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ROM THE POINT OF VIEW of hemodynamics the blood is generally considered to
circulate within a closed system of blood vessels. Even the smallest capillaries
appear, under the microscope, as closed thin-walled vessels separating the blood

from the extravascular fluid. Only occasionally are discontinuities in the capillary
wall made evident by the diapedesis of one of the formed elements of the blood and
even in such cases it is hard to be certain that a microscopically visible channel of
egress is present. At high magnifications the blood appears to flow rapidly through
individual capillaries thus forming a striking contrast to the relatively stagnant extra-
vascular fluid and accentuating the role of the capillary membrane in providing a
phase boundary separating the blood from the tissues. There are good reasons for
supposing, however, that the capillary blood is in intimate contact with extravascular
fluid and that the visible flow of blood through the capillaries is, in fact, very small
in comparison with the invisible flow of water and dissolved materials back and forth
through the capillary walls. Evidence to be reviewed below suggests that this in-
visible component of the circulation takes place at a rate which is many times greater
than that of the entire cardiac output. Indeed, it is by means of this ‘ultramicroscopic
circulation’ through the capillary wall that the circulatory system as a whole fulfills
its ultimate function in the transport of inaterials to and from the cells of the body.
This review will deal with the physical properties of the ultramicroscopic circula-
tion, its functional structure, the magnitude of flow through it and the physico-
chemical mechanisms regulating the flow. Direct methods for the study of ultra-
structure have not as yet been applied to the capillary wall and much of what can be
said must be deduced from quantitative studies of capillary permeability. A wealth
of evidence supports the view that the exchange of materials through the walls of
living capillaries takes place by physical processes which involve no expenditure of
energy on the part of the capillary endothelial cells themselves. This evidence has
been reviewed previously (20, 30, 89, 162) and need not be considered here in detail.
At least two types of capillary structure appear to be involved. On the one hand we
have to consider the permeability characteristics of the plasma membranes which
envelop the protoplasm of the capillary endothelial cells and which comprise the
greater part of the visible capillary surface. On the basis of analogy with other known
plasma membranes we may expect this type of structure to exhibit a relatively low
order of permeability to ions and lipid insoluble molecules and a high order of perme-
ability to oxygen, carbon dioxide and other lipid soluble substances. On the other
hand, we have to consider specialized regions through or between endothelial cells
which endow the capillary wall as a whole with a relatively high degree of perme-
ability to water, ions and large lipid insoluble molecules. This type of permeability
resembles that of artificial porous membranes and has given rise to the hypothesis
that the blood communicates directly with the extravascular fluid via channels or
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pores which are in general too small to allow the passage of large protein molecules
but are of sufficient size and number to account for the observed rates of passage of
water and other lipid insoluble molecules. Chambers and Zweifach (20) have re-
viewed evidence, based on microscopic observations, that the structural basis for
this type of permeability may be associated with the intercellular cement substance.

Although the capillary exchange may involve only ‘passive’ physical processes,
we cannot say at this time that such processes are simple or well understood. The
familiar physical laws, which govern the flow of materials in macroscopic and micro-
scopic systems, do not necessarily apply to flow through channels of ultramicroscopic
dimensions. At the present time, for example, we do not know precisely how the laws
of laminar flow must be modified when the dimensions of the flow channel are of the
same order of magnitude as the dimensions of the flowing molecules. No well-es-
tablished theory exists to predict the restriction to free diffusion encountered by
molecules diffusing through channels of molecular dimensions. Little is known con-
cerning the effects of molecular shape on restricted diffusion, a problem which is of
practical importance to the design of plasma volume expanders. No well-substantiated
equations are available to predict the transient osmotic pressures developed across
membranes which restrict, but do not prevent entirely, the free diffusion of solute
molecules.

It is obvious that any attempt to analyze capillary permeability in terms of the
ultrastructure of the capillary wall must involve a detailed consideration of these
and related problems. PART I of this review is therefore devoted to a discussion of
the basic physical processes involved in the flow of materials through membranes,
especially porous membranes. The discussion will be limited to processes which are
considered to be of importance in the passage of molecules through capillary walls,
omitting such factors as electrostatic charge, electro-osmosis, or the migration of
ions in potential fields which have no known representation in the capillaries although
they may be important factors determining passive transfer of substances through
cell membranes (148) or through certain artificial porous membranes (138, 146).
In Part II some quantitative aspects of capillary permeability will be reviewed and
the data analyzed in terms of the mechanisms discussed in PArT I, leading to a
description of molecular flow through capillary walls in terms of the properties of the
flowing molecules on the one hand, and the structure of the capillary wall on the
other.

ParT I. PHYSICAL PROCESSES INVOLVED IN THE FLOW OF MATERIALS
THROUGH MEMBRANES

1. Laminar Flow of Liquids Through Porous Membranes, Calculations of Effective

Pore Size

Several lines of evidence suggest that laminar flow of liquids may occur through
porous membranes. This evidence, which forms an important basis for interpreting
measurements of fluid movement across capillary walls, may be summarized under
the following headings. A. The rate of flow of liquids through porous membranes,
like that through macroscopic laminar flow systems, is @) proportional to the gradient
of hydrostatic pressure through the membrane, b) inversely proportional to the
viscosity of the liquid, and ¢) independent of the temperature, except insofar as
temperature alters the viscosity of the liquid. B. The effective pore size calculated
on the assumption that flow through the membrane obeys Poiseuille’s Law (laminar
flow) agrees approximately with pore size calculated from a) the laws of capillarity
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(surface tension), b) the dimensions of the largest molecule that will penetrate the
membrane, and ¢) electron micrographs of membrane structure.

A. Rate of Flow of Liquids Through Porous Membranes. Darcy (31) was among
the first to show that the rate of flow of liquids through porous media is proportional
to the pressure gradient through the medium. Darcy’s Law is stated by equation 1:
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where Q¢ = volume of liquid filtering through the medium in unit time. K¢ = the
flow constant, sometimes called the ‘Darcy coefficient’ (68, 163) or the ‘hydraulic
conductivity’ (14). In Darcy’s original equation the viscosity was not considered.
An= cross-sectional area of the medium. AP/Ax = gradient of pressure through the
medium. n = viscosity of the filtrate. When expressed in c.g.s. units, the propor-
tionality constant of flow, Ky, has the dimensions of square centimeters; it is fre-
quently used as a coefficient of permeability in geophysical and industrial problems
involving the permeation of liquids through soils, powders and fibrous materials
(145, 163). Manegold (102) has advocated its use to characterize the ‘Wasserdurch-
lassigkeit’ or hydraulic conductivity of artificial porous membranes.

Darcy’s Law appears to be applicable to membranes having porosities in the
range of interest for comparison with capillaries. Bjerrum and Manegold (11, 12)
and Manegold and Hofman (103) have shown that flow is proportional to pressure
difference and inversely proportional to membrane thickness in partially dried col-
lodion membranes with effective pore radii? ranging from 20 to 200 A. (cf. also refs.
4, 10, 37, 42). This range of pore sizes probably includes the upper limit of pore di-
mensions to be expected in most capillaries. Thus egg albumin, which passes rapidly
through glomerular capillaries (5, 13), is retained by collodion membranes having
effective pore radii less than 30 i (4, 43)- Cellophane membranes, used clinically for
in vivo dialysis, have effective pore radii in the range of 20 to 30 A and severely
restrict the passage of inulin (107) which is known to pass rather rapidly through
the walls of peripheral capillaries (25, 79, 126, 129). Deviations from proportionality
between pressure and flow have been noted by Lepeschkin (94) in connection with
flow through fully dried collodion membranes. Membranes of this type are imperme-
able to molecules larger than glucose (157) and probably have pore radii which are
less than 5 to 10 A (the longest dimension of glucose is 9 A as shown in table 2). This
range of porosities is more of interest in connection with cellular membranes than
with capillary membranes.

The effects of viscosity on the flow of liquids through collodion membranes were
investigated by Bigelow (10) who found that the Darcy coefficient for water did not
vary by more than 5 per cent when the viscosity was altered over a threefold range
by chanfing the temperature from 0.9° to §6°C. The effective pore radius in this case
was 55 A%; membranes of this porosity retain more than gs per cent of serum albumin
during ultrafiltration (47) and are therefore comparable, in this respect, to living
capillaries. More refined measurements by Duclaux and Errera (37) have shown that
the Darcy coefficient for water flowing through cellulose acetate membranes varies

2 See section B for definition of effective pore radius.

3 Bigelow did not characterize his membranes in terms of pore size. The value given above
is calculated from the data of Hitchcock (64), Manegold and Hofman (103) and Elford and Ferry
(42) which allow the pore radius to be estimated from the Darcy coefficient.
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by less than 1 per cent in the temperature range 11° to 23°C. The dependence of
flow on viscosity is strikingly demonstrated by the experiments of Duclaux and
Errera (36-38) on the flow of various solvents and solutions through porous mem-
branes. Concentrated solutions of saccharose or glycerine with viscosities up to 18-
fold that of water, passed through the membranes at rates which were almost exactly
in inverse proportion to their viscosities. Similar results were obtained with a series
of organic solvents with relative viscosities ranging from o.27 to 4.0. This result is
of special importance to the theory of flow through porous membranes, for it elim-
inates the possible role of solubility or of surface tension as major factors determining
the flow. Minor deviations from Darcy’s Law were, however, noted. The viscosities
of the organic solvents relative to water were slightly greater (about 10%) in the
membranes than in a conventional capillary tube viscometer, whereas solutions of
electrolytes tended to have a slightly lower relative viscosity in the membranes than
in the viscometer. These deviations (confirmed by Manegold and Hofman) were
interpreted by Duclaux and Errera in terms of electrokinetic potentials which are
generated by aqueous solutions but not by organic solvents.

B. Calculation of Pore Dimensions in Artificial Membranes. The evidence
discussed above provides experimental support for the basic assumption of viscous
flow used in the calculation of pore dimensions from raie of flow measurements. This
calculation, originally proposed by Guérout (58), has frequently been employed to
characterize the porosities of artificial semipermeable membranes (4, 37, 40, 42, 57,
64, 103, 121) and has recently been applied also to estimate the porosity of capillary
membranes (118). The calculation is simply illustrated for the case of a membrane
containing # parallel cylindrical pores of uniform radius, r. In this case the total
cross-sectional pore area, 4,, is na7?, If laminar flow occurs through these pores then
we may apply Poiseuille’s Law as follows

. nmr' AP Ay AP
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Combining egquations 1 and 2 and solving for 7, we have

r = ,‘/ A———fi;m ©)

which allows a numerical solution for the pore radius, 7, in terms of the Darcy co-
efficient, K and the fractional pore area, 4,/A4m. The value of Ky is determined from
rate of flow measurements and equation 1. The fractional pore area is usually esti-
mated from the ratio of the dry to the wet weight of the membrane; with certain
limitations it can also be estimated from the electrical conductivity through the mem-
brane (64) or from diffusion measurements (101, 118).

Equation 3 applies only to membranes containing parallel uniform cylindrical
pores. If a membrane contains a distribution of cylindrical pores, the flow rate through
the large pores will be higher than through the small pores in proportion to the fourth
power of the ratio of radii (Poiseuille’s Law). Thus,

r = /Firl + Fors + -+ Furh, (4)

where 7 = effective pore radius and F, = fraction of total number of pores having a
radius of r.. For this reason the ‘effective pore radius’ calculated from eguation 3
will always be greater than the arithmetical mean of any distribution of pore
sizes in the membrane.
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Expressions similar to eqguations 3 and 4 may theoretically be derived for pores
or channels of any given geometrical configuration. For example, Bjerrum and
Manegold (11) proposed a slit structure for the pores in collodion membranes and
showed that in this case the slit width, w is given by
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More recent evidence, reviewed by Ferry (48), suggests a uniform wléragel structure
which would allow flow between rigid micelles of collodion oriented perpendicular to
the plane of the membrane. The precise geometrical configuration of the pores is
rarely, if ever, known, but equation 3 is nevertheless valuable for characterizing any
given membrane in terms of its ‘effective’ pore radius.

In ether-alcohol collodion membranes, the three variables—effective pore radius,
hydraulic conductivity (Darcy coefficient) and fractional pore area—are not in-
dependently variable at all porosities. In membranes with pore radii less than 120 A
an empirical relation between porosity and fractional pore area has been found
(42, 64, 103).

It is obvious that if the effective pore radius of an isoporous membrane agrees
with the radius calculated by independent methods, then this will provide indirect
evidence in support of the use of Poiseuille’s Law as a means of estimating pore size.
Three such independent methods have been investigated. The first utilizes the law
of capillarity which states that the critical pressure (P.) required to cause a barely
perceptible flow of fluid through a capillary tube which is already filled with a second
fluid (immiscible with the first) is given by

P, = 2v/r ()]

where v is the surface tension at the interface between the two fluids and r is the
radius of the tube. This method, originally devised by Bechhold (7), has been studied
in detail by von Erbe (44) who utilized water-isobutyl alcohol and other solvent
pairs. In a perfectly isoporous membrane no flow should occur until the critical pres-
sure is exceeded. After the critical pressure is exceeded the pores become filled with
pure solvent, there is no longer an interfacial tension and flow proceeds in accordance
with Poiseuille’s Law. If the membrane has a distribution of pore sizes, then the
critical pressures due to the individual pores will summate to produce a sigmoid
probability curve which gradually approaches Poiseuille flow only after the highest
critical pressure (due to the smallest pore) has been exceeded. This sigmoid portion
of the pressure-flow curve in membrane systems containing mixtures of immiscible
liquids has been utilized by von Erbe (44), Pisa (121) and by Grabar and Nikitine
(57) to estimate the distribution of pore sizes. The work of Grabar and Nikitine (57)
is of special importance in this connection, for they compared pore size determined
by the rate of flow method with pore size determined by the surface tension method
is a series of membranes of graded porosities prepared by the method of Elford (41).
Elford membranes are characterized by a fairly high degree of isoporosity as de-
termined both by the surface tension method and by their properties as molecular
sieves. In the membranes studied by Grabar and Nikitine (57) the distribution of
pore radii determined by the surface tension method showed a high peak at values
slightly less than the effective pore radii determined by the rate of flow method, a
result which would be expected of Poiseuille flow through a narrow distribution of
pore sizes (eq. 4). Thus in a typical membrane with an effective pore radius of 75 A
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as determined by rate of flow, the mean pore radius estimated from surface tension
was 64 A and 75 per cent of the pore radii were within the range of 45 to 110 A.

A second method of estimating pore size for comparison with the rate of flow is
based on restriction to diffusion and filtration of molecules of graded sizes through
isoporous membranes. The practical application of this method involves a considera-
tion of many complicating factors, including the influence of molecular shape, the
exact degree of isoporosity, interactions between the test molecules and the pores,
the distribution of flow velocity within the pores (47) and the relations between
filtration velocity and diffusion velocity. For the present argument, however, it is
only necessary to note the general correspondence between pore size as estimated
from rate of flow measurements and the radius of particles which just fail to penetrate
the membrane. Thus Bauer and Hughes (4) found an endpoint porosity of about 70
to 80 A diameter in ultrafiltration experiments with oxyhemoglobin. X-ray diffraction
studies (73) indicate that hemoglobin is cylindrical in shape with a diameter of 57 A
and length of 34 A; its diffusion coefficient (122) is equivalent to that of a sphere of
diameter 62 A (Einstein-Stokes diameter). Similarly egg albumin is witheld by
membranes with effective pore diameters in the range 55 to 65 A (4, 43); the Einstein-
Stokes diffusion diameter of egg albumin is 56 A and its dimensions calculated from
its diffusion coefficient and intrinsic viscosity correspond to an ellipse with axes
22 x 96 A. Similar figures for several well-characterized proteins have been sum-
marized by Ferry (48). In general the data indicate that the effective pore radius
calculated on the assumption of Poiseuille flow is from 25 to 50 per cent greater than
the Einstein-Stokes diffusion radius of the molecule which just fails to penetrate the
membrane. Some of the factors which may enter into this discrepancy have been
mentioned above; the correspondence is nevertheless sufficiently close to provide
evidence justifying the use of Poiseuille’s Law in the estimation of pore size.

A third method of estimating pore size has recently been described by Bugher
(18). Replicas of free surfaces and microscopic sections of calibrated collodion mem-
branes were made by evaporating silicon monoxide normal to the specimen surface.
Electron micrographs of such replicas revealed a structure consisting of .. . some-
what irregular, anastomosing passages giving a spongy character to the whole.”
The orifices were irregular and the passages variable in bore but they were of the
same magnitude as the effective pore size calculated on the basis of Poiseuille’s Law.

The various lines of evidence reviewed above support the hypothesis that the
energy required for flow through porous membranes is utilized in overcoming viscous
resistance between fluid laminae as in the usual type of laminar flow system con-
sidered in hydrodynamics. The evidence applies to porosities extending down to
about 20 A (about 20 water molecules in diameter) which is well below the range of
porosity required to explain capillary permeability to molecules such as inulin,
myoglobin or egg albumin. Laminar flow through a cylindrical tube (Poiseuille
flow) implies a parabolic distribution of flow velocity within the tube. The velocity
is zero at the walls and increases parabolically to a maximum at the axis of the tube.
In macroscopic systems, where the tube diameter may be several million times larger
than the diameter of the flowing molecules, it is relatively easy to conceive of this
smooth parabolic velocity profile demanded by Poiseuille’s Law. In this case the
random kinetic movements of the individual molecules would have little effect on the
average velocity vector in the direction of flow. In membranes having pore dimen-
sions of the order of 20 to 100 water molecules in diameter, it is more difficult to
imagine a smooth velocity profile within an individual pore. Possibly we should con-
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sider the picture from a statistical point of view; within any given pore the velocity
distribution may be discontinuous, owing to the random movements of individual
molecules, but the average of the velocity gradients in many millions of pores might
well lead to a smooth average distribution.

As the pore radius is reduced below about 20 A we may expect substantial cor-
rections to Poiseuille’s Law. Barrer (3) has discussed physical aspects of flow through
certain crystals, but on the whole very little experimental work has been carried out
in systems with known pore dimensions in this range. In the next section reasons will
be given for supposing that net diffusion, as contrasted with hydrodynamic flow, be-
comes an increasingly important mechanism as the pore radius is reduced below 10 A.

2. Role of Diffusion and Osmotic Pressure in the Net Flow of Solvent Molecules Through
Porous Membranes

Net flow of solvent molecules through porous membranes may result from os-
motic, as well as from hydrostatic, forces operating across the membrane. It seems
reasonable to assume that the energy required to produce a given net flow rate
through a given membrane would be the same whether hydrostatic or osmotic forces
are involved. Indeed, this assumption is implicit in the ‘Starling Hypothesis’ (140),
which supposes that the rate of net fluid movement through capillary walls is pro-
portional to the difference between hydrostatic and osmotic forces acting across the
capillary walls. Thermodynamical reasons justifying this assumption have been
advanced by Laidler and Shuler (83), Staverman (143) and by Chinard (21, 22).
Experimental evidence that net rate of flow is proportional to the difference between
hydrostatic and osmotic pressures has been obtained using both artificial membranes
(111, 113) and the walls of living capillaries (85, 117) (cf. also fig. 34).

The thermodynamic formulation (21, 83, 143) is applicable to the flow of both
solvent and solute; for the case of water flowing through porous membranes it may
be written in the form,

G = k52 (P - am) ?)

where Q = flow of water; & = constant of proportionality; 4, = cross-sectional pore
area; Ax = path length through the membrane; AP = difference in hydrostatic pres-
sure across the membrane and Ax = difference in osmotic pressure across the mem-
brane. The factors entering into the proportionality constant, k£, depend upon the
mechanism of flow. For the case of laminar flow through cylindrical pores, equation
7 becomes

. =KfAm A,Iz

Qs A% (AP — Arx) = oy (AP — Ax) ®
where K is the Darcy coefficient. Equation 8 is identical with equations 1 and 2 when
Ax is negligible compared with AP.

At osmotic equilibrium, when hydrostatic pressure is equal and opposite to
osmotic pressure, there is no net flow of solvent and therefore no energy is required
to overcome viscous resistance to shear between fluid laminaé. In this case, the rate
of diffusion caused by the higher concentration (activity) of water on the side of the
membrane containing no osmotically active solute molecules is exactly balanced by
the increased thermodynamic activity of the water molecules subjected to hydro-
static pressure on the other side of the membrane. Chinard (21, 22) has recently
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pointed out that during net flow caused by hydrostatic pressure the increased thermo-
dynamic activity of the solvent molecules due to the applied pressure will cause net
diffusion of the solvent molecules and that this mechanism must be considered in
addition to the mechanism of hydrodynamic flow. In the case of free diffusion of water
through pores, Chinard (21) has shown that equation 7 becomes,

§ = DEEe x 22 (4P — ax) ®)
where 4,, Ax, AP and Ar are the same as in equation 7 and § = net flow rate of water
diffusing across the membrane; R = gas constant; Dr,o = free diffusion coefficient
of water in water; T = absolute temperature; and Va,0 = partial molal volume of
water.

From equations 8 and ¢ we can assess the relative importance of diffusion as com-
pared with hydrodynamic flow. Of the total net flow of water (Q + §), the fraction
which may be expected to take place by diffusion is:

q I
O, + ¢ = . r’R’!.‘_ (z0)
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It is evident from inspection of equation 10 that the relative importance of net diffu-
sion will increase greatly with decrease in pore size. At 37°C. the various constants in
equation 10 have the following values: RT = 25 X 10° dyne-cm/mol; Dg,ots =
4.05 X 1078 cm.?/sec. (154); 7 = 0.007 (dyne-sec/cm.?); and Vgyo = 18 cm.}/mol.

Figure 1, based on these values and equation 10, shows the fraction of net flow
of water which may be expected to take place by diffusion in membranes of varying
porosities. It is evident from figure 1 that for membranes with pore radii greater
than about 20 A, the net flow of water which may be expected to result from net
diffusion is negligible compared to that from hydrodynamic flow, a conclusion which
is consistent with the evidence for hydrodynamic flow reviewed in section 1 above.
It therefore appears unlikely that diffusion plays an important role in the net flow
of water through capillary membranes which allow the rapid passage through them
of molecules the size of inulin (Einstein-Stokes diffusion radius Reg = 15 A). The
recent work of Koefoed-Johnsen and Ussing (75) suggests that even in cellular mem-
branes the role of net diffusion of water may be subordinate to that of hydrodynamic
flow. They point out that the permeability to water of frog skin (61) or intestine
(152) as measured by the diffusion of D0 is always considerably less than ‘permea-
bility’ determined from rate of flow per unit osmotic pressure difference. A similar
result has been found in the case of various ova (165). Under the influence of pituitary
hormones, the permeability of frog’s skin, as determined by rate of flow, could be
increased two- or threefold without a corresponding change in permeability as meas-
ured by diffusion of D;0. They have derived an equation relating hydrodynamic
flow to diffusion which is more general than equation 10 above in that it assumes no
specific pore geometry. The conclusion, however, is the same, “For pore membranes
the permeability as measured by osmotic flow is always larger than the permeability
as calculated from the diffusion of isotopic water.”

Failure to distinguish between hydrodynamic flow and net diffusion of solvent
through porous membranes has given rise to some confusion in the literature. For
example, the experiments of Landis (85) showed that a net volume of 56 X 1078 ml.
would flow each second through 1 cm.? of capillary wall (frog mesentery) under the
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influence of a pressure difference of 1 cm. H;0 across the capillary wall. Davson (32)
has converted the units of pressure into ‘equivalent’ concentration units (AC =
AP/RT) and volume flow to mols per second (mols = volume X density/mol.
weight). With this transformation the original constant becomes 7.9 X 10~ cm/sec.),
these dimensions being considered comparable with those obtained in diffusion studies
utilizing Fick’s Law. Similar transformations were made for data on net rate of flow
into cells. The implicit assumption is that the pressure difference provides the force
required to overcome resistance to diffusion rather than to hydrodynamic flow.
Chinard (21, 22) has recently made similar calculations in connection with glomerular
filtration.
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We cannot emphasize too strongly that data obtained from rate of flow measure-
ments are not directly comparable with diffusion data. The comparison is valid only
in connection with flow through nonporous (phase) membranes in which flow takes
place by solution in the membrane followed by diffusion through the membrane.
It is indeed unfortunate that the term ‘permeability’ should have become attached
to measurements based on both flow and diffusion through porous membranes. For
a given cross-sectional pore area and activity gradient, diffusion is practically in-
dependent of pore size unless the pore dimensions are comparable with those of the
diffusing molecules as discussed in section 3, whereas hydrodynamic flow varies with
the square of the effective pore radius as shown in equation 8. The distinction be-
tween the two mechanisms is so important that it is perhaps worth while to give one
more numerical example in addition to figure 1. Consider two membranes, each of
the same thickness. Let the total cross-sectional porearea in each membrane be 1 cm.?,
but in one membrane let there be a single pore of radius, r = 4/7~! cm., whereas in
the second membrane let there be 10* pores each of radius, r = v/7— X 10~? cm.
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Rates of diffusion per unit activity gradient will be the same in the two cases. How-
ever, the membrane with the single pore will allow fluid to pass 10* times more rapidly
per unit pressure difference than the membrane with 10,000 pores having the same
cross-sectional area for diffusion. In the case of both membranes hydrodynamic flow
caused by unit pressure difference will be over a million times faster than flow by
net diffusion (eg. 10).

The above discussion refers to net volume flow of water by diffusion as contrasted
with hydrodynamic flow. It should not be confused with rates of diffusion in both
directions through the membrane, nor with the net diffusion rates of small solute
molecules under the influence of large concentration gradients. In PArT II, sections
5 and 6, evidence will be reviewed which indicates that in these latter processes,
diffusion rates may be overwhelmingly more important than hydrodynamic flow
through the membrane.

3. Diffusion of Solutes Through Membranes

The physical factors which determine the rate of diffusion of molecules through
nonporous membranes have been discussed in detail in numerous reviews and mono-
graphs (33, 65, 114, 115, 161) and will not be considered here except in connection
with capillary permeability to lipid-soluble molecules in PART II below. Relatively
little is known, however, of the basic physical factors which determine the rate of
diffusion of molecules through membrane pores, especially when the porous channels
are of dimensions comparable with those of the diffusing molecules. It is the purpose
of this section to define varipus terms which are useful in describing diffusion through
porous membranes and to call attention to some unsolved physical problems, the
solutions of which are important to the understanding of the capillary exchange and
of cellular permeability in general. The definitions may be made most simply with
the aid of the familiar model consisting of a vessel which is separated into two com-
partments by means of a porous membrane. It will be assumed that the membrane is
uncharged and that no electrokinetic, electrostatic or chemical interactions take place
between the pores and the molecules which diffuse through them.

A. Free Diffusion, Calculation of Pore Area From Diffusion Data. If the pores
are sufficiently large, the process of free diffusion can occur in both directions through
the pores. The only effect of the membrane is to reduce the total area available for
free diffusion. The rates of free diffusion in either direction may be computed from
Fick’s Law, utilizing the free diffusion coefficient and the total cross-sectional pore area
in the membrane. Net free diffusion will occur if the thermodynamic activity of
molecules in one compartment exceeds that in the other. Steady-state net diffusion
will occur if the activities in the two compartments are maintained at a constant
difference. The equations governing diffusion under these circumstances are well
known and are frequently utilized for the experimental determination of free diffusion
coefficients (97, 112, 130). Conversely, if the free diffusion coefficient of a molecular
species is known, it should be possible to compute the cross-sectional area of the mem-
brane pores, 4,, from the remaining variables in Fick’s Law which can be measured.
When the path length, Ax, for diffusion through the membrane is unknown, as in most
biological membranes, it should be possible to solve the equations for 4,/Ax. This
principle affords the basis for recent estimates of the pore area per unit path length
through the walls of living capillaries (118); it is somewhat surprising that the method
has not been applied to artificial porous membranes in which the results can be com-
pared with those obtained by independent methods for determining pore area. How-
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ever, all the data required for this calculation are available from Manegold’s detailed
studies on the rate of diffusion of HCI, urea and sucrose through calibrated collodion
membranes with effective pore radii¢ ranging from 23 to 520 A (101). When the pore
radii were greater than 150 A (i.e. more than 30 times larger than the Einstein-
Stokes diffusion radius of sucrose), the relative diffusion rates of the test molecules
were proportional to their free diffusion coefficients, and independent of pore size,
thus indicating that the pores were sufficiently large to permit free diffusion. Under
these conditions the fractional pore areas available for free diffusion through the
membranes (as calculated by the present author from Fick’s Law and Manegold’s
data) were 75 to 835 per cent of the fractional pore areas estimated from the ratios
of wet to dry weights of the membranes. This discrepancy is not large; in the mem-
branes used by Manegold the ratio of membrane thickness to effective pore diameter
was never less than 10,000 and it would be surprising, under these circumstances, if
all the channels which took up water were direct thoroughfares through the mem-
brane. The correspondence between pore area, computed from free diffusion on the
one hand and from the ratio of wet to dry weight on the other, is sufficiently close to
encourage the use of similar calculations in connection with diffusion through the
walls of living capillaries as described in PART II below.

B. Restricted Diffusion Through Pores. The diffusion rate of any given molecu-
lar species through a membrane of given pore area and thickness may be greatly
slowed if the dimensions of the pores are comparable with those of the diffusing
molecules. Under these circumstances the diffusion coefficient, calculated from
Fick’s Law, is less than the free diffusion coefficient and may be termed the restricted
diffusion coefficient. The well-known work of Collander (24) and of Michaelis and
his associates (55, 157) has shown clearly that the rates of diffusion of organic non-
electrolytes through membranes with very small pores decrease, as a function of
molecular size, far more rapidly than can be accounted for on the basis of the free
diffusion coefficients of the test molecules. The membranes utilized for these studies
were probably heteroporous (157) and they were not calibrated in terms of the
Darcy coefficient or by the method of surface tension; the most permeable membranes
employed prevented the passage of sucrose, the longest dimension of which is 12z A
(table 2).

The only quantitative data, known to this reviewer, which relate molecular
diffusion to pore dimensions in the range of interest for capillary permeability are
those of Manegold (101). These data indicate that the diffusion of sucrose or urea is
significantly restricted in membranes with effective pore radii of 150 A or less (cf.
footnote 4). When the porosity was reduced to 68 A, the diffusion rate of sucrose was
less than 50 per cent of that expected on the basis of free diffusion and the diffusion
of urea was similarly restricted in membranes with effective pore radii of 42 A. These
results are indeed surprising, for the Einstein-Stokes diffusion radii of sucrose and
urea are only 4.4 and 1.7 A, respectively, and it would therefore appear that diffusion
is severely restricted even when the pores are of the order of 20 times larger than the
diffusing molecules. Evidence has already been cited (section 1, B) which indicates
that ether-alcohol collodion membranes of the type used by Manegold are relatively
isoporous; it therefore seems unlikely that his results are attributable to a distribution
of pore sizes.

A theoretical approach to restricted diffusion has been suggested by Friedman

* In Manegold’s paper the pore dimensions are given in terms of an equivalent ‘slit half-width,’
B, rather than in terms of effective pore radius, r. The two are related as follows, r = 1.34 8.
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and Kraemer (54) and Friedman (52, 53) in connection with their experiments on the
diffusion of nonelectrolytes through gelatin gels. These authors point out the ap-
plicability to restricted diffusion of the Ladenburg-Faxén correction (45, 81, 82)
of Stokes Law in systems where the particle size is comparable with the dimensions
of the sedimentation chamber. For the case of spherical particles of radius (a), sedi-
menting (diffusing) in cylindrical vessels of radius 7, this correction takes the form:

Jlfo =1+ 2.4 (a/7) (1)

where f is the frictional force opposing sedimentation and f, is’ the frictional force
opposing sedimentation when a is negligible compared to r (i.e. free sedimentation or
free diffusion). The Ladenburg equation is derived on purely hydrodynamical grounds
to take account of viscous drag between the sedimenting particles and the walls of
the cylinder. An analogous equation has been shown by Westgren (158) to apply to
ultramicroscopic particles sedimenting in a wedge-shaped container; Westgren utilized
the Tyndall effect to follow the rate of sedimentation of the suspended particles. A
summary of this work may be found in Barr’s monograph (2).

A further restriction to diffusion may result from steric effects at the entrance to
the pore. This factor has been considered by Ferry (47) and by Pappenheimer e al.
(118) who make the simplifying assumption that the diffusing molecules can enter
a pore only if they do not strike the edges of the pore. For the case of spherical par-
ticles entering circular openings the effective target area for entrance relative to the
true area of the pore is (1 — a/r). Steric hindrance and viscous drag at the walls
would thus account for a restriction to free diffusion given by

) .

a
I+2.4;

Cls

Equation 12 predicts a 5o per cent restriction to diffusion when the radius of the pore
is six times the radius of the diffusing molecule; it therefore accounts for only a part
of the restriction to diffusion actually found in the experiments of Manegold cited
above. A closer correspondence between theory and experiment has been found in
the case of diffusion through capillary walls (118), but some of the assumptions made
for this comparison must be considered doubtful as will be discussed in PArT II
below.

It is clear, however, from the few quantitative data available to us, that diffusion
may be greatly restricted through pores, even when the pores are many times larger
than the diffusing molecules. Further experimental work using systems of known pore
dimensions and molecules of known shape would be required to elucidate this problem
which appears to be a major one in accounting for passive transfer processes through
cell membranes as well as through capillary walls. The experiments of Manegold,
which have been neglected in previous reviews of permeability, offer one approach
to the problem and deserve careful study. The use of D0 to determine the effective
pore area per unit path length might greatly improve the accuracy of such experi-
ments. Molecular diffusion into or through certain crystals, the pore dimensions of
which can be determined by X-ray diffraction, offers another promising approach

(3, 100, 125).
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C. Restricted Diffusion in Relation to Filtration and its Significance for Mo-
lecular Sieving. We have now to discuss factors which determine the degree of
molecular sieving during ultrafiltration through porous membranes. The degree of
molecular sieving of a given solute may be defined as the ratio of its concentration
in the filtrate (c2) to its concentration in the filtrand (c;). It is often supposed that
during ultrafiltration of a monodisperse solute through an isoporous membrane, the
value of ca/c, will be either o or 1. According to this view cz/c; will be zero when
the pores are smaller than the solute molecules and unity when the pores are larger
than the solute molecules. If intermediate values are actually observed, they are said
to be evidence for heteroporosity. This concept is frequently applied to the process
of ultrafiltration through living membranes. If, for example, the concentration of a
given solute in the ultrafiltrate is 50 per cent of its free concentration in the plasma,
it is concluded that half the pores in the membranes are larger than the solute mole-
cules and half are smaller (13, 9o, 108).

The following considerations suggest that the degree of molecular sieving of a
monodisperse solute through an isoporous membrane depends greatly upon the re-
stricted diffusion coefficient of the solute in the membrane and upon the rate of
filtration. Consider the filtration of a solution through an isoporous membrane which
restricts the passage of solute molecules but does not offer appreciable restriction to
the passage of solvent. Let the pore area for passage of solvent be A, and the re-
stricted pore area for the passage of a particular solute be 4 ;. The restricted diffusign
coefficient of the solute through the membrane is then D’ = (45/4,) D. Let the
concentration of the particular solute in the filtrand be c; and that in the filtrate be
cz. At equilibrium ¢, = c;. Hydrostatic pressure applied to one side of the mem-
brane will cause hydrodynamic flow through the pores. If the passage of solute mole-
cules is restricted in relation to the solvent molecules, then the filtrate will be diluted,
thereby causing a concentration gradient and net diffusion of solute molecules. Let
the transport rate of solute by bulk flow (filtration) be T, (mols/sec.). Then

Ty= (4 :;/ A ,)chl (13)

If there is no restriction to passage of solute then A}, = 4, and in this case the transfer
rate by filtration is merely the product of the filtration rate and the concentration as
in the filtration of glucose solution through ordinary filter paper. If there is restric-
tion, however, the filtrate will be diluted to C;, thus causing net transfer by diffu-
sion, Tp

TD = D'AP% (I4)

The concentration in the filtrate during steady ultrafiltration is
Cy = (Tf + Tp) + Qf (15)

Solution of equations 13, 14 and 15 for the ratio of transport of solute by diffu-
sion as compared to that by filtration (T/Tp) and for the degree of molecular sieving
(ce/c1) during steady ultrafiltration yields

To _ D4, (x - ‘32) (16)
T QiAx C1
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and
D’ , D4,
a D Oar 1)
¢ oo+ D4,
Qidx

In the transient case, when solute is suddenly added to the filtrand during bulk flow,
the initial concentration in the filtrate (c;) is zero and the initial rate of diffusion
relative to filtration becomes

To/Tr = (DA4,)/(QeAx) (18)

Inspection of equation 16 shows that high rates of filtration and thick membranes
will tend to diminish the importance of transport by diffusion relative to that by
filtration. This consideration led Ferry (47) to assume that diffusion plays a negligible
role in the sieving of protein molecules during ultrafiltration at high pressures through
artificial membranes. At low filtration rates, however, diffusion may be an important
factor determining the passage of solutes, even in relatively thick artificial mem-
branes.

Figure 2 shows the degree of molecular sieving to be expected on the basis of
equations 16 and 17 during the ultrafiltration of sucrose through one of the mem-
branes characterized by Manegold (1or). It is seen that the (calculated) concentra-
tion of sucrose in the filtrate decreases withnincreasing rates of filtration (volume flow)
through the membrane. Experimental studies of the type suggested by figure 2 have
not yet been carried out. However, several observations suggest that the theory is
at least qualitatively correct. Thus Trautman (147) has investigated the sieving of
NaCl through cellophane membranes; in this case cs/c: decreased from unity at
zero filtration to 0.66 at the highest rate of filtration. Similar observations for the
case of protein molecules have been reviewed by Ferry (48, p. 416). In Part II,
section 5 below, evidence will be reviewed that restricted diffusion plays an important
role in determining the degree of molecular sieving of large molecules during ultra-
filtration of plasma through capillary membranes.

PART II. QUANTITATIVE ASPECTS OF CAPILLARY PERMEABILITY

In the preceding sections we have seen how measurements of flow through arti-
ficial porous membranes can be utilized, in conjunction with auxiliary data, to deduce
the dimensions of the pores and the mechanism of flow of solvents through them.
We have now to consider the results of similar measurements and similar reasoning
applied to the walls of living capillaries.

1. Fluid Movement tn Relation lo Hydrostatic and Osmotic Pressures

Measurements of net flow through capillary walls as a function of hydrostatic
and osmotic pressures have been made in the capillaries of the frog’s mesentery
(15, 85, 86), the capillaries in perfused extremities of frogs (27), rats (66), cats and
dogs (117, 118) and in the capillaries of the human forearm (49, 78, 91). In only two
of these tissues, however, has it been possible to make a direct comparison between
the rate of net fluid movement and the hydrostatic and osmotic forces operating
across the capillary membranes.
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In the individual capillaries of the frog’s mesentery, Landis (85, 86) found that
the net rate of flow through the wall was, on the average, proportional to the dif-
ference between the hydrostatic pressure within the capillary and the protein osmotic
pressure of the plasma as measured iz vitro. When capillary pressure exceeded protein
osmotic pressure, fluid passed from within the capillary to without (filtration); when
capillary pressure fell below protein osmotic pressure, fluid was withdrawn from the
extravascular space into the capillary (absorption). This work is unique in that the
primary quantities necessary to test the validity of the Starling Hypothesis (140)
were measured by direct methods in single capillaries. Similar results, using very
different methods, have been obtained in studies of fluid movement through the walls

Fi16. 2. Effects of restriction
to diffusion on the passage of a
solute through a porous membrane.
Calculated from the theory of mo-
lecular sieving summarized by
equations 16 and r17. The actual |g
values employed refer to the pas- r
sage of sucrose through collodion

DEPENDENCE OF MOLECULAR
SIEVING ON FILTRATION RATE

membrane no. 506 characterized by
Manegold (101). The effective pore
radius in this membrane was 68 A

TOTAL SUCROSE
TRANSFER DUE
TO BULK FLOW

as compared to a molecular radius
of 4.4 A for the sucrose molecule. *
The ratio of the diffusion coeffi-
cient of sucrose through the mem-
brane (restricted diffusion coefi- 4|
cient) to the free diffusion co-
efficient was o.5 and this value sets
a limit to the degree of molecular .2}
sieving (c2/c;) at high filtration
rates (eg. 17). At low filtration rates
the rate of (restricted) diffusion be- L L
comes relatively important (eq. 16) 1073 107 107
and the concentration ratio ap- FILTRATION RATE THROUGH MEMBRANE, Q¢ ml./sec./cm?2
proaches unity at zero flow (dialy-

sis).

(FILTRATION)

—— -

FRACTION OF TOTAL
SUCROSE TRANSFER
DUE TO DIFFUSION

of capillaries in the perfused hindlegs of cats and dogs (117). In this preparation the
mean hydrostatic capillary pressure was determined from the blood flow, the post-
capillary resistance to blood flow and the venous pressure; net fluid movement be-
tween blood and tissues was measured from changes of weight. When normal plasma
proteins were used for perfusion the mean capillary pressure at which no net transfer
of fluid took place (isogravimetric capillary pressure) was, on the average, 93 per
cent of the protein osmotic pressure as measured iz vitro (fig. 34). During net filtra-
tion or absorption, the rate of gain or loss of weight was accurately proportional to
the difference between the mean capillary pressure and the isogravimetric capillary
pressure (fig. 3B). The proportionality constant was independent of the absolute
value of the isogravimetric capillary pressure when this was varied by diluting or
concentrating the plasma proteins. The results shown in figure 3 leave little room for
doubt that the net rate of flow through the walls of capillaries in muscle, like that
through frog’s mesenteric capillaries or through collodion membranes, is proportional
to the difference between hydrostatic and osmotic forces acting across the membrane
as originally proposed by Starling (140, 141).
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2. Capillary Filtration Cocefficients; Comparison With Cell Membranes and With
Artificial Membranes

The proportionality constant relating flow of fluid to the pressure differences
operative across the capillary wall is a measure of capillary ‘permeability’ to fluid.
In view of the fundamental differences between permeability as measured from dif-
fusion rates and permeability as measured from flow data (cf. PART I, section 2) it
is perhaps more appropriate to consider this proportionality constant as a unit of
hydraulic conductivity, reserving the term permeability to describe rates of diffusion
under conditions which entail no changes of volume.
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Fic. 34 (left). Effective osmotic pressure of plasma proteins in the hindlimb capillaries of cats
and dogs. The mean hydrostatic pressure in the capillaries required to prevent net transfer of fluid
is, on the average, slightly less than the in viro osmotic pressure of the plasma proteins. B (right).
Fluid exchange in hindleg of a cat. Experiment C-25, limb weight 302 gm. The rate of net fluid move-
ment is proportional to the difference between the mean hydrostatic pressure in the capillaries, pC,
and the sum of all pressures opposing filtration (isogravimetric capillary pressure, pC;). The filtra-
tion coefficient is defined by the slope of the line shown. When expressed per 100 gm. tissue its value
is o.014 ml/min/mm. Hg. In 81 similar experiments the mean value was o.or1 ml/min/mm. Hg
(for statistical analysis see ref. 118).  The results illustrated in figure 3 show that the Starling
Hypothesis (140) is applicable to the capillaries of the perfused hindleg. Reprinted by permission
from PAPPENHEIMER, J. R. AND A. S0oT0-RIVERA. Am. J. Physiol. 152: 471, 1948.

A. Mesenteric Capillaries, Frog. In Landis’ experiments with single capillaries,
the capillary surface area could be measured directly and the proportionality between
flow and pressure difference expressed as flow rate per unit pressure difference per
unit area of capillary surface (filtration constant). Thus at room temperatures the
filtration constant of the frog’s mesenteric capillary was found to average 56 X 1078
ml/second/1 cm. HyO pressure difference/cm.? of capillary wall (85, 86) as shown
in table 1. When converted to c.g.s. units and multiplied by the viscosity, the filtration
constant defined by Landis is equal to the Darcy coefficient of hydraulic conductivity
divided by the path length through the capillary wall (eg. 8).

B. Capillaries in Perfused Extremities. Data similar to those shown in figure
3B have been obtained from about 100 cat hindleg preparations in this laboratory.
The proportionality constant relating flow to pressure difference across the capillary
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walls at 37°C. averaged 1.3 X 10™* ml/sec/cm. H;O/100 gm. tissue or 1.8 X 10™*
ml/sec/cm. HyO/100 gm. muscle (for a statistical evaluation cf. ref. 118). These
values are of the same magnitude as those estimated from less direct measurements
in mammalian extremities. In the human forearm a rise of 1 cm. H,0 in venous pres-
sure produces, on the average, a volume increase of 0.§5 X 10~ ml/sec/100 ml. tissue
(78, 91). Assuming that 8o per cent of the rise in venous pressure is transmitted to
the capillaries, this value becomes 0.7 X 10™¢ ml/sec/cm. HyO/100 ml. tissue or

TABLE 1. FLOW THROUGH VARIOUS MEMBRANES

Species, Tissue, Temp. Filt. Con- Coefficient,t
or Membrane

stant,® X 108 cm.? X 1018 References Notes
Cell mem- Arbacia egg (un- 20 0.016 95
branes fertilized)
Fibroblasts 20-2 .06~.16 17
(mouse, rat,
chick)
Leucocytes 20-23 .0§-.2 133
(rabbit, man)
es 20 0.4 ~0.5 70 Value at 37°C. by
(ox, man) 37 1.0-1.3 extrapolation
from data in
range o0~30°C.
Capillary Muscle (cat, 37 2.5 6 117, 118 Assume path length
membranes dog) Ax, = o.3p
through capillary
wall for calc. of
Darcy coeff.
Mesenteric (frog) 22-26 56 150 8s, 86
Glomerular 25 220 570 118
(frog)
Glomerular 37 300-600 6oo-1200 118 137,151
(mammal)
Collodion 7. = 30 A with- 5,700 4.43 Fractional porearea
membranes holds egg al-
of given bumin Ap/Am = .52
effective 7o = 40 A with- 11,000 4, 41 Ap/Am = .58
pore ra- holds hemo-
dius, v, globin
7o = 50 A with- 19,000 41,48  Ap/Am = .64
holds serum
albumin

* ml/sec/cm. HiO/cm? 1 Ky = (QnAx)/[An(AP — Ar)), eg. 8.

about one-half that of the perfused leg. Rates of change of net filtration per unit
change in protein osmotic pressure are also comparable with this value, both in the
human forearm (78) and in the perfused hindquarters of rats (66).

In order to compare these values with similar values obtained from other mem-
branes (table 1), it is necessary to express the results per unit capillary surface area.
Precise figures for capillary surface area are hard to obtain. Usual histological tech-
niques, involving perfusion with India Ink, followed by fixation, paraffin embedding
and capillary counts have led to estimates ranging from 18,000 to 80,000 cm.?/100
gm. muscle (77, 105, 116, 119, 136, 144). These figures are almost certainly too high,
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for they imply capillary volumes of 3 to 14 per cent of the muscle volume and the
entire vascular volume in mammalian muscle is probably less than 4 per cent (99).
Our own estimates of capillary surface area in the perfused hindleg are considerably
lower (7000 cm.?/100 gm.), possibly because we have used frozen sections which
avoid shrinkage and thus result in fewer capillary counts per square millimeter. The
average total vascular volume was 2.5 per cent (hemoglobin method, ref. 28) and
the volume of the large vessels, as determined from the increase in weight following
arterial and venous injections of mercury at appropriate pressures, averaged 0.9 per
cent leading to a maximum capillary volume of 1.6 per cent of the limb weight. These
estimates lead to a reasonable value for capillary radius, thusr = 2 V/S = 2 X 1.6 +
7000 = 4.5 u. When our estimate of 7000 cm.?/100 gm. muscle is applied to the filtra-
tion data from the hindleg we arrive at a filtration constant of 2.5 X 107® ml/sec/cm.
H,0/cm.? capillary wall, as shown in table 1.

C. Glomerular Capillaries. In the case of glomerular capillaries, all of the fac-
tors required to compute the filtration constant have been measured except for the
hydrostatic pressure difference across the capillary walls. Reasonable assumptions as
to the value of this pressure difference have led to estimates of filtration constant
in the range 300 to 600 X 107 ml/sec/cm. HyO/cm.? in mammalian kidneys (118,
137, 151) and 220 X 1078 ml/sec/cm. H:O/cm.? in frog’s kidneys (118) as shown in
table 1. These values suggest that flow through glomerular capillary membranes oc-
curs 1oo times more readily than through the capillary walls in muscle and serve to
emphasize the fact that the capillary walls in different tissues may offer widely vary-
ing resistances to the flow of fluid through them.

D. Comparison With Cell Membranes. The rate of flow of fluid through the
cell membranes of marine ova, erythrocytes, leucocytes and other single cells is pro-
portional to the difference in osmotic pressure across the cell membranes (96). When
expressed per unit surface area, the proportionality constant has the same dimensions
as the filtration constant defined above in connection with the capillaries. Landis
(89) has noted that the filtration constant of the frog’s mesenteric capillary is more
than 10o0-fold that of the mammalian erythrocyte and more than 3000-fold that of the
unfertilized Arbacia egg as shown in table 1. The filtration constant of muscle capil-
laries is not, however, so very much greater than that of the mammalian erythrocyte,
although it is from 10- to 100-fold greater than the filtration constantsof the nucleated
cells listed in table 1. In section 44 evidence will be cited showing that urea diffuses
into mammalian red cells very nearly as rapidly as through the walls of muscle
capillaries (per unit surface area and concentration difference). From the point of
view of mechanics, however, such comparisons have little quantitative significance.
Neither the filtration nor the diffusion data take into account the thickness of the
membranes, nor the fractional surface area which may be involved in the flow or
diffusion process. It is possible also that in small-pored cell membranes the flow
occurs in part by net diffusion and is therefore not directly comparable with flow
through capillary membranes as shown in figure 1. However, all of these factors would
operate in a direction tending to emphasize the important qualitative conclusion that
cell membranes offer more resistance to flow of fluid than do capillary membranes.

E. Comparison With Collodion Membranes. The characteristics of flow through
collodion membranes have already been discussed in detail in section 1, ParT I. In
table 1 the Darcy coefficients of selected collodion membranes are listed for com-
parison with capillary membranes. A nominal value of 0.3 p has been assumed for
the path length through the capillary membranes, this value being approximately
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that of the thickness of capillary endothelium in regions which do not include nuclei.
It is possible, indeed likely, that flow through capillary membranes occurs in regions
between cells which could provide a shorter path length than that estimated from
microscopic observations. If this is the case, however, the Darcy coefficients of capil-
lary membranes will be even smaller in relation to collodion membranes than indi-
cated in table 1. It is clear from the table that collodion membranes which withold
proteins to about the same degree as capillary membranes offer far less resistance to
flow than do capillary membranes. On the pore theory of capillary permeability,
this behavior could be explained if the fractional pore area available for flow through
capillary membranes were smaller than in collodion membranes in inverse proportion
to their respective Darcy coefficients. For example, in comparing muscle capillaries,
which retain hemoglobin (118), with a collodion membrane of comparable permeabil-
ity to hemoglobin (r, = 40 A, 4,/An= 0.58), we note that the ratio of Darcy co-
efficients is 6 + 11,000 = 0.54 X 1073, leading to a fractional pore area in muscle
capillaries of only 0.54 X 0.58 X 107% or 0.0003. In making this comparison we should
note that the values of Darcy coefficient for the collodion membranes listed in table
1 were actually obtained using membranes in which Ax was 50 u or more. We assume
that the Darcy coefficient will be at least as great in a membrane 0.3 u thick.

On the pore theory of capillary permeability we therefore conclude that the
pores involved in the filtration process occupy only a minute fraction of the total
capillary surface. Further evidence in support of this conclusion comes from measure-
ments of capillary permeability to small lipid-insoluble molecules as described in
section 4 below.

3. Fluid Movemen! in Relation to Temperalure

Flow through artificial porous membranes changes with temperature in inverse
proportion to viscosity as discussed in section 1, PART 1. We have now to consider
the effects of temperature on flow through capillary membranes.

Brown and Landis (15) have studied flow through the walls of single capillaries
in the frog’s mesentery at 24° =+ 2 C. and during local cooling of the tissue to o = 2°C.
In the control series the filtration constant (milliliters per second per square centi-
meter capillary wall per 1 cm. H;O change of capillary pressure) averaged 70 X 1078,
The standard error of the slope of the regression line was 10.5 X 1078 This mean
value is slightly greater than the mean value of 56 X 107 found in the earlier and
more extensive measurements by Landis (85, 86). At the low temperatures the filtra-
tion constant was decreased to 19 X 107 (S.E. & 7.3). The ratios of the control values
to the low temperature value are 3.7 and 2.9, depending upon which series of measure-
ments is taken for the control. These ratios appear to be considerably higher than
the ratio of viscosities (70°/nu4° = 2.0) but this conclusion is not justified on a
statistical basis, owing chiefly to the large scatter among the experimental data ob-
tained at the low temperatures.

The effects of temperature on fluid exchange in the human forearm have been
studied by Landis and Gibbon (91) and by Brown et al. (16). In these studies the
forearm was immersed in water at various temperatures and the filtration coefficient
estimated from the rate of increase of arm volume as a function of venous pressure.
The complicating effects of changes in vascular volume were excluded by means of
the ‘pressure’ plethysmograph. The results showed that the filtration coefficient de-
creases considerably with decrease in temperature but the quantitative interpreta-
tion of the results in relation to viscosity is complicated by several factors. A con-
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siderable temperature gradient may exist between the water bath and the deep
tissues. An approximate estimate of this gradient may be made from the data of
Barcroft and Edholm (1) and of Kreyberg (76). When the filtration coefficient is
plotted as a function of deep tissue temperature there appears to be a reasonably
close correspondence between the rate of change of filtration and the rate of change of
reciprocal viscosity over the range 36° to 20°C. However, at tissue temperatures above
36°C. the filtration coefficient increases more than expected on the basis of the vis-
cosity change and below about 20°C. it decreases less than expected from viscosity
and may actually increase when the temperature of the water bath is changed from
15° to 4° or 5°C. Several possible explanations of these results may be mentioned.
The effects of unit rise of venous pressure on mean capillary pressure (and hence
filtration rate) depend upon the ratio of arteriolar to venular tone (6, 117) and there
are no reasons to suppose that this ratio remains constant during the large altera-
tions of over-all vascular tone which are known to result from changes of temperature
(1). It is possible also that such changes may be accompanied by changes in total
capillary area. Moreover, at the lowest temperatures the capillaries may suffer
damage, particularly in the cutaneous and subcutaneous region where the temper-
ature is lowest. In view of these possibilities it seems unjustified to attach undue sig-
nificance to the relations between filtration coefficient and viscosity in the human
forearm, even in the range of temperatures where these appear to be related.

In the perfused hindleg preparation the relation between the temperature co-
efficients of filtration and viscosity are more clear-cut. In this preparation the tem-
perature of the deep tissues can be varied over a wide range by controlling the
temperature of the arterial blood. The capillary membranes retain their normal im-
permeability to plasma proteins over a temperature range of 8° to 44°C. and, within
this range, measurements similar to those shown in figure 3 can be made reversibly
and without evidence of capillary damage. In 15 hindleg preparations the ratio of the
filtration coefficient measured at 36° &= 2°C. to that measured at 10° = 2°C. averaged
1.68 (S.E. = ==0.08). This value is within 10 per cent of the ratio of viscosities of
water at the two temperatures (m0°/ns¢ = 1.85) and the difference between the
two ratios is not significant (P > .05). These results® are consistent with the view
that filtration and absorption of fluid take place predominantly by viscous flow
through aqueous channels penetrating the capillary walls.

4. Diffusion of Lipid-Insoluble Molecules Through Capillary Walls, Calculations of
Pore Dimensions

Rates of molecular diffusion through cell membranes have been studied exten-
sively, using a wide variety of single cells and molecular species. The diffusion rates
are generally measured in terms of the number of mols of the test molecules which
penetrate 1 cm.? of membrane in 1 second under the influence of a concentration
difference across the membrane of 1 mol/l. This unit of permeability has the dimen-
sions of centimeters X seconds™ and represents the restricted diffusion coefficient
through the membrane surface divided by the membrane thickness. Many of our
concepts of the morphology and physiology of cell membranes are derived from
quantitative studies of this kind.

Until very recently no comparable measurements of capillary permeability to
small molecules were available. From a qualitative point of view it was known that

Not previously published. The experiments were carried out in 194749 by S. L. Eversole,
E. M. Renkin and the author.
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capillary walls in the body as a whole could offer 2 measurable restriction to the dif-
fusion of small lipid-insoluble molecules. Starling (139, 141) showed that the degree
of hemodilution which follows the intravenous injection of hypertonic salt solutions
is related to the size of the molecules injected; he attributed this result to the osmotic
withdrawal of fluid from the extravascular compartments into the circulation during
the (restricted) diffusion of the injected molecules through the capillary walls. On
the basis of similar evidence, Keys (74) noted that urea, glucose and sucrose pene-

TABLE 2. PERMEABILITY OF MUSCLE CAPILLARIES TO LIPID-INSOLUBLE MOLECULES OF GRADED SIZES*

Molecular Dimensionst (cm. X 108) Capillary P “m‘“’o"l)“y

|
é av. values, X 1
K | Mols/sec/mm.
i . i Hg osmotic .
; Radius of equivalent ' oprmdmmiggv 3%;_; ciloilﬁﬁ;cccﬂj /
Moleculss spacies a0d sphere ‘ Dimenségﬂn estimated émm ! ?:gi’o?wprocess imo /1. conc. diff.
2o f determnstion |y dndes o fom. | iz lea g
";fgsf;;' 51:'}?:; : . Observed : Calculatedt
J— . i —— et i
NaCl(8)........... Co1.4 i CI, radius 1.8 i 11.4 i 31
! ! | Na, radius 0.95 ; :
Urea(4)............ 1.6 . ! 8.7 | 23
Glucose (3)........ . 3.6 3.8 . s X 7X 9 ‘ 3.3 9
Sucrose (2).........; 4.4 - 4.4 8 X 11 X 12 : 1.8 i 5
Raffinose (1)....... 1 5.6 5.7 | Axes of equiv. ellips., a = ! 1.4 | 4
: ! 16,b = 10 i ;
Inulin (1).......... | 15.2 | 15.3 ' Axes of equiv. ellips., a = 0.2 I 0.5
: € t 75,b=13 : ‘
Myoglobin§ (2)..... I 19 i : Cylinder, d = 54, h = 8: 0.02 | 0.05
Hemoglobin (4)... .. |' 31 i 35 : Clyinder,d = 54, h = 32| —o0 i —o

Some of the permeability data recorded in this table have been published previously in
slightly different form (118). I am indebted to Dr. E. M. Renkin, of the Brookhaven National Lab-

oratories, for further data relating to urea and sucrose and for help in performing experiments with
myoglobin. Most of the NaCl measurements were made in this laboratory in collaboration with

W. B. Kinter.

1 Details concerning the calculation of these dimensions may be found in refs. 8, 9, 23.

$ Calculated on the basis of 7000 cm.? of capillary surface per 100 gm. muscle (Part II, sec-
tion 2, B) and on the assumption that AC = AP X RT. For a discussion of this assumption see

Parr 1, section 4, B.
§ Prof. H. Teorell generously supplied the myoglobin for these measurements.

trated capillary walls at rates which were inversely related to their molecular size.
Kruhgffer (79) showed clearly that inulin leaves the circulation more slowly than
sucrose, the respective rates being approximately proportional to the aqueous diffu-
sion coefficients of the test molecules.

Quantitative methods for studying capillary permeability to lipid-insoluble mole-
cules in perfused hindlegs have recently been developed in this laboratory (118).
The transcapillary diffusion rates of NaCl, urea, glucose, sucrose, raffinose, inulin,
myoglobin and hemoglobin have been measured in terms of the number of mols of
each substance which penetrated the capillary walls in 100 gm. of tissue in 1 second
under the influence of unit pressure difference for diffusion through the capillary
walls. The results are summarized in table 2 together with recent estimates of the
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dimensions of the test molecules. The following resumé of the methods employed
to obtain the permeability data shown in table 2 is included as an aid to their inter-
pretation by readers who are unfamiliar with the original paper.

If an inert lipid-insoluble molecular species such as sucrose is suddenly added to arterial blood
supplying a tissue, there results an osmotic disturbance consisting of two related processes, a) the
added molecules tend to diffuse from the plasma, through the capillary membranes, to the extra-
vascular fluid, and b) the concentration gradient of added molecules across the capillary membranes
results in osmotic withdrawal of fluid from the interstitial compartment into the capillary blood.
Both processes continue until the concentration difference across the capillary walls approaches
zero as a result of loss of molecules from blood to extravascular fluid and dilution of the blood by the
absorbed interstitial fluid. In the isolated perfused hindleg preparation the osmotic withdrawal of
fluid throughout such an osmotic transient may be prevented by continually adjusting the mean
hydrostatic pressure in the capillaries by known amounts just sufficient to maintain the leg at con-
stant weight. Under these conditions the increment of mean capillary pressure, over and above the
pre-existing isogravimetric pressure, is a measure of the partial osmotic pressure (or diffusion pres-
sure) exerted by the added molecules across the capillary membranes. The diffusion pressure meas-
ured in this way reaches a maximum shortly after addition of the test molecules to arterial blood;
it then declines exponentially with time, the isogravimetric capillary pressure eventually returning
to a value close to the stable osmotic pressure of the plasma proteins. All other factors being constant,
the magnitude of the osmotic transient depends upon the size and concentration of the added mole-
cules; the time constant of the osmotic transient is inversely related to the diffusion coefficient of
the test molecular species. The net rate of diffusion of the test molecules through the capillary walls
can be determined at any time during the osmotic transient from the product of the blood flow
and arteriovenous concentration difference. In practice the flow is maintained constant and arterio-
venous differences are determined from analyses of samples taken at intervals throughout the tran-
sient.

It is therefore possible to obtain a measure of the two variable factors in Fick’s Law, namely
the net rate of diffusion and the mean pressure difference for diffusion through the membranes. The
remaining factors, which are constant, include the (restricted) diffusion coefficient of the test molec-
ular species and the cross-sectional pore area divided by the path length for diffusion through the
membranes (4,/Ax). Experimentally, it was found that the ratio of net diffusion rate to diffusion
pressure remained constant throughout the diffusion process. Factors such as the rate of blood flow
or final distribution volume, which may affect the time course of the transient, do not appear to
affect this ratio which is presumably determined by the restricted diffusion coefficient of the test
molecular species and the geometry of the pore structure in the capillary wall.

A. Magnitude of Permeability. The permeability values shown in table 2 are
in general large compared to similar values found in cell membranes, but they are
small in comparison with collodion membranes of comparable thickness and pore
size. Thus the permeability of most cells to urea is less than one-hundredth of the
value shown in table 2 and permeability to molecules the size of sucrose or larger is
negligible by comparison (33). The single recorded exception is the mammalian red
cell which is almost as permeable to urea (69) as the muscle capillary (18 X 1078

as compared with 23 X 1078 mol/sec/cm.’/ml—ol' at 37°C.). It will be recalled that

the resistance to flow of water offered by the mammalian red cell is also comparable
with that of the muscle capillary. However, direct comparisons between cell mem-
branes and capillary membranes are difficult to interpret from the point of view of
membrane structure for the reasons given above in section 2, D.

B. Area Available for Diffusion of Lipid-Insoluble Molecules Through the
Capillary Wall. In our original paper (118) we assumed that the partial osmotic
pressure exerted by the test molecules across the capillary membranes was directly
related to the mean concentration difference by Van’t Hoff’s Law. On this assump-
tion it was possible to solve the Fick diffusion equation for the restricted pore area
per unit path length (4/Ax), available for the free diffusion of the test molecules
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through the capillary membranes. Thus the net rate of diffusion was determined
experimentally from the product of blood flow and arteriovenous concentration
difference, Qs(ca — cv), and the mean concentration difference was calculated from
the Van’t Hoff relation, Ac = RT/AP, where AP was the observed partial osmotic
pressure difference across the membranes. Substitution in Fick’s Law yielded

A’p _ RT QB(CA - Cv)
K; =D X ’———'—-—AP (19)

If the free diffusion coefficient of the test molecular species is used in equation 19,
then the value of 45/Ax is a virtual one representing the area in the capillary walls
which would be needed to allow the observed diffusion rates if diffusion were un-
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restricted. We define this virtual area as the restricted pore area; if equation 19 is
correct, then 4;, = (D’/D) A, where D’/D is the ratio of the restricted to the free
diffusion coefficient, and 4, is the true pore area. If there is no restriction to diffusion,
then 4;, = A, as found by Manegold (101) for collodion membranes in which the
pore radii were very much larger than the radii of the diffusing molecules (see PART
I, section 3, A). Valuesof restricted pore area per unit pathlength for various molecular
species diffusing through the capillary walls in perfused hindlegs are shown in figure
4. In 8 hindlegs the mean value for NaCl was 1.03 X 10® cm. (S.D. %0.3 X 10%) and
the values for the other test molecules decreased progressively with molecular size
as would be expected of restricted diffusion. Since the path length through the capil-
lary wall is not likely to be more than 1 g, the cross-sectional pore areas required to
explain the observed rates of diffusion are extremely small. Thus for NaCl the area
is less than 1.03 X 10® X 107 or about 10 cm.? Extrapolation of the results to the
molecular radius of water yields a value of 12 cm.? These values may be compared
with the value of 7000 cm.? estimated for the histological surface area of the capil-
laries in 100 gm. of muscle (PART II, section 2, B). In terms of the fractional area of



410 JOHN R. PAPPENHEIMER Volume 33

the capillary wall available for the diffusion of a molecule the size of water, we have
13 = 7000 or less than o.2 per cent. On the pore theory of capillary exchange we
therefore conclude that only a minute fraction of the capillary wall is involved in
the exchange of water and lipid-insoluble molecules, a conclusion which was already
indicated on the basis of the flow data reviewed in Parr 11, section 2, E.

The above values for diffusion areas are derived on the assumption that the
mean concentration difference for diffusion may be calculated from osmotic pressure
data by Van’t Hoff’s Law. Staverman (143) and Ussing (149, 150) have recently
pointed out that the full Van’t Hoff pressure may not be attained under conditions
where the restriction to diffusion of solute molecules is not complete. Under these
conditions it is more likely that the observed osmotic pressure is a function of the
restricted diffusion coefficient of the solute relative to that of the solvent. For aqueous
solutions Van’t Hoff’s Law would then be modified to the form

DI
a7 = AT (1 - 37) (20)
where D’ is the restricted diffusion coefficient of the test solute molecules and D
is the restricted diffusion coefficient of the solvent (water). Equalion 20 suggests that
the osmotic transient will become zero if the solute molecules are comparable in size
and diffusion coefficient with the solvent molecules. Indeed, if the membrane is more
permeable to the solute than to the solvent the osmotic transient should be negative.
Shuler e al. (135) have observed a negative osmotic transient of this type for the
case of urea diffusing through collodion membranes with glycerol as the solvent.
The full Van’t Hoff pressure would be expected only when D’ = o as in a truly semi-
permeable membrane.

It will be evident from these considerations, that the mean concentration dif-
ference for diffusion will be greater than that calculated (on the basis of Van’t Hoff’s
Law) for insertion into equalion 19. The discrepancy will be greatest for small mole-
cules and will tend to make our original estimates of diffusion areas (shown in fig. 4)
too kigh. It seems unlikely, however, that the corrections will be large; on the basis
of equation 20 our original estimates should be multiplied by the factor (1 — D’/Dv)
and this factor lies between o.5 and 1.0 for the case of the molecular species shown
in figure 4. A more accurate appraisal of the magnitude of the correction must await
further study of the basic physical laws relating restricted diffusion to the osmotic
pressures developed across porous membranes.

C. Estimation of Effective Pore Radius. The effective pore radius of artificial
membranes was defined in terms of the hydraulic conductivity (Darcy coefficient,
Ky) and the fractional pore area, 4,/Am, (eq. 3). Evidence was reviewed that the
radius so calculated is in approximate agreement with the radius determined by the
surface tension method, from the dimensions of molecules which just fail to penetrate
the membrane and from electron micrographs of membrane surfaces. Similar reason-
ing may be employed to estimate the effective pore radii in capillary walls from data
of the type illustrated in figures 3B and 4. Thus equation 2 may be rearranged as

follows:
- ‘ / & Q (21)
r = O X 21
Ap/Ax x AP

The value of Qi/AP is determined directly from the slope of the line shown in figure
3B. The average value in 81 hindleg preparations was o.011/ml/min/mm. Hg/100



July 1953 CAPILLARY PERMEABILITY 411

gm. tissue or 2.0 X 1077 ml/sec/dyne/cm.?/100 gm. muscle. The value of 4,/Ax is
determined from the data of figure 4; for a molecule the size of water (r = 1 A)
its value is estimated to be 1.2 X 10® cm. in 100 gm. of muscle, although this value
must be regarded as a high estimate for the reasons suggested by Ussing (section k
B). Substitution of these values in equation 21 yields an effective pore radius of 31
or an equivalent slit width of 37 A (eg. 5). If our estimate of 4;/Axz is too large by a
factor of 2 assuggested above, then the effective pore radius will be 44 A. Until more
is known of the relations between restricted diffusion and osmotic pressure we must
consider that effective pore radii in the range of 30 to 45 A& would adequately explain
the data. The number of such pores per square centimeter of membrane surface
(A.) is defined by n = A,/Anxr* = (A,/Ax)(Ax/Amwr?). Assuming a path length,
Ax, of 0.3 4 and a total membrane surface of 7000 cm.?/100 gm. muscle, this value
becomes 1-2 X 10° pores/cm.? Perhaps the most significant aspect of this estimate
of pore size lies in its relation to the observed permeabilities to large molecules.
Hemoglobin and serum albumin, which have Einstein-Stokes diffusion radii (Res) of
31 A and 32 A, respectively, are almost completely retained by the capillaries in per-
fused muscle,$ whereas inulin (Res = 15 A) and myoglobin (Res = 20 A) penetrate
the capillary walls at readily detectable rates (fig. 4). It is therefore evident that
pore dimensions calculated from hydrodynamic flow and aqueous diffusion of small
lipid-insoluble molecules correspond closely with pore dimensions estimated from
the size of molecules which just fail to penetrate the membranes. This correspond-
ence provides further evidence in support of the hypothesis that hydrodynamic
flow and diffusion take place through aqueous channels penetrating the capillary
walls.

D. Possible Distribution of Pore Sizes. It might be supposed that the restricted
diffusion areas shown in figure 4 could be explained in terms of a distribution of pore
sizes rather than in terms of restricted diffusion through pores of uniform size. Thus
the restricted pore area for the diffusion of sucrose is only half that for NaCl and this
might be explained by supposing that half the total cross-sectional pore area was
made up of pores with effective pore radii less than that of the sucrose molecule (i.e.
less than 4.4 A). If this were the case, however, all of the remaining pores would have
to be greater than 40 A in radius in order to explain the observed filtration coefficient
and this would not be consistent with the observed permeability to raffinose, inulin
or myoglobin. On the other hand, the experimental observations of Manegold
(ro1), Friedman and Kraemer (54) and Westgren (158), and the theoretical papers
of Ladenburg (81) and Faxén (45) suggest that diffusion through uniform channels
becomes progressively restricted as the dimensions of the diffusing particles approach
the dimensions of the channel. The theoretical considerations summarized by egqua-
tion 12 and the few data supplied by Manegold (1o1) indicate that the restriction
is sufficiently large to explain the results of figure 4 in terms of an isoporous struc-
ture.

5. Relative Rates of Transport of Solutes by Net Diffusion and by Filtration or Absorp-
tion Through Capillary Walls. Significance for Molecular Sieving

Two different hypotheses have been advanced to explain net transport of solutes
through porous channels in the capillary wall. One hypothesis supposes that the

¢In terms of the mechanisms of permeability considered here the small amount of protein in
capillary filtrate from extremities is negligible, although it may be extremely important in explain-
ing the high protein content of lymph and the slow extravascular circulation of the plasma protein
(34, 155, 156).
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noncolloidal constituents of the plasma are brought to the interstitial fluid by a
process of ‘bulk’ flow during filtration through the capillary walls; the rate of trans-
port by this mechanism would then be determined by the rate of flow of filtrate and
not by the individual diffusion coefficients of the various solutes (eg. r3). This hy-
pothesis has been supported by Danielli and Davson (29) and by Danielli and Stock
(30) on the basis of their observation that maltose and galactose enter interstitial
fluid at about the same rate in spite of a twofold difference in molecular size. A simi-
lar explanation is generally offered in connection with glomerular filtration to ac-
count for the fact that the concentrations of small molecules in glomerular filtrate
are approximately the same as in plasma.

More recent work by Kruhgffer (78, 79) and others (25, 50, 118) has shown clearly
that the rates at which lipid-insoluble molecules are brought to the interstitial fluid
may depend very greatly on molecular size. Kruhgffer concluded that diffusion is
the dominant mechanism concerned and pointed out the interesting example of
p-aminohippuric acid and related substances which pass rapidly out of the peri-
tubular capillaries of the kidney, in the direction opposite to a high rate of ‘bulk’
flow (peritubular capillary absorption). A similar argument in favor of the diffusion
hypothesis has recently been advanced by Hyman ef al. (67) who have shown that
the rates of clearance of Na* and I'**! from human skin are not appreciably affected
by concurrent edema formation.

In the perfused hindleg it is easy to demonstrate that the rates of transcapillary
transport of small molecules added to arterial blood are not significantly affected
by large changes in the rate of net filtration or absorption induced by changes of
arterial or venous pressures. Substitution of the appropriate values of 4,/Ax (fig.
4) into equation 18 suggests that during extremely rapid filtration (0.007 ml/sec/
100 gm. tissue caused by a net pressure difference of 50 cm. HzO across the capillary
wall) the initial rates of passage of NaCl, glucose, raffinose, inulin and myoglobin
would be, respectively, 400, 180, 120, 40 and 30 times their rates of passage by bulk
flow. In steady state conditions of net filtration at this rate, the concentration ratios
calculated from equation 17 are, respectively, 0.99*, 0.99, 0.98, 0.87 and 0.34. At
lower, more normal rate of filtration, the relative importance of diffusion would be
even greater and the concentration ratios closer to 1.0. On the basis of the theory
of restricted diffusion, we would therefore predict that molecular sieving of lipid-
insoluble molecules the size of raffinose or smaller would not be detectable (C,/C, >
0.98) even during rapid net filtration. However, molecular sieving of molecules the
size of inulin or larger should be readily demonstrable in the capillaries of the per-
fused hindleg (c,/c; = 0.87). This prediction has been verified in the case of inulin
which has been shown to be present in the capillary filtrate in only 70 to 8o per cent
of its concentration in plasma during rapid net filtration through the capillaries of
the perfused hindleg (118). In the case of still larger molecules, including the plasma
proteins, the restriction to diffusion becomes sufficiently great to allow a high de-
gree of molecular sieving even at normal filtration rates. Wasserman and Mayerson
(156) have shown that serum albumin leaves the circulation about 1.6 times more
rapidly than serum globulins. This ratio may be compared with the ratio of the dif-
fusion coefficients of the two molecular species (D albumin + D globulin = 1.3,
ref. 23). At abnormally low filtration rates, however, even protein molecules may be
expected to approach diffusion equilibrium with the ultrafiltrate. It has been ob-
served that lymph (160) or capillary filtrate (92) obtained during rapid net filtra-
tion produced by venous congestion contains only small concentrations of protein
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(0.3 & 0.1%), whereas lymph obtained during low rates of net filtration contains
comparatively high concentrations (2-4 %) of protein (34, 60). These observations
have previously been explained on a spatial basis, it being supposed that in regions
of the capillary where net filtration occurs, the concentration of protein is relatively
small, but this filtrate is subsequently concentrated with respect to protein in regions
of the interstitial fluid where absorption of fluid into the capillary occurs (35, 89).
Both mechanisms may, of course, be operative.

Although data comparable to those shown in figure 4 have not yet been obtained
for glomerular capillaries, it seems possible that in this case also diffusion as well as
filtration may be an important mechanism involved in the passage of solutes. The
large filtration coefficient of the glomerular membranes (table 1) and their relative
permeability to myoglobin (164), egg albumin (5, 13) and hemoglobin (84, 98, 108)
indicate that the effective pore radii and the (restricted) pore areas per unit path
length are larger than in peripheral capillaries. The permeability of the glomerular
membranes to molecules of graded sizes is usually interpreted in terms of a distribu-
tion of pore sizes. Thus Bott and Richards (13) in summarizing their work on glomer-
ular permeability to proteins suggested that “In the light of present knowledge of
the size of protein molecules it appears that most of the mesh surface of the glomeru-
lar membranes is coarse enough to permit the passage of particles about 20 A in
diameter and that only one-half of it allows particles of about so A to go through.”
The evidence relating to restricted diffusion would make it more probable that the
effective pore size of the glomerular membranes is closer to 100 A in diameter and
that the observed permeability to molecules of graded sizes is a result of restricted
diffusion during ultrafiltration through these relatively large channels. If glomerular
filtration is momentarily reduced, as a result of transient vasoconstriction or other
interference with the blood supply, large concentrations of protein may subse-
quently appear in the urine (71, 142, 159). This observation is usually explained in
terms of an increase in capillary permeability brought about by anoxia (137, 159),
but it could equally well be accounted for by the theory of molecular sieving sum-
marized by equation 17 and figure 2. Lambert ef al. (84) have recently shown that
the renal glomerular clearance of hemoglobin relative to that of creatinine (in the dog)
increases greatly when the filtration rate is reduced. The results suggest that the
concentration of hemoglobin in glomerular filtrate relative to that in plasma in-
creases from about 0.03 at normal filtration rates to about o.r when the filtration
rate is reduced to 50 per cent of its control value during the infusion of adrenaline.
This observation would be difficult to interpret on the basis of a distribution of pore
sizes but is readily explicable by the theory of molecular sieving shown in figure 2.

6. Exchange Rates Through Capillary Membranes

A. Filtration and Absorption. Under normal conditions the volume of a given
tissue remains relatively constant; filtration of fluid in regions where hydrostatic
forces within the capillary exceed osmotic forces operating across the membrane is
almost counterbalanced by absorption in regions where osmotic forces exceed hydro-
static forces. A slight tendency for filtration to exceed absorption is ordinarily
accounted for by drainage through the lymphatics. The direct measurements of
capillary pressure made by Landis (87, 88) allow an estimate to be made of the mag-
nitude of filtration and absorption under normal conditions involving little or no net
flow. In the mammalian circulation the pressure at the arteriolar end of the capil-
lary is ordinarily less than 6o cm. H,O and that at the venular end must be greater
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than zero. Since the effective osmotic pressure of the proteins is approximately 30
cm. H,O the average pressure gradient across the capillaries available for filtration
or for absorption is something less than 15 cm. H,O. This pressure difference, operat-
ing over one-half the total capillary area, would produce a flow of 0.0o1r ml/sec/100
gm. tissue in the perfused cat hindleg and only o.0005 ml/sec. (or 40 ml/24 hr.) in
100 ml. of the human forearm (see PART II, section 2, A, for filtration coefficient).
It will be evident, from these estimates, that the transport of substances to and
from these tissues would be an extremely slow process if the mechanism of transport
were limited to bulk flow through the filtering and absorbing regions of the capil-
laries.

B. Exchange by Diffusion. Diffusion of water and small molecules in both
directions through the capillary wall may be expected to occur at rates which are
prodigious in comparison to their rates of transport by filtration and absorption.
The pore area per unit path length available for the diffusion of water through the
capillary walls in 100 gm. of muscle is about 1.2 X 10° cm. (fig. 4). The concentra-
tion (activity) of water available for diffusion in either direction is about §5 molar
(0.99 gm/ml.) and the diffusion coefficient of H;0* in water at 37°C. is 4.0 X 1078
cm.?/sec. (154). Substitution of these values in Fick’s diffusion equation leads to a
calculated diffusion rate of 5 gm/sec. Since the total volume of plasma in the capil-
laries of 100 gm. of tissue is only about 1 ml. (ParT II, section 2, B), this suggests

" that plasma water exchanges five times per second or 300 times per minute with the
interstitial fluid water immediately surrounding the capillaries. Similar calculations
for NaCl, urea and glucose yield exchange rates of 120, 100 and 40 times the plasma
content of these substances per minute, respectively. An alternative method of ex-
pressing the results is in terms of the ratio of exchange rate to plasma flow. The
latter is generally in the range 2 to 4 ml/min/100 gm. tissue. Taking 3 ml/min. as
an average, we would estimate that the diffusion of water, NaCl, urea and glucose
back and forth through the capillary wall occurs at rates which are, respectively,
80, 40, 30 and 10 times the rate at which these substances are brought to the capil-
lary by the incoming blood plasma. These high rates of exchange by diffusion occur
despite an extremely small pore area for the diffusion process; the structural feature
of the capillary wall which makes this exchange possible is the short path length
for the diffusion process. The net rates of diffusion of these solutes will, of course,
depend upon mean concentration differences operative across the membrane; under
physiological conditions such differences may be maintained by the metabolic activ-
ities of the surrounding tissues.

The above estimates of capillary exchange rates are very much higher than
previous estimates based on ‘arterial disappearance rates’ of isotopic trace substances
injected into the circulation (19, 26, 50, 51, 56, 106, 109, 134, 153). Thus the trans-
capillary exchange rates of sodium or chloride in the guinea pig (26, 106), the rabbit
(109) and in man (19) have previously been estimated to be of the order of 0.6 times
the plasma water per minute instead of 120 times per minute as estimated above. A
reason for this discrepancy may be found in the assumptions used to calculate ex-
change rates from arterial disappearance curves. For these calculations it has been
assumed that the concentration of tracer substances in arterial plasma is represent-
ative of its mean concentration within the capillary. It is now known, however,
that the concentration of the test molecules at the venous end of the capillary cir-
culation may be very much less than that at the arterial end, the difference being
large during the initial phase of the diffusion process and decreasing with time as
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diffusion equilibrium is approached (39, 46, 72, 118, 131). The true concentration
gradients for diffusion are therefore less than those estimated on the basis of arterial
concentration, thus leading to estimates of exchange rates which are too low. In
the case of small, rapidly diffusing molecules such as D;O, NaCl or urea, this error
leads to estimates of transcapillary exchange rates which are of the order of 1c0-
fold too low. Indeed, the rates of disappearance of these molecules from the blood
may be limited by the rate of blood flow rather than by restriction to diffusion
through the capillary walls. Johnson et al. (72) have shown that the rate of distribu-
tion of D50 in cardiac and skeletal muscle is blood flow limited over a wide range of
flows. In this laboratory we have noted that the distribution rates of urea and NaCl
in skeletal muscle become limited by flow (rather than by capillary permeability)
when the plasma flow is reduced below about 6 ml/min/100 gm. muscle.

The mathematical relationships between arterial or venous concentrations and
capillary exchange rates appear to be extremely complex. Among the variables
which need be considered are the blood flow, the geometrical structure of the dis-
tribution volume in relation to the capillary and the apparent diffusion coefficient(s)
of the diffusing molecules in their distribution volume(s). For lipid-soluble molecules
such as the respiratory or anesthetic gases, the problem has often been treated as
one of cylindrical diffusion (62, 63, 77, 110, 128, 132). In this case the diffusion path
through the surrounding tissues is long compared to the radius of the capillary and
a single apparent diffusion coefficient is employed. The mathematical treatment
of cylindrical diffusion along a capillary with variable concentration gradient along
its length is difficult but by no means insoluble. This treatment would not apply,
however, to the case of lipid-insoluble molecules such as NaCl, urea, glucose etc.,
which penetrate the surrounding cells slowly if at all. In the case of muscle, which
comprises almost half the body weight, the radial path length for diffusion of these
molecules in the interstitial fluid is extremely small and the whole diffusion problem
may be complicated by reflection from the surface of the muscle cells and by linear
diffusion in the plane of the muscle fibers. Some of the complexities of the capillary
exchange considered in terms of tissue structure are illustrated in recent analyses
by Harris and Burn (59) and by Schmidt (132).

7. Passage of Lipid-Soluble Molecules Through Capillary Walls

Calculations based on Fick’s Law have indicated that the small area in the capil-
lary wall available for the passage of water and lipid-insoluble molecules would be
insufficient to account for the observed rates of diffusion of oxygen and carbon diox-
ide through the capillary walls of the perfused hindleg (118). Similar calculations,
based on the diffusing capacity of the lungs, indicate that at least one-half of the
histological area of the lung capillaries would be required to explain the observed
respiratory exchange rate on the basis of aqueous diffusion (127). The respiratory
gases have relatively high partition coefficients between oil and water (93) and with
this fact in mind, Renkin (123, 124) investigated the relations between lipid solubil-
ity and capillary permeability in the perfused hindleg. Lipid-soluble substances
such as urethane (M.W. 8¢), paraldehyde (M.W. 132) and triacetin (M.W. 218)
traversed the capillary walls so rapidly that no osmotic transients were detectable.
Glycerol and glycerol derivatives were shown to pass through the capillary walls
at high rates which varied in order of their lipid :water partition coefficients but in
the order opposite to that expected on the basis of their aqueous diffusion coeffi-
cients. The temperature coefficients of capillary permeability to antipyrine and
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antipyrine derivatives were found to be related to the temperature coefficients of
their lipid solubilities rather than to their aqueous diffusion coefficients.

These results indicate that lipid-soluble molecules can diffuse through regions in
the capillary wall which are relatively impermeable to lipid-insoluble molecules.
The permeability characteristics of this additional pathway are similar to those of
cell membranes in general. It seems reasonable, therefore, to identify the diffusion
pathway for lipid-soluble molecules with the plasma membranes of the capillary
endothelial cells themselves, as opposed to the system of water-filled pores pene-
trating through or between these cells, which is capable of accounting for the pas-
sage of water and lipid-insoluble molecules.

CONCLUSION

“We have no right to deny the entrance of air into the blood because, on account of the blunt-
ness of our senses we cannot actually see the vessels by which it makes its entrance. . . . For in order
that the aereal particles should mix with the mass of blood in a state of fine division and in a most
intimate manner, it is necessary that they should enter the blood through channels or rather orifices,
almost infinite in number, distributed here and there over the whole mass of the lungs.” John Mayow,

De Respiratione, 1668.

Our scientific senses have sharpened considerably since these words were writ-
ten. Yet, we must admit, in this year 1953, that no means are available to visualize
the channels (‘infinite in number’) which subserve the ultimate function of the cir-
culatory system in the transport of materials to and from the cells.

In this review I have attempted to combine the facts of capillary permeability
with theory and fact from physical chemistry, to form some crude estimate of the
number and dimensions of these pathways, the magnitude of flow through them and
the physical mechanisms which regulate the flow. The picture which has emerged
may be summarized as follows, choosing the capillary bed in mammalian extremities
as a quantitative example.

The passage of water and lipid-insoluble molecules takes place through aquegus
channels or pores penetrating the capillary wall. The total cross-sectional area of
the pores comprises less than o.2 per cent of the histological surface of the capillaries
and may well be limited to areas between endothelial cells as suggested by Chambers
and Zweifach (20).

Uniform cylindrical pores of radius 30 to 45 A and a population density of 1-2 X
10° per cm.? of capillary wall would account for the observed rates of passage of
water and lipid-insoluble molecules of various sizes. However, there are no reasons
for supposing that the channels are actually cylindrical and we may regard this value
of ‘effective’ pore radius as analogous to the Einstein-Stokes molecular radius which,
by itself, tells nothing of the actual shape of the molecule. Net volume flow of fluid
through these channels takes place by hydrodynamic processes. Under normal cir-
cumstances the transport of materials by hydrodynamic flow (filtration and absorp-
tion) is extremely slow, the rate of fluid movement being something less than 2 per
cent of the plasma flow. Diffusion, rather than hydrodynamic flow, constitutes the
chief process whereby small molecules can exchange rapidly between blood plasma
and interstitial fluid. The diffusion of water, NaCl, urea and glucose in both direc-
tions through the capillary wall occurs at rates estimated to be, respectively, 8o, 40,
30 and 10 times the rates at which these substances are brought to the tissues by
the incoming blood. These high rates of exchange occur in spite of the small pore
area, the chief structural factor concerned being the short path length for diffusion
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through the capillary wall. Although the diffusion rates of these small molecules
may be rapid, they are nevertheless considerably less rapid than can be accounted
for on the basis of free diffusion. The concept of restricted diffusion is developed to
take account of this fact, to explain the progressive decrease in apparent pore area
as a function of molecular size (fig. 4) and to explain molecular sieving during ultra-
filtration. According to this concept the effective pore size in the capillary wall is
sufficiently great to allow even large plasma protein molecules to penetrate through
the pores. The degree of molecular sieving of any given solute depends upon the
ratio of its restricted diffusion coefficient to the rate of volume flow through the capil-
lary wall (filtration rate). For small molecules the restriction to diffusion is small,
relative to physiological rates of filtration, and no appreciable concentration gra-
dients are maintained across the capillary membranes. Theoretically, however,
molecules as small as urea or NaCl would be sieved if the filtration rates were made
sufficiently large (fig. 2). For large lipid-insoluble molecules the restriction to dif-
fusion becomes so great that the degree of molecular sieving is determined largely by
the rate of filtration. Thus molecular sieving of inulin through the capillary walls in
muscle is readily demonstrable at high rates of filtration produced by venous con-
gestion (118). In the case of still larger molecules, including the plasma proteins, the
restriction to diffusion is sufficient to allow a high degree of molecular sieving at
normal rates of filtration. However, at abnormally low rates of filtration even pro-
tein molecules may be expected to approach diffusion equilibrium with the ultra-
filtrate.

Finally, we conceive that most or all of the capillary endothelial surface is avail-
able for the passage of oxygen, carbon dioxide and other molecules which are soluble
in lipids as well as in water. The rates of transcapillary diffusion of these molecules
are correlated with their oil-water partition coefficients and are many times greater
per unit concentration difference than the transcapillary diffusion rates of lipid-
insoluble molecules of comparable size. This type of permeability is characteristic
of cell membranes in general and leads to the hypothesis that lipid-soluble molecules
can penetrate the plasma membranes of the capillary endothelial cells.

The information which forms the basis of this picture of the capillary exchange
is indeed limited. Measurements of capillary permeability, in terms of volume flow
or diffusion rates per unit driving force operating across known capillary areas, have
been made in only three types of capillaries. The large quantitative differences
which characterize each of these three types may be considered as a warning not to
generalize from our present data. Further information from the field of membrane
physical chemistry is also needed to clarify our present concepts, particularly in
relation to restricted diffusion. The theoretical considerations and experimental
evidence reviewed above suggest that restricted diffusion plays a major role in deter-
mining the rates of transcapillary exchange and the degree of molecular sieving dur-
ing ultrafiltration.

REFERENCES

1. BARCROFT, H. AND O. G. EproLum. The effect of temperature on blood flow and deep tempera-
ture in the human forearm. J. Physiol. 102: 5-20, 1943.

2. BARR, G. A Monograph on Viscomelry. London: 1931.

. BARRER, R. M. Diffusion in and Through Solids. London: Cambridge Univ. Press, 1951.

- BAUER, J. H. anp T. P. HucHEs. The preparation of graded collodion membranes of Elford

and their use in the study of filterable viruses. J. Gen. Physiol. 18: 143-162, 1934.

s. Baywuss, L. E., P. M. T. KErriDGE AND D. S. RusseLL. The excretion of protein by the mam-

malian kidney. J. Physiol. 77: 386-398, 1933.

& »



418 JOHN R. PAPPENHEIMER Volume 33

6. BayLiss, W. M. anp E. H. STARLING. Observations on venous pressures and their relation-
ship to capillary pressures. J. Physiol. 16: 159202, 1894.

7. BEcmnoLp, H. Durchlissigkeit von Ultrafiltern. Zischr. f. physik. Chem. 64: 328-342, 1908.

8. BEEVERS, C. A. AND W. CocurAN. The crystal structure of sucrose sodium bromide dihydrate.
Proc. Roy. Soc. A 19o: 257-272, 1947.

o. BEEVERS, C. A. anp R. T. McDonarp. The crystal structure of a-p-glucose. Acta Cryst. 3:
394-395, 1950.

10. BiceLow, S. L. The permeabilities of collodion, Gold Beater’s skin, parchment paper and por-
celain membranes. J. Am. Chem. Soc. 29: 1675-1692, 1907.

11. BjerruM, N. anp E. ManEGoLD. Der Zusammenhangen zwischen Membranstruktur und
Wasserdurchlissigkeit. Kolloid Ztschr. 43: 5-14, 1927.

12. BjerruM, N. anp E. Manecorp. Uber Kollodium-Membranen. Darstellung gleichmissiger
Membranen und ihre Charakterisierung. Kolloid Ztschr. 42: 97-112, 1927.

13. Bort, P. A. anp A. N. Ricuaros. The passage of protein molecules through the glomerular
membranes. J. Biol. Chem. 141: 291-310, 1041.

14. BoussiNEsQ, J. Considerations théoriques sur la filtration des liquides par le sable, ou par
d’autres milieux poreux analogues, et sur 'analogie des courants électriques avec ceux de filtra-
tion. Compt. rend. Acad. Sc. 159: 349-354, 1914.

15. Brown, E. anp E. M. Lanpis. Effect of local cooling on fluid movement, effective osmotic
pressure and capillary permeability in the frog’s mesentery. Am. J. Physiol. 149: 302-315, 1947.

16. Brown, E., C. S. Wise anp E. O. WHEELER. The effect of local cooling on the filtration and
absorption of fluid in the human forearm. J. Clin. Investigation 26: 1031-1042, 1947.

17. BrUES, A. M. aAnND C. M. MasTERs. The permeability of normal and malignant cells to water.
Am. J. Cancer 28: 324-333, 1936.

18. BUGHER, J. C. Characteristics of collodion membranes for ultrafiltration. J. Gen. Physiol. 36:
431-448, 1053.

19. BurcH, G., P. REASER AND J. CRONVICH. Rates of sodium turnover in normal subjects and in
patients with congestive heart failure. J. Lab. & Clin. Med. 32: 1169-1191, 1947.

20. CHAMBERS, R. AND B. W. ZwEerracH. Intercellular cement and capillary permeability. Physiol.
Rev. 27: 436-463, 1947.

21. CHINARD, F. P. Possible mechanisms of formation of glomerular fluid. Renal Function, edited
by S. E. Bradley. New York: Tr. Third Conference. Josiah Macy, Jr., 1952, pp. 40-50.

22. CuNarp, F. P. Rate of formation of glomerular fluid. Am. J. Physiol. 171: 578-586, 1953.

23. ConN, E. J. aNp J. T. EpsALL. Proleins, Amino Acids and Peptides. New York: Reinhold, 1943.

24. CoLLANDER, R. Uber die Durchlissigkeit der Kupferferrozyanidniederschlagmembran fiir
Nichtelektrolyte. Kolloid-Beikefte 19: 72-106, 1924.

25. CoTLOVE, E. Inulin and chloride space in muscle. Federalion Proc. 11: 28, 1952.

26. CowrE, D. B., L. B. FLEXNER AND W. S. WiLDE. Capillary permeability: rate of transcapillary
exchange of chloride in the guinea pig as determined with radiochloride. Am. J. Physiol. 158:
231~236, 1949.

27. DantELLL J. F. Capillary permeability and oedema in the perfused frog. J. Physiol. 98: 109~
129, 1940.

28. DANIELL, J. F. A method for estimating the fraction of the volume of a muscle contained in
the vascular system. J. Physiol. 100: 239-245, 1941.

29. DanigLL, J. F. anp H. DavsoN. The volume of the vascular system, and penetration of sugars
from the vascular system into the intercellular space. J. Physiol. 100: 246255, 1941.

30. DANTELLI, J. F. AND A. Stock. The structure and permeability of blood capillaries. Biol. Rev.
19: 81-94, 1944.

31. Darcy, H. Les Fontaines Publique de la Ville de Dijon. Cited by Wyckorr, R. D., H. G.
BorseT, M. MuskaT AND D. W. REED. Rev. Scient. Instruments 4: 394-405, 1933.

32. DAvVsON, H. A Textbook of General Physiology. Philadelphia: 1952, pp. 176, 184, 196.

33. DavsoN, H. anD J. F. DaNieLLL. The Permeability. of Natural Membranes. London: Cambridge
Univ. Press, 1943.

34. DRINKER, C. K. aND J. M. YorrEY. Lymphatics, Lymph, and Lymphoid Tissue. Cambridge,
Mass.: Harvard, 1941.

35. DRINKER, C. K. aND M. E. FiELD. The protein content of mammalian lymph and the relation
of lymph to tissue fluid. Am. J. Physiol. 97: 32-39, 1931.

36. DucLAUX, J. aND J. ERRERA. Der Mechanismus der Ultrafiltration. Kolloid Zischr. 38: 54-57,
1926.



July 1953 CAPILLARY PERMEABILITY 419

37.
38.
39
40.
41.
42.
43.
44.

45.

46.
47.
48.
49.
s0.

sI.

52.
53.
54-
§5s-
s6.
57.
58.
59-
6o.
61.
62..
63.

64.
65.

Ducraux, J. AND J. ERRERA. Le mecanisme de l'ultrafiltration. Part I. Rev. gén. des colloides
2: 130-139, 1924.

DucLaux, J. AND J. ERRERA. Le mecanisme de P'ultrafiltration. Part. II. Rev. gén. des colloides
3:97-103, 1925.

Eperman, I. S. Exchange of water between blood and tissues. Am. J. Physiol. 171: 279-296,
1952.

EGGERTH, A. H. The preparation and standardization of collodion membranes. J. Biol. Chem.
48: 203-221, 1921.

Errorp, W. J. Structure in very permeable collodion gel films and its significance in filtration
problems. Proc. Roy. Soc. London s. B 106: 216-228, 1930.

Errorp, W. J. anD J. D. FErry. The calibration of graded collodion membranes. Brit. J. Exper.
Path. 16: 1-14, 1935.

Errorp, W. J. aNp J. D. Ferry. The ultrafiltration of proteins through graded collodion
membranes. II. Haemocyanin (helix), edestin, and egg albumin. Biochem. J. 30: 84—91, 1936.
ErBE, F. Die Bestimmung der Porenverteilung nach ihrer Grosse in Filtern und Ultrafiltern.
Koll. Ztschr. 63: 277-285, 1933.

Fax£tnN, H. Der Widerstand gegen Bewegung einer starren Kugel in einer zihen Fliissigkeit,
die zwischen zwei parallelen ebenen Winden eingeschlossen ist. Ann. der Physik. 68: 8g-119
1922.

FErGUSON, M. H., O. OLBRICH, J. S. RoBsON anND C. P. STEWART. The use of inulin clearance
as a measure of glomerular filtration. Quart. J. Exper. Physiol. 35: 251-279, 1949—50.

FERRY, J. D. Statistical evaluation of sieve constants in ultrafiltration. J. Gen. Physiol. 20:
95-104, 1936.

FERRY, J. D. Ultrafilter membranes and ultrafiltration. Chem. Rev. 18: 373-455, 1936.
FiscH, S., S. B. GiLsoN AND R. E. Tayror. Capillary circulation in human arms studied by
venous congestion. A cutaneo-muscular vasomotor reflex. J. Applied Physiol. 3: 113-132,
1950.

FLEXNER, L. B., D. B. Cowie AND G. J. VosBURGH. Studies on capillary permeability with
tracer substances. Cold Spring Harbor Symp., Quant. Biol. 13: 8898, 1948.

FLEXNER, L. B., A. GELLHORN AND M. MERRELL. Studies on rates of exchange of substances
between the blood and extravascular fluid. The exchange of water in the guinea pig. J. Biol.
Chem. 35-40, 1042.

FriepMman, L. Diffusion of non-electrolytes in gelatin gels. J. Am. Chem. Soc. 52: 1305-1310,
1930.

FriepMmAN, L. Structure of agar gels from studies of diffusion. J. Am. Chem. Soc. 52: 1311-1315,
1930.

FriepMAN, L. AND E. O. KrAEMER. The structure of gelatin gels from studies of diffusion.
J. Am. Chem. Soc. §2: 1295-1304, 1930.

Fujita, A. Die Permeabilitit der getrockneten Kollodium membran fiir Nichtelektrolyte.
Biochem. Zischr. 170: 18-29, 1926.

GELLHORN, A., M. MERRELL AND R. M. RANKIN. The rate of transcapillary exchange of so-
dium in normal and shocked dogs. Am. J. Physiol. 142: 407-427, 1944.

GRABAR, P. AND S. NIKITINE. Sur le diamétre des pores des membranes en collodion utiliseés
en ultrafiltration. J. Chim. Physique 33: 721-741, 1936.

GutrouT, A. Sur les dimensions des intervalles poreux des membranes. Compt. rend. Acad. d.
sc. 75: 1809—-1812, 1872.

Hagrris, E. J. AND G. P. BurN. The transfer of sodium and potassium ions between muscle
and the surrounding medium. Tr. Farad. Soc. 45: 508-528, 1949.

Havynes, F. W. Factors which influence the flow and protein content of the subcutaneous lymph
in the dog. Am. J. Physiol. 101: 22331, 1932.

HEevesy, G., E. Horer AND A. KroGH. The permeability of the skin of frogs to water as de-
termined by D0 and HyO. Skandinav. Arch. f. Physiol. 72: 199214, 1935.

Hiit, A. V. The diffusion of oxygen and lactic acid through tissues. Proc. Roy. Soc., London s.
B 104: 39-96, 1928.

Hirt, A. V. On the time required for diffusion and its relation to processes in muscle. Proc.
Roy. Soc. London s. B 135: 446-453, 1947-48.

Hirrcacock, D. 1. The size of pores in collodion membranes. J. Gen. Physiol. 9: 755-762, 1926.
Ho6BER, R. Membrane permeability to solutes in its relations to cellular physiology. Physiol.
Rev. 16: 52-102, 1936.



420

66.
67.
68.
69.
70.
71.

72.

73
74.
75.

76.
77.

78.

79-
8o.
81.
82,
83.

84.

8s.

86.

87.

&

92.

93.

JOHN R. PAPPENHEIMER Volume 33

HymaN, C. Filtration across the vascular wall as a function of several physical factors. Am. J.
Physiol. 142: 671-685, 1944.

Hyman, C,, S. I. RAPAPORT, A. M. SauL anp M. E. MorTON. Independence of capillary filtra-
tion and tissue clearance. Am. J. Physiol. 168: 674-679, 1952.

Jacos, C. E., CHAIRMAN. Report of the Subcommittee on Permeability. Am. Geophys. Union,
Tr. 27: 245-256, 1946.

Jacoss, M. H. The quantitative measurement of the permeability of the erythrocyte to water
and to solutes by the hemolysis method. J. Cell. & Comp. Physiol. 4: 161-183, 1933.

Jacoss, M. H. Osmotic properties of the erythrocyte. The applicability of osmotic laws to the
rate of hemolysis in hypotonic solutions of non-electrolytes. Biol. Bull. 62: 178-194, 1932.
Javirt, N. B. anp A. T. MILLER, JR. Relation of glomerular filtration rate to physiologic
proteinuria. Federation Proc. 10: 70, 1951.

Jounson, J. A., H. M. Caverr AND N. LirsoN. Kinetics concerned with the distribution of
isotopic water in isolated perfused dog heart and skeletal muscle. Am. J. Physiol. 171: 687-693,
1953.

KeNDREW, J. C. The crystal structure of horse myoglobin. Haemoglobin, edited by F. J. W.
Roughton and J. C. Kendrew. 1949, pp. 149-160.

KEvs, A. The apparent permeability of the capillary membrane in man. Tr. Farad. Soc. 33:
930-939, 1937

KOEFOED-JOoHNSON, V. AND H. H. UssiNG. Contributions of diffusion and flow to the passage
of D70 through living membranes, Acta physiol. Scandinav. 28: 60-76, 1953.

KREYBERG, 1. Development of acute tissue damage due to cold. Physiol. Rev. 29: 156-167, 1949.
KrocH, A. The number and distribution of capillaries in muscles and calculations of the oxygen
pressure head necessary for supplying the tissue. J. Physiol. 52: 409—415, 1919.

KroGH, A., E. M. Lanpis AND A. H. TurNER. The movement of fluid through the human
capillary wall in relation to venous pressure and to the colloid osmotic pressure of the blood.
J. Clin. Investigation 11: 63-95, 1932.

KRUH@FFER, P. Inulin as an indicator for the extracellular space. Acta physiol. Scandm«w I1:
16-36, 1946.

KRruugrreRr, P. The significance of diffusion and convection for the distribution of solutes in
the interstitial space. Acta physiol. Scandinav. 11: 37-47, 1946.

LADENBURG, R. Uber den Einfluss von Winden auf die Bewegung einer Kugel in einer Reiben-
den Fliissigkeit. Ann. der Physik. 23: 447-458, 1907.

LADENBURG, R. Uber innere Reibung ziher Fliissigtreten und ihre Abhingigkeit vom Druck.
Ann. der Physik. 22: 287-309, 1907.

LAIDLER, K. J. AND K. E. SHULER. The kinetics of membrane processes. I. The mechanism and
the kinetic laws for diffusion through membranes. II. Theoretical pressure-time relationships
for permeable membranes. J. Chem. Physics 17: 851860, 1049.

LamsezrT, P. P., F. GREGOIRE AND C. DE BRANCOURT. Hémodynamique glomérulaire et excré-
tions de ’hémoglobine. Arch. internat. de physiol. 60: 506—534, 1952.

Lanpis, E. M. Micro-injection studies of capillary permeability. The relation beteeen capillary
pressure and the rate at which fluid passes through the walls of single capillaries. Am. J. Physiol.
82: 217-238, 1927.

Laxpis, E. M. Micro-injection studies of capillary permeability. The effect of lack of oxygen
on the permeability of the capillary wall to fluid and to the plasma proteins. Am. J. Physiol.
83: 528-542, 1928.

Lanpis, E. M. Micro-injection studies of capillary blood pressure in human skin. Heart 15:
209-228, 1929-3I.

. Laxpis, E. M. The capillary blood pressure in mammalian mesentery as determined by the

micro-injection method. Am. J. Physiol. 93: 353-362, 1930.

. Lanpis, E. M. Capillary pressure and capillary permeability. Physiol. Rev. 14: 404-481, 1934.
. Lanpis, E. M. Capillary permeability and the factors affecting the composition of capillary

filtrate. Ann. New York Acad. Sc. 46: 713-731, 1046.

. Lanpis, E. M. anp J. H. GiBBoN, JR. The effects of temperature and of tissue pressure on the

movement of fluid through the human capillary wall. J. Clin. Investigation 12: 105-138, 1933.
Lanpis, E. M., L. JoNes, M. ANGEVINE AND W. ERrB. The passage of fluid and protein through
the human capillary wall during venous congestion. J. Clin. Investigation 11: 717-734, 1932.
LAwreNCE, J. H., W. F. Loomss, C. A. Tosias aND F. H. TurpIN. Preliminary observations
on the narcotic effect of xenon with a review of values for solubilities of gases in water and
oils. J. Physiol. 105: 197204, 1046.



July 1953 CAPILLARY PERMEABILITY 421

94.
95-

96.

97.

100.
101,

102.

103.
104.
105.
106.
107.
108.
109.
110.
111,
112,
113.
114.
115.
116.

117.

118.

119.
120.

121,

LepescEkIN, W. W. Wasserfiltration durch Membranen und Membranwiderstand. Kolloid
Ztschr. 65: 184-186, 1933.

Luckt, B., H. K. HARTLINE AND M. McCuTtcrEON. Further studies on the kinetics of osmosis
in living cells. J. Gen. Physiol. 14: 405-419, 1930-31.

Luckt, B. AND M. McCurcHEON. The living cell as an osmotic system and its permeability to
water. Physiol. Rev. 12: 68-139, 1932.

McBam, J. W. anp T. H. Lu. Diffusion of electrolytes, non-electrolytes and colloidal electro-
lytes. J. Am. Chem. Soc. 53: 50-74, 1931.

. McDonaLp, R. K., J. H. MiLLEr AND E. B. RoacH. Human glomerular permeability and

tubular recovery values for hemoglobin. J. Clin. Investigation 30: 1041-1045, 19SI.

. McLENNAN, C. E., M. T. MCLENNAN aND E. M. Lanpis. The effect of external pressure on

the vascular volume of the forearm and its relation to capillary blood pressure and venous
pressure. J. Clin. Investigation 21: 319-338, 1942.

McMEeekN, T. L., M. L. Groves AND N. J. Hrpp. Composition and densities of g-lactoglobulin
crystals in sucrose and serum albumin solutions. J. Am. Chem. Soc. 72: 36623666, 1950.
Manecorp, E. Die Dialyse durch Kollodiummembranen und der Zusammenhang Zwischen
Dialyse, Diffusion und Membranstruktur. Kolloid Ztschr. 49: 372-395, 1929.

Manecorp, E. Uber Kapillarsysteme, Die Durchldssigkeitkanal-, geriist- und netzartiger
Kapillarsysteme fiir Fliissigkeiten und Gase. (Theoretischer Teil). Kolloid Ztschr. 81: 16a-179,
1937.

ManEecowp, E. anp R. HorMaNN, Uber Kollodiummenbranen. Die Durchlissigkeit der mem-
branen fiir Wasser. Kolloid Ztsckr. 50: 22-39, 1930.

MagsHALL, M. E. anp H. F. DEvutscH. Clearances of some proteins by the dog kidney. Am.
J. Physiol. 163: 461-467, 1950.

MARTIN, E. G., E. C. WoOLLEY AND M. M1LLER. Capillary counts in resting and active mus-
cles. Am. J. Physiol. 100: 407416, 1932.

MERRELL, M., A. GELLHORN AND L. B. FLEXNER. The exchange of sodium in the guinea pig.
J. Biol. Chem. 153: 83-89, 1944.

MERRILL, J. P. Renal function, edited by S. E. Bradley. New York: Josiah Macy, Jr., 1952, pp-
139-173.

MONKE, J. V. aND C. L. YUILE. The renal clearance of hemoglobin in the dog. J. Exper. Med.
72: 149—165, 1940.

MogeL, F. F. Techniques de la mesure des échanges capillaires 3 1’aide des indicateurs radioac-
tifs. Helvet. physiol. et pharm. acta 8: 52-73, 1950.

MoraLes, M. F. anp R. E. Smita. On the theory of blood-tissue exchange of inert gases.
Validity of approximate uptake expressions. Bull. Math. Biophys. 10: 191~200, 1948.
NortEROP, J. H. Kinetics of the swelling of cells and tissues. J. Gen. Physiol. 11: 43~56, 1927.
NoORTHROP, J. H. AND M. L. ANsON. A method for the determination of diffusion constants and
the calculation of the radius and weight of the hemoglobin molecule. J. Gen. Physiol. 12: 543~
554, 192.

NoORTHROP, J. H. AND M. Kunitz. The swelling of isoelectric gelatin in water. J. Gen. Physiol.
10: g05-926, 1927.

OsTERHOUT, W. J. V. Permeability in large plant cells and in models. Ergebn. d. Physiol. 35:
967-1021, 1933.

OsTerHOUT, W. J. V. Some models of protoplasmic surfaces. Cold Spring Harbor Symp., Quant.
Biol. 8: 51-62, 1940.

Parr, G. H. A quantitative study of the capillary supply in certain mammalian skeletal mus-
cles. Anat. Rec. 46: 401, 1930.

PAPPENHEIMER, J. R. AND A. Soto-RIvERA. Effective osmotic pressure of the plasma proteins
and other quantities associated with the capillary circulation in the hindlimbs of cats and dogs.
Am. J. Physiol. 152: 471-491, 1048.

PAPPENHEIMER, J. R., E. M. RENKIN AND L. M. BorreRro. Filtration, diffusion and molecular
sieving through peripheral capillary membranes. A contribution to the pore theory of capillary
permeability. Am. J. Physiol. 167: 13-46, 1951.

PErgy, I. H. Vital injection as a method for the study of capillary circulation. Skandinav. Arch.
f. Physidl. 59: 67-74, 1930.

PErUTZ, M. F. Recent developments in the X-ray study of haemoglobin. Haemoglobin, edited
by F. J. W. Roughton and J. C. Kendrew. 1949, pp. 135-147.

Pisa, M. Versuche zur Porenstatistik und Siebwirkung bei Ultrafiltern und tierischen Membra-
nen. Kolloid Zischr. 63: 130-148, 1933.



422

122,
123.

124.
125.

126.
127.
128.
129.
130.

131,

132.
133.

134.

135.
136.

137.
138.

139.
140.

141.
142.

143.

144.

145.

146.

147.
148.
149.
150.
151.
152.

153.

JOHN R. PAPPENHEIMER Volume 33

Porson, A. Untersuchungen iiber die Diffusionskonstanten der Proteine. Kolloid Ztschr. 87:
149-181, 1939.

ReNkIN, E. M. Capillary permeability to lipid-soluble molecules. Am. J. Physiol. 168: 538~
545, 1952.

ReNkIN, E. M. Capillary Permeability. Doctoral thesis. Harvard University, 1951.
RicuARDS, F. M. Studies of the density and composition of some protein crystals. Doctoral
thesis. Harvard University, 1952.

RoBsoON, J. S., M. H. FErcusoN, O. OLericH AND C. P. STEWART. The determination of the
renal clearance of inulin in man. Quart. J. Exper. Physiol. 35: 111-134, 1949.

RouGHTON, F. J. W. The average time spent by the blood in the human lung capillary. Am. J.
Physiol. 143: 621633, 1945.

RoucrTON, F. J. W. Diffusion and chemical reaction velocity in cylindrical and spherical
systems of physiological interest. Proc. Roy. Soc. London s. B 140: 230-229, 1952.
SCHACHTER, D., N. FREINKEL AND I. L. ScawarTz. Movement of inulin between plasma and
interstitial fluid. Am. J. Physiol. 160: 532-535, 1950.

Scaerp, H. W. The diffusion coefficient of crystalline trypsin. J. Gen. Physiol. 16: 795-800,
1933.

ScHLOERB, P. R., B. J. Frus-HANsEN, L. S. EDELMAN, A. K. SoLoMoN AND F. D. Moore. The
measurement of total body water in the human subject by deuterium oxide dilution with a
consideration of the dynamics of deuterium distribution. J. Clin. Investigation 29: 1296-1310,
1950.

ScamoT, G. W. A mathematical theory of capillary exchange as a function of tissue structure.
Bull. Maih. Biophys. 14: 220-263, 1952.

SHAPIRO, H. AND A. K. PArPART. The osmotic properties of rabbit and human leucocytes.
J. Cell. & Comp. Physiol. 10: 147-160, 1937.

SuEATZ, G. C. AND W. S. WILDE. Transcapillary exchange rates and volume of distribution of
sulfate and sodium as indicated by S*O, and Na* in the rat. Am. J. Physiol. 162: 687-694,
1950.

SHULER, K. E.,, C. A. DaMes anp K. J. LamLer. The diffusion of various non-electrolytes
through collodion membranes. J. Chem. Physics 17: 860-865, 1949.

SjosTRAND, T. On the principles for the distribution of the blood in the peripheral vascular
system. Skandinav. Arch f. Physiol. 71, Suppl. V, 1-150, 1935.

Suxrr, H. W. The Kidney, Structure and Function in Health and Disease. London: Oxford, 1951.
SOLLNER, K. AND C. W. CaARrr. The structure of the collodion membrane and its electrical be-
havior. J. Gen. Phystol. 28: 119-130, 1944.

StarLING, E. H. Physiological factors involved in the causation of dropsy. Lancet, May, 1896.
STARLING, E. H. On the absorption of fluids from the connective tissue spaces. J. Physiol. 19:
312326, 1896.

STARLING, E. H. The Fluids of the Body. Chicago: Univ. Chicago Press, 1909, pp. 67-68.
STARR, 1., Jr. The production of albuminuria by renal vasoconstriction in animals and in man.
J. Exper. Med. 43: 31-51, 1926.

STAVERMAN, A. J. The theory of measurement of osmotic pressure. Rec. trav. chimiques des Pays-
Bas 70: 344352, 1951.

StoEL, G. Uber die Blutversorgung von Weissen und roten Kaninchenmuskeln. Zischr. Zell-
forsch. u. miky. Anat. 3: 91-08, 1925—26.

SorLivan, R. R. aNp K. L. HERTEL. The permeability method for determining specific surface
of fibers and powders. Advances Coll. Sc. I: 37-80, 1942.

TeoreLL, T. Studies on the diffusion effect upon ionic distribution. J. Gen. Physiol. 21: 107-122,
1937.

TrauTMAN, S. Ultrafiltration des cristalloides. Arck. d. sc. physiol. 1: 275284, 1947.

Ussvg, H. H. Transport of ions across cellular membranes. Physiol. Rev. 16: 52-102, 1936.
Ussing, H. H. Transport through biological membranes. Ann. Rev. Physiol. 15: 1-20, 1953.
Ussing, H. H. Personal communication.

VERNEY, E. B. Dunham Lecture, Harvard Univ., 1951. Unpublished.

VisscHER, M. B., E. S. FETCHER, Jr., C. W. CARR, H. P. GREGOR, M. S. BusuEY anp D. E.
BARKER. Isotopic tracer studies on the movement of water and ions between intestinal lumen
and blood. Am. J. Physiol. 142: 550-575, 1944.

WaLKER, W. G. AND W. S. WiLDE. Kinetics of radiopotassium in the circulation. Am. J. Physiol.

170: 401-413, 1952.



Tuly 1953 CAPILLARY PERMEABILITY 423

154.
155.
156.
157.
158.
159.
160.

161.
162.

163.
164.

165.

WanG, J. H. Measurement of self-diffusion of liquid water with O as tracer. J. Am. Chem. Soc.
73: 4181, 1951.

WasserMAN, K. anp H. S. MAYERsON. Exchange of albumin between plasma and lymph. Am.
J. Phystol. 165: 15-26, 1951.

WasserMAN, K. aNp H. S. MaYErsoN. Dynamics of lymph and plasma protein exchange.
Cardiologia 21: 296-307, 1952.

WEECH, A. A. AND L. MicHAELIS. Studies on permeability of membranes. The diffusion of
non-electrolytes through the dried collodion membrane. J. Gen. Physiol. 12: 55-81, 1928.
WESTGREN, A. Uber die Bewegung einer Kugel in einem von zwei parellelen Winden begrenzten
zihen Medium. Ann. der Physik 52: 308-322, 1917.

WhaITE, H. L. AND D. RoLr. Some effects of exercise on renal circulation in man. Am. J. Physiol.
152: 505316, 1948.

WHITE, J. C., M. E. FizLD aND C. K. DRINKER. On the protein content and normal flow of
lymph from the foot of the dog. Am. J. Physiol. 103: 34-44, 1933.

WiBrANDT, W. Die Permeabilitit der Zelle. Ergebn. d. Physiol. 40: 204-291, 1938.
WiLBrANDT, W. Physiologie der Zell- und Kapillarpermeabilitit. Helvei. med. acta 13: 143-157,
1946.

Wyckorr, R. D., H. G. Borser, M. MUSKAT AND D. W. REED. The measurement of permea-
bility of porous media for homogeneous fluids. Rev. Scient. Instrumenis 4: 394-405, 1933.
Yung, C. L. AND W. F. CLARK. A study of the renal clearance of myohemoglobin in the dog.
J. Exper. Med. 74: 187-196, 1941.

ZxuTHEN, E. AND D. M. PrEScoTT. Comparison of water diffusion and water filtration across
cell surfaces. Acta physiol. Scandinav. 28: 77-94, 1953.



