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Abstract

The presentation of recombinant biologically active 'MI-
TGF-.81 via the bloodstream to potential target cells in mice
and rats was evaluated by quantitative light and electron
microscope radioautography. Specificity was evaluated by
in vivo competition with excess unlabeled TGF-81, and in-
tegrity of the ligand at the binding site was demonstrated
by trichloroacetic acid precipitation after extraction from
tissues. The distribution of radiolabel at 2.5, 15, 30, 45, and
60 min after 1"I-TGF-81 injection revealed radiolabel prin-
cipally over microvasculature endothelium but at times
> 2.5 min over endothelial endocytic components indicative
of internalization. Nonspecific binding of 251I-TGF-p1 to the
apex of the proximal convoluted tubule of the kidney indi-
cated it as the likely site of rapid clearance of TGF-81 from
the circulation, while a comparison of the binding of 'MI-
TGF-,B1 (endothelial) to that of '"I-TGF-p1 complexed
with a2-macroglobulin-methylamine (liver parenchyma)
indicated that clearance of TGF-pl complexed a2-macro-
globulin was likely via the hepatic at2-macroglobulin recep-
tor. The endothelial TGF-.3 receptors uncovered here are
likely involved in the local regulatory mechanism of leuko-
cyte and monocyte adhesion and tissue infiltration regulated
by endocrine TGF-p1. (J. Clin. Invest 1995.95:2539-2554.)
Key words: TGF-fi receptor * systemic TGF-p * microvascu-
lature * inflammation * endoglin

Introduction

The families of TGF-/3 ligands and receptors represent a com-

plex array of signal transducing molecules whose functional
roles in vivo are under evaluation by a variety of approaches.
Three mammalian isoforms of TGF-,B (-#1, -32, -/33), which
in general have similar biological activities, have been identified
(1). Affinity labeling experiments and cDNA cloning studies
have identified three types of cell surface TGF-P receptors ( 1,
2). They constitute a family of receptors that includes the type
Il/betaglycan receptor and endoglin and a family of signaling
receptors, the type I and type II receptors. The type receptor
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family has been postulated to mediate delivery of ligand to a
heteromeric complex and activation of type I and type II recep-
tors (3-5). Signal transduction has been suggested to be medi-
ated through the cytosolically exposed serine/threonine kinase
domains of the type I and type II receptor heterodimer (6).
Furthermore, it is known that TGF-P binds to several soluble
proteins, including serum proteins and extracellular matrix-
associated proteins (7).

The majority of studies on the activities of TGF-fPs have
been carried out in cell culture with effects observed on cell
growth, differentiation, and/or extracellular matrix deposition
(1, 8, 9). The actions of TGF-,/s in vivo have more recently
been addressed, in part by using either locally or systemically
administered recombinant TGF-ps in whole animal models
(10). In general, administered TGF-,/s promote the repair of
soft tissue, bone, and ischemic damage. They also reduce the
severity of autoimmune diseases. These results are consistent
with the growth-modulatory and immunosuppressive effects of
TGF-Ps observed in vitro, and they point to potential therapeutic
applications for TGF-,6.

Recently, an important role for blood-borne TGF-,/1 has
been inferred from studies in the MRL/ lpr autoimmune mouse
in which excess TGF-P in the circulation was found to compro-
mise the immune system ( 11). Remarkably, delivery of mater-
nal TGF-/3 pre- and postnatally to homozygous TGF-/31 gene-
disrupted mice resulted in an endocrine supply of the growth
factor capable of supporting embryogenesis and growth (12).
Upon depletion of this maternal supply, premature death was
linked to an excessive inflammatory response (13, 14).

To identify the cellular targets of endocrine TGF-P in vivo,
we have used a well-established method for visualizing and
quantifying hormone and growth factor binding sites after the
systemic administration of 251I-labeled ligands in vivo (15).
The protocol involves the injection of "2I-labeled ligand into
the systemic circulation, fixation of the ligand at its binding
sites, and visualization of the ligand by light and electron micro-
scope radioautography of tissue sections. This technique of in
vivo injection and radioautography has been used to visualize
insulin (16), prolactin (17), calcitonin (18), parathyroid hor-
mone (19), epidermal growth factor (20, 21), atrial natriuretic
factor (22), angiotensin II (23), and ACTH (24) binding to
receptors on target cells in vivo. These experiments revealed
previously unrecognized binding sites relevant to the physiolog-
ical functions of the cognate ligands.

In the present study we have used the radioautographic tech-
nique to evaluate the distribution of '"I-TGF-/31 -specific bind-
ing sites that are accessible to endocrine TGF-f31, and we have
defined the vascular endothelium, and especially that of the
microvasculature, as a major site of TGF-,61 -specific binding
in vivo at 2.5 min after injection. The endothelial binding
sites that we observed at this time were saturable and could be
distinguished from binding sites related to clearance, i.e., the
proximal convoluted tubule of the kidney for uncomplexed
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125I-TGF-P5I or the hepatocyte for 125I-TGF-f31 complexed
with a2-macroglobulin-methylamine (a2-M-MeNH2).' Fur-
thermore, endothelial binding sites are unlikely to be related to
transit of ligand to other tissues since, even at longer times of
15, 30, 45, or 60 min after the injection of '25I-TGF-/31, only
endocytic events in endothelium were seen, and no other cell
types in the tissues examined revealed specific binding.

Methods

Quantitative radioautography. Light microscopy (LM) and electron
microscopy (EM) experiments were carried out under conditions that
led to the quantitative assessment of specific binding. For LMradioau-
tography, this included the use of emulsion (NTB2; Eastman Kodak
Co., Rochester, NY), which was calibrated with 3H-labeled sources for
efficiency of detection (25) with plastic-embedded sections of 0.5 Am
thickness. For EMradioautography, monolayer application was with the
semiautomatic coating device (26) and was evaluated by EMto ensure
that a monolayer was indeed applied. Sections of plastic-embedded
tissues were cut for EM, and section thickness was measured by the
method of Small (27).

The criteria of dose-response and saturability of binding were evalu-
ated on the basis of injecting low doses (0.03 jg) into experimental
mice (22 g body wt) and higher doses (0.8 and 1 ig) into experimental
rats ( - 100±15 g body wt), with control rats receiving the same dose
of "25I-labeled TGF-/I1 coinjected with excess unlabeled ligand (50 /.tg
or 19.6yg) (15).

Radioiodination, injection, and tissue processing for radioautogra-
phy. Radioiodination of TGF-,l1 was carried out as previously described
(28). Briefly, 10 Ag of recombinant TGF-31 (from Bristol-Myers
Squibb, Seattle, WA) in 5 mMHCI was diluted in 20 Ad of 1.5 M
sodium phosphate, pH 7.4, and iodinated with 1 mCi '25I-Na by the
addition of 10 Al of chloramine T (20 ,ug/mi in 1.5 MNa phosphate,
pH 7.4) at 0, 2, and 3.5 min. After stopping the reaction after 4.5 min
with 40 ,l tyrosine (9 mg/ml), 400 ,l KI (10 mg/ml in 50 mMsodium
phosphate, pH 7.4, and 400 ILI urea (1.2 g/ml in 1 MHCI), the radiola-
beled ligand was chromatographed on a PD-10 column. The sp act was
determined (59-146 MCi/Mg) and biological activity was tested by
evaluating specific binding to 3T3 cells as described by Wakefield et
al. (29). Radioiodination of a2-macroglobulin-methylamine was as de-
scribed previously (28). All injections were buffered to a pH of 7.4
with phosphate buffer.

For experiments evaluating initial sites of localization, male CD1
mice (22 g) were injected with a low dose (n = 2) of '25I-TGF-,61 (10
x 106 cpm, S.A. = 146 pCiIyg). Male Sprague-Dawley rats were
injected with a higher dose (n = 2) of '"I-TGF-PI (250 x 10' cpm;
S.A. = 140 pCi/lg). Control rats (n = 2) were coinjected with 1251I
TGF-,B1 (250 x 10 cpm; SA = 140 ,Ci/ Ag) and an excess of unlabeled
TGF-Pf1 (50 Ag). After 2.5 min the rats or mice were perfused with
Ringer's lactate solution until blanching of the liver occurred (20-30
s), followed by perfusion fixation for 10 min with 5% glutaraldehyde
in 0.05 Msodium cacodylate buffer (pH 7.3) containing 0.05% CaCl2.
For experiments examining localization 15 min after injection, experi-
mental rats (n = 2) were intravenously injected with '`I-TGF-/31 (250
x 10' cpm; SA = 115 /Ci/Mg). Control rats (n = 2) were coinjected
with 125I-TGF-/31 (250 x 106 cpm; SA = 115 yCi/Mg) and an excess
of unlabeled TGF-P/1 (50 Ag). A further series of experiments was
carried out in which rats were injected with 0.8 pg of 125I-TGF-/3I ( 110
x 10' cpm; SA = 59 ACi/Ag) and perfused with Ringer's lactate
followed by fixation perfusion at 2.5, 15, 30, 45, and 60 min as described
above. Control experiments were carried out for the 30-min time point
with the same dose of l"I-TGF-,61 injected but with excess unlabeled

1. Abbreviations used in this paper: a2-M-MeNH2, a2-macroglobulin-
methylamine complex; EM, electron microscopy; LM, light microscopy;
SA, specific activity.

TGF-31 (19.6 Mg). All tissues were further fixed overnight at 40C.
Tissues were washed in 0.1 M sodium cacodylate buffer containing
0.05% CaCl2, postfixed with 1% osmium tetroxide in 1.5% potassium
ferrocyanide for 2 h, washed again with sodium cacodylate buffer, dehy-
drated in increasing gradations of acetone, infiltrated, and embedded in
Epon-812 (JBEM Supplies, Montreal, Canada).

For clearance experiments, CDl mice (n = 2) were injected with
a mixture of '"I-TGF-f l (10 x 106 cpm; SA = 146 MCi/Mg) complexed
to unlabeled a2-macroglubulin-methylamine (830 Mg). In separate ex-
periments, CDl mice (n = 3) were injected with '251-a2-macroglobulin-
methylamine (50 x 106 cpm; SA = 3.3 MCi/Mg) to identify binding
sites for a2-macroglobulin. In these clearance experiments, mice were
perfused with Ringer's lactate 2.5 min after injection, and tissues were
processed as described above.

LM radioautography. LM sections (0.5 Am) were cut, prestained
with iron alum and hematoxylin, dipped in NTB2 liquid emulsion, and
exposed (25). Time of exposure varied with respect to tissues and is
indicated in figure legends. Slides were developed in developer (D-19b;
Eastman Kodak Co.).

EM radioautography. Sections in the range of 100 nm were cut
with a diamond knife, dipped in Ilford L-4 nuclear emulsion Ilford
Canada, Markham, Ontario and processed for EMradioautography (30).
After exposure times indicated in figure legends, the sections were
developed in either D-19b or Agfa-Gevaert developer for filamentous
or fine grain visualization, respectively (31). Tissue sections were then
treated with either glacial acetic acid for 5-15 s or amyl acetate for
30-60 s to remove the celloidin coat, stained with uranyl acetate and
lead citrate for 5 and 2 min, respectively, and examined with an electron
microscope (2000FX, JEOL USAInc., Peabody, MA).

Quantitation. For LM radioautography, silver grains were counted
using a micrometer ocular grid (Bausch & Lomb, Inc., Rochester, NY)
at a magnification of 1,000. The grid consisted of 6 x 6 frames, each
frame having the dimension of 17 Mmx 17 Am. Grain counts from
experimental animals were compared to grain counts from control ani-
mals (i.e., plus excess unlabeled TGF-f31), and percent competition
was evaluated.

For EMradioautography, filamentous grain concentrations in experi-
mental and control tissues were evaluated for percent competition.
Shared grains were attributed to either cell type using the method de-
scribed by Nadler (32).

Endothelial cell labeling was seen in all organs and tissues. Hence,
to quantify the number of binding sites over endothelial cells at 2.5 min
after injection of 125I-TGF-pl3, the method described by Fertuck and
Salpeter (33) and Bergeron et al. (34) was used. Briefly, the analysis
was carried out on a total of 181 photomicrographs taken wherever
radioautographic grains were visualized. Taking into account the decay
of '25I-TGF-f31 from the time of injection, the duration of exposure, and
the half-life of 25I, the number of grains over endothelial cells in the
various tissues was normalized (see Table V). The surface area of the
endothelium under analysis was then measured. The perimeter of the
endothelial plasma membrane was measured with an optical planimeter
(MOP-3, Carl Zeiss, Inc., Thornwood, NY) correcting for magnification
differences. Section thickness was determined by the fold method of
Small (27) and found to be 112±8 nm (n = 10), and surface area was

thereby calculated. Using the value of 60% efficiency of detection of
1251 sources with monolayer Ilford L-4 emulsion (35), the grain density
(normalized number of grains/square micrometer of plasma membrane)
over endothelial cells was calculated.

Results

12I-TGF-,1il binding in kidney. Kidney was evaluated as a po-
tential target because of the demonstration that antibodies to
TGF-fI3 reverse glomerulonephritis (36-38) as well as the ob-
servation that kidney is a major site of accumulation of TGF-
fi1 in vivo (39). Binding was demonstrated in kidney glomeruli
of mice (Fig. 1 a) and rats (Fig. 1, b and c). Both kidney
glomeruli (Fig. 1, a and b) as well as the epithelium of the
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Figure 1. LM radioautographs showing the distribution of silver grains over the kidney glomerulus 2.5 min after the injection of (a) low doses
(10 x 106 cpm), and (b) higher doses (250 x 106 cpm) of '2'I-TGF-PI in mouse and rat, respectively. Silver grains are found over glomerular
capillaries (C). Mesangial cells (M) are overlaid by fewer grains. The parietal layer of Bowman's capsule (PBC) shows only low labeling. In b,
the luminal surface of the proximal convoluted tubule (PCT), seen emanating from the urinary pole of the renal corpuscle, shows labeling. In
control rats (c) injected with the same amount of radiolabeled '"I-TGF-f61 (250 x 106 cpm) but coinjected with excess unlabeled TGF-3il (50
,ug), diminished labeling is seen over the capillaries (C) in the glomerular tufts. However, high labeling is seen over the apex of the proximal
convoluted tubule (PCT) at the urinary pole of the renal corpuscle. Exposure: a, 60 d; b and c, 2 d.
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Table L LMRadioautography of "2sI-TGF-f3J Binding Sites
in Kidney

Proximal convoluted
Kidney glomerulus tubule

Number Grains/289 Number Grains/289
of grains Jm2 of grains /mm2

Experimental 3,053 30.9±3.5 468 6.1±1.6
Control 584 7.1±1.4 299 5.1±0.2
Percent competition 77.0 16.4

Tissues were processed as described in Methods, and silver grains were
counted over kidney glomeruli and proximal convoluted tubules from
sections of either experimental rats injected with l2I-TGF-p I (250 x 106
cpm) or control rats coinjected with lnI-TGF-,lI (250 x 106 cpm) and
excess unlabeled TGF-fl31 (50 ttg). The results (grains per 17 /Am x 17
,im frame) are the mean for each animal± '4 variation of two experi-
mental and two control rats. The exposure was for 2 d.

proximal convoluted tubule (Fig. 1 b) were overlaid by silver
grains. However, when specificity was evaluated by the coinjec-
tion of 125I-TGF-/il and excess unlabeled TGF-f61, radiolabel-
ing was greatly diminished over glomerular tufts (indicating
specific binding) but not over the proximal convoluted tubular
epithelium (Fig. 1 c). Non-receptor-mediated clearance of
polypeptide hormones by the proximal convoluted tubule has
been previously demonstrated ( 17, 40). Quantitation of the LM
radioautographic observations confirmed that the binding to the
glomeruli but not to the proximal convoluted tubules was spe-
cific (Table I).

As assessed by EMradioautography, the majority of silver
grains were localized to the glomerular capillary endothelium
and adjacent podocytes of the glomerular tuft (Fig. 2, a and
b). This labeling was specific since it was efficiently competed
by excess unlabeled TGF-/31 (Table II). The low percentage
of labeling found over mesangial cells (cf Fig. 2, b and c) was
nonspecific since it was not appreciably competed by excess
unlabeled TGF-fil (Table II).

'25I-TGF-[3I binding in liver. Since Wakefield et al. (41)
have identified sites of accumulation of systemically adminis-
tered active '25I-TGF-f3l in liver, and since this organ has been
postulated to be the major site of clearance of circulating TGF-
,B1 in the rat (42), we examined liver for specific binding sites.
At the LM level, silver grains were found over liver sinusoids
in sections from experimental animals injected with '25I-TGF-
/31 alone, and this labeling was reduced in control animals
coinjected with excess unlabeled TGF-/31 (Fig. 3, a and b).

As assessed by EMradioautography of liver sections from
experimental rats (Fig. 3, c and d), the majority of silver grains
were located over the endothelium and adjacent luminal space
(Table HI). A small percentage of grains were found over
sinusoidal lining cells, mainly Kupffer cells and Ito cells
(16.7%; Table III). Hepatocyte labeling was largely restricted

to the sinusoidal surface and accounted for 31.8% of the grains,
including those over Disse's space, where hepatocyte microvil-
lus processes are found. In sections from control animals, silver
grains over both endothelium and hepatocytes were markedly
reduced (Table HI). Although liver parenchyma did reveal spe-
cific binding sites confirming the conclusions of Wakefield et
al. (41) and Coffey et al. (42), the majority of specific binding
was not to liver parenchyma but to sinusoidal endothelium.

Effect of a2-M-MeNH2 on '25I-TGF-,/3 binding in kidney
and liver. a2-M is an abundant serum protein that is able to
interact with TGF-,B1 and affect its receptor binding and biolog-
ical activities (43). It has been postulated that TGF-,/1, when
it is complexed with a2-M-MeNH2, is cleared from the circula-
tion by the a2-M receptor on hepatocytes (28, 44). Accord-
ingly, we compared the distribution in mouse kidney and liver
sections of '"I-TGF-,61 to that of 125I-a2-M-MeNH2 and the
125I-TGF-/31 /a2-M-MeNH2 complex. As seen in Fig. 4 a, bind-
ing of '"I-TGF-fil alone was over kidney glomerulus and the
proximal convoluted tubule (as seen in Fig. 1). When the 125I_
TGF-,B1 was preincubated with an excess of unlabeled a2-M-
MeNH2to form the '25I-TGF-31 /a2-M-MeNH2 complex, a di-
minishment of labeling over the glomerular tuft was observed
(Fig. 4 b), while complete absence of labeling over the proximal
convoluted tubule was evident (Fig. 4 b). The reduction in
binding over the glomerular tuft is likely due to the fact that
a2-M is able, under these conditions (i.e., activated with
MeNH2), to complex with '"I-TGF-P 1 and prevent its binding
to cell surface receptors (43). The lack of binding to the proxi-
mal convoluted tubule is likely due to the inability of the high
molecular weight '"I-TGF-fil /a2-M-MeNH2 complex (molec-
ular mass > 700 kD) to penetrate the glomerular basement
membrane.

An examination (Fig. 4 c) of mouse liver sections showed
that the injection of '"I-TGF-/31 alone resulted in a distribution
of silver grains that were predominantly endothelial (sinusoidal
periphery) (as in Fig. 3). The injection of lZ¶I-a2-M-MeNH2
revealed a silver grain distribution that was distinctly different,
in that a greater proportion of silver grains were over hepato-
cytes (Fig. 4 d, arrows). This is consistent with the clearance
of a2-M-MeNH2 from the circulation through the hepatocyte-
restricted a2-macroglobulin receptor (28). Injection of the 25I-
TGF-3ll/a2-M-MeNH2 complex led to a redistribution of the
'"I-TGF-P 1 label from primarily endothelial (sinusoidal pe-
riphery, Fig. 4 c) to hepatocyte (Fig. 4 e). These observations
support our conclusion that "lI-TGF-/3l alone binds to specific
sites in endothelium, and they demonstrate that the binding of
I251-TGF-,BI could be altered by the formation of a complex

between 125I-TGF-,/1 and a2-M-MeNH2; i.e., '"I-TGF-/31 was
redirected from the endothelium to the a2-macroglobulin recep-
tor of hepatocytes.

Lung. The lung was examined since it is a highly vascular
organ (45). After the injection of 251I-TGF-/31 alone, LMradio-
autography showed high concentrations of silver grains over
alveolar walls in sections from experimental animals (Fig. 5

Figure 2. EMradioautographs showing the localization of '25I-TGF-,61 binding sites 2.5 min after either injection of '"I-TGF-,fl alone (250 X 106
cpm) (a, b) or with coinjection of "5I-TGF-fliI (250 x 106 cpm) and excess unlabeled TGF-,B1 (50 Isg) (c) in rat kidney glomeruli. In a, filamentous
silver grains are found mainly over capillary endothelium (En) and podocyte foot processes (fp). The cell body of the podocyte (Podo) is overlaid
by few silver grains. In b, mesangial cells (M) show lower labeling in comparison to the adjacent capillary endothelial cells (En). In c, taken from
a control rat, labeling over capillary endothelium (En) is diminished while that over mesangial cells (M) remains high. Exposure: a, 165 d; b and
c, 26 d.
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Table II. EMRadioautography of '251-TGF-fi1 Binding Sites in Kidney Glomeruli

Experimental Control
Percent

Number of grains Percentage of total grains Number of grains Percentage of total grains competition

Podocyte 146 32.4 69 37.9 52.7
Basal lamina 68 15.1 25 13.7 63.2
Endothelial cell 124 27.5 17 9.4 86.3
Mesangial cell 56 12.4 49 26.9 12.5
Unascribed 57 12.6 22 12.1 61.4
Total 451 100.0 182 100.0 59.6

Distribution of silver grains over EMradioautographs of rat kidney glomeruli 2.5 min after injection of either 1"I-TGF-fil (250 X 106 cpm) or
coinjection of 1"I-TGF-,31 (250 X 106 cpm) and excess unlabeled TGF-,f31 (50 ug).

a). This was displaced in controls (Fig. 5 b), and quantitation
indicated a 77.2% displacement (Table IV). By EMradioautog-
raphy, silver grains were found over the continuous endothelium
of lung capillaries but not over adjacent alveolar macrophages
nor type I or type II pneumocytes (Fig. 5 c and d).

Other soft tissues. LM radioautography of the small intes-
tine, cerebral cortex, and cardiac and skeletal muscle showed
silver grains 2.5 min after injection of 125I-TGF-fil alone over
the microvasculature as well as the endothelium of the aorta.
This labeling was specific since coinjection of unlabeled TGF-
/31 led to lower labeling in all cases (Table IV). By EMradioau-
tography (Fig. 6), silver grains were found only over the endo-
thelial cells of capillaries within the parenchyma of each organ
examined.

Estimation of receptor density. To compare the quantitative
distribution of binding sites among capillary beds, the surface
area of endothelial plasmalemma was calculated. The section
thickness was determined using the method of Small (27), and
the plasma membrane length was measured directly on the radio-
autographs. The number of observed silver grains was corrected
for exposure time, and an estimation of the density of binding
sites was determined as described by Fertuck and Salpeter (35).
Significant differences were found, with 3.2-fold higher density
of silver grains for the endothelium of kidney glomerulus, liver
than for the endothelium of tibia, enamel organ, and small intes-
tine, which in turn was 2.4-fold higher than that of cardiac, lung,
aortic, and cerebral endothelium (Table V).

Integrity of 125I-TGF-pl in vivo. To test the integrity of the
radioiodinated 125I-TGF-f3l that was being visualized by LM
and EM radioautography, 1"I-TGF-fil was intravenously in-
jected into rats (n = 2), and kidney, liver, heart, and lung were
dissected and homogenized at 4°C. The amount of intact ligand
was then evaluated by precipitation with 5%TCA (20). It was
found that > 90% of radiolabeled ligand was precipitated for
all organs examined, demonstrating that the 1"I-TGF-/31 that
was visualized was indeed intact (Table VI).

'25I-TGF-P1 distribution at later times after injection. Fluid
phase transport of macromolecules across the endothelium is
usually rapid, i.e., seconds (46). However, receptor-mediated
transcytosis may be slower. To evaluate if the specific binding
sites of the endothelium were related to a slow receptor-medi-
ated transcytotic mechanism to distribute blood-borne TGF-,/1
to local sites, binding was evaluated at 15, 30, 45, and 60 min
after the injection of 125I-TGF-/31, i.e., at times when > 80%
of the injected ligand has been cleared from the circulation
(42), and compared to that observed at 2.5 min after injection.
No new cell types or structures, such as connective tissue or

extracellular matrices, were radiolabeled at any of the time inter-
vals examined. For all tissues examined, i.e., kidney, liver, small
intestine, and lung tissues, silver grains remained over the endo-
thelium.

As illustrated for the kidney glomerulus (Fig. 7), light mi-
croscope radioautography of tissue sections revealed silver
grains over the glomerular tuft for up to 60 min after injection
of a single bolus of 1"I-TGF-p I. Control experiments at 30 min
after injection, where excess unlabeled TGF-,11 was coinjected,
revealed a marked diminution in silver grains over the glomeru-
lar tufts (cf Fig. 7, c andf ). This was also seen at 15 min after
injection for control experiments in which excess TGF-/31 was
coinjected (data not shown). Hence, at 2.5 min as well as at
later time points, the distribution of silver grains over endothe-
lial targets was specific. By contrast, the density of silver grains
over the proximal convoluted tubule was not diminished by
coinjection of excess TGF-f1 and sampling at 2.5 min (Fig. 1
c), 15 min (not shown), and 30 min (Fig. 7 f ), demonstrating
the nonspecific nature of the binding sites at all time points.
Additionally, the clearly intracellular distribution of silver
grains seen at 30 min after injection over the proximal convo-
luted tubule was indicative of internalization of the label initially
bound at the cell surface at 2.5 min after injection (cf Figs. 1,
c and 7f).

At later time points, no new cell types exhibited specific
binding for '"I-TGF-fil. However, the distribution of the label
at the electron microscope level at 15 min after injection clearly
indicated internalization into endocytic components of the endo-
thelium (Fig. 8). Remarkably, although '25I-TGF-/31 was inter-
nalized into endothelium by a specific receptor-mediated mech-
anism at the later time points, this did not lead to the marked
loss of radiolabel from the endothelium even at 60 min after
injection (cf Fig. 7, a and e). This is in contrast to the proximal
convoluted tubule, where internalization via nonspecific binding
sites led to the loss of radiolabel, presumably by lysosomal
degradation at 30-45 min after injection.

Discussion

Wehave used quantitative radioautography to visualize specific
binding sites after the systemic administration of recombinant
active 125I-TGF-fil. Vascular endothelium was revealed as the
major cell type exhibiting specific binding sites. Tissue-bound
1II-TGF-fll was intact as evaluated by TCA precipitation of
extracted radiolabeled ligand. The binding to the endothelium
was characteristic of a high-affinity receptor-mediated interac-
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Figure 3. LMand EMradioautographs of '"I-TGF-fil binding sites in liver 2.5 min after injection of 1"I-TGF-fil alone (250 x 106 cpm) (a, c,
d), or along with excess unlabeled TGF-3il (50 ig) (b). In the liver of experimental rats (a, c, d), silver grains (c and d, arrows) are concentrated
over the sinusoidal endothelium (S in a; En in c and d). Hepatocytes also show specific labeling (H) (c and d, arrowheads). In control tissues
(b), far fewer grains are found over liver sinusoids (S). SL, sinusoidal lining cell. Exposure: 3 d for a and b; 165 d for c and d.
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Table III. EMRadioautography of l25I-TGF-3il Binding Sites in Liver

Experimental Control
Percent

Number of grains Percentage of total grains Number of grains Percentage of total grains competition

Endothelium 228 50.1 100 55.2 56.1
Hepatocyte and Disse's space* 145 31.8 73 40.4 49.7
Other lining cells* 76 16.7 6 3.3 92.1
Unascribed 6 1.3 2 1.1 66.7
Total 455 100 181 100 60.2

Distribution of silver grains over liver sections of experimental and control rats. Conditions for Table HI as described in Methods. * Grains over
hepatocytes were found mainly over the sinusoidal surface in Disse's space. I The category sinusoidal lining cells includes Kupffer cells and Ito
cells, with the majority over the former.

tion since relatively low concentrations of unlabeled TGF-f31
competed for binding.

The class of TGF-P receptor responsible for the binding
observed here is unknown. However, cross-linking of '"I-TGF-
P31 to primary cultures of endothelial cells have revealed the
type I and II TGF-P receptors (47, 48). Using the same tech-
nique together with immunoprecipitation studies using antibody

to the type Ill receptor, we have also observed the type HI
receptor on primary cultures of microvascular endothelial cells
(Morello, J. P., B. Meyrick, R. Haver, M. O'Connor-McCourt.
1995. J. Cell. Physiol. In press.). Furthermore, endoglin (49),
a prominent endothelial cell surface molecule, binds TGF-,61
with high affinity and specificity and is found as a heteromeric
complex with the type I and II TGF-,f signaling receptors (50).

Figure 4. LM radioautographs of mouse kidney (a, b) and liver (c, d, e) at 2.5 min after the injection of 1251I-TGF-,13 (10 x 106 cpm) (a, c),
[125I1 a2-M-MeNH2 (50 x 106 cpm) (d), or 125I-TGF-,l/ (10 x 106 cpm) complexed with excess unlabeled a2-M-MeNH2 (830 jg) (b, e). For
'25I-TGF-,Bl alone, silver grains are revealed over the glomerular tuft (G) and proximal convoluted tubule (PCT, arrow) in a. Silver grains are
diminished over the glomerular tuft (G) and absent from the proximal convoluted tubule in b when '"I-TGF-f31 is complexed to a2-M-MeNH2
before injection. In c, the injection of '251I-TGF-f3l alone reveals silver grains over the sinusoidal periphery (arrows). In d, silver grains reveal '"I-
a2-M-MeNH2 binding sites mainly over hepatocytes (arrows). The injection of 1"I-TGF-,61 complexed to a2-M-MeNH2 shows a localization
mainly to hepatocytes (arrows) in e. Exposure: 115 d for a, b, c, and e; 39 d for d.
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Table IV. LMRadioautography of '25I-TGF-f31 Specific Binding

Number of Grain/ Percent
Organ grains 89 um2 displacement

Lung
Experimental 12,044 55.8± 1.0 77.2
Control 2,732 12.7±0.8

Small intestine
Experimental 3,445 16.0±0.3 73.8
Control 904 4.2±0.1

Brain
Experimental 822 3.8±0.2 81.6
Control 138 0.7±0.1

Heart
Experimental 3,139 14.6±0.2 75.3
Control 764 3.6±0.9

Aorta
Experimental 516 2.5±0.2 68.0
Control 170 0.8±0.1

Silver grains were counted over organ sections of experimental and
control rats as described in Methods at an exposure of 80 d.

There are at least three phenomena of pharmacological and
physiological significance to which this receptor-mediated en-
dothelial binding may be related: (a) transport of the ligand
across the endothelium to tissues in the interstitium, (b) uptake
and clearance of active TGF-f31 from the circulation, and (c)
receptor binding that initiates a biological response in the endo-
thelial cells. We suggest that our data and that of others is
consistent with the latter, i.e., the endothelium being a major
target tissue that responds to circulating active TGF-fil.

Receptor-mediated transcytosis across the endothelium has
been recently proposed for the movement of human chorionic
gonadotropin across the endothelium of the testis (51). We
evaluated the possibility that endothelial TGF-,f1 binding in-
volved endothelial transcytosis by examining the distribution
of '25I-TGF-,81 at 2.5, 15, 30, 45, and 60 min after injection
(Fig. 7). We failed to identify any specific labeling of other
cells, tissues, or structures at later time intervals. Indeed, the
ligand remained associated with the microvascular endothelium
but was now observed over endocytic components (Figs. 7 and
8) consistent with receptor-mediated ligand internalization but
not receptor-mediated transcytosis across the endothelium.
Analogous in vivo studies with EGFin target liver parenchymal
cells have revealed that internalization is linked to a prolonga-
tion of receptor association and signal transduction (52).

We evaluated the relationship of endothelial binding to
clearance of TGF-,31 from the circulation by examining nonspe-
cific (nonsaturable) sites of uptake, and by comparing the distri-
bution of "5I-TGF-,31 with that of 125I-TGF-,61 precomplexed
with activated a2-macroglobulin (a2-M-MeNH2), a binding
protein that has been proposed to mediate hepatic clearance of
TGF-,81 under certain conditions (28, 44). Since we observed
nonspecific binding of TGF-fll at the apex of the proximal
convoluted tubule (Figs. 1 c and 7), we propose that clearance
of TGF-,B1 from the circulation is largely non-receptor medi-
ated and is due to uptake by the proximal convoluted tubule
epithelium. This was observed to be the case for all the other
small peptide ligands that our laboratory and others have as-

sessed, i.e., insulin, prolactin, calcitonin, PTH, and EGF (the

molecular mass exclusion limit for basement membrane filtra-
tion is - 70 kD). A nonsaturable, non-receptor-mediated
clearance mechanism for TGF-/I1 from the circulation is also
supported by our studies, which show that the kinetics and
extent of clearance of '"I-TGF-fi1 are relatively unaffected by
the coinjection of high concentrations of unlabeled TGF-l01
(unpublished observations).

The radioautographic method used here enabled us to distin-
guish the clearance mediated by the proximal convoluted tubule
(nonspecific) from that of endothelium (specific) and that medi-
ated by the a2-macroglobulin receptor. When '"I-TGF-/3l was
precomplexed with a2-M-MeNH2, localization in the proximal
convoluted tubule was abrogated, indicating that transport
across the glomerular basement membrane was eliminated be-
cause of the high molecular weight of the complex
(> 700,000). Also, '"I-TGF-fi1 radiolabeling was shifted from
an endothelial to a hepatic location, confirming that the complex
interacts with the a2-M receptor on hepatocytes (28, 43, 44).
Hence, it appears that under certain conditions such as
wounding, where both TGF-f31 and protease-activated a2-M are
present, the TGF-fil protease-activated a2-M complex will be
cleared through the a2-M receptor, as previously proposed (28,
44). However, when the endogenous circulating a2-M has not
been activated by proteases as would be the case after systemic
administration of TGF-fl3, circulating TGF-31 is able either to
interact with the endothelium or to pass through the glomerular
basement membrane.

Wepropose that the endothelial binding we have visualized
is indicative of the endothelium being an important cellular
target for endocrine TGF-f31. Weobserved a significant differ-
ence (- eightfold) in the density of TGF-P1 binding sites in
morphologically distinct endothelial beds (Table V). The more
permeable capillaries of liver and kidney displayed a higher
receptor density than the less permeable fenestrated capillaries
of the small intestine, bone, and enamel organ. The lowest
receptor density was found in continuous capillaries of heart,
lung, aorta, and brain. The observation that TGF-,61 receptor
density correlates with the three different morphological catego-
ries of endothelium suggests that these specific binding sites
may be related to endothelial function.

In vitro and in vivo studies suggest that TGF-fil is signifi-
cantly involved in several aspects of endothelial cell differentia-
tion and function. Observed responses of endothelial cell behav-
ior include growth inhibition and induction of tubelike struc-
tures (53-56), stimulation of angiogenesis (57), induction of
endothelin expression (58), a decrease in the surface density
of fenestrae (59), and an inhibition of the adhesiveness of
endothelial cells for neutrophils and T lymphocytes (60-62)
due to a decreased synthesis of endothelial E-selectin (63). The
effect of systemic TGF-,61 on the endothelium in vivo is less
well understood. However, several recent studies of systemi-
cally administered TGF-,31 in whole animal models point to
the endothelium as a major cellular target for circulating TGF-

lI and suggest that a major response. is the reduction in adhe-
siveness of the endothelium for inflammatory cells. For exam-
ple, TGF-f31 has been observed to exert a significant protective
effect against "reperfusion injury" in several ischemic reperfu-
sion animal models (64-66). The key mechanism is proposed
to be the action of TGF-P1l on endothelial cells that prevents
the adherence of polymorphonuclear leukocytes (67, 68). Fur-
thermore, it has recently been shown that administration of
TGF-,31 or TGF-f32 inhibits cerebrovascular changes and brain
edema in the early phase of experimental pneumococcal menin-
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Figure 6. EMradioautographic localization of '25I-TGF-,BI binding sites in (a) the lamina propria of the small intestinal villus, (b) cerebral cortex,
(c) heart, and (d) aorta 2.5 min after injection of '25I-TGF-fi1 alone (250 x 106 cpm). Silver grains (a and c, arrows) are found over the
endothelium (En) in all cases. SM, smooth muscle; el, elastic lamina. Exposure: 210 d.

Transforming Growth Factor-/31 Binding to Endothelium In Vivo 2549

rI

.1.

A
.-

'y*,: i.. "i



Table V. Relative Grain Densities over Endothelium in Vessels of TGF-f31 Target Organs

Endothelial Plasma membrane Total number Percent decay Normalized number
Tissue type* lengtht of grains' radioactivityll of grains/lm21

Liver sinusoids D 250 127 72 10.7
Kidney glomerulus Fd- 192 96 72 10.5
Tibia (vascular

invasion zone) F 1,224 111 36 3.9
Enamel organ (in

papillary layer of
maturation zone) F 1,037 109 46 3.4

Small intestine
(lamina propria) F 1,517 166 67 2.6

Heart C 1,671 138 67 1.9
Lung C 1,717 106 69 1.4
Aorta C 2,008 126 67 1.4
Cerebrum C 2,921 105 67 0.9

Silver grains overlying endothelium were normalized on the basis of the exposure time as described in Methods, and normalized grains were
expressed per Jsm2. The luminal surface of lung endothelium has been estimated as 946 /m2 (45). This would correspond to 1,324 binding sites on
this surface alone. Assuming an equal number on the adluminal surface, this would mean - 2,600 binding sites per cell for lung endothelium. A
similar size for endothelium of the kidney glomerulus would indicate - 20,000 receptors per cell. * Fd, fenestrated endothelia without diaphragms;
D, discontinuous endothelium; F, fenestrated endothelia with diaphragms; C, continuous endothelium. $ From a total of 181 electron micrographs,
the surface area of endothelial plasmalemma was calculated from the surface length of both the luminal and adluminal surfaces multiplied by
the section thickness (112±8 nm). Surface length of the plasma membrane was measured in micrometers using an optical planimeter. ' Total
number of grains counted over the endothelium. 11 Percentage of the total radioactivity injected that was detected during radioautography, taking
into account the radioactivity of the 251I-TGF-PI1 at the beginning of the exposure, the duration of exposure, and the half-life of '"I. I By assuming
one ligand associated with one binding site, the density of silver grains per ttm2was corrected for exposure time and the efficiency of radioautographic
detection of "2I Auger electrons (60%) (35).

gitis (69). Again, it was proposed that TGF-f31 may be pro-
tecting the integrity of the endothelial blood-brain barrier by
modulating the adhesiveness of the endothelial cells for in-
flammatory cells. Also, TGF-/31 has been demonstrated to have
a protective effect in several T cell-mediated disease models
including Borna disease, experimental allergic encephalomyeli-
tis (an experimental model for human multiple sclerosis), and
T cell-mediated arthritis (70-73). As with the reperfusion
injury and meningitis models, the protective effect of TGF-f3
in these T cell-mediated disease models may also be related,
in part, to the inhibitory effect of TGF-f3 on the adhesiveness
of endothelial cells for neutrophils and T lymphocytes (60-
62). In light of these in vitro and in vivo effects of TGF-f, on
the endothelium, it has been suggested by Gamble and Vadas
(60) that maintenance of the nonadhesiveness of endothelial
cells is an active phenomenon mediated by circulating TGF-

Table VI. '25I-TGF-31 Integrity as Evaluated by Precipitation
with Trichloroacetic Acid

Radioactivity cpm/mg Percent TCA
Organ homogenate protein precipitable

X 1O-3

Kidney 8.2±0.3* 98.4±0.4
Liver 17.2±0.5 99.3±0.2
Lung 5.2±0.5 97.0±0.1
Heart 1.2±0.2 92.3±1.3

* Mean± 14 variation (n = 2).

f1, and by Wahl (74) that systemic TGF-31 could target endo-
thelial cells (74), as was demonstrated in the present study.

Two mouse models also support the conclusion that the
endothelium is a major target for circulating TGF-16 in vivo.
Targeted disruption of the TGF-f31 gene in mice caused an
excessive inflammatory response and death 2-3 wk after birth
( 13, 14). This result was initially thought to be consistent with
the role of TGF-f31 as a potent immunosuppressor (75). How-
ever, as documented recently by Letterio et al. ( 12), the normal
birth and temporary survival of mice with targeted gene disrup-
tion of TGF-,B1 was due to systemic transport of maternally
derived TGF-f31 from heterozygous mothers pre- and postna-
tally. Recently, Wahl (75) proposed that the inflammation that
occurs in the mice upon the removal of maternal TGF-,B1 after
weaning may be due to the generation of a transient gradient
of TGF-,B1 between internal stores and the circulation that
would be chemotactic for leukocytes. Alternately, it may be
that endocrine TGF-,f1 acts directly on endothelial cells to
maintain their nonadhesive nature (both in normal mice and in
the transgenic mice receiving maternal TGF-,B1) and that re-
moval of circulating TGF-f31 results in adhesion and leukocyte
migration. Indeed, although TGF-P1 gene-disrupted mice de-
void of maternal TGF-(1 were embryonic lethal (12), even the
major defect in heart development may be endothelial related,
since (a) the major defect noted by Letterio et al.' (12) was
abnormal cardiac development with poorly formed ventricular
lumina, muscle, and valves; and (b) Heine et al. (76) have
localized TGF-P in the endocardial cushion tissue of developing
heart valves of animal embryos. Since Akhurst et al. (77) have
defined an association between TGF-,3 and endothelial-medi-
ated endocardial cushion formation and cardiac development,
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Figure 7. LM radioautographic localization of internalized '"I-TGF-P 1 /TGF-,81 binding site complexes in kidney glomeruli at various time points
after the injection of "25I-TGF-,/l (110 x 106 cpm) alone (a-e) or after coinjection of '"I-TGF-,8l (110 x 106 cpm) and unlabeled TGF-fl0 (19.6
fig) (f ). In the sections from the experimental rats (E), grains are seen over the kidney glomerulus 2.5 min after injection (a); For animals killed
at 15 min (b), 30 min (c), 45 min (d), and 60 min (e), silver grains remain over the kidney glomerulus while no increase in the number of grains
is found over the surrounding tissue. In control (C) animals (f ) evaluated at 30 min after coinjection of l"I-TGF-,81 and excess unlabeled ligand,
a marked diminution in labeling over the glomerular tuft is seen. However, nonspecific binding sites in the proximal convoluted tubule are prominent
in f and are clearly over intracellular components (arrowheads). Exposure: 60 d.

then even the major defect in the null homozygous TGF-031
knockout mouse may be attributed to a defective endothelial cell
differentiation. Studies with the homozygotic TGF-,31 gene-
disrupted mice therefore suggest that TGF-,61 has significant
roles in endothelial cell differentiation during embryogenesis
and also in subsequent endothelial cell function. A second
mouse model, in which the level of circulating TGF-/31 is ele-
vated because of the expression of porcine TGF-,61 linked to
the albumin enhancer/promoter, exhibits effects on endothelial
cells in the kidney (78). This would be predicted from our
results, which show that glomerular endothelium has the highest
density of specific binding sites in vivo.

The observations discussed above define a role for circulating
TGF-,61 in the preservation and stabilization of endothelial func-
tion. In contrast, other studies have directly linked increased local
production of TGF-,/1 to several fibrotic disorders, including
hepatic cirrhosis, idiopathic pulmonary fibrosis, and glomerulo-
nephritis (79). In these diseases it is proposed that local overpro-
duction of active TGF-,/ causes the activation of fibroblasts with
a resulting excessive elaboration of extracellular matrix. It ap-
pears then that circulating TGF-,61 interacts preferentially with
endothelial cells, whereas locally produced and/or activated
TGF-,61 may stimulate fibroblasts as proposed recently by Wahl
(74). This apparent difference between the preferred cellular

Transforming Growth Factor-/31 Binding to Endothelium In Vivo 2551
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Figure 8. EMradioautographic localization of internalized '25I-TGF-f I3/TGF-/31 binding site complexes in distinct vascular beds 15 min after the
injection of '"I-TGF-fil (250 x 106 cpm) alone. Grains are seen over components of endocytic apparatus consisting of endosomes and lysosome-
like structures as well as multivesicular bodies in endothelium of liver (a, discontinuous endothelium); kidney (b, fenestrated endothelium without
diaphragms); bone (c, fenestrated endothelium with diaphragms); and lung (d, continuous endothelium). Exposure: a and b, 93 d; c, 168 d; d,
188 d.

targets for circulating versus local TGF-61 emphasizes the con-
textual nature of TGF-,B1 action and suggests that cellular respon-
siveness is defined not only by the presence of cell surface recep-
tors but also by the route of delivery.

However, circulating TGF-f31 is probably not directed ex-
clusively to endothelial cells. It may also interact with macro-
phages and fibroblasts directly, as indicated by the ability of a
single injection of TGF-P31 to enhance wound healing (80, 81)
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and the correlation between elevated plasma TGF-1 I levels and
fibrosis (82, 83). The lack of detection of '"I-TGF-,31 specific
binding sites in fibroblasts in the present study may be due to
the low doses of 1"I-TGF-fil used, or because the number of
TGF-13 receptors in fibroblasts is too low to be detected by the
radioautographic technique. Indeed, insulin receptors in fibro-
blasts in vivo are undetectable by the same in vivo radioauto-
graphic method (84).

Hence, the in vivo binding studies presented here have de-
fined the microvascular endothelium as the major site that spe-
cifically binds blood-borne TGF-fl1. Endothelial cells of the
microvasculature are among the least mitogenically active cells
in the body (85-87), as expected for a target of TGF-/31.
Additionally, the finding that a human disease characterized by
vascular dysplasia (hereditary hemorrhagic telangiectasia type
1) is caused by mutations in the TGF-13 receptor that is highly
expressed on endothelial cells (endoglin) (88) emphasizes the
importance of TGF-P in endothelial function. Taken together,
present and past studies indicating a critical role for the endothe-
lium in TGF-13 action are highly relevant to the design of clinical
trials that use systemically administered TGF-f31. In vivo bind-
ing studies with '"I-TGF-f32 and -33 and other ligands of the
TGF-13 family may reveal different cellular targets for these
related but distinct ligands.
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