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Abstract

 

To assess cellular mechanisms mediating afferent (AA) and
efferent arteriolar (EA) constriction by angiotensin II (AngII),
experiments were performed using isolated perfused hy-
dronephrotic kidneys. In the first series of studies, AngII
(0.3 nM) constricted AAs and EAs by 29
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3 (

 

n

 

 

 

5

 

 8, 

 

P

 

 

 

,

 

0.01) and 27
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3% (

 

n
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 8, 

 

P

 

 

 

,

 

 0.01), respectively. Subse-
quent addition of nifedipine restored AA but not EA diame-
ter. Manganese (8 mM) reversed EA constriction by 65

 

6

 

9%
(

 

P

 

 

 

,

 

 0.01). In the second group, the addition of 

 

N

 

-ethylma-
leimide (10 

 

m

 

M), a Gi/Go protein antagonist, abolished AngII-
induced EA (

 

n

 

 

 

5

 

 6) but not AA constriction (

 

n

 

 

 

5

 

 6). In the
third series of experiments, treatment with 2-nitro-4-carbox-
yphenyl-

 

N

 

,

 

N

 

-diphenyl-carbamate (200 

 

m

 

M), a phospholi-
pase C inhibitor, blocked both AA and EA constriction by
AngII (

 

n

 

 

 

5

 

 6 for each). In the fourth group, thapsigargin
(1 

 

m

 

M) prevented AngII-induced AA constriction (

 

n

 

 

 

5

 

 8)
and attenuated EA constriction (8

 

6

 

2% decrease in EA di-
ameter at 0.3 nM AngII, 

 

n

 

 

 

5

 

 8, 

 

P

 

 

 

,

 

 0.05). Subsequent addi-
tion of manganese (8 mM) reversed EA constriction. Our
data provide evidence that in AAs, AngII stimulates phos-
pholipase C with subsequent calcium mobilization that is
required to activate voltage-dependent calcium channels.
Our results suggest that AngII constricts EAs by activating
phospholipase C via the Gi protein family, thereby eliciting
both calcium mobilization and calcium entry. (

 

J. Clin. In-
vest. 
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Introduction

 

Several lines of evidence indicate that angiotensin II (AngII)

 

1

 

is a potent renal vasoconstrictor. In addition to its physiologi-

cal actions on glomerular hemodynamics and excretory func-
tion (1), AngII has been shown to play an important role in
mediating pathophysiological renal vasoconstriction in a wide
array of disorders, including heart failure, hypertension, and
progressive renal diseases (2). Thus, previous studies have
demonstrated that angiotensin-converting enzyme inhibition
induces beneficial effects on renal functions under the condi-
tions mentioned above (3–6).

On the basis of the above considerations, the elucidation of
the mechanisms whereby AngII induces renal vasoconstriction
would be of great interest and could provide a theoretical
framework for developing strategies for the management of di-
verse renal diseases. Recent investigations (7–9) have demon-
strated that AngII constricts renal microvasculature, including
afferent and efferent arterioles. We and other investigators
have provided evidence that AngII constricts afferent arteri-
oles by opening chloride channels, thereby inducing membrane
depolarization and activation of voltage-dependent calcium
channels (10, 11). However, the data concerning mechanisms
mediating efferent arteriolar constriction by AngII were lim-
ited and controversial (12, 13). In addition, previous results in-
dicate the absence of voltage-dependent calcium channels on
the efferent arteriole (14). Furthermore, recent studies have
revealed that AngII opens receptor-operated voltage-indepen-
dent calcium-permeable cation channels on vascular smooth
muscle cells (15), but the relative contribution of these chan-
nels to AngII-induced efferent arteriolar constriction has not
been fully examined.

To address the controversies, and to assess the calcium acti-
vation mechanisms by AngII, we initially assessed the effects
of nifedipine, an organic calcium entry blocker, and manga-
nese, a potent inorganic calcium entry blocker possessing the
lowest permeability through receptor-operated calcium-per-
meable cation channels among inorganic calcium blockers (16),
on afferent and efferent arteriolar responses to AngII, using
an isolated perfused hydronephrotic kidney model in which
AngII elicits renal hemodynamic responses similar to those
of the normal kidney (8, 17). Furthermore, the influence of

 

N

 

-ethylmaleimide, a GTP-binding (G) protein antagonist that
inhibits the Gi protein family (18), or of thapsigargin, an endo-
plasmic reticulum calcium pump inhibitor (19), on renal mi-
crovascular constriction by AngII was examined. Our results
suggest that in afferent arterioles, AngII elicits intracellular
calcium mobilization, possibly through Gq proteins, that is re-
quired to recruit voltage-dependent calcium channels. Fur-
thermore, these results constitute evidence that AngII-induced
efferent arteriolar constriction is mediated by both calcium mo-
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bilization and calcium entry via mechanisms dependent on the
Gi protein family.

 

Methods

 

AngII, manganese, aluminum chloride (AlCl

 

3

 

), 

 

N

 

-ethylmaleimide
(NEM), 2-nitro-4-carboxyphenyl-

 

N

 

,

 

N

 

-diphenyl-carbamate (NCDC),
sodium fluoride (NaF), and EGTA were obtained from Sigma Chem-
ical Co. (St. Louis, MO). Thapsigargin and staurosporine were ob-
tained from Research Biochemicals Inc. (Natick, MA). Nifedipine
was kindly provided by Bayer Co. Ltd. (Osaka, Japan).

43 adult male Sprague-Dawley rats (Charles River Japan, Atsugi,
Kanagawa, Japan) were used for the induction of hydronephrosis.
The right ureter was exposed by a small abdominal incision and li-
gated under ether anesthesia (Showa Chemicals, Tokyo, Japan). 8–10
wk after the surgery, renal tubular atrophy had progressed to a stage
that allowed direct microscopic visualization of renal microvessels
(20). At this point, the kidneys were excised and studied.

For the perfusion of the kidneys, the rats were again anesthetized
with ether. The right renal artery was cannulated by introducing the
perfusion cannula through the mesenteric artery and across the aorta.
Perfusion with warm, oxygenated media (pH 7.4) was initiated during
this cannulation procedure. The kidney was excised, and the renal
capsule was removed to promote the visualization of microvessels.
The kidney was then placed on the stage of an inverted microscope
(model T041; Olympus Corp., Lake Success, NY) modified to accom-
modate a heated chamber equipped with a thin siliconized glass view-
ing port on the bottom surface (21).

The perfusion media consisted of Krebs-Ringer bicarbonate buf-
fer containing 5 mM 

 

D

 

-glucose and a complement of amino acids, as
detailed previously (22). Perfusate was provided to the kidney at a con-
stant pressure from a pressurized chamber. The chamber pressure
was maintained by an inflow of warm, hydrated gas of 95% O

 

2

 

/5%
CO

 

2

 

, which exited through an adjustable back-pressure regulator
(model 10BP; Fairchild Industrial Products Co., Winston-Salem, NC).
Perfusion pressure was measured at the level of the renal artery and
maintained constant at 80 mmHg throughout the experiments. The
effluent was returned to the pressurized chamber by two rolling
pumps (model 70 16-20; Cole-Parmer Instrument Co., Chicago, IL).

Kidneys were allowed to equilibrate for at least 30 min before
basal measurements were obtained, and experimental manipulations
were then initiated. Video images of the renal microvessels were ob-
tained using a CCD video camera (model ICD-42AC; Ikegami
Tsushinki Co., Ltd., Tokyo, Japan) and recorded with a video cas-
sette recorder (model EVO-9850; Sony Corp., Park Ridge, NJ). To
determine the vessel diameter, the video recording was transmitted
to an IBM-AT computer equipped with a display board (model
TARGA

 

1

 

; Truevision Inc., Indianapolis, IN). Vessel diameters were
estimated with an automated program custom-designed to determine
the mean distance between parallel edges. The renal microvessel di-
ameters were obtained during the plateau of the response. The seg-
ments of afferent arterioles near the parent interlobular artery and
those of efferent arterioles near the glomerulus (23), 

 

z

 

 10 

 

m

 

m in
length, were scanned at 2–5-s intervals.

In the first series of experiments, the kidneys (

 

n

 

 

 

5

 

 5) were ex-
posed initially to increasing doses of AngII, from 0.03 to 0.3 nM (11).
In the presence of AngII (0.3 nM), nifedipine (1 

 

m

 

M) was adminis-
tered to the perfusate (14). Finally, manganese was added directly to
the media in a cumulative manner to achieve final concentrations of
4, 8, and 12 mM.

As shown in Fig. 1, the addition of AngII elicited prompt and sus-
tained constriction in both afferent and efferent arterioles. Previous
results showed that under our experimental conditions, AngII (0.3 nM)
provoked renal microvascular constriction that persisted for a period
of observation 

 

.

 

 2 h (8). Thus, all the protocols using AngII were
completed within 2 h after the administration of AngII.

In the second series of studies (four kidneys), AngII (0.3 nM) was

administered first. Manganese was then added in a cumulative man-
ner to obtain concentrations of 4, 8, and 12 mM.

In the third series of experiments, the kidneys (

 

n

 

 

 

5

 

 4) were per-
fused with calcium-free medium for 10 min. Calcium-free medium con-
tained 2 mM EGTA to decrease calcium concentration adequately
(24). AngII (0.3 nM) was then administered (8).

In the fourth group, the influence of NEM on AngII-induced mi-
crovascular constriction was assessed (five kidneys). NEM, a sulfhy-
dryl reagent, inhibits the Gi protein family (Go and Gi proteins) in
the shortest time periods of the known G protein antagonists (25).
After basal arteriolar diameter was observed, NEM (10 

 

m

 

M) was
added. After a 30-min reequilibration period, AngII was adminis-
tered to achieve final concentrations of 0.1 and 0.3 nM. Subsequently,
manganese (4–8 mM) was added.

In the fifth group, the kidneys (

 

n

 

 

 

5

 

 4) were exposed to increasing
doses of NaF (1–10 mM) in the presence of AlCl

 

3

 

 (10 

 

m

 

M), to activate
G proteins directly (26). Al/NaF is able to activate all G proteins by
substituting for the terminal phosphate in the presence of GDP to
mimic GTP (27). NCDC, an inhibitor of phospholipase C (15, 24),
was then administered to the media in a cumulative manner (from 10
to 200 

 

m

 

M).
In the sixth series of studies, the kidneys (

 

n

 

 

 

5

 

 5) were treated ini-
tially with 200 

 

m

 

M NCDC. Our recent results demonstrated that this
dose of NCDC arrested the increase in inositol trisphosphate produc-
tion (24), suggesting efficient blockade of phospholipase C at the con-
centration used in this study. 30 min later, arteriolar responses to
AngII (0.1–0.3 nM) were assessed. Subsequently, potassium concen-
tration in the perfusate was increased isoosmotically to 30 meq/liter
(14). Finally, manganese (4–8 mM) was administered.

In the seventh group, basal arteriolar diameter was observed first.
The kidneys (

 

n

 

 

 

5

 

 6) were then treated with thapsigargin (1 

 

m

 

M), an
inhibitor of endoplasmic reticulum Ca-ATPase (19). After a 30-min
reequilibration period, AngII (0.1–0.3 nM) was added in a cumulative
manner. Finally, manganese (8 mM) was administered.

Figure 1. Representative tracings of afferent and efferent arteriolar 
responses to 0.3 nM AngII. AngII elicited sustained afferent arteri-
olar constriction, from 20.4 to 14.1 mm (top), within 5 min. Similarly, 
AngII decreased efferent arteriolar diameter from 18.4 to 12.8 mm 
(bottom).
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In the eighth group, the kidneys (

 

n

 

 

 

5

 

 5) were treated with both
1 

 

m

 

M of thapsigargin and 50 nM of staurosporine, a protein kinase C
inhibitor (28). We showed previously that under our experimental con-
ditions, 50 nM of staurosporine prevented endothelin-induced activa-
tion of protein kinase C (8). Increasing doses of AngII (0.1–0.3 nM)
were then added. Subsequently, potassium concentration in the per-
fusate was increased to 30 meq/liter (14).

In the ninth series of studies, the kidneys (

 

n

 

 

 

5

 

 5) were exposed to
staurosporine (50 nM) for 30 min. AngII (0.1–0.3 nM) was then ad-
ministered to the perfusate.

Data are expressed as means

 

6

 

SE. Statistical significance was de-
termined by Student’s 

 

t

 

 tests, or ANOVA followed by the Newmann-
Keuls test. 

 

P

 

 values 

 

,

 

 0.05 were considered statistically significant.

 

Results

 

Fig. 2 illustrates the effects of nifedipine and manganese on
AngII-induced microvascular constriction. The addition of 0.1
nM AngII constricted afferent arterioles by 14

 

6

 

2% (from
20.6

 

6

 

1.0 to 17.8

 

6

 

0.8 

 

m

 

m, 

 

n

 

 

 

5

 

 8, 

 

P

 

 

 

,

 

 0.01) and efferent arteri-
oles by 10

 

6

 

2% (from 18.6

 

6

 

0.7 to 16.8

 

6

 

0.5 

 

m

 

m, 

 

n

 

 

 

5

 

 8, 

 

P

 

 

 

,

 

0.01), respectively. Increasing doses of AngII induced further
renal microvascular constriction. At 0.3 nM, AngII reduced af-
ferent arteriolar diameter by 29

 

6

 

3% (to 14.6

 

6

 

0.6 

 

m

 

m, 

 

P

 

 

 

,

 

0.01). AngII (0.3 nM) constricted the efferent arteriole by
27

 

6

 

3% (to 13.6

 

6

 

0.8 

 

m

 

m, 

 

P

 

 

 

,

 

 0.01). Subsequently, the effects
of nifedipine (1 

 

m

 

M) were examined. This dose of nifedipine
was required to completely reverse afferent arteriolar constric-
tion by KCl-induced membrane depolarization (14). Although
the addition of nifedipine restored the decrements in AngII-
induced afferent arteriolar diameter (to 20.2

 

6

 

0.9 

 

mm, not sig-
nificant (NS) vs. control), it failed to alter efferent arteriolar
diameter (13.86 0.8 mm). Although the addition of increasing
doses of manganese did not induce further alterations in af-
ferent arteriolar diameter, it reversed AngII-induced efferent
arteriolar constriction. At 4 mM, the addition of manganese
reversed considerably AngII-induced efferent arteriolar con-
striction (to 15.160.7 mm, P , 0.05 vs. 0.3 nM AngII). Increas-
ing the dose of manganese to 8 mM elicited further efferent ar-
teriolar dilation (to 16.960.7 mm, P , 0.01 vs. 0.3 nM AngII).
However, 12 mM of manganese failed to induce further effer-
ent arteriolar dilation (16.960.8 mm).

Fig. 3 represents the influence of manganese on AngII-
induced renal vasoconstriction. AngII (0.3 nM) constricted af-
ferent and efferent arterioles by 2763% (from 20.660.9 to
13.860.7 mm, n 5 6, P , 0.01) and 3063% (from 19.760.9 to
13.360.6 mm, n 5 6, P , 0.01), respectively. Subsequent addi-
tion of manganese reversed AngII-induced microvascular con-
striction in a dose-dependent manner. At 4 mM, manganese
reversed afferent (to 17.360.9 mm, P , 0.01 vs. AngII) and ef-
ferent arteriolar constriction (to 14.960.7 mm, P , 0.05 vs.
AngII). Manganese (8 mM) restored completely afferent arte-
riolar constriction (to 20.561.0 mm, NS vs. control), indicating
that calcium entry mediates sustained afferent arteriolar con-

Figure 2. The effects of 
nifedipine and manga-
nese (Mn) on AngII-
induced arteriolar con-
striction. Open and 
filled circles, afferent 
and efferent arterioles, 
respectively. *Signifi-
cance, from the respec-
tive basal value.

Figure 3. Influence of 
manganese (Mn) on 
AngII-induced arteri-
olar constriction. Open 
and filled circles, affer-
ent and efferent arteri-
oles, respectively. *Sig-
nificance, from the 
respective basal value.

Figure 4. Representative tracings of arteriolar responses to 0.3 nM 
AngII in calcium-free medium. AngII elicited only transient afferent 
arteriolar constriction, from 21.6 to 19.9 mm (top). In contrast, the 
efferent arteriole manifested persistent constriction, from 19.5 to 
17.7 mm, by AngII (bottom).
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striction by AngII, but it reversed only partially efferent arteri-
olar constriction (to 17.260.9 mm, P , 0.05 vs. control).
Increasing manganese to 12 mM failed to induce further alter-
ations in either afferent or efferent arteriolar diameters.

As shown in Fig. 4, in calcium-free medium, the addition of
AngII (0.3 nM) elicited transient afferent arteriolar constric-
tion, providing evidence that calcium mobilization occurred by
AngII. However, sustained afferent arteriolar constriction by
AngII was abolished (from 22.061.1 to 21.961.0 mm, n 5 6).
When the kidneys were exposed to calcium-free medium,
AngII (0.3 nM) produced a sustained decrease in efferent arte-
riolar diameter of 1.760.3 mm (P , 0.05 vs. zero, n 5 6) at 10
min after its administration. Nevertheless, the magnitude of
AngII-induced efferent arteriolar constriction in calcium-free
medium was attenuated compared with normal medium (P ,
0.01). Thus, in calcium-free medium, 0.3 nM AngII constricted
efferent arterioles by 762% (from 18.760.9 to 17.160.7 mm, n 5
6), which is identical to the magnitude of AngII (0.3 nM)-
induced efferent arteriolar constriction (962%) in the pres-
ence of manganese (8 mM), supporting the actions of manga-
nese as a calcium entry blocker.

Fig. 5 depicts the effect of NEM, a blocker of the Gi pro-
tein family, on AngII-induced renal microvascular constric-
tion. Treatment with NEM did not elicit any changes in affer-
ent (from 19.560.6 to 19.460.6 mm, n 5 6) or efferent
arteriolar diameter (from 18.560.6 to 18.660.7 mm, n 5 6).
Subsequent addition of AngII constricted afferent arterioles
by 2062 (to 15.560.4 mm, P , 0.01) and 3463% (to 13.160.4
mm, P , 0.01) at 0.1 and 0.3 nM, respectively. Treatment with
NEM blocked efferent arteriolar constriction. In the presence
of NEM, AngII up to 0.3 nM did not alter efferent arteriolar
diameter (18.560.8 mm). Administration of increasing concen-
trations of manganese failed to alter efferent arteriolar diame-
ter. However, the addition of 4 mM of manganese reversed
partially AngII-induced afferent arteriolar constriction, to
16.760.5 mm (P , 0.01 vs. 0.3 nM AngII). At 8 mM, manga-
nese returned afferent arteriolar diameter to 19.760.5 mm (NS
vs. control).

Fig. 6 exhibits the effect of NCDC, a phospholipase C in-
hibitor, on NaF-induced renal microvascular constriction. Al-

though the addition of AlCl3 altered neither afferent (from
20.960.8 to 20.960.6 mm, n 5 6) nor efferent arteriolar diame-
ter (from 19.060.8 to 19.060.7 mm, n 5 6), subsequent expo-
sure to NaF elicited both afferent and efferent arteriolar con-
striction. At 3 mM, NaF decreased afferent arteriolar diameter
by 1161% (to 18.860.9 mm, P , 0.05) and reduced efferent
arteriolar diameter by 1662% (to 15.960.8 mm, P , 0.05). At
10 mM, NaF provoked further afferent and efferent arteriolar
constriction, to 15.160.7 and 13.960.7 mm, respectively. NCDC
reversed NaF-induced arteriolar constriction in a dose-depen-
dent manner. At 100 mM, NCDC reversed afferent and effer-
ent arteriolar constriction by NaF to 19.060.5 and 16.660.8 mm
(P , 0.05 vs. 10 mM NaF for both), respectively. At 200 mM,
NCDC restored completely NaF-induced decrements in both
afferent (to 20.760.9 mm, NS vs. control) and efferent (to
18.560.8 mm, NS vs. control) arteriolar diameter, indicating
that under our experimental conditions, this dose of NCDC
was required to inhibit phospholipase C activated via G pro-
teins.

Fig. 7 summarizes the effect of NCDC on AngII-induced
renal microvascular constriction. The addition of NCDC (200
mM) did not alter either afferent (from 20.061.0 to 19.761.0
mm, n 5 6) or efferent arteriolar diameter (from 18.560.9 to
18.660.8 mm, n 5 6). However, subsequent addition of AngII
up to 0.3 nM failed to elicit both afferent (19.561.1 mm) and
efferent arteriolar constriction (18.261.0 mm). Increasing po-
tassium concentration (from 461 to 3063 meq/liter, n 5 5, P ,
0.01) constricted afferent arterioles by 3064% (to 13.860.8 mm,
P , 0.01), but it did not alter efferent arteriolar diameter
(17.960.9 mm). Although subsequent administration of man-
ganese did not induce any changes in efferent arteriolar diame-
ter, it reversed afferent arteriolar constriction in a dose-depen-
dent manner. At 4 mM, manganese dilated afferent arterioles
to 17.460.9 mm (P , 0.05 vs. KCl). Increasing manganese con-
centration to 8 mM returned afferent arteriolar diameter to
19.961.1 mm (NS vs. control).

Fig. 8 describes the effect of thapsigargin, an endoplasmic
reticulum calcium pump inhibitor, on AngII-induced renal
vasoconstriction. The addition of thapsigargin (1 mM) failed to
alter both afferent (from 21.160.9 to 21.760.9 mm, n 5 8) and
efferent arteriolar diameter (from 19.460.8 to 19.860.9 mm,

Figure 5. Impact of 
NEM (10 mM) on
AngII-induced arteri-
olar constriction. Open 
and filled circles, affer-
ent and efferent arteri-
oles, respectively. Mn, 
manganese. *Signifi-
cance, from basal value.

Figure 6. Effect of 
NCDC on NaF-induced 
arteriolar constriction. 
Open and filled circles, 
afferent and efferent 
arterioles, respectively. 
*Significance, from the 
respective basal value.
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n 5 8). However, subsequent addition of AngII (0.1–0.3 nM)
elicited neither phasic nor sustained afferent arteriolar con-
striction (21.360.8 mm). Treatment with thapsigargin attenu-
ated AngII-induced efferent arteriolar constriction. In the
presence of thapsigargin, AngII (0.3 nM) decreased efferent
arteriolar diameter by 862% (to 17.760.6 mm, P , 0.05). Al-
though subsequent administration of manganese (8 mM) did
not induce further alterations in afferent arteriolar diameter, it
reversed completely efferent arteriolar constriction, to 19.46
0.8 mm (NS vs. control).

Fig. 9 displays the influence of staurosporine (50 nM) and
thapsigargin (1 mM) on AngII-induced microvascular constric-
tion. Treatment with staurosporine did not alter either afferent
(from 23.561.2 to 23.761.1 mm, n 5 6) or efferent arteriolar
diameter (from 20.561.0 to 20.361.0 mm, n 5 6). Subsequent
administration of thapsigargin (1 mM) failed to induce changes

in either afferent (to 24.061.1 mm) or efferent arteriolar diam-
eter (21.161.1 mm). Subsequent administration of AngII up to
0.3 nM did not elicit either afferent (to 23.661.1 mm) or effer-
ent arteriolar constriction (to 20.861.0 mm). However, increas-
ing potassium concentrations in the perfusate (from 561 to
2963 meq/liter, n 5 5, P , 0.01) constricted afferent arterioles
to 16.861.2 mm (P , 0.01) in the presence of both thapsigargin
and staurosporine. These findings suggest that neither thapsi-
gargin nor staurosporine influences calcium channels or myo-
sin light chain kinase at the concentrations used in this study,
providing evidence for the specificity of these blockers.

Fig. 10 delineates the impact of staurosporine on AngII-
induced microvascular constriction. Although the addition of
staurosporine itself failed to alter both afferent (from 18.261.9
to 18.261.8 mm, n 5 8) and efferent arteriolar diameter (from
16.261.9 to 16.361.9 mm, n 5 8), it attenuated AngII-induced
efferent arteriolar constriction (at 0.1 and 0.3 nM of AngII,
P , 0.05 vs. untreated). Thus, at 0.3 nM, AngII elicited modest
efferent arteriolar constriction in the presence of staurospo-
rine, by 1363% (to 13.861.5 mm, P , 0.05 vs. control). In con-

Figure 8. Effect of 
thapsigargin (1 mM) on 
AngII-induced arteri-
olar constriction. Open 
and filled circles, affer-
ent and efferent arteri-
oles, respectively. *P , 
0.05 from the basal 
value.

Figure 9. Impact of 
combined treatment 
with thapsigargin (1 
mM) and staurosporine 
(50 nM) on AngII-
induced arteriolar con-
striction. Open and 
filled circles, afferent 
and efferent arterioles, 
respectively. *P , 0.01 
from the basal value.

Figure 10. Influence of 
staurosporine (50 nM) 
on AngII-induced arte-
riolar constriction. 
Open and filled circles, 
afferent and efferent 
arterioles, respectively. 
*Significance, from the 
respective basal value.

Figure 7. Influence of 
NCDC (200 mM) on 
AngII-induced arteri-
olar constriction. Open 
and filled circles, affer-
ent and efferent arteri-
oles, respectively. *Sig-
nificance, from basal 
value.
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trast, AngII-induced afferent arteriolar constriction was not al-
tered significantly by the inhibition of protein kinase C. AngII
(0.3 nM) decreased afferent arteriolar diameter by 2863% (to
13.061.4 mm, P , 0.01 vs. control) in the presence of stauro-
sporine.

Discussion

Signal transduction mediating vascular effects of AngII has
been investigated extensively, using isolated vascular stripe and
cultured vascular smooth muscle cells. Although most of the
physiological responses to AngII are mediated by AT1 recep-
tors (29), the postreceptor mechanisms appear to differ among
various vascular beds. Recent studies indicate that AngII
transduces its signal with second messengers synthesized by
phospholipase C in arterial smooth muscle (29). However,
Ohya and Sperelakis (30) have demonstrated that AngII gates
calcium channels by coupling with G protein in the portal vein.
Thus, cellular mechanisms mediating AngII-induced renal mi-
crovascular constriction may differ from those in large vessels.
Furthermore, the postreceptor processes involved in contrac-
tile responses to AngII may vary among distinct segments of
renal microvascular beds.

AngII AT1 receptors are coupled with phospholipase C in
aortic vascular smooth muscle (29). We showed previously that
losartan reversed afferent arteriolar constriction by AngII (31),
indicating the presence of AT1 receptors on this vessel. In iso-
lated renal microvessels, the addition of AngII increases inosi-
tol trisphosphate levels (32), suggesting that, as in large ves-
sels, AT1 receptors are coupled with phospholipase C in renal
microvasculature. In agreement with this finding, these results
have demonstrated that NCDC, a phospholipase C inhibitor,
blocked afferent arteriolar constriction by AngII. Although G
proteins transduce signals from AT1 receptors to phospholi-
pase C (29, 33), NEM failed to modify afferent arteriolar con-
striction by AngII. However, our observations that NaF-induced
afferent arteriolar constriction was reversed by NCDC suggest
a linkage between G protein and phospholipase C in this ves-
sel. Because phospholipase C couples with Gq or Gi protein
families (34), and because NEM exhibits pharmacological ac-
tions similar to pertussis toxin in inhibiting the Gi protein fam-
ily (25), these findings suggest that AT1 receptors on afferent
arterioles are coupled with phospholipase C presumably via
NEM-insensitive G(q) proteins.

Our data revealed that manganese or nifedipine restored
decrements in afferent arteriolar diameter by AngII. As dis-
cussed previously (7, 8), these data indicate a mediatory role of
calcium entry through L-type calcium channels in sustained af-
ferent arteriolar constriction by AngII. Furthermore, we have
demonstrated that treatment with NCDC or thapsigargin pre-
vented afferent arteriolar constriction by AngII. Collectively,
our findings suggest that in afferent arterioles, phospholipase
C–dependent calcium release from endoplasmic reticulum
(35) triggers subsequent cellular responses that activate volt-
age-dependent calcium channels. Electrophysiological studies
indicate the presence of calcium-activated chloride channels
on preglomerular vessels, including afferent arterioles (10, 36).
Furthermore, previous data demonstrated that chloride chan-
nel blockade inhibited AngII-induced afferent arteriolar con-
striction (11, 37). Thus, these observations support the recent
proposal that AngII-induced intracellular calcium mobiliza-
tion renders chloride channels on the afferent arteriole more

likely to open, thereby eliciting membrane depolarization and
consequent activation of voltage-dependent calcium channels.

Although efferent arteriolar constriction by AngII is medi-
ated by AT1 receptors (31), the postreceptor mechanisms ap-
pear to differ from those of afferent arterioles. Ruan and
Arendshorst (38) reported that cotreatment with nifedipine
and 8-(N,N-diethylamino)-octyl-3,4,5-trimethoxybenzoate di-
minished but did not prevent renal vasoconstriction by AngII.
In accordance, we have shown that pretreatment with thapsi-
gargin attenuated but did not block AngII-induced efferent ar-
teriolar constriction. Furthermore, these data indicate that the
coadministration of manganese with thapsigargin abolished ef-
ferent arteriolar constriction by AngII. Thus, our data indicate
that both calcium mobilization and calcium entry are required
for full expression of sustained AngII-induced efferent arteri-
olar constriction. However, it is unlikely that capacitive cal-
cium current accounts for this calcium entry, because thapsi-
gargin itself, which strongly recruits capacitive calcium entry
(39), failed to induce vasoconstriction. Alternatively, recent
studies indicate that AngII induces calcium entry by opening
receptor-operated calcium-permeable channels via a phospho-
lipase C–dependent process in vascular smooth muscle (15). In
addition, we have shown that AngII does not elicit efferent ar-
teriolar constriction in the presence of either NEM or NCDC.
Collectively, our results are consistent with those of Pfeil-
schifter and Bauer (40), that pertussis toxin blocked the stimu-
lation of phospholipase C by AngII in mesangial cells, and sug-
gest further that in the efferent arteriole, the activation of AT1

receptors triggers phospholipase C through NEM-sensitive
G(i) proteins, thereby eliciting not only calcium mobilization
but also calcium entry.

Our results are compatible with the observations of Ichi-
kawa et al. (12). Using micropuncture methods, they demon-
strated that manganese reversed AngII-induced increase in ef-
ferent arteriolar resistance. However, our findings differed from
those of Conger et al. (13) showing that efferent arteriolar con-
striction was mediated by calcium mobilization. Although the
reasons for observed differences are not readily apparent, they
may relate to the temporal profile of constriction. While Con-
ger et al. (13) observed efferent arteriolar diameter for 4 min
after the addition of AngII, we examined AngII-induced efferent
arteriolar constriction at least 10 min after AngII administra-
tion. Taken together, these results suggest that calcium entry
participates considerably in sustained efferent arteriolar con-
striction by AngII.

Our findings may provide insight into the signal transduc-
tion pathway that allows calcium entry in efferent arterioles.
Previous data using various methods imply that voltage-
dependent calcium channels are lacking in the efferent arteri-
ole (14, 41, 42). Consistent with this, our recent results indi-
cated that isradipine (0.1 mM), a calcium antagonist, reversed
AngII-induced afferent but not efferent arteriolar constriction
(8). In this study, we showed that nifedipine did not alter effer-
ent arteriolar constriction by AngII. Furthermore, in the pres-
ence of NCDC, AngII did not elicit efferent arteriolar con-
striction. Our data are compatible with those of Ruegg et al.
(15), and indicate a mediatory role for phospholipase C in AngII-
induced calcium influx into efferent arterioles. Indeed, recent
investigations reveal that the products of phospholipase C reg-
ulate voltage-independent calcium-permeable cation channels
(43). On the one hand, inositol tris- and/or tetrakis-phosphate
activates calcium entry (39). On the other hand, protein kinase
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C opens calcium-permeable cation channels (44). We have
demonstrated that cotreatment with thapsigargin and stauro-
sporine abolished efferent arteriolar constriction by AngII.
Our findings are thus consistent with the latter finding, and
provide evidence that protein kinase C is involved in AngII-
induced calcium entry into efferent arterioles. This notion is
supported by the observation that staurosporine itself attenu-
ated efferent arteriolar constriction by AngII. These results
suggest that in efferent arterioles, AngII-induced activation of
protein kinase C gates voltage-independent calcium-perme-
able channels.

Although precise reasons for preferential action of protein
kinase C in efferent arterioles are not readily apparent, they
may relate to the difference in G proteins involved in AngII
signaling in afferent and efferent arterioles. Marked stimula-
tion of phospholipase C and/or inhibition of adenylate cyclase
would favor significant action of protein kinase C (18, 34). Fur-
ther studies using freshly isolated glomerular arteriolar myo-
cytes are required to elucidate a definite molecular basis in this
issue.

Finally, a caveat should be considered. AngII enhances tu-
buloglomerular feedback (TGF), contributing to glomerular
arteriolar constriction by this peptide (45, 46). The mechanisms
underlying TGF may overlap with those mediating AngII-
induced renal constriction in vivo. However, in our in vitro
model, TGF is not operating efficiently due to tubular atrophy
(11). Thus, the action of TGF would not confound the inter-
pretation of our results. Collectively, these findings suggest
that arteriolar behavior towards AngII observed in this study
represents direct action of this peptide on renal microvascula-
ture.

In summary, these findings indicate that AngII constricts
considerably both afferent and efferent arterioles. Further-
more, our results suggest that in afferent arterioles, the activa-
tion of AT1 receptors by AngII stimulates phospholipase C
with subsequent calcium mobilization that gates chloride chan-
nels, thereby inducing membrane depolarization and activa-
tion of voltage-dependent calcium channels. Finally, our data
provide the first evidence that in efferent arterioles, AT1 re-
ceptors are coupled with NEM-sensitive G proteins that trig-
ger phospholipase C, thereby eliciting both calcium mobiliza-
tion and calcium entry.
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