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Characterization of ouabain-induced noradrenaline and
acetylcholine release from in situ cardiac autonomic nerve
endings
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M. Sugimachi®
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Aim: Although ouabain modulates autonomic nerve ending function, it is
revision received 29 May 2007,

accepted 30 june 2007 uncertain whether ouabain-induced releasing mechanisrq differs between _in
PO — vivo sympathetic and parasympathetic nerve endings. Using cardiac dialysis,
Departvant af Cardiac we examined how ouabain induces neurotransmitter release from autonomic
Physiclogy, National nerve ending.
Cardiovascular Center Research  Methods: Dialysis probe was implanted in left ventricle, and dialysate nor-
'SEL“:‘;655'?]’&';:"‘;‘;:;?:’“' Suta 4 drenaline (NA) or acetylcholine (ACh) levels in the anaesthetized cats were
s mki‘@;mm:go_lp ' measured as indices of neurotransmitter release from post-ganglionic auto-
nomic nerve endings.
Results: Locally applied ouabain (100 pm) increased in dialysate NA or ACh
levels. The ouabain-induced increases in NA levels remained unaffected by
cardiac sympathetic denervation and tetrodotoxin (Na* channel blocker,
TTX), but the ouabain-induced increases in ACh levels were attenuated by
TTX. The ouabain-induced increases in NA levels were suppressed by pre-
treatment with desipramine (NA transport blocker) and augmented by
reserpine (vesicle NA transport blocker). In contrast, the ouabain-induced
increases in ACh levels remained unaffected by pretreatment with hemich-
olinium-3 (choline transport blocker) but suppressed by vesamicol (vesicle
ACh rtransport blocker). The ouabain-induced increases in NA levels were
suppressed by pretreatment with w-conotoxin GVIA (N-type Ca”* channel
blocker), verapamil (L-type Ca** channel blocker) and TMB-8 (intracellular
Ca®* antagonist). The ouabain-induced increases in ACh levels were sup-
pressed by pretreatment with w-conotoxin MVIIC (P/Q-type Ca** channel
blocker), and TMB-8.
Conclusions: Ouabain-induced NA release is attributable to the mechanisms
of regional exocytosis and/or carrier-mediated outward transport of NA,
from stored NA vesicle and/or axoplasma, respectively, while the ouabain-
induced ACh release is attributable to the mechanism of exocytosis, which is
triggered by regional depolarization. At both sympathetic and parasympa-
thetic nerve endings, the regional exocytosis is because of opening of calcium
channels and intracellular calcium mobilization.
Keywords  acetylcholine, Ca** channels, cat, microdialysis, Na’,K"-AT-
Pase, noradrenaline.
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Quabain and cardiac autonomic nerve endings * T Yamazak et al.

It is generally accepted that ouabain modulates auto-
nomic nerve function by inhibition of membrane
Na®,K*-ATPase (Gillis & Quest 1979). This neuronal
modulatory cffect was mainly reported with in vitro
sympathetic (Sweadner 1985), parasympathetic nerve
endings (Satoh & Nakazato 1992, Gomez et al. 1996)
and adrenal glands (Haass et al. 1997). Furthermore,
ouabain-induced modulatory effect was reported with
in vitro studies on motor endplate (Vyskocil & Illes
1977, Zemkova et al. 1990). From these in wvitro
studies, several mechanisms are presently suggested to
induce release of neurotransmitter from the nerve
endings. However, it is uncertain whether the manner
of modulation differs between in vivo sympathetic and
parasympathetic nerve endings. A major concern is
whether ouabain induces a brisk increase in neurotrans-
mitter efflux (spontaneous neurotransmitter release).
Kranzhofer et al. (1991) reported that ouabain-induced
spontaneous noradrenaline (NA) release from sympa-
thetic nerve endings. On the other hand, ouabain-
induced spontaneous acetylcholine (ACh) release was
reported in vitro studies using synaptosomes (Satoh &
Nakazato 1992). No reports have described in vivo
spontaneous ACh release evoked by ouabain. Further, a
second issue is at which site ouabain induces neuro-
transmitter release: stored vesicle or axoplasma (Haass
et al. 1997). NA and ACh release have been reported in
stored vesicles and/or the axoplasma. It is uncertain,
however, which site induces the predominant neuro-
transmitter release evoked by ouabain in vivo. Further-
more, the mechanisms underlying the neurotransmitter
release evoked by ouabain remain unclear. Neuronal
effects of ouabain have been attributed to the inhibitory
action upon Na®,K*-ATPase and transmembrane so-
dium pump (Haass et al. 1997). As a consequence of the
reduced sodium gradient at the plasma membrane, two
possible mechanisms have been proposed to induce NA
release from nerve endings; (i) carrier-mediated reversed
NA transport, and (i) Ca**-dependent exocytotic NA
release. The manner and mechanisms of NA efflux have
been extensively studied and accepted in vivo in isolated
tissues (Sweadner 1985, Haass et al. 1997). However, it
remains unclear whether these assumptions are valid in
the cardiac sympathetic or parasympathetic nerve end-
Ings in vivo.

Cardiac dialysis technique in combination with highly
sensitive measurement of NA or ACh has offered a
powerful method for detecting the low level of dialysate
NA or ACh obtained from the myocardial space
(Akiyama et al. 1991, 1994). We demonstrated that
dialysate NA or ACh levels were affected by local
administration of pharmacological agents through dial-
ysis probes, indicating that changes in dialysate NA or
ACh levels reflect NA or ACh output from cardiac post-
ganglionic sympathetic or parasympathetic nerve end-

Acta Physiol 2007, 191, 275-284

ings (Yamazaki etal. 1997, Kawada etal 2001)
respectively. Using dialysis technique, ouabain can be
administered locally and it is possible to monitor NA or
ACh output following locally applied ouabain (Yama-
zaki et al. 2001). Furthermore, comparison of the
dialysate NA response in the presence and absence of
neuronal agents can differentiate carrier-mediated NA
release from calcium dependent exocytotic NA releasc
(Yamazaki et al. 1997). With locally applied neuronal
blockers, we examined the mechanisms and the sites
underlying NA or ACh release evoked by ouabain.

Methods

Animal preparation

Adult cats were anaesthetized with pentobarbital
sodium (30-35 mg kg™ i.p.). The level of anaesthesia
was maintained with a continuous intravenous infusion
of pentobarbital sodium (1-2 mg kg™ h™'). The ani-
mals were intubated and ventilated with room air mixed
with oxygen. Body temperature was maintained using a
heated pad and lamp. All protocols were performed in
accordance with the National Cardiovascular Center
Research Institute Animal Care Ethics Committee
guidelines that were in strict compliance with the NIH
Guide for the Care and Use of Laboratory Animals.
Electrocardiogram and mean arterial pressure were
simultaneously monitored with a data recorder. The
sixth rib on the left side was resected to expose the
heart. With a fine guiding needle, one or two dialysis
probes for dialysate sampling were implanted in the mid
wall of the anterolateral region of the left ventricle.
Heparin (100 U kg™") was administered after implan-
tation of the dialysis probe and a maintenance dose was
given every hour thereafter.

Dialysis technique

The material and properties of the dialysis probe were
described previously (Akiyama et al. 1991, 1994).
Briefly, we designed a transverse dialysis probe. Both
ends of a dialysis fibre (13 mm length, 0.31 mm o.d.
and 0.2 mm i.d.; PAN-1200, 50 000 molecular weight
cutoff, Asahi Chemical, Tokyo, Japan) were connected
and glued to polyethylene tubes (25 ¢m length, 0.5 mm
o.d. and 0.2 mm i.d.). The dialysate NA or ACh levels
were measured in separate animals. For the measure-
ment of dialysate NA, the dialysis probe was perfused
with Ringer’s solution at 10 gL min~'. Sampling peri-
ods were 2 min in duration (one sample vol-
ume = 20 ul), the minimum period
necessary to collect sufficient NA for satisfactory
measurement. For the measurement of dialysate ACh,
Ringer’s solution containing eserine (choline esterase

which was
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inhibitor, 100 um) was perfused at 2 ulL min~' and
sampling periods were 15 min in duration. Dialysate
sampling was started 120 min after probe implantation,
when the dialysate NA or ACh concentration had
reached a steady level. Each sample was collected in a
microtube containing 0.1 N HCI or phosphate buffer to
prevent oxidation. The dead-space volume between the
dialysis and sample tube was measured. Taking this
dead-space into account, samples were obtained.

Experimental protocols

In our previous study, we demonstrated that the
dialysate NA or ACh levels reflect cardiac neuronal
NA or ACh disposition at the nerve endings (Yamazaki
et al. 1997, Kawada et al. 2001). Therefore, in the
present study, we obtained dialysate samples and
measured the dialysate NA or ACh levels as an index
of NA or ACh output from post-ganglionic sympathetic
or parasympathetic nerve endings respectively, Gener-
ally two mechanisms and sites are proposed to induce
NA and ACh release from nerve endings: exocytotic
(quantum) release from the stored vesicle and non-
exocytotic (non-quantum) release from the axoplasma.
The present studies were designed to clarify whether
ouabain-induced NA or ACh efflux are affected by local
administration of pharmacological agents that modify
experimental conditions,

Protocol 1: Time courses of dialysate NA and ACh
levels during local administration of ouabain. We
examined the time course of dialysate NA and ACh
levels during local administration of ouabain (100 um).
Ouabain was administered for 60 min. Dialysate NA
levels were measured before and at 10-min intervals
during ouabain administration. Dialysate ACh levels
were collected in consecutive 15-min sampling periods.

Protocol 2: Influence of nerve transection and Na'
channels on dialysate NA or ACh response evoked by
ouabain. To test whether ouabain modulated central-
mediated exocytotic neurotransmitter release, we exam-
ined the time course of ouabain-induced dialysate NA
and ACh levels after transection of stellate ganglia or
cervical parasympathetic nerve tract. For cardiac sym-
pathetic denervation, the region of the stellate ganglia
was exposed through the intercostal space, and bilateral
transection of stellate ganglia was performed. After
cardiac sympathetic denervation, heart rate response to
carotid occlusion was blunted. In separate cats, cervical
vagotomy was performed. We started dialysate sam-
pling at 120 min after surgical interruption and oua-
bain-induced NA or ACh efflux was examined.
Furthermore, to examine involvement of deporalization
on NA or ACh release, ouabain-induced NA or ACh

© 2007 The Authors

T Yamazaki et al. » Ouabain and cardiac autonomic nerve endings

efflux was measured with addition of tetrodotoxin
(TTX, 10 um) through the dialysis probe. At 60 min
after the beginning of TTX administration, we started
the control sampling and examined the ouabain-
induced NA or ACh response.

Protocol 3: Influence of NA-, ACh- and choline
transporters on dialysate NA or ACh response evoked
by ouabain. To test whether ouabain-induced neuro-
transmitter efflux was derived from axoplasma or
stored vesicle, ouabain-induced NA or ACh efflux was
examined with local administration of pharmacological
agents, which affected the transport and content of
neurotransmitter at the nerve endings. Membrane
carrier-mediated NA transport was blocked by local
administration of desipramine, whereas vesicular NA
import was blocked by local administration of reser-
pine. In either case, ouabain-induced NA efflux was
examined with the addition of desipramine (100 M) or
reserpine (10 pum) through the dialysis probe. The
dosage of agent-administration was decided after refer-
ring to the previous studies (Akiyama et al. 1994,
Yamazaki et al. 1997). Membrane carrier-mediated
choline transport was blocked by local administration
of hemicholinium-3 (10 M), whereas vesicular ACh
import was blocked by local administration of vesam-
icol (10 um) (Kawada et al. 2001). In either case,
ouabain-induced ACh efflux was examined with the
addition of hemicholinium-3 or vesamicol through the
dialysis probe.

Protocol 4: Influence of Ca®* transporter, channel,
mobilization on dialysate NA or ACh response evoked
by ouabain. To test the contention that ouabain-
induced neurotransmitter efflux was modulated by
changes in intracellular Ca®* levels, the influence of
Ca®* transporter, channel, mobilization on the dialysate
NA or ACh response evoked by ouabain was examined.
We focused on the involvement of three types of
voltage-dependent Ca®* channel, the L- and N types in
the NA release evoked by ouabain. Sixty minutes after
starting local administration of verapamil (100 M), or
w-conotoxin GVIA (10 um), we measured the ouabain-
induced NA response. Second, we examined the
involvement of plasma membrane Na*/Ca** exchanger
in the NA release evoked by ouabain. The inhibitors of
membrane Na'/Ca®*  exchange (dechlorobezamil;
100 uM, or KB7943; 10 um) were locally administered
through the dialysis probe and the ouabain-induced NA
response was measured. Third, we examined the
involvement of intracellular Ca®* level in the NA release
evoked by ouabain. An intracellular Ca** antagonist
[3,4,5-trimethoxybenzoic acid 8-(dietyl amino)-octyl
ester (TMB-8)] blocks the efflux of calcium from
intracellular calcium stores without affecting influx
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