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Prostaglandins induce vasodilatation of the
microvasculature during muscle contraction and induce
vasodilatation independent of adenosine

Coral L. Murrant, Jason D. Dodd, Andrew J. Foster, Kristin A. Inch, Fiona R. Muckle, Della A. Ruiz,
Jeremy A. Simpson and Jordan H. P. Scholl

Department of Human Health and Nutritional Sciences, University of Guelph, Guelph, ON, Canada, N1G 2W1

Key points

® The role of prostaglandins in the changes in blood flow and microvascular vasodilation
associated with exercise and muscle contraction is controversial.

e Whether prostaglandins are produced independently during muscle contraction or whether
their production is dependent on the production of adenosine is not well understood.

e We show that prostaglandins are an important component of the microvascular vasodilation
associated with muscle contraction but only under specific contractile conditions. Further,
we show that microvascular vasodilation in response to adenosine is not dependent on
prostaglandins.

® Therefore, we conclude that there are specific contractile conditions under which
prostaglandins are an important component of the vasodilation induced by muscle contraction
and we propose that prostaglandin-induced microvascular vasodilation during exercise is
independent of adenosine.

Abstract Blood flow data from contracting muscle in humans indicates that adenosine (ADO)
stimulates the production of nitric oxide (NO) and vasodilating prostaglandins (PG) to produce
arteriolar vasodilatation in a redundant fashion such that when one is inhibited the other can
compensate. We sought to determine whether these redundant mechanisms are employed at the
microvascular level. First, we determined whether PGs were involved in active hyperaemia at
the microvascular level. We stimulated four to five skeletal muscle fibres in the anaesthetized
hamster cremaster preparation in situ and measured the change in diameter of 2A arterioles
(maximum diameter 40 pm, third arteriolar level up from the capillaries) at a site of overlap
with the stimulated muscle fibres before and after 2 min of contraction [stimulus frequencies:
4, 20 and 60 Hz at 15 contractions per minute (CPM) or contraction frequencies of 6, 15
or 60 CPM at 20 Hz; 250 ms train duration]. Muscle fibres were stimulated in the absence
and presence of the phospholipase A, inhibitor quinacrine. Further, we applied a range of
concentrations of ADO (1077-107> M) extraluminally, (to mimic muscle contraction) in the
absence and presence of L-NAME (NO synthase inhibitor), indomethacin (INDO, cyclooxygenase
inhibitor) and L-NAME + INDO and observed the response of 2A arterioles. We repeated the
latter experiment on a different level of the cremaster microvasculature (1A arterioles) and on
the microvasculature of a different skeletal muscle (gluteus maximus, 2A arterioles). We observed
that quinacrine inhibited vasodilatation during muscle contraction at intermediate and high
contraction frequencies (15 and 60 CPM). L-NAME, INDO and L-NAME + INDO were not
effective at inhibiting vasodilatation induced by any concentration of ADO tested in 2A and 1A
arterioles in the cremaster muscle or 2A arterioles in the gluteus maximus muscle. Our data
show that PGs are involved in the vasodilatation of the microvasculature in response to muscle
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contraction but did not obtain evidence that extraluminal ADO causes vasodilatation through
NO or PG or both. Thus, we propose that PG-induced microvascular vasodilation during exercise
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Introduction

Local blood flow regulation in contracting skeletal muscle
is the result of a complex release of vasodilators on to
a vasculature system that varies in its responsive nature
along its length. The ability to match blood flow to
metabolic demand appears to be built on redundant,
fail-safe systems to ensure the proper co-ordination of
blood flow (Joyner & Wilkins, 2007). Vasodilatating
prostaglandins (PGs) are part of this redundant system
but their contribution to exercise hyperaemia during
muscle contraction remains unresolved. Studies have
shown that inhibition of PGs increase resistance (decrease
conductance) and reduce the level of blood flow to contra-
cting muscle (Kilbom & Wennmalm, 1976; Cowley et al.
1985; Wilson & Kapoor, 1993; Dufty et al. 1999; Farouque
& Meredith, 2003; Schrage et al. 2004, 2010; Win &
Marshall, 2005), while others have not (Beaty & Donald,
1979; Einstein & Goodman, 1980; Young & Sparks, 1980;
Shoemaker et al. 1996; Saunders et al. 2005; Mortensen
et al. 2007; Crecelius et al. 2011). The controversial role
of PG in exercise hyperaemia extends to the micro-
vascular level where some studies have shown that PG
inhibition decreases contraction-induced vasodilatation
(McKay et al. 1998; Nuttle et al. 1999) while others have
not (Hammer & Boegehold, 2005).

The difficulties isolating the effects of PGs are at
least two-fold. First, there may be specific contraction
conditions [such as stimulus frequency, contraction
frequency, contraction intensity (force), contraction
duration, etc.] under which PGs are more readily released
and most effective. We have previously shown that
the effectiveness or presence of vasodilators involved in
exercise hyperaemia [such as nitric oxide (NO), adenosine
(ADO) and potassium] is dependent on the skeletal muscle
contractile parameters (Dua ef al. 2009). An intensity
dependent release of PGs from contracting muscle has
been shown (Symons et al. 1991; Wilson & Kapoor, 1993;
Karamouzis et al. 2001a). Further, a difference in PG
release during static and dynamic contractions has been
demonstrated (Karamouzis ef al. 2001b). Thus, there may
be specific contractile parameters under which PGs are
optimally produced and effective. Second, the difficulty
in isolating the effects of PGs in exercise hyperaemia

may be due to the interplay between ADO, NO and
PGs. ADO has a long history of being implicated as an
important vasodilator involved in blood flow regulation in
contracting skeletal muscle by accumulating in the intra-
cellular space and promoting arteriolar vasodilatation (for
review see Marshall, 2007). It has recently been suggested
that ADO causes vasodilatation through the production
of both NO and PGs, and that PG and NO interact
in a complex manner whereby the inhibition of NO
(Radegran & Saltin, 1999; Frandsenn et al. 2001) or PGs
(Shoemaker et al. 1996; Schrage et al. 2004; Mortensen
et al. 2007) individually does not decrease the hyperaemic
response but only the inhibition of both will result in a
decrease in the hyperaemia during contraction (Boushel
et al. 2002; Kalliokoski et al. 2006; Mortensen et al.
2007, 2009). In human studies, the measured changes
in blood flow in response to intraluminal ADO infusion
has been shown to decrease vascular resistance through
mechanisms, including NO and PG formation (Mortensen
et al. 2009; Nyberg et al. 2010) but whether extracellular
accumulation of ADO causes vasodilatation through the
same NO/PG-dependent system is unknown.

To further complicate the understanding of the actions
of ADO, NO and PGs is that this complex trio of vaso-
dilators acts on the vascular tree, which in itself has
different reactivities and sensitivities along its length
(Anderson & Faber, 1991; Ohyanagi et al. 1991; Hester
et al. 1993; Tateishi & Faber, 1995; Hammer et al.
2001; Newcomer et al. 2008; Twynstra et al. 2012). This
differentiation of function within the vasculature helps
to co-ordinate the delivery of blood flow to muscle
and distribute blood flow within a working muscle.
Simplistically, larger arteries and arterioles control blood
flow delivery to a muscle whereas smaller, more terminal
arterioles control distribution of blood flow within
a muscle (Klitzman et al. 1982; Lindbom & Arfors,
1984; Sarelius, 1986; Sweeney & Sarelius, 1989). Studies
that implicate a redundant interaction between ADO,
NO and PGs have used blood flow as the metric to
measure responses of the vasculature. However, gross
measurements in blood flow (or reflected by conductance
or resistance calculations) cannot distinguish between the
behaviour of large, proximal arterioles and the behaviour
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of small, distal arterioles given that the control of vascular
resistance resides in both large (>100 um) and small
(<100 um) arteries and arterioles (for review see Pohl et al.
2000). Further, we know that ADO and NO both play a
significant role in microvascular vasodilatation that results
from muscle contraction (Murrant & Sarelius, 2002; Dua
et al. 2009) and that PGs have been shown to affect the
microvasculature (McKay et al. 1998; Nuttle et al. 1999)
but whether the effects of NO and PGs are secondary to the
action of ADO at the microvascular level is unknown. In
addition, whether the terminal microvasculature responds
to ADO, NO and PGs in an integrated and redundant
manner has not been tested.

Therefore, we designed a study to, first, determine if
PGs are important in contraction-induced vasodilatation
of the microvasculature, and secondly, to determine the
contractile parameters under which PGs are effective at
causing vasodilatation of the terminal microvasculature
in response to muscle contraction. We studied 2A arterio-
les (maximum diameter 40 pum), which are, in part,
responsible for the distribution of blood flow to capillaries
within a muscle. Further, we sought to determine
whether the PGs responsible for contraction-induced
vasodilatation could be synthesized secondary to ADO
release. We used extracellular application of ADO on
the microvasculature in the absence and presence of
NO synthase inhibition and cyclooxygenase inhibition
to determine whether ADO causes vasodilatation that is
dependent on NO or PGs, or both. We hypothesized that
PGs are involved in contraction-induced vasodilatation
and that ADO-induced vasodilatation is dependent on
PGs.

Methods

All experimental procedures were approved by the
Institutional Animal Care and Use Committee and
conducted in accordance with the guidelines of the
Canadian Council on Animal Care as set out in the Guide
to the Care and Use of Experimental Animals. Following
all experimental protocols, animals were killed with an
overdose of sodium pentobarbital (0.26 mg ml~! L.v. to

effect).

In situ protocols

Adult male golden Syrian hamsters (100-130 g) were
anaesthetized with sodium pentobarbital (70 mg kg™
intraperitoneally) and tracheotomized. Polyethylene
catheters (outer tip diameter ~0.5 mm) were placed in the
left femoral artery (to monitor mean arterial pressure) and
left femoral vein for supplemental sodium pentobarbital
infusion (10 mg ml~! saline, 0.56 ml h~!) throughout the
experimental protocol. Hamster oesophageal temperature
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was maintained at 37°C via convective heat from a
coiled water-filled glass tube (42°C) secured under the
hamster. The right cremaster was prepared for in situ
microscopy as previously described (Baez, 1973) and
modified (Murrant, 2005). Briefly, the cremaster was iso-
lated, cut longitudinally, separated from the testis and
epididymis and gently spread over a semicircular Lucite
platform. The edges of the tissue were secured with insect
pins to maintain tension but not stretch the muscle.
During surgery and the experimental protocols, muscles
were constantly superfused with a bicarbonate-buffered
salt solution containing (in mm): NaCl, 131.9; KCl, 4.7;
CaCly, 2.0; MgSOy, 1.2; NaHCO;3, 30 (all chemicals from
Fisher Scientific, Waltham, MA, USA) and 0.3 mg 1!
(4 x 107° M) tubarine (curare) (Sigma-Aldrich, St Louis,
MO, USA) equilibrated with gas containing 5% CO,-95%
N, (pH 7.35-7.45). Cremaster muscle temperature was
maintained by heating the superfusion solution to 42°C
and adjusting the drip rate to achieve 34°C. After surgery,
preparations were allowed to equilibrate for 45-60 min
before data collection.

The cremaster microvasculature was visualized by
transillumination with a tungsten lamp and with an
Olympus BX51WI microscope (Olympus Canada Inc.,
Richmond Hill, ON, Canada) using a x20 long working
distance water immersion objective (numerical aperture
0.50) and x1.6 magnification changer. The micro-
scope image was displayed via a video camera (Sony
DXC-390; Sony Canada Ltd., Toronto, ON, Canada) on
a monitor and recorded on a videotape recorder (Sony,
SVO-9600MD) or collected digitally to an IBM computer
using EZGrabber video compressor and software
(Geniatech, Shenzhen, China). Final magnification of the
site was approximately x2000. Diameter measurements
were reproducible to within £0.3 um (n = 10). Transverse
arterioles (TA; 2A) of ~40 um maximum diameter were
observed. These arterioles were identified by counting
up three branch orders from capillary vessels as pre-
viously described (Sweeney & Sarelius, 1989; Murrant &
Sarelius, 2000). The only selection criteria used was that
muscle fibres associated with the TA run approximately
perpendicular to the arteriole.

For stimulation, a silver wire microelectrode (tip
diameter ~250 pm) was placed in close proximity to,
but not touching muscle fibres running approximately
perpendicular to the arteriole. The microelectrode was
positioned at least 1000 pum away from the site
of the arteriole-stimulated muscle fibre intersection
(observation site). The ground electrode was placed in
the superfusate around the outer rim of the cremaster
preparation and secured with pins on the pedestal. Curare
was added to the superfusate, as previously described (Dua
et al. 2009), to ensure direct electrode stimulation of the
skeletal muscle cells and not nervous stimulation of the
muscle fibres. Each stimulus consisted of a square wave
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pulse of 0.4 ms duration. Voltage (4-8 V) was chosen to
maximally stimulate three to five muscle fibres and then
kept constant throughout the duration of the experiment.

In situ skeletal muscle contraction experiments

To determine the contractile parameters under which PGs
were effective at producing vasodilatation, muscle fibres
were stimulated with either a range of stimulus frequencies
(changing the number of impulses per contraction
which will therefore change force of contraction) while
contraction frequency was held constant or a range of
contraction frequencies (changing the number of contra-
ctions per minute) while the stimulus frequency was
held constant. Muscle fibre bundles were stimulated for
2 min at stimulus frequencies of 4, 20 or 60 Hz while
contraction frequency was held constantat 15 contractions
per minute (CPM) or a range of contraction frequencies
(6, 15 or 60 CPM) with the stimulus frequency constant
at 20 Hz. This stimulus and contraction frequency
protocol was designed with one parameter the same in
both protocols, 15 CPM, 20 Hz. This design helps us
differentiate between whether stimulus frequency and
contraction frequency is the more critical variable in the
PG response (see discussion). For each experiment, the
train duration was 250 ms, which allowed twitch and
tetanic contractions to be compared within the stimulus
frequency protocol, as 4 Hz for 250 ms train duration will
result in a single twitch and 20 and 60 Hz for 250 ms
train duration will result in submaximal and maximal
tetanic contractions. The order of stimulus or contraction
frequencies was randomized and a 5 min rest period
was given between contraction bouts. The preparation
was then superfused with the phospholipase A, (PLA;)
inhibitor quinacrine (Sigma-Aldrich). PLA; is the enzyme
that facilitates the breakdown of phosphatidylcholine to
arachadonic acid, which is the precursor to the enzyme
cyclooxygenase required for the production of PGs.
Quinacrine (3 x 107% M) was superfused over the pre-
paration for 1 h and the contraction protocol was repeated.
The inhibitor was then washed out by superfusing the
preparation for 20 min with normal salt solution and
the contraction protocol was repeated to ensure that the
preparation maintained its responsiveness. One hour of
3 x 107® M quinacrine exposure has been shown to be
effective at blocking thrombin-induced vasodilatations in
this preparation (Nuttle et al. 1999; personal observations,
data not shown).

In situ extraluminal adenosine application
experiments

To determine whether PG-induced vasodilatations were
initiated by ADO, we exposed the cremaster preparation

C. L. Murrant and others

J Physiol 592.6

to a range of concentrations of ADO in the absence
and presence of 107 M indomethacin (INDO), a cyclo-
oxygenase inhibitor. Specifically, ADO was applied in
a dose-dependent manner, added to the superfusate
solution, exposing the entire preparation to 1077, 107°,
5 x 107 and 10™> M ADO (RBI, Natick, MA, USA)
starting from the lowest to the highest dose, for 2 min inter-
vals. ADO was then washed out and the preparation was
superfused with 107 M INDO (Sigma-Aldrich) (n = 10)
for 30 min and then ADO was re-applied as described
above in the presence of INDO. INDO was then washed
out by superfusing the preparation for 30 min with
normal salt solution and the ADO protocol was repeated
to ensure the preparation maintained its responsiveness.
The effectiveness of 107° M INDO was tested by showing
that the vasodilatation in response to arachadonic acid
(21.3 £ 8.3 um) (n = 3) (Sigma-Aldrich) was completely
abolished in the presence of INDO (—0.1 0.9 pm).

NO pathways have been implicated in ADO-dependent
vasodilatation. It is possible that if the cyclooxygenase
pathway is blocked then a greater effect via NO would be
produced, thus masking any effect that INDO inhibition
may have on ADO-induced vasodilatation. To explore this
possibility, we repeated the ADO dose response in the
absence and presence of 107° M L-NAME, an NO synthase
inhibitor. This concentration has been previously shown
to inhibit vasodilatations induced by 10~* M acetylcholine
(Dua et al. 2009). Given that L-NAME can cause a decrease
in resting diameter, presumably through the inhibition
of endogenous NO production at rest, we added 107 M
S-nitroso-N-acetylpenicillamine (SNAP; Sigma-Aldrich),
an NO donor, during L-NAME application to maintain
the NO contribution to resting diameter. Therefore, ADO
dose responses were repeated in the presence of L-NAME
(n=8) and L-NAME + SNAP (n=9).

Given the potential redundant nature of the NO and PG
response to ADOQ, it was critical to repeat the ADO dose
response in the presence of both NO and PG inhibition.
Therefore, we repeated the ADO dose response in the
absence and presence of L-NAME + SNAP and INDO
(n=7).

We performed the ADO dose response on the feed
arteriole (1A), a larger branch order, to confirm that
our results were not specific to the branch order under
observation. Specifically, the feed arteriole, which is the
parent blood vessel to the TA, is located one branch order
up from our previous TA (2A) observation site and has
been shown to be more sensitive to NO (Hester et al. 1993).
We repeated the ADO dose response in the absence and the
presence of L-NAME + SNAP and INDO while observing
the feed arteriole (n = 8). To confirm further that our
observations were not specific to the cremaster muscle
microvasculature, we repeated the ADO dose response
in the absence and presence of L-NAME + SNAP and
INDO while observing the arteriolar response in the
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hamster gluteus maximus 2A arteriole (n=6). The gluteus
maximus preparation was prepared as described elsewhere
in mice (Bearden et al. 2004) and rats (Al-Khazraji et al.
2012) and adapted to the hamster. Briefly, hamsters
were anaesthetized, tracheotomized and cannulated as
described above and then oriented ventral side down
on the warming coil on the plexiglas platform. The left
gluteus maximus muscle was exposed and dissected free
of its origin along the spine and free from connective
tissue along the caudal and rostral borders. The muscle
was reflected on to the plexiglas viewing platform with
the vascular supply remaining intact. The preparation
was superfused as described above for the cremaster pre-
paration.

Following each experiment, arteriolar diameters were
recorded after 2 min superfusion with 10™* M sodium
nitroprusside (NO donor; Sigma-Aldrich), considered
to produce maximal dilatation. Calcium-free superfusate
solution (44.6 & 5.6 um) and 10~* M sodium nitroprusside
(44.4 £ 6.3 ©m) produce maximal dilatations that do not
significantly differ when compared on a subset of vessels
(n=26).

Fibre typing of cremaster and gluteus maximus

Fibre type distribution of hamster skeletal muscles was
determined through electrophoretic separation of myo-
sin heavy chains from isolated myofibrils via SDS-PAGE.
Muscles were excised and immediately frozen in liquid
nitrogen and stored at —80°C. Myofibrils were isolated
from homogenates using a protocol adapted from Murphy
& Solaro (1990). Briefly, muscles were homogenized with
a glass pestle and mortar in ice-cold buffer: 60 mm KCl,
30 mMm imidazole (pH 7.0) and 2 mm MgCl,. Isolated myo-
fibrils were then separated on an 8% polyacrylamide gel
for 31 h at 72 V in an ice bath (adapted from Agbulut
et al. 2003). Gels were silver stained (Blum et al. 1987)
followed by densitometric analysis to determine relative
myosin heavy chain distribution.

In vitro skeletal muscle contraction protocols

During the in situ muscle contraction protocols, skeletal
muscle cells were exposed to quinacrine, which could alter
skeletal muscle function and, thus, result in an altered
vasodilatory response to muscle contraction. To determine
if there were any effects of quinacrine on the force of
contraction of the skeletal muscle fibres, following in situ
experiments the left cremaster muscle was exteriorized
and cut into two strips, each were tied at the ends with 5.0
gauge suture silk and hung in a tissue chamber containing
Krebs—Henseleit solution consisting of (in mMm): NaCl,
118; KCl, 4.75; CaCly, 2.54; KH,POy, 1.18; MgSO4, 1.18;
NaHCO;3, 24.8; glucose, 10 (all chemicals from Fisher
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Scientific, Waltham, MA, USA). The solution contained
0.3 mg 1! tubocurarine and 10 U insulin 17! and was
aerated continuously with 95% 0,-5% CO, at 27°C (pH
7.4). The cremaster strips were attached to a fixed point
at one end and a force transducer (either model FT03,
Grass Medical Instruments, Quincy, MA, USA or model
60-2995, Harvard Apparatus, Southmatic, MA, USA) on
the other. Stimulating electrodes were fixed at each side of
the muscle. Each muscle was adjusted to optimal length
for force development. After an hour equilibration, force
of contraction was measured as muscles were stimulated
for 2 min at 4, 20 and 60 Hz (15 CPM, 250 ms train
duration with a super maximal voltage; 100 V) or 6,
15 and 60 CPM (20 Hz, 250 ms train duration with
a super maximal voltage; 100 V). For each experiment,
the order of stimulus and contraction frequencies was
randomized and there was a 20 min recovery period
between contraction bouts. One of the pair of muscle
strips (experimental) was then incubated with 3 x 107° M
quinacrine (n = 7-8) for 60 min, the other of the pair
was incubated in Krebs—Henseleit solution for 60 min to
act as an animal and time-matched control. Following the
incubation period, muscles were stimulated again over the
above range of stimulus and contraction frequencies. Data
were collected and analysed using the MP100WSW data
acquisition system and Acgknowledge III software (Biopac
Systems Inc., Goleta, CA, USA) on an IBM computer.
Following each experiment, muscle length and weight
were measured.

Data analysis and statistics

In situ protocols. Arteriolar diameter at the observation
site was continuously recorded for 1 min before
skeletal muscle contraction or drug stimulation, during
stimulation and for 2 min after stimulation. Arteriolar
diameter was measured every 10 s during the recording
period.

Baseline diameter was defined as the diameter just
before muscle contraction or ADO stimulation. Only
one arteriole was observed per cremaster preparation
to collect data and » indicates the number of arterio-
les observed. All in situ experiments were videotaped
and analysed off line. Images were digitized and arterio-
lar diameters measured via Image] software (NIH
freeware, http://rsbweb.nih.gov/ij/). Arteriolar diameter
was measured immediately following stimulation and at
various time points depending upon the experimental
protocol.

For data collected over time, group means were
compared with the repeated-measures ANOVA. Baseline
and maximal diameter were compared with an ANOVA.
When the ANOVA identified significant differences, a
protected least squares difference test was used post hoc to
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Table 1. Resting baseline and maximal diameters of arterioles used in in situ contraction experiments investigating the role of
prostaglandins in the vasodilatation in response to skeletal muscle contraction. Baseline diameters are reported before (control) and
following 60 min incubation with the phospholipase A; inhibitor quinacrine (experimental)

Experimental

Contraction Control baseline baseline Maximum

parameters diameter (um) diameter (.um) diameter (.um) n
4 Hz 15 CPM 19.8 £ 1.8 15.5+ 1.8 452 +£5.7 10
20 Hz 15 CPM 19.4 + 1.8 14.2 +£ 1.4* 452 +5.7 10
60 Hz 15 CPM 16.6 + 1.7 15.0 £ 1.5 452 +£5.7 10
6 CPM 20 Hz 222 +£22 17.7 £1.7 42.4+£2.9 10
15 CPM 20 Hz 22.1+20 20.0 +2.9 424 +29 10
60 CPM 20 Hz 23.6 +2.2 19.2 £ 2.2 424 +£29 10

Values are means =+ SE, n = number of arterioles. *Experimental baseline diameters were significantly different from controls.

determine if diameter changes were significantly different.
Differences were considered significant when P < 0.05.

In vitro protocols. For data collected over time, group
means were compared with the repeated-measures
ANOVA. When the ANOVA identified significant
differences, a protected least squares difference test
was used post hoc to determine if diameter changes
were significantly different. Differences were considered
significant when P < 0.05.

Results

Baseline and maximal diameters for arterioles observed
in in situ muscle contraction experiments in the absence
and presence of quinacrine are shown in Table 1. We
observed that quinacrine did not affect the vasodilatation
at stimulus frequencies of 4 Hz but did attenuate the vaso-
dilatation produced at 20 Hz (Fig. 1). Vasodilatation at
60 Hz was attenuated but not significantly [P = 0.11
at greatest difference (90 s)], whereby six of the 10
experiments showed a decrease in vasodilation in the
presence of quinacrine, three showed no effect and one
increased vasodilatation. This is the cause of the higher
variability at 60 Hz not observed at the other stimulus
frequencies. This higher variability at 60 Hz indicates a
potentially smaller, less consistent contribution of PGs
to 60 Hz and resulted in the lack of significance of the
effect of quinacrine. Further, we observed that quinacrine
significantly inhibited the contraction-induced vaso-
dilatation at contraction frequencies of 15 and 60 CPM
but not 6 CPM (Fig. 2) and did not affect the rate of
recovery (data not shown). In vitro studies showed that
quinacrine did not affect the absolute force or fatigue
rates of cremaster strips at any stimulus or contraction
frequency (Table 2). Therefore, we assume there were
no changes in force of contraction during the in situ
experiments in the presence of quinacrine.

Baseline and maximal diameters for arterioles observed
in in situ ADO application experiments in the absence
and presence of specific inhibitors are shown in Table 3.
To determine whether the PG release was the result of
ADO stimulation, we applied a range of concentrations of
ADO in the absence and presence of 107® M INDO and
found no significant inhibition of the ADO vasodilatation
at any concentration (Fig. 3A). To determine whether
the vasodilatation via ADO through NO was masking
the effects of PGs, we applied a range of concentrations
of ADO in the absence and presence of L-NAME or
L-NAME + SNAP. We did not observe a significant
effect of either condition on the ADO dilatation at any
concentration (Fig. 3B). To ensure that the PG or NO
pathways were not compensating for each other with
the single inhibitor present, we repeated the ADO dose
response in the presence of INDO and L-NAME + SNAP
and, again, saw no effect of the double block on the vaso-
dilatation produced by any concentration of extraluminal
ADO tested (Fig. 30).

To determine whether this lack of involvement of either
NO or PGsin ADO-induced vasodilatations was specific to
the TA (2A) level of the vasculature, we repeated the ADO
dose response in the absence and presence of the double
block (INDO and L-NAME -+ SNAP) one branch order
up from the TA, on the feed arteriole (1A arterioles) and
found that the inhibition of PGs and NO did not interfere
with the magnitude of the vasodilatation induced at all
ADO concentrations tested (Fig. 4A).

To determine whether this phenomenon was cremaster
muscle specific, we repeated the above experiment on
2A arterioles in the hamster gluteus maximus muscle.
Again, we observed that the double block (INDO and
L-NAME + SNAP) did not influence the magnitude of
the ADO-induced vasodilatation at any concentration
tested (Fig. 4B). Gluteus maximus fibre type composition
was similar to the composition of the cremaster muscle.
Figure 5 shows the percentage myosin heavy chain

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Figure 1. Phospholipase A; inhibition significantly attenuated
contraction-induced vasodilatation at intermediate stimulus
frequencies but not high or low stimulus frequencies

The change in diameter over 2 min of contractions at stimulus
frequencies of (A) 4 Hz, (B) 20 Hz and (C) 60 Hz at a constant
contraction frequency of 15 CPM in the absence (M) and presence
(a) of the phospholipase A; inhibitor quinacrine. The line with the *
indicates the range over which the dilatation in the presence of
quinacrine was significantly different from control dilatation.
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composition of gluteus maximus (~6% type 1, 76% type
ITA and 18% type IIB) is similar to cremaster muscle
(~17% type 1, 77% type IIA and 6% type 1IB) being
primarily type IIA. To confirm the accuracy of our assay,
we also ran Western blot analyses on muscles of known
fibre type composition and found that soleus (~75% type
1,25% typeIIA) is primarily type 1 and extensor digitorum
longus (~7% type 1, 78% type IIA and 15% type IIB) and
diaphragm (~12% type 1, 80% type IIA and 8% type
IIB) are primarily type IIA, and all conformed to known
compositions (Mattson et al. 2002).

Discussion

The important new findings in this study are that PGs
are involved in contraction-induced vasodilatation of the
terminal vasculature under specific contractile conditions
and extraluminal ADO induces arteriolar vasodilatation
independently of PGs. Extraluminal ADO did not induce
vasodilatation at any concentration that was dependent
on PG production, NO production or a combination
of the two. This phenomenon was not unique to the
2A arterioles in the cremaster muscle as ADO acted
independently of PGs and NO in different arterioles (1A
arterioles of the cremaster muscle) and different muscles
(2A arterioles in the gluteus maximus). Therefore, our data
show that the terminal microvasculature does not use the
ADO/PG/NO pathway to co-ordinate vasodilatation and
implies that the PG-induced vasodilatation in response to
muscle contraction is independent of extraluminal ADO
production.

We demonstrated that the importance of PGs in
arteriolar vasodilatation during muscle contraction was
dependent on how the skeletal muscle cells were stimulated
to contract. We used different stimulus frequencies and
contraction frequencies to determine which stimulation
component was more important in producing a
PG-dependent vasodilatation. Stimulus frequency, or the
number of impulses used per contraction, is an important
determinant of force generated by the muscle. Physio-
logically, two different strategies are used to increase the
force generated by a muscle, either increase the stimulus
frequency of the recruited motor units or recruit more
motor units. Within this study, we increased the stimulus
frequency, which increased force of the recruited skeletal
muscle cells and did not increase the number of muscle
cells recruited. We also changed contraction frequency, or
the number of contractions per minute, which affects the
rate at which the processes for contraction and relaxation
are repeated. In the present study, we observed that
PG synthesis inhibition attenuated arteriolar dilatation
evoked by muscle contraction at intermediate and high
contraction frequencies (15 and 60 CPM at 20 Hz) and at
intermediate stimulus frequencies (20 Hz at 15 CPM),
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Figure 2. Phospholipase A; inhibition significantly attenuated
contraction-induced vasodilatation at intermediate and high
contraction frequencies

The change in diameter over 2 min of contractions at contraction
frequencies of (A) 6 CPM, (B) 15 CPM and (C) 60 CPM at a constant
stimulus frequency of 20 Hz in the absence (M) and presence (a) of
the phospholipase A; inhibitor quinacrine. The line with the x
indicates the range over which the dilatation in the presence of
quinacrine was significantly different from control dilatation.
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but not dilatation induced at low or high stimulus
frequencies (4 or 60 Hz at 15 CPM). We therefore
reasoned that the effect of PG synthesis inhibition on
dilatation evoked by intermediate stimulus frequencies
was probably an effect of the contraction frequency
rather than the stimulus frequency. Therefore, we
conclude that contraction frequency is a more important
determinant of the contribution of PGs than stimulus
frequency.

There are two potential mechanisms that may link
contraction frequency to the production of PGs; one
is the direct release of PGs from skeletal muscle that
is influenced by how the muscle is contracted and
the other is through flow-dependent responses. An
influence of contraction frequency, rather than stimulus
frequency, indicates that the number of times the muscle
is stimulated, rather than the amount of force generated
per contraction is an important determinant of PG
production or effectiveness. Thus, the number of impulses
of calcium/minute was important in the production of
PG rather than the calcium/contraction. PLA, isoforms
are calcium dependent (for review see Burke & Dennis,
2009). In addition, there is evidence that skeletal muscle
cells contain PLA, (McLennan & Macdonald, 1991) and
cyclooxygenase (Testa et al. 2007) and that PGs accumulate
in muscle interstitium during exercise (Karamouzis et al.
2001a,b) but there is little evidence to suggest that contra-
cting skeletal muscle cells release PGs (Vandenburgh
et al. 1990, 1995). However, endothelial cells can release
PGs (for review see Davidge, 2001) and release from
both adluminal and abluminal surfaces of vascular end-
othelium could explain the increase in interstitial PGs
and in venous efflux of PGs. Although endothelial cells
have been shown to release PGs in response to ADO in
culture (Nyberg et al. 2010) endothelial cells also release
PGs in response to increases in flow and shear stress
(Koller & Kaley, 1990; Ward, 1999; Osanai et al. 2000;
Giles et al. 2012). During the 2 min of our contraction
protocol, we assume that blood flow increases in the
microcirculation and it is probable that an increase in
shear stress occurred in association with each new period
of contraction. Thus, it is possible that the PGs that
contributed to the arteriolar dilatation were released from
the vascular endothelium by increased flow and shear
stress and that this release was proportional to contraction
frequency. We recognize that PGs released from venular
endothelium have been shown to cause vasodilatation
of the arteriole that runs alongside it during muscle
contraction (MacKay et al. 1998) but this is not a key
mechanism for the arteriolar dilatation recorded in the
present study as the arterioles we observed were not paired
with venules.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society
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Table 2. Control and experimental initial forces and fatigue rates of cremaster muscle strips used in in vitro contraction experiments
investigating the role of prostaglandins in the vasodilatation in response to skeletal muscle contraction. Forces and fatigue rates
reported were following 60 min incubation with either Krebs solution (control) or the phospholipase A; inhibitor quinacrine
(experimental)

Contraction

Control force

Experimental

Control fatigue

Experimental
fatigue rate

parameters (9) force (g) rate (g min~") (g min~") n
4 Hz 15 CPM 1.0+ 0.2 1.2+0.2 0.01 + 0.01 0.04 + 0.02 7
20 Hz 15 CPM 2.5+0.5 2.6 £0.6 —0.006 + 0.02 —0.006 + 0.07 7
60 Hz 15 CPM 3.44+0.7 3.6 0.9 0.02 + 0.04 —0.02 + 0.03 7
6 CPM 20 Hz 25+0.5 3.6 0.6 —0.03 £+ 0.05 0.07 + 0.05 7
15 CPM 20 Hz 2.8+0.6 3.4+0.5 —-0.04 + 0.04 0.05 &+ 0.04 8
60 CPM 20 Hz 2.24+0.5 3.1+ 0.6 —0.57 + 0.2 —0.69 + 0.3 8

Values are means =+ SE, n = number of muscle strips.

Table 3. Resting baseline and maximal diameters of arterioles used in experiments investigating the role of prostaglandins and NO
in vasodilatations produced by a range of concentrations of ADO on different arterioles of different muscles. Baseline diameters are
reported before (control) and following 30 min of incubation (experimental) with the cyclooxygenase inhibitor INDO or NO synthase
inhibitor L-NAME without and with the addition of NO by adding SNAP

Control Experimental
baseline baseline Maximum
Preparation Experimental condition diameter (um) diameter (um) diameter (um) n
Cremaster TA ADO + INDO 17.8 £ 2.6 13.4 £ 2.0 414 £+ 3.6 10
Cremaster TA ADO + L.-NAME 13.8 £ 2.1 122+ 2.4 442 + 4.7 8
Cremaster TA ADO + L-NAME + 142 +1.7 129 + 1.7 36.6 + 2.7 9
SNAP
Cremaster TA ADO + INDO + L.-NAME 13.6 £ 2.7 10.7 £ 2.1 37.6 + 3.9 7
+ SNAP
Cremaster feed ADO + INDO + L.-NAME 79.1 +£ 45 74.0 + 4.1 95.0 + 4.9 8
arteriole + SNAP
Gluteus maximus ADO + INDO + L-NAME 389 +43 39.6 + 4.6 54.1 +£ 4.0 6

arteriole + SNAP

Values are mean + SE, n = number of arterioles. Abbreviations: ADO, adenosine; INDO, indomethacin; .-NAME, nitro-L-arginine
methyl ester; NO, nitric oxide; TA, transverse arteriole; SNAP, S-nitroso-N-acetylpenicillamine.

Prostaglandins involved in contraction-induced
vasodilatations

As indicated in the Introduction, the contribution of
PGs to exercise hyperaemia may not be clear, as there
are reports that show a role for PGs during exercise
(Kilbom & Wennmalm, 1976; Cowley et al. 1985; Wilson
& Kapoor, 1993; Dulffy et al. 1999; Farouque & Meredith,
2003; Schrage et al. 2004, 2010; Win & Marshall, 2005)
while others do not (Beaty & Donald, 1979; Einstein &
Goodman, 1980; Young & Sparks, 1980; Shoemaker et al.
1996; Saunders et al. 2005; Mortensen et al. 2007; Crecelius
et al. 2011). A similar controversy exists at the micro-
vascular level where a role for PGs in contraction-induced
vasodilatation has been observed in cremaster arterio-
les paired with veins (McKay et al. 1998; Nuttle et al.

© 2014 The Authors. The Journal of Physiology © 2014 The Physiological Society

1999) but not in unpaired arterioles of the spinotrapezius
muscle (Hammer & Boegehold, 2005). However, our data
now suggest that whether PGs contribute to dilatation
at the microvascular level depends on how the muscle
is stimulated to contract. Thus, Hammer and Boeghold
(2005) did not find a role for PGs in arteriolar dilatation
when they evoked twitch contractions at 0.5, 1 or 2 Hz
for 2 min, while Nuttle e al. (1999) only observed a role
for PGs when using 1 Hz twitch contractions for 2 min
and observing arterioles that were paired with a venule.
Similarly, McKay et al. (1998) observed PG-dependent
dilatations in arterioles that were paired with a venule
in response to twitch contractions at 1 Hz. Our
observation that PG-dependent dilatation did not occur in
arterioles that were not paired with a venule when we
used twitch contractions at 4 Hz, 15 CPM is therefore
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Figure 3. ADO did not cause vasodilatation through nitric
oxide or prostaglandin on the cremaster second order
arteriole (transverse arteriole)

The change in diameter in response to incremental doses of ADO (A)
in absence (M) and presence (A) of INDO, (B) absence (M) and
presence of 10~ M L-NAME alone (A) or 10~> m L-NAME in
presence of 107 m SNAP (¥) and (C) absence (M) and presence of
INDO + 10~ M L-NAME (4) or INDO + 10~ M L-NAME + 10~/ ™
SNAP (e). ADO, adenosine; INDO, indomethacin; L-NAME,
nitro-L-arginine methyl ester; SNAP, S-nitroso-N-acetylpenicillamine.
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consistent with those findings. On the other hand, our
finding that PG-dependent dilatation occurred in arterio-
les that were not paired with venules at higher frequency
tetanic contractions (20 Hz, 15 CPM) allow us to suggest
that low-frequency twitch contractions are only effective
in inducing PG-dependent dilatation in arterioles that are
paired with venules; this may be due to the proximity
of the venular endothelium as a source of PGs. As inter-
mediate frequency stimuli (20 Hz) at 60 CPM did cause
PG-dependent dilatation in arterioles that were not paired
with venules, we can assume that this type of contraction
did release sufficient PGs from the microvascular end-
othelium, as discussed above. Previous studies have shown
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Figure 4. ADO did not cause vasodilatation through nitric
oxide or prostaglandin on the cremaster first order arteriole
(feed arteriole) or on the gluteus maximus second order
arteriole

A, change in diameter in response to incremental doses of ADO in
the absence (M) and presence of INDO + 10~> M L-NAME + 10~/ ™
SNAP (A). B, change in diameter in response to incremental doses of
ADO in absence (M) and presence of INDO + 10> M

(-NAME + 10~ M SNAP (). ADO, adenosine; INDO, indomethacin;
L-NAME, nitro-L-arginine methyl ester; SNAP,
S-nitroso-N-acetylpenicillamine.
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that the magnitude of the PG release into venous efflux and
interstitium during muscle contraction is dependent on
the contraction intensity (Young & Sparks, 1980; Symons
et al. 1991; Wilson & Kapoor, 1993; Karamouzis et al
2001a) and that there are differences in their relative
concentrations of different PGs in static and dynamic
contractions (Karamouzis ef al. 2001b). In light of the
present findings, it seems likely that discrepancies in the
literature as to whether PGs do or do not contribute to
exercise hyperaemia may be dependent on characteristics
of the muscle contraction. This should be tested in future
studies.

The clarity for the role of PGs in contraction-induced
vasodilatation is further confounded by the potential for
interactions of PGs with other vasodilators such as NO
and ADO. There are data that support, at the whole muscle
level measuring bulk blood flow, that ADO is an important
mediator of exercise hyperaemia (for review see Marshall,
2007) and may promote an increase in blood flow through
the production of both NO and PGs (Mortensen et al.
2009; Nyberg et al. 2010). We could not find evidence to
support that extraluminal ADO produced vasodilatation
through PGs, NO or both in the microvascular network,
specifically 2A arterioles of the cremaster muscle, larger
vessels in the cremaster muscle, the 1A arteriole, or in
different muscles, 2A arterioles in the gluteus maximus
muscle. The cremaster and gluteus maximus muscle
are of similar fibre type but represent muscles that
are functionally different, being non-locomotory and
locomotory muscles, respectively. Our data indicate that
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the redundant interaction between extraluminal ADO and
NO and PG is not a mechanism that either muscle employs
at the microvascular level for the action of extraluminal
ADO.

The method of application of ADO is an
important consideration when experimentally testing the
dependence of ADO on NO and PGs. Studies that
involve infusion of ADO have shown an increase in the
synthesis of NO (Ray & Marshall, 2005) and NO- and
PG-dependent vasodilations (Ray et al. 2002; Mortensen
et al. 2009) whereas ADO generated extracellularly during
muscle contraction (Hellsten et al. 1998) may not increase
muscle blood flow via NO (Ray et al. 2002; Ray &
Marshall, 2009). Indeed, it has been shown that the
ADO generated during muscle contraction does not
increase muscle blood flow by acting via NO but ADO
infused intraluminally does (Ray & Marshall, 2009) and
causes arteriolar dilatation by acting via NO (Baker
& Sutton, 1993). In our protocol, we applied ADO
extraluminally, as would occur during skeletal muscle
contraction, and find that extraluminal ADO does not
vasodilatate via NO or PGs. Thus, it is possible that infused
ADO activates vasodilatatory pathways primarily through
endothelial cells and involves NO and PG production,
whereas ADO produced extraluminally by skeletal muscle
contraction, or applied extraluminally, primarily affects
smooth muscle of the microvasculature and acts in
an NO/PG independent manner. We acknowledge that
ADO infused by microdialysis into muscle interstitial
space caused an increase in the production of NO and
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PG (Nyberg et al. 2010) but this could have been via
capillary or venular endothelium rather than arteriolar
endothelium.

In further support of our conclusions that there is little
interaction between extraluminal ADO, and NO and PGs
at the arteriolar level, we have previously shown, using
a protocol similar to that used in the present study, that
ADO made a contribution to arteriolar dilatation at low
and intermediate stimulus frequencies and low, inter-
mediate and high contraction frequencies. (Dua et al
2009). On the other hand, NO contributed to arterio-
lar dilatation at low, intermediate and high stimulus
frequencies, but at only low and intermediate contraction
frequencies. Both of these sets of parameters differ from
those at which we found PGs to be contributing in
the present study: intermediate stimulus frequencies and
intermediate and high contraction frequencies. Taken
together these findings indicate there are conditions
in which ADO acts independently of PGs and/or NO
to produce arteriolar vasodilatation and conditions in
which PGs act independently of ADO and/or NO. Even
at intermediate stimulus frequencies and intermediate
contraction frequencies where theoretically all three
could be acting interdependently, the present findings
demonstrate this is not the case.

Experimental limitations

We used two different inhibitors of PG production,
indomethacin, a specific inhibitor of cyclooxygenase, and
quinacrine, a PLA, inhibitor, which inhibits synthesis of
the precursor of PGs. The muscle contraction and ADO
application experiments were completed at different times
and inhibitors were used when we had gained confidence
and experience with each. The use of two different
inhibitors does not detract from our overall observations
and conclusions. We showed that PLA, inhibition
attenuated the arteriolar vasodilatation evoked by muscle
contraction using specific contractile parameters. We used
a PLA, inhibitor to block the first step in PG synthesis by
inhibition of the production of arachadonic acid, which
acts as the substrate for the production of vasodilatory PGs
through cyclooxygenase activity. Arachadonic acid is also
the precursor for the production of epoxyeicosatrienoic
and hypdoxyeicosastetraenioc acids through the activity
of cytochrome P450 epoxygenase. Cytochrome P450
products have been shown to be vasoactive in skeletal
muscle (Bolz et al. 2000; Frisbee et al. 2000; Huang et al.
2000, 2001; Wu et al. 2001) and have been identified
as a potential endothelial-derived hyperpolarizing factor
(EDHF) (Busse et al. 2002; Campbell & Falck, 2007).
Inhibition of PLA, will block the production of both
PG and EDHEF. The role of EDHF in the regulation of
blood flow during muscle contraction is uncertain (Hillig
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et al. 2003; Mortensen et al. 2007). EDHF appears to
mediate flow-induced dilatation in skeletal muscle arterio-
les in the absence of NO (Huang et al. 2001). Indeed,
NO appears to inhibit the effectiveness of EDHF in that
the effects of EDHF are difficult to observe unless NO
synthesis is inhibited (Bauersachs et al. 1996; Nishikawa
et al. 2000; Huang et al. 2001; Hillig et al. 2003). During
our muscle contraction experiments, the NO synthesis
pathways were intact, so we assume there was a minimal
EDHEF contribution. Further, the arteriolar vasodilatation
evoked by arachadonic acid, the precursor for both cyclo-
oxygenase and cytochrome P450-dependent vasoactive
products, was completely abolished by INDO, the cyclo-
oxygenase inhibitor in this tissue in the presence of NO
synthase activity. Thus, we believe it is reasonable to
assume that the inhibition of contraction-induced vaso-
dilatation we observed in the presence of PLA, was
primarily due to the blockage of PG synthesis, although
a small role for cytochrome P450 products cannot be
completely ruled out.

Conclusions

We have shown that PGs are an important component
of vasodilatation associated with muscle contraction at
the microvascular level and the extent of their importance
was dependent on the contractile characteristics of skeletal
muscle. Importantly, we could not find evidence to
support that PG and NO vasodilatations were secondary
to extraluminal ADO, implying that contraction-induced
vasodilatation through PG is not secondary to skeletal
muscle production of ADO.
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