
Proc. Nat. Acad. Sci. USA
Vol. 72, No. 9, pp. 3526-3530, September 1975
Cell Biology

Ultrastructural localization ofinsulin receptors on adipocytes*
(ferritin-insulin/plasma membranes/cell structure/glycocalyx/vesicles)

LEONARD JARETT AND ROBERT M. SMITH
Division of Laboratory Medicine, Department of Pathology and Medicine, Washington University School of Medicine; and Barnes Hospital, St. Louis, Missouri
63110

Communicated by P. Roy Vagelos, June 2, 1975

ABSTRACT The method for preparing a stable, biologi-
cally active, covalently linked ferritin-insulin complex has
been modified to provide a 25-fold increase in yield com-
pared to the original procedure while reducing the molar
ratio of ferritin to insulin to 1:1 from 40:1. Ultrastructural
studies of isolated adipocytes revealed specific binding of
ferritin-insulin to the cell surface in irregular clusters associ-
ated with the glycocalyx coating. The number of ferritin-in-
sulin molecules observed was consistent with the number of
receptors calculated from 125I-labeled insulin binding stud-
ies. The ferritin-insulin was not observed in the cytoplasm of
the cell but was found on the concave side of surface con-
nected vesicles. These surface connected vesicles were part
of an alveolar-like system of plasma membrane invaginations
which project in various directions in the cytoplasm and by
thin sectioning can appear as pinocytotic-like microvesicles.
The morphological observations on ferritin-insulin binding
were supported by the finding that 125I-labeled insulin bind-
ing was almost exclusively localized to highly purified plas-
ma membranes isolated by fractionation of adipocytes after
incubation with 125I-labeled insulin. These data supported
the theory that insulin did not need to enter a cell to cause
biological effects and was consistent with the negative coop-
erativity concept of insulin binding to cell receptors.

Insulin has been successfully coupled covalently to ferritin
with the complex retaining equal biological and immunolog-
ical activity (1). Electron micrographs showed the ferritin-
insulin bound only to the outside of isolated plasma mem-
branes of adipocytes but not to purified mitochondria. The
present report describes a modification in the preparation of
ferritin-insulin and results of ultrastructural and biochemi-
cal studies on intact adipocytes. The results directly show
that insulin receptors are only on the plasma membrane and
that the actions of the hormone do not require entry of insu-
lin into the cell.

MATERIALS AND METHODS
All materials were obtained from commercial sources pre-
viously identified (1), except as noted.

Preparation and Purification of Ferritin-Insulin Conju-
gate. The previously published procedure (1) was used with
only two modifications. After 1 hr of reacting 10 mg of por-
cine insulin and 270 mg of repurified ferritin (2) with 0.04%
glutaraldehyde in 12 ml of 0.2 M NaAc pH 4.0 at room tem-
perature, 100 ,Al of 0.1 M ammonium acetate was added di-
rectly to the solution and mixed for 5 min. Centrifugations,
dialysis, and Sephadex G-75 chromatography were identical
with the previous method. The final separation of free ferri-
tin from ferritin-insulin was accomplished by absorption of
the ferritin-insulin to talc tablets (Gold Leaf Pharmaceuti-

cal, Englewood, N.J.), as opposed to affinity chromatogra-
phy performed previously. An aliquot of the ferritin, ferri-
tin-insulin mixture obtained from the centrifugations and
resuspension of the ferritin-rich Sephadex G-75 fraction was
added to a 100-mg talc tablet. The talc was dispersed and
stood with occasional mixing for 30 min at 4°. The suspen-
sion was diluted with 0.1 M NaAc pH 6.5 and centrifuged
10 min at 1000 X g. The supernatant was discarded and the
pellet was resuspended in 10 ml of 0.2 M NaAc pH 6.5. The
centrifugation and resuspension was repeated twice with
fresh buffer. The ferritin-insulin conjugate was removed
from the talc by adding 2 ml of 0.37 M HC1 containing 6%
bovine serum albumin to the final talc pellet. The suspension
was mixed and allowed to stand at 40 for 30 min. The talc
was removed by centrifugation at 1000 X g for 10 min. The
supernatant was collected and diluted to 12 ml with 0.1 M
NaAc pH 6.5 and centrifuged at 100,000 X g 2 hr. The fer-
ritin-insulin pellet was suspended in 2 ml of 0.1 M NaAc pH
6.5 and stored at 40. The ferritin used as control material
was processed in the absence of insulin through the above
protocol and collected after the Sephadex G-75 column
chromatography step.

Preparation of '25I-Labeled Insulin and Binding to Sub-
cellular Fractions. The method previously described (3) was
used without modification.

Determination of the Subcellular Distribution of 125I1
Labeled Insulin In Particulate Fractions from Adipocytes
Treated with 125I-Labeled Insulin. Isolated fat cells pre-
pared by the technique of Rodbell (4) were suspended in
Krebs-Ringer bicarbonate buffer with 0.1 mg/ml of dextrose
and 10 mg/ml of bovine serum albumin at a protein concen-
tration of about 2 mg/ml (2.2 X 106 cells per ml). Preincu-
bation was for 15 min at 240 under 95% 02/5% CO2 fol-
lowed by the addition of 50 tU of 125I-labeled insulin per ml
and incubation for 30 min. The cells were centrifuged at 700
X g for 30 sec, the incubation medium was aspirated, and 10
ml of 0.25 M sucrose/10 mM Tris-HCI, pH 7.4/1 mM
EDTA (Med I) at 100 was added to each tube. The cells
were isolated by the dinonyl phthalate technique (5). Anoth-
er 10 ml of chilled Med I was added, the cells were washed
by centrifugation at 700 X g for 30 sec, and the wash medi-
um was aspirated. The cells were resuspended in Med I at
100, and various particulate fractions were prepared as de-
scribed in detail previously (6, 7).

125I-Labeled insulin binding to particulate fractions was
determined by suspending the fractions in cold Med I and
filtering and washing an aliquot on a Schleicher and Schuell
B6A filter as described (3). Controls to correct for nonspecif-
ic 125I-labeled insulin absorption consisted of a similar ali-
quot which was incubated with 500 mU of insulin per ml for
10 min at 240 prior to filtration.
Determination of Number of Insulin Receptors Per

Unit Surface Area Based on "25I-Labeled Insulin Binding.
The 125I-labeled insulin molecules bound per unit surface
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area was calculated from data obtained by incubating one
mU of 125I-labeled insulin per ml with 1 X 105 adipocytpes in
the presence and absence of 100 mU of unlabeled insulin in
a total volume of 0.5 ml of Krebs-Ringer bicarbonate buffer,
pH 7.4, with 0.1 mg of dextrose per ml and 10 mg of bovine
serum albumin per ml for 15 min at 24°. The cells were di-
luted with 1 ml of cold buffer and filtered on B6A filters fol-
lowed by five 1-ml washes. Binding to filter blanks was sub-
tracted from both conditions. The mean diameter of the fat
cells was 50 ,gm.

Incubation of Isolated Fat Cells with Ferritin-Insulin
and Preparation of Cells for Electron Microscopy. Isolated
cells prepared and preincubated as described above were in-
cubated with no additions or 1 mU of ferritin-insulin per ml
in the presence or absence of 100 mU of insulin per ml or

ferritin equivalent to the ferritin concentration in 1 mU of
ferritin-insulin per ml for 15 min at 240. The cell suspen-
sions (1 X 106 cells in 0.5 ml) were diluted to 10 ml with in-
cubation buffer and separated by the dinonyl phthalate
technique (5). The incubation medium and oil were aspirat-
ed. The entire separation phase required only 2-3 min, dur-
ing which time negligible dissociation of insulin occurs (3, 8,
9). The carryover of ferritin-insulin was less than 0.2%, as

determined by [3H]inulin studies. The cells were diluted to 1

ml with 0.25 M sucrose, 0.1 M Na cacodylate HCO (NaCac)
buffer, pH 7.4, and 3% glutaraldehyde in the same buffer
was added slowly with constant mixing until a final concen-

tration of 2% glutaraldehyde was obtained.
The cells were allowed to stand at room temperature for

30 min w.ith intermittent mixing; then they were washed
with 0.25 M sucrose, 0.1 M NaCac buffer. The cells were

suspended to two times the packed cell volume with the
washing medium and brought to a final agar concentration
of 2% with 3% purified agar. The suspension was spread in a

petri dish and allowed to gel.
The agar was cut into cubes 1-2 mm on a side and trans-

ferred to 0.1 M NaCac in glass vials, post-fixed in 2% OS04
in 0.1 M NaCac for 15 min at room temperature, and
washed with 0.1 M NaCac followed by deionized water.
Staining en bloc was accomplished with 1% aqueous uranyl
acetate for 30 min. The cubes were washed with deionized
water, dehydrated through a graded ethanol series, infiltrat-
ed with propylene oxide, and embedded in Epon 812 with
an A:B ratio (10) of 3:5.
The agar embedding technique provided mechanical sta-

bility which markedly reduced losses due to rupture of cells,
prevented floatation of cells prior to osmification and pack-
ing of cells during repeated centrifugations in subsequent
steps, and allowed even osmification without overosmifica-
tion. The freely suspended cells in agar allowed better visu-
alization of the plasma membrane surface. Unstained/sec-
tions were observed and photographed in a Philips EM200.
Biochemical Assays and Protein Determinations. Glu-

cose oxidation by intact fat cells and adenylate cyclase activ-
ity of subcellular fractions were determined as described (1,
11). Immunological activity of insulin was determined by
radioimmunoassay (1). Protein concentration was deter-
mined in fat cell suspensions as described (7) and in the iso-
lated fractions by the method of Lowry et al. (12). Ferritin
concentration was determined by the absorbance at 440 nm,

assuming a value of 1 for A440 nm065 mg/ml (13).

RESULTS
Purification of Ferritin-Insulin Complex. The recov-

eries of ferritin and insulin in the modified preparative pro-

Table 1. Purification of ferritin-insulin complex

Recovery

Insulin Ferritin

Step (Units) (%) (mg) (%)

Conjugation 240 100 270 100
2400 x g

centrifugation
Supernatant 240 100 261 96.6
Pellet 0 0 9.0 3.4

Dialysis: 2400 X g
centrifugation
Supernatant 240 100 261 96.6
Pellet 0 0 0 0

Sephadex G-75
(ferritin-rich
fraction) 1.8 0.8 260 96.4

Sephadex G-75
(free insulin
fraction) 236 98.2 0 0

Talc eluate 1.2 0.5 4.3 1.6
Insulin concentration was based on biological activity as deter-
mined by glucose oxidation measurements. Ferritin concentration
was determined by measuring A440 and assuming a value of 1 for
A440 nmO65 mg/mi

cedure for ferritin-insulin are illustrated in Table 1. The di-
rect addition of 0.1 M ammonium acetate resulted in an im-
mediate cessation of the glutaraldehyde conjugation reaction
and prevented the large amount of aggregation and precipi-
tation of ferritin and insulin previously reported during the
dialysis step. The Sephadex G-75 fractionation cleanly sepa-
rated the free insulin from ferritin and ferritin-insulin,
which eluted together in the void volume. The ferritin-insu-
lin was absorbed to talc as originally described by Cuatre-
casas (14) for purifying biologically active 125I-labeled insu-
lin. Ferritin did not absorb to the talc and was easily re-
moved by extensive washing of the talc with 0.1 M sodium
acetate, pH 6.5. The ferritin-insulin was removed from the
talc using the same HCl/albumin mixture used to remove
125I-labeled insulin. The' ferritin-insulin was concentrated
by centrifugation of the eluate at 100,000 X g for 2 hr,
which removed any remaining free insulin along with the
bovine serum albumin. The final ferritin-insulin complex
contained 0.5% of the original insulin and 1.6% of the origi-
nal ferritin, for a molar ratio of about 1:1. This was a 25
times better yield of ferritin-insulin than the original proce-
dure and a reduction of the molar ratio of ferritin to insulin
from 40:1.
The complex produced by the current modification

showed the same characteristics of equipotent biologic and
immunologic activity and stability as the previous material
Various size aliquots of ferritin-insulin were assayed by both
biological (glucose oxidation) assay and immunoassay afhd
yielded identical quantities of insulin by both methods
(Table 2). Storage up to 4 months at 40 has not resulted in
any change in insulin activity or separation of insulin from
ferritin. The bulk of the complex has been stored as the fer-
ritin-rich Sephadex G-75 eluate and purified by talc absorp-
tion as needed.

Morphological Observations With Ferritin-Insulin. Iso-
lated fat cells incubated with 1.0 mU of ferritin-insulin per
ml showed ferritin cores irregularly distributed on the sur-
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Table 2. Comparison of the biological and immuinologfeal
activity of talc-purified ferritin-insulin

Insulin (j U/ml)
Ferritin
(ng/ml) Bioassay Immunoassay

229 71 60
114 36 37
57 18 15
30 9.0 8.6
5 1.5 0.9

The ferritin concentrations were calculated from the observed
absorbance of the talc-purified ferritin-insulin. The biological ac-
tivity was determined by comparing the effect of ferritin-insulin to
native insulin in the glucose oxidation assay. Immunological ac-
tivity was measured by insulin radioimmunoassay on the same ali-
quots.

face of the adipocyte (Fig. 1A-D), frequently in clusters of
two or more, and almost invariably associated with the gly-
cocalyx material. This coating on the surface of the plasma
membrane was fuzzy in appearance and patchy in distribu-
tion and not all contained visible ferritin-insulin. The only
other portion of the cell found to contain ferritin-insulin was
on the concave surface of vesicular structures in the cyto-
plasm (Fig. 1B-D) and again associated with the fuzzy coat.
Most of these vesicular structures containing ferritin-insulin
were seen connecting to one another and/or to the surface of
the cell. The ferritin-insulin did not appear to ever cross the
membrane structure of the cell and enter the cytosol or at-
tach to cytoplasmic organelles. No ferritin cores were ob-
served with mitochondria, nuclei, endoplasmic reticulum, or
the fenestrated envelope (15) of membrane sacs surrounding
the larger lipid storage depots.

125I-Labeled insulin binding to adipocytes was carried out
under incubation conditions similar to those for the ferritin-
insulin studies in order to compare the molecules of 125I-la-
beled insulin bound per cell to the number of ferritin-insu-
lin molecules observed by electron microscopy. It was found
that at 1 mU of 125I-labeled insulin per ml there were
170,000 molecules bound per cell, equivalent to 22.4 mole-
cules per gm2 of surface area. The number of ferritin-insu-
lin molecules observed in electron micrographs along 100
randomly selected- lengths of plasma membrane corre-
sponded to approximately 100 molecules per ,um2, which
compares favorably to the data obtained by '25I-labeled in-
sulin measurements. This is in contrast to our earlier study
with highly purified subcellular fractions of adipocytes (1)
and to that of Siess et al. (16), using fat cell ghosts where al-
most a 100 times greater number of ferritin particles was
found on the plasma membranes than expected from 1251_
labeled insulin binding studies.

Adipocytes incubated with ferritin-insulin plus an excess
of free insulin (Fig. 1E) or with the same amount of ferritin
as contained in the ferritin-insulin (not shown) did not con-
tain ferritin cores either on the cell surface or inside the ve-
sicular structures. None of the incubation conditions used re-
sulted in any detectable structural changes compared to the
control adipocytes.

These morphological studies have provided new insight
into the structural relationships among the plasma mem-
brane invaginations, the rosettes or flask-like vesicles associ-
ated with the plasma membrane, and the so-called "free"
cytoplasmic microvesicles. These structures have been de-
scribed before, and it has been suggested that they provide a

Table 3. Subeellular distribution of '2sI-labeled insulin and
adenylate cyclase in particulate fractions of adipocytes with

treated 125I-labeled insulin

12sI-Labeled insulin Adenylate cyclase

Binding Recovery Specific activity Recovery
Frac- (fmol/mg (% P1 + (pmol/mg of pro- (% P1 +
tion of protein) Mic) tein per 10 min) Mic)

P1 14.5 91.9 1220 ± 15 97.1
P.M. 26.0 36.0 2709 ± 11 35.7
Mit 4.0 3.3 138 ± 7 2.1
Mic 6.0 8.1 157 ± 4 2.9

The distribution of 125I-labeled insulin among particulate sub-
cellular fractions of adipocytes was determined by incubating
adipocytes for 30 min at 240 with 50 g of '25I-labeled insulin per
ml, washing with chilled (100) buffer, and fractionating as de-
scribed in Materials and Methods to yield the following particulate
fractions: Pi, 16,000 x g pellet from homogenate; P.M., plasma
membranes; Mit, mitochondria; Mic, microsomes. Binding was
determined by membrane filtration with nonspecific binding sub-
tracted. The values for binding are means of duplicates. Adenylate
cyclase activity was determined on identical fractions from a
separate experiment handled in the same manner except for the
omission of 125I-labeled insulin. The specific activity represents
the mean 4 SEM of triplicate measurements.

transportation system back and forth across the cytoplasm
for the storage and mobilization of lipid (17, 18). The
present study would suggest that these structures are contig-
uous with and do not separate from the plasma membrane
and certainly are not moving back and forth across the cyto-
plasm. This is supported by several pieces of data. The ves-
icles are frequently seen making connections to each other
and to the cell surface (Fig. 1C and D). It has been shown
previously by tilt angle photography that many sub-plasma
membrane vesicles are actually open to the surface at anoth-
er plane or angle of the specimen (19). The material lining
these structures is similar in appearance to the glycocalyx,
and the vesicles are usually less dense internally than the
fenestrated envelope around the lipid storage depot. In sec-
tions revealing wider portions of the cytoplasm, as in Fig.
1B, these surface connected vesicles are never found more
than half to two-thirds of the way across the cytoplasm and
are easily distinguished from the endoplasmic reticulum and
the fenestrated envelope usually found in the lower half of
the cell. The lack of ferritin cores free inside the vesicles in
ferritin-insulin incubated cells and the absence of any ferri-
tin in ferritin incubated cells support the concept that these
vesicles are connected to the surface. If they did form pino-
cytotic vesicles, ferritin should be trapped and carried into
the cells during incubation. If they are open to the surface as
suggested, free ferritin-insulin or ferritin would be washed
out during processing of the cells after incubation. The re-
sulting structural picture of the adipocyte surface is that of
multiple invaginations of the plasma membrane forming an
alveolar-like subsurface structure. It is proposed that this
network of membrane invaginations be termed "surface
connected vesicles" (SCV).

Subcellular Distribution of 1251-Labeled Insulin Bind-
ing. The distribution of 125I-labeled insulin among highly
purified subcellular fractions of adipocytes after incubation
of the intact cells with the '25I-labeled insulin confirmed the
morphological observation that insulin binding was restrict-
ed to the plasma membrane and its contiguous components.
The data in Table 3 show that the vast majority of the bound

Proc. Nat. Acad. Sci. USA 72 (1975)



Proc. Nat. Acad. Sci. USA 72 (1975) 3529

w ag, . W
- ."L,,,G ,,

FIG. 1. Intact adipocytes were isolated, incubated, and prepared for electron microscopy as described in Materials and Methods. In
order to allow better visualization of ferritin-insulin molecules, sections were examined without staining. All micrographs were oriented with
the plasma membrane toward the top of the figure, the central lipid depot to the bottom. Micrographs X 100,000. Scale bar equals 0.2 jsm.
PM, plasma membrane; G, glycocalyx; SCV, surface connected vesicles; N, nucleus; LD, cytoplasmic lipid droplet; CD, cytoplasmic density;
M, mitochrondria; FE, fenestrated envelope; L, central lipid depot; ER, endoplasmic reticulum.

'25I-labeled insulin was associated with the first 16,000 X g

pellet (P1) from the fat cell homogenate. Further fraction-
ation of Pi to yield plasma membranes and mitochondria
clearly demonstrated the association of the '25I-labeled insu-
lin with the former fraction (Table 3). The loss of bound
125I-labeled insulin between P1 and the plasma membranes
was consistent with losses of the plasma membrane protein
during the fractionation procedure (7), with the dissociation
of hormone occurring during the fractionation (data not
published), and with the loss of adenylate cyclase during the
fractionation (ref. 20 and Table 3). The 125I-labeled insulin

binding and adenylate cyclase copurified in a similar pat-
tern in separate but identically handled experiments (Table
3). Adenylate cyclase was used as a plasma membrane mark-
er and showed that the small amount of 125I-labeled insulin
binding found in the mitochondrial and microsomal frac-
tions could be accounted for by plasma membrane contami-
nation.

DISCUSSION
The modifications reported for preparing ferritin-insulin re-
sulted in a marked increase in yield and a final product with

Cell Biology: jarett and Smith
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a molecular ratio of ferritin to insulin of 1:1. The retention
of identical biological and immunological reactivity, cou-
pled with the correlation to 125I-labeled insulin binding, es-
tablishes this complex as an excellent electron microscopic
marker for the insulin receptor.
The insulin receptor on intact adipocytes is located in as-

sociation with the glycocalyx coating on the external surface
of the plasma membrane. This is in agreement with previous
morphological observations on purified adipocyte plasma
membranes (1) and fat cell ghosts (16). The finding that fer-
ritin-insulin stimulated glucose oxidation identically to na-
tive insulin but was not observed in the cytoplasm of the cell
indicates that the hormone need not enter the cell to cause
its biological effects.
The association of the insulin receptor with the cell sur-

face coat may explain in part the ability of concanavalin A
(Con A) to mimic certain insulin action, including stimula-
tion of glucose transport (21, 22) and of Mg++-dependent
ATPase (23), and to block insulin binding to the cell (24). It
has been established that Con A binding sites are in the gly-
cocalyx (25, 26), but appeared to be chemically distinct from
the insulin receptor. Trypsin treatment of fat cells prevents
insulin binding (24, 27) but not the Con A binding (24) or its
ability to stimulate glucose transport (21). Con A binding
and stimulation of glucose transport is prevented by a-meth-
ylglucoside, which only slightly inhibits insulin-stimulated
glucose oxidation (28). The ability of Con A to block insulin
binding may only be due to the close association of the two
receptors and the large size of Con A, its charge, or induced
conformational changes in the glycocalyx.

These studies with improved morphological techniques
for fat cells have shown that insulin did not cause detectable
morphological alterations of the adipocyte, as reported ear-
lier by Barrnett and Ball (29) and Soifer et al. (30). The
structural characteristics of the fat cell have been further
clarified with the demonstration that plasma membrane in-
vaginations do not form pinocytotic microvesicles in the cy-
toplasm as previously suggested (17, 18) but are actually an
alveolar-like interconnecting system of surface connecting
vesicles. It is possible that this system functions by providing
the adipocyte with more surface area and by facilitating the
interaction of cytoplasmic elements with the cell surface.
DeMeyts et al. (31) have reported evidence that insulin

binding with its receptor shows negative cooperative inter-
actions. A theoretical explanation for negative cooperativity
involves the clustering of receptors (32). The observed clus-
tering of the ferritin-insulin on the glycocalyx, in contrast to
a random distribution, is consistent with such a theory. Fur-
ther morphological studies will be necessary to confirm this.
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