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Introduction

We investigated the actions of endothelin in anesthetized rats

and cultured mesangial cells. Intravenous infusion of endothe-
lin (10 pmol/min) decreased renal blood flow by 44% at 20 min
without changing arterial pressure, which subsequently rose

significantly from 124±3 to 133±4 mmHg over 60 min. Mi-
cropuncture during the nonhypertensive period revealed in-
creases in afferent (65%) and efferent (82%) arteriolar resis-
tances, thereby reducing nephron plasma flow rate. The glo-
merular ultrafiltration coefficient (Kf) fell from 0.097±0.035
to 0.031±0.011 nl/(s * mmHg) as did single nephron filtration
rate (41±3 to 19±3 nl/min). Addition of 5 nM endothelin to

mesangial cells plated on a silicone rubber substrate increased
the intensity and number of tension-generated wrinkles, and
caused their reappearance in forskolin prerelaxed cells. 20-30
s following exposure of fura-2 loaded mesangial cells to 10 nM
endothelin, single cell intracellular calcium concentration

([Cali) increased from a mean baseline value of66±11 (SE) to a

peak of 684±250 nM (P < 0.05) followed by a sustained ele-
vation at 145±42 nM. Anion exchange HPLC revealed rapid
(15 s) and dose-dependent stimulation of inositol 1,4,5-tris-
phosphate (IP3) generation following exposure of 13Hlmyoino-
sitol preloaded mesangial cells to 10-100 nM endothelin. En-
dothelin also led to intracellular alkalinization of 2'7'-bis(2-
carboxy-ethyl)-5(and-6)carboxyfluorescein (BCECF)-loaded
mesangial cells and its addition was associated with dramatic
augmentation of mitogenic activity. Thus, endothelin exerts

potent constrictor effects on renal arterioles which precede its
systemic hypertensive action. It lowers Kf and contracts mes-
angial cells, likely through stimulation of IP3 generation and
elevation of [Cali. It is a potent mesangial cell mitogen. These
studies define functional responses and signal transduction
pathways for endothelin in the rat kidney and propose a poten-
tial role for this peptide in the control of mesangial cell func-
tion, glomerular filtration rate, and renal vascular tone.
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The recent isolation and identification of a novel constrictor
peptide derived from large vessel endothelial cells, endothelin,
and the cloning and sequence analysis of the complementary
DNA of its precursor, preproendothelin (1), has aroused inter-
est in its potential physiologic/pathophysiologic significance.
In these studies, we examined the renal and systemic vascular
responses to endothelin in the anesthetized rat using micro-

puncture techniques, and, in the light of our in vivo findings,
explored its cellular actions and signal transduction mecha-
nisms in cultured rat glomerular mesangial cells.

Methods

Endothelin was obtained from Peptides International (Louisville, KY)
and stored as a 0.1-mM stock solution in 0.015% Triton X-305 at 40C.

Micropuncture studies. Experiments were performed on Inactin-
anesthetized euvolemic male Munich-Wistar rats weighing 225-260 g
prepared for micropuncture as described previously (2). A left femoral
artery catheter was used to monitor mean systemic arterial pressure
(AP)' and sample blood. Jugular and femoral veins were catheterized
for infusion of plasma, [3H]inulin (2.4 ,uCi/min) at 1.2 ml/h, and
endothelin or vehicle. An electromagnetic flow probe was placed
around the left renal artery and connected to a flow meter (Carolina
Medical Electronics Inc., King, NC). Micropuncture measurements
were performed 45-60 -min after the end of surgical preparation as
follows: 2-min samples of fluid were collected from surface proximal
convolutions for determination of inulin concentration. Concomi-
tantly, arterial blood was obtained for determination ofhematocrit and
plasma protein and inulin concentrations. Three samples of blood
were obtained from surface efferent arterioles (star vessels) for determi-
nation of efferent arteriolar protein concentration. Three samples of
urine from the experimental kidney were collected for the determina-
tion of flow rate, protein and inulin concentrations, and for the calcu-
lation of whole kidney GFR. Time-averaged hydraulic pressures were
measured in surface glomerular capillaries (PGC), proximal tubules

(PT), and surface efferent arterioles (PE) using a servo-null micropi-
pette transducer system (model 5; Instrumentation for Physiology and
Medicine, San Diego, CA) and 2.0 M NaCl-containing pipettes (outer
tip diameters: 2-4 Mm). Colloid osmotic pressure of plasma entering
and leaving glomerular capillaries (rA and 7E), single nephron GFR
(SNGFR) and filtration fraction (SNFF), glomerular capillary ultrafil-
tration coefficient (Kf), resistance of single afferent (RA) and efferent

1. Abbreviations used in this paper: AP, arterial pressure; BCECF,
2'7'-bis(2-carboxy-ethyl)-5(and-6)carboxyfluorescein; IP,(2),(3), inositol
mono-, bis-, and trisphosphate; RBF, renal blood flow.
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(RE) arterioles, and initial glomerular capillary plasma flow (QA), were
determined using equations described in detail elsewhere (3). The
concentrations of inulin in tubule fluid, plasma and urine were deter-
mined by counting samples in a beta counter (Beckman Instruments,
Fullerton, CA). Protein concentration in efferent arteriolar and femo-
ral arterial blood plasmas were determined using a fluorometric
method (4). Whole kidney and micropuncture measurements were
performed during an initial baseline period and then during intrave-
nous administration of endothelin diluted in 0.9% NaCl to deliver a
dose of 100 ng/kg per min (10 pm/min) at a rate of 0.025 ml/min for
80 min (n = 6).

Mesangial cell culture. Rat mesangial cells were isolated and cul-
tured as described previously (5). Cell colonies were subcultured in 60
mm culture dishes, and grown routinely in RPMI 1640, supplemented
with 20% FCS, penicillin 100 U/ml, and streptomycin 100 ,g/ml.
Experiments carried out on cells from passages 2 to 3.

Contractility studies. Mesangial cells were seeded upon glass cov-
erslips coated with dimethyl polysiloxane (60,000 centistokes), using
the method of Harris et al. (6) and Singhal et al. (7). Experiments were
conducted at 370C 24 h after seeding using a camera-equipped in-
verted Nikon microscope. Endothelin (5 nM) was added and the asso-
ciated changes in substratal wrinkling patterns compared to control
through serial photography. Our capacity to document cell contraction
with this technique has been published recently (5).

Measurement of intracellular calcium concentration ([Ca],). Mes-
angial cells were plated on glass or quartz coverslips 5 d before the
experiment. They were deprived ofserum for 72 hours and then loaded
with 5-10MM fura-2 for 1 h. Fluorescence was measured at 370C using
continuous rapid alternating excitation (20 ms per reading) from dual
monochromators set at 340 and 380 nm, respectively (Deltascan;
Photon Technology International, New Brunswick, NJ). The mono-
chromators were coupled to an inverted microscope using a 400-nm
dichroic mirror and a I 00X lens (Nikon-fluor oil immersion). Fluores-
cent emission greater than 435 nm was measured by photon counting
(type XXX; Hamamatsu Corp., Bridgewater, NJ). The corrected fluo-
rescent emission intensity ratio, using 340 and 380 nm excitation with
background subtraction, was monitored continuously in single cells or
in clusters oftwo to three cells. Baseline measurements were performed
during continuous perfusion with Krebs buffer (1 14 mM NaCl, 5 mM
KCI, 24 mM NaHCO3, 1.5 mM CaCI2, 1.0 mM MgCl2, 10 mM
glucose, 1.0mM Na2HPO4, 10mM Hepes, 0.1% BSA, pH 7.40), which
was then substituted for one containing various concentrations of en-
dothelin. At the end of each experiment, the bath was changed to a

calcium-, and magnesium-free Krebs buffer modified further by the
addition of 2 mM EGTA and 5 MM ionomycin. After a stable 340/380
ratio was achieved (minimum, Rmin), the buffer was changed back to

control bath (1.5 mM calcium) plus 5 MM ionomycin and the ratio was
again allowed to stabilize (maximum, Rmax). Intracellular calcium
concentration was calculated by: [CalJ = Kd({R - Rmin)} {Rm.
- R}) X (380min + 380ma.) assuming the Kd for the fura-2:Ca2+ com-
plex is 224 nM at 37°C (8).

Labeling mesangial cells with [3H]inositol. Cells grown to con-
fluence in 60 mm culture dishes (106 cells/dish) were incubated in
myo-inositol free medium (RPMI) supplemented with 10% dialyzed
FCS penicillin/streptomycin (- 70 U/ml), and [3H]inositol (2 MuCi/ml)
in a total incubation volume of 5 ml. Preliminary experiments revealed
that incorporation of label was maximal at 48 h and stable for up to 72
h. All subsequent experiments were therefore carried out on cells
preincubated with [3H]inositol for 72 h and serum deprived 48 h
before experiments.

Analysis of[3H]inositol phosphateformation in mesangial cells by
HPLC. The formation of inositol monophosphate (IP,), inositol bis-
phosphate (1P2), and inositol trisphosphate (UP3) in [3H]inositol loaded
mesangial cells in response to endothelin was measured as follows:
plates were washed with Krebs-Ringer solution containing 118 mM
NaCl, 4.6 mM KCI, 24.9 mM NaHCO3, 1 mM KH2PO4, 11.1 mM
glucose, 1.1 mM MgSO4, 1.0 mM CaCl, 5 mM Hepes, and 0.1% BSA,
pH 7.4, 370C. Increasing concentrations ofendothelin (0.1 to 100 nM)

were then added in 2 ml ofwarmed (370C) Krebs-Ringer and the cells
incubated with the agonist for the indicated time. In experiments in
which accumulation of inositol phosphates was measured at 15 min
postaddition ofendothelin, LiCI (10 mM) was added to the incubation
medium to prevent the breakdown of IP1. At the desired time-point
following addition of endothelin to mesangial cells, the reaction was
terminated by the addition ofcold 10% TCA acid (final concentration)
and extracted four times with ether. The pH of the samples was ad-
justed to pH 7-8. Before HPLC analysis each sample was passed
through a 0.45 MM HV filter (Millipore Corp., Milford, MA) after
addition of a mixture of unlabeled ATP, ADP, and AMP. Inositol
phosphates were separated on a Partisil SAX 10 column, (Whatman,
Inc., Clifton, NJ) (0.46 X 25 cm) with a silica precolumn (Guard-Pak,
Millipore Corp.). The flow rate was 1 ml/min throughout using a linear
ammonium phosphate gradient system from 0 to 0.8 M ammonium
phosphate (pH 3.8) over 70 min and held for an additional 20 min.
The column effluent was mixed with Tru-count scintillation fluid (1:4
ratio; IN-US Corp., Fairfield, NJ) and the radioactivity was monitored
by an online radioactive detector (Flo-One beta; Radiomatic Instru-
ments and Chemical Co., Tampa, FL). The unlabeled adenine com-
pounds were monitored at 254 nm and the retention times of the
radiolabeled standards were 5, 15, 33, and 58 min for inositol, 1-IP1,
1,4-IP2, and 1,4,5-IP3 (DuPont Chemicals, Wilmington, DE), respec-
tively. Isomers of the inositol phosphates were determined by their
retention times relative to the retention times ofthe unlabeled adenine
and labeled inositol standards (9).

Intracellular pH measurements. Measurement of intracellular pH
was performed using mesangial cells grown on glass coverslips. Cells
were exposed for 1 h to 5 MM 2'7'-bis(2-carboxy-ethyl)-5(and-6)car-
boxyfluorescein (BCECF) in a nominally bicarbonate free medium,
consisting of 140 mM NaCl, 5 mM KCI, 1.5 mM CaCI2, 1.0 mM
MgCl2, 10 mM glucose, 10 mM Hepes, pH 7.40. Fluorescent measure-
ments were performed using a Nikon DIAPHOT TMD inverted mi-
croscope with epifluorescence attachment and a Nikon PI Photometer
(Nikon, Inc., Garden City, NY). Signals were measured from single
cells or a small number of contiguous cells. The excitation wavelength
was rapidly varied between 450 and 490 nM by the use of narrow band
pass filters (Ditrics Optics, Hudson, MA), and the emitted fluorescence
was measured at 530 nM in the absence or presence of endothelin.
Intracellular pH was then determined by comparison of the ratio of the
emitted fluorescence at 490 and 450 nm excitations, as extracellular
pH was varied. At the end of each experiment, cytoplasmic pH was

calibrated by the method of Thomas et al. (10), in which the cells were

exposed to solutions of different pH, containing 130 mM KCl in the
presence of the K+/H' ionophore, nigericin (10 MM).

Measurement ofchanges in mesangial cell [3H]thymidine incorpo-
ration and mitogenic activity in response to endothelin. For studies of

[3Hlthymidine incorporation, mesangial cells were grown in 24 well

dishes. When the cells were at or near confluence, fresh medium was

added containing 0.4% FCS. After 48 h of serum deprivation, the cells
were exposed to fresh medium containing 0.4% FCS with or without

the indicated concentration of endothelin. As a positive control, a

subset of cells were exposed to 10% FCS. After 24 h exposure to

endothelin, 2 MCi/ml of [3H]thymidine was added to each well for 6 h.
Each well was then washed four times with ice-cold PBS and 1.0 ml of

Hanks' solution without calcium or magnesium. Trypsin/EGTA was

then added to detach the cells. An aliquot was removed for cell counts

before adding 1 ml of 20% TCA. Following a 60-min incubation at

4VC, the TCA-insoluble fraction was collected on glass fiber filters

(934AH; Whatman, Inc., Clifton, NJ) using a cell fractionator and the

radioactivity determined using liquid scintillation spectrometry. For

determination of the effect of endothelin upon increases in cell num-
ber, mesangial cells were plated in 24-well dishes at high, but subcon-

fluent density, in RPMI with 0.4% FCS for 8 d. Cells were then exposed
to endothelin, or vehicle plus 0.4% FCS. After 24 h of growth, the cells

were detached and their density determined using a Coulter counter

(Coulter Electronics, Hialeah, FL).
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Statistical analysis. Changes from baseline to experimental condi-
tions were compared using the paired Student's t test. A change was
considered significant when the P < 0.05. Values are means±SEM.

Results

Physiologic and micropuncture studies. During the first 20 min
of its administration, endothelin was without significant effect
on AP (119±2 vs. 124±3 mmHg, NS) or hematocrit (Hct)
(47.8±0.8 vs. 48.8±0.7 vol%, NS). Despite constancy of these
systemic parameters. endothelin infusion resulted in marked
reductions in renal blood flow (RBF) and GFR which fell from
8.4±0.6 to 4.7± 1.0 ml/min (P < 0.01) and from 1.13±0.08 to
0.60±0.08 ml/min (P < 0.005), respectively. Micropuncture
measurements revealed similar reductions in QA and SNGFR
which decreased from 137±11 to 90±14 nl/min (P < 0.01) and
from 41.1±3.0 to 18.8±3.0 nl/min (P < 0.0005), respectively.
The fall in RBF despite constant AP indicated a rise in renal
vascular resistance. RA increased from 2.32±0.20 to 3.84±0.48
10'0dyn s cm-5 (P < 0.025), while RE increased from
1.05±0.12 to 1.95±0.32 10'0dyn-scm-5 (P < 0.05). No sig-
nificant changes were noted in PGC (44±1 vs. 48±2 mmHg) or
mean net transcapillary hydraulic pressure difference (AP)
(33±2 vs. 37±2 mmHg). PE fell from 16±1 to 14±1 mmHg (P
< 0.005) as did PT (12±1 to 10±1 mmHg, P < 0.05). Signifi-
cantly, Kf fell markedly during endothelin administration
from 0.097±0.035 to 0.031 ±0.011 nl/(s* mmHg) (P < 0.05).
This reduction in Kf accounted largely for the fall in SNGFR
and SNFF which decreased from 0.31±0.03 to 0.22±0.04 (P
< 0.05). Of interest, and despite the marked reduction in RBF
and GFR during endothelin infusion, urine flow rate increased
from 32±8 to 40± 10,l/min (P < 0.05).

After 20 min of endothelin infusion, AP increased gradu-
ally to a peak value of 133±4 mmHg at 60 min (P < 0.05 vs.
baseline), and Hct rose from a baseline value of 47.8±0.8 to
50.3±0.3 vol% (P < 0.005).

Mesangial cell contraction. Addition of endothelin (5 nM)
to mesangial cells plated on a rubber silicone substrate resulted
in an increase in the number and intensity of tension-gener-
ated wrinkles first noted at 1 min and maximal at 15 min,
indicating mesangial cell contraction (5, 11) (Fig. 1). Endothe-
lin also restored the appearance ofsubstratum wrinkles follow-
ing forskolin-induced cellular relaxation (not shown).

[Ca]i. As shown in a representative tracing (Fig. 2), expo-
sure of fura-2 loaded mesangial cells to 10 nM endothelin (n
= 8) led to a rapid rise in [Ca]i from a mean baseline value of
66±11 to a peak of 684±250 nM (P < 0.05) 20 to 30 s after
exposure to agonist. This was followed by a rapid decline to a
sustained level of 145±42 nM. At concentrations of 0.1 to 1
nM, no such spike was noted; instead a slow gradual rise in
[Ca]i was noted in four experiments.

Phosphoinositide turnover. Addition of increasing concen-
trations of endothelin to rat mesangial cells resulted in dose
dependent stimulation of IP,, IP2, and IP3 synthesis by these
cells. Whereas HPLC profiles from cells exposed to vehicle
revealed peaks corresponding to (1 or 3)-IP, isomers, and none
corresponding to IP2 or IP3, addition of 10 nM endothelin (n
= 5) resulted in severalfold increases in these IP, counts at 30,
60, and 900 s, and in the appearance ofpeaks corresponding to
4-IP,, as well as various IP2 and IP3 isomers. Fig. 3 is represen-
tative of the elution profiles obtained from control and experi-
mental samples at 1 min, and 15 min postaddition of endo-
thelin, while the time course and magnitudes of net increases

in phosphoinositide generation following endothelin is de-
picted in Fig. 4. No clear responses were obtained at 1 nM
concentrations and no further increases in PI generation were
noted at 100 nM endothelin.

Intracellular pH. Exposure of mesangial cells to 1.0 nM
endothelin (n = 5) resulted in an increase in intracellular pH
from a baseline value of 6.79±0.10 to 7.27±0.07 pH units (P
< 0.05), which was noted as early as 1 min and was maximal
within 10-15 min.

[3HI Thymidine incorporation and mitogenesis. Endothelin
increased [3H]thymidine uptake in mesangial cells in a dose-
dependent manner. Mean counts per minute/well values were
3644±642 in vehicle-treated controls (n = 3, each in quadru-
plicates) and 6,160±776, 6,769±692, 8,123±600, and
6,789±1,161 after exposure to 0.1, 1.0, 5.0, and 10.0 nM en-
dothelin, respectively (P < 0.05 at all concentrations). In paral-
lel experiments, endothelin markedly stimulated mesangial
cell mitogenic activity at 24 h after its addition. This response
was also dose-dependent: cell counts (in 106 cells/well) were
equal to 0.95±0.04 following exposure to vehicle (n = 8), and
1.16±0.08 (n = 4), 1.23±0.02 (n = 6), 1.38±0.04 (n = 5), and
1.41±.05 (n = 3), after exposure to 0.1, 1.0, 5.0, and 10.0 nM
endothelin, respectively. Changes from control were statisti-
cally significant at all doses.

Discussion

Yanigasawa and colleagues (1) describe endothelin as "the
most potent mammalian peptide known to date" based on its
potency in contracting arterial strips from pig, rat, cat, rabbit,
dog, and man, as well as its hypertensive action in anesthetized
rats. The present studies confirm these potent constrictor ef-
fects of endothelin, since its systemic administration in doses
calculated to achieve intravascular concentrations in the sub-
nanomolar range resulted in severe renal vasoconstriction. Of
particular interest was the early onset of the renal arteriolar
response as compared to that of systemic vasculature, possibly
indicating a greater sensitivity of the renal bed to the vasoac-
tive actions of this peptide. This sensitivity may be even fur-
ther enhanced in spontaneously hypertensive rats, as recently
reported ( 12). Micropuncture measurements revealed that en-
dothelin also led to a dramatic fall in the glomerular capillary
ultrafiltration coefficient, Kf, attributable to the concerted
contractile action of smooth muscle-containing mesangial
cells, which reduces the glomerular capillary surface area avail-
able for ultrafiltration (13). This effect, in combination with
the reduced renal blood flow, severely compromised the rate of
glomerular filtration during endothelin administration. As en-
dothelin infusion was maintained beyond 20 min, AP began to
increase gradually over the ensuing 60 min. During this time
(data not shown) RBF continued to fall despite the progres-
sively increasing renal perfusion pressure. The late onset and
the progressive nature of the increase in AP, and its failure to
stabilize at an elevated value as seen with other peptides, is
consistent with the suggestions of Yanigasawa and colleagues
that the binding of endothelin to its putative receptor site is
relatively irreversible and difficult to "wash out," resulting in
cumulative physiologic responses upon administration of
agonist in initially subthreshold doses (1).

The vascular contractile responses to endothelin are inde-
pendent of a-adrenergic, histaminergic, serotonergic, and ara-
chidonate cyclooxygenase and lipoxygenase products (1).
While it is conceivable that endothelin may stimulate renin-
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areas A-E. These changes were progressive
and were detectable as early as one minute
postaddition of endothelin. No changes were

noted in vehicle-treated controls.
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panel indicate the retention times of adenine mono-(AMP),
di-(ADP), and triphosphate (ATP) standards, as well as those for IPI,
IP2, and IP3. Note that in control cells, only the 1 (or3)-IP, isomer is
present in significant amounts while 4-4PI, the major breakdown
product of 1,4,5-IP3 is a minor component. Following exposure to
endothelin, there is a clear stimulation of the 4-4P1 peak and the ap-
pearance of novel peaks corresponding to the various isomers of IP2
and IP3 which were not present in any of the control media. G- 1 -P.
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Figure 4. Time course and magnitude of stimulation of cellular ino-
sitol phosphate biosynthesis following exposure of mesangial cells to
10 nM endothelin (n = 5). The ordinate represents the mean net in-
crease in counts per minute eluting under the various isomer peaks
on HPLC above their respective vehicle-treated controls at the desig-
nated time points [as noted in Fig. 3, IP2 and IP3 isomers were ab-
sent in control samples]. (A) Stimulation of 4-4P, (derived from
1,4,5-IP3) is noted as early as 15 s and increases progressively to dra-
matic levels (91,319 cpm) at 15 min (900 s) in the presence of Li'.
(B) Although 1,4-IP2 (derived from 1,4,5-IP3) is the major product,
3,4- and 1,3-IP2 (derived from 1,3,4-IP3) are also formed. (C) Early
(15 s) stimulation of 1,4,5-IP3 rapidly declines in the absence of Li'
and is followed by the gradual accumulation of 1,3,4-IP3, the break-
down product of 1,3,4,5-IP4 (see text).

angiotensin release, its actions on isolated arterial strips, as
well as our observations in cultured mesangial cells, argue
strongly for a direct renal and systemic vascular effect of this
peptide through its own specific receptors. Its dual sites of
action at afferent and efferent arterioles in the absence of sys-
temic hypertensive responses is further evidence for the inde-
pendence of its renal constrictor actions from those of angio-
tensin II which, under similar conditions, is known to affect
selectively postglomerular arterioles. The increase in Hct ob-
served during endothelin administration may be a result of
plasma volume loss; its underlying mechanisms and possible
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secondary mediators remain to be investigated. Its occurrence
in conjunction with the increase in urine flow seen during
endothelin administration despite depressed renal hemody-
namics, raises the possibility of a role for endothelin-stimu-
lated atrial natriuretic peptide release, as has been demon-
strated recently in isolated atrial myocytes (14).

Mesangial cells plated on a mobile silicone rubber substrate
will induce the formation of substratal wrinkles due to the
tension generated by their intrinsic actomyosin-induced con-
tractile properties (5, 1 1). In the present study, endothelin in-
creased the intensity as well as the number of these tension-
generated wrinkles, indicating mesangial contraction (Fig. 1)
and led to their reappearance in forskolin prerelaxed cells (not
shown). These in vitro observations support strongly the no-
tion that the endothelin-induced fall in Kf after its administra-
tion in vivo is a result of a reduction in glomerular capillary
filtering surface area, secondary to mesangial cell contraction,
rather than a change in the hydraulic permeability characteris-
tics of the capillary wall.

Endothelin-induced contraction ofporcine coronary artery
strips is inhibited in the absence of extracellular calcium and
attenuated in the presence of the calcium-channel blocker,
nicardipine (1). These observations, coupled with the struc-
tural similarities between endothelin and a number of mem-
brane-channel-acting peptide toxins, suggested that endothelin
may induce its biological actions by facilitating the intracellu-
lar influx of Ca2" through voltage-dependent dihydropyridine-
sensitive membrane Ca2" channels (1). We therefore sought to
determine whether endothelin-induced mesangial cell contrac-
tion was also associated with elevations in intracellular Ca2"
and whether such release was linked to the intracellular gener-
ation of 1,4,5-IP3. Two types of responses were observed: the
first, occurring at endothelin concentrations of 1 nM or less,
consisted of a slow progressive rise that reached a plateau
within 10-20 s (not shown). The second was a classical Ca
"spike" followed by a decrease to a sustained level still above
control baseline typical of the Ca2" signal observed following
release of intracellular stores (Fig. 2). In keeping with this find-
ing was our demonstration, using ion-exchange HPLC, that
10-100 nM endothelin induced the formation of the biologi-
cally relevant 1,4,5-isomer of IP3 and the time-dependent me-

tabolism of this intracellular messenger into the various phos-
phoinositide isomers described previously for this pathway (9),
as detailed in Figs. 3 and 4.

In addition to providing insight into the biological actions
of endothelin, these observations provide data regarding the
heretofore undescribed metabolic fate of 1,4,5-IP3 in mesan-

gial cells. Although the greater proportion of 1,4,5-IP3 appears
to be a substrate for the 5-phosphatase enzyme, resulting in a

major 1,4-IP2 peak at 15 min (Fig. 4 B), it is also phosphory-
lated at the 3 position, a reaction catalyzed by an intracellular
3'-kinase in the presence of ATP, leading to the formation of
1 ,3,4,5-inositol tetrakisphosphate (IP4). The latter is itself also
a substrate for the 5-phosphatase, yielding 1,3,4-IP3 (Fig. 4 C).
Also active in mesangial cells are the l-phosphatase [1,4-IP2
and 1,3,4-IP3 to 4-4P1 (Fig. 1 A) and 3,4-IP2 (Fig. 4 B), respec-
tively]; the 4-phosphatase [4-IP, to inositol, 3,4-IP2 to 3-4P1
(Fig. 4 A), and 1,3,4-IP3 to 1,3-IP2 (Fig. 4 B)]; and finally the

3-phosphatase, which degrades 3-4P1 to inositol and 1,3-IP2 to

l-IP1 (Fig. 4 A).
The temporal sequence of 1,4,5-IP3 generation, stimula-

tion of a Ca2+ transient, and cellular contraction following

exposure of rat mesangial cells to 10 nM endothelin implicates
phospholipase C-mediated PIP2 breakdown as an important
signal transduction pathway for endothelin in these cells, a
finding not reported to date for endothelin in other cell sys-
tems. In fact, recent communications by Hirata and others
(15) fail to observe PI turnover in cultured rat vascular smooth
muscle cells in response to this peptide. We find that serum
deprivation for at least 72 h before the experiment, and the use
of anion exchange HPLC for the analysis of the phosphoinosi-
tides clearly improve the magnitude and predictability ofmes-
angial cell responses to endothelin. Furthermore, we fail to
observe significant stimulation of PI synthesis at endothelin
concentrations of 1 nM or less, and the nature ofthe Ca signal
is also different at these concentrations. Taken together, these
data raise the possibility that, at lower concentrations, endo-
thelin may lead to increases in [Ca2+]i through non-PI-me-
diated mechanisms, such as activation of cell membrane Ca
channels (1, 15). Of interest with regard to the present studies,
as well as those ofYanigasawa et al. (1) and Hirata et al. (15) is
the recent report by Snyder and his colleagues (16) demon-
strating that 1,3,4,5-IP4 (formed in mesangial cells in response
to endothelin-see above) induces intracellular Ca2' release
and 1,4,5-IP3 stimulates extracellular Ca2+ influx upon mi-
croinjection into oocytes, attesting to the complexity of the
regulation of [Ca2+]i by inositol phosphates and the possible
involvement of multiple signalling pathways in response to a
common agonist.

The capacity of endothelin to induce intracellular alkalini-
zation and to act as a potent mitogen represents a novel facet
of its biologic activity. Endothelin-induced alkalinization is
likely mediated through the activation of an amiloride-sensi-
tive Na'-H' antiporter, as demonstrated previously in mesan-
gial cells for other vasoconstrictors (5, 17).

In summary, the present studies describe cellular re-
sponses, signal transduction pathways, renovascular, glomeru-
lar, and systemic actions for endothelin in the rat. The cellular
responses in mesangial cells include inositol phosphate turn-
over, elevations in intracellular calcium concentration, intra-
cellular alkalinization, mitogenesis, and contraction, suggest-
ing the presence of endothelin-specific receptors on these cells.
Taken together, these data raise the possibility ofan important
role for endothelin in the control of renal and systemic vascu-
lar reactivity and glomerular function during physiologic and/
or pathophysiologic conditions.
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