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I. Introduction

-early 1950’s: Pappenheimer et al.; pore theory of capillary permeability, small pores ~40 Å 

-1956: Grotte; large molecular size dextrans appeared in canine lymph in a concentration that decreased rapidly as a function of molecular size for molecules < 40 – 45 Å  in radius; bimodal capillary selectivity.

-L/P = lymph to plasma concentration ratio

-plasmalemmal vesicles (caveolae): plasma membrane invaginatgions and associated vesicles of regular size and shape ~ 250 Å .

     II.   Vesicle Controversy

A. Transcytosis Hypothesis

-large solutes transported across endothelial cells in plasmalemmal    vesicles (caveole), which are about 250 Å radius.

-because of the possible involvement of molecular binding sites for molecules on the vesicle membranes, transcytosis would be saturable, i.e., it would follow Michaelis-Menten kinetics.

-transcytosis should be regarded more or less as a dissipative (diffusive) transport mechanism.

-physiologists who have analyzed large-solute transport generally have found little or no positive evidence in favor of transcytosis as an important mechanism for the transport of plasma proteins across microvascular walls.

B. Evidence in support of passive transport of plasma proteins across large pores in continuous endothelia

1.  General Considerations

-large pores are predicted to make up 1 part per 10,000 to 30,000 of the total population of pores.

2. Volume Recirculation Concept

-Rippe et al. investigated the rat hindquarter microvascular bed during maximal arteriolar dilation.

-RISA: radiolebeled serum albumin [125I-albumin]

-Blood-to-tissue RISA clearance was calculated as the transvascular mass transfer of RISA per unit time and unit tissue weight divided by the plasma RISA concentration prevailing during tracer perfusion.

-The most striking finding was that RISA clearance during isogravimetric conditions proved to be dependent on the plasma (perfusate) colloid osmotic pressure (p)

-Solvent drag: 
As water moves through the pores it will drag solutes with it. It will in effect increase the velocity of the solute in one direction. For small solutes this will have a negligible effect on solute flux because the additional flux is so small compared to the diffusive flux. For large molecules however, solvent drag may be a very significant contribution to solute flux.

-Volume recirculation seems to make up the major portion of the apparent (homoporous) PS (permeability-surface area product)

-Plasmapheresis:  a process in which some of the patient's blood is removed and the liquid part (plasma) is separated from the blood cells.

3. Effects of temperature reductions on large-solute transport.

-Rippe et al. showed that tissue cooling from 36 to 14 °C reduced the transcapillary RISA flux in due proportion to the increased viscosity, but not at all to the marked extent that the tissue metabolism was reduced…seems to favor the notion that transcapillary albumin transport is completely passive in nature.

4. Effects of chemical fixation of endothelium on large-solute transport.

5. Morphological data challenging the transcytosis hypothesis.

-With the use of ultrathin (~ 140 Å) serial sectioning of endothelial cells from various capillaries, it has been demonstrated the free plasmalemmal vesicles in fact are not as frequent as previously thought.

III. Assessment of Transvascular Large-Solute Transport: Theoretical Considerations

A. General outline of homoporous models
1. Linear transport formalism: Kedem and Katchalsky (1958 – 1963)

-flow of solvent
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2. Nonlinear transport formalism

-Patlack equation
-integration of equation 2 across the membrane and between the boundary conditions
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-in practice, transport is convection dominated when Pe 

is larger than ~3

-as Jv approaches infinity (Pe > 3), Cl = Jv(1-)

3. Permeability-surface area product
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Ds = free diffusion coeff. of solute

A = effective (apparent) pore area available for 

        restricted diffusion

Ao = total cross-sectional pore area

Apply Poiseuille’s Law
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 = water viscosity

B. Homoporous Approaches for Assessing Permeability-Surface Area Product

And Reflection Coefficient in Lymphatic Protein Flux Analysis

-based on data from the dog’s paw published by Renkin et al.

1. Linear flux equation for a semipermeable membrane

-Solve for PS from eq. 2, assuming  = 1

2. Linear flux equation: slope method

-Solve for both PS and plotting LR/(1-R) vs. Jv or L

 where, 

R = Ci/Cp


slope = (1-)/2
y-intercept = PS/ 

-only valid for low lymph flow rates

3. Linear flux equation: cross-point method

-similar to 2

4. Nonlinear flux equation: wash-down technique

-the most established way at present (1994) to assess microvasculature large-solute permselectivity

-rests on the concept that when steady-state lymph-to-plasma protein concentration ratios (L/P) reach minimal and filtration independent values at high lymph flows, then L/P must equal (1-)

-holds for homoporous and heteroporous membranes
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 = fractional hydraulic conductance accounted for by each pathway

 = osmotic reflection coeff.

5. Nonlinear flux equations: limiting slope technique
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        diffusive term         convective term

-plot blood-to-lymph clearance vs Jv (L); slope is equal to (1-)

-homoporous PS values will be much larger than the “true” heteroporous PS values.

C. Heteroporous Models of Transvascular Large-Solute Transport

1. partitioning of fluid fluxes among the different fluid pathways in a heteroporous membrane

-general equation of fluid transport for a heteroporous membrane system:
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m = number of different sized pores

n = number of solutes in the system which exert an osmotic pressure difference across the membrane 

i = fraction of hydraulic conductance attributed to pore type I

LpS = capillary hydraulic conductance

P = transendothelial difference in hydrostatic pressure




-under isogravimetric / isovolumetric conditions:
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-under conditions of net convection
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- for total protein in this presentation is set equal  for albumin, since albumin is the major serum colloid.

-in terms of unrestricted large- and small-pore area:
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2. Solute fluxes through a heteroporous membrane: linear approximations

-using eq.2 & eq. 25
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-subscript “a” refers to albumin or total protein

3. Solute fluxes through a heteroporous membrane: nonlinear transport equations

-same as 2., apply eq. 3 instead
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4. Restricted transport through aqueous channels
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5. Recalculation of homoporous reflection coefficient and permeability-surface area product from heteroporous models
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f = apparent (homoporous) overall reflection 

                                                        coefficient.

6. Fractional contribution of diffusion and convection to total large solute flux
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Diff% = fractional diffusional clearance


-according to equation 40, diffusion is the predominating transport      process for solutes smaller than 30 Å in radius.  For solutes of radius between 30 and 50 Å, convection becomes progressively more important with increases in solute radius, and for solutes larger than the small-pore radius, transport is more or less entirely convective.

D. Effect of Vascular Wall Charge on Large-Solute Transport


-The capillary wall appears to carry a net negative charge as indicated by        early measurements of reflection coefficients to neutral and negatively charged dextrans in the perfused rabbit ear and in glomerular capillaries.

-also, a majority of lymphatic protein flux analysis dealing with this topic have indicated the presence of a positively charged blood-tissue barrier, 

especially in the lung and intestine.

1. General phenomena associated with capillary wall charge



-most important phenomena: Donnan effect and solute-partitioning 

 

 effects.

2. Donnan distribution and Donnan potential



-Donnan distribution:  because albumin and other polycations

show interstitial than plasma concentrations, there is a distribution of small ions across the microvasculature with a higher concentration of mobile cations and a lower concentration of mobile anions in plasma than in the interstitium…produces a Donnan potential of about –0.5 to –1 mV across the capillary wall with the capillary lumen negative.

3. Partitioning of molecules in charged membranes: double-layer model



-Given a particle with a surface charge spread evenly over the

            particle’s surface in an ionic solution; the space charge will fall off   

            to 0.368 (e-1) of its original value for every distance 
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C = molar concentration of solvent
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 is in  Å when C is in mM (eq. 44)



-Debye-Hückel theory: 
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 is the typical distance over which



charge effects are exerted; the probability that two equally charged



particles will be separated from each other by more than 
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 is



close to unity.



-Munch et al. suggested the following equation:
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* = modified solute-radius to pore-radius ratio

4. Partitioning of molecules in charged membranes: modified Nernst-


Planck equation.


-A more complete approach to model transport of charged particles through charged membranes based on the Nernst-Planck equation has been employed by Deen et al.;  rests on the assumption that fixed negative membrane charges are uniformly distributed across the whole membrane.

-small pore size would have to be about 8 Å for this assumption to be valid, small pore size is about 45-60 Å.

5. Application of the double-layer model to experimental data.



-uncharged species that are just slightly larger than the negatively 



charged albumin molecule, such as IgG, will erroneously be 



treated as being impermeant through small pores if charge is not 



accounted for (small-pore component of IgG transport is still rather



small).

IV. General Behavior of a Two-Pore System

A. Computer-Simulated Results for Two-Pore Membranes



-three simulated, uncharged membranes with varying small-pore 



radius, LpS, and Ao/x.

1. Partitioning of fluid flows among the two major fluid conductive

pathways: non-steady-state conditions.


-From eq. 25 and 26, the fractional filtration flows across either 


pore system at low filtration rates will be offset owing to the


magnitude of the “volume recirculation term”, governed primarily


by .

2. Partitioning of fluid flux among the two major fluid conductive pathways: steady-state conditions.



-At near zero net filtration rates, the fractional volume flow 



through large pores will be close to 100%, but Ci/Cp will fall 



progressively with increasing Jv values to asymptotically approach 



L for very high filtration rates.

3. Steady-state large-solute clearances and sieving coefficients in a two-pore membrane.


-Calculates large-pore and total steady-state solute

 
clearances of albumin (mol radius 35.5 Å), IgG (mol radius 54 Å),


and IgM (mol radius ~120 Å) together with Pe numbers and 


fractional small- and large-pore fluid flows are simulated as a 


function of net steady-state filtration rate for three model


membranes.

4. Differential steady-state albumin fluxes in small and large pores: relationships between diffusive and convective fluxes.


-The fractional contribution to total albumin transport of diffusion 


and convection in either pore system is plotted as a function of the 


small-pore radius when net filtration rate is adjusted to a level 


yielding Ci/Cp equal to 0.5 for albumin and Ao/x is set to 30,000 


cm. 


-Fractional steady-state diffusive and convective albumin fluxes as 


well a fractional albumin fluxes occurring in either small or large 


pores are simulated as a function of net Jv.

5. Coupling of solute flux to transcapillary volume flow in heteroporous membranes: effects of increases in capillary hydrostatic pressure versus effects of hemodilution



-If fluid filtration is induced by reducing , keeping capillary



 hydrostatic pressure constant, then volume flow will be diverted



 toward the small-pore system; convective large-pore transport will



 remain largely unchanged. 

6. Heteroporosity effects on the Starling fluid balance: coupling of net steady-state fluid flow to capillary hydrostatic pressure.



-When  is exhausted as “safety factor” against edema formation, 



the effective osmotic pressure opposing filtration will be 2p 



(homoporous relation).



-in heteroporous membrane, the buffering effects of increases in 



fluid filtration following hydrostatic pressure increments will be 



less pronounced than in a homoporous membrane, both 



membranes having the same PS.

7. Heteroporosity effects on the Starling fluid balance: coupling of net steady-state fluid flow to plasma colloid osmotic pressure.



-see text

B. Evaluation of Transcapillary Large-Solute Transfer at Low Lymph Flow Rates:  Pore Modeling   



-determinations of small- and large-pore radii and fractional small- 



and large-pore LpS when steady-state Ci/Cp values have been 



determined for a number of different-sized macromolecules at 



specific steady-state lymph flows.

V. BRIEF SURVEY OF TECHNIQUES FOR ASSESSING TRANSVASCULAR MACROMOLECULAR PASSAGE


A.  General Overview

1. general aspects

2. single capillary analysis

3. single injection residue function technique

4. reversed osmotic transient method

5. integral mass-balance technique for assessing reflection coefficient.


B.  Critique of Lymphatic Protein Flux Analysis

            C.  Critique of Tissue Uptake Studies in Intact Animals

VI.  PROTEIN TRANSPORT IN VARIOUS VASCULAR BEDS AT LOW AND HIGH TRANSVASCULAR FILTRATION RATES: APPLICATION OF TWO-PORE EQUATIONS


A.  General Considerations



-There is a great variability in the rates of transvascular 



extravasation of macromolecules among different vascular beds, as 



demonstrated for albumin and IgG in previous studies.




-especially high in organs with discontinuous capillaries 




(liver, bone marrow, spleen and other organs of the 




reticuloendothelial system) but is also high in fenestrated or 




continuous capillary beds having a large vascular surface 




area per unit tissue weight (GI and lung).



-with the possible exception of lung and kidney, there is not much 



variation in small- and large-pore radii and L    


B.  Continuous Capillaries



1.  Subcutaneous tissue and muscle




-L,albumin ~0.02 – 0.05



2.  Peritoneal and mesenteric capillaries




-L,albumin ~0.05 – 0.09




-rS ~44 Å




-rL ~250 Å



3.  Lung capillaries




-albumin seems to be on the order of 0.75 –0.80




-L,albumin ~0.07




-rS ~55 Å




-rL ~216 Å


C.  Fenestrated Capillaries



-Fenestrated capillaries are characterized by having a large 



exchange surface area available for fluid and small-solute 



transport, yet showing a high selectivity;  excluding the blood-



brain barrier, the glomerular filter is the most protein-selective 



microvascular barrier in the body.



-Mann et al. discussed the fenestrations as functionally behaving as 



a high concentration of small pores.



1.  Gastrointestinal capillaries




-intestinal capillary permeability may vary physiologically




 and increase after a fat-rich meal.




-dog colon





-rS ~ 48.1 Å





-rL ~ 173 Å





-L ~ 0.025




-dog stomach





-rS ~ 44.1 Å





-rL ~ 248 Å





-L ~ 0.01



2.  Glomerular capillaries




-The major sieving barrier in the glomerular capillaries is




 assumed to be morphologically represented by the 




glomerular basement membrane (GBM); a regular 




meshwork arrangement of collagen IV molecules together 




with entactin, laminin, and heparin sulfate molecules.





-a model describing transport across a matrix of 





fibers would be the most adequate one for 





conceptualizing glomerular permselectivity.




-rS ~ 46 Å




-L ~ 0.002

VII.  STRUCTURE-FUNCTION CORRELATIONS: TRANSPORT PATHWAYS


A.  Continuous Capillaries



1.  Slit concept

_1105720668.unknown

_1105865206.unknown

_1105883560.unknown

_1105891508.unknown

_1105891951.unknown

_1105946901.unknown

_1105946972.unknown

_1105946778.unknown

_1105891541.unknown

_1105884975.unknown

_1105887241.unknown

_1105883829.unknown

_1105882294.unknown

_1105882472.unknown

_1105866036.unknown

_1105794225.unknown

_1105794571.unknown

_1105794914.unknown

_1105794558.unknown

_1105777354.unknown

_1105791059.unknown

_1105774768.unknown

_1105692516.unknown

_1105712187.unknown

_1105713179.unknown

_1105711378.unknown

_1105692227.unknown

_1105692237.unknown

_1105690852.unknown

_1105692196.unknown

