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Abstract

Our recent observation showed that angiotensin II (All) and
arginine vasopressin (AVP) stimulate Ca2 -activated Cl- con-
ductance in mesangial cells. These data raise the possibility
that mesangial cell function may be modulated by extracellular
chloride concentration ([Cl0-1). The present study was under-
taken to test this possibility using cultured rat mesangial cells.
When the [C-l] was reduced to zero, the percentage of mesan-
gial cells showing contraction responding to All and AVPwas
decreased from 72±9 to 33±10% and from 60±4 to 24±11%,
respectively. Ca2+ transients induced by All and AVP, mea-
sured in mesangial cells loaded with Ca2+-sensitive photopro-
tein aequorin, were attenuated as [C-l] decreased. Also, when
[CI-] decreased, inositol trisphosphate (IP3) levels of mesan-
gial cells were suppressed, both in the presence and absence of
All or AVP. PGE2 production by mesangial cells increased
when [Cl]0 decreased and the effects of ambient Cl- depriva-
tion could be restored by addition of indomethacin to the Cl--
free medium. Moreover, PGE2decreased mesangial cell con-
tractility, Ca2+ transients, and IP3 production in response to
All and AVP. These data suggest that the decrease in [CI-]0
attenuates mesangial cell contraction by suppressing IP3 pro-
duction and thus Ca2+ transients in response to All and AVP
through enhanced PGE2production.

Introduction

Angiotensin II (All)' and arginine vasopressin (AVP) evoke
contraction (1-6) and stimulate PGsynthesis (3, 7-9) of mes-
angial cells. Inositol trisphosphate (IP3) production and Ca2+
transients are thought to play an important role in mediating
the hormonal effects in mesangial cells (10-13). Wehave re-
ported that All and AVP increase Cl- conductance of the
mesangial cell plasma membrane, a response which coincides
with cell contraction (1). However, the physiological signifi-
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tracellular chloride concentration; TGF, tubuloglomerular feedback.

cance of the Cl- conductance remains unclear. The presence of
Cl- conductance suggests the possibility that mesangial cell
function may be modified by the ambient chloride concentra-
tion ([Cl-]0). Indeed, because of the increased Cl- conduc-
tance, the reversal potential of the depolarizing response in-
duced by these peptides was greatly affected by changes in
[Cl-]O. In the present study, we investigated the effects of
changing [Cl-]0 on physiological characteristics of mesangial
cells, i.e., All- and AVP-induced cell contraction, Ca2l tran-
sients, IP3 contents, and PGE2production.

Methods

Cell culture. Rat mesangial cells were obtained by culturing isolated
glomeruli in MEMcontaining 17% FCS under humidified air con-
taining 5%CO2as reported previously (1). In this study, only mesan-
gial cells in the primary culture and the first passage were used since the
characteristics of mesangial cells might change after multiple passages
(3, 5, 10).

Cell contraction. Mesangial cell contraction was evaluated using a
semiquantitative analytical method. In brief, the mesangial cells were
partially detached from the floor of the culture dish by incubation at
370C for 10-15 min in Ca2"-free, phosphate-buffered saline containing
0.54 mMEDTA. They were incubated again in MEMcontaining 17%
FCS at 37°C for 30 min under humidified air containing 5% CO2.
After this procedure, the contour of the mesangial cell became round
and smooth and mesangial cells were mostly, but not completely,
separated from each other (Fig. 1 a) thus allowing the identification of
individual mesangial cell contraction easier under the phase-contrast
microscope. The medium was then changed to an appropriate experi-
mental solution (see below) containing 8 mg/ml BSA. After 30 min
incubation at 370C, photographs of randomly selected two to three
areas, each containing 15-40 cells, were taken before and at 50-70 s
after an addition of either All or AVP(Fig. 1, a and b). This timing of
taking photographs were chosen because the cells contracted within 30
s after the addition of the agent and remained contracted for 2-5 min.
Each cell was compared before and after the hormone addition for the
changes in both cell contour and cytoplasmic density, morphological
changes thought to represent contraction (Fig. 1 b) (1, 2, 6). The pres-
ence and absence of these unequivocal morphological changes was
evaluated without knowledge of the experimental protocols, and the
percentage of the cells showing contraction was calculated.

Measurement of intracellular Ca2+ concentration. Mesangial cells
were loaded with Ca2+-sensitive photoprotein aequorin using our mod-
ifications (14) of the method by Morgan and Morgan (15). Aequorin-
loaded mesangial cells were divided into several aliquots and each
batch of the cells was incubated at 37°C for 20-30 min in i ml of an
appropriate experimental solution (see below) containing 8 mg/ml
BSA. The luminescence signal was monitored using a platelet aggre-
gometer (Chrono-Log Corp., Havertown, PA) in a cuvette under con-
stant stirring. At the end of the experiments, the maximum lumines-
cence of each aliquot was obtained by permeabilizing cells with 20 iM
A23187 or 0.1% Triton X. The height of each agonist-induced peak
was calibrated for comparison with the respective maximum lumines-
cence thus obtained. The viability of aequorin-loaded cells was ascer-
tained by observing that most of the cells excluded trypan blue and by
the presence of All-induced morphological changes: thus, when 100
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Figure 1. Mesangial cell
contraction in response
to vasoactive peptides.
Mesangial cells, after un-
dergoing the pretreatment
described in the text,
have the morphological
appearances shown in a.
In this particular field of
the photograph, seven
cells are presented.
Within -1 min after All
addition to the incuba-
tion media at a final con-
centration of 100 nM, all
the cells in this field re-
sponded unequivocally
with changes in cell con-
tours and appearance of
cytoplasmic densities (b).
These changes are spe-
cific to AII or AVPsince
the addition of vehicle
causes similar morpho-
logical changes only in
< 5%of cells.

nMAll was added to the aequorin-loaded mesangial cell suspension,
in which almost all the suspended cells had a smooth round contour,
the cell contour became rough, a quite similar shape change with that
observed in cells partially attached to the floor of the culture dish as
shown in Fig. 1. In some experiments, aequorin-loaded cells were
further incubated for - 12 h with cytodex glass beads. In this condi-
tion, viable cells attached onto the glass beads within several hours.
Intracellular calcium concentration [Ca2+], was examined using the
mesangial cells attached on cytodex, thus allowing for the experiments
done with the cells under more physiological conditions.

Measurement of IP3 contents. The contents of IP3 of mesangial
cells were measured by the conventional method reported previously
( 14, 16). In brief, mesangial cells grown on 35-mm culture dishes were
incubated for 24 h in I ml of MEMcontaining 10 MCi/ml myo-[2-
3H(N)]-inositol (New England Nuclear, Boston, MA). Then the me-
dium was changed to 1 ml of appropriate experimental solutions (see
below) with or without BSA, and the cells were incubated for 30 min at
370C. The vehicle (a final concentration of 1 uM acetic acid) or a test
agent (a final concentration of 100 nMAll or AVP) was added. After
20 s, the reaction was stopped by addition of perchloric acid at a final
concentration of 10% (vol/vol): 20 s incubation was chosen because it
is reported that at this time-point, IP3 contents increased significantly
in response to All or AVPand did not increase very much thereafter
(1 1, 13). Cells were scraped and homogenized by aspirating through
27-gauge needles and the homogenate was neutralized by 5 MKOH.
Fractions of inositol metabolites were separated by anion exchange
column chromatography (Dowex 1 - X8; 5 X 15 mm)according to the
method of Berridge et al. ( 16).

Measurement of PGE2production. PGE2production by mesangial
cells was determined by measuring the content of PGE2 released into
the incubation media (3, 7, 8). Mesangial cells were grown in 35 mm-
culture dishes. Just before the experiments, the media were aspirated
and the mesangial cells were washed twice with an appropriate experi-
mental solution (see below). Then 1 ml of experimental solution pre-

warmed to 37°C was added and mesangial cells were incubated at
37°C. After 15 and 30 min of incubation, 5-15-,ul aliquots of the
incubating media were aspirated for PGE2determination by radioim-
munoassay using a kit from New England Nuclear. At the end of
incubation, the incubation medium was aspirated and the cells were
lysed with 1 ml of 1 N NaOHand aliquots were assayed for protein
content using a protein assay kit (Bio-Rad Laboratories, Richmond,
CA). PGE2production was expressed as ng/mg protein.

Experimental solution. The composition of the standard experi-
mental solution was (in millimolar): Na 150, K 6, Ca 1.2, Mg 1.0,
Hepes 20, Cl 140, and glucose 5.5; pH 7.4. Whenthe Cl- concentration
was reduced, Cl- was isoosmotically replaced by methanesulfonate, if
not otherwise specified. When the effect of PGE2was examined, eth-
anol, the vehicle of PGE2, was added to each experimental solution at
the final concentration of 0.05%.

Statistics. The data are presented as mean±SE. Almost all the
experiments were done in a paired manner, and paired t analysis was
used for statistical analysis unless specified otherwise.

Results

Effects of extracellular chloride ion concentration
Cell contraction. Using a semiquantitative analytical method
as described in Methods, the effect of [Cl-]0 on mesangial cell
contraction was examined. This rough estimation of mesangial
cell contraction seems to be valid because: (a) there exists a
strong correlation (r = 0.84: n = 30) not different from the line
of identity (P > 0.1: t analysis) between a pair of data taken
from two different areas randomly selected in the same culture
dish under a variety of experimental conditions, indicating the
reproducibility of counting the number of cells contracted in
the same culture dish; (b) the percentage of cells in different
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cultures demonstrating contraction was 64±8 (n = 1 1: three
cultures) and 67±9% (n = 12: three cultures) in response to
100 nM All and AVP, respectively, with the coefficient of
variation of 20-24%; (c) the percentage of the cells showing
shape changes was dependent upon the concentration of All;
(d) when some sets of photographs were analyzed by two dif-
ferent investigators, there was a strong correlation between the
data thus obtained independently (r = 0.93: P < 0.05: t anal-
ysis).

Fig. 2 shows the effects of [Cl-]0 on the mesangial cell
contraction in response to 100 nMAll and AVP. In this series
of experiments, 72±9% of the mesangial cells contracted
within 1 min in response to All in the standard solution ([Cl-]O
= 140 mM). However, the percentage of mesangial cells con-
tracting in response to 100 nMAll was decreased as [Cl-]0 was
reduced, thus 60+12 and 33±10% cells contracted when [Cl-]o
was 70 and 0 mM, respectively (Fig. 2, left). In these experi-
ments, [Cl-]0 was isoosmotically replaced by methanesulfo-
nate. When [Cl-]O was isoosmotically replaced by propionate,
only 42±10% of cell contracted in response to 100 nMAll (P
< 0.05 vs. mesangial cell contraction in the standard solution:
n = 4). The mesangial cell contractility in response to 100 nM
AVPwas also attenuated when [Cl-]0 was replaced by meth-
ane-sulfonate (Fig. 2, right). The appearance of mesangial cells
observed under phase contrast microscopy remained un-
changed when [Cl-]0 was decreased using superfusion methods
(1), indicating that changes in All- and AVP-evoked mesangial
contractility induced by a decrease in [Cl-]O may not be due to
the effects of a low [Cl-]O per se on the baseline mesangial cell
morphology before adding the agents.

Calcium transient. Fig. 3 a compares the effect of [Cl-]0 on
the Ca2l transients in response to 100 nMAVP. As is clearly
shown, the height of AVP-induced peak was attenuated when
[Cl-]O was decreased. With other experiments included, the
heights of All- and AVP-induced peaks obtained in Cl--free
solution were suppressed to 58±12% (n = 3) and 57±9% (n
= 6) of those in the standard solution, respectively (P < 0.05).
In contrast, the [Ca2+ ] change induced by the cell membrane
permeabilization with Ca ionophore, A23187, was almost
identical in the presence and absence of extracellular Cl- (Fig.
3 b). Moreover, essentially similar results were obtained when
the mesangial cells attached on cytodex were used. Fig. 4, a
and b shows AVP-induced Ca2` transient of cytodex-attached
mesangial cells was also attenuated by extracellular Cl- depri-
vation.

IP3 contents. As shown in Fig. 5, IP3 contents in the pres-
ence of vehicle or test agents, 100 nM All or AVP, both de-
creased when mesangial cells were incubated in the absence of

Figure 2. The effect of [Cl-]O
on mesangial cell contraction
in response to All and AVP.
The data represent the
mean±SE of four independent
experiments examining the ef-
fect of [Cl-]O on mesangial cell
contraction in response to 100
nMAll (left) or AVP(right). *,
P < 0.05 vs. the value ob-
tained in the standard solution
([Cl-]0 = 140 mM).
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Figure 3. (a) The effect of [Cl-]0
on the AVP-induced Ca2+ tran-
sients. The cells were incubated
for 30 min before the addition of

-~i 100 nMAVP(arrow). AVP-in-
±h duced Ca2" transients became

smaller as [Cl-]O was reduced
from 140 to 70 and 0 mM. Sepa-
rate aliquots of the same prepara-
tion of the aequorin-loaded mes-
angial cells were used in each ex-
periment. (b) The [Ca2+]i response
to Ca2" ionophore (20 ,uM

.L!W' A23 187) was unaffected by [Cl-]O.

extracellular Cl- (extracellular Cl- was isoosmotically replaced
by methanesulfonate). Moreover, IP3 contents were also re-
duced when extracellular Cl- was isoosmotically replaced by
propionate, thus while IP3 contents were increased from
438±95 to 493±104 dpm/dish in response to 100 nM All in
the standard solution (P < 0.05: n = 3), there was no signifi-
cant All-induced increase in IP3 contents in Cl--free solution
(405±88 and 427±98 dpm/dish in the absence and presence of
100 nM All, respectively: n = 3). In these series of experi-
ments, IP3 contents in the presence of 100 nMAll was also
significantly reduced when extracellular Cl- was replaced by
propionate (P < 0.05: n = 3). However, reduction of [Cl-]O to
70 mMfailed to induce decrease in IP3 contents both in the
absence and presence of 100 nMAll (data not shown).

PGE2production. PGE2 synthesis by mesangial cells in-
creased as [Cl-]0 was decreased (Fig. 6). Enhancement of
PGE2synthesis by decreased [Cl-]0 is not due to methanesul-
fonate, an anion used to replace Cl-, since PGE2production
was also increased when propionate was used to replace C1-:
thus, PGE2 production increased from 4.6±0.6 to 7.9±0.7
ng/mg protein per 30 min when [Cl-]O was decreased from 140
to 0 mMwith propionate replacement (mean±SE of six incu-
bations from two independent cultures: P < 0.05, nonpaired t
test analysis).

Effects of indomethacin. That extracellular Cl- deprivation
was associated with an increased production of PGE2suggests

4 a b c
AVP AVP AVP

< 2

Io ~i n

[C l-Jo 140
indo 0

0
0

0 mm
50 riM

Figure 4. The effect of [Cl-]0 and indomethacin on the AVP-induced
Ca2" transients in mesangial cells attached on cytodex. 100 nMAVP
was added at arrows. AVP-induced Ca2" transient in the standard so-
lution ([Cl-]0 = 140 mM; a) was attenuated in Cl--free solution (C1-
was isoosmotically replaced by methanesulfonate; b), and was re-
stored by adding 50 nM indomethacin to Cl--free solution (c). For
details, see the text and the figure legend of Fig. 3.
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Figure 5. The effect of
[Cl-]0 on IP3 contents
of mesangial cells in the

A II AVP absence (stippled bars)
* and presence (open

bars) of AII or AVP.
z 1000 Data are the means±SE

of six independent ex-
periments, in which in-

Ez** ri| cubations were run in

r 500 _ * duplicate. *, P < 0.05
vs. the value in the
presence of vehicle;**,
P < 0.05 vs. the value

0 _ ___ _ _ _ in the standard solution
EC -]0 140 0 140 0 mm ([Cl-]o = 140 mM).

that the modulation of mesangial cell function by extracellular
Cl- deprivation may be mediated by increased PGE2produc-
tion. To further evaluate the role of PG production in the
effects of extracellular Cl- deprivation, we examined the effect
of cyclooxygenase inhibitor, indomethacin, on mesangial cell
contraction. Indomethacin was added at a concentration of 50
nM to the Cl--free experimental solution. This concentration
of indomethacin was chosen because it is calculated to prevent
an increase in PGE2production brought about by extracellu-
lar Cl- deprivation. Indeed, 50 nM indomethacin abolished
the increase in PGE2production induced by extracellular Cl-
deprivation (Fig. 7). Fig. 7, a-c clearly indicates that attenua-
tion of All-induced cell contraction (Fig. 7 a), suppression of
AII-induced Ca2+ transient (Fig. 7 b), and decrease in IP3
contents both in the presence and absence of 100 nMAll (Fig.
7 c) are all recovered by the addition of indomethacin. Fur-
thermore, Fig. 4 c shows that attenuation of AVP-induced
Ca2+ transient could be recovered in mesangial cells attached
on cytodex by adding 50 nM indomethacin to Cl--free solu-
tion. The decrease in AVP-induced contractility and IP3 pro-
duction caused by ambient Cl- deprivation were also abol-
ished by indomethacin (data not shown).

Effects of PGE2. Wenext examined the effects of PGE2, a
major prostanoid produced by rat mesangial cells. As shown in
Fig. 8 a, PGE2 decreased, in a dose-dependent manner, the
number of mesangial cells showing unequivocal contraction in
response to 100 nMAll. All-induced Ca2+ transient was sup-
pressed by 5 ,uM PGE2(Fig. 8 b). Moreover, Fig. 9 shows that
IP3 production was also attenuated by PGE2. IP3 contents of
mesangial cells treated with PGE2 were decreased in the ab-
sence of 100 nMAll, similar to the experiments of extracellu-
lar Cl- removal, which may imply nonspecific reduction of
inositol metabolites. However, the effects of PGE2and [Cl-]O

100[
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1.0 I I I

.< 0.5 l E
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C5
'O 500
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-'TV
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PGE2 9±0.3 53±5*
[Cl-]o 140 0
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a Figure 7. The effect of in-
domethacin on the sup-
pression of mesangial cell
responses to All by am-
bient Cl- deprivation. (a)
The percentage of mesan-
gial cells showing unequiv-
ocal contraction in re-

b sponse to 100 nMAll in
the standard solution (left),

"I, Cl--free solution (center),
and Cl--free solution con-

nLn taining 50 nM indometha-
cin (right). (b) Ca2" tran-

c sients in response to 100
nMAll (arrows) in the
standard solution (left),
Cl--free solution (center),
and Cl--free solution con-
taining 50 nM indometha-
cin (right). (c) IP3 contents

1.- of mesangial cells in the ab-
mM sence (stippled bars) and
nM presence (open bars) of 100

nMAll incubated in the
standard solution (left), Cl--free solution (center), and Cl--free solu-
tion containing 50 nM indomethacin (right). The data are the
means±SE of four separate experiments, in which incubations were
run in duplicate. At the bottom, PGE2production in the corre-
sponding experimental solution is presented (ng/mg protein per 30
min). The data are the mean±SE of four measurements. PGE2mea-
surements were repeated and essentially similar results were obtained
in two other series of experiments. *, P < 0.05 vs. each standard
value; **, P < 0.05 vs. the corresponding value in the Cl--free solution.

seem to be specific to IP3 since other inositol metabolites were
not affected by PGE2or extracellular Cl- removal. For exam-
ple, in the control group, glycerophosphoinositol content was
increased by 100 nM All from 1,170±341 to 1,466+453
dpm/dish, while glycerophosphoinositol increased from
1,130±251 to 1,431±365 dpm/dish by All in PGE2-treated
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° C PGE2 PE
EtOH(C) 50nM 5NM

n 217 284 303

b
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EtOH(+) PGE2 "
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"1 niin

SC-]10 40 7
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Figure 6. The effect of [Cl-]0 on PGE2
production by mesangial cells. Mesangial
cells were incubated for 15 (hatched bars)
and 30 min (stippled bars) with varying
[C1]O. The data are means±SE of three
separate experiments, each representing a
mean of duplicate or triplicate incuba-
tions. *, P < 0.05 vs. the value in the
standard solution ([Cl-]0 = 140 mM).

Figure 8. The effects of PGE2on mesangial cells. (a) The effect of
PGE2on AII-induced mesangial cell contraction. The numbers at
the bottom of the bars indicate the number of cells examined. EtOH:
ethanol. *, P < 0.05 vs. the value in the absence of PGE2 (chi-square
analysis). (b) The effect of PGE2on AII-induced Ca2+ transients.
The left and right panels show the Ca2+ transients in response to 100
nMAII (arrows) in the presence of 0.05% ethanol (vehicle of PGE2)
or 5 gM PGE2, respectively. The experiments were repeated at least
two times and essentially similar results were obtained.
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* Figure 9. The effects of PGE2on IP3
metabolism. IP3 contents in the ab-
sence (stippled bars) and presence
(open bars) of 100 nM All are shown.
*, P < 0.05 vs. the standard value in
the absence of All and PGE2; **, P
< 0.05 vs. the value in the presence of
100 nM All in the standard solution

c PGE'2 containing 0.05% ethanol, vehicle of
EtOH 5MuM PGE2.

group (P > 0.05 vs. control group: n = 4). PGE2 similarly
attenuated the mesangial cell contraction in response to 100
nM AVP: 64% cells (126/198) responded in the control solu-
tion and 44% cells (89/202) in the presence of 5 ,uM PGE2 (P
< 0.05: chi-square analysis), and AVP-induced Ca>2 transient
was suppressed by 5 AiM PGE2 (data not shown).

Discussion

It has been suggested that IP3 production and Ca> transients
play an important role in mediating the effects of All and AVP
in mesangial cell functions, including cell contraction and
PGE2production (1, 2, 7, 8). Several reports have documented
increases in IP3 contents of mesangial cells (1 1, 12) and Ca>2
transients by All and AVP measured using Ca>2 indicators
such as quin-2, fura-2, aequorin (10-12, 17, 18). The present
study shows that extracellular Cl- deprivation attenuates mes-

angial cell contraction in response to All and AVP. To eluci-
date the cellular mechanisms underlying the modulation of
mesangial cell contraction by changing [Cl-]0, we examined
the effects of [Cl-]0 on mesangial cell IP3 contents and Ca>2
transients in response to All and AVP. Our results showed
Ca>2 transients by AVPand All were attenuated as the [Cl-]0
decreased. In addition, increases in IP3 contents of mesangial
cells in response to All and AVPwere suppressed when [Cl-]0
decreased. Since it is thought that a rise in [Ca2+]1 is primarily
brought about by the release of Ca>2 from intracellular stores
triggered by IP3 (10, 12), these observations suggest that Ca>2
transients, in response to All and AVP, thus the mesangial cell
contraction, are subject to specific modification by [Cl-]0 via
altered IP3 metabolism.

It has been reported that PGE2 may attenuate mesangial
cell contraction (2, 5, 7, 19). Indeed, addition of PGE2to the
standard experimental solution containing 140 mM[Cl-]0 de-
creased mesangial cell contraction in response to All and
AVP. Furthermore, our present study demonstrated that the
Ca> transient and IP3 production in response to All were

both suppressed in the presence of PGE2. These effects of
PGE2on mesangial cells resembled those of extracellular C1-
deprivation. Therefore, we next tested the possibility that
[Cl-]0 might modify the mesangial cell contraction by chang-
ing PGE2production of the mesangial cells. Indeed, our data
show that PGE2 synthesis by mesangial cells increased as

[Cl-]0 was reduced. Enhancement of PGE2 synthesis by de-
creased [Cl-]0 is not due to methanesulfonate, an anion used to
replace Cl-, since PGE2 production was equally increased
when propionate was used to replace C1-. The magnitude of
enhanced PGE2 production by extracellular Cl- deprivation

does not seem to be large enough to increase the PGE2 con-
centration of whole incubation media up to 5 uM, the effective
PGE2concentration added exogenously. However, local con-
centrations of endogenous PGE2might increase to a level high
enough to exert the observed effects on mesangial cells.

Our postulate on an intermediary role of PGE2 in the
effects of extracellular Cl- deprivation is further strengthened
by the experiments with indomethacin. Thus, indomethacin,
at a concentration that prevented an increase in PGE2produc-
tion by ambient Cl- deprivation, could restore at least partially
the suppression of the All- and AVP-induced cell contraction,
Ca>2 transients, and IP3 contents (Figs. 4 and 7). However,
addition of 50 nM indomethacin to the standard solution
containing 140 mMCl- attenuated mesangial cell contraction
(89±1.4% vs. 62.3±5.8%: P < 0.05, n = 3). Since indometha-
cin is known to decrease thromboxane production and since
thromboxane is also known to contract mesangial cells (20), it
might be possible that indomethacin itself decreases throm-
boxane production, thus decreasing mesangial cell contractil-
ity. This might explain the incomplete recovery by indometh-
acin from the attenuation by the extracellular Cl- deprivation
of mesangial cell contraction, Ca>2 transient, and IP3 produc-
tion by All. Besides, since indomethacin alters the metabolism
of other prostanoids produced by mesangial cells, e.g., prosta-
glandin F2a, and may affect cell function per se, effects of
indomethacin other than PGE2production might explain the
attenuated mesangial cell contraction by the drug in the pres-
ent study. However, examinations of the effects of indometh-
acin per se and of thromboxane or other prostanoids on mes-
angial cell functions are beyond the aim of the present study.

Based on these observations, it is strongly suggested that
when [Cl-]0 was decreased, the mesangial cell contraction was
reduced through enhanced PGE2 production: Enhanced
PGE2production modifies the IP3 metabolism, thus affecting
the Ca>2 transients induced by All and AVP. In our data, the
attenuation of Ca2+ transients by PGE2 or [Cl-]0 reduction
seems inappropriately large compared with attenuation of cell
contraction or IP3 content. These discrepant observations
may be due, at least in part, to the nonlinear relationship
between aequorin luminescence and Ca`; i.e., at relatively
low Ca> concentrations (several hundred nanomolar or less)
the sensitivity of aequorin is low and does not reflect changes
in Ca2+ very well (21). Thus, even without a clear-cut increase
in aequorin luminescence, an actual [Ca2+], increment may be
sufficient to evoke contraction.

It is not clear at present how [Cl-]O affects PGE2 produc-
tion. The effect of [Cl-]o may be through changes in the intra-
cellular [CI-] or in cell pH, as there are, in addition to C1-
conductance, Na-dependent and Na-independent C1-/HCO3-
exchangers in mesangial cells (22). Mechanisms other than
enhanced PGE2production may also be involved in the modi-
fication of mesangial cell function by [Cl-]0. Because Cl- mod-
ulates the function of guanine nucleotide regulatory G pro-
teins (23), it is possible that changes in [Cl-]0 may affect G
proteins that play a critical role in the signal transduction of
the All and AVP action in mesangial cells (1 1). It is of note
that [Cl-]0 may modify the functions of several other cell types,
including smooth muscle cells (24), cells similar in many re-
spects to mesangial cells, and pancreas acinar cells (25), cells
with Cl- conductance in plasma membranes (26). In any
event, although the exact mechanisms by which a change in
[Cl-]0 affects signal transduction system and prostanoid me-
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tabolism are not clear, the present study clearly suggests that
[CL-]0 may be an important modulator of mesangial cell re-
sponse to the vasoactive peptides.

The modification of mesangial cell contraction by [Cl-]0
may be of physiological importance. It has been suggested that
mesangial cell contraction may act, at least in part, as an ef-
fector mechanism of the tubuloglomerular feedback (TGF),
i.e., the regulation of glomerular filtration by distal tubule fluid
via macula densa (27, 28), and that a change in the luminal
[Cl-] at macula densa signals the TGF (27, 29). Between ma-
cula densa and the glomerulus, there lie Goormaghtigh cells or
lacis cells, which are interstitial cells morphologically indistin-
guishable from mesangial cells and thus are called extraglo-
merular mesangial cells (30). Goormaghtigh cells, mesangial
cells, and juxtaglomerular cells are coupled with each other by
gap junctions, thus forming a syncytium (31). The area sur-
rounding Goormaghtigh cells are neither well-perfused with
capillaries nor drained with lymph vessels (27, 30). Therefore,
it is highly possible that [CL-]0 of these cells may be directly
altered by a change in [Cl-1] of the absorbate of macula densa,
which may reflect [Cl-] in the tubule fluid perfusing macula
densa (32). Thus a change in [Cl-] in the tubule fluid might
directly affect mesangial cell function by changing [Cl-]0 sur-
rounding Goormaghtigh cells, since these cells are coupled by
gap junctions. Considering the close link between [Cl-] in the
tubule fluid and mesangial cells, the reduced contraction of the
mesangial cells by low [Cl-]0 could well explain the observa-
tion that the TGF may be attenuated when the tubular fluid
[Cl-] at macula densa was reduced to zero (27, 29). Although
these possibilities are only speculative, the presence of Ca2+-
activated Cl- conductance in mesangial cells lends support to
the notion that the ionic mechanisms may play a critical role
in TGF.
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