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(p = 0.0005).  Conclusion:  The proposed method provides an 

unbiased tool to quantitate endothelial fenestration chang-

es in glomeruli. The practical example introduced showed 

reduced glomerular endothelial fenestration in Fabry ne-

phropathy.  Copyright © 2011 S. Karger AG, Basel 

 Introduction 

 The hydraulic conductivity of glomerular capillary 
endothelial cells is especially high, allowing for a plasma 
filtration rate of about 180 l/day from human glomeruli. 
This is possible because of the unique properties of glo-
merular endothelial cells. In healthy glomeruli, most of 
the endothelial surface is extremely flat and contains 
many transcellular pores, or fenestrae  [1, 2] . The extent of 
endothelial fenestration may control the available glo-
merular basement membrane surface for plasma filtra-
tion. Thus, reduced glomerular filtration rate in pre-
eclampsia has been attributed to loss of endothelial fen-
estration  [3] . However, even in normal conditions, the 
endothelial cytoplasm is not uniformly fenestrated. The 
portion of the endothelial cell containing the nucleus is 
more frequently located on the mesangial side of the glo-
merular capillary wall and is usually non-fenestrated. 
However, a portion of mesangial capillary interface can 
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 Abstract 

  Background/Aims:  Glomerular endothelial cells are fenes-

trated, allowing for especially high transcellular hydraulic 

conductivity. Current knowledge about endothelial fenes-

tration structural changes in disease conditions is limited, 

partly due to the absence of robust methodologies to quan-

titate these structures. Herein, we propose a novel method 

for estimating the percentage of endothelial fenestration. 

 Methods:  An unbiased stereological method based on con-

tiguity of two phases and surface area density estimation 

using isotropic uniform random line probes was developed. 

A line grid for intercept counting and classifying endothelial 

coverage of fenestrated versus non-fenestrated areas was 

designed. The method was applied to renal biopsies from 15 

patients with Fabry disease and 9 normal living kidney donor 

controls.  Results:  The percentage of glomerular capillary en-

dothelial coverage which was fenestrated was lower in Fabry 

patients (43  8  12%) versus controls (53  8  9%; p = 0.047). The 

fraction of endothelial surface which was fenestrated was 

greater on the peripheral versus mesangial zones of the cap-

illary walls in both Fabry patients (p = 0.00002) and controls 
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be covered by flat fenestrated endothelium, while some of 
the peripheral capillary wall may be covered by non-fe-
nestrated endothelium. Despite the probable physiologic 
importance of endothelial fenestration, little is known 
about how much these structures change in pathologic 
conditions. We recently reported reduced endothelial 
fenestration in diabetic nephropathy and Fabry nephrop-
athy  [4, 5] , two conditions known to be associated with 
endothelial injury. Here, we describe the method that we 
used in those studies in more detail, including its theo-
retical background, sampling strategy, and application. 
In addition, we provide a practical example by applying 
the method to biopsies from patients with Fabry disease 
and healthy living kidney donor controls. 

  Methods 

 Theoretical Background 
 Contiguity is the degree of contact between two or more struc-

tures or phases. Here, we are interested in estimating the degree 
of contact between luminal capillary surface and its endothelial 
coverage which is fenestrated. This can be simply expressed as the 
ratio of fenestrated endothelial surface density to total capillary 
luminal surface density per a shared reference volume, such as 
glomerular tuft volume:
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    where  C  fc  is the contiguity between capillary luminal surface and 
fenestrated endothelium,  S  v  ( FE/glom ) is the surface area of fenes-
trated endothelial coverage of capillaries per glomerular volume, 
 S  v  ( Cap/glom ) is the surface area of capillaries per glomerular vol-
ume, and  S  s  ( FE/Cap ) is the surface area of fenestrated endotheli-
um per total area of capillary endothelial coverage. Using an iso-
tropic uniform random (IUR) grid of parallel lines, an unbiased 
estimator of the surface area per volume ( S  v ) can be obtained  [6] :

2              V

I
S

L
                                                               (2)

    where  I  is the line intercept count, and  L  is the length of the line 
grid. If we use the same IUR grid for both phases (fenestrated en-
dothelium and luminal capillary surface), equation 1 will be re-
duced to: 
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  where we have replaced  C  fc  with the percentage of endothelial fen-
estration (% EF ). 

 Design of the Grid 
 An unbiased counting frame (224 mm  !  224 mm) with fine 

parallel lines 4 mm apart with 1 coarse line per 7 fine lines was 
developed ( fig.  1 ). Of note, the shape of an unbiased counting 

frame was chosen since we use the same grid for filtration slit 
length density estimation (data not presented here). Moreover, 
this shape provides a guard zone around the frame to help recog-
nize the structures approaching the frame borders.  Figure 2  
shows the grid superimposed on a glomerular capillary image. 
The intercept of each coarse line with capillary luminal surface 
was considered non-fenestrated if the distance between the two 
fenestrae on each side of the coarse line was more than 3 fine and 
coarse lines; otherwise it was called fenestrated ( fig. 2 ). A section 
of endothelial cytoplasm is non-fenestrated according to our def-
inition if the distance between margins of two adjacent fenestrae 
is  1 230 nm [about 3 times the average diameter of a fenestrum in 
living kidney donor biopsies (data not presented)], at a magnifica-
tion of about  ! 35,000 (the magnification we use to study endo-
thelial fenestration). The dashed lines on the coarse lines, similar 
to fine lines, are 4 mm apart and provide a guide to classify endo-
thelial cytoplasm when the capillary wall is more parallel, rather 
than perpendicular to the grid lines.

  Biopsies and Sampling Protocol 
 The study protocol was approved by the Institutional Review 

Board on Human Research at the University of Minnesota. Some 
of the patients with Fabry disease and all control subjects in this 
study were also included in our previous publication  [4] . How-
ever, detailed endothelial fenestration data and methodologies 
were not previously presented. Biopsies from Fabry patients were 
obtained for clinical purposes, and informed consent was ob-

  Fig. 1.  The grid used to estimate % EF  is composed of an unbiased 
counting frame with inclusion (dashed) and exclusion (continuous) 
borders, and parallel lines 4 mm apart. The shape of the counting 
frame was chosen based upon the use of the same grid for slit dia-
phragm length density (not required for endothelial fenestration 
studies). There is 1 coarse line (where the intercepts with endothe-
lial coverage are counted) per 7 fine lines. The short lines on the 
coarse lines are 4 mm apart and, similar to fine lines, are used to 
define fenestrated versus   non-fenestrated coverage. The endothe-
lial coverage was arbitrarily called non-fenestrated if the distance 
between the two fenestrae on either side of the coarse line was more 
than 3 fine and coarse lines, otherwise it was called fenestrated. 
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tained to use these tissues for research. The living kidney donors 
had given their informed consent for research kidney biopsies to 
be obtained during transplant surgery.

  Renal biopsies from 15 Fabry patients (10 males, 5 females, age 
19  8  15 years) and 9 living kidney donors (6 males, 3 females, age 
30  8  13 years) with normal renal function were processed for 
electron-microscopic studies. Toluidine blue-stained 1- � m semi-
thin sections were prepared to provide random profiles of glo-
meruli. The centermost glomerulus in each block with intact 
Bowman’s capsule was selected on semithin sections. Ultrathin 
(60–90 nm) sections were mounted on Formvar-coated slot cop-
per grids. Overlapping  ! 3,000 images were obtained from the 
sampled glomeruli using a JEOL 100CX (JEOL, Tokyo, Japan) 
transmission electron microscope to prepare montages of the en-
tire glomerular profile in Adobe Photoshop (CS3 extended). 
High-magnification images (about  ! 35,000) were also obtained 
from each glomerulus according to a systematic uniform random 
sampling protocol (SURS). For this purpose, once a glomerulus at 
low magnification was identified, the position of the thin section 
grid was moved to the top (or bottom)-most portion of the glo-
merular tuft. Then, the grid was slightly moved horizontally to 
assume a ‘random’ start position adjacent to the capillary tuft. 
SURS was accomplished by moving the transmission electron mi-
croscope grid position control wheel at 120° intervals horizon-
tally and at 180° intervals vertically, taking a picture at each stop 
point until the entire glomerular profile was scanned through 
( fig. 3 ).

  A blinded observer screened montage images to exclude glo-
meruli with discernible mechanical or fixation artifacts. High-
magnification images were used for % EF  estimation. Capillary 
walls were divided into peripheral and mesangial regions by 
drawing a line where glomerular basement membranes and capil-

lary walls lost their parallelism. The grid shown in  figure 1  was 
superimposed on these high-magnification images and intercepts 
between coarse lines and the endothelial cytoplasm in direct con-
tact with the glomerular basement membrane were counted and 
classified as fenestrated or non-fenestrated as described above 
( fig. 2 ). % EF  was calculated using equation 3.

  Statistical Analysis 
 Data are presented as means  8  SD. Group comparisons were 

performed using unpaired two-tailed Student’s t test or analysis 
of variance with least-square distance post hoc test. Linear re-
gression analyses were performed for intervariable relationships. 
Normality of distributions was tested using Shapiro-Wilk
test. Biological variation in the control and Fabry groups were 
separately estimated, considering that  CV  2  total  =  CV  2  estimator  + 
 CV  2  biological variation , where  CV  is the coefficient of variation. p val-
ues  ! 0.05 were considered statistically significant.

  Results 

 Two to five glomeruli (median = 3) per biopsy were 
studied. On average, the number of intercepts between 
probe lines and capillary luminal surface was 295  8  107 
per biopsy, of which 217  8  83 intercepts were on the pe-
ripheral and 78  8  37 intercepts were on the mesangial 
zones. These accounted for 76  8  8 and 72  8  7% of the 
capillary wall surface area to be peripheral (filtration 
zone) in Fabry patients and control subjects, respectively 

A B

  Fig. 2.   A  The grid in figure 1 is superimposed on a high magnifi-
cation (about  ! 35,000) of a glomerular capillary loop. The arrow 
marks a myelin figure inclusion (characteristic of Fabry disease) 
in a podocyte. The arrowhead points to capillary endothelial lin-
ing. The asterisk denotes the glomerular basement membrane. 
The white square shows the area magnified on the right.  B  Magni-
fied view of a small portion of glomerular basement membrane 
with endothelial coverage on the bottom and podocyte foot pro-

cesses on the top. The endothelial lining is traced with bold lines 
and shaded solid grey for easier visualization. Fenestrae are traced 
with white lines. Only intercepts of coarse lines (thicker with hor-
izontal short lines) with endothelial lining are counted. The count 
of fine lines between closest fenestrae on either side of a coarse 
line (a–a’ and b–b’) arbitrarily classifies the endothelial coverage 
as fenestrated versus non-fenestrated.  



 Quantitating Endothelial Fenestration Am J Nephrol 2011;33(suppl 1):34–39 37

[p = not significant (NS)]. % EF  in glomeruli followed a 
Gaussian distribution (Shapiro-Wilk test, p = NS) in both 
Fabry and control subjects.  Table  1  presents the % EF  
measurements. On average, total (peripheral + mesan-
gial) % EF  was less in Fabry patients (43  8  12%) versus 
control subjects (53  8  9%; p = 0.047). Similarly, % EF  on 
the peripheral zones of capillary walls was less in Fabry 

patients versus controls (p = 0.04), while % EF  on the me-
sangial zones was not statistically different between the 
groups. % EF  was significantly greater in peripheral ver-
sus mesangial zones: 49  8  14 versus 24  8  12% in Fabry 
patients (p = 0.00002) and 61  8  9 versus 33  8  17% in 
controls (p = 0.0005). These two parameters were direct-
ly correlated in Fabry patients (r = 0.76, p = 0.001), but not 

  Fig. 3.  Schema of systematic uniform ran-
dom sampling of a glomerular profile 
simulated on a montage image (   ! 3,000) 
of a glomerulus from a Fabry patient. As-
terisk marks a random starting point on 
the top left corner of the glomerulus. 
Squares simulate high-magnification im-
ages ( ! 35,000) obtained. Arrows show 
the pattern of moving the thin section 
grid using control wheels in a transmis-
sion electron microscope to uniformly 
sample the entire glomerular profile.   

F abry patients Controls
(6 males
3 females)

males 
(n  = 10)

females 
(n = 5)

total 
(n = 15)

%EF
Total 43814 4389 43812* 5389
Peripheral 49817 4889 49814** 6189
Mesangial 27813 1985 24811 33817

% peripheral 7488 8187* 7688 7287

* p  = 0.047 vs. controls; ** p = 0.04 vs. controls.

Table 1. % EF in glomerular capillaries in 
Fabry patients and control subjects
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in the control subjects. There was no relationship be-
tween total, mesangial, or peripheral % EF  and age, nor 
were these structural parameters different between males 
and females in the Fabry or control groups. 

   CV  of % EF  in biopsies (interbiopsy variation) was 
17.7%, while the average  CV  of the estimator (interglo-
merular variation) was 4.8% in the control group. These 
provided that the biological variation of % EF  among the 
control subjects was about 17%. Among the Fabry pa-
tients, interbiopsy variation of % EF  was 28.5%, the aver-
age  CV  of the estimator was 12.3%, and the biological 
variation among the patients was 25.7%.

  Discussion 

 The stereological method for estimating the fraction 
of capillary endothelial coverage which is fenestrated 
proposed here is based on the concept of contiguity be-
tween two phases, i.e. capillary internal surface and fe-
nestrated endothelium. The ratio of a surface area to an-
other surface area, as a measure of contiguity, was esti-
mated using line probes  [6] . Conceivably, since the 
estimated parameter is a dimensionless ratio, there is no 
need to correct for magnification. The prerequisite of the 
method is IUR sampling, meaning that the structure un-
der study should have equal probability of being sampled 
by the probe at any direction in space. Because of the 
complex shape of the glomerular capillary network, 
branching frequently in almost any direction, a random 
section through a glomerulus provides multiple profiles 
of capillaries in various directions, mimicking IUR sam-
pling from them. However, if the structure of interest is 
clearly anisotropic, i.e. vasa recta or loops of Henle, it 
would be advisable to implement methods to create iso-
tropic sections, such as orientator  [7] , or alternatively pre-
pare vertical sections followed by using cycloid grids for 
surface area estimation  [8, 9] . When the structure of in-
terest needs to be studied at higher magnifications, sam-
pling the entire structure may be tedious and unneces-
sary. SURS is an efficient way to obtain a representative 
unbiased sample of the structure  [10] . Usually, a pilot 
study determines the sampling strategy [how many cases 
per group; how many glomeruli per biopsy; how many 
fields (images) per glomerulus, and how many lines per 
grid]. The goal is to minimize variation of the estimator 
(noise), while maximizing sampling efficiency, or in oth-
er words, to try to make the total variation (estimated 
from our measurements) as close to the biological varia-
tion as possible. In the present study, the coefficient of 

variation of estimator was less than 5% in the control 
group and about 12% in Fabry patients, indicating that 
our sampling strategy adequately reduced the noise of es-
timation, while the difference between the two groups 
(mainly due to biological variation) was readily detect-
able. Biological variation among the Fabry patients was 
almost twice that of control subjects, reflecting greater 
heterogeneity of % EF  in the Fabry patients.

  Mechanisms controlling endothelial fenestration are 
not fully understood  [11] . Vascular endothelial growth 
factor (VEGF) plays a crucial role in endothelial fenestra-
tion  [12, 13] . Podocytes are the main source of VEGF
in glomeruli  [14] . Glomerular endothelial cells express 
VEGF receptors (VEGFR) 2 and VEGFR3  [12, 15] . Re-
duced endothelial fenestration is a known finding in con-
ditions with severe endothelial injury, such as preeclamp-
sia and hemolytic uremic syndrome. In fact, reduced glo-
merular filtration rate in preeclampsia has been attributed 
to loss of endothelial fenestration  [16] . Increased circulat-
ing levels of VEGFR1, which can bind to VEGF produced 
by podocytes, reduce the available VEGF to endothelial 
cells in preeclampsia, leading to loss of fenestration  [17] .

  We previously reported reduced endothelial fenestra-
tion in human diabetic nephropathy, even in its very ear-
ly stages  [4, 5] . Thus, endothelial fenestration was reduced 
in normo-albuminuric, micro-albuminuric, and protein-
uric patients compared to control subjects  [5] . Baelde et al. 
 [18]  reported reduced VEGF-A mRNA expression in bi-
opsies from diabetic nephropathy patients which corre-
lated with reduced expression of podocyte markers, sug-
gesting a link between podocyte and endothelial injury.

  Fabry is an X-linked hereditary disease with reduced 
or absent activity of the enzyme  � -galactosidase A, re-
sulting in the accumulation of substrates, mainly globo-
triaosylceramide, in virtually all cell types in the body 
and in serious complications in multiple organs. Progres-
sive renal failure is one of the major causes of morbidity 
in Fabry disease patients. The pathophysiologic mecha-
nisms leading to reduced endothelial fenestration in Fab-
ry nephropathy are unknown. Podocyte injury, an early 
finding in Fabry nephropathy, could potentially lead to 
reduced VEGF production  [4] . In addition, Moore et al. 
 [19]  reported increased circulating soluble VEGFR2 in 
children with Fabry disease compared to control subjects. 
It is possible that, similar to preeclampsia, circulating 
VEGFR2 may reduce availability of podocyte-produced 
VEGF-A and VEGF-C to endothelial cells through in-
creased binding to these molecules, thus leading to re-
duced fenestration. 
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  Also interesting was our finding of 33% fenestrated 
endothelial coverage on the mesangial zone of the capil-
lary luminal surface. While it is likely that endothelial 
fenestration in the peripheral zone of capillaries is neces-
sary to provide a high hydraulic conductivity to the glo-
merular filtration barrier, the role of fenestrae in the me-
sangial zone is not clear. However, it has been shown that 
mesangial cells actively participate in uptake and traf-
ficking of plasma protein macromolecules  [20] . There-
fore, hypothetically, mesangial endothelial fenestrae may 
provide an alternative filtration path through the glo-
merular mesangium. 

  Current knowledge about the effect of various patho-
logical conditions on endothelial fenestrae is scarce, per-
haps, at least in part, due to the technical difficulties to 
study these structures, and, particularly, due to the previ-
ous absence of robust methodology to provide a quantita-
tive measure of these structures. Applying the proposed 
methodology to biopsies from other renal diseases might 
improve our understanding of the contribution of struc-
tural changes of glomerular endothelial cells to changes 
in glomerular function and to the progression of glomer-
ular injury.
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