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ABSTRACT By using perfusions and bolus administra-
tion, coupled with postembedding immunocytochemical pro-
cedures, we have identified the structures involved in the
transport of derivatized orosomucoid (a;-acidic glycoprotein)
across the continuous microvascular endothelium of the mu-
rine myocardium. Our findings indicate that: (/) monomeric
orosomucoid binds to the luminal surface of the endothelium;
(ii) it is restricted to caveolae during its transport across the
endothelium; (ii7) it is detected in the perivascular spaces at
early time points (by 1 min) and in larger quantities at later
time points (>5 min) from the beginning of its perfusion or
its intravascular administration; (iv) no orosomucoid mole-
cules are found in the intercellular junctions or at the ablu-
minal exits of interendothelial spaces; and (v) the vesicular
transport of orosomucoid is strongly inhibited by N-
ethylmaleimide (>80%). Because, by size and shape, the
orosomucoid qualifies as a preferential probe for the postu-
lated small pore system, our results are discussed in relation
to the pore theory of capillary permeability.

ap-Acidic glycoprotein [referred throughout this paper as
orosomucoid (Om)] is a glycoprotein of 41,000 Da that
measures ~30 X 30 X 60 A (1) and is normally found in the
blood plasma at a concentration of 0.7-1.0 g/liter (2). It is
produced in the liver and its clearance also appears to occur
predominantly in the liver, although some renal excretion is
possible, particularly at high Om concentrations (3). Available
data indicate that Om, together with albumin and other plasma
proteins (4, 5), modifies the permeability of the vascular
endothelium, presumably by interacting with the endothelial
glycocalyx to form an additional permselective barrier referred
in the literature as the fiber matrix (6). Because Om has a pl
around 2.7-3.0, it has been suggested that its binding to the
glycocalyx increases the negative charge of the luminal surface
of the vessel wall (7).

Om is also found in the lymph as a normal constituent, but
the lymph/plasma ratio varies from one microvascular bed to
another without an obvious correlation with the local type of
endothelium. Distribution studies performed with 125I-labeled
Om ('*I-Om) have shown that ~40% of the amount admin-
istered in vivo distributes throughout the body in the extravas-
cular compartment (8).

We have designed and applied a protocol (9, 10) that uses
derivatized proteins as tracers that can be individually and
directly detected by electron microscopy (EM) immunocyto-
chemistry under conditions of satisfactory endothelial preser-
vation. This protocol also allows the quantitation of tracer
transported to the interstitial fluid.

The results obtained in our experiments indicate that: (i) in
different murine microvascular beds, provided with a contin-
uous endothelium (heart, diaphragm) Om binds to the luminal
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surface of the endothelium; (i) it is transported across the
endothelium exclusively by caveolae; (iii) its endothelial trans-
cytosis is N-ethylmaleimide (NEM)-sensitive; and (iv) the
binding, and probably the transport, of Om involves three
different proteins with M, below 25,000.

MATERIALS AND METHODS

Animals. Male BALB/c mice (20-25 g) were kept under
standard housing and feeding conditions, and all the experi-
ments were done while the animals were under anesthesia
obtained by intraperitoneal administration of a mixture of
ketamine and xylazine (0.1 ml/100 g of body weight).

Materials. Reagents and supplies were obtained as indi-
cated below: PBS (with Ca?" and Mg?"), medium 199, fetal
calf serum (FCS), and Hepes from GIBCO; phenylmethane-
sulfonyl fluoride (PMSF), Om, 3-[(3-cholamidopropyl)dim-
ethylammonio]-1-propanesulfonate (CHAPS), NEM, poly(L-
glutamic acid) (M, 18,000), BSA (fraction V), and potassium
carbonate from Sigma; 3,3,5,5'-tetramethylbenzidine (TMB)
from Kirkegaard & Perry Laboratories; P-10 desalting col-
umns, Sephadex G-100, Pharmalyte ampholytes, and agarose
(isoelectric focusing grade) from Pharmacia Biotech; parafor-
maldehyde, glutaraldehyde, glutamic acid, and tetrachloroau-
ric acid from Electron Microscopy Sciences (Fort Washington,
PA); rabbit anti-dinitrophenyl (DNP) IgG, horseradish per-
oxidase-conjugated anti-DNP IgG, and affinity-purified goat
anti-rabbit IgG from Dako; dinitrobenzenesulfonic acid
(DNBS) from Aldrich; Na'?] (carrier free) and sheep red
blood cells from ICN Pharmaceuticals; ketamine hydrochlo-
ride and xylazine at 100 mg/ml active substance from Aveco
(Fort Dodge, TA); Bolton-Hunter reagent and >'Cr from
Amersham; human umbilical vein endothelial cells from Clo-
netics (San Diego); and bovine endothelial cells (from pulmo-
nary artery, pulmonary vein, and lung microvasculature) from
the American Type Culture Collection (Manassas, VA).

Type of Tracers. We have used both monomeric derivatized
Om (as a preferential probe for the postulated small pore
system) and colloidal gold-Om complexes (as an exclusive
probe for the postulated large pore system) to visualize their
interactions with the endothelial cells and to identify the
pathways and mechanisms of their efflux. Om adsorbed on
22-nm colloidal gold particle (Om-Au) was used only for
perfusions, whereas derivatized Om (Om-DNP), detected by
postembedding immunocytochemistry, was employed in per-
fusions and bolus administrations. Om-DNP was used to
quantitate the amount of tracer transported and to find out
whether NEM has any effect on its endothelial transport.
Control experiments with 2[-Om and '»I-Om-DNP were
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used to check the possibility that derivatization of Om may
affect means and routes of Om transport.

Perfusion Experiments. The protocol used was the same as
in ref. 11. Briefly, the abdomen was opened, a cannula placed
~1 cm cranial to the iliac bifurcation in the abdominal aorta
was used as the inlet, and an opening made in the vena cava
caudalis provided the outlet. The vasculature was perfused by
using a peristaltic pump (type P1 Pharmacia) at a flow rate of
3 ml/min with PBS supplemented with 2 g/liter glucose and
oxygenated by passing it through a mixture of 95% O, and 5%
CO:, (supplemented PBS or sPBS). The hydrostatic pressure,
under these conditions, is assumed to be close to the normal
blood pressure (12). In the experiments in which the NEM
effect was tested, the vascular bed was perfused for 5 min
before the tracer with 1 mM NEM in sPBS, followed by 15 min
perfusion with the tracer solution containing the same NEM
concentration. At the end of each perfusion, the vasculature
was flushed free of tracer by perfusing it for 5 min with sPBS.
This step was promptly followed by (i) removal of the hearts
used in biochemical assays or (if) fixation by perfusing the
vasculature for 10 min with a mixture of 3% formaldehyde
(freshly prepared from paraformaldehyde) and 2.5% glutar-
aldehyde made in 0.1 M sodium cacodylate buffer, pH 7.2, for
tissue specimens to be processed for EM and immunocyto-
chemistry.

Bolus Administration. The protocols used for bolus admin-
istration of the tracers were as in ref. 13. At different time
points after Om-DNP administration (0.2 ml from a solution
of 50 mg/ml), the same fixative mixture as in perfusion
experiments was injected intraperitoneally and intrapleurally
and after ~10 min of in sifu fixation, myocardium and dia-
phragm samples were removed, cut in small pieces (=2 X 2
mm) and processed as described for the standard EM proce-
dure (see below). Bolus administrations of radiolabeled Om
were done by injecting 100 ul of a mixture of '>I-Om or
1251-Om-DNP and >'C-labeled sheep red blood cells, into a tail
vein.

Preparation of Tracers. Colloidal gold particles with an
average diameter of 22 nm were obtained by citrate reduction
of a tetrachloroauric acid solution (14). The particles were
stabilized with Om (30 pg/ml) and diluted to Asy = 1.
Reporter antibody conjugates were prepared by adsorbing on
5- or 8-nm colloidal gold particles (obtained by tannic acid/
sodium citrate reduction) an affinity-purified goat anti-rabbit
IgG at a concentration of 50 wg/ml (15). Secondary stabili-
zation of the gold suspensions was obtained by poly(L-glutamic
acid) (200 pg/ml) as in ref. 16. Just before use, the concen-
trated IgG-Au stock solutions were diluted in PBS to give A5y
= (0.2-0.3 and centrifuged for 1 h at 40,000 X g to remove gold
aggregates. Bovine Om was tagged with DNP as in ref. 17.
Briefly, 250 mg of Om dissolved in 15 ml of water containing
250 mg of potassium carbonate was reacted with 250 mg of
dinitrobenzenesulfonic acid for 20 min at room temperature.
The mixture was passed first over a P-10 desalting column and
then over a Sephadex G-100 column (1 cm X 90 cm) to obtain
monomeric Om-DNP free of DNBS. The Om-DNP was char-
acterized by nondenaturing SDS/PAGE and by isoelectric
focusing in 1% agarose. The average number of DNP residues
per Om molecule was estimated, by using a molar extinction
coefficient of 17,530 for DNP-lysyl and a molecular weight of
41,000 for Om, as in ref. 17.

Bovine Om and bovine Om-DNP were radioiodinated to a
specific radioactivity of ~2 wCi/mg (1 nCi = 37 kBq) by using
the Bolton—Hunter reagent (18). Sheep red blood cells were
labeled with >!Cr (19).

EM and Immunocytochemistry. The tissues were perfused
with Om-Au for selected times and then fixed for 10 min by
perfusion as described under Perfusion Experiments. Collected
specimens were further fixed by immersion in a triple fixative
(20) for 60 min on ice, then stained in block for 30 min in 7.5%
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uranyl magnesium acetate, dehydrated slowly in graded etha-
nol solutions, and embedded in Epon. This was the standard
procedure for EM in all experiments.

Om-DNP was detected by a postembedding immunostaining
procedure. After the free tracer had been removed by flushing
the vasculature for 3-5 min with sPBS, specimens were fixed
as described above and processed for embedding and microt-
omy. Sections of ~50-60 nm, quenched for 30 min in PBS +
1% BSA (A-PBS), were incubated first for 1-2 h in anti-DNP
IgG diluted 1:2000 in A-PBS and then for 1 h with gold-tagged
goat anti-rabbit IgG diluted 1:5000 in A-PBS. All sections were
examined and micrographed in a Philips CM 10 electron
microscope.

Cell Culture and Cell Lysates. Each type of endothelium was
grown to confluence in two 150-cm? surface plastic Petri dishes
and used 3 days later. The confluent layers were washed three
times for 1 min each with cold PBS, then removed with a cell
scraper, resuspended in 2 ml of PBS, and sedimented at
maximum speed in a Fisher model 235B microcentrifuge for 30
sec. The pellet was solubilized in a lysis buffer (20 mM
CHAPS, 1 mM phenylmethanesulfonyl fluoride in PBS, pH
7.2), by gently shaking it for 1 h at room temperature. The cell
lysate was cleared by centrifugation for 1 h at 40,000 rpm in a
Beckman TL-100 ultracentrifuge using the TLA-45 rotor.

Tracer Transport and Its NEM Inhibition. The heart vas-
culature, perfused as described, was flushed free of tracer by
perfusing it with sPBS for 5 min. The hearts were removed and
the ventricles were weighed, hand minced, and homogenized
in a Polytron (Brinkmann) at 1:10 (wt/vol) ratio in PBS. The
ensuing homogenate was centrifuged at 150,000 X g in a
Beckman table-top ultracentrifuge for 1 h at 4°C, using a TLA
45 rotor. The pellet was discarded and the final supernatant,
expected to include the interstitial fluid of the myocardium,
was assayed for its total protein and Om-DNP content. Om-
DNP transported in 15 min to the interstitial fluid was
determined in the final supernatant by ELISA using Om-DNP
as a standard, a horseradish peroxidase-tagged anti-DNP
antibody as reporter, and TMB as peroxidase substrate. The
readings were done at 650 nm in a Molecular Dynamics ELISA
reader. The same general protocol was used to assess NEM
effects in experiments in which this reagent was included.

Protein Determination. Protein content was determined by
the micro bicinchoninic acid assay (21) with BSA as standard.

1 2 pH 1 2 1 2

A B c

FiG. 1. Characterization of the tracers. (4) The derivatized Om as
well as the native molecule have the same migration behavior in
SDS/PAGE. Om-DNP (5 pg) in lane 1 and native Om (5 png) in lane
2 were run at 150 V for 90 min. The minigels were stained with
Coomassie blue R-250. (B) Immunoelectrophoresis on a 1% agarose
gel shows that the net electric charge of Om-DNP (lane 1) is not
significantly different from that of native Om (lane 2). The ampholytes
used were pH 3-9, and the direction of pH gradient is indicated by the
+ and — signs. Every lane was loaded with 7 ug of protein. (C)
SDS/PAGE of Om-DNP transferred to nitrocellulose paper (1 h at
700 mA) and blotted with anti-DNP antibody (diluted 1:2000). Only
Om-DNP is recognized by the antibody (lane 1); the native Om in lane
2 does not give a signal. Each lane was loaded with 5 ug of protein.



Cell Biology: Predescu et al.

Ligand Blotting. Nondenaturing SDS/PAGE was per-
formed as in ref. 22 with a preparative SDS/5-20% polyacryl-
amide minigel. The electrophoretograms were transferred (2
h, at 700 mA and 4°C) to nitrocellulose membranes. The
transfers were stained with 2% Ponceau S, dried, and stored.
The nitrocellulose was cut in ~3-mm-wide strips, blocked
overnight with 5% BSA + 0.05% Tween 20 in PBS (AT-PBS),
then incubated for 2 h with '>1-Om diluted to a specific activity
of 0.4 wCi/ml in AT-PBS. After extensive washing with
AT-PBS, the strips were exposed to a Kodak XAR 5 film and
developed with a Kodak X-Omat processor.

RESULTS

Om-DNP Properties. SDS/PAGE and isoelectric focusing
used to characterize Om-DNP showed that the derivatization
process did not significantly affect the molecular weight (Fig.
14) and the overall electric charge of Om (Fig. 1B). Fig. 1C
shows that the anti-DNP antibody recognizes only Om-DNP
and not the native Om. On these accounts, Om-DNP appears
to be a close enough approximation of native Om to justify its
use as an experimental substitute for the latter. We calculated
that 4 to 6 lysine residues, out of 12, were derivatized and could
be available for immunodetection on the surface of thin
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sections of satisfactorily preserved specimens because the
DNP epitope survives OsQOy fixation and plastic embedding
(10).

Om in Perfused Specimens. When the heart microvascula-
ture was perfused for less than 5 min, we found the tracer
bound to the endothelial surface and the bound Om-DNP
could be removed by flushing the vasculature with sPBS (data
not shown). By 5 min, however, the bound tracer could no
longer be removed by flushing, and heavy Om-DNP labeling
was found on the plasmalemma proper as well as on caveolae
(Fig. 2 A-C). We assume that tracer binding begins and
progresses as the native Om is removed by the perfusate from
the surface of endothelial cells. There was no preferential
association with structural elements of plasmalemma proper
or intercellular junctions. We found, however, filtration resi-
dues as in ref. 11 on the introits (luminal side) of intercellular
junctions (micrographs not shown). Past 2-3 min, the tracer
was found within the endothelium restricted to caveolae
apparently free in the cytoplasm or opened on the abluminal
front (Fig. 24). After 5 min it was found scattered in small
numbers in the perivascular spaces (Fig. 2B), where its density
increased with time (Fig. 2 B and C). Never did we find
Om-DNP within intercellular junctions or associated prefer-
entially with the abluminal exit of intercellular spaces. The

F1G. 2. Postembedding immunodetection of Om-DNP in perfused and bolus-administered specimens. (4) Capillary profile in a specimen
perfused for 5 min with Om-DNP (at 5 mg/ml). The luminal endothelial surface is extensively labeled by the tracer (t;). Inside the endothelium
only a few caveolae (v2) are labeled, but even at this early time, caveolae (v3) discharging their content could be seen. I, lumen. (Bar = 35 nm.)
(B) After 15 min Om-DNP molecules are associated with the luminal plasmalemma (t;), with caveolae opened to the lumen (v;), with caveolae
apparently free in the cytosol (v2), and with caveolae that are discharging their content into the pericapillary spaces (v3). Note also the presence
of apparently free tracer molecules (t2) in the perivascular spaces. (Bar = 60 nm.) (C) As time of perfusion progresses (30 min), the tracer is found
all over the endothelial profile with the same distribution as in B, but the label density (t2) over the perivascular spaces is much more extensive.
M, muscle; pcs, pericapillary space(s). (Bar = 84 nm.) (D) After 5 min of an i.v. injection of 100 ul from a concentrated Om-DNP solution (of
50 mg/ml), the tracer is present in the lumina of the vessels (t1), associated with the plasmalemma proper (t2), with the caveolae opened to the
luminal and abluminal (v3) side of the endothelium, and with caveolae apparently free in the cytosol (v2). (Bar = 100 nm.) (E) At 15 min from
bolus administration of Om-DNP the majority of the tracer is still found in the lumen (t;). The tracer molecules label more extensively caveolae
opened to the lumen (vi) as well as caveolae that are discharging their content (v3) in the perivascular spaces. (Bar = 52 nm.) (F) Thirty minutes
after i.v. administration, the tracer is still found in the lumina (t;) but many caveolae opened to the lumen (v;) or scattered inside the cells (v2)
are labeled, as are the caveolae (v3) discharging on the abluminal front of the cell; some of the latter contain multiple tracer molecules. Note the
extensive labeling (t2) of the perivascular spaces at this time, resembling that found in perfused specimens; yet its density remains much lower than
that encountered in perfused specimens (compare with C). (Bar = 53 nm.)
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same pattern of Om-DNP distribution was found in the
microvasculature of heart and diaphragm.

When Om-Au (22 nm) was perfused, its binding to the
endothelial surface, labeling of caveolae, and transport to the
perivascular spaces were comparable, but less extensive, than
in the case of Om-DNP. Interestingly, the large tracer was
found plugging, single or in pairs, the neck of luminaly opened
caveolae (Fig. 34) and also the necks of caveolae opened
abluminaly (Fig. 3B). The meaning of these unexpected find-
ings will be explained in a subsequent paper.

Om in Bolus-Administered Specimens. Om-DNP was found
uniformly distributed over the lumina of vascular profiles with
no evidence of any lack of capillary recruitment throughout the
examined tissues. The endothelial plasmalemma proper and
the caveolae were the only labeled structures on the luminal
aspect of the cells (Fig. 2 D-F), but the labeling was, strikingly,
less extensive than in Om-DNP-perfused specimens (compare
Fig. 2 A and D). This difference could be explained by the
presence of endogenous Om bound to the endothelium in
specimens obtained after bolus administration and its progres-
sive and extensive removal from perfused specimens. Past 5
min, labeled caveolae acquired a uniform distribution across
the endothelium (Fig. 2 E and F). The tracer was detected in
the perivascular spaces after 5 min (Fig. 2 E and F) and its local
concentration increased progressively with time, but even by 30
min (Fig. 2F) large differences in Om-DNP concentration
between blood plasma and interstitial spaces remained evi-
dent. No tracer was found in the intercellular junctions and no
concentration of Om-DNP in the perivascular spaces around
the abluminal exit of the intercellular spaces was recorded at
any time.

Quantitation of Om Transcytosis. We used the perfused
mouse hearts to measure the amount of Om-DNP transported
to the interstitial fluid and normalized it to total protein
determined in the final supernatants of heart homogenates.
Because the myocardial microvasculature was flushed free of
Om-DNP at the end of perfusions, we assume that the majority
of the tracer was in the interstitial fluid and we did not take into
consideration the tracer scattered inside the vascular endo-

TR

FiG. 3. Binding pattern of Om-Au. (4) When Om-Au (=22 nm
diameter) was perfused as in Fig. 2 A-C, the necks of many caveolae
opened to the lumina (vi) were plugged by the tracer. (Bar = 49 nm.)
(B) By 15 min of perfusion, the gold coated particles are seen plugging
the necks of the caveolae (v3) opened on the abluminal front of the
cells. Not so often, the necks of some caveolae (v3) opened on the
tissular side of endothelial cells are plugged with two gold particles.
(Bar = 28 nm.) 1, lumen; pcs, pericapillary space(s); the same
abbreviations are used for Fig. 4.
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thelium. We found an average of 279.2 = 31.9 ng of Om-DNP
per mg of wet tissue per 5 min transported to the interstitial
fluid (50 animals used). This value is in agreement with data
already published for other tracers qualified as preferential
probes for the postulated small pore system (10).

Fig. 4 documents the effect of NEM on the transendothelial
transport of Om-DNP. When the myocardial vasculature was
perfused with 1 mM NEM for 5 min followed by Om-DNP in
the presence of the same concentration of NEM for 15 min, we
found an 80-85% inhibition of tracer transport (Fig. 44), by
reference to controls (no NEM). The results obtained by EM
and immunocytochemistry on NEM-perfused specimens (Fig.
4B) showed that NEM does not affect the normal morphology
of the murine heart microvasculature even after 20 min of
exposure to 1 mM NEM. In the absence of any detectable
change in either intercellular junctions or caveolar structure,
we found reduced amounts of Om-DNP in the perivascular
spaces (Fig. 4B).

To check the possibility that this tracer behaves differently
from native Om, we performed control experiments in which

A 2-
=0 no NEM

--o--

with NEM

1.5

A 650 nm

FiG. 4. NEM effect on Om-DNP transcytosis. (4) Graphic rep-
resentation of the amount of Om-DNP, expressed as protein equiva-
lents, transported in the presence of NEM (broken line) and in the
absence of NEM (continuous line) in perfused murine hearts. Tracer
amounts were determined in 8—10 consecutive experiments (4—6 mice
per experiment), and ELISAs were performed in duplicates for three
different dilutions. Tracer perfusions were for 15 min as described in
the text. Every point on the graphs is a mean value of ~35 determi-
nations with standard deviation given. (B) An electron micrograph
taken from one of the mice used to quantitate Om-DNP transcytosis
in the presence of NEM. The normal endothelial morphology, the lack
of any detectable structural alteration, and the drastic reduction in
labeling of endothelial caveolae and perivascular spaces (compare with
Fig. 2 B, C, E, and F) at the end of a 20-min exposure to 1 mM NEM
are illustrated by this micrograph. (Bar = 84 nm.)
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125].Om was administered as a bolus, instead of Om-DNP. To
estimate the vascular and extravascular volumes of Om distri-
bution, two lots of mice (each having 50 mice) were injected
with 100 ul of '2°I-Om (6.8 X 10® cpm) + °'Cr-labeled sheep
red blood cells (4.06 X 105 cpm). At selected intervals blood
samples were obtained and their '>I and >'Cr radioactivities
were determined; then the hearts were excised and processed
as in Om-DNP experiments to prepare a final supernatant in
which the two types of radioactivity were assayed. From these
data we calculated: (i) the vascular volume, (if) the apparent
distribution volume of labeled Om, and (iii) the amount of Om
transported to the interstitial fluid of the myocardium. The
vascular volume was estimated at 2.17 ml * 0.22 (97 mice); the
125]-Om extravascular distribution reached ~40% of the initial
administered activity by 20 min, and the amount of tracer
transported to the interstitial fluid was calculated at 196.2 *
16.8 ng of '2I-Om per mg of wet tissue per 5 min (97 animals).
These values are lower than the values obtained in perfusion
experiments, but we consider that the endogenous Om acts as
a competitor. Parallel experiments with '2I-Om-DNP give the
same results as '>’I-Om (data not shown), a fact that leads us
to believe that derivatized Om is an acceptable approximation
of the native molecule.

Detection of Om Binding Proteins. To better define the Om
interactions with the endothelium, we have used total cell
lysates from cultured human and bovine endothelial cells,
resolved by SDS/PAGE, transferred to nitrocellulose mem-
branes, and probed with 'I-Om. These ligand overlays re-
vealed, by autoradiography, a doublet in the 20- to 14-kDa
range, a single band around 7 kDa, and in some endothelia a
band of ~10 kDa (Fig. 5). Om binding to these proteins was
blocked by competition with native Om but not by albumin,
hemoglobin, or IgG (data not shown). The same protein
pattern was found when endothelial lysates from large vessels
as well as from microvasculature were used.

DISCUSSION

In this project we have extended to Om an experimental
protocol we worked out a few years ago (9, 10). The tracers
used in ref. 10 as probes for the postulated small pore system
are rather experimental than physiological. Om was selected as
a tracer because it is a normal constituent of the blood plasma,
interstitial fluid, and lymph and because, on account of its
shape and molecular dimensions, it qualifies as a preferential
probe for the small pore system postulated by the capillary
physiologists.

EM immunocytochemical detection of Om-DNP on myo-
cardium specimens from experiments done by perfusion or

nee

Fi1G. 5. Detection of Om binding proteins by ligand blotting.
Lysates of different endothelial cell types—namely bovine microvas-
cular cells (4), bovine pulmonary vein (B), bovine pulmonary artery
(C), and human umbilical veins (D)—were subjected to electrophore-
sis on SDS/5-20% polyacrylamide minigels under nondenaturing
conditions. After transfer, the nitrocellulose strips were incubated with
1251-Om for 1 h at room temperature, washed extensively, and exposed
to Kodak XAR 5 film for 1 h. Apparent molecular masses in kDa are
indicated on the side. In all endothelial cell types so far examined, we
found an upper doublet within 14-20 kDa and a third, lower, band
around 7 kDa.

25
14

Proc. Natl. Acad. Sci. USA 95 (1998) 6179

bolus administration has shown that the tracer binds to the
luminal plasmalemma of the endothelium, gains access to
caveolae to which it is strictly restricted while in transit across
the endothelium, and appears in time (by 1 min) in the
pericapillary spaces. The caveolae open to the luminal front
contain many Om-DNP molecules, whereas the content of
their counterparts open to the abluminal front varies from one
to many.

We found no evidence of Om-DNP exit through intercel-
lular junctions, a finding that is not in agreement with the
conclusions formulated by capillary physiologists who have
postulated the presence of small pores along intercellular
junctions.

The results of control experiments carried out with '2I-Om
(instead of Om-DNP) have shown that this tracer is trans-
ported efficiently to the interstitial fluid of the murine myo-
cardium.

Because Om-DNP binds extensively to the surface of en-
dothelium (Fig. 24), we surveyed different endothelia and
found that '»I-Om binds to a similar group of proteins in
bovine and human endothelia. Their role in microvascular
permeability remains to be explored and defined. As already
published (23), Om binds to specific, but not yet fully charac-
terized, sites on the endothelial surface; hence the proteins
detected in this study may be involved in this specific interac-
tion.

Om-Au complexes of ~22 nm diameter were prepared and
used as exclusive probes for the postulated large pore system.
Because they are coated with the same protein used as a small
pore probe, we assume that any difference recorded between
Om-Au and Om-DNP can be ascribed, primarily, to differ-
ences in size. In perfusion experiments with Om-Au, the probe
bound to the luminal plasmalemma, gained access to some
caveolae, remained restricted to caveolae within the endothe-
lium, and appeared in time (by 2 min) in the perivascular
spaces. Moreover, the probe was found plugging the introit of
many caveolae open on the luminal as well as on the abluminal
front of the endothelium (Fig. 3). As in the case of Om-DNP,
we found no evidence of Om-Au exit through intercellular
junctions. These findings imply that caveolae function as
structural and functional equivalents of the postulated small
pore system as already discussed in ref. 10 and in this paper,
as well as equivalents of the postulated large pore system, a
point documented here and in previous work from a number
of laboratories (24-27). We assume that in the cycle of its
function, each caveola acts as a large pore equivalent when
fully opened and as a small pore equivalent when the opening
is constricted to =10 nm. This hypothesis, which attempts to
explain some of the basic tenets of the pore theory of capillary
permeability in terms of our recent findings, is now under
investigation in our laboratory.

Our experimental protocol comprised a biochemical moiety,
complementary to the morphological and immunocytochem-
ical moieties, all of them discussed above. The role of the
morphological part was to identify the structures, to suggest
the mechanisms involved in transendothelial exchanges, and to
check at the end of each experiment the condition (intact or
damaged) of the endothelium. The biochemical part made
possible the quantitation of transport across the endothelium
and, in addition, strengthened significantly the evidence for
transcytosis by showing that NEM drastically inhibits (>80%)
Om-DNP transport to a tissue fraction that includes the
interstitial fluid of the myocardium. At the end of NEM
perfusions, morphological controls revealed no detectable
damage to the endothelium, but illustrated reduced Om-DNP
transport to perivascular spaces (Fig. 4B). In previous reports,
we (10) and others (28) have shown that the transport of small
molecules such as sucrose (diameter ~1 nm) and inulin [5.9 X
1.5 nm, but easily convertible into a thin (=1 nm) thread] is not
sensitive to NEM, presumably because such molecules follow
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the paracellular pathway as in a leaky epithelium. NEM is
known to inactivate NSF (NEM-sensitive Factor) the ATPase
that is a key component of the membrane fusion machine
involved in many types of vesicular transport (29, 30) including
transcytosis. Recent findings indicate that NSF and other
factors (SNAPs and v- and t-SNARESs) involved in targeting,
fusion, and fission of vesicular carriers are present in cells of
the continuous microvascular endothelium (9, 31).

As a cellular process in which a caveola recycles from one
front to another of the endothelium, transcytosis is expected
to be amenable to regulation by intra- and extracellular factors.
In this report we have shown again that NEM drastically
curtails the rate of transcytosis by inactivating NSF, a critical
component of the membrane fusion machine (29). Fusion of a
caveola with the target membrane requires a fusion machine,
but its detachment, in preparation for another round trip,
requires membrane fission, a process in which other factors,
such as the 100-kDa GTPase dynamin, are implicated (32, 33).
Dynamin is also present in endothelial cells (34). Notwith-
standing the relative large volume of the earlier literature
dealing with transcytosis in the continuous microvascular
endothelium (24, 35, 36) many capillary physiologists have
ignored it or denied its significance for blood/interstitial fluid
exchanges (37). Only recently, some capillary physiologists
(38) began taking into consideration the significance of trans-
cytosis for blood/interstitial fluid exchanges. As the evidence
in support of transcytosis becomes stronger, new questions
arise for which answers must be provided in the future.

This study was supported by National Heart, Lung, and Blood
Institute Grant HL-17080.
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