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Vascular Transport of Insulin to Rat Cardiac Muscle
Central Role of the Capillary Endothelium

Robert S. Bar, Mary Boes, and Alexander Sandra
Departments of Internal Medicine and Anatomy, Veterans Administration Medical Center, Iowa City, Iowa 52240;
and Diabetes-Endocrinology Research Center, University of Iowa, Iowa City, Iowa 52240

Abstract

Using intact, beating hearts, we have assessed the interaction
of insulin with capillary endothelium and the subsequent ap-
pearance of insulin in cardiac muscle. Rat hearts were perfused
with '25I-insulin (10`0 M) alone or in combination with unla-
beled insulin (10-9-10-5 M). 125I grains (shown to represent
> 90% intact insulin) over both capillary endothelium and car-
diac muscle decreased in a dose-dependent manner when
hearts were co-perfused with labeled insulin and increasing
concentrations of unlabeled insulin. Perfusion of 125I-desocta-
peptide (DOP) insulin, a low affinity insulin analogue, with
unlabeled insulin (10-9-10-5 M) had no effect on the appear-
ance of 125I-DOP insulin over microvessel endothelium and
muscle. Whencapillary receptors were first destroyed by tryp-
sin treatment or blocked by anti-receptor antibodies, the ap-
pearance of 125I-insulin in cardiac muscle decreased propor-
tional to the inhibition of insulin binding to the capillary re-
ceptors. We conclude that insulin binding to capillary
endothelial receptors is a central step in the transport of intra-
vascular insulin to rat cardiac muscle.

Introduction

Specific binding sites for insulin are present on the surface of
endothelial cells derived from both microvessels and macro-
vessels (1-7). In certain endothelium, such as capillary endo-
thelial cells, these receptors initiate insulin-stimulated cellular
functions that include thymidine incorporation into DNA,
glucose conversion to glycogen, and cellular transport of glu-
cose and amino acids (3, 8, 9). In addition to initiating cellular
effects of insulin, the endothelial receptors for insulin may
function in the transendothelial transport of biologically intact
insulin. Whencultured endothelial cells are exposed to insulin,
the hormone binds to its cellular surface receptor, is trans-
ferred to an intracellular compartment(s), and is then rapidly
released from the cell as intact insulin in a manner consistent
with transendothelial transport of the hormone (10-13). Such
processing of insulin has been documented for endothelial
cells cultured from several large-caliber, conducting blood
vessels as well as from capillaries.

In the present study, the perfused Langendorff beating
heart preparation has been utilized to determine the role of
receptor-mediated insulin transfer from the capillary circula-
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tion to the subjacent cardiac muscle. The perfused heart prepa-
ration has several properties that make it particularly appro-
priate for such studies. First, we have previously demonstrated
that capillary endothelial cells of the beating heart have spe-
cific receptors for insulin, as determined by both kinetic and
morphometric analysis (7). Second, the perfused heart retains
several insulin-mediated functions of cardiac muscle, includ-
ing stimulation of glucose uptake and lactate production
(14-16). Finally, the interendothelial junctions of the heart
capillaries are of the "tight" or occluding type. In other capil-
lary beds characterized by similar occluding junctions, neutral
molecules the size of insulin cross the endothelium by mecha-
nisms other than diffusion between the cells ( 17).

Methods

Preparation of 12sI-A,4-insulin and 125S1desoctapeptide
(DOP)' insulin
'25I-A14-insulin was prepared by the method of Lioubin et al. (18).
Briefly, insulin (Eli Lilly & Co., Indianapolis, IN) was iodinated by the
lactoperoxidase method and the labeled peptides were applied to a
C-18 Porasil precolumn, washed with buffer to eliminate the free 125I-
iodide, and placed "in line" with a C- 18 HPLCcolumn. The monoio-
dinated '25I-A14-insulin was eluted isocratically with 29% acetonitrile.
Specific activity of the '251I-A14-insulin was - 300 ,Ci/,ug insulin.

'251-DOP insulin was prepared by stepwise chloramine T oxidation.
The 1251-DOP insulin was applied to a Sephadex G-50-40 column
(Sigma Chemical Co., St. Louis, MO), with the radioactive peak co-
migrating with authentic '251-A14-insulin collected, and the midportion
of this peak used for experiments. Specific activities of the '25I-DOP
insulin ranged from 100 to 150 ,Ci/ug DOPinsulin. The precipitabil-
ity of '251I-DOP insulin in 5%TCAwas determined before each experi-
ment and ranged from 92 to 98%. The unlabeled DOPwas - 0.1% as
potent as porcine insulin in competing with '25I-porcine insulin for
insulin receptors on cultured endothelial cells (data not shown). DOP
insulin was a kind gift of Dr. Ronald Chance (Eli Lilly & Co.).

Heart perfusion and fixation
Rats (CD strain, male, 300 g, Charles River Breeding Laboratory,
Wilmington, MA) were anesthetized with methoxyflurane (Pitman-
Moore, Inc., Washington Crossing, NJ), the chest cavities opened, and
the hearts removed and suspended by a perfusion catheter placed in the
aorta (7). The isolated heart was perfused in retrograde fashion with
perfusate flowing from aorta to coronary arteries to the microvessels,
and finally collected via a slit made in the right ventricle. The buffer
solution, to which all hormones and other agents were added, consisted
of Hanks' balanced salts (pH 7.4) buffered with 15 mMHepes (N-2-
hydroxyethylpiperazine-N'-2-ethanesulfonic acid) in place of sodium
bicarbonate and containing glucose (I g/liter) and fatty acid-poor al-
bumin (I mg/ml). Oxygenated buffer and insulin-containing solutions
(pH 7.4, 37°C) were perfused using peristaltic pumps at sufficient rate
and pressure to close the aortic valve leaflets and maintain the ventric-
ular heart rate at 50-90 beats/minute.

Autoradiographic analysis of hearts was carried out in the following

1. Abbreviation used in this paper: DOP, desoctapeptide.
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manner. Langendorff hearts were perfused for 2 min with (a) 1251-A14-
insulin (10-10 M), (b) 25I-DOP insulin (- 2 X 10`0 M), or (c) with
1251-insulin or 125I-DOP insulin and varying amounts of unlabeled
insulin ranging from 10-9 to 10-5 M. The hearts were then immedi-
ately perfused with 2.5% gluteraldehyde in 0.1 Msodium cacodylate
buffer (pH 7.4), and 1-mm portions of the left ventricle were excised,
postfixed with 1%OSO4, dehydrated in graded alcohols, and embedded
in Epon. 1-Mm sections were cut for light microscopic autoradiogra-
phy. Slides were coated with Kodak NTB2emulsion, dried, and stored
at -20°C in sealed, light-tight boxes containing dessicant. After 6 to 8
wk, the autoradiographs were developed with Kodak D-19 at 18°C,
cleared with acid fixer, and sections were stained with azure B or
toluidine blue. Grain counting over muscle cells and capillaries was
carried out using an ocular grid and two cell compartments were ana-
lyzed: (i) Muscle cells: grains were counted over randomly selected
areas consisting entirely of myocytes within the ocular grid boundaries
(25 Am2). This cellular compartment comprised > 90% of cardiac tis-
sue. (ii) Capillaries: randomly selected circular profiles of capillaries
(average volume density, 7.5% of total heart tissue) were analyzed by
counting grains within ±±0.3 ,um (one grain diameter) diameter of
the capillary endothelial boundary. The vast majority of grains asso-
ciated with capillaries are included in this compartment. Since the
average heart capillary under these conditions measured 4.8 ,m in
diameter (range, 3.2 to 9.0 MAmof > 150 vessels from each of three
separate hearts), the average area analyzed per capillary was - 4.5
,gm2. In each case, the density of background silver grains was sub-
tracted from the density of silver grains over cells to give the specific
number of grains per unit area. For each point, 130 to 160 individual
determinations were made from each of three separate hearts and
reported as the average ±SEM.

Trypsin and anti-insulin receptor antibody studies
Trypsin. Hearts were perfused with several concentrations of trypsin
(Difco Laboratories, Inc., Detroit, MI) ranging from 1 to 0.05% for 1
min, followed by perfusion with buffer for 30 s. The hearts were then
perfused with '25I-insulin ( 10`0 M) alone or 1251-insulin plus unlabeled
insulin at 10- Mand processed for radioautography as previously
described. Several sections of myocardium were prepared from each
trypsin-treated heart for assessment of morphologic integrity by elec-
tron microscopic evaluation. Perfusion with trypsin at 0.2% or less did
not alter the heart beat rate; perfusion at 1% trypsin caused slowing of
heart rate, which was reversed with subsequent perfusion with buffer
alone.

Anti-receptor antibodies. Serum containing anti-insulin receptor
antibodies from patient B-7 was used for these studies ( 19). The effect
of serum B-7 on insulin binding to cultured cells was assessed in mi-
crovessel endothelial cells cultured from bovine adipose tissue (9) and
studied after one passage in vitro. Monolayer cells in 6-well trays were
incubated at 22°C for 1 h with serum B-7 at dilutions of 1:50 and
1:250, the cells washed and assayed for insulin binding using '25I-A14-
insulin as previously described (9).

For heart perfusions, serum B-7 was co-perfused at each of two
dilutions, 1:50 and 1:250, with 1251-insulin (10`0 M) for periods of 30,
60, and 120 s. After the designated perfusion period the hearts were
processed for autoradiographs as previously described. In all experi-
ments, perfusion with serum B-7 did not alter the heart rate of the
preparations.

Passage of serum Igs into cardiac muscle was assessed in two ways.
First, beating hearts were perfused with either serum B-7, control
serum, or buffer, then rapidly fixed. Thin sections (silver-gold, - 0.05
,m) were cut and incubated with (a) colloidal gold-labeled protein A
(20) diluted to E520 = 0.05 according to the method of Roth et al. (20),
and (b) several concentrations of colloidal gold-labeled goat anti-
human IgG (Polysciences, Inc., Worthington, PA; gold particle diame-
ter, 15-20 nm) for 2 h at 20°C in 10 mMTris-HCI, pH 7.4. Since
maximal numbers of specific gold particles were observed at a dilution
of gold anti-IgG of 1:10, results are reported at this concentration.
Sections were jet washed with double-distilled water, dried, photo-

graphed using a Hitachi H600 electron microscope, and negatives
printed at 16,000 to 20,000 times final magnification. Areas of muscle
were computed by a Zeiss MOPPdigitizer and the gold particles
quantitated. Second, serum from patient B-7 and control serum were
precipitated with ammonium sulfate (33% final concentration), the
precipitate redissolved in phosphate buffer (0.01 MKH2PO4, pH 8),
and dialyzed for 24 h in phosphate buffer, using dialysis tubing with a
3,500 D cutoff range. The retained material was concentrated and
iodinated with 1251I using chloramine T oxidation to a final specific
activity of 10-15 ,Ci/Mg protein as previously described by Jarrett et al.
(21). Additionally, the ammonium sulfate precipitates were further
resolved on DEAE ion exchange chromatography according to the
procedure of Jarrett et al. (21). The DEAE-purified material was also
concentrated, iodinated with '25I to a specific activity of - 10-15
,MCi/Mg protein. The iodinated material from the ammonium sulfate
precipitation and the DEAEcolumns then were each used in heart
perfusions as previously described for '251-insulin perfusion. Serum B-7
was a generous gift of Dr. P. Gorden (National Institutes of Health,
Bethesda, MD).

Results

Nature of 125I grains over capillaries and cardiac muscle
Before analyzing the radioautographic data of the perfused
heart, the chemical nature of the 1251I grains over capillaries and
muscle was first determined in hearts that had been perfused
with '25I-insulin. In similar heart perfusion experiments with
'251I-insulin, we have previously demonstrated that the radioac-
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Figure 1. Gel chromatography of radioactivity associated with car-
diac muscle. A rat heart was perfused with '251-insulin (10-10 M) for
2 min, followed by perfusion with unlabeled insulin (10-' M) for 1
min, followed by trypsin solution (1%) for 1 min. Several small sec-
tions (1 mm3) of the left ventricular epicardium were excised, ra-
dioautographs prepared and developed, and shown to have virtually
all '251-grains localized over cardiac muscle. The heart was then
minced, sonicated times two in buffer that contained Triton X-100
(0.1%), bacitracin (1O-' M), phenylmethylsulfonyl fluoride (0.92
mM), and N-ethylmaleimide (10 mM), and centrifuged at 200,000 g
for 30 min at 10°C. Aliquots of the supernatant which contained
95% of the total heart radioactivity were applied to a Sephadex
G-50-40 column (55 X 0.9 cm) and eluted with buffer containing 4
Murea, 1 Macetic acid, and protease inhibitors at 1.25 ml/h. The
column run was calibrated with markers for the void volume (dex-
tran blue), '25I-insulin, Na 125I, and ['25I]tyrosine standards. In eight
such experiments radioactivity co-eluting with '25I-insulin standard
represented 80-95% of the total heart radioactivity.
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Figure 2. Micrographs depicting the
morphological appearance of the iso-
lated rat heart after perfusion with (A)
'25I-A14 insulin at 10`' Mfor 2 min,
photographed by bright field; (B) 1251I-
labeled IgG from anti-receptor serum

diluted 1:50, photographed by dark
field. Tissue was prepared for light level
autoradiography as described in
Methods. In each case, arrowheads il-
lustrate silver grains localized to the
capillary endothelium and arrows to
the muscle compartment. In C, anti-re-
ceptor serum IgG was further localized
predominantly to the microvascular en-
dothelium by postembedding staining
with colloidal gold anti-IgG. Magnifica-
tion bars: A and B, 10 um; C, I Mm.
For inset in C, X 54,400.
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Figure 3. Analysis of '251-insulin grains over capillaries (left) and car-
diac muscle (right) in hearts perfused with '25I-insulin. '251I-Insulin
was perfused at 10`0 Malone or with varying concentrations of un-
labeled porcine insulin (10-9-10-' M) for 2 min, then rapidly fixed
with gluteraldehyde perfusion and subsequently assayed for 125i
grains over capillaries and cardiac muscle. The data represent the
mean±SEMfor three separate hearts with counts of 130 to 160
grains per heart.

tivity associated with capillaries represents intact '251I-insulin
(7). To characterize the muscle radioactivity, 1251-insulin was
perfused through the heart for 2 min and the '25I-insulin re-
moved from the vascular system by rapid perfusion with ex-
cess cold insulin and then trypsin (1%, 30 s). In such prepara-
tions, the remaining radioactivity was shown to overlay car-
diac muscle by autoradiographic examination. After trypsin
treatment, the hearts were minced and sonicated in the pres-
ence of 0.1% Triton X-100 and several protease inhibitors (10
mMN-ethylmaleimide, 0.92 mMphenylmethylsulfonyl fluo-
ride, and 1 mMbacitracin). The solubilized material was then
chromatographed on Sephadex G-50-40 to assess the nature of
the solubilized radioactivity. In eight experiments, the amount
of intact '251-insulin (i.e., radioactivity co-eluting with '251-in-
sulin standard) over cardiac muscle ranged from 80 to 95% of
the total radioactivity, with the example shown in Fig. 1 repre-
senting 89% intact '251-insulin. Therefore, as previously shown
for 1251 grains over capillaries (7), the '251I-radioautographic
grains over cardiac muscle predominantly reflected the intact
insulin molecule and not products of insulin degradation.
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Heart perfusions with '25I-insulin
'251I-Insulin (10-10 M) was perfused through the beating hearts
for 2 min by itself or with varying concentrations of unlabeled
insulin. The tissues were then fixed and subsequently analyzed
for radioautographic grain counts over capillaries and cardiac
muscle (Fig. 2 A). Grain counts over both capillaries and mus-
cle were maximal when '251-insulin was perfused alone and
decreased progressively in both capillary and muscle compart-
ments as increasing concentrations of unlabeled insulin were
co-perfused with the '251I-insulin (Fig. 3). Unlabeled insulin at
1-0 Mdecreased grain numbers over capillaries by 76% and
over muscle by 71%.

There are at least three possible explanations for the corre-
lations between muscle '251-insulin and capillary-bound 12511
insulin: (i) Insulin could alter capillary endothelial permeabil-
ity in a nonspecific manner that affects the transendothelial
passage of all molecules with similar size and net charge as
insulin; (ii) Insulin transfer across the capillaries occurs via a
rapid nonreceptor-mediated pathway, such that the data in
Fig. 3 reflect the competition of '251-insulin with unlabeled
insulin at two separate receptors, one in the capillary endothe-
lial cells and the other in cardiac muscle; or (iii) Insulin pas-
sage to cardiac muscle from the capillary vascular compart-
ment is mediated by capillary endothelial cell receptors for
insulin. Weevaluated the first possible mechanism by utilizing
125I-DOP insulin, an insulin analogue having similar size,
structure, and charge as native insulin but with little affinity
for insulin receptors. Wetested the second and third possible
mechanism by destroying capillary insulin receptors with
trypsin or blocking the capillary receptors with anti-insulin
receptor antibodies. After trypsin and antibody treatments the
autoradiographic grain distribution studies with '251-insulin
were repeated.

I25-DOP insulin
Characterization. The binding properties of the 251I-DOP in-
sulin were first evaluated in both cultured microvessel endo-
thelial cells and cultured IM-9 lymphoblastoid cells, two cell
types with well-characterized receptors for insulin (Fig. 4).
Competition studies with '251I-DOP insulin and varying con-

INSULIN (M)

Figure 4. Binding of '25I-DOP insu-
lin and 125I-A,4 insulin to cultured
bovine microvessel endothelial cells
(left) and IM-9 lymphoblastoid cells
(right). Cells were incubated with
"1I-DOP insulin (0.2 ng/ml) or '125I-
A14 insulin (0.2 ng/ml) alone or
with varying concentrations of unla-
beled porcine insulin (l01°-10-5 M)
at 22°C for 90 min (endothelial
cells) or 15°C for 90 min (IM-9
cells). Cell-bound radioactivity in
endothelial cells was separated from
free radioactivity by washing the
monolayer times three and dissolv-
ing the cells in 0.1 NNaOHas pre-
viously described (9). Cell-bound ra-
dioactivity in IM-9 cells was deter-
mined by centrifugation.
Nonspecific binding was 10%, and
degradation of labeled hormone

- 3% for both cell types.
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Figure5. Analysis of '251 grains over capillaries (left) and cardiac
muscle (right) in hearts perfused with '25I-insulin (e) or '251I-DOP in-
sulin (o). 251I-Hormone was perfused at 10-10 Malone or with vary-

ing concentrations of unlabeled porcine insulin (1O--lO1- M) for 2
min, than rapidly fixed by gluteraldehyde perfusion and subse-
quently analyzed by quantitative autoradiography. Similar counts
per minute of '25I-insulin and '25I-DOP insulin were used to perfuse
the hearts in these studies. The data represent the mean±SEMfor
three separate hearts with 130 to 160 grains counted per heart.

centrations of unlabeled insulin are shown in Fig. 4 and com-

pared with analogous studies using '251-insulin. At tracer con-

centrations of labeled hormone (0.2 ng/ml), 1251I-insulin binds
with considerably higher affinity to cellular receptors than
does'251-DOP insulin. In microvessel endothelial cells, tracer
binding of '251-insulin was 6 vs. 0.2% for 125I-DOP insulin
when normalized to 106 cells (Fig. 4, left), while in the IM-9
cells, maximal binding of 1251-insulin was 12 vs. 1.2% for 12511
DOPinsulin (Fig. 4, right).

Heart perfusion. Heart perfusions similar to those de-
scribed for '251-insulin were performed using '251I-DOP insulin
(Fig. 5). To facilitate comparison with the'251I-insulin studies,
similar numbers of counts of'251I-DOP insulin were perfused
for identical time periods (2 min). Two major differences are

apparent when'251I-DOP insulin is used as the labeled ligand
(Fig. 5, dashed line). First, at tracer concentrations, fewer
grains of'251-DOP insulin are present over both capillaries and
muscle, i.e., 63% less than'251-insulin over capillaries and 58%
less over muscle. Second, co-perfusion with any concentration
of unlabeled insulin does not change the amount of'25I-DOP
insulin over the capillaries and only inhibits muscle grains
slightly. All'251I-DOP insulin grain counts in Fig.5 are highly
significant, being 6-13-fold above background at each point,
with the emulsion background for the capillary and muscle
compartments averaging 0.1± 0.01 grains/4.5 'Um 2 (capillary)
and 0.02±0.001 grains/4.5,Um 2 (muscle). Furthermore, with
the low background and relatively small variability of data, we

should have easily detected decreases from maximal grain
counts (i.e., '25I-DOP at 10-10 M) had they occurred. There-
fore, it is unlikely that insulin, at any concentration, resulted
in a nonspecific decrease in capillary permeability to mole-
cules of the size of insulin.

Trypsin and anti-insulin receptor antibody studies
Trypsin treatments. Hearts were perfused for 1 min with tryp-
sin (1, 0.2, or 0.05%), then with buffer for 30 s, and finally with
'21I-insulin (10`0 M) alone or '251-insulin (10`0 M) plus unla-
beled insulin at l0-5 M. Hearts were prepared for both mor-

phologic (electron microscopy) and light level radioauto-
graphic analysis. When hearts were perfused with 1% trypsin,

electron microscopic evaluation of capillary ultrastructure
demonstrated significant convolutions and areas of disruption
of the lumenal endothelial cell surface (Fig. 6 B). In contrast, at
the lower concentrations of trypsin (0.2 and 0.05%), detailed
electron microscopy analysis demonstrated normal capillary
endothelial morphology (Fig. 6, C and D). No obvious mor-

phological alterations were detected in the muscle compart-
ment at any trypsin concentration. Fig. 7 summarizes the au-

toradiographic results. Both 1 and 0.2% trypsin preperfusion
resulted in significant loss of capillary binding sites for insulin,
with capillary '25I-insulin binding being 52% less than control
for 1%trypsin and 40% less than control for hearts treated with
0.2% trypsin. Trypsin at 0.05% did not reduce capillary bind-
ing sites for insulin. For hearts treated with 1 and 0.2% trypsin,
the remaining capillary binding sites demonstrated competi-
tion of binding when unlabeled insulin (10-5 M) was co-per-

fused with 125I-insulin (Fig. 7).
Autoradiographic analysis of the muscle compartments of

hearts treated with 1 and 0.2% trypsin demonstrated different
results. With 1% trypsin treatment, muscle counts were in-
creased to 160% of control despite the marked decrease in
capillary binding in the same hearts. When considered in the
context of the morphologic findings of endothelial cell disrup-
tion with 1% trypsin, the data with 1% trypsin are most con-

sistent with major transendothelial leaks induced by the tryp-
sin treatment. The observation that unlabeled insulin did not
compete for the majority of 1251 grains in the muscle compart-
ment could reflect "nonspecific" trapping of 125I-insulin or

possible degradation of'25I-insulin and deposition of 125I deg-
radation products in the muscle compartment. The 0.2% tryp-
sin-treated hearts showed decreased '25I grains in the muscle
compartment (32% less than control) that were approximately
proportional to the decrease in grain density observed at the
capillary endothelial sites for insulin binding. Finally, perfu-
sion of hearts with the lower trypsin concentration, 0.05%,
resulted in no effect on grain counts over capillaries or muscle.

Hearts that were preperfused with trypsin at 0.2% were also
analyzed for the nature of125I after the 2-min perfusion with

'25I-insulin, and found to be similar to hearts that were per-

fused with buffer only (Fig. 1), i.e., > 90% of 1251 remained in
the form of intact '25I-insulin.

Anti-insulin receptor antibodies. Serum obtained from pa-

tient B-7 was used in these studies (19). This patient had a

severe form of insulin resistance caused by the presence of
anti-insulin receptor antibodies in her circulation. Her serum,

referred to as serum B-7, contained anti-insulin receptor anti-
bodies predominantly of the IgG class. In the present studies
serum B-7, at dilutions of 1:50 and 1:250, was co-perfused
through hearts with'251-insulin (10-' 0 M) for periods of 30, 60,
and 120 s, and the hearts then analyzed autoradiographically
for 1251I grains in the capillary and muscle compartments (Fig. 2
B and Fig. 8). At a 1:50 dilution, serum B-7 inhibited insulin
binding to capillaries with capillary-bound '25I-insulin being
45, 68, and 85% less than control after 30, 60, and 120 s of
perfusion, respectively (Fig. 8, left). '251I-Insulin appearing over

muscle showed decreases that were, in general, proportional to
the decreased binding to the capillaries, being 62, 63, and 69%
less than control at 30, 60, and 120 s of perfusion. When
studies were performed at serum dilutions of 1:250 a similar
correlation between capillary binding of'251-insulin and ap-

pearance of1251-insulin in muscle was also observed. When the
anti-receptor antibody serum caused little change in capillary

Vascular Transport of Insulin to Rat Cardiac Muscle 1229



Figure 6. Ultrastructure appearance of heart
capillaries after 1-min perfusion with 1, 0.2,
and 0.05% trypsin. Magnification bar, 1 ,uni.

binding of insulin (i.e., 30-s perfusion at a 1:250 serum dilu-
tion), there was little change in the muscle '251-insulin. How-
ever, as greater effects of the serum were observed with longer
perfusion periods, i.e., at 60 and 120 s of perfusion with a
1:250 serum dilution, capillary binding was 51 and 87% less
than control, and the corresponding reduction in muscle 25I-
insulin was 60 and 74% less than control. The anti-receptor
antibody serum did not alter the heart rates at either serum
dilution.

For comparison to the potency of serum B-7 in inhibiting
insulin binding in cultured cells, serum B-7 at a dilution of
1:50 inhibited '251I-insulin binding to cultured bovine micro-
vessel endothelial cells by 93%, and at a 1:250 dilution by 81%.

Wenext sought to determine whether significant anti-re-

ceptor antibodies were transferred to cardiac muscle under the
conditions of these experiments. Although existing literature
of IgG transcapillary transport makes such a consideration
unlikely, it was possible that anti-receptor IgGs are transferred
to cardiac muscle based on their selective affinity for capillary
endothelial receptors for insulin. Two indirect experimental
approaches were used. First, serum B-7 or control serum was
perfused through rat hearts at a 1:50 dilution for 30 s or at a
1:250 dilution for 90 s, the hearts fixed and subsequently
treated with colloidal gold-labeled anti-human IgG or protein
A gold. Gold particles were then quantified on electron micro-
scopic prints of randomly chosen areas of capillaries and car-
diac muscle (Fig. 2 C). With both gold labels, - 99% of gold
particles were found in the capillary compartment, a few gold

1230 R. S. Bar, M. Boes, and A. Sandra



150

cr,%
L.

c
_ -*
C .w

._~ 0

c o

-

I')
N

100

50

Trypsi n

Figure 7. Analysis of 125I-insulin grains over capillaries and muscle
after heart perfusion with trypsin. Hearts were initially perfused with
trypsin (0.05, 0.2, and 1.0%) for 1 min followed by perfusion with
buffer for 30 s. The hearts were then perfused with '25I-insulin (10-10
M) alone or 1251-insulin plus unlabeled insulin at l0-5 Mand pro-
cessed for radioautography as previously described. Several sections
of myocardium were prepared from each trypsin-treated heart for as-
sessment of morphologic integrity by electron microscopic evalua-
tion. Data are expressed as percent of 1251 grain counts when 1251-in-
sulin (1010 M) was perfused through hearts treated with buffer only
with no trypsin preperfusion. Each bar represents the mean± 1 SEM
of three separate hearts with 200 grains counted per heart.

particles were found in interstitial spaces, and only an occa-
sional gold particle was located in the muscle compartment
(Table I). Second, Ig-enriched fractions of sera obtained by
both 33%ammonium sulfate precipitation and DEAEion ex-
change chromatography of serum B-7 and control serum were
prepared and iodinated with 1251I at _ 10-15 uCi/,ug protein.
Because limited transfer of Ig was anticipated, the labeled Igs
were perfused through the hearts at significantly higher counts
per minute than was used in studies with 1251-insulin perfusion.
Labeled Ig preparations of control serum, both 33% ammo-
nium sulfate precipitates of B-7 serum, and DEAE ion ex-
change chromatography of B-7 serum corresponding to a 1:50
dilution of serum (- 60 X 106 cpm/ml) were perfused for 30 s,
and '251-Ig preparations corresponding to a 1:250 serum dilu-
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Figure 8. Effect of anti-insulin receptor antibody serum on 125I-insu-
lin binding to capillaries (left) and muscle (right) of the perfused,
beating heart. Serum B-7, at 1:50 (-) and 1:250 (o) dilutions, was co-
perfused with '25I-insulin (10-10 M) for 30, 60, or 120 s, and the
hearts were fixed and analyzed for '25I grains over capillaries and
muscle as described in Methods. Each point represents the
mean±SEMof three separate hearts.

tion (- 12 X 106 cpm/ml) were perfused for 90 s, then pre-
pared for radioautography. Autoradiographs were developed
for identical periods as hearts exposed to '25I-insulin only (- 2
X 106 cpm '251-insulin/ml). For the 1251I-labeled serum prepara-
tions (control and B-7), - 99% of grains were localized to
capillaries with < 1% of grains in the muscle compartment
(Table I). For comparison with '251-insulin a substantially
greater proportion of 1251I grains was found in muscle. The ratio
of '251I-insulin in muscle versus capillary ranged from one-
eighth to one-twelfth for insulin compared with less than one
one-hundreth for both B-7 and control serum. At a 1:50 equiv-
alent dilution of serum, perfused for 30 s, serum B-7 yielded
0.10±0.03 grainsqOm2 cardiac muscle, control serum
0. 12±0.04/hm2, and for insulin 0.56±0.06 grains/1m2 cardiac
muscle. At a 1:250 serum dilution, perfused for 90 s, serum
B-7 yielded 0.35±0.15 grains, control serum 0.30±0.18 grains,
and insulin-treated hearts 1.67±0.2 grains/,gm2 cardiac mus-
cle. Taken together, these two studies indicate that little, if any,
antibody reached cardiac muscle, and that the hearts do not
have a markedly facilitated cardiac uptake of anti-receptor
antibodies, at least within the short exposure times of the
present study.

Discussion

Wehave utilized a functioning, intact heart perfusion system
to assess the role of capillary endothelial cell receptors for
insulin in the transfer of the hormone to its major subendo-
thelial site of action, cardiac muscle. When '251-insulin (10-10
M) was co-perfused with unlabeled insulin, the number of 1251
grains over capillaries decreased in direct proportion to the
concentration of unlabeled insulin. Such conditions resulted
in a similar dose-dependent decrease in 1251 grain density over
cardiac muscle. Since the 1251I grains over capillaries and mus-
cle represent intact insulin, and since the capillary grains have
previously been shown to be localized to endothelial cells (7),
the data indicate that blocking capillary endothelial cell recep-
tors for insulin is associated with decreases in the appearance
of 1251-insulin in cardiac muscle that are proportional to the
percentage of "blocked" capillary receptors.

Table L. Localization of 125I Grains and Gold Particles in Hearts
Perfused with Control Serum or B-7 Serum

12"I Grains* Gold (anti-gold IgG)*

Serum Capillary Muscle Capillary Muscle

Control
1:50 98.8±0.3 < 1 97.9±0.6 < 1
1:250 98.7±0.3 < 1 98.5±0.6 <1

B-7
1:50 99.2±0.3 <1 98.1±0.4 <1
1:250 99.1±0.3 <1 98.2±0.5 <1

* Mean of two to three hearts, 2 300 grains counted per heart.
After sera perfusion, hearts were fixed and prepared for immunocy-

tochemical analysis using gold-labeled anti-IgG and gold particles
quantified by electron microscopy. Similar results were obtained
using protein A gold as a secondary label. D)ata are mean of three
hearts with 2 300 gold particles counted per heart.
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One alternative explanation for these findings is related to
possible effects of insulin on capillary endothelial permeability
(22). The unlabeled insulin could have had a generalized effect
on endothelial cell permeability to all proteins independent of
the proteins' ability to bind to capillary endothelial receptors.
To test this possibility, studies were repeated using '25I-DOP
insulin. The '25I-DOP insulin was similar to '25I-insulin in size,
structure, and charge, but had little affinity for insulin recep-
tors, therefore making it an appropriate probe to assess insulin
receptor specificity. In studies with '251I-DOP insulin, unla-
beled insulin, at concentrations of up to 10-5 M, had no effect
on 1251I-DOP insulin binding to capillaries or its appearance
over cardiac muscle. Therefore, it is unlikely that the unla-
beled insulin caused a decrease in muscle '251I-insulin by non-
specifically affecting the permeability properties of the capil-
lary endothelium.

A second possible explanation for the findings of the
present study would postulate a rapid, nonreceptor-mediated
capillary uptake of insulin. In this respect, the data in Fig. 3
would simply reflect competition of labeled and unlabeled in-
sulin for two distinct populations of insulin receptors, i.e., one
group of receptors in capillary endothelium and the second in
cardiac muscle. The data from experiments with trypsin and
anti-insulin receptor antibodies argue against this explana-
tion. When capillary insulin binding sites were destroyed by
trypsin concentrations that did not grossly affect microvessel
integrity (0.2% trypsin), or when capillary receptors were
blocked by anti-receptor antibodies, there was a decreased
appearance of insulin in cardiac muscle. In both the trypsin
and antireceptor studies, the degree of impaired insulin deliv-
ery to muscle was roughly proportional to the loss of capillary
binding sites for insulin, suggesting a major role of the capil-
lary receptors in the transfer of insulin from the vascular com-
partment to cardiac muscle. For the anti-receptor antibody
studies, these findings occurred when an insignificant amount,
if any, antibody had left the vascular compartment, ruling out
a competitive effect of the antibodies at the level of cardiac
muscle receptors for insulin. Thus, taken together, the data of
the present study suggest that the capillary endothelial recep-
tors for insulin have a central role in the transport of the
majority of intact insulin that moved from the intravascular
compartment to cardiac muscle. Furthermore, the proportion-
ality between insulin binding to capillary receptors and the
appearance of insulin in cardiac muscle suggests that the bind-
ing of insulin to the endothelial cell surface and not subse-
quent intraendothelial processing is normally the rate-limiting
step in the transport of insulin to cardiac muscle.

Our findings have many potential physiologic and patho-
logic implications. At a minimum, they indicate an additional
control point for the tissue action of insulin, namely the capil-
lary endothelium. Alteration in endothelial function is already
considered a characteristic finding in such disease processes as
diabetes mellitus, a pathologic condition characterized by ab-
normalities of both the secretion of insulin and insulin action.
In diabetes, retinal capillary beds demonstrate interendothelial
leakage of small proteins, increased transcapillary exchange of
plasma fluid components, and endothelial cell proliferation,
with each of these findings preceding clinically detectable le-
sions of the retinal microvasculature (23, 24). Our data in the
present study now suggest that certain capillary endothelia also
serve to control the transcapillary movement of insulin, the
hormone central to normal glucose homeostasis. With the at-

tendant abnormalities of capillary endothelial function already
described in diabetes, coupled with the thickened endothelial
basement membrane that accompanies the disease, it is plau-
sible that tissue levels of insulin are altered not only by dimin-
ished circulating levels of insulin but also by defective endothe-
lial transfer of the hormone to the tissue.

The precise pathway required for the transendothelial
movement of insulin, as well as other small molecular weight
polypeptides, is uncertain. The data of the present study have
been obtained in the rat heart, which contains capillary en-
dothelia that are dominated by occluding intercellular junc-
tions and a high degree of micropinocytotic vesiculation (17).
In studies of analogous muscular capillaries with vesiculated
endothelia having occluding interendothelial junctions, pro-
teins as small as 1,550 D appear to pass through the capillary
endothelial cell without permeating interendothelial cell junc-
tions (25). Until recently, most authors agreed that the highly
developed plasmalemmal vesicle system of these endothelia
served as the transendothelial carriers of the small proteins,
with vesicles pinching off at the lumenal or ablumenal surface,
migrating across the cell, and finally discharging their contents
at the opposite pole of the cell, a process designated transcy-
tosis (25). More recent ultrastructural study of capillary endo-
thelial cells have questioned the interpretation of the vesicular
system as a discrete shuttle system. Both Bungaard (26) and
Frokjaer-Jensen (27) have prepared three-dimensional recon-
structions of endothelial segments from frog mesenteric capil-
laries and rat heart capillaries based on ultrathin serial sec-
tioning. These authors have shown that the intraendothelial
free vesicles observed on random thin sections are not true
vesicles but parts of an elaborate caveolar system of intercon-
nected invaginations of the lumenal and ablumenal surfaces.
They suggest that such a static ultrastructural system is not
compatible with active formation of discrete vesicles acting as
transendothelial carriers. Thus, while the plasmalemmal vesic-
ular system is thought to be critical for transendothelial pas-
sage of small proteins in capillaries such as those perfusing the
myocardium, the details of such vesicular passage have not
been elucidated.

In this regard, it is relevant to consider that not all capillary
endothelium have occluding intercellular junctions, and that
several capillary networks, particularly those of the central
nervous system, may have occluding-type intercellular junc-
tions but normally exhibit few intracellular endothelial vesicles
(28). However, these capillary endothelial cells of the central
nervous system can be induced to develop intracellular vesic-
ulated structures in pathological conditions such as hyperten-
sion (29). Whether such diversity of endothelial morphology,
coupled with differential surface affinities for the insulin mole-
cule, would be factors controlling capillary transport of the
hormone remain to be determined for each microves-
sel bed.
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