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ABSTRACT

Background. Glomerular hyperfiltration is emerging as the
key risk factor for progression of chronic kidney disease
(CKD). Podocytes are exposed to fluid flow shear stress (FFSS)
caused by the flow of ultrafiltrate within Bowman’s space. The
mechanism of hyperfiltration-induced podocyte injury is not
clear. We postulated that glomerular hyperfiltration in solitary
kidney increases FFSS over podocytes.
Methods. Infant Sprague–Dawley rats at 5 days of age and
C57BL/6J 14-week-old adult mice underwent unilateral ne-
phrectomy. Micropuncture and morphological studies were
then performed on 20- and 60-day-old rats. FFSS over podo-
cytes in uninephrectomized rats and mice was calculated using
the recently published equation by Friedrich et al. which in-
cludes the variables—single nephron glomerular filtration rate
(SNGFR), filtration fraction (f ), glomerular tuft diameter
(2RT) and width of Bowman’s space (s).
Results. Glomerular hypertrophy was observed in uninephrec-
tomized rats and mice. Uninephrectomized rats on Day 20
showed a 2.0-fold increase in SNGFR, 1.0-fold increase in 2RT

and 2.1-fold increase in FFSS, and on Day 60 showed a 1.9-
fold increase in SNGFR, 1.3-fold increase in 2RT and 1.5-fold
increase in FFSS, at all values of modeled ‘s’. Similarly,

uninephrectomized mice showed a 2- to 3-fold increase in
FFSS at all values of modeled SNGFR.
Conclusions. FFSS over podocytes is increased in solitary
kidneys in both infant rats and adult mice. This increase is a
consequence of increased SNGFR. We speculate that increased
FFSS caused by reduced nephron number contributes to podo-
cyte injury and promotes the progression of CKD.

INTRODUCTION

Congenital anomalies of the kidney and urinary tract
(CAKUT) constitute the most common cause of chronic
kidney disease (CKD) in children. In contrast to traditionally
held views, children born with a solitary kidney are currently
considered to be at risk for progressive renal injury [1, 2].
Sanna-Cherchi et al. [1] found that ∼50% of children born
with solitary kidney progress to end-stage renal disease as
young adults. Glomerular hyperfiltration is emerging as the
key risk factor for progression in CKD in children with solitary
kidneys since the classical risk factors of hypertension and pro-
teinuria do not manifest until late puberty [1–5]. A reduction in
nephron number results in adaptive changes in glomerular
physiology. Hemodynamic changes include increased renal
blood flow (RBF) and increased glomerular capillary pressure
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(PGC) that results in increased single nephron glomerular fil-
tration rate (SNGFR). In addition, glomerular hypertrophy
leads to increased glomerular tuft area. These hemodynamic
and structural changes contribute to glomerular injury, continu-
ation of nephron loss and progression of CKD [6–9].

Intra-capillary pressure in the glomerulus (in the range
of 60 mmHg in humans) leads to tensile stress, resulting in ca-
pillary wall stretch. The flow of ultrafiltrate within Bowman’s
space causes shear stress. Thus, podocytes are exposed to
mechanical forces of stretch (tensile stress) transmitted by
tension on the capillary wall and fluid flow shear stress (FFSS)
imposed by the flow of ultrafiltrate through Bowman’s space,
recently reviewed by Endlich and Endlich [10]. Podocytes are
the primary target for hyperfiltration-mediated injury. In vitro
studies of stretch and FFSS show that podocytes respond
to both of these stimuli [11–14]. Computational analysis of
changes in cytoskeleton, cytoplasm, nucleus and membrane
components shows that effects of FFSS are more pronounced
on cellular compartments compared with those transmitted by
cellular stretch [15]. Cultured podocytes are highly sensitive to
FFSS [10]. We have shown that podocytes respond to FFSS by
up-regulation of cyclooxygenase-2 enzyme protein, an elev-
ated levels of prostaglandin E2 and increased expression of
prostanoid receptor EP2 [14, 16]. These effects of FFSS are dis-
tinct from the previously reported effects of stretch over podo-
cytes in vitro [17–20].

We postulated that glomerular hyperfiltration, in con-
ditions characterized by reduced nephron number, leads to
increased FFSS over podocytes. In turn, FFSS contributes to
podocyte injury and promote the progression of CKD. Direct
measurement of FFSS in intact kidney is not feasible. Pre-
sently, we addressed this hypothesis by applying a mathemat-
ical model proposed by Friedrich et al. [13] to calculate FFSS
over podocytes. We analyzed (i) micropuncture data obtained
in rats that were uninephrectomized during the neonatal
period [21, 22] and (ii) morphometric data obtained after uni-
lateral nephrectomy in adult mice. We found that calculated
FFSS over podocytes is increased in both model of reduced
nephron number.

MATERIALS AND METHODS

Mathematical model for calculating the FFSS over
podocytes

The FFSS encountered by podocyte in vivo in the present
studies using uninephrectomized rats and mice was calculated
using a method described by Friedrich et al. [13]. The math-
ematical equation described by these investigators to estimate
FFSS on the surface of podocytes during filtration was based
on a simplified glomerular geometry in which the glomerular
tuft was represented by a sphere separated from a spherical
Bowman’s capsule by the distance ‘s’. ‘s’ is the distance between
the podocyte surface and the surface of glomerular parietal epi-
thelial cells lining the Bowman’s capsule [10]. Briefly, the FFSS
(τ) over podocyte is a function of viscosity of the glomerular ul-
trafiltrate (η), filtration fraction (f), SNGFR, glomerular tuft
diameter (2RT), width of the Bowman’s space (s) and of the

position between the vascular and urinary poles (z)

t=
3h� f � SNGFR
p� s2 � (s + 2RT)

� z
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
z � ð1�z)

p

Friedrich et al. estimated the FFSS (τ) over podocyte surface in a
healthy adult mouse to be ∼0.3 dyn/cm2. This calculation was
based on estimations of viscosity (η = 1 centipoise), filtration
fraction (f = 0.2), SNGFR (SNGFR = 12 nL/min), tuft diameter
(RT = 50 µm) and three assumed values for ‘s’ at various points
between the vascular and urinary poles. These equations have
not been applied to determine the likely effect of shear stress on
podocytes following a reduction in renal mass in vivo.

Rat solitary kidney model

We have previously described the effects of renal mass
reduction in 20- and 60-day-old rats that were uninephrecto-
mized on Day 5 after birth. We used direct micropuncture and
morphological [21, 22] data to calculate FFSS over podocytes
in a solitary kidney. Briefly, right unilateral nephrectomy or
sham operation was performed in 5-day-old male Sprague–
Dawley rats. Animals were then returned to dams. At ages 20
and 60 days, rats were anesthetized, intubated and jugular vein
and carotid artery were cannulated. Clearance of polyfructo-
san-S (Inutest) and p-aminohippuric acid were used to deter-
mine GFR and renal plasma flow. One hour before the
experiments, rats were given an intravenous bolus dose of 8%
Inutest at 1 mL/100 g body weight in isotonic saline followed
by a continuous infusion of 8% Inutest at 1 mL/100 g body
weight/hour. Three to six samples of superficial proximal
tubular fluid were collected in 1–3 min with a sharpened glass
capillary tube. A blood sample was also obtained at the end of
the clearance period. The morphological measurements for
glomerular tuft diameters were performed on the first five
superficial glomeruli examined in a series of 1 μm thick sec-
tions beginning at the surface of the kidney. The largest diam-
eter of the glomerular tuft and its perpendicular were
measured, and the mean value was reported as the final glo-
merular tuft diameter. The measurements for f, SNGFR and
2RT are shown in Table 1. The shear stress (τ) over podocyte
was calculated using three separate models of ‘s’ as described
by Friedrich et al. [13]. The values used for developing the
models for ‘s’ were: (i) s = 6 µm, (ii) s increases linearly from
s = 2 µm (at z = 0, the vascular pole) to 8 µm (at z = 1, the
urinary pole) and (iii) s increases linearly from 3 µm (at z = 0)
to 10 µm (at z = 1).

Mouse solitary kidney model

The width of Bowman’s space ‘s’ is not easily available in
published literature. We carried out unilateral nephrectomy in
mice with the intent to measure the width of Bowman’s space
‘s’. Left nephrectomy was performed on eight adult (four
males and four females) C57BL/6J mice at 14 weeks of age and
kidneys were saved. Mice were sacrificed after 2 weeks (n = 4
males) or 3 weeks (n = 4 females). Right kidneys were har-
vested at the end of the experiment. Kidneys were fixed in
10% formalin, embedded in paraffin, sectioned at 3–5 μm
and stained using Jones silver stain. The images were
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obtained using Olympus BX60 (Hamburg, Germany) for light
microscopy, and analyzed by computerized image analysis
using Analysis™ software. The measurements of the right
kidney were compared with the paired control left kidney
removed at the onset of the experiment.

Glomerular tuft area (GA), Bowman’s area (BA), glomerular
diameter (GD or 2RT), Bowman’s space diameter (BD) and the
width of Bowman’s space (s) for 30 glomeruli from 20 super-
ficial and 10 deep nephrons were calculated. The measure-
ments were made on the first 10 superficial and 5 deep
glomeruli from the upper pole to mid-pole, and repeated for
the lower pole to mid-pole for each paired kidney. Maximal
GD and BD were measured and the difference between the
maximal GD and BD gave the first value for ‘SMAX’. We then
measured ‘s’ at six additional points at 45°, 90°, 135° drawn
from the line measuring the maximal GD. A schematic diagram
illustrates the various parameters measured during morphome-
try procedure for each individual glomerulus (Figure 1). Thus, a
total of 7 measurements of ‘s’ per glomerulus or 210 measure-
ments/kidney were obtained. These were averaged (SAVG) for
each kidney. The FFSS over podocytes in vivowas then modeled
for the expected change in FFSS for incremental increases in
SNGFR from 10 to 100%. Calculations were based on measured
values for the glomerular tuft diameter (2RT) and the width of
Bowman’s space (s) using both SMAX and SAVG. Student’s
paired t-test was used and a P-value of <0.05 was considered
significant. These studies were carried out using protocols ap-
proved by the Institutional Animal Care and Use Committee
(IACUC), Safety Subcommittee and the R&D Committee at the
VAMedical Center, Kansas City, MO, USA.

RESULTS

Rat solitary kidney model

Figure 2 shows that FFSS increases with age in both unine-
phrectomized and sham-treated rats. The calculated FFSS
using three separate model values of ‘s’ are shown in Figure 2
and Supplementary Table S1. Models for ‘s’ were as follows:
(i) 6 µm, (ii) linearly increasing ‘s’ from s = 2 µm (at z = 0) to
8 µm (at z = 1) and (iii) linearly increasing ‘s’ from s = 3 µm
(at z = 0) to 10 µm (at z = 1). FFSS in uninephrectomized rats
was significantly higher than in sham-treated controls over a
range of SNGFR, 2RT and ‘f’ using each of the three models.

The age-related increase in FFSS was significant in both
control and uninephrectomized groups. The calculated FFSS
in solitary kidney is increased ∼2-fold and ∼1.5-fold at 20-
and 60-day-old rats, respectively (Figure 2 and Supplementary
Table S1). Table 1 shows that SNGFR in control animals in-
creased from 7.4 ± 0.7 to 43.5 ± 3.2 nL/min (5.9-fold) between
20 and 60 days of age while 2RT changed from 63.6 ± 0.8 to
102.2 ± 2.8 µm (1.6-fold). Similarly, SNGFR in the unine-
phrectomized animals increased from 15.0 ± 1.5 to 80.7 ± 4.6
nL/min (5.4-fold) from 20 to 60 days; 2RT in these animals in-
creased from 65.2 ± 2.4 to 136.8 ± 4.9 µm (2.1-fold) at 20 and
60 days. Unilateral nephrectomy increased SNGFR by 2.0- and
1.9-fold at 20 and 60 days and increased 2RT by 1.0- and 1.3-
fold at 20 and 60 days, respectively (Table 1) [21, 22]. Thus,
although the glomerular tuft diameter in uninephrectomized
animals increases by 60 days, it does not appear to prevent the
change in FFSS caused by increased SNGFR.

Table 1. Values for SNGFR, tuft diameter (2RT) and filtration fraction (f) adapted from Celsi et al.
[21, 22] for calculating FFSS over rat podocytes at 20 and 60 days following unilateral nephrectomy
at 5 days of age

Sprague–Dawley rat SNGFR 2RT f

Control Day 20 7.4 ± 0.7 63.6 ± 0.8 0.32

Unilateral nephrectomy Day 20 15.0 ± 1.5 65.2 ± 2.4 0.34

Control Day 60 43.5 ± 3.2 102.2 ± 2.8 0.32

Unilateral nephrectomy Day 60 80.7 ± 4.6 136.8 ± 4.9 0.34

F IGURE 1 : Schematic diagram illustrating the method followed
during the morphometry to determine glomerular capillary tuft
diameter (GD), Bowman’s space diameter (BD) and width of Bowman
space (s) of individual glomeruli. Maximal GD and BD were measured
and the difference between the maximal GD and BD yielded ‘SMAX’.
Bowman space ‘s’ was then measured at six additional points at lines
drawn at 45°, 90°, 135° from the line measuring the SMAX. Thus, a
total of seven measurements of ‘s’ per glomerulus were made and
then averaged (SAVG) for each glomerulus. Glomerular diameter (GD)
is shown by broken/dashed lines and Bowman’s space diameter (BD)
by solid lines.
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Additional calculations for FFSS at ±1 SD and ±2 SD
for measured SNGFR and 2RT resulted in nine data sets.
The lowest calculated FFSS (−2 SD for SNGFR and +2 SD
for 2RT) and the highest calculated FFSS (+2 SD for SNGFR
and −2 SD for 2RT) on mathematical modeling for the three
different values of ‘s’ for 20- and 60-day-old rats are shown

in Supplementary Table S1. There was no overlap between
calculated FFSS in control and uninphrectomized rats (Sup-
plementary Table S1). The increase in FFSS over podocytes
in rats with solitary kidney is seen with all three modeled
values of ‘s’ for the measured values of SNGFR, 2RT and f
(Figure 2).

F IGURE 2 : The calculated FFSS (dynes/cm2) over podocytes in 20-day-old rats (left panel) and in 60-day-old rats (right panel) following uni-
lateral nephrectomy at 5 days of age were modeled using the equation t = 3h� f � SNGFR=ðp� s2 � (s + 2RT))� ðz= ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

z � (1� z)
p Þ at differ-

ent values of ‘s’: (a) model s = 6 µm (upper row), (b) model of linearly increasing ‘s’ from s = 2 µm (at z = 0) to 8 µm (at z = 1) (middle row) and
(c) model of linearly increasing ‘s’ from s = 3 µm (at z = 0) to 10 µm (at z = 1) (bottom row). Each line represents the FFSS curve with the mean
values for SNGFR and 2RT. The hatched lines represent sham control rats and solid lines represent rats following unilateral nephrectomy.
Curves are parallel but shifted to the right following uninephrectomy.
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Mouse solitary kidney model

The quantitative morphometric measurements obtained
using eight mice were pooled for analysis. The solitary right
kidney at 2–3 weeks weighed significantly more than the control
left kidney (216.8 ± 42.5 versus 199.4 ± 28.3 mg, P = 0.033, n = 8
in each group). As expected, unilateral nephrectomy resulted in
a significant increase in GA (2.5 ± 0.8 versus 3.1 ± 1.0 × 103 µm2,
P≤ 0.001), BA (2.9 ± 0.9 versus 3.4 ± 1.2 × 103 µm2, P≤ 0.001),
GD or 2RT (59.6 ± 9.6 versus 65.4 ± 11.0 µm, P≤ 0.001) and
BD (62.5 ± 9.9 versus 68.0 ± 11.4 µm, P≤ 0.001), but resulted
in decreased SMAX (2.9 ± 1.0 versus 2.6 ± 1.1 µm, P = 0.12) and
SAVG (2.0 ± 0.5 versus 1.6 ± 0.6 µm, P≤ 0.001). We calculated
the relative increase in FFSS at increments in SNGFR ranging
from 10 to 100% compared with control values. Table 2 shows
the increase in FFSS based on the measured values for 2RT and
SMAX and SAVG. Results indicate that FFSS over podocytes in
the mouse is increased after unilateral nephrectomy. Changes
in FFSS in the four male mice at 2 weeks and four female mice
at 3 weeks following left nephrectomy were comparable (data
for subset analysis not shown). We calculated the increase in
FFSS over podocytes in solitary mouse kidney based on the
measured GD (2RT), SMAX and SAVG with the assumption that
filtration fraction ‘f’ was not significantly changed following
unilateral nephrectomy. This assumption would lead to, if any,
an underestimation of FFSS over podocytes in a solitary
kidney. The increase in SNGFR in published literature varies
based on the animal strain and experimental conditions
studied with minimum of 30% and maximum of 86% [21–25].

DISCUSSION

Congenital or acquired reduction in renal mass is associated
with hyperfiltration that permits maintenance of normal or
nearly normal total GFR. Hyperfiltration appears to be adap-
tive as it preserves GFR and permits control of plasma volume
and composition. However, persistent hyperfiltration results in
glomerulosclerosis, albuminuria/proteinuria and progressive
azotemia [6–9]. In children born with solitary kidneys, we
assume that increased PGC and SNGFR are present at birth,
while albuminuria and proteinuria do not appear until puber-
tal years [1, 2]. The absence of hypertension and proteinuria
during childhood also supports the concept that glomerular
hyperfiltration plays an essential role in the initiation and

progression of CKD [1, 2]. Since CAKUT remains the most
common cause of childhood CKD and since CKD may pro-
gress to ESRD in young adults, studies aimed at understanding
the injury from glomerular hyperfiltration in children are
likely to provide key insights into progression of CKD [1, 2].
Mouse and rat models of renal mass reduction such as 5/6 ne-
phrectomy or unilateral nephrectomy provide well-established
techniques to study both acute and long-term effects of glo-
merular dysfunction induced by hyperfiltration [24–33].

Experimental reduction in nephron number results in
adaptive responses that involve changes in a number of phys-
iological parameters. Among these the rise in RBF and in-
creased PGC are responsible for initiation and maintenance of
high SNGFR. Glomerular size, measured as tuft diameter in
histological sections or as filtration area estimated from mor-
phometric analyses, increases over time. The net result of these
changes is a continued increase in SNGFR, despite decreased
hydraulic permeability [21, 22]. During hyperfiltration, podo-
cytes are exposed to increased mechanical stretch (tensile
stress) resulting from increased capillary pressure. Dilated ca-
pillaries coupled with increased PGC lead to increased wall
tension and stretching of podocyte foot processes. Previous
studies to understand the role of increased mechanical stretch
during hyperfiltration do not fully explain podocyte injury
[10–12, 17–20, 34–37]. These studies suggest involvement of
the actin/integrin system, angiotensin II-mediated signaling
through Type 1 angiotensin II receptors (AT1R), Erk1/2 and
Akt pathways or COX-2/EP4-mediated p38 MAPK signaling.
In addition to increased mechanical stretch, podocytes are
exposed to increased FFSS generated by the flow of ultrafiltrate
within the urinary space [13, 14, 16]. The glomerular ultrafil-
trate reaches the proximal tubule via the (i) inter-podocyte
space, (ii) sub-podocyte space or (iii) peripheral urinary space.
The sub-podocyte space is believed to cover almost half of the
glomerular filtration surface. Such segmental distribution of
flow also implies that specific cellular structures may be
responsible for sensing mechanical forces to intracellular com-
ponents. We propose that FFSS is mainly sensed through
primary processes and the soma of podocytes from ultrafiltrate
flow into the sub-podocyte space and inter-podocyte space,
respectively. Secondary processes that form filtration slit
around the capillary loop are likely responsible for sensing the
substrate stretch caused by increased intra-capillary pressure.
Thus, FFSS may influence podocyte structure more

Table 2. The calculated fold change in FFSS following unilateral left nephrectomy in mice modeled
at 10% incremental increase in SNGFR from 10 to 100% using measured mean values for 2RT, SMAX

and SAVG value

Incremental increase in SNGFR over control

Fold change in FFSS in solitary
kidney

10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

Mean SMAX value 1.47 1.60 1.74 1.87 2.00 2.14 2.27 2.40 2.54 2.67

Mean SAVG value 2.00 2.18 2.37 2.55 2.73 2.91 3.09 3.28 3.46 3.64
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significantly than heretofore recognized and it may be the
principal mediator of hyperfiltration-induced glomerular
changes.

The effects of substrate stretch and FFSS have been studied
extensively in osteocytes that are essential for maintaining
bone integrity. Excessive generation of FFSS due to flow of
intraosseous fluid during weight bearing can cause osteocytes
damage. Studies suggest that FFSS causes greater cellular
morphology and deformation of intracellular compartments
compared with substrate stretch applied to cultured osteocytes
[15]. Application of FFSS to osteocytes increases the ex-
pression of COX-2 and PGE2 receptor EP2 but not EP4, and
activates GSK-3β/β-catenin and PKA signaling pathways [38–
42]. We have used the information regarding osteocyte as a
backdrop for designing and interpreting our initial studies on
the effects of FFSS on cultured podocytes [14, 16].

With a long-term aim to understand the mechanistic basis
of FFSS-mediated glomerular injury, we showed that FFSS
causes increased synthesis and secretion of prostaglandin E2
and up-regulation of prostanoid receptor EP2 in cultured po-
docytes [14, 16]. Similarly, Friedrich et al. [13] showed that
FFSS activates specific tyrosine kinases that play a role in actin
cytoskeleton reorganization in podocytes. These observations
are based on in vitro experimental settings and needed to be
followed up to ascertain a meaningful increase in FFSS using
in vivomodel(s) of hyperfiltration. Since a direct measurement
of FFSS is not feasible, we used mathematical modeling to
compute the changes in FFSS in two models of glomerular hy-
perfiltration. The mathematical model used to generate the
equation used in the present work makes certain assumptions
that include a spherical glomerular tuft and Bowman’s capsule
separated by a distance ‘s’ with a homogenous exit of the filtrate
and a laminar flow. The equation was applied to calculate FFSS
using experimental data from podocytes cultured in vitro and
from an in vivo model of Anti-Thy1.1 glomerulonephritis in
rats [13]. This equation has not been tested previously in animal
models of hyperfiltration. Validation of this equation would
permit estimation of the magnitude of FFSS between exper-
imental groups provided the underlying assumptions of hom-
ogenous exit of filtrate and a laminar flow remain comparable.

We studied kidneys after uninephrectomy in two different
animal species, and calculated the FFSS over podocytes. FFSS
was increased in both rat and mouse models. In rats, glomeru-
lar changes at 20 and 60 days after unilateral nephrectomy
were evaluated to determine temporal changes following un-
inephrectomy as well as during maturation. Rats underwent
unilateral nephrectomy at 5 days of age by which time nephro-
genesis in rat is complete; thus, the reduction in nephron
number was induced at a stage comparable with the time of
birth in humans with a solitary kidney. By Days 20 and 60, the
calculated FFSS was increased 1.5- to 2-fold compared with
control (Figure 2). The limitation of using historical micro-
puncture data was that Bowman’s space (s) was not measured
simultaneously. Therefore, we analyzed FFSS using ‘s’ values
previously used to arrive at the equation for a mathematical
model [13]. We further addressed this constraint by direct
measurement of the width of Bowman’s space ‘s’ in unine-
phrectomized C57BL/6J mice.

Uninephrectomy in the adult mice resulted in a significant
increase in kidney weight. Increased glomerular diameter con-
firmed glomerular hypertrophy. Additionally, morphometric
analysis revealed increased glomerular area in histologic sec-
tions. As in rats, morphometric analysis of mouse glomeruli
also showed increased FFSS. Because SNGFR and filtration
fraction were not directly measured, calculations for FFSS
required estimation of these parameters. Our assumption
that filtration fraction remained constant is supported by the
finding that direct determination of SNGFR in rats following
uninephrectomy showed only a marginal increase in filtration
fraction (Table 1). Additionally, increased filtration fraction
would only lead to a further increase in FFSS and strengthen
this postulate.

The magnitude of the increase in SNGFR after unine-
phrectomy in various rodent models ranges widely. Reported
values are 30 and 36% in db/db and C67BL/6J mice, and 57,
57–67% and 73–86% in spontaneously hypertensive, WKY
and Sprague–Dawley rats [21–25]. Therefore, we calculated
FFSS using 10–100% incremental rise in SNGFR to include a
wide range. In a model based on a conservative 20–40%
increase in SNGFR, the FFSS on mouse podocytes would in-
crease by 1.5- to 2.5-fold following uninephrectomy compared
with controls (Table 2).

We measured ‘s’ in mouse kidneys that is subject to tissue
fixation artifacts and may not reflect the absolute true
measurement of Bowman’s space in vivo. Ideally, direct in vivo
measurement of ‘s’ should obviate the artifacts induced
by tissue processing. Two-photon intravital microscopy
(2-photon microscopy) offers direct observation of individual
glomeruli in live animals. However, data acquisition in
this in vivo imaging technique is based on distribution of
fluorescent markers in various glomerular compartments.
Review of published glomerular images from 2-photon
microscopy studies showed that defining clear boundaries
between Bowman’s capsule and glomerular capillary may be
subject to errors. Also, pulse-induced movement in the animal
will further compromise precise measurements. The calculated
FFSS using 2-photon technique maybe lower if the in vivo
Bowman’s space is wider or vice-versa compared with the
values obtained using the present technique. Thus, 2-photon
microscopy would impose limitations on the data due to
unique features of this technology. Another potential limit-
ation in our current approach to analyze FFSS in vivo is that in
the present mathematical model, glomerular tuft of capillaries
is represented as a single sphere, and does not take into
consideration difference between podocytes located in inner
and outer capillary loops within the glomeruli. However, we
believe these subtle aspects of glomerular function will
become clearer with a better understanding of sub-podocyte
and inter-podocyte spaces and their influence on filtration
and flow.

We also observed that physiological FFSS over podo-
cytes increases with age (Figure 2) in both control and unine-
phrectomized rats, an anticipated effect of changes in SNGFR
and GD with age (Table 1). One could argue that the increase
in GD, i.e. glomerular hypertrophy, would attenuate FFSS from
the associated rise in SNGFR. Also, despite using the ±2 SD
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for 2RT and SNGFR in rats, we failed to see an overlap in the
calculated FFSS in all the three model values of ‘s’ used (Sup-
plementary Table S1). These results suggest that the increase
in FFSS following reduction in nephron number is indepen-
dent of age. It increased to a comparable degree in both infant
rat and adult mouse models. Glomerular hypertrophy did not
offset the increase in FFSS.

In summary, we used a mathematical model to calculate
FFSS over podocytes in models of solitary kidney. Our data indi-
cate that glomerular hyperfiltration is associated with markedly
increased FFSS over podocytes after uninephrectomy both in
adult mice and in young rats. Studies to understand the cellu-
lar mechanisms underlying hyperfiltration-mediated podocyte
injury are essential to explaining the mechanisms of develop-
ment and progression of CKD. We believe that understanding
and targeting hyperfiltration-mediated injury will be valuable
in developing interventions to slow the progression of CKD in
both adults and children.

SUPPLEMENTARY DATA

Supplementary data are available online at http://ndt.
oxfordjournals.org.
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