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The evolution of multicellular organisms entailed the formation of biological

compartments separated by epithelial cellular barriers. As a consequence,

strategies have evolved to move/ exchange materials between these

compartments for nutrition, wastes removal and information exchange,

while still maintaining their identity. These exchanges occur either across

barrier cells (transcellular) or in between adjacent cells (paracellular).

Among the strategies employed for transcellular exchange are the

formation of physical patent channels/pores that cut through the cells and

the formation of “functional channels” by shuttling vesicles during

transcytosis. In this chapter, I will summarize the knowledge of the

transcellular exchange systems using the vascular endothelium as a barrier

model. We will focus on the components, structure and function of the

endothelial organelles such as fenestrae, vesiculo-vacuolar organelles and

transendothelial channels as well as the vesicular carriers involved in

transcytosis (i.e., plasmalemmal vesicles or caveolae), which form either

physical or functional channels across endothelial cells.

Introduction

A critical step in the evolution of multicellular organisms (metazoans and higher) was

the establishment of different biological compartments to carry out specific functions.

This entailed the development of epithelial cellular barriers between different

environments as well as the development of strategies to selectively move molecules

between compartments (i.e., for delivery of nutrients, elimination of wastes as well as

ensuring molecular communication between distant cells and tissues) while

maintaining their distinct composition.

The movement of material is generally accomplished via routes

situated either across (i.e., transcellular) or in between (i.e.,

paracellular) the cells forming the barrier. While the

paracellular transport occurs via the intercellular junctions,

there are at least three transcellular routes described so far:

(a) water and small molecules are moved via membrane

transporters that have a different distribution/orientation on

opposite fronts of a barrier cell; (b) transcytosis, defined as
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the transport of macromolecular cargo from one front of a

polarized cell to the other within membrane-bounded carrier(s),

and (c) pores or channels which are patent openings through

the barrier cells with or without selective permeability for

different molecules. Together, these processes ( )

contribute to the success of multicellular organisms (reviewed in refs. 1, 2).

The transcellular exchange systems have achieved a high level of complexity and

sophistication in mammals. Among different types of epithelia, the vascular

endothelium has the most diversified repertoire of specific structures that might carry

out these exchanges. During decades of research on the topic, several endothelial

subcellular structures that might participate in this function have been identified, such

as caveolae, transendothelial channels (TEC), vesiculo-vacuolar organelles (VVO),

fenestrae and intercellular junctions. We will visit the endothelial structures involved

in mediating the exchanges of water and solutes between the blood plasma and the

interstitial fluid/tissues across endothelial cells.

Vascular Permeability—Pathways of
Transendothelial Exchange

Vascular endothelium is a highly differentiated cellular

monolayer with the organization of a simple squamous

epithelium that lines the entire cardiovascular system. It

constitutes a quasi-ubiquitous presence in organs and tissues

throughout the body forming one of the largest vertebrate

“organs” (3). Endothelia have been classically defined into three

main structural types, depending on their content of specific

structures: the continuous, fenestrated and discontinuous

endothelium ( , reviewed in ref. 1). The continuous

endothelium forms an uninterrupted barrier between the blood

and tissues. It features a large population of caveolae or

plasmalemmal vesicles,4,5 extremely few TEC6 and virtually no

fenestrae. In addition to relatively much fewer caveolae (

), the fenestrated endothelium features pores such as

fenestrae ( ), transendothelial channels ( ) and

endothelial pockets.3,7-11 Discontinuous or sinusoidal

endothelium lines the sinusoids in the liver and bone marrow. It

has extremely few caveolae and sinusoidal gaps and is

characterized by the presence of pores called fenestrae or gaps,

which are much larger and heterogeneous in size than the

fenestrae of the fenestrated endothelium (reviewed in ref. 12).

Endothelium performs important functions in the physiology of

vertebrates.1,13-16 Its primary function is the control of transendothelial exchanges of

water and solutes (both small and large molecules) between the blood plasma and

the underlying tissues, also known as microvascular permeability. By this endothelium

has a critical role in the delivery of nutrients to tissues and clearing of wastes, as well

as in the functional integration at organ and organism level allowing the information

exchange between tissues situated at distance one from another (i.e., hormones,
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etc.). The dominant character of transendothelial transport is clearly expressed in the

average thickness of endothelium of less than 0.3 μm as well as at the expression of

specific structures that mediate this function.

Although endothelium is a highly dynamic tissue, it is generally recognized that it

mediates a “basal” microvascular permeability, defined as the permeability of

microvessels to fluid and hydrophilic solutes that occurs in normal tissues and an

increased microvascular permeability, which is the large increase in permeability

to fluid and plasma proteins that occurs in acutely or chronically inflamed tissues or in

tumors. The basal permeability is a continuous process that occurs with small

physiological variations by mechanisms that are largely unknown. It is also not known

whether the increased permeability is an exaggeration in rate of the basal

mechanisms or it occurs via completely different mechanisms.

Endothelium differs from other epithelia on its much higher (2-

3 orders of magnitude) permeability to water and solutes (both

small and especially large molecules). This higher permeability

was found by physiologists to have both a diffusive and

convective component. The best fitting model (known as the

“pore theory”) ( , ) was that the exchange takes

place through two types of patent (open), water-filled,

cylindrical or slit-like channels: small pores with diameter of

<11 nm and ˜15.1 units/μm2 and large pores with diameter of

˜50 nm and ˜0.2-0.02 units/μm2.17-19

The structural aspects of the fluid and solute exchanges across

endothelium have been approached by cell biologists mainly by electron microscopy

alone or combined with in vivo tracer studies with a variety of probes of variable

chemical and physical properties ( , reviewed in refs. 20, 21). The above-

mentioned tracer studies are in agreement with the pore theory in the case of the

small pores being represented by the paracellular pathway. Also there is agreement in

the case of fenestrated and discontinuous endothelia where structural equivalents of

large pores have been found such as TEC and fenestrae. No porelike structural

equivalents were found for the large pores by electron microscopy in continuous

endothelia (where most of the data supporting the “pore theory” had been obtained)

with the exception of VVOs in the venular endothelium.22 This established a long-

standing controversy (schematized in ) regarding the structural basis of

capillary permeability for macromolecules between the capillary physiologists and the

cell biologists/morphologists interested in the topic. In the case of the continuous

endothelium, the tracer studies have instead documented the alternative

concept/process of transcytosis the equivalent of a “functional pore” across epithelia

(see below).23-25

Functional Pores across Endothelium—Transcytosis

At its simplest, transcytosis is the transport of macromolecular cargo from one side of

a polarized cell to the other (e.g., apical to basolateral) within membrane-bounded

carriers (i.e., vesicles). It is a landmark function of all epithelia where it is performed

in several distinct steps ( ) such as: (1) endocytosis, or uptake of cargo at one

front of the cells forming barrier, (2) intracellular trafficking of cargo in membrane

bound vesicles, and, (3) exocytosis or fusion of these vesicles with the opposite

front of the barrier cells and discharge of the cargo. The endocytotic step was shown

Figure 2
A) Schematic of
the controversy
of
transendothelial
(more...)

Figs. 1A 2A

Fig. 2B

Fig. 2A

Fig. 1A

http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66496
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66499
http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493&rendertype=figure&id=A66496


Channels across Endothelial Cells -- Madame Curie Bioscience Database -- NCBI Bookshelf

http://www.ncbi.nlm.nih.gov/bookshelf/br.fcgi?book=eurekah&part=A66493[29/10/2010 09:27:34]

to occur by either caveolae-mediated endocytosis (CAV-ME), clathrin-mediated

endocytosis (CME), macropinocytosis (MP) or noncaveolae, nonclathrin pathways

(NCNC).2,20,26

All these pathways have been shown to operate in transcytosis in the endothelium as

well. Clathrin-mediated endocytosis was shown to be important in endothelium of the

testis for receptor-mediated transport of hormones such as LH/CG and FSH, as a

mechanism for specific delivery to target organs.27-30 Macropinocytosis-like pathways

operate via the megalin (gp330)/ LDL-receptor binding protein (LRP) system involved

in transport across the brain endothelium of beta-amyloid binding Apolipoprotein

J,31-36 Receptor Associated Protein (RAP) as well as transport of IgG and nutrients

from mother to fetus in mammalian placenta.37-41 In has been shown that the

syncitiotrophoblast (STB) layer has drastically reduced levels of caveolin 1 and

caveolae39,42 and that the transport of IgG across the STB layer occurs via the Fcγ

Receptor IIb2 in by a NCNC pathway.43 The same NCNC pathway seems to operate in

the fetal endothelium where the IgG and FcγRIIb2.41,43,44 This system might also

play a role in the lung45 and brain46 where Fc Receptors were demonstrated on the

endothelium. A very interesting finding was that one of the IgG receptors FcRn binds

albumin at an acidic pH, that the lifespan of albumin is shortened in FcRn-deficient

mice, and that the plasma albumin concentration of FcRn-deficient mice (i.e., either

the α-chain or β2-microglobulin of the FcRn heterodimer) is less than half that of

wild-type mice.40 The FcRn receptor functions in an acidic prelysosomal internal

compartment where molecules destined to transcytosis might be sorted. Its function is

to protect albumin and IgG from degradation in lysosomes diverting them to the

opposite front of the cells. However, a direct demonstration of the trafficking of

albumin and other relevant plasma proteins in endothelium is still lacking.

The above transcytotic pathways exist for regulated, receptor-mediated transport

across cells in all polarized epithelia,2,47,48 a broader tissue category to which the

vascular endothelium belongs.49 However, this does not explain the higher (2-3

orders of magnitude) permeability of endothelium to plasma proteins that occurs in an

adsorptive manner (low affinity) and does not seem to make use of receptor mediated

systems, unless these pathways could be modulated as to account for such an

increase. Caveolae-mediated transcytosis has been proposed to fulfill this gap and to

be major players in basal vascular permeability. This put them at the center of the

controversy outlined above and thereby the subject of intense study. Data pro or

against caveolar were obtained in attempts to answer whether; (1) vesicular transport

(transcytosis), although admittedly occurring, has a meaningful contribution to

vascular permeability, and (2) if yes, whether caveolae are implicated in this transport

(for more detailed reviews, see refs. 1, 17, 19-21, 26).

Caveolae (or plasmalemmal vesicles) ( ) were first described in the endothelium

of continuous type by Palade4 but they occur in all types of endothelia as well as most

mammalian cell types (for reviews see refs. 1, 20, 26). They are morphologically

defined as spherical invaginations of plasma membrane of regular shape and size (˜70

nm outer diameter),5,50,51 which can occur single or in grape-like clusters attached to

either front of the endothelium. Only in select endothelia of continuous type (i.e., in

lung, tongue, kidney vasa recta) and in all fenestrated and sinusoidal endothelia,

caveolae are provided with a Stomatal Diaphragm (SD).52,53 The SD is a thin (˜5-7

nm) protein barrier of variable diameter (<40 nm), which occurs in their stomata

(hence the name) or in between vesicles that are part of a cluster. The function of the

Fig. 3
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SD is not known (for reviews see refs. 1, 20, 26).

Among the most important arguments for caveolae as transcytotic carriers are:

a. Endothelial caveolae are numerous, commensurate with the massive exchanges

of water and solutes that occur continuously. By EM, rarely seen

transendothelial pores in the continuous endothelium are at a much lower

surface density than postulated by the pore theory.3,54-60 Morphologically

defined caveolae were shown to mediate the transport of different tracers

across endothelium in situ.50,51,61-74 Increased numbers of caveolae correlate

with increased transcytosis of tracers in experimental diabetes.75 Most

importantly, caveolae can be targeted for transport of cargo in tissue specific

manner; a monoclonal antibody against a lung endothelial caveolar antigen was

taken up and transported across the endothelial barrier via caveolae only in the

lung thus establishing proof of principle for tissue targeted delivery of drugs via

transcytosis.72,76

b. The transport of tracers is inhibited by N-ethyl maleimide (NEM), known to

interfere with vesicular docking and fusion to target membranes65,67 and filipin,

a cholesterol-binding drug known to disrupt caveolae.67 Caveolae from lung

vasculature contain molecules involved in docking and fusion such as VAMP-

2,72,77,78 NSF and SNAP 25.74,79

c. Caveolae contain molecules involved in vesicle fission such as dynamin80-83 or

intersectin.84 Importantly, endothelial caveolae pinch off from plasma

membranes in cell-free assays and their detachment requires dynamin2 and

GTP hydrolysis in Ecs.85,86

d. Caveolae are capable of endocytosis in a dynamin2, glycolipid, tyrosine kinase

and actin-dependent manner. Once internalized caveolae can either: fuse with

an intracellular compartment called a “caveosome” or fuse with Rab5 containing

early endosomes as shown in other cell types87-98 or in endothelium.99-107 The

finding that the internalization of vesicles that participate in transcytosis can be

modulated obviates an advantage over a system of rigid, permanent pores

insensitive to such modulations.

e. e. Evidence of a transcellular route across endothelium was obtained by live

microscopy in situ in the rat cremaster108 who showed different kinetics for the

transport of a small pore probe as compared with a vesicular transport probe (a

stearyl dye that fluoresces only in membrane bound vesicles).

Taken together, these data show that the transcellular transport via uncoated vesicles

is a fact, that the integrity of lipid rafts is necessary for the transport of proteins

across endothelium, that caveolae contain the molecules necessary for either

membrane fission or membrane docking and fusion and that they are internalized in

an inducible, regulated manner. All of these lines of evidence are consistent with the

participation of caveolae in transcytosis.

There are arguments against the importance of transcytosis in vascular permeability

as well as against caveolae-mediated transcytosis.

a. Three-dimensional reconstructions by serial sectioning of fixed tissues showed

that most endothelial vesicles would either be fused to the plasma membrane or

form branching structures whose lumen communicate with one cell front or
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another but not with both at the same time. Few free vesicles were

encountered, which was taken as evidence against vesicular transport. However,

only occasional TEC were recorded as well, as already pointed out. A

counterargument used by the proponents of transcytosis was that the chemical

fixation is a slow process and it involves mainly proteins. During its progress,

many morphological changes could occur that could lead to result the formation

of the racemose structures as a manifestation of the “lowest free energy” in the

system.23 The volume density of caveolae in chemically fixed samples seems to

be significantly higher (˜70%) as compared with rapidly frozen

specimens,109,110 which was used by the opponents of vesicular transport as

an argument against its importance.52,109,110 Also, in continuous endothelium

the frequency of caveolae varies widely depending on the organ. And this

variation does not correlate with permeability, suggesting that caveolae have

also other functions. Indeed caveolae have been also involved in eNOS

signaling,111 lipoprotein metabolism112-114 and mechanotransduction.115,116

b. Capillary permeability increases with the increase in the vascular blood

pressure, which has been explained by the existence of patent channels. An

alternative explanation could be that transcytosis is pressure sensitive. There is

some evidence that indicates that the number of endothelial caveolae and their

loading of tracers are increased and the thickness of endothelium is decreased

in high blood pressure.117-123 The transport rate is insensitive to temperature

downshifts and to chemical fixation by aldehydes suggesting that it is not active

and it does not depend on proteins, respectively.18,124-126 No morphological

evidence as to the integrity of the endothelium was presented. Recent papers

have suggested that NEM and filipin have actually an increasing effect on

permeability to macromolecules in an ex-vivo lung preparation as well as in a

peritoneal dialysis model.17,127,128 The perfusion times used were rather

lengthy and no morphological documentation of the capillary endothelium is

presented to assess its integrity in such preparations (discussed in refs. 21, 66).

Some indication for this comes from the measurements of albumin permeability

in isolated rat hindquarters,124 which were several fold increased as compared

with measurements in intact animals.129

c. Cav1 is essential for the formation of caveolae yet its overexpression seems to

have an inhibitory effect on the caveolar internalization and cargo uptake into

other cell types than ECs.130,131 In the same vein treatment of mice with Cav1

scaffolding domain fused to the transducing domain of antennapedia lowered

the increased permeability in inflammation as well as that in tumors. VEGF

increased permeability is also inhibited by the Cav1 scaffolding domain.132,133

It is not clear however, whether the basal and the increased permeability of the

endothelium occur through the same mechanisms.

d. A serious challenge to the importance of transcytosis via caveolae in basal

permeability comes from data obtained in caveolin1 -/- mice. These mice lack

morphologically distinct caveolae in all nonmuscle cells, endothelium

included134-136 thereby showing that caveolin and caveolae are not essential

either for the survival of these mice or for the normal development of their

vasculature. In absence of caveolae the albumin concentration in the

cerebrospinal fluid is the same as in wild type. The albumin uptake into cells

(i.e., fibroblasts) or tissues (i.e., aortic rings) was found decreased in these

mice.137 The baseline permeability to albumin of large vessels (i.e., aorta) was
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found as decreased whereas the permeability of the capillaries was

increased.138 In keeping with this, albumin concentration in serum was found

slightly but significantly decreased. The raise in basal capillary permeability of

CAV1-/- mice was reduced by L-nitro arginine methyl ester (L-NAME), a

nonspecific inhibitor of endothelial nitric oxide synthase (eNOS).138 This study,

tied in with data showing that the negative regulation of eNOS by caveolin 1

decreases the increased permeability in tumors and

inflammation.132,133,139-142 This suggests that in absence of caveolae, the

mechanisms of increased permeability are turned on, which could compensate

the loss of caveolae and to mediate an increase in basal permeability. Lastly,

the failure of L-NAME to decrease the permeability in wild-type mice suggests

that NO-independent mechanisms concur to the basal, physiological

permeability. In other words, the increased permeability in inflammation or

tumors occurs by a different mechanism and is not just a modulation (i.e.,

increase) of the mechanism of basal permeability.

Taken together, the consensus is that, depending on their physical properties

molecules cross the continuous endothelium as follows: water and small molecules

(e.g., ions, glucose) use a paracellular pathway as well as a transcellular pathway via

transporters, whereas the pathway employed by macromolecules is transcellular. A

role for membrane-bound vesicles in the transcellular pathway is not disputed. It is

still debated whether the exchanges occur through transient TECs formed by vesicular

fusion or by shuttling vesicles during transcytosis.19 The role of caveolae in

transendothelial exchanges is still unresolved but in the light of data from CAV1-/-

mice it is unclear whether the control of permeability occurs via caveolae participating

in transcytosis, via caveolin regulation of eNOS or both. In summary, the data imply

several possibilities with respect to caveolar involvement in basal permeability: (i)

Caveolae play the major role in transcytosis and in CAV1-/- mice compensatory

mechanisms are switched on in their absence. (ii) Exchange of macromolecules across

endothelium occurs via multiple partially redundant vesicular pathways, caveolae

being one of them. (iii) Transcytosis of macromolecules occurs via a pathway other

than caveolae that is sensitive to lipid rafts disassembly (i.e., macropinocytosis or

related novel NCNC pathway).

Pores across Endothelium

As mentioned above, physical pores across endothelium have been found. These are

the fenestrae, gaps, TEC and VVOs. Due to space constraints, I will discuss only the

morphology and functional data, referring the reader to more comprehensive reviews.

Endothelial Fenestrae

Endothelial fenestrae ( ), the landmarks of the endothelia of fenestrated type,

are circular windows resembling “boat portholes” that cut through the cell body. They

are arranged in ordered linear arrays within large planar clusters called “sieve plates”.

Individual fenestral pores have a remarkably constant diameter (˜62-68 nm).3,8,9

Their circumference is delineated by the fenestral rim that occurs where the luminal

aspect of plasma membrane continues with the abluminal one under a sharp angle. As

Fig. 4B-E
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in the case of the SDs, electron dense material has been demonstrated in the

cytoplasm within the sharp angle formed by the plasma membrane. The circumference

of most fenestral pores is apparently round, but as demonstrated by Maul, 20-30% of

them have an octagonal symmetry, which can be photographically enhanced by

rotating the image several times around its center.143 The octagonal symmetry has

been clearly established by deep-etch of rapidly frozen specimens53 and high

resolution scanning EM.144

The fenestrae are provided with a Fenestral Diaphragm (FD)7 in all cases (i.e., in

kidney peritubullar capillaries, all endocrine and exocrine glands, intestinal villi) except

in capillaries of kidney glomerulus ( ).145-148 Although of a slightly larger

diameter, the FDs are morphologically similar to the SDs by TEM. They appear as thin

protein barriers anchored in the fenestral rim and provided with a central knob or

density, as demonstrated in parallel and perpendicular sections. Moreover, in en face

views obtained in oblique or grazing sections, the central density seems to be

connected to the fenestral rim by thin fibrils.149 Bearer and Orci have exquisitely

demonstrated the intimate organization of the FD.53 In rapidly frozen deep-etch

specimens, they have shown the FD to consist of radial fibrils, starting at the rim and

interweaving in a central mesh, the equivalent of the central density/knob seen by

TEM. Unfortunately, the SDs of caveolae and TEC could not be resolved in the same

detail due to their smaller size and experimental conditions (i.e., angle of

shadowing).53 It was readily apparent that the caveolar diaphragms resembled those

of the transendothelial channels both featuring a central particle.53 Close examination

also reveals hints to the same radial fibrils pattern as for FDs. PV1 protein was shown

to be a key component of the FDs, as in the case of the SDs.150-153

Finally, perfusion fixation of vascular beds provided with fenestrated endothelia where

the fixatives have been dissolved in fluorocarbons (oxygen carriers used as blood

plasma expanders) combined with tannic acid staining, revealed the presence of large

(up to 400 nm) tufts or fascinae fenestrae on the luminal side of FDs and their

absence from the luminal side of fenestrae.154 These tufts were absent from the

caveolar SDs. The fibers forming these tufts have been interpreted as the morphologic

equivalent of the heparan sulfate proteoglycans (HSPGs) shown to reside on the

luminal surface of fenestrae by other means (see below).

Fenestrated capillaries occur in organs that are involved in reabsorbtion of water and

small solutes (e.g., kidney and intestine) or hormones (e.g., endocrine glands) from

the interstitium into the blood. Most of the data in the literature argues that the

fenestrated capillaries are highly permeable to water and small hydrophilic solutes but

their permeability to macromolecules is basically the same as that of the continuous

endothelium.155 Although, the relative contributions to permeability of caveolae and

their SDs, TEC, fenestrae and VVOs is not clear, these permeability characteristics

have been attributed to fenestrae, which are considered the equivalents of the

functional pores of the pore theory of capillary permeability in the fenestrated

endothelium (reviewed in ref. 19). TEC were considered just double diaphragmed

fenestrae and VVOs did not exist as a concept yet. The low albumin penetrance was

explained by the contribution of the proteoglycans tufts as well as the basement

membranes to the overall permeability. It has been calculated that the permeability to

water and small solutes could be explained with just a fraction of the fenestrae being

open, therefore the function of the proteoglycans would be that of a permeability-

reducing plug.156 Tracer experiments show that all fenestrae are permeable to

Fig. 4E
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horseradish peroxidase (Ø 4 nm)8 whereas a few permit the exit of ferritin (Ø 11

nm),8 dextrans (Ø 12.5-22.5 nm) and glycogen (Ø 22 and 30 nm).157 As shown by

Bearer and Orci,53 the pores in between the fibrils of fenestrae have dimensions of 5-

6 nm, therefore the passage of the larger tracers must be accommodated by

fenestrae with larger pores. As in the case of the fenestrae, all these tracers gained

access to few caveolae past their SDs.157,158 An interpretation of these data would be

that the diaphragms are dynamic structures and the degree of their permeability

could be modulated by yet unknown factors. Another possibility that cannot be

discarded at present would be the artifact creation in perfusion experiments or during

processing in experiments where the tracers were injected in circulation.

In a mouse model the fenestrae and TEC were shown to disappear from the

pancreatic islet vessels upon targeted genetic ablation of VEGF-A secretion from the

pancreatic islet cells. The endothelium of islet capillaries became continuous with

increased number of vesicles resembling caveolae. Functional assays of absorption of

hormones secreted by the islet cells (e.g., insulin) showed that the effect of lack of

fenestrae was a delayed absorption of these hormones. This constitutes strong

evidence in favor of fenestrae as involved in the rapid exchange of water and small

solutes such as peptide hormones.159

The functions of VVOs have been extensively reviewed recently.22 They have been

involved in increased permeability related to inflammation and tumors, permeability to

macromolecules as well as particulates. Interestingly, their SDs seem to play a

restrictive role in the permeability of particulates.160 The results obtained in cells in

culture161 bolster the claims for VVOs as an organelle involved in the permeability

induced by cytokines. However, it is not clear how their restricted localization to the

venular endothelium would contribute to the overall permeability in a particular

vascular bed, accepting the hypothesis that the bulk of transendothelial exchanges

would occur at the level of the capillaries.

Transendothelial Channels

Transendothelial channels (TEC) ( ) are patent pores spanning the

endothelial cell (EC) body from one front to the other. TEC are rarely found in

continuous endothelia where they seem to be formed by the fusion of either one

caveola/plasmalemmal vesicle with both luminal and abluminal aspects of the

plasmalemma or by chains of usually two to four caveolae.5,6,162 In the fenestrated

endothelia, TEC occur in the attenuated part of the endothelial cell and are provided

with two SD (one luminal and one abluminal).3,9,162,163 As in the case of caveolar

SDs, the fine structure of the SDs of TEC could not be clearly resolved by the deep-

etch procedure of Bearer and Orci due to technical limitations.53 However, close

inspections of the micrographs reveal the same pattern of radial fibrils and a central

density. PV1 protein is also present in these diaphragms at both fronts opf the

endothelial cell.

Vesiculo-Vacuolar Organelles (VVO)

Vesiculo-vacuolar organelles (VVOs) are morphologically defined as chains of

interconnected vesicles of variable size that form intricate transendothelial channels

Figs. 4A,C
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spanning the cytoplasm of the endothelial cells from one front of EC to the other.164

They are usually provided with SDs at the connection points between vesicles and

vacuoles as well as at the level of their stoma or communication with the extracellular

space.160 The SDs of the VVOs closely-resemble those of caveolae by TEM. A recent

review discusses the biology of VVOs in great detail.22

VVOs have been first described in the tumor vasculature165 and subsequently in the

normal endothelium of the post-capillary venules.164-166 The definition of VVOs is

purely morphological therefore there is a difficulty in discerning VVOs from clusters of

caveolae or other vesicles that occur in most endothelia3,5 in absence of specific

biochemical markers. This raised doubts as to their status as a bona fide, novel

organelle,163 but this status might be bolstered by recent EM data showing that in

caveolin 1 -/- mice (lacking caveolae in all nonmuscle cell types, endothelia included),

the venules were still provided with structures resembling VVOs ( ).26,134,135

However, the relationship between these structures and VVOs remains to be clarified

following biochemical evaluation.

Endothelial Pockets

These are infrequent structures that by EM resemble a pocket or a large vacuole

formed by cellular processes that contain fenestrae with the usual structure10

(reviewed in ref. 1). The information on these is scarce and, so far, they seem to

occur in very low numbers only in the fenestrated endothelia. No functional data is

available on these structures.

Conclusions

Undoubtedly our understanding of the mechanisms of the exchanges across cellular

barriers has greatly advanced in the last years. What is clear is that there are many

pathways by which material can be moved from one side of the barrier to the other.

Which pathways are important for each individual molecule is a matter of further

inquiry. As for the mechanisms of transendothelial exchange, the controversy is still

there, as we still do not have clear information on the molecular players that allow its

increased and continuous protein leakage.
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