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1 The properties of the ATPase released during electrical ®eld stimulation (EFS) (8 Hz, 25 s) of the
sympathetic nerves of the superfused rabbit isolated vas deferens were investigated.

2 Superfusate collected during EFS rapidly metabolised exogenous ATP (100 mM) and 50% was
broken down in 5.67+0.65 min. The main metabolite was ADP, virtually no AMP was produced
and adenosine was absent. No enzyme activity was seen in samples collected in the absence of EFS.

3 Lineweaver-Burke analysis of the initial rates of ATP hydrolysis gave a KM of 40 mM and Vmax

of 20.3 nmol ATP metabolized min71 ml71 superfusate. ATPase activity was una�ected by storage
at room temperature for 24 h, but was abolished at pH4 or by heating at 808C for 10 min.

4 ARL 67156 inhibited ATP breakdown in a concentration-dependent manner (IC50=25 mM (95%
con®dence limits=22 ± 27 mM), Hill slope=71.06+0.04).

5 When EFS was applied three times at 30 min intervals, ATP metabolism was 20 ± 30% less in
superfusate collected during the second and third stimulation periods compared with the ®rst.
ATPase activity was released in a frequency-dependent manner, with signi®cantly greater activity
seen after stimulation at 4 and 8 Hz than at 2 Hz.

6 In conclusion, EFS of the sympathetic nerves in the rabbit vas deferens causes release of
substantial ATPase, but little ADPase activity into the extracellular space. This contrasts with the
guinea-pig vas deferens, which releases enzymes that degrade ATP to adenosine. Thus, the
complement of enzymes released by nerve stimulation is species-dependent.
British Journal of Pharmacology (2000) 131, 909 ± 914

Keywords: ARL 67156; ATP; ATPase; purinergic neurotransmission; vas deferens

Abbreviations: ADP, adenosine 5'-diphosphate; AMP, adenosine 5'-monophosphate; ARL 67156, 6-N,N-diethyl-D-b,g - dibro-
momethyleneATP; ATP, adenosine 5'-triphosphate; EFS, electrical ®eld stimulation; eNTDPase, ectonucleoside
triphosphate diphosphohydrolase

Introduction

Electrical ®eld stimulation (EFS) of the sympathetic nerves

innervating the vas deferens of many species causes the
release of adenosine 5'-triphosphate (ATP) and noradrenaline
as excitatory cotransmitters. ATP and noradrenaline act on

postjunctional P2X1 receptors and a1-adrenoceptors respec-
tively, to evoke a biphasic contraction of the smooth muscle
(see Sneddon et al., 1996 for review). Once released into the

extracellular space, ATP is broken down, whilst noradrena-
line is taken back up into the nerve by a speci®c transporter
(Amara & Kuhar, 1993).

Burnstock, (1972) proposed that extracellular, membrane-
bound ectonucleotidases sequentially degrade ATP to
adenosine 5'-diphosphate (ADP), adenosine 5'-monopho-
sphate (AMP) and adenosine, which may then be taken up

by surrounding tissues. Such ectoATPases/apyrases have
since been characterized extensively (see Plesner, 1995;
Zimmermann, 1996) and a family of enzymes has been

cloned recently (see Zimmermann, 1999; Zimmermann &

Braun, 1999) and renamed ectonucleoside triphosphate
diphosphohydrolases (eNTDPases, Zimmermann et al.,
2000). They are una�ected by inhibitors of intracellular

ATP-dependent ion pumps such as ouabain, but are inhibited
by 6-N,N-diethyl-D-b,g-dibromomethyleneATP (ARL 67156)
(Crack et al., 1995; Khakh et al., 1995).

A second mechanism by which extracellular ATP can be
metabolized was reported by Todorov and colleagues, who
showed that EFS of sympathetic nerves in the guinea-pig vas

deferens leads to the release of nucleotidases that degrade
ATP to adenosine (Kennedy et al., 1997; Todorov et al.,
1997). Like eNTDPases, the released ATPase is una�ected by
inhibitors of intracellular ATPases, but is sensitive to ARL

67156. Recently, we showed that nucleotidase release was
also evoked by EFS of sympathetic nerves in the rat and
mouse isolated vas deferens and of parasympathetic nerves in

the guinea-pig isolated urinary bladder (Westfall et al.,
2000b), all tissues in which ATP is an excitatory cotransmit-
ter. Thus, nucleotidase release is neither species-dependent,

nor restricted to sympathetic nerves. In contrast, under the
conditions of our experiments, no nucleotidase release was
seen during stimulation of the enteric nerves of the guinea-pig

isolated taenia coli, implying that the release of the
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nucleotidases is not a general property of all autonomic
nerves or smooth muscle tissues.
ATP is also an excitatory neurotransmitter in the rabbit

isolated vas deferens (Sneddon et al., 1984; Sneddon &
Machaly, 1992), but in preliminary studies on this tissue, we
found that the complement of enzyme activity released during
EFS appeared to di�er greatly from that seen in the guinea-

pig vas deferens. Therefore, the aims of this study were to
characterize in more detail the nucleotidases released from
the rabbit isolated vas deferens. A preliminary account has

been published (Westfall et al., 2000a).

Methods

Tissue preparation

New Zealand White male rabbits (3 ± 4.2 kg) were killed by

an overdose of sodium pentobarbitone (150 mg kg71) and
then exsanguination. The vasa deferentia were removed and
the prostatic half (* 3 cm) cleaned of connective tissue,
bisected and cut open along the longitudinal axis, exposing

the lumen. One vas deferens (* 60 mg wet tissue weight) was
loaded into a Brandel perfusion chamber (total volume
200 ml). Whatman 541 ®lters were cut to ®t both ends of the

chamber, which was then inserted vertically into a thermo-
static block with a platinum screen electrode at either end.
The tissues were perfused from bottom to top at 2 ml min71

with a modi®ed Krebs solution of the following composition
(mM): NaCl 118.4, NaHCO3 25, KCl 4.7, MgSO4 1.2,
KH2PO4 1.2, CaCl2 2.5 and glucose 11; heated to 378C and

bubbled with 95% O2, 5% CO2.

Collection and measurement of ATPase activity

Unless stated otherwise, EFS was applied to the tissues via
the screen electrodes at 8 Hz, 0.1 ms pulse width and
supramaximal voltage for 25 s with a Grass S88 stimulator,

connected to a Grass SIU5F stimulus isolation unit. The
superfusate was collected throughout the stimulation period
(* 800 ml) and divided into 80 ml aliquots. Ten ml of a stock

ATP solution was added to each aliquot (®nal concentra-
tion=100 mM ATP), along with 10 ml of H2O, hydrochloric
acid or ARL 67156, giving a total incubation volume of

100 ml. All assays were performed at room temperature (15 ±
208C).
In most experiments the ATP content of the assay samples

at the end of the incubation was determined by adding the

total sample volume (100 ml) to 100 ml of luciferin-luciferase
assay mix and the light emitted recorded on a Chrono-log
Lumivette luminometer for 20 s. A standard curve using

known amounts of ATP was constructed before each
experiment and from this the amount of ATP in the test
samples calculated.

In several experiments, samples were assayed for ATP,
ADP, AMP and adenosine using a gradient HPLC system.
Purines were separated on a SupelcosilTM LC-18-T column
attached to a Beckman System Gold HPLC (two 110B

Solvent Delivery Modules, 507 Autosampler, 406 Analog
Interface Module and 166 Programmable Detection Module).
The amount of each purine was quanti®ed using the 166 mV
detection module at a wavelength of 254 nm. Bu�er solutions
consisted of 0.1 M KH2PO4, 4 mM tetrabutylammonium
hydrogen sulphate, pH 6.0 (bu�er A) and 70% bu�er A,

30% methanol, pH 7.2 (bu�er B). The nucleotides were
separated using a gradient in which the concentration of

bu�er B was increased from 0 to 100% over 20 min.
Identi®cation of individual peaks was by comparison with
the retention times of known purine standards. The

concentration of individual purines was determined by the
peak area per pmol compared with standards.

Experimental protocols

In each experiment at least two identical samples were
prepared. The ATP content of one was assayed immediately

(time=zero), whilst the remainder were assayed at various
intervals up to 20 min later. The amount of ATP metabolized
at each time point was calculated by subtracting the amount

present in that sample from the value at time=zero. As this
value represents the amount of ATP metabolized by 80 ml of
superfusate, it was multiplied by 12.5 to give the amount of

ATP metabolized per ml of superfusate.
To characterize the stability of the releasable enzyme, two

sets of aliquots were prepared from the superfusate of one
tissue. The ATPase activity of one set was measured

immediately and served as a control. The other set was
stored at room temperature for 24 h, then ATPase activity
was measured. The e�ect of ARL 67156 on ATPase activity

was investigated by incubating superfusate samples with ATP
(100 mM) for up to 10 min in the absence or presence of a
range of concentrations of ARL 67156. ARL 67156 was

added to the superfusate 2 min before ATP. The role of nerve
stimulation in enzyme release was studied by including
tetrodotoxin (1 mM) in the solution superfusing the tissues

for 10 min before, and during EFS application.

Drugs

ATP (disodium salt, Sigma) and ARL 67156 (provided by
Astra Charnwood) were dissolved in distilled water and
stored as 10 mM stocks. The luciferin-luciferase assay (Sigma)

contained ®re¯y luciferase, luciferin, MgSO4, DTT, EDTA,
bovine serum albumin and tricine bu�er salts. KH2PO4,
tetrabutylammonium hydrogen sulphate and tetrodotoxin

were also obtained from Sigma.

Statistics

Values in the text refer to mean+s.e.mean or mean+95%
con®dence limits for IC50 values. Concentration-response
curves were ®tted to the data by logistic (Hill equation), non-

linear regression analysis (Graphpad Prism, San Diego,
U.S.A.). Statistical signi®cance of the results was tested
either by Student's paired t-test or one way analysis of

variance and Tukey's comparison as appropriate. Di�erences
were considered signi®cant when P50.05.

Results

Metabolism of ATP by superfusate

EFS (8 Hz, 25 s) of the sympathetic nerves innervating the

rabbit isolated vas deferens evoked release of an ATPase into
the superfusate, as exogenous ATP (100 mM) was broken
down rapidly when added to superfusate samples (Figure 1).

No enzyme activity was seen in samples collected before EFS
(not shown). The time taken for 50% of ATP to be broken
down in samples from di�erent animals ranged from 2.5 min

to 9 min (mean=5.67+0.65 min, n=10). The main metabo-
lite was ADP, which accumulated in direct proportion to the
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disappearance of ATP. Small amounts of AMP were
produced, but adenosine was absent. As little ADPase and
no 5'-nucleotidase activity was apparent over this time-scale,

subsequent experiments characterized the properties of the
releasable ATPase.
To obtain apparent kinetic parameters for the ATPase, we

measured the initial rates of hydrolysis of ATP (10 ± 100 mM).

Analysis of the data using the Lineweaver-Burke equation
gave a KM value of 40 mM and a Vmax of 20.3 nmol ATP
metabolized min71 ml71 superfusate (Figure 2).

The ATPase is stable at room temperature as there was no
di�erence in the time-course or extent of ATP (100 mM)
breakdown by the superfusate whether it was measured

immediately or after the superfusate had been stored at room
temperature for 24 h (Figure 3a). However, ATPase activity
was essentially abolished by heating the samples at 808C for

10 min or by acidifying the incubation medium to pH 4 with
concentrated hydrochloric acid (Figure 3b).

Effect of ARL 67156 on ATPase activity

The eNTPDase inhibitor ARL 67156 (1 ± 300 mM) inhibited
the breakdown of ATP in a concentration-dependent manner

and at 300 mM virtually abolished ATP metabolism (Figure
4a). Higher amounts of ARL 67156 could not be used due to
its limited availability. A log concentration-inhibition curve

for ARL 67156 at the 4 min time point gave an IC50 value of
25 mM (95% con®dence limits=22 ± 27 mM), and a Hill slope
of 71.06+0.04 (Figure 4b). Similar analysis at each time-

point showed that the inhibitory e�ect of ARL 67156 was the
same throughout the assay (not shown).

Release of ATPase

Having characterized basic biochemical properties of the
releasable ATP, subsequent studies were designed to

investigate the release of the enzyme. No ATPase activity
was seen in samples when tetrodotoxin (1 mM) was included
in the solution superfusing the tissue (Figure 5a). To

determine if the ATPase could be released in a reproducible
manner, EFS (8 Hz, 25 s) was applied three times at 30 min
intervals. ATPase activity was present in each sample, but

ATP metabolism was 20 ± 30% less (P50.05) at each time
point in superfusate collected during the second stimulation
period when compared with the ®rst (Figure 5b). Stimulating

the tissue for a third time did not produce any further
decrease in ATPase activity.
ATPase activity was released in a frequency-dependent

manner as the breakdown of ATP was signi®cantly slower in
superfusate collected during stimulation at 2 Hz than in
samples collected at 4 and 8 Hz (P50.01) (Figure 6).

Increasing the stimulation frequency from 4 Hz to 8 Hz did
not further increase the ATPase activity.

Discussion

This study has shown that sympathetic nerve stimulation of
the rabbit isolated vas deferens causes release of substantial
ATPase activity, which rapidly removed the g-phosphate of

exogenous ATP to produce ADP. However, ADP was
metabolized slowly and accumulated in the incubation
medium. Thus, the enzyme has a high selectivity for the

triphosphate over the diphosphate, i.e. it is an ATPase rather
than an apyrase or phosphorylase.
This pro®le contrasts with that of the soluble enzymes

released by the guinea-pig vas deferens, which degrade ATP
to adenosine (Todorov et al., 1997). It is not yet known if this
re¯ects release of an ADPase as well as the ATPase, or if a
single enzyme capable of dephosphorylating both ATP and

ADP is released in the guinea-pig. Regardless, it is clear that
whilst soluble nucleotidase release has been detected in all
species studied to date, the complement of enzymes released

is species-dependent.
In sympathetically-innervated tissues the initial depho-

sphorylation of ATP to ADP is the most important step in

Figure 2 Kinetic analysis of the ATPase activity. EFS (8 Hz, 25 s)
was applied to the superfused rabbit isolated vas deferens and the
superfusate collected. The initial rates of hydrolysis of a range of
concentrations of ATP (10 ± 100 mM) were determined and the data
analysed using the Lineweaver-Burke equation. Each point is the
mean of three experiments. Vertical bars indicate s.e.mean.

Figure 1 Metabolism of ATP by secreted ATPase. EFS (8 Hz, 25 s)
was applied to the superfused rabbit isolated vas deferens. The ability
of superfusate collected during stimulation to degrade exogenous
ATP (100 mM) was then monitored using HPLC. Each point is the
mean of 10 experiments. Vertical bars indicate s.e.mean.
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metabolism of ATP to adenosine, as ADP is much less potent
than ATP at P2X1 receptors (Evans et al., 1995) and so
makes little or no contribution to purinergic neurotransmis-

sion. It may be that ADP produced in situ in the rabbit vas
deferens is broken down to AMP by an eNTPDase. At
present it is not known if a 5'-nucleotidase is also released in

the rabbit vas deferens and further experiments are required
to address this point.
In the present experiments the breakdown of ATP was very

fast and its average half-life was less than 6 min. This is

much faster than ATP breakdown by the ATPase released
from the guinea-pig, rat and mouse vas deferens and guinea-
pig urinary bladder (half life 5 20 min) and the Vmax of the

rabbit ATPase was about 20 times greater than that of the
guinea-pig enzyme (Westfall et al., 2000b). The di�erence is

even greater when the amount of tissue used is taken into
account, that is, three guinea-pig vasa deferentia with a total

wet tissue weight of about 150 mg, compared with only
60 mg of a single rabbit tissue. It is not yet clear if the greater
ATPase activity re¯ects di�erences in the density of
innervation of these tissues or if other factors, such as

enzyme cofactors, are involved.
We found that the rabbit ATPase metabolised ATP with a

KM of 40 mM, similar to the values for the ATPase released

by the guinea-pig vas deferens (34 mM, Mihaylova-Todorova
et al., 1998; 39 mM, Westfall et al., 2000b). Three related
eNTPDases have been cloned and functionally expressed (see

Zimmermann, 1999; Zimmermann & Braun, 1999) and each
has a KM for ATP that is only a little higher than this; 75 mM
for rat CD39 (also known as ecto-apyrase or eNTPDase1;

Figure 3 The e�ect of storage, heating and pH on the releasable
ATPase. EFS (8 Hz, 25 s) was applied to the superfused rabbit
isolated vas deferens. (a) The ability of superfusate collected during
stimulation to degrade exogenous ATP (100 mM) was then determined
either immediately or after the superfusate had been stored for 24 h
at room temperature. (b) Samples of superfusate collected during
stimulation were heated at 808C for 10 min or acidi®ed to pH 4 by
adding concentrated hydrochloric acid. Exogenous ATP (100 mM)
was then added and the amount of ATP remaining after 4 min
incubation measured. n=4 for each experiment. Vertical bars indicate
s.e.mean. ***P50.001 compared to control.

Figure 4 Inhibition of the releasable ATPase by ARL 67156. EFS
(8 Hz, 25 s) was applied to the superfused rabbit isolated vas
deferens. (a) The ability of superfusate collected during stimulation to
degrade exogenous ATP (100 mM) was then determined in the absence
or presence of a range of concentrations of ARL 67156. (b) The
inhibitory e�ect of ARL 67156 was quanti®ed at the 4 min
incubation time-point. Each point is the mean of four experiments.
Vertical bars indicate s.e.mean.
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Wang et al., 1998), 394 mM for human ecto-ATPase (also
known as CD39-L1 or eNTPDase2; Mateo et al., 1999) and

128 mM for HB6 (also known as CD39-L3 or eNTPDase3;
Smith & Kirley, 1999). A soluble form of recombinant
human CD39, created by removing the two transmembrane

domains, has a much lower KM for ATP (2.1 mM; Gayle et
al., 1998), although a similar rat CD39 mutant has a KM of
220 mM (Wang et al., 1998). At present, the possibility that

the soluble ATPase released from the vas deferens might be a
truncated form of eNTPDase cannot be discounted.
This study showed that ARL 67156 inhibited the releasable

ATPase in a concentration-dependent manner and at 300 mM
it nearly abolished the activity. The IC50 for ARL 67156 was
25 mM, similar to its potency in inhibiting the ATPase
released from the guinea-pig isolated vas deferens (50%

inhibition at approximately 30 mM, Westfall et al., 2000b) and
for inhibition of ATP breakdown by eNTPDases in human

blood (IC50=25 mM; Crack et al., 1995) and the rat vas
deferens (IC50=7.9 mM; Khakh et al., 1995). At similar
concentrations ARL 67156 also increases contractions to

exogenous ATP in the guinea-pig isolated vas deferens and
urinary bladder and potentiates the neurotransmitter actions
of ATP in these tissues (Westfall et al., 1996; 1997).

In the present study we found that when EFS was applied
at 30 min intervals, ATP breakdown was 20 ± 30% less in
superfusate collected during the second stimulation period

compared with the ®rst, but there was no further decrease
with a third stimulation. This implies that there is a large
store of the enzyme in the tissue, though why there is an
initial decrease in release is not clear. We also found that

release was a frequency-dependent phenomenon, as EFS at
2 Hz released signi®cantly less enzyme than EFS at 4 and
8 Hz, although release at 4 Hz and 8 Hz was similar. How

these enzyme release pro®les relate to changes in neurogenic
contractions is not known, as the number of functional
studies in this tissue is very limited (Sneddon et al., 1984;

Sneddon & Machaly, 1992) and the corresponding contractile
experiments have not been performed.
In conclusion, sympathetic nerve stimulation in the rabbit

isolated vas deferens causes release of substantial ATPase
activity, which is stable at room temperature and rapidly
metabolizes exogenous ATP to ADP. In contrast, little
ADPase activity was detected. This di�ers greatly from the

guinea-pig vas deferens, which releases enzymes that degrade
ATP to adenosine. Thus, although the release of soluble
nucleotidases appears to be species-independent, the comple-

ment of enzymes released is species-dependent. Nonetheless,
in both rabbit and guinea-pig, the releasable ATPase has
biochemical and pharmacological similarities to eNTPDases

and may play a role in the termination of the neurotrans-
mitter actions of ATP.

Figure 5 Sensitivity to tetrodotoxin and reproducibility of the
release of ATPase activity. (a) EFS (8 Hz, 25 s) was applied to the
superfused rabbit isolated vas deferens in the presence of tetrodotox-
in (1 mM). (b) EFS (8 Hz, 25 s) was applied to the rabbit isolated vas
deferens three times (S1, S2, S3) at 30 min intervals. In each case, the
ability of samples of superfusate collected during stimulation to
degrade exogenous ATP (100 mM) was then determined. Each point is
the mean of (a) four or (b) eight experiments. Vertical bars indicate
s.e.mean. *P50.05, for S1 vs S2, #P50.05 for S1 vs S3.

Figure 6 Frequency-dependence of the release of ATPase activity.
EFS (2, 4 or 8 Hz, 25 s) was applied to the rabbit isolated vas
deferens. The ability of samples of superfusate collected during
stimulation to degrade exogenous ATP (100 mM) was then deter-
mined. Each tissue was only stimulated once and each point is the
mean of six experiments. Vertical bars indicate s.e.mean. **P50.01,
***P50.001 for 2 Hz vs 4 Hz. ##P50.01, ###P50.001 for 2 Hz vs
8 Hz.
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