB)! repeated four times, and
(e) the final cell pellet is resuspended in 40 ml of buffer in a
Falcon cell culture flask (Falcon Labware, Div. of Becton,
Dickinson & Co., Oxnard, Calif.) and cells are gassed with
95% O, and 5% CO,. The percentage of parenchymal cells
(hepatocytes) in the purified cell suspension exceeds 98%;
the viability of the cell suspension estimated by the trypan
blue exclusion and by morphological criteria (peripheral re-
fractoriness of intact cells under the light microscope) was
85-95%. ?*I-insulin was prepared at a specific activity of 250
nCi/ug by a modification of the chloramine T method (7). The
labeled insulin was purified by filtration on Sephadex G-50
(Pharmacia Fine Chemicals Inc., Piscataway, N. ]J.) at 4°C
before each experiment.

Incubation conditions. Hepatocytes at a final concentra-
tion of 1 x 108 cells/ml were incubated in duplicate in 0.5 ml of
modified KRB (pH 7.7) that contained 25 mg/ml bovine serum
albumin (fraction V) and 0.8 mg/ml of bacitracin with 0.5 nM
(3 ng/ml) *I-insulin at 20° and 37°C for varying periods of
time. Bacitracin was added to prevent insulin degradation in
the medium during exposure to hepatocytes (8). Identical in-
cubations were carried out in the presence of 27 uM unlabeled
insulin to determine nonspecific binding (i.e., cell-associated
radioactivity in the presence of an excess of unlabeled hor-

! Abbreviations used in this paper: EGF, epidermal growth
factor; EM, electron microscopy; KRB, Krebs-Ringer bicar-
bonate buffer; LDL, low density lipoprotein; RER, rough
endoplasmic reticulum; SER, smooth endoplasmic reticulum;
TCA, trichloroacetic acid.
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mone). At the times indicated, 1 ml of chilled buffer was added
to each tube, immediately followed by centrifugation for 20 s
at 50 g. The supernate was discarded and the cell pellet
quickly resuspended in 1 ml of chilled buffer and centrifuged
for 90 s at about 500 g in a Beckman plastic microfuge tube
(Beckman Instruments, Inc., Spinco Div., Palo Alto, Calif.).
Cell pellets were further washed (without resuspension) in
chilled buffer that contained 100 mg/ml of sucrose. At the
end of the wash procedure, 4% glutaraldehyde in 0.1 M phos-
phate buffer was added to each cell pellet and allowed to fix
for 4 h at room temperature. The glutaraldehyde was then
aspirated and replaced with 0.1 M phosphate buffer, pH 7.4,
and the radioactivity in duplicate cell pellets determined.

Analysis of cell-associated radioactivity. In a separate set
of incubations at 20° and 37°C, cells were centrifuged and
washed as described under incubation conditions. The washed
pellet was then extracted with a mixture of 0.1% Triton X-100
(Rohm & Hass Co., Philadelphia, Pa.), 3 M acetic acid,and 6 M
urea. The mixture was centrifuged in a Beckman microfuge at
12,000 g for 5 min at room temperature and 95-98% of the
total cellular radioactivity was found in the supernate. The
supernate was applied to a Sephadex G-50 fine column (0.9
x 50 cm), which was equilibrated and eluted by the extraction
mixture or by 1 M acetic acid. 1-ml samples were collected on
an automated fraction collector. Precipitation by 10% trichlo-
roacetic acid (TCA), adsorption to talc, and specific binding to
rat liver membranes were carried out as described (9), except
that the binding assay was conducted for 60 min at 30°C with
plasma membranes at 0.2 mg protein/ml.

Analysis of dissociation of cell-associated radioactivity. A
separate set of incubations were carried out exactly as de-
scribed above except that *I-insulin concentrations were be-
tween 5 and 7 ng/ml. At the end of the association period 1 ml
of chilled buffer was added to each tube and centrifuged at
50 g for 30 s. The supernate was aspirated, the cells resus-
pended, and the centrifugation repeated. The cell pellet was
resuspended in 3 ml of chilled buffer and a 0.2-ml aliquot
of this suspension was further diluted to 10 ml in the absence
(dissociation by dilution alone) and in the presence of unla-
beled insulin (1 ug/ml) in the dilution buffer (dissociation by
dilution plus unlabeled insulin). Dissociation of hepatocyte-
bound radioactivity was then allowed to proceed at 30°C. Ex-
periments at 37°C were performed in the absence and in the
presence of bacitracin (0.8 mg/ml) in incubation medium dur-
ing association. At the designated time points the cell sus-
pension was filtered on cellulose acetate 1.0-um Millipore
filters (Millipore Corp., Bedford, Mass.) as described (7).

Properties of radioactivity dissociated from hepatocytes.
In a separate set of incubations at 37°C, 2%I-insulin at 16-20
ng/ml was incubated with hepatocytes for 30 min at 37°C (as
described under incubation conditions). At the end of incu-
bation, cells were sedimented by centrifugation and the
supernatant media were collected and stored at —20°C. The
cell pellets were washed, quickly resuspended in 3 ml of
insulin-free buffer, and dissociation of hepatocyte-bound
radioactivity was allowed to proceed at 37°C. At the times
indicated, cells were sedimented by centrifugation and the
supernatant media collected as indicated above. The proper-
ties of cell-dissociated radioactivity were analyzed by gel
filtration, TCA precipitation, talc adsorption, and receptor-
binding to liver membranes (as described under analysis of
cell-associated radioactivity). In a parallel set of incubations,
the washed cell pellets were extracted and analyzed by gel
filtration as described above. Bacitracin (0.8 mg/ml) was pres-
ent in the incubation buffer throughout association and dis-
sociation to prevent insulin degradation in the medium dur-
ing exposure to hepatocytes (9).

Preparation for electron microscopy and autoradiography.
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After three successive washings in phosphate buffer, the cell
pellet was post-fixed in 0.1 M osmium tetroxide, pH 7.4, for2 h
at room temperature, dehydrated in graded ethanol, and em-
bedded in Epon (Shell Chemical Co., Houston, Tex.). Grids
that contained the sections were coated with Ilford L4 emul-
sion (Ilford Ltd, Ilford, Essex, England) by the method of
Caro et al. (10) as described (3). After 3-5 wk, the grids were
developed in Microdol X (Eastman Kodak Co., Rochester,
N. Y.). Samples were then examined in a Philips EM 300
electron microscope (Philips Instruments, Eindhoven, Neth-
erlands), and grains photographed only on cells that were
judged to be well preserved. Photographs were taken at a
magnification (x9,000) calibrated with a reference grid 2,160
lines/mm (Ernest F. Fullam, Inc., Schenectady, N. Y.).

Morphometry. Cell diameter was measured, as described
(3), from semi-thin sections (1-um thick) photographed with
a phase-contrast microscope (Carl Zeiss, Oberkochen, West
Germany). A total of 1,200 cells were measured at a final
magnification of x660. Because autoradiographic grains
were predominantly found in an area of cytoplasm ex-
tending 1.5-2 um beyond the plasma membrane, we deter-
mined in thin sections the volume density of the main intra-
cellular structures within this area. Structures analyzed were
mitochondria, microbodies, lysosomal structures, rough endo-
plasmic reticulum (RER), smooth endoplasmic reticulum
(SER), glycogen, lipid droplets, and nucleus. The determina-
tion was carried out under three different incubation condi-
tions: 2-5 min of incubations at 37°C, 30-60 min of incuba-
tion at 37°C, and 90— 120 min of incubation at 20°C. For each
of these conditions four different Epon blocks were cut and
a total of 48 pictures were analyzed (12 pictures per block
section). For each section, random sampling was insured by
photographing the closest hepatocyte cytoplasm to each
corner of three consecutive squares of the supporting grid.
Pictures were taken at an initial magnification of x9,000.
Morphometric determinations were made on prints enlarged
three times (final magnification x27,000) with a test screen
(160 x 205 mm) in the form of double period square lattice
(with a 1:9 ratio). The rectangular frame of the electron micro-
graph enclosed 891 test points, of which 99 were set off as
“heavy points.” The coarse grid was useful for estimating
the volume of the cytoplasmic shell extending 2 um beyond
the plasma membrane. The fine grid was used to estimate
the volume of the various structures previously cited. The
volume density (Vv) of organelle was determined by point
counting (11). Vv = Pp organelle/Pp cytoplasm, where Pp
represents the test points enclosed by a given profile (Pp
cytoplasm represents the number of coarse grid points hitting
the cytoplasm multiplied by nine). The percentage of grains
beyond 300 nm of the plasma membrane, which was related
to each of the intracellular organelles previously characterized
by morphometry, was evaluated by a probability circle method
(12, 13). Each grain was superimposed by a circle with a diam-
eter of 500 nm. On the perimeter of this circle, five equi-
distant points were marked. As suggested by Staiibli et al.
(13), the probability that a developed autoradiographic grain
originates from a given structure can be estimated by this
“probability circle.” If, for example, three marks hit a mito-
chondria and the two others a lysosome, the chance that the
mitochondria and(or) the lysosome might have been the source
of radiation was estimated to be 3 in 5 or 2 in 5, respectively.
The total number of points accumulated for a given organelle
was then calculated and expressed as percentage of the total
number of grains counted. To measure the size of lysosomal
structures, the shape of these organelles was approximated
by circles and the diameter of the circles determined by com-
parison with calibrated circles.

Lysosomal Association of *I-insulin in Isolated Rat Hepatocytes

RESULTS

General characteristics of the isolated hepatocytes.
The hepatocytes used for these experiments are 22.0
+0.1 um in diameter and are typical of other isolated
hepatocytes that have been morphologically character-
ized (14, 15). The cells were well isolated and the sur-
face was morphologically intact as seen by scanning
electron microscopy (EM) (not shown) and in thin sec-
tion by transmission EM (Fig. 1). In addition to their
surface membrane structure, the intracellular organ-
elles of these cells were well preserved (Fig. 1). Further
evidence of functional integrity of these cells was
demonstrated by their ability to bind labeled insulin
and glucagon (15) and to respond metabolically to cate-
cholamines (16), glucagon (17, 18), corticosteroids (19),
and most importantly, insulin (20).

Relationship of grains to cellular structures. Grains
that initially localize to the plasma membrane at 5 min
of incubation at 20°C were frequently related to micro-
villous structures. Because other ligands, i.e., low den-
sity lipoprotein (LDL), have been shown (21-23) to
localize to specialized structures of the membrane
called coated invaginations, we examined photographs
of grains that were either on the plasma membrane
or 200 nm from the plasma membrane for localization
to coated segments. Though coated invaginations are
easily detected on the liver plasma membrane (24), no
localization of autoradiographic grains to these struc-
tures were apparent in an examination of over 250
photomicrographs taken from 5 min of incubation at
20°C (Fig. 2).

To determine whether grains appearing beyond 300
nm of the plasma membrane have a preferential locali-
zation to cytoplasmic organelles, we determined by
morphometric means the volume density of the glyco-
gen, mitochondria, lysosomal structures, microbodies,
SER, RER, lipid droplets, and nucleus as well as the
percentage of grains related to these organelles within
this same region of the cell (Figs. 1 and 3). To be
certain that there was no major redistribution of organ-
elles induced by labeled insulin these determinations
were carried out in three experimental conditions (2-5
min and 30-60 min of incubation at 37°C, and 90-120
min at 20°C) where translocations of grains were ob-
served. Morphometric data shown in Table I indicate
that the volumetric density of most of the intracellular
organelles studied at the cell periphery did not change
significantly with time or temperature of incubation.
Note, however, that the volumetric density of glycogen
was significantly higher after 90— 120 min at 20°C than
at 37°C. Values obtained were also compared to data
published by Weibel et al. (25) and referred to the total
hepatocyte studied in situ. To the extent that our data
can be compared to data from the whole cell, there is
the suggestion that lysosomes and SER were more fre-
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FIGURE 1 General view (x9,000) of an isolated hepatocyte in thin section. The dashed line is
drawn at 1.6 um from the plasma membrane to illustrate the maximum penetration of radiation.
Because the radius of the cell represents about 22 um this distance represents no more than 15%
of the cell radius. (For the assumption made in this figure, see Fig. 1 in reference 3).

quent at the hepatocyte periphery and that RER was
less abundant in this region.

To determine if there was a preferential localization
of autoradiographic grains to specific intracellular
organelles, we calculated the ratio of the percentage
of grains related to organelles over percentage of organ-
elles within the periphery of the hepatocyte. After only
2-5 min of incubation at 37°C there was a fivefold
increase in the ratio of grains associated with lysosomal
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structures and this increased to 10-fold by 30-60 min
of incubation (Figs. 3 and 4). A significant preferential
localization of grains to lysosomes was also observed
at 90— 120 min at 20°C. By contrast, there was no prefer-
ential localization to structures of similar size such as
microbodies or other organelles such as mitochondria,
SER, RER, or glycogen. Less than 1% of grains were
associated with the nucleus and fat droplets.

We wished next to determine if a particular class of
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lysosomal structure was preferentially labeled. We first
measured (in random pictures unselected for autoradio-
graphic grains) the mean diameter of all lysosomes
seen in peripheral cytoplasm (Fig. 3). The range of
values and distribution is shown in Fig. 5A. We next
determined the mean diameter of all lysosomal struc-
tures that were previously scored by the probability
circle (see above). Note that autoradiographic grains
were related to a class of lysosomal structures of rela-
tively uniform size (Fig. 5B).

Analysis of cell-bound radioactivity. It has been
previously reported that 1*5I-insulin exposed to isolated
hepatocytes (8) or purified liver membranes (9) is pro-
gressively degraded in a temperature-dependent fash-
ion. At 37°C, this degradation is minimized when bac-
itracin is added to the incubation medium (Table II).2
The degradation of »*I-insulin during its exposure to
hepatocytes can be accounted for largely by the release
of degradative material(s) (presumably, proteolytic en-
zymes) into the medium. The nature of the radioactive
products in the incubation media has been investigated
(8) but the nature of the exclusively cell-associated
radioactivity has not been studied.

Because autoradiography measures total cell-associ-
ated radioactivity, it is essential to characterize the
nature of the cell-associated radioactivity. At the end of
the incubation periods, shown in Table III, cells were
centrifuged, separated from the assay buffer, washed,
and the pellet dissolved in a mixture of Triton, urea,
and acetic acid. Under these conditions 95-98% of the
cell-associated radioactivity was extracted and applied
to a Sephadex G-50 column. For incubations carried out
at 20°C, 81-87% of the radioactivity eluted in the posi-
tion of ®I-insulin (Fig. 6, Table III). The radioactivity
eluting in this peak was 94-97% TCA precipitable,
87-92% bindable to talc, and predominantly rebindable
to liver membranes (Table I1I). The remainder of the
radioactivity eluted after the iodide marker in the posi-
tion of iodotyrosyl peptides that loosely adsorb to the

2 To exclude the possibility that results on internalization
or morphometric analysis were caused by either bacitracin or
some potential artifact of the collagenase isolated hepatocytes,
two different kinds of experiments were carried out. First an
experiment was carried out at 37°C at 30 min of incubation
in bacitracin-free media. The results were essentially identical
to the 30-min time point shown in (5) and to data in Fig. 4.
Second, a similar type of study was performed in intact rat
liver 10 min after the intraportal injection of *5I-insulin and
again the results were very similar (Carpentier, J-L., P. Gorden,
P. Barazzone, P. Freychet, A. Le Cam, and L. Orci. 1979.
Intracellular localization of **I-insulin in hepatocytes from in-
tact rat liver. Proc. Natl. Acad. Sci. U. S. A. In press.)
Bergeron et al. (26) have reported in abstract form that
10 min after the injection of labeled insulin into the rat
that autoradiographic grains are internalized and, although
no quantitative data is presented, it is stated that grains overlie
lysosomes, the Golgi apparatus, other organelles and
plasmalemma.

Lysosomal Association of *I-insulin in Isolated Rat Hepatocytes

FIGURE 2 View (x52,000) of developed autoradiographic
grain and coated invagination (see arrow). In an evaluation of
250 photomicrographs from 5 min of incubation at 20°C, we
found only two grains associated with coated invaginations
with techniques identical to ones used in previous studies that
have shown significant associations in human fibroblasts (30, 47).

column. At 20°C the presence or absence of bacitracin
in the incubation medium made little difference in the
elution profile. For incubations carried out at 37°C from
68 to 81% of the radioactivity eluted in the position of
125 .insulin (5) (Fig. 6). The remainder eluted as small
molecular weight components as seen for the 20°C incu-
bation and as a void volume peak that was seen signif-
icantly only at 37°C (5) (Fig. 6). To determine whether
the elution profile of the cell extract was different by
allowing for a period of dissociation before extraction,
cells were incubated for 30 min at 37°C, washed, and
resuspended in insulin-free medium for varying peri-
ods of time (Table IV). After a 15-min dissociation (41%
of the initial cell-associated radioactivity was released
into the medium over this period) the major part of the
remaining cell-associated radioactivity still eluted as
intact insulin. At later times, an increasing proportion
of the cell-associated radioactivity eluted as small mo-
lecular weight components that represented the major
proportion of the radioactivity recovered after gel fil-
tration of the cell extract at 60-min dissociation (76% of
the initial cell-associated radioactivity was released
into the medium over this period [Table IV]).
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FIGURE 3 View (x27,000) of the periphery of isolated hepatocytes incubated for 60 min at 37°C
with #5[-insulin. In these selected pictures, internalized autoradiographic grains are either over
or close to lysosomal structures. We have considered as lysosomal structures membrane bounded
intracytoplasmic organelles known to exhibit a lysosomal activity, i.e., dense bodies, multivesic-
ular bodies, autophagosomes, glycogenosomes, etc. Most of the intracytoplasmic structures
analyzed by morphometry and by the probability circle method are illustrated at the same magni-
fication as that used for these quantitative determinations. m, mitochondria; Ly, lysosomes; Gly,
glycogen.

Although it has been clearly shown that degradation = were not taken up by the cell in some other way during
products of *I-insulin do not bind to the insulin re- the course of our 37°C incubation. When !%*5I-insulin
ceptor (9), we wished to be certain that these products was preincubated with hepatocytes for 60 min at 37°C

TABLE I
Volumetric Densities of Intracellular Organelle at the Periphery
of Isolated Hepatocytes

2-5 min 37°C 30-60 min 37°C 90-120 min 20°C

(n =48) (n =48) (n =48) Weibel (25)

Mitochondria 23.3+1.2 22.2+1.4 22.2+1.6 23.7
Microbodies 1.4+0.3 1.8+0.3 1.4+0.2 14
Lysosomes 2.1+0.4 1.9+04 2.6+0.6 0.8
SER 18.8+1.4 17.0x1.4 15.7+£1.6 5.9
RER 3.8+0.6 3.8+0.4 2.8+0.4 9.4
Glycogen 4.5+0.8 5.9+0.8 8.7+0.9

Nucleus 0.2+0.1 0.1+0.1 0.1+0.1 58.8
Lipid droplet 0.5+0.2 0.4+0.2 2.0+04

Remaining cytoplasm 45.4 46.9 445

n, number of pictures analyzed.
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FIGURE 4 Relationship of autoradiographic grains to intra-
cellular organelles (mitochondria, microbodies, lysosomes,
SER, RER, and glycogen) expressed as the ratio of the per-
centage of grains related to organelle over the volumetric
density of organelles. Note that the association of grains with
lysosomes at 2 h at 20°C is similar to that for 2-5 min at 37°C.
This most likely results from decreased degradation of the
labeled material with a lesser degree of inhibition of the in-
ternalization process resulting in some accumulation of la-
beled material in the lysosomes. SER consists of small vesicu-
lar structures and it is difficult to distinguish grains associated
with these structures from ground cytoplasm, thus data on
SER should be considered in these terms.

in the absence of bacitracin to allow for degradation
and then incubated with fresh cells, binding was only
one-fifth of that seen with both fresh tracer and fresh
cells (Table V). Furthermore, when free ?*I-insulin was
incubated with fresh hepatocytes essentially none of
the radioactivity associates with the cell (Table V).
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FIGURE 5 Size distribution histogram of lysosomal struc-
tures. (A) 225 lysosomal structures were measured in the
peripheral cytoplasm of cells unselected for the presence of
autoradiographic grains. The diameter of each structure was
measured. The percentage of lysosomal structure is plotted
as a function of the diameter of the structure. (B) Lysosomal
structures selected for their relationship to autoradiographic
grains. The data are plotted in an identical fashion to that
shown above. The mean diameter for random lysosomes (A)
is 521 nm and 364 nm for lysosomes with grains. The meas-
ured diameters should be increased by 27% to correct for
sectioning (11).

Lysosomal Association of *I-insulin in Isolated Rat Hepatocytes

TABLE 11
Receptor-Binding Ability of Radioactivity in the Medium
after Exposure of **I-Insulin to a Suspension of Hepatocytes
(Cells plus Medium) or to a Cell-Free Medium previously
Exposed to Hepatocytes in the Absence of Insulin

Percentage of **I-insulin remaining intact

Bacitracin Cells plus medium* Cell-free mediumt
% of controls
0 18 24
+ 64 77

Results represent the mean of duplicate measurements.

* 125 insulin (3 ng/ml) was exposed to hepatocytes (10°
cells/ml) for 60 min at 37°C in the absence or presence of
bacitracin (0.8 mg/ml). Cells were then sedimented by
centrifugation and the radioactivity in the supernate was
analyzed for its ability to specifically rebind to fresh liver
membranes, as indicated in Methods.

{ Hepatocytes (10 cells/ml) were first incubated in medium
without 1%I-insulin for 30 min at 37°C. Cells were then
sedimented by centrifugation, and the cell-free supemate
was incubated with fresh ?*I-insulin for 60 min at 37°C in
the absence or presence of bacitracin. The radioactivity in
the medium was then analyzed as indicated above. Control
25[.insulin was incubated in buffer for the same periods at
37°C as for experimental conditions, except that cells were
omitted throughout. Control **I-insulin was then analyzed
as indicated above.

Because glutaraldehyde fixation involves cross-link-
ing of proteins, it is likely that low molecular weight
substances such as iodide or small iodo-peptides are
not fixed to the cell. We found that a small component
of radioactivity was lost from the cell pellet before proc-
essing and that an additional component was removed
by osmic acid treatment and the successive alcohol
washes during the processing phase (Table V). The
radioactive material lost from the cell pellet was over
85% unbound by talc. Essentially all of the trivial
amount of iodide associated with the cell was lost in
the processing step (Table V).

Taken together, these studies suggest that most of the
radioactivity that was recorded in the emulsion of our
autoradiograms was derived from material with a mo-
lecular size similar to native insulin.

Analysis of dissociation of cell-bound radioactivity.
125].insulin progressively associated with hepatocytes
as a function of time at both 20° and 37°C. At any
given time point a proportion of the cell-bound radio-
activity was related to the plasma membrane and the
remainder had shifted intracellularly and was prefer-
entially associated with lysosomes. To determine the
proportion of the cell-associated radioactivity that was
dissociated from the cell after varying periods of as-
sociation at 20° and 37°C, cells were incubated with
125]_jpsulin for times shown in Fig. 7. At the end of
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TABLE III
Characteristics of Cell-Associated Radioactivity at 20°C under Standard Conditions of Incubation*

5 min 15 min 30 min 60 min 90 min 120 min
Sepha- Sepha- Sepha- Sepha- Sepha- Sepha-
dext TCA Tale dext TCA Tale dext TCA Talc dext TCA Talc dext TCA Talc dext TCA  Talce
Peak
1 0.3 — — 0.2 —_ — 0.4 —_ —_ 0.4 —_ —_ 0.3 — — 0.3 — —
Peak
11§ 80.6 — — 84.2 96.3 89.3 83.4 — — 876 942  90.6 85.2 97.0  86.6 86.6 94.7 9l.
Peak
I 78 — — 79 54.2 66.5 6.2 — — 4.3 50.6  54.5 6.1 54.0 51.4 6.1 52.7 60.

* The standard conditions are as described in Methods and the medium contains bacitracin, however, in the absence of bacitracin the characteristics are essentially

identical.
1 Percentage of elution from Sephadex G-50 for peaks shown in Fig. 6.

§ Additional experiments demonstrate that lyophylized extracts of peak II radioactivity was from 60 to 100% bindable to liver membranes as compared to fresh

25]_insulin exposed to the same solvent and lyophilization conditions.

the association periods, cells were centrifuged, washed,
and resuspended in a large volume of buffer without
(dilution alone) or with 1 ug/ml of unlabeled insulin
(dilution plus unlabeled insulin) and incubated at 30°C
for the time periods shown (Fig. 7).

For the 20°C association, 90% or more of the labeled
material was dissociated from the cell regardless of the
time of association. There was, however, a small de-
crease in the total amount of labeled material dissoci-
able at the 90- and 120-min association periods. For
all periods of association the rate of dissociation was
increased to a small extent in the presence of unlabeled
insulin. The 37°C association differed in two ways. The
initial rate of dissociation (dissociation after 15 min)
and the total amount dissociated (dissociation after 120
min) decreased as a function of association time. The
small degree of accelerated dissociation in the presence
of unlabeled insulin was similar at both the 20° and
37°C association temperature (Fig. 7). When bacitracin
was omitted from the incubation medium, binding fell
rapidly after 30 min but the dissociation characteristics
were similar to the experiment that included bacitracin
(Fig. 7).

Properties of radioactivity dissociated from hepato-
cytes. Because most of the degradation of '**I-insulin
exposed to hepatocytes appears to be related to the
release of degradative material(s) into the incubation
medium, it was essential to minimize this effect when
investigating the properties of the radioactivity released
from the cell. In the presence of bacitracin, the de-
gradation of **I-insulin after a 60-min exposure to the
medium at 37°C did not exceed 23% (Table 1I). Ex-
periments designed to analyze the properties of the
radioactivity released from the cell were performed at
37°C with bacitracin present throughout both the as-
sociation and dissociation periods. Tables IV and VI
indicate the properties of the radioactivity released
from hepatocytes at varying times over a 60-min period
of dissociation after a 30-min association at 37°C. By a
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variety of criteria (gel filtration profile, TCA precipi-
tation, talc adsorption, and receptor binding) there was
a progressive loss of integrity of '*I-insulin released
from the cells. Whereas at zero dissociation time (that
is, after 30-min exposure to hepatocytes) 76% of the
radioactivity in the medium represented intact '*I-
insulin by the most sensitive analysis, i.e., its ability to
specifically rebind to liver membrane receptors (9), the
proportion of intact insulin in the radioactivity sub-
sequently released over 15-, 30-, and 60-min dissocia-
tion periods decreased to 49, 41, and 32%, respectively
(Table VI). This extent of degradation largely exceeds
that observed when '*’I-insulin was exposed for 60 min
to a cell-free medium (77% insulin remaining intact, see
Table II) and presumably reflects, partly at least, a
degradative process (or processes) related to the associ-
ation of I-insulin with the hepatocyte. Furthermore,
because this degradation was observed in a fresh me-
dium (i.e., not previously incubated with hepatocytes)
and because, in these experiments, the dilution factor
reduced the cell concentration fourfold over that pres-
ent in the association period, it is likely that most of
the degradation observed in the dissociation medium
was contributed by a cell-related degradative process
(or processes). This conclusion is also supported by
the observation that, as dissociation proceeded, an in-
creasing proportion of the cell-associated radioactivity
appeared to consist of degraded insulin, as denoted by
the gel filtration profiles of cell extracts at the latest
time points of dissociation (Table IV).

DISCUSSION

We have drawn the following conclusions from the
present study: (a) In isolated rat hepatocytes considered
to be morphologically and functionally intact, 25I-in-
sulin initially localized to noncoated regions of the
plasma membrane and was internalized to a limited
area of the cell peripheral cytoplasm (10-15% of the
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FIGURE 6 Sephadex G-50 (fine) gel filtration elution profile
of cell associated radioactivity. Hepatocytes were incubated
with 25-insulin in KRB in the presence and absence of 0.8
mg/ml of bacitracin. At appropriate times of incubation cells
were separated from the incubation media by centrifugation
and washed with buffer. The cell pellet was then extracted
with a mixture of 0.1% Triton X-100, 4 M acetic acid, and 6 M
urea resulting in the extraction of 95-98% of the total radio-
activity. The extract was then applied to a column developed
in and eluted by 1 M acetic acid (a column developed in and eluted
by the extracting solvent gives essentially the same elution pro-
file). Total recovery of radioactivity from the column was
80-85% of that applied. The elution volume of the void, *’I-
insulin and '®I 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 fractions 9-13, peak II (intact ***I-insulin) to
fractions 18-24, and peak III to fractions 34-40; when dis-
crete small peaks were observed beyond fraction 40, they were
included in peak III. The free Na'?’I peak eluted at fraction
31. The percentage radioactivity eluting in each peak is given
in Table III for the 20°C data and in reference 5 for the 37°C
data. After elution, appropriate fractions were lyophilized and
turther evaluated by TCA precipitation, talc binding, and re-
binding to liver membranes as previously described (Table
III) (5).

cell radius). (b) The intracellular labeled material pref-
erentially associates with lysosomal structures of a
uniform size and lysosomal association progressively
increased with time at 37°C. (¢) Autoradiographic grains
predominantly represented radiation from intact '?°I-
insulin. (d) Both the initial rate and absolute magni-
tude of dissociation of '**I-insulin was decreased as a
function of increasing time of association at 37°C and to
a lesser extent at 20°C. At 37°C, the radioactivity re-
leased from the cell consisted of both intact '*I-insulin

Lysosomal Association of "*I-insulin in Isolated Rat Hepatocytes

and degraded materials but the relative proportion of
the latter (presumably iodotyrosyl peptides for the most
part) increased as dissociation proceeded.

These data confirm previous studies demonstrating
that the initial interaction of insulin with the cell is
binding to a specific plasma membrane receptor (27)
(references 1-12 in reference 3). It is clear, however,
that steady-state binding involves additional processes.
Beginning as early as 2 min of incubation at 37°C there
is internalization of the labeled material and this
process continues as a constant function of binding (5).

The most plausible mechanism to explain the inter-
nalization of labeled insulin is adsorptive pinocytosis.
This process involves invagination of the plasma mem-
brane, fusion of the neck of the invagination, and pinch-
ing off the membrane-bound vesicle (28). If this is the
case it suggests that the hormone-receptor complex is
being internalized. Because the label is exclusively on
the hormone we cannot be certain that the receptor
is internalized, but it is not apparent how the receptor
would be released from the proposed pinocytotic
vesicle. The membrane-bounded vesicle, once released
from the plasma membrane would be expected to as-
sociate with lysosomal structures and this is, in fact,
what we see. Whereas, we cannot quantitatively relate
developed grains to pinocytotic vesicles at this stage
of our study, possibly because these vesicles are very
small and the process is very rapid, we can demon-
strate a quantitatively increasing association of devel-
oped grains with lysosomal structures.

The process described in these studies is remarkably
similar to the binding, pinocytosis, and lysosomal as-
sociation of '*¥*I-LDL to human fibroblasts (21-23), with
the exception that the initial binding step does not
occur in coated segments or invaginations of the mem-
brane. Binding to coated segments of the membrane
appears most important to fibroblasts because it is not
observed for LDL binding to mononuclear leukocytes
(29). In addition we have found a similar series of events
involved in the binding of epidermal growth factor to
human fibroblasts (30). The functional significance of
this process for the lipoprotein system appears to be to
make free cholesterol available to the cell for the regu-
lation of key enzymes involved in cholesterol synthesis.
The functional significance of this process for insulin
and epidermal growth factor is less clear.

Mortimore and Tietze (31) demonstrated that labeled
insulin is “trapped” by the cyclically perfused liver
and, that after a brief delay period at 37°C perfusions,
degradation products are released into the perfusion
media. When the temperature was lowered, the trap-
ping function continued but degradation largely ceased.
These studies were confirmed by Terris and Steiner in
the noncyclically perfused liver (32) and extended to
isolated hepatocytes (33). It was shown that in the iso-
lated hepatocyte, the degradation of labeled insulin
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TABLE IV
Sephadex G-50 Elution Profiles of Control ***I-Insulin Radioactivity Released in the Medium by Hepatocytes
at Various Times of Dissociation after 30-min Association at 37°C, and Cell
Extracts at the Corresponding Times

Radioactivity released

Control *I-insulin in the medium Cell extract
Time of
dissociation Peak I  Peak II Peak I11 Peak I  Peak II  Peak III Peak I  Peak I  Peak II1

min % % %

0 7.5 77 9.2 8.4 70 13.4 13.5 83 3.4
15 89 77 9.0 2.0 39 50.0 18.0 69 9.4
30 11.3 77 10.2 3.4 30 56.0 19.7 56 14.6
60 9.0 70 10.8 2.2 27 61.0 139 24 61.0

Experimental conditions were as described in Methods (under properties of radioactivity dissociated from
hepatocytes). Bacitracin (0.8 mg/ml) was present throughout association and dissociation. Values represent
the percentage of radioactivity eluting from Sephadex G-50 (fine) for peaks shown in Fig. 6. Control *I-insulin

was incubated under identical conditions, except that cells were omitted.

was proportional to the binding of insulin to the cell
and that the process was analogue specific. It was also
shown that there was a short lag phase between initial
binding and the release of degradation products.

The present study provides a direct mechanism for
the findings in the perfused liver (31, 32) and in iso-
lated hepatocytes (33). We find a receptor-linked inter-
nalization process that ultimately involves lysosomes,
structures that are intimately associated with autophagic
and heterophagic functions. When we estimate our cell-
associated degradative products, we find that under
steady-state binding conditions at 37°C and 20°C most
of the labeled material is intact **I-insulin both by
gel filtration analysis and functional criteria (receptor
binding). The remainder consists of a void volume frac-
tion (mainly seen at 37°C, the nature of which is unclear)
and small iodotyrosyl peptides. Kahn and Baird (34)
report similar findings in adipocytes. This is also similar

to the findings of Terris and Steiner (33), with the no-
table exception that their analysis of degradation was
performed on whole cell suspensions (cells plus incu-
bation media). In contrast to our data, they found no
degradative activity in a cell-free medium previously
exposed to hepatocytes. In the present study and in
previous studies with liver membranes and isolated
hepatocytes, degradative processes occurred in the in-
cubation medium that were not influenced when the
binding process was blocked (8, 9, 35). This form of
degradation has a different specificity, Km, and pH
optimum than the binding process and is, therefore,
as previously reported separable from binding (9). Bac-
itracin inhibits degradation in the media but does not
appear to significantly affect the cell-associated de-
gradation. The fact that only small amounts of degrada-
tive products are associated with the cell under steady-
state conditions suggests that these products are rapidly

TABLE V
Cell-Associated Radioactivity before and after Processing for EM

Percentage of cell-associated Calculated initial
radioactivity at

Radioactivity in
cell pellet after

Radioactivity in

radioactivity in cell pellet before

Incubation conditions 60 min of incubation cell pellet* processing for EM  processing for EM{
%
135]-insulin incubated with hepatocytes for 60 min 3.0 100 93 61
125]-insulin preincubated with buffer + hepatocytes 0.6 100 91 64
for 60 min and incubated with fresh hepatocytes (95)§ (69)§
for 60 min
125] incubated with hepatocytes for 60 min 0.1 100 54 24

* Radioactivity in pellet plus supernatant buffer after 8 d.

1 Processing involves removing buffer, washing pellet, osmification, and successive alcohol washes. The values should be
considered as approximate upper limits because it is difficult to be sure that small fragments are not lost from the pellet

after osmification because of the brittle nature of the pellet.
§ These samples were incubated for only 30 min.
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FIGURE 7 Time-course of association and dissociation of 23I-
insulin in isolated hepatocytes. Experiments were conducted
as described in Methods. Association was performed at 37°C
without (A) or with (B) bacitracin (0.8 mg/ml, i.e., about 0.6
mM) in the incubation medium. At 20°C (C), bacitracin was
omitted. At each time point of association, the cell-bound
radioactivity was allowed to dissociate at 30°C incubation tem-
perature by dilution alone (A) or by dilution plus unlabeled
insulin (1 pg/ml) (A). The total duration of incubation refers
to the association time plus varying times of dissociation (15,
30, 60, and 120 min). Maximal binding of !*5I-insulin, which
refers to the specific binding at steady state or at the peak,
represented (as percentage of total radioactivity) 2.5% for as-
sociation at 37°C in the absence of bacitracin (A), 5.0% for
association at 37°C in the presence of bacitracin (B), and 4.4%
for association at 20°C (C). Each experimental point is the
mean of three to six separate experiments.

released by the cell. Our data clearly indicate that after
125[.insulin association with hepatocytes, dissociation
results in the release of radioactive materials, which,
as dissociation proceeds, consists of an increasing pro-
portion of low molecular weight insulin fragments.
These products are not capable of rebinding to insulin

TABLE VI
Properties of Radioactivity Released by Hepatocytes at 37°C
Time of Sephadex Receptor-
dissociation peak 11 TCA Tale binding
min % of controls
0 91 97 96 75.6+x1.2
15 51 66 71 49.0+0.7
30 39 49 63 41.4+3.9
60 38 44 52 32.4+0.9

Hepatocytes and **I-insulin were first incubated for 30 min at
37°C. Radioactivity was then allowed to be released from cells,
at 37°C, as described in Methods (under properties of
radioactivity dissociated from hepatocytes). Bacitracin (0.8
mg/ml) was present throughout association and dissociation.
Values are expressed as percentage of controls, i.e., **I-in-
sulin incubated under identical conditions in the absence of
cells. They are means of duplicate determinations for
Sephadex gel filtration, TCA precipitation, and talc absorp-
tion, and means=SEM of quadruplicate determinations for
receptor-binding to liver members.

Lysosomal Association of ®l-insulin in Isolated Rat Hepatocytes

receptors of fresh hepatocytes or liver plasma mem-
branes. This degradation is not inhibited by bacitracin,
which, under similar conditions, largely prevents the
degradation of insulin by a cell-free medium. Further-
more, bacitracin does not appear to substantially affect
the rate and extent of dissociation of radioactivity from
the cell. Under the same conditions, the remaining
cell-associated radioactivity exhibits, as dissociation
proceeds, an increasing proportion of low molecular
weight fragments. Taken together the data strongly sug-
gest that the cell-associated insulin is being progres-
sively degraded into fragments that are released into
the medium.

Although insulin degradation has been studied ex-
tensively, information about a possible lysosomal action
on degradation is limited (36, 37). Recent studies have
emphasized that lysosomal degradation may be impor-
tant for epidermal growth factor (EGF) (38). Thus, Car-
penter and Cohen (38) have suggested that agents (i.e.,
chloroquine and ammonium chloride), thought to in-
hibit lysosomal function (39), inhibited the intracellular
degradation of EGF. In preliminary studies we find
that ammonium chloride inhibits the cellular degrada-
tion of labeled insulin in intact hepatocytes but in con-
trast, has no effect on the degradation of insulin by
a cell-free medium previously incubated with hepato-
cytes or liver membranes.?

Thus EGF in fibroblasts and insulin in hepatocytes
appear to be involved in similar processes, i.e., specific
binding, internalization, and lysosomal association, and
in both systems binding appears to be enhanced by
factors that impair lysosomal function. These data indi-
cate a potentially significant role for lysosomes in the
intracellular degradation of polypeptide hormones and
growth factors but it is as yet unclear how important
this function is compared to other enzymatic forms of
insulin degradation.

In vivo in the rodent (40) and in man (41) hyper-
insulinemia is associated with a decreased insulin
receptor concentration and in vitro insulin induces loss
of its receptor in cultured human lymphocytes (2)* and
in primary cultures of rodent hepatocytes (42). The
mechanism of receptor loss is unknown and it is ap-
parent that a complete understanding of the process
must include events involved from receptor synthesis
to insertion in the membrane as well as events in-
volved in receptor loss. Present data, however, suggest
that the major initial event is accelerated receptor loss

3 Gorden, P., J-L. Carpentier, P. Freychet, and L. Orci.
1979. Receptor limited '*’I-insulin degradation is mediated
by internalization. Clin. Res. 27: 485A. (Abstr.)

4 Gorden, P., J-L. Carpentier, E. Van Obberghen, P.
Barazzone, J. Roth, and L. Orci. 1979. Insulin induced re-
ceptor loss in cultured human lymphocytes: quantitative
morphologic perturbations in the cell and plasma membrane.
J. Cell Sci. In press.
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(2). If, as we suggest, the process of internalization
oflabeled insulin occurs by adsorptive pinocytosis then
the receptor is likely to be internalized. The receptor
along with its internalized membrane could then be
degraded by lysosomes or the membrane vesicle could
be recycled back to the plasma membrane (28).

We find by freeze-fracture technique that insulin-
induced receptor loss, in cultured human lymphocytes,
is associated with increased membrane microinvagina-
tions and increased bulk pinocytosis as demonstrated
by horseradish peroxidase uptake.* Blackard et al. (42)
have recently shown that lower concentrations of in-
sulin will induce receptor loss in cultured rat hepa-
tocytes (42) than in cultured human lymphocytes. Our
data demonstrate that internalization of insulin at
steady state is much greater in the rat hepatocyte (5)
than in the cultured human lymphocyte (3). Ligand
induced pinocytosis could explain the temperature de-
pendence, concentration dependence, and exquist
specificity of the process of insulin-induced receptor
loss.

Insulin’s major effect in liver is the regulation of
intracellular enzymes. Out data provide no specific in-
formation by which this process may come about. The
internalization process is rapid, however, and the time-
course of glycogen synthase activation in isolated hepa-
tocytes (43) corresponds to the time-course of binding
and internalization that we have described.

On the basis of their studies of the binding of insulin
to isolated nuclei (44) and the subcellular localization
of insulin to nuclei (45), Goldfine et al. (46) have sug-
gested that insulin is internalized by the cell and re-
cently they report that internalized insulin localizes
to endoplasmic reticulum and nuclear membrane.
Our studies differ in several ways for unexplained
reasons: we have not found labeled insulin preferen-
tially localized to either nuclei or endoplasmic reticu-
lum in either cultured lymphocytes or isolated hepa-
tocytes. Furthermore, we find, with the methods of
this study, that labeled EGF (30) and LDL (47) localize
intracellularly in lysosomal structures in human fibro-
blasts. There is considerable morphologic and biochemi-
cal evidence that LDL localizes in lysosomes (21, 22)
and also morphologic evidence that EGF and insulin
are handled by a similar process in the fibroblast (48).

It has been demonstrated that Golgi elements have
specific binding sites for insulin (49). Whereas we find
that labeled insulin preferentially localizes to struc-
tures morphologically distinguished as lysosomes, these
structures are concentrated in Golgi-rich areas of the
cell. We do not find, however, in the intact cell that
labeled insulin localizes to morphologically detectable
Golgi structures.

The process of binding, endocytosis, and lysosomal
association may be a general process related to a num-
ber of polypeptide hormones and growth factors. The
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role of this process, however, is unknown and at the
present time we can only speculate on how this process
may link several of the diverse functions of insulin
and related products.
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