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The Role of Angiotensin II in 
Glomerular Volume Dynamics and 
Podocyte Calcium Handling
Daria V. Ilatovskaya, Oleg Palygin   , Vladislav Levchenko, Bradley T. Endres & Alexander 
Staruschenko   

Podocytes are becoming a primary focus of research efforts due to their association with progressive 
glomeruli damage in disease states. Loss of podocytes can occur as a result of excessive intracellular 
calcium influx, and we have previously shown that angiotensin II (Ang II) via canonical transient 
receptor potential 6 (TRPC6) channels caused increased intracellular Ca2+ flux in podocytes. We showed 
here with patch-clamp electrophysiology that Ang II activates TRPC channels; then using confocal 
calcium imaging we demonstrated that Ang II–dependent stimulation of Ca2+ influx in the podocytes 
is precluded by blocking either AT1 or AT2 receptors (ATRs). Application of Ang(1–7) had no effect on 
intracellular calcium. Ang II-induced calcium flux was decreased upon inhibition of TRPC channels 
with SAR7334, SKF 96365, clemizole hydrochloride and La3+, but not ML204. Using a novel 3D whole-
glomerulus imaging ex vivo assay, we revealed the involvement of both ATRs in controlling glomerular 
permeability; additionally, using specific inhibitors and activators of TRPC6, we showed that these 
channels are implicated in the regulation of glomerular volume dynamics. Therefore, we provide 
evidence demonstrating the critical role of Ang II/TRPC6 axis in the control of glomeruli function, which 
is likely important for the development of glomerular diseases.

The understanding of molecular mechanisms leading to protein shedding in the urine is key for developing 
targeted treatment for glomerular diseases. Progressive chronic nephropathies are typically characterized with 
podocyte depletion and associated glomerulosclerosis1. As a result of podocyte loss occurring in response to 
various pathological stimuli, glomerular filtration barrier (GFB) gets damaged, which initiates the onset of 
proteinuria. One of the key findings of the past decade was a discovery of a gain-of-function mutation in the 
podocytic transient receptor potential canonical channel 6 (TRPC6), which was found to cause Focal Segmental 
Glomerulosclerosis (FSGS)2–4. This genetic breakthrough stimulated the studies of TRPC6 as a key mediator of 
Ca2+ flux in the podocytes5, and aberrant Ca2+ handling by the podocyte is now considered an important deter-
minant of its injury and loss6–10.

Persistent elevation in proteinuria is a sign of declining kidney function, which can result from various patho-
logical stimuli11–13. According to National Institute of Diabetes and Digestive and Kidney Diseases, diabetes and 
hypertension are the leading cause of end-stage renal disease (ESRD). Both landmark genetic research14 as well 
as renal patients biopsies studies15 recognize the glomeruli podocytes damage as a main cause of albuminuria. 
Podocytes are the critical elements of the GFB, and as they have limited proliferative capacity, their ability to 
counter stress plays a crucial role in the development of proteinuric glomerular diseases16, 17.

There is a number of physiological stimuli which can lead to glomeruli damage and proteinuria, and among 
these Angiotensin II (Ang II)18–21 is one of the major ones; it was demonstrated that interstitial levels of Ang II are 
increased in patients with progressive glomerulopathies4, and it mediates chronic renal inflammation and fibro-
sis22. Further studies revealed that enhanced AT1 receptor signaling in podocytes leads to proteinuria and FSGS23, 
and inhibition of AT receptors is effective against proteinuria24, 25.

Numerous research efforts were devoted to unraveling the connection between Ang II and TRPC channels18, 

26–28. There is still controversy about which TRPC channel, TRPC5 or TRPC6, is responsible for the enhanced 
calcium signaling in the podocyte10, 20, 29, 30. In our recent studies21, 31 we have shown that TRPC6 is the main 
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channel activated by Ang II in podocytes and that this pathway is implicated in podocyte injury occurring in 
diabetic nephropathy.

Podocyte, however, should not be studied in isolation from the rest of the glomeruli filtration apparatus. 
Under the influence of the circulating factors glomeruli function changes as a whole, resulting in altered filtration 
rate. It has been long known that glomerular contractions in response to Ang II correlate with glomerular func-
tion32, 33, but the molecular mechanism of this complex process is not entirely known. Savin et al. demonstrated 
in cultured glomerular epithelial cells34, 35 that both AT1 and AT2 receptors of Ang II are involved in regulation 
of intracellular calcium. However, in order to fully understand the relation between changes in Ang II levels and 
GFR, a more comprehensive approach should be applied, where glomerulus is studied as an entity that integra-
tively responds to Ang II involving podocytes, mesangium, and vasculature. The current study was aimed at 
delineating the involvement of TRPC-mediated calcium influx in Ang II-AT1/AT2 receptors signaling pathway, 
and testing the hypothesis that this signaling axis could be implicated in the glomeruli volume dynamics, which 
is currently viewed to be cooperatively mediated by all types of glomerular cells36.

Results
AT1 and AT2 receptors both mediate the volume response of glomeruli to an oncotic gradient of 
albumin.  The instrumental work by Höhne et al.37 suggested that the integrity of the filtration barrier could 
be undermined by changes in podocyte dynamics, which leads to increased albumin permeability, and is being 
reflected in the observed oscillatory glomerular contractions. Following this lead, we modified the classic method 
suggested by Savin et al.38, which was designed to measure volume response of glomeruli to an oncotic gradient 
generated by defined concentrations of albumin. Figure 1a illustrates the schematic of the modified method, 
featuring the combination of fluorescent dextrans and fast confocal imaging of the glomerular volume, which 
allows precise characterization of permeability changes in response to various drugs. Change of the medium (in 
presence or absence of the tested compounds) from 5% to 1% BSA produces an oncotic gradient across the glo-
merular capillary wall and results in a change in glomerular volume and brightness (targeted by TRITC and FITC 
fluorescence, respectively), which correlates with glomerular permeability to protein.

Examples of glomerular volume reconstitution and fluorescence dilution analysis for the permeability assay 
are shown on Fig. 1b. For the calculation of glomerular volume 26 areas from consecutive focal planes of TRITC 
fluorescence were summarized for every data point. Changes in fluorescence intensity were summarized from 
corresponding FITC values. To assess the glomerulus volume images were taken every 2.82 μm (Fig. 1b,c) for 
following analysis. Shown on Fig. 1c (“2D TRITC”, left upper panel) is an example of a scanned area from the 
middle of the imaging stack (slice 11 out of 26, which corresponds to 31.02 μm on z-axis), that reveals a detailed 
structure of glomerulus (black) covered with TRITC-dextran (red). We also analyzed volume of glomeruli when 
the number of focal planes (z-stack sampling rate) was increased. As shown on Fig. 1d changes in z-axis step size 
(tested sampling rates were 2.82, 1.41 and 0.94 µm, respectively) did not affect calculation of glomerular volume.

Further, in our experimental model we tested the complex effect of Ang II on the loss of intercapillary albumin 
across the capillary wall. As seen in Fig. 2a, solution change from 5% to 1% BSA results in an average increase of 
glomerular volume by 15%. However, this effect is significantly attenuated or completely precluded when glomer-
uli are pre-incubated with 10 or 100 μM Ang II for 30 min. Furthermore, glomerular volume change was restored 
by treatment with AT1R or AT2R inhibitors (10 µM losartan and 1 µM PD123319, respectively) either applied 
separately or together. In our experiments Ang II (in the presence or absence of ATR inhibitors) was added to the 
solution before the changes of BSA solutions (and was also kept in the media during oncotic gradient change) 
since Ang II can cause glomerular contraction.

Additionally, changes in glomerular FITC fluorescence (reflecting water flux across the capillary wall in 
response to changes in oncotic gradient) was inhibited by pre-incubation with Ang II (Fig. 2b). The application 
of ATR blockers restored this effect and attenuated glomerular permeability to protein. In order to assess the 
contribution of photobleaching into the observed changes, TRITC fluorescence was recorded continuously and 
compared to experimental recordings. As seen from Fig. 2b (grey dotted line), photobleaching was not significant 
and minimally affects the obtained data.

Therefore, both changes in glomerular volume (Fig. 2a) and FITC fluorescence (Fig. 2b) suggest that Ang II, 
working via both ATRs prevents glomerular dynamics in response to an oncotic gradient generated by BSA, and 
directly modulates glomerular permeability to albumin through the described mechanism. Thus, from these 
experiments we can conclude that both sides of this process–vasculature and podocytes–are involved and affected 
by activation of AT receptors.

TRPC6 calcium channels are involved in glomeruli volume changes evoked by Ang II.  We 
demonstrated that activation of TRPC6 channels with flufenamic acid (a specific activator of TRPC639) affects 
glomerular volume dynamics in a manner similar to that seen upon stimulation of glomeruli with Ang II (see 
Fig. 3a). Figure 3b illustrates the changes in glomerular volume in control and upon stimulation of TRPC6 chan-
nels by Ang II or FFA (reconstituted from the z-stacks acquired over time). Additionally, we tested the effect of 
SAR7334 (a novel specific TRPC6 channel inhibitor40, 41) on glomerular volume dynamics, and report here (see 
Fig. 3a) that blocking TRPC6 is able to partially restore glomerular volume change seen in the absence of Ang 
II. Therefore, these data allow to conclude that TRPC6 channels are, at least in part, involved in regulation of 
glomerular volume dynamics.

Ang II–dependent calcium flux in the rat podocytes is mediated via calcium channels.  Here we 
monitored intracellular calcium changes ([Ca2+]i) in response to Ang II in isolated Wistar rat glomeruli loaded 
with Fura-2AM (Fig. 4a). Figure 4b demonstrates the effects of solution change from calcium-free to the solu-
tion containing 2 mM calcium, and back (black trace). Application of Ang II (1 μM, Fig. 4b, red trace) in the 
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calcium-free solution evoked a transient that was observed for up to a 2 min period and should be attributed to 
intracellular store depletion. Further solution change to 2 mM CaCl2 caused a significantly more enhanced cal-
cium influx compared to Ang II–untreated glomeruli (black trace). Application of 10 μM thapsigargin (TG) that 
causes intracellular calcium store depletion resulted in a sustainable ratio elevation in the calcium-free solution 
followed by a calcium influx in presence of 2 mM CaCl2 (Fig. 4b, blue trace).

In order to define a source responsible for the Ang II-induced [Ca2+]i flux, we also used TG to selectively 
inhibit the endoplasmic reticulum Ca2+-ATPase and cause depletion of TG-sensitive Ca2+ stores. Cells were first 
treated with TG to deplete stores and the effects of application of Ang II on [Ca2+]i was evaluated. We found 
that Ang II induced an increase in [Ca2+]i after depletion of the intracellular stores (Fig. 4c), and vice versa, 
however if store depletion with TG occurred first, the effect of Ang II on [Ca2+]i was substantially lower. Hence,  

Figure 1.  Schematic explanation of the measurements of glomeruli permeability and volume changes. 
(a) General steps of the glomeruli permeability assay: surgical preparation of the anesthetized animal and 
injection of 150 kDa FITC-dextran into circulation via femoral vein; glomeruli isolation, incubation and 
addition of 150 kDa TRITC-dextran into the solution containing FITC-labeled glomeruli; fast xyzt confocal 
fluorescence microscopy scanning during the changes in oncotic gradient (BSA 5% to 1%); 3D reconstruction 
and image analysis of glomerular volume and inner fluorescence changes. (b) Example of glomerular volume 
reconstitution and image analysis for the permeability assay. Fluorescence intensity was summarized from 
corresponding FITC values and subsequently analyzed. Also shown is a transmitted light image of a single 
glomerulus. Arrow illustrates solution change from 5% to 1% BSA. Scale bar is 20 µm. (c) Glomeruli volume 
reconstitution. To assess the glomerulus volume, images from 26 focal planes with a slice thickness of 2.82 μm 
were obtained along the z-axis of each glomerulus. Shown here (“2D TRITC”, left upper panel) is an example 
of a scanned area from the middle of the imaging stack (slice 11 out of 26, which corresponds to 31.02 μm on 
z-axis), that reveals a detailed structure of glomerulus (black) covered with TRITC-dextran (red). Adjusted 
threshold level used to calculate slice area in the Analyze Particles Module (ImageJ), as well as a 3D summary of 
all areas for current glomerulus are shown in the right panel. (d) Glomerular volume calculation. Shown on the 
left (upper panel on D) is a single area used to calculate the glomerulus volume. Right upper panel demonstrates 
three different sampling rates (2.82 (26 z-slices), 1.41 (52 slices) or 0.94 μm (78 slices)), each point on the graph 
corresponds to the size of the single area (shown on left). Total integral value for each sampling rate, and the 
summary bar graph (lower panel) demonstrate that independently of the size of the z-axis step, total integral 
value (glomerulus volume) riches the same level.
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Ang II-mediated [Ca2+]i increase in podocytes is mediated both via influx through the membrane-residing ion 
channels, and calcium store depletion.

We have shown previously that Ang II activates native TRPC6 channels in mouse podocytes31 and type 1 
diabetic STZ-SS rats21. Here we confirmed this effect and assessed TRPC activity in the podocytes of the normal 
Sprague-Dawley rat glomeruli with patch clamp electrophysiology. Figure 4d illustrates a representative time 
course of TRPC channel current activity and summary graph of changes in the channel open probability in the 
isolated glomerulus following addition of Ang II (100 nM). Application of Ang II resulted in an acute increase in 
the channel open probability (Po) in this native preparation.

Ang II in the podocytes works via both AT1 and AT2 receptors.  Figure 5a and c demonstrate inhi-
bition of the calcium influx in response to Ang II when glomeruli are pretreated with AT1R and AT2R blockers 
losartan (10 µM, 30 min) and PD 123319 (1 µM, 10 min), respectively. These results demonstrate that both AT1R 
and AT2R are mediating the action of Ang II in the podocytes. Additionally, we tested the involvement of the 
Mas receptor (a receptor for Ang-(1–7), a biologically active product of the RAS cascade) into the regulation 
of calcium handing in the podocytes. Acute application of up to 50 µM of Ang-(1–7) in the calcium-containing 
solution did not evoke any calcium transients in the podocytes (Fig. 5b).

TRPC6 channels are responsible for Ang II–evoked calcium influx in rat podocytes.  We tested 
which TRPC channels are responsible for the major extracellular calcium influx in the rat podocytes. As seen 
from Fig. 6a, a pan-TRPC channels’ inhibitor SKF96365 (1 µM) largely prevented calcium influx in response to 
Ang II. We further tested the effects of La3+ on Ang II–mediated calcium influx. La3+ is known to have differ-
ential effects on members of the TRPC family: it can potentiate currents through TRPC4 and TRPC5 channels, 
and inhibit other TRPC family members. As seen from Fig. 6b and c, pre-incubation with 50 μM LaCl3 (10 min) 

Figure 2.  Effects of ATR blockers on rat glomeruli permeability and volume changes. (a) Activation of AT 
receptors by 10 or 100 µM of Ang II significantly suppresses glomeruli ability to respond to oncotic gradient 
changes evoked by solution change from 5% to 1% BSA (black, white and magenta data points represent control 
(vehicle), and 10 or 100 µM of Ang II, respectively). Inhibition of either AT1 or AT2 receptors with 10 µM 
losartan or 1 µM PD 123319, respectively (green and red data points) or both antagonists together (blue data 
points) restores normal glomeruli function and attenuates permeability. Summary graph for the endpoint 
glomeruli volume is shown on the lower panel. (b) Pre-application of Ang II significantly inhibits changes in 
glomerular FITC fluorescence and corresponding water flux across the capillary wall in response to changes in 
oncotic gradient. Application of ATRs blockers restores normal renal hemodynamics and attenuates glomerular 
permeability to protein. Summary graph for the endpoint glomeruli fluorescence is shown on the lower panel. 
(i,j) noted on graph is number of animals (i) and glomeruli (j) analyzed in each group, respectively. *P < 0.05 
versus control experiment.
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precluded the calcium transient in response to Ang II; acute application of LaCl3 also failed to potentiate calcium 
influx in the podocytes. Therefore, these data exclude TRPC4 and TRPC5 channels as potential targets of Ang II.

Additional experiments were aimed at further delineating whether TRPC5 is involved in the Ang II–evoked 
calcium transient in the isolated glomeruli. To test this, we employed pre-incubation or acute application of 
ML204 (20 µM), a known blocker of TRPC4 channels (IC50 values for TRPC4 are 0.96 and 2.6 μM in fluores-
cent and electrophysiological assays, respectively), which exhibits 19-fold selectivity against TRPC6 and 9-fold 
selectivity against TRPC5. Figure 7 demonstrates that upon acute application of ML204 in calcium-containing 
solution the response to a following application of Ang II is not affected (Fig. 7a); furthermore, Ang II–induced 
calcium response is preserved when glomeruli are pre-incubated with ML204 for 20 min (Fig. 7b). Additionally, it 
should be noted that ML204 produced an acute and potent release of calcium from the intracellular stores (Fig. 7c 
illustrates a response to an acute application of ML204 in the calcium-free solution), and therefore is unlikely to 
be a specific TRPC5 channel inhibitor. We next tested other TRPC channels inhibitors, clemizole hydrochloride 
(5 µM, known IC50 values are 1.1, 6.4, 9.1, 11.3 and 26.5 μM for TRPC5, TRPC4, TRPC3, TRPC6 and TRPC7 
respectively) and a specific TRPC6 inhibitor SAR7334 (used 1 μM; is known to inhibit TRPC6, TRPC3 and 
TRPC7-mediated Ca2+ influx into cells with IC50 s of 9.5, 282 and 226 nM, whereas TRPC4 and TRPC5-mediated 
Ca2+ entry is not affected40). As reported on Fig. 8, clemizole hydrochloride inhibited approximately 30% of the 
calcium transient evoked by Ang II, whereas SAR7334 resulted in a major block of the Ang II–evoked calcium 
influx.

Discussion
Ang II is among the recognized circulating factors that can be detrimental to podocytes and induce damage to 
the GFB23, 27, 42, 43. Recent data obtained using sophisticated in vivo techniques showed that there is a cell-to-cell 
calcium signaling that travels as a calcium wave to all cells of the glomerulus, including the most distant podo-
cytes36, 44. The oscillatory glomerular contractions observed in living freshly isolated glomeruli were hypothesized 

Figure 3.  Effects of flufenamic acid and SAR7334 on rat glomeruli volume. (a) The effects of activation of 
TRPC6 channels by flufenamic acid (100 µM, FFA) or their blockage by SAR7334 (1 µM) on Ang II–induced 
glomeruli volume dynamics (left panel), and a summary plot for the endpoint glomeruli volume (right panel). 
(b) Representative reconstituted glomerular volumes and combined z-stacks illustrating the changes in the 
volume of a single glomerulus during the solution change from 5% to 1% BSA in control, and upon incubation 
with Ang II and FFA.
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to reflect interplay among different cells of the glomerulus, including podocytes45. Current study was specifically 
designed to characterize the effects of Ang II on a glomerulus at different regulatory levels–individual ion chan-
nels in the membrane, calcium handling within the glomerular cells, and the dynamics of the whole glomerulus.

We employed a thorough and comprehensive method to assess the functionality of GFB integrity by using 
fluorescent dextrans, which recently became popular for in vivo and ex vivo applications45–47. Here we modified 
the classical technique developed by Savin et al.38, and an employed combination of fast confocal scanning and 
two fluorescent dextrans allowed us to clearly show changes in volume of isolated glomeruli that occur as a result 
of the change in osmotic gradient (see Figs 1 and 2). Although the method of albumin reflection coefficient meas-
urement using isolated rat glomeruli was published in 1992 and has been since widely used by many research-
ers48–51, the calculations were based on the measurements of the diameter of the isolated glomerulus (which is 
not a sphere, but rather an ellipsoid with complex geometry), and most publications lacked representative images 
that would illustrate the actual changes. A recent report using a similar fluorescent dilution technique45 reported 
an up to 68% change in the fluorescence intensity of the glomeruli in response to oncotic gradient. The dilution of 
fluorescent particles by water entrance in glomeruli is proportional to the volume changes, thus, such an increase 
should promote a similar glomeruli volume increase. In contrast, our approach shows direct correlation between 
florescence intensity and volume increase of the glomerulus, furthermore, the observed change was less than 20%, 
and can be precisely calculated independently from the geometrical form of the glomerulus.

Figure 4.  Ang II evokes [Ca2+]i elevation and activates TRPC channels in the podocytes of the freshly isolated 
rat glomeruli. (a) Images of the Fura-2AM-loaded glomeruli obtained by fluorescence microscopy (examples 
of the fluorescence signals at 340 and 380 nm, and an image merged with brightfield view are shown). (b) 
Representative time course of the changes in [Ca2+]i determined in podocytes of the freshly isolated glomeruli 
by the ratio of Fura340/Fura380 fluorescence, under three different conditions: (1) modulations in [Ca2+]i induced 
by changes of medium containing 0 to medium with 2 mM Ca2+ (black values); (2) medium containing 0 
or 2 mM Ca2 supplemented with 1 μM Ang II (red values); and (3) medium containing 10 μM thapsigargin 
(TG, as shown; blue values). Please note a transient in response to Ang II in Ca2+-free media (associated 
with store depletion). N = 4 animals per group. (c) Ang II-stimulated [Ca2+]i peak is inhibited after calcium 
store depletion with TG. Shown is a [Ca2+]i response after depletion of the intracellular store with TG and 
consecutive treatment with Ang II, and a reverse experiment. (d) Representative continuous current trace from 
a cell-attached patch containing endogenous TRPC channels. Arrow demonstrates addition of Ang II (100 nM) 
to the external bath solution. The patch was held at a −60 mV test potential during the course of experiment. 
The c and oi denote closed and open current levels, respectively. Right panel shows a summary graph for the 
channels’ open probability (Po) before and after application of Ang II. *P < 0.05 versus before Ang II.
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Figure 5.  Ang II–dependent calcium influx in the podocytes is precluded by ATR inhibition. (a) Representative 
effects of losartan (Los, 10 µM, 30 min incubation) or PD 123319 (PD, 1 µM, 10 min), on Ca2+ transients evoked 
in the podocytes by 10 µM Ang II. (b) Illustrates the lack of an acute effect of a Mas receptor agonist Ang(1–7) 
on calcium influx in podocytes (concentration applied was 10 µM). (c) Summarized data for the effects of Ang II 
on calcium influx in the podocytes in the absence or presence of losartan or PD. (i,j) noted on graph is number 
of animals (i) and podocytes (j) analyzed in each group. *P < 0.01 versus Ang II.

Figure 6.  Ang II–dependent calcium influx in the podocytes mediated via TRPC channels. (a) Representative 
effects of the TRPC channel blocker SKF 96365 (SKF, 1 µM, 5 min) on Ca2+ transients evoked in the podocytes 
by 10 µM Ang II. (b) Representative transient demonstrating that 50 µM LaCl3 (upon 10 min pre-incubation) 
precludes the increase in calcium influx in response to Ang II in the podocytes. (c) Transient illustrating the lack 
of a potentiating effect of LaCl3 on calcium influx, and immediate inhibitory effect on Ang II-evoked calcium 
transients (10 µM Ang II was applied twice consecutively). (d) Graph summarizing the effects of Ang II on 
calcium influx in the podocytes in presence of SKF or LaCl3. (i,j) noted on graph is number of animals (i) and 
podocytes (j) analyzed in each group. *P < 0.01 versus Ang II.
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The preparation of the freshly isolated rat glomeruli used here has advantages compared to cultured cells, 
and, as accurately stated by Savin et al., allows assessing the direct effects of the studied drugs “independent of 
systemic or intrarenal hemodynamic effects, of secondary effects due to altered intracapillary pressures or perfusion or 
filtration rates, and of intrarenal feedback from extraglomerular vasculature or tubules”38. This unique preparation 
enabled us to reveal that on the one hand, Ang II via both AT1 and AT2 receptors affects intracellular calcium 
handling within glomerular epithelial cells, which might result in podocytopenia and subsequent proteinuria. On 
the other hand, we have shown that Ang II mediates the contractile properties of the glomeruli, which reflects the 
ability of the glomerulus to filter plasma and retain protein in the bloodstream.

Previous studies demonstrated that administration of the AT2 receptor antagonist PD123319 is associated 
with beneficial effects on a range of renal functional and structural parameters52. Moreover, the combination 
of both AT1 and AT2 receptor antagonists may provide additional renal protection than either antagonist alone. 
In contrast, other groups report that overexpression of AT2 led to reduced glomerular injuries in mice with 5/6 
nephrectomy (without influence on blood pressure)53. A recent multi-photon study54 demonstrated by measuring 
albumin glomerular sieving coefficient (GSC) that the AT2 receptor can partially attenuate the proteinuric effects 
of the AT1 receptor, and, therefore, AT1 and AT2 receptors may exert opposing effects on the GSC. In our exper-
iments, however, inhibition of the AT1 or AT2 Ang II receptor subtypes by losartan and PD123319, respectively, 
exhibited the same effects. Furthermore, blocking both AT1 and AT2 together did not result in further attenuation 
of the glomerulus contraction dynamics. These observations are intriguing and require further studies, especially 
in the animals genetically deficient for the either subtype of the Ang II receptor. The possible reported antagonism 
between AT1 and AT2 receptor55 might play a role in the mechanism that would counteract the onset of protein-
uric kidney diseases. Furthermore, recent reports provide evidence that the commonly accepted scheme of phys-
iological vasorelaxation balance between a constricting effect of AT1 and a dilating effect of AT2 is too simplistic 

Figure 7.  The effects of ML204 on calcium influx in the podocytes. (a) The representative effect of acute 
applications of 20 µM ML204 followed by 10 µM Ang II on Ca2+ level in the podocytes (in calcium-containing 
media). (b) Representative effect of ML204 (20 µM, 10 min incubation) on Ca2+ transient evoked in the 
podocytes by 10 µM Ang II. (c) The representative effect of the acute application of 20 µM ML204 on Ca2+ level 
in the podocytes in calcium-free solution. (d) Graph summarizing the effects of Ang II on calcium influx in 
the podocytes in presence of ML204, or an acute application of ML204 alone. (i,j) noted on graph is number of 
animals (i) and podocytes (j) analyzed in each group. ns denotes no statistically significant difference versus Ang 
II application in the absence of the inhibitor.
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and does not always reflect experimental evidence56. Further investigation with more selective and specific AT2 
receptor pharmacology is needed to unveil the molecular mechanisms of AT1–AT2 receptors dimerization which 
might affect the consecutive signal transduction57.

Activation or inhibition of the TRPC calcium channel with flufenamic acid and SAR7334, respectively, con-
firmed that Ang II–stimulated calcium flux via TRPC channels is at least in part mediating glomerular volume 
dynamics (Fig. 3). It is clear that volume regulation of glomeruli is not only dependent on podocytes but on many 
cell types (e.g. mesangial cells); further experiments of this study were devoted to an attempt to differentiate 
between TRPC5 and/or TRPC6 channels input in the calcium influx evoked by Ang II specifically in the podo-
cytes. It has been debated whether TRPC5 or TRPC6 channels are responsible for conducting the calcium signal 
in the podocyte in pathological states; a recent review by Wieder and Greka29 suggested that TRPC6 channels 
have homeostatic function maintaining GFB integrity, whereas TRPC5 is induced in a disease state. Our previ-
ous studies using TRPC6 knockout mice31 demonstrated that TRPC6 is essential for the Ang II–mediated cal-
cium transient in the podocytes, at least in the normal conditions. Here we employed a variety of pharmacology, 
including well-known compounds SKF 96365 (pan-TRPC channel blocker), La3+ (known to potentiate TRPC4 
and TRPC5 and inhibit other TRPC family members) as well as clemizole hydrochloride, a novel product that 
exerts 10-fold specificity towards TRPC5 over TRPC658, and a small molecule inhibitor ML204 previously used 
to support the role of TRPC5 in the podocyte damage59 (reported to be highly selective for TRPC5 at 10 µM, used 
in concentration of 10 to 30 µM). Our data revealed that neither acute application nor a 15 min pre-treatment 
with ML204 at 20 µM modulate Ang II–mediated calcium transients in the podocytes of the freshly isolated 
glomeruli. Clemizole hydrochloride used in a concentration of 5 µM (IC50 values are 1.1 and 11.3 μM for TRPC5 
and TRPC6, respectively) attenuated the response to Ang II by approximately 30%. This concentration exceeds 
maximum dose required to completely block TRPC5 and sufficient to partially block TRPC6 channels. La3+ also 
inhibited, but did not potentiate Ang II-induced current. Nevertheless, there is not much evidence to bolster the 
conclusion that TRPC5 channels are significantly involved in the transduction of the calcium signal in the podo-
cytes. Furthermore, a novel specific TRPC6 inhibitor, SAR7334, which does not affect TRPC5, resulted in a potent 
block of Ang II–evoked calcium transient in the podocytes. Taking into consideration that there is a human 
gain-of-function mutation in the TRPC6 channel which leads to FSGS2, it is highly likely that this channel is also 
implicated in the disease-associated events; however, the hypothesis that TRPC5 channel can be induced in the 
disease state is intriguing and still requires further investigation which is beyond the scope of the current study. 
Of note, the described glomerular volume measurement technique with some dexterity can be used on mouse 
glomeruli. Therefore, more precise characterization of the involvement of TRCP6 channels can be performed 
using mouse knockout models, which are more readily available than genetically modified rats.

In summary, GFB should be regarded as a single entity consisting of different types of cells that depend on 
each other; its integrity can be damaged when just one cell type is affected, and then deteriorated as a result of the 
broken intracellular signaling connections. The functional properties of GFB should be further comprehensively 
studied using contemporary techniques, such as multi-photon microscopy, that allows investigators the opportu-
nity to study dynamic changes in the glomerulus and within the functioning living kidney.

Methods
Glomeruli volume dynamics assay.  All methods were carried out in accordance with the approved guide-
lines. For the measurements of the glomeruli volume changes rats were infused with FITC-dextran (150 kDa 
dissolved in 0.9% NaCL, 50 mg/mL, TdB Consultancy AB, Uppsala, Sweden) via the femoral vein. Then, rat kid-
neys were harvested; glomeruli were isolated by differential sieving and stored on ice in a 5% BSA/RPMI solution 
with glomeruli non-permeable 150 kDa TRITC labeled dextran. Then, glomeruli were attached to poly-L-ly-
sine covered glass coverslips for further confocal microscopy imaging. Fluorescence intensities detected with 
the FITC and TRITC filters were monitored by confocal laser scanning microscope system Nikon A1-R, and 

Figure 8.  The involvement of TRPC6 channels into the Ang II–dependent calcium influx in the podocytes. 
(a) Representative effects of the TRPC channel blockers clemizole hydrochloride (Clem, 5 µM, 10 min) 
and SAR7334 (1 µM, 10 min) on Ca2+ transients evoked in the podocytes with 10 µM Ang II. (b) Graph 
summarizing the effects of Ang II on calcium influx in the podocytes in presence of clemizole and SAR7334. 
(i,j) noted on graph is number of animals (i) and podocytes (j) analyzed in each group. *P < 0.05 versus Ang II.
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represented inner and outer glomeruli space, respectively. A Z-stack of 26 consecutive focal planes (73.83 µm) was 
collected every 2 minutes, which allowed reconstructing fluorescence within glomerular capillaries (FITC), and 
glomeruli volume (TRITC) using Fiji image processing package (ImageJ 1.47 v, National Institute of Health, USA) 
and Origin Pro 9.0 (OriginLab, Northampton, MA). Water dilution of inner glomeruli fluorescence and volume 
changes created by the oncotic pressure induced by switching the surrounding medium from 5% into 1% BSA 
was monitored by 3D imaging throughout the experiment. For glomeruli volume reconstitution, TRITC signal 
was inverted, and each focal plane was processed by the Analyze Particles module (ImageJ). Finally, glomeruli 
volume was calculated by the integration of the obtained focal planes using OriginPro software. Total glomeruli 
FITC fluorescence within a z-stack was calculated as a sum of slices’ intensities.

Isolation of the rat glomeruli, electrophysiology and intracellular calcium imag-
ing.  Experimental procedures were performed as described in our earlier publications using confocal or epiflu-
orescence imaging and single-channel patch-clamp electrophysiology21, 31, 60. Briefly, kidneys of 8 to 10-weeks-old 
male Wistar or Sprague Dawley rats were cleared from the blood, removed and decapsulated; the cortex was 
isolated, minced and sequentially pushed through steel sieves using the culture medium solution RPMI1640 
(Invitrogen, Inc) with 5% BSA. After isolation glomeruli were used either for single-channel patch-clamping and/
or microscopy experiments. For electrophysiology cover glasses with attached glomeruli were placed into a per-
fusion chamber and mounted on an inverted Nikon Ti-S microscope. After a high resistance seal was obtained, 
cell-attached recording was performed immediately in the solutions described previously21, 31. Single-channel 
unitary current (i) was determined from the best-fit Gaussian distribution of amplitude histograms. Activity was 
analyzed as NPo = I/i, where I is the mean total current in a patch and i is unitary current at this voltage. Po (open 
probability) was calculated by normalizing NPo for the total number of estimated channels (N) in the patch. 
The activity of the channels was first monitored in response to the voltage steps of 10 or 20 mV in the range of 
−90 mV to +60 mV in order to estimate the channel's conductance and I-V relationship. After that, the voltage 
was clamped at −60 mV and the channels’ activity was recorded for several minutes before application of Ang II. 
Animal use and welfare adhered to the NIH Guide for the Care and Use of Laboratory Animals following a proto-
col reviewed and approved by the IACUC at the Medical College of Wisconsin.

Statistical analysis.  Data are presented as mean ± s.e.m. The values of intracellular calcium ion concen-
tration at every moment of time for individual cells were averaged by the number of regions registered in the 
experiment (n = 15–20). Data are compared using the Student’s (two-tailed) t-test, and P < 0.05 is considered 
significant.
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