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Angiotensin II increases the cytosolic calcium activity in rat
podocytes in culture
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Angiotensin H increases the cytosolic calcium activity in rat podocytes
in culture. In the glomerulus, angiotensin II (Ang II) reduces the
ultrafiltration coefficient and enhances the filtration of macromolecules.
During glomerular injury, inhibition of the renin-angiotensin system by
angiotensin-converting-ename inhibitors reduces proteinuria and retards
the progression to end-stage renal insufficiency. The mechanisms by which
Ang II modulates glomerular function are still a matter of investigation.
To study whether Ang II may regulate the cytosolic calcium activity
([Ca2j) in podocytes, these cells were propagated in short-term culture
and the effect of Ang II was examined with the Fura-2 microfluorescence
technique in single podocytes. The cellular identity of cultured podocytes
was proven by the expression of WT-1 and pp44, specific antibodies
against podocytes in vivo. Ang [I led to a concentration-dependent,
reversible and slow increase of [Ca24] with an EC50 of 3 nmol/liter Ang II
(N = 229). Ten nmol/liter Ang II increased [Ca24] from 41 9 to 260
34 nmol/liter (N = 210). In a solution with an extracellular reduced Ca2
concentration of It) .rmol/liter, Ang lI-mediated [Ca211 increase was
significantly reduced by 60 20% (N = 12), indicating that the [Ca2]
increase was due to a Ca24 influx from the extracellular space and a
release of Ca2 from intracellular stores. Flufenamate, an inhibitor of
non-selective ion channels, significantly inhibited Ang TI-mediated in-
crease of [Ca24 ] (IC50 = 20 smol/liter, N = 29), whereas the L-type Ca2
channel blocker nicardipine even in high concentrations of> 1 JLmol/liter
had only a small inhibitory effect. The AT1 receptor antagonist losartan
inhibited Ang IT-mediated [Ca2*I increase with an IC50 of about 0.3
nmol/liter (N = 35). The data suggest that Ang II increases [Ca2]1 in
podocytes by an influx of Ca2 through non-selective channels and by a
release of Ca24 from intracellular stores. The effect of Ang his mediated
via an AT1 receptor.

Angiotensin II (Ang IT) plays a central role for controlling
blood pressure, fluid balance and electrolyte homeostasis. In the
glomerulus Ang II reduces the ultrafiltration coefficient (K1) and
enhances the filtration of macromolecules [1]. The mechanisms
where by Ang II mediates these physiological functions are not
completely understood. For example, it is still a matter of debate
whether Ang Il-induced decrease of Kf is due to a contraction of
glomerular mesangial cells that leads to a reduction of capillary
surface area [2—4]. Ang II modulates glomerular capillary perm-

selectivity, and it has been recently shown that it increases urinary
protein excretion rate and leads to a loss of glomerular size-
selective function in the isolated perfused rat kidney. These effects
of Ang II were not completely explained by an Ang Il-mediated
defect in glomerular size selectivity. Therefore, it has been
speculated that Ang II may alter the charge selectivity of the
glomerular barrier [5]. Ang II is not only a vasoactive hormone,
but also acts as a growth hormone, which contributes to the
pathogenesis of glomerulosclerosis [6]. The precise mechanisms
responsible for the pathogenesis of glomerulosclerosis are poorly
understood, but it has been related to primary or secondary
podocyte injury [7, 8]. Podocytes are highly differentiated cells,
which form the outer part of the filtration barrier. They possess
foot processes with contractile filaments, which have been shown
to counteract capillary wall distension. It has been speculated that
hormone-induced contraction or dilation of podocytes foot pro-
cesses regulate glomerular filtration rate (GFR) by changing
filtration surface area and thereby K [9]. Under pathophysiolog-
ical conditions, podocytes retract their foot processes resulting in
a change of podocyte morphology towards a cuboidal cell type [71.
Since podocytes are involved in many physiological and patho-
physiological processes within the glomerulus, studying cellular
function of podocytes contributes to the understanding of the
mechanisms of glomerular physiology and injury. Culturing of
podocytes may be a helpful tool for studying their biological
properties. However, it has been discussed controversially
whether it is possible to culture podocytes and whether glomeru-
lar-derived epithelial cells are of visceral or parietal origin [10—
12]. Recently, it has been shown that cultured podocytes can be
induced to form processes and express pp44, which in vivo is only
found in differentiated podocytes [13]. In this study we have
propagated differentiated rat podocytes in short-term culture. We
investigated the mechanisms of the effect of Ang IT on the
cytosolic calcium activity in podocytes.

METHODS

Cell culture
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Differentiated podocytes were cultured according to the
method described by Mundel, Reiser and Kriz [141. Isolated rat
glomeruli were plated on collagen I coated dishes in RPM! 1640
medium with 100 g/liter fetal calf serum, L-glutamine 2.5 mmol/
liter, Na pyruvate 0.1 mmol/liter, nonessential amino acids (0.2
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Fig. 1. Light micrograph of arborized
podocytes in culture. Note that the large cell
body has two nucleoli and shows multiple
filament strands (X400).

g/liter; all Seromed, Berlin, Germany) and insulin-transferrin-
sodium selenite supplement 5 mg/liter (Boehringer-Mannheim,
Germany). After five to seven days of primary culture, outgrowing
glomerular cells were trypsinized with tiypsin-EDTA 0.5 g/0.2
g/liter in Ca2/Mg2 free PBS (Seromed, Berlin, Germany) and
passaged over a 30 jim sieve. This maneuver removed the
remaining glomerular cores consisting mainly of mesangial and
endothelial cells. Only cells passing through the sieve were
replated on collagen I coated glass dishes with a diameter of 1 cm.

Immunochemical studies

Immunological characterization of cells has been performed in
19 different cell cultures. Cells were washed three times with PBS
and then fixed with acetone at —20°C for five minutes or with 20
g/liter paraformaldehyde in PBS followed by permeabilization
with 3 g/Iiter Triton X-100 in PBS. After rinsing with PBS,
non-specific binding sites were blocked for 30 minutes with 20
g/liter FCS, 20 g/liter BSA, and 2 g/liter fish gelantine in PBS.
Thereafter cells were incubated with the primary antibodies:
anti-rat IgG for Wilm's tumor antigen WT-1 (1:100, Santa Cruz,
Heidelberg, Germany) and rabbit anti-mouse IgG for anti-pp44
(1:1), vimentin (1:50), desmin (1:50), cytokeratin (1:20) and factor
VIII related antigen (1:50) for 60 minutes (Dakopatts, Hamburg,
Germany). After washing with PBS antigen-antibody complexes
were visualized with fluorochrome-conjugated secondary antibod-
ies FITC or Cy 3 (Santa Cruz, Heidelberg, Germany).

Measurements of the intracellular Ca2 activity [Ca2]
For measurements of iCa211 podocytes were preincubated for

40 minutes with 5 jimol/liter of the Ca2 F sensitive dye fura-2
(Sigma, Deisenhofen, Germany). Fluorescence measurements
were performed in podocytes on an inverted fluorescence micro-
scope set-up [15]. The system allows fluorescence measurements
at the single cell level at three excitation wavelengths. The field of
measurement could be chosen by an adjustable pinhole between 2
and 300 jim diameter. A time resolution of up to 200 Hz was
achieved using a high-speed filter wheel [151 and a single photon
counting tube (Hamamatsu H63460-04, Herrsching, Germany).

The autofluorescence signal of cells, which had not been loaded
with Fura-2, was measured and subtracted from the results
obtained in Fura-2 loaded cells. This had no effect on the
bandwidth of the measurements. A calibration of the Fura-2
fluorescence signal was attempted at the end of each experiment
using the Ca2 ionophore ionomycin (1 jimol/liter) and low and
high Ca2 buffers. [Ca2] was calculated from the fluorescence
ratio 340/380 nm according to the equation described by Giynk-
iewicz, Poenie and Tsien [16]. For the experiments cells between
day 5 and 50 after the first subcloning were examined.

Statistics

The data are presented as mean values SEM; N refers to the
number of experiments. Paired t-test was used to compare mean
values within one experimental series. A P value � 0.05 was
accepted to indicate statistical significance.

RESULTS

Characterization of arborized podocytes in culture

For Fura-2 measurements only single arborized cells with the
following characteristics were examined, Cells were very large
(100 to 300 jim), showed multiple filament strands radiating from
the perinuclear region to the cytoplasm, and were often binucle-
ated. Figure 1 shows a micrograph of typical arborized podocytes
in culture. Cells exhibited very little proliferative activity and
could be cultured in a medium without supplemented serum for
more than four weeks. The cellular identity was proven by the
expression of Wilm's tumor antigen (WT-1, N = 19) and pp 44
(N 8). Both antigens are only expressed by podocytes of adult
kidneys [17, 18]. In addition cells stained positively for desmin and
vimentin (N = 15 for both), but did not stain for cytokeratin or
factor VIII, thus excluding tubule or endothelial cells (N = 15 for
both). Figure 2 shows the positive staining of podocytes for pp44,
an actin-associated protein of the foot processes.
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Fig. 2. Immunological characterization of cultured podocytes. Expression of pp44 in arborized podocytes. The protein is found along the actin
filaments in a dotted pattern (X400).

Angiotensin II (Ang H) increased the cytosolic calcium activity
[Ca2]1 in podocytes

Addition of Ang II to single podocytes loaded with Fura-2
resulted in a slow and monophasic increase of [Ca2]1 (N =229).
Ten nmol/liter Ang II increased [Ca2] from 41 9 to 260 34
nmol/Iiter (N = 210). After removal of Ang H and rinsing with
Ringer-like solution, [Ca2 1] returned to the baseline value.
Figure 3A shows a typical fluorescence recording obtained from a
single podocyte exposed to 10 nmol/liter Ang II. The [Ca2
response to Ang II was concentration-dependent with an ED0 of
3 nmol/liter Aug II (Fig. 3B).

In nine separate experiments podocytes cell morphology was
studied by differential—interference-contrast microscopy in the
absence and presence of 0.1 jimol/liter Ang II. No detectable
contraction of the cells in response to Ang II could be observed
(data not shown).

Reduction of extracellular Ca2 inhibited the Aug Il-induced
[Ca2j increase

In a solution with an extracellular reduced Ca2 (10 j.tmol/liter)
Ang Il-mediated [Ca2j1 increase was significantly reduced by
60 10% (N = 12). In the presence of 1 .tmol/liter extracellular
Ca2 the Ang II effect on [Ca2]1 was reduced by 83 13% (N =
7, data not shown). Figure 4 shows an original recording of the
effect of Ang II on [Ca2 ] in the presence and absence of an
extracellular reduced Ca2 (Fig. 4A) and the summary of 12
paired experiments (Fig. 4B).

Effect of flufenamate and nicardipine on the Ang H-induced
[Ca2]1 increase

Flufenamate, a blocker of non-selective ion channels [19], in
paired experiments attenuated the Ang 11(10 nmol/liter) medi-
ated [Ca2 increase in a concentration-dependent manner with
an IC0 of 20 tmol/liter (N = 5 to 11). Figure 5A shows an
original experiment of the effect of flufenamate (100 .tmo1/liter)
on Aug Il-mediated increase of [Ca2I1. Figure 5B summarizes
the data.

The L-type Ca2 channel blocker nicardipine ( 100 nmol/
liter) did not significantly inhibit the [Ca2]1 increase induced by
Ang II. Only higher concentrations of nicardipine (� 1 mol/
liter) had a slight, but significant inhibitory effect on the [Ca2]
response (N = 4 to 6). Figure 6 summarizes the effect of Ang II
on [Ca2] in the absence and presence of nicardipine.

Effect of Ang II on [Ca2] in podocytes is mediated by an AT1
receptor

Losartan, a specific AT1 receptor antagonist, inhibited the Mg
11-induced [Ca2] increase in a concentration-dependent manner
with an IC50 of about 3 nmol/liter (N = 4 to 10). Figure 7 shows
an original recording of the effect of Mg 11 on [Ca2], in the
absence and presence of losartan (Fig. 7A) and the concentration
response curve for the inhibitory effect of losartan (Fig. 7B).

DISCUSSION
Podocytes or glomerular visceral epithelial cells have been

regarded as passive bystanders in the glomerular filtration pro-
cess. However, recent studies point to an active role of podocytes
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Fig. 3. Angiotensin II (Ang II) increased the cytosolic calcium activity
([Ca2]1) in podocytes. (A) Typical microfluorescence recording of thc
effect of Ang 11(10 nmol/liter) on [Ca2] in a Fura-2-loaded podocyte.
The fluorescence ratio with 340/380 nm excitation is shown as a function
of time. Note that Ang II induced a monophasic and slow increase of
[Ca2 1. (B) Concentration response curve of Ang 11-induced increase of
[Ca21. Numbers of obscrvations are shown in parentheses. *significant
differences between control and peak values.

in glomerular function and disease [20]. It has been speculated
that the contractile foot process of the podocyte might not only
have a static function, but also, by contraction or dilation, regulate
the glomerular filtration rate (GFR) by changing filtration surface
area and thereby K. [91. In addition, the podocyte is the target cell
of several glomerular diseases. Membraneous nephropathy, min-
imal change disease and focal segmental sclerosis have all been
related to primary or secondary podocyte injury. The details of the
regulation of biological functions of pndocytes and their contri-
bution to glomerular injury are poorly understood [8]. Most of the
knowledge concerning the biology of podocytes is based on results
obtained from cultured glomerular epithelial cells. However, in
the past the origin and characteristics of cultured glomerular
epithelial cells may have been looked at too simplistically. It has
been assumed that the podocyte, which is a highly differentiated
polygonally shaped cell in vivo, shows a cobblestone-like appear-
ance under culture conditions [12, 21]. Very recently it has been
reported that two different phenotypes of podocytes are present in
cell culture: an undifferentiated phenotype with a cobblestone-like
appearance and a more differentiated phenotype with an ar-

I _Angii Ang II LAng II
Ca2.L

Fig. 4. Influence of a reduced extracellular Ca2 on the angiotensin II
(Ang 11)-mediated [Ca2J increase. (A) Original recording showing the
effect of Ang 11(10 nmol/liter) in the presence of low extracellular Ca2
(10 .rmol/liter). (B) Summary of the experiments. *Significant differences
between control and peak values.

borized morphology [13]. Both phenotypes stain positively for
Wilm's tumor antigen, whereas only the arborized cell type
expresses pp44, a specific marker for podocytes' foot processes in
vivo [14]. There is a great body of evidence that the cells examined
in this study were of visceral origin. They had a characteristic
arborized appearance, were often binucleated and had a very low
proliferative capacity. Cells with identical morphological charac-
teristics have been identified by Nørgaard for the first time and it
has been suggested that these cells are derived from the visceral
epithelium [22]. Not only the morphological appearance, but also
the immunological characteristics indicate that the cells studied
here were of visceral origin: they stained positively for pp44,
WT-1, desmin and vimentin, hut did not stain for cytokeratin and
factor VIII. Thus, the cells express the immunological properties
of podocytes in vivo [13].

It has been reported that angiotcnsin 11 hinds to glomeruli,
mainly to mesangial cells but not to podocytes [23, 24]. However,
these data have been recently reinterpreted by Kriz et al [9]. They
suggest a more widespread distribution of Ang II receptors,
probably including podocytes. In addition, very recently we have
examined the effects of Ang II on cellular functions of rat

AA

5-

.2 4-
0 -

2-
0C)

U- 1-
0—

3

0
(0

0E 2
Co
0)0
CC') 1

U-

0

__________ 1 mm

Angil

4

0

o 2 -
0C')(00

-
U-

Ca2-L
0— ____

LI LI
Ang II Ang II

B
B (8)

*

5 mm

(210)
*

LI
Ang II

(6)
*

3—

0
(0 2-
Co

1 -
U-

0—
10-10 io



Henger et al: Angiotensin II and cultured podocytes 691
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Fig. 5. Flufenamate (Flu) inhibited the angiotensin II (Ang 11)-mediated
[Ca2]1 increase in podocytes. iA) Original recording showing the effect of
Flu (100 jLmol/liter) on Ang 11(10 nmol/liter)-mediated [Ca2} response.
(B) Concentration response curve for the inhibitory effect of Flu. Numbers
of observations are shown in parentheses. Significant differences between
the effect of Ang II in the presence or absence of Flu.

podocytes in the intact freshly isolated glomerulus [25]. After
stripping of the Bowman capsule, membrane voltage and ion
currents of podocytes have been examined with the patch clamp
technique. Angiotensin II led to a concentration-dependent de-
polarization of podocytes, indicating that Ang 11 might also
influence podocyte function in the intact glomerulus [251.

So far, no data are available about cellular mechanisms and
actions of Ang II, the transduction pathways and the character-
ization of Ang II receptors in differentiated podocytes in vitro. In
long-term cultured glomerular epithelial cells with a cobblestone
appearance an Aug TI-induced and cAMP-dependent actin aggre-
gation have been reported [26]. The Fura-2 method used in the
present study allowed us to examine the effect of Ang II on
[Ca2] in single podocytes with an arborized morphology. The
data show that Ang II produced a monophasic and slow increase
of [Ca2] to a maximal peak value in podocytes. The pattern of
the [Ca2] response to Aug II in podocytes differs from that
reported in mesangial cells. In rat mesangial cells Ang II induces
a hiphasic [Ca2]1 increase with a fast transient peak and a
sustained plateau [271. Furthermore, hydrogen peroxide (H202),
which increases [Ca2] in mesangial cells [28], did not induce a
[Ca2] increase in arborized podocytes even at high concentra-

I I I

108 lO- 106 i0—
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Fig. 6. Effect of nicardipine on the [Ca2]1 response to angiotensin II
(Ang H). Concentration response curve for the effect of nicardipine. N is
shown in parentheses. *Significant differences between the effect of Aug II
in the presence or absence of nicardipine.

tions of 100 imol/liter (Pavenstädt, unpublished observations).
The data indicate that in comparison to mesangial cells podocytes
possess different mechanisms for the regulation of [Ca24]1.

The Ang Il-mediated sustained [Ca2] peak in podocytes was
significantly reduced in a solution with an extracellular lowered
Ca2. Only a small but significant increase of [Ca2] by Ang II
was observed under these experimental conditions. This indicates
that Ang TI-mediated increase of [Ca241 is largely due to a Ca24
influx from the extracellular space, but that Ang II is also able to
release Ca2 from intracellular stores. To determine whether the
Ca2 influx induced by Ang II was due to activation of L-type
voltage-dependent Ca2 channels, [Ca2] increase by Ang II was
examined in the absence and presence of nicardipine. Only high
and not physiological concentrations of nicardipine slightly atten-
uated Aug Il-induced [Ca24]1 increase in podocytes. Thus, it
seems unlikely that a L-type voltage-dependent Ca2 channel is
activated by Aug TI in podocytes in culture. However, it should be
considered that the receptor activity regulating the L-type Ca2
channel may be down-regulated in vitro and therefore not elicit
the same response as in vivo.

To examine whether a non-selective ion channel may be
involved in the Ang Il-mediated [Ca2]1 response, experiments
with flufenamate, a blocker of non-selective ion channels were
performed [19]. In the presence of flufenamate a concentration-
dependent and reversible inhibition of Ang Il-mediated [Ca24]1
increase was observed, suggesting that Aug Il-mediated [Ca24 ]
increase in podocytes is due to an opening of non-selective ion
channels.

Losartan has been demonstrated as a selective blocker of the
AT1 receptor in many organs and tissues [29]. The Ang IT-
stimulated rise of [Ca24]1 was reversibly inhibited by losartan,
indicating that the [Ca24I response to Aug TI was mediated by an
AT1 receptor.

In this study for the first time functional properties of cultured
arborized podocytes have been examined. The results strongly
indicate that Aug II enhances [Ca24]1 an important second
messenger of many cellular functions in cultured rat podocytes. It
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influence the width of the slit membranes. Further studies using
imaging techniques with higher optical resolution and computer
assisted analysis of the morphology of the podocyte in response to
Ang II will be needed to clarify this issue.

In summary, angiotensin II increases [Ca2]1 in rat podocytes in
culture via an AT1 receptor. The increase in [Ca2I1 is mainly due
to an Ang TI-stimulated influx of Ca2 from the extracellular
space. The Ca2 influx is probably not mediated by an L-type-
Ca2 channel, hut is due to an opening of a non-selective,
flufenamate-sensitive channel. An angiotensin Il-mediated cell
contraction could not be detected in podocytes in culture.
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is still a matter of debate whether Ang 11-mediated reduction of
Kf is a consequence of mesangial cell contraction [4, 9J. Our
observations support the idea that podoeytes may be involved in
the glomerular actions of Ang II. However, an extrapolation of
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membranes at all. The signal transduction mechanisms induced by
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influence the contractile state of foot processes and thereby



Henger et at: Angiotensin II and cultured podocytes 693

the Wilms' tumor gene WT1 in embryonic and adult tissues. Develop-
ment 119:1329—1341, 1993

18. MUNDEL P, GILBERT P, KRIz W: Podocytes in glomerulus of rat kidney
express a characteristic 44 kD protein. J Histochem Cytochem 39:1047—
1056, 1991

19. GOGELEIN H, DAHLEM D, ENGLERT HC, LANG HJ: Flufenamic acid,
mefenamic acid and mifiumic acid inhibit nonselective cation channels
in the rat exocrine pancreas. FEBS Let! 268:79—82, 1990

20. RENNKE H: How does glomerular epithelial injury contribute to
progressive glomerular damage? Kidney mt 45(Suppl 45):S58—S63,
1994

21. CoEks W, REIVINEN J, MIETrINEN A, HUITEMA S, Vos JTWM,
SALANT D, WEENING JJ: Characterization of a rat glomerular visceral
epithelial cell line. Exp Nephrol 4:184—192, 1996

22. NØRGAARD JOR: Rat glomerular epithelial cells in culture. Lab Invest
57:277—290, 1987

23. CHANSEL D, CZEKALSKI S, PHAM P, ARDAILLOU R: Characterization
of angiotensin II receptor subtypes in human glomeruli and mesangial
cells. Am J Physiol 262:F432—F441, 1992

24. YAMADA H, SEXTON PM, CHAI SY, ADAM WR, MENDELSOHN FA:
Angiotensin II receptors in the kidney. Localization and physiological
significance. Am J Hypertens 3:250—255, 1990

25. GLOY J, HENGER A, FISCHER KG, NITscFIKE R, MUNDEL P, BLEICH M,
SCHOLLMEYER P, GREGER R, PAVENSTADT H: Angiotensin II depo-
larizes podocytes in the intact glomerulus of the rat. J Clin Invest (in
press)

26. SHARMA R, LOVELL HB, WIEGMANN TB, SAVIN VJ: Vasoactive
substances induce cytosceletal changes in cultured rat epithelial cells.
JAm Soc Nephrol 3:1131—1138, 1992

27. HASSID A, PIDIKm N, GAMERO D: Effects of vasoactive peptides on
cytosolic calcium in cultured mesangial cells. Am J Physiol 251 :F101 8—
F1028, 1986

28. MEYER TN, GLOY J, HUG MJ, GREGER R, SCHOLLMEYER P, PAVEN-
STADT H: Hydrogen peroxide increases the intracellular calcium
activity in rat mesangial cells in primary culture. Kidney mt 49:388—
395, 1996

29. TIMMERMANS PB, DUNCIA JV, CARINI DJ, Ci-iw AT, WONG PC,
WEXLER RR, SMITH RD: Discovery of losartan, the first angiotensin II
receptor antagonist. (review) J Hum Hypertens 5:53—S 18, 1995

30. GLOY J, GREGER R, SCHOLLMEYER P, HUBER M, PAVENSTADT H:
Influence of cell culture conditions and passage number on the
response of membrane voltage to ATP and angiotensin II in rat
mesangial cells. Renal Biophys Biochem 17:62—72, 199




