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ABSTRACT

Graded dextrans have been used as tracers to identify the primary permeability
barrier(s) to macromolecules among the structural elements (endothelium, mes-
angium, basement membrane, epithelium) of the glomerular capillary wall. Three
narrow-range fractions of specified molecular weights and Einstein-Stokes radii
(ESR) were prepared by gel filtration: (@) 32,000 mol wt, ESR = 38 A; () 62,000
mol wt, ESR = 55 A; and (¢) 125,000 mol wt, ESR = 78 A. These fractions are
known to be extensively filtered, filtered in only small amounts, and largely re-
tained, respectively, by the glomerular capillaries. Tracer solutions were infused
i.v. into Wistar-Furth rats, and the left kidney was fixed after 5 min to 4 h. The
preparations behaved as predicted: initially, all three fractions appeared in the
urinary spaces, with 32,000 > 62,000 >» 125,000. The smallest fraction was
totally cleared from the blood and urinary spaces by 2.5 h, whereas the inter-
mediate and largest fractions were retained in the circulation at high concentra-
tions up to 4 h. With all fractions, when particles occurred in high concentration in
the capillary lumina, they were present in similarly high concentrations in the
endothelial fenestrae and inner (subendothelial) portions of the basement mem-
brane, but there was a sharp drop in their concentration at this level—i.c., between
the inner, looser portions of the basement membrane and its outer, more compact
portions. With the two largest fractions, accumulation of particles occurred against
the basement membrane in the mesangial regions with time. No accumulation
was seen with any of the fractions in the epithelial slits or against the slit mem-
branes. Dextran was also seen in phagosomes in mesangial cells, and in absorption
droplets in the glomerular and proximal tubule epithelium. It is concluded that the
basement membrane is the main glomerular permeability barrier to dextrans, and
(since their behavior is known to be similar) to proteins of comparable dimensions
(40,000-200,000 mol wt). The findings are discussed in relation to previous work
using electron-opaque tracers to localize the glomerular permeability barrier and
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in relation to models proposed for the functions of the various glomerular struc-

tural elements.

The stratified nature of the glomerular capillary
wall has been known for over 15 years, but at the
present time there is still controversy regarding
which of its several layers serves as the main
filtration barrier for plasma proteins. A number of
attempts have been made to identify the filtration
barrier by electron microscopy using various
electron-opaque tracers (1-15). Initially, only a
few such tracers were available, and these were
mostly of large size (ferritin, colloidal particles of
mercuric sulfide, gold, and thorotrast). Farquhar
et al. (3) established that the glomerular basement
membrane restricts the passage of ferritin
molecules, and concluded that the basement
membrane is the main filtration bargier to
molecules in this size range (diam. > 100 A [16])).
Studies with other particulate tracers supported
this conclusion (1, 2, 4, 5). Later a number of
additional tracers became available which were not
themselves electron dense, but depended for their
demonstration on a histochemical reaction
(involving peroxidatic activity) and deposition of
an electron-dense reaction product (oxidized and
polymerized  diaminobenzidine or DAB).
Karnovsky and his associates (7, 11) using such
tracers (i.e., horseradish peroxidase, mol wt =
40,000; myeloperoxidase, mol wt = 160,000; and
catalase, mol wt = 240,000) obtained evidence
which in their interpretation indicated the
existence of two successive filtration barriers: (@)
the basement membrane which acts as a ““coarse”
filter to exclude very large molecules (diam. > 100
A) and to retard smaller molecules, (b) the
epithelial slits which act as a “fine” filter and
represent the principal filtration barrier for
molecules the size of albumin. This concept of the
existence of two successive barriers has gained
wide acceptance by morphologists (17) and
physiologists (18) alike, in spite of the restraint
exercised recently by Karnovsky and Ainsworth
(13) in their interpretation of the accumulated
data. ~

Needless to say, it is important to know if there
is just one filtration barrier in the glomerulus or
two in series. The problem is that most of the
tracers used up to now are either too large or too
small, when compared to the size of albumin, to
satisfactorily bracket (with a sufficient number of
probes of adequate dimensions) the size of the

884 THE JOURNAL OF CELL BIOLOGY -

restrictive glomerular passages. An additional
problem with histochemically detectable tracers is
that secondary erroneous localizations are possible
due to diffusion and reabsorption (to other sites) of
either the tracer or reaction product. Inert
particulate tracers which are individually
detectable would therefore be preferable.
Fortunately, such tracers are now available in the
case of dextrans (19, 20).

Dextrans are inert, heterodisperse polysac-
charides of bacterial origin which are extremely
useful as tracers because (a) they are available in
a wide range of sizes from molecular weight of
10,000 to over 500,000, and (b) their filtration be-
havior is well known, since they have been exten-
sively used by physiologists to study glomerular
permeability (21-24). Hence, a satisfactory cor-
relation between physiologic and morphologic
data is finally possible.

In the present work we have prepared fractions
of dextrans of narrow molecular weight range
which bracket the size of albumin (the molecule
effectively retained by the glomerulus) and have
used them as tracers in an attempt to identify the
filtration barrier for molecules the size of albumin
(mol wt = 68,000; ESR = 35 A) in the normal
glomerulus.?

MATERIALS AND METHODS
Materials

Crude dextrans (T, + Tgs0) were obtained from
Pharmacia, Inc., Uppsala, Sweden. 40,000 mol wt
dextran was also obtained from ICN Nutritional
Biochemicals Div., International Chemical and Nuclear
Corp., Cleveland, Ohio.

Animals

A total of 31 young male Wistar-Furth rats, 100-240 g
body weight, were used in these experiments.
Wistar-Furth strain rats were used because it has been
shown that they tolerate dextran well (i.e., they do not
liberate histamine in response to dextran injection) (19).

Purification of Dextrans

Commercially available dextran preparations of a
specified molecular weight are well known to be

' A preliminary report of these findings was published

previously (25).
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polydisperse, with the molecuiar weights used in their
designation representing the average of the molecules
present. Hence they must be further fractionated to
provide ‘‘cuts” with a molecular weight and size range
narrow enough to be adequate for studies of glomerular
permeability. Such narrow range fractions of selected
and specified molecular weights were purified from
commercial dextrans by gel filtration on a 5 x 100-cm
Sephadex G-150 column (bed vol = 2 liters; void vol-
ume = 631 ml) by the method of Laurent and Granath
(26). Fractions of narrow range were selected, precipi-
tated in alcohol, and air dried. The Einstein-Stokes
radius (of each fraction) was determined by method of
Laurent and Kilander (27), and the molecular weight
was determined graphically from a calibration curve
provided by Pharmacia.

Narrow-Range Fractions

Five separate fractions were purified whose
characteristics are given in Table 1. For preparation of
the 40,000-mol wt fraction, 2.2 g of crude 40,000-mol wt
dextran (Nutritional Biochemicals) dissolved in 50 ml
normal saline were loaded on the column, eluted with
double distilled water (at 25-30 ml/h), and collected in
10.6-ml fractions. The concentration of dextran was
monitored with the anthrone reaction (30). The sample
was eluted over 700 ml and the central 120 ml taken,
precipitated, and dried (yielding 0.5 g). The dried
precipitate thus obtained constituted the 40,000-mol wt
fraction used in these experiments. For preparation of the
32,000-mol wt fraction, crude T,, (Pharmacia) was
purified exactly as done for the 40,000-mol wt fraction.
The yields of four such runs were pooled and run again
on the same column, the central 230 ml collected,
precipitated, and dried (yielding 1.28 g dextran out of the
2-g load). The chromatographic profile of the final,
purified preparation was much narrower than that of the
crude commercial preparation (see Fig. 1). The
250,000-mol wt fraction was prepared by loading T
Pharmacia on the column. The void volume was
collected, precipitated, and used for injection. This
fractionation was done to eliminate particles of low
molecular weight (<250,000). The 62,000- and
125,000-mol wt fractions were provided by Dr. Svensjo
of Pharmacia, Inc., Uppsala, and were prepared on a
Sepharose 4 B column. The weight average and number
average molecular weights of the fractions were provided
by Dr. Svensj¢ and were determined using
light-scattering and end group analysis, respectively.

Tracer Solutions

For injection the dextrans were prepared as ~1-mM
solutions by resuspension in normal saline. The 32,000-
and 40,000-mol wt fractions were given as a 5% (wt/vol)
solution; the 62,000-mol wt fraction as 7%; and the
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TaBLE 1
Characteristics of Purified Dextran Fractions

Fraction Mw Mn Mw/Mn ESR
A
32,000* - - - 38+
40,000 - - 1.361 45*
62,000 62,000 53,900 1.163 55%
125,000 125,000 101,000 1.244 78*
250,000 - - <2.05 100*

Since it is polydisperse, the molecular weight of dextran
is usually characterized as the ratio of two determina-
tions, with the numerator consisting of the weight
average molecular weight (determined by light scatter-
ing), and the denominator the number average molecular
weight (determined by end-group analysis) (29). For a
pure (monodisperse) solution the ratio is unity. All of the
fractions used were in the range of 1.1-1.4, except the
250,000-mol wt fraction. The latter consisted essentially
of the commercial preparation with the low molecular
weight particles removed, whereas all the others had both
higher and lower molecular weight particles removed.

* Calculated from a calibration curve supplied by Dr.
William Gelb of Pharmacia.

 Value estimated from a similar fraction of Granath and
Kvist (28).

Mw = weight average molecular weight.

Mn = number average molecular weight.

ESR = Einstein-Stokes radius.

125,000- and 250,000-mol wt fractions as 10% solutions.
Before use, they were heated (or sonicated) to disperse
possible aggregates.

Experimental Procedures

Rats were anesthetized with ether, and the dextran
tracer solution was infused into the saphenous vein over a
5-10-min period using a Harvard infusion pump. 1 ml of
tracer solution was given per 100 g of body weight. The
rate varied from approximately 0.1 to .25 mil/min. At
varying intervals (Table II) after the start of injection,
the abdomen was opened, and fixation of the left kidney
was initiated by injecting the fixative directly into the
cortex. The renal artery, vein, and ureter were clamped
simultaneously with the initiation of fixation. The kidney
was allowed to fix in situ for 15 min. Slices of cortex were
then removed, cut into smalil blocks, and fixation was
continued for up to 3 h at 4°C. In some cases the right
kidney was removed and fixed by immersion alone as
follows: strips of cortex were prepared, cut into blocks in
a drop of fixative, and fixed for 3 h at 4°C. The tissue
blocks were routinely dehydrated in alcohol and
embedded in Epon. In several cases embedding was also
carried out in glycol methacrylate (31).
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FIGURE 1

Fractionation of T,, dextran (Pharmacia) on Sephadex G-150 (5 x 90 cm). Chromatographic

profiles of commercial and fractionated dextran. Left, commercial 40,000-mol wt dextran. Right, the same
dextran after two purification runs. The curve on the right represents the 32,000-mol wt fraction and is
much narrower in width than the commercial material. The details of the chromatography are given under

Methods.

TaBLE II

Experimental Animals

Time interval*

Total
Tracer given 50-10 min  11-25 min 1-4 h animals

mol wt

32,000 2 2 2 6

40,000 2 3 2 7

62,000 1 3 4 8
125,000 1 2 3 6
250,000 1 1 2 4

A
—_

* Timed from the start of the tracer injection to the
initiation of fixation.

Fixative

The one-step fixative introduced by Simionescu et al.
(20) for demonstration of dextrans and glycogen was
used throughout. This fixative contains formaldehyde
(1.5%), glutaraldehyde (2.5%), OsQO, (0.66%), and lead
citrate (2-3 mg/100 ml) in 0.1 M arsenate buffer, pH 7.4.
The precise mechanism by which the fixation and
staining operates is unknown, but with this procedure the
lead citrate (or lead-OsO, complex) apparently binds
selectively to the dextran and enhances its contrast in
comparison to the surrounding tissue. Uranyl acetate
staining in block and on grid was avoided because it
causes a reduction in the contrast of the dextran (20).
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Sectioning

Thick sections (0.5 um) were prepared, placed on glass
slides, stained 1 min with 2% basic fuchsin at 80°C,
rinsed with double distilled water and subsequently dried,
sprayed with Krylon, and examined with the light
microscope. This method was used because it stains
plasma proteins (which appear as light pink granular
material). It thereby facilitates the selection of glomeruli
which are adequately fixed as judged by satisfactory
retention of plasma proteins in the capillary lumina.
Glomeruli were selected for subsequent electron
microscopy that fulfilled the following criteria: (a) the
capillary loops were distended; () the contents of the
capillaries were retained and uniform throughout the
capillary; (c) there was no obvious leakage of plasma
contents into Bowman’s space. Usually blocks were
taken that included three to four glomeruli. Sections of
60-90 nm thickness, showing silver interference colors,
were cut with Dupont diamond knives on a Porter-Blum
MT-2B ultramicrotome (Ivan Sorvall, Inc., Newtown,
Conn.). Thin sections were stained with lead citrate (32)
for 10-15 min and examined with a Siemens Elmiskop 1
or 101, or Philips 301 operating at 80 kV.

RESULTS
Morphology

The general morphology and ultrastructure of
the glomerulus has been previously reported (3).
The capillary wall is composed of three layers—a
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fenestrated endothelium, a substantial (120-150
nm thick) basement membrane, and an elaborate
epithelial layer with interdigitating foot processes
which cover the outer surface of the basement
membrane. In sections, these foot processes are
separated (where they approach most closely) by a
space of ~25 nm which is bridged by a thin (~4
nm) line, the so-called slit diaphragm or filtration
slit membrane. The spaces between the foot
processes up to the diaphragms are referred to as
the epithelial filtration slits. A third cell type, the
mesangial cell, exists in the axial regions of the
glomerulus on the capillary side of the basement
membrane.

The results obtained with the dextran fractions
will be presented proceeding from the largest
fraction to the smallest. The 125,000- and the
250,000-mol wt fractions will be considered
together since their behavior is similar. The
32,000- and 40,000-mol wt fractions will also be
considered together since they behave similarly.

125,000- and 250,000-Mol Wt Dextrans

At the earliest time points (~10 min) after the
start of the injection, particles of dextran are seen
throughout the capillary lumen. Their distribution
is relatively homogeneous, but even in well fixed
preparations some aggregation of particles is
evident (Fig. 2). Dextran is also seen within the
endothelial fenestrae and in the subendothelial
areas between the endothelium and the basement
membrane. Particles are not usually found in the
basement membrane, but some are seen in the
urinary spaces. With increasing time after
injection (1-3 h), there is increasing accumulation
of dextran along the luminal side of the basement
membrane (Figs. 3-4) especially in the mesangial
regions (Fig. 5), but no accumulation is seen in the
epithelial slits or piled against the slit membranes
(Fig. 3). Few particles are seen in the open urinary
spaces beyond the level of the slit membranes.
Even after 3.5 h the particles are still retained in
the capillary lumen in a high concentration
approximating that injected initially (Fig. 3),
indicating that little dextran has been lost from the
circulation by filtration. At all time intervals there
is a sharp drop in the concentration of dextran
between the inner, less compact portion of the
basement membrane where particles are numerous
and the dense portions of the basement membrane.
At the longer time points some accumulation of
dextran can also be seen within absorption droplets

in the epithelial cell cytoplasm (Figs. 8-10) and
within mesangial cells (Fig. 6). The latter
presumably represents uptake of dextran residues
piled against the basement membrane, whereas the
former represents uptake by pinocytosis occur-
ring primarily (but not exclusively) along the
base of the foot processes facing the basement
membrane. Occasionally, images suggesting pin-
ocytic uptake of dextran particles by the epithe-
lium are encountered (see Fig. 7).

62,000-Mol Wt Dextran

At 10 min after the start of injection the dextran
is present not only in the capillary lumen, but also
in the open urinary spaces beyond the level of the
slits (Fig. 11). In the capillary lumina the particles
are numerous and relatively evenly distributed, but
in the urinary spaces they are few and aggregated
into clumps. As in the case of the 125,000-mol wt
fraction even at this early time, a sharp drop in the
concentration of dextran is seen along the
subendothelial portions of the basement
membrane, but no dextran can be detected in the
slits (or piled against the slit membranes) in either
normal or grazing sections (Fig. 11, 12). With
increasing time after injection the amount of
dextran found in the open urinary spaces gradually
decreases. The amount found in the capillary
lumina and in the inner portions of the basement
membrane remains high (Fig. 13). As with the
125,000-mol wt fraction, accumulation or piling
of dextran against the basement membrane is
evident in the mesangial regions, and accumulation
within endocytic vacuoles (absorption droplets) is
evident in both mesangial and epithelial cells.
Previous observations with other tracers indicate
that such vacuoles are converted in time into
lysosomes (4, 33, 34).

32,000-Mol Wt and ~40,000-Mol Wt
Dextrans

At the earliest time points (7.5 min) after the
start of the injection, there are large quantities of
the tracer both in the capillary lumina and in the
open urinary spaces beyond the level of the slits.
Dextran is also seen in the subendothelial space
along the basement membrane but not in the
subepithelial space along the epithelium (Figs. 14,
15). As with the other dextran fractions, there is a
distinct drop in the concentration of the tracer
along the inner surface of the basement membrane,
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FIGURE 2 Portions of a glomerular capillary taken from an animal sacrificed 10 min after the injection of
125,000-mol wt dextran. Three capillary lumina (Cap) filled with particles of dextran are present in the
field. The dextran appears dense and irregularly aggregated. It is seen freely penetrating the fenestrae (f) of
the endothelium, but the basement membrane (B), the slits between the epithelial foot processes (fp), and
the open urinary spaces (US) beyond the level of the slits are free of dextran. Re = reticulocyte; Ep =

visceral glomerular epithelium. x 22,000.



FiGures 3 and 4 Portions of glomerular capillaries from an animal sacrificed 3.5 h after the injection of
125,000-mol wt dextran. The luminal concentration of tracer is still quite high. Dextran appears to
penetrate the endothelial fenestrae and can be seen between the endothelium (En) and the basement
membrane (B). The basement membrane proper and the epithelial slits do not contain dextran. This sharp
drop in the dextran concentration which occurs in the subendothelial areas is particularly evident on the
lower right in Fig. 3 (arrow) and (at higher magnification) in Fig. 4. A few molecules are seen in the urinary
spaces (US) adjacent to the plasma membrane of epithelial cells (Ep). The particles present in the urinary
spaces appear smaller in size than those in the capillary lumina. Fig. 3, x 32,000; Fig. 4, x 87,000.

CAULFIELD AND FARQUHAR Permeability of Glomerular Capillaries
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no dextran is seen in the filtration slits, and no
piling of the tracer is seen against the slit dia-
phragms. Over the course of 1-2 h after the in-
jection, tracer gradually disappears from both
the blood and urinary spaces (as it is lost by filtra-
tion), so that by 2-3 h little or no dextran remains
in either location (Fig. 16). With this small molec-
ular weight fraction there is little or no accumu-
lation of dextran in the mesangial regions, and
more limited uptake of dextran by mesangial and
epithelial cells.

Appearance of Dextran

As pointed out by Simionescu et al. (20) and as
seen in all figures, in sections the dextran particles
appear as aggregates of considerably larger size
than expected on the basis of molecular weight
determinations. Data in the physiological litera-
ture (21-24) indicate convincingly that dextrans
are present in molecular dispersion in the circulat-
ing plasma. Hence aggregation must occur during
fixation. It appears to be inversely related to the
concentration of protein the immediate environ-
ment, since it is most pronounced in the urinary
spaces, less in plasma, and least in the subendo-
thelial portions of the basement membrane. This
being the situation, the electron microscope ob-
servations indicate only the presence and relative
concentration of the dextran in relevant compart-
ments; they do not give a reliable indication as
to particle size. For this parameter we rely exclu-
sively on characterization of the fractions before
injection,

Extraglomerular Location and Fate of

Dextran

With all the fractions dextran is found in the
lumen of all segments of the nephron. In addition,
in the proximal tubule it is found in apical

vacuoles at the base of the microvilli where it is
apparently undergoing reabsorption (Figs. 17, 18).
No evidence of dextran absorption is seen in distal
tubules. As expected, the amount found in the
proximal tubule epithelium varies inversely with
the molecular weight (with 32,000 » 62,000 >
125,000). All three fractions are seen in the
peritubular capillaries in concentrations corre-
sponding to that seen in the glomerular capillaries.
Apparently the peritubular capillaries are quite
permeable to all fractions since dextran appears in
the pericapillary spaces and penetrates the intercel-
lular spaces between cells up to the level of the
tight junctions in both the proximal (Figs. 17, 19)
and distal tubules as well as in the parietal
epithelium of Bowman’s capsule.

DISCUSSION

We have used the polysaccharide tracer dextran
to identify the primary filtration barrier for mac-
romolecules of the size of plasma proteins among
the components of the glomerular capillary wall.
Dextrans are known to behave like proteins as far
as glomerular filtration is concerned, in that there
is increasing restriction to their passage with
increasing molecular weight. The only difference in
their behavior is the fact that their cutoff point or
their effective exclusion from filtration, occurs at a
somewhat lower molecular weight than for pro-
teins. With proteins (18, 35), restriction begins at
14,000 and increases with increasing molecular
weight up to 68,000, the size of albumin (which is
filtered only in small amounts [35, 36]). According
to the work of Wallenius (21), Mogenson (22), and
others (23, 24), effective exlusion of dextran
occurs at a molecular weight of 55,000-60,000
daltons. The reasons for this are not entirely
understood (18), but it is probably related to the
nature of the molecule—a flexible long-chain

FIGURE 5 Mesangial area 13 min after the injection of 250,000-mol wt dextran. The dextran is seen in the
intercellular spaces between the processes of adjacent mesangial (Me) cells (short arrows) and between
these cells and the basement membrane (B) (long arrows). No dextran is seen in the epithelial slits or

urinary spaces (US). x 20,000.

FIGLRE 6 Mesangial area | h after administration of 125,000-mol wt dextran, showing uptake of
accumulated dextran by a mesangial cell. The dextran has been segregated into a lysosome (Jy). A few
dextran particles (arrows) and chylomicra (c) are seen piled in the spaces between mesangial processes and
the basement membrane (B). Discrete (11 nM) fibrils (fi) of the type previously described (3) can also be
seen in the field between the mesangial processes and the basement membrane. m = mitochondrion; r =

rough endoplasmic reticulum. x 63,000.
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FIGURES 7-10 These figures show uptake of filtered dextran by glomerular epithelial celis. In Fig. 7, from
an animal given 62,000-mol wt dextran 1 h before sacrifice, a single dextran particle is present facing an
invagination (arrow) of the epithelial cell membrane at the base of a foot process (fp). In Figs. 8 and 9, from
animals sacrificed 1 and 4 h, respectively, after administration of the 125,000-mol wt fraction, particles of
dextran are seen in vesicles (ve) of variable size and in phagosomes (/y) within epithelial foot processes. Fig.
10, taken 4 h after injection of 125,000-mol wt dextran, shows concentration of the dextran within an
epithelial phagosome (/y). As in the case of ferritin (3, 6) some of the dextran particles which pass through
the basement membrane are picked up by the epithelium and concentrated into phagosomes which become
lysosomes. B = basement membrane; Cap = capillary lumen; mr = microtubule. Fig. 7, x 81,000; Fig. 8,
x 60,000; Fig. 9, x 78,000; Fig. 10, x 61,000.
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Figure 11  Glomerular capillary 10 min after the injection of 62,000-mol wt dextran. The tracer is
present in high concentration in the capillary lumen, and a few particles, which are aggregated into coarse
clumps, are present in the urinary spaces (US). Numerous molecules are seen between the endothelium (£n)
and the basement membrane (B). No dextran is present in the basement membrane proper or epithelial slits
(arrows). These two main features—the sharp drop in the concentration of dextran along the subendothelial
regions of the basement membrane and its absence from the epithelial slits—are particularly well shown at
the top of the field where the section cuts tangentially through the capillary wall. f = endothelial fenestrae.
X 36,000.



FiGure 12 Field from the same animal as in Fig. 11, showing the sharp drop in dextran concentration
that occurs between the portions of the basement membrane (B) adjacent to the endothelium (£r) and the
rest of the basement membrane. No dextran is seen in the slits between the epithelial foot processes (fp).
Dextran is present in the urinary spaces (US) where it is aggregated into clumps larger than those present in
the capillary lumen (Cap). x 40,000.

FIGURE 13 Glomerular capillary 1 h after injection of 62,000-mol wt dextran. The luminal concentration
is still high, and distinct piling of dextran against the basement membrane (arrows) is seen. The particles
freely penetrate the inner spongy portions of the basement membrane which appear particularly broad here
due to the fact that the section grazes through the edge of a mesangial area. The urinary spaces (US), the
epithelial slits between adjacent epithelial foot processes (fp) and the basement membrane (B) contain no
tracer. x 76,000.



FIGURE 14 Glomerular capillary 7.5 min after the injection of 32,000-mol wt dextran. The tracer is
present in large quantities in both the capillary lumina (Cap) and the urinary spaces (US). Even with this
relatively small molecular weight fraction, a sharp drop in the concentration of dextran is seen along the
subendothelial portions of the basement membrane (B) and the slits appear free of the tracer (arrows).
x 36,000.

FIGURE 15 Glomerular capillary 5 min after injection of 32,000-mol wt dextran. The section is from the
edge of a mesangial area. As in Fig. 14, the tracer is present in both the capillary lumen (Cap) and the
urinary spaces (US) in high concentration; it is also seen to be piled against the basement membrane (B),

but it is absent from the slits (arrows). x 22,500.

polymer believed to exist in solution as a random
coil (37, 38).

Dextran is considered to be a nearly ideal tracer
for studies of glomerular permeability or clearance
because it is uncharged, inert, and does not bind to

albumin (39) or other plasma proteins. Accord-
ingly, it is equally well suited as a tracer for the
identification of the filtration barrier in the capil-
lary wall. Most commercial preparations have the
disadvantage, already mentioned, of being polydis-
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FiGure 16 Glomerular capillary 2.5 h after the injection of 32,000-mol wt dextran. No tracer is seen in
the section, i.e., in either the capillary lumen (Cap) or in the urinary spaces (US). Apparently, this
small-sized dextran has been entirely lost from the circulation by filtration. x 13,500.

perse, but we have considerably improved this
situation by preparing fractions of narrow range in
which dispersity is greatly restricted (cf. Fig. 1 and
Table 1). Moreover, we have selected three frac-
tions with molecular weights which bracket the
size of albumin, the smallest protein known to be
retained by the filtration barrier: (a) a relatively
low (32,000) melecular weight fraction of a size
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well below the filtration cutoff point which would
therefore be expected to be extensively filtered
(21-24); (b) an intermediate (62,000) molecular
weight fraction which, like albumin, is just above
the cutoff point in size and would be expected to be
mostly retained by the filter; and (c) a very large
(125,000) molecular weight fraction which is well
above the filtration cutoff point and would be
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expected to be filtered in only trace amounts. In all
three cases the fractions behaved as predicted. The
32,000-mol wt fraction was gradually lost from the
blood over a period of 1-2 h: initially, it was seen
in high concentration in both the capillary lumina
and urinary spaces, but the amount present in both
locations gradually diminished with time as the
dextran was cleared. The 62,000-mol wt fraction
was filtered in only relatively small amounts:
initially, some molecules were present in the open
urinary spaces, but the amount seen in this loca-
tion diminished gradually with time, whereas the
luminal concentration remained high during the
interval studied (up to 4 h). The 125,000-mol wt
fraction was more effectively retained, since the
luminal concentration remained high and rela-
tively few molecules were seen in the urinary
spaces at any time.

Therefore, the amounts of each fraction that
passed through the glomerular capillary wall and
appeared in the urinary spaces varied as expected
(with 32,000 > 62,000 > 125,000). The amount of
62,000 dextran seen in the urinary spaces at early
time points was more than might be predicted
from the physiologic data. The fact that it occurs
primarily at early time points suggests that it may
be due to initial clearance of smaller molecular
weight components of the fraction which, although
considerably purified over commercial prepara-
tions, is still polydisperse (see Table I). It should
also be mentioned that the physiologic data is
based on analysis of the urine and does not take
into account tubular reabsorption of dextran which
the results of James and Ashworth (40) as well as
ours (cf. Figs. 17, 18) indicate actively takes place.
Thus, like the albumin which normally leaks
through the glomerulus, the dextran of corre-
sponding size may be largely removed from the
filtrate by reabsorption at the level of proximal
tubule and glomerular epithelium.

The most significant finding is that in the case of
all three fractions there was a sharp drop in
concentration of the tracer betweer the luminal
surface of the basement membrane and its outer,
denser portions: numerous particles were seen in
the inner, looser (subendothelial) portions of the
basement membrane and few particles were seen
beyond this level. Moreover, considerable accumu-
lation or piling of the larger 62,000- and 125,000-
mol wt fractions occurred along the luminal sur-
face of the basement membrane in the mesangial
regions. On the other hand, no accumulation or
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piling was seen in the epithelial slits or against the
slit membranes with any of the fractions. The
results have demonstrated that the only barrier to
passage of dextran particles of the sizes used (ESR
= 38-78A) is the basement membrane, suggesting
that this layer constitutes the primary glomerular
filtration barrier for plasma proteins.

Work with Other Electron-Opaque Tracers

A number of attempts have been made previ-
ously to identify the glomerular permeability bar-
rier using electron-dense tracers (summarized in
Table III). In general, two types of tracers have
been used—electron-dense, particulate tracers
which have the advantage that individual mole-
cules or particles are directly visible, and mass
tracers (usually proteins with peroxidatic activity)
which cannot be visualized individually and whose
detection and localization relies on a histochemical
procedure with deposition of electron-dense reac-
tion product. The latter have the advantage that
small quantities of tracer can be more readily
detected due to the amplification provided by their
enzymic activity. However, they also have several
potential disadvantages characteristic of histo-
chemical reactions in general: first, diffusion of
either the tracer (41) or the reaction product (42)
may result in spurious localization. Secondly,
quantitative differences in the distribution of tracer
within the glomerulus cannot be reliably estab-
lished. In addition, in the case under discussion,
tracer molecules filtered in small amounts may be
preferentially absorbed to the plasma membranes
of the epithelial cells (see below).

Work with particulate tracers, including the
dextran results reported here, has pointed to the
basement membrane as the principal glomerular
barrier since all these tracers [except for globin
aggregates (43)] clearly accumulate with time
against the basement membrane, suggesting that
this is the layer that effectively restricts their glo-
merular passage. The results with mass tracers
are less clear. They have been interpreted by
Karnovsky and his associates (7, 11, 13) as indi-
cating the existence of two successive filtration
barriers—the basement membrane, acting as a
coarse filter, and the epithelial slit membrane,
acting as the critical barrier restricting free pas-
sage of molecules the size of plasma proteins. As
far as results with individual tracers are con-
cerned, those obtained with horeseradish peroxi-
dase (7) and cytochrome ¢ (13) are not too infor-
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TaBLE III
Ulirastructural Tracers Used to Locate the Glomerular Filtration Barrier

Conclusion of author(s)

Measured radius regarding permeability
Tracer or ESR barrier Reference
mol wt A
Particulate tracers
1. Ferritin 480,000 61* Basement membrane 3,6
2. Saccharated Variable ~35% Basement membrane 5,15
Fe O,
3. Aggregated Variable ? Basement membrane 8
serum albumin
4. Thorotrast Variable ~100* Basement membrane 2,4
5. Colloidal gold Variable 20-100* Basement membrane 1,3
6. Globin aggregates Variable 250-1000* Inconclusive 43
7. Dextran 125,000 78 Basement membrane Present work
8. Dextran 62,000 55 Basement membrane Present work
9. Dextran 32,000 38 Basement membrane Present work
Mass tracers
1. Catalase 240,000 52 Basement membrane 11,13
and slits
2. Myeloperoxidase 160,000 44 Basement membrane 7,13
and slits
3. Lactoperoxidase 82,000 ~40 Basement membrane 10
and slits
4. Hemoglobin 64,000 32 Inconclusive 9,14
5. Horseradish 40,000 30 Basement membrane 7,13
peroxidase and slits
6. Tyrosinase 34,000 12 Basement membrane 12
subunits and slits
7. Equine cytochrome ¢ 12,000 15 No restriction 13

* Radius determined by direct measurement.
ESR = Einstein-Stokes radius.

FiGures 17-19 Portions of proximal convoluted tubule cells from animals given dextran, showing that
the dextran gains access to the epithelial cell from both its apical (Figs. 17 and 18) and basal (Figs. 17 and
19) surfaces. Fig. 17, taken 12 min after injection of 32,000-mol wt dextran, shows an entire cell segment
from its apical to basal surface. The tracer, which is readily filtered by the glomerulus, is present in high
concentration in the tubular lumen (/u); between the microvilli); and in apical vacuoles (ap) and phago-
somes or lysosomes (/y) in the acpical cytoplasm. Fields such as this illustrate the fact that, under the
conditions tested, at least part of the filtered dextran is taken up or reabsorbed and concentrated into
lysosomes (absorption droplets) by the tubular epithelium. At the base of the cell, dextran particles are seen
in the peritubular capillary lumen (Cap) and in dilated intercellular spaces (is). Fig. 18 is a higher
magnification view of the apical cell region from the same animal as that in Fig. 17, showing dextran
between the microvilli (mv) in the tubular lumen (/«) and in apical vacuoles (phagosomes). Fig. 19 shows the
base of a proximal tubule cell adjoining a peritubular capillary from an animal 1 h after administration of
62,000-mol wt dextran. Enormous accumulations of dextran are seen in the perivascular connective tissue
spaces (s) of these capillaries, which are apparently highly permeable to dextran molecules of this size. Few
particles are seen in the epithelial basement membrane (B). Most of the particles seem to be retained by the
basement membrane and to accumulate against it. However, some particles have penetrated the basement
membrane and appear in the basal infoldings (arrows) and in dilated outpocketings (p) of the basal
infoldings. Fig. 17, x 18,000; Fig. 18, x 44,000; Fig. 19, x 74,000.
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mative since both are readily filtered and are
found permeating in apparent equal concentration
the basement membrane as well as the epitheial
slits. Hence, they do not define any restrictive
barrier. The assumptions made concerning the
dual role of the basement membrane and slits
were made primarily on the basis of results ob-
tained with myeloperoxidase (7) and catalase (11),
both of which appeared to accumulate in the
slits. Karnovsky and Ainsworth (13) have pointed
out, however, that the results obtained with hu-
man myeloperoxidase can be questioned because
this protein is extremely basic (pl > 10), and its
localization in the slits could be due to absorption
of this postively charged molecule onto the highly
negatively charged coat (cf. 17) of the epithelial
cell. It seems that the basis for the entire “‘two-
barriers-in-series’ concept rests largely on results
obtained with catalase which are therefore worth
examining in some detail. The results obtained
with catalase are apparently dependent on the
amount injected, but, according to the authors,
there is often a gradient of staining intensity
across the basement membrane, with a greater
concentration of the enzyme present in the inner
(subendothelial) layers of the membrane than in
the outer (subepithelial) layers. Further, they
reported that the staining trailed off in intensity
toward the urinary space with “no clear-cut de-
marcations in most slip-pores.”” Therefore, it
seems to us that an alternative, equally plausible,
interpretation of the results obtained with catalase
is consistent with the major filtration barrier being
at the level of the basement membrane. The
significance of reaction product in the slits is open
to question in the catalase work as well as in work
with all other mass tracers since in all experiments
involving tracers with peroxidatic activity—cata-
lase included—the epithelial cell membrane is
stained in the urinary spaces as well as beyond
their level, the staining being more extensive with
tracers of small dimensions [e.g., horseradish
peroxidase (cf. 7, 11, 13)]. This could be explained
by a preferential absorption of the filtered tracers
to the membrane of the epithelial cells or, less
likely (cf. 44), by diffusion and reabsorption of
reaction product. From the general standpoint,
another argument against the main (size-limiting)
barrier existing at the level of the slits are the
findings in the glomerulus in the nephrotic syn-
drome. In this situation, in which glomerular
permeability is greatly increased, there is no
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increase in the number or width of the slits. On the
contrary, as shown many years ago in humans (45)
and later confirmed in experimentally induced
(aminonucleoside) nephrosis in rats (cf. 46), the
number of slits i§ sharply reduced. In addition, our
preliminary work using dextrans as tracers in
aminonucleoside-nephrotic rats (47) shows no pil-
ing or accumulation of dextran in the remaining
slits. These changes and findings are difficult to
reconcile with the postulate of the fine filtration
barrier existing at the level of the slits.

Pore Theory

Based on permeability studies Pappenheimer
and his associates (48, 49) postulated some time
ago that the wall of glomerular capillaries—that is,
the filtration barrier of the wall—behaves like a
membrane provided with circular pores with an
effective radius of 45 A. More recently, Renkin
and Gilmore (18) have pointed out that the glo-
merular filtration data could be equally well ex-
plained by the presence of circular pores with a
radius of 36 A, slits with a half-width of 36 A, or
fiber networks with fiber half-interspaces of 26 A.
Based on our observations with dextran as well as
the results with other particulate tracers, the
main filtration barrier—or pore-containing
layer—appears to be the basement membrane.
This being the case, the fiber model appears to
fit in best with what is known about the morphol-
ogy (cf. reference 3) and biochemistry (50) of the
glomerular basement membrane. However, it
should be stressed that we have seen neither pores
nor particles in the basement membrane. Rode-
wald and Karnovsky (51) have described slitlike
pores (40 x 140 A) within the epithelial slit mem-
brane or slit diaphragm in glomeruli fixed in a
mixture of tannic acid and aldehydes. They have
postulated that these structures represent the
filtration pores; however, this postulate is based
on dimensional fit rather than on retention of
tracer. As already discussed, there has been no
unequivocal demonstration of retention of any
tracer at the level of the slits.

It is noteworthy that experiments carried out on
artificial membranes (cf. 52, 53) indicate that to
function effectively (i.e., to avoid formation of
unstirred layers) the part of the membrane bearing
the size-limiting pores should be in contact with
the solution to be filtered. In the case of the
glomerulus this requirement is satisfied by the
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basement membrane, but it is not by the slit
diaphragms which are ~200 nm removed from the
plasma.

Visualization of Dextran in the
Basement Membrane

We have reported that although dextran is
readily visualized in the capillary lumen, the
urinary spaces, and within the inner, looser suben-
dothelial portions of basement membranes, it is
not often seen within the denser portions of the
basement membrane (lamina densa) where it
might be expected to occur in transit. It is clear
that there is some difficulty in staining dextran
particles located within basement membranes.
Dextran itself has only a moderate electron density
(comparable to that of the basement membrane),
and one relies on the method introduced by
Simionescu and Palade (19) for increasing the
contrast of the particles. This procedure renders
individual molecules readily visible in all locations
except within basement membranes (tubular as
well as glomerular). The similar (carbohydrate)
nature of the tracer and basement membranes or
the nature and spatial arrangements of the compo-
nents of the basement membrane may render
staining in this location difficult. The same argu-
ment does not apply, however, to the urinary slits
where likewise few particles of dextran are seen.
This is an environment which, according to mor-
phologic observations, is essentially aqueous, and
the density of the content is considerably lower
than that of the basement membrane. Therefore
one would expect to see particles in this location,
especially if they were accumulating against the
slits. In fact, particles can be visualized in a
structurally analogous situation in the slits be-
tween the basal infoldings of the proximal tubule
epithelium (cf. Fig. 19).

Role of the Mesangium

It was previously shown (4) that the glomerular
mesangium actively takes up (by endocytosis)
various electron-dense tracers (ferritin, colloidal
gold, and thorotrast) that accumulate against the
basement membrane. The incorporated particles
are segregated into phagosomes which become
lysosomes (34). Based on these findings, it was
suggested that the mesangium continually unclogs
and reconditions the basement membrane by re-
moving filtration residues, including plasma pro-
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teins. This postulate has been supported by the
findings of others, especially those of Michael and
co-workers (54, 55), indicating that aggregated
immunoglobulins are actively taken up by mesan-
gial cells. The new findings with dextran reinforce
this concept of the sweeping or removal function of
the mesangium; they further indicate that mac-
romolecules are rapidly and efficiently removed
since no piling or accumulation of dextran parti-
cles is seen except in the mesangial regions. The
mechanism of the sweeping action—whether by
blood currents or endothelial activity—is still (cf.
4) unknown. It should be added that such a
mechanism for reconditioning and unclogging the
filter would be difficult to envisage at the level of
the slits because of their complicated geometry.

Role of the Glomerular Epithelium

The present results have also reinforced previous
observations indicating that the glomerular epithe-
lium serves as a monitor to recover from the
filtrate macromolecules which pass through the
glomerular basement membrane. As in the case of
ferritin, dextran particles are actively endocytosed
by the glomerular epithelium. The latter appears
to represent part of a recovery system which
extends down the nephron to the proximal tubule
epithelium. As in the case of ferritin (3), it is
difficult to quantitate the amount of dextran
which is recovered at the glomerular level vs. the
amount recovered at the tubular level.

As far as the slits are concerned, it remains to be
seen what precisely is their function. As has been
pointed out previously (3), they have an elaborate
structure which has certain features (e.g., increased
density of apposed cell membranes, dense content
in the intercellular spaces which is bisected by a
fine intermediate line) reminiscent of shallow
desmosomes. It may be that the role of the slit
diaphragms is simply to provide overall stability to
the filtration apparatus. In this connection it is of
interest that these desmosome-like features of the
slit membrane are particularly well visualized in
preparations fixed in a mixture of tannic acid and
aldehydes (51), since Futaesaku et al. (56) have
previously demonstrated that tannic acid effec-
tively stains the intercellular plaques of desmo-
somes.

In conclusion, based on results using ferritin as a
tracer, Farquhar et al. (3) proposed a dynamic
model of glomerular function and defined a role
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for each of the components of the glomerular
capillary wall in the filtration process: the base-
ment membrane as the main filter, the endothe-
lium as a valve which controls access to the filter,
the epithelium as a monitor to reabsorb protein
that leaks through the filter, and the mesangial cell
as the mechanism for cleaning the filter by dispos-
ing of filtration residues. This model has been
checked and put to test with graded dextrans,
which represent more appropriate probe molecules
than those used previously, and the model appears
still to be valid.

We gratefully acknowledge the excellent technical assist-
ance of Ms. Hildegard Gutwil, Nancy Dwyer, Jo Anne
Reid, and Janet Pfeiffer in this work.

This investigation was supported by research grant
AM 17724 from the National Institutes of Health,
United States Public Health Service. Dr. Caulfield was
supported in part by training grant GM-02050 from the
National Institute of General Medical Sciences.

Received for publication 16 May 1974, and in revised
Sorm 22 July 1974.

REFERENCES

1. FARQUHAR, M. G., and G. E. PALADE. 1959. Behav-

ior of colloidal particles in the glomerulus. Anat.
" Rec. 133:378-389.

2. LaTTA, H., A. B. MAUNSBACH, and S. C. MADDEN.
1960. The centrolobular region of the renal glomeru-
lus studied by electron microscopy. J. Ultrastruct.
Res. 4:455-472.

3. FARQUHAR, M. G, S. L. WissIG, and G. E. PALADE.
1961. Glomerular permeability. I. Ferritin transfer
across the normal glomerular capillary wall. J. Exp.
Med. 113:47-66.

4. FARQUHAR, M. G., and G. E. PALADE. 1962. Func-
tional evidence for the existence of a third cell type in
the renal glomerulus. J. Cell Biol. 13:55-87.

5. DEODHAR, S. D, F. E. CUPPAGE, and E. GABLEMAN.
1964. Studies on the mechanism of experimental
proteinuria induced by renin. J. Exp. Med.
120:677-690.

6. FARQUHAR, M. G. 1964. Glomerular permeability
investigated by electron microscopy. /n Small Blood
Vessel Involvement in Diabetes Mellitus. M. D.
Siperstein, A. R. Colwell, Sr., and K. Meyer,
Editors. American Institute Biological Sciences,
Washington D. C. 31-38.

7. GraHaM, R. C,, and M. J. KARNOVSKY. 1966.
Glomerular permeability. Ultrastructural cytochem-
ical studies using peroxidases as protein tracers. J.
Exp. Med. 124:1123-1134.

8. MICHAEL, A. F., A. J. FisH, and R. A. Goob. 1967.
Glomerular localization and transport of aggregated

902 THE JOURNAL OF CELL BIlOLOGY -

10.

1.

14.

15.

16.

20.

21.

22,

23.

24,

25.

VOLUME 63, 1974

proteins in mice. Lab. Invest. 17:14-29.

. EricssoN, J. L. E. 1968. Fine structural basis for

hemoglobin filtration by glomerular capillaries.
Nephron. 5:71-23.

GraHaMm, R. C., and R. W. KELLERMEYER. 1968.
Bovine lactoperoxidase as a cytochemical protein
tracer for electron microscopy. J. Histochem. Cyto-
chem. 16:275-278.

VENKATACHALAM, M. A, M. J. KArRNOVSKY, H. D.
Fanmi, and R. S. COTRAN. 1970. An ultrastructural
study of glomerular permeability using catalase and
peroxidase as tracer proteins. J. Exp. Med.
132:1153-1167.

. OLIVER, C., and E. EssNER. 1972. Protein transport

in mouse kidney utilizing tyrosinase as an ultrastruc-
tural tracer. J. Exp. Med. 136:291-304.

. KARNOVSKY, M. J., and S. K. AINSWORTH. 1973.

The structural basis of glomerular filtration. Adv.
Nephrol. 2:35-60.

Latta, H. 1970. The glomerular capillary wall. J.
Ultrastruct. Res. 32:526-544.

PEssINA, A. C., B. HULME, and W. S. PEART. 1972.
Renin induced proteinuria and the effects of
adrenalectomy. I1. Morphology in relation to func-
tion. Proc. R. Soc. Lond. Biol. Sci. 180:61-76.
FARRANT, J. L. 1954. An electron microscopic study
of ferritin. Biochim. Biophys. Acta. 13:569-576.

. LaTtTa, H. 1974. Ultrastructure of the glomerulus

and juxtaglomerular apparatus. Handb. Physiol.
8:1-29.

. RENKIN, E. M., and J. P. GILMORE. 1974. Glomeru-

lar filtration. Handb. Physiol. 8:185-248.

. SimioNescu, N., and G. E. PaLADE. 1971. Dex-

trans and glycogens as particulate tracers for study-
ing capillary permeability. J. Cell Biol. 50:616-624.
SimioNEscu, N., M. Smmionescu, and G. E.
PALADE. 1972. Permeability of intestinal capillaries.
Pathway followed by dextrans and glycogens. J. Cell
Biol. 53:365-392.

WAaLLENIUS, G. 1954. Renal clearance of dextran as
a measure of glomerular permeability. Acta. Soc.
Med. Upsal. 59:1-91.

MoGEeNSEN, C. E. 1968. The glomerular permeabil-
ity determined by dextran clearance using Sephadex
gel filtration. Scand. J. Clin. Lab. Invest. 21:77-82.
ARTURSON, G., T. GroTH, and G. GROTTE. 1971.
Human glomerular membrane porosity and filtra-
tion pressure: dextran clearance data analysed by
theoretical models. Clin. Sci. (Oxf.). 40:137-158.
HARDWICKE, J., B. HULME, J. H. JoNES, and C. R.
RICKETTS. 1968. Measurement of glomerular
permeability to polydisperse radioactivity labelled
macromolecules in normal rabbits. Clin. Sci. (Oxf.).
34:505-514.

CAULFIELD, J. P., and M. G. FARQUHAR. 1973. The
permeability of glomerular capillaries to fraction-
ated dextrans. J. Cefl Biol. 59 (2, Pt. 2):48 a.
(Abstr.).



26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Laurent, T. C., and K. A. GRANATH. 1967. Frac-
tionation of dextran and ficoll by chromatography
on Sephadex G-200. Biochim. Biophys. Acta.
136:191-198.

LAurenT, T. C, and J. KILLANDER. 1964. A theory
of gel filtration and its experimental verification. J.
Chromatogr. 14:317-330.

GRANATH, K. A, and B. E. KvisT. 1967. Molecular
weight analysis by gel chromatography on Sepha-
dex. J. Chromatogr. 28:69-81.

FrLory, P. J. 1953. Principles of Polymer Chemistry.
Cornell University Press, Ithaca, New York.
266-314.

Scort, T. A, and E. H. MELVIN. 1953. Determina-
tion of dextran with anthrone. Anal. Chem.
25:1656-1661.

Lepuc, E. H., and W. BERNHARD. 1967. Recent
modifications of the glycol methacrylate embedding
procedure. J. Ultrastruc. Res. 19:196-199.
REYNOLDs, E. S. 1963. The use of lead citrate at high
pH as an electron-opaque stain in electron micros-
copy. J. Cell Biol. 17:208-213.

FARQUHAR, M. G., and G. E. PaLADE. 1960. Segre-
gation of ferritin in glomerular protein absorption
droplets. J. Biophys. Biochem. Cytol. 7:297-303.
MILLER, F., and G. E. PALADE. 1964. Lytic activities
in renal protein absorption droplets. J. Cell Biol.
23:519-552.

Bort, P. A, and A. N. RicHArRDS. 1941. The
passage of protein molecules through the glomerular
membranes. J. Biol. Chem. 141:291-310.
BERGGARD, [. 1970. Plasma proteins in normal
human urine. In Proteins in Normal and Pathologi-
cal Urine. Y. Manuel, J. P. Revillard, and H. Betuel,
editors. University Park Press, Baltimore. 7-19.
OGsTON, A. G., and E. F. Woops. 1954. The
sedimentation of some fractions of degraded dex-
tran. Trans. Faraday Soc. 50:63-70.

SeNTL F. R, N. N. HELimaN, N. H. Lubwig, G. E.
Bascock, R. TosiN, C. A. GLass, and B. L.
LAMBERTS. 1955. Viscosity, sedimentation, and
light-scattering properties of fractions of an acid-
hydrolyzed dextran. J. Polym. Sci. 17:527-546.
NocGucHi, H. 1956. Interactions of proteins with
polymeric materials. Biochim. Biophys. Acta.
22:459-462.

James, J. A., and C. T. ASHWORTH. 1961. Some
features of glomerular filtration and permeability
revealed by electron microscopy after intraperito-
neal injection of dextran in rats. Am. J. Pathol.
38:515-525.

Fanimi, H. D. 1973. Diffusion artifacts in cytochem-
istry of catalase. J. Histochem. Cytochem.
21:999-1009.

NOVIKOFF, A. B., P. M. NOVIKOFF, N. QUINTANA,
and C. Davis. 1972, Diffusion artifacts in 3,3'-
diaminobenzidine cytochemistry. J. Histochem. Cy-

CAULFIELD AND FARQUHAR Permeability of Glomerular Capillaries

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

tochem. 20:745-749.

MENEFEE, M. G., C. B. MUELLER, A. L. BELL, and
J. K. MEYERS. 1964. Transport of globin by the renal
glomerulus. J. Exp. Med. 120:1129-1138,.
SELIGMAN, A. M., W. A ShHanNoNn, Jr, Y.
HosHiNa, and R. E. PLAPINGER. 1973. Some impor-
tant principles in 3,3'-diaminobenzidine ultrastruc-
tural cytochemistry. J. Histochem. Cytochem.
21:756-758.

FARQUHAR, M. G, R. L. VERNIER, and R. A. Goop.
1957. An electron microscope study of the glomeru-
lus in nephrosis, glomerulonephritis and lupus ery-
thematosus. J. Exp. Med. 106:649-660.
FARQUHAR, M. G., and G. E. PaLADE. 1961. Glo-
merular permeability. I1. Ferritin transfer across the
glomerular capillary wall in nephrotic rats. J. Exp.
Med. 114:699-716.

CAULFIELD, J. P, and M. G. FARQUHAR. 1974. The
permeability of nephrotic glomerular capillaries to
fractionated dextrans. J. Cell Biol. 63 (2, Pt. 2):53 a.
(Abstr.).

PAPPENHEIMER, J. R. 1953. Passage of molecules
through capillary walls. Physiol. Rev. 33:387-423.
PAPPENHEIMER, J. R. 1955. Uber die Permeabilitit
der Glomerulummembranen in der Niere. Klin.
Wochenschr. 33:362-365.

Seiro, R. G. 1970. Biochemistry of basement
membranes. /n Chemistry and Molecular Biology of
the Intercellular Matrix. E. A. Balazs, editor. Aca-
demic Press, Inc., New York. 511-534.
RopeEwaLD, R., and M. J. Karnovsky. 1974. Porous
structure of the glomerular slit diaphragm in the rat
and mouse. J. Cell Biol. 60:423-433,

Hays, R. M. 1970. Do large pores exist in epithelial
cell membranes? In Capillary Permeability. C. C.
Crone and N. A. Larsen, editors. Academic Press,
Inc. New York. 509-519.

Lassen, N. A. 1970. Discussion to chapter 8, large
molecules. In Capillary Permeability. C. C. Crone
and N. A. Larsen, editors. Academic Press, Inc.
New York, 549-551.

MicHAEL, A. F., A. J. FisH, and R. A. Goob. 1967.
Glomerular localization and transport of aggregated
proteins in mice. Lab. Invest. 17:14-29.

MAUER, S. M., A. I. FisH, E. B. BLay, and A. F.
MicHAEL. 1972, The glomerular mesangium. I.
Kinetic studies of macromolecular uptake in normal
and nephrotic rats. J. Clin. Invest. §1:1092-1101.
FuTaesaku, Y., V. MizuHIRA, and H. NAKAMURA.
1972. A new fixation method using tannic acid for
electron microscopy and some observations of bio-
logical specimens. /n Histochemistry and Cytochem-
istry 1972. T. Takeuchi, K. Ogawa, and S. Fumita,
editors. Proceedings of the Fourth International
Congress of Histochemistry and Cytochemistry,
Kyoto, Japan. 155-156.

903



