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Summary. The mammalian glomerular capillary wall normally
restricts the transmural passage of plasma proteins while offer-
ing little resistance to the filtration of water and small solutes.
The basis for this selectivity has been explored extensively in
recent years, through clearance measurements of endogenous
(mainly albumin, transferrin, and immunogiobulins) and exog-
enous (horseradish peroxidase) proteins, and a variety of non-
protein polymers such as dextrans and polyvinylpyrrolidone.
In conjunction with efforts to localize particulate and soluble
tracers by high resolution ultrastructural techniques, such mea-
surements have now made it possible to define the determinants
of the glomerular filtration of macromolecules in terms of dis-
crete structural barriers as well as such biophysical influences
as hemodynamics and the molecular size- and charge-selective
characteristics of the capillary wall.

These experimental approaches have been aided greatly by
the development of theoretical models that enable investigators
to describe macromolecular filtration in terms of hydrodynamic
principles applied to isoporous membranes. Although the initial
models failed to consider the important role of membrane fixed
negative-charge characteristics in influencing protein filtration,
this shortcoming has led to the recent introduction of a theoreti-
cal model that also takes this factor into consideration. The
aim of this brief review is to summarize these various theoretical
approaches to the understanding of glomerular permselectivity
and, wherever possible, to cite specific tests of these theories
based on experimental studies in humans and animals.
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Effects of Molecular Properties
on Glomernlar Selectivity

The most useful quantitative method for studying
glomerular capillary permeability to macromole-
cules has been the measurement of fractional clear-
ances. The fractional clearance of some test macro-
molecule, T, is defined as the urinary clearance
of T divided by the glomerular filtration rate of
water (GFR). If the clearance of inulin is used to
measure GFR, the fractional clearance is given by
the urine-to-plasma concentration ratio for the test
macomolecule, divided by the corresponding con-

centration ratio for inulin. If, like inulin, the test
macromolecule is not reabsorbed or secreted, the
fractional clearance of T will exactly equal the
Bowman’s space-to-plasma concentration ratio of
T. This ratio is denoted by 6:

I=gor 0

Cra
where C;p is the average concentration of 7 in
Bowman’s space and C;, is the concentration of
T in afferent arteriolar (or systemic) plasma. Thus,
with the choice of suitable test macromolecules,
only urine and plasma samples are required in
order to calculate 6.

The size-selectivity of the glomerular capillary
wall has been demonstrated effectively by using
certain series of uncharged, exogenous polymers
covering a range of molecular sizes. This allows
size effects to be examined without complications
due to differences in molecular charge or chemical
structure. Dextran, a polymer of D-glucopyranose,
and polyvinylpyrrolidone (PVP) both fulfill the re-
quirement of ideal test macromolecules, in that
they are not appreciably reabsorbed or secreted
by the renal tubule and are nontoxic in tracer
quantities. An example of fractional clearance data
obtained using neutral (uncharged) dextran is
shown in Fig. 1. The fractional clearance of
dextran is shown as a function of its effective mo-
lecular radius, as reported by Bohrer et al. [8] for
the normal hydropenic rat. The measurement of
the molecular radius of dextran is based on its
elution from gel chromatographic columns cali-
brated with several proteins of known Stokes-Ein-
stein radius [17], and provides a better basis for
comparing the filtration of macromolecules of dif-
fering structure than does molecular weight. A
value of 1 on the ordinate of Fig. 1 indicates no
measurable restriction to filtration, which is the
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Fig. 1. Filtrate-to-plasma concentration ratio () as a function
of molecular size for tritiated dextran sulfate (DS), neutral
dextran (D), and diethylaminoethyl dextran (DEAE). Points
represent mean values+1 SE measured by Bohrer et al. [6, 8]
in the normal Munich-Wistar rat. The solid curves were calcu-
lated theoretically using the membrane parameters: K, =4.8 nl/
(min-mm Hg), r,=47 A, and C,,=165 meq/liter. (Reproduced
from Deen, Satvat, and Jamieson, Am. J. Physiol. 238:F126,
1980, with permission.)

case for neutral dextrans with effective radii less
than about 18 A. Above this radius dextran frac-
tional clearance decreases progressively with in-
creasing size, approaching zero for molecular radii
greater than about 42 A. Fractional clearance data
similar to those shown in Fig. 1 for neutral dextran
in the rat have also been reported in other experi-
mental animals and in humans [2, 12, 27-29, 32,
40, 45, 47].

The finding that @ for serum albumin is ~0.001
or less, as inferred from micropuncture measure-
ments of albumin concentration in Bowman’s
space or early proximal tubule fluid in the rat [25,
26, 33, 36], indicates that glomerular filtration of
macromolecules is not governed solely by molecu-
lar size. As indicated by the solid circles in Fig. 1,
the fractional clearance of neutral dextran of the
same molecular radius, 36 A, averages ~0.1, some
two orders of magnitude greater than that for albu-
min. However, such a comparison does not lead
to very specific conclusions about the glomerular
barrier, because neutral dextran and albumin differ
in at least two respects, molecular charge and mo-
lecular shape or configuration. Neutral dextran is
an uncharged, nearly linear polymer expected to
behave as a flexible coil in solution, whereas albu-
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min is a polyanion in physiological solution and
has a relatively rigid, globular configuration.

To provide a specific test of the effects of mo-
lecular charge, Chang etal. [14] examined the
transglomerular transport of dextran sulfate, an
anionic polymer structurally similar to neutral
dextran. At any given molecular radius, fractional
clearances of dextran sulfate in the rat were found
to be lower than those for neutral dextran [14].
Similar results with dextran sulfate, obtained later
by Bohrer et al. [8] are shown by the open circles
in Fig. 1. This observed restriction to the filtration
of polyanions, relative to neutral macromolecules,
is believed to be the result of electrostatic interac-
tions with fixed, negatively charged components
of the glomerular capillary wall. Consistent with
this interpretation is the finding of enhanced filtra-
tion of polycations. Rennke et al. [41-43] found
that cationic forms of ferritin and horseradish per-
oxidase were transported across the glomerular
capillary wall of the normal mouse and rat to an
extent considerably greater than were their neutral
or anionic counterparts. Similarily, Bohrer et al.
[6] demonstrated later that the fractional clear-
ances of diethylaminoethyl (DEAE) dextran, a ca-
tionic derivative of dextran, exceeded those for
neutral dextran over a wide range of molecular
radii. These results for DEAE dextran are also il-
lustrated in Fig. 1 (open triangles)®.

The functional importance of electrostatic in-
teractions between the glomerular capillary wall
and circulating macromolecules is further empha-
sized by the results of studies on the pathogenesis
of proteinuria. In rats with a mild form of nephro-
toxic serum nephritis (NSN), Chang et al. {15]
found fractional clearances of neutral dextrans to
be reduced below the values for normal controls,
while Bennett etal. [3] showed that those for
dextran sulfate were increased. These findings
suggest that proteinuria in this disorder is a specific

consequence of the reduction in fixed negative
! In general, linear polyelectrolytes are expected to have more
rigid and elongated structures than the corresponding neutral
polymers, because the conformations of the polyelectrolytes are
restricted by intramolecular electrostatic repulsions. According-
ly, the average three-dimensional configurations of dextran
sulfate and DEAE dextran may be similar to one another,
but somewhat different from that of neutral dextran. To the
extent that these configurational differences were important,
they would be expected to cause fractional clearances of dextran
sulfate and DEAE dextran to deviate in the same direction
from that of neutral dextran of similar radius. The finding that
dextran sulfate fractional clearance is reduced while that of
DEAE dextran is enhanced, as shown in Fig. 1, indicates that
in this case configurational differences are less important than
clectrostatic interactions between the polyelectrolytes and the
glomerular capillary wall.
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charges on the diseased glomerular capillary wall,
leading to less restriction of the filtration of circu-
lating polyanions such as albumin and dextran
sulfate. In support of this hypothesis, the glomeru-
lar fixed charge content has been shown using
histochemical techniques to be diminished in a va-
riety of glomerulopathies associated with protein-
uria [4, 5, 13, 18, 34, 35, 37], a finding also con-
firmed in NSN rats in the study by Bennett et al.
[3].

A second experimental model of proteinuria,
studied by Bohrer et al. [7], was induced by the
administration of puromycin aminonucleoside
(PAN) to rats. Fractional clearances of neutral
dextran were decreased, in accord with the findings
of Buerkert et al. [11], who reported reductions
in the transglomerular passage of neutral PVP cov-
ering a wide range of molecular sizes in PAN-
treated rats. Fractional clearances of dextran
sulfate, however, were shown by Bohrer et al. [7]
to be increased in PAN rats, relative to normal
controls. Thus, the findings were quite similar to
those in rats with NSN. The enhanced fractional
clearances of dextran sulfate, in the absence of sim-
ilar changes with neutral dextran, suggest that
PAN reduces the electrostatic barrier to circulating
polyanions, as does NSN. In accord with this ex-
planation, several studies have shown that the
binding of cationic ‘“‘stains™ to anionic sites on
the glomerular capillary wall is reduced apprecia-
bly in aminonucleoside-treated rats, as compared
to controls [4, 5, 13, 35, 37].

In addition to molecular size and charge, mo-
lecular configuration also affects the selectivity of
the glomerular capillary wall. Bohrer etal. [9]
demonstrated such an effect by comparing frac-
tional clearances in the rat of neutral dextran and
ficoll, an uncharged, crosslinked copolymer of su-
crose and epichlorohydrin. Analysis of data on
sedimentation rates, intrinsic viscosities, and spe-
cific volumes of these polymers showed that ficoll
could be more nearly represented as a rigid sphere
than could dextran [9]. At any given molecular
radius, ficoll was filtered less readily than dextran,
the fractional clearance of ficoll at a molecular ra-
dius of 36 A being about one-half that of dextran.
In another demonstration of the effects of molecu-
lar configuration, Rennke and Venkatachalam [44]
found 0 for native horseradish peroxidase (HRP)
in the rat to be approximately one-seventh that
of neutral dextran of comparable radius (28 A).
This enzyme has an isoclectric point within the
physiologic pH range [44], and does not migrate
appreciably in gel electrophoresis at pH 7.4 [20],
so that it may be assumed to be essentially un-
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charged. Accordingly, the lower value of # for
HRP than for dextran is attributable to differences
in molecular configuration.

It is apparent from these studies that in com-
paring values of 6 for different macromolecules,
effects of molecular size, charge, and configuration
should all be considered. As discussed in the next
section, reasonably successful theories have been
developed to describe size and charge effects; little
progress has yet been made, however, in the quan-
titative treatment of molecular configuration as it
relates to glomerular selectivity.

Theory of Glomerular Size
and Charge Selectivity

The Bowman’s space concentration for a given
macromolecule is a measure of the transcapillary
flux of that solute, relative to the transcapillary
volume flux. The Bowman’s space-to-plasma con-
centration ratio for macromolecule 7 is related to
these fluxes by

_ Up S ,
Cra{Jy>  Cra SNGFR )

where (J;» and <{J;;) are solute and volume fluxes,
respectively, averaged over the glomerular capil-
lary network. The second equality in Eq. (2) is
obtained by noting that the single nephron GFR
(SNGFR) is the product of {J;-) and the capillary
surface area per glomerulus, S.

In relating 6 to intrinsic properties of the capil-
lary wall and test macromolecule, we consider first
the quantities that determine SNGFR. The local
volume flux at any point along a glomerular capil-
lary is given by [21]

Jy=k(4P—mrg) (3)

where k is the effective hydraulic permeability of
the capillary wall and AP is the transmural hyd-
raulic pressure difference. 7, is the intracapillary
colloid osmotic pressure, which may be calculated
from total plasma protein concentration at any
point along a capillary [21]. Under normal circum-
stances the colloid osmotic pressure in Bowman’s
space is negligible. The axial pressure drop along
a glomerular capillary due to blood flow has been
inferred to be quite small [10, 31], and Bowman’s
space pressure is expected to be nearly independent
of position along a glomerular capillary. Forma-
tion of the nearly protein-free ultrafiltrate, howev-
er, causes 7 to rise from a minimum value at
the afferent end of the capillary (corresponding to
systemic arterial plasma) to a value by the efferent
end that equals 4P, at least in the normal hydro-
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penic rat and monkey [10]. Thus, J, normally de-
clines from a maximum value at the afferent end
of the capillary to zero by the efferent end, where
filtration pressure equilibrium has been achieved.

Mathematical models developed to relate local
volume flux (/) to SNGFR have generally
assumed steady flow through a number of identical
glomerular capillaries in parallel, each having uni-
form values of k and circumference [21, 30]. Con-
servation of total mass and of plasma proteins
leads to the relations [21]

%%z-hS @)
dQCy) _
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where Q is glomerular plasma flow rate, Cp is total
protein concentration, and y is the normalized po-
sition coordinate along an idealized capillary (i.e.,
y=0 at the afferent end and y=1 at the efferent
end). Equation (4) relates the change in plasma
flow rate to the transcapillary volume flux, while
Eq. (5) expresses the assumption of negligible fil-
tration of plasma proteins. Integrations of Egs. (4)
and (5), using Eq. (3) and a relation between 7n4
and C,, establishes the relationship between capil-
lary hydraulic permeability and SNGFR. It is ap-
parent from Eq. (4) that the significant permeabili-
ty parameter for water is K, =k S, the glomerular
ultrafiltration coefficient. K, is an intrinsic proper-
ty of the glomerular capillary network and has
been determined directly from micropuncture mea-
surements of glomerular pressures and flow rates
in the Munich-Wistar strain of rats, under a variety
of physiological and pathophysiological conditions
[10].

The most useful theoretical descriptions for
transport of macromolecules across the glomerular
capillary wall have been based on the concept of
hindered movement of solutes through water-filled

pores having molecular dimensions. Such models,

first applied to capillaries by Pappenheimer et al.
[38, 39], usually envision the capillary wall as con-
taining numerous identical, cylindrical pores. Mac-
romolecular solutes are generally treated as solid
spheres, and the solvent and low-molecular-weight
solutes are regarded as a continuum fluid. Within
this theoretical framework, two distinct mecha-
nisms act to reduce macromolecule fluxes below
the values that would be seen in very large pores.
The first of these is a partitioning phenomenon,
whereby the macromolecule, by virtue of its size,
shape {for nonspherical molecules), or molecular
charge is partially excluded from the pore. For un-
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charged, spherical molecules this partitioning
effect can be deduced from simple geometric argu-
ments based on the idea that the center of the
solute sphere does not have access to a region with-
in one solute radius of the pore wall. The ratio
of the average concentration in the pore to that
in the bulk solution outside is then given by
¢=(1—2)%, where A is the ratio of solute radius
to pore radius [1]. For nonspherical or charged
solutes, additional effects come into play and sim-
ple analytical expressions for ¢ are no longer ob-
tained [1, 19, 46]. The net result, generally, is that
even at equilibrium, the average concentration of
a given macromolecule within a pore is less than
that in the adjacent bulk solution. The second
mechanism for the reduction of macromolecule
fluxes in small pores is based on the hydrodynamic
retardation of solute movement due to the nearby
presence of the pore wall [1]. For solutes modeled
as uncharged solid spheres, these hydrodynamic
effects once again depend only on the relative
solute size, 4. For a more complete discussion of
theories of partitioning and hindered particle
motion in the context of glomerular filtration, the
reader is referred to a recent review by Deen et al.
[19].

On the basis of the concepts discussed above,
the flux of an uncharged macromolecular solute
across the glomerular capillary wall can be ex-
pressed as [22]:

J, CrKed
Jp= viTlic
t—exp(—2)(1 —Kc) ©
_ Kedyd
Ko Dy @

Equation (6) relates the local solute flux (in mass
or moles per unit time per unit area) at any point
along a capillary to the volume flux and the con-
centration of solute 7 in capillary plasma (Cy).
The dimensionless group « is a measure of the rela-
tive importance of diffusion and convection to
solute transport [19], and contains the fraction (f)
of the capillary surface area occupied by pores,
the pore length (6), and the diffusivity of T in bulk
solution (Dy). The steric partitioning coefficient,
¢, has already been defined, and K. and K, are
hydrodynamic factors which account for hin-
drances to convective and diffusive movement of
solute?, respectively. All three of these size-depen-
dent quantities (¢, K., Kp) approach unity for

2 The notation used here for the hindrance factors follows
that of Deen, Satvat, and Jamieson [22]. In terms of the quanti-
ties # and W defined by Deen, Bohrer, and Brenner [19], H=
¢ Ky and W=¢K_.
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small solutes (41— 0) and approach zero for large
solutes (4 —1).

For transport through identical cylindrical
pores, the ultrafiltration coefficient (K;) can be
related to quantities appearing in Egs. (6) and (7)
using the Poiseuille equation for flow through cy-
lindrical tubes. The result is:

S r?
1= 3y 8)

where r, is the apparent pore radius and 7 is the
viscosity of the electrolyte solution in the pore.
It is apparent from Eq. (8) that if K, and r, are
known, the quantity f/S/0 is automatically deter-
mined and should not be viewed as an independent
property of the glomerular barrier. The parameter
o may then be written as

oy Kc(dP—mg) r; o)
Kp Dy 87

It can now be seen that according to this theory,
the rate of filtration of uncharged solute 7' depends
on only two membrane properties, K, and r,,. Ac-
cordingly, if K, is evaluated from SNGFR and
its determinants [10, 21], r, may be estimated from
the filtration rate of any uncharged macromolecule
of specified size. As with J and SNGFR, a mass
balance equation is required to relate the local flux
of the macromolecule (J;) to a measurable quan-
tity (either 6 or single glomerular clearance,
0-SNGFR). This relation, analogous to Egs. (4)
and (5), is

dQCr)_ _
s I S.

Integration of Eq. (10) (using Egs. (3), (6) and
(9)) and averaging of the resulting fluxes along the
capillary length allows calculation of 6. Values of
f# calculated in this way can be matched to ob-
served values by adjusting r,,.

Effects of electrical charge have been incorpo-
rated into the solute flux expression by assuming
that the glomerular capillary wall can be repre-
sented as a barrier containing a uniform concentra-
tion of fixed negative charges, C,, [22]. According
to this model, the fixed charges cause the intra-
membrane potential (within the capillary wall) to
be negative with respect to that in plasma or
Bowman’s space, a result of Donnan equilibria es-
tablished at the respective membrane-solution in-
terfaces. Partitioning of charged solutes between
the membrane and external solutions is then in-
fluenced not only by molecular size but also by
these potential differences. Let 4y (0) and 4y (d)

(10)
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represent potentials in the external solution (0 for
plasma and ¢ for Bowman’s space) minus those
within the membrane. These are most conveniently
expressed as dimensionless potentials, referenced
to the product of the gas constant and absolute
temperature divided by Faraday’s constant
(26.7 mV at 37 °C), and are positive numbers. Both
depend primarily on C,,, increasing as C, in-
creases; Aw(0) is influenced to a lesser extent by
the total protein concentration in the capillary
lumen (Cp), decreasing as Cp increases. The pore-
to-bulk solution concentration ratio, given by ¢(4)
for neutral solutes, is assumed in this model to
equal ¢ exp(Z;4w) for charged macromolecules.
Z; is the molecular charge, and different values
of Ay are used at the two sides of the membrane,
as indicated above. Details concerning the calcula-
tion of electrical potentials for this model, and the
influence of electrokinetic phenomena on glomeru-
lar filtration, are discussed elsewhere [22].

The solute flux expression for charged macro-
molecules, analogous to that given by Eq. (6) for
neutral macromolecules, is {22]

_ Jy Cr K explZ Ay (0)] Can
1—exp(—a) {1—Kc ¢ exp[Zr Ay ()]}

For relatively large or very negatively charged
macromolecules, the term K¢ exp[Z; 4w (0)] in
the denominator of Eq. (11) will become much
smaller than unity. The solute flux in this case can
be seen to vary approximately as exp[Z; 4w (0)],
a very strong dependence on molecular charge. For
polyanions (Z;<0) this exponential factor will be
less than unity, and comparison of Egs. (6) and
(11) indicates that J; will be less than that of an
uncharged macromolecule of the same size, since
the two are assumed to have the same values of
K¢, ¢ and a. Similarly, J; for a polycation (Z;>0)
will be enhanced in this model. Note that for an
uncharged macromolecule (Z;=0), Eq. (11)
reduces exactly to Eq. (6).

The model just discussed predicts that for
charged macromolecules there will be a strong de-
pendence of J, on C,, since C,, is the primary
determinant of 4y (0). Accordingly, with values
of K, and r, already determined from glomerular
filtration rates of water and neutral macromole-
cules, values of C,, can be estimated from filtration
rates of charged macromolecules. The glomerular
barrier is then fully characterized by the three
membrane properties, K, r,, and C,,.

It should be noted that there is an inconsistency
in the assumption that the glomerular “mem-
brane” has a homogeneous distribution of fixed
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charges, yet also possesses discrete pores. In the
context of a pore model, the fixed charges would
be confined to the pore walls, and electrostatic in-
teractions with permeating macromolecules would
be greater near the pore wall than at the pore
center. More rigorous methods for calculating elec-
trostatic effects on solute partitioning between
pores and bulk solution are becoming available
[46], so that a more consistent theoretical treat-
ment should be possible in the near future. Despite
its limitations, the present model has nonetheless
proved useful in describing both size and charge-
selectivity in glomerular filtration in the rat [22,
23].

Glomerular Permeability Parameters in the Rat

Using the theory outlined in the previous section,
the size-selectivity of the glomerular capillary wall
can be interpreted in terms of effective pore radii.
For the neutral dextran data shown in Fig. 1, cal-
culated values of r, prove to be relatively indepen-
dent of molecular size, averaging about 47 A. Pre-
sumably, all molecules encounter the same size
pores, so that the finding that the “best-fit” value
of r, is independent of molecular size is confirma-
tion that the theory successfully correlates most
of the data. Values of € for neutral dextrans calcu-
lated using the theory are shown by the middle
solid curve in Fig. 1. Tt can be seen that a single
pore radius of 47 A provides an excellent represen-
tation of the data, except for molecular radii less
than about 24 A, for which the isoporous theory
appears to underestimate dextran filtration.

Pore radii obtained in several studies in the rat
are shown in Table 1. The first two entries corre-
spond to the same data for neutral dextran as
shown in Fig. 1. For other studies using neutral
dextran, even in the two forms of glomerular injury
examined (NSN and PAN), pore radii are quite
similar, falling in the range 45-54A. Comparable
values of r,, about 50 A, have also been obtained
from fractional clearance data for PVP in dogs
[27, 47] and dextran in humans [2, 48]. The lower
value of r, shown in Table 1 for horseradish perox-
idase (37 A) follows from the lower fractional
clearance seen for HRP than for dextran of the
same gel chromatographic radius, and reflects dif-
ferences in molecular configuration. For the same
reason, effective pore radius for ficoll is calculated
to be 5 A lower than that for dextran, based on
fractional clearances measured in the same group
of rats [9]. One may conclude that while pore
theory correlates effects of molecular size quite
well within a given series of macromolecules,
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Table 1. Effective pore radius (r,) and fixed charge concentra-
tion (C,,) for glomerular capillaries in the rat

Condition Macro- Py C, Ref.
molecule A (meq/liter)
Normal D, DS 47 160 8
D, DEAE 47 170 6
D, DS 54 120 14
Albumin (50)* 100-130° 25,26
33, 36
HRP, SHRP 37° 60° 42
NSN D, DS, DEAE 54 25 3,6,15
PAN D, DS 45 100 7

Abbreviations used. D, neutral dextran; DS, dexiran sulfate;
DEAE, diethylaminoethyl dextran; HRP, horseradish peroxi-
dase; SHRP, anionic succinyl derivative of HRP; NSN, neph-
rotoxic serum nephritis; PAN, puromycin aminonucleoside
nephrosis.

*  Assumed value used in calculation of C,, from albumin data.
® There were insufficient data in these studies to calculate
the ultrafiliration coefficient. Glomernlar pressures and flow
rates were assumed to be similar to those reported by other
laboratories for normal hydropenic Munich-Wistar rats [10].

values of r, obtained for one polymer are not nec-
essarily applicable to another.

Also shown in Table 1 are values of membrane
fixed charge density (C,,), obtained from data for
various test macromolecules in the rat. For the
dextran derivatives, the values of C,, given repre-
sent least-squares fits to fractional clearance data
covering the entire range of molecular radii stud-
ied. For the results in the normal Munich-Wistar
rat reported by Bohrer et al. [6, 8], nearly identical
values of C,, are obtained from DS and DEAE,
160 and 170 meq/liter, respectively. That a single
value of C,, (165 meq/liter) is consistent with data
for all molecular sizes of DS and DEAE is shown
in Fig. 1, where excellent agreement can be seen
between the calculated results (solid curves) and
the measured mean values of fractional clearances
of both dextran derivatives. As shown in Table 1,
a somewhat lower value of C, (120 meq/liter) is
calculated from fractional clearance data reported
for DS in an earlier study by Chang et al. [14].
This is a reflection of the somewhat higher frac-
tional clearances for DS reported by Chang et al.
[14] than by Bohrer et al. [8]. Whether this discrep-
ancy reflects a difference in the permeability prop-
erties of the groups of Munich-Wistar rats studied,
a difference in the charge content or other proper-
ties of the tracer macromolecules employed, or
some other difference between the two studies
using DS, cannot be determined.

Much of the experimental literature on the glo-
merular filtration of proteins is based on urinary
clearance measurements, the interpretation of
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which is made difficult by the fact that protein
reabsorption rates are generally not known pre-
cisely, but are substantial. The studies cited in Ta-
ble 1 using endogenous albumin [25, 26, 33, 36]
or native and modified horseradish peroxidases
[42] were designed to avoid these difficulties. The
range of C,, shown for albumin (100-130 meq/
liter) reflects a fivefold variation in the estimates
of 0 obtained from the various studies, and is
remarkably similar to the range of C,, values ob-
tained with charged dextrans. The estimate of C,
obtained from neutral and anionic forms of horse-
radish peroxidase (60 meq/liter) is considerably
lower than the other values for normal rats. A
larger value of r, for the horseradish peroxidases
would also yield a larger value of C,,.

Thus, measurements using a variety of test
macromolecules in normal rats are consistent with
effective fixed-charge densities generally exceeding
100 meq/liter. The studies using dextran deriva-
tives in NSN and PAN yield lower values, 25 and
100 meq/liter, respectively, as shown in Table 1.
Although pore radius was virtually unchanged, the
ultrafiltration coefficient (K;) was markedly de-
creased in both disorders, to value approximately
one-third of normal. This reduction in K, can be
attributed almost entirely to a decrease in the pa-
rameter f.S/6 (Eq. (8)). Thus, in addition to a loss
of fixed charge from the glomerular capillary wall
in these disorders, there is a reduction in the
number of filtering pores (proportional to fS5),
perhaps accompanied by an increase in pore length

).

Determinants of Macromolecule Filtration

Having established values of the membrane param-
eters that characterize the glomerular capillary
wall, it is possible to compare theoretically the
effects of various factors on the filtration rates of
macromolecules. These factors include molecular
properties, membrane properties, and hemody-
namic variables such as glomerular plasma flow
rate and transmembrane hydraulic pressure differ-
ence [23]. Figure 2 illustrates the effects of molecu-
lar size, molecular charge, and membrane chargg
on #, assuming an effective pore radius of 50 A
and values of K, and glomerular hemodynamic
quantities representative of the normal hydropenic
rat [10, 22]. Curves giving ¢ as a function of molec-
ular charge (Z) are shown for three molecular radii
(r,) at each of two values of membrane fixed charge
density (C,,). For uncharged macromolecules (Z=
0), 0 is shown to decrease by one order of magni-
tude (a factor of 14) as molecular radius is in-

0.l

ool

Cm{megq/ 1)
Q.001

0.0001
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Fig. 2. Filtrate-to-plasma concentration ratio (6) as a function
of molecular charge (Z) and molecular radius (r,). Results are
shown for two values of membrane fixed charge concentration
(C,). Calculations assume r,= 50 A and other input quantities
representative of the normal rat [22]

creased from 20 to 40 A, irrespective of the value
of C,,. Electrical charge is seen to amplify the effect
of size for anionic macromolecules (Z <0) and di-
minish it for cationic polymers (Z>0). Thus, for
polyanions of equal charge such that Z< —5,0 is
predicted to decrease by about two orders of mag-
nitude as r, increases from 20 to 40 A. This is true
whether C,, values are chosen to represent the
normal capillary wall (150 meq/liter) or partial loss
of fixed negative charges (75 meq/liter). Of course,
within any homologous series of macromolecules,
not only r, but also | Z| will increase with molecular
weight.

The linear relationship between logf and Z
shown in Fig. 2 for highly anionic macromolecules
is a consequence of the exponential dependence
of J; on Z; shown in Eq. (11), since @ is directly
related to the average value of J; along a capillary
(Eq. (2)). The slope of each of the lines in this
region can be identified roughly with the average
value of the Donnan potential between the capil-
lary lumen and membrane [4 w (0)], which is deter-
mined primarily by C,,. Thus, the three curves at
C,, =150 meq/liter have slopes similar to one
another, and much greater than those for C =
75 meq/liter. In other words, for any molecular
size, the greater the membrane charge density, the
more pronounced is the effect of molecular charge.

It is apparent from Fig. 2 that the combined
effects of molecular size and charge can readily
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Fig. 3. Single nephron clearance (f-SNGFR) as a function of glomerular plasma flow rate (Q ,) and molecular charge (Z). Calcula-
tions assume r =30 A, r,=50 A, 4P=35 mm Hg, and other input quantities representative of the normal rat [22]

Fig. 4. Single nephron clearance (8- SNGFR) as a function of transcapillary hydraulic pressure difference (4P) and molecular
charge (Z). Calculations assume Q ,=75 nl/min and other input quantities as in Fig. 3

account for variations in § among different macro-
molecules covering several orders of magnitude,
even when the ratio of solute-to-pore radius is
maintained in the range 0.4-0.8. As already noted,
experimental evidence in the rat indicates that dif-
ferences in molecular configuration between un-
charged molecules of similar size may also affect
@ by as much as one order of magnitude [9, 44].
In considering the pathogenesis of proteinuria, the
more pertinent issue is the effect of changes in glo-
merular membrane properties on # for a given
macromolecule. For a highly anionic protein such
as serum albumin (r,=36 A, Z= —19), effects of
membrane charge density (C,,) on 6 are likely to
be more important than variations in pore radius.
For example, decreases in C,, from 150 to 75 meq/
liter are calculated to increase 6 for albumin by
a factor of approximately 100, whereas a doubling
of pore radius (from 50 to 100 A) increases @ by
only a factor of 5 [23]. Accordingly, it appears
that very extensive amounts of proteinuria may
be accounted for by decreases in C,,, irrespective
of changes in pore radius.

Hemodynamic perturbations that change
SNGFR may also profoundly affect both the frac-
tional and the absolute clearances of macromole-
cules. Equation (2) shows that unless the absolute
clearance of the test macromolecule under consid-
eration, {J;> S/Cr4, happens to change exactly in
proportion to SNGFR, 8 will not rémain constant

when SNGFR is altered. Several theoretical studies
have pointed out that in most cases an inverse rela-
tionship is to be expected between 6 and SNGFR,
# decreasing as SNGFR increases [16, 23, 38, 40,
47]. However, the magnitude and even the direc-
tion of the predicted variations in 6 depend both
on molecular properties and the manner in which
SNGFR is changed [16, 23, 24, 47]. In addition
to the ultrafiltration coefficient, K, (a membrane
characteristic), SNGFR depends on three “hemo-
dynamic” quantities [10, 21]: initial or afferent
glomerular plasma flow rate (Q,); transcapillary
hydraulic pressure difference (4 P); and afferent
plasma protein concentration (Cp,). With refer-
ence to Eq. (3), increases in @, elevate SNGFR
by reducing the tendency of protein concentration
and oncotic pressure (7;) to increase in going from
the afferent to the efferent end of a capillary, and
thereby lowering the average value of 7; opposing
filtration [21]. The initial value of 7 is determined
by Cpp -

A has been defined such that the absolute clear-
ance of a macromolecule, at the level of a single
glomerulus, is given by the product #-SNGFR.
The dependence of absolute clearance on Q, and
AP is illustrated in Figs. 3 and 4 for hypothetical
macromolecules of 30 A effective radius and mo-
lecular charge ranging from Z=-20 to +5.
Values of SNGFR are also shown for comparison.
For the normal hydropenic rat, on which these
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calculations are based, Q,~75 nl/min and 4P~
35 mm Hg. It can be seen in Figs. 3 and 4 that
absolute clearance increases in most cases as
SNGFR is elevated, whether this is done by selec-
tively raising Q 4 or A P. Also, in most cases, abso-
lute clearance increases less than in proportion to
the increase in SNFGR, indicating a decrease in
0. The most direct experimental confirmation of
the predictions for neutral macromolecules is pro-
vided by a study by Chang et al. [17], in which
Q, was clevated to values approximately three
times normal by isoncotic plasma volume expan-
sion. For neutral dextrans covering a wide range
of sizes, reductions in § during plasma volume ex-
pansion were in close accord with theoretical ex-
pectations [17].

For sufficiently anionic or cationic macromole-
cules, 8 and absolute clearance deviate from the
main trends just described. Figure 3 shows that
absolute clearances for the more anionic macro-
molecules are relatively insensitive to increases in
04, that for Z= —20 actually decreasing slightly
as @, is increased above the normal value of 75 nl/
min. This finding is particularly interesting in that
it suggests that a mechanism exists for increasing
the glomerular filtration rate of water and small
solutes without any attendant increase in the filtra-
tion of even low molecular weight plasma proteins,
provided that they are sufficiently anionic. For suf-
ficiently cationic macromolecules, as indicated for
Z=5 in Figs. 3 and 4, single nephron clearance
may exceed SNGFR (6> 1) and increase more rap-
idly than SNGFR as Q, or 4 P are clevated.

Finally, it should be noted that hemodynamic
perturbations can lead to changes in absolute clear-
ance by altering 8 in the absence of any effect on
SNGFR. For example, reductions in Q, may be
compensated by increases in 4P to maintain near
constancy of SNGFR; this has been found experi-
mentally in the rat during infusion of angiotensin
I1 [8], in which proteinuria is also observed. Theo-
retical simulations of albumin filtration show that
f# may be increased substantially when Q, is
reduced and 4 P simultancously increased to main-
tain exact constancy of SNGFR [23]. Under these
conditions, # and absolute clearance for albumin
are approximately doubled when Q, is reduced
from 75 to 50 nl/min. If, as suggested by micro-
puncture studies of albumin filtration and reab-
sorption in the rat [25, 26, 36], albumin is reab-
sorbed by a saturable process normally operating
near capacity, the percentage increase in urinary
albumin excretion could greatly exceed that of fil-
tration. These results indicate that caution is re-
quired in attributing proteinuria to glomerular in-

jury, particularly in states in which renal plasma
flow rate is decreased and filtration fraction in-
creased, leaving GFR relatively constant,
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