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Abstract

TRANSPORT MODELS FOR THE INTERENDOTHELIAL CLEFT
by
Bing-Mei Fu

Advisers: Professor Sheldon Weinbaum, Professor Fitz-Roy E. Curry

Vascular endothelium is the principal barrier to, and regulator of, material exchange
between circulating blood and the body tissues. The ultrastructural pathways and mechanisms
whereby endothelial cells and the clefts between the cells modulate capillary permeability to
water and solutes have been a central unsolved question in microvessel transport since the early
1950’s. Three new theoretical models have been developed in this research to examine the role
of the detailed structure of the intercellular cleft and its components in the regulation of
capillary permeabilities. These new approaches have resulted in a major revision of current
ideas about the pathways for water and solutes through the junction strand and the structures
that determine the moleculdr filter.

The combined junction-orifice-fiber entrance layer model proposed in this dissertation
predicts that for measured hydraulic conductivity to be achieved the fiber layer must be confined
to a relatively narrow region at the entrance to the cleft where it serves as the primary
molecular filter provided the fiber matrix forms an ordered array. This model also provides an
excellent fit for the hydraulic conductivity and the diffusive permeability data for solutes of size
ranging from potassium to albumin for frog mesenteric capillary provided the junction strand
contains at least two types of pores, infrequent 20 x 150 nm large orifice breaks and a
continuous ~2 nm narrow slit or closely spaced 1.5 nm radius circular pores. The time

dependent diffusion wake model in this study provides a new interpretation of labeled tracer
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studies to define the permeability pathways for low molecular weight tracers which depend on
the time dependent filling of the extravascular space. This model and recent microscope
experiments with low molecular weight fluorescent probes support the existence of a previously
unrecognized family of ~2 nm smail pores that are distributed along the length in the junction
strand. Furthermore, the convective-diffusion wake model developed herein, in conjunction with
related experiments, is designed to evaluate the relative contribution of structures associated

with the junctional strand and the fiber matrix to the molecular filter at the microvessel wall.
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CHAPTER 1

INTRODUCTION

The ultrastructural pathways and mechanisms whereby endothelial cells and the clefts
between the cells modulate capillary permeability to water and solutes have been a central
unsolved question in microvessel transport since the early 1950’s. The present research
examines three problems describing different but related aspects of capillary permeability
corresponding to the intercellular cleft and its structural components. The first problem
describes a new combined junction-orifice-fiber entrance layer model for capillary permeability.
The new formulation is based on the predictions in Weinbaum et al. (1992) and the new
information on junction strand structure obtained from recent serial section reconstructions of
the cleft in Adamson and Michel (1993). The second problem describes a time dependent
diffusion wake model for the spread of low molecular weight tracers on the tissue side of the
junction strand and the time dependent filling of the extravascular tissue space. This model
provides a new approach for detecting junction strand interruptions and small pores that lie
beyond the resolution of conventional transmission electron microscopy. It also provides a new
interpretation of labeled tracer studies which have been used to define the permeability pathways
for low molecular weight tracers. It is shown that this interpretation depends critically on the
time dependent filling of the extravascular space. In the third problem, a time dependent
convective-diffusion model is developed to analyze the two-dimensional wake formed by the
spreading of high molecular weight tracers. This model, in conjunction with related experiments
which are currently in progress, is designed to evaluate the relative contribution of structures
associated with the junctional strand and the fiber matrix to the molecular filter at the

microvessel wall.
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The microvascular bed is the primary location where water and solutes associated with
nutrition and metabolism are exchanged between circulating blood and body tissues. Capillaries
are the smallest ramifications of the microvessels. Capillary walls consist of endothelium, basal
lamina and pericytes. The interendothelial cleft is widely believed to be the principal pathway
for water and hydrophilic solute (such as glucose, amino acids, vitamins, hormones) transport
through the capillary wall (Starling, 1909; Pappenheimer, 1951, 1953; Landis and
Pappenheimer, 1963; Karnovsky, 1967, 1968; Renkin and Curry, 1978; Wissig, 1979). Direct
and indirect evidence indicates that there are junctional strands with discontinuous leakages
(Wissig, 1979; Bundgaard, 1980, 1984; Crone, 1981; Adamson and Michel, 1993) and fiber
matrix components (Luft, 1966; Turner et al., 1983; Gingell, 1976; Simionescu et al., 1981,
1985; Schneeberger and Hamelin, 1984; Adamson, 1990; Adamson and Clough, 1992) at the
endothelial surface and in the wide portion of the intercellular cleft. This evidence is the basis
for the one-dimensional pore, restricted slit and fiber matrix theories which are summarized
later in this section. The detailed three-dimensional analysis presented by Weinbaum et al.
(1992) indicates that neither pore, restricted slit nor fiber matrix theory can by itself
successfully explain the large body of experimental measurements for the filtration, permeability
and selectivity coefficients in isolated capillaries.

An important difficulty in reconciling these different approaches is that the details of
the structural features delineating the narrow regions of the junctions lie beyond the resolution
of the electron microscope. Even the more sophisticated recent three-dimensional theoretical
models based on the solution to the pure filtration and pure diffusion problem through a junction
strand with a single size pore system cannot predict all the measured permeability coefficients
(Tsay et al., 1989; Weinbaum et al., 1992). Using the recent experimental observations of

Adamson and Michel (1993) for the junction strand structure, we will see in Chapter 2 that a
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multiple size junctional pore system, which includes tiny pores or slits that are permeable to
small solutes and large pores responsible for large solute permeability, when combined with a
narrow fiber entrance layer in the cleft, can explain most of the available data for isolated
perfused frog mesentery capillaries.

Chapter 3 of this research describes a new approach to explore junction strand structure,
Instead of observing the junctional strand structure directly, we attempt to construct a detailed
picture of the junctional strand as a transport barrier from a combined two-dimensional
theoretical and experimental analysis of the diffusive wake formed by the spreading of low
molecular weight tracers (such as lanthanum and sodium fluorescein) on the downstream side
of the junction strand discontinuities. Important additional evidence in support of the small pore
system proposed in Chapter 2 is obtained from the time dependent studies of the penetration of
lanthanum in the cleft on the abluminal side of the junction strand, confocal microscopic
measurements of the spread of sodium fluorescein in the tissue surrounding a perfused
microvessel and a theoretical model which describes the time dependent labeling behavior
observed in these experiments.

Another experimental difficulty is that the existence of fiber matrix components cannot
be directly visualized in the wide part of the cleft. For this reason, it hasn’t been clear whether
the junctional barrier or the fiber matrix is the primary structure in determining the selectivity
of the capillary wall. In Chapter 4, a time dependent convective-diffusion wake model for high
molecular weight tracers is proposed to design experiments that can test for the location of the
molecular filter. Before presenting the current work, we shall first review previous experimental
and theoretical studies that have explored the structure function relationship in capillary

permeability.



1.1 EXPERIMENTAL STUDIES ON THE INTERCELLULAR CLEFT

Vascular endothelium is the principal barrier to, and regulator of, material exchange
between circulating blood and the body tissues. Freeze fracture studies and ultrathin serial
sections have demonstrated that endothelial cells are joined by an array of junctional strands
which are interrupted at intervals allowing passage of water and solutes. Fig. 1.1 shows a
schematic drawing of the organization of tight junctions of capillary endothelium (Bundgaard,
1984). Cytochemical and permeability studies also indicate that at least part of the cleft may be
filled with a fibrous matrix. These two structures form the principal barriers for water and
solute transport in the capillary wall.

Numerous investigations have been conducted to resolve the detailed structure of the
junctional strand. Karnovsky (1967,1968) showed that the tight junctions of heart and skeletal
muscle capillaries were permeable to horse-radish peroxidase molecules (HRP, 6 nm diameter).
Wissig (1979) proposed that the passage of microperoxidase (MP, 2 nm diameter) in the clefts -
of mouse skeletal muscle capillaries could occur either via tortuous pathways formed by
discontinuities in multiple strand arrays or direct pathways through the protein strands. Firth
et al. (1983) in his random thin section and freeze-fracture studies for pig placental capillaries
indicated that there were one to five tight junction strands in series. He proposed that the tight
junctions were formed by equally spaced junctional proteins with 5.5 x 11 nm rectangular pores
between them and suggested that the thickness of these junctional bars was also approximately
11 nm. Sibley et al. (1982, 1983) observed that hemepeptide tracers of 6 nm diameter could
penetrate the lateral intercellular space of a pig placental capillary.

Bundgaard (1984) was the first to attempt to reconstruct the three-dimensional junction
strand ultrastructure using serial section electron microscopy. In his study, rat heart capillaries

were analyzed using conventional 40 nm thin and 12.5 nm ultrathin serial section electron
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microscopy. Large pores of 10-20 nm height and 20-80 nm length and small pores of 4-5 nm
height and 5-30 nm length were observed. He sketched the latter pores as short discontinuities
in the junction protein strands. In contrast to Bundgaard’s work, Ward et al. (1988) examined
the 3-D features of the junction strands of rat cardiac capillaries by using a goniometric tilting
technique. After considering the tilting effects, they claimed that more than 70 percent of the
random thin sections of junctional clefts were actually open and concluded that the pathway for
small and intermediate solutes were not formed by interruption in continuous lines of membrane
fusion but by continuous junctional regions with an approximate opening of 5 nm width.
Recently, Adamson and Michel (1993) investigated the ultrastructure of the endothelial
intercellular clefts of frog mesenteric capillaries using ultrathin serial sections of 30-40 nm
thickness and serial reconstruction. They observed rather long breaks of typically 150 nm width
and the same gap height 20 nm as that of the wide part of the cleft. A continuous ~2 nm
translucent narrow slit along the outer leaflets in the tight junction was also revealed on a tilting
stage.

The structure of the fiber matrix in the intercellular pathway is less clearly identified.
Using ruthenium red staining, Luft (1966) showed that there is a *fluffy layer’ on the luminal
surface of endothelial cells. Turner et al. (1983) observed that cationized ferritin was bound in
a thin layer of 20-30 nm thickness near the endothelial cell surface. In general, there are anionic
sites on the endothelial surface which correspond to ciliated glycoproteins embedded in the cell
plasma membrane in association with proteoglycan and plasma proteins (Gingell 1976;
Simionescu et al. 1981, 1985; Schneeberger and Hamelin 1984). This endothelial cell
glycocalyx might correspond to the fiber matrix in the fiber matrix hypothesis proposed by
Curry and Michel (1980). Firth et al. (1983), in his work on pig placental capillaries, suggested

that there were linking molecules of 5 to 10 nm radius spanning the wide portion of the cleft.
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Silberberg (1987) also proposed that the linking molecules might be necessary to provide the
nearly uniform cleft height observed in the wide portion of the clefts. Adamson (1990) studied
the fiber matrix by comparing normal capillary hydraulic conductivity L, with L, measured after
partial enzymatic degradation of the endothelial cell glycocalyx. A 2-3 fold increase in L, was
observed in the frog mesentery capillary. Evidence for regularly spaced, cleft-spanning fiber
matrix structures within the interendothelial cleft has been recently reported by Schulze and
Firth (1992). In the study of Satcher (1993), fine perpendicular fibers could be clearly seen at
the entrance to the cleft. Adamson and Clough (1992) used cationized ferritin as a marker of
cell surface glycocalyx and observed that when the vessels were fixed after perfusion with frog
plasma, the ferritin penetrated the outer region of the glycocalyx to a depth of 20 to 30 nm and
that there was a separation layer of 32 nm thickness between this layer and the membrane

surface.

1.2 THEORETICAL MODELS

Permeability studies show that the capillary wall behaves as a passive membrane for
water and small hydrophilic solute transport (Crone and Levitt, 1984; Michel, 1984). This
allows the interpretation of permeability properties in terms of capillary wall structure. The
membrane transport properties are often described by Kedem-Katchalsky equations derived from

the theory of irreversible thermodynamics
J, = PRTAC + (1 - 0)CJ, (1.1)
J, = L,(Ap - oRTAC) (1.2)

where J, and J, are the solute and total volumetric fluxes; AC and Ap are the concentration and

pressure difference across the membrane. L, and P are the hydraulic and diffusive permeability
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and o is the reflection coefficient. All of the permeability measurements have been interpreted
in terms of these three coefficients which are measured experimentally. Prior to the late 1980’s,
there were two major one-dimensional theories: the pore-slit and the fiber matrix theory, which
attempted to correlate cleft structure with the large amount of experimental data for these

coefficients.

1.2.A Pore-Slit Theory

In the pore-slit theory, hydrophilic pathways in transcapillary transport are assumed to
be formed by pores or slits in the junctional strand arrays. In the classical pore theory first
proposed by Pappenheimer et al. (1951, 1953), uniform cylindrical pores or uniform slits were
used to represent these pathways. Since a uniform height slit could not account for both
hydraulic conductivity and reflection coefficient data, this simple model was then modified by
including a junctional constriction in an otherwise uniform width cleft, see Fig. 1.2(a)
(Weinbaum et al., 1992). Provided this constriction was of 6-8 nm gap height, it could serve
as the molecular filter and satisfy the measured reflection coefficients for solutes of 1.5-3.5 nm
radius (Curry, 1986). A simple one-dimensional model is used to describe both filtration and
solute transport. The basic assumption of this one-dimensional model is that the lateral
spreading at the entrance/exit of junctional pores is negligible. Permeability is thus proportional
to the length of open junction. Using one-dimensional models, Crone and Levitt (1984)
estimated that the hydraulic conductivity L, and diffusive permeability P of small solutes could
be accounted for if 10% of the junction barrier had these constricted slit openings in muscle
capillaries and 90% of the junction length were open in frog mesentery capillaries. The major
discrepancies between the predictions of this one-dimensional model and the experimental

measurements are: (1) it underestimates the diffusional resistance to large solutes when the
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length of open junction is set to account for the diffusive permeability to small solutes and it
overestimates the hydraulic resistance of the microvessel wall when the length of open junction
is set to account for the diffusive permeability to small solutes; (2) the serial section studies
(Bundgaard, 1984; Adamson and Michel, 1993) showed that the gap height at the interruptions
in the junction strand are the same as the remaining wide part of the cleft (~20 nm), suggesting
that the strand itself is probably not the site of the primary molecular sieve. Furthermore, the
40-80 nm and 150 nm breaks observed by these investigators were very infrequent and
represented a fractional length of open junction that was small compared to the length predicted
by the one-dimensional pore-slit models for frog mesentery; and (3) it can not explain the more
than two fold decrease in hydraulic resistance after enzymatic removal of the endothelial

glycocalyx in frog mesenteric capillaries (Adamson, 1990).

1.2.B Fiber Matrix Theory

In an attempt to reconcile the inconsistencies in the pore-slit models described above,
Curry and Michel (1980) proposed that there was a diffuse matrix of sulphated proteoglycan
molecules at the endothelial surface and in the wide portion of the cleft, as shown in Fig.
1.2(b), and that this matrix provided the primary molecular filter. This fiber matrix could also
strongly influence the filtration and permeability properties of the cleft.

In the fiber matrix theory, the hydrodynamic resistance is described by the Carman-
Kozeny equation (Sullivan et al., 1942), the diffusive resistance is described by a stochastic
model for diffusion within a fibrous network (Ogston et al., 1973) and the sieving properties
are approximated by applying the equation proposed by Anderson et al. (1974, 1981), which
implies a pseudo-Poiseuillean velocity profile between fibers. Because of its flexibility in

choosing the fiber radius and density, this model is able to account for some of the



inconsistencies that can not be explained by the pore-slit model.

The principal drawbacks of the one-dimensional fiber matrix model are: (1) the effect
of junction strands, which have been observed in electron microscopic studies, is neglected; (2)
the effect of the adjacent plasma membranes (cleft walls) is neglected and the permeability
coefficients (L,, P, o) are calculated as if the fiber matrix filled an infinite domain. This is true
only when the solidity ratio of the fiber matrix is large enough to offer the major transport
resistance. Recent rapid freeze etching techniques (Satcher, 1993) and goniometric tilting
methods (Shultze and Firth, 1992) have revealed an ordered array of cleft spanning fibers which
are oriented perpendicular to the plasmalemma boundaries with a spacing of order 10 nm. This
loose structure of cross-bridging fiber elements, where the space between fibers is of the order
of half the channel height, does not meet the requirements of infinite medium theory. The
predictions of the Carman-Kozeny equation for the filtration coefficient are especially suspect
since they grossly underestimate the importance of viscous effects that originate from the
interaction of the wall boundary layers with the cross-bridging fibers; and (3) as we shall show
later in this section a more rigorous model which takes hydrodynamic and wall-fiber interactions
into account shows that the fiber matrix model by itself provides for too great a hydrodynamic
resistance if the matrix occupies all of the wide portion of the cleft.

These shortcomings of the simple one-dimensional models depicted in Fig. 1.2 have
motivated a series of three-dimensional junction-pore-matrix models of increasing sophistication
and accuracy which have the flexibility to examine in detail the permeability properties of a
cleft with a bounded fiber array that is either ordered or random and a junction strand whose

molecular structure can be varied to describe different junction protein arrangements.

1.2.C Basic Three-Dimensional Model
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A basic 3-D model for a cleft with a junction strand and cross-bridging matrix fibers
in its wide part was first proposed in Tsay et al. (1989) and applied to the filtration flow
problem for predicting hydraulic conductivity L,. This model is shown in Fig. 1.3 where the
junction strand is treated as an impermeable barrier with periodically distributed discrete
circular pores of 5.5 nm radius representing the individual missing proteins. In Tsay et al.
(1989) intuitive arguments were presented for the matrix components in the wide part of the
cleft to be an ordered array of fibers that were aligned perpendicular to the plasmalemma
boundaries. The fibers of radius a and channel height 2B were thus arranged in a square 2-D
array with periodic spacing 2w and open gap A between fibers. In this initial model the fibers
were assumed to fill the entire wide portion of the cleft as assumed in the original fiber matrix
model of Curry and Michel (1980) sketched in Fig. 1.2(b). The ordering of the fibers was based
on Michel’s hypothesis (1988) that the positive arginine groups at the ends of the albumin
molecule ordered the negatively charged matrix. According to the experimental data (Crone and
Levitt, 1984; Clough and Michel, 1988), the height of the wide part of the cleft 2B is much
smaller than the depth of the cleft L and the distance between the junctional pores 2D. Thus,
a Hele-Shaw model was proposed to examine the effects of a junction strand with its pores on
the hydraulic conductivity of capillary interendothelial clefts. One of the important predictions
of this 3-D model is that the lateral spreading of streamlines fore and aft of the junction strand
greatly reduces the hydrodynamic resistance and shows that L, is not proportional to the length
of the junction breaks as had previously been assumed in the simple 1-D models. In Tsay et al.
(1989) the flow through the fiber matrix was described by a two term approximation for the
flow around a periodic square array of cylindrical posts in a channel. This two term
approximation had been developed by Lee (1969) to describe the flow past the septal posts in

lung alveoli. This solution showed marked deviation from the predictions of the Carman-Kozeny
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equation for the flow through an infinite medium, but the predictions of the Lee approximation
were also suspect since they are valid for the flow past posts whose aspect ratio was close to
unity and whose post spacing is larger than the channel height.

In Tsay and Weinbaum (1991), an exact infinite series solution to the full boundary
value problem for the doubly periodic fiber array is constructed using the fundamental
singularities for a single circular post developed in Lee and Fung (1969) and a quasi-periodic
function that is a linear combination of the Weierstrass z function and its derivatives to describe
the periodicity conditions for each fiber unit cell. This highly accurate solution for an ordered
perpendicular fiber array successfully describes the transition in behavior from the Hele-Shaw
potential flow limit to the viscous two-dimensional limiting case for the hydrodynamic
interaction between the fibers when their aspect ratio is infinite. This solution also serves to
justify the use of the Brinkman approximation in developing expressions for L, and P for a
random fiber array.

The basic 3-D model of Tsay et al. (1989) was extended in Weinbaum et al. (1992) for
both the filtration problem and the diffusive permeability problem for predicting P. This more
sophisticated 3-D junction-pore-matrix model based on the more rigorous solution obtained in
Tsay and Weinbaum (1991) is developed to describe the additional resistance due to an ordered
or random matrix in the wide part of the cleft. This model explores the behavior of three
different molecular models for the junctional strand discontinuities sketched in Fig. 1.4: (a) a
more frequent circular pore of 5.5 nm radius formed by isolated missing junction proteins; (b)
a restricted rectangular slit of four to eight missing proteins and 8 nm gap height; and (c) larger
more infrequent breaks of four to eight missing proteins with gap height of 22 nm, equal to the
width of the wide part of the cleft. These pore structures were chosen based on the electron

microscopic observations of Firth et al. (1983) and Bundgaard (1984). The principal predictions
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of this model are: (1) infrequent larger breaks are most likely required to account for the
measured L, and the permeability of intermediate size solutes between 0.5 and 2.0 nm radius;
(2) these larger breaks must be accompanied by a sieving matrix, but this matrix probably
occupies only a small portion of the depth of the cleft and/or its entrance at the luminal surface;
(3) neither junctional pore, restricted slit, or fiber matrix models can by themselves satisfy
permeability and selectivity data; and (4) one-dimensional models are a poor description of a
cleft with infrequent larger breaks since the solute will be confined to small wakelike regions
on the downstream side of the junction strand discontinuities and thus not fill the wide part of

the cleft.

1.3 THREE NEW APPROACHES
1.3.A Combined Junction-Orifice-Fiber Entrance Layer Model

The prediction in Weinbaum et al. (1992) as to the likely geometry of the large pores
in the junction strand has been recently confirmed by the serial section electron microscopic
studies of frog mesentery by Adamson and Michel (1993). These serial reconstructions revealed
rather long breaks of typically 150 nm width and the same gap height as the wide part of the
cleft. The average spacing between these breaks in frog mesentery is 2640 nm. A continuous
narrow slit of roughly 2 nm width, which runs along the junctional strand, was also suggested
based on goniometric tilting of their sections.

There is evidence indicating that the components of the endothelial cell glycocalyx may
correspond to the fiber matrix proposed in the fiber matrix theory (Curry and Michel, 1980).
In an earlier study, Adamson (1990), had shown that the enzymatic degradation of the surface
layer led to a 2.5 fold increase in L,. More recent studies indicate that this glycocalyx carries

a negative charge and is able to bind cationized ferritin in a thin layer of up to 100 nm thickness
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near the endothelial wall (Turner et al., 1983; Adamson and Clough, 1992).

According to these new experimental results, a modified model, which includes a large
orifice-like junctional break, a finite region of fiber matrix components at the entrance of the
cleft and very small pores or slits in the continuous part of the strand to account for the

permeability of small ions, will be developed in Chapter 2.

1.3.B Time Dependent Diffusion Wake Model

The latest time dependent studies of the penetration of lanthanum in the cleft on the
abluminal side of the junction strand and confocal microscopic measurements of the spread of
sodium fluorescein in the tissue surrounding a perfused microvessel provide additional evidence .
in support of the small pore system proposed in Chapter 2.

Adamson and Michel (1993) observed the penetration of lanthanum tracers beyond the
junction strand approximately 15 seconds after tracer was introduced and concluded that about
6 percent of the cleft length was labeled to the margins of the cleft exit. When these studies
were repeated recently by Dr. Adamson in Dr. Curry’s lab, a striking difference between the
tracer distributions after short (10 sec.) and longer (60 sec.) perfusions was observed. At 10
seconds the frequency of discontinuities in the junctional strand, identified by the penetration
of lanthanum beyond the junctional constriction in one or more sections of a serial section
sequence, was rare. However, when serial sections of a frog mesenteric capillary were perfused
for 60 seconds following the same procedure, lanthanum was observed to fill the cleft beyond
the junctional constriction to the abluminal border in every section. Most significantly, all clefts
from this vessel exhibited this same pattern of leakage.

These observations strongly suggest that clefts leak along their length but that the

threshold for visibility of lanthanum is only exceeded after the diffusional filling of the
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surrounding tissue has risen to a level where the concentration at the cleft exit has reached some
threshold for detection. Thus, the wakes from the large breaks are labeled at early times
because their high flux density allows the local concentration at the cleft exit in the vicinity of
these large pores to rise much more rapidly. However, the results of our two-pore model in
Chapter 2 predict that the total flux through the infrequent large pores is less than 1/3 of the
flux through the small pore system, and that after longer times the latter flux will dominate and
fill the entire tissue space surrounding the cleft exit. When this occurs every cleft should be
labeled on the abluminal side of the junction strand. The importance of the time dependent
labeling of the extravascular space had not previously been considered in the interpretation of
electron microscopic labeled tracer studies. In fact, all previous permeability measurements have
been based on the assumption that the tissue concentration was low and could be neglected in
calculating endothelial permeability.

Strong evidence in support of this hypothesis has been provided by the first confocal
microscopic images obtained by Adamson et al. (1993) for the detailed time varying distribution
of a low molecular weight fluorescent tracer surrounding an individually perfused microvessel
under well controlled conditions in situ. This new experimental technique provides critical
information on the distribution of the tracer in a cross-sectional plane, the rate of tracer
diffusion into the tissue, and the concentration of the tracer at the capillary wall as it enters the
tissue (cleft exit concentration). The results show that the concentration at the cleft exit rose to
about 50 percent of the luminal concentration after 58 seconds of perfusion and suggest that the
tracer wakes in the lanthanum studies should become visible along the entire length of the
junction strand when the cleft exit concentration is close to this value provided the small pore
is distributed along the entire length of the junction strand.

These intriguing time dependent results have motivated a much more sophisticated three
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region model in Chapter 3 for analyzing the time dependent labeling of the wakes on the
abluminal side of the junction strand and the time dependent, spatially varying labeling of a low
molecular weight tracer in the tissue space surrounding the vessel. As noted above all previous
models have tacitly assumed that in both tracer labeling and permeability studies the
concentration at the cleft exit vanishes because the tissue space is treated as an infinite reservoir.,
The model in Chapter 3 attempts not only to predict the quasi-steady spatial variation of the
cleft exit concentration, but also how this concentration changes with time since this will have
a profound effect, as discussed above, on the time dependent labeling of the lanthanum wakes

that are observed downstream of the large breaks in the junction strand.

1.3.C Time Dependent Convective-Diffusion Wake Model

Another experimental limitation is that the existence of fiber matrix components cannot
be directly visualized in the wide part of the cleft. For this reason, two alternative hypotheses
have been formulated to describe the size selective structures that determine capillary
permeability. One hypothesis proposes that the molecular filter lies within the small
discontinuities in the strand of molecules forming the junctional complex between adjacent
endothelial cells (Crone and Levitt, 1984). The second hypothesis also proposes that the breaks
in the junctional strand determine small solute permeability, but assumes that the primary
molecular filter is a fibrous network associated with the cell surface and/or the wide part of the
junctional cleft (Curry and Michel, 1980; Michel, 1988). The principal motivation for the
development of the two-dimensional convective-diffusion wake model proposed in Chapter 4
of this research is to design experiments that can test for the location of the molecular filter.
Whereas the wake of a small electron dense tracer on the abluminal side of the junctional strand

provides information about the size and frequency of the discontinuities which can be easily
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penetrated by small solutes, the distribution of larger solutes on the luminal side of the junction
barrier will help us determine the location of the molecular sieve. If the breaks in the junctional
strand are the primary molecular filter, there will be a large change in the tracer concentration
and its distribution across the strand at the sites of small solute leakage. On the other hand, if
the accumulation of the tracer is near the entrance of the cleft or the tracer concentration
decreases with increasing depth into the cleft towards the junctional strand, this would suggest
that the fiber matrix is the principal molecular sieve. The models for the ultrafiltration of solute
at the junction strand or by matrix components in the wide part of the cleft will examine these

possibilities.
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Fig. 1.1

[nterstitium

Schematic drawing of the organization of tight junction of capillary
endothelium. A small segment of a capillary wall is viewed from the
peripapillary space. The junction region on the lateral surface of an
endothelial cell is exposed. Passage of hydrophilic solutes through the
junctional region can occur by circumvention of lines of contact and via
discrete interruptions in the lines. (from Bundgaard, 1984)
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Fig.1.2 Two one-dimensional models of intercellular pathway. (a) Pore-slit model.
This model proposed that the junctional cleftis 17-22 nm wide except for
one or more constrictions. The constriction is assumed to be the main
molecular filter and its width, 6-8 nm, is chosen to fit reflection coefficient
data. (b) Fiber matrix model. The fiber matrix is assumed to be contained
in the wide part of the channel and acts as the molecular filter. Both
models assume that the permeability is proportional to the fractional
length of the tight junction which is effectively open. {from Weinbaum et
al., 1992)
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Fig. 1.3  Sketch of the basic three-dimensional junction-pore-matrix model of the
intercellular cleft. Junctional strand with periodic pores lies parallel to
luminal front. L, is the depth of pores in the junctional strand and L, and
L, are the depths between the junctional strand and the luminal and
abluminal fronts. Within the wide portion of cleft, cross-bridging fibers are
represented by either a periodic square array or a random array of
cylindrical posts. The radius of these posts is a and the gap spacing
between posts for periodical array is A. The distance between two
adjacent pores in the junctional strand is 2D. (from Tsay et al., 1989)
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Three schematic diagrams of junction protein arrangements. These protein
arrangements correspond to {a) smail gaps suggested by Bundgaard’s
(1984) ultrathin sections {(the zigzag protein pattern was first proposed in
Tsay et al., 1989); (b) long rectangular junction pores, similar to those in
the one-dimensional constricted channel model; and {c) large pores formed
by discontinuities of 44-88 nm in the junctional strands. (from Weinbaum
et al., 1992)
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CHAPTER 2

A COMBINED JUNCTION-ORIFICE-FIBER ENTRANCE LAYER
MODEL FOR CAPILLARY PERMEABILITY

2.1 INTRODUCTION

This chapter is a continuing effort based on the previous theoretical work by Tsay et
al.(1989) and Weinbaum et al.(1992) to delineate the role of the intercellular junction and
matrix structure in the regulation of capillary permeability. There are two major hypotheses
describing the molecular filter for capillary permeability. One hypothesis, the pore theory,
suggests that small 5.5 nm radius pores or narrow 6-8 nm slits in the junctional strand array
are the major molecular filter (Pappenheimer et al., 1951; Perl, 1971; Casley-Smith et al.,
1975; Wissig, 1979; Crone and Levitt, 1984; Tsay and Weinbaum, 1989). The other
hypothesis, the fiber matrix theory, states that the solute transport is regulated by the size and
distribution of a fibrous network in the wide portion of the cleft and at the endothelial surface
(Curry and Michel, 1980). Recently, a three-dimensional junction-pore-matrix model has been
developed (Weinbaum et al., 1992) to quantitatively evaluate these two hypotheses. In this
model, three types of junctional pores, a circular pore of 5.5 nm radius, a rectangular slit of
8 nm gap height and a larger rectangular pore of 22 nm gap height and 22-88 nm width were
examined. These pore structures were chosen based on the electron microscopic observations
of Bundgaard (1984) and Wissig (1979).

Three important results were obtained from this three dimensional junction-pore-matrix
model when applied to the experimental data for single perfused frog mesentery capillaries.
First, the results for the three different types of junctional pores indicate that a cleft with a
junction strand with any of the pores could not by itself explain all the measured data for the

hydraulic conductivity L, diffusive permeability P and the reflection coefficient 0. Second, a
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cleft filled entirely with a fiber matrix, without a junction strand present, which satisfied the
measured value of L,, substantially underestimated the diffusional resistance for small and
intermediate size solutes. Third, a cleft with a junction strand with pores and fibers throughout
its wide part, while able to reconcile the data for L, and small solute permeability, could not
satisfy the permeability data for solutes greater than 0.5 nm radius and could not explain the
2.5 fold increase in L, that occurs when the endothelial cell glycolcalyx at the luminal front is
enzymatically removed (Adamson, 1990). For the 5.5 nm radi-us pore and the 8 nm gap height
slit, where the pores are the primary size selective filter, the addition of fibers leads to an even
larger disagreement between theoretical predictions and experimental measurements. The
junction pore which suggested the best agreement for P is an infrequent 22 nm gap height break
whose width is at least a standard transmission section thickness, 40 nm.

The above prediction as to the likely geometry of the large pores in the junction strand
has been recently confirmed by the serial section electron microscopic studies of frog mesentery
by Adamson and Michel (1993). These serial reconstructions revealed rather long breaks of
typically 150 nm width and the same gap height as the wide part of the cleft. These breaks were
spaced between 2140 and 4450 nm apart depending on whether conventional thin sections were
used, or the breaks were identified by the leakage of the lanthanum tracer extending to the
abluminal front. The junction strand pores were thus orifice like discontinuities in a narrow
barrier whose depth was the diameter of the individual proteins in the strand. This type of the
break is more realistically modeled by the flow through a zero thickness orifice in a channel as
proposed in the appendix by Parker et al. in Adamson and Michel (1993), rather than Poiseuille
flow in a rectangular channel, the pore model in Weinbaum et al. (1992). The rigorous
hydrodynamic theory in Zeng and Weinbaum (1993) indicates that an orifice with the

dimensions of the breaks observed in Adamson and Michel (1993) is described well by Hele-
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Shaw flow theory. A similar model for the junction strand breaks, to that proposed by Parker
et al. is thus used in this study except that the theory is now extended to include diffusion and
modified to include finite regions of fiber matrix components in the wide portions of the cleft
and very small pores or slits in the continuous part of the strand to account for the permeability
of small ions.

There is evidence indicating that the components of the endothelial cell glycocalyx may
correspond to the fiber matrix proposed in the fiber matrix theory (Curry and Michel, 1980).
Using ruthenium red staining, Luft (1966) first showed that there was a ’fluffy’ endothelial coat.
More recent studies indicate that this glycocalyx carries a negative charge and is able to bind
cationized ferritin in a thin layer of 20 to 30 nm thickness near the endothelial wall (Turner et
al., 1983; Adamson and Clough, 1992). There is indirect evidence based on chemical staining
that matrix components may fill portions of the wide part of the cleft on the luminal side of the
junction complex (Schneeberger and Hamelin, 1984). These authors showed, using an
immunoperoxidose method in rat lung, that albumin bound to matrix components in the wide
part of the cleft but was absent in the junctional region. The first direct visualization of such
components was just reported in the rapid fixation scanning electron micrographs of the arterial
endothelial surface by Satcher (1993). In the latter study fine perpendicular fibers could be
clearly seen at the entrance to the cleft. In this paper we shall present results for this
perpendicular fiber arrangement in either a periodic or random array.

Adamson (1990) studied the fiber matrix hypothesis by comparing normal capillary
hydraulic conductivity L, with L, measured after partial degradation of the endothelial cell
glycocalyx. He observed that L, increased from 2.0 x 107 cm/s/cm H,0 to 4.9 x 107 cm/s/cm
H,O after enzymatic degradation, a nearly 2.5 fold increase. This is the only experiment which

tries to isolate the hydraulic resistance due to fiber matrix components at the endothelial surface
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or in the wide part of the cleft at the luminal front. It will be shown that this behavior is not
consistent with the 150 nm wide orifices being the only pathway for water and small ions, but
can be explained if a significant fraction of the water and small ions passes through a narrow
continuous slit in the junction strand. Evidence for such a structure has been reported in

Adamson and Michel (1993).

2.2 MATHEMATICAL MODELLING
2.2.A Model Geometry

A three-dimensional schematic of our idealized model for the interendothelial cleft is
shown in Fig. 2.1. The breaks in the junction strand observed by Adamson and Michel (1993)
are represented as orifice openings of dimensions 2d x 2b in a zero thickness barrier. The
spacing between orifices is 2D and these openings are periodically arranged in the plane of the
strand. We shall first consider a basic model without very small pores or slits, in which the
junction barrier is impermeable except for the junctional orifices. The junctional orifices connect
the two wide portions of the cleft. A fiber layer, which is either an ordered period or random
array of perpendicular fibers, is assumed to appear at the lumen front of the cleft and extend
to a depth L, into the wide part of the cleft. This basic model is then modified to include a
family of very small pores or slits. A continuous narrow slit of height 2b, is also shown in Fig.
2.1.

For the basic orifice model only pores whose gap height 2b is equal to the gap height
2B of the wide portion of the cleft will be examined. We require that 2b = 2B since we assume
that this distance is set by the background force balance between the plasma membranes when
the slit width 2d > > 2B. This is consistent with observations in Adamson and Michel (1993).

L,, the thickness of the junction barrier is neglected in the basic model for the orifice flow, but
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will be considered later in determining the resistance of the very small pores. L, and L, are the
depths of the cleft on each side of the junction strand. The value of L, determines the position
of the junctional strand. Results in a previous study (Tsay et al., 1989) indicate that the position
of the junction strand has very little effect on the total hydraulic resistance across the junctional
cleft; therefore, one chooses L, = L, in all our calculations. L is the total cleft depth and L; is
the depth of the fiber layer at the lumen front.

In the model, periodic and random fiber arrays are examined. For the periodic array,
the fibers are represented by a periodic square array of circular cylindrical elements. These
fibers are assumed to be oriented perpendicular to the plasmalemma membranes forming the
interendothelial channel as observed in the scanning electron micrographs of Satcher (1993).
The fiber diameter is 2a and the distance between adjacent fibers is 2W. The open spacing
between fibers is A. The volume fraction of the fiber matrix is S;. A hydrodynamic theory for
predicting the added hydraulic resistance of this bounded perpendicular fiber array is presented
in Tsay and Weinbaum (1991). For the random fiber array we also assume that the fibers form
perpendicular cross-bridges across the cleft but are randomly arranged using the stochastic

model of Yu and Soong (1975).

2.2.B Hydraulic Conductivity
(a) Large breaks, orifice model

We consider first the basic orifice model with matrix components filling a portion of
the wide part of the cleft. Two major simplifications are introduced in the model. First, the thin
viscous layers near the edges of the orifice are neglected. In Zeng and Weinbaum (1993) it is
shown that there are narrow viscous boundary layers of thickness O(B) near these edges where

the velocity adjusts to satisfy no slip boundary conditions. Second, the water flow in the wide
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portion of the cleft is analyzed using two-dimensional Hele-Shaw theory which neglects the no
slip conditions at the barrier. The justification for this simplification has been discussed in Tsay
et al. (1989).

In regions 1 and 3, since the height of the cleft 2B is small compared to both the
average distance between the pores 2D and the depths L, and L,, the water flow in the wide

part of the cleft can be approximated by a Hele-Shaw flow.

22 2.1
u = u(l - 73—2) 2.1
where
B2
= -3y (2.2)
u, 2 p

is the velocity at the center plane z = 0 of the cleft. The pressure field in a Hele-shaw flow
satisfies
I, 2.3)
i oy

The boundary conditions at the boundary plasmalemma membranes of the cleft are no slip

u=v=20 at z =B 2.4
where u, v are the x, y components of the fluid velocity u and w = 0. The viscous resistance
in Hele-Shaw flow originates from the shearing stress at the boundary plasmalemma membranes
at z = +B and the pressure disturbances produced by the vertical boundaries or obstacles in
the x, y plane, where no slip boundary conditions cannot be satisfied.

The effect of the hydrodynamic interaction with the cross-bridging fibers in the entrance
subregion of the cleft can be treated by replacing the actual fluid viscosity p by an effective

viscosity p.;. The effective viscosity p. is defined by V<p> = -3u,<U>/B? where < >
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denotes an average value of a region which is small compared to the depth of the fiber layer
L;. The effective viscosity can be written as uf where f is a hydrodynamic interaction function
which depends on the fiber configuration, the fiber volume fraction S;, and the aspect ratio B(a
of the fibers. It was shown in Tsay and Weinbaum (1991), where an exact infinite series
solution for the square fiber array in a channel was obtained, that the following solution of the

Brinkman equation gives a very good approximation for f when B/a > 5.

Fo___ B 2.5)
3(p - tanhP)
5. B

K, is the Darcy permeability which describes the flow through an infinite matrix which has the
same fiber geometry as the interior of the bounded flow under consideration. For a two-

dimensional square fiber array, K, is given by

K, = 0.0572a%( _2_ Ny (2.6)

which is shown in Tsay and Weinbaum (1991) to be a highly accurate approximation to the
exact solution for the two-dimensional periodic array in Sangani and Acrivos (1982).

If the perpendicular fibers observed in Satcher (1993) are arranged in a random array
we adopt the approach described in Weinbaum et al. (1992). One retains expression (2.5) for
f but uses a Carman-Kozeny approximation for K, given by

(1 - S)B a2
= — L (&L 2.7
K, 57 o @.7)

where C is a fiber density correction factor. When the fibers are circular cylinders



28

perpendicular to the flow, Happel (1959) used a periodic unit cell model with vanishing shear

at the edge of the periodic unit to obtain the following approximate expression for C

-8y ~ g2 -1
C = Mﬂn(_l_) - u] (2.8)
S; S a+8H

The randomness in the distribution of fibers can now be taken into account using a stochastic
model developed.by Yu and Soong (1975). In this model N fibers are randomly inserted into
M subregions and a nonuniform fiber density distribution is generated. Each subregion has a

different value of S; given as

Sﬁ(") = n‘(k)(_%)sf (2.9)

when n; ® is the number of fibers in subregion i. By assuming that there is at least one fiber in
each subregion, a different value of K, is obtained for each region. The average value of K,

which we denote by K, is calculated as

K® (N - M)!

1 PoM
[[»® - niM®-»
i=1

ot g

n=1n,=1 n

N
=

2.10)

n +mn,+ - +n,=N
The mean K, is used to replace K in Eq. 2.5 for a random fiber array.

For mathematical convenience we shall combine the unbounded fiber layer on the lumen
surface observed by Turner et al. (1983) and Adamson and Clough (1992) and the cleft-
spanning fibers in the wide part of the cleft and treat the entire matrix layer as if it existed in
the entrance region of the wide part of the cleft. However, any thickness of surface layer can

be converted into an approximate equivalent thickness of matrix inside the cleft by comparing
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the Darcy permeability K, (K, for random array) of the unbounded fiber matrix with K, .
(Krerr for random array) of the bounded fiber array. In Tsay and Weinbaum (1991), the

relationship between K; and K, .- was developed as

K, .= K - M)
B//K,

where B is the half height of the cleft. Fig. 2.3(a) describes the ratio of K, /K, as a function
of the solid fraction S; of fiber matrix for a periodic and a random array. When S; = 0.017 for
the periodic array and S; = 0.085 for the random array, both of which are determined by
satisfying the measured reflection coefficient 0.9 of the frog mesentery to albumin, K, /K, are
0.74 and 0.89, respectively. Therefore, the resistance of a 100 nm thick fiber layer at the
luminal surface is equal to that of a bounded fiber layer whose depth is 74 nm for a periodic,
or 89 nm for a random array inside the cleft.

The large breaks in the junction strand are more accurately modeled as a zero thickness
orifice rather than as a pore since d > > L, and B. Furthermore, for D > > d we can neglect
the interaction between adjacent breaks. The solution for a Hele-Shaw flow through a single
orifice in a channel of depth L is significantly simplified when the junction barrier is located
in the middle of the cleft, L, = L,, provided the effective viscosity is uniform in each region.
An exact analytic solution is difficult to obtain for a finite fiber layer where L; < L, , since
the pressure will not be uniform along the interface x = L; between the fiber free and fiber
filled regions. A reasonable approximation, however, is to assume an average effective viscosity
in region 1, u®, which is an average of p; in the fiber layer and p in the fiber free subregion,

which is proportional to the relative depth of each region. Thus,
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W0 o Fabs * iLl - Le 2.11)
1

Our boundary value problem is, therefore, reduced to flow through two connected regions with
different average viscosities p® and p® in regions 1 and 3.

One can show, see Appendix, provided that u® and u® are constants, although these
constants may be different, the pressure at the orifice is a constant given by

p®p, + p®p,

0O<ys<d 2.12)
p(l) + u(3)

L _
P(E; y) =

where p,_ is the lumen pressure at x = 0. The boundary condition at the junction barrier, if

impermeable, is

= =0 dslyl <o X = (2.13)

|t~

The solution of Eq. 2.3 subject to the split boundary conditions (2.12) and (2.13) is not
straightforward because they are of mixed type. They are most easily treated using a Schwarz-
Christoffel conformal mapping that transforms the region, 0 < x < L/2,0 < y < oo, into

0<¢< w,0 <9y < o inthe ¢, y plane (Fig. 2.2). The transformation is

w = sin(n%) 2=x+iy w=E +in (2.14)

where the boundaries x = L/2, 0 <y < oo and x = 0 are mapped into the lines 1 < ¢ <
oo, n =0and £ = 0. The orifice x = L/2,0 <y < d is transformed into 1 < ¢ < «, 9
= 0, and « is given below. The boundary conditions (2.12), (2.13) and p = p,, are unchanged.
The solution for the potential pressure field in the £, 9 plane is given in Sneddon (1966). After
transforming this solution back to the physical plane, it can be written for region 1 in Fig. 2.1

as
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pOk, y) = (pL—pA)[l—efu'lA(u)e"‘"sin(Eu)du] +p, Osxsé‘-, y20 (2.15)
0

here

= sin(nX pA = Xosi P
E sm(nL)cosh(nL) n cos(nL)smh(nL)

u®
h u® 4 @

L

3 D"y~ W)

A) =
((Y--l)n=l

o = cosh(mA)

>
11
~ia

where p,, p, are the constant pressures at the luminal and the abluminal fronts of the cleft, u?,

i = 1, 3 are the average viscosities in regions 1 and 3, K is a complete elliptic integral of the

first kind, P,., are Legendre polynomials, J,,, are Bessel functions of the first kind and the other

lengths are shown in Fig. 2.1. This solution differs from that in Parker et al., Appendix in

Adamson and Michel (1993), in that the latter solution is only valid for p® = u®.

A similar solution to (2.15) can be found in region 3

M 6]

3) -
Y, y) =
p.(l)

The final expression for the flow rate through a single orifice is

L
[pL—p<"(1—§, Mpp Zsxsl, y20

(2.16)
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where
R _
to(Lys ) = [—28 & . [y (2.17b)

Il
2(pV+p) " K™ \Jaz—coshz(nl) L
L

The above expression for Q is easily converted into a filtration coefficient. The number of
orifices per unit capillary surface area is L;/2D, where L, is the total cleft length (total cell
perimeter) per unit capillary surface area. Thus, the hydraulic conductivity for the large orifice

system is

1
- 48° K - o 2 Ly (2.18)
o e T

(b) Small junctional pore and slit system

It is difficult to generalize the orifice solution in the previous subsection for the case
where the junction barrier is permeable in the regions d < |y| < D, since dp/dx at x = L/2
is unknown and varies as a function of y at the barrier. However, much simpler approximate
solutions can be obtained for a continuous narrow slit or distribution of small circular pores in
the region where the junction strand is intact. We shall see later in the results that these small
pore pathways are required in addition to the large orifice openings just considered if water and
small ion permeability are to both agree with the measured values for P and L.

We consider first a narrow continuous slit of gap height 2b, which is of the order of 2
nm. This type of continuous slit is suggested by the goniometric tilting of transmission electron

micrographic sections of fused junctional regions of frog mesentery capillaries in Adamson and
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Michel (1993). In these studies changes in tilt angle of a section nearly always revealed a
narrow gap of roughly these dimensions between the outer leaflets of opposing membrane
bilayers. Since the fractional length of the orifice type breaks is small, we can neglect their
presence for the purpose of estimating the additional contribution to L, from the narrow slits.
We thus consider a second pathway in parallel with the orifice openings that is a simple one-
dimensional model in which a narrow slit of height 2b, and depth L, connects regions 1 and 3.

In this model the contribution of the narrow slit hydraulic conductivity L, to the total L, is

given by
L.us =(R, + R+ Rs)-l 2.19)
where
Ro= 22+ (f- L) i=1,3 (2.20a)
283Lﬁ '
L
R, = 3L, (2.20b)
2b]L,

The ratio of the resistances of the narrow and wide parts of the clefts for this simple one-

dimensional model is
BBy @2.21)

Numerical results in Weinbaum et al. (1992) show that for a = 0.6 nm and A = 7 nm, fis of
0(10) in Eq. 2.5. Thus, if L, = 10 nm (thickness of junction strand), L, = 200 nm and B/b,
= 10, R,/ R, will be at least 5 even if the entire wide part of the cleft is filled with matrix that
is a selective sieve for albumin (7 nm diameter). We shall use this calculation to justify the

simple model for the very small circular pore that we present next.
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A second possibility for a small ion parallel pathway is a small circular pore of radius
r, that might exist between adjacent proteins in the junction strand. This small pore would have
a spacing 2D = 10 nm which is approximately the diameter of a single protein. Our results
later will show that for r, = 1.5 nm a frequent circular pore of this type can also account for
the measured P for small ions in frog mesentery. The hydraulic resistance of this small pore is
approximately one order of magnitude greater than the narrow slit whose relative resistance was
just estimated. This small pore, if L, = 10 nm, would have a hydraulic resistance which is at
least 50 times the wide part of cleft even if a size selective matrix for albumin was present in
the latter part of the cleft. Thus, for this small circular pore R, >> R;, i = 1, 3, and L, in

(2.19) can be approximated by the simple Poiseuille flow result

4
LW 2.22)
P 8uL, 2D

The more accurate expression for L,, in Tsay et al. (1989) and Weinbaum et al. (1992), which
does take account of the interaction between pores in the wide part of the cleft confirms the

simple approximation given by (2.22).

2.2.C Diffusive Permeability
(a) Large breaks, orifice model

An equivalent theory to that developed in subsection B(a) for filtration can be developed
for solute diffusion through the junction-orifice-matrix geometry shown in Fig. 2.1. This theory
closely parallels the solution for the pressure field in the boundary value problem for
determining L, since the concentration C satisfies the same governing equation (2.3) and
boundary conditions as for p. One first needs to develop a suitable average expression for the

diffusion coefficient which is equivalent to u in Eq. 2.11.
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The added resistance of a fiber layer at the cleft entrance can be represented by the
effective solute diffusivity D;.; which accounts for both the effect of the plasmalemma
membranes and the fiber matrix. Weinbaum et al. (1992) propose the following approximate

expression for D, . for solutes moving in a confined periodic fiber array

2
T, 175 .1 - b8,
D =D. (1 — —_—f 2.23
ieff (1 + + 3Kp) [l " blse] (2.23)

P
Here D,, is the restricted diffusivity derived in Ganatos et al. (1980, 1981) for a sphere
diffusing in a channel without matrix, but which includes the hydraulic resistance of the
plasmalemma boundaries. The first term in parenthesis in (2.23) describes the added resistance
of the fiber matrix based on the motion of a sphere in an unbounded Brinkman medium and the
second term in parenthesis describes the steric hindrance of the fiber array. Here b, is the
coefficient of the leading term of the pseudo doubly periodic Weierstrass expansion series that
is used to describe the disturbance produced by each fiber for the diffusion problem; S, = S,(1
+ r,/a)’ represents the effective fiber solid fraction; r, is the solute radius; K, is the Darcy
permeability for the periodic unbounded fiber array. For a random array, we replace the second
term in parenthesis in (2.23) by the expression in Ogston et al.(1973) for the steric hindrance

of a random matrix. In stead of (2.23) we have

2 2
_ r, 17 _ 2r, 1,
Dy = Dy (1 + X * 3?1’) expl Sf(-;- * ;5)] (2.24)

The randomness in the distribution of fibers is taken into account using the same stochastic
model described previously for K, in Egs. 2.7 and 2.10.
The equivalent expression to Eq. 2.11 for u” which takes account of the additional

diffusional resistance of the fiber layer is
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DO = L\DyD; oy (2.25)
Dty + (Ly = LD,y

and a similar expression can be written for region 3. The final expression for P which

corresponds to the solution for L in Eq. 2.18 is

1
_ 4BDYD® K11 - 63?1 L (2.26)
DO + p® Kl 2D

i

where «, k, L, D have the same definitions as in (2.18).

(b) Small junctional pore and slit system
The simplified one-dimensional model for the additional diffusive permeability P, for
the narrow slit closely parallels that already described in determining L, for the narrow slit.

Instead of Eq. 2.19 one has

P = (Ry + Ry, + Ry 2.27)
where the Ry, are the diffusive resistances in each region. For the narrow slit these are given
by

1

R = g gl * o~ DLl E= 1,3 (2.282)

L

=2 (2.28b)
26 .vLj p(Z)

RDZ

where f, is equivalent to f in Eq. 2.20a and is given by D,,/D; . For small ions f, = 1, and
R,/R; = 0.5if B/b, = 10 and L/L, = 20. Thus, in contrast to the filtration problem for the
narrow slit, the diffusive resistance of the narrow slit is significantly less than the wide part of

the cleft.
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One can similarly show that for very small circular pores of radius r,, R/R; =
(4BD/ar?) (L,/L)), which is of O(1) for the same values of these geometric parameters cited
earlier for filtration. This is a maximum estimate for this ratio which neglects the additional
resistance of the fiber matrix in the wide part. The diffusive resistance of the wide part of the
cleft can, therefore, not be neglected in calculating P, for the small circular pores and one
cannot use a simple result equivalent to Eq. 2.22 for L, for determining P,.

The appropriate diffusion problem for a junction strand barrier with small circular pores
of radius r, and spacing 2D separating regions where there may be a fiber matrix layer of

thickness L, at the luminal front is defined by the boundary conditions:

o
o y=0,D (2.292)
oy
ac
—2 =0 ds|ysD, x-=L (2.29b)
ax
aC
_6.71 =Q ly| < d, x =1L (2.29¢)

in the fiber free portion of region 1. Here Q is the diffusive flux through the small pores in
region 2 and d is an equivalent entrance width in the wide part which is determined by requiring

that 4bd = r,”. At the interface with the fiber layer we require

C, =C, x=1L (2.29d)
ac, ac,

Equivalent boundary conditions can be written for region 3. The expression for Q is written in
terms of a one-dimensional diffusion equation in which the continuity of concentration and flux

at the pore entrance and exit are satisfied. At x =0,C;=C andatx = L, C; = C,.
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The solution to the boundary value problem just summarized leads to the following

expressions for Ry, and Rp; in (2.27)

m"'(l d)

R L+(f,-1 ni> i=1, 3 (2.30a)

Di 2BL,,DM[ *0o D, E A, l
po Dt coth(x,Lf,) tanh[h, &, - L] 13

m fptanh[A (L, - L)] + coth(A,L.)’ ’

nn
A.n = —b—, n = 1, 2, 3, ceve
In region 2, the small circular pore, the resistance is
R, - 22D 1 (2.30b)

ar? L, DO

where D@ is the restricted diffusion coefficient in the junction pore region. An approximate

solution for D® for circular pores is given in Curry (1984).

2.3 MODEL PARAMETERS

We shall first identify all the parameters that appear in the model and estimate, where
available, the anticipated range of values. The values for the cleft depth, L = 400 nm, and total
cleft length per unit area, L, = 2000 cm/cm?, are based on the measurements for single
perfused vessels in frog mesentery by Clough and Miche! (1988). We believe the most reliable
measurement of the gap height 2B of the wide part of the cleft is 20 nm, Frokjaer-Jensen
(1991). These average values of L, L; and 2B are close to the mean values reported by other
investigators for frog mesentery. The recent study by Adamson and Michel (1993) has

provided the first reliable bounds on the size and spacing of the large breaks in the junction
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strand of frog mesentery capillaries. Two estimates have been obtained. Conventional serial
construction has revealed 3 breaks in a distance of 13.36 um or a spacing of 4450 nm,
Lanthanum labeling of consecutive sections has revealed eleven breaks where the tracer has
penetrated to the abluminal side over a distance of 23.56 um. The average spacing for all 14
breaks is 2640 nm while their average width is 2d = 150 nm. Results will be presented for all
three orifice spacings, 2D = 2140, 2640 and 4450 nm.

The largest uncertainties in the model are the measured value of L, and the structure
of the fiber matrix. We will use the measured value of L, = 2.0 x 107 cm/s/cm H,O in
Adamson (1990). This is significantly less than the measured average value L, = 5.9 x 107
cm/s/cm H,0O in Clough and Michel (1988) and 4.0 x 107 ¢m/s/cm H,O in Adamson and
Michel (1993) for frog mesentery. The latter could be overestimates since centerline rather than
average values of the velocity were used to calculate L. For a Poiseuille profile the average
velocity is 1/2 the centerline value and thus if the average value of the velocity were used L,
would be between 2 and 3 x 107 cm/s/cm H,0. We shall present results for L, which lie in the
range 2-4 x 107 cm/s/cm H,0.

As discussed in the introduction there are no definitive studies on the fiber structure of
the matrix. In the fiber matrix theory it is generally assumed that the dominant matrix structures
determining resistance and the size of the molecular sieve are the GAG side chains of the
proteoglycans. It is generally accepted that albumin, 7.0 nm diameter, does not easily pass
through this matrix and has a reflection coefficient ¢ that is close to 0.9, Michel (1988). The
sialic acid side chains in the GAG have a radius a = 0.6 nm. If these are ordered in a regular
array, as proposed in Michel (1988), then A = 7 nm for the perpendicular array shown in Fig.
2.1. For these values of a and A, the fiber volume fraction S; is 0.017. For the random fiber

array we require that the value of S; satisfy the measured value for P for albumin. This
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corresponds for a random matrix to S; = 0.085 and a reflection coefficient o of 0.95. The
principal unknown for either matrix is the depth of the fiber layer L;. This depth is determined
by requiring the total hydraulic resistance satisfy the measured value of L. As discussed earlier
and shown in Fig. 2.3(a) any thickness of surface fiber layer can be converted to an equivalent

thickness of bounded cleft entrance layer in determining L.

2.4 RESULTS
(a) Hydraulic Resistance; Fiber Layer Depth

We shall first present results for the change in L, with fiber layer thickness L; for the
basic orifice model and later in subsection (d) show how this will be altered if very small pores
or a narrow slit are present in the continuous region of the junction strand. The filtration
coefficient has been calculated for each of the three orifice spacings obtained from the Adamson
and Michel (1993) data in Figs. 2.4(a),(b) for the periodic and random perpendicular fiber
arrays in that order. The decrease in L, as the fractional depth L,/L of the cleft is increased is
shown in this figure. One observes for the periodic perpendicular array in Fig. 2.4(a) that the
measured value, L, = 2.0 x 107 cm/s/cm H,0, is achieved for 2D = 2140 nm when L/L =
0.26 or L; = 104 nm. At the other extreme, 2D = 4450 nm, one is able to satisfy this
measured value of L, for the periodic fiber array when L; = 12 nm. The corresponding values
for the fiber layer depth for the random perpendicular array are L, = 23 nm for 2D = 2140
nm and L; = 3 nm for 2D = 4450 nm.

The first important observation from the above calculations is that the measured value
of L, = 2.0 x 107 cm/s/cm H,O can not be achieved, using the basic orifice model, unless the
matrix occupies a relatively small fraction of cleft depth. Since this value of L, is at the lower

end of the measured values for the hydraulic conductivity, the calculated depths of the fiber
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layer cited above are close to maximum bounds if the only pathway for water is the 150 nm
orifice observed in Adamson and Michel. The depth of the periodic fiber layer is somewhat
larger for the same L, than the random layer. The second important observation is the increase
in L, that results when the fiber layer is enzymatically removed as described in the experiments
of Adamson (1990). In interpreting the results of this experiment one assumes that the
enzymatic degradation has not also altered the structure of the junction strand. If the junction
strand is unchanged, one can attribute the entire increase in L, to the enzymatic removal of the
matrix. This is described in the model by setting L/L = 0. In this limit Adamson found that
L, increased to 4.9 x 107 cm/s/cm H,0O from a control value of 2.0 x 107 cm/s/cm H,0. One
concludes from Figs. 2.4(a),(b) that this 2.5 fold increase in L, can only be achieved when the
orifice spacing 2D = 2140 nm if the entire transendothelial water flux is accounted for by the

large orifice-like breaks.

(b) Pgrmeability Intermediate Size Solutes

The solutions for the solute permeability P corresponding to the calculations for L, in
Figs. 2.4(a),(b) for the basic orifice model are shown in Figs. 2.5(a),(b). All the curves in Fig.
2.5 satisfy the measured L, of 2.0 x 107 cm/s/cm H,0. One observes that the best fit for the
intermediate size solutes between 1 and 2 nm radius is obtained for the most distant orifice
spacing, 2D = 4450 nm, for both the periodic and random fiber layers. For this value of 2D
the fiber layer at the luminal surface is very thin (12 or 3 nm) and the enzymatic degradation
of the fiber layer would lead to only a small increase in L,. The solution for 2D = 2140 nm,
which did account for the 2.5 fold increase in L, discussed in subsection (a) is thus not
consistent with the curves which provide the best fit for P for intermediate size solutes. All the

curves in Figs. 2.5(a),(b) significantly underestimate P for small ions. We shall show in
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subsection (d) that both these difficulties can be accounted for if a second pore system for water

and small solutes is included.

(©) Varying L, of the Large Pore System

All the curves in Fig. 2.5 satisfy L, = 2.0 x 107 cm/s/cm H,O. However, as noted in
the section describing choice of parameters, typical values of L, lie in the range 2-4 x 107
cm/s/cm H,0. In addition, if a second pore system does exist in parallel with the large
orifice-like breaks, L, for the orifice pathway (large pore system) by itself could be less than
2.0 x 107 cm/s/cm H,O. The latter possibility might allow for a thicker fiber layer which fills
the luminal side of the wide part of the cleft. Both these possibilities are examined in Figs.
2.6(a),(b) where L, is allowed to vary between 1 and 4 x 107 cm/s/cm H,O. In Fig. 2.6(a), a
thin fiber layer (L; = 20 nm) is maintained at the luminal surface and L, is varied by changing
the orifice spacing. One observes that the solution for P in which L, = 1.0 x 107 cm/s/cm H,0
provides a remarkably good fit for the intermediate size solutes which is superior to the curves
shown in Fig. 2.5(a). In general the smaller the value of L, associated with the large pore
system the better the fit for the intermediate size solutes. The difficulty with this L, = 1.0 x
107 c¢m/s/cm H,O solution is that it requires the orifice spacing, 2D = 8080 nm, be much
larger than the observed measurements in Adamson and Michel (1993), where the maximum
value was only 4450 nm.

In Fig. 2.6(b) we have repeated the calculation in Fig. 2.6(a), but this time for a thick
fiber layer that fills the entire wide part of the cleft on the luminal side of the junction strand.
The interesting observation is that we again obtain a best fit for the intermediate size solutes
when L, = 1.0 x 107 cm/s/cm H,O, but this time the orifice spacing is only 2700 nm and thus

lies within the range of spacings, 2140 to 4450 nm, observed in the Adamson and Michel’s
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experiments and very close to their mean value 2640 nm. One also observes that if L, of the
large pore orifice pathway is 2.0 x 107 ¢cm/s/cm H,O or greater the orifice spacing will be
significantly less than that observed in Adamson and Michel (1993) if L, = L,. The primary
difficulty with the L, = 1.0 x 107 cm/s/cm H,O solution in Fig. 2.6(b) is that it underestimates
by an order of magnitude P for small ions. This feature and the fact that L, for the large pore
system is only a half or less of the total L, suggest that a second small pore parallel pathway
is needed. The solutions for the two highest values of L, are only approximate since the spacing

2D is not large enough to ignore orifice-orifice interaction.

(d) Permeability to Small Ions, Small Pore Pathway

As discussed in the theoretical formulation two alternate small pore pathways have been
examined. The first is a small circular pore that might exist between adjacent proteins in an
otherwise continuous junction strand and the other is a narrow continuous slit that runs along
the entire length of the strand. The latter is suggested by the goniometric tilting experiments in
Adamson and Michel (1993). In nearly all regions where the outer membrane leaflets appeared
to be fused a very thin slit could be observed with proper tilt angle. The first possibility is
examined in Fig. 2.7(a) and the second in Figs. 2.7(b),(c). In Figs. 2.7(a),(b),(c) we have
assumed the same large pore structure (2D = 2640 or 4450 nm and 2d = 150 nm) and have

required that the total L, = 2.0 x 107 cm/s/cm H,0.

@) Small circular pore
Several different size small circular pores were examined in parallel with the basic large
pore orifice pathway. The solution that provided the best overall fit for P for both small ions

and intermediate size solutes was a value for r, of approximately 1.5 nm. This solution is shown
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in Fig. 2.7(a). The dotted curve is the contribution to P of just this small circular pore, the
dashed curve is the large pore solution by itseif and the solid curve is the superposition of the
two contributions. The dash-dot curve is the combined solution for the maximum orifice spacing
2D = 4450 nm in Adamson and Michel (1993). The solution for P for the latter spacing
provides an even better fit to the experimental data for P than the solution for 2D = 2640 nm.

For both cases the filtration coefticient for the large orifice system, L, is 1.7 x 107 cm/s/cm

ol
H,O. This can be achieved when L; = 95 nm for 2D = 2640 nm and L; = 26 nm for 2D =
4450 nm. One observes that this type of small pore contributes only insignificantly to filtration,
L,. = 0.3 x 107 cm/s/cm H,0, since its hydraulic resistance is very large, but greatly enhances
small ion permeability. The contribution of this pathway falls off very rapidly with increasing
solute size and is negligible for solutes larger than 1 nm radius. For the 2D = 2640 nm and
L; = 95 nm solution the fiber layer constitutes approximately 60 percent of the total resistance,
see Fig. 2.4(a), whereas for the 2D = 4450 nm and L; = 26 nm solution the fiber layer
constitutes less than 20 percent of the total cleft resistance. Thus, only the combined small and
large pore model for 2D = 2640 nm is also able to explain Adamson’s (1990) experiment in
which L, was increased 2.5 fold by the enzymatic degradation of the fiber layer.

The principal problem associated with this combined small and large pore model is that
it does not account for the variation in L, and P that has been observed between individual
vessels in the frog mesentery. In general, it has been observed that the variation in L, roughly
parallels changes in small solute permeability. This suggests that a significant fraction of the
water and small solutes enter through the same pathway, (Curry, 1979; Michel, 1984). This

type of small pore is not consistent with this observation since the contribution to L, is much

smaller than the contribution to P for small ions.
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(ii) Narrow slit pore

The results for the narrow slit pathway are shown in Fig. 2.7(b) for 2D = 2640 nm.
Numerical tests revealed that a nearly optimal fit for solutes less than | nm radius could be
achieved with a slit height 2b, = 1.5 nm. Results for two different slit depths L, are shown,
5.5 and 11 nm. A principal difference between the small circular pore solutions in Fig. 2.7(a)
and the slit solutions in Fig. 2.7(b) is that the contribution of L, to the total L, is substantially
larger for the narrow slit geometry. When L, = 5.5 nm the contribution to L, is' comparable
to the large pore orifice pathway and L is reduced to 1.0 x 107 cm/s/cm H,O. This smaller
L, allows for a thicker fiber layer while still maintaining the orifice spacing at 2D = 2640 nm.
If this fiber layer were enzymatically removed L, would increase to 4.4 x 107 cm/s/cm H,O.
This solution thus also closely predicts the 2.5 fold increase in hydraulic permeability that was
observed in Adamson (1990) after enzymatic degradation of the surface glycocalyx. The
solution for L, = 5.5 nm also provides a somewhat better agreement for intermediate size
solutes between 1 and 2 nm radius than the L, = 11 nm solution.

In Fig. 2.7(c) we have plotted a second set of solutions for the narrow slit geometry
corresponding to the 2D = 4450 nm larger orifice spacing observed in Adamson and Michel
(1993). In this case the fiber layer thickness is reduced to Ly = 40 nm to satisfy a total L, of
2.0 x 107 cm/s/cm H,O if L, = 11 nm and L; =96 nm if L, = 5.5 nm. This last solution
shows a remarkably good agreement with the measured P for all solute sizes and nearly
perfectly predicts the break in the solute permeability curve that occurs at 1 nm radius. The
difficulty with this solution is that if the fiber matrix were enzymatically removed from the wide
part of the cleft, L, would increase to only 3.3 x 107 cm/s/cm H,O and thus somewhat
underestimate the 2.5 increase in L, observed in Adamson (1990) after the fiber layer was

enzymatically removed.



46
2.5 DISCUSSION

The recent experiments of Adamson and Michel (1993) have provided valuable new data
on junction strand structure in frog mesentery which have made it feasible to quantitatively
evaluate the permeability pathways in the interendothelial cleft in a manner that, heretofore, had
not been possible. By providing bounds on the size and frequency of the large breaks in the
junction strand these experimental studies have made it possible to realistically assess the
contributions to permeability of other structural components such as the thickness of the fiber
layer and other alternate pathways for small ion permeability which the large pore system can
not account for.

The solutions for the basic orifice model in Fig. 2.4 clearly indicate that neither an
ordered or random fiber matrix with the proper reflection coefficient for albumin can exist
throughout the wide part of the cleft. This matrix would reduce L, to significantly less than 1.0
x 107 cm/s/cm H,O for the observed frequency of orifice-like breaks, 2140 < 2D < 4450 nm,
observed in Adamson and Michel’s experiments. However, within this range of 2D, it is
possible to have an ordered matrix with the appropriate selectivity for albumin, which fills the
entire luminal side of the wide part of the cleft if L, of the orifice pathway were reduced to 1.0
x 107 cm/s/cm H,0, see solid curve in Fig. 2.6(b). According to Fig. 2.4(a) these fibers would
contribute approximately five times the resistance of all remaining structures in the cleft and
thus L, would increase fivefold if this layer were removed by enzymatic degradation. This
increase is too large and the present calculations suggest that the thickness of the ordered part
of the fiber layer is more likely of the order of 100 nm in frog mesentery, see Fig. 2.4(a), since
this value for L, provides the best agreement with Adamson’s (1990) 2.5 fold measured increase
in permeability after enzymatic degradation. Matrix could be present in other regions but it

would have to be much more diffuse and not ordered. Such a scenario is consistent with a
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model in which the albumin orders the fibers in the entrance region of the cleft and this forms
a selective network which makes it difficult for albumin to penetrate further. The experiments
of Schneeberger and Hamelin (1984) support this picture since staining for albumin was
observed in the wide part of the entrance region of the cleft but absent from deeper regions near
the junctional complex.

The foregoing estimate of L, is consistent with the recent studies of Adamson and
Clough (1992) on the thickness of endothelial cell glycocalyx in frog mesentery capillaries.
These investigators used cationized ferritin as a marker of cell surface glycocalyx and observed
that when the vessels were fixed after perfusion with frog plasma, the ferritin penetrated the
outer region of the glycocalyx to a depth of 20 to 30 nm and that there was a separation layer
of 32 nm thickness between this layer and the membrane surface. The total thickness of the
glycocalyx 56 nm is thus somewhat smaller than the 100 nm thickness that we have estimated
is necessary to predict the 2.5 fold increase in L, after enzymatic degradation and thus suggests
that the ordered fiber layer also penetrates an equivalent distance into the wide part of the
entrance region of the cleft. While our mathematical model is for a perpendicular array of fibers
in a channel, it is shown in Tsay and Weinbaum (1991) that the solution is also a reasonable
approximation for an unbounded array if the fiber interaction layer thickness at the boundaries
K, is less than B. This condition is well satisfied for S; = 0.017. L, can therefore be used to
estimate the combined thickness of the surface glycocalyx and its continuation into the wide part
of the cleft at the luminal front. The inability of ferritin (11 nm dia.) to penetrate beyond the
outer region indicates that the matrix is continuous and ordered at the surface and that the
deeper regions are an effective filter.

It is clear that the orifice-like breaks in the junction strand can not account for small ion

diffusive permeability, even if they are spaced near the low end, 2D = 2140 nm, of Adamson
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and Michel’s measurements, see Figs. 2.6(a),(b). This provides strong evidence for a second
family of small pores. Two alternate hypotheses for this small pore family have been advanced
in the present paper, a small circular pore of 1.5 nm radius and a narrow continuous slit of 1.5
nm height. Both pores can account for the permeability of solutes of less than one nm radius,
but only the narrow slit can significantly contribute to filtration, compare Figs. 2.7(a),(b),(c).
When the filtration coefficient of the narrow slit pathway L, is approximately 1.0 x 107
cm/s/cm H,0, the spacing of the orifice breaks can be sufficiently far apart to both satisfy
Adamson and Michel’s measurements of 2D and provide very good agreement with the
measurements of P for intermediate size solutes. The predicted thicknesses of the fiber layer for
the solutions in Fig. 2.7(b) are also consistent with the 2.5 fold increase in hydraulic
conductivity that would result from enzymatic degradation of the matrix on the luminal side of
the junction strand.

An intriguing feature of the solute permeability curve is the break in slope for solutes
less than or greater than approximately one nm radius. The proposed two pore, large
orifice-narrow slit, model provides a rational explanation for this behavior that appears to be
quantitatively consistent with the large body of data on selectivity, small ion permeability,
hydraulic conductivity and permeability of intermediate size solutes for frog mesentery
capillaries. An area that requires further examination is the role of the depth of the narrow slit.
This depth reflects the number of continuous junction strands that appear in series. A further
observation in frog mesentery capillaries is that small ion permeability and hydraulic
conductivity appeared to be roughly coupled in different microvessels in Curry (1979); Michel
(1984), and increase or decrease in parallel with one another. Figs. 2.7(b),(c) suggest that this
increase or decrease may be associated with the average number of continuous junction strands

that the water and small ions cross in traversing the cleft. The small circular pore in an
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otherwise continuous strand would not qualitatively give this behavior since its contribution to
L, is too small. The narrow slit model, however, can account for a significant water flux and
thus yield results that are roughly consistent with this coupled behavior. The depth of a single
slit L, has been estimated in this study as 5.5 nm or half the width of a junction strand protein.
This is a crude guess since the actual structure of the narrow slit region is well beyond the
resolution of the electron micrographs of the narrow slit observed in Adamson and Michel

(1993).
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{a) Plane view of junction-orifice-matrix entrance layer model of the
intercellular cleft. Junction strand with periodic openings lies parallel to
the luminal front. L, is the depth of pores in junction strand and L, and L,
are depths between junctional strand and luminal and abluminal fronts.
The distance between two adjacent breaks in the junctional strand is 2D.
At the entrance of the cleft on the luminal side, cross-bridging structures
are represented by a periodic square array of cylindrical fibers. The radius
of these fibers is a, the gap spacing between fibers is A. (b) Three-
dimensional sketch of single periodic unit of width 2D showing central
orifice of height 2b and narrow slit of height 2b, in junction strand.
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Fig. 2.3(a) The ratio of the effective bounded Darcy permeability Ko.etr Within the cleft
to the unbounded Darcy permeability K, as a function of solid fraction of
the fiber matrix S, for a periodic array (solid line) and a random array
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Fig. 2.3(b) The ratio of the effective solute diffusivity D, in the bounded and
unbounded fiber filled regions to the free diffusivity D as a function of
solute radius. The solid line and the dotted line are for a periodic array of
S; = 0.017. The dashed line and the dash-dot-dash line are for a random
array of S; = 0.085. All lengths are in nm.
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CHAPTER 3

A DIFFUSIVE WAKE MODEL FOR TRACER ULTRASTRUCTURE-
PERMEABILITY STUDIES IN MICROVESSELS

3.1 INTRODUCTION

Vascular endothelium is the principal barrier to, and regulator of, material exchange
between circulating blood and the body tissues. The interendothelial cleft is widely believed to
be the principal pathway for water and hydrophilic solute transport through the capillary wall.
Direct and indirect evidence summarized in (Weinbaum et al., 1992; Fu et al., 1994) indicates
that there are junctional strands with discontinuous leakages and fiber matrix components at the
endothelial surface and in the wide portion of the intercellular cleft. This evidence is the basis
for the pore, restricted slit and fiber matrix theories which are summarized in (Curry, 1984,
1986; Michel, 1988). The detailed three-dimensional analysis in (Weinbaum et al., 1992)
indicates that neither pore, restricted slit nor fiber matrix theory can by itself successfully
explain the large body of experimental measurements for the filtration, permeability and
selectivity coefficients in isolated capillaries.

Adamson and Michel (1993) in their serial section electron microscopic studies of frog
mesentery observed infrequent large breaks of typically 150 nm width and the same gap height
as the wide part of the cleft. In contrast to existing views that as much as 80 percent of the cleft
might be open to the passage of water and small ions in frog mesentery (Crone, et al., 1984),
these serial section studies indicated that only about 6 percent of the junction strand length was
discontinuous. These investigators also observed after goniometric tilting, a translucent narrow
slit of roughly 2 nm width, which ran along the length of the junctional strand. The patency of
this narrow slit is unknown and will be explored in our model. These new experimental results

have led Fu et al. (1994) to propose a major modification of the 3-D model in (Weinbaum et
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al., 1992). The latter model includes large orifice like junctional breaks, a finite region of fiber
matrix components at the entrance of the cleft and at the endothelial surface and very small
pores or slits in the continuous part of the strand.

The results of the 3-D model in Fu et al. (1994) strongly suggest that the permeability
of small solutes of radius < 1 nm can not be accounted for by the widely spaced 150 nm
breaks that have been observed in Adamson and Michel (1993) and that another, previously
undetected, family of pores for small solutes very likely exists in parallel with these large
interruptions and could account for as much as two thirds of the small solute flux in frog
mesentery. It was also predicted that water and small ions followed significantly different
pathways with water passing through the large breaks because of their much smaller hydraulic
resistance. A fundamental assumption in (Fu et al., 1994) and all previous models of capillary
interendothelial clefts is that the tissue can be treated as an infinite reservoir with an effectively
vanishing solute concentration at the cleft exit. Predictions of capillary permeability are thus
based on a critical simplifying assumption that the transendothelial driving force for solute
ditfusion is constant over the time course of an experiment,

An important difficulty in reconciling these different views is that the details of the
structural features delineating the narrow regions of the junctions lie beyond the resolution of
the electron microscope. In this study instead of analyzing the junctional strand pores separately,
we have constructed a combined model for the diffusive wake formed by the spreading of small
size molecular tracers on the downstream side of the junction strand discontinuities and the 3-D
wake in the tissue space surrounding the cleft exit. This approach is analogous to the radar
discrimination problem for reentry vehicles where the object itself is hard to visualize, but its
wake, a much larger trail of ionized gases, is much easier to detect and analyze.

As noted above, recent serial section studies using lanthanum tracer for short periods
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of perfusion (10-15 seconds) demonstrate that only about 6 percent of the junction length is
labeled to the abluminal border of the cleft (Adamson and Michel, 1993). In sharp contrast the
earlier experiments in (Clough and Michel, 1988) using lanthanum tracer in frog mesentery and
random sections revealed that nearly half of all sections labeled to the tissue border. This
observation is more consistent with the recent preliminary studies by Dr. Roger Adamson in
Dr. Curry’s lab (private communication) who observed that after 60 seconds of perfusion
lanthanum filled the entire depth of the cleft to the tissue border in nearly all sections.

This marked difference in behavior indicates that the interpretation of tracer studies
depends strongly on the experimental design and that both time and the lateral spread of tracer
on the tissue side of the junction strand (shape of diffusive wake) must be considered.
Furthermore the downstream boundary condition at the cleft exit, which is a critical determinant
of the apparent depth of penetration of a lanthanum wake, depends on the time dependent filling
of the tissue space and the local concentration and its gradient at the cleft exit. Based on the
model in (Fu et al., 1994), one anticipates that regions of the cleft exit near the large 150 nm
breaks might label much more rapidly due to the high localized flux density, but that as the
overall tissue concentration at the vessel wall rises, all clefts will be labeled. The modeling in
this paper provides the basis for the interpretation of these time dependent tracer wake
experiments,

An important advance in understanding the role of the tissue space in these tracer
experiments is the development of a new experimental technique using the confocal microscope
where detailed time dependent tissue concentrations can be measured for the first time in planes
perpendicular to the vessel cross-section. The new technique described by Adamson et al.
(1995) provides critical information on the distribution of the tracer in a cross-sectional plane,

the rate of tracer diffusion into the tissue, and the concentration of the tracer at the capillary
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wall as it enters the tissue (cleft exit concentration). Correspondingly, the time dependent
models developed in this paper, which are based on the known and postulated structures of the
cleft and junction strand, will describe diffusion of small solutes from the cleft exit into the
surrounding tissue and the subsequent temporal evolution of these profiles in the tissue space.
Comparing these theoretically predicted concentration profiles with the experimentally measured
profiles in (Adamson et al., 1995), we can evaluate the proposal, first developed in (Fu et al.,
1994), that a second small pore system in parallel with the larger less frequent 150 nm
discontinuities, is required to account for the diffusive permeability of solutes of less than 1 nm

radius.

3.2 MODEL DESCRIPTION
3.2.1 Model Geometry

Figs. 3.1(a),(b) show the cross-sectional and side views of the junctional leakage sites
in a simplified model of our confocal microscopic experiments. A single frog mesenteric
capillary of radius ~ 10 um is perfused with sodium fluorescein. The fluorescent tracers diffuse
through the vessel wall into the surrounding tissue space through the large and small pore
Jjunctional leakage sites described in Fu et al. (1994) and illustrated in Fig. 3.1. The dimensions
of the large breaks (150 nm) and their spacing (2640 nm) are representative of the
measurements of frog mesentery microvessels in Adamson and Michel (1993). The dimensions
of the small pore, a 1.5 nm slit, are taken from (Fu et al., 1994, as in Chapter 2), where it is
shown that a slit height, 2b, = 1.5 nm, provides an optimal fit for small ion permeability. The
principal objective of the model is to provide a link between the tracer experiments carried out
on the length scale of the electron microscopic observations of the junction strand wakes, region

A of Fig. 3.2, and the length scale of the tissue space observed in the confocal microscope
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experiments, region C in Fig. 3.2. The transport in regions A and C is coupled by a
complicated intermediate region B where there is a time varying, spatially non-uniform cleft exit
flux.

Using the idealized geometric model for the cleft described in Fu et al. (1994) (Fig. 2.1
in Chapter 2), we represent the breaks observed by Adamson and Michel (1993) as orifice
openings of dimensions 2d x 2b in a zero thickness barrier. The spacing between orifices is 2D
and these openings are periodically arranged in the plane of the junction strand. We first
consider the basic model for the large junction strand breaks without the small slit pores. In this
basic model the junction barrier is impermeable except for the junction orifice. The height 2b
of the large orifice breaks is equal to the gap height 2B of the wide portion of the cleft, as
observed in (Adamson and Michel, 1993). A fiber layer of thickness L, is assumed to exist at
the luminal front and extend into the entrance region of the cleft as described in (Fu et al.,
1994). This basic model will then be modified to include a small continuous slit in the junction
strand as shown in Fig. 2.1(b). L,, the thickness of the junction barrier is neglected in the basic
orifice model for the large pore, but this thickness will be considered in determining the
resistance of the small slit. L, and L, are the depths of the cleft on each side of the junction

strand. L is the total cleft depth.

3.2.2 Conceptual Model

Fig. 3.2 is a top view of the concentration profiles that one would observe at some
instant in time in the mid plane of a cleft and its continuation into the tissue space if one were
to traverse the length of the cleft along the plane z = 0. The z = 0 plane is illustrated in side
view in Fig. 3.1(b). The three regions depicted in Fig. 3.2 reveal that there is an inner length

scale L (region A, 0.4 um), which characterizes the development of the detailed concentration
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profiles on the abluminal side of junction strand in the cleft proper, an intermediate length scale
(region B, 2-5 um), which characterizes the mixing of the wakes from the individual junction
strand discontinuities in the tissue space surrounding the cleft exit, and a far field (region C,
200 pum) where these wakes have merged and the tissue transport satisfies one-dimensional, time
dependent diffusion from an integrated source whose total strength varies with time.

The inner cleft region A, is described by the same idealized geometric model for the
junction strand and the fiber matrix introduced in (Fu et al., 1994, see Chapter 2) to predict the
hydraulic conductivity and the solute permeability of frog mesenteric capillaries. The boundary
value problem for the present model on this inner length scale ditfers fundamentally from Fu
et. (1994) in that the concentration at the cleft exit does not vanish, but is an unknown
temporally and spatially varying function, C(L,y,t). The Peclet number for the low molecular
weight sodium fluorescein and lanthanum tracers used in our experiments is less than 0.2 for
all experimental conditions. Therefore, we need to consider only pure diffusion for either the
fluorescent or the lanthanum tracer.

The governing equation for unsteady pure diffusion is

aC
— = DWAC (3.1a)
ot

where C = C(t,x,y,z) is the concentration distribution and D™ is the solute diffusivity in region
*, the asterisk indicating region A, B or C as the case may be. If we choose T as the typical
time scale in the experiment and L" as the characteristic length of region *, the dimensionless

form of Eq. 3.1a is

— e =AC (3.1b)

where
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L*?
DT

t=—, A=L"A, €=

The behavior in region * depends on the size of the dimensionless diffusion parameter . If ¢
< < 1, i.e. the time of the experiment T > > L*/D®, the characteristic time for the diffusive
filling of a region of length scale L* by solutes of diffusivity D, the unsteady term on the left
hand side of Egs. 3.1a,b can be neglected and the behavior in this region is quasi-steady. In this
limit the concentration at the boundaries of the region can be treated as slowly varying functions
of time, but the instantaneous concentration profiles in the region are the same as for steady
state diffusion. If e = O(1), then the unsteady term must be retained since the transient filling
of the tissue in region * is important,

For the inner cleft region A, the characteristic length L* = 0.4 um and D™ for sodium
fluorescein is close to its value in free solution ~ 5 x 10° cm?s; L™/D™ ~ 3 x 10™ seconds
for this inner region. The diffusivity D in the tissue space (regions B and C) is estimated as
~ 1.5 x 10 cm?/s as shown later; therefore, the characteristic times for the intermediate field
(region B, 2-5 pum) and far field (region C, 5-200 um) are ~ 0.2 seconds and ~ 260 seconds,
respectively. The shortest time for the measurement of the concentration profiles for our low
MW tracers, approximately 5-10 seconds, is thus long compared to the characteristic diffusion
times in both regions A and B.

The above asymptotic analysis of the different length scales and characteristic times
reveals that important simplifications can be introduced for each region. On the time scale,
typically 60 seconds, over which our confocal experiments are performed, the concentration in
regions A and B can be treated as time varying, but satisfying a quasi-steady diffusion equation.
On the length scale of the intermediate region (2-5 um) the solute flux at the cleft exit (height

20 nm) can be treated as a time varying line source whose strength varies along its length. The
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line integral of this source provides the unknown time dependent source strength for the far
field. On the length scale of the far field (200 um), the intermediate region B can be viewed
as the origin x, = 0 (see Fig. 3.2) of a lowest order outer expansion in which the concentration
C,(t) at the outer limits of the intermediate region B serves to define the flux entering the far
field. For practical purposes C,(t) is the wall concentration that we measure in our confocal
microscope experiments,

The critical matching condition coupling the local continuity of flux leaving the cleft exit

and entering the far field is given by

— = ~a@®ICtLy) - C,0] (3.2)

where «(t) is a time varying function that is determined from the local solution for the line

source at the cleft exit in the intermediate region B and dC/0x is the local gradient at the cleft

exit. The results in the following section show that there are large variations in « at early times,
t < < 1 sec., but then o approaches an asymptotic constant that is a function of the gap height
2B and the diffusion coefficient ratio, D/D,_, for the diffusivity of the extravascular tissue
compared to the cleft. The integral of Eq. 3.2 along x = L, the cleft exit plane, provides the
time varying source strength for the far field. After a complicated matching procedure which
will be described in section 3D, one is able to reduce the overall boundary value problem to
an integral equation for the unknown concentration C,(t), the inner matching condition for the
far field and the effective wall concentration in our experiments. Once C,(t) is determined, the
concentration field in all three regions A, B, C can be evaluated from the individual solutions

in each region.

3.2.3 Mathematical Formulation
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3.2.3A Near field region A; quasi-steady model for the wake of the junction strand
{a) Basic orifice model

For the near field cleft region A, we consider first the basic orifice model with matrix
components filling a portion of the wide part of the cleft (see Fig. 2.1(a)). The characteristic
time for filling this inner cleft region A of length scale L = 0.4 pm is only 3 x 10* seconds,
as calculated in section 2. Since this is very short compared to the time scale in the experiment,
the requirement for neglecting the left hand side of Eqs. 3.1a,b is well satisfied. Furthermore,
the channel height 2B < < the cleft depths L,, L, on each side of the junction barrier and also
the distance between the neighboring breaks 2D. Therefore, the concentration gradients in the
X, y directions in the wide part of the cleft will not vary significantly across the cleft height.
In view of these two simplifications, the solute concentration in regions 1 and 3 (Fig. 2.1(a))
of near field region A can be approximated by a steady 2-D diffusion equation averaged across

the cleft height

ac® =0 i=1,3 (3.3)
where C.% = CO(t,x,y).

The boundary conditions for solute transport in regions 1 and 3 are

cc(l) =C, x =0, ly| < D (3.4a)
ac®
6; =0 i=14,3 O0sxsL y=0D (3.4b)
acw ac®
a; = p a‘; X = Ll |y| <d (34C)

Cc(l) = Cc(3) x =1L ly| < d (3.4d)
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oc®

a; =0 x=1 d<ly|<D i=1,3 (3.4¢)
ac®
_¢ = -a[Cc(”(t, Ly) - C,0] x=1 ly| <D (3.4f)

where 8 = D.2/D® and D" and D are the effective solute diffusivities in regions 1 and 3.
The determination of § is discussed below. Boundary condition 3.4a indicates that the solute
concentration of the perfusate in the lumen C, remains constant for the time course of the
experiment, while boundary conditions 3.4c,d,e require that junction strand be impermeable
except in the pore region -d < y < d for the basic orifice model. Boundary conditions 3.4b
are the periodicity and symmetry conditions. Matching condition 3.4f, a restatement of Eq. 3.2,
requires that the solute flux entering the tissue at the cleft exit be proportional to the
instantaneous local difference between the concentration at the cleft exit and the concentration
at the entrance to the far field C(t), where C,(t) is a quasi-steady slowly increasing function of
time determined by the coupled boundary value problem linking the three regions. The flux
coefficient « is determined from the solution for the intermediate region described in section
3B. As noted earlier, the primary difference between the present boundary value preblem in the
inner region A and (Fu et al., 1994) is that matching condition 3.4f was replaced by the much
simpler boundary condition C;(L,y) = 0. This simplification allowed us to uncouple the
boundary value problem for solute diffusing in the cleft from the boundary value problem for
the filling of the extravascular tissue space.

In (Fu et al.,, 1994), the unbounded fiber layer on the lumen surface observed in
(Turner et al., 1983; Adamson and Clough, 1992) and the cleft-spanning fibers in the wide part
of the cleft were combined and the entire matrix layer were treated as if it existed in the

entrance region of the wide part of the cleft. The effective thickness of this combined fiber layer
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is given by L, in Fig. 2.1(a). In (Fu et al., 1994) it is shown that the measured hydraulic
conductivity, L, = 2 x 107 cm/s/cm H,O for the frog mesentery capillary (Adamson, 1990) can
be achieved only if a sieving matrix occupies a small fraction of the wide part of the cleft. The
model predicts that for the measured average orifice spacing 2D = 2640 nm (Adamson and
Michel, 1993), the measured L, will be achieved if L; ~ 100 nm. The boundary value problem
for filtration in Fu et al. (1994) does not suffer from the same limitation as the diffusive
problem for small solutes since the hydraulic resistance of the tissue space is small compared
to the transendothelial resistance and thus this prediction for L; is believed to be accurate for
the assumed cleft geometry. Following the approach introduced in Chapter 2, we define an
average effective diffusivity D,V in region 1, which is an average of D, in the fiber layer and

D,, in the fiber free subregion,

pW - LDyDiey (3.5)
DL+ I, - LD,

Here D,, is the restricted diffusivity given in (Ganatos et al., 1981) for a sphere diffusing in a
channel without matrix, but which includes the hydraulic resistance of the plasmalemma
boundaries. D, . is given in (Weinbaum et al., 1992). D, accounts for the effect of both the
hydraulic resistance and the steric hindrance of the fibers in the matrix entrance layer.
Approximation Eq. 3.5, which is the same as Eq. 2.25 in Chapter 2, allows us to reduce the
boundary value problem for a cleft with a finite matrix entrance layer from a three region to
a two region problem.

It is difficult to solve Eq. 3.3 subject to boundary conditions 3.4a-f, since the split
boundary conditions 3.4c,d,e at the junction barrier are of mixed type involving both the
concentration and its gradient. For mathematical simplicity, we assume periodically distributed

junctional orifices and a functional form for the flux profile at the orifice opening which is a
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modified form of the solution obtained in (Fu et al., 1994) for an isolated orifice in a junctional

strand. This flux profile is given by

acc(l) 3 6Cc(3)

Cax ax
(3.6)

1 x=L |yl <d
\F/z - cosh’(n)

where

- 4
¥ = cosh(n L)

and the unknown coefficient # is determined by satisfying Eq. 3.4d in an integrated average
sense over the orifice opening. This very useful approximation will be examined later and
shown to be highly accurate.

The solution of the boundary value problem defined by Egs. 3.3 and 3.4, with matching

condition 3.4¢ given by Eq. 3.6, is for region 1
C, %, y) = Cp + Aol + I A, (Ocos(h,Y)sinh(A, %) 3.7
n=1

and for region 3,

O, %, y) = C® + Bk - L - %)

- (3.8)
+ "El B (Hcos(A,y)exp(-4,%) + Q,exp(A,x)]

where
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n

A = BT
D

A
a, - " % exp(-2A L)

n +

n

1

Ay = "[nLDyK«l - y'2)3)] (3.9)
A0
B() = 2~
o0 5
4 cos(A_y)
An(t) = 2'] w. dy
AnDc()sh(lnLl) 0 J Y2 _ coshz(n %)
d
cosh(A
5 = BA D[-exp(—l,,lz.:]) + Q.exp(A, LIy | = &
n n 0 J ,Y2 - 008112(11:—{—)

In Eq. 3.9, K is a complete elliptic integral of the first kind. The solution for # obtained by

globally satisfying boundary condition 3.4d at the orifice is

_ Ca(t) - CL
- sin(d) (3.10)
SR e

where

1
__ L 2 o, 1
8o = _nDyK[(l Y °IL, B(Ll L 0‘)]
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s = -2

g A"D[tanh(lnLl) -

exp(-A L) + Qexp(A L) G cos(hy) & @.11)
B(-exp(-A,L) + Q.exp(A,L) 0 \J

¥ - coshz(n%)

(b) Small junctional slit system
If a small pore formed by a continuous narrow slit of gap height 2b, of approximately
1.5 nm is added to the basic orifice openings in the junction strand considered in the previous

section, the impermeable boundary condition 3.4e will be changed to

® (.12)

% = EOCPr=L)-CPr=L+L)], d<ly|<D i=13

In Eq. 3.12, L,, the depth of the junction strand in region 2, see Fig. 2.1(a), can not be
neglected since there is a significant diffusional resistance across the slit itself. C,2(t,x) are the
unknown concentration profiles at the entrance and exit of the small slit opening. It is assumed
in Eq. 3.12 that the additional flux through the small slit along the junction strand is
proportional to the concentration gradient across the thickness of the junction barrier from its
luminal to abluminal sides. The proportionality coefficients ¢®, i = 1, 3 are determined below
using an approximate 1-D model.

The 1.5 nm continuous narrow slit pore is suggested by the goniometric tilting of
transmission electron micrographic sections of fused junctional regions of frog mesentery
capillaries in (Adamson and Michel, 1993) and the theoretical predictions for small solute
permeability in (Fu et al., 1994). Since the fractional length of the large orifice type breaks in
frog mesentery is small, < 6 percent, we can neglect their presence for the purpose of
estimating the additional contribution to the solute flux through the narrow slit pathway and

describe this pathway using a simple one-dimensional model in which a narrow continuous slit
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of height 2b, and depth L, (region 2) connects regions 1 and 3. The solutions for the

concentration distributions in these regions from this 1-D model are

COx) =a®mx + 6% i=1,2,3

where a®(t) and b¥(t), i = 1, 2, 3 are given in Appendix A.

(3.13)

From Eq. 3.13 the concentration difference across the junction strand is proportional

to the local concentration difference across the entire cleft from the lumen to the tissue front.

The latter difference determines the local instantaneous flux across the cleft in matching

condition Eq. 3.4f. From Eqs. 3.4f and 3.13,

CO=L) - CO(x=L +L,)

-a®@)L,
pIC, - C,0]

where

L,

2 2
Dca’f_s_(“l) ] (Dc() ] Dc())ﬁL j (Dc(2)§
DOb  « D® pDpOb' "DOb
[~ c

p:

- DL,
Substituting Eq. 3.14 into Eq. 3.12 gives

ac,®
< ={9%c,-cm x=L d<|yl<D i=13

where

(3.14)

(3.15)

3.16)

and D.®, i = 1, 2, 3 are solute diffusivities in regions 1, 2 and 3. For the basic orifice model

without the narrow slit pore, {¥ = 0.

Using Eq. 3.15 as the boundary condition at the junction strand instead of Eq. 3.4e,
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when the continuous narrow slit is present, one can obtain the solution to the boundary value
problem for the two pore model C™(t,x,y), i = 1, 3, using the same procedure as described

in the previous section for the basic orifice model. This two pore model solution for regions

1 and 3 is:

CTW = ¢, + A (x + ¥ A,T(®)cos(A y)sinh(A,x) (3.17)
n=1

Ccn3) = Ca(t) + BOT(t)(x _ L _ l)
. * (3.18)
+ 3" B, ()cos(A,ylexp(-2,x) + Q,exp(A,x)]
n=1

where the coefficients A,"and B, are given by

1
A7) = "T[n_szK‘“ Sy + A - %)c“’[q - ¢,

d .
T cos(A »y) 28111()‘ d)
A7) = ——20 dy - ——"——{[C, - C,0)]
A Dcosh(A, L))+ J 4 - *n %) A,”Dcosh(A L)
T,
B = 200 G.19)
d 1
BnT(t) - 2f|T (A'ny) dy

BA,D[-exp(-A,L) + Qexp(A L)1y [, cosh?(x2)
¥ o

2sin(A d) )
- C, - C(
AnzD[—exp(—lnLl)+Q"exp(AnLi)]C (€, - €0l

Here 8, A, and Q, are the same as in Eqs. 3.4c and 3.9,¢%, i = 1, 3 is in Eq.3.16.



73

The flux coefficient y, defined in Eq. 3.6, for the two pore model is given by

o7 - 60 - cJe
=, sin(A d) (3.20)

S+ Y8, ——2

n=1 " Alld

where the S, are defined in Eq. 3.11 and

c1+a -9 - Yg _ - Lyeo
® =1+ D)[L1 B(Ll L a)]C

= 2sin® - Q exp(A L
_ 2sin (A"d)[tanh L) - exp(-A,L) + Q.exp(A,L)
n=1 Ade P(-exp(-A,L,) + Qexp(A,L))

(3.21)

1)

One notices from Eq. 3.21 that & = 1 when only the large orifice pores are present.

3.2.3B Intermediate field region B; cleft exit jets
(a) Concentration distribution

In this section a simplified model is developed for intermediate region B, the 2-5 pm
region shown in Fig. 3.2 sdrrounding each cleft exit. The distance between the neighboring
clefts in Fig. 3.1(a) in the vessel wall is ~ 10 um (Adamson, 1993). The gap height of the wide
part of the cleft is merely 20 nm. If one were a tiny observer in the tissue space looking at the
cleft exit, one would see a line source of variable strength along the length of the cleft exit in
the y direction. On the intermediate length scale of the cylindrical region of 5 um radius
originating at the cleft exit (r = 0, see Fig. 3.2), we can treat the solute flux at the cleft exit
as a temporally and spatially varying line source, that spreads radially into a semi-infinite tissue
space. Since axial gradients in the y direction near the cleft exit are much smaller than radial
gradients, the governing equation, initial and boundary conditions describing the radial decay

of this jet are:
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9G D(ﬁ + la_c,) (3.22)
ot * ar? r or
c©,n =C, (3.232)
D,_a_c_&fzw - g (3.23b)
or
Clt = = C,00 . (3.23¢c)

where q, the source strength per unit length, varies with both y and t. As discussed in section
2, the characteristic diffusion time, Ly*/D,, for the intermediate region B in Fig. 3.2 is only
about 0.2 seconds. On this time scale, C,(t) is a slowly changing concentration (quasi-steady
function of time) which can be approximated as a constant in the solution of Eq. 3.22 and
3.23a-c. This solution for the concentration distribution in the intermediate region B is obtained

by a similarity method which is described in Appendix B. The final result, Eq. 3.B4, is

c 9 o BBy . 3.24
cen 52D vXP(4D})[ Ei( 4D;)] c® (3.24)

¢

where Ei is an exponential integral defined in Appendix B. Since L;%/D, ~ 0.2 seconds, and
the shortest times in our electron and confocal microscopic experiments are a few seconds, we

shall be interested in the behavior of Eq. 3.24 whent > > Lg¥D,.

(b} Model for o
The solution in Eq. 3.24 for the concentration distribution in the intermediate region
B, can be used to determine the exit coefficient « in matching condition Eq. 3.4f.

From Eq. 3.24, the concentration at the cleft exit (r = B) is
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= q .ﬁf_ -Ei —-B_2 +
c B B &P 4D;)[ Ei( 4D;)] c0 (3.25)

2nD,
For B = 10 nm, D, ~ 10° cm?%s and t > 0.2 seconds, exp(B¥4Dt) = 1 and B¥/(4D¢) < <

1. Thus the exponential integral in Eq. 3.25 has the asymptotic form

Ei-B2y - ) - osmn2
T ") Y
Therefore, for large t, Eq. 3.25 can be written as
4Dy
C(t, B) = ~—2_tn—=X - 05772 3.26
&, B) 4nD‘(ln D 0.5772) + C,(® ( )

C(t, B) in Eq. 3.26 is equal to C.®(t,L,y) in Eq. 3.4f. Eq. 3.26 can, therefore, be

rewritten as

) = ——TP jcogry) - @
? 4Dyt c a (3.27a)
]IIF - 0.5772

However, q can also be expressed in terms of the concentration gradient inside the cleft at the

exit plane,

ac®
q@ty) = —ZBDC(S)T" ez (3.27b)
From Eq. 3.4f, Eq. 3.27b can be written as
q,y) = «2BD P[C.O(,Ly) - C, 0] (3.28)

Comparing Eqs. 3.27a and 3.28, « is obtained as
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_2x D, 1
a_

B p® 4D ‘ (3.29)
b, —;3'-’ - 0.5772

Note that « is a function of time, but we shall show in section 4(c) that for times of interest in

our experiment « is nearly constant.

3.2.3C Far field region C; time dependent model for tissue space

As discussed in section 2, the estimated time for the filling of the outer region C in Fig.
3.2 is of the order of 60 seconds. On this time scale the early time behavior (t < 0.2 sec.) in
the intermediate region B can be neglected. Quasi-steady equilibrium has been achieved in
region B and the exit jets from the individual junction orifice discontinuities and adjacent clefts
(periodically distributed around the periphery of the vessel wall) have merged with each other
and have formed a uniform flux along length of the cleft exit (y direction, see Fig. 3.2). If the
mesothelium, top and bottom boundaries of the tissue, is treated as a significantly greater
barrier to the solute transport than the tissue space, we can assume that the upper and lower
boundaries of the tissue layer are adiabatic and that the far field, defined by region C, can be
approximated by one-dimensional, time dependent transport in the x direction. Region C is thus

approximated by a 1-D equation averaged across the height of the tissue layer

_t_p_ Tt (3.30)

Here C, = C(t,x,) is the concentration distribution in the tissue space, D, the solute diffusivity
in the tissue and x, the coordinate in the tissue space in the x direction shown in Fig. 3.2, The
origin of the far field coordinate x, is located at a position which is ~ 5 um from the cleft exit,

which on the length scale of the intermediate region B describing the spread of the exit jets at
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the cleft exit, is oo,

The initial and boundary conditions for Eq. 3.30 are

C0,x) =0 (3.31a)

Dtac:;;, % o0 (3.31b)
t

Clt, = =0 (3.31¢)

Where Q(t) is the total flux integrated along the entire cleft length per unit tissue thickness in
the direction of the vessel axis. This integration includes the flux through both the large orifice
and narrow slit systems.

If we define Q_(t) as the integral average flux over y from a single periodic unit of cleft

length,
T peXPe Ly,
) fD e ax Y (3.32)
) =
Q 2D

The relationship between the total flux Q(t) and Q.(t) is

N2B
o) = __ﬁ_Qc(t) (3.33)
In Eq. 3.33 N, is the number of clefts on the half surface of the vessel, see Fig. 3.1, 2B is the

width of the cleft and H is the height of the tissue layer.

3.2.3D Procedure for coupling solutions in the cleft and the tissue; solution of integral
equation for Q(t)

The concentration at the entrance to the far field in region C, C(t,0), is equal to C,(t)
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in Egs. 3.4f and 3.18. To determine C.(t) we need to develop and solve an integral equation
that couples the time varying flux through the clefts Q(t) with the rise in concentration at the
vessel wall C(t) and the far field more generally. The solutions in regions A and C are linked
by the exit coefficient « describing the jet spreading in intermediate region B.

Substituting the solution for C."®(t,x,y) in Eq. 3.18 into Eq. 3.32, one has

Q.(» = R[C, - C,0] (3.34)

where R is given by

1
L 22
o —K[(1 -
nDyK[( Y °l
— ., Sin(A d)
SO + Esn Ad

n=1 n

3
R - Dc()

v (1 - Eyew
[ ( D)C] (3.35)

In Eq. 3.35, S,, { and & are given by Eqs. 3.11, 3.16 and 3.21 in that order.

The solution of Eq. 3.30 subject to the boundary and initial conditions (Eq. 3.31a-c)
gives the time-dependent concentration distribution in the surrounding tissue in terms of the
unknown flux function Q(t). The details of this derivation are given in Appendix C. The final

result obtained by taking the inverse Laplace transform of Eq. 3.C4 is
t 2

1 [ 0w %,
¢ %) - expl- . (3.36)
&% \/&‘5{ e o

Evaluating Eq. 3.36 at x, = 0 and requiring that C (t) = C(t,0), one has

t
cm = - [ 20 4 (3.37)
\/R_D_‘o vyt - T

Substituting Eq. 3.33 and Eq. 3.37 into Eq. 3.34 yields the desired integral equation for the

total flux Q(t)
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N_2B 1 tQ()
) = <_R[C, - — [ 4 (3.38)
X i [C, \/n__‘_{\/t__? ]

where R is given by Eq. 3.35.

A closed form analytic solution has been obtained to the integral Eq. 3.38. This solution
and the evaluation of the integral in Eq. 3.36 using this expression for Q(t) is given in
Appendix D. The final solution for C(t,x,) is obtained from the inverse Laplace transformation

of Eq. 3.D2 in Appendix D,

X, X
ca, x) = CL[—exp(li,)exp(m%)erfc(w\/i + 4D;) + erfe( 41‘) t)] (3.39)

t 4

where

@ == (3.40)

R is defined in Eq. 3.35.

Eq. 3.39 evaluated at x, =  provides the final expression for C,(t)

Cc,m =C 0)

(3.41)
= C,[-exp(w™erfe(wy?) + 1,
while the instantaneous total solute flux is obtained from Eqs. 3.33, 3.34 and 3.41.
N2B
o0 - X2Bric, - c o (3.42)

H
Despite the considerable complexity of this three region boundary value problem, one has been
able through the use of asymptotic methods to both simplify the formulation and obtain closed

form solutions for all the principal results. It would have been a formidable task to solve this,
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3-D, three region problem numerically using a large capacity computer.

3.24 Parameger Values
(a) Cleft and fiber layer geometry

Figs. 3.1(a),(b) show the idealized model geometry for an individually perfused frog
mesentery microvessel. The average measured thickness of the tissue layer is taken to be 25 pm
and the characteristic ler'xgth in the x direction over which measurements are performed is ~200
um. The average number of the clefts on the half surface of the vessel is 3.5. These values are
from Adamson et al. (1995).

The values of the parameters used to describe the cleft geometry are the same as used
in (Fu et al., 1994), which were given in Chapter 2 (see Fig. 2.1). These values are: total
cleft depth L = 400 nm (Clough and Michel, 1988); height of the cleft 2B = 20 nm (Frokjaer-
Jensen, 1991); average large orifice spacing 2D = 2640 nm and opening cross-section, 2b x
2d = 20 x 150 nm (Adamson and Michel, 1993). The predictions in Fu et al. for the width of
the small pore or continuous narrow slit along the junction strand that satisfies the measured
values for small ion permeability (Curry, 1979) is 2b, = 1.5 nm. Since 2d = 150 nm is much
greater than the thickness of the junction strand, L, = 11 nm, and the cleft height, 2B = 20
nm, we shall treat the junction strand as a zero thickness barrier for the case of the large
orifice. The depth L, of the narrow slit is taken as 11 nm. The distance from the lumen front
to the junction barrier, L,, ranges from 100 nm to 250 nm (Adamson and Michel, 1993). We
shall present the results for both values of L, in our calculations. The depth of the surface fiber
layer L; is ~ 100 nm. This value of L; was shown in (Fu et al., 1994) to provide very good
agreement with the measured values for the hydraulic conductivity L, and the solute

permeability P for small and intermediate size solutes up to albumin (7 nm diameter) in frog
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mesenteric capillaries. The predictions of the model in (Fu et al., 1994) also indicate that the
fiber layer is ordered and has a gap distance A between adjacent fibers of ~ 7 nm, if it is to
function as the primary molecular filter. For proteoglycan side chains of 0.6 nm radius, this

fiber spacing corresponds to a solid volume fraction S; = 0.017.

(b) Diffusivity in the tissue space D,

Prior to this study most estimates of D, have been based on diffusion experiments in
which it has been possible to maintain a constant solute flux or a constant concentration at the
boundary where the solute is introduced. For this case D, is easily obtained by matching the
solutions for a 1-D time dependent diffusion equation with the tissue concentration profiles. For
a constant lumen concentration Q = C, P, where P is the measured solute permeability, and D,
can be simply related to P. In contrast, the confocal microscopic experiments in (Adamson et
al., 1995) have shown there is a large rise in C(t) as the tissue fills and thus there is a
significant decrease in the transendothelial driving force with time. Since Q is now time
varying, the measurement of P and the determination of D, is much more subtle. It requires that
we apply the much more complicated solution, Eq. 3.41, for a time varying source, whose
strength Q(t), Eq. 3.42, is the solution to the coupled boundary value problem described in this
paper.

In view of this difficulty, a novel approach has been developed for determining D,. As
will be shown shortly, the coupling coefficient o, Eq. 3.29, is a sensitive function of the ratio
of D/D, describing the relative diffusivities of the solute in the tissue compared to the wide part
of the cleft in region 3. The latter for a small solute should be quite close to its free diffusion
coefficient. We, therefore, first determine « experimentally by requiring the solution for C,(t),

Eq. 3.41, provide an optimum fit for the rise in the vessel wall concentration with time and then



82

determine the value of D,/D, that corresponds to this experimentally determined using Fig. 3.3.
The accuracy of the value of D, is then confirmed by comparing the predictions of the model
for the spread of the tracer with the detailed time dependent concentration profiles measured

in the tissue.

(c) Cleft exit coefficient o

The cleft exit coefficient e, Eq. 3.29, is plotted as a function of time in Fig. 3.3 for
different values of the ratio D/D, of the diffusivity in the tissue to that in the cleft. As just
discussed, D, could be as small as 0.1 D, due to the large collagen content of tissue. Results are
presented in Fig. 3.3 for D/D, = 1.0, 0.5, 0.3 and 0.1. One notices in Fig. 3.3 that after a
rapid initial transient of approximately 0.2 sec. « is almost independent of time. The early time
variation of « is due to the rapid initial filling of the tissue space in the intermediate region B.
In our model we neglect this initial rapid transient behavior and assume a constant for o given
by its asymptotic value at 60 sec.. This estimated asymptotic value of «, will be determined

later in Fig. 3.5(a) by curve fitting the measured data for C,(t).

(d) Solute properties

Two low molecular weight tracers, sodium fluorescein (MW = 367) and lanthanum
nitrate (MW = 325) are used in our experiments. The effective hydrodynamic radius of
fluorescein is 0.45 nm (Renkin and Curry, 1978) and its free diffusivity in the 25°C aqueous
solution is 0.54 x 10”° cm?/s based on Stokes-Einstein theory (Curry, 1984). The radius of La®*

is ~0.2 nm and its free diffusivity is 1.1 x 10~ cm?/s according to Stokes-Einstein Theory.

3.3 RESULTS
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3.3.A Results for Sodium Fluorescein Tracer
Concentration profile at the junction orifice

For mathematical convenience, we introduced a simplifying assumption in Eq. 3.6 for
the solute flux profile at the periodically distributed large pore orifices. We assumed that,
except for a scaling constant u, this profile was well approximated by the flux profile for an
isolated orifice. The continuity of the concentrations on the upstream and the downstream side
of the junction orifice in the original boundary condition (Eq. 3.4d) was satisfied only globally
over the orifice width. In Fig. 3.4, we examine the accuracy of this assumption by comparing
the concentration distributions just above and below the orifice opening for three different
locations of the junction barrier, L, = 100, 200 and 300 nm. For all three locations, one
observes that the concentrations on the upstream and the downstream side of the orifice are
almost constant and identical along the entire orifice width except for a narrow region of order
5 nm near the orifice edge. This provides a strong justification as to the suitability of the

assumed form of the solute flux protile at the junction orifice in Eq. 3.6.

Rise in tissue concentration and total flux at vessel wall

The average concentration at the vessel wall C(t), Eq. 3.41, which is also the
concentration at the origin x, = 0 of the far field region C is plotted as a function of time in
Fig. 3.5(a) for three different asymptotic values of «, which correspond to the most likely range
of D/D,, 0.2, 0.3 and 0.4, see Fig. 3.3. The contribution to the total concentration from the
infrequent large pore orifice is less than one half of the total contribution for the entire time
course of the experiment for all three values of « or D/D.. The combined two pore model,
which has large pores of width 150 nm and a 1.5 nm continuous narrow slit provides the best

agreement with the experimental measurements of C.(t) for all times when o = 0.011 and
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D/D. = 0.3. We also examined the effect of the junction strand position, L,, on C,(t) and
found that there was almost no difference in the predicted C,(t) curves for L, = 100, 200 and
250 nm. The dot-dash-dot curve in Fig. 3.5(a) is the result for L, = 100 nm. All the other
curves are for L, = 200 nm.

In Fig. 3.5(b), we have plotted the time dependent total flux Q(t) into the tissue space
from both the large and small pore systems. Fig. 3.5(b) reveals that the flux from the basic
large orifice decreases slowly with time as C,(t) increases. The solute flux through the large
pore decreases by roughly 25 percent over the first 100 seconds. In contrast, the flux through
the small slit pore decreases rapidly during the first 20 seconds and at 100 sec., is a factor of
2.5 less than its initial value. This indicates that the wake concentration profiles within the cleft
change substantially over the first 20 seconds and that the cleft exit concentration profiles

change significantly during this time interval.

Time dependent profiles in the surrounding tissue

The predictions of the two pore model, Eq. 3.39, for the time dependent concentration
profiles in the tissue space are presented and compared with our confocal experimental
measurements in Fig. 3.6. The two pore model predictions provide remarkably good agreement
with the measured data for all times: t = 11, 23, 35, 58 seconds. This complete solution
obtained by matching the solutions for the inner cleft region A, the intermediate region B and
the far field region C takes account of the time variation of the total flux Q(t) from the cleft
exit. The accurate prediction for the spread of the solute confirms that the predicted value for

D, obtained from our estimated value of « in Fig. 3.5(a) is reliable.

3.3.B Results for Lanthanum Tracers
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Concentration distribution along the cleft exit

Figs. 3.7(a),(b) show the predicted concentration distribution of lanthanum tracer along
the length of the cleft exit for t = 5, 10, 20 and 60 seconds for both the large break and the
combined large and small pore models for L, = 100 and 250 nm. A comparison of the curves
for L, = 100 and 250 nm shows that if only the large pore is present the location of the
junction strand within the cleft has a significant effect on the shape of the cleft exit profiles
especially at early times. As one might anticipate when the junction strand is located closer to
the tissue side of the cleft there is a narrow region, |y| < 200 nm, wherein the cleft exit
concentration is locally elevated in the vicinity of the large pore for all times. When L, = 100
nm the two-dimensional spread of tracer within the cleft is much broader and the elevation in
concentration at the cleft exit opposite the leakage site is much more subdued. In contrast to
these predictions for the model in which only the large 150 nm breaks are present, the two pore
model predicts cleft exit concentration profiles that are nearly uniform along the length of the
cleft exit whose level is nearly independent of the location of the junction strand within the
cleft. Numerical results not shown indicate that the average value of C(L, y, t) along the length
of the cleft exit is slightly higher than the average wall concentration C,(t). These predictions
assume that the small 1.5 nm slit pore is uniformly distributed along the entire length of the

junction strand.

3.4 DISCUSSION

Although the importance of extracellular accumulation of solute as a factor leading to
the underestimate of measured solute permeability coefficients in the capillary wall has long
been recognized, the importance of the time dependent filling of the extravascular space has not

previously been considered in the interpretation of electronmicroscopic studies of cleft structure
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using low molecular weight tracers. The interpretation of these studies have been based on the
assumption that the presence or absence of tracer deposits indicated the local conductivity of
the junctional strand to the test solute in an all-or-none mode and neglected the compounding
effects of changing tracer concentration in the tissue which was assumed to be low and time
invariant. The underlying premise in these investigations was that the tissue space can be treated
as an infinite reservoir of relatively low resistance. The recently published time dependent
confocal microscopic images in a plane perpendicular to the axes of individually perfused frog
mesentery microvessels using sodium fluorescein as a tracer (Adamson et al., 1995), and the
theoretical predictions reported in this study critically challenge this premise. Tracer wall
concentrations on the tissue side of the microvessel wall in excess of 50 percent of the lumen
concentration are predicted after one minute of perfusion and a particularly rapid rise in cleft
exit concentration is found during the first 20 seconds of labeling. These results are similar to
those measured using confocal microscopy. If anything, the measured extravascular
concentration is a lower bound since the excluded volume for the tracer concentration is not
considered in the confocal microscopic measurements. The important implications of these
results are discussed below.

In Fu. et al. (1994) a three-dimensional junction orifice-fiber entrance layer model was
developed to predict the large body of data for the hydraulic conductivity, solute permeability
and selectivity of single perfused frog mesentery microvessels. The results of this model
suggested that, to account for small ion permeability and the permeability of solutes of up to
1.5 nm diameter, a population of small pores is required to exist in parallel with the infrequent
large 150 nm breaks observed in the serial section studies of Adamson and Michel (1993). An
optimum fit of the permeability data could be achieved for a continuous 1.5 nm slit or

frequently spaced 1.5 nm radius circular pore. The extension of this model, taking into account
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the time dependent filling of the tissue space adds further support to this concept and indicates
the types of new physiological experiments which are necessary to systematically test this
hypothesis. As observed in Fig. 3.5(a), the large 150 nm breaks in the junctional strand by
themselves underpredicted by at least a factor of two the measured rise in extravascular
concentration at the vessel wall. Furthermore, this prediction is insensitive to the precise value
of the ratio of D/D, used in the model. One observed in Fig. 3.5(a) that the large pore breaks
by themselves are unable to explain the rapid filling of the extracellular space for all values of
D/D, in the physiological range 0.1 to 0.4. The importance of the time dependent filling of the
tissue space in measuring permeability is illustrated further for sodium fluorescein in Fig.
3.5(b). Large variations in solute flux are particularly evident over the first 20 seconds of
perfusion. It is, therefore, clear that the tracer concentration in the cleft and tissue are far from
time invariant during the first minute of the experiment and this must be taken into account
when interpreting tracer data.

The cleft exit concentration profiles in Figs. 3.7(a),(b) provide important new
information for interpreting the results of labeled tracer studies using low molecular weight
solutes. In contrast to the confocal microscopic measurements which provide an integrated
average tissue concentration at the vessel wall, the interendothelial cleft profiles depend
critically on the instantaneous local concentration at the cleft exit. If this tracer concentration
exceeds the threshold for detection in the electron microscope, then the cleft should label along
its entire depth. One observes in Figs. 3.7(a),(b) that there is characteristically different cleft
exit profile for a junction strand with only large discontinuous breaks compared with a two pore
model in which there is significant leakage along the entire length of the junction strand in
addition to the large breaks. In the former case one should observe localized wakes around the

large breaks for short labeling periods (< 20 seconds) whose widths depend primarily on the
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location (depth) of the break within the cleft. For the two pore model the cleft exit concentration
increases nearly uniformly with time and the wake of the large break would be difficult to
distinguish from the background if the continuous small slit pore is permeable along its entire
length. The two pore model should, therefore, exhibit an all or nothing behavior in which all
sections would appear to simultaneously label to the cleft exit as soon as the cleft exit
concentration exceeds some threshold value for tracer detection.

These considerations directly apply to studies using low molecular weight electron dense
tracers which are being carried out in several laboratories. For example, Adamson and Michel
(1993) observed the penetration of lanthanum beyond the junction strand 10-15 seconds after
tracer was introduced and concluded that about 6 percent of the cleft length was labeled to the
margins of the cleft exit profiles shown in the lower portions of Figs. 3.7(a),(b) where the
predictions for a single pore system with large breaks is illustrated. However, earlier
experiments by Clough and Michel (1988) using lanthanum ions and the more recent
experiments by Roger Adamson (private communication) have indicated a significantly different
behavior. The labeling period in the Clough and Michel experiments was not specified and the
perfusion could have been as long as 30 seconds. Approximately half of all random sections
labeled to the tissue border of the cleft. In Adamson’s most recent experiments he observed that
after short perfusion (10 seconds) little tracer is observed on the tissue side of the junction
strand, whereas after 60 seconds nearly all clefts were labeled beyond the junctional constriction
to the abluminal border. The resolution of these results appears to lie in the interpretation of
the local tracer concentration not as simply a all-or-none indication of the local penetratibility
of the junctional strand by the tracer, but as an indication of the development of the lanthanum
tracer diffusion wake behind the strand in both time and space. Furthermore, detection of the

tracer as an electron dense deposit appears to occur only when its local concentration exceeds



89

some threshold concentration. These observations point to the need for new information about
the factors determining this threshold.

Another factor which might effect the labeling pattern of the wake on the tissue side
of the junction strand is the effective size of the lanthanum ions. Lange’s Handbook of
Chemistry (1985) reports an effective radius for lanthanum after hydration in aqueous solution
of 0.9 nm. This is more than four times the non-hydrated value (0.2 nm) used in the
calculations in this paper. If the hydrated value were used, we predict that the lanthanum would
not easily penetrate the small pore population. This behavior is contrary to the experimental
observations and the predictions shown in Figs. 3.7(a),(b). Nevertheless studies using probes
with a range of sizes may be needed to appropriately interpret the time dependent tracer changes
in terms of the ultrastructure of the junctional strand between adjacent endothelial cells. An
extension of the approach to intermediate sized solutes and macromolecule may also provide
new ways to investigate transcapillary pathways for these solutes.

The present model also provides improvement in the methods to estimate both
permeability coefficients and tissue diffusion coefficients. It should be possible to devise a
method to measure solute permeability coefticients taking into account the time averaged
concentration difference across the microvessel wall which is significantly less than the
instantaneous time varying concentration observed in the confocal microscopic experiments of
Adamson et al. (1995). This problem has limited the application of optical methods to measure
small ion and solute permeability coefficients. These were measured previously using an
osmotic transient method to estimate the transcapillary concentration difference (Curry, 1979).
A simpler version of the present theoretical model is currently being devised to account for the
apparent change in permeability with time that results from the decreasing transvascular driving

force for the solute.
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The theoretical model has also provided a novel new approach for predicting tissue
diffusivity for fluorescent solutes. Frog mesentery has a large collagen content and thus the
solute diffusivity is significantly less than the free diffusion coefficient, but difficult to measure
by traditional methods because of its thin two-dimensional geometry. If the geometry of the
tissue layer is known, the time dependent increase in extravascular vessel wall concentration
C,(t) provides a means of determining D, if the time dependent source strength can be predicted
by the theoretical model. The only unknown in the model is D,/D, and as shown in Fig. 3.5(a)
this ratio can be determined by requiring an optimal fit of the measured data for C.(t). The
ability of the predicted value of D, to predict the slope of the concentration profiles in the tissue,
as shown in Fig. 3.6, provides an independent check on the accuracy of the predicted value for

D, and the internal consistency of the wall to tissue transport model described herein.
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fluorescent probe as one proceeds into tissue. {b) side view looking into
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CHAPTER 4

A CONVECTIVE-DIFFUSION MODEL FOR INTERPRETING THE
LABELING OF INTERENDOTHELIAL CLEFTS BY HIGH
MOLECULAR WEIGHT TRACERS

4.1 INTRODUCTION

In this chapter a time dependent convective-diffusion model will be developed to analyze
the two-dimensional wake formed by the spreading of high molecular weight tracers
downstream of junction strand discontinuities in the interendothelial cleft and the standing
gradient flow upstream of the junction strand barrier in the fiber entrance region of the cleft.
This model, in conjunction with related experiments which are currently in progress, is designed
to evaluate the relative contribution of structures associated with the junctional strand and the
fiber matrix to the molecular filter at the microvessel wall.

As stated in previous two chapters, the interendothelial cleft is widely believed to be
the principal pathway for water and hydrophilic solute transport through the capillary wall.
Freeze fracture studies and ultrathin serial sections have demonstrated that endothelial cells are
joined by an array of junctional strands which are interrupted at intervals allowing for the
passage of water and solutes whereas cytochemical studies have indicated that the endothelial
surface and portions of the wide part of the cleft contain matrix components. There has been
a long-standing controversy as to the relative importance of these structures in modulating
capillary permeability and which structure determines the selectivity of the microvessel wall.

Important difficulties in reconciling these different approaches are (i) the details of the
structural features delineating the narrow regions of the junctions lie beyond the resolution of
the electron microscope and (ii) matrix structures in the wide part of the cleft are difficult to

visualize directly in electron microscopic studies, Firth et al. (1983) and Shulze and Firth
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(1992). In Fu et al. (1995) a multi-region, time dependent diffusion model for the spread of low
molecular tracers in the cleft and surrounding tissue space of frog mesentery capillaries was
developed (see Chapter 3). It was proposed that, instead of observing the junctional strand
structure directly, we should attempt to construct a detailed picture of the junction strands as
a transport barrier from a combined two-dimensional theoretical and experimental analysis of
the relatively larger wake formed by the time dependent spreading of different size molecular
tracers on the downstream side of the junction strand discontinuities. In this study this approach
is extended to larger size tracers, such as HRP, where both convection and molecular sieving
effects are important. These effects will be shown to significantly alter the tracer wake profiles
on the tissue side of the junction strand, at high filtration flow rates, Peclet numbers P, > 1.
Two alternative hypotheses have been formulated to describe the size selective structures
that determine capillary permeability. One hypothesis proposes that the molecular filter lies
within small pores or constricted slits in the strand of molecules forming the junctional complex
between adjacent endothelial cells (Crone and Levitt, 1984). The second hypothesis also
proposes that the breaks in the junctional strand determine small solute permeability, but
assumes that the primary molecular filter is a fibrous network associated with the cell surface
and/or the wide part of the junctional cleft, Curry and Michel (1980), Michel (1988). In
Weinbaum et al. (1992) a three-dimensional model was developed to quantitatively evaluate
these two hypotheses using a combined model that allowed for junction pores of ditferent cross-
section and a sieving matrix that was distributed throughout the wide part of the cleft. The
results of the model predicted that a sieving matrix which occupied the entire depth of the cleft
offered too much hydraulic resistance and that the measured permeability for intermediate size
solute was best fit by infrequent large pores that occupied a small fraction of the junction

length.
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The recent serial section electron microscopic studies of frog mesentery by Adamson
and Michel (1993) have provided strong evidence in support of the predictions in Weinbaum
et al. (1992) and the matrix being the molecular filter. These investigators observed infrequent
large breaks of typically 150 nm width, but whose gap height (20 nm) was the same as the wide
part of the cleft. These observations supported earlier, less definitive studies on rat heart
capillaries, Bungaard (1984), which found shorter breaks of a single section thickness (40-50
nm) whose gap height was also nearly the same as the wide part of the cleft. While such large
pores could not serve as a molecular filter for intermediate size solutes up to the size of albumin
(7 nm dia.), it did not rule out the possibility of smaller pores or slits in the junction strand.
Structures suggestive of such smaller pores have been observed in ultrathin (12-15 nm) serial
sections, Bungaard (1984), and in sections that have been subject to goniometric tilting,
Adamson and Michel (1993). The study by Adamson and Michel (1993) was also important in
that it provided the first reliable bounds on the frequency (spacing) of the large breaks. This
spacing ranged from 2140 nm based on serial sectioning to 4400 nm (frequency of lanthanum
wake leakage sites that penetrated to the tissue border of the cleft) with an average spacing
between breaks of both types of 2640 nm.

These experimental results and the theoretical predictions in Weinbaum et al. (1992) led
Fu et al. (1994) to propose a combined model with infrequent large orifice like junctional
breaks, a finite region of fiber matrix components at the entrance of the cleft and at the
endothelial surface and very small pores or slits in the continuous part of the strand (see
Chapter 2). Three important quantitative predictions were obtained from this model. First, the
measured hydraulic conductivity for frog mesentery could be achieved if the total thickness of
the sieving layer was ~ 100 nm and thus about one-quarter of the cleft depth. Second, the

permeability of solutes > 1.5 nm diameter up to the size of albumin could be accounted for by
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the large 150 nm orifice like breaks which occupied only about 5 percent of the junction length.
Third, the infrequent 150 nm junction strand discontinuities could only account for about 1/3
of the measured permeability for small ions and a second family of very small pores, was
required for solutes < 1.5 nm diameter. Goniometric tilting of sections in Adamson and Michel
(1993) suggested that a narrow ~ 2 nm continuous slit in the uninterrupted part of the strand
might be a candidate fo. these pores and the theoretical predictions in Fu et al. (1994)
confirmed the quantitative feasibility of this hypothesis. The results of this combined 3-D model
for frog mesentery provide very good agreement with measured data for both hydraulic
conductivity and permeability for solutes of size ranging from as small as potassium to as large
as albumin. This model is also able to account for the measured change in hydraulic
conductivity of frog mesenteric capillary after the enzymatic degradation of the surface
glycocalyx, Adamson (1990).

The principal motivation for the development of the two-dimensional
convective-diffusion wake model proposed in this study is to design experiments that can test
for the location of the molecular filter. Whereas the wake of a small electron dense tracer on
the abluminal side of the junctional strand provides information about the size and frequency
of the discontinuities which can be easily penetrated by small solutes, the distribution of larger
molecular weight solutes on the luminal side of the junction barrier will help us determine the
location of the molecular sieve. If the breaks in the junctional strand are the primary molecular
filter, the present model shows that there will be a large asymmetry in the tracer concentration
and its distribution fore and aft of the strand at the sites of small solute leakage due to
convective effects at high flow rates. On the other hand, if the accumulation of the tracer is near
the entrance of the cleft or the tracer concentration decreases with increasing depth into the cleft

towards the junctional strand, this would suggest that the fiber matrix is the principal molecular
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sieve, The models for the ultrafiltration of solute at the junction strand or by matrix components
in the wide part of the cleft will examine these possibilities.

In the model developed in this chapter, we shall first obtain the solutions for the
pressure and velocity fields by extending the model in Fu et al. (1994) (see Chapter 2) for the
filtration flow through an isolated orifice to that for a periodic array of orifices. The solution
for this velocity field is then used as an input in the convective-diffusion model for the wake
concentration profiles on the abluminal side of the junction strand. A fundamental assumption
in Fu et al. (1994) and all previous models of capillary interendothelial clefts is that the tissue
can be treated as an infinite reservoir with an effectively vanishing solute concentration at the
cleft exit. Predictions of capillary permeability are thus based on a critical simplifying
assumption that the transendothelial driving force for solute diffusion is constant over the time
course of an experiment. However, recent confocal microscopic studies using the low molecular
weight tracer, sodium fluorescein, by Adamson et al. (1995) and the corresponding theoretical
model in Fu et al. (1995) (see Chapter 3) indicate that the interpretation of tracer studies
depends strongly on the tissue concentration at the cleft exit. This exit concentration, in turn,
depends on the time dependent spread of tracer in the tissue space. The labeling of the cleft is,
thus, intimately coupled to the transport of the tracer in the tissue surrounding the vessel wall.
The solute flux at the cleft exit varies both with the distribution of pores along the length of the
junction strand and with time as the tissue concentration increases. The more realistic boundary
condition at the cleft exit proposed in Fu et al. (1995) for diffusion will be extended in this
paper to explore the convective-diffusive wake of large molecular weight tracers.

The theoretical predictions in Fu et al. (1995) indicate that the rapid rise in tissue
concentration surrounding the vessel wall measured in Adamson et al. (1995) requires the

presence of a distributed family of small pores which serve as the primary pathway for low
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molecular weight solutes. In particular, it is shown that the 1.5 nm continuous slit proposed in
Fu et al. (1994) has the right permeability-area properties to account for the time dependent
sodium fluorescein profiles measured in our confocal microscope experiments. This small pore
pathway allows the passage of water and, thus, in the case of high molecular weight tracers,
leads to an unstirred layer on the luminal side of the junction strand whose detailed
concentration profile will depend on the properties of the matrix layer in the entrance region
of the cleft. An ultrafiltration model will' also be developed to examine the structure of this
unstirred layer and the effect of matrix components.

The solution of the coupled 3-D boundary value problem linking the water and solute
transport in the cleft with that in the surrounding tissue would be a formidable task even for a
large capacity latest generation computer. Asymptotic techniques are used to greatly simplify
the mathematical formulation. Rather surprisingly, we have been able to obtain closed form
solutions for the concentration profiles in the cleft despite the complexity of the water flow
streamlines and the presence of matrix components. This has been made possible by a now
seldom used potential flow transformation, first proposed by Boussinesque, which allows us to
both greatly simplify the boundary conditions and reduce the convective-diffusion equation for

solute transport into a constant coefficient equation that can be solved analytically.

4.2 MATHEMATICAL MODELS
4.2.1 Model Geometry

We shall use the same geometry for the three dimensional simplified structure of the
intercellular cleft as proposed in Fu et al. (1994), see Figs. 2.1(a),(b) in Chapter 2. In this
model the junction strand is idealized as a barrier with periodically spaced large pore breaks and

a continuous narrow slit which is impermeable to solutes > 1.5 nm diameter. Region 1, 0 <
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x < L, and region 3, L,+L, < x < L,+L,+L,, are the wide portions of the cleft on the
lumen and tissue sides of the junction strand. Region 2, L, < x < L,+L, represents the depth
of the pores in the junctional strand. In our model the periodic large pores can be viewed as
rectangular slits with cross-section 2d x 2b, where 2b = 2B. Here 2B is the height of the wide
part of the cleft and 2d is the length of the discontinuity in the junctional strand. The distance
between two adjacent pores is 2D. The measured average values of the large pore cross-section
in frog mesentery is 150 nm x 20 nm and the average pore spacing 2D = 2640 nm (Adamson
and Michel, 1993). Since the thickness of the junction strand, ~ 10 nm, is small compared to
2d and 2D, the bréaks can be treated as zero thickness orifices. The 1.5 nm continuous narrow
slit is required to account for the diffusive permeability of solutes less than 1.5 nm diameter.
The hydraulic conductivity of this narrow slit is, however, small compared to the large pore
orifices. In our model, we only consider molecules with diameter greater than 1.5 nm and,
therefore, can ignore this small pore system unless we wish to study the ultrafiltration profiles
upstream of the junction strand.

L; in Fig. 2.1(a) is the depth of the fiber entrance layer in the cleft. This entrance layer
includes both the 60 nm thick surface matrix observed in Adamson and Clough (1992) and an
entrance layer at the mouth of the cleft. As hypothesized in Michel (1988) the fibers are
assumed to form a periodic array. As shown in Fu et al. (1994) the ordered fiber array provides
more realistic predictions for hydraulic conductivity than the random array (see Figs. 2.4 in
Chapter 2). The fiber diameter is 2a and the average open spacing between fibers is A, The
volume fraction of the fiber matrix is S;. The hydrodynamic theory for predicting the added
hydraulic and diffusive resistances of this bounded perpendicular fiber array is presented in

Weinbaum et al. (1992). This theory also accounts for the steric exclusion of the fibers.
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4.2.2 Model Description

Fig. 3.2 is a top view of the concentration profiles that one would observe at some
instant in time in the mid-plane of a cleft and its continuation into the tissue space if one were
to traverse the length of the cleft along the plane z = 0 in Fig. 3.1(b). The three region model
sketched in Fig. 3.2 was first proposed in Fu et al. (1995) (see Chapter 3). The inner region
A of length scale L (0.4 pm) characterizes the detailed concentration profiles on the abluminal
side of junction strand in the cleft proper. The intermediate region B of length scale 2-5 pm
characterizes the mixing of the wakes from the individual junction strand discontinuities in the
tissue space immediately surrounding the cleft exit. The far field, region C of length scale 200
pm, describes the tissue profiles that one would observe in the confocal microscope. These
tissue profiles satisfy one-dimensional, time dependent diffusion from an integrated source
whose total strength is the sum of the exit jets from all the orifice breaks sketched in the side
view of Fig. 3.1(b).

The inner cleft region A, is described by the idealized geometric model for the junction
strand and the fiber matrix introduced in Fig. 2.1 (see Chapter 2). The boundary value problem
for the present model on this inner length scale differs from Fu et al. (1995) in that the
governing equation and the boundary conditions consider convection as well as diffusion.

The governing equation for unsteady convective-diftusion is

Z = pYAE-V,-9C (4.1a)

ot

where C = C(, %, ¥, Z) is the concentration distribution and V, is the solute velocity. D® is
the solute diffusivity in region *, the asterisk indicating region A, B or C as the case may be.
If we choose T as the typical time scale in the experiment, and choose L"and V,* as the

characteristic length and velocity in region *, one can write Eq. 4.1a in the dimensionless form
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%f € = AC-Pe™hyC (4.1b)

where

- ~ e ._*2 —~ V*Z‘
C=g, t=t, A=L?A, e= _L -, v= _V, Pe="2
¢, T bOF vy B®

Here C, is the concentration in the lumen. The behavior in region * depends on the size of the
dimensionless diffusion parameter €. If ¢ < < 1, i.e. the time of the experiment T > >
L™/D®™, the characteristic time for the filling of a region of length scale L* by solutes of
diffusivity D™, the unsteady term on the left hand side of Eqs. 4.1a,b can be neglected and the
behavior in this region treated as quasi-steady. In this limit the concentration at the boundaries
of the region can be treated as slowly varying functions of time, but the instantaneous
concentration profiles in the region are the same as for steady state diffusion. If e = O(1), then
the unsteady term must be retained since the transient filling of the tissue in region * is
important. Another important parameter in Eq. 4.1b is the Peclet number Pe®™ in region *. If
Pe® < < 1, convective-diffusion (second term on the right hand side of Egs. 4.1a,b) in region
* can be ignored and Eq. 4.1a or 4.1b reduced to a pure diffusion problem. Otherwise if Pet®
= O(1), the convective effect must be considered.

For the inner cleft region A, the characteristic length L* = 0.4 um and D™ for HRP
is ~ 3.5 x 107 cm¥/s; L™/D™ is 4.6 x 10° seconds for this inner region. The diffusivity D®
in the tissue space (regions B and C) is estimated as ~ 1.1 x 107 cm?/s as shown later;
therefore, the characteristic times for the intermediate field (region B, 2-5 um) and far field
(region C, 5-200 um) are ~ 2.3 seconds and ~ 60 minutes, respectively. The typical time for
the measurement of the concentration profiles for our high MW tracers, approximately 10-60

seconds, is thus long compared to the characteristic diffusion times in both regions A and B.
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The above asymptotic analysis of the different length scales and characteristic times
reveals that important simplifications can be introduced for each region. On the time scale,
typically 60 seconds, over which our experiments are performed, the concentration in regions
A and B can be treated as time varying, but satisfying a quasi-steady diffusion equation. On the
length scale of the intermediate region (2-5 pm) the solute flux at the cleft exit (height 20 nm)
can be treated as a time varying line source whose strength varies along its length. The line
integral of this source provides the unknown time dependent source strength for the far field.
On the length scale of the far field (200 um), the intermediate region B can be viewed as the
origin x, = O (see Fig. 3.2) of a lowest order outer expansion in which the concentration C,(t)
at the outer limits of the intermediate region B serves to define the flux entering the far field.

The critical matching condition coupling the local continuity of flux leaving the cleft exit

and entering the far field is given by

-%f + Peu(L,y)C = a®CtLY) - C,0)] 4.2)

where «(t) is a time varying function that is determined from the local solution for the line
source at the cleft exit in the intermediate region B. dC/0x is the local gradient at the cleft exit,

Pe® is the Peclet number in region 3 and uy(L, y) is the water velocity in the midplane of the
cleft exit. It is shown in Appendix that for our model geometry and typical values of the
transcapillary driving pressure, the solute transport in the tissue space can be approximated as
a pure ditfusion process and thus «(t) is obtained through the same procedure as in Fu et al.
(1995) (see Chapter 3). The results in Fu et al. (1995) show that there are large variations in
o at early times, t < < 1 sec., but then o approaches an asymptotic constant that is a function
of the gap height 2B and the diffusion coefficient ratio, D/D,, for the diffusivity of the

extravascular tissue compared to the extracellular channel within the cleft. The integral of Eq.
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4.2 along x = L, the cleft exit plane, provides the time varying source strength for the far field.
Using an iterative matching procedure, which will be described later, one is able to find a
solution for the time dependent concentration distribution in the cleft which couples the

transport in region A with the filling of the tissue space in regions B and C.

4.2.3 Mathematical Formulation
1. Pressure and velocity field in cleft
(A) Hele-Shaw flow in the cleft

Before considering the convective-diffusion problem, we first need to determine the
velocity field for the flow geometry in Fig. 2.1. We assume a steady pressure and velocity
field in our model. Since the height of the cleft 2B is small compared to both the average
distance between the pores 2D, and the depths L, and L, of the cleft, the water flow in the wide
part of the cleft in regions 1 and 3 can be approximated by a Hele-Shaw flow. To describe this

filtration flow we introduce the following dimensionless variables and parameters

v-Y, p-_P_ (4.32)
Va pL"PA
o=-2, -V (4.3b)
aL aL
oVt @.30)
@-L_ﬁA)L

Here V= (U, V, W) is the local water velocity, V, = Q,/4Bd is the averaged velocity in the
junction orifices (this is the velocity scale V," in the cleft), and Q, is the volume flow rate

through the orifice. p, and {, are the pressures at the lumen and tissue fronts of the cleft, L
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is the depth of the entire cleft, j is the fluid viscosity, and ¢ and § are the velocity potential

and the stream function. The dimensionless continuity and momentum equation for this flow are

=0 4.4)

gle
@[@

- 4

wi v+ Ok *.5)

Here p = p(x, y) is the pressure, V = (u, v, w) is the flow velocity, w = 0 is the
approximation for Hele-Shaw flow and p is defined in (4.3c).
The no-slip boundary conditions are satisfied on the surface of the plasmalemma

membranes of the cleft

u = v = 0 z = :tB (4.6)
The solution of Eq. 4.5 which satisfies Eq. 4.6 is
22 4.7
V=V, - ?) 4.7)
where
B® v 4.8
Vo=—2—pr Vo = ugi + vyj 4.8)

is the velocity in the center plane (z = 0) of the cleft. If a fiber matrix exists in the wide
portion of the cleft, it is shown in Tsay and Weinbaum (1991), that Eq. 4.5 can be replaced by
a Brinkman equation. The latter equation when solved subject to non-slip boundary conditions

at z = +B enables one to define an effective viscosity p.
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by = VKe u _ @.9)
32 - wnh(-Ey)

VK, VK,

which can be used to replace p in (4.8). Here K, is the Darcy permeability. . describes the

additional hydraulic resistance due to the viscous fiber interaction with the plasmalemma
boundaries of the cleft. Since the fiber fills only the entrance region of the wide part of the
cleft, one would need to solve a three region problem to obtain the nonuniform pressure and
concentration profiles at the interface x = L; between the fiber and non fiber regions. A
reasonable approximation proposed in Fu et al. (1994) (see Chapter 2), however, is to assume
an average effective viscosity in region 1, u”, which is an average of p.; in the fiber layer and
p in the fiber free subregion, which is proportional to the relative depth of each region. Thus,

HOR Beply + il‘l ~ Lo (4.10)

1
(B) Boundary value problem for Pressure

The x, y components of the center plane velocity satisty the irrotationality condition for
two-dimensional potential flow. Combining Eqs. 4.7 and 4.8 and substituting into Eq. 4.4, one

obtains

32_12+§_2£;_=0 @.11)
ax® oy

Since the velocity in the x, y plane satisfies the potential flow equation, the non-slip boundary
conditions can not be satisfied in the x, y plane if Eq. 4.5 is used as the approximate

momentum equation. The boundary conditions for Eq. 4.11 in regions ! and 3 are
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P(l)=PL x=0, ly|<D 4.12a)

0]
%=0 i=1,3  0s<xsL  y=0,D (4.12b)
pV=p®  x=L  |y|<d (4.12¢)
B p® _ B? gp®
- =- = 4.12d
20 ax 2,0 ax x=L ly|<d ( )
ap® .
?=0 i=1,3 x=L d<|y|<D (4.12e)
p¥=p, x=L ly|<D (4.129)

where u® and u® are the effective viscosities in regions 1 and 3.

It is difficult to obtain a closed form solution to Eq. 4.11 subject to boundary conditions
4.12a-f, since the split boundary conditions 4.12c,d,e at the junction barrier are of mixed type
involving both the pressure and its gradient. To eliminate this ditficulty, we assume periodically
distributed junctional orifices and prescribe a functional form for the velocity profile at the
orifice opening, which is a modified form of the solution obtained in Fu et al. (1994) (see Eq.
2.17b in Chapter 2) for an isolated orifice in a junction strand. This velocity is given by

_ B* 9p® __ B? 9p®

2u ax 2u® & (4.13)
= n

2 - cosh’(ny)

where

¥ =cosh(nd)

The velocity profiles used in (4.13) differ from the isolated orifice in that an unknown
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coefficient 4 is introduced. % is determined by satisfying Eq. 4.12c in an integrated average
sense over the orifice opening. This very useful approximation will be examined later and

shown to be highly accurate.

(C) Solution for pressure
The solution of the boundary value problem defined by Eqs. 4.11 and 4.12a-f, with

matching condition 4.12d given by Eq. 4.13, is for region 1
POy = py + Agy + "Zj:lA,,cos(l,,y)sinh(}.,,x) O<a<r, (419
and for region 3,
pO(xy) = p,+By(x-L) +§:1 B,cos(Ay)sinh[A (x-L)] L<x<L  (4.15)

where

nr
AII:?

2u) 1 =
Ay = [ k1D
nDy

B2
p,(3)
[ F; 0
d
1) cos(A
4 - _2p 2n A 4 4.16)

" 32 A"DCOSh(l”Ll) 0 Yz"‘COShz(ﬂy)
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® cosh(A
B"=u——(—"£1—)A,, L=L-L,
p® cosh(A, L)

in Eq. 4.16, K is a complete elliptic integral of the first kind. The solution for # obtained by

satisfying condition (4.12¢) in an integrated average sense at the orifice is

B? nDy

rl =
260 sKGT-vD

., -p) 4.17)

where

©) = sin(A d) ©)
§=L + 5oL+ Y - 2; [tanh(3,L)) + Ectanh( L] 4.18)
p n=1 " [
2 T cos(A,y)
#n) = = 1 ) 2 dy
K[(l _Y-2)5] LUR'A cosh (70’)
The average water velocity V, at the orifice is
—42 o~ o~ - ~
g - B 2D @G -PY 4.19)

and the velocity field is obtained by substituting the analytic solutions for p, Egs. 4.14 and

4.15, in Eq. 4.8.

2. Concentration field in cleft
(A) Quasi-steady convective-diffusion model in cleft region A

Since the characteristic time for the diffusive equilibration of the inner cleft region A
of length scale 0.4 um is only 4.6 x 10® sec. (see Model Description). This is very short

compared to the time scale of the experiment, the condition for neglecting the time derivative
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term on the left hand side of Eq. 4.1b is well satisfied. Furthermore, since the channel height
2B < < L, the concentration gradients in the x, y directions in the wide part of the cleft, where
the flow is of Hele-Shaw type, will not vary significantly across the height of the cleft. The
governing equation for solute conservation in these regions can be approximated by a steady

2-D convective-diffusion equation averaged across the cleft height,

VEC® - Pe®Vy,-vC? = 0 i=1,3 (4.20)
where C® = CO(t, x, y), i = 1, 3 are the actual concentrations in the available volume in
regions | and 3 and V, = V(x, y) is the water velocity in the center plane z = 0. Pe®, i =

1, 3 are Peclet numbers defined as

¢ i=1,3 4.21)

Here V,is given in Eq. 4.19, D?, i = [, 3 are the effective solute diffusivities in regions 1 and
3 and x® is the retardation coefficient describing the slip between the solute and the solvent.
The factor 2/3 appears in Eq. 4.21 since the average velocity for the profile (4.7) is 2/3 of the
centerline velocity. Since the Hele-Shaw velocity profile is parabolic across the channel height
of the cleft, this is a convective enhancement due to Taylor dispersion in the z direction. The
convection to D® from Taylor dispersion is 2/105(dB/DL)*P,*?D® (Mauri, 1995). Here P,?
defined in Eq. 4.21 is < 20, dB/DL ~0.002 and the enhancement due to convection is of order
10°. Thus, the Taylor dispersion effect is negligible.

The boundary conditions for solute transport described by Eq. 4.20 are

cW = CL x=0 ’y|<D (4.22a)
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% .0 o<x<L y-0,D (4.220)
oy
ch = c® x =1L lyl<d (4.22¢)

m ®
_agx +PeWy CO = ﬂ(_agx +PePu C®)  x =1L |y|<d (“422d)

oc®

_ " Pe(l)uoc(l) =0 x =1 d<|y|<D (4.22¢)
ax
@
_agx + Pe@y O = g€ - C) x=L |y|<D (4.22f)

where 8 = D®/D®. Boundary condition (4.22a) indicates that the solute concentration of the
perfusate in the lumen C, remains constant. Boundary conditions (4.22b) are the periodicity and
symmetry conditions. Boundary conditions (4.22c-e) require that the junctional strand be
impermeable except for the pore region-d < y < d. Matching condition (4.22f), a restatement
of Eq. 4.2, requires that the solute flux entering the tissue at the cleft exit be proportional to
the instantaneous local difference between the concentration at the cleft exit and the
concentration at the entrance to the far field C/(t), where C,(t) is a quasi-steady slowly
increasing function of time determined by the solution to the coupled boundary value problem
linking the three regions. The flux coefficient « is determined from the solution for the
intermediate region B described in appendix. This solution is subtle since one needs to carefully

analyze the convective transport surrounding the cleft exit. The final result for o

a = —
— (4.23)
B D()ln% - 0.5772

turns out to be the same as Fu et al. (1995) (see Eq. 3.29 in Chapter 3) for low molecular



116

weight solutes where only diffusion in the intermediate region B, Fig. 3.2, was considered.
Using the same approach described in defining an average effective viscosity u® for
region 1, Eq. 4.10, we define an average effective diffusivity D® in region 1, which is an

average of D,y in the fiber layer and D,, in the fiber free subregion,

PO - — LDyDey _ 4.24)
DL, + (L, - L)D,

Here D, is the restricted diffusivity given in Ganatos et al. (1981) for a sphere diffusing in a
channel without matrix, but which includes the hydraulic resistance of the plasmalemma
boundaries. ﬁi_e" is given in Weinbaum et al. (1992). D, accounts for the effect of both the
hydraulic resistance and the steric hindrance of the fibers in the matrix entrance layer.
Approximation (4.24) allows us to reduce the boundary value problem for a cleft with a finite
matrix entrance layer from a three region to a two region problem.

The retardation coefficient x® appearing in Eq. 4.21 can be related to the reflection
coefficient ¢® in region i, i=1, 3. For region 1 composed of fiber and fiber free layers, the

effective reflection coefficient ¢'” is given as (Kedem and Katchalsky, 1962)

) o
o = P—olm + P g, (4.252)
Py P,

where o, and g, ,; are the reflection coefficients for a solute in a restricted channel and in an
infinite fiber matrix respectively. o, and o, are given in Curry (1984). P? is the effective
permeability in region 1, P, is the permeability in the fiber free region and P, in the fiber
filled region. Eq. 4.25a is derived from the Kedem-Katchalsky equations for the water and
solute flux in the limit where the volume flux vanishes and the pressure and osmotic driving

forces just balance one another. In this limit the permeability coefficients are related by the
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expression for two resistances in series

S . L (4.25b)
PO Pi,e_ﬁ' Piw

Since the permeability here is proportional to D*/L°, where D" is the diffusivity in region * and
L" is the length of region *, Eq. 4.25a can be rewritten as

o = LPwigr * ¢y = LDy, (4.25¢)

~

b,L + (L - L)D

iie.ﬂ'
Here D,, and Di‘erf are the same as in Eq. 4.24. The effective retardation coefficient in region
1 is approximately given by x = 1- ¢‘V. This relationship between x and o is strictly valid

only in the limit of high Pe.

(B) Boussinesque transformation

Despite the complexity of the solutions for Vy(x, y), an elegant analytical solution to
the boundary value problem defined by Eq. 4.20 and Eqs. 4.22a-f can be obtained because of
the potential character of the velocity field in the x, y plane. This is due to an extraordinary
transformation first developed by Boussinesque in which the physical x, y plane is mapped onto
the ¢, Y plane, where ¢ is the potential function, and y is the stream function, see Figs.

4.1(a),(b). In the ¢, ¥ plane Eq. 4.20 is reduced to a constant coefficient equation

0] @ 0]

FE2 L T per D _g i1, 3 (4.26)
o’ oy %

The solution of (4.26) is greatly simplified in the ¢, Y plane because the boundary abce

is a streamline along which dC/0y = 0. Furthermore, the pore opening cd is nearly an isobar.

To show this we shall first derive expressions for the constant ¢ lines and show they are
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isobars.

(C) Boundary value problem for the concentration in ¢,  plane

Since Vy(x,y) describes a potential flow, it can be written as

Vo = Vo (4.27)

Comparing Eqgs. 4.27 and 4.8, one notes there is a simple relationship between the potential

function ¢® and the pressure p® for the Hele-Shaw flow in regions 1 and 3,

2
o9, y) = B PO, y) + 5O i=13 (4.28)
2p(°

where s are arbitrary constants to be determined. Eq. 4.28 shows that isobars are isopotential
lines.

Since the pressures at the cleft entrance and exit, p, and p,, are assumed constant, these
boundaries are isobars. Furthermore, we shall assume that the non-uniformity of the pressure
obtained from the Hele-Shaw solutions in regions 1 and 3 at the entrance/exit for the rectangular
junctional pore is small. For the orifice profiles (4.13), we shall show later in Fig. 4.2 that this
approximation is highly accurate. If one assumes that the potential at the entrance of the cleft

(x =0, |y| < D)is 0, the s in (4.28) are given by

s - B p (4.292)
240 7 F
2 - 2
s® - B PL " P4 . B (4.29b)

2 M(l)L1 + u®a - L) gu(3)p4

Therefore the potential functions in regions 1 and 3 are
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W - 34, ___‘(”) i 4.30

dP @, y) =D [x ; Toosh( L) cos(A,y) sinh(4 x)] (4.30)

® -3d ) i _ 4.31
A6 )] >D [(x-L)+ 2  Tcosh(L) cos(A,y) sinh(A (x-L))]+¢, (4.31)

Here A, and t(n) are defined in (4.16) and (4.18), and ¢, , the potential at x = L, is

5
(¢)) (4.32a)
L, + %}La

d
¢L_ ‘D‘

Nlb.)

where S is also defined in (4.18). ¢, the potential at x = L, , is

by, = L, (4.32b)
For 2-D potential flow,
% _ %% % _ 9% (4.33)
ax 9y dy  a |
Thus, Egs. 4.30, 4.31 and 4.33 give
YO, y) = %%[y + fiMT;(h%ﬁ sin(1,) cosh(d )] (4.34)

o

@ s 3dp, vy - 4.35
¥Owy = o El W cosh(iL) sin(A,y) cosh(A,(x - L))] (4.35)

and aty = 0, D,

Yo =0 Yp==d (4.36)

W

As shown in Fig. 4.1(b), the complex boundary shape abce and its mirror image below
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the x axis transform to the straight lines ¢ = +y;,. In summary, boundary conditions (4.22a-f)

in the ¢, ¥ plane can be written as

cO = c, $=0 [ |<¥, (4.37a)
o 0 0<¢<o, ¥y =0, ¢, (4.37b)
oy
cO = c® ¢ = ¢L| W<y, 4.37¢)

ace

1) )
_ + PeWcW - B(- % + Pe@C®y ¢ = ¢Ln |¢|<¢D (4.37d)

ac®
[——;b + PeOCO) uLy) =« [CO - CO1 ¢ =d, |¥]<y, “.37¢)
Note that boundary conditions (4.22d,e) at x = L, in the x, y plane have been significantly

simplified in (4.37d) at ¢ = ¢, since uy(L,, y) cancels out in the ¢, y plane.

(D) Solution for concentration in the cleft

The solutions of Eq. 4.26 satisfying boundary conditions 4.37a-d in regions 1 and 3 are

C® = gy + (1-a)exp(PeV¢)

o (4.38)
+ E COS(wk'll)ak[eXP(Blkd)) - exP(szd))] 0<¢<¢Ln
k=1

C® = b, + cyexp(PePp)

°° 4.39)
+ E.COS((O,C ) [bkeXP(Y lk(b) + CkexP(sz(b)] ¢Lx<¢<¢L
k=1
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Pe® 4 ‘/Pe(l)2 + 4w, Pe® & ,/Pe(s’z + 46,

Bl,2k = D) ’ Y1, 2 2

_ B pe®

"9 pe® %

0

Co =89 * 8

D() Pe(l)
1 - PeM) -
o - oxp(Pe™,) B pe®
o =
exp(Pe ¢ L)

8 = exp[(Pe® - Pe®)¢, ]

by=h,a, ¢ =ha (4.40)

;3 (1 po

exp[(plk_Ylk)d’Ll] (p- _(3)p1k+Y2k) + expl(By - Ylk)d)Ll] (-p+ 50 — Py - Yo

Yo =~ Tk

O] l"j(l)
_(3)ﬁlk Y1) * expl(Py - Yu)d’[,l] (p- ,,(3)[32.¢ Y1

Yoo = T

exp[(B; - sz)d’[,l] (-p+
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)

= (1
o =D pe _ pe»
50

Here y, is given in Eq. 4.36 and Pe®, i = 1, 3 is defined in Eq. 4.21.

The only unknowns in Eqs. 4.38, 4.39 are the a, coefficients. They can be determined

by satisfying the last remaining boundary condition 4.37e. Substituting Eqs. 4.38, 4.39, and

4.40 into (4.37e), we obtain

5 ay + Y L) cosloyO(Ly)] @, = R (4.41)
k=1

o) e DY pe®
f0) = -a gy exp(PeVd) - [a + PePuy(L,y)] 30 7@

f};()’) = hlkexp(y lk¢l) [(Ylk -Pe (3)) uo(Lyy) - (!] + huexp(ngd)l) [(Yz}; -Pe (3)) uo(Lsy) - u]

R = o [exp(PeP¢)g, - C,(0]

Here g, g;, hy, hy are the same as in Eq. 4.40. The velocity at the cleft exit uy(L, y) is

obtained from Egs. 4.8 and 4.15. It is given by

3dy Ly ) 4.42
uy(L,y) > D [ ,; cosh( L) cos(A, )] (4.42)

where A, and t(n) are defined in (4.16) and (4.18).

The a, coefficients in Eq. 4.41 can not be evaluated analytically. A boundary collocation
method is thus employed in which Eq. 4.41 is satisfied at N+1 collocation points. By

simultaneously solving these N+ 1 linear equations, one can obtain the unknown coefficients a,
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in the solution for the concentration field. In this manner solutions are obtained for the first
N+1 coefficients and the infinite series solutions for the concentration, Eqs. 4.38, 4.39, are
truncated at the N* term. The collocation points were chosen to be equally spaced on the

boundary ¢ = ¢, 0 < ¥ < Y, in the ¢, | plane.

(E) Ulrtrafiltration in continuous narrow slit pores

The presence of the continuous narrow slit of height 2b,, which allows the passage of
solvent and low molecular weight solutes but excludes solutes of radius > b,, creates an
unstirred layer on the luminal side of the junction strand. Except for the region near the large
pores, one can treat this layer using a simple 1-D convective-diffusion approximation in which
region 1 is divided into two layers, one with and one without fibers. The solution for the
concentration is straightforward. We give only the final results for the concentration in the

unstirred layer in region 1:

b
C(lf) = CL exp [Pe(lﬂ _EY x] 0< x<Lf (4'43)

b b
cw = C, exp[(Pe™) - Pew) _g L_/] exp[ Pe ™ ES A L<x<L, (4.44)

Here Pe™, Pe are Peclet numbers in the fiber free and fiber filled subregions, which are

given by

op. [
Pe® - %x—‘ML- i=1f, 1w

5o

where
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(7 bs pL - PA
0id - ~ -
26® _qw B} g B @b}
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Here ", i are effective viscosities in the fiber filled and fiber free layers in region 1, i®

is the viscosity in the narrow slit and g is the viscosity in region 3.

(F) Approximate 1-D solution for the tissue space and the determination of C, (t)

As noted earlier in Eq. 4.22f the concentration at the entrance to the far field C,(t) is
a quasi-steady slowly increasing function of time determined by the coupling of the solute
transport in regions A and C in Fig. 3.2. In Fu et al. (1995), where only diffusion was
considered, it was possible to derive an integral equation for C,(t) that could be solved
analytically. The increase in C,(t) is related to the integral of the instantaneous total flux Q(t)
entering the tissue at each instant in time. For pure diffusion Q(t) can be simply related to the
instantaneous value of C,(t) and an integral equation for C,(t) obtained without much effort.
The author has attempted without success to derive an equivalent integral equation when
convection is present. The complexity of the expression for Q(t) has prevented us from doing
this analytically. Instead we have developed a rapidly converging iteration procedure that
enables us to solve this final step of the coupled boundary value problem linking the cleft and
tissue regions numerically. We first consider the boundary value problem for the far field in
region C.

Appendix shows that the convective effect of solute transport can be neglected in the
tissue space due to the rapid decay of the solvent velocity once it enters the tissue. Furthermore,
as discussed earlier in the model description, the estimated time for the filling of the outer

region C in Fig. 3.2 is of the order of 60 minutes. On this time scale the early time behavior
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(t < 2.5 sec.) in the intermediate region B can be neglected. Quasi-steady equilibrium has been
achieved in region B and the exit jets from the individual junction orifice discontinuities and
adjacent clefts (periodically distributed around the periphery of the vessel wall) have merged
with each other and have formed a uniform flux along the length of the cleft exit (y direction,
see Fig. 3.2). If the mesothelium, top and bottom boundaries of the tissue, is treated as a
significantly greater barrier to the solute transport than the tissue space, we can assume that the
upper and lower boundaries of the tissue layer are adiabatic and that the far field, defined by
region C, can be approximated by one-dimensional, time dependent transport in the x direction.
Region C is thus approximated by a 1-D equation averaged across the height of the tissue layer.

This dimensionless equation is
— =1 (4.45)

Here C, = C(t, x,) is the concentration distribution in the tissue space, t = {D/L? is the
dimensionless time and D, the solute diffusivity in the tissue. x, is the coordinate in the tissue
space in the x direction shown in Fig. 3.2. The origin of the far field coordinate x, is located
at a position which is ~ 5 pm from the cleft exit which, on the length scale of the intermediate
region B describing the spread of the exit jets at the cleft exit, is oo.

The initial and boundary conditions for Eq. 4.45 are
CO,x)=0 (4.46a)

ac(, 0) _
a

t

10,03) (4.46b)
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Cit, = =0 (4.460)

where Q(t) is the total flux integrated along the entire cleft length per unit tissue thickness in
the direction of the vessel axis. To obtain an expression for Q(t) we define Q.(t) as the integral

average flux over y from a single periodic unit of cleft length 2D,

y acd, L, y) cO1 d
f [ > My, Pe(3)u0(L,y) O] dy (4.47)
2. = -D )

2D

The relationship between the total flux Q(t) and Q(t) is obtained by summing over all the

periodic units per unit length of vessel cross-section in the half plane x > 0, see Fig. 3.1(b).

@ N
QW = %io() (4.48)

!

In Eq. 4.48 N_ is the number of clefts on the half surface of the vessel, 2B is the width of the
cleft and H is the height of the tissue layer.

In Fu et al. (1995) Laplace transforms are used to derive a solution to (4.45) which
satisfies boundary and initial conditions (4.46a,b,c). This solution is an integral of the flux Q(t)

(see Chapter 3)

! 2
-1 Q(f) _ 4.49
C(t:x) y= { — expl sl (4.49)

Eq. 4.49 evaluated at x, = 0 provides an expression for C,(t)

) 4o (4.50)

T

C,0) =

==
O S, =
-
I

in terms of the unknown flux Q(t). Combining (4.47), (4.48) and (4.22f), one obtains a second
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relationship between Q(t) and C.(t)

p® N_Buo
) = — ————
%0 HD

D

D

[1€¥,Ly) - c,0ldy (+.51)
) -D
Eqgs. 4.50 and 4.51 are now solved by iteration. For the initial guess one assumes that C,(t)
= ( and evaluates the lowest order iteration Q(t) = Qu(t) using (4.51). This Q(t) is now
substituted in (4.50) and the lowest order iteration for C,(t), C,(t), obtained. For the next
iteration one substituted Co(t) in (4.51) to calculate Q,(t). Q,(t) is now substituted in (4.50) and

C,,(t) determined. This process is repeated for N iterations until both C,y(t) and Qy(t) have

converged to the desired accuracy.

4.2.4 Model Parameters
1. Cleft and fiber layer geometry

The values of the parameters used to describe the cleft geometry in Figs. 2.1(a),(b) (see
Chapter 2) are the same as used in Fu et al. (1994, 1995). These values are: total cleft depth
L = 400 nm (Clough and Michel, 1988); height of the cleft 2B = 20 nm (Frokjaer-Jensen,
1991); average large orifice spacing 2D = 2640 nm and opening cross-section, 2b x 2d = 20
x 150 nm (Adamson and Michel, 1993). The predictions in Fu et al. (1994) for the width of
the small pore or continuous narrow slit along the junction strand that satisfies the measured
values for small ion permeability (Curry, 1979) is 2b, = 1.5 nm. Since 2d = 150 nm is much
greater than the thickness of the junction strand, L, = 11 nm, and the cleft height, 2B = 20
nm, we shall treat the junction strand as a zero thickness barrier for the case of the large
orifice. The average distance from the lumen front to the junction barrier, L, = 200 nm
(Adamson and Michel, 1993). The depth of the surface fiber layer L; is ~ 100 nm. This value

of L; was shown in Fu et al. (1994) to provide very good agreement with the measured values
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for the hydraulic conductivity anq the solute permeability for small and intermediate size solutes
up to albumin (7 nm diameter) in frog mesenteric capillaries. The predictions of the model in
Fu et al. (1994) also indicate that the fiber layer is ordered and has a gap distance A between
adjacent fibers of ~ 7 nm, if it is to function as the primary molecular filter. For proteoglycan
side chains of 0.6 nm radius, this fiber spacing corresponds to a solid volume fraction S; =
0.017.

Figs. 3.1(a),(b) (see Chapter 3) show the idealized model geometry for an individually
perfused frog mesentery microvessel which was first proposed in Fu et al. (1995). The average
measured thickness of the tissue layer is taken to be 25 um and the characteristic length in the
x direction over which measurements are performed is ~200 um. The average number of the
clefts on the half surface of the vessel is 3.5. All values of these geometry parameters are from

Adamson et al. (1995).

2. Diffusivity in the tissue space D, and cleft exit coefficient «

In Fu et al. (1995), the ratio of the diffusivity in the tissue to the free diffusivity D/D,,,
for low molecular weight tracer, sodium fluorescein (MW = 367), is determined as 0.3. This
value is determined by applying a time dependent model with D/D,,, chosen to obtain an
optimum fit for the measured rise in the vessel wall concentration. The accuracy of the value
of D, is then confirmed by comparing the predictions of the model for the spread of the tracer
with the detailed time dependent concentration profiles measured in the tissue.

The significant difference between D, and D, is due to the large collagen content of
the tissue. As discussed in Curry (1984) and Weinbaum et al. (1992), the fiber matrix provides
both diffusive and steric resistance to the solute transport. The hydrodynamic theory in

Weinbaum et al. (1992) predicts that for collagen fibers of radius 40 nm, D/D,, = 0.3 for
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sodium fluorescein when the volume fraction S; = 0.48. These values of a and S; are then used
as input parameters to calculate D/D;,. for the larger HRP molecule. Using the theory in
Weinbaum et al. (1992), one finds that D/D,,. = 0.155 for HRP tracers (MW = 18,000) of
Stokes radius a = 3.0 nm. The free diffusivity Dy, for HRP in 25°C aqueous solution is 7 x
107 cm?/s; thus, D, = 1.1 x 107 cm?s. This value of D/D;,. is quite close to the measured
value of 0.14 for Dextran-FITC (MW = 19,100, Stokes radius a = 3.12 nm) in the rat
mesentery (Fox and Wayland, 1979). Once D/Dy,, is determined, the cleft exit coefficient

can be easily obtained from Eq. 4.23. This result for « for HRP is 2.3.

4.3 RESULTS
Pressure Distribution at the Orifice

For mathematical convenience, we introduced a simplifying assumption in Eq. 4.13 for
the velocity profile at the periodically distributed large pore orifices. We assumed that, except
for a scaling constant 7, this profile was well approximated by the velocity profile for an
isolated orifice. The continuity of the pressures on the upstream and the downstream side of the
junction orifice in the original boundary condition (Eq. 4.12c) was satisfied only globally over
the orifice width. In Fig. 4.2, we examine the accuracy of this assumption by comparing the
pressure distributions just above and below the orifice opening when the fiber matrix is either
present or absent in the cleft. For both cases, one observes that the pressures on the upstream
and the downstream side of the orifice are almost constant and identical along the entire orifice
width except for a narrow region of order 5 nm near the orifice edge. This provides a strong
justification as to the suitability of the assumed form of the velocity profile at the junction

orifice in Eq. 4.13, and our assumption that the orifice opening is an isobar or isopotential line.



130

Peclet Number

Before discussing the concentration distribution, we first examine the anticipated range
of Peclet numbers for different size solutes, where P, is defined in Eq. 4.21. In this expression
for P,, DY is obtained from Eq. 4.24, and x®=1-0®, ¢® is calculated from Eq. 4.25¢c. The
values of P, shown in Fig. 4.3 are for a maximum transmural AP of 30 cm H,O.

The solid line in Fig. 4.3 is for a cleft without matrix. When matrix is present on the
luminal side of the junction strand there is a discontinuity in P, across the orifice due to the
change in D® and x®. The dot-dash-dot line is the Peclet number for solutes on the luminal
side, while the dashed line is P, on the abluminal side of the cleft. One concludes from Fig. 4.3
that for HRP (3.0 nm radius), P, varies between 1 and 5. Convection should, therefore, play

an important role in determining HRP wake profiles.

Concentration Distribution
1. Concentration distribution along the centerline

Figs. 4.4(a) and 4.4(b) show the concentration profiles along the centerline y = 0 in
the mid-plane z = 0 of the cleft from the lumen front, x = 0, to the tissue front, x = L, for
HRP tracers when pressure gradient across the vessel wall is 0 and 30 cm H,O. Solid lines are
for the cleft without matrix and dashed lines for the cleft with matrix on its luminal side. The
depth of the fiber layer L; = 100 nm < L, = 200 nm, the depth of the wide portion of the
cleft on the luminal side. Note that while the magnitude of the concentration drop on the tissue
side of the junction strand is accurately predicted by the model, the detailed profiles in region
1 are not preserved since the resistance of the matrix is distributed over the entire depth L,
rather than confined to the depth L;, Eqs. 4.24 and 4.25.

In Fig. 4.4(a) the HRP concentration profiles are plotted for AP = 0 for t = 0, 30, and
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60 seconds. For this pure diffusion transport, the time varying solute concentration in the
extravascular tissue space C,(t), which appears in cleft exit condition Eq. 4.22f, has only a
small influence on the concentration distribution along the center line in the cleft since the
curves in Fig. 4.4(a) do not change significantly with time when matrix is either present or
absent. When matrix is present on the luminal side, there is a nearly linear drop in
concentration along the cleft center line from the lumen front, x = 0, to the junction orifice,
x = L,. In contrast, one observes in Fig. 4.4(b) that when AP = 30 cm H,O, C.(t) increases
significantly with time, especially for the cleft without matrix. When the matrix is present on
the luminal side of the junction strand there is a large non-linear decreasing gradient in
concentration upstream of the opening and a low HRP concentration in the wake. This
important observation and the fact that the model does not preserve the details of the upstream

profiles will be discussed more fully later.

2. Lateral spreading of HRP tracers

Figs. 4.5(a),(b) show the concentration profiles for HRP on the front and back sides of
the junction barrier. The solid curves in Figs. 4.5(a),(b) are for a cleft without fiber matrix and
dashed curves are for a cleft in which there is matrix in the luminal side of the cleft. Again, the
concentration profiles on the upstream side of the junction strand are correct in magnitude, but
inaccurate in their shape because of the distributed resistance approximation that has been used
in region 1. In Fig. 4.5(a), where the pressure gradient AP = 0, the solutions are nearly
symmetric across the junction strand when there is no matrix in the cleft, but there is a large
asymmetry when matrix is present on the luminal side. In contrast to Fig. 4.5(a), where AP =
30 cm H,O in Fig. 4.5(b), there is a large asymmetry due to convection even in the absence

of the fiber matrix. In addition, the concentration profiles on the back side of the junction
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barrier exhibit a more significant change with time especially for the case where there is no
matrix in the cleft. If the detectable concentration level for HRP is 30% of the perfusate
concentration, the width of the observable region of the lateral spreading of HRP tracers in the
abluminal side of the junction strand when AP = 30 cm H,O is 335 x 2, 475 x 2, 570 x 2 nm
att = 0, 30, 60 sec., which is 4.5, 6.3, and 7.6 times the pore width of 150 nm, when the
matrix is absent. However, if matrix is present on the luminal side of the cleft, the width of the
detectable region is greatly réduced and the apparent wake width is only 1.2, 1.3, and 1.5 times
the pore width at t = 0, 30, 60 sec.. On the other hand, if AP = 0 and the threshold for
detection is 30% there would be no observable wakes on the tissue side of the junction strand

since C < (.2 everywhere,

3. Concentration distribution along the cleft exit

The fundamental improvement in this model is that boundary condition Eq. 4.22f is
used for the concentration field at the cleft exit instead of the vanishing tissue concentration exit
condition used in previous models. In Figs. 4.6(a),(b), we plot these predicted non-zero cleft
exit concentration profiles as a function of distance from the center line of the cleft for t = 0,
30 and 60 seconds. AP = 0 in Fig. 4.6(a) and 30 cm H,O in Fig. 4.6(b). Solid lines are for
a cleft without matrix and dashed lines for a cleft with matrix on its luminal side. Fig. 4.6(a)
indicates that if the detectable HRP threshold is 0.3, no HRP wake will be observed to penetrate
to the cleft exit. for a cleft with or without matrix when AP = 0. In contrast, if convection is
present, AP = 30 cm H,O, Fig. 4.6(b), there is a substantial increase in the HRP tracer
concentration at the cleft exit. The width of the visible region is 245 x 2, 385 x 2, and 485 x
2 nm att = 0, 30, and 60 seconds when there is no fiber matrix in the cleft. But for the case

where fiber matrix is present, the wake induced by the convection at the cleft exit is still below
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the level of visibility although the concentration levels are times the AP = 0 results in Fig.

4.6(a).

4. Ultrafiltration through small pores

Fig. 4.7 shows the HRP concentration distribution along the centerline on the luminal
side of the junctional barrier when there is ultrafiltration. The 1.5 nm wide narrow slit allows
only the passage of water or solutes of diameter < 1.5 nm and would have a reflection
coefficient of unity for HRP molecules (3.0 nm in radius). For pure diffusion, the concentration
is uniform everywhere on the luminal side for a cleft with or without fibers. When AP = 30
c¢cm H,O, there is a linear increase in C when fiber matrix entrance layer is absent. The total
increase from the cleft entrance to the junction barrier is less than 2.5 percent, but there is a
7.5 percent increase when matrix is present. In addition, the increase is steeper in the fiber
filled region than fiber free region. The presence of the matrix increases the Peclet number
nearly ten fold due to the decrease in the diffusion coefficient, whereas there is little decrease
in hydraulic conductivity since this small slit provides a much greater portion of the hydraulic
resistance than the matrix. A significant unstirred filter layer for larger molecules will only be

observed if a matrix is present on the luminal side of the junction barrier.

4.4 DISCUSSION

The results presented in Figs. 4.4-4.7 can be used to develop new experimental
strategies for the design of experiments to determine the distribution of fiber matrix components
and the location of structural elements that form the primary molecular sieve.

While the wake of low molecular weight tracers can help us determine the size and

frequency of the junction pores as proposed in Fu et al. (1995), the important insights into the



134

distribution of matrix components and the effect of filtration can be obtained by examining the
concentration profiles for a'larger tracer molecule, such as HRP. In contrast to low molecular
weight tracers, large changes in HRP concentration will occur across the cleft in response to
a superimposed convective flow, whether or not matrix components are present for the 150 nm
wide break. In Figs. 4.4(a),(b) it is observed that there are striking differences in the
concentration distribution of HRP for the 150 nm break, depending upon whether matrix
components are present on the luminal side of the cleft. These differences are particularly
evident at high filtration flow rates, AP = 30 cm H,O. One observes that if no matrix
components are present at high flow rates, HRP will label the cleft to the tissue side and the exit
concentration should be significantly above threshold in the vicinity of the large breaks. In
contrast, if matrix is present, there will be a large drop in concentration in front of the orifice
opening and very little tracer will be detected on the abluminal side of the cleft. Thus the only
condition where HRP is likely to be detected on the abluminal side of the cleft is in the case
where matrix is absent. It is important to note that, for pure diffusion, the concentration of HRP
on the abluminal side of the junctional strand and at the cleft exit will be significantly reduced
if matrix is present (see Figs. 4.5(a) and 4.6(a)). The presence of matrix is best indicated by
the apparent inability of HRP to penetrate the cleft in a region where there appears to be a
break in the junctional barrier. This important unintuitive result is in sharp contrast to the low
molecular weight tracer labeling described in Fu et al. (1995) where a distinct wake is predicted
downstream of a junction strand discontinuity.

At present, no experiments have been specifically designed to investigate HRP wakes
under well defined conditions of high and low Peclet number. However, because most
experiments to study HRP distribution have been performed without albumin in the perfusate

(which tends to increase filtration rate) and with microvascular pressure elevated to carry out
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perfusion fixation, it is likely that experimental conditions approach those expected at high
Peclet numbers. It is notable that under these conditions there is little likelihood of detecting
HRP tracer on the abluminal side of the junctional strand even at the location of a large orifice
junctional strand discontinuity if there is matrix layer on the luminal side of the junction strand.
In fact, when this matrix layer is present there is very little difference in the HRP distribution
at the cleft exit when there is a large orifice break or if the strand is continuous. In both cases
HRP might be below the level of detectability in the entire region 3 on the abluminal side of
the junction. Thus, the absence of HRP labeling on the abluminal side of the junction strand
cannot be taken as definitive evidence that there are no breaks in the junctional strand if a
sieving matrix is present on the luminal side of the junction strand. This observation places
important limitations on the interpretation of all studies using large molecular weight tracers that
have been performed to date.

It is evident from Fig. 4.5(b) that there should be a distinct difference in HRP labeling
on the lumen side of the junction barrier depending on whether or not sieving matrix
components are present in the wide part of the cleft on the lumen side of the junction strand.
Without matrix one should observe a nearly uniform labeling of HRP on the lumen side of the
junction strand at high filtration flows even in front of a large orifice break. In contrast, if
matrix is present in the upstream cleft there will be a sharp drop in concentration upstream of
a large orifice opening. The details of these upstream profiles require a more sophisticated
model than presently used in which separate solutions are obtained for both fiber and fiber free
layers in region 1.

An issue which is not specifically addressed in this paper is the effect of sieving at cleft
entrance on the appearance of tracer concentrations in the junction relative to tracer

concentrations in the lumen of the microvessel. Partitioning of the solute should result in a step
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change in concentration between the tracer concentration in the lumen and tracer within a matrix
at the cleft entrance. This effect was not included in the present paper because of the additional
mathematical complexity associated with describing the transport of tracer across such a
discontinuity. Our solutions for HRP describe gradients relative to the concentration in the
available volume just inside the cleft. This simplification does not significantly reduce the
usefulness of the solutions presented herein, because, in practice the interpretation of tracer
distribution along a cleft, is based on changes relative to that at the entrance of the cleft rather
than changes relative to those in the bulk of the microvessel, since the tracer is not usually
retained in the vessel lumen. The steric exclusion of low molecular weight tracers by matrix
components is small, but this correction for HRP is significant and should be considered in
calculating the solution concentration at the cleft entrance.

Finally, the presence of a tiny continuous slit is not easily detected in ultrafiltration
experiments since the magnitude of the unstirred layer in the wide part of the cleft is likely to
be small even if matrix is present upstream of the junction strand barrier, see Fig. 4.7. The best
indication of such pores would appear to be the labeling of a small sized tracer on the
downstream side of the junction barrier in a region where the opposing junction strands appear
tight. In the simpler 1-D convective-diffusion model the fiber and fiber free layers could be
treated separately and, as one observes in Fig. 4.7 there is a discontinuity in concentration
gradient at x = L, the trailing edge of the matrix layer. The magnitude of this discontinuity

in gradient would change in the vicinity of a large orifice break.
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Fig. 4.1 (a) The structure of the cleft in the z = O plane and the boundary
conditions for the concentration distribution. on the lumen front: x = O,
-D < y < D, concentration C, is constant and on the tissue front, the
solute flux is assumed to be proportional to the concentration difference
between those at the cleft exit and in the tissue. (b) The corresponding
boundaries and boundary conditions in the ¢, ¢ plane for concentration
distribution, which are transferred from the physical x, y plane shown in
(a).
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Fig. 4.2 Pressure profiles on the upstream and downstream sides of 150 nm
junction orifice when the cleft without matrix and matrix in the luminal
side. a is the fiber radius, S; is the fiber solid volume and L, is the depth
of the fiber entrance layer.
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Fig. 4.6 Concentration distribution at the cleft exit at different time instant. (-} in
the cleft without matrix and (--) matrix fills 100 nm of the cleft on the
luminal side. (a) pressure gradient across the vessel wall AP = O; (b) AP
= 30 cm H,0.
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CHAPTER §

SUMMARY

SUMMARY AND FUTURE STUDIES

The recent serial section electron microscopic studies by Adamson and Michel (1993)
of frog mesentery have revealed that the large pores in the junction strand of the interendothelial
cleft are widely separated 150 nm wide orifice-like breaks whose gap height 20 nm is the same
as the wide part of the clett. A translucent narrow continuous ~ 2 nm slit along the outer
leaflets in the tight junction was also revealed on a tilting stage in .their study. In chapter 2 of
this study a modified version of the model in Weinbaum et al. (1992) is first developed in
which this orifice structure is explored in combination with a random or ordered fiber matrix
layer that is both at the luminal surface and occupies a fraction of the wide part of the clett.
This basic orifice model predicts that for the measured L, to be achieved the fiber layer must
be confined to a relatively narrow region at the entrance to the cleft where it serves as the
primary molecular filter. The predicted thickness of this entrance layer is roughly 100 nm for
a periodic array, and about one quarter of this thickness for a random array, if the spacing
between adjacent junction discontinuities is in the range of the experimental data in Adamson
and Michel (1993). The observed thickness of the surface glycocalyx portion of this layer is
only about 60 nm (Adamson and Clough, 1992), suggesting that the matrix penetrates almost
an equivalent depth into the wide portion of the cleft.

The present model with large orifice breaks provides a much better fit of the
permeability data for intermediate size solutes between 1 and 2 nm radius than the previous
model in Weinbaum et al. (1992) where the junction strand breaks were treated as finite depth

circular or rectangular pores, but like the previous model significantly underestimates P for
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small ions of radius < 0.5 nm by a factor > 3. However, it is shown that if a small frequent
pore of 1.5 nm radius with characteristic spacing comparable to the diameter of the junction
proteins or a continuous narrow slit of approximately 1.5 to 2.3 nm gap height is also present
in the continuous part of the junction strand, small ion permeability can also be satisfied. The
1.5 nm radius pore does not significantly change L, whereas the continuous narrow slit
provides a contribution to L, that is comparable to, or in the case of the 2.3 nm slit, greater
than the widely spaced 150 nm orifices. Thus, for the narrow slit the contribution to L, from
the orifices can be as low as 1.0 x 10”7 em/s/cm H,0 and it is also possible to satisfy the 2.5
fold increase in L, that occurs when the matrix is enzymatically removed from the luminal side
of the cleft, Adamson (1990).

In chapter 3, we developed a time dependent diffusion model for analyzing the
concentration profiles of low molecular weight tracers in the interendothelial clefts of the
capillary wall, which takes into account the three-dimensional, time dependent filling of the
surrounding tissue space. The model provides a critical connecting link between two methods
to investigate transvascular exchange: electron microscopic experiments to study the time
dependent wake formed by low molecular weight tracers (such as lanthanum nitrate) on the
tissue side of the junction strand discontinuities in the inter-endothelial cleft of frog mesentery
capillaries (Adamson and Michel, 1993) and confocal microscope experiments to measure the
spread of low molecular weight fluorescent tracers in the tissue space surrounding these
microvessels (Adamson et al., 1995). We show that the interpretation of the presence of tracer
as an all-or-none indication of a pathway across the junctional strand is likely to be incorrect
for small solutes. Large pore pathways in which the local tracer flux densities are high reach
a threshold concentration for detection and are likely to be detected after relatively short

perfusion times whereas distributed small pore pathways may not be detected until the tissue
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concentrations surrounding the entire vessel approach threshold concentrations. The analysis
using this approach supports the hypothesis advanced in chapter 2 that the principal pathways
for water and solutes < 1.5 nm diameter across the interendothelial cleft may be difterent and
suggests new experiments to test this hypothesis.

In chapter 4 of the present study, a time dependent convective-diffusion model is
developed to analyze the two-dimensional wake formed by the spreading of high molecular
weight tracers (such as HRP) downstream of junction strand discontinuities in the
interendothelial cleft and the standing gradient flow upstream of the junction strand barrier in
the fiber entrance region of the cleft. This model, in conjunction with related experiments which
are currently in progress, is designed to evaluate the relative contribution of structures
associated with the junctional strand and the fiber matrix to the molecular filter at the
microvessel wall. In contrast to low molecular weight tracers, large changes in HRP
concentration will occur across the cleft in response to a superimposed convective flow. It is
observed that there are striking differences in the concentration distribution of HRP for the large
150 nm breaks, depending upon whether or not matrix components are present on the luminal
side of the cleft. If no matrix components are present at high flow rates, HRP will label the
cleft to the tissue side and the exit concentration should be significantly above threshold. In
contrast, if matrix is present, there will be a large drop in concentration in front of the orifice
opening and low levels of tracer will be detected on the abluminal side of the cleft. The
presence of matrix is thus best indicated by the apparent inability of HRP to penetrate the cleft
in a region where there appears to be a break in the junctional barrier. Thus, the lack of HRP
tracer on the abluminal side of the junction strand cannot be taken as definitive evidence that
there are no breaks in the junctional strand. This observation places important limitations on

the interpretation of all studies using large molecular weight tracers that have been performed
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to date. The second prediction is that there should be a distinct difference in HRP labeling on
the lumen side of the junction barrier depending on whether or not sieving matrix components
are present in the wide part of the cleft on the lumen side of the junction strand. Without matrix
one should observe a nearly uniform labeling of HRP on the lumen side of the junction strand
at high filtration flows even in front of a large orifice break. In contrast, if matrix is present
in the upstream cleft there will be a sharp drop in concentration upstream of a large orifice
opening.

Two important simplifications have been used in the present models. First, we have
assumed an average effective viscosity, diffusivity and retardation coefficient for the region on
the lumen side of the junction strand, which is an average of the properties in the fiber layer
and in the fiber free subregion. This approximation reduces a complicated three region
boundary value problem to an analytically solvable two region problem, but sacrifices the
detailed concentration profiles in the fiber entrance layer where the molecular selectivity occurs.
Numerical methods are probably required to more adequately treat the fiber entrance layer.
This is particularly important for the model in Chapter 4 for the convective-diffusive transport
of HRP.

Second, the present theory for the effective solute diffusivity and the reflection
coefficient in a restricted channel filled with matrix does not properly take into account the near
field interaction between the solute and the fibers. A more rigorous theory which can describe
the hydrodynamic interaction of a finite size solute with ordered matrix fibers in the entrance
region of the cleft is needed to more pro'f)%}l\y describe the sieving of large solutes in the fiber

Y
v

entrance region of the cleft .

Chapter 2 has appeared as a paper entitled " A Junction-orifice-fiber entrance layer



148

model for capillary permeability: application to frog mesenteric capillaries” in the Journal of
Biomechanical Engineering, 116, 502-513. Chapter 3 has been accepted for publication in the
American Journal of Physiology. The title of this paper is "A diffusion wake model for tracer
ultrastructure-permeability studies in microvessels". The material in Chapter 4 will shortly be

submitted for publication in Microvascular Research.
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APPENDIX

1. APPENDIX IN CHAPTER 2

The dimensionless pressure and the length can be defined as

—— - P&y -p
plx,y = = 4
Py ~ P4

=

. S 2.Al
T YT @2.Al)

The solution for a Hele-Shaw flow through a single orifice in a channel of depth L is
significantly simplified when the junction barrier is located in the middle of the cleft because
of the linearity of the Hele-Shaw flow equation (2.3) in the paper and the symmetric geometry
about the junction barrier x = 1/2. Therefore the potential pressure distribution in region 3 has

the following relationship with that in region 1

PGy = ¢l - %P0 - % ) s¥sl, y=20 (A2

|

At the orifice, the pressure and the velocity should be continuous

0 = 9 (2.A3)

B2 BV B G® 2AD
o a2, ax '

2u® dy 2.0 3y

Substituting (2.A2) into (2.A4), the constant C, is obtained as

_ B2 3’7(1) _ B2 6;(3) 2.A5)

(&)
c = £ (2.A6)
I-"(l)

One can also show from (2.A2) and (2.AS5) that
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in(D (3) _
@ ____.___ = 0 X = l’
dy ay 2

(2.A7) indicates that the pressure is uniform along the orifice and the value at the orifice can

0sy<? @2.A7)
L

be obtained from (2.A2), (2.A3) and (2.A6)

&) )
p@ = PP TR Pa 2.A8)

_ 1
p(l) + p(3) 2

[=]
n
<
Wn
~la

2. APPENDIX IN CHAPTER 3
Appendix A

This appendix gives the expressions for the coefficients in Eq. 3.13. For region 1:

p® p® DO, p® 1
5 DL+ (G- ca)Z—)L" Yo L.
D c D ¢ D c s D c o
bV = C
For region 2:
0(2)(t) _ L~ Ca(t)
D® (2) b D®yp D, @ b, 1
(=== - ) (‘—’*I)Lf————( —)
Dc(s> D, (1) DC<3) b (3) b o
D<’-) b,
-1 -
. DO b )JC, - C,0]
b = + C
p® D®b  DPb L, DPb | 1 L

C s
e . S o2 - S —
( D® D, (1)) " DO b )Ll DO b(L Lloc)

For region 3
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a(a)(t) - C, - Ca(t)
D® DOy 1
-k a- c(z)F)L2 S @D
D, D9 0, o
C, - C,t
D® L D® p L
- —=)—L + (1 - —=)—2 -1
DWW 1+aL DAb 1+aL

Appendix B
The solution of Eq. 3.22 subject to initial and boundary conditions Eqs. 3.23a-c can be

obtained by introducing the similarity variable

Y=L 3.B1)

/707

into the partial differential equation Eq. 3.22. The governing equation 3.22 is transformed into

an ordinary differential equation in the new variable Y

4°C, , @ +2rydC, (3.B2)
dy? Y ay

The initial and boundary conditions 3.23a-c become

29 |2 y-—B_ (3.B32)
dY =B\ D, \/TD_;
C =C, Y=co (3.B3b)

The solution of Eq. 3.B2 subject to boundary conditions Egs. 3.B3a, b is
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c® = —Lexp(B-Ei(-1)] + C (3.B4)
! 21D, P 4Dt ¢ '

Eq. 3.B4 is the result in Eq. 3.24 in the main text. Ei(Y), the exponential integral function,
- e -¥t
-Ei(-Y) = f £ o (¥>0) (3.B5)
T
1
can be computed from the formula
E(Y) =T + In(-Y) ZkL (Y < 0) (3.B6)

where ' = 0.5772... is Euler’s constant.

Appendix C
This appendix summaries the analytical solution of Eq. 3.30 subject to boundary and
initial conditions 3.31a-c for the concentration distribution in the far field C(t,x). Following

the method used in (Weinbaum et al.,1992), we take the Laplace transform of Eqgs. 3.30 and

3.31a-c
&¢
D—! = s¢, @3.Cl)
ax,2
a0 .
= - (3.C2a)
a, )
(jt(s, «) = ( (3.C2b)

where the carot () indicates the Laplace transform
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Cfs x) = f Ct, x)edt (3.C3)
0

and s is the transform variable. The solution of Eq. 3.C1 subject to boundary conditions Egs.

3.C2a, b is

Cs x) = 96 exp(- Zx) (3.C4)
\/D‘S Dt
The inverse Laplace transform of Eq. 3.C4 is given in (Abramowitz and Stegun, 1970). This

inversion yields the integral equation Eq. 3.36 in the main text.

Appendix D

In this appendix, we give the key steps in the solution of the integral equation 3.38 for
Q(t) and the evaluation of Eq. 3.36 for C(t,x).

Eq. 3.38 is readily solved in transform space by evaluating the Laplace integral if its

right hand side. This transform solution is

Os) = _Cybe (3.D1)
VS(/s + @)

where w is given by Eq. 3.40 in main text. Substituting (3.D1) into (3.C4), one obtains

N C,o
C s, x) = ———exp(- I—s-&) (3.D2)
t t s(\/g + w) p D‘ t

The inverse Laplace transformations of (3.D1) and (3.D2) are found in (Abramowitz and

Stegun, 1970). These inversions lead to results in Eqs. 3.39 and 3.42 in main text.
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4. APPENDIX IN CHAPTER 4

In this appendix a simplified model is developed for intermediate region B, the 2-5 ym
region shown in Fig. 3.2 surrounding each cleft exit. This model is then used to determine the
cleft exit coefficient « appearing in Eqs. 4.2, 4.22f and 4.37e. The distance between the
neighboring clefts in the vessel wall is ~ 10 um (Adamson, 1994). The gap height of the wide
part of the cleft is merely 20 nm. If one were a tiny observer in the tissue space looking at the
cleft exit, one would see a line source of variable strength along the length of the cleft exit in
tﬁe y direction. On the intermediate length scale of the cylindrical region of 5 pm radius
originating at the cleft exit (r = 0, see Fig. 3.2), we can treat the solute flux at the cleft exit
as a time and spatially varying line source, that spreads radially into a semi-infinite tissue space.
Since axial gradients in the y direction near the cleft exit are much smaller than radial gradients,
the governing equation, initial and boundary conditions describing the radial decay of this jet

are;

o, _FC, 19, ety Ot 4.Al)
ot or: ror " or

C, n = C,0) (4.A2a)

[-%% +PeYy ClnB=q r=B8B (4.A2b)

Clt, = = C,® (4.A2¢)

where q, the source strength per unit length, varies with both y and t. As discussed in the model
description in the main text, the characteristic diffusion time, L;%/D,, for the intermediate region
B in Fig. 3.2 is only about 2 seconds. On this time scale, C (t) is a slowly changing

concentration (quasi-steady function of time) which can be approximated as a constant in the
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solution of Egs. 4.20 and 4.22a-f. Pe® is the Peclet number in the tissue given later in this
appendix. From simple continuity arguments, one can show that the radial velocity in the

intermediate region B ¥, must decay as 1/r. .

2B
T

~

o 4.A3)

v, = (

Sla
~ | =

Here V, is the average velocity through the junction orifices as defined in Eq. 4.19 in main text.

If we choose velocity scale V, defined by

~ 2B

VB =7 Va

ST

to nondimensionlize ¥, in Eq. 4.A3, we obtain v, = 1/r in Eq. 4.A1. Pe® is thus

Pe® = 2y, (4.A4)
where Y, is the solute retardation coefficient in the tissue. Substituting Eqs. 4.A3 and 4.A4 into
Eq. 4.Al, one has

&c, &kc,

_at— ar2

+ 1 a - pe(t))_a_(i’ (4.A5)
r or

In Fig. 4.A, we have plotted Pe® as a function of the transcapillary pressure gradient in the
physiological range. One concludes from Fig. 4.A that even at the highest value of AP, Pe? <
0.012. Thus the second term in the parenthesis in Eq. 4.A5, which represents the convective
transport, can be neglected and Eq. 4.A5 reduced to a unsteady pure diffusion equation.
Therefore, the solution of Eq. 4.AS5 subject to the initial and boundary conditions Eqs. 4.A2a-c
can be obtained using the same approach presented in Fu et al. (1995). The solution procedure

is shown in Chapter 3. The dimensionless result is
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«- 220 1 (4.A6)
~ 3 .
B D()ln-;—;-tz- - 0.5772

Result (4.A6) is Eq. 4.23 in the main text.
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Fig. 4.A  Peclet number in the tissue space as a function of pressure gradient
across the vessel wall AP when (-) the cleft without matrix; and (--) matrix
in the luminal side of the cleft.
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