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ABSTRACT 

Histamine is known to cause a substantial increase in the 

permeability of venules to both water and proteins. However, this increase 

is transient, i.e. the initially elevated permeability escapes even during 

continuous histamine stimulation. This project was designed to identify 

the mechanisms underlying this permeability-escape phenomenon. 

The project was conducted in two stages. In the first stage, three 

series of experiments were performed to test the hypothesis that the 

permeability-escape phenomenon is due to the rec10sure of endothelial 

gaps. Firstly, the time course of permeability changes to a-lactalbumin 

during continuous histamine stimulation was obtained from single venules 

of rat mesentery. It was found that, after the start of histamine treatment, 

permeability initially increased, peaked around the third minute and then 

declined towards its control level. Secondly, the temporal development of 

endothelial gaps during histamine treatment was studied with electron 

microscopy. The number of gaps underwent a similar development, i.e. an 

initial increase, peaking at 3 minutes, and a subsequent decrease toward 

control. Lastly, both permeability and gap morphology were obtained from 

the same individual venules subjected to different periods of histamine 

treatment. It was found that the temporal development of the gaps was 

mirrored by that of permeability. Since both permeability and endothelial 

gaps followed similar developmental patterns during histamine treatment, 

the result supports the hypothesis that the permeability-escape 

phenomenon is due to the reclosure of endothelial gaps. 
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In the second stage, the chemical signal initiating the permeability 

escape was identified. Specifically, we tested whether histamine's binding 

to H2 receptors and/or the production of prostacyclin by endothelial cells 

were involved. The time course of venular permeability changes during 

histamine stimulation was measured in the presence of H2 receptor 

antagonist and of prostacyclin synthetase inhibitor, respectively. It was 

found that, while blocking H2 receptors did not have any effect on the escape 

of permeability, inhibiting prostacyclin synthesis suppressed or even 

abolished the permeability-escape phenomenon. Therefore, we concluded 

that the production of prostacyclin by endothelial cells may serve as one 

chemical signal to initiate the escape of permeability. 
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CHAPTER! 

INTRODUCTION 

This research project was a study of one aspect of the microvascular 

physiology, namely, the regulation of the permeability of postcapillary 

venules to proteins. 

It has been known for decades that inflammatory mediators such as 

histamine can drastically increase the permeability of microvessels, 

particularly postcapillary venules, to water and solutes (Grega et al, 1988). 

The mechanism underlying this increase has been extensively studied. It 

has also been shown that the microvascular permeability returns back to 

normal within a short period of time even though the treatment of the 

vessel with histamine still continues (Curry & Joyner, 1988). This behavior 

is termed "permeability-escape phenomenon" in this project. The 

question that this research project attempts to answer is: what are the 

major factors responsible for the escape of microvascular permeability to 

solutes during the treatment of the microvessel with histamine? 

Specifically, two lines of research are carried out in this project to answer 

two specific questions. Firstly, since the formation of gaps between 

adjacent endothelial cells lining venules is believed to be the cause of the 

initial increase in permeability, is the escape of permeability due to the 

disappearance of these gaps? Secondly, inasmuch as histamine is the 

chemical signal for the initial increase in permeability, what is the 

chemical signal for the escape of permeability? 
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In this chapter, I will first review the basic knowledge concerning 

the biology of postcapillary venules and the definition and determinants of 

microvascular permeability. Then I will review the literature concerning 

the effects of histamine on endothelial cells lining microvessels, on 

microvascular permeability, and particularly on the temporal development 

of permeability. Lastly, I will discuss the possible mechanisms responsible 

for the permeability-escape phenomenon and the specific hypotheses which 

are tested in this project. 

A. Endothelial cells and their function in solute transport between 

vascular space and tissue 

Endothelial cells line all the blood vessels and lymphatics. They form 

a thin and complete monolayer which topologically separates vascular 

space from tissue space. 'fhe region between two adjacent endothelial cells 

is termed an endothelial junction. 

The traditionally most important function of endothelia is their 

function as a barrier between blood and tissue to prevent blood borne 

substances such as plasma proteins from escaping into the tissue space. It 

has long been recognized that, in continuous capillaries, this barrier is not 

absolutely tight but allows slight leakage of proteins. Furthermore, it has 

become obvious that endothelial cells are able to actively modulate their 

barrier function so that the rate at which proteins exude can be regulated in 

accordance with the changing physiological state (Crone, 1986). 

The way in which proteins move across the endothelial monolayer is 

still a subject of controversy. Several pathways have been identified in the 
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endothelial lining of blood vessels as possible routes for protein escape. The 

first one is vesicles. The advocators of vesicular transport believe that 

vesicles act as shuttles which move back and forth across the endothelial 

cell body to transport macromolecules (Palade, 1988; Simionescu, 1988). 

Vesicular theory has been challenged by a number of important findings. 

Most notable is the finding by Fr0kjaer-Jensen (1984) that almost all of the 

so-called "free" vesicles, which are seen as circular structures within 

endothelial cytoplasm in electron micrographs of endothelial cross section, 

are actually connected with cell membrane and so do not shuttle across the 

cell body. In fact they are part of a system of multilocular invaginations 

from the luminal and abluminal surfaces of endothelial cells. The debate 

on the vesicular system is reviewed very extensively in proceedings edited 

by Hammersen and Lewis (1985). It suffices to state that current evidence 

argues against a vesicular system for transendothelial transport of plasma 

proteins. 

Another possible route has also been proposed for protein escape 

from the vascular space to the interstitium, namely, the "transient vesicle 

channels". In their electron microscopic studies on endothelial cells, a 

number of investigators have found occasional patent pathways connecting 

the lumen to the interstitium. These pathways have the appearance of 

several vesicles connected together to form channels (Simionescu & 

Simionescu, 1984). It has been hypothesized that these channels are 

dynamic structures which form transiently to act as "large pores" for 

proteins to traverse the endothelial monolayer. However, because they are 

rarely seen, systematic investigations of the importance of these structures 
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are almost impossible. Thus their possible functional significance, if there 

is any, has been largely ignored by most investigators. 

The concept of trans endothelial transport through endothelial 

junctions has gained more recognition. At least two lines of arguments 

support this concept. Firstly, the measured permeability of the 
" microvascular wall to small solutes (with molecular weight less than 100) 

is in excellent agreement with the predicted permeability based on 

morphological data of endothelial junctions, if they are assumed to be the 

only pathway for the solutes (Curry, 1986; Crone et al, 1988). Secondly, it 

has been demonstrated by Adamson et al (1988) that the flux of mid-sized 

proteins across the microvascular wall is dependent on the intraluminal 

hydrostatic pressure. This dependency of flux on pressure is consistent 

with a continuous water pathway concept but not likely to be a property of 

vesicle shuttles. Furthermore, it has been clearly demonstrated that when 

microvascular permeability is dramatically increased by inflammatory 

mediators such as histamine, proteins escape from the vascular lumen 

into the interstitium through gaps formed at interendothelial junctions 

(Majno & Palade, 1961). Although this in itself is not a proof of para cellular 

transport of proteins under normal conditions, it is consistent with that 

concept. Detailed review of the justification of junctional transport is given 

by Curry (1986) and Crone et al, (1988). 

Besides the barrier function, endothelial cells can also perform a 

number of important functions in homeostasis. For example, they possess 

many enzymes on their luminal surface to process blood borne materials 

before they enter the tissue space. Endothelial cells synthesize a good 
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number of substances and release them into the bloodstream to mediate 

reactions such as coagulation and anticoagulation, and into the abluminal 

space to mediate, among other things, vascular tone regulation. All these 

aspects of endothelial function are very extensively reviewed in several 

recent books edited by Ryan (1988), Simionescu & Simionescu (1988) and 

Chien (1988). 

B. Microvascular permeability to solutes and its detenninants 

Microvascular permeability to solutes (P) is measured as the ratio of 

solute flux (Js) through an area (S) of microvessel wall to the concentration 

difference of the solute (cl-~) across the vessel wall (Curry, 1986): 

P = Jsf[(cl-c2)-S] 

This quantity characterizes the "leakiness" of the vessel wall to the solute in 

question and, as explained later on, is determined by the properties of the 

vessel wall. Since the walls of capillaries and venules are essentially 

composed of endothelial cells, the physical and chemical properties of 

endothelia determine how permeable the microvessel is to a certain solute. 

Since it is believed that hydrophilic solute molecules traverse the 

endothelial layer of microvessels through junctions between endothelial 

cells, the properties of endothelial junctions should determine the 

permeability of the vessel. The permeability P can be expressed in terms of 

the following approximate formula (Curry, 1986): 

L-W 
P = ---- -n-G> 

~X 



where L is the length of endothelial junctions on the vessel luminal surface 

in a unit area of microvessel wall, W is the junctional width averaged over 

the entire junctional length L, AX is the diffusion pathlength across the 

vessel wall, D is the free diffusion coefficient of the solute in question, and <I> 

is a correction factor which accounts for the change in the solute diffusivity 

due to the geometrical features of the transendothelial pathway and for the 

reduction in the volume available to the solute molecules due to the 

presence of glycoprotein fibers in the pathway (see below). Each of these 

parameters except D is dependent on the physical-and chemical features of 

the endothelial junctional structure. 

Very detailed information has been gained in the last decade on the 

ultrastructure of endothelial junctions in microvessels owing to the 

electron microscopic work by Bundgaard (1984, 1988). The basic features of 

an endothelial junction can be summarized as follows (also refer to the 

schematic diagram in Figure 1.1): 

1. An endothelial junction is organized as two parallel, although not 

directly apposed, plasma membranes, with an irregular network 

of lines of contact in between. These lines of contact are believed to 

be protein strands, which pull the two otherwise separate plasma 

membranes, 15-20nm apart, to close apposition. 

2. These lines of contact are not continuous. Rather, they finish off 

abruptly to leave big gaps in between the lines and thus they can 

be circumvented. 
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3. On these lines of contact there are focal discontinuities of 4nm 

width and an estimated 5-30nm length. These discontinuities 

provide direct pathways for molecules smaller than 4nm in 

diameter to cross lines of contact, while the bigger molecules have 

to take a tortuous pathway to circumvent these lines. 

Based on the morphological data on endothelial junctions, one can 

decide which of the parameters in the formula calculating permeability P is 

likely to be altered if junctional structure is changed. The length of 

endothelial junctions in a unit area of vessel lumen, L, is determined by the 

number of endothelial cells in that area and therefore should not change 

under various conditions. The free diffusion coefficient D is only a function 

of the solute itself. Thus, for a given solute, the permeability is mainly 

decided by parameters W, Me and~. W is the junctional width averaged 

over all junctions and is dependent on the fraction of the total length of 

junctions which is occupied by the line of contact. For instance, if the line 

of contact occupied 50% of total length of junctions, then the averaged 

junctional width would be 7.5-10nm given that the distance between parallel 

plasma membranes is 15-20nm. It is conceivable that, if some of the protein 

strands composing the lines of contact disintegrate or withdraw from 

intercellular space into cytoplasm, the average junctional width will 

increase and so will permeability, even though the distance between the 

parallel plasma membranes stays unchanged. On the other hand, with a 

certain distribution of junctional protein strands, an increase in the 

distance between the two parallel plasma membranes within a junction 

will also result in an increase in W and subsequently an increase in P. 
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The paracellular diffusion pathlength AX for a certain solute 

depends on its size relative to the width of discontinuities in the lines of 

contact as discussed above. For a given solute, AX is not likely to change 

unless the junctional structure is changed. There are two relevant 

situations where AX can be changed. Firstly, if the protein stl"ands 

composing the lines of contact disintegrate or withdraw, the paracellular 

pathway for the solute in question will become less tortuous and therefore 

AX will decrease. Secondly, if the endothelial junction is pulled apart by 

endothelial contraction, then the line of contact will be lost entirely, the 

paracellular pathway will cease to be tortuous and AX will become equal to 

the thickness of endothelial monolayer. In both cases, AX will decrease and 

permeability P will increase. 

The correction factor <l> is determined by the geometry of the 

endothelial junctional structure and by the physicochemical properties of 

glycoproteins inside the junctional cleft between endothelial cells (Curry, 

1986). Because of the narrow space inside the junctions (for example, 

albumin molecules are 3.6nm in diameter, and the average endothelial 

junctional width is 10-20nm), there is an increased chance for solute 

molecules to collide with the endothelial junctional membrane, thus their 

diffusivity inside the junctions is lower than their free diffusivity. 

Glycoproteins are synthesized by the cell and inserted into the cell 

membrane (Hugles, 1976). They have been shown to exist within the 

intercellular clefts and on the surface of endothelial cells by electron 

microscopy (Luft, 1966). Because of the existence of glycoprotein fibers in 

the junctional area, the diffusivity of solute molecules in the 



trans endothelial pathway is decreased due to the increased chance of 

collision with glycoprotein fibers, and the solute molecules are excluded 

from part of the junctional space. Therefore both the junctional geometry 

and the glycoproteins inside the junctions make the correction factor <I> less 

than one. All blood vessels exhibit a certain level of selectivity to solutes, 

that is, the extent to which large molecules are prevented from traversing 

the endothelial monolayer compared to smaller solutes is greater than the 

difference in their free diffusion coefficients. It is believed that this 

selectivity is determined by the glycoproteins inside transcellular pathways 

(Curry, 1986). Furthermore, the way glycoproteins are organized also 

influences selectivity and therefore permeability. To understand this 

concept, one can visualize two extreme situations, one being that all 

glycoprotein fibers are clumped together to occupy only part of the 

junctional space, and the other being that all fibers are evenly distributed in 

junctional space. The latter case would be much more selective than the 

former. Based on this concept, Curry (1986) speculated that endothelial 

permeability regulation may involve mechanisms, which are presumably 

controlled by endothelial cells, resulting in a change in chemical 

composition of the matrix or rearrangement of the matrix. 

In summary, it can be stated that the endothelial junctional width, 

the distribution of junctional protein strands forming the line of contact, 

and the properties and distribution of glycoproteins in the junctional area 

are important determinants of endothelial permeability to solutes. 



c. Histamjne and its action on endothelial cells 

Histamine is a substance synthesized by and stored in mainly two 

types of cells in the body, namely mast cells and basophils. It is a 

hydrophilic molecule, which is converted from amino acid histidine by L

histidine decarboxylase. Once synthesized, it is stored in secretory 

granules of mast cells and basophils. Under certain conditions such as 

allergy or foreign substance invasion, mast cells and basophils are 

stimulated to release histamine by an active secretory mechanism which is 

identical to that of various gland cells (Garrison, 1990). 

For decades, histamine has been known to cause substantial effiux of 

plasma protein and water into the interstitium, signalling a substantial 

increase in vascular permeability (Reviewed by Grega et al, 1988). In 1961, 

Majno and Palade found that treatment of microvessels with histamine 

caused gap formation in the endothelial lining. This gap formation 

occurred at endothelial junctions and only in postcapillary venules. This 

finding strongly suggested that the effect of histamine to increase 

permeability is by the formation of endothelial gaps. In subsequent years, it 

has been found that the gap formation is not due to an increase in venular 

pressure caused by histamine (Majno et al, 1967), but may result from 

endothelial cell contraction (Majno et al, 1969; Joris et al, 1972). These 

authors suggested that endothelial cells could contract actively under the 

influence of histamine, causing subsequent disintegration of intercellular 

junctions and gap formation. Some investigators used the electron 

microscopic technique to study the morphology of endothelial junctions of 

the venules whi~h were identified as leaky vessels during histamine 



treatment, and observed good association between the level of "leakiness" 

and the extent of gap formation (Fox et al, 1980). This association further 

supports the idea that it is the formation of the endothelial gaps that is 

responsible for the venular permeability increase by histamine. 

D. Temporal changes in permeability during histamine treatment 

In the many studies that have been conducted to investigate the effect 

of histamine on microvascular permeability, some have provide.d 

interesting information concerning the temporal changes in permeability 

during histamine treatment. Information of this nature is valuable 

because it provides an additional avenue to gain insight into the biological 

response of endothelial cells to external stimulation such as histamine. 

Two types of experiments have been employed in studies on 

histamine-induced permeability changes. The first type is referred to here 

as the "whole prep" approach, where the vasculature of a preparation such 

as cremaster muscle or cheek pouch is observed with epifluorescent 

microscopy. A fluorescently labelled macromolecule tracer such as 

dextran or albumin is injected into the animal's systemic circulation. The 

preparation is treated with histamine or any other inflammatory mediators 

by either topical superfusion or systemic injection. Then the preparation is 

observed for leakage of injected macromolecules from microvessels. If 

there was no leakage of macromolecules whatsoever, the vessel would 

appear very bright due to the emitted light from fluorescent 

macromolecules inside the lumen, and the tissue space would be very dark. 

In general, localized leaky sites, which are defined as the local 



accumulation of fluorescently labeled macromolecules in a region of 50-

100J.1ID in diameter (Curry & Joyner, 1988), develop on some but not all 

postcapillary venules after the application of histamine. These leaky sites 

seem to be concentrated in a number of discrete spots initially, but later on 

the entire interstitial space around postcapillary venules becomes diffusely 

bright. The sharp edge between the bright vessel and the dark interstitium, 

along with the well-defined discrete leaky sites, all disappear. The leakage 

of macromolecules, which is clearly indicated by the observations described 

above, is typically first observed 1 to 2 minutes after the initiation of 

histamine application, peaking between 5-15 minutes. By 20-30 minutes 

after the start of histamine application, the extravascular fluorescence has 

basically disappeared (Fox et al, 1980; Miller et al, 1982). The same pattern 

was observed during both 1 minute and 60 minutes continuous application 

of histamine (Fox et al, 1980), suggesting that the initially increased 

microvascular permeability had "escaped", even under sustained 

histamine stimulation. The same phenomenon was observed in the study 

of Horan et al (1986), in which they found that injection of FITC-dextran 

into the circulation of hamsters at the start of 60-minute histamine 

suffusion produced a large number of venular leaky sites in the cheek 

pouch venules, while injection 30 minutes after the start of histamine 

suffusion only produced a very small number of leaky sites. This result 

further proves the transient nature of permeability change by histamine. 

The second type of experiment used to investigate microvascular 

permeability change is conducted on single vessels (Curry & Joyner, 1988). 

A single microvessel is cannulated with a micropipet which contains the 
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test tracer solution. The permeability of the cannulated vessel can be 

measured with a fluorescent photometric method (the details of which will 

be fully discussed in the subsequent chapters). This method has the 

advantages of good time resolution (15-30 seconds is enough for a single 

measurement of permeability) and precise control of the environment of the 

vessel in question. Curry and Joyner (1988) measured the permeability of 

the hamster cheek pouch postcapillary venules to albumin under the 

treatment of 10-4M histamine superfusion. They found that during a 10-

minute period of histamine application, permeability peaked with an 

approximately 5-fold increase at 3 minutes after the onset of histamine 

treatment, but returned back to the control value at the end of the 10 minute 

period. Clearly, venular permeability escapes in the presence of histamine 

stimulation. 

It should be pointed out that there is an important difference in the 

pa ttern of time course of permeability change between single vessel 

cannulation experiments and "whole prep" experiments, the difference 

being that the permeability change seems to be slower in "whole prep" 

experiments than the other type. An explanation offered by Curry and 

Joyner (1988) is that, in "whole prep" experiments, it takes longer for tracer 

molecules leaking out of vessels to reach a high enough concentration to be 

visible as a leaky site, and by the same token, a longer time is needed for 

tracer molecules to be washed away. Nevertheless, the escaping pattern in 

both types of experiments are identical. 

In summary, it is well documented that, during continuous 

histamine stimulation, venular permeability undergoes a two phase 



change: an initial rise and a subsequent decline, which is termed here 

"permeability-escape phenomenon". Since the initial rise in permeability is 

believed widely to be due to the formation of gaps at endothelial junctions, it 

is very natural to hypothesize that the escape of permeability is due to the 

reclosure of these gaps. Unfortunately, there is no information in the 

literature concerning the extent of endothelial gaps in the venules at 

different times during histamine treatment. Thus to test the above 

hypothesis, a systematic study needs to be performed to investigate the 

temporal development of endothelial gaps during histamine stimulation. 

E. Intracellular mechanisms of endothelial gap formation by histamine 

As mentioned earlier, it is generally believed that histamine causes 

permeability increase by creating endothelial gaps in postcapillary venules, 

and the gaps are formed as a result of endothelial contraction. This 

mechanism has also been generalized to the similar responses of 

microvessels to other inflammatory mediators (Grega et al, 1988). In this 

section, relevant information is discussed regarding how histamine as well 

as other mediators can lead to endothelial gap formation. 

There have been a great number of studies to investigate the 

intracellular mechanisms for endothelial cell gap formation under the 

influence of inflammatory mediators. The current theory calls for receptor

operated endothelial cell contraction/relaxation mechanisms (Grega et al, 

1988). According to this theory, inflammatory mediators, on binding to 

their receptors, cause deformation of contractile proteins in endothelial 

cells, which brings about endothelial contraction. This contraction leads to 



endothelial gap formation. However, as discussed below, an examination 

of the literature suggests that this understanding is still far from being 

complete. 

Experimental evidence accumulated in the last decade suggests that 

endothelial junction is linked to endothelial cytoskeleton. As reviewed by 

Franke et al (1988), the endothelial junctions are "characterized by regions 

of closely parallel, though not directly apposed plasma membrane profiles 

and by a pair of cytoplasmic plaques of loosely packed fibrillogranular 

material". The major constitutive proteins of cytoplasmic plaques are 

vinculin, a-actinin and plakoglobin. However, the plaque is only the 

intracellular component of the endothelial junction. The corresponding 

transmembrane and intermembrane components of junction are not 

. known. The evidence suggesting the linkage between endothelial 

cytoskeleton and endothelial junction is reviewed by Gotlieb & Wong (1988). 

The basic points can be summarized as follows: 1) The endothelial 

cytoskeleton is composed of microfilaments, microtubules and intermediate 

filaments. Notably the major component of microfilaments is actin, which 

is a contractile protein involved in many cell functions. 2) In confluent 

endothelial monolayers, the periphery of endothelial cells contains 

prominent microfilament bundles, termed "dense peripheral band" (DPB), 

in which the proteins actin, myosin, tropomyosin and a-actinin are 

colocalized. 3) Microfilaments have been found to extend from DPB into 

junctional plaques. 4) Some components of the cytoskeleton such as 

microtubules have been found to extend toward and into the DPB. 

Integrating all these pieces of information, I constructed a picture of 
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endothelial cells in which the cytoskeleton is connected to the endothelial 

junctional plaques through the dense peripheral band (DPB) (refer to the 

diagram in Figure 1.2). 

Endothelial DPB 

Junction ~ 

DPB Cytoskeleton 

Sectioning 
Line 

EC2 

Figure 1.2: Diagrams illustrating the relationships between cytoskeleton, the dense 

peripheral band, the junctional plaque and the junction of endothelial cells. Diagram (a) is 

a top view of an endothelial monolayer, (b) is the cross-section of the endothelial 

monolayer cut at the sectioning line in diagram (a). EC: endothelial cell; DPB: dense 

peripheral band. 
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Given the above picture, one can imagine at least two situations in 

which endothelial junctions can be altered. Firstly, if active endothelial 

contraction occurs, the cytoskeleton will deform, which will pull the 

plaques through the DPB and cause separation of adjacent endothelial cells 

along their junction. Secondly, if certain events happen at the dense 

peripheral band (DPB), the junctional plaques will be directly affected. The 

accumulated evidence suggests that both situations can happen 

simultaneously. 

For example, Gotlieb & Wong (1988) stated in their review that the 

loss of barrier function of the endothelial monolayer induced by some 

substances (e.g. oxygen radicals) is associated with endothelial cell shape 

change, and this shape change is characterized as "retraction and 

rounding". Trypsin was reported to cause a reversible rounding of 

endothelial cells while their DPB persisted. In the same paper, they also 

referred to reports that the loss of endothelial barrier function induced by 

some other substances (e.g. the drug ethchlorovynol, which induces 

pulmonary edema) was associated with the loss of the DPB. Shasby et al 

(1982) reported that cytochalasin Band D, which are known to disrupt 

intracellular microfilament bundles, increased permeability to albumin in 

both endothelial monolayers and in whole organ systems. Since the DPB is 

composed of microfilament bundles, this observation is consistent with the 

notion that integrity of DPB determines the integrity of the endothelial 

junction. In addition, evidence also exists which indicates that both 

endothelial shape change and the integrity of the DPB are involved in the 

regulation of endothelial barrier function. Thrombin was shown to induce 
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both reversible shape changes of endothelial cells and reversible changes in 

the DPB (Gotlieb & Wong, 1988). Alexander et al (1988) reported that 

phalloidin, which enhanced the basal barrier function of the endothelial 

monolayer and counteracted the effects of inflammatory mediators, caused 

cell shape changes, only this time the cells undergoing "flattening and 

border extension" . Phalloidin is known to specifically increase the 

formation of microfilaments. Therefore, it is very likely that in their 

experiments, phalloidin caused cell shape changes as well as 

enhancement of the DPB. An important feature that all these processes 

share is that the loss of barrier function, the endothelial shape change, and 

the loss of DPB are reversible. Therefore, the information accumulated so 

far suggests that the loss of endothelial barrier function is associated with 

cell shape change and/or disassembly and assembly of the dense peripheral 

band. 

It is still not clear whether the observed endothelial shape change is 

due to active endothelial contraction. The hypothesis that endothelial gap 

formation is due to endothelial contraction was first proposed by Majno et al 

(1969), who observed that the number of folds on endothelial nuclei, which 

are normally smooth and flat, was increased greatly by histamine. In this 

study, the increased number of folds was used as an indication of cell shape 

change, and cell shape change was used as an indication of active 

contraction. This hypothesis was further advocated in the study by Joris et 

al (1972), who observed in in vivo experiments that histamine induced 

bulging of venular endothelial cells in rat mesentery. Numerous studies 

have been performed to test this hypothesis. However, as reviewed by Miller 
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& Sims (1986), although a number of in vitro studies yielded results 

supporting the endothelial contraction hypothesis and some in vivo studies 

provided evidence consistent with it, demonstrating directly in vivo 

endothelial contraction has been proved to be difficult. 

Gotlieb & Wong (1988) proposed a different mechanism, which is not 

mutually exclusive from the endothelial contraction hypothesis, to explain 

gap formation in postcapillary venules. Based on the observation that loss 

and recovery of endothelial monolayer barrier function are always 

associated with loss and recovery of the dense peripheral band in 

endothelial cells, they hypothesized that "there may be no active contraction 

of the endothelial cell per se. Instead the interendothelial gaps are formed 

because cell-cell adhesion is disrupted due to a change in the junctional 

actin filament web concentrated along the junction". However, this 

mechanism has yet to be demonstrated in vivo. 

In summary, the endothelial gap formation caused by inflammatory 

mediators is associated with endothelial shape change and/or the loss of 

integrity of the dense peripheral band in in vitro models of endothelial 

monolayer. However, whether active contraction of venular endothelial 

cells and/or the loss of the DPB are responsible for the gap formation in vivo 

is still unresolved. 

The above discussion is relevant to the endothelial response not just 

to histamine, but to all the inflammatory mediators. However, since 

histamine is the most studied mediator, more information about its effect 

on endothelial behavior is available. The first interaction that histamine 

has with the endothelium is at the cell surface. Histamine receptors have 
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highest densities in postcapillary venules, whereas capillaries are basically 

devoid of histamine receptors (Heltianu et ai, 1982). Since histamine

induced gap formation only occurs in venules, this is consistent with the 

idea that gap formation is receptor-mediated. A complete sequence between 

the initial histamine binding to its receptors and the final gap 

formation/permeability increase has not been determined. However, some 

of the steps in this sequence have been identified. For example, Carson et 

al (1989) reported that, in endothelial culture, histamine increased the 

production of inositol phosphate (a common second messenger pathway 

shared by many cell types in various functions), increased intracellular 

calcium concentration, and increased albumin flux across the endothelial 

monolayer. The importance of Ca++ in histamine's ability to increase 

permeability has also been shown by other investigators. Mayhan & Joyner 

(1984) reported that the number of histamine-induced vascular leaky sites 

was decreased if extracellular Ca++ concentration was decreased or if Ca++ 

channel blocker verapamil was applied to the preparation. In addition, it 

has been reported that histamine can increase prostaglandin production 

from peripheral vasculature (Juan & Sametz, 1980), and inhibition of 

prostaglandin production with indomethacin and mefenamic acid partially 

inhibited protein leakage induced by histamine in rat skeletal muscle 

(Anderson et ai, 1984). Therefore, the vascular leakage by histamine is at 

least partially dependent on the production of certain prostaglandins. 

Integrating all the information, one can construct the following picture: 

histamine affects postcapillary venules by binding to histamine receptors. 

These bound receptors, in turn, cause increases in the production of 
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inositol phosphates and in intracellular Ca ++ concentration, which is 

necessary for protein leakage to occur, and release of some prostaglandins, 

which are partially involved in the vascular leakage. The final event is that 

endothelial gaps somehow form. It is obvious that there are still many 

missing links in this whole sequence of events. 

In the last two decades, many researchers have paid a fair amount of 

attention to pericytes, the cells that encircle small arterioles, capillaries 

and venules. Although pericytes themselves do not form a confluent tube 

as endothelial cells do, and therefore cannot contribute to the normal 

barrier function, they nevertheless may very well be involved in the gap 

formation at endothelial junctions. The detailed information relevant to 

this possibility is reviewed by Miller & Sims (1986). The central point is that 

pericytes possess the contractile machinery and are physically connected to 

endothelial cells. If they contract as a result of inflammatory mediator 

application, they can just pull the endothelial junctions apart and thus 

create gaps. Although this theory has never gained enough supporting 

evidence, it still remains very attractive. The discussion on the signal 

transduction from receptor binding to cellular events of second messengers 

in the preceding and the following sections applies equally to endothelial 

cells and pericytes. 

F. Possible Mechanisms for Permeability Escape 

The discussion in Section D shows convincingly that venular 

permeability can return toward its control value even in the presence of 

histamine. The mechanism for this permeability-escape phenomenon is 



not clear. We have already hypothesized that the permeability escape 

results from reclosure of the endothelial gaps, which are formed initially by 

histamine. Horan et al (1986) speculated that the regulation of permeability 

involves "negative feedback inhibition, which results in a reversible 

modulation of the dimensions of junctional gaps". However, there is no 

clear information concerning the nature of this putative negative feedback 

inhibition. Presumably, this negative inhibition would be related to certain 

intracellular event, which initiates the "reversible modulation of the 

dimensions of junctional gaps". 

As discussed earlier, the properties and distribution of glycoproteins 

In the junctional area are important determinants of endothelial 

permeability to solutes. It is conceivable that as the gaps are formed at 

endothelial junctions as a result of histamine stimulation, the glycoprotein 

layer covering the endothelial surface and filling the junctional area is also 

torn apart. Therefore, an intuitively simple mechanism to explain the 

permeability-escape phenomenon would be that those gaps are plugged by 

some materials existing in the plasma and/or released from endothelial 

cells. 

In this section, I will review the information from the literature 

which may provide some clue to the nature of the intracellular event which 

leads to the escape of permeability and discuss the possibility of plugging 

endothelial gaps as a mechanism for permeability escape. 
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a) Factors That Can Decrease Microvascular Permeability 

A fairly large number of substances have been discovered which can 

inhibit the inflammatory-mediated formation of venular leakage sites and 

increases in permeability. These substances have been termed "endothelial 

cell stabilizers", and the detailed review of their discovery as well as mode 

of action is provided by Grega et al (1988). If a tissue is treated with one of 

these agents before being challenged with histamine or other inflammatory 

mediators, the usual formation of venular leakage sites is prevented. These 

agents include ~-adrenergic agonists such as norepinephrine and 

isoproterenol, glucocorticoids and xanthines. 

Several members of prostaglandin family have also been shown to act 

as "endothelial cell stabilizers". Pretreatment of the rats with PGEl 

prevented the increase in vascular permeability normally induced by 

intradermal injection of histamine, bradykinin and compound 48/80, which 

causes mast cells to release endogenous histamine (Fantone et all 1980). 

Prostacyclin (PGI2) was also found to have the same inhibitory effect on 

histamine's action (Miiller et aI, 1987). Furthermore, PGI2 has been found 

to decrease directly the permeability of cultured endothelial cells to FITC

dextran (Mizuno-Yagyu et aI, 1987). 

The common feature of all these substances is that they all stimulate 

adenylate cyclase in their target cells and thus increase the intracellular 

concentration of cAMP, a second messenger system involved in a large 

variety of cellular functions. Several researchers have also investigated the 

direct effect of increasing intracellular cAMP concentration, [cAMP]j, on 

endothelial barrier function. For example, Stelzner et al (1989) reported 
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that by using cholera toxin, which stimulates the G protein linked to 

adenylate cyclase, and forskolin, which directly activates adenylate cyclase, 

they could increase [CAMP]i and at the same time enhance the barrier 

function of cultured endothelial monolayer. Treating the endothelial cells 

with dibutyryl cAMP, a cAMP analogue, enhanced directly the barrier 

function. Carson et al (1989) also showed the same effect of increasing 

[cAMP]j on the permeability of endothelial monolayers. Furthermore, they 

demonstrated that increasing [cAMP]j prevented the permeability increase 

by histamine. 

Based on all the information presented above, it may be postulated 

that any chemical ligand that can increase the intracellular cAMP leyel of 

endothelial cells would enhance the endothelial barrier function and 

prevent the permeability increase by inflammatory mediators. 

The exact mechanism by which [cAMP]j elevation enhances 

endothelial barrier function is not known. Stelzner et al (1989) reported that 

the agents that elevated [CAMP]i in endothelial cells also increased the 

amount of F-actin in these cells. Since actin polymerization is implicated 

in the maintenance of endothelial junctional integrity (see Section E), the 

beneficial effect of cAMP elevation could be through interfering with actin 

filaments. The reason for [cAMP]j elevation to inhibit the permeability 

increasing effect of histamine and other inflammatory mediators is not 

clear either. Minear-Hanschke et al (1990) speculated two ways in which 

elevation of [cAMP]j might protect the endothelial junctional integrity. 

Firstly, a cAMP-dependent protein kinase may phosphorylate and thus 

inactivate myosin light chain kinase (MLCK). An inactivated MLCK would 
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prevent the activation of actin-myosin complex (Adelstein, 1982), which 

might be involved in endothelial contraction. Second, cAMP may lead to 

sequestration of cytosolic free calcium, which could prevent the rise in 

calcium as a result of histamine stimulation and thus the gap formation. 

However, Carson et al (1989) demonstrated that increasing cAMP of 

endothelial cells did not change the inositol phosphate production and 

intracellular calcium increase by histamine. They therefore concluded 

that the inhibition by cAMP of histamine-induced permeability increase is 

not due to the interference of cAMP with the signal transduction pathway 

linking histamine's binding to its receptors to the increase in intracellular 

calcium. It thus seems more likely that cAMP exerts its effect by 

"stabilizing" the machinery involved in endothelial contraction in one or 

both of the following ways: increasing polymerization of actin filaments and 

preventing the actin-myosin contraction. 

b) Differential Effects of Histamine Receptor Subtypes 

Histamine belongs to the large group of chemical ligands which 

exert their effect by binding to their receptors on the surface of cells. It is 

now well established that there are at least three histamine receptor 

subtypes, namely, HI, H2 and H3 receptors (Garrison, 1990). These three 

subtypes of histamine receptors have differential distributions in various 

organs and tissues, and they are linked to distinctly different functions. A 

large number of agonists and antagonists for each of the receptor subtypes 

has been found in the last few decades. 
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H3 receptors are located in the central nervous system and do not 

seem to playa role in the vasculature. Both HI and H2 histamine receptors 

have been found on the endothelial cell surface. Heltianu et al (1982) 

demonstrated specific binding of histamine-ferritin conjugate to endothelial 

cells of mice microvasculature, preferentially in venules. They further 

demonstrated that the conjugates of ferritin with either HI or H2 agonists 

showed similar specific binding distribution, indicating the existence of 

both receptor subtypes on endothelial surface. Nakamura et al (1988) used 

radioactively labelled HI and H2 antagonists to characterize histamine 

receptor distribution in rat gastric mucosal microcirculatory system. They 

found HI antagonist binding sites on the endothelia of collecting venules 

and true capillaries, and H2 antagonist binding sites on the endothelia of 

collecting venules. Therefore, both subtypes of histamine receptor exist on 

the venular endothelial surface in at least certain tissues. 

The effect of histamine binding to HI receptors on endothelia has 

been reported by several investigators. Kozlowski et al (1981) showed that 

histamine-induced increase in protein efflux from the microvessels of dog 

forelimb and horse digit was predominantly mediated by HI receptors. 

Rotrosen & Gallin (1986) demonstrated that in cultured human umbilical 

vein endothelial cells, histamine increased cytosolic calcium, reduced the 

amount of F -actin, and promoted albumin movement across the endothelial 

monolayers. These effects of histamine required HI but not H2 receptor 

occupancy. Carson et al (1989) also demonstrated that histamine caused 

increases in intracellular inositol phosphates and calcium by binding to HI 

but not H2 receptors. Based on the results of above studies, one can 
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construct the following picture for the pathway of histamine's action on 

endothelial permeability: histamine, by binding to HI receptors, activates 

the inositol phosphate second messenger system and increases 

intracellular calcium concentration. An increased calcium concentration 

ultimately leads to permeability increase by creating endothelial gaps. 

The intracellular event resulting from, and the physiological 

response to, histamine binding to H2 receptors on endothelial cells are not 

known. However, in a large number of other cell types, the effect of 

histamine binding to H2 receptors is well established. For example, by 

binding to H2 receptors, histamine stimulates gastric mucosal cells to 

increase acid secretion, smooth muscle cells to relax, and cardiac muscle 

cells to change both heart rate and contractility (Beaven, 1978). The 

common theme underlying all these different responses is that histamine's 

binding to H2 receptors activates adenyl ate cyclase in the target cells and 

increases [cAMP]j. Because of the ubiquity of the connection between H2 

receptor and activation of adenylate cyclase, it is reasonable to assume that, 

in endothelial cells, histamine's binding to H2 receptors would also 

increase the intracellular cAMP level. 

As postulated in section a), any chemical ligand that can increase 

[cAMPh of endothelial cells would enhance the endothelial barrier function 

and prevent the permeability increase by inflammatory mediators. If this 

postulation is true, and if the H2 receptor is indeed linked to adenylate 

cyclase in endothelial cells, then the following scenario seems to be 

reasonable: Histamine binds to both HI receptors and H2 receptors on 

endothelial cells, which would lead individually to permeability increase 
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and decrease, respectively. The two-phase behavior of permeability change 

with time being studied in this project is the result of the two mutually 

antagonizing effects of HI and H2 activation. 

c) Effect of Prostaglandin Release by Endothelial Cells as a Result of 

Histamine Treatment 

Another conceivable mechanism responsible for permeability escape 

is through the production of prostaglandins, most likely PGI2. As 

reviewed in Section a), PGI2 and PGEl have been found to inhibit the 

permeability increasing effect of histamine, and PGI2 could decrease 

directly the permeability of endothelial monolayers. Their effects are 

thought to be due to their stimulation of adenylate cyclase in endothelial 

cells. 

An important fact about PGI2 is that it is manufactured 

predominantly by endothelial cells (Weksler et al, 1977). Furthermore, 

histamine can stimulate the PGI2, production by endothelial cells 

(McIntyre et al, 1985; Resink et al, 1987). Resink et al reported that the 

production of PGI2 was detected one or two minutes after the application of 

histamine to cultured human umbilical vein endothelial cells. The 

production of PGI2 paralleled that of inositol phosphates, and both inositol 

phosphate production and prostaglandin release were inhibited completely 

by HI receptor blockers. Histamine-induced prostaglandin release was also 

demonstrated in vivo (Juan & Sametz, 1980). Therefore, it is conceivable 

that histamine, on binding to HI receptors, activates the inositol phosphate 

second messenger system, which causes subsequent endothelial gap 
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formation as well as PGI2 production. PGI2, in turn, acts as an autocrine 

signal to the endothelial cells to enhance their barrier function and to 

combat the destructive effect of histamine. Thus the permeability-escape 

phenomenon could be attributed to the release by, and the action of, PGI2 on 

the endothelial cells. 

d) Plugging of Endothelial Gaps 

The above two sections discussed the possible intracellular 

mechanisms for the permeability-escape phenomenon. Based on available 

information in the literature, if any of the above mechanisms is indeed 

involved in the phenomenon, it most likely exerts its effect through closing 

the endothelial junctional gaps. However, as mentioned earlier, there is an 

independent and intuitively simple mechanism to explain the permeability

escape phenomenon, that is, those gaps are plugged by some materials 

existing in the plasma and/or released from endothelial cells. 

It is well established that in the case of injured blood vessels, the 

platelets and the coagulation system of the blood are activated to seal the 

injured blood vessel wall to prevent bleeding (Harker, 1988). At the injury 

site, the platelets are aggregated and the soluble plasma protein fibrinogen 

is turned into insoluble fibrin. The initiating signal of these processes is 

believed to be the exposure to plasma of the vascular basement membrane 

and surrounding collagen fibres at the injury site. In the case of venules 

being challenged by histamine, the endothelial cells retract and gaps form 

at some of the junctions. From the published micrographs of these gaps 

(see, for example, Majno & Palade, 1961; Fox et aI, 1980), one can clearly see 



45 

that the basement membrane, and in some cases the collagen fibres 

beneath the gaps, are exposed to the plasma. Therefore, it would not be too 

far-fetched to imagine that "mini" platelet aggregation and coagulation 

occur at these gaps and thus plug them. In fact, Hulstrom and Svensjo 

(1979) observed platelet accumulation near gaps and suggested platelet 

plugging of endothelial gaps as a possible mechanism to reduce the 

elevated permeability caused by inflammatory mediators, bradykinin in 

their study. However, to my knowledge, no systematic investigation has 

been performed to test this possibility. 

The possibility of plasma-borne materials plugging the endothelial 

gaps can by no means explain the permeability-escape phenomenon 

demonstrated in the single vessel cannulation experiment of Curry and 

Joyner (1988). In their experiment, the venules from which the 

permeability measurements were taken were constantly perfused by a 

solution which did not contain any platelets or proteins involved in 

coagulation. Another possibility is that some substance is released from 

endothelial cells of the vessel wall into the gaps to plug them. Clough et al 

(1988) reported that endothelial gaps of 200nm or more were found in the 

frog mesenteric capillaries which had been injured by an abrupt increase 

in temperature from 150C to 30-350C, and furthermore these gaps were 

covered or filled with Ruthenium-red staining material. They suggested 

that this material was composed of glycoproteins secreted by the endothelial 

cells. 
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e) Other Possible Factors 

Theoretically, other possibilities to explain the permeability-escape 

phenomenon could also exist. For example, receptor desensitization is a 

well characterized phenomenon, which means that when the receptors of 

target cells are exposed to a ligand for a prolonged period, they lose the 

ability to respond to the stimulus with their original sensitivity (Alberts et 

aI, 1989). Receptor desensitization, in principle, can be due to several 

reasons. For example, a decrease in the number of cell surface receptors 

can occur as a result of receptor-mediated endocytosis. The properties of 

receptor molecules can be changed as a result of receptor phosphorylation. 

Alternatively the G protein linking the receptor to the intracellular pathway 

can be altered to affect the efficiency of signal transduction. Since the 

response of venular permeability to histamine is initiated with histamine 

binding to its receptors, receptor desensitization could very well be involved 

in the permeability-escape phenomenon. Histamine receptor 

desensitization has been documented in the literature. For instance, 

Johnson & Sawutz (1985) reported a decreased response of human leukemia 

cells to prolonged histamine stimulation. The authors suggested that in 

their specific study, the desensitization was not due to a decreased number 

of surface receptor but probably due to a structural alteration in the receptor 

so that it was uncoupled from the second messenger system. Svensjo and 

Grega (1986) reported tachyphylaxis in the permeability response of 

hamster cheek pouch to histamine. However, all these documented 

desensitization processes are much slower than the permeability-escape 

phenomenon that we are discussing, i.e. the decreased responses are 
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observed tens of minutes, rather than several minutes, after the onset of 

histamine application. Therefore, although receptor desensitization 

remains theoretically feasible, there is no direct evidence to suggest that it 

is involved in the permeability-escape phenomenon. 

Another theoretical possibility is that there is an intracellular 

calcium concentration threshold only above which the machinery for 

endothelial gap formation can be activated. In numerous cell types 

including endothelium, agonist induced rise in intracellular calcium 

concentration is transient. Rotrosen and Gallin (1986) demonstrated that 

treatment of cultured endothelial cells with histamine resulted in an initial 

rise and a subsequent decline in the intracellular calcium level. The initial 

peak was observed in the first two minutes. The second phase was a 

sustained elevation of cytosolic calcium at two to three fold above resting 

level. If this second phase of calcium concentration, even though sustained 

above control level, was already lower than the necessary level for 

activating the gap formation machinery, then in this phase the gaps would 

disappear. An in vivo observation made by He et al (1989) conforms to this 

theory. They found that in the individually perfused frog mesentery 

microvessels, calcium ionophore increased intracellular calcium 

concentration of the endothelial cells and pericytes of the vessel wall, and 

also the hydraulic conductivity of these vessels. Both parameters showed 

the "escape" feature, that is, an initial rapid increase and subsequent 

decline. The interesting difference is that while the calcium level stayed 

elevated above control for as long as the ionophore was present, the 

hydraulic conductivity declined to near the control level. Thus it appeared 
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as if the sustained elevation of calcium concentration was not high enough 

to keep a high permeability. 

G. Summary of the Background 

In summary, a permeability-escape phenomenon, which is defined 

as a decline in permeability in the presence of an agonist (e.g. histamine) 

after its initial increase by this agonist, has been clearly demonstrated in 

postcapillary venules by both individual vessel cannulation technique and 

"whole prep" technique. The initial rise in the permeability is thought due 

to the formation of the endothelial junctional gaps as a result of a sequence 

of events: histamine binding to HI receptors, stimulation of phosphate 

inositol second messenger system and a rise in intracellular calcium 

concentration. The escape of permeability could be attributed to the closure 

of the gaps and/or the plugging of the gaps. Gap closure might result from 

the activation of another second messenger system, namely, the cAMP 

system as a result of histamine binding to H2 receptors and/or prostacyclin 

production secondary to histamine stimulation of the endothelial cells. 

Alternatively it might be due to the loss of the commanding signal for gap 

formation possibly attributable to receptor desensitization and/or to the 

escape of the intracellular calcium concentration. 

There have been no systematic studies to characterize the temporal 

development of endothelial gaps during continuous histamine treatment, 

thus it is not known whether the permeability-escape phenomenon can be 

attributed to the disappearance of the gaps. The intracellular mechanisms 

underlying histamine-induced permeability increase have been extensively 
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studied, but the chemical signal leading to the permeability escape is 

entirely unknown. This research project attempts to examine some of the 

possibilities which may explain the permeability-escape phenomenon. 

The permeability-escape phenomenon does not occur exclusively 

during histamine stimulation. It has also been observed in preparations 

treated with other mediators such as bradykinin (Baxter et al, 1987) and 

calcium ionophore (Curry & Joyner, 1988; He et al, 1989). The fact that the 

venular permeability can escape in the presence of a continuous challenge 

by an inflammatory mediator suggests that endothelial cells that make up 

venular wall may possess certain ability to counteract the undesirable effect 

of inflammatory mediators. Understanding the mechanism underlying 

the permeability-escape phenomenon will further help us to understand 

endothelial biology and microvascular physiology. 

H. Hypotheses to be tested 

As discussed above, there are several possibilities which could be 

involved in the permeability-escape phenomenon. This research project is 

set out to test several of them. 

Hypothesis 1: 

1a: The venular endothelial gaps initially created by histamine 

will disappear in the presence of histamine. 

1b: The time course of gap formation and disappearance 

matches that ofpertneability change. 
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This hypothesis, which is composed of two parts, is proposed to 

examine the possibility that the permeability-escape phenomenon is due to 

the the reclosure of the endothelial junctional gaps. Since the acceptance of 

the first part would only satisfy the necessary condition for this possibility, 

the second part is imperative. The testing of this hypothesis requires to 

examine the morphological features of venular endothelial junctions at 

different times after the onset of treatment with histamine, and to compare 

the time course of morphological changes of gaps with that of permeability 

changes of venules. 

Hypothesis 2: 

Histamine's binding to the H2 receptors is involved in the 

penneability-escape phenomenon. 

To test this hypothesis, a H2 receptor antagonist is used to block the 

H2 receptors, and the time course of permeability change by histamine is 

measured in the presence of H2 blocker. If the permeability escape is 

suppressed or abolished, this hypothesis is accepted. If the permeability 

still escapes as with histamine alone, the hypothesis is refuted. 

Hypothesis 3: 

The production of prostacyclin is involved in the 

penneability-escape phenomenon. 

To test this hypothesis, a prostacyclin synthesis blocker is used to 

treat the tissue, and the time course of venular permeability change by 

histamine is measured in the presence of the prostaglandin synthesis 
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blocker. If the permeability escape is suppressed or abolished, this 

hypothesis is accepted. If the permeability still escapes as with histamine 

alone, the hypothesis is refuted. 

The detailed experimental design and results will be described in the 

next two chapters. Chapter 2 centers on the testing of Hypothesis 1, and 

Chapter 3 on the testing of Hypotheses 2 & 3. 



CHAPfER2 

CORRELATION BETWEEN PERMEABILITY AND 

ENDOTHELIAL GAP MORPHOLOGY 
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It has been known for decades that inflammatory mediators such as 

histamine can increase drastically the permeability of microvessels, 

especially post-capillary venules, and thus cause substantial efflux of 

plasma protein and water into the interstitium and subsequent edema 

formation (Grega et al, 1988). The mechanism underlying this increase in 

permeability has been studied extensively. Majno and Palade (1961) found 

that treatment of microvessels with histamine causes gap formation at the 

endothelial junctions of postcapillary venules. This finding suggested 

strongly that the effect of histamine to increase water and protein 

permeability is due to the appearance of these gaps in the venules. The 

formation of venular endothelial gaps has been hypothesized to result from 

the contraction of endothelial cells (Majno et al, 1969; Joris et al, 1972) or of 

pericytes encircling venules (Miller & Sims, 1986). 

The increase in venular permeability as a result of histamine 

application has been demonstrated by many investigators to be transient 

even in continuous application of histamine. For example, Fox et al (1980) 

reported that in the post-capillary venules of cat and rat mesenteries, the 

leaky sites were observed 1 or 2 minutes after the onset of topical application 

of histamine, exhibited maximum intensity between 5 to 15 minutes and 

disappeared at 20 to 30 minutes. This transient pattern of leaky sites was 

observed in both 1 minute and 60 minute application of histamine. Horan et 
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al (1986) found that injection of FITC-dextran into the circulation of 

hamsters at the start of 60-minute histamine suffusion produced a large 

number of venular leaky sites in their cheek pouches, while injection at 30 

minutes after the start of histamine suffusion only produced a very small 

number of leaky sites. The results of both studies suggest that, even with 

continuous histamine stimulation, the initially increased venular 

permeability can "escape". This permeability-escape phenomenon was 

demonstrated directly by Curry and Joyner (1988), who continuously 

measured the permeability of the hamster cheek pouch postcapillary 

venules to albumin under the treatment of 10-4M histamine superfusion. 

They found that during a 10-minute period of histamine application, 

permeability peaked with an approximately 5-fold increase at 3 minutes 

after the onset of histamine treatment, but returned back to control value at 

the end of the 10-minute period. 

The mechanism for this permeability-escape phenomenon has not 

been identified. Since the initial increase in permeability is attributed to the 

formation of endothelial gaps in the post-capillary venules, it is very 

natural to suspect that the escape of permeability may be due to the closure 

of these gaps. Horan et al (1986) speculated that the regulation of 

permeability involves "negative feedback inhibition, which results in a 

reversible modulation of the dimensions of junctional gaps". However, 

there is no clear evidence so far to support this assertion. 

In this study, we conducted a series experiments to test the following 

hypothesis: the permeability-escape phenomenon is due to the the reclosure 

of the endothelial gaps. We measured the time course of changes in 
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permeability of post-capillary venules to a-lactalbumin induced by 

histamine by using the technique of fluorescence microscopy on cannulated 

single venules. We also studied the time course of morphological changes 

of the endothelial junctions in the post-capillary venules by histamine with 

electron microscopy. By comparing the two time courses, we were able to 

determine whether the rec10sure of endothelial junctional gaps occurs, and 

if it does, whether it can possibly explain the permeability-escape 

phenomenon. 

Materials and Method. 

Three series of experiments were performed in this study. The first 

was to measure repeatedly the permeability to a-lactalbumin of single 

venules which were continuously stimulated by histamine to obtain the 

time course of the permeability change. The aim of this experiment was to 

characterize the transient behavior of permeability increase by histamine. 

The second was to study quantitatively the ultrastructure of endothelial 

junctions of venules which were treated with histamine for different 

lengths of time. The goal was to detect whether the formation of endothelial 

junctional gaps was also of a transient nature. The third was to obtain 

morphological information about the endothelial gaps formed in the actual 

venules from which the history of the permeability change induced by 

histamine had been recorded. These experiments were performed to help 

correlate the permeability change with the morphological changes of the 

endothelial gaps, and thus to test the proposed hypothesis more rigorously. 
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General animal preparation 

All experiments were performed on the mesentery of male Sprague

Dawley rats in the weight range of 350-500 grams. The rats were 

anesthetized by intramuscular injection of 2% a-chloralose and 10% 

urethane at 0.9m11100g body weight. Next, the abdomen was slit along the 

linea alba. A cautery was used to slit the muscle and to seal the cut vessels 

in the skin and connective tissue. This process ensured that the mesenteric 

vessels did not come into contact with histamine and other mediators 

released from any cut vessels (Joris et al, 1972). The rat was then placed on 

its side on a Lucite stage. One mesenteric window, defined as the region of 

mesentery bordered by adjacent pairs of traversing arteries and veins, with 

adequate vasculature was gently extracted from the abdominal cavity and 

spread over a transparent support pedestal on the microscope stage. The 

intestinal loop and the entire mesenteric window, except for the region 

chosen for each type of experiment, were covered with gauze and plastic 

film (Saranwrap) to keep them warm and moist. Throughout this process, 

the tissue was superfused with HEPES buffered salt solution (HBSS), pH 

7 A, maintained at 37°C. HBSS had the following composition (in mM): 

NaC1132, KCI4.7, CaCl2 2.0, MgS04 1.2, and HEPES-NaHEPES 20. All the 

other mesenteric windows were kept within the abdominal cavity, and 

Saranwrap was placed at the base of the extended mesenteric window to 

prevent superfusate from flowing into the cavity so that vessels in other 

mesentery windows were not affected directly by chemicals in the 

superfusate. This prevention was effective as demonstrated in pilot studies 
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by the failure of superfusate containing Evan's Blue dye to stain the 

mesenteric windows kept inside the cavity. 

Experiment 1: Permeability Measurement from Single Venules 

The technique employed in this experiment was a slightly simplified 

version of the method termed "quantitative fluorescence microscopy on 

single microvessels", which was originally developed by Huxley et al (1987). 

One branch of a converging microvascular bifurcation (branch 1) was 

cannulated with a micropipet containing fluorescently labeled test 

molecules (see the diagram in Figure 2.1). An occluder was placed above 

the other branch of the bifurcation (branch 2). The third branch was 

always the one receiving blood from the other two branches. In this way, 

the third branch could be perfused alternately with either the perfusate 

from the pipet or the blood from branch 2. One segment of the third branch 

was aligned within a rectangular window in the light path of the 

microscope. The light collected from the window was sensed by a 

photomultiplier tube (PMT), mounted on the microscope, which measured 

the intensity of the collected light ([). The permeability measurement was 

conducted under epi-illumination for the fluorescent probes used in these 

experiments. 

For each measurement, the vessel was first perfused with blood, then 

with the fluorescent perfusate by occluding branch 2 for 10 to 20 seconds, 

and finally with blood again by releasing the occlusion of branch 2. During 

this process, the output of the PMT was the following events in sequence: (i) 

the background light intensity ([oJ, (ii) a step increase in I (M) due to the 
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arrival of fluorescent perfusate, (iii) a gradual increase in 1 at a rate dl/ dt 

due to the movement of fluorescent test molecules from the vessel lumen 

into the interstitium, (iv) a step decrease in 1 due to the replacement of the 

fluorescent molecules by blood, and (v) a gradual decay in 1 toward 10 due 

to the diffusion of the interstitial fluorescent molecules out of the 

mesenteric window. As is rigorously derived by Huxley et al (1987), the 

apparent permeability coefficient P of the vessel segment in the measuring 

window is related to the above quantities and to vessel diameter D by the 

following equation: 

P=(~~).(:r ).(~) 
(in the following text, the term "permeability" or the symbol P refers to the 

apparent permeability coefficient as defined above, unless otherwise 

indicated) Permeability measurement as outlined above can be repeated in 

the same vessel segment. The time interval between any two successive 

measurements should be sufficient to allow the output of the PMT to return 

to the background level (10) of the first measurement so that fluorescent 

molecules do not accumulate in the interstitium. 

In this experiment, TRITe-a-lactalbumin (T-aL) was used as the 

fluorescently labeled test molecule. TRITe was from Research Organics, 

and a-lactalbumin was from SIGMA. The labelling was conducted 

according to Huxley et al (1987), except that the labelled protein molecules 

were dialyzed against HBSS instead of Ringer's. Bovine serum albumin 

(BSA) and heparin (both from SIGMA) were added to the perfusate to 

maintain its colloid osmotic pressure and to prevent clotting at the 
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cannulation site, respectively. The final composition of the perfusate was: 

7.5mg/ml T-aL, 5mg/ml BSA, and 50units/ml heparin. The perfusate was 

kept frozen, and only the amount enough for one experiment was thawed 

before each experiment. 

A) During a permeability 
measurement 

Pipet containing test perfusate 

Occluder 

B) Between two permeability 
measurements 

Pipet containing test perfusate 

Measuring 
Window 

.... ~ 
__ --------c ....... ~ .. 

Branch 3 

Branch 3 

Figure 2.1: Diagram illustrating the method of permeability measurement. This was 

modified from Huxley et al (1987). A) During a permeability measurement, branch 2 is 

occluded and branch 3 is perfused by the perfusate from the pipet. B) Between two 

permeability measurements, the occluder is removed and branch 3 receives blood 

perfusion. 
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In each experiment, the mesentery was first prepared and 

cannulation was performed as described above. Then the pressure applied 

to the pipet was adjusted such that the interface between the fluorescent 

perfusate and the blood remained within branch 1. In this way, the 

pressure the third branch experienced when branch 2 was occluded was 

kept close to its in vivo pressure. This pressure was maintained 

throughout each experiment. The permeability of a venule was measured 

at least 5 times under the control condition, in which the preparation was 

superfused with HBSS, to establish a control level of permeability. Then the 

superfusate was switched to HBSS containing lO·3M histamine. This 

concentration of histamine was chosen because of its constancy in inducing 

venular leakage in rat mesentery, as reported by Fox et al (1980) and 

confirmed by our pilot studies. The permeability was measured at 1 or 2 

minute intervals for 15 minutes of histamine application. In most cases, 1 

minute was long enough for the PMT output to return to 10 except when the 

vessel was very leaky. The complete protocol consisted of a 5 to 10 minute 

control period and a 15 minute period of histamine treatment. A complete 

protocol was conducted on only one venule in each mesenteric window. For 

each rat, a maximum of 3 mesenteric windows were used. 

The experimental set-up is illustrated in Figure 2.2. The 

experiments were performed using a ZEISS Axioplan microscope with a 

lOx objective (NA 0.30). The photomultiplier tube (931A, RCA) was installed 

in a compact box which was mounted on the microscope by means of a 

trinocular tube. The output of the PMT was guided to a chart recorder (lR-

18M, Heathkit). Built into the PMT compact box was a series of switchable 
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windows of different sizes and shapes. A square window was used which 

had an area of l30J.Ull by 130J.Ull with the lOx objective. Also built into the 

PMT compact box was a movable mirror connected to a monocular tube. 

The mirror was normally inserted before the PMT face so that the image of 

the tissue included in the measuring window could be seen through the 

monocular tube. During each measurement, the mirror was moved away 

so that the image was projected on the PMT face. 

(a) Chart 
Recorder 

Video PMT 
Monitor Box 

Excitation 
Light 

Preparation _db. 

(b) 
, 

PMT 

" Tube 

~\ 
PMT.......P-
Face 1----1 t---I Monocular 

Switchable' 
window 

(c) 

PMT ....... 
Face 

, 

, , 
Switchable 

window 

Emitted 
Light 

tube 

PMT 
" Tube , 

1---4 Monocular 

Emitted 
Light 

tube 

Figure 2.2: Diagrams illustrating the experimental set-up. (a) The configuration of the 

microscope. (b) The structure of the PMT compact box when measurement is not being 

taken. The monocular tube is inserted before the PMT face so that the image within the 

window can be observed. (c) During a measurement, the monocular tube is moved away 

so that the emitted light is projected on the PMT face. 
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The crucial assumption for using this technique is that the 

fluorescent light intensity detected by the PMT is linearly related to the 

number of fluorescent molecules within the measuring window. This 

assumption was tested under in vitro conditions. Firstly, the intensity of 

emitted light from a sample of TRITC-ex-Iactalbumin of constant depth and 

concentration was measured by the PMT using different measuring 

windows. It was found that the PMT output was linearly related to the 

window area. Secondly, the intensity was measured for samples with a 

constant depth but different concentrations with one fixed window. A 

linear relationship was also found between intensity and concentration. 

Based on these results, the linearity assumption was accepted. 

Experiment 2: Temporal Development of Venular Endothelial Gaps 

The mesentery was prepared as described above. For this 

experiment, only one mesenteric window from each rat was used. A 

mesenteric window with dense vasculature was chosen in each case. The 

protocol was as follows. The mesentery was superfused with 10-3M 

histamine in HBSS for a given period of time, then the superfusate was 

replaced by fixative, and the mesentery was fixed in situ for 10 minutes. 

Finally the mesentery was excised and processed for electron microscopy as 

described below. 

The duration of histamine treatment before in situ fixation was 1, 3, 

5, 10 or 15 minutes. Two rats were used for each time period. Control 

experiments were performed in which histamine was omitted from the 
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superfusate. Superfusion was continued for 5 minutes (2 rats) or 20 

minutes (2 rats). 

The fixative contained 2.5% formaldehyde and 2.5% glutaldehyde in 

O.IM phosphate buffer. Mter in situ fixation, the excised tissue was 

immersed, in sequence, in the above fixative for 50 minutes (4°C), in 1% 

osmium tetroxide in 0.15M phosphate buffer for 1 hour (4°C), dehydrated in 

a series of ethanol of ascending concentration (4°C), and finally immersed 

in Spurr's resin overnight (room temperature). The mesentery was then 

cut into 2mm by 2mm squares, each of which, in tum, was embedded in 

resin. During embedding, each tissue square was positioned so that the 

majority of vessels (especially post-capillary venules) were oriented 

perpendicularly to the front face of the resin block. Lastly, the resin 

containing tissue samples was polymerized in oven at 60°C overnight. 

At least two blocks from each experiment were sectioned. Two or 

three thin sections (50-60nm thick) from each block were collected on one 

grid. Mter each grid, the sectioning knife was advanced IOllm to obtain 

thin sections for the next grid; this was to increase the number of locations 

along vessels where endothelial junctions would be observed. Three grids 

of thin sections (therefore from three locations 10J.Lm apart on vessels) were 

obtained for each block. Sections were observed using a Philips CM12 

electron microscope. The numbers of endothelial junctions and endothelial 

gaps on every postcapillary venule cross section were counted. The data 

from each pair of rats treated with histamine for the same period of time 

were grouped together. Time course curves were constructed for the 



following two parameters: percentage of gaps among all junctions and 

percentage of cross-sections having at least one gap. 

During electron microscopic observations it was important to 

differentiate venules from capillaries and from arterioles. The following 

guidelines were used: 1) Vessels of diameter less than 8J,lm were 

categorized as capillaries. 2) If a pair of vessels bigger than 20J,lm were 

located side by side very closely, the one with greater diameter was 

assumed to be a venule. 3) All other vessels were differentiated by 

morphological features outlined by Rhodin (1967) and Rhodin (1968): Briefly, 

arterioles usually have thick endothelial cells and are surrounded by 

smooth muscle cells, which contain many parallel filamentous fibers but 

few organelles in their cytoplasm, and occasionally make conspicuously 

close contact with the endothelial cells. In contrast, venules have thin 

endothelial cells and are surrounded by pericytes, which have many 

intracellular organelles, and most importantly, seldom make direct contact 

with endothelial cells. An endothelial gap in this study is defined as a 

discontinuity in the endothelial lining of the vessels with a width greater 

than 100nm, which is the low end of the gap width range quoted widely 

(Majno & Palade, 1961; Curry & Joyner, 1988). 

Experiment 3: Permeability and Endothelial Gap Morphology from the 

Same Individual Venules 

This set of experiments involved procedures employed in both sets of 

experiments described above. In each experiment, the mesentery was 

prepared and a venule was cannulated as described previously. Then 



repeated permeability measurements at 1 or 2 minute intervals were made 

according to one of three different regimens: 1) under control condition 

(superfusion with HBSS) for 5 to 10 minutes (5 rats); 2) control condition 

followed by histamine treatment for 5 minutes (5 rats); 3) control condition 

followed by histamine treatment for 15 minutes (6 rats). The choice of 5 

minutes of histamine treatment in regimen 2 was based on our finding in 

the first series of experiments that all but one rat mesenteric venules 

showed a maximal permeability response to histamine in the first 5 

minutes of the 15 minute histamine application (see Results). 

Pipet containing test perfusate 

Branch 1 

Occluder 

Measuring 
Window 

Branch 3 

Interface between blood 
and perfusate 

Figure 2.3: Diagram illustrating the method to fix a single venule iJujrufor identification 

of the venular segment from which permeability was measured. As the fixative is being 

poured on, branch 2 is occluded, and the pressure applied to the pipet is adjusted such that 

the interface between blood and perfusate is just aligned with the side of the measuring 

window distal to the bifurcation. 
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In each experiment, immediately after the above protocol was 

completed, the fixative was poured onto the mesentery to fix the tissue in 

situ for 10 minutes. As the fixative was being poured, branch 2 was 

occluded while the pressure to branch 1 was adjusted such that the 

interface between blood and perfusate was just aligned with the edge of the 

measuring window distal to the bifurcation (see the diagram in Figure 2.3). 

This procedure ensured that the venular segment from which permeability 

measurements had been obtained. could be located for subsequent electron 

microscopic study (see below). A map was also drawn of the vascular 

network containing the venule of interest to assist its location. 

The mesentery was processed for electron microscopy as described 

previously. However, before being embedded, the mesentery was trimmed 

of excess tissue so as to include only the venule of interest. Then the tissue 

was embedded such that the venule was oriented roughly perpendicularly 

to the front face of the block and the blood containing section of the venule 

was closer to the front face (see the diagram in Figure 2.4). 

During sectioning, thick sections were first cut at large intervals (10-

20JlIn) until the cross-section of the venule did not contain blood cells any 

more. Then thin sections were cut at 5 locations 20llm apart along the 

venule. At least 10 thin sections at each location were collected on 

1mmx2mm formvar coated grids. All thin sections were observed with a 

transmission electron microscope (PHILIPS-CM12), which has a distance 

measuring device. The perimeter p of the venular cross-section at each 

location was measured by following the endothelial profile with a series of 

short straight lines. Within each thin section, the width W G of each 
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endothelial gap, if any, was measured and the numbers of normal 

endothelial junctions N J and gaps N G were counted. Then, the percentage 

area occupied by the gaps AG (%), the total length of endothelial junctions 

LJ per unit area of venular luminal surface (cmlcm2) and the percentage of 

endothelial gaps among all junctions P G for each location were calculated 

as follows: 

IWG 
A = -100 

G N-p 

11: I~+NG) 
L = -- -J 2 N-p 

where N is the number of thin sections observed for each location, normally 

5 in this study. The formulae calculating AG and L J are derived in the 

APPENDIX-A. It is assumed that all gaps originated from junctions, thus 

the total number of junctions is the sum of gaps and normal junctions. The 

fractional area occupied by gaps and junctions AG+J is then the sum of AG 

and L J • W J ' where W J is the width of normal endothelial junctions 

assumed to be lOnm. The mean AG+J and P G for each vessel segment 

were obtained by averaging AG+J and P G over the 5 locations. 

To compare the permeability and gap morphology among the three 

treatment groups, the following quantities were pooled for each treatment 

group: (i) the permeability value (Pend) of each vessel measured immediately 

before the vessel was fixed, (ii) P G at every location of each vessel, and (iii) 

AG+J at every location of each vessel. 
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Statistical analysis 

Student t test was used when comparing the means of two groups of 

data. Analysis of variance (ANOVA) was performed when comparing the 

means of more than two groups of data. If ANOV A indicated an overall 

significant difference, a multi-range test (Fisher's Protected Least 

Significant Difference test or, simply, Fisher's PLSD test) was used to 

determine the significance of difference in the mean between any two 

groups. The X2 test was employed to test the significance of difference 

between two percentages such as the percentage of gaps among all 

junctions. All data were expressed as means ± SE, unless otherwise 

indicated. Differences were considered significant if p<O.05. 



In Situ Fixation for 
10 minutes 

Processing for 
Transmission 
Electron Microscopy 

Trimming Mesentery 
for Embedding 

Embedding: 

r -fT"""IIIIr--'---L Interface 
between blood 
and perfusate 

Trimmed 
Mesentery 

Thick 
sectioning 
until passing 
the interface 

Thin-Sectioning: 

Sectioning at 5 
locations 
along the 
venule 

At each location, collect at 
least 10 thin sections on grids 

For the venular cross-section in 
each thin section: 
1) Measure the perimeter, 
2) Measure the width of gaps, 
3) Count the numbers of 
junctions and gaps. 

Figure 2.4: Procedure/or processing single venule/or electron microscopy. 
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Fig ure 2.5: Representative tracings of permeability measurements from a sing Ie venule (3115 -vI) taken at 1 minute before, 
4 minutes after and 16 minutes after the onset of the 15 -minute histamine treatment, respectively. The ordinate is the output 
of the PMT in arbitary unit, which is linearly proportional to the number offluorescent molecules in the measuring window. 
The horizontal bar representsl0 seconds. Permeability is calculatedfrom M, dlldt and the vessel diameter. ffi 
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Results 

Permeability Measurement from Single Venules 

The tracings depicted in Figure 2.5 are from three individual 

permeability measurements taken from one single venule (31l5/90-vl, 

D=21J.Ull) at 1 minute before, 4 minutes after and 16 minutes after the onset 

of the 15-minute histamine application, respectively. Each of them is 

composed of four sequential components, i.e., the background light 

intensity (loJ, a step increase in I (M), a gradual increase in I at a rate 

dI / dt, and a step decrease in 1. The values of the apparent permeability (P) 

to a-lactalbumin of these three tracings calculated from M, dI/ dt and D 

according to the formula presented in the Materials and Method section are 

2.08, 14.08 and 4.62 x 10-6 cm/sec, respectively. 

2) 

-10 -5 o 5 10 15 
Time (minute) 

Figure 2.6: A typical time course of histamine-induced permeability change to ex
lactalbumin of a single venule (3115190-vl). The apparent permeability coefficient 

increased rapidly from its control level immediately after the onset of histamine treatment, 

but then declined toward its control level in the presence of histamine superjusion. 
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Table 2.1 Measurements of permeability changes by histamine 
from 15 venules 

Vessel No. D (Jll1l) Pcontrol Poeak Toeak PoeaklPconJ. Pend P entJlP conI. 

3/13-vl 25 6.09±0.73 7.91 5 1.30 6.21 (15) 1.01 

3/13-v2 24 1.93±0.19 24.31 2 12.60 6.53 (15) 3.38 

3/13-v3 21 2.43±0.42 9.69 1 3.99 2.96 (15) 1.22 

3/15-vl 21 1.78±0.17 14.08 4 7.91 4.94 (14) 2.78 

3/15-v2 18 5.69±1.07 16.61 4 2.92 9.29 (14) 1.63 

3/15-v3 24 1.87±0.30 5.19 4 2.78 3.23 (15) 1.73 

3/18-v2 18 1.22±0.22 6.80 2 5.57 1.57 (15) 1.29 

3/18-v3 15 1. 11±0. 11 1.96 4 1.77 0.89 (13) 0.80 

4/8-vl 21 2.85±0.20 10.61 2 3.72 1.91 (13) 0.67 

4/11-vl 18 3.40±0.27 19.51 5 5.74 9.48 (15) 2.79 

4/12-vl 17 1.24±0.15 10.14 3 8.18 2.03 (15) 1.64 -

5/2-vl 21 3.06±0.53 21.95 6 7.17 4.08 (15) 1.33 

5/3-v2 15 0.89±0.18 6.41 5 7.20 0.70 (15) 0.79 

5/3-v4 24 1O.41±O.44 26.55 4 2.55 15.78 (15) 1.52 

5/13B-vl 20 1.79±0.24 6.95 3 3.88 1.76 (15) 0.98 

All penneability values have the unit of 10-6 em/sec. Tpeak is in minutes and relative to the 

onset of histamine application. The numbers in parentheses in the Pend column are the 

times at which the last measurement was taken in the histamine period, relative to the onset 

of histamine application. 

The complete time course curve of P of the same vessel is shown in 

Figure 2.6. The horizontal axis is time (minute) with zero chosen at the 

onset of histamine application. The vertical axis is the apparent 



72 

permeability coefficient P (l0-6cm/sec). The time course is composed of a 

steady state of P under the control condition, a rapid increase in P 

immediately after the start of histamine superfusion, and a slow decline in 

P toward control level. The mean P value of this venule under control 

conditions was 1.78 ± 0.17 x 10-6 cm/sec, the peak value measured during 

histamine application was 14.08 x 10-6 cm/sec at the fourth minute, and at 

the 14th minute P was 4.94 x 10-6 cm/sec. 
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Figure 2.7: Control, peak and last permeability values to a-lactalbumin of each of the 

15 venules. Control permeabilities are placed at 0 minute. All except one vessel 

showed peak permeability at or before the 5th minute. All vessels showed the 

permeability-escape phenomenon. 
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The complete protocol to obtain the time course of permeability 

change by histamine, which consisted of 5 to 10 minutes of control period 

followed by 15 minutes of histamine treatment, was accomplished on 15 

individual venules. Data from these vessel are listed in Table 2.1. These 

include mean values of P under control conditions (Pcontrol), the peak P 

value measured during the histamine treatment period (Ppeak), the time at 

which the peak P was measured (Tpeak), the ratio of peak P to control P, and 

the last P value measured during the histamine period (Pend). Pcontro[, 

P peak, and Pend for each of the 15 venules are also plotted in Figure 2.7. 

From this figure, it can be seen that, despite great variations in both P control 

and Ppeak among vessels, almost all vessels had Ppeak within the first 5 

minutes and all vessels displayed certain extent of permeability escape 

All these 15 vessels were venules with diameters ranging from 15JlID 

to 25Jlm. Their apparent permeability to a-lactalbumin under control 

conditions varied from 0.89 to 10.41 x 10.6 cm/sec. The detected Ppeak 

ranged from 1.96 to 26.55 x 10.6 cm/sec. Ppeak was from 1.3 to 12.6 times 

greater than Pcontrol. In thirteen of the fifteen cases, Ppeak was more than 

double their Pcontrol. All the Ppeak values were detected between 1 and 6 

minutes after the start of histamine treatment, and in thirteen of the fifteen 

vessels, the peak time was between 2 and 5 minutes. The mean of Tpeak 

was 3.6 minutes. At the end of the 15-minute histamine period, the P value 

in twelve of the fifteen vessels was less than twice of the control level, and in 

three cases Pend was lower than their P control. Analysis of variance for 

repeated measures performed for Pcontrol, Ppeak and Pend indicated that 

there was a significant overall difference among the three quantities 
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(p=O.OOOl). A multi-range test indicated a significant difference between 

Pcontrol and Ppeak, and between Ppeak and Pend. From this analysis, we 

concluded that there was indeed a permeability-escape phenomenon in 

these vessels in their response to histamine treatment. It should be pointed 

out that, although P indeed escaped from its initially elevated level towards 

its control level, it would be inappropriate to conclude that P had returned 

back to its control level at the end of the 15-minute period of histamine 

treatment, because a paired Student t test still indicated an significant 

difference between Pcontrol and Pend. 

Temporal Development of Venular Endothelial Gaps 

In this series of experiments, mesentery was superfused with 10-3M 

histamine in HBSS for 1, 3, 5, 10, or 15 minutes before being fixed. 

Histamine treatment caused formation of endothelial junctional gaps in 

postcapillary venules. Figure 2.8(a) is a micrograph of a venular cross

section which contains two gaps (* and **). Figure 2.8(b) is a micrograph of 

one endothelial gap (#) at higher magnification. Not all venular cross

sections contained gaps. Gaps were also found (although very rarely) in the 

venular cross-sections from mesenteries treated with only HBSS (control). 

Listed in Table 2.2 are the numbers of total venular cross-sections, the 

cross-sections which had at least one gap, total endothelial junctions, and 

the endothelial junctions which were gaps, grouped for the two rats which 

had been subjected to the same treatment. It is assumed that all gaps form 

at junctions. 
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Figure 2.8: Transmission electron microscopic micrographs of venular endothelial gaps in 
rat mesentery. (a) A complete venular cross-section with two gaps (* and **). Bar 

represents 5J1m. (b) An endothelial gap (#) at higher magnification. Bar represents 

05J1m. EC: endothelial cell. PL: platelet. PC: pericytes. 
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Table 2.2 Measurements of numbers of endothelial junctions and 
endothelial gaps for different lengths of histamine treatment 

Length of histamine treatment (min) o (Control) 1 3 5 10 15 

Nwnber of cross-sections 133 32 62 60 34 75 

Nwnber of cross-sections with gap 6 3 22 15 4 9 

Percentage of cross-sections with gap 4.5 9.4 35.5 25.0 11.8 12.0 

Nwnber of junctions * 403 98 189 193 130 264 

Number of gaps 8 6 50 26 6 14 

Percentage of gaps in all junctions 2.0 6.1 26.5 13.5 4.6 5.3 

*: calculated as the sum of normal junctions and gaps. 

The percentages of gaps among all junctions and vessel cross

sections having gaps are more relevant to permeability determination than 

their absolute numbers. The time course of these percentages are shown in 

Figure 2.9. Both parameters showed very low levels under the control 

condition. They exhibited the highest level in the vessels treated with 

histamine for 3 minutes. In the vessels treated for 10 or 15 minutes, they 

were close to their control values. These data support the hypothesis that in 

rat mesenteric venules, endothelial gaps are produced by histamine 

treatment and that they tend to disappear even in the presence of 

histamine. The gaps were most abundant in vessels treated with 

histamine for 3 and 5 minutes, which coincide with the time when the 

permeabilities measured in individual venules had their peak values (see 

last section). 
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Figure 2.9: Time course of the development of endothelial junctional gaps in rat mesentery 

as a result of histamine treatment. 0: percentage of gaps among all junctions, a: 
percentage of vessel cross-sections which contained at least one gap. X2 test was used to 

test the significance of difference between each data point and its control counterpart. 

*,**: Significantly differentfrom control level (p<O.05). 

Permeability and Endothelial Gap Morphology from Same Individual 

Venules 

In order to test more rigorously the hypothesis that the permeability

escape phenomenon is due to the disappearance of endothelial junctional 

gaps, we obtained both the apparent permeability coefficient P to 0.-

lactalbumin and morphological measurements from the same individual 

venules. This was accomplished on the following three groups of vessels: 1) 

control (n=5), 2) 5 minutes of histamine treatment (n=5), and 3) 15 minutes 

of histamine treatment (n=6). Figure 2.10 shows time course curves of P 

change of three vessels, each from one of the three groups. These three 
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vessels had comparable control P values, and the two vessels which were 

treated with histamine had comparable peak P values. This was also true 

for the mean control and peak P values of the three groups of vessels as 

shown in Figure 2.11. In fact, an analysis of variance demonstrated no 

significant difference in the means of the control P among the three groups 

(p=O.37) and a Student t test demonstrated no significant difference in the 

means of the peak P during histamine treatment between groups 2) and 3) 

(p=O.81). This result is not surprising since there was no a priori difference 

among vessels of different treatment groups. However, the above analyses 

assured us that the three groups of vessels were from the same population 

and that a direct comparison could be made of the endothelial gap 

morphology among the three groups of vessels. 

Vessels in all three groups were fixed in situ at the end of their 

treatment, then they were processed for electron microscopy. Two 

parameters were calculated from morphological measurements for each 

vessel: the mean fractional area occupied by gaps and junctions .da+J' and 

the mean percentage of gaps among all junctions Eo (single underline 

indicates average for each vessel). They are listed in Table 2.3 together with 

the apparent permeability values and other morphological parameters for 

each vessel. It is assumed that the morphological features of each vessel 

did not change between taking the last P measurement and fixing the 

preparation. Under this assumption, the morphological parameters of 

each vessel are believed to be associated with the P values of the same vessel 

listed in the Pend column. 
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Figure 2.10: Time course curves of changes in the apparent permeability coefficient to a

lactalbumin of three venules which underwent three different treatments before being fixed. 

Venule 5/B/90-v1 (A) was kept under control conditions. 5/4/90-v1 (0) was superjused 

with histamine for 5 minutes and only a P increase phase was recorded before it was fixed. 

4/11/90-vl (B) was treated with histamine for 15 minutes, and a typical two phase P 

change was recorded before it was fixed. 

Figure 2.12 shows (a) the averaged apparent permeability before 

fixation E.end, (b) the averaged percentage of gaps E.G' and (c) the averaged 

fractional area occupied by gaps and junctions AG+J for each of the three 

groups (double underline indicates average for each group). All three 

parameters showed a similar pattern in that they all had highest values in 

the 5-minute treatment group. The tendency that the three parameters all 

exhibit is consistent with the findings of the previous two series of 

experiments that, during histamine stimulation, the apparent permeability 

first increases but then declines toward control, and the number of 



endothelial gaps first increases but then declines toward control. 

Furthermore, Figure 2.12(c) demonstrates that the fractional area occupied 

by gaps and junctions also followed a similar pattern. 
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Figure 2.11: Mean control P values of all three groups of vessels, mean peak P values of 

groups 2 and 3 during histamine treatment, and mean P values at the end of IS-minute 

histamine treatment for group 3. .A: control (groupJ), 0: histamine treatment for 5 

minutes (group 2), and.: histamine treatment for 15 minutes (group 3). There was no 

significant difference in the mean control permeability value among the three groups by 

ANOVA test (p=0.37), nor in the mean peak permeability value between groups 2 and 3 by 

Student t test (p=O.81). 

An analysis of variance was performed on Pend, P G, and AG+J' 

There were overall significant differences in all the parameters among the 

three different treatment groups. A Fisher's PLSD test showed that there 
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were significant differences in Pend and AG+J between the control and 5-

minute treatment groups, and between the 5-minute and 15-minute 

treatment groups, while the differences between the control and 15-minute 

treatment groups were not significant. This result suggests that both Pend 

and AG+J increased initially during histamine treatment but then escaped 

to a level that was indistinguishable from their control levels. The result 

for P G' however, was slightly different. It also escaped from its initial 

elevation, but to a level still significantly different from its control value. 

In Figure 2.13, Pend is plotted directly against (a) E.G' and (b) AG+J' 

There is an apparent linear association between E.end and P G' and between 

Pend and A G+J , which illustrates the following point. If the gaps do not 

close after their initial formation, one would expect to see the data points for 

the 15-minute treatment group directly beneath the data points for the 5-

minute treatment group. The fact that the actual measured data points for 

group 3 appear "in the path" of those for groups 1 and 2 strongly suggests 

that endothelial gaps tend to disappear after their initial formation. This 

two-phase phenomenon of endothelial gaps could account for the two-phase 

response of venular permeability to histamine treatment. 



82 

Table 2.3 Permeability values and morphological parameters from same 
individual venules 

Vessel Group P cntrl Poeak Pend L.jcmlcm2
) d.a (%) da+l (%) fo(%) 

4/11-v3 1 1.53 1.53 1194.45 0.00 0.12 0.0 

5/3-v3 1 1.54 1.54 1254.63 0.06 0.19 1.8 

5n-vl 1 2.14 2.14 1267.36 0.003 0.13 0.6 

5n-v3 1 2.46 2.46 1595.36 0.69 0.85 6.0 

5/8-vl 1 0.63 0.63 2340.52 0.01 0.24 0.7 

5/1O-vl 2 2.31 38.54 (3) 35.09 1503.94 2.00 2.15 31.3 

5/13A-vl 2 2.15 11.84 (5) 11.84 1759.44 5.93 6.1 35.0 

5/4-vl 2 1.58 14.56 (4) 14.56 1350.96 1.04 1.1 18.8 

5/17A-vl 2 4.34 12.01(5) 12.01 1408.17 1.59 1.73 9.6 

6/21-vl 2 1.4 9.81(4) 6.97 1428.96 0.14 0.28 7.4 

4/8-vl 3 2.85 10.61 (2) 1.91 1985.37 0.50 0.7 13.7 

4/11-vl 3 3.4 19.51 (5) 9.48 1389.45 1.73 1.87 22.8 

4/12-vl 3 1.24 10.14 (3) 2.03 1913.99 0.08 0.27 2.3 

5/2-vl 3 3.06 21.95 (6) 4.08 1423.14 0.42 0.57 7.4 

5/3-v2 3 0.89 6.41 (5) 0.70 1925.76 0.22 0.41 4.5 

5/3-v4 3 10.41 26.55 (4) 15.78 1305.63 1.61 1.74 18.9 

All penneability values have the unit of 10-6 em/sec. P control is averaged from several 

measurements taken before histamine treatment began. The numbers in parentheses in the 

P peak column refers to the time in minutes at which the measurement was taken in the 

histamine treatment period, relative to the onset of histamine application. P end is the 
measurement of penneability taken at the end of the treatment period. L.J, d.a ' d.a+J ' and 

fa are averaged from values taken at 5 locations in each vessel. 
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Figure 2.12: Average permeability and gap morphology of three groups of single vessels. 
(a) The averaged permeability measured before fixation ~end. (b) The averaged percentage 

of gaps among all junctions ~G' (c) The averaged fractional area occupied by gaps and 

junctions ~G+J' There was an overall significant difference in all three quantities 

(p=0.018, 0.001, and 0.0018, respectively). All three parameters showed a similar 
pattern. *: significantly differentfrom each other by Fisher's PLSD test. 
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Figure 2.13: The averaged permeability measured before fixation f:endplotted against (a) 

the average percentage of gaps among all junctions f:G' and (b) the averagejractional area 

occupied by gaps andjunctions AG+J' The filled symbols represent the data points, and 

the open symbols are the hypothetical points for the 1S-minute treatment group if the 

endothelial gaps did not close. 



85 

Discussion 

In this study, we investigated, in the rat mesentery, the relationship 

between the permeability-escape phenomenon and the development of 

venular endothelial gaps in venules during histamine treatment. The 

results of our experiments support the hypothesis that the permeability

escape phenomenon is due to the reclosure of endothelial junctional gaps. 

In the following section, we will first evaluate the methods, the 

assumptions and the results generated from the three series of 

experiments, and then discuss why these results are supportive of the 

hypothesis. 

Permeability Measurement from Single Venules 

In this experiment, we measured the time course of changes in the 

apparent permeability coefficient, P, of rat mesenteric venules to (X-

lactalbumin during histamine application. We found that P was initially 

increased by histamine but then declined toward its control level. The time 

when P reached its peak. was usually within the first 5 minutes. 

To obtain the above measurements, we used a simplified method of in 

vivo fluorescence microscopy for individual microvessels, developed 

originally by Huxley et al (1987). This method was chosen because it 

enabled us to detect very rapid changes in vascular permeability such as 

during histamine application. Another approach that has been widely 

used in studying microvascular permeability employs systemic injection of 

fluorescently labelled macromolecules and observation of the entire 

microvascular network (Fox et al, 1980). This technique has been extended 
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to include quantitative measurement of tissue fluorescent light intensity 

together with mathematical modeling for determination of vessel 

permeability (Gerlowski & Jain, 1986). This approach has two advantages 

over the single vessel technique. Firstly, it is technically simpler, and it 

permits simultaneous measurement of permeability in several vessels 

However, it does not allow repeated permeability measurements and thus is 

unable to yield information concerning the temporal changes in 

permeability. 

Our specific method of measuring single vessel permeability involves 

cannulating only one branch of a bifurcation, while in the original method 

of Huxley et al (1987), two branches of the bifurcation are cannulated with 

two pipets, one containing the fluorescently labelled test molecules, and the 

other a wash-out solution. The major advantage of the original preparation 

is that it provides precise control of the perfusion pressure during each 

permeability measurement, which is important for the following reason. 

The permeability P measured as described in Materials and Method is 

defined as the ratio of solute flux per luminal surface area to the 

transluminal solute concentration difference. The solute flux across the 

vascular wall for a certain solute concentration difference is, in fact, 

determined by both the concentration gradient (true diffusion) and the 

magnitude of water flux across the luminal wall (convection); the latter 

being directly related to the hydrostatic pressure inside the vessel lumen 

(Curry, 1984). Therefore each P measurement is dependent on the 

perfusion pressure during that measurement. This dependency is 

described by an equation relating P to two parameters, one characterizing 



the diffusive component of the transport process, and the other the 

convective component, which is linearly related to the intraluminal 

pressure (Curry, 1984; Huxley et aI, 1987). If different P measurements are 

taken with different but known perfusion pressures, the two parameters 

can be calculated by fitting the equation to the pressure values and 

measured P values. Thus precise control of intraluminal pressure during 

P measurements allows differentiation of the convective component from 

the diffusive component in the measured P value of the vessel. However, 

this is only achievable by multiple (minimally two) measurements taken at 

different times. Since our aim was to detect rapid changes in P, multiple 

measurements at different times with different pressures would not allow 

us to judge if any changes in P were attributable to changes in perfusion 

pressure or in the characteristics of the vascular wall. Therefore, in our 

experiments, we adopted the procedure of maintaining the hydrostatic 

pressure inside the vessel lumen constant at a level comparable to that 

normally experienced by the vessel for all measurements. This approach 

only required cannulation of one branch, which increased the experimental 

success rate. Although our measured P values did not reflect the true 

diffusive permeability, they were, nonetheless, a measure of the capacity of 

the vascular wall to allow blood-borne solutes to move into interstitium at a 

close to normal pressure. 

It is very unlikely that the decrease in permeability that we detected 

after its initial peak was due to experimental error. It is assumed in 

deriving the formula calculating P that the interstitial concentration of the 

test molecule before each measurement is zero (Huxley et aI, 1987). Thus 
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one concern is that after the initial increase in P caused by histamine, the 

test molecules accumulate within the interstitium. In our study, the 

experimental procedure was designed to minimize the accumulation of test 

molecules in interstitium (see Materials and Method). We found that there 

was detectable accumulation of test molecules, manifested by an upshift in 

baseline light intensity 10 , only when the measured P was high (>15x10-6 

cm/sec). The worst case recorded was about 15% increase in 1
0

, which is 

translated into maximally a 2% underestimation of the real P by the 

measured P (see APPENDIX·B for detailed error analysis). However, even 

correcting all measured P values for each vessel after P peak for this 

maximum error still does not abolish the post·peak reduction of P. Thus it 

is very unlikely that the detected permeability-escape phenomenon was due 

to experimental error. 

It is interesting to compare our measurements of rat mesenteric 

venular permeability with similar measurements reported by other 

investigators. The control P values in our preparations ranged from 0.89 to 

10.41 x 10.6 cm/sec with a mean of 3.06 x 10-6 cm/sec. The P values for the 

same protein in frog capillaries were found to range from 0.47 to 7.63 x 10.6 

cm/sec with a mean of 2.64 x 10-6 cm/sec (Adamson et aI, 1988). The two 

groups of data have comparable mean values as well as ranges of variation. 

The magnitude of the increase in P that we measured during histamine 

application (Ppeak / PcontroZ) ranged from 1.3 to 12.6 with a mean of 5.2. The 

peak permeability occurred between 1 and 6 minutes with a mean of 3.6 

minutes after the onset of histamine application. There are no equivalent 

data available in the literature on P values for rat mesenteric venules 
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during histamine treatment. Curry & Joyner (1988) demonstrated the time 

course of permeability to albumin of a hamster cheek pouch venule during 

10-4M histamine superfusion. For that particular venule, the P value to 

albumin increased from about 1.0 x 10-6 cm/sec (PcontroZ) to 5.0 x 10-6 cm/sec 

(P peak) at 3 minutes during histamine superfusion, with a 5 fold increase. 

Baxter et al (1987), using mathematical modeling in conjunction with 

"whole prep" data from hamster cheek pouch venules, found that the 

average permeability to dextran (70,000 M.W.) increased about 6 fold during 

histamine treatment. All these results are in good agreement with our 

findings in the rat mesentery. We thus believe that the permeability-escape 

phenomenon, shared by venules of a number of tissues, has common 

qualitative features. 

Temporal Development of Venular Endothelial Gaps 

In this stage of our study, we investigated the temporal development 

of venular endothelial gaps during histamine treatment. We found that the 

percentage of gaps among all intercellular junctions as well as the 

percentage of vessel cross-section demonstrating gaps developed in a two

phase pattern: an initial increase, peaking at 3 minutes, and a subsequent 

decrease. 

Many investigators have conducted electron microscopic studies on 

the ultrastructure of venular endothelial junctions of tissues treated with 

inflammatory mediators and reported the presence of endothelial gaps, yet 

few have studied the temporal development of these gaps. Majno & Palade, 

in their classical study in 1961, did obtain ultrastructural information from 
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rat cremaster muscles treated with histamine for several time periods 

between 1 minute and 12 minutes. However, they only stated that they did 

not detect any differences in the gaps formed after different time periods 

without specifying if the differences pertained to morphology or frequency of 

occurrence. We observed no significant differences in the ultrastructural 

details and only slight changes in the dimensions of the gaps with time. 

We did, however, observe great changes in the numbers of gaps and cross

sections which contained at least one gap, at different times after histamine 

application, as illustrated in Figure 2.9. Based on these observations, we 

conclude that, during histamine treatment, the number of endothelial gaps 

increased initially but then decreased toward the control level. This result 

is consistent with the hypothesis that endothelial gaps are formed initially 

during histamine treatment but then disappear. 

Since the measurements of the above parameters at different time 

points were taken from different rats, an inherent assumption is that the 

mesenteric vessels of all rats respond to histamine treatment in the same 

way. Due to the nature of electron microscopic studies, observations can be 

made only once on anyone piece of tissue. This problem was addressed to a 

certain extent by the third series of experiments as discussed below. 

Permeability and Endothelial Gap Morphology from the Same Individual 

Venules 

We conducted the third series of experiments to obtain both 

permeability and morphological information from the same individual 

venules. The results of these experiments indicate that the permeability 
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and the formation of endothelial gaps showed a similar temporal pattern of 

development. 

Several investigators have combined intravital microscopy with 

electron microscopy (EM) to study particular individual postcapillary 

venules affected by inflammatory mediators (Hulstrom & Svensjo, 1979; Fox 

et al, 1980). In these studies, however, changes in permeability were not 

measured but only judged by visual inspection of extravasation of 

fluorescent macromolecules. We performed quantitative measurements at 

both the intravital microscopic level and the EM level, at precisely defined 

times during histamine treatment. Thus we were able to study the 

association of permeability of each venule with its ultrastructure. 

We assumed that the morphological features of each vessel did not 

change between taking the last permeability measurement and fixing the 

preparation. The fixation of each vessel was carried out immediately after 

the last P measurement. However, some time delay, typically 10 to 20 

seconds, was inevitable. Furthermore, some time must have elapsed from 

the moment when the fixative was poured onto the tissue until all parts of 

the tissue were fixed. Our experience was that it took 15 to 30 seconds for 

total blood cessation in the mesentery to occur, which may be used as a sign 

of total fixation. Therefore between the last P measurement and total 

fixation, there may have been half to one minute of time delay. This should 

be of little concern, since rapid P changes under control conditions or at the 

end of the 15-minute histamine treatment were never observed. In the 

fifteen vessels from which the time course of permeability change was 

recorded, only one vessel showed a rapid drop in P from peak to control (i.e. 
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within less than two minutes). We thus believe it very unlikely that, during 

the time (maximum one minute) between the iast P measurement and total 

fixation, the permeability of the vessel could change much. Therefore, it is 

safe to state that the ultrastructural information for each vessel is 

associated with the measured P before fixation. 

Two technical details in our quantitative measurements of gap 

morphology deserve some comments. Firstly, during fixation of each 

vessel, as the fixative was being poured on, the pressure in the pipet was 

adjusted so that the interface between perfusate and blood stayed aligned 

with the distal side of the measuring window. This was an essential step 

for precisely identifying the segment of the vessel from which P was 

measured. This step was important because we observed that there was 

substantial variation in P along the vessel, presumably due to variation in 

the ultrastructure of the intercellular junctions. Secondly, for each vessel 

segment, the data for gap morphology were taken from 5 sections at each 

location and 5 different locations 20J.l.m apart. This protocol, though time

consuming, was necessary to improve the precision in estimating the 

fractional area occupied by gaps A G• We found that there was substantial 

variation in AG among the 5 locations along the vessel as well as at each 

location. For example, the mean AG for vessel 5/3/90-v4 was 1.61(%), 

obtained by averaging 2.59, 1.18,0.65,2.61, and 1.01, the five Ads estimated 

for the five locations. The variation of AG with location illustrates the 

importance of taking data from as many locations as possible. Likewise, 

since the typical gap size is around 500nm, while the thickness of one thin 

section is about 50nm, AG at each individual location, if calculated from 



data of only one thin section, would be overestimated if the thin section 

happened to include the wide part of the gap or underestimated if the 

section missed the gap or included only the narrow part of the gap. 

In calculating the percentage of gaps among all junctions, an 

assumption was made that all gaps (defined as a discontinuity wider than 

100nm in the endothelial lining of a vessel cross-section) originated from 

endothelial intercellular junctions. The original idea that gaps formed 

from junctions was put forward by Majno & Palade (1961). This idea is 

supported by Fox et al (1980) who showed micrographs of serial sections 

which demonstrated a normal junction evolving into a gap and returning to 

a normal junction again. However, there are some doubts as to whether all 

gaps form from junctions. Hammersen & Hammersen (1987) suggested 

that gaps with certain appearances (such as with smoothly contoured 

edges, which we observed regularly) are really trans cellular holes. Our 

study, although not designed to address the controversy, provided some 

information in support of the "junctional gap" concept. Listed in Table 2.3 

is, among other parameters, the length of endothelial junctions per unit 

area of vessel luminal surface, L,Icmlcm2). This parameter is proportional 

to the ratio of the total number of junctions to the vessel cross-section 

perimeter (Bundgaard and Fr0kjaer-Jensen, 1982). In calculating L J , we 

included the number of gaps in the total number of junctions under the 

assumption that gaps originated from junctions. L J should stay fairly 

constant between different vessels. However, if the majority of gaps did not 

originate from endothelial junctions, one would expect to find L J higher in 

vessels treated with histamine for 5 minutes, in which gaps were found 



most abundant, than in other vessels. An analysis of variance of L J from 

the three groups of vessels listed in Table 2.3 indicates no significant overall 

difference in LJ among these groups (p=0.48). Therefore, we believe that the 

assumption that gaps originated from junctions is justified. 

Besides measuring the percentage of gaps among all junctions (P G)' 

we used a simple stereological method to estimate the area occupied by the 

gaps and junctions per unit area of vascular luminal surface (AG+J) (see 

APPENDIX-A for detail). The original rationale was that both gaps (if they 

exist) and junctions form the pathways for solute transport across vascular 

wall, and the area available for diffusion and convection should be more 

relevant to permeability than the frequency of encountering gaps. Thus we 

had expected to see a better correlation between Pend and do+J for individual 

vessels than between Pend and E.o. However, the correlation between Pend 

and .da+J (r=0.49) is poorer than that between Pend and E<; (r=O.78). We then 

examined our thin sections again and observed that pericytes were located 

beneath some, but not all, of the endothelial gaps. For instance, the two 

gaps shown in Figure 2.8(a) do not appear to be covered by pericytes and 

there is an apparent patent pathway at each gap for luminal solutes to 

move into the interstitium. The gap shown in Figure 2.8(b), however, is 

completely covered by a pericyte. The presence of pericytes would be 

expected to hinder macromolecular movement through the gaps and into 

the interstitium. Therefore we speculate that the low correlation between 

Pend and do+J might be attributable to the variation in the degree of pericyte 

coverage. 
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When we compared morphological measurements among the three 

groups of vessels, we made an implicit assumption that vessels of all three 

groups were from the same population. This assumption can not be tested 

directly. However, we were able to demonstrate that there was no 

significant difference in P control among the three groups of vessels nor in the 

P peak between vessels of groups 2 and 3. In other words, these three groups 

of vessels were not different from each other at least in this transport 

property. This result suggested that the three groups of vessels were from 

the same population and would have yielded the same ultrastructural 

results if they had been treated equally. On this basis, we compared directly 

the gap parameters between different treatment groups as if these 

parameters were from same group of vessels. 

The result of this direct comparison confirmed the conclusion we had 

drawn earlier that the number of endothelial gaps was initially increased 

by histamine but then declined toward control even in the presence of 

histamine. The fractional area occupied by gaps and junctions also 

displayed the same two-phase pattern. Furthermore, the temporal pattern 

shown by both gap parameters was mirrored by changes in permeability, 

suggesting that the reclosure of endothelial gaps could lead to permeability 

escape. 

Why Do the Experimental Results Support our Hypothesis 

We have demonstrated that, in the rat mesentery, the permeability of 

post-capillary venules was increased initially by histamine and then 

decreased toward control in the presence of histamine. The peak response 



time was generally within the first 5 minutes of histamine treatment. The 

number of endothelial gaps in the same type of vessels was also found to 

follow a developmental pattern similar to that of permeability. Together, 

these two lines of evidence conform to our hypothesis that the permeability

escape phenomenon is due to the disappearance of endothelial gaps. In 

addition, a direct comparison between the extent of gap formation and the 

permeability obtained from the same individual vessels further confirms 

the close association between permeability and gap formation and thus 

lends more support to our hypothesis. 

Although the results of our experiments lead us to believe it is the 

reclosure of gaps that leads to permeability escape, we cannot exclude the 

involvement of other factors in reducing the permeability after its initial 

increase. For example, Hulstrom & Svensjo (1979) reported that, in venules 

of hamster cheek pouch treated with bradykinin, some of the endothelial 

gaps were plugged by platelets and speculated their possible role in 

regulating permeability. We also observed platelets gathering near some of 

the gaps but not often actually plugging them. For example, platelets are 

found near the gap (**) in Figure 2.8(a) and the gap (#) in Figure 2.8(b) but 

not around the gap (*) in Figure 2.8(a). In the third series of experiments, 

we found altogether 15, 150 and 124 gaps from vessels of groups 1, 2 and 3, 

respectively. Among them, there were 0, 27, and 32 gaps containing, or 

partially covered by, platelets. Thus it appears that treating the vessels with 

histamine promoted platelets to accumulate near some of the gaps. 

However, a X2 test yielded no significant difference between 27/150 (group 2) 

and 32/124 (group 3) (p>0.05), which argues against an important role of 



platelets in the permeability-escape phenomenon. Furthermore, Curry & 

Joyner (1988) already demonstrated the permeability-escape phenomenon 

in artificially perfused venules, in which no platelets were present. On this 

basis, we believe platelet plugging cannot play a major role in lowering 

permeability. 

Clough et al (1988) suggested that, during inflammatory reactions, 

the endothelial gaps could be plugged by materials, presumably some kind 

of glycoproteins, secreted by endothelial cells. This mechanism might also 

contribute to the permeability-escape phenomenon. Our study was not 

designed to address this possibility, and the result of our study can certainly 

not rule it out. However, it is unlikely that this mechanism can solely 

account for the escape of permeability, because we did observe the decline in 

the number of endothelial gaps after their initial formation and, more 

importantly, the similarity between the temporal pattern of permeability 

changes and that of gap development. 

In summary, our study supports the hypothesis that the transient 

permeability increase during histamine treatment is due to the transient 

opening of endothelial gaps. The fact that the permeability response to 

continuous histamine stimulation is transient may suggest a self-defense 

mechanism that endothelial cells possess to counteract the destructive 

effect of histamine. Identifying this mechanism would help us gain new 

insights into the biology of endothelial cells. 



CHAPrER3 

CHEMICAL SIGNAL(S) INITIATING THE PERMEABILITY ESCAPE 

~ 

Introduction 

Histamine and other inflammatory mediators have been known for 

many years to cause tremendous increases in permeability of postcapillary 

venules (Grega et aI, 1988). This increase in permeability results from the 

formation of endothelial gaps in these vessels by histamine (Majno & 

Palade,1961). Several components of the series of events that are believed to 

link the initial binding of histamine to endothelial receptors with the final 

formation of gaps have been identified (Figure 3.1(a)): (i)histamine binds to 

H1 receptors, (ii) H1 receptors activate the inositol phosphate second 

messenger system, and (iii) the intracellular calcium concentration is 

increased (Carson et aI, 1989; Rotrosen & Gallin, 1986). These events may 

in the end lead to endothelial contraction, a mechanism which has been 

hypothesized to be responsible for the gap formation (Majno et aI, 1969; Joris 

et aI, 1972). 

Recently, several investigators have shown that this increase in 

permeability is a transient event, that is, the initially elevated permeability 

escapes toward its control value even in the presence of histamine (Curry & 

Joyner, 1988; Horan et aI, 1986). Horan et al (1986) speculated that this 

permeability-escape phenomenon may involve "negative feedback 

inhibition, which results in a reversible modulation of the dimension of 

junctional gaps". The data presented in Chapter 2 suggest that there is 



indeed a reversible modulation of the dimension of junctional gaps. 

However, the nature of the negative feedback inhibition remains to be 

identified. 

A number of substances termed "endothelial cell stabilizers" have 

been discovered which can inhibit permeability increases induced by 

inflammatory mediators (Grega et al ,1988). The common feature of all 

these substances is that they activate adenyl ate cyclase in their target cells, 

which, in turn, increases the level of cAMP, another second messenger 

system involved in a large variety of cellular functions. Furthermore, it 

has been shown that increasing cAMP level directly in endothelial cells can 

decrease the permeability of endothelial monolayers to albumin (Stelzner et 

aI, 1989) and to prevent the histamine-induced increase in permeability to 

albumin (Carson et aI, 1989). Therefore, it could be hypothesized that any 

chemical ligand that can increase the intracellular cAMP level of 

endothelial cells would enhance the endothelial barrier function and 

prevent the permeability increase by inflammatory mediators. Based on 

this thinking, we reasoned that if an increase in the cAMP level of 

endothelial cells occurred as a result of histamine stimulation, it might 

bring the permeability, initially elevated by histamine, back towards its 

control level. 

There are several possible pathways by which endothelial cAMP 

could be elevated as a result of histamine stimulation (see the diagrams in 

Figure 3.1). The first possibility may involve histamine's binding to one of 

the two subtypes of histamine receptors, namely H2 receptors, which have 

been found on endothelial cells (Heltianu et aI, 1982; Nakamura et aI, 1988). 
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The effect of histamine binding to H2 receptors on endothelial cells has not 

been studied. However, in all the cell types in which this effect has been 

studied so far, it has been shown to stimulate adenylate cyclase and thus to 

increase intracellular cAMP level (Beaven, 1978; Garrison, 1990). 

Therefore, if H2 receptors on endothelial cells were also linked to adenyl ate 

cyclase, histamine could conceivably cause an elevation of cAMP in 

endothelial cells. Another possible way of increasing cAMP by histamine is 

through the production of prostacyclin (PGI2). PGI2 has been shown to 

increase the cAMP level of cultured endothelial cells (Dembinska-Kiec et ai, 

1980; Mizuno-Yagyu et ai, 1987) and to act as an "endothelial stabilizer", 

presumably by increasing cAMP level (MUller et ai, 1987; Mizuno-Yagyu et 

ai, 1987). Furthermore, PGI2 is mainly produced by endothelial cells, and 

its production is stimulated by histamine both in vitro (McIntyre et ai, 1985; 

Resink et ai, 1987) and in vivo (Juan & Sametz, 1980). Thus it is equally 

conceivable that endothelial cAMP level could be increased by an increased 

synthesis of PGI2 secondary to histamine stimulation. 

We carried out two series of experiments to determine whether the 

permeability-escape phenomenon involves either of the above two 

possibilities. The basic strategy was to block the binding of histamine to H2 

receptors and to block the synthesis of PGI2 by endothelial cells, 

respectively, and to examine if each blocking action would abolish or at 

least suppress the escape of permeability from its initial elevated level. Our 

investigation indicated that the binding of histamine to H2 receptors did not 

seem to be involved, but PGI2 synthesis was at least partially involved in the 

permeability-escape phenomenon. 
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Figure 3.1: Diagrams illustrating the intracellular processes involved in permeability 

regulation. The dashed arrows indicate that the intermittent steps have not been identified. 

(a) The intracellular mechanisms by which histamine increases permeability and 

"endothelial stabilizers" prevent histamine-induced permeability increase. (b) The possible 

pathway by which H2 receptors might be involved in permeability escape. (c) The possible 

pathway by which prostacyclin (PGI2) might be involved in permeability escape. The 

circled steps are the ones intervened in the experiments. 
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Materials and Method 

General 

The animal preparation was rat mesentery, and the basic technique 

for monitoring temporal development of venular permeability was 

fluorescence microscopy on single vessels, both of which have been 

described in Chapter 2. The protocol for obtaining the time course of the 

histamine-induced permeability change for a single venule in the presence 

of a specific blocker consisted of three sequential components: (1) control 

condition (superfusion with HEPES buffered salt solution, HBSS) for 5 to 10 

minutes; (2) blocker treatment (superfusion with HBSS containing the 

blocker) for 10 minutes; (3) histamine treatment in the presence of the 

blocker (superfusion with HBSS containing both the blocker and 10·3M 

histamine) for 15 minutes. 

Specific Blockers 

Cimetidine, a specific antagonist for H2 histamine receptors 

(Garrison, 1990), and tranylcypromine, a specific inhibitor of PGI2 

synthetase (Gryglewsky et aI, 1976), were used to block histamine binding to 

H2 receptors and PGI2 production by endothelial cells, respectively. Both 

drugs were purchased from SIGMA. The concentration of cimetidine was 

10·3M for seven vessels and 10·2M for 6 vessels. Tranylcypromine (M.W. 

133) was used at a concentration of 0.5mg/ml, which was found to cause 

100% inhibition of PGI2 synthetase (Gryglewsky et aI, 1976; Weksler et aI, 

1977). All solutions were prepared freshly before each experiment. 
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Data Analysis 

The data analysis was designed to examine whether the permeability 

escape phenomenon was suppressed or even abolished in the vessels 

treated with histamine in the presence of the respective blockers. To do 

this, a simple parameter, i.e. Escape Index, was first calculated for each 

venule to characterize its escape behavior. The definition of this parameter 

is schematically shown in Figure 3.2. A normalized permeability curve 

was obtained for each vessel by assigning zero to the control value and 100 to 

the maximum permeability value during the first 5 minutes of histamine 

treatment. The time of 5 minutes was chosen because with histamine 

treatment alone, the permeability response of almost all vessels peaked 

within the first 5 minutes (see the result section in Chapter 2). The Escape 

Index (El) was defined as the difference between the maximum normalized 

permeability value (100 by definition) within the first 5 minutes and the 

normalized permeability at the end of the histamine treatment period. This 

index represents the percentage of the initial permeability increase (within 

the first 5 minutes) that has disappeared or "escaped" at the end of the 15-

minute histamine application. If the permeability of a vessel escapes after 

an initial increase, the EI for this vessel will be positive. If the permeability 

of a vessel increases continuously, its EI will be negative. The Ers were 

grouped for the vessels subjected to the same treatment. Mann-Whitney U 

Test was performed to test the significance of difference in EI between the 

histamine alone group and the group treated with histamine in the 

presence of each of the two blockers. 
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Figure 3.2: Diagram illustrating the definition of Escape Index (EI). The normalized 

permeability curve for each vessel is obtained by transforming each permeability value 
according to the following formula: P* = (P-Pcontrol)/(P peak-Pcontrol) -100, where P* is the 

normalized permeability, P is the actual measlUed permeability during histamine treatment, 
P control is the mean control permeability, and P peak is the maximwn permeability in the first 

5 minutes of histamine treatment. (a) When permeability escape OCClUS, EI is positive. (b) 

When permeability continuously increases, EI is negative. 
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Tests were also conducted to determine whether treating the vessels 

with the specific blocker alone would change the permeability. Two way 

analysis of variance was performed on the permeability values for all 

vessels under control conditions and with the blocker-alone. A difference 

was regarded significant if p<O.05 for all statistical tests. 

Results 

Two series of experiments were carried out to examine the extent to 

which the H2 receptor antagonist, cimetidine, or prostacyclin synthetase 

inhibitor, tranylcypromine, could suppress or abolish the permeability

escape phenomenon. We first present the data from histamine-alone 

group, which were obtained in the studies of Chapter 2 but are further 

analyzed here, then the data from the two series of experiments to 

determine if suppression or abolishment of permeability escape indeed 

occurred as a result of the action of each individual inhibitor. In each case, 

the parameter characterizing the escape phenomenon, i.e. the Escape 

Index (EI), was compared with that obtained from the vessels treated with 

histamine alone. 

Characterization of Permeability-Escape Phenomenon In Vessels Treated 

with Histamine Alone 

A complete time course of histamine-induced changes in the 

apparent permeability coefficient (P) to ex-lactalbumin was obtained from 15 

venules. Figure 3.3 is a representative time course curve from one single 

venule (3/15/90-v1). The time course is composed of a steady state of P under 
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control conditions, a rapid increase in P immediately after the start of 

histamine superfusion, and then a slow decline in P towards the control 

level. For this venule, the mean of P value under control conditions was 

1.78 ± 0.17 x 10-6 cm/sec, the peak value of P during histamine application 

was 14.08 x 10-6 cm/sec at the fourth minute, and the P value at the 

fourteenth minute was 4.94 x 10-6 cm/sec. 
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Figure 3.3: A typical time course of permeability change by histamine of a single venule 

(3115190-vl). The permeability coefficient increased rapidly from its control level 

immediately after the onset of histamine treatment, but then declined toward its control level 

in the presence of histamine superjusion. 

The two-phase pattern in the permeability response to histamine of 

the above example was shared by all 15 venules in this group. In fact, an 

averaged time course curve of permeability change by histamine obtained 

by pooling all 15 vessels together, shown in Figure 3.4, exhibits a similar 
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two-phase pattern, i.e. an initial rise and a subsequent decline. However, 

there was among these vessels substantial variation in the control 

permeability and the peak permeability. Figure 3.5 depicts this variation by 

plotting together the control permeability, the peak permeability and the 

last permeability measured in the 15 minute histamine treatment period of 

each individual venule. As can be seen from this figure, control 

permeabilities of these 15 vessels span one order of magnitude, and peak 

permeabilities span a 20 fold range. There is no apparent association 

between the level of control permeability and the magnitude of peak 

response. Nonetheless, despite the variation, permeability escape was 

present in every vessel examined, and it is this important feature that 

Escape Index (EI) was designed to extract. 
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Figure 3.4: Averaged time course curve of histamine-induced permeability change from 15 

vessels. The averaged control value is placed at 0 min. On histamine application, the 

averaged permeability shows an initial rise from control level and then a subsequent decline 

toward control in the remainder of histamine treatment. The dashed line is the control 

permeability level. Error bars represent SEM. 
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Figure 3.5: Control, peak and last permeability values of each of the 15 venules. 

Control permeabilities are placed at 0 minute. All except one vessel showed peak 

permeability at or before the 5th minute. All vessels showed the permeability-escape 

phenomenon. 
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Table 3.1 lists calculated EI for each of the 15 vessels. The mean 

value of this parameter was 88.8±5.2, which means that, on the average, 

88.8% of the initial permeability increase of these vessels induced by 

histamine had disappeared at 15 minutes. Some of the EI's were higher 

than 100% because the last permeability measured during histamine 

treatment period was lower than the mean control value. 
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Table 3.1: List of Escape Index of the 15 vessels which were treated with 
histamine alone 

Vessel#: EI(%) Vessel#: EI(%) 

3/13/vssll 93.0 4/8/vssll 112.0 

3/13/vss12 79.0 4/ll/vssll 62.0 

3/13/vss13 108.0 4/l2/vssll 91.0 

3/15/vssll 74.0 5/2/vssl1 95.0 

3/15/vss12 67.0 5/3/vss12 104.0 

3/15/vss13 59.0 5/3/vss14 67.0 

3/18/vss12 94.0 5/13B/vssl1 101.0 

3/18/vss13 126.0 

The Effect of H2 Receptor Antagonist Cimetidine on Permeability Change 

Induced by Histamine 

The protocol for this series of experiments was as follows: (1) control 

period (5 to 10 minutes), (2) cimetidine-alone period (10 minutes) and (3) 

histamine and cimetidine period (15 minutes). The cimetidine 

concentration was 10-3M for seven venules and 10-2M for six venules. No 

difference was detected between the two groups of vessels treated with two 

different concentrations of cimetidine, so their results were pooled. 

The measured permeability values from both control and cimetidiIw

alone periods were used in a two-way analysis of variance to test whether 

treatment of vessels with cimetidine alone would change their 

permeability. The test indicated that while there was tremendous variation 

in permeability among vessels (p<0.0005), there was no significant 
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difference in permeability between the two treatments (control vs. 

cimetidine) (p==0.425). Based on this result, we believe that cimetidine alone 

does not alter venular permeability. 
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Figure 3.6: A representative time course of the permeability change induced by histamine 

in a single venule (7/12/90-v2) in the presence of cimetidine. The permeability coefficient 

was not appreciably altered by cimetidine application. After the onset of histamine 

treatment, permeability initially increased, then declined towards its control level. 

The complete protocol, consisting of three steps, was performed on 

thirteen vessels. Figure 3.6 shows a representative time course of 

permeability change of a single venule (7112/90-v2). The vessel was 

subjected to superfusion with HBSS, HBSS with cimetidine, and HBSS with 

cimetidine and histamine. There was no appreciable change in 

permeability on cimetidine application. After histamine was applied, the 
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permeability initially increased and subsequently decreased towards the 

control level. This response was similar to that of the vessels treated with 

histamine alone (see last section). The average time course of the 

permeability change which occurred in these vessels is demonstrated in 

Figure 3.7. It shows a temporal pattern similar to that of the histamine

alone group (Figure 3.4), suggesting that permeability escape still occurred 

in these thirteen vessels. 
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Figure 3.7: Time course of the permeability change induced by histamine in the presence 

of cimetidine averagedfrom 13 vessels. The average permeability under control conditions 

or with cimetidine alone are represented by Il and 0, respectively. There was no 

significant difference between these values. After histamine application, the average 

permeability initially increased and subsequently declined towards the control level. The 

dashed line is the control permeability level. Error bars represent SEM. 
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Table 3.2: List of Escape Index of the 13 vessels which were treated with 
h' t . the f' t'd' 1,S am1,ne 1,n presence 0 C1,me 1, 1,ne 

Vessel #: EI(%) Vessel #: EI(%) 

7/4/vssll 107.7 7/18/vssll 106.3 

7/4/vss12 -175.0 7/18/vss12 72.6 

7/9/vssll 44.4 7/18vss13 96.8 

7/12/vssll 43.5 7/20/vssll 69.5 

7/12/vss12 90.5 7/20/vss12 48.2 

7/15/vss12 96.8 7/20/vss13 90.9 

7/15/vss13 130.5 

The seven vessels listed in the left column were treated with 1O-3M cimetidine, 

and the six vessels listed in the right column were treated with 1O-2M cimetidine. 

To test quantitatively whether the permeability-escape phenomenon 

was suppressed by cimetidine, the parameter El was calculated for each of 

the thirteen vessels. These values are listed in Table 3.2. Note that only one 

vessel (7/4//vssI2) showed a negative El, i.e. total absence of the escape 

phenomenon. A comparison of the El's of this group of vessels with their 

counterparts in the histamine-alone group by the Mann-Whitney U test 

indicated no significant differences between the two groups (p=0.20 for El's; 

excluding venule 7/4/vss12 makes p=0.30). Based on this statistical 

analysis, we conclude that the response of vessels treated with histamine in 

, the presence of cimetidine was not significantly different from that of 

vessels treated with histamine alone regarding the ability to recover from 

the initial high permeability state. 
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The Effect of Prostacyclin Synthetase Inhibitor Tranylcypromine on 

Permeability Change Induced by Histamine 

The originally designed protocol for these experiments was as 

follows: (1) control period (5 to 10 minutes), (2) tranylcypromine-alone 

(0.5mg/ml) period (10 minutes), and (3) tranylcypromine (O.5mg/ml) and 

histamine (l0-3M) period (15 minutes). However, in actual execution of this 

protocol, it was often difficult to maintain step (2) for as long as 10 minutes. 

Frequently, one or two minutes after the onset of tranylcypromine 

application, blood flow in the mesenteric vasculature was decreased and 

platelet aggregation was increased, particularly in branch 2 of the 

bifurcation, the branch which was repeatedly occluded. A decrease in blood 

flow and an increase in platelet aggregation greatly increased the chance of 

this branch being clogged by the aggregated platelets. Therefore it was 

often necessary to start the third step (histamine superfusion) sooner than 

10 minutes after the onset of the second step: Once histamine was applied, 

blood flow would increase so that the chance of branch 2 being clogged 

would be greatly reduced. 

Permeability measurements were obtained from 6 venules during 

both the control period and the tranylcypromine-alone period. These data 

were used in a two-way analysis of variance to determine whether treating 

vessels with tranylcypromine alone would change permeability. This test 

indicated that while there was significant variation in permeability among 

vessels (p=0.041), there was no significant difference in permeability 

between the two treatments (control vs. tranylcypromine) (p=0.849). Based 
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on this result, we believe that tranylcypromine alone does not change the 

venular permeability. 

The complete protocol was accomplished on eleven vessels (some of 

which had step (2) of the protocol shorter than 10 minutes). The 

permeability response of these vessels to histamine varied somewhat 

between vessels. Six vessels showed an initial rapid elevation of 

permeability after the onset of histamine application and a subsequent 

decline (i.e. escape phenomenon still occurred in these vessels), while the 

other five showed a continuously increasing permeability. Figure 3.8 

shows two representative time courses taken from two single venules. In 

panel (a), the permeability of vessel 8/ll/90-vl exhibited the two-phase 

pattern shared by all the vessels treated with histamine alone, while in 

panel (b), the vessel 8/l2/90-v2 (which had a shorter-than-IO-minute 

tranylcypromine period) did not show permeability escape; instead, its 

permeability rose to a higher level at the end of the I5-minute period after 

its initial rise in the first 5 minutes. There was no appreciable change in 

permeability on application of tranylcypromine in either of the vessels. 

Figure 3.9 shows the permeability time course averaged over all eleven 

vessels. This plot does not show the two phase pattern exhibited by the 

curve for vessels treated with histamine alone (Figure 3.4) or that of vessels 

treated with histamine and cimetidine (Figure 3.7), but demonstrates a 

sustained elevation of permeability. This response suggests suppression or 

even abolishment of the permeability-escape phenomenon in these vessels. 
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Figure 3.8: Representative time courses of the permeability change in response to 

histamine in the presence of tranylcypromine from two individual venules. (a): venule 

8111190-vl showed an initial increase in permeability followed by a subsequent decrease. 

(b): venule 8/12190-v2 showed a continuously increasing permeability. There was no 

appreciable change in permeability on tranylcypromine application. T: tranylcypromine. 

T +H: tranylcypromine and histamine. 
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Figure 3.9: Time course of permeability change induced by histamine in the presence of 

tranylcypromine averaged from 11 vessels. The average permeabilities under control 

conditions or with tranylcypromine alone are represented by Il. and 0, respectively. There 

was no significant difference between these values. On application of histamine, the 

average permeability initially increased from control level and then remained elevatedfor 

the duration of the histamine treatment. The dashed line is the control permeability level. 

Error bars represent SEM. 

To determine quantitatively whether the escape phenomenon was 

suppressed by tranylcypromine, the parameter EI was calculated for each 

of the eleven vessels. These values are listed in Table 3.3. Note that six of 

these vessels, listed in the left panel of Table 3.3, had positive EI's (i.e. still 

showed permeability escape), while the other five vessels had near zero or 

negative EI's (i.e. they had sustained elevated or ever-increasing 

permeability). A Mann-Whitney U test indicates that the EI's of this entire 
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group of vessels were decreased significantly from their counterparts in the 

histamine-alone group (p<O.OOOl). Even for the first six vessels, which still 

showed some permeability escape, their EI's were still decreased 

significantly from that of histamine alone group (p=0.0004) In other words, 

even for the vessels which still showed some permeability escape, their 

"escape ability", as characterized by EI, was lowered significantly due to 

the presence of tranylcypromine. Based on this statistical analysis, we 

conclude that these vessels treated with histamine in the presence of 

tranylcypromine demonstrated a weakened or even diminished ability to 

recover from the initial high permeability state in comparison to those 

treated with histamine alone. 

Table 3.3: List of Escape Index of the 11 vessels which were treated with 
h' t . th f t 1 zs amme zn e presence 0 rany cypromzne 

Vessel #: El(%) Vessel #: EI(%) 

8/11/vssll 44.75 8/12/vss12 -87.23 

8/12/vss13 46.65 8/18/vssll 1.07 

8/17/vssll 22.86 8/20/vssll -3.32 

8/17/vss13 60.17 8/20/vss13 -50.52 

8/22A/vss12 60.47 8/22B/vssll -183.96 

8/26/vssll 42.91 

Discussion 

In this investigation, we attempted to identify the biochemical 

signal(s) responsible for the permeability-escape phenomenon. As a start, 
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our strategy was to consider those mechanisms that have already been 

shown to decrease permeability directly, and to suppress the permeability 

increases induced by inflammatory mediators. Activation of the cAMP 

second messenger system is shared by a number of so-called "endothelial 

stabilizers" in their action to prevent permeability increase by 

inflammatory mediators (Grega et aI, 1988). In addition, raising directly 

the intracellular cAMP concentration, [cAMP]i' of endothelial cells 

prevents the histamine induced-increase in permeability in endothelial 

monolayers (Carson et aI, 1989) and decreases the permeability of 

endothelial monolayer (Stelzner et aI, 1989). Thus the permeability-escape 

phenomenon could be a consequence of activating the cAMP second 

messenger system secondary to histamine stimulation. Based on this 

assumption, we set out to determine specifically whether histamine 

binding to H2 receptors, or whether an increase in prostacyclin (PGI2) 

synthesis as a result of histamine stimulation, are involved in this 

phenomenon. Our suspicion of these two pathways arose because both of 

them could conceivably lead to an increase in [cAMP]j' The result of this 

study suggests that H2 receptor binding is not involved in the permeability

escape phenomenon, but PGI2 synthesis plays a role in it. 

Our approach in this study was to use a specific blocker to block each 

putative pathway and then to examine if the permeability-escape 

phenomenon was suppressed or abolished. Therefore it was important to 

characterize the escape phenomenon effectively. We noted that, for vessels 

treated with histamine alone, both control permeability P control, and 

maximum permeability increase during histamine application (Ppeak -
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P control), varied considerably (as shown in Figure 3.5), but that all vessels 

displayed permeability escape to a certain extent. To capture this common 

feature, we designed a quantitative descriptor, i.e. Escape Index (EI), to 

characterize the permeability-escape phenomenon. EI indicated to what 

extent the initially elevated P had escaped. 

The Effect of H2 Receptor Antagonist Cimetidine on Permeability Escape 

H2 histamine receptors have been reported to exist on endothelial 

cells of mouse diaphragm. venules (Heltianu et al, 1982) and rat gastric 

mucosal venules (Nakamura et al, 1988). Although the intracellular events 

induced by H2 receptor binding have not been studied in endothelial cells, in 

all other cell types, H2 receptor binding is invariably linked to activation of 

adenylate cyclase (Garrison, 1990). Based on these two lines of information, 

we assumed that H2 receptors also exist on endothelial cells of rat 

mesenteric venules and they are coupled with adenylate cyclase. Then we 

speculated that, on binding to both H1 and H2 receptors, histamine would 

elicit an increase in P on one hand, and a decrease in P on the other, and 

the permeability-escape phenomenon would be the combined result of the 

two processes (see diagram in Figure 3.1). Our experiment to monitor the 

permeability response to histamine in the presence of the H2 receptor 

antagonist, cimetidine, indicated that the escape process still existed and 

the characteristics of escape were not altered by the antagonist. This result 

refutes the hypothesis that H2 receptors are involved in the permeability

escape phenomenon. 



We believe that the inhibition of histamine's binding to H2 receptors 

by cimetidine was adequate. The concentration used for cimetidine was 

obtained by using the published dissociation constant (KB ) values of 

cimetidine and agonist activity (KA) values for histamine in the basic 

pharmacological formula for competitive inhibition, aE:suming that 

cimetidine was to occupy 99% of H2 receptors at a histamine concentration 

of 10-3M (see detailed calculation in APPEND IX- C). The cimetidine 

concentration necessary for the above requirement was calculated to be 

between 10-3M and 10-2M, depending on which KA values were used. 

Nakamura et al (1988) used a radiolabeled ligand binding technique to study 

the competitive binding of cimetidine and histamine in rat gastric mucosa. 

From their published results, it can be discerned that binding of histamine 

could be detected only when the concentration ratio of histamine to 

cimetidine exceeded 10. In our experiments, that ratio was, at most, unity, 

therefore the relative concentrations of histamine and cimetidine used in 

our study were probably appropriate to achieve sufficient inhibition of 

histamine binding to H2 receptors in rat mesentery. 

The lack of a role for H2 receptors in the escape phenomenon may be 

attributed to several possibilities. Firstly, H2 receptors may simply not exist 

on endothelial cells of rat mesenteric venules. This uncertainty can only be 

resolved by performing specific agonist or antagonist binding experiments 

such as employed by Nakamura et al (1988) or by Heltianu et al (1982) in this 

particular preparation. Secondly, perhaps H2 receptors do exist on 

endothelial cells of rat mesenteric venules but they are not linked to the 

adenylate cyclase in these cells. Lastly, in these vessels, an increase in 
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[CAMP]i does not result in a decrease in P. Our experimental protocol was 

not able to differentiate between these possibilities. 

Effect of Prostacyclin Synthetase Inhibitor Tranylcypromine on 

Permeability Escape 

Prostacyclin (PGI2) is a member of the prostanoid family. It has been 

shown to act as an "endothelial stabilizer" to prevent the histamine

induced permeability increase in venules (Muller et al, 1987), and to 

decrease permeability of endothelial monolayers by activating cAMP second 

messenger system (Mizuno-Yagyu et aI, 1987). PGI2 is mainly produced by 

endothelial cells, and treating endothelial cells with histamine can 

increase the PGI2 production (McIntyre et al, 1985; Resink et aI, 1987). 

Resink et al reported that the production of PGI2 was detected one or two 

minutes after the application of histamine to cultured human umbilical 

vein endothelial cells. Therefore, it is conceivable that (Figure 3.1) 

histamine causes endothelial gap formation as well as an increased PGI2 

production. PGI2, in turn, acts as an autocrine signal on the endothelial 

cells to enhance their barrier function and to combat the destructive effect of 

histamine presumably by elev~ting [cAMP]i. Thus the permeability-escape 

phenomenon could be attributed to the release by, and the action ofPGI2 on, 

the endothelial cells. 

We used tranylcypromine, a specific PGI2 synthetase inhibitor, to 

prevent the possible stimulation of PGI2 synthesis by histamine and 

monitored the permeability response of venules to histamine in the 

presence of the inhibitor. The experimental results showed that while the 
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permeability-escape phenomenon was totally abolished in some vessels, it 

still existed in some others. However, even in these vessels which still 

displayed the escape process, the extent of P escape was decreased as 

judged by EI's. Therefore we concluded that PGI2 synthesis stimulated by 

histamine was at least partially responsible for the permeability-escape 

phenomenon. 

Tranylcypromine was demonstrated to be a specific inhibitor of PGI? 

synthetase. The specificity was demonstrated by the fact that, at the 

concentration of O.5mg/ml, it totally inhibited PGI2 synthetase, yet had very 

little effect on thromboxane synthetase and cyclooxygenase (Gryglewsky et 

al, 1976); the absence of inhibition of these latter two enzymes by 

tranylcypromine ensures that it will not affect the production of other 

members of prostanoid family. Weksler et al (1977) demonstrated that 

O.5mg/ml tranylcypromine totally abolished the inhibition of platelet 

aggregation by endothelial cells. Since the inhibition of platelet aggregation 

is attributed to the PGI2 produced by endothelial cells (Gryglewsky et al, 

1976), the above result suggests that this concentration of tranylcypromine 

was able to stop PGI2 synthesis. We used the same concentration of 

tranylcypromine in our study and assumed that it would prevent PGI2 

synthesis in rat mesentery. Without performing proper biochemical 

experiments, we would not be able to test the validity of this assumption. 

We did, however, have a few observations suggesting that PGI2 synthesis 

was at least reduced. For example, within a few minutes of 

tranylcypromine application, platelet aggregation markedly increased and 

blood flow decreased in the entire mesenteric network. Since the primary 
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function of PGI2 is to prevent platelet aggregation and PGI2 is also known 

to cause vasodilation, these observations were consistent with a decreased 

basal PGI2level as a consequence ofPGI2 synthesis inhibition. 

Horan et al (1986) observed the permeability-escape phenomenon 

during histamine treatment of hamster cheek pouch and speculated that 

this phenomenon may involve "negative feedback inhibition, which results 

in a reversible modulation of the dimension of junctional gaps". Our study 

suggests that this negative inhibition signal may be PGI2. Such a 

mechanism might also explain the permeability-escape phenomenon 

which has been observed in preparations treated with other mediators such 

as bradykinin (Baxter et al, 1987) and calcium ionophore (Curry & Joyner, 

1988; He et ai, 1989), because all these mediators have been reported to 

stimulate PGI2 production (McIntyre et al, 1985; Hallam et ai, 1988). It 

would be very interesting to know if PGI2 is indeed a common negative 

feedback signal responsible for the permeability-escape phenomenon 

observed under different circumstances. 

The intracellular mechanisms by which histamine causes increases 

in venular permeability have been well studied. By binding to HI receptors, 

histamine activates the inositol phosphate second messenger pathway, 

which in turn increases the intracellular calcium concentration [Ca++]j. 

Presumably, this increase in [Ca ++]i leads to endothelial contraction and 

formation of endothelial gaps. We have demonstrated previously that the 

permeability-escape phenomenon may be accounted for by the reclosure of 

these gaps. In light of the current finding, the logical conclusion is that 

increased PGI2 production, as a result of histamine stimulation, causes the 
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reclosure of gaps (The validity of this conclusion, however, needs to be 

tested by an experiment in which the temporal development of endothelial 

gaps is investigated with electron microscopy for venules treated with 

histamine in the presence of a PGI2 synthetase inhibitor). The pathway by 

which PGI2 could cause gap reclosure presumably involves increasing 

[cAMP]j' but the nature of this entire pathway is not really established. 

Stelzner et al (1989) reported that the agents that elevated [cAMP]j in 

endothelial cells also increased the amount of F-actin in these cells, thus 

the beneficial effect of cAMP elevation could be through interfering with 

actin filaments. Minear-Hanschke et al (1990) speculated two ways in 

which elevation of [cAMP]j might protect the endothelial junctional 

integrity. Firstly, a cAMP-dependent protein kinase may phosphorylate 

and thus inactivate myosin light chain kinase (MLCK). An inactivated 

MLCK would prevent the activation of actin-myosin complex (Adelstein, 

1982), which might be involved in endothelial contraction. Second, cAMP 

may lead to sequestration of cytosolic free calcium, which could prevent the 

rise in calCium as a result of histamine stimulation and thus the gap 

formation. However, this latter possibility is unlikely because Carson et al 

(1989) showed that increasing cAMP of endothelial cells did not affect the 

inositol phosphate production or intracellular calcium increase induced by 

histamine. Therefore, it seems more likely that cAMP exerts its effect by 

"stabilizing" the machinery involved in endothelial contraction in one or 

both of the following ways: increasing polymerization of actin filaments and 

preventing the actin-myosin contraction. 
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Summary 

In this study, we investigated the possible biochemical signals 

initiating the permeability-escape phenomenon. In particular, we 

examined whether histamine's binding to H2 receptors and/or an 

increased prostacyclin synthesis as a result of histamine stimulation were 

involved in this phenomenon. We demonstrated that while blocking H2 

receptors did not alter the permeability escape behavior, inhibiting 

prostacyclin synthesis suppressed or even abolished the escape process. 

Therefore we concluded that an increased prostacyclin synthesis 

subsequent to histamine stimulation may act as a negative inhibition signal 

to reversely modulate venular permeability, presumably by increasing 

intracellular cAMP level. 
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APPENDIX 

A. Derivation of the fonnulae for endothelial gap morphology 

The endothelial monolayer forming the venular wall can be simplified 

as a thin tube composed of irregularly shaped endothelial cells (Figure A

l(a». Endothelial junctional gaps are then the discrete areas of opening 

distributed randomly on the tube (Figure A-l(b». If we place the tube into a 

co-ordinate system as shown in Figure A-2(a), and cut the tube into thin 

sections of thickness L.1y (Figure A-2(b», then we have the following: 

(a) 

L.1SGi = W Gi·L.1y 

L.1SLi = Pi·L.1y 

(b) 

Figure A-J: A diagram showing the simplified model of a segment of microvessel wall 

composed of irregularly shaped endothelial cells. (a): a normal microvessel. (b): a 

microvessel with endothelial junctional gaps. 
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where, .1SGi and .1SLi are the areas of gapes) and luminal surface, 

respectively, on the circumferential side of the thin disk, wGi is the total 

width of gapes) within this section, and Pi is the perimeter of the vascular 

profile within this section. Therefore, the fractional area of endothelial 

junctional gaps in the venular lumen, denoted as A G, is the following: 

= 

n 
.E.1SG · 

i = 1 I 

n 
( .Ew

G
)-L1y 

i =1 I 

(a) 

= 

= 

n 
.E(p. -L1y) 

i=1 I 

(1) 
n 

.Ep. 
i= 1 I 

y 

x 

(b) 

Figure A-2: Modelfor deriving theformulafor calculating the gap fractional area. (a). The 

endothelial monolayer tube is placed into a co-ordinate system with a cross-section at an 

arbitrary position. (b). The cross-section of thickness .1y contains a portion of a gap of 
width wGi and area LlSGi• 



Equation (1) indicates that the fractional area of the endothelial gaps is 

in fact the ratio of the sum of gap width in all cross-sections to the sum of 

perimeter of all cross-sections. This result provides the basis for the 

following simple method of measuring the fractional area of endothelial 

gaps. A number of thin sections of a venule are cut and laid on grids. 

These sections are then observed with electron microscope. For each 

section, the total width of endothelial gaps and the perimeter of the vessel 

cross section are measured. Then the sum of gap widths and the sum of 

the perimeters are calculated, and their ratio gives an estimate of the 

fractional area of the endothelial junctional gaps. It is assumed that 

between different thin sections at the same location of vessel segment, the 

perimeters are constant. Therefore, for N sections, the quantity LPi equals 

to N -p. Therefore equation (1) above becomes (in the unit of%): 

IWG 
A = -100 

G N-p 

which is the equation for calculating the fractional area occupied by gaps 

presented in the Materials and Method section of Chapter 2. 

It is interesting to notice that, in the derivation of equation (1), there is 

no requirement for the thin sections to be cut perpendicularly to the vessel 
, 

axis. Therefore, in practicality, thin sections for electron microscopy cut at 

oblique angles to the vessel longitudinal axis will not affect the result of 

measurement. 

Bundgaard & Fr0kjaer-Jensen (1982) presented the formula estimating 

the length of endothelial junctions in unit area of vessel luminal surface LJ 

(cmlcm2). The formula states that L J equals to the product of rrJ2 and the 
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ratio of the total number of junctions in vessel cross-sections to the total 

perimeter of these cross-sections. In our experiments, the total number of 

junctions is the sum of normal junction number N J and gap number N G ' 

assuming all gaps originated from junctions, and the total perimeter is 

Nep. Therefore the formula calculating LJ is: 

L = 
J 

-e 

2 

B. Error analysis for permeability measurement 

Measurements of the apparent 

permeability coefficient (P) are 

performed by positioning a venule of 

diameter D (or radius R) in a window 

of H by L. The formula for measured 

P, Pmeasured, is derived from the basic 

definition of permeability coefficient: 

J~ 

H 

" 

Js 
P measured = L\C e A 

,., 
--

l 
2R 

t 
L " ,. 

where Js is the flux of test molecules across the vascular wall, L\C is the 

concentration difference, and A is the vessel luminal surface area. Since it 

is assumed that the interstitial concentration of the test molecules 

immediately outside of the vessel, Ci, is zero, then L\C equals the test 

molecule's concentration in the vessel, ev• Therefore, 
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Js 
P measured = C

v
• A 

From the above, and with the assumptions that the light intensity in the 

window is linearly proportional to the number of fluorescent molecules 

within the window and that the vessel is cylindrical, the formula for 

calculating permeability is (Huxley et ai, 1987): 

P=(~!).(~ ).(~) 
where AI is the step increase in light intensity due to the arrival of 

perfusing fluorescent test molecules, and dI/ dt is the rate of light intensity 

increase due to the movement of test molecules from the vessel lumen into 

the interstitium. dI I dt is proportional to Js, and AI is related to Cv by the 

following formula: 

AI = k-Cv-xR2_L 

where k is the proportional constant between the number of molecules and 

the light intensity. If, due to the accumulation of test molecules in the 

interstitium, the baseline light intensity (when the intraluminal test 

molecules are flushed out) has an upshift equal to x- AI, then this quantity 

is related to the average concentration of the test molecules in the entire 

window, Cw, by the following formula: 

This formula assumes that the tissue thickness equals to 2R. If we further 

assume that Cj is equal to Cw , the true concentration difference, 6Ctrue, 

across vessel wall is: 



The true permeability, Ptrue , is then: 
Js 

Ptrue = ACtrue. A 

Js 1 = • ----:;:::-
Cv • A 1- x· 1tR 

2H 

1 
= Pmeasured • R x·1t 1---

2H 

131 

The worst upshift in baseline light intensity recorded in our experiments 

was 15%, thus x = 0.15. The average diameter of vessels was 20J..lm, thus 

R=l0J..lm. The size of the measuring window was 130J..lm by 130J..lm, so 

H=130J..lm. Therefore 

Ptrue = 1.02 ·Pmeasured 

which means that the measured P is a good approximation of the true P 

even when the assumption of no interstitial accumulation is violated. 

The two assumptions made in this analysis do not compromise its 

conclusion. The first assumption is that the thickness of tissue is equal to 

the diameter of the vessel. Since all vessels are embedded in the tissue, its 

thickness must be greater than vessel diameter. Thus, for the same upshift 

in baseline light intensity, the real concentration of test molecules in the 

window must be less than Cw defined in equation (*). It follows then that, 

in our analysis, we in fact exaggerated the interstitial accumulation of test 

molecules. Our second assumption is that the concentration of the test 
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molecules immediately outside of the vessel wall, Ci, is equal to their 

average concentration in the entire window, Cwo Ci is greater than Cw at 

the end of each P measurement. However, Ci must be less than Cw at the 

start of next P measurement, because between two successive 

measurements the vessel is continuously perfused by blood free of the test 

molecules so that the test molecules immediately outside of the vessel are 

carried away by blood. We thus exaggerated the test molecules' 

concentration in the immediate vicinity of the vessel. Therefore, both of the 

1issumptions we made in fact exaggerated the extent to which the original 

assumption of no interstitial accumulation is violated. 

C: Calculation of a proper concentration of H2 receptor antagonist 

(cimetidine) 

Suppose that KA is the dissociation constant of an agonist (A) for its 

receptors, and KB is the dissociation constant of a competitive antagonist (B) 

for the same receptor, then the fraction of the total number of receptors 

bound by the agonist, J.1, in the presence of the antagonist is (Triggle,1983): 

1 
J.l = KA.!fA.. [ B) 

1 + [A) + [A)e KB 

where [A) and [B) are the concentrations for agonist A and antagonist B, 

respectively. Rearrange the above equation, we get: 

[A) 1 
[B) = {-e(--l)-l}eKB 

KA Jl 

For H2 histamine receptors, histamine is the agonist and cimetidine is the 

antagonist. KA ranges from 10-6M to lO-5M, and KB is in the order of 10-7M 
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(page 37, Beaven, 1978). We used 10-3M histamine in our experiments (i.e. 

[Al=10-3M). In order to inhibit histamine's binding to the H2 receptors by 

99% (i.e. J.1=O.01), the necessary concentration of cimetidine, [El, is, based on 

the above equation, estimated to be 10-3M to 10-2M. 
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