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Neuroeffector Ca2™ transients for the direct measurement
of purine release and indirect measurement

of cotransmitters in rodents

K. L. Brain

University Department of Pharmacology, University of Oxford, Mansfield Road, Oxford OX1 3QT, UK

Determining whether ATP and noradrenaline are released from the same vesicle at mature
autonomic neuroeffector junctions is challenging because of the difficulty of simultaneously
detecting the packeted release of these neurotransmitters. Contraction, overflow and
electrophysiology experiments all show that both ATP and noradrenaline are released
following field stimulation (although the ratio might vary) from autonomic nerves in
tissues including the vas deferens, rat tail artery and mesenteric artery. The occurrence of
purinergic neuroeffector Ca’* transients (NCTs) has been used to detect the packeted release
of the neurotransmitter ATP acting on postjunctional P2X receptors to cause Ca’>* influx.
Neuroeffector Ca>* transients can also be used to detect the local effects of noradrenaline
through its o, -adrenoceptor-mediated prejunctional autoinhibitory effects on nerve terminal
Ca’* concentration and the probability of exocytosis (measured by counting NCTs). Evidence
is presented that exocytosis from sympathetic varicosities does not occur in a manner
independent of the history of that varicosity, but rather that the release of a packet of ATP
transiently suppresses (or predicts the transient suppression of ) subsequent release. This could
arise by autoinhibition (by the prejunctional action of noradrenaline or purines) or due to a
transient shortage of vesicles readily available for release. In summary, two high-resolution
approaches are proposed to measure the intermittent release of packets of neurotransmitter:
(1) local transient suppression of nerve terminal Ca?* transients; and (2) thelocal and transient
inhibition of NCTs to infer local autoinhibition, hence transmitter release. Such approaches
may allow the packeted corelease of ATP and noradrenaline to be investigated without the need
to measure both neurotransmitters directly.
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It is now widely accepted that more than one neuro-
transmitter is released from sympathetic postganglionic
nerve terminals, with the particular mix of
neurotransmitters varying with the species and with the
tissue innervated. The most prevalent neurotransmitters
[noradrenaline, ATP and neuropeptideY (NPY)] are
accompanied by a mix of other peptides, which perhaps
have more target-specificimportance. With the acceptance
of multiple neurotransmitters come the fundamental
questions of whether they are also co-stored, released in
consistent packet sizes, or engage in coregulation at the
level of the single junction, single nerve terminal, or in a
paracrine or even endocrine manner.

© 2008 The Author. Journal compilation © 2009 The Physiological Society

Perhaps the most startling example of cotransmission
without co-storage comes from the parasympathetic
nervous system, where terminals staining for the vesicular
acetylcholine transporter can also contain nitric oxide
synthase (Hedlund et al. 1999), suggesting that they release
NO as a gaseous neurotransmitter. Regarding sympathetic
terminals, the differential responses of noradrenaline and
purine overflow or transmission in response to a range
of interventions, including angiotensin (Trachte, 1988;
Ellis & Burnstock, 1989), prostaglandinE, (Ellis &
Burnstock, 1990) and a change in the stimulation
frequency (Todorov et al. 1999), has led many to suggest
that noradrenaline and ATP release are differentially
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controlled, although these transmitters still might be
co-stored (Stjirne, 2001). Biochemical evidence for co-
storage comes from studies of the chemical composition
of synaptic vesicle fragments separated by density gradient
centrifugation from the rat vas deferens (Fredholm
et al. 1982). Recently, a vesicular ATP transporter has
been identified (the gene product of SLCI17A9; Sawada
et al. 2008), and co-localization of this transporter with
transporters for other neurotransmitters at the level of
the vesicle would suggest co-storage. Detecting corelease,
however, is difficult because of the challenge of monitoring
the packeted release of cotransmitters with sufficient
spatial resolution, sensitivity and molecular specificity.

Neurotransmitter release from sympathetic nerves to
smooth muscle can be measured in several ways, including
intracellular voltage-following [of excitatory junction
potentials (EJPs); Burnstock & Holman, 1961, 1962], focal
extracellular recording [of excitatory junction currents
(EJCs)], by local amperometry for noradrenaline or by
measuring the overflow of neurotransmitters from the
smooth muscle. While all of these techniques are useful for
monitoring bulk transmission, monitoring the release of
single packets of evoked neurotransmitter is considerably
harder. Spontaneous neurotransmitter release is readily
monitored by detecting the spontaneous excitatory
junction potential (sEJP), where the sympathetic
innervation has close contact with purinergic P2X
receptors on the smooth muscle. However, the large size of
the almost electrically homogeneous smooth muscle cells
(usually >100 um in length) means that it is difficult to
locate the site of neurotransmitter release. This is made
even more difficult when the smooth muscle cells are
electrically well coupled, in which case a given sEJP may be
the muffled reporter of distant neurotransmitter release.
Focal extracellular recording, using loose-patch electrodes,
of the EJC spatially restricts the volume of tissue being
monitored, but such measurements are hampered by the
weak extracellular potential differences generated and by
the confounding nature of the opposing electrical signals
arising when neurotransmitter release occurs outside, but
close to, the rim of the recording electrode.

Rapid EJPs and EJCs in most smooth muscles are
generated by the action of ATP on P2X receptors,
with most of the current through their channels being
carried by Na™, owing to the high permeability of the
channel, the high extracellular concentration and the
high electrochemical gradient for Na®. However, the
Ca?* permeability through these channels is also high
(Benham & Tsien, 1987), leading to a significant
Ca’t influx. Since the resting intracellular free Ca®t
concentration is relatively low, this local Ca’>" influx,
while smaller in absolute value than the Na™ influx, gives
a much larger relative change in Ca’" concentration.
Such a change in local Ca** concentration, in some cells
amplified by release from intracellular Ca** stores, can be
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detected using fluorescent Ca*" indicators. Optical cross-
sectioning by confocal microscopy has allowed several
groups to use this approach to monitor the packeted release
of ATP (Brain et al. 2001, 2002; Lamont & Wier, 2002;
Heppner et al. 2005) within intact smooth muscle. Such
Ca?* transients are significantly larger in amplitude, or of
longer duration, than Ca** sparks (Lamont & Wier, 2002;
Heppner et al. 2005).

Validating the detection of focal purinergic Ca®t
transients as a useful measure of neurotransmitter release
is important before this technique can be used to
make inferences about the fundamental properties of
neurotransmission. It should be noted that this approach
requires the presence of functional postjunctional P2X
receptors in sufficiently close contact to the nerve
terminals. This dependence on the function of the
receptors means that it can be difficult to assess whether
changes in the local Ca?* transient reflect changes
in the amount of ATP released, or a change in the
number of functional receptors located or clustered
close to the varicosity. However, such a limitation
also complicates the interpretation of sEJPs. There are
interesting electrochemical approaches being developed to
monitor the local ATP concentration (Llaudet et al. 2005),
much as noradrenaline is measured, but the sensitivity
of such approaches is fundamentally limited by the
weak electrical signal generated per ATP molecule in the
requisite chemical reactions. The reaction rate may also
limit the sensitivity to brief local ATP transients.

To validate neuroeffector Ca’* transients (NCTs) as a
measure of evoked neurotransmitter release it would be
useful to compare the optical responses obtained with
a more traditional high-sensitivity method for detecting
ATP release; the measurement of either EJPs or EJCs. To
measure EJCs requires the presence of a focal extracellular
electrode directly over the site of neurotransmitter release.
The presence of the electrode tip interferes with high-
resolution optical measurements of the same region,
although this might not be an impossible obstacle to
overcome. Measuring the EJP simultaneously with optical
recording is technically much easier because it requires
a sharp intracellular electrode that can be located some
distance from the site of optical recording (still within
the same cells recorded from optically). The problem
with the EJP is that it reports the action of ATP at
any location on the smooth muscle cell impaled and,
in the presence of sufficiently good electrical coupling,
from nearby cells. Furthermore, field stimulation of
the nerves activates a large number (if not all) of the
terminals within the tissue, leading to a large local quantal
content, even in the presence of highly intermittent release.
However, single packets of ATP are released spontaneously
and asynchronously from nerve terminal varicosities,
producing the sEJPs. The sEJPs are of relatively low
frequency, making the correlation of optically recorded
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Ca’" signals with them difficult because the recording
time is limited by photobleaching of fluorescent Ca’*
probes. One way to resolve this problem is to use the
black widow spider venom toxin component, latrotoxin,
to increase the rate of sEJPs to a point where spontaneous
NCTs can be detected within a practical duration (Young
et al. 2007a). We showed a good correlation between
the timing of sEJPs and spontaneous NCTs, helping to
validate this optical approach with the more traditional
electrophysiological method. Additionally, the added
spatial resolution provided by optical monitoring led us
to conclude that the broad amplitude distribution of
sEJPs, previously attributed to the damped signal from
distant, electrically coupled smooth muscle cells, could
be explained entirely by spontaneous neurotransmitter
release onto the cell from which recordings were made.
The measurement of ‘discrete events’ can reduce the
spatial range over which neurotransmitter release is
detected (Blakeley & Cunnane, 1979). Using standard
intracellular recording with a sharp microelectrode, but
differentiating the electrical signal with respect to time
(dV/dt), intermittent transient peaks in dV/d¢ could
be detected, and these were attributed to the action of
local neurotransmitter release only (although the range
implied by ‘local’ had not been established). By using the
occurrence of NCTs to locate the site of neurotransmitter
release, we (Young et al. 2007b) have been able to show
that the discrete events represent transmitter release on
the cell impaled, but do not seem to give very good
information about the physical location (with respect
to the electrode tip) within that cell. Therefore, discrete
events can be used, even in a moderately well-electrically-
coupled syncytium, to detect neurotransmitter release
onto the smooth muscle cells impaled, but the virtual
electrical homogeneity of each smooth muscle cell means
that the spatial resolution obtained using ‘discrete events’
is limited. Transmitter release onto other cells causes only
a slow change in the membrane potential (hence no
early peak in dV/dt), presumably because the electrical
impendence of the intervening gap junctions slows the
rate at which the potential equilibrates amongst the cells.
Of the preparations in which focal purinergic Ca*"
transients have been observed, the mouse vas deferens
has the experimental advantages that there is a relatively
high density of close-contact varicosities (Taxi, 1965;
Jones & Spriggs, 1975) and a well-established technique
for monitoring the nerve terminal Ca*" concentration,
which can be performed while imaging the smooth
muscle (Fig.1; Brain & Bennett, 1997). The principal
cotransmitters released from the sympathetic nerves in
the vas deferens are noradrenaline and ATP (Burnstock,
1976; Morris & Gibbins, 1992). In the rat tail artery, local
detection of noradrenaline with amperometry and ATP
release using EJCs, two high-resolution techniques, has
shown a similar regulation of ATP and noradrenaline

© 2008 The Author. Journal compilation © 2009 The Physiological Society
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release in response to two-pulse stimulation (under
control conditions and in presence of K channel
blockers; Msghina et al. 1998), but this approach was
not sufficient to demonstrate that packets of ATP are
released synchronously with packets of noradrenaline.
While EJCs are readily measured in the mouse vas
deferens, it has proved very much more difficult to use
amperometry to detect packeted noradrenaline release
in this organ, possibly because of the distributed
nature of the innervation and the slow diffusion from
release sites located within the muscle (J. Brock, personal
communication).

The local detection of the action of noradrenaline
has been possible, at high resolution, using the nerve
terminal itself as a biological sensor. Both noradrenaline,
acting at prejunctional «,-adrenoceptors (Illes & Starke,
1983), and purines, acting mainly at P2Y receptors (von
Kigelgen et al. 1989, 1994), inhibit neurotransmitter
release. By monitoring nerve terminal Ca?* concentration
in the mouse vas deferens using brief trains of field
stimulation at a frequency of 4.63 Hz, we were able to
show that the o,-adrenoceptor antagonist yohimbine
increased the amplitude of the Ca?* transient following
five-impulse trains (Brain & Bennett, 1997). This suggests

Figure 1. Confocal imaging of smooth muscle and a nerve
terminal

Smooth muscle cells of the isolated mouse vas deferens were loaded
with the Ca2* indicator Oregon Green 488 BAPTA-1 AM (green), as
previously described (Brain et al. 2003). The red Ca?* indicator,
rhod-2, 10 kDa dextran, was loaded in an orthograde direction into a
subset of nerve terminals, by adapting the approach used by Brain &
Bennett (1997). In this confocal plane, only a single nerve terminal
branch can be seen, although it is likely that there are other,
unlabelled, nerve terminals nearby. The image field is 70 um across.
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that, during field stimulation, noradrenaline reaches the
az-adrenoceptors at an average varicosity, at a sufficient
concentration to inhibit Ca?* influx, within 860 ms of the
start of the stimulus train. This might seem surprising
given that ATP release (hence noradrenaline release, if
there is strict corelease) is highly intermittent at these
junctions (Brain et al. 2002), with a probability that
a given action potential will evoke the release from a
given varicosity of only 0.019. If we consider that there
might be ‘n’ varicosities within the diffusion range of
a particular varicosity, we can consider the number of
such varicosities that might need to be present in order
that, on average (using P = 0.5 to give the median value),
neurotransmitter will be released locally. During a five-
impulse train, assuming that the last impulse in the train
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Figure 2. Neurotransmitter release at a single junction depends
on recent release from that junction

A shows pairs of selected images (control, immediately followed by a
field stimulus, #) acquired during trains of stimuli at 1 Hz. Each sterisk
denotes a NCT. The second and final frames show NCTs occurring at
the same site (due to neurotransmitter release at the same junction)
occurring 19 s apart. The relative frequency of such durations across
all preparations is given in B. This distribution of durations (filled
columns) is compared with the distribution expected if NCTs occurred
independently of previous events at the same junction (open
columns). This expected distribution was calculated as follows. If NCTs
occur independently, with a probability of p on each trial, then the
chance of events being precisely k trials apart is p(1 — p)* = " (a
geometric progression). For ‘m’ NCTs, the expected number of
intervals is mp(1 — p)* = . This expected count was calculated for
each of the 16 junctions, using the mean probability of detecting an
NCT at that junction (p). The data from all junctions (measured values
and expected values) were then pooled. The measured distribution
differed from that expected (x? test, P = 0.016); *P < 0.05 with a
post-x2 paired Student’s t test.

Exp Physiol 94.1 pp 25-30

cannot autoinhibit the Ca*" influx during the train, the
expectation value of #n can be found by solving [(1 —
0.019)"]* = (1—0.5), i.e. the probability that there will be
no local release, given —# varicosities within the diffusion
range. Thisis n = [In(0.5)/In(0.981)]/4, or n ~ 9. We know
that the density of varicosities in this organ is around 2.2
varicosities per 1000 um?® (Karunanithi & Lavidis, 2001),
so this number of varicosities (9) should occur within an
average range (radius) of about 10 um (noting that within
such a radius there is a tissue volume of about 4200 um?).
Therefore, even in the presence of highly intermittent
noradrenaline release (probability of release of 0.019),
one would expect the average varicosity in this organ to
be within 10 um of a released packet of noradrenaline at
some time during a five-impulse stimulus train (excluding
the last impulse). This range seems reasonable for the
diffusion of noradrenaline within the restricted, although
somewhat tortuous, extracellular space.

Rather than studying the effects of local «;-mediated
inhibition of nerve terminal Ca?t transients, it should
be possible to detect the effects of autoinhibition more
directly by attempting to detect autoinhibition at the level
of the single junction. In the presence of autoinhibition,
noradrenaline release should transiently suppress the
probability of subsequent release. There have been
previous attempts to detect such transient suppression
of the local release probability in the rodent (guinea-
pig) vas deferens (Blakeley et al. 1982), but this approach
has relied on accurate shape matching of ‘discrete
events, and attributing each shape as the fingerprint of
neurotransmitter release from a single varicosity. There is
even some evidence in the guinea-pig vas deferens that
during trains of stimuli there is a transient increase in the
release probability from a given varicosity that leads to
multiple consecutive releases of neurotransmitter at a rate
greater than that predicted by chance (Cunnane & Stjarne,
1984).

A more direct method has now been investigated,
attempting to detect the suppression of NCT probability
during a train of low-frequency stimulation, following
a NCT. To do so, smooth muscle cells of the mouse
vas deferens were filled with the Ca’* indicator Oregon
Green 488 BAPTA-1 AM, as previously described (Brain
et al. 2003), and viewed under a confocal microscope.
Low-frequency (1 Hz) field stimulation was applied, and
the times of occurrence of NCTs (Fig.2A) at each
neuroeffector junction (identified by the spatial clustering
of such NCTs over time) were recorded. If it is assumed
that the release of packets of neurotransmitter (hence the
occurrence of NCTs) occurs independently of the prior
history of the muscle cell, then the distribution of time
intervals between successive NCTs can be predicted (see
thelegend to Fig. 2). In order to analyse a sufficient number
of NCTs, only junctions with a high release probability
(where the probability of inducing an NCT following an

© 2008 The Author. Journal compilation © 2009 The Physiological Society
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action potential, Pxcr, was >0.05) were considered. When
stimulating at 1 Hz, the distribution of durations between
consecutive NCTs differed from the distribution expected
if NCTs are released independently (Fig. 2B; trials of more
than 300 impulses; number of junctions, n; = 16; number
of preparations, n, =8; P < 0.05). There was a paucity
of NCTs occurring during the 5 s following a NCT. This
deficit was recouped during the period 5-10s after an
NCT.

The poverty of NCTs occurring within 5s of one
another indicates that exocytosis from a varicosity
transiently suppresses the probability of release from
that varicosity. This could arise by autoinhibition (for
example, by the action of noradrenaline on prejunctional
a,-adrenoceptors) or be due to a deficit in the number
of vesicles available for release. Further investigation is
required to determine whether this transient suppression
represents o,-meditated autoinhibition, implying the
corelease of noradrenaline and ATP from a single
varicosity, with the noradrenaline transiently suppressing
release probability from that varicosity.

On balance, while neurotransmitter overflow and
contraction techniques show a differential regulation
of the cotransmitters ATP and noradrenaline from
sympathetic nerves, the techniques with the highest
spatial resolution suggest the corelease of packets of
these neurotransmitters during low-frequency nerve
stimulation. It may be that during long stimulus trains
the ratio of the amounts of the two neurotransmitters
released may vary, perhaps reflecting the release of vesicle
populations with different ATP/noradrenaline ratios.
Further progress in this field can be made by detecting
the packeted ATP release by monitoring NCTs, and
combining this with the indirect local measurement of the
autoinhibitory action of noradrenaline on prejunctional
a,-adrenoceptors.

However, new or improved high-sensitivity techniques
to directly measure the local release of noradrenaline
and ATP are still needed to facilitate understanding
of the differing regulation of these autonomic
neurotransmitters. The study of cotransmission has
progressed a long way since the doubting days of the mid-
20th century; perhaps the coming decades will see the
translation of our molecular understanding, to aid our
understanding of cotransmission and its regulation at the
level of the single neuroeffector junction in intact tissues.
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