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300: C397-C405, 2011. First published December 1, 2010;
doi:10.1152/ajpcell.00438.2010.—The mechanical properties of tis-
sues and cells including renal glomeruli are important determinants of
their differentiated state, function, and responses to injury but are not
well characterized or understood. Understanding glomerular mechan-
ics is important for understanding renal diseases attributable to ab-
normal expression or assembly of structural proteins and abnormal
hemodynamics. We use atomic force microscopy (AFM) and a new
technique, capillary micromechanics, to measure the elastic properties
of rat glomeruli. The Young’s modulus of glomeruli was 2,500 Pa,
and it was reduced to 1,100 Pa by cytochalasin and latunculin, and to
1,400 Pa by blebbistatin. Cytochalasin or latrunculin reduced the F/G
actin ratios of glomeruli but did not disrupt their architecture. To
assess glomerular biomechanics in disease, we measured the Young’s
moduli of glomeruli from two mouse models of primary glomerular
disease, Cold4a3 ™/~ mice (Alport model) and Tg26"V/! mice (HIV-
associated nephropathy model), at stages where glomerular injury was
minimal by histopathology. Col4a3 '~ mice express abnormal glo-
merular basement membrane proteins, and Tg265%™/" mouse podo-
cytes have multiple abnormalities in morphology, adhesion, and
cytoskeletal structure. In both models, the Young’s modulus of the
glomeruli was reduced by 30%. We find that glomeruli have specific
and quantifiable biomechanical properties that are dependent on the
state of the actin cytoskeleton and nonmuscle myosins. These prop-
erties may be altered early in disease and represent an important early
component of disease. This increased deformability of glomeruli
could directly contribute to disease by permitting increased distension
with hemodynamic force or represent a mechanically inhospitable
environment for glomerular cells.

glomerulus; biophysics; HIV-associated neuropathy; Alport syn-
drome; atomic force microscopy; actin; cytoskeleton

RELATIVELY LITTLE IS KNOWN about the biomechanical properties
of glomeruli and their cell and matrix components, but they are
important for a number of reasons. Glomerular capillaries are
constantly exposed to hemodynamic forces, and they can be
injured in response to excessive hemodynamic stress or pre-
sumably by normal hemodynamic forces in the setting of
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structural or mechanical abnormalities of the capillary wall (9,
18, 19, 31, 32). In addition to opposing hemodynamic forces
and maintaining the structural integrity of glomeruli, these
mechanical properties of glomeruli are important because the
mechanical environment cells reside in is a fundamental factor
that determines cell behavior during normal development and
in disease. In a number of examples, different cell types have
different optimal mechanical environments in which they ex-
press proteins characteristic of their mature differentiated state,
specifying a phenotype that permits normal tissue function (11,
15, 16, 20). For example, normal cells do not grow on soft
agar, whereas malignant cells do. Similarly, embryonic cardiac
myocytes in vitro lose striations and do not beat normally in an
abnormally stiff environment such as that of a scar from a
myocardial infarct (10). Therefore, the mechanical environ-
ment can have a role similar to the chemical environment in
determining the differentiated characteristics of cells, and an
abnormal mechanical environment can cause pathology rather
than simply be a late consequence of it.

The mechanical properties of tissues and cells are commonly
characterized by measuring their elasticity, their recoverable
deformation in response to a force. Elasticity is defined as force
per unit area divided by deformation (stress divided by strain),
and the units are Pascals (Pa) (20). All methods to analyze
elasticity involve measuring deformation in response to a
mechanical force. Elasticity can be measured by a number of
techniques including atomic force microscopy (AFM), a tech-
nique that measures local characteristics (subcellular or single
cell level), rheometry, or microindentation that measure mul-
ticellular or tissue characteristics, or the newly developed
capillary micromechanics that measures the complete mechan-
ical characteristics (compressive and shear deformation) of a
soft object such as a glomerulus (20, 21, 26, 41). Local and
aggregate tissue mechanical properties may have different
implications for tissue behavior and response to injury.

We used AFM to measure the Young’s modulus or deform-
ability of the outer surface of glomerular capillaries and the
new micromechanics method that involves deformation of
whole glomeruli in glass microcapillaries, capillary microme-
chanics, to measure the full elastic response of whole glomeruli
(41, 44). To determine whether abnormal glomerular biophys-
ical properties are associated with glomerular disease, we
studied glomeruli from two different mouse models of glomer-
ular disease Col4a3 ™'~ mice, a model of Alport syndrome that
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has a primary defect in the glomerular basement membrane
(GBM), and HIV-associated nephropathy (HIVAN), a disease
that primarily affects podocytes (6, 30). In both models, we
found that the glomeruli are significantly more compliant than
controls at a stage of disease where glomerulosclerosis is
minimal. These results indicate that glomeruli have defined
mechanical properties that depend on cytoskeletal structure and
that, surprisingly, glomeruli in two mechanistically distinct
disease models are significantly more deformable than normal
glomeruli at early stages of disease.

METHODS

Materials. Sprague-Dawley rats were obtained from Harlan. The
transgenic mouse models of HIVAN (Tg26"V/n! on the FVB/N
background) and Alport syndrome (Col4a3~’'~ and Col4a3™/~ mice
on the C57BL/6J background) were described previously (1, 5, 30).
Chemicals, including latrunculin and blebbistatin, were obtained from
Sigma unless stated otherwise. Cytochalasin D was purchased from
Calbiochem. DMEM was from Meditech, and fetal bovine serum was
from HyClone. The antibodies were obtained as follows, actin (Santa
Cruz Biotech sc-15335), a-actinin-4 (Abcam ab59468), the EGF
receptor (Santa Cruz Biotech sc-03), p125 focal adhesion kinase
(Santa Cruz Biotech sc-557), filamin [our own (36)], nonmuscle
myosin Ila and IIb (Sigma M8064, M7939), and talin (Sigma T3287).
The secondary antibodies, goat anti-rabbit IgG and goat anti-mouse
IgG horseradish peroxidase, were from Pierce.

Isolation of glomeruli. Glomeruli were prepared using a standard
differential sieving technique. The cortices of rat kidneys were minced
and pushed though a screen (106 wm). The postscreen homogenate
was suspended in PBS with 1 g/l glucose and 35 mg/l pyruvate
(GIBCO Invitrogen) and filtered through a 100-wm nylon mesh
(Falcon), and the (glomeruli) were collected on a 70-pwm mesh nylon
filter (Falcon). Mouse glomeruli were prepared in a similar manner,
except that the sieve sizes were different (180, 90, and 45 pm, W. S.
Tyler, Cleveland, OH). This preparation results in intact glomeruli
with minimal contamination (<2%) by tubular cells (8, 38). Glomer-
uli from the Col4a3™*’~ and Col4a3 ™/~ mice were prepared using a
modification of the method of Takemoto et al. (40). Glomeruli were
maintained in DMEM with 10% fetal bovine serum at room temper-
ature. All procedures were in compliance with National Institutes of
Health guidelines for the use and care of laboratory animals. Studies
and protocols using the TG26"Y/" and WT mice were approved by
the CWRU IACUC, and studies and protocols using the Cold4a3 '~
and Col4a3*’~ mice were approved by the Washington University
TACUC.

Measurement of filamentous (F) and monomeric (G) actin ratios.
Glomeruli were homogenized in buffer (20 mM HEPES pH 7.4, 100
mM NaCl, 1 puM ATP, 1 mM NaVOy, 50 mM NaF, 1% Triton X-100,
and protease inhibitors) by passage through a 25-gauge needle. The
homogenate was centrifuged at 100,000 g for 1 h at 4°C. The
supernatant (containing G-actin) was removed, and the pellet (con-
taining F-actin) was resuspended in the same volume of buffer
containing 15 mM HEPES, pH 7.5, 0.15 mM NacCl, 1% Triton X-100,
1% Na deoxycholate, 0.1% SDS, 10 mM EDTA, 1 mM DTT, 1 mM
NaVO., and protease inhibitors. Equal volumes of the fractions
containing F and G actin and ~10 pg protein were separated on SDS
gels, and the bands corresponding to actin were identified on Western
blots with an anti-actin antibody (Cytoskeleton) and standard chemi-
luminescence (24). Films were quantified using NIH Image J soft-
ware.

Immunofluorescence microscopy. Whole isolated glomeruli were
immersion fixed in 4% paraformaldehyde-based fixative and trans-
ferred to wells of a 96-well plate. The glomeruli were stained in
rhodamine-phalloidin (Invitrogen) solutions, rinsed in PBS, and em-
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bedded as a whole mount preparation. Confocal images were collected
with an Olympus IX81 equipped with a Disk Scanning Unit.

Capillary micromechanics. To measure the mechanical response at
the scale of the entire glomerulus, we employed a newly developed
technique based on deformation of single glomeruli in tapered micro-
capillaries, “capillary micromechanics,” shown schematically in Fig.
3 (44). The device consists of a tapered glass capillary connected to a
flexible tube. To minimize friction and prevent sticking of the glom-
eruli to the walls of the glass capillary, the inside surfaces of the
capillary are coated with bovine serum albumin. For measurements, a
dilute suspension of glomeruli in phosphate-buffered saline (PBS,
Dulbecco’s containing calcium and magnesium) and albumin flows
into the device, and a glomerulus becomes lodged in the tapered
capillary. By adjusting the height (/) of fluid in the tube, the pressure
difference (p) between the inlet and the outlet of the device is
controlled. Deformation (shape and volume change) of glomeruli is
measured directly by imaging the glomerulus using optical micros-
copy combined with image analysis. Since changes in both shape and
volume are quantified, both the compressive (K) and shear (G) moduli
are defined. Other elastic parameters including the Poisson ratio (v)
and the Young’s modulus (E) can be directly expressed in terms of K
and G (44).

The externally applied stress on the glomerulus along the longitu-
dinal direction is equated with p, whereas the stress along the radial
direction is given by pwan, the pressure that the walls of the glass
capillary exert on the glomerulus. The contact area of the glomerulus
with the glass surface is a band with the shape of a tapered cylinder; the
wall pressure depends on the length Liana and the average radius Ryana of
this contact band, as well as on the taper angle of the capillary as
1 R

wall

Pl = 2sina L

wall

where we have assumed the absence of friction on the glass walls.

By equating the pressure-induced, externally applied stress on a
glomerulus with the internal elastic stresses that result from the
changes in shape and volume, we derive the following expressions for
K and G
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where €, and €, are the radial and the longitudinal strain deformations,
respectively.

The compressive modulus is related to changes in the volume of the
glomerulus, and the relevant strain deformation is the volumetric
strain AV/V or (2e, + €.), whereas the relevant stress is the average
pressure acting on the glomerulus (2 pwan + p)/3. The shear modulus
is related to changes in the shape of the glomerulus; the relevant strain
is the difference between the radial and the longitudinal strain (€, — €,),
and the relevant stress is the difference between the radial stress and the
longitudinal stress (pwan — p)/2. The Young’s modulus E, which char-
acterizes a mixture of compressive and shear deformation modes, can be
expressed as a function of K and G as E = 9KG/(3K + G).

Atomic force microscopy. Glomeruli were placed in PBS and
allowed to settle to the bottom of a 35-mm Petri dish. AFM measure-
ments were conducted at room temperature using a DAFM-2X Bio-
scope (Veeco, Woodbury, NY) mounted on an Axiovert 100 micro-
scope (Zeiss, Thornwood, NY). A silicon nitride cantilever (196 pm
long, 23 wm wide, 0.6 wm thick, 0.06 N/m spring constant) with a
bead tip (1 wm in diameter) was used for indentation. To calculate the
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Young’s modulus, the first 500—800 nm of tip deflection are fit to the
Hertz model for a sphere

4 E 2
fbead = k* dcuntilever = gm\/l_es

where fieqq 1 the force on the bead, deanditever 1S the deflection of the
cantilever measured by the AFM, E is the Young’s modulus, v is the
Poisson ratio, R is the radius of the bead, and & is the vertical
displacement of the cantilever (41). As the external surface of glom-
eruli is composed primarily of exposed capillaries, the measurements
will most likely probe the properties of the external capillary wall. At
least 10 measurements were performed on different areas on each
glomerulus, and at least 10 glomeruli were studied in each group.
These measurements assume that the glomerulus conserves volume
during the measurement and that therefore the value of v is near 0.5.

RESULTS

Effects of cytoskeleton-active agents on glomeruli. Isolated
rat glomeruli were treated with cytochalasin D (5 wm), latrun-
culin B (500 nm), or blebbistatin (100 pm). After 18 h of
exposure, F/G actin ratios were determined for the glomeruli to
confirm that the agents had their predicted biochemical effects
(Fig. 1A). Control glomeruli had an F/G actin ratio of 3.6,
cytochalasin D reduced it to 2.2, and latrunculin B reduced it
to 1.4. F-actin may not have been completely depolymerized
because of the ability of cytochalasin and latrunculin to pene-
trate all regions of the glomerulus, and latrunculin may have
had a greater effect because it is reported to penetrate tissues
better than cytochalasin D. Blebbistatin did not result in a
reduction in F actin (3.8 F/G ratio). Immunofluorescence stud-
ies of these glomeruli using rhodamine-phalloidin staining
demonstrate a reduction in staining in the capillary walls of the
glomeruli treated with cytochalasin D and latrunculin B,
whereas the capillary walls of control glomeruli and glomeruli
treated with blebbistatin had similar levels of staining (Fig.
1B). These studies also demonstrate that the capillary loop
architecture of the glomeruli was intact. Figure 2 demonstrates
that the level of expression of a number of proteins that affect
the mechanical properties of cells and glomeruli (actin, a-ac-
tinin-4, filamin, nonmuscle myosins II and IIb, talin, and
p125FAK) were not altered by the treatments. The EGF recep-
tor was used as a control, because it is not a structural protein
or directly involved in control of actin polymerization. These
results demonstrate that the actin depolymerizing agents have
the desired biochemical effect, but that they do not disrupt
glomerular structure.

Mechanical properties of glomeruli determined by capillary
micromechanics. To directly quantify the mechanical proper-
ties of whole glomeruli, we employed the newly developed
capillary micromechanics method that allows measurement of
the mechanical response of glomeruli to deformations at the
scale of the entire structure. This method involves deforming a
single glomerulus in a tapered capillary and measuring the
change in shape and volume in response to pressure behind the
glomerulus as shown schematically in Fig. 3 (44). This tech-
nique enables us to characterize the full elastic response of
glomeruli, expressed in terms of both the compressive modulus
(volume change) and the shear modulus (shape change), and
then to calculate the Young’s modulus for comparison to the
AFM data (44). To perform this analysis, we equated the
pressure-induced externally applied stress with the internal
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Fig. 1. Effects of cytoskeleton disrupting agents on glomeruli. A: F/G actin
ratios for glomeruli treated with cytochalasin D (Cyt D, 5 wM), latrunculin B
(Lat B, 500 nM), and blebbistatin (Bleb, 100 wm). Top: representative blot for
the G and F actin from glomeruli in each experimental condition, with the
agent shown above the blot. Botfom: summary data, with the mean ratio below
the corresponding bar. Each bar represents a mean = SD of four independent
experiments (¥*P < 0.05 vs. control). B: immunofluorescence images of
capillary loops from single glomeruli stained with rhodamine phalloidin (X 100
under oil) with treatment conditions as shown.

elastic stress that results in changes in either the volume or the
shape of the glomerulus. While the external stress is controlled
by the pressure difference applied to the capillary, the changes
in volume and shape are quantified directly using optical
microscopy in combination with image analysis.

A typical experiment is shown as a series of images in Fig. 4A.
With increasing pressure (from left to right) the glomerulus
moved progressively toward the tip of the capillary and
changed shape as a result of the externally applied stress. The
glomerulus also underwent a significant change in volume,
which indicated that glomeruli exhibit a finite compressive
modulus, presumably due to the ability of water to flow from
a tissue, in contrast to liquid droplets in an emulsion, which for
all practical purposes can be considered to be incompressible.
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Fig. 2. Expression of cytoskeletal and focal
adhesion proteins in whole glomeruli. Glom-
eruli were maintained in tissue culture me-
dium (lane 1) or tissue culture medium with 5
M Cyto D (lane 2), 500 nM Lat B (lane 3),
or 100 pM Bleb (lane 4) for 18-25 h. Ap-
proximately 50 glomeruli were dissolved in
sample buffer, the samples were normalized
for protein, and 10 pg of protein was loaded in
each lane and size-fractionated on 10% gels.
The individual proteins were identified with
specific antisera. The bands representing the
different proteins were quantified with densi-
tometry (NIH Image software). The values for
the samples from the treated glomeruli were
normalized to the untreated glomeruli, which
were assigned a value of 100%. Left, bar
graphs of the representative blots represent
means = SD (n = 4). No statistically signif-
icant differences were found.

The two elastic moduli (compressive and shear) were de-
rived from the data by plotting the relevant stress as a function
of the relevant strain for each mode of deformation over a
range of stress values. The slopes of these lines determine the
compressive and shear moduli. To derive the compressive

tube
S h
glomerulus capillary
=,

Fig. 3. Capillary micromechanics; schematic of experimental setup. The
technique is based on deformation of glomeruli in a tapered capillary. The tip
of the capillary leads into a fluid bath filled with buffer. A flexible tube is
attached at the backside of the capillary; the filling height /2 determines the
pressure difference (1 mm H>O is ~10 Pa) and thereby the externally applied
stress acting on the glomerulus. Glomeruli are imaged (shape and volume) at
each pressure step after the glomerulus lodges in the capillary.
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modulus (K), we plotted (2py.n + p)/3 as a function of
the volumetric strain deformation AV/V, as shown in Fig. 4B.
The slope of this line is the compressive modulus, and a typical
measurement for the control glomeruli is shown in Fig. 4B.

To assess the contribution of the F-actin cytoskeleton to the
elastic moduli of glomeruli, we treated glomeruli with two
actin depolymerizing agents cytochalasin D and latrunculin B.
We expected that a significant portion of the elastic moduli of
glomeruli would be due to F-actin and the cytoskeletal struc-
ture of glomerular cells. We also wanted to demonstrate that
the glomeruli were intact biochemically by demonstrating that
they responded to the actin deoplymerizing agents. Figure 4C
shows summary data where the compressive modulus in con-
trol glomeruli (3,970 = 620 Pa) and glomeruli treated with
cytochalasin D (2,280 = 440 Pa) or latrunculin B (3,010 = 390
Pa) were compared.

To derive the shear modulus, G, we plot (pyar — p)/2 as a
function of the relevant strain deformation €, — €,, as shown in
Fig. 4D, for a control glomerulus. The slope of this line is the
shear modulus. Summary data are shown in Fig. 4E for the
shear modulus of control glomeruli (1,020 = 200 Pa) and
glomeruli treated with cytochalasin D (340 = 60 Pa) and
latrunculin B (220 = 90 Pa).

A comparison of untreated glomeruli and glomeruli treated
with different actin depolymerizing agents (Fig. 4, C and E)
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Fig. 4. Measurement of glomerular compressive and shear
moduli using capillary micromechanics. Rat glomeruli were

T treated with Cyto D (5 wM), Lat B (500 nM), or left
1 untreated. A: microscope images of an untreated glomerulus
deforming due to the applied pressure difference (p), which
is increasing from left to right (315, 445, and 625 Pa). The
scale bars correspond to 100 wm. B: typical line for the
analysis of the compressive modulus of the glomerulus
shown in A. Plot of the stress relevant for compression
versus the volumetric strain deformation. The slope of the
line is the compressive modulus. C: average values of the
compressive modulus for untreated glomeruli (n = 4), for
glomeruli treated with Cyto D (n = 3), and Lat B (n = 5);

Latr Cyt the error bars are the corresponding means SE. The values

for cytochalasin- and latrunculin-treated glomeruli were
different from control (P < 0.05, ANOVA) but not from
each other. D: typical line for the analysis of the shear
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showed distinct effects of the drugs on the compressive and
shear moduli. The compressive modulus was reduced by 35%
by latrunculin and 25% by cytochalasin. However, the effect
on the shear modulus appeared even more dramatic, with a
reduction of 60% for cytochalasin and a reduction of 75% for
latrunculin. The difference in the effects of latrunculin and
cytochalasin were not significant from each other for either the
compressive or shear modulus.

Mechanical properties of glomeruli determined by AFM.
AFM probes submicron areas of membrane over a subsecond
time scale, and as such, reflects the intrinsic characteristics of
a structure since cells and tissues cannot actively remodel their
cytoskeletons or membranes over this time scale (41). The
external surface of a glomerulus is composed primarily of
exposed capillaries, the majority of which are covered by
podocyte foot processes as well as some podocyte cell bodies.
When the AFM probe touches the surface of a glomerulus, it is
most likely to encounter an external capillary wall. At least 10
measurements were made on each glomerulus so that the
majority of measurements will reflect the characteristics of
capillary walls. Figure 5 shows that the Young’s modulus
measured by AFM is 2,300 = 160 Pa and demonstrated that
agents that alter the cytoskeleton (cytochalasin D and latrun-
culin B that depolymerize F-actin) and blebbistatin that inhibits
the activity of nonmuscle myosins IIa and IIb reduce the elastic
modulus of the glomerular capillary wall. Figure 5B shows a
glomerulus in relation to the AFM cantilever. The Young’s
modulus values were reduced ~37% by blebbistatin (1,500 =
140 Pa), 50% by cytochalasin D (1,100 = 60 Pa), and 50% by
latrunculin B (1,100 = 80 Pa). These results provide a mea-
surement of the Young’s modulus of normal glomerular cap-
illaries and demonstrate that a significant portion of the

1 modulus; plot of the stress relevant for shear deformation
versus the relevant strain € — €,. Slope of the line is the
shear modulus for the sample shown in A.
E: average values of the shear modulus for untreated glom-
eruli (n = 4) and glomeruli treated with Cyto D (n = 3), and
Lat B (n = 5); the error bars represent the corresponding
means SE. The values for cytochalasin and latrunculin-
treated glomeruli were different from control (P < 0.05,
ANOVA) but not from each other.

Latr Cyt

Young’s modulus of glomerular capillaries depends on F-actin
and nonmuscle myosins. The effect of blebbistatin was tested
because nonmuscle myosins are believed to be involved in
force sensing and consequently determination of the elastic
propertis of cells (11). Failure of the elastic modulus to change
in response to blebistatin would also indicate that the metab-
olism of the glomeruli was disrupted.

2500

2000

1500

1000

Young's modulus E [Pa]

500

0

Ctrl Bleb Latr Cyt

Fig. 5. Measurement of the Young’s modulus of the glomerular capillary wall
by atomic force microscopy. A: atomic force microscopy (AFM) data from
normal rat glomeruli treated with agents that alter with the cytoskeleton (5 uM
Cyto D, 500 nM Lat B, and 100 wm Bleb). Each bar represents the mean = SD
of 10 independent measurements of 10 different glomeruli. The values for Cyto
D and Lat B-treated glomeruli are statistically different from control and
Bleb-treated glomeruli (P < 0.05), but not from each other, and those for the
Bleb-treated glomeruli are different from control. *Statistically different from
control and Bleb (P < 0.05), but not from each other; **Values for Bleb are
different from control and the Latr- or Cyt-treated glomeruli. B: image of
glomerulus in relation to the AFM cantilever.
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Fig. 6. Comparison of Young’s modulus values obtained using atomic force
microscopy and capillary micromechanics for untreated glomeruli and glom-
eruli treated with 5 M Cyto D and 500 nM Lat B. Data are from Figs. 3 and
4. Dark bars represent capillary micromechanics data, and light bars represent
AFM data.

When comparing the results of the AFM measurements
where the Young’s modulus is measured directly to the capil-
lary micromechanics assay where the Young’s modulus is
calculated from the compressive and shear moduli, we found
that both the magnitude and trend in the data were surprisingly
consistent between the two independent methods (Fig. 6). Our
results indicate that the drug treatments had a similar effect on
the mechanics of the whole glomerulus as well as on a more
local scale on the mechanics of the glomerular capillary walls.

Mechanical properties of glomeruli from two mouse disease
models. To determine whether glomerular disease is associated
with biomechanical abnormalities, we used AFM to compare
the Young’s moduli of glomeruli from two mechanistically
distinct mouse models of disease: Col4a3 ™'~ mice a model of
Alport syndrome, and Tg26"™V/"! mice, a model of HIV-
associated nephropathy (HIVAN) (1, 25, 30). Col4a3 ™/~ mice
were compared with their Col4a3 ™/~ littermate controls, which
are phenotypically normal (B6 background), and Tg26'!V/n!
mice were compared with their normal Tg26"/™ littermates

-o‘. R ‘ ‘.
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(FVB/N background). Col4a3~/~ mice lack the collagen
o304a5(IV) network and are a faithful model of Alport syn-
drome with abnormal GBMs and progression to renal failure
by 8 mo. Tg26"V/2! mice express a subgenomic HIV-1 provi-
ral DNA lacking the gag and pol genes and are a good model
of human HIVAN. HIVAN appears to be a disease of podo-
cytes as these cells have marked structural and functional
abnormalities (27, 29, 41). Studies were performed early in the
disease for each model when glomerulosclerosis was minimal,
4 mo for the Col4a3~'~ mice, and approximately 40 days for
the Tg26M™V/™! mice (1, 25). Figure 7 shows that the glomeruli
of both the Col4a3 ™/~ (Fig. 7A) and Tg26"™V/"! (7B) mice have
minimal evidence of sclerosis at the light microscopic level. At
~40 days, the urine protein dipsticks for the Tg26HV/™ mice
had readings of 2.7 = 0.45 (n = 20), which corresponds to
~100-300 mg/dl protein. The dipstick reading for the normal
control littermates was 1.4 *= 0.45 (n = 8), which corresponds
to 30—100 mg/dl protien. Tg26MV/"! mice with fully developed
renal disease have 4+ proteinuia, which corresponds to
>2,000 mg/dl protein, indicative of severe podocyte injury. At
4 mo, the Col4a3™/~ mice had urine protein-to-creatinine
ratios of 19.6 *= 4.3 g/g (n = 6), whereas their Col4a3 ™/~
controls had urine protein-to-creatine ratios of 12.1 = 3.9 g/g
(n = 6). Albumin-to-creatinine ratios, a more sensitive index of
glomerular injury, were 31.6 = 7.6 g/g (n = 6) and 0.08 =
.088 g/g (n = 6). In later stages of disease, the Col4a3~/~ mice
had urine protein-to-creatinine ratios on the order of 75-100
g/g (1). At 4 mo, the Col4a3™’~ mice had serum creatinine
values 0.5—0.6 mg/dl, indistinguishable from controls, whereas
at 40 days, the Tg26"V/"! mice had serum BUN levels of ~55
mg/dl, twice that of controls (1, 25). Figure 7C shows the
results of AFM measurements of glomeruli from each of these
mouse models. The Young’s modulus values for the control
glomeruli from both sets of mice were similar to those for rat
glomeruli, approximately 2,500 Pa (Col4a3*/~ 2,600 *+ 230 Pa
and Col4a3™~ 2,500 * 440 Pa). However, the Col4a3 ™/~
glomeruli and Tg26"™/"! glomeruli were significantly softer
than their respective controls, 1,800 = 130 Pa for the
Col4a3~/~, and 1,700 + 150 Pa for the Tg26"™V/"! glomeruli.
These results demonstrate that at an early stage of disease, a
point before light microscopic evidence of glomerulosclerosis
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Fig. 7. Microscopic appearance of kidney cortex from Col4a3 ™/~ (A) and Tg26"”w"1 (B) mice, and AFM measurement of Young’s modulus of glomeruli form
the same animals. Kidney sections and glomeruli were prepared from Col4a3 ™/~ mice at 4 mo and Tg26"V/?! mice at 40 days. The sections were stained with
periodic acid Schiff and hematoxylin and eosin, respectively, and photographed at X40. AFM studies were performed on isolated glomeruli (Col4a3~/~ and
Col4a3*/7) or Tg26MV/nl and Tg26"V! (C). Each bar represents the mean value from at least 10 measurements of at least 10 glomeruli = SD, *P < 0.05 vs.

respective control (ANOVA).
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was present, the glomeruli from both disease models exhibited
significant mechanical abnormalities and were significantly
more deformable than normal glomeruli.

DISCUSSION

Different tissues have specific mechanical properties that are
optimized for the function of a particular tissue. For example,
bone is stiff as would be expected for a supporting structure,
and blood vessels are compliant to accommodate pulsatile
blood flow. These tissue-specific mechanical properties also
provide the appropriate mechanical environment for the differ-
entiation and maintenance of differentiated cells (10, 11, 16,
20). Abnormal tissue or cell mechanical properties can result in
disease by two mechanisms, loss of the structural integrity of
the tissue in response to physiological or pathophysiological
forces, or loss of the differentiated characteristics of cells as a
result of an inappropriate mechanical environment.

The mechanical properties of renal glomeruli are not well
defined but are likely to be important and tightly controlled in
normal physiology and abnormal in disease. Clearly, in late
stages of disease, glomeruli acquire abnormal structure with
fibrosis and should be substantially stiffer than normal. In an
effort to begin to define the mechanical properties of glomeruli,
some of the factors that control these properties and the
potential role of biomechanical factors in disease, we used two
methods to measure the elastic moduli of glomeruli, studied the
effects of agents that affect the state of the actin cytoskeleton
on their elastic moduli, and studied glomeruli from two mech-
anistically distinct disease models Col4a3 ™'~ and Tg26MH!V/n!
mice. Remarkably, we found that in both disease models rather
than being stiffer than normal, glomeruli are significantly more
deformable than normal, an unexpected finding that suggests
that at early stages of disease, mechanical abnormalities of the
tissue are present that may represent an important component
of glomerular injury.

Our studies are a first step toward characterization of the
mechanical properties of normal and diseased glomeruli. The
Young’s modulus of normal rat and mouse glomerular capil-
lary walls and whole rat glomeruli is on the order of 2,500 Pa.
The value for the elastic modulus obtained for both rat and
mouse glomeruli of 2,500 Pa is similar to that obtained using
two other techniques, microaspiration of glomerular capillary
walls (2,600 = 320 Pa, n = 4, FJ Byfield, I Levental, RT
Miller, and PA Janmey, unpublished observations), and micro-
indentation of whole glomeruli (2,800 = 320 Pa, n = 3) (26).
These results suggest that a Young’s modulus of 2,500 Pa may
be a general property of mammalian glomeruli. This value is in
the range where mechanical characteristics of capillary walls
could be compatible with physiological deformation in re-
sponse to hemodynamic force due to a net transcapillary
pressure of 30—40 mmHg (~4,000 Pa).

Treatment of glomeruli with cytochalasin D or latrunculin B,
which depolymerize F-actin, reduced the Young’s modulus of
rat glomeruli from ~2,500 to ~1,000 Pa using values from
both AFM and microcapillary mechanics. Blebbistatin inhibits
nonmuscle myosins Ila and IIb, the activities of which are
required for cells to respond to mechanical stimuli and reduced
the elastic modulus of glomeruli to ~1,400 Pa. These results
indicate that the mechanical characteristics of glomeruli and
capillaries depend on the state of the actin cytoskeleton and the
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activity of nonmuscle myosins. The contributions of interme-
diate GBM were not addressed in these studies.

AFM measurements reflect local mechanical characteristics
at the cellular or subcellular level (41). In these studies, AFM
measurements probably reflect the aggregate mechanical prop-
erties of the capillary wall. The AFM cantilever has a 1-pum
bead tip to avoid puncturing the cell membrane. The excursion
of the tip is ~300 nm, less than the thickness of the capillary
and negligible compared with the size of a glomerulus (100—
120 pm) or a glomerular capillary (~10 pwm) but on the scale
of the thickness of the GBM (250-350 nm).

The capillary micromechanics assay involves measuring the
deformation of an entire glomerulus in response to a known
force and so the measurement represents the aggregate me-
chanical characteristics of the cells and matrix that form a
glomerulus. The deformation takes place over seconds to
minutes and consequently may allow for active remodeling of
the cytoskeleton and or membrane. Nevertheless, capillary
micromechanics determines the full elastic behavior of the
glomeruli by measuring both their compressive and their shear
moduli and provides a quantitative measure of an aggregate
tissue property, which represents the mechanical environment
for the cells of the glomerulus.

The capillary micromechanics assay, in particular the mea-
surment of the compressive modulus, volume change, could
appear to resemble that described by the Savin and Harper
groups in which the ultrafiltration coefficient of isolated glom-
eruli is measured as a change in glomerular volume in response
to a sudden change in external oncotic force (36, 37). However,
the oncotic assay involves responses over a subsecond time
scale, whereas the capillary micromechanics assay assess
changes in volume over seconds to minutes and so is unlikely
to depend on the filtration characteristics of the glomerular
filtration barrier. Parenthetically, the studies of Qiu et al. (35)
on the effects of VEGF;6sb on glomerular permeability can
also be interpreted as showing that VEGF,¢sb reduces the
deformability of glomerular capillaries and glomeruli. The
structural alterations observed in glomerular endothelial cells
are compatible with either altered permeability or altered
mechancial characteristics.

A number of recent studies show that changes in cell or
matrix elastic moduli have direct effects on cell structure and
function. When brain cortical cells are plated on soft substrates
(150-300 Pa), neurons grow selectively, but when plated on
rigid substrates (2,000 Pa), glia grow selectively (14, 15, 28).
Mesenchymal stem cells differentiate along three lineages
depending on the rigidity of their substrate (measurement of
differentiation markers by Western blot, gene array, and mor-
phology). Substrates in the range of 0.1-1 kPa lead to neuronal
cells, substrates in the range of 817 kPa lead to myocyte-like
cells, and substrates in the range of 25-40 kPa result in
osteoblast-like cells (11). Skeletal muscle stem cells require a
mechanical environment similar to that of muscle, ~12 kPa, to
maintain their capacity for renewal and differentiation (16).
The cell cycle is also affected by substrate stiffnesses (23).
Mesenchymal stem cells remain quiescent for prolonged times
when cultured on substrates too soft to support their differen-
tiation into tissue-specific cell types (43). These and other
results demonstrate that cellular responses to the mechanical
properties of their environment are sufficient to specify cell
lineage or a disease phenotype. Mechanical force and environ-

AJP-Cell Physiol « VOL 300 + MARCH 2011 » www.ajpcell.org

1 102 ‘82 yoJe uo BiorAbojoisAyd-|j@odle woiy papeojumoq



http://ajpcell.physiology.org/

C404

ment, then, are important factors in the differentiation and
maintenance of cell phenotype in addition to better-known
soluble and cell-attached factors.

Factors that control organ and tissue stiffness through effects
on the cytoskeleton and extracellular matrix may be essential
components of injury or disease processes (11, 13, 15, 20, 33).
Several Mendelian forms of glomerular disease are caused by
mutations in cytoskeletal or matrix proteins including a-ac-
tinin-4, inverted formin 2 (INF-2), nonmuscle myosin Ila
(MYH9), laminin-2, and type IV collagen (Alport syndrome)
(2, 4, 17, 22, 34, 39). The effects of agents that disrupt the
cytoskeleton (cytochalasin D and latrunculin B) and that inhibit
the activity of nonmuscle myosins may approximate the effects
of loss-of-funtion mutations in cytoskeletal proteins. Podocytes
from Tg26™V/"! mice have disordered cytoskeletons with re-
duced levels of filamin and are markedly more deformable than
controls (27, 41). The causative role of alterations in structural
proteins in glomerular disease supports the possibility that
alterations in cell or matrix mechanics may be important in the
pathogenesis of glomerular disease.

We expected glomeruli at early stages of disease to be
normal mechanically or to show slightly increased stiffness
with the initiation of fibrosis as is seen in the CCl; model of
hepatic fibrosis in the rat (13). However, in two mechanisti-
cally distinct models of glomerular disease (Col4a3~/~ and
Tg26MV/! mice) the Young’s modulus of the external glomer-
ular capillaries is significantly reduced by ~30% when com-
pared with controls. We also found a similar reduction in
stiffness in glomeruli of ColXVIII™/~ mice, also at an early
stage of renal disease (Kinnunen et al., unpublished observa-
tions). As described above, reduced stiffness or increased
compliance could result in greater distension of glomerular
capillaries by pulsatile blood flow and could in part be respon-
sible for capillary dilation seen in disease models (9, 18, 31,
32). Distension could result in altered filtration barrier charac-
teristics due to either physical disruption of slit diaprhagm
geometry or stretching of the GBM leading to reduce permse-
lectivity. Presumably, greater degrees of distension would lead
directly to injury or increased release or activation of cytokines
such as TGF- (42). These processes could result in subse-
quent stiffening of the glomerulus through increased produc-
tion of matrix and fibroblasts, in effect acting as compensation
for the reduced initial stiffness of the glomerulus.

Reduced glomerular stiffness could alter cell behavior. Cells
grown on soft matrix have smaller focal adhesions, adhere less
well, and spread to a lesser degree than those on a stiff matrix
(7, 20). Differences in matrix stiffness of a few hundred Pa can
result in selection for growth of either neuronal or glial cells in
brain cortical homogenates and affect the cytologic appearance
and gene and protein expression of breast cells (15, 33).
Changes in stiffness of this order of magnitude are found
between normal and diseased glomeruli and could affect the
adhesion of podocytes to each other or the GBM, possibly
explaining podocyte loss in glomerular disease or apparent
differentiation. Reduced stiffness of podocytes could also re-
late to the increased migratory phenotype of diseased podo-
cytes described by others (3, 12). These possibilities remain to
be tested experimentally.

Reduced stiffness of the Col4a3~/~ glomeruli can be ratio-
nalized by the finding that the composition of their GBMs is
different from normal glomeruli with absence of Col4a3, a4,
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and o5, increased levels of Col4al and a2, and altered laminin
expression (30). The GBM of the Col4a3 ™/~ glomeruli could
be less stiff than normal because Colda3 ad,and oS5 are
cross-linked to a higher degree than Col4al and a2. The
cytoskeletal structure of Tg26M™V/"! podocytes is grossly ab-
normal with smaller, less spread cells, reduced stress fibers,
reduced levels of filamin, reduced Rho activity, and less stiff
cells as measured by AFM and microaspiration (27, 41). Such
abnormal structure of the podocytes could explain reduced
stiffness of whole glomeruli.

Our results demonstrate that glomeruli from rats and mice
have a consistent Young’s modulus of ~2,500 Pa. Although it
cannot be proven at this time, it is likely that the principal
determinant of the capillary wall mechanical properties is the
podocytes and that the principal determinant of overall glo-
merular mechanical properties is the capillary walls. In glom-
eruli from three disease models, Col4a3~/~ and Tg26H!V/M!
mice described in this paper, and ColXVIII~/~ mice described
elsewhere, glomeruli are significantly softer than normal con-
trols at “early clinical” stages of disease. The exact meaning of
this finding is not clear at this time, but the fact that significant
biomechanical abnormalities occur early in disease and are
associated with distinct effects on cell behavior suggests that
they could represent an important disease mechanism.
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