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Abstract

In an attempt to clarify the mechanisms by which angiotensin
II (All) and arginine vasopressin (AVP) regulate mesangial cell
function, we examined the membrane potential change of mes-

angial cells and found that cells contracted and membrane po-
tential depolarized in response to All and AVP. The depolar-
ization was associated with decreased input resistance. Ca ion-
ophore A23187 caused similar mesangial cell contraction and
depolarization. The reversal potential (Vr) of the depolarization
response to All and AVP was -29±3 and -25±7 mV
(mean±SD), respectively. Not only the Vr of the All-induced
depolarization but also Vr of the Ca ionophore-induced response
was dependent upon the extracellular Cl- concentration. Further,
All and AVPcaused cell contraction and membrane depolariza-
tion in Ca"+-free medium containing 0.5 mMEGTA. These data
suggest the presence of Ca"+-activated Cl- channels in the mes-

angial cells and that All and AVPincrease Cl- permeability via
an elevation of ICa"Ji; released from the intracellular organellae.

Introduction

Mesangial cells are located in the intercapillary space in the glo-
merulus and are rich in contractile fibers (1, 2). These charac-
teristics of mesangial cells suggest that the mesangial cell may
regulate, through its contraction, the intraglomerular hemody-
namics and thus the glomerular filtration rate (GFR)' (3-5). It
has been reported that angiotensin II (All) and arginine vaso-

pressin (AVP) cause mesangial cell contraction (6-9), which
suggests that mesangial cell contraction may underlie the reg-
ulation of glomerular hemodynamics and ultrafiltration by these
peptide hormones (3-5). The effects of All and AVP on mes-

angial cells are thought to be mediated by an increase in the
concentration of intracellular Ca++ ions ([Ca++]i), since Ca++
ionophore mimics the hormonal effects on mesangial functions
including cell contraction and prostaglandin synthesis (6, 10,
I 1). Nonetheless, our understanding of the mechanisms of action
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1. Abbreviations used in this paper: All, angiotensin II; AVP, arginine
vasopressin; GFR, glomerular filtration rate; i, intracellular, I-V, current-
voltage; o, extracellular; TEA, tetraethylammonium; Vr, reversal poten-
tial.

of All and AVPand of the functional role of mesangial cells in
regulating the glomerular functions seems hampered by the
paucity of the knowledge on the physiological properties of the
mesangial cell. To better understand the function of mesangial
cells, we examined in the present study the hormonal responses
and their mechanisms of action in the cultured mesangial cells
by monitoring the electrophysiological characteristics of the cells.
Wefound the presence of Ca"+-activated Cl- channels in plasma
membranes of the mesangial cells, which leads to membrane
depolarization in response to All and AVP. The presence of this
unique ion channel may be of physiological significance in the
hormonal regulation of mesangial cell function and of glomerular
hemodynamics and ultrafiltration.

Methods

Isolation ofglomeruli and culture of mesangial cells. The glomeruli were
isolated from the kidney of the male Wistar rat weighing 100-200 g.
Under ether anaesthesia, rats were exsanguinated, and the kidneys were
immediately removed and decapsulated. The cortex was excised and
minced into small pieces (- 1 mm)under sterile conditions. The mince
was pressed through a 250-Am sieve and suspended in isotonic saline.
The suspension was successively passed through the 177-, 125-, and 53-
Am sieves and glomeruli were collected on the surface of the 53-grm
sieve. The methods were essentially the same as described by Venka-
tachalam and Kreisberg (6) and by Scharschmidt and Dunn (7). The
purity of the glomeruli was >90% and almost all of them were decap-
sulated. Taking advantage of the differential growth characteristics of
glomerular epithelial and mesangial cells, mesangial cells were obtained
by culturing isolated glomeruli at 370C for 3-5 wk in minimal essential
medium containing 18% fetal calf serum and 0.006% kanamycin under
humidified air containing 5%CO2 (12, 13). It has been well established
using immunohistological and morphological criteria that most of the
cells obtained by this culture technique are mesangial cells (6, 7). The
observation under phase-contrast microscope revealed that the cells were
morphologically similar to the cultured mesangial cells reported by others
(6-13), i.e., flat polygonal cells with processes showing multilayer growing.
In the present study, we used more than 50 series of the primary culture
of mesangial cells between 3 and 5 wk after each glomerular seeding.

Electrophysiological experiments. The membrane potential of the
cultured mesangial cells was recorded by the conventional glass micro-
electrode technique. The electrodes containing 4.0 Mpotassium acetate
with a resistance of 30-50 megaohms (MQ) were used. The electrodes
were made by PA-8 1 magnet puller (Narishige, Tokyo, Japan) and have
the opening size of -0.7 Mm. The membrane resistance was monitored
by applying constant current pulses of 600 ms with a bridge circuit.
Cultured mesangial cells were first treated for 5-10 min with Ca++-free,
phosphate buffered saline containing 0.54 mMEDTAand then again
incubated for 30-60 min in minimal essential medium containing 18%
fetal calf serum. After this procedure, the cells became round (Fig. 1 a),
and were thus suitable for impalement with the microelectrode. Before
the electrophysiological study, the medium was changed to the experi-
mental solution. Table I depicts the constituents of the extracellular so-
lutions. In Cl--deficient medium, Cl- ions were isotonically replaced by
methanesulfonate ions, which are impermeable to Cl- channels. Rela-
tively large cells of a diameter >50 Amwere examined in the present
experiment because the membrane potential of smaller cells tended to
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Figure 1. Mesangial cell contraction in response to All. (a) Mesangial cell after 0.54 mMEDTApreparation. The cell had become rounded and
the surface smoothened. The cell was impaled and the glass capillary containing the 100-nM All was positioned near the cell (lower left). (b)
Mesangial cell contracted in response to All. Bar, 25 Mm.

be unstable after impalement with the electrode. The temperature was
kept at 30-32°C. In some experiments, the extracellular media were
exchanged by superfusing the solution using a peristaltic pump.

A glass capillary with a tip diameter of a few microns containing
either All, AVP, or Ca++ ionophore (A23187) at concentrations of 100
nM, 100 nM, and 20 MuM, respectively, was placed 20-30 Mmapart.from
the impaled cell and the agents were delivered to the proximity of the
impaled cell by applying positive pressure (0.1-0.2 kg/cm2) to the inside
of the capillary for 1-5 s if not otherwise noted. To assure that the impaled
cell was a mesangial cell, the cell contraction in response to the agents
was ascertained simultaneously under phase-contrast microscopy while
recording the membrane potential and conductance. The data obtained
from the cells that had not shown contraction in response to the agents
were discarded.

All, AVP, and A23 187 are purchased from Sigma Chemical Co. (St.
Louis, MO). Stock solution of 0.1 mMAll and AVPwere prepared in

100 mMacetic acid and kept frozen until use. A23187 (10 mM) was
dissolved in dimethylsulfoxide. These agents were diluted to the final
concentration described above by the appropriate experimental solution
just before the experiment. The final concentration of acetic acid and
dimethylsulfoxide was 0.1 mMand 0.2%, respectively. Contraction or
potential change was not observed by administrating the vehicles alone.

Results are expressed as mean±SDand analyzed by t test as appro-
priate.

Results

Resting potential. The resting potential of mesangial cells in the
standard medium was -53±7 mVand the input resistance mea-
sured by applying hyperpolarizing currents was 47±24 Mg
(mean±SD: n = 30). The resting potential of the mesangial cells

Table I. Composition of the Experimental Solutions

Solution Na K Cl Ca Ba TEA TMA Choline Methane-sulfonate

mM mM mM mM mM mm mM mM mM mM

Standard 151.0 6.0 140.4 1.2 0.0 0.0 0.0 0.0 0.0

TEA (30) 121.0 6.0 140.4 1.2 0.0 30.0 0.0 0.0 0.0

Ba (5) 151.0 6.0 150.4 1.2 5.0 0.0 0.0 0.0 0.0

Na-free 0.0 6.0 140.4 1.2 0.0 0.0 20.0 131.0 0.0

Ca-free 153.4 6.0 140.4 0.0 0.0 0.0 0.0 0.0 0.0

K (30) 127.0 30.0 140.4 1.2 0.0 0.0 0.0 0.0 0.0

K (70) 87.0 70.0 140.4 1.2 0.0 0.0 0.0 0.0 0.0

Cl (10) 151.0 6.0 10.0 1.2 0.0 0.0 0.0 0.0 130.4

Cl (30) 121.0 6.0 30.0 1.2 0.0 30.0 0.0 0.0 110.4

Cl (60) 121.0 6.0 60.0 1.2 0.0 30.0 0.0 0.0 80.4

Cl (90) 121.0 6.0 90.0 1.2 0.0 30.0 0.0 0.0 50.4

All solutions contained 1.0 mMMg, 5.5 mMglucose, and 8 mg/ml bovine serum albumin. pH was adjusted to 7.4 with 20 mMHepes (Na salt in

Na-containing solutions and TMAsalt in Na-free solutions). In Ca-free solution, 0.5 mMEGTA-Na2 was added. TEA, tetraethylammonium;
TMA, tetramethylammonium.
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Figure 2. A representative experiment to demonstrate the changes in
the resting potential in response to alterations in [K+] and [Cl-] in the
incubation medium. The media were changed by continuous superfu-
sion. The concentration of K+ and Cl- of the medium in meq/liter are
depicted in the top panel. Resting potential did not change when
[CL-]0 was changed from 140 mMto 10 mM. Whenthe [K+]J was
successively changed from 6 to 70, 30, then again to 6 mM, the resting
potential changed in accordance with [K+]0.

was dependent on the extracellular concentration of potassium
ions ([K+]0). Fig. 2 exemplifies the changes in the resting potential
when the [Cl-]0 and [K+]0 were successively changed. The resting
potential in the standard medium of this cell was -50 mV. It
was depolarized by 24 mVin 70 mMK+ medium, and by 10
mVin 30 mMK+ medium, whereas there was no change in the
resting potential when [Cl-]0 was reduced to 10 mM. In Fig. 3,
the membrane potentials in several cells similarly obtained are
plotted against [K+]0. The resting potential was essentially similar
in Na'-free medium (data not shown). The deviation of the
resting potential change from the ideal K+ electrode as Fig. 3
shows might be caused by nonselective channels or the leakage
conductance. However, it is reasonable to state that the resting
potential of the mesangial cells was in part determined by [K+].
under the present experimental condition.

Steady-state current-voltage relation. The current-voltage
(I-V) relation in the standard medium showed an outward-going
rectification at the potential levels> -50 mV(Fig. 4, a and b).
As Fig. 5 shows, the outward-going rectification was suppressed
and the I-V relation became linear in the presence of either 30
mMtetraethylammonium (TEA) or 5 mMbarium, suggesting
that the outward-going rectification was due to K+ channels.

Effects of AII. Fig. 6 depicts the representative membrane

a b

> -25

-50

Vr ,. -

i ''
mV *

3-50 -25

a1 nA|

2

0

-1

Figure 4. The I-V relationship in the standard medium before and af-
ter a 100-nM All application. (a) The membrane potential response to
current pulses of 600 ms with varying amplitude. (b) The I-V rela-
tions of mesangial cell before (solid circles) and at the peak of angio-
tensin II-induced depolarization (open circles) plotted from the data in
a. The potential level where the two lines cross (-26 mV) is the Vr of
membrane depolarization.

potential change in the standard medium in response to All. In
response to a brief application of All, the membrane potential
immediately depolarized by 24 mVwith a decrease in input
resistance. The contraction of mesangial cells, viewed under mi-
croscope, began within a minute of All delivery. Fig. 1, a and
b compares the typical morphological change induced by ap-
plication of All. The surface of the mesangial cell, which was
smooth before the application of the hormone (Fig. 1 a), became
irregular and the cell itself shrank in size (Fig. 1 b). This visible
change of the cell shape continued for several minutes. The
membrane potential changes always preceded the cell contraction
viewed under microscope.

Reversal potential (Vr) of the response. Fig. 4 b shows the
I-V curves before (solid circles) and at the peak of All-induced
depolarization (open circles) obtained from the data Fig. 4 a
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Figure 3. The relationship between the resting potential and [K'JO.
The resting potential on the ordinate at varying [K+J0 on the abscissa
is shown. Each symbol denotes the data in the same cell recording.
The line denotes the theoretical relationship between the resting po-
tential and [K+]. calculated from Nernst's equation, assuming that
[K+Ji is 120 mM.

Figure 5. The I-V relationship in the presence of 30 mMTEA and 5
mMbarium, and the response to All. (a) The membrane potential re-
sponse to current pulses of 600 ms with varying amplitude in the pres-
ence of 30 mMTEA. At the arrow, All (100 nM) was given for 5 s
and the membrane potential depolarized. (b) The I-V relations of
mesangial cell before (solid circles) and at the peak of All-induced de-
polarization (open circles) plotted from the data in Fig. 5 a. The po-
tential level where the two lines cross (-22 mV) is the Vr of mem-
brane depolarization. Solid squares with dashed line represents the
I-V relation of another cell in the presence of 5 mMbarium. The out-
ward-going rectification observed in the standard medium was sup-
pressed and the I-V relation became linear in the presence of 30 mM
TEA or 5 mMbarium, which suggests that the outward-going rectifi-
cation was due to potassium channels.

Calcium-activated Chloride Channels in Mesangial Cells 1445

-20 t
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shows. The potential level where these two I-V curves intercept
(arrow in Fig. 4 b), indicates the Vr of the response to All, the
potential level at which the membrane potential does not change
in response to All. The average of the Vr thus obtained in the
standard solution containing 140 mMCl was -29±3 mV(n
= 6, from two cultures). However, in many cells it was difficult
to determine accurately the Vr because the well developed out-
ward-going rectification prevented the recording of the I-V re-
lation at the potential level > -30 mV. In the medium containing
30 mMTEA, the outward-going rectification was suppressed
(Fig. 5, a and b, solid circles), making it feasible to accurately
estimate the I-V relation at any potential. As Fig. 5 shows, the
Vr of the response to All in the presence of 30 mMTEA can
be determined in the similar fashion as in the standard solution,
as Fig. 4 shows. The Vr obtained in 30 mMTEAmedium con-
taining 6 mMK+ was -27±3 mV(n = 6, from three cultures),
a value almost identical to that obtained in the absence of TEA.
The result indicates that TEA did not cause an appreciable
change in increased ion permeability by All. Therefore, the sub-
sequent experiments were carried out in the medium containing
30 mMTEA.

Dependence of Vr on [Cl-]0. The presence of CQ- channels
has been reported in pancreas acinar cells and xenopus oocytes
(14, 15), which demonstrate an equilibrium potential for Cl-
ions at - -20--30 mV. These data suggest that the opening
of Cl- channels may account for the membrane depolarization
of mesangial cells in response to AI. To test this possibility, the
Vr was examined in the medium with varying [Cl-]0. Fig. 7
depicts the relation between the [Cl-]l and Vr of the membrane
depolarization by All (solid circles). Reduction in [Cl-]0 was

Vr

10 6 OO

04 10 50 100 mM

-10 5

\ 55
-20-

-30

Figure 7. Dependence of the All (solid circles) and A23 187 (open cir-
cles) induced Vr on [Cl-lo. Each circle with bar denotes the mean±SD
and the number by each circle is the number of the cells examined.
These cells were obtained in four separate cultures for All study and
in additional four cultures for A23 187 study. The solid line represents
ideal Cl1 electrode potential calculated from Nernst's equation, as-
suming [Cl-]i is 20 mM.

E

I min

InA I

Figure 8. Membrane potential de-
polarization with decreased input
resistance induced by 100 nM
AVP in the presence of 30 mM
TEA and 140 mMCl.

associated with less negative Vr, and in 10 mM[Cl-]0, the Vr
became even positive. The data indicate that the membrane
depolarization by All is mainly caused by an, increase in Cl-
conductance. Because the Vr is slightly deviated from the theo-
retical equilibrium potential of Cl- ions calculated from Nernst's
equation (straight line in Fig. 7), the permeability change to
some other ions may also participate in the membrane depo-
larization.

Effects ofA VP. AVPcaused contraction and membrane de-
polarization of mesangial cells, similar to those observed with
All (Fig. 8). The Vr of AVP-induced depolarization in the pres-
ence or absence of TEA was -25±7 mV(n = 5, from two cul-
tures). Therefore, the membrane depolarization by AVP was
considered to be also caused by an increase in Cl- conductance.

Role of Ca"+ ions. Available data suggest that an increase in
[W+]i is an important mediator ofthe mesangial cell contraction
induced by All and AVP (6, 7). Thus, it is possible that an
increase in [Ca+J]i may underlie the membrane potential de-
polarization. To test this possibility, we examined the effect of
Ca ionophore (A23 187) on the membrane potential of the mes-
angial cells. In response to 20 ,M A23187, the mesangial cells
contracted and the membrane potential depolarized with an in-
creased membrane conductance (Fig. 9). The Vr in 140 mM
[Cl-]O was -26±7 mV(n = 4, from one culture), a value almost
identical with those by All and AVP. The Vr of the responses
to A23 187 (Fig. 7, open circles) was dependent on [Cl-]0, which
was similar to the Vr with All. These data strongly suggest that
the increased Cl- conductance by All or AVPwas mediated by
an increase in [Ca+]i.

To determine the source of Ca"+ ions causing a rise in [Ca+li
in the response to All or AVP, the cell contraction and the
membrane potential change were examined in Ca1+-free medium
containing 0.5 mMEGTAwhere Ca"+ influx should be negli-
gible. In this medium, the mesangial cell contracted and the
membrane potential depolarized in response to All or AVP. Fig.
10 shows the depolarization and increased membrane conduc-
tance in response to All (100 nM) in the Ca"-free medium
containing 0.5 mMEGTA. The Vr of the response to All in the
Ca++-free medium containing 0.5 mMEGTAand 140 mMCl-
was -26±7 mV(n = 5, from two cultures). These data suggest
that the cell contraction and the increase in Cl- conductance

A 23187

-20-

4
-40-

30s
0.5 nA 111111 II I11 1111111 I0.5~~~~~ ~ ~~~~
Figure 9. Membrane potential depolarization with decreased input re-
sistance induced by applying 20 MMA23187 for 20 s.
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-20 - All Figure 10. Membrane potential de-
> polarization with decreased input

E resistance induced by 100 nMAll
in Ca++-free medium containing

0.5 nA1 111111111111 0.5mM EGTAand 140mMCl-.
All was given by applying air pres-

1 min
sure for 5 s.

was caused by mobilization of Ca++ ions from the intracellular
organellae.

Discussion

The present study has demonstrated that All and AVPcaused
the membrane potential depolarization accompanied by an in-
crease in the membrane conductance in the mesangial cells. The
membrane depolarization was caused mainly by an increase in
C1- conductance. Ca++ ionophore A23187 similarly increased
the membrane conductance to Cl- ions, suggesting that the in-
creased C1- conductance induced by All or AVP is mediated
by an increase in [Ca++]i, that is, All and AVP increase Ca++-
activated Cl- conductance. Both the membrane potential de-
polarization by increasing [K+]J to 70 mM(membrane potential
depolarized to -27±4 mV[n = 6]) and continuous depolarizing
currents failed to induce cell contraction and to increase C1-
conductance. These data indicate that Ca++ influx through volt-
age-gated Ca++ channels may not be involved in Ca++-activated
Cl- conductance in mesangial cells. This is in contrast to Ca+-
activated Cl- channels reported in other cell types (15-17).

There is some controversy as to whether the effects of All
and AVPon mesangial cells are mediated by Ca++ influx from
outside the cell or by Ca++ released from the intracellular or-
ganellae. Scharschmidt and Dunn have reported that enhanced
prostaglandin synthesis by All and AVPwas abolished in the
absence of extracellular Ca++ (7). However, there is a possibility
that the intracellular Ca++ store may have been depleted in their
experiments because the cells were exposed to Ca++-free media
as long as for 2 h. In our experiments, mesangial cells were
exposed to a Ca++-free environment < 30 min. Venkatachalam
and Kreisberg also reported that mesangial cell contraction could
be abolished in response to AVP in the Ca++-free solution (6),
an observation in contrast to ours. In our present study, mes-
angial cell contraction and the membrane depolarization in re-
sponse to All and AVP were clearly detected and reproduced
in Ca"-free medium containing 0.5 mMEGTA. Thus, it seems
reasonable to deduce that actions of All and AVP in mesangial
cells are mediated by Ca++ release from the intracellular orga-
nellae, possibly endoplasmic reticulum. A recent preliminary
report by Takeda and Schrier suggests that intracellular Call
mobilization initiates the effect of All on mesangial cell con-
traction ( 18), an observation consistent with our postulate.

Results of the present study may suggest that the membrane
potential change and cell contraction in response to All, AVP,
and A23187 are causally related. In most experiments, mem-
brane depolarization and cell contraction were both observed
in the impaled cells in response to three agents used in the present
study. Moreover, membrane depolarization always preceded cell
contraction. Therefore, it may be reasonable to deduce that the
increased Cl- conductance has some role in regulating cell con-
traction. However, it is equally possible that both membrane
depolarization and cell contraction represent two independent

cellular responses initiated by an increase in [Ca++]i. In this
regard, it is of note that the membrane potential depolarization
induced by high [K+]. did not cause cell contraction as described
above. These issues need further investigation.

Based on available information, we would like to postulate
that this unique permeability to Cl- ions of the plasma membrane
may be important in the tubuloglomerular feedback system, i.e.,
the regulation of glomerular filtration by distal tubular fluid de-
livery via macula densa. It has been suggested that a change in
the luminal Cl- concentration ([Cli) at macula densa signals
the tubuloglomerular feedback mechanism (19) and that mes-
angial cell contraction acts as an effector mechanism of the tu-
buloglomerular feedback (3-5). Between macula densa and the
glomerulus, there lie Goormaghtigh cells or lacis cells, interstitial
cells morphologically indistinguishable from mesangial cells thus
called extraglomerular mesangial cells (20). Mesangial cells are
tightly coupled with each other and with Goormaghtigh cells by
a gap junction, thus forming a syncytium (21). It is expected
that a change in the [Cl-] in the tubular lumen will alter the
[CG] in the absorbate. Because the area surrounding Goor-
maghtigh cells are neither well perfused with capillaries nor
drained with lymph vessels (20, 22), it is possible that [CI-]O of
these cells may be directly altered by a change in [Cl-] in the
tubular fluid perfusing macula densa. Such a change in [Cl-]1
may affect Goormaghtigh cell function, particularly in the pres-
ence of All, which is then transmitted to intraglomerular mes-
angial cells via gap junction. Further studies will support or refute
such a hypothesis. In any events, based on these and other ob-
servations (22), the presence of Cl- channels in the mesangial
cells might lend support for an important role of Cl- ions as a
mediator of the tubuloglomerular feedback.
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