
PERMEABILITY OF MUSCLE CAPILLARIES

TO EXOGENOUS MYOGLOBIN

INTRODUCTION

The plasmalemmal vesicles of the endothelium
have been identified as the structural equivalent
of the large pore system in the blood capillaries of
skeletal muscle (rat diaphragm) by using ferritin
(molecular diameter [md]I

	

110 A) as a particu-

1 Abbreviations used in this paper : d, diameter; HRP,
horse radish peroxidase ; ix., intravenous ; Mb, myo-
globin ; md, molecular diameter .
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ABSTRACT

Whale skeletal muscle myoglobin (mol wt 17,800; molecular dimensions 25 X 34 X 42A)
was used as a probe molecule for the pore systems of muscle capillaries . Diaphragms of Wistar-
Furth rats were fixed in situ at intervals up to 4 h after the intravenous injection of the tracer,
and myoglobin was localized in the tissue by a peroxidase reaction . Gel filtration of plasma
samples proved that myoglobin molecules remained in circulation in native monomeric
form. At 30-35 s postinjection, the tracer marked '75% of the plasmalemmal vesicles
on the blood front of the endothelium, 157 of those located inside and none of those on the
tissue front . At 45 s, the labeling of vesicles in the inner group reached 6070 but remained
nil for those on the tissue front . Marked vesicles appeared on the latter past 45 s and their
frequency increased to -80% by 60-75 s, concomitantly with the appearance of myoglobin
in the pericapillary spaces. Significant regional heterogeneity in initial labeling was found
in the different segments of the endothelium (i .e., perinuclear cytoplasm, organelle region,
cell periphery, and parajunctional zone) . Up to 60 s, the intercellular junctions and spaces
of the endothelium were free of myoglobin reaction product ; thereafter, the latter was
detected in the distal part of the intercellular spaces in concentration generally equal to or
lower than that prevailing in the adjacent pericapillary space . The findings indicate that
myoglobin molecules cross the endothelium of muscle capillaries primarily via plasmalemmal
vesicles . Since a molecule of this size is supposed to exit through both pore systems, our
results confirm the earlier conclusion that the plasmalemmal vesicles represent the large pore
system; in addition, they suggest that the same structures are, at least in part, the structural
equivalent of the small pore system of this type of capillaries .

late tracer (1), but the structural identity of the
small pore system in the same type of vessels is
still in doubt . Using horseradish peroxidase
(HRP) (mol wt e- 40,000, and - 40-50 A) as a
histochemically detectable tracer, Karnovsky (2)
and Cctran and Karnovsky (3) arrived at the
conclusion that it reaches the pericapillary spaces
mainly through the intercellular junctions of the
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endothelium, and identified these junctions as a
slit variety of small pores . Other investigators
found, however, that the HRP reaction product
does not penetrate the intercellular spaces of the
endothelium beyond lines tentatively identified as
tight junctions in the capillaries of skeletal muscle
(4) and myocardium (5) . Moreover, the results
obtained with HRP appear to depend on dose
(6), injected volume (7), and osmolarity of the
tracer solution (8) . On account of its relatively
large dimensions, HRP is considered at present as
a probe of marginal value for the small pore
system, and the need for smaller tracers is gen-
erally recognized. Karnovsky has published pre-
liminary findings (9) obtained with cytochrome c
(mot wt 12,000 ; mds - 30 X 34 X 34 A [10])
which, in his interpretation, support the conclu-
sions of his work with HRP, but the usefulness of
this tracer is limited by difficulties encountered in
its histochemical detection .

In this article we report results obtained with
myoglobin (Mb) which, as a probe, has the follow-
ing advantages : (a) it is a globular, compact mole-
cule with a well-established tertiary structure (11,
12); (b) it is smaller than HRP (mot wt 17,800 ;
mds 25 X 34 X 42 A or 33 A avg [11, 12]) ; (c) it
gives stable monomer solutions over a wide range
of concentrations, 2 pHs, 3 and temperatures4 (13-
25, 27-29), and (d) it has detectable peroxidatic
activity which has already been used for the
localization of endogenous Mb (30-33) .

2 The compact structure of Mb in crystals as well as
in solution (13-15) is thermodynamically stable over
a relatively large range of concentrations . Up to a
concentration of l0% (w/v), the diffusion coefficient
is concentration independent (16) ; close packing
occurs only at concentrations of 480/0 with the mole-
cules still undergoing translational movements at a
high rate (16) .
3 The oxygen affinity of Mb is essentially pH inde-
pendent (17) and alkylation does not alter the proper-
ties of the molecules in the pH range 8-10 (18) . The
alkylated molecules are more stable against heat
(19-21) or acetone extraction (22). At pH 4.0-4 .5
small amounts of herne are extracted, and at pH
3 .2-2 .2 the molecule is finally fully denatured (20) .
4 The spectrum of Mb solutions is stable over the
temperature range 7 .5 to 37°C (18, 20, 23-26) ;
changes occur only above 40 ° C temperature at which
the molecules eventually polymerize and precipitate
(27) . The Mb molecule has no sulfhydryl and disulfide
groups (27, 28), which can explain the absence of
molecular interactions and polymerization .

MATERIALS AND METHODS

Materials

Mb SOURCES : Saltfree, crystallized Mbs 95-
100% pure were obtained from the following sources :
(a) Whale skeletal muscle Mb (Type II, Fe-content
'0.30%, primarily in the ferric form) from Sigma
Chemical Co., St . Louis, Mo; Nutritional Biochemical
Corp ., Cleveland, Ohio; Schwarz/Mann Div.,
Becton, Dickinson and Co . Orangeburg, N.Y. ; and
Miles Laboratories, Miles Research Div ., Kankakee,
Ill . (b) Equine skeletal muscle Mb (Type I, Fe-content
-0.30%) from Sigma Chemical Co., and Miles
Laboratories . (c) Horse heart Mb from Nutritional Bio-
chemical Corp ., and Schwarz/Mann Div .

All preparations were well tolerated in intravenous
(i .v.) injections and all gave a detectable peroxidase
reaction in the plasma . The best results, in terms of
density and homogeneity of the reaction product,
were obtained with whale skeletal muscle Mb (Sigma
Chemical Co.) . The observations here reported were
made exclusively with this Mb.
PREPARATION OF TRACER SOLUTIONS : Mb

crystals were dissolved in 0.154 M NaCl at concentra-
tions usually ranging from 1 to 570 and the pH of
the solutions was adjusted to 7 .0-7 .6 with 0.1 N
NaOH. Before use, the solutions were sonicated for
10 min at _22°C at 40 mA in an ultrasonic tank
(Dr 50 H, Acoustica Associates, Inc ., Van Nuys,
Calif.) and in some cases their temperature was
brought up to 38 °C. Over the concentration, pH,
and temperature range mentioned, the solutions
showed a homogeneous, monomeric dispersion (see
Results) and gave an intense peroxidatic reaction .
ANIMALS : The experiments were carried out on

rats of the Wistar-Furth strain (Microbiological Asso-
ciates, Inc., Bethesda, Md.), known to be genetically
resistant to histamine release by dextrans (34, 35),
Glycogens (35), and HRP (36) . Our experiments
show that the same applies to exogenous Mb . We
used 108 male, young adults (100-135 g) for the Mb
experiments and 46 for different controls (Table I) .
All animals were kept under standardized housing and
feeding conditions for a few days before use .

Methods

CONTROL FOR VASCULAR LEAKAGE

Vascular leakage was checked by previously pub-
lished procedures (35, 37) . Mb solution (0 .05 ml of
I % Mb solution), prepared as given above, was in-
jected under the skin of the anterior face of the
scrotum . The hypodermis and the subjacent cremaster
were examined 1 h later for signs of the vascular
"tattoo" that accompanies plasma leakage (35, 37) .
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TRACER INJECTION

Mb solutions were injected under ether anesthesia
(38) in the saphenous vein over an interval of 5-10 s,
the volume injected being adjusted to 10% of the
estimated total blood volume (39) . With this amount,
and at the concentrations used in most experiments
(1-2%), the exogenous Mb is expected to increase
transiently the osmotic pressure of the plasma by
4-8%. In some experiments higher Mb concentra-
tions (up to 20%) were used ; no difference in results
was recorded between low and high concentrations .

TISSUE PROCESSING

FIXATION : Of the fixatives (e .g., acrolein,
formaldehyde, glutaraldehyde, and mixtures of the
last two) and buffers (HCl-Na cacodylate, K-phos-
phates, Na arsenate [H3As04-Na2HAsO1) tested, the
best results were obtained with a mixture of 5 0 0
formaldehyde, and 3% glutaraldehyde in 0 .1 M Na
arsenate buffer pH 7 .1-7 .4. The mixture was warmed
up to 38 °C and injected under anesthesia in the
pleural and peritoneal cavities . Fixation was started
either simultaneously with the Mb injection or at
chosen intervals from 5 s to 4 h after it (Table I) .
After 10 min fixation in situ, the diaphragm was
excised and cut into small strips (0 .5-1 mm) which
were immersed in the same fixative for 90 min at room
temperature, and finally washed in 0 .1 M Na arsenate
buffer (20 min) .

Acrolein was tried because of its rapid diffusion
and fast action, but was found unsatisfactory since it
did not fully retain the luminal plasma and partially
inactivated the Mb. Fixation in arsenate buffer gave
better preservation and higher contrast of endothelial
details than fixation in the other buffers mentioned .

CYTOCHEMICAL REACTION- POST FIXATION :
The fixed and washed tissue was cut on a Smith-
Farquhar TC2 tissue chopper (Ivan Sorvall, Inc .
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Newtown, Conn .) into 40-50-µm thick slices which
were incubated in a Graham-Karnovsky mixture
(40), modified for optimal results with Mb (0 .15%
3 , 3'-diaminobenzidine tetrachloride and 0.02%
H2O2 in 0 .06 M HCl-Tris buffer, pH 8 .0-8 .2) . The
reaction was carried out at room temperature for 60
min and was terminated by washing the specimens in
distilled water (10 min) and transferring them to 2%
OS04 in 0.05 M Na arsenate buffer, pH 7.1-7.2, for
90 min at room temperature for postfixation .
STAINING IN BLOCK : None of the procedures

used, i .e . ferricyanide during postfixation (41) and
uranyl acetate (42) or uranyl oxalate-acetate (43)
before dehydration, gave useful results since they
caused an uneven increase in the density of the ground
substance in the pericapillary spaces which proved to
be high enough to interfere with the reliable visuali-
zation of the reaction product .
DEHYDRATION, EMBEDDING : Without wash-

ing, the postfixed tissues were rapidly (25 min) de-
hydrated in 95 and 100% ethanol at 4 ° C, and finally
embedded in Epon in flat molds (44) .
SECTIONING : Sections were cut at 100-200 nm

for general survey in the light microscope, and at
-60 nm for electron microscopy on an MT 2B
Porter-Blum ultramicrotome (Ivan Sorvall, Inc .),
fitted with diamond knives. To facilitate detection of
the reaction product, especially when in low con-
centration, the sections were examined either un-
stained or lightly stained (0 .5-2 min) in lead citrate .

MICROSCOPY : We used either a Philips 300 or a
Siemens-Elmiskop I electron microscope, operated at
80 kV and provided with a 200 Am condensor
aperture and a 30 Am objective aperture . The
instruments were calibrated with a cross-lined carbon
grating replica having 2160 lines; mm.
QUANTITATIVE MEASUREMENTS : For

	

esti-
mating the aggregated volume occupied by different

TABLE I

Time Intervals and Number of Animals Used in Myoglobin Experiments

(For each animal, four to five samples of diaphragm were examined by electron microscopy .)

* Time points were counted from the beginning of the injection and include additional 30 s as average
estimated period for the local blood flow arrest by the fixation in situ (see Methods) .
$ The intravenous Mb injection and the fixation in situ were performed in the same time .
§ In addition to that, 32 rats were used for control experiments (red blood cell hemolysis, arrest of blood
flow by fixative, test for vascular leakage, etc .) .

Intervals*

Phase I Phase II Phase III Phase IV
Total no. of
rats (122)1

45-60 60-7530$-35 35-45 1 .5-5 10-15 30 1-2 4
s s s s min min min h h

Mb injected 18 19 14 16 13 12 6 5 5 108
Controls (non- 14

injected)



General abbreviations used in legends :
bm, basement membrane

	

n, nucleus
c, collagen fibers

	

or, organelle region
cv, chain of plasmalemmal vesicles

	

p, pericyte
e, endothelium

	

PC, cell periphery zone
ec, erythrocyte

	

pj, parajunctional zone
er, endoplasmic reticulum

	

pn, perinuclear cytoplasm
f, fibroblast

	

pp, pericyte pseudopodia
g, Golgi apparatus

	

ps, pericapillary space
j, intercellular junction

	

sv, sarcolemmal vesicle
i, intercellular space

	

v, plasmalemmal vesicle
l, capillary lumen

	

vb, plasmalemmal vesicle (blood front)
m, muscle cell

	

vi, plasmalemmal vesicle (inside the cytoplasm)
me, macrophage
md, mitochondria

	

vt, plasmalemmal vesicle (tissue front)

Figs . 9, 11, 12, 13, 20, 21 a, 25 b, and 26 represent unstained sections ; the others were stained for 1-3 min
only in lead citrate .

FIGURE 1 Operative preparation for checking the time required by the fixative to arrest cremasteric
blood flow. Ventral view . The cut skin of left scrotum (ls) is fixed by a staple (Si) to the opposite scrotum
(rs) ; the dissected and partially removed cremasteric facia (cf) is also fixed to the opposite scrotum by
another staple (S2) ; the left testicle (lt) is pushed up by two needles (1 and 2) piercing the mincing dish
(md) used as support, while a third needle (3) fixes the gently stretched cremaster muscle (c) ; the ob-
servation area (oa) is illuminated and brought under the microscope objective . X 1 .5 .
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segments of the endothelium, measurements were
carried out on electron micrographs with a cali-
brated X 7 magnifier and a Keuffel and Esser
planimeter (Keuffel and Esser Co., Morristown,
N.J .) .

TRACER CONTROLS

The following procedures were used to check the
purity of the Mb solutions to be injected and the size
and state of dispersion of the Mb molecules in these
solutions and in the blood plasma .
GEL CHROMATOGRAPHY : Gel filtration was

performed on 1 X 90 cm Sephadex G-75 columns
(Pharmacia Fire Chemicals Inc ., Uppsala, Sweden)
equilibrated with 0.1 M NH4HCO3 buffer, pH 8.0 .
Elution was carried out with the same buffer at a
flow rate of 6 ml/h . Protein concentration in the
eluate was continuously recorded as transmission at
280 nm with a Uvicord II ultraviolet absorptiometer
(LKB Produkter, Stockholm, Sweden) . In the graphs,
the data are plotted as absorbancy at 280 nm. The
effluent was finally collected in 3 ml fractions using
an ISCO fraction collector (Instrumentation Special-
ties Co., Lincoln, Neb.) .
SPECTROPHOTOMETRY : The absorbance of the

fractions collected as above was measured at 415 nm
(maximum for ferrihemoproteins, including ferri-
myoglobin [45, 46]) with a Zeiss PMQ II spectro-
fluorometer (Carl Zeiss, Inc., New York). The
readings were taken at 25 °C in 1 mm cells against a
reagent blank (0.1 M NH4HCO3) .
NEGATIVE STAINING : Samples of Mb solu-

tion, blood plasma collected from injected animals,
and serum-Mb mixtures (prepared in vitro) were
examined by negative staining using 0 .5% uranyl
oxalate adjusted to pH 7.0 (47). The procedure is
known to give reliable results with small proteins (48,
49), including cytochrome c (50), hemoglobin sub-
units, and Mg (51) .
CONTROL FOR FIXATIVE-INDUCED HEMO-

LYSIS : Since aldehyde fixation has been reported to
induce hemolysis (52) and since leaking hemoglobin
can impart a positive peroxidatic reaction to the
plasma, we ran controls on diaphragm samples col-
lected from noninjected rats, and fixed, reacted for
peroxidase activity, and processed as given under
tissue processing .

TIME REQUIRED FOR THE ARREST OF BLOOD

FLOW BY THE FIXATIVE

Since the capillaries of the diaphragm cannot be
directly examined in vivo, we used a cremaster
preparation, described in detail in the legend of Fig . 1,
to measure the lag between the beginning of fixation
in situ and the arrest of the local blood circulation .
The chosen area was examined under a dissecting
microscope at X 85 magnification, using a combina-
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tion of epi- and transillumination. The fixative was
injected into the tunica vaginalis and at the same time
pipetted on the cremaster under visual (microscopic)
control, and the time was counted until blood flow
stopped in the local vascular bed . This procedure is
simpler than those already recorded in the literature
(53-57) ; in addition it minimizes the traumatism and
avoids the incision of the cremaster .

RESULTS

State of Mb
A first series of experiments was carried out to

determine the state of Mb in the tracer solution
and in the blood plasma over the period pertinent
to our observations.
IN THE TRACER SOLUTION : Gel chroma-

tography of samples of the solution to be injected
showed that Mb elutes essentially as a single,
symmetric peak at the expected position of the
monomer with only 4-5% of the molecules be-
having as small aggregates (Fig. 2) . The material
under the monomer peak was further charac-
terized by spectrophotometry which showed that
it absorbs intensely at 415 nm (the Soret band of
Mb) . Finally, in negatively stained samples of the
Mb solution we found that > 90 % of the molecules
had the spherical or ovoid shape and the dimen-
sions expected for the monomer (Fig. 3). About
70% of the molecules measured 30-40 A ; -24%
were in the range 40-50 A, and only a few ap-
peared larger (70-100 A) (Fig. 4) . The first two
groups are assumed to represent different orienta-
tions of the molecules in respect to the supporting
film; the last group is made up by aggregates . The
results obtained by electron microscopy are in

Spectro-
photometry
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FIGURE 2 Gel chromatography (Sephadex G-75) and
spectrophotometry (at 415 nm) of a 15% Mb solution
in isotonic saline at pH 7 .0 . A sample of this solution
used for negative staining is shown in Fig . 3 .



FIGURES 3 a, b Negatively stained Mb molecules (0.5% uranyl acetate oxalate, pH 7 .0) in samples of
solutions prepared for intravenous injection . (a) X 210,000 ; (b) X 650,000.
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FIGURE 4 Size distribution of Mb molecules in solu-
tions prepared for intravenous injection (	), and
in the blood plasma, 10 min after injection (----) . For
these determinations, 2,400 and 1,800 molecules, re-
spectively, were measured on micrographs of nega-
tively stained preparations .

r
40

d

•

	

30

Z 20

É
•

•
10

z
o

FIGURE 5 Gel chromatography (Sephadex G-75) and
spectrophotometry (at 415 nm) of a serum sample
(0.2 ml) collected 10 min after injecting intravenously
1 ml/100 g body weight of 5 111, Mb solution in a rat
with ligatured renal vessels . A sample from tube no .
13 was negatively stained (see Fig . 7) . The material
absorbing at 415 nm is Mb in fractions 12-15, Mb
aggregates in fractions 8-10, and probably hemoglobin
in fractions 2-5 . *The figures represent percentages
from the total amount of material absorbing at 415
nm.

good agreement with data obtained by X-ray
diffraction .

IN THE CIRCULATING PLASMA : Gel chro-
matography of plasma samples collected from
animals 10 min after a Mb injection showed that
the tracer is present in monomeric form, as indi-
cated by the position of the peak (Fig . 5) and by
the electron microscopy of negatively stained
samples (Fig. 6) taken therefrom . There was no
evidence of Mb adsorption to plasma proteins .
Spectrophotometry of the eluted fractions con-
firmed these results and revealed, in addition, the
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presence of a small flat peak of OD421 in the region
of plasma proteins (Fig. 5) .

Similar results were obtained with an in vitro
mixture of serum and Mb solution (Fig . 7) .
The small flat OD415 peak under the plasma

proteins is probably due to a limited amount of
hemoglobin released during the preparation of the
specimens . A similar peak was detected in the
serum of control animals, in the absence of Mb
injection .

Other Sources of Peroxidatic Activity

Other experiments were done to find out
whether any peroxidatic activity can be detected
in the plasma in the absence of injected Mb . Such
an activity could be due to hemoglobin diffusing
out of erythrocytes, partially plasmolyzed during
aldehyde fixation (52) . The examination of
diaphragm specimens collected from rats not in-
jected with Mb showed no peroxidase reaction in
the plasma in sections of blood capillaries which
contained no erythrocytes in their lumina . But a
faint reaction was detected in association with
intraluminal erythrocytes ; it was limited in
extent (50-100 nm), usually one-sided, probably
reflecting the main direction of diffusion of the
fixative, and weak enough not to interfere with
our observations. In any case we decided to com-
pare systematically capillaries with and without
erythrocytes in our Mb experiments .
A low OD415 peak, presumably due to hemo-

proteins, is found under the plasma protein peak
in the chromatograms of plasma collected from
Mb-injected rats, as well as in mixtures of normal
serum and Mb solutions. The peak could represent
free hemoglobin or Mb aggregates. The former
interpretation is favored, since a similar peak is
found in the serum of normal rats not injected
with Mb and its size can be increased by manipu-
lations which traumatize the erythrocytes .

Vascular Leakage

Finally we checked for the possibility that Mb
induces vascular leakage by releasing histamine
from various sources in the tissue . The experi-
ments, which were carried out on the cremaster
rather than the diaphragm, as described under
Methods, showed that locally injected Mb causes
no vascular tattoo, hence no plasma leakage i,n the
vascular bed of the cremaster in the Wistar-Furth
rats used in our experiments. The findings were



FIGURES 6 a, b Mb molecules negatively stained with 0 .5 010 uranyl acetate oxalate at pH 7 .0 in samples
of the Mb peak (Fig. 5) obtained by gel chromatography of serum 10 min after the intravenous injection of
the tracer solution. The large majority of the Mb molecules appears in monomeric dispersion ; the few
particle rows may represent aggregates formed during negative staining in the presence of small amounts
of plasma proteins . (a) X 305,000 ; (b) X 660,000.

confirmed by light and electron microscopy which
detected no intramural deposits in the small
vessels of the cremaster after local Mb injections .
Moreover, no intramural deposits were observed
in the vasculature of the diaphragm after intra-
venous Mb injection .

Diffusion of Mb and Its Reaction
Product into the Tissue

We also checked for Mb diffusion in the tissue
by either fixing diaphragm specimens in aldehydes
(see Methods) containing 0 .2% Mb, or carrying
out the cytochemical reaction with 0.2% Mb in
the incubation medium (the latter is also a control
for the diffusion of the reaction product into the
tissue) . In both cases, the specimens were processed
through a peroxidase reaction . No reaction
product was detected in either cells or interstitia

along the interface of the tissue with the Mb solu-
tion. On the strength of these findings we con-
cluded that under our experimental conditions
Mb can be used as an adequate probe of the
normal pathways of the capillary wall .

Pathways of Mb across the Capillary Wall

GENERAL : The basic information for this
part of the work was collected from observations
made on a large number of specimens (see Mate-
rials) and from counts and measurements done on
12-14 sections of capillaries from 8 different
animals for each time interval given in Table I .
An aggregate endothelial volume of 10 .8 µma com-
prising a total population of -6,660 vesicles was
used for the data presented in Figs . 16, 17, and 18 .

Observations made in vivo on the exposed
cremaster show that there is a lag of 25-30 s be-
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FIGURE 7 Gel chromatography (Sephadex G-75)
and spectrophotometry (at 415 nm) of a rat serum
sample (0 .2 ml) to which was added, in vitro, 2 .5 mg
Mb in 0.05 ml isotonic saline at pH 7 .0 . * The figures
are percentages of absorbance at 415 Inn .

tween the beginning of fixation and the arrest of
circulation in the vascular bed of the muscle . We
have assumed that a similar lag applies for the
diaphragms and accordingly the time points given

in the text and Table I have been corrected as
follows : the earliest time point obtained by in-
jecting simultaneously the tracer in the blood
stream and the fixative in the pleural and peri-

toneal cavities is taken as 30 s past 0 time, and the

time point made by injecting the fixative 45 s

after the tracer is equated with 75 s past 0 time .

Most observations were made during this period

(30-75 s) which was covered systematically with

numerous time points at intervals of 5 s or less.

Within each time interval, there is variation

from one capillary to the next, but there is less

variation from one interval to another so that the

emerging picture applies to the large majority of

the vessels observed .

Mb Behavior in Capillaries

LUMEN : From the earliest time points, the
cytochemical reaction gave a product of high
density and even distribution throughout the
plasma, probably reflecting an even Mb distribu-
tion. The intensity of the reaction began to de-
crease by 10 min .

5 Its muscle layer is slightly thicker than that of the
cremaster, but the fixative diffuses into it from both
sides. Hence, the time needed for the arrest of the
blood flow may be the same or shorter .
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Capillary Wall

ENDOTHELIUM : For the convenience of the
description, we have divided the interaction of our
probe with the endothelium in four phases of
unequal duration, which appear to represent
resolvable steps in Mb transport . In addition, we

have adopted from (1) the division of the total
vesicle population of the endothelium into three
groups : the first associated with the blood front,
the second located in the interior of the cytoplasm,
and the third found along the tissue front of the
cells . In part, the division is admittedly arbitrary :

it relies primarily on location within or beyond
-80 nm from each front ; it becomes difficult and
often breaks down when the endothelium thins
out to less than -250 nm ; and it is not directly
related to the condition (open or closed) of indi-
vidual vesicles in each group . It implies, however,

a high probability of interaction with the respec-
tive aspect of the plasmalemma for each front
group, and of transit through the cytoplasm for the

inner group .
Finally the description of changes occurring

during the four phases mentioned will be limited
to two regions of the endothelial cells which appear

to be particularly active, i .e ., the peripheral zone

and the perinuclear cytoplasm . The remaining
regions will be covered later in a separate section .

PHASE I (0-35 s) : In the peripheral zone of
the cells, phase I is characterized by extensive
vesicle labeling on the blood front, incipient mark-
ing on the inner group, and absence of reaction
product in the vesicles associated with the tissue
front, the percentage of labeling within the first
two groups being 73% and 16%, respectively

(Fig . 8) . The dominant event of this phase seems
to be Mb diffusion from the plasma into the

vesicles of the blood front, since -90% of those
labeled within this group are open to the lumen .
In some of the latter the reaction product is less

dense than in the plasma, which suggests that

equilibrium in Mb concentration between the

plasma and these vesicles has not yet been reached .

The situation is similar for the perinuclear

cytoplasm except that the percentage of labeling
in the inner group is slightly lower (-10%0)

(Figs . 17 and 18) . By the end of this phase, ap-

proximately one-third of the total vesicle popula-

tion is labeled in each of the two regions (Fig . 16) .

Reaction product fills the shallow infundibula

leading to the intercellular junctions of the endo-



FIGURE 8 Rat diaphragm. Blood capillary 35 s after an i.v . Mb injection (phase I) . The product of
the Mb peroxidase reaction is present in the capillary lumen (1) and within most of the plasmalemmal
vesicles associated with the blood front (vbi) of the endothelium (e) . The majority of the labeled vesicles
are open to the lumen . Note that some of these vesicles (vb2 and vb3) contain reaction product in a con-
centration lower than in the adjacent blood plasma . The vesicles located inside the cytoplasm (vi) or on
the tissue front (vt) are still unmarked . The pericapillary space (ps) is free of detectable tracer . X 40,000 .

FIGURE 9 Rat diaphragm . Blood capillary 45 s after an i .v . Mb injection (phase II) . Concomitantly
with the labeling of many plasmalemmal vesicles on the blood front (vb) of the endothelium (e), there is
appreciable marking of the vesicles of the inner group (vi) . At this time point the vesicles on the tissue
front (vt) are still unmarked . A chain of four vesicles is indicated by cv . The pericapillary space (ps) is
free of reaction product. X 40,000 .
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FIGURE 10 Rat diaphragm . Blood capillary 55 s after an i .v . Mb injection (phase III) . Most of the
plasmalemmal vesicles on the blood front (vb) and inside the cytoplasm (vi) are labeled by reaction prod-
uct, while those on the tissue front (vt) are only partly marked . Some of the latter appear in contact with
the plasmalemma but not yet open to the extracellular space . The pericapillary space (ps) is free of re-
action product . Note the frequency of the chains of vesicles (cv) . The infundibulum (i), leading to the
intercellular junction (j) contains reaction product but the intercellular space beyond the junction is not
labeled . X 50,000 .

FIGURE 11 Rat diaphragm . Blood capillary 75 s after an i .v. Mb injection (phase IV) . Note the exten-
sive labeling of the plasmalemmal vesicles belonging to the three groups : on the blood front (vb), inside
(vi), and on the tissue front (vt) of the endothelium (e) . Many of the latter appear to be discharging . Note
that their content is more heavily marked than the pericapillary spaces (ps) which are filled with ran-
domly distributed reaction product . X 40,000.



thelium, but does not penetrate beyond them
(Figs . 21 a, 22 a, 23 a and b) .
PHASE II (35-45 s) : In the peripheral zone,

labeling within the first group increases slightly
(up to -75%) while that of the inner vesicles
reaches -56%; the vesicles on the tissue front are
still free of reaction product (Fig . 9) . The same
applies for the perinuclear cytoplasm except that
vesicle labeling in the inner group rises sharply to
-70% (Figs. 17 and 18) .
About half of the total vesicle population is now

marked by reaction product in both regions (Fig .
16) . The situation of the junctions is unchanged
(Figs . 23 c and d) .

PHASE tit (45-60 s) : At the periphery of the
cell, labeling percentage increases slightly for the
first two groups (to 80% and 65%, respectively)
and strikingly (to 30%) for the group on the tissue
front . Half of the marked vesicles of this group are
opened and apparently already discharging in the
subendothelial and pericapillary spaces (Figs .
10, 21 b), as indicated by the fact that the density
of the reaction product within open vesicles is
often higher than in the immediately adjacent
extracellular space . In the perinuclear cytoplasm
the labeling follows the same course with even
higher percentages within each group (Figs . 17

and 18). Two-thirds of the total vesicle population
are now labeled in each of the two regions (Fig .
16) .
PHASE Iv (60-75 s) : In both regions, each

vesicle group and hence the total vesicle population
is found labeled to nearly the same high extent
(-.80%) (Figs . 16, 17, 18) . A large percentage of
the marked vesicles of the third group are open
and apparently discharging on the tissue front
(Figs. 11, 12) and reaction product is now present
in varied concentration throughout the peri-
capillary spaces (Figs. 13, 14, and 24) .

The infundibula leading to the junctions are
marked heavily and to the same extent as the
plasma . The junctions proper are not labeled, but
the intercellular spaces past the junctions are
generally marked (Figs. 14, 22 b, and 23 e), the
concentration of reaction product within these
spaces being equal to, or lower than, that seen in
the adjacent pericapillary spaces (Figs . 14, 22 b) .
Labeled vesicles are occasionally found open to the
cell surface in the abluminal part of the inter-
cellular spaces (Figs . 21 b, 22 b, and 23 e) . During
phase III the situation of the junctions varies from
capillary to capillary between appearances de-
scribed above for phase II and phase IV .

FIGURE 12 Rat diaphragm. Blood capillary 75 s after an i .v . Mb injection (phase IV) . Reaction product
is present in the plasmalemmal vesicles belonging to the three groups : on the blood front (vb), inside
(vi) and on the tissue front (vt) of the endothelium (e) . Most of the vesicles in the last group are open to
the subendothelial space (ss) . Reaction product marks the basement membrane of the capillary, the
interfibrillar matrix around collagen fibers (ef) in the pericapillary spaces (Ps), and the basement mem-
brane of the muscle fiber (m) ; it also labels the sarcolemmal vesicles (sv) of the latter . X 40,000 .
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In all four phases, a small fraction of the total do not form connecting channels between the two
vesicle population is organized in short chains of fronts of the endothelium .
2-4 vesicles (Fig . 15) which often extend from

	

LATER TIME POINTS : Past phase IV we
one vesicular group to its neighbor, but apparently have examined a series of specimens fixed at time

FIGURE 13 Rat diaphragm . Blood capillary 90 s after an i .v . Mb injection. Except for the parajunc-
tional zone, the other zones of the endothelium contain marked vesicles in all three positions . In the
pericapillary spaces (ps), the density of the reaction product is lower within the sector A facing the para-
junctional zone than within the sector B corresponding to other endothelial regions . X 30,000.
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FIGURE 14 Rat diaphragm. Blood capillary 75 s after an i .v. Mb injection. The percentage of labeling is
high for vesicles in all three positions, on the blood front (vb), inside (vi), and the tissue front (vt) of the
endothelium (e) . Reaction product appears preferentially concentrated within the basement membranes
of the capillary (bmi) and muscle cell (bm2), while the capillary space around the macrophage at (me) is
practically unlabeled (arrows) . Reaction product fills the infundibulum (if) leading to the intercellular
junction (j) at a concentration comparable with that in the lumen, but in the intercellular space (i) be-
yond the junction it occurs in a concentration equal to that in the adjacent pericapillary spaces (ps) .
X 50,000 .

points extending up to 4 h. The percentage of
labeling in the different groups and in the total
vesicle population remains stable at j90%. Past
10 min the reaction product appears to reach the
same density in the lumen, the plasmalemmal
vesicles, the intercellular spaces of the endo-
thelium, and the interstitia of the tissue .
OTHER ENDOTHELIAL REGIONS : The pat-

tern of vesicle labeling showed significant re-
gional heterogeneity among the four parts we
have distinguished within endothelial cells. In
contradistinction to the two active regions we
have already described (i .e ., the peripheral zone
and the perinuclear cytoplasm), the narrow para-
junctional zone characterized by a generally low
vesicle frequency appears relatively inactive .
Vesicles of this zone are involved in the marking of
the abluminal parts of the intercellular spaces of
the endothelium (Figs . 21 b, 22 b, and 23 e) .

The organelle region, which has only one-third

the frequency of vesicles of the peripheral zone,
lags behind in Mb uptake ; only 20% of the
vesicles on its blood front are labeled at the end of
phase I as compared with > 70%o for the periph-
eral zone and the perinuclear cytoplasm (Figs . 19
and 25 a, b) . The overall involvement of the
region's total vesicle population is also more
limited : at the end of phase IV its labeling per-
centage is 56% as opposed to -80% for the two
active regions .
ASYMMETRIES : In a small number of capil-

laries (-5% of the profiles examined) we have
encountered a striking asymmetry in the pattern
of vesicle labeling . Through phase I and II, and
only occasionally through phase III, endothelial
sectors with labeled and unlabeled vesicles are
found on the same capillary profile (Fig . 20) .
These sectors are generally large (-3-4 Am, 2-3
per profile) and appear randomly distributed in
relation to the cell's regions, although unlabeled
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FIGURE 15 Rat d:aphragm . Blood capillary 45 s after an i .v. Mb injection . Vesicle labeling has reached
a similar level in the three endothelial regions shown here : the cell periphery (pc), the organelle region
(or), and the perinuclear cytoplasm (pn) . At this time point (Phase III) no labeling of tissue front vesicles
(vt) or pericapillary space (ps) occurs . Note the high incidence of chains of vesicles (cv) . The marked
structure at ly is probably a lysosome. X 28,000 .
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FIGURE 16 Labeling percentage in the total popu-
lation of plasmalemmal vesicles at different time in-
tervals . The figures give the number of vesicles counted .

sectors seem to coincide more frequently with
parajunctional zones . The organization of the
endothelium in such capillaries appears to be
normal. The phenomenon may be caused by in-
complete mixing of Mb in the plasma, which in
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FIGURE 17 Total population of marked vesicles : its
distribution among the three groups of plasmalemmal
vesicles in the cell periphery and in the perinuclear
cytoplasm, as a function of time .

turn may reflect irregular flow in individual
capillaries (59) .
Mb ACCESS TO OTHER CELL COMPART-

MENTS : Throughout the period within which
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FIGURE 1S Labeling percentage in the three groups
of plasmalemmal vesicles in the cell periphery and
in the perinuclear cytoplasm at different time inter-
vals : up to 35 s ; A---A at 35-45 s : O---O at
45-60 s ; °-° at 60-75 s . The figures give the num-
bers of vesicles counted .

the tracer can be detected in the plasma (i .e., up
to 4 h) reaction product was found restricted to
plasmalemmal vesicles . There was no labeling of
any other membrane-bounded cytoplasmic com-
partment, e.g. the endoplasmic reticulum, the
nuclear envelope, or the Golgi complex (Figs .
25 a, b), and no labeling of the cytoplasmic matrix ;
the only exception was a few lysosomes and even
in this case the amount and concentration of
reaction product they contained were negligible
by comparison with those found in plasma,
vesicles, and pericapillary spaces .
BASEMENT MEMBRANE : During and past

phase III, we did not detect any accumulation of
reaction product against the basement membrane
in the subendothelial space ; we found instead that
the reaction spreads very rapidly past the basement
membrane into the pericapillary spaces . At the
beginning of phase III, and occasionally through
phase IV and later, the basement membrane of
the capillary wall seems to be more heavily
stained by the reaction product than the adjacent
spaces, suggesting that Mb is partially retained
within this membrane . The basement membrane
of muscle fibers behaved in the same way (Figs .
13 and 14) .
The plasmalemmal vesicles of the pericytes were

labeled but there was little or negligible staining
of phagosomes or lysosomes in these cells .
ADVENTITIA AND PERICAPILLARY SPACES :

From the beginning (phase III), the distribution
of reaction product in the adventitia of the vessels
and in the pericapillary spaces was uneven . The
collagen fibrils appeared in negative contrast, due
to an apparent concentration of reaction product

Total no.

vesicles/)um3
r-
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~

30-45s 45-75s

Marked
vesicles/N,m3

30-45s 45-75s

FIGURE 19 Average frequency of vesicles and marked
vesicles per cubic micron in three of the four endothelial
zones . Percentage distribution of endothelial volume
is given by the ordinate (absolute figures available in
Simionescu, Simionescu, and Palade, manuscript in
preparation) . The columns in this graph represent (a)
the average volume occupied by the first three zones ;
(b) their respective content in total number of vesicles
(A and B) ; (c) their content of marked vesicles (C
and D) as a function of time . Columns A and B show
that during Mb transport the vesicle distribution be-
tween the three zones remains the same but their
frequency increases by 17% from the first (phases I
and II) to the second interval (phases III and IV) .
Columns C and D show that during the second interval
the absolute number of marked vesicles increases in
the three regions and especially in the organelle region,
in which the highest relative increase is also recorded .
The figures on bars A and B give the frequency of
plasmalemmal vesicles (total number of vesicles/cubic
micron) in each region at two intervals during Mb
transport . The figures on bars C and D give the fre-
quency of labeled vesicles (number of labeled vesicles/
cubic micron) for the same regions and intervals .
For each region and each interval the percentage of
vesicle labeling (e .g ., C/A X 100) is also given . The
endothelial volumes surveyed for the data in the
graph were : cell periphery and organelle region, 3 .03
µm3 for the interval 30-45 s and 3 .32 µm3 for the
interval 45-75 s ; perinuclear cytoplasm, 2.21 µm3 for
the first interval and 2 .19 µm3 for the second .

in the interfibrillar matrix, and other local varia-
tions were encountered without evident connection
with the cellular or fibrillar elements of these
regions.

There was negligible staining of the phagosomes
and lysosomes of macrophages and fibroblasts, but
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FIGURE 20 Rat diaphragm . Blood capillary 35 s
after an i .v. Mb injection (phase I) . Asymmetric
labeling involving only the vesicles of the perinuclear
cytoplasm (pn) and part of the cell periphery (pe) .
The unlabeled sectors are centered on two parajunc-
tional zones (pj' and pj2) . X 18,000 .

440

	

THE JOURNAL OF CELL BIOLOGY • VOLUME 57, 1973

there was detectable staining of the T system and
plasmalemmal vesicles of adjacent muscle fibers .
There was even a suggestion of concentration in
these vesicles, as well as in those of the pericytes
(Fig . 26), and some indication that the density of
the plasmalemma of muscle fibers is increased by
the staining . No comparable increase in density
was noted for the plasmalemma of the pericytes
and endothelial cells .
During phase III (Fig. 24) and phase IV (Fig .

13) we occasionally encountered concentration
gradients of reaction product around the endo-
thelium in the basement membrane and the
adjoining pericapillary spaces . Their maxima were
centered on vesiculated regions of the endothelium,
rather than on exits from intercellular spaces, and
their presence was more easily detected in narrow
interstitia ; such gradients appeared to be transient
in nature : they were no longer seen past phase IV .

DISCUSSION

Mb as Probe Molecule

The proteins with peroxidatic activity currently
used as "probe" molecules in investigating capil-
lary permeability are detected indirectly via the
products of their cytochemical reactions . This

approach takes advantage of the large amplifica-
tion step from enzyme to reaction product, but
cannot by itself ascertain the nature or size of the
molecule(s) actually involved in the reactions .
Hence, a reliable interpretation of the results ob-
tained requires the demonstration that : (a) the

probe retains its dimensions throughout the ex-
periment, and (b) no other significant peroxidatic
activity exists in the experimental tissue .
In our work, we have demonstrated by gel

filtration on Sephadex G-75, spectrophotometry,
and electron microscopy of negatively stained
specimens that the probe we have used, e.g ., Mb
exists in uniform monomeric dispersion in the
solutions to be injected . The same applies for the
Mb injected into the blood stream and examined
in the plasma at intervals longer than required
(10 min) for the significant part of our observa-
tions . There is no, or negligible, binding to plasma
proteins, 6 no significant aggregation or polymeri-

s In the case of HRP, the evidence bearing on this
point is limited and contradictory. Some reports indi-
cate that the enzyme does not bind to plasma proteins,
but changes in molecular weight cannot be excluded
(60) ; others, that it appears in the ß-globulin and



FIGURES 21 a, b Intercellular junctions of the endothelium at different intervals after an i .v . Mb in-
jection . (a) at 35 s (phase I) . Reaction product is present only within the infundibulum (if) leading to the
intercellular junction (j) . (b) At 50 s (phase III) . The intercellular space past junction jl appears free of
reaction product, while discharge of labeled vesicles (vt) on the tissue front is in progress . A vesicle (v)
unloads its content in the intercellular space behind a second junction marked j2 . X 40,000 .

zation, and no detectable degradation of the
tracer . In this respect, our results are in general
agreement with data in the literature which report
that Mb is stable in solution over a wide range of
concentration (13-16), pH (17-22), and tem-
perature (18, 20, 23-25, 27, 28) ; they are also in

IgG fractions (61) ; finally, others mention that the
sera of both HRP injected and noninjected mice
have a faint peroxidase positive band migrating with
the albumin band (4) .

agreement with specific observations which show
that Mb does not bind to plasma proteins (62-64) .

In addition, we have demonstrated that there is
no other source of peroxidatic activity in the
plasma, except for a negligible amount of hemo-
globin which leaks from erythrocytes, as a result
of a slight degree of hemolysis induced by the fixa-
tive . The finding is in agreement with observations
made by using 59Fe-labeled hemoglobin (65) .
Finally, we have shown that Mb does not induce
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FIGURES 22 a, b Intercellular junctions of the endothelium at different time points after an i .v. Mb
injection . (a) at 30 s (phase I) ; (b) at 45 s (phase II) . The long, tortuous intercellular spaces beyond
junctions jl, j2 appear free of reaction product except for the end of the space in b in which two plasma-
lemmal vesicles (vi, v2) are discharging. (a) X 32,000 ; (b) X 40,000 .

abnormal permeability (vascular leakage) in
muscle capillaries .

On the strength of the results obtained in these
prerequisite experiments, we conclude that Mb is
an adequate molecular probe, and we assume that
our findings reflect the interaction of individual
Mb molecules with the normal passageways
extant in the wall of muscle capillaries . As is well
known, the current physiological literature (66-
69) postulates that these passageways are pores
that belong to two distinct categories : large
(d - 500 A) and small (d 90 A) and considers
as an alternative for the latter, the existence of
slits open to a gap of 40-50 A and located in the
intercellular junctions of the endothelium .

On account of its dimensions (25 X 34 X 42A,
or 33 Aavg), Mb qualifies as a probe for both pore
systems : it is expected to penetrate freely the large
pores and to move with some restrictions, due to
molecular sieving (70, 71), through the small ones .
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As a small pore probe, Mb has over HRP (md
40-50 A) the advantages of smaller size, proved
homogeneity, and well-established tridimensional
structure ; it is, however, less active as a peroxidase
(72, 73) . Cytochrome c is slightly smaller (30 X
34 X 34 A including side chains [10] and 25 X
25 X 37 t~ disreagrading the peripheral side chains
[74]), but it is 10 times less active than Mb (72) ;
its heme is located inside the molecule in a deep
cleft which presumably makes it hardly accessible
to H202 . In Mb, the heme is at the surface of the
molecule (72, 73, 75) supposedly within easy
reach for H2O2 .

Pathway of Mb across the Capillary Wall

GENERAL : The product of the peroxidase
reaction (oxidized, and polymerized diamino-
benzidine [cf. 76]) is known to be highly insoluble
in water and organic solvents (see, however, [77]) .



FIGURES 5!3 a-e Intercellular junctions of various geometry in blood capillaries of the rat diaphragm
at different time points after an i .v . Mb injection . At 30 s (a) and at 35 s (b), at the beginning of vesicles
labeling the intercellular spaces behind junctions jI and j2 are free of reaction product . Behind jI
an unmarked vesicle (v) opens in the intercellular space . At 40 s (c) the partially collapsed lumen of a
capillary forms a complex diverticulum (with numerous associated labeled vesicles) which leads to junc-
tion j3 . The intercellular space beyond the latter is not labeled . At 40 s (d) an oblong marked infundibulum
(if) leads to junction j4. The space beyond it is not labeled . Note that two unmarked vesicles (v) open
in this space . At 65 s (e) the position of the junction along this long intercellular space cannot be ascer-
tained (the section is oblique) . Vesicles are opening on the proximal (v 1) as well as on the distal segment
(v2) of the space . Note the different concentration of reaction product : equal to that in the lgrggq in, tht
proximal segment, and to that in the pericapillary spaces (ps) in the distal one . X 40,000 .



FIGURE 24 Rat diaphragm . Blood capillary 60 s after an i .v . Mb injection. Note the concentration
gradient of reaction product in the pericapillary space (ps) . The concentration is higher in the sector A,
the part corresponding to the active cell periphery of the endothelium (pc) and low in the sector B adjacent
to the less active parajunctional zone (pj) . The position of the junction j is indicated by a labeled infundi-
bulum . X 36,000 .

Although we are dealing with a set of complex
reactions carried out in a heterogeneous system
(organized tissue), we assume at a first approxima-
tion that the location and density of the reaction
product parallel the location and concentration of
Mb molecules in the various compartments of the
tissue . For this reason, and for the convenience of
the presentation, our results will be discussed and
interpreted in terms of the movement of Mb from
one compartment to another, with the under-
standing that the actual observable is the progres-
sive appearance of the reaction product in varied
concentrations, along these compartments .

Endothelium

VESICLES : While in transit across the endo-
thelium from the lumen to the pericapillary spaces,
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Mb appears definitely restricted to plasmalemmal
vesicles : it cannot be detected in the cytoplasmic
matrix or in any other endothelial cell compart-
ment with the possible exception of lysosomes, to
which only small amounts of the probe appear to
be diverted .

From the earliest observable time point after i .v.
injection, i.e . 30 s, Mb is present in a large fraction
(-75%) of the vesicles associated with the blood
front of the endothelial cells ; 10-15 s later it is also
found in a large proportion of the vesicles located
in the interior of the cytoplasm ; and in the subse-
quent 10-15 s it is detected in vesicles on the
tissue front . Within this 60 s interval, the labeling
of the plasmalemmal vesicles takes the appearance
of a wave that moves progressively from one cell
front to the other. Since we cannot detect a faster



FIGURES 25 a, b Rat diaphragms . Blood capillaries at 45 s (a) and 70 s (b) after an i .v . Mb injection.
During the earlier interval (a) the organelle region (between arrows) shows a limited extent of vesicle
labeling restricted to the group associated with the blood front. At later time points (b) the percentage
of vesicle labeling markedly increases, approaching that found at the cell periphery. Note the absence
of labeling of the Golgi complex (g) of the endothelial cell and the "staining" of the sarcolemma in 25 a.
(a) X 34,000 ; (b) X 42,000.

or concomitant Mb movement along the inter-
cellular junctions, we assume that the labeling of
the plasmalemmal vesicles reflects Mb transport .
This assumption is supported by the presence of
vesicles which are discharging on the tissue front
and which are marked by reaction product in
higher concentration than in the pericapillary

spaces. It is also supported by the occasional detec-
tion of concentration gradients in the narrow inter-
stitia between endothelia and pericytes or other
cells; such gradients have their maxima centered
on vesiculated segments of the endothelium .

Besides establishing that the plasmalemmal
vesicles play a major, or possibly exclusive, role in
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FIGURE 26 Rat diaphragm . Blood capillary 90 s after an i .v . Mb injection. Reaction product marks
practically all the vesicles of the endothelium in each of the 3 groups (blood front [vb], inside [vi], and on
tissue front [vt]) . Many of the latter (arrows) are more heavily labeled than the adjacent pericapillary
space (ps) . Note the labeled plasmalemmal vesicles of a pericyte (pv) and the labeled sarcolemmal vesicles
(sv) of an adjacent muscle fiber, the density of reaction product within the basement membrane (bm) of
the capillary and of the muscle fiber, and the negative image of collagen fibers (cf) seen in oblique and
transverse section. X 65,000 .

Mb transport, our findings indicate that a large
fraction of the total vesicle population partakes in
this operation . Past 60 s, at a time when a steady-
state condition seems to be approached, -80% of
the vesicles within each group (blood front, in-
terior, and tissue front) are labeled .

The kinetics of labeling suggest that the different
phases we have distinguished in the transport
operation are of unequal duration : 30 s after the
injection of Mb into the blood stream, most of the
label is still restricted to vesicles associated with
the blood front ; this interval covers phase I . In the
next 30 s, which cover phases II-IV, the probe
moves across the entire endothelial layer and be-
gins to be discharged on the tissue front . The rela-
tive slowness of phase I could be explained by a
variety of factors such as : (a) restrictions imposed
on Mb diffusion from the plasma to the vesicle
content by narrow necks (1), extraneous coatings
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of the type stainable by ruthenium red (78, 79), or
steric exclusion by other macromolecules (80) ; (b)
the detachment of the vesicles from the plasma-
lemma may be an inherently slow operation ; (c)
this detachment, as well as the movement of de-
tached vesicles within the cytoplasmic matrix,
may be slowed down by the fixative which is ex-
pected to affect first membrane movement, then
cytoplasmic viscosity and finally diffusion, simply
on account of differences in concentration of cross-
linkable proteins in the sites mentioned . Alde-
hyde penetration is fast (81, 82) and slight in-
creases in cytoplasmic viscosity are bound to affect
drastically the rate of vesicle movement within the
cell (83, 84) . With the information at hand, we
cannot decide which of these factors accounts for
the slowness of phase I .

Our recent results show that the time required
for the net movement of loaded vesicles from one



cell front to the other across a 0 .2-0.3 µm thick
layer of cytoplasm is greater than 10 s and smaller
than 25 s, and the time needed for vesicle fusion
with the plasmalemma and ensuing discharge on
the tissue front amounts to X15 s .

Our findings also provide a direct estimate of
the average time required for a vesicle to move
Mb from the plasma to the interstitial fluid : it ap-
pears to be 45-60 s but it should be considered a
maximal value, possibly further increased by fixa-
tion for which it is clear that we do not have a
sharp starting point. The same applies for each of
the phases in which we have resolved the transport
operation. The figure mentioned (-60 s) can be
compared, on the one hand, with calculated values
for one effective traverse which range from 5 min
(69) to 24 s (1), 3-5 s (84), and 1 s (85), and, on the
other hand, with observed values from work with
larger probes such as HRP : 5-8 min (2, 4) and
ferritin 10 min (1, 4) . The observed values increase
as expected with increase in probe size, but much
more detailed data on the large tracers would be
needed for reliable comparison .

So far, the findings reported have been in-
terpreted in terms of Mb transport from the lumen
to the pericapillary spaces ; we assume that trans-
port in the reverse direction occurs concomitantly
and continuously, but it is difficult to detect it in
the conditions of our experiments, which rely on a
high concentration of Mb in the plasma .

Our counts show that there is considerable varia-
tion in the density of vesicle population per cubic
micron of endothelium. The frequency increases
from time 0 (-800 vesicles/µm 3) to 60 s (1,050
vesicles/µm3), but in view of the small volume of
our samples and of the large variations in vesicle
distribution clearly demonstrated in freeze-
cleaved preparations (Simionescu, Simionescu, and
Palade, manuscript in preparation) we cannot
yet decide whether such variations are significant
or not. If confirmed, they may represent an os-
motic response to the increase in colloid osmotic
pressure in the plasma and interstitial fluid .
INTERCELLULAR JUNCTIONS : During the

first 60 s of our experiments, the vast majority of
the intercellular junctions of the endothelium ap-
pear to be impermeable to Mb within the sensitivity
of the procedures we have used. At early time points
(0-45 s) the reaction product marks the luminal
recesses which lead to the junctions proper but
stops at the level of the latter and is not detected

in the intercellular spaces past the junctions . At
late time points (45-60 s), i .e . at a time when Mb
appears to be actively discharged by vesicles on
the tissue front of the endothelium, there is reac-
tion product in the intercellular spaces but in con-
centrations usually lower or equal to those found
in the pericapillary areas, or to vesicles discharging
in the intercellular spaces on the abluminal side
of the junctions . The latter situation can also ex-
plain the very rare instances in which the concen-
tration of the reaction product in the intercellular
spaces is higher than in the pericapillary regions
(Fig. 21 b) .

Our findings on the permeability of the junc-
tions do not agree with those reported by Kar-
novsky and his collaborators (2, 3, 9), using HRP
as a probe . The disagreement can be explained by
differences in specimens (mostly myocardium) and
time points examined (intervals longer than 2 min),
but also by experimental artifacts caused by excess
blood volume (7), or high HRP concentrations
which affect capillary permeability (6) . There is,
however, agreement between our findings with
Mb and those reported by Williams and Wissig
(4) with HRP in an experimental setup similar to
ours .

We can conclude that in our conditions there is
no detectable transport of Mb through the inter-
cellular junctions, but we cannot rule out Mb
transport at rates below the sensitivity of our pro-
cedures, or transport of molecules smaller than
Mb along this potential passage . As already men-
tioned, Karnovsky has recently claimed that cyto-
chrome c exists along the intercellular junctions
(86) .
Freeze-cleaved preparations clearly demon-

strate the existence of typical, though simplified
tight junctions in the endothelium of muscle capil-
laries . These junctions are less organized in depth
than in other epithelia and form narrow zonulae
along which there are suggestions of small focal
discontinuities (unpublished observations) . In

addition, there is increasing physiological evidence
on ion and water leaks, presumably through oc-
cluding zonules, in other epithelia, e .g., amphibian
epithelia (58) . All these considerations point out
the desirability of extending our approach to
probes smaller than Mb and cytochrome c, and of
postponing any generalization concerning the
permeability of the endothelial junctions until
more evidence becomes available .
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Functional Heterogeneity within
the Endothelium

It has been assumed in the past that the periph-
eral zone of the endothelial cell is the most im-
portant, if not the only, functional area as far as
transport of macromolecules is concerned . Our Mb
experiments show that the frequency of vesicles
per cubic micron is the same in this zone and in the
thin layer of cytoplasm which surrounds the nu-
cleus ; moreover, they indicate that the pattern of
vesicular labeling is comparable in the two regions .
Since Mb reaches the vesicles on the tissue front of
the perinuclear cytoplasm almost as rapidly as in
the peripheral zone, although they have to travel
around the nucleus, we have to postulate that
movement of vesicles is faster in the perikaryon . It
is possible that vesicle "diffusion" in the thin cyto-
plasmic layer surrounding the nucleus is more
rapid than in the peripheral zone since it is prac-
tically limited to two dimensions. But it is also
possible that the distance between the two cell
fronts is shortened by short cuts provided by in-
dentations of the nuclear surface . The relatively
low transport activity of the organelle region re-
mains unexplained, but seems to be primarily due
to slow vesicular uptake and movement . Note-
worthy is the limited activity of the parajunctional
zone which appears to reflect primarily the low
local frequency of plasmalemmal vesicles .

Basement Membrane and Pericapillary Spaces

The basement membrane does not constitute a
diffusion barrier for Mb, as expected on account of
its coarse porosity : it is known that it does not re-
tain ferritin (1) . There is, however, suggestive evi-
dence that Mb may be retained at least temporarily
in this layer like in a gel filtration column (80) or
that it has some affinity for its glycoproteins or
polysaccharides (87) . The uneven Mb distribution
in the pericapillary spaces may reflect different de-
grees of restricted diffusion or steric exclusion in
the various domains of this highly heterogeneous
system (80) . The salient finding in connection with
these structures and spaces is the very rapid diffu-
sion of Mb once discharged on the tissue front of
the endothelium . An exact calculation of its local
diffusion rate is not possible since the viscosity of
the content of these spaces is unknown and more-
over is expected to vary from one domain to
another . For a rough estimate, we assumed that
the overall viscosity approximates that of the cyto-
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plasm (r1 = 0.50 P [88]) and we considered an
upper and a lower limit to this value each of them
removed by one order of magnitude (5 .0 and 0 .05
P, respectively) . 7 On this basis, the diffusion coeffi-
cient of Mb in the interstitia is in the range 2 .7 X
10-9 cm2/s to 2.7 X 10 -7 cm 2 /s . Using the calcu-
lated limits of its diffusion coefficient, we estimate
that a Mb molecule can move from 6 to 60 µm/
min by diffusion in the interstitial matrix . Diffu-
sion at such a rate can explain the rapid decay of
initial Mb concentration gradients in the peri-
capillary spaces, and hence the difficulties we en-
countered in detecting them . When found, they
were usually located in narrow interstitia in which
diffusion is expected to be slowed down .

Correlation with the Pore Theory

On the basis of the pore theory and on account
of its size (md avg = 33 A.) Mb is expected to reach
the interstitial fluid through both pore systems .
In muscle capillaries, the plasmalemmal vesicles
have been proposed as structural equivalent for
the large pore system (1), but the identity and loca-
tion of the small pores is still in doubt . A slit version
located in the intercellular junctions has been re-
peatedly considered (2, 3, 9) and extensively dis-
cussed, so far without agreement as to the exact di-
mensions (width and length) of the slits . For the
length (and depending on the depth of the narrow
part of the junctions), values as high as 100 % and
as low as 3 % of the total length of the intercellular
junctions have been proposed (68, 70, 91, 92) . Our
experimental results indicate that Mb can be

7 D (the diffusion coefficient) has been calculated
using the equation : D = KT/f, where T is the ab-
solute temperature, f is the frictional coefficient, and
K is Boltzmann's constant (89) . f has been approxi-
mated by applying the Stokes-Einstein equation for
large, spherical particles : f = 67rt1R, where R is the
radius of the particle (in the case of myoglobin 17 A)
and t7 is the viscosity of the solution (in this case the
assumed upper and lower limits) . Note that the calcu-
lated D of 2.7 X 10-7 cm 2/s coincides with the
experimental value reported by Moll (90) for the
myoglobin diffusion coefficient in muscle homoge-
nates. The mean displacement of myoglobin by
diffusion has been calculated using the Einstein
equation for the random walk of a single particle :
Xz = 2 Dt, where . is the mean displacement, D is the
diffusion coefficient, and t the time in seconds . Thus
6 and 60 Ftm represent displacements per min calcu-
lated using D = 2.7 X 10-9 cm 2 /s and
D = 2.7 X 10-7 cm2/s, respectively .



demonstrated in transit through the endothelium
in plasmalemmal vesicles, but cannot be detected
in the intercellular junctions . The simplest in-
terpretation of these results is that the plasmalem-
mal vesicles represent both systems . Their correla-
tion with the large pores has already been estab-
lished, using ferritin as a probe (1) . The correlation
with the small pore system is more difficult . The
plasmalemmal vesicles could function as small
pores, provided they incatenate to form continuous
channels across the endothelium, and provided
these channels be fitted with strictures reducing
their lumen to -90 X. The first condition has
never been proved, but the postulated channels
made up of chains of vesicles may be unusually
sensitive to fixation. The second condition could
be satisfied by the presence of narrow introits
(necks) into leading vesicles, strictures at the point
of fusion of two vesicles, or diaphragms in between
vesicles or at the stoma of discharging vesicles . Such
structures have actually been described in visceral
and muscle capillaries (1, 93, 94) . The large differ-
ence in frequency between postulated pores (15-
20/µm2) and found vesicles ('100/µm2 ) could be
explained by assuming that the formation of con-
necting channels out of chains of vesicles is an event
of relatively low probability .

Our results provide additional supportive evi-
dence for the hypothesis that the vesicles represent
both pore systems, but admittedly are not sufficient
to prove it . What appears to be needed at present is
further evidence bearing on the permeability or
impermeability of the intracellular junctions to
molecules smaller than Mb, and on the possible
existence of chains of vesicles forming connecting
channels across the endothelium .

ADDENDUM

After the completion of our work, a paper was pub-
lished by W . A. Anderson on "The use of exogenous
myoglobin as an ultrastructural tracer" (1972,
J. Histochem . Cytochem . 20:672) . It makes use of the
peroxidatic reaction of myoglobin, and it deals
mainly with the reabsorption and translocation of
this protein by the renal tubule, and includes in-
cidental observations on the fenestrated capillaries of
the kidney cortex.
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