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REGULATION OF renal vascular resistance occurs through
a multitude of mechanisms (26). Changes in intrarenal
microvascular resistance can be evoked by alterations
in perfusion pressure, changes in circulating or locally
generated vasoactive agonists, or alterations in intrarenal neural activity. In the kidney, afferent arteriolar
resistance accounts for the majority of the preglomerular resistance, and Ca2⫹ plays a major role in the
regulation of afferent arteriolar caliber (26). Studies
have shown that afferent arteriolar responses to vasoconstrictors involve the activation of L-type Ca2⫹ channels and can be blocked by Ca2⫹ channel antagonists (5,
6, 14, 24, 26). Similarly, preglomerular autoregulatory
responses also rely heavily on the activation of L-type
Ca2⫹ channels (6, 25, 26). More recently, it has been
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shown that Ca2⫹ mobilization from intracellular stores
represents an important component of both the afferent
and efferent arteriolar response to angiotensin II and
norepinephrine and to the preglomerular response to
increases in perfusion pressure (16, 31). In studies
using isolated arteriolar segments, it has been shown
that administration of vasoconstrictors such as angiotensin II, norepinephrine, or endothelin stimulates an
increase in intracellular Ca2⫹ (4, 6, 8, 34); however,
whether or not those increases in intracellular Ca2⫹
arise from vascular smooth muscle cells, endothelial
cells, or both cell types remains uncertain.
Recent studies have centered on the role of adenine
nucleotide-sensitive P2 receptors in the regulation of
renal microvascular resistance (17, 18, 20, 35). Those
studies have revealed that extracellular ATP increases
renal vascular resistance by stimulating a rapid transient vasoconstriction of arcuate and interlobular arteries and sustained vasoconstriction of afferent arterioles
(17, 20, 35). Remarkably, ATP does not influence the
diameter of efferent arterioles (21). The most pronounced vasoconstriction is observed from afferent
arterioles. This response involves activation of Ca2⫹
influx pathways, including activation of L-type Ca2⫹
channels (20, 21). Functional evidence suggests that
ATP-mediated afferent arteriolar vasoconstriction is
dependent on Ca2⫹ influx (20); however, other studies,
using other vascular smooth muscles, have shown that
ATP stimulates Ca2⫹ mobilization (15, 22, 27, 30, 32).
The current studies were performed to directly determine the response of preglomerular microvascular
smooth muscle cells (MVSMC) to extracellular ATP.
Experiments were performed using rat preglomerular
smooth muscle cells freshly isolated from interlobular
arteries and afferent arterioles. This approach obviated
concerns related to cell culture-induced transformation
and ensured that the responses observed reflect the
responsiveness of cells in the undispersed tissue. Experiments focused on determining the effect of ATP on
[Ca2⫹]i and the relative contribution of Ca2⫹ influx
versus Ca2⫹ mobilization. Additional studies were performed to determine the role of L-type Ca2⫹ channel
activation on the ATP-mediated increase in [Ca2⫹]i.
METHODS

Tissue preparation and renal MVSMC isolation. Studies
were performed in accordance with the guidelines and practices put forth by the Tulane University Advisory Committee
for Animal Resources. Suspensions of preglomerular MVSMC
were prepared as previously described (19). Male SpragueDawley rats (n ⫽ 40; 250–375 g) were anesthetized with
pentobarbital sodium (40 mg/kg iv), and the abdominal aorta
was cannulated via the superior mesenteric artery. The
kidneys were flushed with an ice-cold, low-Ca2⫹ physiological
salt solution (PSS; 125 mM NaCl, 5.0 mM KCl, 1.0 mM
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preglomerular smooth muscle cells. Am. J. Physiol. 276
(Renal Physiol. 45): F450–F456, 1999.—We performed studies to determine the effect of extracellular ATP on the
intracellular Ca2⫹ concentration ([Ca2⫹]i ) in freshly isolated
microvascular smooth muscle cells (MVSMC). Suspensions of
preglomerular MVSMC were prepared by enzymatic digestion and loaded with fura 2. Single cells were studied using a
microscope-based fluorescence spectrophotometer during superfusion of a physiological salt solution with 1.8 mM Ca2⫹
and during exposure to similar solutions containing ATP.
Under control conditions, baseline [Ca2⫹]i averaged 107 ⫾ 6
nM (n ⫽ 86 cells from 34 animals). ATP administration
elicited concentration-dependent increases in [Ca2⫹]i. Exposure to ATP concentrations of 1, 10, and 100 µM increased
intracellular Ca2⫹ to peak concentrations of 133 ⫾ 20, 338 ⫾
37, and 367 ⫾ 35 nM, respectively (P ⬍ 0.05 vs. respective
baseline). Steady-state [Ca2⫹]i increased to 113 ⫾ 15, 150 ⫾
16 (P ⬍ 0.05 vs. baseline), and 180 ⫾ 12 nM (P ⬍ 0.05 vs.
baseline) for the same groups. The [Ca2⫹]i response to ATP
was also assessed in the absence of extracellular Ca2⫹ and
during blockade of L-type Ca2⫹ channels with diltiazem. In
these studies, exposure to 100 µM ATP induced a transient
peak increase in [Ca2⫹]i with the plateau phase being totally
abolished under Ca2⫹-free conditions and markedly attenuated during Ca2⫹ channel blockade, respectively. These data
indicate that ATP-mediated P2-receptor activation increases
[Ca2⫹]i in freshly isolated preglomerular MVSMC by stimulating Ca2⫹ release from intracellular stores, in addition to
stimulating the influx of extracellular Ca2⫹ through voltagegated L-type Ca2⫹ channels.
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and absence of saturating Ca2⫹ (Sf2 and Sb2, respectively)
averaged 12.65 ⫾ 1.66 (n ⫽ 10).
For determination of [Ca2⫹]i, suspensions of freshly isolated renal microvascular cells were loaded with the Ca2⫹sensitive fluorescent probe fura 2-AM (Molecular Probes,
Eugene, OR). The cells were loaded at room temperature with
4.0 µM fura 2-AM for 45 min. An aliquot of cell suspension
was transferred to the perfusion chamber (Warner Instrument, Hamden, CT), and the cells were allowed to adhere for
⬃30 min. The perfusion chamber was mounted to the stage of
a Nikon Diaphot inverted microscope and was attached to a
peristaltic perfusion pump. The cells were continuously superfused at room temperature (900 µl/min) with a normal Ca2⫹
PSS solution of the following composition (in mM): 125 NaCl,
5.0 KCl, 1.0 MgCl2, 10.0 glucose, 20.0 HEPES, 1.8 CaCl2, and
0.1 g/l BSA. Selected cells were isolated in the adjustable
sampling window, excluding adjacent cells and/or debris from
the sampling field. All fluorescence measurements were obtained with background subtraction.
We determined the effect of ATP on cytosolic Ca2⫹ concentration by exposing single cells to normal-Ca2⫹ PSS solutions
containing ATP concentrations of 1, 10, or 100 µM. Other
studies were performed to determine the role of extracellular
Ca2⫹ on the increase in cytosolic Ca2⫹ induced by ATP. Cells
were superfused with a nominally Ca2⫹-free solution (Ca2⫹free PSS), which resembled the PSS solutions except that no
CaCl2 was added. No EGTA was added to the solution, as this
may have had a deleterious effect on the ability of the cells to
stably regulate resting cytosolic Ca2⫹ concentration. Previous
studies have shown that exposure of preglomerular MVSMC
to 90 mM KCl in a similar nominally Ca2⫹-free solution
resulted in no detectable increase in cytosolic Ca2⫹ (19). The
role of L-type Ca2⫹ channels in the ATP-mediated Ca2⫹
response was assessed by adding 10 µM diltiazem to a normal
PSS solution containing 1.8 mM Ca2⫹.
Statistical analysis. Data are presented as representative
traces or as grouped data. Grouped data are presented as the
group mean ⫾ SE. Differences within groups were analyzed
by analysis of variance for repeated measures. Differences
between groups were analyzed by one-way analysis of variance. Post hoc tests were performed using the Newman-Keuls
multiple-range test. P ⬍ 0.05 was considered significantly
different.
RESULTS

Figure 1 presents photographs obtained from videotaped records of a typical freshly isolated MVSMC
before, during, and after exposure to ATP. As can be
seen in Fig. 1A, the cell exhibits an appropriate fusiform shape typical of vascular smooth muscle cells.
During exposure to ATP (Fig. 1B), the cell responds
with a marked and rapid shortening from the slender
fusiform shape to a rounder shape consistent with
smooth muscle contraction. Under control conditions,
this cell measured ⬃41 µm in length and 7 µm in width
across the center, and the sarcolemma had a smooth,
uniform appearance. This cell is pictured again shortly
after exposure to a bathing solution containing 100 µM
ATP (Fig. 1B). The cell responded with a rapid contraction that reduced the cell length by ⬃63% to 15 µm and
increased the width to ⬃8 µm. During the contractile
response, the sarcolemma could be seen to change from
a smooth uniform appearance to a coarse, more contorted appearance, with pronounced indentations and
protrusions in the plasma membrane (Fig. 1B). How-
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MgCl2, 10 mM glucose, 20 mM HEPES, 0.1 mM CaCl2, and
0.1 g/l BSA) before being perfused with a similar solution
containing iron oxide (25 mg/ml). All solutions were prepared
using highly purified water deionized by a Milli-QPlus reverseosmosis water purification system (Millipore, Bedford, MA).
The kidneys were resected from the animal and decapsulated, and the renal medullary tissue was removed. The
cortical tissue was pressed through a 180-µm-mesh sieve, and
the sieve retentate was washed several times with ice-cold,
low-Ca2⫹ PSS. The vascular tissue remaining on the sieve
was transferred to a dish containing ice-cold, low-Ca2⫹ PSS,
where segments of interlobular artery with attached afferent
arterioles were collected and transferred to a 25-ml dissociation flask containing an enzyme solution of the following
composition: 0.15% collagenase (type IV; Sigma Chemical, St.
Louis, MO), 0.006% elastase (type II-A; Sigma Chemical),
0.05% soybean trypsin inhibitor (type I-S; Sigma Chemical),
and 0.05% BSA dissolved in low-Ca2⫹ PSS. The tissue was
incubated in the enzyme solution for 20 min at 37°C before
being gently triturated with a pasteur pipette. The vascular
segments containing iron oxide were collected with a magnet
while the nonvascular tissue cellular debris was decanted.
Fresh enzyme solution was added to the flask, and the tissue
was incubated at 37°C for another 20 min. Microvascular
segments containing iron were washed for 10 min in an
ice-cold, enzyme-free recovery solution of the following composition (in mM): 80.0 KCl, 30.0 KH2PO4, 5.0 MgSO4, 20.0
glucose, 5.0 Na2ATP, 5.0 phosphocreatine, 3.0 EGTA, and 10.0
MOPS, pH 7.3 (12). The tissue was gently triturated and the
undispersed tissue was transferred to a new aliquot of fresh
buffer. This cycle of trituration and transfer was repeated 4–5
times, after which the remaining tissue was discarded. Trituration fractions containing healthy viable cells were centrifuged at 5,800 g for 30 s, and the cell pellet was resuspended
in ice-cold medium 199 (Sigma Chemical) containing 100
U/ml penicillin and 200 µg/ml streptomycin and supplemented with 10% (vol/vol) fetal calf serum (M-199; Whittaker
Bioproducts, Walkersville, MD). Cell suspensions were stored
on ice and were used 1–6 h after isolation.
Fluorescence measurements in single MVSMC. We performed experiments using a monochrometer-based fluorescence spectrophotometer equipped with a 75-W xenon bulb
and chopper wheel (Photon Technology International, South
Brunswick, NJ) (19). Excitation wavelengths of 340 and 380
nm were delivered to the sample chamber through a fiberoptic cable, and the emitted light was collected at 510 nm
(Photon Technology International). Slit widths of 3 nm were
set for both excitation monochrometers. The optical path
included a ⫻40 objective (Nikon Fluor 40, NA ⫽ 1.3; Nikon
Instruments, Tokyo, Japan) and a dichroic mirror (DM400;
Nikon Instruments). Measurements of fluorescence intensity
were collected at five data points per second and were
analyzed with the aid of the Photon Technology International
software. Calibration of the fluorescence data was accomplished in vitro according to the method of Grynkiewicz et al.
(13). The ratio (R) of fura 2 fluorescence emitted by 340- and
380-nm (340/380) excitation wavelengths provides an index of
the [Ca2⫹]i in these cells. The minimum R (Rmin ) calibration
solution contained 1.0 µM fura 2 pentapotassium salt in a
solution of (in mM) 115.0 KCl, 20.0 NaCl, 10.0 MOPS, 1.1
MgCl2, and 10.0 EGTA, with the pH adjusted to 7.05. The
maximum R (Rmax ) solution was identical to the Rmin solution
except that saturating CaCl2 was added to yield a free Ca2⫹
concentration of 1.8 mM. Rmin and Rmax values obtained from
this calibration averaged 0.46 ⫾ 0.01 and 16.77 ⫾ 2.47,
respectively, and the 380-nm signals obtained in the presence
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ever, when the ATP was removed from the bathing
medium and the cell was allowed to relax, the undulations of the cell surface disappeared and the sarcolemma reverted to a smoother, more uniform appearance (Fig. 1C).
The first series of experiments was performed to
determine the effect of extracellular ATP on [Ca2⫹]i in
freshly isolated rat renal MVSMC. The results of those
studies are presented in Figs. 2 and 3. Experiments
were performed using ATP concentrations of 1, 10, and
100 µM, amounts that have been shown to cause
significant vasoconstriction of juxtamedullary afferent
arterioles (17). Figure 2 presents a representative trace
depicting the [Ca2⫹]i response obtained at each of the
three ATP concentrations tested. As shown in Fig. 2,
ATP caused a rapid and concentration-dependent increase in [Ca2⫹]i that was completely reversible. The
biphasic increase in [Ca2⫹]i typically included a rapid
initial increase to a peak value followed by a partial
recovery to a plateau concentration. Removal of ATP
from the superfusion solution resulted in a rapid return
of the [Ca2⫹]i to a concentration similar to the control
value.
Figure 3 illustrates the average data obtained from
multiple cells and tissue dispersions. Resting [Ca2⫹]i
averaged 107 nM (n ⫽ 86 cells from 34 animals).
Extracellular ATP concentrations of 1, 5, 10, and 100

Fig. 2. Effect of increasing ATP concentration on
intracellular Ca2⫹ ([Ca2⫹]i ) concentration in MVSMC.
Characteristic responses are illustrated in 3 typical
traces depicting response of different cells to ATP
concentrations of 1, 10, and 100 µM (A–C, respectively).

µM evoked significant peak increases in [Ca2⫹]i to
133 ⫾ 20, 230 ⫾ 57, 338 ⫾ 37, and 367 ⫾ 35 nM,
respectively. Sustained elevations in [Ca2⫹]i were observed with ATP concentrations of 5, 10, and 100 µM
and averaged 111 ⫾ 9, 150 ⫾ 16, and 180 ⫾ 12 nM,
respectively (P ⬍ 0.05 vs. the resting [Ca2⫹]i under
control conditions).
We evaluated the role of Ca2⫹ influx in the ATPinduced increase in [Ca2⫹]i in single MVSMC. These
experiments were performed by exposing single cells to
a solution containing 100 µM ATP in the absence of
extracellular Ca2⫹. A representative example of these
experiments is presented in Fig. 4, and the mean data
are presented in Fig. 5. As shown in Fig. 4, removal of
Ca2⫹ from the extracellular medium resulted in a slight
drop in [Ca2⫹]i from ⬃57 nM to ⬃40 nM, at which point
it stabilized. Administration of 100 µM ATP in the
absence of extracellular Ca2⫹ resulted in a sharp rise in
[Ca2⫹]i that peaked rapidly before quickly returning to
a value near baseline. Figure 5 presents the average
data obtained from 15 cells from 10 different dispersions. These data are compared with the responses
obtained from control cells (Fig. 2) receiving 100 µM
ATP in the presence of 1.8 mM of extracellular Ca2⫹. In
the control group of cells, 100 µM ATP increased [Ca2⫹]i
by 254 ⫾ 34 nM to a peak value of 367 ⫾ 35 nM before
returning to the plateau [Ca2⫹]i of 180 ⫾ 12 nM. This
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Fig. 1. Photographs of a freshly isolated microvascular smooth muscle cell (MVSMC) before (A), during (B), and
after exposure to 100 µM ATP (C). Photographs of videotaped images were taken at same magnification using
digital CCD camera. White bar represents 10 µm, as determined using stage micrometer.
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plateau [Ca2⫹]i is 67 ⫾ 9 nM higher than the baseline
[Ca2⫹]i. The cells to be exposed to Ca2⫹-free conditions
had a baseline Ca2⫹ concentration of 72 ⫾ 7 nM; this
[Ca2⫹]i decreased by 19 nM, to 53 ⫾ 4 nM, in the
absence of extracellular Ca2⫹. Exposure to 100 µM ATP,
in the absence of extracellular Ca2⫹, resulted in a rapid
increase in [Ca2⫹]i of 117 ⫾ 33 nM, to a peak value of
169 ⫾ 33 nM, before returning to a sustained [Ca2⫹]i of
48 ⫾ 4 nM. The magnitude of the peak response to
100 µM ATP was reduced by ⬃50% in the absence of
extracellular Ca2⫹ compared with cells stimulated in

Fig. 4. Response of renal MVSMC to ATP in absence of extracellular
Ca2⫹. Exposure to Ca2⫹-free medium and to combination of 100 µM
ATP in Ca2⫹-free medium are depicted by solid lines.

Fig. 5. Average effect of 100 µM ATP on peak and sustained changes
in [Ca2⫹]i of renal MVSMC in presence of 1.8 mM extracellular Ca2⫹
(n ⫽ 52 cells from 26 dissociations), Ca2⫹-free bathing solution (n ⫽
15 cells from 10 dissociations), and 1.8 mM extracellular Ca2⫹ ⫹ 10
µM diltiazem (n ⫽ 15 cells from 4 dissociations). * Significant increase
in Ca2⫹ over baseline; † significant difference compared with response
in 1.8 mM Ca2⫹ alone.

the presence of 1.8 mM Ca2⫹ (Fig. 2). The plateau phase
was completely abolished during exposure to Ca2⫹-free
bathing medium. Similar results were obtained in
experiments in which 0.125 mM EGTA was added to
the nominally Ca2⫹-free medium (data not shown).
The afferent arteriolar vasoconstrictor response induced by ATP has been shown to involve activation of
voltage-gated L-type Ca2⫹ channels (20). Therefore, we
determined the effect of blocking voltage-dependent
Ca2⫹ influx with diltiazem, a selective antagonist of
L-type Ca2⫹ channels. The representative trace provided in Fig. 6 demonstrates that preincubation with
10 µM diltiazem did not significantly alter the resting
[Ca2⫹]i; however, it did reduce the peak and plateau
increase in [Ca2⫹]i induced by subsequent exposure to
100 µM ATP in the continued presence of 10 µM
diltiazem. The mean responses obtained from multiple
cells are summarized in Fig. 5. Under control conditions, resting [Ca2⫹]i averaged 111 ⫾ 9 nM. Exposure of
the cells to 10 µM diltiazem did not alter [Ca2⫹]i (110 ⫾
9 nM) and, on exposure to 100 µM ATP, [Ca2⫹]i increased significantly by 136 ⫾ 29 nM to a peak [Ca2⫹]i of
246 ⫾ 31 nM. The peak response quickly waned until it
reached a plateau [Ca2⫹]i of 133 ⫾ 9 nM, which is only
24 ⫾ 7 nM higher than the baseline [Ca2⫹]i. Both the
peak and the sustained elevation of [Ca2⫹]i induced by
extracellular ATP were significantly attenuated by
⬃50% in the presence of diltiazem.
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Fig. 3. Effect of increasing ATP concentration on [Ca2⫹]i of renal
MVSMC. Data represent average responses obtained from minimum
of 8 cells from 4 dissociations for each ATP concentration tested.
* Significant increase in Ca2⫹ over baseline.
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DISCUSSION

P2 receptors are subdivided into two major receptor
families classified as P2X and P2Y (1, 3, 11). Both
receptor subtypes appear to be expressed by afferent
arterioles (7, 17, 20), and both receptor families appear
to elicit cellular responses through activation of Ca2⫹
signaling pathways (1, 9, 20). Therefore the current
studies were performed to determine the effect of
extracellular ATP on the concentration of Ca2⫹ in the
sarcoplasm of smooth muscle cells freshly isolated from
the preglomerular microvasculature. The results of
these studies demonstrate that ATP stimulates an
increase in [Ca2⫹]i through mechanisms that involve
both the release of Ca2⫹ from intracellular stores and
the influx of Ca2⫹ from the extracellular medium.
Exposure of MVSMC to extracellular ATP results in
an increase in [Ca2⫹]i that is dose dependent and
rapidly reversible. Although we cannot make direct
associations between the Ca2⫹ signaling responses observed in the current report and previous observations
describing ATP-mediated preglomerular vasoconstriction, some very interesting similarities are apparent.
The kinetics of the Ca2⫹ response are biphasic, beginning with a rapid transient increase that reaches a
peak value before quickly declining to a more stable
plateau concentration. This Ca2⫹ response pattern is
consistent with what has been shown for other vascular
smooth muscle cells (2, 15, 33) and closely mimics the
vasoconstrictor response that is observed from preglomerular microvascular segments (17, 20). Furthermore, the ATP concentrations found to significantly
increase [Ca2⫹]i in MVSMC are identical to the concentrations found to significantly vasoconstrict rat juxtamedullary afferent arterioles (17, 20). Therefore, these
data are consistent with the hypothesis that ATP
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Fig. 6. Effect of blockade of voltage-gated Ca2⫹ channels on increase
in [Ca2⫹]i elicited by 100 µM ATP with 1.8 mM Ca2⫹ in bathing
solution. Trace is representative of several experiments and depicts
effect of diltiazem, alone and in combination with 100 µM ATP, on
cytosolic Ca2⫹ concentration. Exposure to diltiazem and exposure to
diltiazem plus ATP are depicted by solid lines.

stimulates afferent arteriolar vasoconstriction by activating P2 receptors on the renal MVSMC and stimulating a rapid increase in [Ca2⫹]i.
The dependency of preglomerular vasoconstriction
on the activation of voltage-gated L-type Ca2⫹ channels
has been established by the work of many investigators
(5, 6, 14, 20, 24, 26, 29). Loutzenhiser et al. (23) recently
determined that afferent and efferent arterioles of the
hydronephrotic kidney perfused at 80 mmHg have
resting membrane potentials between ⫺38 and ⫺40
mV, which is near the activation potential for L-type
Ca2⫹ channels. Ca2⫹ channel blockade potently attenuates or abolishes afferent arteriolar responses to a
multitude of vasoactive agonists that influence renal
microvascular resistance. Interestingly, these Ca2⫹
channel blockers are ineffective at blocking efferent
arteriolar responses to the same agonists (5, 8, 24, 26).
Exposure of MVSMC to extracellular ATP results in an
increase in [Ca2⫹]i that is blunted in the presence of
Ca2⫹ channel blockers but not abolished. As shown in
Fig. 6, pretreatment with diltiazem reduced the magnitude of the peak increase in [Ca2⫹]i by ⬃50% and
reduced the sustained elevation in [Ca2⫹]i by ⬃70%.
Consistent with this observation, we have shown that
the Ca2⫹ channel antagonists diltiazem and felodipine
markedly attenuated the initial vasoconstriction evoked
by the P2X agonist ␣,␤-methylene ATP while abolishing
the sustained vasoconstriction (20). Collectively, these
observations suggest that activation of voltage-gated
L-type Ca2⫹ channels plays a major role in ATPmediated elevation of [Ca2⫹]i and in ATP-mediated
afferent arteriolar vasoconstriction.
It is interesting to note that diltiazem did not completely block the increase in intracellular Ca2⫹ (Figs. 5
and 6) nor did it completely prevent transient ATPmediated vasoconstriction (20). The explanation for
this apparent ‘‘diltiazem-insensitive’’ Ca2⫹ response
remains to be determined; however, it appears to be of
extracellular origin given that it was not observed
under Ca2⫹-free conditions (Figs. 4 and 5). One possible
explanation is that diltiazem is use dependent and that
complete blockade of L-type Ca2⫹ channels was not
achieved. This could have permitted some Ca2⫹ to enter
the cells and could account for the small increase. In a
previous report, a similar residual increase was observed in response to KCl depolarization in the presence of diltiazem (19). Importantly, the residual increase in [Ca2⫹]i persisted despite repeated KCl
challenges in the continuous presence of diltiazem.
Furthermore, neither diltiazem nor felodipine could
completely block P2 receptor-mediated afferent arteriolar vasoconstriction, whereas removal of extracellular
Ca2⫹ did. The persistence of the response, despite
repeated depolarizing stimuli, and the fact that two
structurally distinct classes of Ca2⫹ channel blockers
did not completely block P2 receptor-mediated vasoconstrictor responses argue against use dependency of
diltiazem being a likely explanation for the diltiazeminsensitive increase in [Ca2⫹]i. Alternatively, this response could derive from a voltage-dependent pathway
that is insensitive to L-type Ca2⫹ channel antagonists.
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‘‘chemical messenger’’ responsible for transducing hemodynamic stimuli into appropriate autoregulatory responses (18, 26). Like autoregulatory responses, afferent arteriolar responses to ATP involve voltagedependent Ca2⫹ influx that can be substantially blocked
by Ca2⫹ channel antagonists. In addition, the results of
the current study establish that ATP stimulates the
release of Ca2⫹ from intracellular stores. These observations demonstrate the essential role Ca2⫹ plays in the
preglomerular response to ATP and are consistent with
the involvement of P2 receptors in the Ca2⫹-dependent
regulation of renal microvascular resistance and in
autoregulatory adjustments in afferent arteriolar diameter.
In summary, the data presented indicate that ATPmediated P2 receptor activation increases [Ca2⫹]i in
freshly isolated preglomerular MVSMC by stimulating
Ca2⫹ release from intracellular stores in addition to
stimulating the influx of extracellular Ca2⫹ through
voltage-gated L-type Ca2⫹ channels.
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