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Abstract. The steady-state distribution of endogenous 
albumin in mouse diaphragm was determined by quan- 

titative postembedding protein A-gold immunocyto- 
chemistry using a specific anti-mouse albumin antibody: 

Labeling density was recorded over vascular lumen, 
endothelium, junctions, and subendothelial space. At 
equilibrium, the volume density of interstitial albumin 
was 18% of that in circulation. Despite this large dif- 

ference in albumin concentration between capillary 
lumen and interstitium, ptasmalemmal vesicles label- 
ing was uniformly distributed across the endothelial 
profile. 68 % of the junctions displayed labeling for al- 
bumin, which was however low and confined to the 
luminal and abluminal sides. The scarce labeling of 

the endothelial cell surface did not confirm the fiber 

matrix theory. The kinetics of albumin transcytosis 
was evaluated by injecting radioiodinated and DNP- 
tagged BSA. At 3, 10, 30, and 60 min, and 3, 5, and 

24 h circulation time, blood radioactivity was mea- 
sured and diaphragms were fixed and embedded. 

Anti-DNP antibodies were used to map the tracer in 

aforementioned compartments. A linear relationship 
between blood radioactivity and vascular labeling den- 
sity was found, with a detection sensitivity approach- 
ing 1 gold particle per DNP-BSA molecule. Tracer 
presence over endothelial vesicles reached rapidly (10 

min) a saturation value; initially localized near the lu- 
minal front, it evolved towards a uniform distribution 
across endothelium during the first hour. An hour was 

also needed to reach the saturation limit within the 
subendothelial space. Labeling of the junctions in- 
creased slowly, out of phase with the inferred transen- 

dothelial albumin fluxes. This suggests that they play 
little, if any, role in albumin transcytosis, which rather 
seems to proceed through the vesicular way. 

central point of interest in the biology of the cardio- 
vascular system concerns the transendothelial trans- 
port (transcytosis) of plasma molecules. A large 

amount of data was generated by experiments in which radio- 
actively tagged molecules of different sizes and physiological 
significance have been injected or perfused in segments of 
the body or in isolated organs. The vascular permeability 
was evaluated by measuring the radioactivity collected in 
lymph, retained in the tissue, or cleared from the circulating 
fluids (42). The interpretation of these data suggested some 
models in which the endothelial layer was considered as a 
passive sieve endowed with pores of different dimensions. 
Although widely accepted by physiologists, these models, 
based solely on diffusional and convectional processes, did 
not completely explain the experimental data regarding the 
vascular permeability to macromolecules, leaving room for 
other possible mechanisms of endothelial transport (35). 
Purely conceptual, these models prompted a considerable 
number of morphological studies on vascular endothelium in 
an attempt to directly visualize the transendothelial pathways 
followed by macromolecules. However, the putative endo- 
thelial pore system has not been convincingly identified. At 
present some investigators support the idea that in endothe- 
lium the transcytosis of macromolecules takes place actively, 

in quanta, via shuttling plasmalemmal vesicles (31, 40). 
Others suggest that short-lived transendothelial channels 
formed by either tubular systems (2) or transient fusion of 
the plasmalemmal vesicles (9) might be the pathway for rcmc- 
romolecutar passage. Finally, a third concept advocates for 
an entirely paracellular passive transport proceeding via in- 
terendothelial junctions and modulated by endothelial con- 
tractility (10). 

With this controversy as a background, recent experimen- 
tal evidences have suggested that the selectivity of the en- 
dothelial transport process might be related to other 
parameters than simply the charge and the size of the trans- 
ported molecules. Specific recognition sites expressed on the 
endothelial cell surface were proposed as key elements in 
vascular permeability to insulin (24), low density lipopro- 
teins (18, 44) ceruloplasmin (20), and transferrin (21, 41). 
Even albumin, the most abundant plasma protein, was sug- 
gested to be transported across the endothelium by a recep- 
tor-mediated mechanism (39). All these models emerged 
from experiments performed either in situ by perfusing the 
tracers, or in vitro using cultured endothelial cells. It has 
been shown however that the presence of plasma proteins (11, 
37, 43) or even platelets (38) within the vascular lumen 
greatly influences the selectivity and the rate of the transen- 
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dothelial transport. Therefore, studies performed in condi- 

tions as close as possible to the natural ones are required in 
order to confer physiological significance to the findings. 
Both immunocytochemistry and autoradiography have been 
used to detect the presence of serum albumin within endo- 
thelial plasmalemmal vesicles and subendothelial space (1, 
6, 34, 50). These qualitative approaches have shown that in- 
terstitial albumin distribution varies from one tissue to an- 
other. Apparently some types of vascular endothelial cells 
restrict the passage of serum albumin, while others exhibit 
different degrees of permeability even within the same ana- 
tomical entity (15, 17). 

The development of the protein A-gold immunocytochem- 
ical technique (3) opened the possibility to measure with 
high resolution the presence of various antigens, and quan- 
titative data concerning the steady-state distribution of en- 
dogenous albumin within several tissues have already been 
reported (4, 26). We have decided to perform a quantitative 
investigation of the dynamics of transendothelial albumin 
transport in relation with the associated ultrastructural en- 
dothelial features, by using postembedding quantitative pro- 
tein A-gold immunocytochemistry. 

Materials and Methods 

Crystallized BSA and mouse albumin (Fr.V) were purchased from Sigma 
Chemical Co. (St. Louis, MO); 2,4,dinltrohenzene sulfonic acid was from 
Aldrich Chemical Co. (Milwaukee, WI); nSI-Na, carrier free was from 
ICN Biochemicals (Missisanga, Ontario, Canada); and chloramine T im- 
mobilized on polystyrene beads (Iodo-Beads) was from Pierce Chem. Co. 
(Rockford, IL). 

Rationale of the Experiments 

The approach consisted of two main steps. The first one addressed the en- 
dogenous albumin steady-state distribution measured in mouse diaphragm. 
Albumin epitopes being quite sensitive to chemical fixation and particularly 
to osmium, the specimens had to he fixed with aldehydes only and embed- 
ded at low temperature in a hydrophylic resin. This stage provided the refer- 
ence values for a second one in which we monitored the transendothelial 
passage of an exogenous albumin directly injected in the bloodstream. To 
discriminate the tracer from the endogenous albumin pool, the injected ex- 
ogenous albumin was tagged with a hapten (dinitrophenol). This procedure 
has the advantage to render the tracer easily detectable even under a rela- 
tively harsh fixation including OsO4 (33) which optimally preserved the ul- 
trastructural details. 

Preparation of the Tracer 

BSA was tagged with dimtrophenol according to the method of Little and 
Eisen (25). In brief, 1,600 mg albumin dissolved in 80 ml water containing 
400 mg K2CO3 were reacted for 24 h at 20~ with 800 rag 2,4,dinitro- 
benzene sulfonic acid. After dialysis against 10 mM phosphate buffer, pH 
7.2, containing 0.85% NaCI (PBS), a monomeric dimtrophenylated albu- 
min (DNP-BSA) fraction was obtained by Sephadex G-200 gel chromatog- 
raphy. This fraction was concentrated by ultraflltration to 120 mg/mi and 
was characterized by PAGE in nondissociating conditions (12) and by IEF 
in 1% Agarose IEF (Pharmncla LKB Biotechnology, Uppsala, Sweden). 
The average number of DNP residues introduced per BSA molecule was 
spectrophotometrically evaluated using a molar extinction coefficient of 
17,530 at 360 um for DNP-lysyl (25) and a molecular weight of 66000 for 
albumin. DNP-BSA was radioiodinated using Iodo-Beads according to 
manufacturer's instructions to a final specific activity of 233 cpm#tg protein 
as measured in a liquid scintillation spectrometer (model 8000; Beckman 
Instrs. Inc., Fullerton, CA). Less than 2 % of the activity was soluble in 10% 
IUA. DNP-BSA concentration was determined by Coomassie brilliant blue 
(7) and amido black 10B (36) binding methods, a wainst a BSA standard, 
in order to test for any interference of DNP with the development of the 
colorimetric reaction by the protein. Both methods gave identical results. 

Immunocytochemical Detection 
of Endogenous Albumin 

Six CD-I male mice, 30-35 g body weight, fed ad libitum were killed by 
cervical dislocation. The diaphragms were fixed in situ for 15 rain in 2.5 % 
formaldehyde, 1.5% glutaraldehyde in 100 mM phosphate buffer at 37~ 
removed, cut in small blocks, further fixed in fresh aldehydes for 1 h, de- 
hydrated, and embedded in Lowicryl K4M at -20~ (3). Thin sections 
were quenched in 150 mM glycino, and sequentially incubated in rabbit 
anti-mouse albumin antiserum (Sigma Chem. Co.) (2 h, I:ID00 dilution) 
and protein A conjugated with gold of 10-nm particle diameter (14) (30 rain, 
protein A-goid at As20 = 0.5). After staining with uranyl acetate and lead 
citrate the sections were examined in a Philips 410 electron microscope 
operating at 80 kV. Controls for the specificity of the immunostaining con- 
sisted of sections incubated with either normal rabbit serum, protein A-gold 
only, or the antiaibumin antiserum preabsorbed with 0.1% mouse albumin. 

Immunocytochemical Detection of DNP-BSA 

After ether anesthesia, 400/~l of blood was withdrawn from the common 
illac vein of the mice, by using a No. 30 hypodermic hepariniz~ needle. 
The blood was immediately replaced by injecting the same volume of 
prewarmed (37~ concentrated radioiodinated DNP-BSA (120 mg/ml). 
The syringes were weighted before and nl~r the procedure. The whole oper- 
ation took 60-120 s. For each animal a drop of blood was collected at 3 
min after injection from the cut tail tip and 20 ~1 was counted in duplicates 
by liquid scintillation spectrometry. At 3, 10, 30, and 60 min and at 3, 5, 
and 24 h the animals were killed by cervical dislocation and the diaphragms 
were fixed in situ for 15 rain, and then overnight at 4~ with aldehydes, 
postlixed for 90 rain in 1% cold OsO4 in 100 mM phosphate buffer, de- 
hydrated slowly in graded ethanol to minimize tissue shrinkage, and embed- 
ded in Epon 812. Just before killing, two 20-FI blood aliquots were collected 
and counted in order to measure the amount of circulating radiolaheled 
DNP-tagged tracer. To measure the vascular and total volumes in which our 
tracer was dispersed, five mice were injected with 100 p.l of nSI-DNP-BSA 
(8.9 x 106 cpm) mixed with 51Cr-labeled mouse erythrocy~ (32) (2.14 • 
104 cpm) at 50% hematocrit. After 10 min of circulation, blood aliquots 
were differentially counted for the two isotopes in a gamma counter (model 
8000; Beckman Instrs. Inc.), data being corrected for the partial energy 
overlap. The vascular volume and the apparent volume of distribution for 
DNP-BSA at 10 min were calculated from the ratios between the measured 
radioactivity for 51Cr and 125I, respectively, and the corresponding injected 
specific activities of the two isotopes. 

50-nm thin sections of the embedded specimens were quenched for 30 
rain in PBS containing 1% ovalbumin, and incubated for 2 h in anti-DNP 
IgG (Dako Corp., Carpinteria, CA) diluted 1:4,000 in ovalbumin- 
containing PBS, followed by 30 rain in protein A-goid (A520 = 0.5). 

Samples of kidney and liver from some animals were similarly fixed and 
processed in order to check for possible losses of circulating tracer by ab- 
normal proteinurla or excessive endocytosis in the reticuloendotheliai 
system. 

The specificity of labeling for DNP in relation to the endogenous albumin 
was assayed by incubating in a similar manner sections of diaphragms de- 
rived from control animals which were not injected with the tracer. 

Morphometric Analysis of the Labeling 

Randomly sampled capillary profiles, at least 100 /~m away from the 
mesothelial layer were examined for each experimental condition. Images 
of the capillary lumen and of the endothelial profiles together with the inter- 
stitial space defined by the endothelium and the adjacent muscle were 
recorded at a magnification of 31,000. The density of labeling over the vas- 
cular lumen, endothelium (nuclear zone excluded), subendothellal space, 
and the interendothelial junctions was measured using a Vidnoplan 2 Image 
Analysis System (Carl Zeiss Canada Ltd., Don Mills, Ontario) and ex- 
pressed as number of gold particles per unit surface (pro 2) of the analyzed 
compartment. The final magnification given by the whole system was 
calibrated using a test grid (Ted Pella Inc., Redding, CA). 

To evaluate the efficiency of the immunodetection, the number of albu- 
min molecules theoretically exposed at the surface of the sections over the 
vascular lumen was calculated and compared with the actual recorded den- 
sity of labeling. If albumin molecules were considered as prelate ellipsoids 
with axes of 14 • 4 nm (49), the number of profiles cut per unit of section 
area (N~0 should be related to the number of objects per unit volume (Nv) 
by the equation Nv = NA3i2//SVv If2 (47); Vv represents the fractional vol- 
ume of the objects and/5 is a shape coefficient depending on the geometrical 
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parameters of the ellipsoids. For the given albumin axis # equals 2.15 (48). 
The numerical density Nv of endogenous albumin was calculated from a 
concentration of 33.8 mg/ml in mouse serum (5), while that of DNP-BSA 
was inferred from the measured radioactivity of the blood, taking an average 
hematocrit value of 45.0% (5). Vv was estimated by multiplying Nv by the 
volume of a prolate ellipsoid of geometrical parameters of albumin (938 
um3). Finally, the number of albumin molecules presumed to be laid free 
on the section surface was corrected by a factor of 0.5 to account for the 
symmetrical partition of the molecules between the two faces of the cleavage 
plane (22). 

Results 

Endogenous Albumin 

A strong signal was recorded over the lumen of vascular 

capillaries in Lowicryl-embedded sections incubated with 
anti-mouse albumin antiserum (Fig. 1 A). Gold particles 
were also detected in plasmalemmal vesicles of the en- 
dothelium (Fig. 1 B) and in the subendothelial space. No 

Figure 1. Immunocytochemical detection of endogenous albumin distribution in the capillary bed of mouse diaphragm. The density of 
labeling in the pericapillary space is approximately five times lower than that encountered in the vascular lumen (A). Most of the gold 

particles are associated with the plasmalemmal vesicle profiles (B). e, endothelium; l, lumen; m, muscle; ss, subendothelial space. Bar, 
0.5/~m. 
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particular decoration of the luminal plasmalemma proper of 
the endothelial cells was observed throughout the examined 
specimens. Very little background was associated with 
erythrocytes or muscle cells. 

Incubation of the specimens with either immune serum 
preabsorbed with mouse albumin, or normal rabbit serum 
followed by protein A-gold, or with protein A-gold alone 
gave no labeling, substantiating the specificity of the endoge- 
nous albumin immunodetection. 

The morphometric analysis of the labeling in each of the 
above-mentioned compartments (Table I) revealed a large 
difference between the luminal and the interstitial concentra- 
tions of endogenous albumin. Apparently less than one fifth 
of the labeling density recorded within the capillary lumen 
was encountered within the subendothelium. However, in 
spite of the fact that vascular and abluminal fronts of the en- 
dothelial cells were exposed to such dissimilar conditions, 
the labeling associated with endothelium was rather uni- 
formly distributed across its profile (Fig. 2, bottom). This 
distribution was assessed by measuring the ratio between the 
distance separating each gold granule from the luminal plas- 
malemma (Dr) and the endothelial thickness (D~) at that 
site (Fig. 2, top). 68% of the junctional profiles were labeled 
but the intensity of the labeling was relatively low (between 
1 and 4 gold particles per junction) (Fig. 3). The distribution 
of the label along the interendothelial clefts was evaluated by 
the ratio R between the position of the gold particle with re- 
spect to the luminal opening/Jr and the total length Lj of 
the junction (Fig. 4 A). This analysis has shown that most 
of the albumin detected within the space between adjacent 
endothelial cells was preferentially located towards either the 
luminal or the abluminal openings, while only 18% of the 
junction-associated signal was detected in the middle portion 
of the slits with a striking interruption relatively close to the 
abtuminal side (Fig. 4 B). 

Exogenous Tracer 

Tracer Characterization. Under the relatively mild condi- 
tions used for BSA dinitrophenylation, only 10 out of the 57 
lysyl groups of albumin were tagged by DNP. This extent of 
dinitrophenylation is known to induce relatively few changes 
in albumin conformation (23). However, DNP-BSA become 
slightly more anionic (91 4.6) than the native variant (pI 4.9) 
(Fig. 5 A). As a result of gel filtration, the injected tracer was 
devoid of polymers or aggregates, and was rather uniformly 

Table L Labeling Density Distribution for 
Endogenous Albumin 

Vascular Endohheliat Subendotheliat 
Compartment lumen profile space Background 

Labeling density* 227 + 6 .7  26.7 • 1,0 41 .6  • t .4  3.0 • 0.3 

(part icles/#m ~) 

(n = 37) (n = 260) (n = 260) (n = 40) 

Percentage of 100% 11.8% 18.3% 1.3% 
circulating 
albumin 

Background was measured over the muscle. Morphometry performed on con- 
trol sections incubated with immune serum preabsorbed with mouse albumin 
gave 2.3 + 2,8, 1, I + 2.3. and 2,4 5:2.2 gold particles//xm: over capillary 
lumen, endothelium, and interstitium, respectively (n = 40 for each). 
* mean • SD of  the mean. 
n, number of profiles examined. 
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Figure 2. Localization of the endogenous albumin-specific label 
across the capillary endothelial profile. By taking the endothelial 
vascular front as a space origin, the relative position of each gold 
particle was defined by the ratio DrlD~ (top)~ Histogram depicting 
the relative spatial distribution of 887 gold particles randomly re- 
corded over the endothelium (bottom). The values of 0 and 1 on 
the abscissa represent particles localized at the luminal and ablu- 
minal fronts, respectively. 

loaded with DNP, as demonstrated by the single band revealed 
by electrophoresis in nondissociating conditions (Fig. 5 B). 

Controls of the Tracer Administration and Detection. 
The uniformity of the amount of tracer administered to the 
animals was checked both by the weight of the injected dose 
(431 + 9.8 mg/mouse) and by the blood radioactivity re- 
trieved from each animal after 3 re.in of circulation (2,232 
5:180 cpm/t~l, n = 11). The average blood volume in which 
the tracer was initially dispersed was 2.26 + 0.15 ml (n = 
5), according to the dilution of the ~lCr-labeled erythro- 
cytes coinjected with the DNP-BSA in some animals. 

The anti-DNP antibodies did not recognize the endoge- 
nous proteins; no signal was elicited on sections derived 
from animals which have not received DNP-BSA. 

Very few gold particles were found associated with the en- 
docytic structures of liver reticuloendothelial ceils or were 
restricted to the lamina rata interna of the renal glomerular 
basement membrane (not shown). This demonstrates that the 
tracer was not cleared from circulation by the liver or ex- 
creted in significant amounts. 

DNP-BSA Localization within the Tissue. A quite uni- 
form density of gold particles was observed within the lumen 
of the capillary profiles indicating a general recruitment of 
blood vessels. With increasing circulation time, the signal in- 
tensity steadily declined reaching 8% of the original one af- 

The Journal of Cell Biology, Volume 117, 1992 748 



Figure 3. Endogenous albumin presence over the interendothelial junctional profiles. Approximately 32% of the 323 examined junctions 
were unlabeled (A), while the rest of 68% contained up to 4 gold particles per interendothelial space, mostly distributed toward the periph- 
ery of the cleft (B), l, lumen; j, junction; m, muscle; ss, subendothelial space; v, vesicle. Bars, 0.2 #m. 

ter 24 h (Fig. 6, A-C).  Over the endothelial cells, the plas- 
malemmal vesicles were the only labeled structures. No 
particular c.ssociation of DNP-BSA with the endothelial plas- 
malemma proper, endosomes, or lysosomes was observed. 
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Figure 4. Localization of the endogenous albumin-associated label 
detected over the junctional profiles. The opening of the junction 
towards the vessel lumen was taken as origin, and the ratio between 
the distance separating each gold particle from this point and the 
length of the interendothelial cleft (A) was calculated. The accom- 
panying histogram represents the percentage of gold particles hav- 
ing certain relative locations along the junction out of the total label 
detected over this compartment (B). Most of the tracer apparently 
is confined to the extremities of the clefts. 

The position of the labeled plasmalemmal vesicles evolved 
with time; while initially located near or open to the luminal 
endothelial front (Fig. 6 A), the vesicles detected as carrying 
DNP-BSA acquired a rather uniform distribution across the 
endothelial cells at later time points (Fig. 6, B and C). Some 
of them appeared in direct continuity with the abluminal 
plasmalemma. DNP-BSA was detected within the suben- 
dothelial space starting even from 3 min. The penetration of 
the tracer increased with time although large differences be- 
tween the blood and interstitial space remained always evi- 
dent. At no moment did the endothelial basement membrane 
contain more DNP-BSA than the rest of the interstitium. 
Also the subendothelial regions around the openings of the 
interendothelial junctions did not appear to be preferentially 
labeled. Most of the interendothelial clefts did not appear to 
contain DNP-BSA, although in their proximity vesicular 
structures did carry the tracer (Fig. 7). Only 15% of the 425 
examined endothelial junctions were labeled at 10 min after 
tracer injection. The incidence of the labeled junctional 
profiles increased with circulation time, but none of them 
displayed a decoration pattern suggestive of a continuous 
transendothelial pathway for DNP-BSA. A sustained but not 
a systematical survey of the venular profiles did not reveal 
the tracer as leaking through open junctions in these vascular 
segments. 

Figure 5. Biochemical charac- 
terization of DNP-BSA tracer. 
(.4) IEF of native BSA (b) and 
DNP-BSA (c) in relation to 
markers of different pI (a). (B) 
Comparative electrophoresis 
in nondissociating conditions 
of native (a) and dinitrophe- 
nylated albumin (b), demon- 
strafing that the injected tracer 
contains no polymers or ag- 
gregates. 
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Figure 6. Representative sequence of DNP-BSA immunodetection at 3 (A), 1O (B), and 60 min (C). The labeled plasmalemmal vesicles 
appear to redistribute in time across the endothelial cells, e, endothelium; l, lumen; m, muscle; p, pericyte; rbc, red blood cell; ss, subendo- 
thelial space; v, plasmalemmal vesicle. Bars, 0.2/tm. 
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Figure 7. At 10 min after DNP-BSA injection most of the junctions do not contain tracer, while in their proximity labeled vesicles (arrow- 
heads) appear to discharge their content into the subendothelial space, j, junction; I, lumen; p, pericyte; rbc, red blood cell. Bar, 0.2/Lm. 

Morphometric Analysis of the Ixtbeling. The reliability 
of our quantitative immunoeytoehemical approach was sub- 
stantiated by the relationship between the intensity of the im- 
munolabeling and the concentration of the detected antigen 
(DNP-BSA). The specific radioactivity of the blood (A - 
cpm/td) at the moment of the sacrifice was therefore cor- 
related with the density of gold particles (NL -- particles/ 
pm 2) measured over the capillary lumen. Both nYI-DNP-BSA 
concentration found in circulation (Fig. 8 A) and the labeling 
density over the blood plasma (Fig. 8 B) followed the same 
decay trend. When correlated by the least square method the 
two parameters exhibited a nearly perfect fitting (r = 0.97) 
with the equation: NL = 32.92 + 0.23 A (Fig. 8 C). 

The quantitative data regarding the presence of DNP over 
the capillary lumen, in endothelial cell profile, and within 
the subendothelial space are summarized in Table II. The 
density of labeling associated with blood plasma diminished 
in time, while the amount of the tracer detected over the 
entire endothelial profile increased rapidly and reached a 
saturation value of ,o44 particles//tm 2 in 10 rain. This was 
maintained during the first hour of circulation. At later time 
points the labeling of the endothelium sloped down, proba- 
bly in relation with the decrease of the circulating tracer con- 
centration. 

The position of the DNP-BSA-labeled plasmalemmal 
vesicles with respect to the two endothelial fronts was evalu- 
ated by the same method used for endogenous albumin. The 
histogram depicting the relative position of the gold granules 
within the endothelium (Fig. 9) showed that at 3 rain, most 
of the label was situated close to the vascular lumen. Within 
the first hour of circulation the tracer slowly reached a uni- 
form transendothelial distribution. Interestingly, starting 
from 10 rain and up to 1 h, the labeling density over the ew 
dothelium remained at a rather constant value (Table ID, 
while its spatial distribution evolved toward an homogenous 
one (Fig. 9). 

The measurements made for the presence of DNP-BSA 
within the subendothelial space have shown that the tracer 

penetrates this compartment at a comparatively lower rate 
than that with which the endothelial vesicles are filled (Table 
II). Although almost one third of the maximal value of the 
subendothelial labeling was detected as soon as 3 min of cir- 
culation, it took up to 1 h for this compartment to reach the 
saturation level of its labeling. 

At variance with the situation found for endogenous albu- 
min, at 10 min DNP-BSA circulation time only 15% of the 
junctional profiles displayed a certain, usually low degree of 
labeling (1-2 particles/junction). Apparently, DNP-BSA 
molecules present in the junctions did not penetrate the 
whole length of the cleft but were restricted to the extremities 
(Fig. 10). 

Discussion 

The goal of this study was to assess by the means of the quan- 
titative immunocytochemistry the validity of the current 
models regarding the mechanisms of transendothelial albu- 
min passage. Dinitrophenol-tagged heterologous albumin 
was injected in the mouse bloodstream and detected at differ- 
ent circulation intervals in the blood plasma, endothelium, 
endothelial junctions, and subendothelial space. As a refer- 
ence, the distribution of endogenous albumin was also im- 
munocytochemically measured in these compartments. 

The relationship between the concentration of the tracer 
and the corresponding immunolabeling density was tested by 
injecting iodinated, DNP-tagged BSA and by measuring in 
parallel the radioactivity of the blood and the immunolabel- 
ing density over the vascdar lumen. The linear correlation, 
over a large range, between these two parameters (Fig. 8 C) 
provides direct evidence that the immunocytochemieal sig- 
nal accurately represents the tracer concentration. 

Another methodological aspect concerned the immunode- 
tection efficiency for the native or dinitrophenylated albumin 
forms. In this respect the number of albumin molecules theo- 
retically presumed to be laid free at the surface of the sec- 
tions, and therefore accessible to the immune reagents, were 
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Figure 8. (A) Specific blood radioactivity at different times after in- 
jection of 12SI-DNP-BSA. (B) Immunolabeling density recorded 
over the vascular lumen in the specimens harvested from animals 
used in A. (C) Linear relationship between the immunolabeling 
density and the concentration of circulating DNP-BSA. Bars, stan- 
dard error. 

compared with the corresponding gold particles labeling 
them. The use of the stereological algorithm outlined in 
Materials and Methods suggested that ~2,510 endogenous 
albumin and 645 DNP-BSA molecules (at 10 min after injec- 
tion) were expected to be exposed per surface unit ( p r o  2) of 

Table II. Compartmental Distribution of the labeling 
Density (Gold Particles/lind of Analyzed Profile) for 
DNP-BSA at Different Circulation Times 

Circulation Vascular Endothelial Subendothelial 
time lumen profile space 

Control 8.8 + 0.9* 8.1 + 0.8 7.8 + 0.6 
(not injected) 

3 rain 550 + 10.7 31.4 + 1.2 21.9 + 1.6 
10 min 526 + 10.8 43.7 + 1.5 29.9 4- 1.0 
30 rain 434 + 14.2 44.2 + 1.4 36.5 + 1.0 
1 h 374 + 7.8 46.9 + 0.7 64.4 + 1.58 
3 h 300 + 10.7 25.7 4- 1.1 53.3 4- 1.33 
5 h 267 4- 17.1 26.7 + 1.27 56.6 4- 1.8 

Morphometric data without 
point the measurement was 
* Mean + SEM. 

background subtraction are listed. For each time 
performed on 350--600 capillary profiles. 

the sections passing through the vascular lumen. The corre- 
sponding labeling densities obtained by immunocytochemis- 
try were of 227 + 6.7 and 526 + 10.8 gold particles/#m', 
respectively (Tables I and H), giving an approximative detec- 
tion efficiency of 9 % for endogenous albumin and 82 % for 
DNP-BSA. 

The labeling performed for endogenous albumin revealed 
its presence within the pericapillary space suggesting, in 
agreement with previous reports (50), that the microvascula- 
ture of the diaphragm is permeable to this protein. However, 
a strong asymmetry in albumin distribution across the en- 
dothelium exists in steady-state conditions; the ratio between 
corresponding vascular and interstitial labeling densities was 
of 5.5:1. It had been shown by morphometric studies per- 
formed on capillaries of different tissues that the number of 
vesicles connected to the endothelial surface was equally dis- 
tfibuted between the two fronts (16, 27, 29, 30). If these vesi- 
cles were to be considered as immobile structures perma- 
nently exposed either to the blood, or to the interstitium, the 
distribution of the label over the endothelial cell profile 
should follow the asymmetry of albumin concentration in the 
two extracellular compartments. Instead, the labeled plas- 
malemmal vesicles were found to be rather uniformly scat- 
tered across the endothelium (Fig. 2 B), supporting the idea 
of a vesicular movement. 

At variance with other works (6, 37) reporting the detec- 
tion of a layer of endogenous albumin adsorbed on the en- 
dothelium surface, we have observed very few gold particles 
associated with endothelial plasmalemma proper on both 
sides of the cell. The difference might be explained by their 
use of immunoperoxidase as the detection agent, with all the 
pitfalls of the reaction product delocalization and the lack of 
quantitative correlation with the density of antigen. Our ob- 
servation suggests that albumin is not a main component of 
the putative fibrillar matrix covering the endothelial surface 
and modulating the vascular permeability (11). Actually, re- 
cent physiological measurements have shown that serum fac- 
tors other than albmnin might be responsible for maintaining 
the microvessel barrier properties at normal values 09). 

In vivo injection of DNP-tagged BSA provides a reason- 
able model for the study of transendothelial transport of al- 
bumin. The clearance curve of the tracer from the circula- 
tion was similar to that recorded for nondinitrophenylated 
mI-BSA (not shown). Moreover, a very low uptake by the 
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Figure 9. The redistribution of the label re- 
corded over the endothelial cell profile at 
different intervals after DNP-BSA injec- 
tion. The labeling density over the endothe- 
lium remains constant from 10 to 60 rain. 
The relative position of each endothelial- 
associated gold granule was assessed as in 
Fig. 2 (top). Between 800 and 1,000 gold 
particles were counted for each condition. 

liver sinusoidal cells, and lack of penetration through the 
lamina densa of the kidney glomerular basement membrane 
validated DNP-BSA as a tracer close to the native BSA. The 
similarity between the endogenous and exogenous dinitro- 
phenylated albumins became even more evident when the 
labeling densities obtained over the endothelial cells and 
within the subendothelial space at different moments after 
injection were expressed as percentage of the corresponding 
circulating DNP-BSA (Table III). Within both compart- 
ments, the relative labeling densities reached at saturation 
were identical to those found for the endogenous protein. 

The transport of DNP-BSA towards the subendothelial 
space seemed to be a relatively rapid process. Although the 
total equilibration between the blood and the interstitium 
took ,~1 h, almost one third of the saturation value for DNP- 
BSA within the subendothelium was reached after 10 min of 
circulation (Table II). In fact, the apparent volume distribu- 
tions for 5tCr-labeled erythrocytes and for 125I-DNP-BSA 
measured at 10 rain after injection were of 0.0567 + 0.0028 

4O 
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0 

3O .,--o 
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o 2o 
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Figure 10. Relative distribution of DNP-BSA in the interendothelial 
junctional profiles at 10 rain after injection. Histogram built ac- 
cording to the procedure outlined in Fig. 4 A. 

ml/g body weight and 0.107 + 0.0086 ml/g body weight, 
respectively, which meant that at that time the dilution factor 
for DNP-BSA was twice as high as for red blood cells. It ap- 
pears therefore that at the level of the whole organism the al- 
bumin egress is remarkably fast. Qualitative morphologic 
studies have already shown this (28), although they were per- 
formed in situ, by perfusing exogenous albumin in the ab- 
sence of blood elements. Using in vivo experirnental models, 
it has been reported that the pace of albumin turnover be- 
tween blood and tissue is faster in mice than in other animals, 
and an equilibration time of 1 h was reported (13). 

We did not detect any concentration gradient for DNP- 
BSA within the interstitial space. Under the assumption that 
the thin diaphragm tissue is fixed at a reasonable speed, it 
appeared that the interstitial matrix did not significantly re- 
strict the diffusion of albumin molecules. Also the en- 
dothelial basement membrane did not seem to act as a re- 
strictive barrier to the passage of albumin, no particular 
concentration of either DNP-BSA or endogenous variant be- 
ing observed in this compartment. 

Previous reports have shown that endothelial plasmalem- 
mal vesicles of frog mesenteric capillaries were very rapidly 
labeled (a matter of seconds) by perfused ferritin (9). Our 
results demonstrated that in physiological conditions the 
density of gold particles found to be associated with plas- 
malemmal vesicles reached rapidly (10 min) a saturation 

Table IlL Endothelial and Interstitial Labeling 
Densities Expressed as Percentage of Those Found within 
the Circulation (over the Capillary l_~nen) at 
the Corresponding Circulation Time 

Endothelial profile Subendothelial space 

Endogenous albumin 11.8 18.3 

DNP-BSA 3 rain 5.7 4.0 
10 rain 8.3 5.7 
30 min 10.2 8.4 
60 rain 12.5 17.2 

3 h 8.5 17.7 
5 h 10.0 21.2 
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value of ,~44 particles/#m ~, while the tracer was still close 
to the vascular front. During the first hour required for the 

equilibration with the interstitial space, the number of tracer 
molecules found over endothelial cells did not increase. 
Instead, the labeled vesicles seemed to slowly acquire a ho- 
mogenous distribution across the cells (Fig. 9). If a paracel- 
lular way was to be the one responsible for albumin extrava- 
sation, it would have been expected that the vesicles related 
to the vascular lumen will be rapidly filled and then, as the 

DNP-BSA concentration within the subendothelial space in- 

creases, the caveolae exposed to abluminal compartment 
will start to accept the tracer too. Consequently, the number 
of gold particles over the endothelium should increase in 
phase with the vascular/interstitial equilibration. Our results 
contradict this possibility and support the model of a con- 
tinuous transendothelial movement of a fixed number of 

tracer-accessible vesicles. 
Although from the study on endogenous albumin we did 

not detect a stream of molecules passing through the en- 
dothelial junctions, we could not rule out the interendothelial 
clefts as a possible transendothelial pathway for albumin, be- 
cause of the relatively low immunodetection efficiency for 
this molecule. The possibility that the interendothelial space 
might be a main contributor to the transcytosis was inves- 
tigated at short term (10 min) after DNP-BSA injection, 

when the transendothelial concentration gradient of the 
tracer as well as the transendothelial DNP-BSA fluxes had 
both high values. The good immunodetection efficiency for 
DNP increased the chances of detecting the tracer during its 
passage through the narrow junctions. Morphometry per- 
formed over this compartment has shown however that very 
few junctions were labeled and the few detected DNP-BSA 
molecules were located towards the extremities (Fig. 10). 
The fact that junctional spaces were found to contain a cer- 

tain amount of endogenous albumin might be interpreted as 
a result of a slow diff-usional process taking place from both 

endothelial fronts. Our results are in agreement with other 

data reporting the impermeability of the interendothelial 
junctions to tracers of different sizes (8, 45, 46), including 
perfused exogenous monomeric albumin (28). Therefore it 
appears that in vivo, and at least in the diaphragm, serum al- 
bumin does not mainly follow a paracellular route to cross 
the endothelium. Instead, as suggested by the dynamics of 
the plasmalemmal vesicles loading and distribution, the 
vesicular mechanism for the transcytosis of this protein 
seems to play the dominant role. 
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