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Regulation of KCa-channel activity by cyclic ADP-ribose
and ADP-ribose in coronary arterial smooth muscle

PIN-LAN LI, AI-PING ZOU, AND WILLIAM B. CAMPBELL
Departments of Pharmacology and Toxicology and Physiology,
Medical College of Wisconsin, Milwaukee, Wisconsin 53226

Li, Pin-Lan, Ai-Ping Zou, and William B. Campbell.
Regulation of KCa-channel activity by cyclic ADP-ribose and
ADP-ribose in coronary arterial smooth muscle. Am. J.
Physiol. 275 (Heart Circ. Physiol. 44): H1002–H1010, 1998.—
The enzymatic pathway responsible for the production and
metabolism of cyclic ADP-ribose (cADP-R) in small bovine
coronary arteries was characterized, and the role of cADP-R
and ADP-ribose (ADP-R) in the regulation of the activity of
large-conductance Ca21-activated K1 (KCa) channels was
determined in vascular smooth muscle cells (SMC) prepared
from these vessels. We found that cADP-R and ADP-R were
produced when the coronary arterial homogenates were
incubated with 1 mM b-NAD. The time course of the enzyme
reactions showed that the maximal conversion rate (1.37 6
0.03 nmol ·min21 ·mg protein21) of b-NAD to cADP-R was
reached after 3 min of incubation. As incubation time was
prolonged, the production of ADP-R was increased to a
maximal rate of 3.66 6 0.03 nmol ·min21 ·mg protein21,
whereas cADP-R production decreased. Incubation of the
homogenate with cADP-R produced a time-dependent in-
crease in the synthesis of ADP-R. Comparison of coronary
arterial microsomes with cytosols shows that the production
of both cADP-R and ADP-R in microsomes was significantly
greater. In excised inside-out membrane patches of single
coronary SMC, the KCa channels were activated when b-NAD,
the precursor for both cADP-R and ADP-R, was applied to the
internal surface. This effect of b-NAD may be associated with
the production of ADP-R, because the KCa-channel activity
was increased by ADP-R in a concentration-dependent man-
ner. The open-state probability of the KCa channels increased
from a control level of 0.08 6 0.03 to 0.17 6 0.05 even at the
lowest ADP-R concentration (0.1 µM) studied. However,
cADP-R reduced the KCa-channel activity, and the threshold
concentration of cADP-R that decreased the average channel
activity of the KCa channels was 1 µM. These results provide
evidence that cADP-R is produced and metabolized in the
coronary arterial smooth muscle and that a cADP-R/ADP-R
pathway participates in the control of the KCa-channel activ-
ity in vascular SMC.

adenosine diphosphate-ribose; cyclic adenosine diphosphate-
ribose; potassium channel; coronary artery; vascular smooth
muscle

CYCLIC ADENOSINE DIPHOSPHATE-RIBOSE (cADP-R) and
adenosine diphosphate-ribose (ADP-R) are endogenous
metabolites of NAD. cADP-R is formed by cyclizing
NAD via ADP-ribosylcyclase, and ADP-R is produced
by hydrolysis of NAD by NAD1 glycohydrolase or
hydrolysis of cADP-R by cADP-R hydrolase (7, 15, 18,

19, 22–25, 28, 29, 31, 32). cADP-R and ADP-R have
been detected in a variety of tissues such as heart, liver,
spleen, and brain and in red blood cells, lymphocytes,
pituitary cells, and cultured renal epithelial cells (1, 20,
25, 39, 41, 43). Recent studies indicated that cADP-R
causes the mobilization of intracellular Ca21 by a
mechanism that is completely independent of D-myo-
inositol 1,4,5-trisphosphate (7, 21–28, 30, 32). cADP-R-
mediated mobilization of intracellular Ca21 partici-
pates in the regulation of the secretion of insulin, the
fertilization of eggs, and the effect of nitric oxide (NO)
in nonmuscle tissue (5, 6, 8–10, 23, 41). However, the
metabolism and actions of cADP-R and ADP-R in
vascular tissue are poorly understood. Because NAD
has been reported to modulate the activity of the
Ca21-activated K1 (KCa) channels in pulmonary arte-
rial smooth muscle cells (SMC) and to alter vascular
tone (33), it is possible that the NAD metabolites
cADP-R and ADP-R may serve as intracellular second
messengers to gate the K1 channels in vascular SMC
and to regulate vascular tone in the coronary circula-
tion. The purpose of the present study is to determine
the production of cADP-R and ADP-R in coronary
arteries and the role of these nucleotides in the regula-
tion of the K1-channel activity in coronary arterial
SMC.

MATERIALS AND METHODS

Assay of cADP-R and ADP-R in coronary arterial muscle.
Bovine hearts were obtained from a local slaughterhouse. A
branch of the coronary artery was cannulated and filled with
10–20 ml of ice-cold 3% Evans blue in 50 mM sodium
phosphate buffer (PBS) containing 0.9% sodium chloride (pH
7.4). The heart was then dissected into 2 3 3 3 1-cm pieces
and sliced into 300-µm-thick tissue sections. Small coronary
arteries stained with Evans blue were identified under a
dissecting stereomicroscope. These arteries were microdis-
sected, pooled, and stored in ice-cold PBS.

The dissected coronary arteries were cut into very small
pieces and homogenized with a glass homogenizer in ice-cold
HEPES buffer containing (in mM) 25 Na-HEPES, 1 EDTA,
and 0.1 phenylmethylsulfonyl fluoride. After centrifugation of
the homogenate at 6,000 g for 5 min at 4°C, the supernatant
containing the membrane protein and cytosolic components
was aliquoted and frozen in liquid N2 and termed the
homogenate. Microsome and cytosol were prepared by a
differential centrifugation of the homogenate at 10,000 g for
20 min and at 100,000 g for 90 min. The pellet was the
microsomal fraction, whereas the supernatant was the cyto-
solic fraction. To determine the production of cADP-R and
ADP-R, the homogenates (50 µg) were incubated for 10 min
with 1 mM b-NAD at 37°C in an assay buffer containing (in
mM) 250 potassium gluconate, 250 N-methylglucamine, 20
HEPES, and 1 MgCl2 (pH 7.2). The total reaction volume was
0.3 ml. To determine the time course of the production of
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cADP-R and ADP-R, the homogenates were incubated with 1
mM NAD for 1, 2, 3, 4, 5, 10, 30, 60, and 120 min. The reaction
mixture was then rapidly frozen in liquid N2 to terminate the
reaction. Before HPLC analysis, the reaction mixtures were
centrifuged at 4°C with the use of an Amicon microultrafilter
at 3,000 rpm to remove the proteins. The reaction products in
the ultrafiltrate were analyzed by an HPLC system with the
use of a Hewlett-Packard 1090L solvent delivery system and
a 1040A photodiode array detector with a 20-µl flow cell
(Hewlett-Packard, Avondale, PA). Data were collected and
analyzed with a Hewlett-Packard Chemstation. Nucleotides
were analyzed on a Supelcosil LC-18 (3 µm, 4.6 3 150 mm)
with a Supelcosil LC-18 guard column (5 µm, 4.6 3 20 mm;
Supelco, Bellefonte, PA). The injection volume was 20 µl. The
mobile phase consisted of 10 mM potassium dihydrogen
phosphate (pH 5.5) containing 5 mM tetrabutylammonium
dihydrogen sulfate (solvent A) and acetonitrile (solvent B).
The nucleotides were separated in solvent A with a gradient
of 5% solvent B to 30% solvent B over 1 min, held for 25 min,
and then increased to 50% solvent B over 1 min. The flow rate
was 1 ml/min. The column eluate was monitored at 254 nm.
Peak identities were confirmed by comigration with known
standards and absorbance spectra compared with the known
standards. Quantitative measurements were performed by
comparison of known concentrations of standards.

To test the applicability of this HPLC analysis for determi-
nation of the enzyme activity, purified ADP-ribosylcyclase
and NAD1 glycohydrolase were used to produce cADP-R or
ADP-R, which was chromatographed and detected by HPLC
as described earlier. Purified ADP-ribosylcyclase and NAD1

glycohydrolase were purchased from Sigma Chemical. ADP-
ribosylcyclase was purified from Aplysia and NAD1 glycohy-
drolase from bovine spleen. The products of ADP-ribosylcy-
clase had retention times of 3.0 and 4.1 min, which coeluted
with synthetic cADP-R and nicotinamide. The products of
NAD1 glycohydrolase had retention times of 4.1 and 14.6
min, which coeluted with synthetic nicotinamide and ADP-R.
In the presence of 1 mM NAD, the maximal conversion rates
of cADP-R and ADP-R were 25,897 6 218 nmol ·min21 ·mg
purified ADP-ribosylcyclase protein21 and 580.4 6 22
nmol·min21 ·mg glycohydrolase protein21, respectively. These
results indicate that this HPLC analysis is suitable for
determination of the enzyme activity responsible for the
production of cADP-R and ADP-R.

Culture of coronary arterial endothelial and smooth muscle
cells. The bovine coronary arterial endothelial cells (EC) and
SMC were cultured as described previously (2, 3, 38). Briefly,
the vessels were first rinsed with 5% FCS in medium 199
containing 25 mM HEPES with 1% penicillin, 0.3% gentamy-
cin, and 0.3% nystatin and then cut into segments, and the
lumen was filled with 0.4% collagenase in medium 199. After
30 min of incubation at 37°C, the vessels were flushed with
medium 199. The detached EC were collected and cultured in
RPMI 1640 with 25% FCS, 1% antibiotic solution, 0.3%
nystatin, 0.3% gentamycin, 1% glutamine, and 0.1% tylosin.
The cells were maintained in an incubator with 5% CO2 in air
at 37°C. EC grew in a typical cobblestone array. The presence
of EC markers was used to confirm the purity of the cells.
Experiments were performed when cells reached ,95% con-
fluence at either the second or third passage. After EC were
collected, strips of denuded vessels were placed into gelatin-
coated flasks with medium 199 containing 10% FCS with
L-glutamine (1%), tylosin (0.1%), and antibiotics (1%). SMC
migrated to the flasks within 3–5 days. Once growth was
established, the vessels were removed and cells were grown
in medium 199 containing 20% FCS. The identification of the
vascular SMC was based on positive staining by an anti-a-

actin antibody. The cells were grown for 14–16 days to reach
confluence. The homogenates of EC and SMC were made as
described in Assay of cADP-R and ADP-R in coronary arterial
muscle. The homogenates were used to study the enzyme
activity for the production of cADP-R and ADP-R. All studies
were performed using the cells of four passages or less.

Patch-clamp study. Small bovine coronary arteries were
dissected as described in Assay of cADP-R and ADP-R in
coronary arterial muscle. The dissected small coronary arter-
ies were first incubated for 30 min at 37°C with collagenase
type II (340 U/ml; Worthington), elastase (15 U/ml; Worthing-
ton), dithiothreitol (1 mg/ml), and soybean trypsin inhibitor
(1 mg/ml) in HEPES buffer consisting of (in mM) 119 NaCl,
4.7 KCl, 0.05 CaCl2, 1 MgCl2, 5 glucose, and 10 HEPES (pH
7.4). The digested tissue was then agitated with a glass
pipette to free the vascular SMC, and the supernatant was
collected. Remaining tissue was further digested with fresh
enzyme solution, and the supernatant was collected at 5-min
intervals for an additional 15 min. The supernatants were
pooled and diluted 1:10 with HEPES buffer and then stored at
4°C until used.

Single-channel K1 currents were recorded using the patch-
clamp technique (13). Inside-out patches were used to iden-
tify the KCa channels and to determine the effect of cADP-R
and ADP-R on K1 currents in vascular SMC. Patch pipettes
were made from borosilicate glass capillaries pulled with the
use of a two-stage micropipette puller (PC-87, Sutter) and
were heat-polished with a microforge (MF-90, Narishige).
The pipettes had tip resistances of 8–10 MV for single-
channel recording when filled with 145 mM KCl solution.
SMC were placed in a 1-ml perfusion chamber mounted on
the stage of a Nikon inverted microscope. After the tip of the
pipette was positioned on a cell, a high-resistance seal (5–15
GV) was formed between the pipette tip and the cell mem-
brane by applying a light suction. Inside-out membrane
patches were excised by lifting the pipette membrane com-
plex to the air-solution interface.

AList EPC-7 patch-clamp amplifier (List Biological Labora-
tories, Campbell, CA) was used to record single-channel
currents. The amplifier output signals were filtered at 1 kHz
with an eight-pole Bessel filter (Frequency Devices, Haver-
hill, MA). Currents were digitized at a sampling rate of 3 kHz
and stored on the hard disk of a Gateway 486 DS66 computer
for off-line analysis. Data acquisition and analysis were
performed with pCLAMP software (version 5.7.1,Axon Instru-
ments, Burlingame, CA). Average channel activity (NPo) in
patches was determined from recordings of several minutes
as

NPo 5 1o
j51

N

tj j 2 9T

where N is the maximal number of channels observed in
conditions of high levels of Po, Po is the open-state probability,
T is the duration of the recording, and tj is the time with j 5 1,
2, ..., N channels opening.

The bath solution contained (in mM) 145 KCl, 1.1 MgCl2,
10 HEPES, and 2 EGTA, and 300 nM Ca21 (pH 7.2) was used
for single-channel recordings at the inside-out excised mem-
brane patch. The pipette solution contained (in mM) 145 KCl,
1.8 CaCl2, 1.1 MgCl2, and 10 HEPES (pH 7.4). All patch-
clamp experiments were performed at room temperature
(,20°C). The effects of cADP-R and ADP-R on the K1-channel
activity were examined in the inside-out patch mode. After
inside-out patches were established, a 3-min control record-
ing was obtained at a membrane potential of 140 mV. The
solution in the bath was then exchanged with the same bath
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solution containing different concentrations of NAD, cADP-R,
ADP-R, and their analogs including nicotinamide guanine
dinucleotide (NGD), cyclic guanosine diphosphate-ribose
(cGDP-R), cyclic inosine diphosphate-ribose (cIDP-R), and
8-bromo-cADP-R (0.1–10 µM), and a second, successive 3-min
recording was obtained. To determine the time course of
NAD, cADP-R, and ADP-R on the KCa-channel activity, the
KCa current recordings were performed immediately after
addition of these drugs and continued for 10 min. In some
experiments, the channel currents were recorded when the
membrane was depolarized from 0 to 60 mV in steps of 10 mV
in the absence and presence of NAD, cADP-R, and ADP-R.
These experiments were performed to test the effect of NAD
and its metabolites on the voltage dependence of the KCa
channels.

To determine the sensitivity of the channels to cytosolic
Ca21, the concentration of Ca21 in the bath solution was
varied from 0.1 to 1 µM and then to 10 µM. Ca21 concentra-
tion was estimated by a computer program (12) and was
confirmed by measuring the free Ca21 concentration in the
solution using fura 2 (Molecular Probes) with a dual-
wavelength spectrofluorometer (Perkin-Elmer). NAD,
cADP-R, or ADP-R (10 µM) was added to examine the effects
on the sensitivity of the KCa channels to cytosolic Ca21.

Statistical analysis. Data were presented as means 6 SE.
Significance of differences in mean values within and be-
tween multiple groups was examined using an ANOVA for
repeated measures followed by Duncan’s multiple-range test.
P , 0.05 is considered statistically significant.

RESULTS

Production of cADP-R and ADP-R in coronary arter-
ies. A representative reverse-phase HPLC chromato-
gram depicting the profiles of NAD metabolites pro-
duced by coronary arterial homogenates is presented in
Fig. 1. When the homogenate was incubated with NAD,
the products had retention times of 3.0, 4.1 and 14.6
min (Fig. 1B) and coeluted with synthetic cADP-R,
nicotinamide, and ADP-R standards, respectively (Fig.
1A). The peak with a retention time of 5.4 min was
unreacted NAD. Figure 1C presents a time course of
the conversion of NAD to cADP-R and ADP-R by
arterial homogenates. The increase in cADP-R was
rapid and reached a plateau in 3 min (Fig. 1, inset). A
detectable increase was observed within 1 min of
incubation, and the maximal conversion rate for cADP-R
was 1.37 6 0.03 nmol·min21 ·mg protein21. As incuba-
tion time was prolonged, the conversion of cADP-R
decreased, whereas the production of ADP-R increased.
The maximal ADP-R conversion rate of 3.66 6 0.03
nmol·min21 ·mg protein21 was reached within 1 h.

Compared with the activity of purified ADP-ribosylcy-
clase and NAD1 glycohydrolase, the amount of cADP-R
and ADP-R produced by 1 mg of coronary arterial
homogenates, as demonstrated by a quantitative analy-
sis, was equal to that produced by 5.29 ng of ADP-
ribosylcyclase and 485 ng of NAD1 glycohydrolase,
respectively. A high concentration of enzymes respon-
sible for the production of ADP-R is present in bovine
coronary arteries.

The homogenates were incubated with cADP-R to
detect ADP-R production. As shown in Fig. 2A, the
product of cADP-R metabolism in the homogenates had

a retention time of 14.6 min and coeluted with syn-
thetic ADP-R. The peak with a retention time of 3.1 min
was unreacted cADP-R. Figure 2B presents a time
course of the conversion of cADP-R into ADP-R. A
time-dependent increase in the conversion rate ofADP-R
was observed. The maximal conversion rate was 2.2
nmol·min21 ·mg protein21.

Table 1 summarizes the maximal conversion rates of
NAD into cADP-R and ADP-R in the homogenates,

Fig. 1. B: reverse-phase HPLC chromatograms depicting production
of cyclic ADP-ribose (cADP-R) and ADP-ribose (ADP-R) [in milliarbi-
trary units (mAU)] in coronary arterial homogenates. Homogenates
were prepared from dissected small bovine coronary arteries and
incubated with 1 mM NAD. Products were separated and analyzed by
reverse-phase HPLC. Metabolites were monitored with an ultraviolet
detector at 254 nm. Ni, nicotinamide. Migration times of known
standards are shown in chromatogram of A. C: time course of
conversion of NAD into cADP-R and ADP-R in coronary arterial
homogenates. Inset shows shorter time points from 0 to 5 min,
whereas main course indicates longer time points from 0 to 120 min.
Conversion rate was calculated as nmol ·min21 ·mg protein21.
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microsomes, and cytosols prepared from coronary arter-
ies and in the homogenates prepared from cultured
coronary SMC and EC. The greater conversion rate of
both cADP-R and ADP-R was detected in the micro-
somes rather than in the cytosols and homogenates. In
the homogenate prepared from cultured bovine coro-
nary arterial SMC and EC, both cADP-R and ADP-R
were synthesized. In the presence of 1 mM NAD, the

conversion rates of cADP-R and ADP-R were much
greater in SMC than in EC.

Effect of ADP-R on activity of KCa channels. Figure 3A
depicts the unitary K1 currents at a membrane poten-
tial of 140 mV in an inside-out patch from coronary
arterial SMC. The unitary K1 current has a mean slope
conductance of 256.3 6 5 pS and is consistent with a
KCa channel (34, 35). In previous studies, we have
shown that this K1 current is activated by increase in
intracellular Ca21 and inhibited by tetraethylammo-
nium and iberiotoxin (34, 35).ADP-R produced a concen-
tration-dependent increase in the activity of the KCa
channels when added to bath solution in the inside-out
patch mode. The NPo of the KCa channels was increased
fivefold at an ADP-R concentration of 10 µM. A signifi-
cant effect was observed at the lowest concentration of
ADP-R studied (0.1 µM) (Fig. 3B). ADP-R had no effect
on the single current amplitude of the KCa channels
(Fig. 3C). In the time-course experiments, the KCa
activity was increased eightfold 1 min after ADP-R (10
µM) was added into the bath solution, and activation of
the KCa channels was maintained during a 10-min
recording.

Effect of cADP-R on activity of KCa channels. In
contrast to the effect of ADP-R to increase the activity of
the KCa channels, cADP-R reduced the NPo of the KCa
channels when applied to the internal surface of inside-
out excised patches (Fig. 4A). A significant inhibition
occurred at a concentration of 1 µM, and the NPo of the
KCa channels was decreased by 75% at the highest
concentration studied (10 µM) (Fig. 4B). The amplitude
of the KCa channels was unaltered by addition of
cADP-R (Fig. 4C). A significant decrease in the KCa-
channel activity was only observed 5 min after cADP-R
was added into the bath.

Effect of NAD on activity of KCa channels. NAD, the
precursor of cADP-R and ADP-R, produced a concentra-
tion-dependent increase in the activity of the KCa
channels when applied to the internal surface of inside-
out patches (Fig. 5A). The NPo of the KCa channels was
increased threefold at a concentration of 10 µM NAD
(Fig. 5B). NAD had no effect on the amplitude of the KCa
channels (Fig. 5C). In the time-course experiments,
NAD at a concentration of 10 µM significantly in-
creased the KCa-channel activity only 5 min after being
added into the bath solution. In comparison with the
effects of ADP-R, a 2-min time delay was observed.
NAD-induced increase in the KCa-channel activity was
spontaneously attenuated during a 10-min recording.

Effect of analogs of NAD or ADP-riboses on activity of
KCa channels. Table 2 summarizes the effects of NAD,
cADP-R, ADP-R, and their analogs on the KCa-channel
activity. NAD and ADP-R at a concentration of 10 µM
significantly increased the NPo of the KCa channels,
whereas cADP-R decreased the NPo of these channels.
When cADP-R and ADP-R were simultaneously added
into the bath solution, the KCa-channel activity was not
altered. NGD, cGDP-R, cIDP-R, and even 8-bromo-
cADP-R, an inhibitor of cADP-R-induced Ca21 release,
had no significant effect on the KCa-channel activity.

Fig. 2. A: reverse-phase HPLC chromatograms depicting conversion
of cADP-R into ADP-R in coronary arterial homogenates. Homoge-
nates were prepared from dissected small bovine coronary arteries
and incubated with 1 mM cADP-R. B: time course of conversion of
cADP-R into ADP-R in coronary arterial homogenates.

Table 1. Production of cADP-R and ADP-R in
homogenates, microsomes, and cytosols prepared from
bovine coronary arteries and in homogenates prepared
from cultured coronary SMC and EC

Conversion Rate, nmol ·min21 ·mg protein21

cADP-R ADP-R

Arterial tissue
Homogenate 1.3760.03 3.6660.03
Microsome 2.8360.15 5.0560.23
Cytosol 0.1360.02 1.8060.03

SMC homogenate 0.5460.15 2.4060.20
EC homogenate 0.1260.03 0.8060.09

Values represent means 6 SE for n 5 5 experiments. cADP-R,
cyclic ADP-ribose; ADP-R, ADP-ribose; SMC, smooth muscle cells;
EC, endothelial cells.
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Effect of cADP-R or ADP-R on voltage dependence
and Ca21 sensitivity of KCa channels. In the inside-out
patch mode, the KCa channels exhibited a voltage-
dependent change in the activity. When the membrane

potential was changed from 120 to 260 mV, NPo of the
KCa channels was increased from 0.015 6 0.001 to
0.1033 6 0.02. A calculated voltage (pV50) producing a
50% increase in NPo of the KCa channels was 244 mV.

Fig. 4. Effect of cADP-R on KCa-channel activity in
excised inside-out membrane patches of SMC iso-
lated from small bovine coronary arteries. A: repre-
sentative recording of KCa channels under control
conditions and after addition of cADP-R to bath at
Em of 140 mV. B: effect of cADP-R on NPo of KCa
channels in SMC isolated from small bovine coro-
nary arteries. *Significant difference from control.
C: summary of effect of cADP-R on current ampli-
tude of KCa channels.

Fig. 3. Effect of ADP-R on Ca21-activated K1 (KCa)-
channel activity in excised inside-out membrane
patches of smooth muscle cells (SMC) isolated from
small bovine coronary arteries. A: representative
recording of KCa channels under control conditions
and after addition of ADP-R to bath at a membrane
potential (Em) of 140 mV. c, Close. B: effect of
ADP-R on average channel activity (NPo) of KCa
channels in SMC isolated from small bovine coro-
nary arteries. C, control. *Significant difference
from control. C: summary of effect of ADP-R on
current amplitude of KCa channels.
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ADP-R or cADP-R produced parallel upward or down-
ward shifts of the NPo and membrane potential relation-
ship, respectively. The pV50 was 243 mV in the pres-
ence of ADP-R and 245 mV in the presence of cADP-R.

The activity of the KCa channels was increased in
response to an increase in intracellular Ca21 concentra-
tion ([Ca21]i). NPo of the KCa channels were 0.06 6 0.01,
0.26 6 0.07, and 0.55 6 0.06 at [Ca21]i of 0.1, 1, and 10
µM, respectively. Calculated concentration of Ca21 pro-
ducing a 50% increase (pCa50) in NPo was 1.8 µM. In the
presence of ADP-R and cADP-R, Ca21-induced increase
in NPo of the KCa channels was not altered. The
calculated pCa50 averaged 1.8 and 2.5 µM in the

presence of ADP-R and cADP-R, respectively, which
were not significantly different from control.

DISCUSSION

In the present study, we found that the homogenates
prepared from dissected small bovine coronary arteries
and cultured SMC produced cADP-R and ADP-R when
incubated with NAD. The conversion rate for ADP-R
was higher than that for cADP-R. This data provides
the first evidence that NAD is metabolized to cADP-R
and ADP-R in the vasculature. Recent studies indicated
that NAD is converted into cADP-R by cyclization via
ADP-ribosylcyclase and into ADP-R by hydrolysis via
NAD1 glycohydrolase (7, 15, 18, 19). In addition, cADP-R
can also be hydrolyzed to ADP-R (21, 23–25, 28, 30, 32).
These membrane-bound hydrolases and the cyclase
have been characterized and purified (14, 18, 19, 32,
36). Using purifiedADP-ribosylcyclase and NAD1 glyco-
hydrolase, we confirmed that the NAD metabolites
produced from coronary arterial homogenates and cul-
tured SMC are the same as those produced by corre-
sponding purified enzymes. These findings suggest that
coronary arteries contain both ADP-ribosylcyclase and
NAD1 glycohydrolase activity. By determining the time
course of the production of ADP-R and cADP-R, we
found that the increase in the synthesis of ADP-R was
accompanied by a decrease in cADP-R. This suggests
that cADP-R may be converted into ADP-R and that
cADP-R hydrolase may also participate in the synthe-
sis of ADP-R in coronary arteries. To determine the
activity of cADP-R hydrolase, coronary arterial homog-
enate was incubated with cADP-R and HPLC analysis

Table 2. Effect of NAD, ADP-riboses, and their analogs
(10 µM) on KCa-channel activity in bovine coronary
SMC

n

NPo

Control After drugs

NAD 5 0.08760.030 0.25060.03*
cADP-R 5 0.09060.015 0.02860.01*
ADP-R 5 0.08760.030 0.35060.06*
ADP-R1cADP-R 7 0.04460.008 0.04460.01
NGD 7 0.04460.011 0.04060.01
cGDP-R 5 0.06760.023 0.05660.03
cIDP-R 4 0.07760.035 0.07660.03
8-Br-cADP-R 7 0.05060.010 0.04660.01

Values represent means 6 SE. NP0, average channel activity;
NGD, nicotinamide guanine dinucleotide; cGDP-R, cyclic guanosine
diphosphate-ribose; cIDP-R, cyclic inosine diphosphate-ribose; 8-Br-
cADP-R, 8-bromo-cADP-R. *Significant difference from control at
P , 0.05.

Fig. 5. Effect of NAD on KCa-channel activity in
excised inside-out membrane patches of SMC iso-
lated from small bovine coronary arteries. A: repre-
sentative recording of KCa channels under control
conditions and after addition of NAD to bath at Em
of 140 mV. B: effect of NAD on NPo of KCa channels
in SMC isolated from small bovine coronary arter-
ies. *Significant difference from control. C: sum-
mary of effect of NAD on current amplitude of KCa
channels.
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was performed. Interestingly, cADP-R hydrolase activ-
ity was also expressed in coronary arteries. On the
basis of these results, we conclude that an enzymatic
pathway responsible for the formation and metabolism
of cADP-R is present in the coronary vasculature.
cADP-R is a metabolite of NAD by ADP-ribosylcyclase,
and the production of ADP-R may be associated with
both NAD1 glycohydrolase and cADP-R hydrolase.

To define the cell type that possesses the enzymatic
pathway for the formation and metabolism of cADP-R,
we determined the production of cADP-R and ADP-R in
the homogenates prepared from cultured coronary EC
and SMC. In the presence of NAD, both EC and SMC
produced cADP-R and ADP-R. The conversion rate of
cADP-R and ADP-R was greater in SMC than in EC.
The presence of the metabolic pathway for the cADP-R
formation and hydrolysis in the endothelium and vascu-
lar smooth muscle may be of importance in the regula-
tion of coronary vascular tone.

To further determine the localization of the enzyme
activity responsible for the production of cADP-R and
ADP-R, we examined the metabolism of NAD in the
microsomes and cytosols prepared from the coronary
arteries. HPLC analysis demonstrated that the produc-
tions of both cADP-R and ADP-R were greater in the
microsomal fraction compared with those in the cyto-
solic fraction, suggesting that the enzymes responsible
for the production and metabolism of cADP-R are
primarily present on the cell membrane. These results
are consistent with previous evidence that ADP-
ribosylcyclase, NAD1 glycohydrolase, and cADP-R hy-
drolase are membrane-bound enzymes in a wide range
of mammalian tissues (11, 14, 24, 28, 32, 39). It has
been reported that a membrane-bound enzyme complex
has high homology with human lymphocyte differenti-
ate antigen CD38, and CD38 has multiple enzyme
activities including ADP-ribosylcyclase, cADP-R hydro-
lase, and NAD1 glycohydrolase (7, 15, 18, 32, 36, 45).
Although we can detect a CD38 protein in coronary
arteries by Western blot analysis with the use of a
monoclonal anti-human CD38 antibody, the quantita-
tive assay of enzyme activity after immunoprecipita-
tion of homogenates or microsomes with this antibody
only partially blocked the production of cADP-R and
ADP-R (data not shown). It seems that CD38 is not the
only enzyme responsible for the production and metabo-
lism of cADP-R in coronary arteries. The identity of
these enzymes remains to be further defined.

The present study also attempted to determine the
physiological relevance of cADP-R signaling pathway
in coronary arterial smooth muscle. Recent studies
indicated that cADP-R may activate the ryanodine
receptor to mobilize intracellular Ca21 (23, 26, 28).
Although vascular SMC possess ryanodine receptors
(16, 40), so far there is no evidence suggesting that
cADP-R-mediated Ca21 mobilization participates in the
regulation of vascular tone. In this regard, NO has been
reported to increase the production of cADP-R and
induce intracellular Ca21 mobilization in nonvascular
tissue (28, 42). However, this cADP-R-mediated Ca21

mobilization is unlikely to mediate the vasodilator

effect of NO, because a rise in intracellular Ca21 causes
vasoconstriction. Thus it seems that the effect of NO on
the production of cADP-R is tissue specific. In a recent
review, Lee (23) indicated that NO may activate cADP-R
hydrolase, reduce intracellular cADP-R in the vascular
smooth muscle, and subsequently lead to lowering of
cytosolic Ca21, causing vasodilation. However, this
hypothesis has never been confirmed experimentally.

Interestingly, the present study demonstrated that
cADP-R and ADP-R alter the activity of the KCa chan-
nels in coronary arterial smooth muscle. ADP-R mark-
edly activated the KCa channels, whereas cADP-R inhib-
ited this channel. The activation of the KCa channels
may lead to the hyperpolarization of vascular smooth
muscle, reduction in intracellular Ca21, and, hence,
vasodilation. In contrast, inhibition of the KCa-channel
activity has the opposite effect, producing depolariza-
tion, increase in intracellular Ca21, and vasoconstric-
tion. It is possible that cADP-R and ADP-R participate
in the control of vascular tone by regulating the KCa-
channel activity in vascular SMC. It remains to be
determined whether cADP-R and ADP-R mediate the
effect of vasoactive agonists that serve as the K1-
channel activator or inhibitor.

NAD also increased the activity of the KCa channels
when applied to the internal surface of excised inside-
out membrane patches from coronary arterial SMC.
This is consistent with recent findings obtained from
pulmonary arterial smooth muscle (33). The mecha-
nism by which NAD activates the KCa channels is
unknown. The present study suggests that an increase
in the production of ADP-R via membrane-bound NAD1

glycohydrolase or cADP-R hydrolase may be an impor-
tant mechanism for NAD-induced activation of the KCa
channels. A 2-min time delay in the NAD effect on the
KCa-channel activity compared with the effects ofADP-R
supports the view that the effect of NAD is associated
with the production of ADP-R. This production of
ADP-R via either NAD1 glycohydrolase or cADP-R
hydrolase, or both, may override the inhibitory effect of
cADP-R on the KCa-channel activity, and hence NAD
produces activation of the KCa channels. However, in
contrast to a sustained increase in the KCa-channel
activity produced by ADP-R, NAD-induced activation of
the KCa channels ran down spontaneously during a
10-min experimental period. Because cADP-R de-
creased the KCa-channel activity in this membrane
preparation, it is possible that the accumulation of
cADP-R during the experimental period contributes to
the attenuation of activation of the KCa channels by
NAD. This antagonistic effect was confirmed by a
simultaneous addition of cADP-R and ADP-R.

The effect of cADP-R and ADP-R on the KCa-channel
activity was observed when these nucleotides were
added to the internal surface of excised inside-out
membrane patches. This indicates that no intracellular
soluble cofactors or second messengers are required for
their effect. These nucleotides may act directly on the
KCa-channel protein or some regulatory protein of this
channel in the cell membrane. It seems that ADP-R and
cADP-R act on the same site or target, because they

H1008 CYCLIC ADP-RIBOSE AND ADP-RIBOSE IN CORONARY ARTERIES

 on M
arch 20, 2008 

ajpheart.physiology.org
D

ow
nloaded from

 

http://ajpheart.physiology.org


exhibited an antagonistic effect on the KCa-channel
activity when added simultaneously. However, it re-
mains unknown how ADP-R and cADP-R act on the KCa
channels. The present study demonstrated that the
analogs of ADP-R, cADP-R, and NAD did not alter the
KCa-channel activity, indicating thatADP-R and cADP-R
have a specific site of action on the KCa channel or its
regulatory elements. This specific mechanism is not
dependent on alteration of voltage dependence or Ca21

sensitivity of the KCa channels, because voltage- or
Ca21-induced activation of the KCa channels was not
altered by either ADP-R or cADP-R. Given that ADP
ribosylation may alter the function of the membrane
proteins of cells (4, 37), an enzymatic or nonenzymatic
ADP ribosylation of the KCa-channel protein or related
regulatory protein may contribute to ADP-R-induced
activation of the KCa channels, and blockade of this
ADP ribosylation by cADP-R may be associated with its
inhibitory effect on the KCa-channel activity. This mech-
anism will be further explored by determining the ADP
ribosylation or ADP-R radiolabeling of the cell mem-
brane proteins from coronary SMC.

Recent studies in our laboratory and by others have
demonstrated that cADP-R induced Ca21 release from
sarcoplasmic reticulum in a-toxin- or b-escin-permeabi-
lized coronary SMC (17, 44). This mobilization of
intracellular Ca21 has been recognized as an important
function of cADP-R in nonvascular tissue and cells
(28–30). Because the primary purpose of the present
study was to characterize the metabolism and actions
of NAD and its metabolites, cADP-R and ADP-R, in
coronary arteries, we did not directly address the
integrative role of endogenously produced cADP-R and
ADP-R in the control of cell function of coronary smooth
muscle. Considering the effect of cADP-R in mediating
the mobilization of intracellular Ca21 and on the basis
of our results in this study, we propose that NAD is
converted into cADP-R in the coronary arterial SMC to
mobilize intracellular Ca21 and increase vascular tone,
and it is also converted into ADP-R to function as a
KCa-channel activator in concert with Ca21-dependent
activation of the KCa channel to protect the cell from
Ca21 overloading. Alteration in the production and
metabolism of cADP-R or ADP-R in SMC would change
vascular tone in coronary circulation.

In summary, the present study characterized the
metabolism of cADP-R and ADP-R in small bovine
coronary arteries and demonstrated that these intracel-
lular nucleotides alter the activity of the KCa channels
in coronary vascular SMC. Our results indicate that
cADP-R and ADP-R may serve as intracellular signal-
ing molecules that gate the KCa channels and control
coronary vascular tone.
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