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ATP overflow in skeletal muscle 1A arterioles

Heidi A. Kluess, Audrey J. Stone and Kirk W. Evanson

Department of Health Science, Kinesiology, Recreation and Dance, University of Arkansas, Fayetteville, AR 72701, USA

The purpose of this study was to investigate the sources of ATP in the 1A arteriole, and to
investigate age-related changes in ATP overflow. Arterioles (1A) from the red portion of the
gastrocnemius muscle were isolated, cannulated and pressurized in a microvessel chamber with
field stimulation electrodes. ATP overflow was determined using probes specific for ATP and
null probes that were constructed similar to the ATP probes, but did not contain the enzyme
coating. ATP concentrations were determined using a normal curve (0.78 to 25 μmol l−1 ATP).
ATP overflow occurred in two phases. Phase one began in the first 20 s following stimulation
and phase two started 35 s after field stimulation. Tetrodotoxin, a potent neurotoxin that blocks
action potential generation in nerves, abolished both phases of ATP overflow. α1-Receptor
blockade resulted in a small decrease in ATP overflow in phase two, but endothelial removal
resulted in an increase in ATP overflow. ATP overflow was lowest in 6-month-old rats and highest
in 12- and 2-month-old rats (P < 0.05). ATP overflow measured via biosensors was of neural
origin with a small contribution from the vascular smooth muscle. The endothelium seems to
play an important role in attenuating ATP overflow in 1A arterioles.
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Introduction

Adenosine triphosphate (ATP) plays numerous functions
in the body including fueling muscle contraction, acting
as a signalling molecule (Burnstock, 2002a,b), modulating
neurotransmitter release (Gourine et al. 2005, 2008), and
acting as a sympathetic neurotransmitter released with
noradrenaline (Burnstock & Kennedy, 1986; Msghina et al.
1992; Bao et al. 1993; Bao & Stjarne, 1993; Burnstock,
1999a,b). More recently, other sources of ATP release
have been discovered including the endothelium of the
vasculature (Sedaa et al. 1990; Shinozuka et al. 1994),
red blood cells, platelets (Sprague et al. 1996, 2003) and
smooth muscle (Vizi & Burnstock, 1988; Vizi et al. 1992).

ATP plays an important role in vascular function and
can cause both vasoconstriction and vasodilatation via
activation of purinergic 2X and 2Y receptors on the
vascular smooth muscle (Ralevic & Burnstock, 1998;
Buckwalter et al. 2003, 2004) and the endothelial layer of
the vasculature (Burnstock, 1999c, 2008; Mortensen et al.
2009a,b), respectively. In the skeletal muscle vasculature,
ATP plays an important role in maintaining resting
vascular tone and controlling blood flow to working
skeletal muscle during exercise (Buckwalter et al. 2004;
Mortensen et al. 2009b). The involvement of ATP in blood
flow control in the skeletal muscle has been previously
studied in vivo (Johnson et al. 2001; Buckwalter et al. 2003,

2004; Mortensen et al. 2009a,b); however, it is difficult to
determine the sources of ATP in a whole animal or human
since ATP in blood can come from surrounding skeletal
muscle tissue, red blood cells and platelets.

New technology for ATP measurement has recently
been developed for measuring ATP overflow in vitro and
in situ and has uncovered some interesting new knowledge
regarding the role of ATP as a neuromodulator in the CNS
(Gourine et al. 2003, 2008) and in the perception of taste
(Finger et al. 2005; Gourine et al. 2005; Llaudet et al. 2005).
These biosensors are specific to ATP and are not sensitive
to ADP, AMP or any other purine or pyrimidine (for a
review on microelectrode biosensors see Dale et al. 2005;
Llaudet et al. 2005). In addition, this technology employs
real-time measurements of ATP overflow and can be used
accurately in temperatures from 25◦C to 41◦C and pH
from 6.5 to 8 (Llaudet et al. 2005).

Although this technology has never been used in
vascular tissue, it is ideal for determining the sources of
ATP in an isolated artery or arteriole. For the purpose of
this study, we have chosen to investigate the sources of ATP
in the first-order resistance arteriole in the gastrocnemius
red muscle. Previous studies investigating ATP sources
have been limited to conduit arteries and the vas deferens
(Vizi & Burnstock, 1988; Sedaa et al. 1990; Sperlagh &
Vizi, 1992; Vizi et al. 1992; Hashimoto et al. 1995; Todorov
et al. 1996, 1997; Mihaylova-Todorova et al. 2001; Westfall
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et al. 2002). Since resistance arterioles are the primary
controllers of blood flow to the skeletal muscle, there
is considerable physiological significance in investigating
ATP sources in these vessels.

In this study, only the sources of ATP from the
adventitia, smooth muscle and endothelium will be
investigated. The release of ATP from red blood cells and
platelets will not be investigated because they require shear
stress, hypoxia or compression to release ATP (Sprague
et al. 2003; Cao et al. 2009), and in this preparation it is
difficult to create many of those stresses without affecting
the release of ATP from the vascular wall. Better under-
standing of the sources of ATP will allow us to further
assess the role that ATP plays in the vasculature and will
allow us to better recognise the physiological significance
of changes in ATP release.

A secondary purpose of this study was to investigate
potential changes in ATP overflow from young adulthood
to middle age in the 1A arterioles. Previous research in
the caudal artery suggests that ATP release (Hashimoto
et al. 1995) and purinergic receptor protein expression
(Wallace et al. 2006) is high during development and
growth, but declines with advancing age. Since ATP
receptors activate mitogenic pathways in vascular smooth
muscle and endothelium (Erlinge, 1998; Burnstock,
2002b; Gerasimovskaya et al. 2002), it is important to
understand how ATP overflow changes with ageing.

The purpose of this study was to develop the use of
ATP biosensors for use in isolated arterioles, to determine
the sources of ATP in the skeletal muscle 1A arteriole,
and to evaluate age-related changes in ATP overflow. The
hypotheses are: (1) the sources of ATP release will originate
primarily from the sympathetic nerve, but will also come
from the smooth muscle and the endothelium; and (2)
ageing will result in a decrease in ATP release.

Methods

Animals and general procedures

Experimental procedures described below were approved
by the Institutional Animal Care and Use Committees of
the University of Arkansas. After induction of anaesthesia
with pentobarbital sodium (I.P., 40 mg kg−1), the 1A
arterioles from the red gastrocnemius muscle of F344 rats
were isolated and placed in a refrigerated vessel chamber
containing cold (4◦C) Krebs–Ringer physiological
saline solution (119 mmol l−1 NaCl, 4.7 mmol l−1 KCl,
2.5 mmol l−1 CaCl2, 1.2 mmol l−1 MgSO4, 25 mmol l−1

NaHCO3, 1.2 mmol l−1 KH2PO4, 5.5 mmol l−1 glucose)
(Pourageaud & De Mey, 1998). In addition, 2 mmol l−1 of
glycerol was added to optimize detection of ATP (Gourine
et al. 2008). Using 11-0 opthalmic suture, the arterioles
were tied securely to micropipettes in a vessel chamber
(Living Systems, Inc., Burlington, VT, USA) and filled with

Krebs-Ringer physiological saline solution containing 1%
albumin (pH 7.4, 37◦C) (Pourageaud & De Mey, 1998).
The bath was filled with Krebs–Ringer physiological saline
solution (pH 7.4, 37◦C, bubbled with 5% CO2–30% O2)
and transferred to the stage of an inverted microscope
(Olympus CKX41, Melville, NY, USA).

Luminal diameter was monitored during equilibration
and viability testing (described below) using video calipers
(Colorado video 307A Horizontal video calipers, Boulder,
CO, USA) interfaced with a MicroC potentiostat (World
Precision Instruments, Sarasota, FL, USA) and a Powerlab
16/30 (ADInstruments, Colorado Spring, CO, USA). The
bath was gradually warmed and maintained at 37◦C for
the equilibration period. Micropipettes were connected
to independent reservoir systems. Luminal pressure was
initially set at 60 cmH2O by elevating both reservoirs to the
same level. Thirty minutes later it was raised to 90 cmH2O,
which is a pressure similar to normal in vivo pressure in
1A arterioles (Williams & Segal, 1993). The bath solution
was replaced every 15 min during equilibration. Arterioles
were considered viable if they constricted to phenylephrine
(10−5 mol l−1) administration by at least 10% and dilated
by at least 20% to 10−6 mol l−1 acetylcholine (Schneider
et al. 1994). When called for in the protocol, the end-
othelium was removed by untying one end of the vessel
and slowly blowing 12 ml of air through the vessel. The
vessel was then re-perfused with the 1% albumin solution
and re-cannulated. After 1 h of acclimation, described
above, the vessel was tested for viability and endothelium
removal by at least 10% constriction to phenylephrine
(10−5 mol l−1), less than 20% dilatation to acetylcholine
(10−5 mol l−1), and at least 20% dilatation to sodium
nitroprusside (10−5 mol l−1) (Clifford et al. 2006).

Real-time ATP measurements

In order to make room for the micromanipulators, the
chamber was moved from the inverted microscope to
a dissecting microscope. ATP probes (interfaced with a
MicroC potentiostat (World Precision Instruments) and
a Powerlab 16/30 (ADInstruments) were positioned with
a micromanipulator (World Precision Instruments) such
that the tip of the probe (Sarissa Biomedical Ltd, Coventry,
UK; 0.5 mm tip length, 50 μm diameter) touched the
arteriole (see Fig. 1 for a diagram of the set-up). To account
for compounds that may interfere with the ATP signal
(Gourine et al. 2005; Llaudet et al. 2005), a null electrode
(no enzyme coating) was placed in a biologically similar
location to the ATP electrode. Increasing concentrations
of ATP (0.78 to 25 μmol l−1; Sigma-Aldrich, St Louis, MO,
USA) were added to create a normal curve that was used to
convert picoamps (pA) to micromoles per litre (μmol l−1)
ATP. The normal curve was repeated at the end of the
experiment.
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Determining amperage and frequency
for field stimulation

Initial experiments involved determining the optimal
amperage and frequency for ATP measurements. Field
stimulation was delivered via two parallel platinum
electrodes placed on either side of the vessel (see Fig. 1).
The electrical current was supplied using the DS3 isolated
constant current stimulator (Digitimer Ltd, Letchworth
Garden City, UK) interfaced with a Powerlab 16/30 with
Chart software (version 5.2; ADInstruments) to control
the frequency, pulse duration and impulse number.

In two 6-month-old rats, arterioles were stimulated
at 60 Hz using 9 mA, 20 mA, 30 mA and 32 mA. In a
set of eight arterioles, frequencies of 2 Hz, 10 Hz, 20 Hz
and 60 Hz (at 32 mA) were used to determine the best
frequency for ATP detection.

Sources of ATP

In two 6-month-old rats, the vessels were stimulated
at 60 Hz, 32 mA and 200 impulses. An impulse set of
200 was chosen because it produced measurable and
consistent changes in vessel diameter (see Fig. 2). Shorter
impulse numbers produced such quick vessel responses
that the constriction was not measurable. Then, the
vehicle (citrate buffer, 100 mmol l−1, pH 4.0) was added
and the arteriole was stimulated again. After repeated
washing over 15 min, tetrodotoxin (1 μmol l−1) was added

Figure 1. The vessel chamber
Diagram of the vessel chamber showing the cannulated 1A arteriole
and the positioning of the ATP probe, the null probe and the
stimulating electrodes.

and allowed to equilibrate for 20 min. Following the
equilibration period, the arterioles were stimulated again.
ATP was recorded continuously during baseline, addition
of chemicals, and for 60 s following field stimulation.

In two arterioles from 6-month-old rats, the
endothelium was removed (as described above) and the
vessels were stimulated at 60 Hz, 32 mA and 200 impulses.
The α1-antagonist prazosin (1.4 μmol l−1) was added and
20 min later the arteriole was field stimulated again.

Age-related changes in ATP overflow

Arterioles from seven 2-month-old female rats, four
6 month-old female rats and five 12-month-old female rats
were stimulated at 60 Hz, 32 mA and 200 impulses, and
data were recorded for 60 s following stimulation. The ages
of the rats correspond to a young adult still in the growth
phase (2 months old), an adult animal (6 months old), and
a middle aged animal (12 months old, 90%+ survival).
The 50% population survival age point for female Fisher
344 rats is 26 months (Turturro et al. 1999).

Data analysis

All data were reported as the mean ± standard deviation.
The integral for each 5 s period of recording was calculated
using Chart (Gourine et al. 2005; Llaudet et al. 2005).
For the normal curve, the average picoamp response for
the null and ATP probe for each concentration of ATP
was averaged for the curve at the beginning and end of
the experiment. The difference between the ATP and null
probe was determined, and the results from the first and
second normal curve were averaged. From these data, the
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Figure 2. Representative data from one arteriole show the
vessel diameter changes with 60 Hz, 200 impulses, 32 mA field
stimulation repeated five times
The vessel diameter changes were consistent and measurable during
field stimulation.
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slope and intercept were calculated using a linear curve fit
in Excel (Microsoft).

For all of the data, baseline, treatment (i.e. TTX,
prazosin, etc.) and post treatment (60 s from the end of
field stimulation) were recorded and the integral for each
5 s of data calculated. The 5 s integral for the null probe
was subtracted from the ATP probe (ATP – null) and ATP
concentration was calculated by solving for X using the
equation Y = mX + b. Some of the data were reported as
the sum of the integrals, which is a sum of the integrals
from each of the 5 s periods after field stimulation.

A 1-way ANOVA was performed to determine
differences between day 1 and day 3 in picoamps produced
during the ATP normal curve. A t test was performed
to evaluate differences in the ATP overflow (sum of the
integrals for the 60 s recording time) with endothelium
removal and with prazosin treatment. A 1-way ANOVA
was performed to determine differences with ATP over-
flow with age. A Tukey’s post hoc analysis was used when
appropriate. A P value of less than 0.05 was required for
significance.

Results

Use of ATP probes

Figure 3 is a summary of the difference between the ATP
and null probes used for the determination of the slope and

intercept of the normal curve. The figure demonstrates
that the first day an ATP probe is used results in the
highest probe electrical current (pA) response at all
concentrations of ATP (n = 4). There is a small loss in
sensitivity (reduction in pA change with ATP) over the
entire range of the normal curve by day 2. However, at
day 2, 0.78 μmol l−1 to 1.56 μmol l−1 of ATP were still
detectible. On the third day (day 3) of using the same ATP
probe there is a considerable loss of sensitivity of the probe,
particularly at the lower ATP concentrations. Differences
in probe electrical current (pA) production by day were
not statistically significant, but were relevant since the loss
of sensitivity was on the lower end of the normal curve and
we wished to detect as small an ATP amount as possible.
Therefore, we determined that ATP probes can be used
with reasonable sensitivity for two consecutive days. In
the following procedures, a single ATP probe was used no
more than two times on two consecutive days. Null probes
do not have a degradable enzyme coating and therefore,
can be used until the tips are damaged (approximately 10
experiments per probe).

Determining amperage and frequency
for field stimulation

Figure 4 is a summary of experiments investigating the
optimal amperage (A) and frequency (B) to produce the
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Figure 3. Summary of data show the lifetime of the
ATP probe over repeated usage
Probe electrical current (pA) response to increasing doses
of ATP on the first day of use to the third day of use (A).
Probe responsiveness was well-maintained over 2 days of
use, but began to lose sensitivity at the lower
concentrations of ATP by day 3 (P > 0.05). Overall
responsiveness (B) of the ATP probe declined by the third
day of use.
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maximal measurable ATP overflow in 1A arterioles. The
data were expressed as the sum of the 5 s integrals for 60 s
after stimulation. Figure 4A is a summary of the ATP over-
flow detected at 9, 20, 30 and 32 mA (n = 2). The most ATP
overflow was detected at 32 mA (60 Hz, 200 impulses).
Figure 4B demonstrates the effect of frequency on ATP
overflow (2–60 Hz, 32 mA, 200 impulses; n = 8). There
is relatively little ATP detected at 2, 10 and 20 Hz field
stimulation. However, 60 Hz results in considerably larger
ATP overflow.

Sources of ATP

Figure 5 is a summary of ATP responses to 60 Hz field
stimulation. Figure 5A is a representative raw data tracing
showing the response to the ATP and null probes in
a 1A arteriole from one 6-month-old male rat during
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Figure 4. Sum of the integrals over 60 s following field
stimulation at different amperages and frequencies of field
stimulation
A, sum of the integrals for 60 Hz, 200 impulses at 9 mA to 32 mA
constant current field stimulation. Small amounts of ATP were
detected at 9 mA to 30 mA, but the best amperage was 32 mA for
detection of ATP. B, the sum of the integrals for different frequencies
(200 impulses, 32 mA). The best frequency for detection of ATP was
60 Hz.

and following field stimulation. Field stimulation results
in interference in the probes that is resolved once the
electrical current is stopped. Following this, the ATP probe
increases in more quickly than the null probe for the
first several seconds, and then the null probe exceeded
the values detected via the ATP probe until the last several
seconds of recording. Figure 5B is a summary of the results
from 1A arterioles from six 6-month-old rats. All of the
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Figure 5. Representative raw data tracing of the ATP and null
probe response to 60 Hz field stimulation and 60 s following
the stimulation period
A, active field stimulation resulted in electronic interference with the
probes, but immediately following the end of stimulation, there was
an increase in the electrical potential detected by the ATP probe. This
increase was shortly followed by an increase in the null probe which
rapidly exceeded the electrical potential detected by the ATP probe.
This was reversed to a small degree in the last 10 s of recording. B, a
summary of ATP overflow following field stimulation in gastrocnemius
1A arterioles from 6-month-old male rats (n = 6).
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arterioles had an increase in ATP overflow in the first 20 s
following field stimulation. However, only two arterioles
showed ATP overflow 35 s or more after field stimulation.

In a separate group of 6-month-old rats (n = 2), a
set of experiments were performed to determine if the
ATP detected following field stimulation was of neural
origin (see Fig. 6). The control experiment (no agonists or

0
0 5 10 15 20 25 30 35 40 45 50 55

1

2

3

4

5
A

B

C

60 Hz control

Vehicle+60 Hz

TTX+60 Hz

Time (sec)

0
0 5 10 15 20 25 30 35 40 45 50 55

1

2

3

4

5

Time (sec)

0
0 5 10 15 20 25 30 35 40 45 50 55

1

2

3

4

5

Time (sec)

Figure 6. Summary of the results from adding tetrodotoxin to
determine the neural component of ATP overflow (n = 2,
6-month-old rats)
ATP overflow increased briefly following field stimulation with no
blocking (A). After the addition of the vehicle (citrate buffer) for
tetrodotoxin, ATP overflow increased significantly between 10 and
45 s following field stimulation (B). After the tetrodotoxin was added,
no ATP overflow was detected following field stimulation (C).

antagonists) resulted in a small, early ATP response. After
several minutes of washing, 10 μl of citrate buffer (pH 4.0)
was added to test for the effect of the vehicle on ATP over-
flow. The vehicle did not change baseline ATP detection,
but following field stimulation it resulted in a large ATP
overflow 10 s and continuing to 45 s after stimulation.
Tetrodotoxin also did not affect baseline ATP detection,
and after field stimulation it resulted in no detected ATP
overflow.

Figure 7 is a summary of the ATP overflow after field
stimulation with the endothelium removed in isolated 1A
arterioles from 6-month-old rats. Figure 7A is ATP over-
flow for each 1A arteriole with endothelium (continuous
lines; n = 6) and the dashed lines represent each arteriole
with endothelium removed (n = 3). Endothelium removal
markedly attenuated ATP overflow in all arterioles tested.
In Fig. 7B, the data were expressed as a sum of the integrals
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Figure 7. Summary of the ATP overflow to field stimulation in
endothelium-intact (n = 6) and endothelium-removed (n = 3)
arterioles
A, ATP overflow for 60 s following field stimulation in each arteriole.
The endothelium-removed arterioles are the dashed lines and the
endothelium intact arterioles are the continuous lines. B, when the
data above were represented as a mean of the sum of the integrals for
the 60 s recording period, there was a significant increase in ATP
overflow when the endothelium was removed (P < 0.05; ∗ denotes
difference from endothelium-intact arterioles).

C© 2010 The Authors. Journal compilation C© 2010 The Physiological Society



J Physiol 588.16 ATP in 1A arterioles 3095

0

-5000

5000

10000

15000

0

-5000

5000

10000

15000

0

-5000

5000

10000

15000

0

-5000

5000

10000

15000

Phenylephrine (10 1.4 μmol l-1 Prazosin
+ Phenylephrine (10-5 mol l-1)

14.29 μmol l-1 Prazosin
+ Phenylephrine (10-5 mol l-1)

142.9 μmol l-1 Prazosin
+ Phenylephrine (10-5 mol l-1)

-5 mol l-1) only

5 sec

ATP probe
Null probe (ATP)

end stimulation

P
ro

b
e
 e

le
c
tr

ic
a
l 
c
u
rr

e
n
t 
(p

A
)

Figure 8. Representative raw data tracing of the ATP and null probe response to the α1-agonist,
phenylephrine, and increasing doses of the α1-antagonist, prazosin
Phenylephrine caused a large increase in the pA detected by the ATP probe. This response was attenuated by the
addition of prazosin at 1.4 μmol l−1 and somewhat attenuated by 14.29 μmol l−1, but high doses of prazosin
(142.9 μmol l−1) also attenuated the response of the null probe. Therefore, in subsequent experiments, the dose
of prazosin used was 1.4 μmol l−1.

for the entire 60 s recording period. Endothelium removal
resulted in an increase in ATP overflow following field
stimulation compared to intact arterioles (P < 0.05).

There is some evidence that ATP overflow detected
after 25 s is due to α1-receptor-mediated release of
ATP from the vascular smooth muscle (Todorov et al.
1996). This hypothesis was tested by adding a dose of
prazosin (1.4 μmol l−1) that prevented vasoconstriction
to phenylephrine (10−5 mol l−1) and field stimulation in
endothelium-removed arterioles (n = 3). Figure 8 shows
the raw data response of the ATP and null probes to the
α1-agonist phenylephrine and different doses of prazosin
(from 1.4 μmol l−1 to 142.9 μmol l−1). Phenylephrine
results in a large increase in picoamps detected by the
ATP probe and a smaller increase in the null probe.
This is attenuated by 1.4 μmol l−1 of prazosin, but
l4.29 μmol l−1 of prazosin seems to potentiate the ATP
and null probe response. Extremely large doses of prazosin
(142.9 μmol l−1) appear to abolish the null response
and attenuate the ATP response. Since it is possible
that extremely high doses of an antagonist can result in
non-specific effects of the drug, the 1.4 μmol l−1 dose was
chosen for the following experiments. Prazosin attenuated
the ATP overflow to field stimulation to a small magnitude
in two arterioles, but potentiated the response after 35 s in
one arteriole (Fig. 9A). However, the mean ATP overflow
(Fig. 9B) showed little attenuation by prazosin (P > 0.05).

Age-related changes in ATP overflow

Figure 10 is a summary of age-related changes in ATP over-
flow following 60 Hz field stimulation. Arterioles from
2-month-old rats (n = 7) had a large increase in ATP
overflow following field stimulation and a second large
increase in ATP from 25 to 60 s following field stimulation.
The arterioles from two rats (2 months old) failed to
release detectible ATP concentrations. Six-month-old rats

(n = 4) had small increases in ATP overflow following
field stimulation and in some rats, there was also a
small increase 30 s after stimulation. By 12 months of age
(n = 5), ATP overflow increased in one arteriole to an
average of 178 μmol l−1 ATP. However, two 12-month-old
rats did not have any ATP overflow in the first 25 s
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Figure 9. Summary of the results from removing the
endothelium and blocking with the α1-antagonist, prazosin
(n = 4)
A shows the change in ATP overflow with prazosin from the control
condition. Prazosin attenuated ATP overflow in the late phase in 2 out
of 3 arterioles studied (P > 0.05). B shows the mean response for the
control and prazosin condition. Blocking α1-receptors with prazosin
resulted in a small attenuation of ATP overflow.
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following stimulation. There appears to be a loss of
the biphasic release of ATP in the 12-month-old rats,
compared to the 2-month- and 6-month-old animals.
Overall, the mean ATP overflow in the arterioles from
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Figure 10. Mean ATP overflow from 1A arterioles from young
adult, mature adult and middle aged rats
Arterioles from young adult (2 months old, n = 7) animals (A) had high
ATP release in the first 20 s following field stimulation and again at the
25 to 60 s time point. Mature adult rats (6 months old, n = 4; B) had a
small ATP overflow from 0 to 10 s and again starting at 35 s following
field stimulation (P < 0.05 different from 2-month- and 12-month-old
groups). ATP overflow in middle aged animals (12 months old, n = 5;
C) followed a similar pattern as occurred in the younger animals, but
the magnitude of the response was approximately 4-fold higher
(P < 0.05), compared to 6-month-old animals. ∗P < 0.05 different
from 2-month- and 12-month-old animals.

6-month-old rats was significantly lower than the ATP
overflow in arterioles from 2-month- and 12-month-old
rats (P < 0.05).

Discussion

This is the first study to investigate real-time ATP over-
flow in isolated skeletal muscle arterioles. We found
that ATP overflow was biphasic and of neural origin.
Endothelium removal potentiated ATP overflow following
field stimulation, but was little attenuated by α1-blockade.
We also found ATP overflow varied over adulthood, and
that ATP overflow was highest at 2 months and 1 year
of age. These findings suggest that in the skeletal muscle
isolated arteriole, ATP release was of neural origin, but
appeared to have different control mechanisms compared
to other arteries and smooth muscle previously studied.
Contrary to our hypothesis, ATP overflow was altered with
ageing, but this was not a linear relationship.

Determining amperage and frequency
for field stimulation

The optimal frequency for detectible ATP overflow found
in this study was 60 Hz. Previous recordings of single
post-ganglionic sympathetic neurons show an average
frequency of 0.47 Hz in the radial and peroneal nerve
(Macefield et al. 1994) and up to an average of 1.62 Hz
in the rat tail nerve (Johnson & Gilbey, 1998). However,
60 Hz has been recorded as an instantaneous frequency
(frequency within a burst of sympathetic nerve activity)
in healthy human muscle (Macefield et al. 1994). In
human cutaneous vasoconstrictor neurons, instantaneous
firing frequencies as high as 146 Hz have been recorded
(Macefield & Wallin, 1999). These results suggest that even
at rest it was possible to have a burst of sympathetic activity
that was in the 60 Hz range. However, it is acknowledged
that the burst number used in this study was not physio-
logical at 200 impulses. Most of the highest frequencies
were seen only in paired bursts (Macefield et al. 1994;
Macefield & Wallin, 1999). The purpose of using 200
impulses was to allow a sufficient stimulation time so
diameter changes could be recorded. Future studies should
reduce impulses per burst to less than seven (Macefield
et al. 1994; Macefield & Wallin, 1999).

Research into the optimal frequency for ATP release
has generally suggested that ATP was released at very
low stimulation frequencies (Evans & Cunnane, 1992;
Haniuda et al. 1997; Ren & Burnstock, 1997; Johnson
et al. 2001), though there have been papers suggesting that
ATP was also released at higher stimulation frequencies
(Evans & Cunnane, 1992; Haniuda et al. 1997; Kluess et al.
2006). The current data suggest that ATP was released at
high stimulation frequencies. These data do not dispute
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previous literature suggesting ATP was released at lower
frequencies, although we were unable to detect ATP over-
flow at lower frequencies in this study. This may be due
to the sensitivity of the biosensor to ATP concentrations
below 0.78 μmol l−1. At low frequencies, the amount of
ATP may be too small and rapidly broken down by
ecto-ATPase (Bao & Stjarne, 1993) for an appreciable
amount to diffuse out of the synapse and be detectible
as ATP overflow. At this time, it is not technically possible
to block ecto-ATPase activity to separate the issues of
ATP release and metabolism in the presence of the ATP
biosenors used in this study. The biosensors work via an
ATPase, therefore ATPase antagonists, such as ARL67156
and sodium orthovanadate, lower the sensitivity of the
ATP probe itself.

Sources of ATP

In agreement with previous research (Todorov et al.
1996), we have found that ATP overflow was biphasic in
nature. There was an initial overflow of ATP that was
detectible following field stimulation and was more than
50% reduced by 10 s after the end of field stimulation.
This was followed by a 20–30 s period of little ATP over-
flow and then ATP overflow increased again around 35 s.
Experiments using tetrodotoxin, a potent neurotoxin that
blocks action potential generation in nerves, suggested that
the ATP overflow has a neural origin and was in agreement
with others (Vizi & Burnstock, 1988; Vizi et al. 1992).
However, all of the ATP may not come directly from the
sympathetic nerve. Vizi et al. and others (Vizi & Burnstock,
1988; Vizi et al. 1992; Papp et al. 2004) have previously
shown that the second (late) increase in ATP overflow
was a result of ATP released from the vascular smooth
muscle as a product of α1-adrenergic receptor stimulation
via noradrenaline release. This secondary release of ATP
from the vascular smooth muscle was termed ‘cascade
transmission’ (Vizi et al. 1992) and would also be blocked
by tetrodotoxin, since tetrodotoxin inhibits noradrenaline
release from the sympathetic nerve.

We tested the hypothesis that part of the ATP overflow
was due to release via the smooth muscle by adding a
dose of the α1-adrenergic receptor antagonist prazosin, in
a concentration that abolished vasoconstriction (Kluess
et al. 2006), but did not appear to alter the null probe
signal. The specific α1-agonist phenylephrine resulted in a
decrease in ATP overflow, suggesting that the activation of
α1-receptors does, in part, cause ATP overflow. However,
the α1-antagonist prazosin did not alter the initial ATP
overflow seen (0–20 s after field stimulation) in most
arterioles, but it did attenuate the ATP overflow in the
35–60 s time period in two of the three arterioles tested.
These confirm findings by Vizi et al. (1992) that activation
of α1-receptors did cause an increase in ATP overflow, but

efforts to block this effect showed that only the late ATP
overflow may be, in part, caused by α1-mediated release
of ATP from the vascular smooth muscle.

Another potential source of ATP was the endothelial
layer of the 1A arteriole (Shinozuka et al. 1994; Burnstock,
2008). Our data indicate that removal of the endothelium
in gastrocnemius 1A arterioles potentiated ATP release.
This may be caused by the endothelium having a large
pool of ecto-ATPase activity or some other mechanism of
ATP uptake. It is known that the endothelium contains
ATPases (Burnstock, 1999) and it is generally believed to
be involved in modulating ATP released by the red blood
cells (Sprague et al. 2003). There were no previous data
suggesting that the endothelium may play an important
role in modulating ATP released from the sympathetic
nerve. Another possibility was that removing the end-
othelium increased the permeability of the smooth muscle
to release ATP. However, previous reports in the thoracic
aorta suggested that removing the endothelium via
rubbing removed a significant source of ATP release (Sedaa
et al. 1990), suggesting that removal of the endothelium
alone did not increase ATP release in all vessel types. The
data from the current study also conflict with experiments
showing that cultured thoracic aorta and caudal artery
endothelial cells release a significant amount of ATP, but
cultured smooth muscle cells from the caudal artery did
not release ATP (Shinozuka et al. 1994). It appears from
the previous literature that the caudal and thoracic aorta
may have a unique contribution of ATP release from the
endothelium. In the skeletal muscle 1A arterioles (current
study) and the vas deferens (Vizi & Burnstock, 1988; Vizi
et al. 1992), the predominant source of ATP overflow was
neural in origin. It is possible that sources of ATP may
be unique to different vascular beds and tissue types, and
underscores the importance of studying ATP release and
metabolism.

Age-related changes in ATP overflow

These data show that ATP overflow in adult animals was
biphasic with the highest ATP overflow in the arterioles
from the 2-month- and 12-month-old animals, and the
lowest from arterioles from 6-month-old animals. The
difference between 2-month- and 6-month-old rats was
consistent with work by Hashimoto et al. (1995) in the tail
artery. Hashimoto showed that the highest ATP release
was in tail arteries from 5-week-old rats compared to
7.5-month- and 25-month-old animals. These data also
appeared to be consistent with work by Wallace et al.
(2006) showing a loss of P2X and P2Y receptors on
the smooth muscle and endothelium with increasing age
(4 weeks to 24 months). High ATP release in 2-month-old
animals was consistent with the idea that these animals
are still in a rapid growth phase and ATP may be playing
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an important role in the maturation of the skeletal muscle
vascular system.

These results suggest that ATP overflow in arterioles
from 12-month-old animals was similar in concentration
to the 2-month-old animals. The increase in ATP overflow
at 12 months of age appears to be in both the early and late
phase portions of ATP overflow. This ageing time point has
not been previously investigated in terms of ATP release
or purinergic receptor expression. However, it was inter-
esting to note that the 24-month-old animals had similar
ATP release (Hashimoto et al. 1995) and lower purinergic
receptor expression (Wallace et al. 2006) compared to
the mature adults (6 to 7.5 months old). Since purinergic
receptors activate mitogenic pathways (Burnstock, 2002b,
2006), in an adult animal, high ATP overflow may indicate
pathological changes in the vasculature. In this study,
there was considerable variation in ATP release in the
12-month-old animals, suggesting that in some animals,
age-related changes in the vasculature may occur earlier
than previously appreciated. It is possible that the results
seen in the 24+-month-old animals (Hashimoto et al.
1995; Wallace et al. 2006) are the result of a survivor effect,
since at 26 months old approximately 50% of the original
population is still alive; however, at 12 months 90% of
the population are alive (Turturro et al. 1999). Future
studies should investigate the effect of high ATP release
on the activation of mitogenic signalling pathways in the
12-month-old age group, since it is possible that high ATP
overflow in mature adult animals may indicate the onset
of pathological changes in the vasculature.

Significance

The sources and control of ATP overflow have been
studied in a limited selection of vascular tissue for
several years and has revealed that there are significant
differences in the vas deferens (Vizi & Burnstock, 1988;
Sperlagh & Vizi, 1992; Vizi et al. 1992), caudal artery
(Shinozuka et al. 1994; Hashimoto et al. 1995), thoracic
aorta (Shinozuka et al. 1994) and isolated skeletal muscle
resistance arterioles. These differences underscore the
importance of continuing to study the mechanisms that
control ATP release. Previous data have suggested that
ATP has a small contribution to vasoconstriction in
the skeletal muscle vasculature (Buckwalter et al. 2003;
Buckwalter et al. 2004; Dinenno & Joyner, 2006); however,
recent evidence suggests that purinergic receptors play an
important role in signalling cell growth and DNA and
RNA synthesis (Burnstock, 2002b, 2008). These processes
contribute to intimal thickening and the development
of cardiovascular diseases (Burnstock, 2002b). Therefore,
better understanding of the sources of ATP, the control and
management of extracellular ATP, and the metabolism of
ATP is of vital importance to better understanding vascular
control and vascular remodelling.

Limitations

Limitations to this study include the high frequency of
field stimulation, making the results from this study more
analogous to very high sympathetic stimulation, rather
than the type of sympathetic stimulation an arteriole may
experience at rest or under mild exercise conditions. In
addition, the isolated preparation removes some of the
other sources of ATP, such as the skeletal muscle, other
arterioles and veins, and the red blood cells and platelets
that an arteriole in vivo may experience. In the future, the
results from this study should be tested in an in vivo model
to determine the validity of these findings.

Conclusion

These data show that it is possible to measure ATP over-
flow in an isolated 1A arteriole using ATP biosensors.
The results reveal that 1A arterioles have two phases of
ATP overflow and both are of neural origin and may
involve cascade transmission. Phase 1 was unaffected by
post-junctional blockade of α1-receptors, but phase 2 may
be, in part, caused by activation of the vascular smooth
muscle via α1-receptors. In 1A arterioles, the endothelium
appeared to play an inhibiting role in ATP overflow, since
ATP overflow increased with removal of the endothelium.
Lastly, we found that ATP overflow varied across the life-
span. These results suggested that ATP release or control of
ATP overflow changes early in the ageing process. Future
studies should further investigate the factors that control
ATP overflow and ATP metabolism to reveal some of
the mechanisms associated with age-related changes in
purinergic neurotransmission.
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