Supplemental Methods

The animal experiments were approved by the National Cardiovascular Center Research Committee
and were performed according to institutional guidelines.

Experimental Protocols

1) Effects of Metformin on Cardiomyocyte Viability and Apoptosis After Exposure to H;0,

To investigate whether metformin has a cardioprotective effect against damage due to H,O; in vitro, we
assessed cell viability and apoptosis in cultured cardiomyocytes using the
3-(4,5-dimethylthiazol-2-yl)-2,5-dipheny! tetrazolium bromide (MTT) assay and both the terminal
deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) staining plus flow cytometry,
respectively. The cells were cultured in serum-free media for 24 hours and then incubated in the
presence of 50 umol/L H,0, for 24 hours. Cardiomyocytes were pretreated with either metformin (1 to
100 umol/L) or 5-amino-4-imidazole-1-B-D-carboxamide ribofuranoside (AICAR; an AMPK activator)
(500 pmol/L) for 60 minutes before the addition of H,O,. Other cells were preincubated with an AMPK
inhibitor, compound-C (20 umol/L) for 6 hours before the addition of either metformin or AICAR. Then
cell viability and apoptosis were analyzed.

2) Effects of Metformin on Cardiac Performance in Dogs With Pacing-Induced Heart Failure
After pacemaker implantation, the dogs were randomly assigned to 3 groups as follows: 1) a group that
received a normal diet and drinking water (Pacing group, n=8), 2) a group that received metformin

orally at a dose of 100 mg/kg/day (Pacing+Met group, n=8), and 3) a group received AICAR
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subcutaneously every other day at 5 mg/kg (Pacing+AICAR group, n=4). We also performed a sham
operation in another 6 dogs (Sham group, n=6). The dose of metformin (100 mg/kg/day) was selected
because our preliminary study showed that this was the maximum dose that did not induce
hypoglycemia (data not shown). The dose of AICAR (5 mg/kg subcutaneously on alternate days) was
selected because we preliminarily confirmed that phosphorylation of AMPK was elevated at least 48
hours after subcutaneous injection of AICAR, by reference to previous report in rats, due to the lack of
any data for dogs (Supplemental Figures).1 Echocardiography was performed and hemodynamic
parameters were measured before and after 4 weeks of right ventricular (RV) pacing. After assessment
of these parameters, each heart was excised and divided into three parts for immunoblotting,
quantitative reverse-transcriptase polymerase chain reaction (PCR), and histological examination.
Materials

1, 1-Dimethylbiguanide hydrochloride (metformin hydrochloride) was a kind gift from Nippon Shinyaku
Co. Ltd. (Kyoto, Japan), while AICAR (an AMPK activator) and compound-C (an AMPK inhibitor) were
purchased from Calbiochem (California, USA). Antibodies directed against endothelial nitric oxide
synthase (eNOS) were obtained from Affinity BioReagents (Colorado, USA). Other antibodies were
purchased from Cell Signaling Technology (Massachusetts, USA).

Cell Culture

Primary cultures of cardiomyocytes were prepared from ventricles of 1-day-old Wistar rats, as

described previously.2 In brief, cardiomyocytes were plated at a density of 5x10° cells/mL on
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collagen-coated culture dishes and incubated in standard medium (DMEM with 10% FBS) for 72 hours,
after which incubation was continued under serum-free conditions for 48 hours.

Cell Viability Assay (MTT Assay)

Cell viability was analyzed by a nonradioactive cell proliferation assay using MTT, as described
previously with minor modifications®.

Assessment of Cardiomyocyte Apoptosis

To investigate the influence of metformin on cardiomyocyte viability, TUNEL assay was performed as
reported previously.3 Apoptosis was also quantified by flow cytometry (FACScan; Becton, Dickinson
and Company, New Jersey, USA) after cells were stained with annexin V and propidine iodide (Pl)
according to the manufacturer’s instructions (Annexin V-FITC Apoptosis Detection Kit; Sigma, Saint
Louis, USA).

Canine Pacing Model

Beagle dogs (Oriental Yeast Co. Ltd, Tokyo, Japan) weighing 8 to 10 kg were sedated with intravenous
sodium pentobarbital at a dose of 25 mg/kg. After intubation with a cuffed endotracheal tube,
anesthesia was maintained with 0.5 % to 1% isoflurane and an equal mixture of air and oxygen.
Ventilation was provided with a tidal volume of 22 mL/kg at a rate of 15 times per minute. A bipolar
pacing lead (Model BT-45P, Star Medical Inc., Tokyo, Japan) was advanced under fluoroscopic
guidance through the right jugular vein to the RV apex and was connected to a programmable

pacemaker (VOO mode; Model SIP-501, Star Medical Inc., Tokyo, Japan) that was implanted in a
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subcutaneous pocket in the neck. The success of this procedure was confirmed by electrocardiography.
Cefazolin sodium (1 g) was given intravenously after surgery, and the dogs were allowed to recover for
a few hours. Then heart failure was induced by rapid RV pacing at a rate of 230 beats per minute for 4
weeks, as reported previously.4

Echocardiography

Transthoracic echocardiography was performed by using an echocardiographic system equipped with
a 4-MHz phased-array transducer (SONOS 5500, PHILIPS, Eindhoven, the Netherlands) in conscious
dogs before pacemaker implantation and 30 minutes after the cessation of right ventricular (RV) pacing
at 4 weeks. A two-dimensional short-axis view of the left ventricle was obtained at the level of the
papillary muscles. All measurements were made by two observers, who were blinded with respect to
the source of the tracings.

Hemodynamic Studies

Both left ventricular end-diastolic pressure (LVEDP) and mean aortic pressure were measured by
pressure transducers using a 5 Fr pig tail catheter (Terumo Co. Ltd., Tokyo, Japan) that was inserted
into the left ventricle from the left femoral artery. The mean pulmonary artery pressure (PAP) and the
pulmonary capillary wedge pressure (PCWP) were measured using a 7 Fr Swan-Ganz catheter
(American Edwards Laboratories, California, USA). Cardiac output (CO) was determined at least three
times by the thermodilution technique. Systemic vascular resistance (SVR) was calculated as follows:

(mean aortic pressure-right atrial pressure) x 80/CO.
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Histological examination

The collagen volume fraction was examined in sections of the left ventricular (LV) free wall, after
excluding vessels, artifacts, minor scars, and incomplete tissue. Specimens were stained with
Masson's trichrome stain to evaluate the extent of interstitial fibrosis, as described previously.5 The
area of stained tissue was calculated as a percentage of the total area within a field by using Scion
image software (Beta 4.0.2).

Quantitative Reverse-Transcriptase PCR

The quantitative reverse-transcriptase PCR was performed as described previously.6 Total RNA was
extracted from LV myocardium with RNA-Bee-RNA Isolation Reagent (Tel-Test, Texas, USA). Then
1,000 ng of total RNA was reverse transcribed and amplified with an Omniscript RT Kit (Qiagen, Hilden,
Germany) according to the manufacturer’'s protocol.

Oligonucleotide primers and TagMan probes for canine atrial natriuretic peptide (ANP) (Cf
02705687_g1), canine transforming growth factor-81 (TGF-B1) (Cf 02741608_m1), and canine
ribosomal protein $18 (Cf 02681523_g1) were purchased from Applied Biosystems (California,

USA). Both Tagman probe and primer designs were optimized to enhance stability on the basis
of the known sequences of canine brain natriuretic peptide (BNP)7 and canine endothelial NO
synthase (eNOS).® We used the following probes, sense primers, and antisense primers:
5'-FAM-CAGTTGGCCCTGGAA-MGB-3', 5-GAAGGACGCAGTTTCAGAGCTG -3 and

5-AAAGCACCCTGACTTGTGCATC-3’ for canine BNP; and
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5'-FAM-CCTGGAGGATGTGGC-MGB-3', 5'-AACCTGTGTGACCCTCATCGAT-3' and
5'-TCACTTTGGCCAGCTGGTAACT-3' for canine eNOS, respectively.

Immunoblotting

Immunoblotting was performed as described previously.” A Bio-Rad ChemiDoc XRS system (Bio-Rad
Laboratories, Inc., California, USA) was used for chemiluminescence imaging and immunoreactive
bands were quantified with Bio-Rad Quantity One 1-D analysis software (Bio-Rad Laboratories, Inc.,
California, USA).

Measurement of Nitric Oxide End-Products

The plasma level of nitric oxide (NO) metabolic end-products (nitrite + nitrate) was measured by the
Griess method, as reported previously.10 Subsequently, ANO was defined as the difference between
the plasma NO level before and after 4 weeks of RV pacing.

Metabolic Parameters

All dogs were fed a standard diet with a fixed carbohydrate and fat content (DS-A, Oriental Yeast Co.
Ltd, Tokyo, Japan). After fasting for 14 hours, metabolic parameters such as the plasma levels of
glucose, lactate, free fatty acids (FFA), and insulin were measured with a quick-auto-neo-GLU-HK
(Shino-Test Corporation, Tokyo, Japan.), Determiner LA (KYOWA MEDEX Co., Ltd., Tokyo, Japan.),
NEFA-SS Eiken, Eiken Chemical Co., Ltd., Tokyo, Japan.), and YKO060 Insulin ELISA Kit (Yanaihara
Institute Inc. Shizuoka, Japan), respectively. Insulin resistance was assessed from the fasting insulin

and glucose levels by the homeostasis model assessment-insulin resistance (HOMA-IR) method, i.e.,
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HOMA-IR is [fasting glucose (mmol/L) x fasting insulin (MU/mL)] / 22.5."" The levels of norepinephrine
and angiotensin Il were measured by using a CA test TOSOH (Tosoh Corporation, Tokyo, Japan.) and
a NEX-105 (1251)-Tyrd-Angiotensin 1l test (PerkinEimer Inc., Massachusetts, USA.), respectively.
Myocardial substrate extraction was calculated as described previously.12

Measurement of Body Fat and Activity in Dogs

To examine the effects of metformin on body fat and physical activity in this dog model of
pacing-induced heart failure, we measured body fat with a dog body fat counter (IBF-D02, Kao
Corporation, Tokyo, Japan) and evaluated physical activity by using a pedometer (SE-MG10, SATO

KEIRYOUKI MFG. Co., Ltd., Tokyo, Japan) attached to each dog’s collar.
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Supplemental Figures
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Changes in the phosphorylation of AMPKa and ACC in canine hearts after subcutaneous

administration of AICAR. A) Representative immunoblots of phospho-AMPKa and ACC. B) and C)

The percent relative phosphorylation of AMPKa and ACC, respectively. Values are the mean+SEM.

*P<0.05 vs. no treatment; 1P<0.05 vs. one hour after subcutaneous administration of AICAR.

Representative results from 3 independent experiments are shown.
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To directly monitor vagal acetylcholine (ACh) release into the sinoatrial node, which regulates heart rate, we
implanted a microdialysis probe in the right atrium near the sinoatrial node and in the right ventricle of
anesthetized rabbits, and perfused with Ringer's solution containing eserine, (1) Electrical stimulation of
right or left cervical vagal nerve decreased atrial rate and increased dialysate ACh concentration in the right
atrium in a frequency-dependent manner. Compared to left vagal stimulation, right vagal nerve stimulation

ﬁfﬁ’: ;gtse decreased atrial rate to a greater extent at all frequencies, and increased dialysate ACh concentration to a
Vagal nerve activity greater extent at 10 and 20 Hz. However, dialysate ACh concentration in the right atrium correlated well with
Acetylcholine atrial rate independent of whether electrical stimulation was applied to the right or left vagal nerve (atrial
Sinoatrial node rate = 304 — 131 x log] ACh}, R = 0.77). (2) Right or left vagal nerve stimulation at 20 Hz decreased atrial rate
Right atrium and increased dialysate ACh concentrations in both the right atrium (right, 17.9 £ 4.0 aM; left, 7.9 + 1.4 nM)
Microdialysis and right ventricle (right, 0.9-+ 0.3 nM; left, 1.0 £ 0.4 nM). However, atrial dialysate ACh concentrations were

Anesthetized rabbit significantly higher than ventricular concentrations, while ventricular dialysate ACh concentrations were not

significantly different between right and left vagal nerve stimulation. (3) The response of ACh release to right
and left vagal nerve stimulation was abolished by intravenous administration of a ganglionic blocker,
hexamethonium bromide. In conclusion, ACh concentration in dialysate from the right atrium, sampled by
microdialysis, is a good marker of ACh release from postganglionic vagal nerves to the sinoatrial node.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Parasympathetic nerves play an important role in the regulation of
heart rate under physiological conditions. To better understand the
parasympathetic control of heart rate, it is important to quantitatively
assess the efferent cardiac vagal nerve activity. Several methods have
been used to assess this activity. Efferent cardiac vagal nerve electrical
activity has been measured directly at the preganglionic site in several
studies (Jewett, 1964; Kunze, 1972). We have developed a micro-
dialysis technique which is used with high-performance liquid
chromatography (HPLC) to monitor in vivo endogenous acetylcholine
(ACh) release in the heart (Akiyama et al., 1994). Using this technique,
we were able to monitor endogenous ACh release into the ventricular
myocardium (Akiyama et al, 1994; Kawada et al, 2001). This
technique permits the estimation of relative changes in postganglionic
efferent cardiac vagal nerve activity in the ventricle.

However, vagal innervation is known to be heterogeneous in the
heart. Kilbinger and Loffelholz (1976) reported that the ACh content of
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Engineering Center, National Cardiovascular Center Research Institute, 5-7-1, Fujishiro-dai,
Suita, Osaka, 565-8565 Japan. Tel.: +81 6 6833 5012; fax; +81 6 6835 5403.
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1566-0702/8% - see front matter © 2009 Elsevier B.V. All rights reserved,
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the ventricle was 41% and 19% of the atrial content in chicken and
rabbit, respectively, Brown (1976) reported that ACh concentration
was higher in the atrium than the ventricle, and that ACh content was
higher in the right than the left portions in both the atrium and
ventricle of the cat. Thus, to better understand the parasympathetic
control of heart rate, which is the sinus rate under physiological
conditions, we need information about the activities of postganglionic
vagal nerves innervating the sinoatrial (SA) node.

In this study, we developed a dialysis probe using shorter dialysis
fiber, which was suitable for implantation into the atrium. Using this
dialysis probe, we tried to monitor myocardial interstitial ACh levels in
the right atrium, especially near the SA node. Furthermore, we
investigated whether the myocardial interstitial ACh levels reflect
relative changes in activity of postganglionic vagal nerves innervating
the SA node.

2. Materials and methods
2.1. Surgical preparation

Animal care was provided in accordance with the Guiding Principles
for the Care and Use of Animals in the Field of Physiological Sciences
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approved by the Physiological Society of Japan. All protocols were
approved by the Animal Subject Committee of the National Cardio-
vascular Center. Forty-three Japanese white rabbits weighing from 2.2
to 2.9 kg were anesthetized using an intravenous injection of
pentobarbital sodium (50 mg/kg) via the marginal ear vein, followed
by a continuous intravenous infusion of a-chloralose and urethane
(16 mg/kg/h and 100 mg/kg/h) through a catheter inserted into the
femoral vein to maintain an appropriate level of anesthesia. The
animals were intubated and ventilated mechanically with room air
mixed with oxygen. Systemic arterial pressure was monitored by a
catheter inserted into the femoral arfery. Esophageal temperature,
which was measured by a thermometer (CTM-303, TERUMO, fapan),
was maintained between 38 and 39 °C using a heating pad, In all
protocols, bilateral vagal nerves were exposed through a midline
cervical incision and sectioned at the necl¢ after the control dialysate
sampling. A pair of bipolar stainless steel electrodes was attached to
the efferent side of the right or left vagal nerve. The nerve and
electrode were covered with warmed mineral oil for insulation. When
vagal stimulation was required, the efferent vagal nerve was
stimulated by a digital stimulator (SEN-7203, Nihon Kohden, Japan).
The pulse duration and amplitude of nerve stimulation were set at
1msand 10V,

With the animal in the lateral position, right lateral thoracotomy
was performed and the right 3rd to 5th ribs were partially resected to
expose the heart. After incision of the pericardium, stainless steel
wires were attached to the apex and the anterior wall of the left
ventricle for ventricular pacing, To prevent severe bradycardia and
cardiac arrest induced by vagal stimulation, left ventricular pacing was
performed at the same frequency as the heart rate before vagal
stimulation. The ventricular rate was determined from the electro-
cardiogram using a cardiotachometer. Another pair of stainless steel
wires was attached to the appendage of the right atrium for recording
atrial electrocardiogram, from which atrial rate was determined.
Heparin sodium (100 1U/kg) was administered intravenously to
prevent blood coagulation. At the end of the experiment, animals
were killed with an overdose injection of pentobarbital sodium. A
postmortem examination confirmed that the dialysate probe did not
penetrate into the atrial or ventricular cavity and the dialysis
membrane was positioned totally within the atrial or ventricular wall.

2.2. Dialysis technique

The materials and properties of the dialysis probe have been
described previously (Akiyama et al, 1994). Briefly, we designed a
handmade transverse dialysis probe. A dialysis fiber of semipermeable
membrane (4 mm length, 310 ym outer diameter, 200 pum inner
diameter; PAN-1200, 50,000 molecular weight cutoff; Asahi Chemical,
Tokyo, Japan) was attached at both ends to polyethylene tubes (25 cm
length, 500 um outer diameter, 200 pm inner diameter). A fine
guiding needle (30 mm length, 510 pm outer diameter, 250 ym inner
diameter) with a stainless steel rod (5 mm length, 250 pm outer
diameter) was used for the implantation of the dialysis probe. In
protocol 1 and 3, a dialysis probe was implanted in the right atrium near
the junction between the superior vena cava and the right atrium. In
protocol 2, a dialysis probe was also implanted in the right ventricular
free wall. After implantation, the dialysis probe was perfused with
Ringer's solution (NaCl 147 mM, KCl 4 mM, CaCl; 3 mM) containing
the cholinesterase inhibitor eserine (100 uM) at a speed of 2 pl/min,
using a microinjection pump (CMA/100, Carnegie Medicin, Sweden).
Experimental protocols were started 120 min after implantation of the
dialysis probe. We took account of the dead space between the dialysis
membrane and the sample tube at the start of each dialysate sampling.
Phosphate buffer (4 pl) containing an internal standard (isopropylho-
mocholine chloride) was transferred into each sample tube before
dialysate sampling. Dialysate sampling periods were set at 10 min
(1 sample volume =20 pl),

2.3. Analytic procedure

Dialysate ACh was assayed using HPLC with electrochemical
detection. An autosampler (CMA/200, Carmegie Medicin) was used.
The HPLC system consisted of a pump with a pulse dumper (EP-300,
Eicom, Japan), a separation column (AC-Gel, styrene polymer, 4 um
particle size, 2 mm inner diameterx 150 mm length, Eicom), an
immobilized enzyme column (AC-Enzymepack, 1 mm inner
diameterx4 mm length, Eicom), an electrochemical detector (ECD-
300, Eicom), and a degasser (DG-300, Eicom). The electrachemical
detector was operated with a platinum working electrode at +0.45 V vs,
an Ag/AgCl reference electrode. The mobile phase was 50 mM potassium
bicarbonate solution containing 400 mg/L of sodium 1-decansulfonate
and 50 mg/L of disodium~EDTA, The pump flow rate was 0.15 ml/min,

Chromatograms were recorded and analyzed by an analog-to-digital
converter (Power Chrom EPC-300, AD Instruments, Australia) with a
computer. Concentrations of ACh and isopropylhomocholine chloride
were determined by measuring the peal areas. The absolute detection
limit of ACh was 10 fmol/injection (signal-to-noise ratio=3).

2.4. Experimental protocols

2.4.1. Protocol 1

To examine whether atrial dialysate ACh concentration reflects
ACh release from cardiac vagal nerves, we investigated the relation-
ship between the dialysate ACh concentration in the right atrium and
the frequency of right and left vagal nerve stimulation. We sampled
control dialysate before and after vagal transection. Then we
stimulated the right (n=28) or left (n=8) efferent vagal nerves for
10 min at frequencies of 5, 10, 20 and 40 Hz, and sampled dialysate
during each stimulation. Ten minutes after vagal nerve stimulation,
we sampled the dialysate again to check the recovery of ACh levels.

2.4.2. Protocol 2

To investigate the difference in vagal innervation density between
the right atrium and right ventricle, we compared the atrial and
ventricular dialysate ACh concentrations under control condition and
during electrical vagal nerve stimulation. Control dialysates were
sampled after vagal transection. Then the right (n=25) or left (n=35)
efferent vagal nerve was stimulated for 10 min at a frequency of 20 Hz,
and dialysates were collected during vagal stimulation,

2.4.3, Protocol 3

ACh is released from both pre- and post-ganglionic vagal nerves as
a primary neurotransmitter, The cardiac vagal nerve ganglia are
localized near the atrium (Loffelholz and Pappano, 1985). Electrical
stimulation of cervical vagal nerves activates the entire efferent
parasympathetic pathway, including both preganglionic and post-
ganglionic nerves in the atrium. Thus it is possible that pre- and/or
post-ganglionic nerves serve as the source of dialysate ACh. To
determine whether pre- or post-ganglionic nerves are the source of
atrial dialysate ACh, we observed ACh release in response to nerve
stimulation before and after blockade of ganglionic transmission. We
sampled control dialysate after vagal transection. Then we stimulated
the right (n=9) or left (n=28) vagal nerve at a frequency of 20 Hz
before and after intravenous administration of hexamethonium
bromide (30 mg/kg) and sampled dialysate during vagal stimulation.
To prevent severe hypotension induced by hexamethonium, arterial
pressure was maintained by continuous intravenous infusion of
phenylephrine (17.2 4 1.6 pg/kg/min),

2.5, Statistical analysis
All data are presented as mean + SE. For each protocol, heart rate

and mean arterial pressure were compared by one-way repeated
measures analysis of variance followed by a Dunnett's test against
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control {Glantz, 2005). In protocol 1, we compared vagal stimulation-
induced ACh release among the seven groups by one-way repeated
measures analysis of variance followed by Tukey's test. Heart rates
(atrial rate) and dialysate ACh concentrations during right and left
vagal stimulation were compared by unpaired t-test, After logarithmic
transformation of atrial dialysate ACh concentration, a linear regres-
sion analysis was performed to examine the relation between
dialysate ACh concentration and atrial rate. In protocol 2, we
compared atrial and ventricular dialysate ACh concentrations during
vagal stimulation by two-way repeated measures analysis of variance.
We also compared the effects of right and left vagal stimulation on
atrial and ventricular dialysate ACh concentrations using an unpaired
t-test. In protocol 3, we compared stimulation-induced ACh release
with and without hexamethonium using one-way repeated measures
analysis of variance followed by a Dunnett's test against control.
Differences were considered significant at P<0.05.

3. Results
3.1. Protocol 1

Responses of heart rate and mean arterial pressure to electrical vagal
nerve stimulation are shown in Table 1. Transection of bilateral vagal
nerves did not change heart rate or mean arterial pressure significantly.
While both right and left vagal stimulation decreased heart rate in
proportion to the frequency of the stimulus, right vagal nerve
stimulation decreased the heart rate to a greater extent than left vagal
nerve stimulation at all stimulus frequencies tested (P<0.05 at 5 Hz,
P<0.01 at 10 Hz, P<0.05 at 20 Hz and P<0.05 at 40 Hz). Heart rate
recovered to the pre-stimulation levels after stimulation. Both right and
left vagal nerve stimulation with ventricular pacing decreased mean
arterial pressure. Mean arterial pressure recovered partially but
remained lower than the pre-stimulation levels 10 min after stimulation.

Transection of bilateral vagal nerves did not change dialysate ACh
concentration (Fig. 1), Both right and left vagal stimulation increased the
dialysate ACh concentration in proportion to the stirulus frequency.
Right vagal stimulation increased the dialysate ACh concentration from
1.9+0.3 nM in the post-transection control to 27404 nM at 5 Hz
(P<0.05 vs. control), 5.54- 0.8 nMat 10Hz (P<0.01 vs. 5Hz),17.2 £3.0nM
at 20 Hz (P<0.01 vs. 10 Hz) and 40.4 + 8.4 nM at 40 Hz (P<0.01 vs: 20 Hz).
Dialysate ACh concentration: recovered to 2.240.3 nM 10 min after
stimulation. Left vagal stimulation increased dialysate ACh concentration
from 1.6 +0.3 nM in the post-transection control to 2.2-++04 nM at 5 Hz

Table 1
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
(protocol 1},

Heart rate (bpm) Mean atterial pressure
(mm Hg)
Rt vagal stimulation {n=8) Atrial rate (pacing rate)
Control before transection 208+ 8 8344
Control after transection 29347 8546
VNS (5:Hz) 2461 5% (296£5) T1Lk?
VNS (10 Hz) 2014 6%* (2964 5) 77EG
VNS (20 Hz) A21E745 (296 £5) 7248
VNS (40 Hz) 88::4** (296+5) 65474
After UNS 287110 7049
Lt vagal stimulation (n=8) Atrial rate {pacing rate)
Control hefore transection 30548 89::4
Controf after transection 308+ 5 9216
VNS (5 Hz) 267 6% (309.£4) 7946'¢
VNS (10 Hz) 2364 10** (309 +4) 8246
VNS'(20 Hz) 165 13% (3094:4) 77454
VNS (40 Hz) 129:+ 16** (3094 4) 67464
After VNS 305513 7518

Values are means - SE; n: numbers of rabbits; Rt: right; Lt: left; VNS: electrical vagal
nerve stimulation; **P<0.01 vs. control; *P<0.05 vs. control.

" [J mtvns(n=8) . m
40 BB LtvNs(n=8)

* P<0.01
0~ . peoos

Atrial Dialysate ACh Concentration (nM)

20Hz
Transection VNS VNS

Control After 5Hz 10Hz 40Hz After

Fig. 1. Dialysate ACh concentrations of controls and during electrical vagal nerve
stimulation at different frequencies. Right vagal nerve stimulation increased atrial
dialysate ACh concentration from 1.9 £ 0.3 nM in the post-transection control to 2.7 +
04nMat5Hz5.5+08 nMat 10 Hz, 172 4£3.0 nM at 20 Hz and 40.4 £ 8.4 nM at 40 Hz,
Left vagal nerve stimulation increased atrial dialysate ACh concentration from 1.6+
0.3 nMin thecontrolto2.2::04nMat5Hz, 3.2 +05nMat 10Hz, 8.2+ 14 nM at 20 Hz
and 24.7 £ 46 nM at 40 Hz. Values are means +SE; Rt: right; Lt: left; VNS: electrical
vagal nerve stimulation; n: number of rabbits: **P<0.01, *P<0.05.

(N.S. vs, control), 3.2 + 0,5 nM at 10 Hz (P<0.01 vs, control}, 8.2 + 1.4 nM
at20Hz (P<0.01 vs. 10 Hz) and 24.7 +- 4.6 nM at 40 Hz (P<0.01 vs. 20 Hz).
Dialysate ACh concentration recovered to 20405 oM 10 min after
stimulation. While both right and left vagal stimulation increased
dialysate ACh concentration in a frequency-dependent manner, right
vagal nerve stimulation increased dialysate ACh concentration to a
greater extent than left vagal nerve stimulation at 10 and 20 Hz (N.S. at
5 Hz, P<0.05 at 10 Hz, P<0.05 at 20 Hz and N.S. at 40 Hz).

The relationship between dialysate ACh concentration and atrial
rate (n=16) is shown in Fig. 2. Dialysate ACh concentration in the
right atrium correlated well with atrial rate (AR; AR=304 — 131 xlog
[ACh], R? == 0.77). There was no significant difference in the intercept
or slope of regression line between right and left vagal nerve
stimulation (right: AR=304— 135xlog[ACh], R®=0.79; left:
AR =303 — 126 x log[ACh], R? =0.73) (Glantz, 2005). The correlation
between dialysate ACh concentration and atrial rate was independent
of the side of vagal nerve stimulation,

3.2. Protocol 2

Responses of heart rate and mean arterial pressure were similar to
the responses to vagal stimulation at 20 Hz in protocol 1 (Table 2).
Responses of ACh release in the right atrium and right ventricle to
vagal stimulation are shown in Fig. 3. Right vagal stimulation
increased the atrial dialysate ACh concentration from 2.6+ 0.6 nM
in the post-transection control to 1794 4.0 nM (P<0.01) and the
ventricular dialysate ACh concentration from 04402 nM to 09 &
0.3 nM (P<0.01). Left vagal stimulation also increased the atrial
dialysate ACh concentration from 1.54+0.4 nM to 7.9+ 1.4 nM
(P<0.01) and the ventricular dialysate ACh concentration from 0.3 +
0.1 nM in the control to 1.0-+-0.4 nM (P<0.01). Atrial dialysate ACh
concentrations were higher than ventricular dialysate ACh concentra-
tions in both right and left vagal stimulation (P<0.01). The interaction
between the stimulation and the position of probe (atrium or
ventricle) was significant (P<0.01). There was no difference in
ventricular dialysate ACh concentration between right and left vagal
stimulation, but atrial dialysate ACh concentration was significantly
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Fig. 2. Relation between dialysate ACh concentration (logarithmic scale) and atrial rate.
Dialysate ACh concentration in. the right atrium correlates well with atrial rate
(R*=0.77). Solid line, regression line fitting all 96 data points; dotted line, regression
line fitting 48 data points of right vagal nerve stimulation; dot-dashed line, regression
line fitting 48 data points of left vagal nerve stimulation. Rt: right; Lt: left; VNS;
electrical vagal nerve stimulation.

higher during right vagal stimulation compared to left vagal stimu-
lation (P<0.05).

3.3. Protocol 3

Responses of heart rate and mean arterial pressure are shown in
Table 3. Both right and left vagal nerve stimulation decreased heart rate
markedly before administration of hexamethonium, Administration of
hexamethonium decreased heart rate significantly but mildly compared
to control. Mean arterial pressure was maintained at pre-stimulation
levels by continuous intravenous infusion of phenylephrine. After
administration of hexamethonium, both right and left vagal nerve
stimulation did not change the heart rate, Right vagal stimulation
increased dialysate ACh concentration from 2.5+ 0.4 to 16.3+2.8 nM
(P<0.01), but right vagal stimulation after administration of hexam-
ethonium failed to increase ACh concentration (2.2 + 0.4 nM) compared
to control. Likewise, left vagal stimulation increased dialysate ACh
concentration from 15403 to 8.7+ 14 nM (P<0.01), but left vagal
stimulation after administration of hexamethonium did not increase
ACh concentration (1.5 £ 0.3 nM) compared to control (Fig. 4).

4, Discussion

We demonstrated that the microdialysis technique permitted in
vivo monitoring of ACh release into the sinoatrial node from
postganglionic cardiac vagal nerves, Dialysate ACh concentration in
the right atrium correlated well with atrial rate and this correlation

Table 2
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
{protacol 2),

Heart rate (bpm)
Revagal stimulation (n'=5) * Atrial rate {pacing rate)

Mean arterial préssure (mint Hg)

Control after transaction’ 30543 748

VNS (20 Hz) 12244%%(3044-4) 65194

Control after VNS 30043 68:8
Lt vagal stimulation (1= 5)  Atrial rate (pacing rate)

Control after transaction 30615 9543

VNS (20 Hz) 168:£19%* (308:45) 83& 1#%

Controf after VNS 316:: 8 82:£2°%

Values are means+ SE; n, numbers of rabbits; Rt: right; Lt: left; VNS: electrical vagal
nerve stimulation; **P<0.01 vs, control; *P<0.05 vs, control,
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Fig. 3. Dialysate ACh concentrations in right atrium and right ventricle of controls and
during electrical vagal nerve stimulation. Right vagal nerve stimulation significantly
increased dialysate ACh concentration from 2.6+£0.6 to 179440 nM in the right
atrium (P<0.01) and from 0.4 £ 0.2 to 0.9+ 0.3 nM in the right ventricle (P<0.01). Left
vagal nerve stimulation also increased dialysate ACh concentrations from 1.5+0.4 to
7.941.4 nM in the right atrium (P<0.01) and from 0.3 40.1 to 1.0+ 0.4 oM in the right
ventricle (P<0.01). Dialysate ACh concentrations in the right atrium were significantly
higher than those in the ventricle (P<0.01). Right vagal nerve stimulation increased
atrial dialysate ACh concentration more than left vagal nerve stimulation (P<0.05),
Values are means £ SE; Rt: right; Lt: left; RA: right atrium; RY: right ventricle; VNS:
electrical vagal nerve stimulation; n: number of rabbits; tP<0.01 vs. control; **P<0.01,
*P<0,05,

was independent of the side of vagal stimulation. These results
indicate that in vivo monitoring of the myocardial interstitial ACh
levels in the right atrium by microdialysis provides a useful strategy to
obtain insights into the physiological roles of the vagal system in
regulating heart rate.

4.1. Characteristics of atrial dialysate ACh concentration

With both right and left vagal nerve stimulation, the dialysate ACh
concentration in the right atrium increased with increasing stimulus
frequency and decreased to prestimulation levels after stimulation
(Fig. 1). These results indicate that atrial dialysate ACh reflects ACh
release from cardiac vagal nerves innervating the right atrium, Right
vagal nerve stimulation decreased the atrial rate more than left
stimulation at all stimulus frequencies, and right vagal nerve
stimulation increased dialysate ACh concentration more than left
stimulation at 10- and 20-Hz. The right atrium, including the SA node,
is innervated not only by the right but also by the left vagal nerve.
Ardell and Randall (1986) reported that supramaximal right and left

Table 3
Responses of heart rate and mean arterial pressure to electrical vagal nerve stimulation
(protocol 3).

Heart rate (bpm) Mean arterial pressure

(mm Hg)
Rt vagal stimulation (n=9) Atrial rate (pacing rate) ;
Control after transaction 292:£9 7048
VNS (20 Hz) ; G£71%(299.4:5) 69:£7
Hexamethonium iv 2574 4%* 84£77
VNS after hexamethonium v 257 4%+ 83.48%
tevagal stimulation (n=8) Atrial fate (pacing rate)
Control after transaction 31743 79:£3
VNS (20 Hz) : 17361354 (313 4:4) 8143
Hexamethonium iv 273144 8745
VNS after hexamethonium iv. - 273442 8744

Values are meansSE: n, numbers of rabbits; Rt: right; Lt: feft; VNS: electrical vagal
nerve stimulation; iv: intravenous administration; **P<0.01 vs. control; *P<0.05 vs.
control,
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Fig. 4. Influence of ganglionic blocker on vagal nerve stimulation-induced ACh release.
Right vagal nerve stimulation significantly increased atrial dialysate ACh concentration
from 2.5 04 to 16.3 £ 2.8 (P<0,01), and intravenous administration of hexametho-
nium suppressed the ACh concentration to 2.2+04 nM. Left vagal stimulation
increased atrial dialysate ACh concentration from 1.5+£0.3 to 8.7+ 1.4 aM (P<0.01),
and hexamethonium suppressed the ACh concentration to 1.54£0.3 aM. Values are
means 4 SE; Rt: right; Lt: left; VNS: electrical vagal nerve stimulation; C6: hexametho-
nium bromide; n: number of rabbits; ¥¥P<0.01 vs. control; *P<0.05 vs, control.

cervical vagal stimulation decreased the atrial rates to 16.3% and
48.7%, respectively, of prestimulation rates in dogs. In our study, right
and left vagal stimulation at a frequency of 40 Hz also decreased the
atrial rate to 30% and 42% of prestimulation rates. The difference in
atrial rate response between right and left vagal nerve stimulation
could be explained by the different innervation densities of the right
and left vagal nerves in the right atrium including the SA node. The SA
node is innervated by both right and left vagal nerves with a
predominance of right vagal nerves (Ardell and Randall, 1986; Randail
et al., 1985), and the response of atrial rate to vagal nerve stimulation
could be ascribed to vagal ACh release into the SA node. The SA node is
probably regulated by ACh released from the left as well as the right
vagal nerves. In this study, dialysate ACh concentration in the right
atrium (logarithmically transformed) correlated well with atrial rate,
and this correlation was independent of right or left vagal stimulation
(Fig. 2). These results suggest that dialysate ACh in the right atrium
reflects ACh released into the SA node independent of whether the
ACh originates from the right or left vagal nerves.

4.2, ACh release in atrium and ventricle

In this study, the mean dialysate ACh concentration in the right
ventricle after transection of bilateral vagal nerves was 20 to 30% of
that in the right atrium, During vagal nerve stimulation at 20 Hz, the
atrial dialysate ACh concentration increased 5 to 7 times the control
value but the ventricular dialysate ACh concentration increased to
only 2 to 3 times the control value (Fig. 3). This difference between
atrial and ventricular dialysate ACh concentrations could be related to
the density of vagal innervation. These results are consistent with
previous in vitro studies (Kilbinger and Loffelholz, 1976, Brown, 1976,
Stanley et al., 1978). Kent et al. (1974) reported that the atrial
myocardium of the vertebrate heart was richly innervated as
identified by specific histochemical staining of acetylcholinesterase,
in contrast to the scant innervation in the ventricular myocardium.

Right vagal nerve stimulation increased atrial dialysate ACh more
than left stimulation. On the other hand, there was no difference in
ventricular dialysate ACh concentration between right and left vagal
nerve stimulation. Although the right atrium is predominantly
innervated by the right vagal nerves, the right ventricle could be
equally innervated by the right and left vagal nerves. When the right
vagal nerve was stimulated at 20 Hz, heart rate decreased from 305+ 3

to 122+ 4 bpm. When the left vagal nerve was stimulated at 20 Hz,
heart rate decreased from 306+ 5 to 169+ 19 bpm. This difference in
heart rate response could be ascribed to vagal ACh release into the SA
node. Atrial dialysate ACh concentrations were 17.9:+4.0 and 7.9+
1.4 nM (P<0.05) during stimulation of right and left vagal nerves,
respectively. In contrast, there was no significant difference in
ventricular dialysate ACh concentration between right and left vagal
nerve stimulation. Therefore, we consider that dialysate ACh concen-
tration in the right atrium may be a better index of ACh release into the
SA node than dialysate ACh in the right ventricle.

4.3, Source of atrial dialysate ACh

In a previous study with anesthetized cats, we demonstrated that
ACh in the dialysate sampled from left ventricular myocardium
primarily reflects ACh released from postganglionic cardiac vagal
nerves (Akiyama et al, 1994). Cardiac ganglia are located predomi-
nantly in the posterior aspect of the atria within the subepicardial
connective tissue (Loffelholz and Pappano, 1985), It is possible that
ACh released from stimulated preganglionic nerves contributes to ACh
in the dialysate sampled from the right atrium. In this study,
intravenous administration of hexamethonium bromide, a nicotinic
antagonist, abolished the increase in ACh release during efferent vagal
nerve stimulation. This result demonstrates that ACh in the dialysate
sampled from the right atrium primarily originates from the
postganglionic cardiac nerve endings.

4.4, Significance of monitoring ACh release to the SA node

Several studies have directly measured electrical efferent vagal
nerve activities at the preganglionic site in vivo (Jewett, 1964; Kunze,
1972). Although this method has been used to estimate the net activity
of cardiac vagal nerves, it is technically difficult to selectively measure
the electrical activity of postganglionic vagal nerves innervating the SA
node. Moreover, it is possible that preganglionic signals are modulated
at intracardiac ganglionic sites (Gray et al., 2004). In fact, Bibevski and
Dunlap (1999) have reported that attenuated vagal control in heart
failure can be ascribed to attenuated ganglionic transmission. There-
fore, information about postganglionic vagal nerve activity is impor-
tant for understanding vagal control of heart rate,

4.5, Methodological consideration

First, we sectioned the vagi in the neck region but the sympathetic
nerves were almost intact because the sympathetic nerves run
separately from the vagi at the neck in rabbits. ACh released from
vagal nerve terminals may interact with muscarinic receptors on
postganglionic sympathetic nerve terminals to inhibit norepinephrine
release prejunctionally (Levy, 1984).

Second, ACh is degraded by ACh esterase immediately after its
release. Therefore to detect ACh release in vivo, addition of a specific
ACh esterase inhibitor eserine into the perfusate is necessary. We used
eserine at a concentration 10-100 times higher than that required in
in vitro experimental settings because distribution of eserine across
the semipermeable membrane is required, based on previous results
(Akiyama et al., 1994). Eserine should spread around the semiperme-
able membrane, thereby affecting the ACh release in the vicinity of the
dialysis membrane, Eserine may have increased the ACh level in the
synaptic cleft and enhanced heart rate response by nerve stimulation,
and may have also activated regulatory pathways such as autoinhibi-
tion of ACh release via muscarinic receptors.

5. Conclusion

We were able to monitor myocardial interstitial ACh levels in the
right atrium around the SA node using a microdialysis technique.
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Myocardial interstitial ACh level in the right atrium correlates well
with atrial rate. Microdialysis combined with HPLC will become a
powerful tool for understanding the parasympathetic control of heart
rate.
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We assessed in vivo interstitial norepinephrine (NE) levels at the sinoatrial node in rabbits, using
microdialysis technique. A dialysis probe was implanted adjacent to the sinoatrial node of an anesthetized
rabbit and dialysate was sampled during sympathetic nerve stimulation. Atrial dialysate NE concentration
correlated well with heart rate. Desipramine significantly increased dialysate NE concentrations both before
and during sympathetic nerve stimulation compared with the absence of desipramine. However,
desipramine did not affect the relation between heart rate and dialysate NE concentration. These results
suggest that atrial dialysate NE level reflects the relative change of NE concentration in the synaptic cleft.
Microdialysis is a powerful tool to assess in vivo interstitial NE levels at the sinoatrial node.
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1. Introduction

Heart rate is determined by the frequency of depolarization of
sinoatrial (SA) nodal cell during sinus rhythm. The SA node is
innervated by sympathetic nerve fibers. These sympathetic nerves,
together with parasympathetic nerves, play an important role in the
regulation of SA node pacemaker activities. Direct measurement of
electrical axonal activity of efferent cardiac sympathetic nerve
(Kawada et al., 2004) and indirect measurement of norepinephrine
(NE) spillover from plasma NE concentration in the coronary sinus
(Meredith et al., 1993) have been used as indices of sympathetic nerve
terminal activity on the effector, i.e. sinoatrial node. However, due to
the heterogeneity of sympathetic innervation in the heart, quantita-
tive assessment of sympathetic nerve terminal activities on the SA
node is essential for better understanding of the sympathetic control
of heart rate.

Recently we have developed a microdialysis technique that allows
direct monitoring of acetylcholine release into the SA node (Shimizu
et al., 2009). In the present study, we monitored interstitial NE levels
in the right atrial myocardium adjacent to the SA node using the
microdialysis technique and investigated the relation between
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interstitial NE levels and heart rate in response to sympathetic
nerve stimulation. This study may prove the usefulness of micro-
dialysis in assessing the relative change of sympathetic nerve terminal
activity on the SA mode.

2. Materials and methods
2.1. Surgical preparation

Animal care was provided in accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physiological
Sciences approved by the Physiological Society of Japan. All protocols
were approved by the Animal Subject Committee of the National
Cardiovascular Center. Fourteen Japanese white rabbits weighing 2.4
to 2.8 kg were used in this study. Anesthesia was initiated by an
intravenous injection of pentobarbital sodium (50 mg/kg) via the
marginal ear vein, and then maintained at an appropriate level by
continuous intravenous infusion of «-chloralose and urethane
(16 mg/kg/h and 100 mg/kg/h) through a catheter inserted into the
femoral vein. The animals were intubated and ventilated mechani-
cally with room air mixed with oxygen. Systemic arterial pressure was
monitored by a catheter inserted into the femoral artery. Esophageal
temperature, which was measured by a thermometer (CTM-303,
Terumo, Japan), was maintained between 38 and 39 °C using a
heating pad. Bilateral vagal nerves were exposed through a midline
cervical incision and sectioned at the neck.

With the animal in supine position, a full median sternotomy was
performed to expose the heart. The right cardiac sympathetic nerve
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was exposed through the sternotomy and sectioned intrathoracically.
A pair of bipolar stainless steel electrodes was attached to the efferent
side of the right cardiac sympathetic nerve. The nerve and electrode
were immobilized using a quick-dry silicone gel (Kwik-Cast and
Kwik-Sil, World Precision Instruments, Inc., FL, USA). When sympa-
thetic stimulation was required, the efferent sympathetic nerve was
stimulated by a digital stimulator (SEN-7203, Nihon Kohden, Japan),
at a pulse duration of 1 ms and an amplitude of 5 V. Three stainless
electrodes were attached around the incision of sternotomy for the
body surface electrocardiogram. The heart rate was determined from
the electrocardiogram using a cardiotachometer. Heparin sodium
(1001U/kg) was administered intravenously to prevent blood
coagulation. A dialysis probe was implanted and dialysis was
conducted as described in Dialysis Technique below. At the end of
the experiment, the animal was euthanized with an overdose
injection of pentobarbital sodium. In the postmortem examination,
the right atrial wall was resected with dialysis fiber. We observed the
inside of atrial wall macroscopically and confirmed that the dialysis
membrane was not exposed to right atrial lumen.

2.2. Dialysis technique

The materials and properties of the dialysis probe have been
described previously. (Akiyama et al., 1991; Shimizu et al.,, 2009) A
dialysis fiber of semipermeable membrane (4 mm length, 310 pm
outer diameter, 200 pum inner diameter; PAN-1200, 50,000 molecular
weight cutoff; Asahi Chemical, Tokyo, Japan) was attached at both
ends to polyethylene tubes (25 cm length, 500 pm outer diameter,
200 pm inner diameter). A fine guiding needle (30 mm length, 510 pum
outer diameter, 250 um inner diameter) with a stainless steel rod
(5 mm length, 250 pun outer diameter) was used for the implantation
of the dialysis probe. A dialysis probe was implanted into the right
atrial myocardium near the junction between the superior vena cava
and the right atrium. After implantation, the dialysis probe was
perfused with Ringer's solution (NaCl 147 mM, KCl 4 mM, CacCl,
3 mM) at a speed of 2 pl/min, using a microinjection pump (CMA/102,
Carnegie Medicin, Sweden). Experimental protocols were started
120 min after implantation of the dialysis probe. We took account of
the dead space between the dialysis membrane and the sample tube
at the start of each dialysate sampling. Four-pl phosphate buffer
(pH 3.5) was transferred into each sample tube before dialysate
sampling. Dialysate sampling periods were set at 10min (1 sample
volume =20 pl). Dialysate NE concentration was analyzed by high
performance liquid chromatography (Akiyama et al., 1991).

2.3. Experimental protocols

2.3.1. Protocol 1

To examine whether atrial interstitial NE level reflects NE release
from cardiac sympathetic nerve endings, we investigated the effect of
sympathetic nerve stimulation on dialysate NE concentration and
analyzed the relationship between the dialysate NE concentrations
and heart rate (n=7). We sampled control dialysate after transecting
the right sympathetic nerve. Then we stimulated the right sympa-
thetic nerve for 10 min each at frequencies of 2, 5 and 10 Hz, and
collected the dialysate during each stimulation. There was a 30-min
interval between the different stimulation frequencies. Twenty min
after sympathetic nerve stimulation, we sampled the dialysate again
to check for recovery of NE level.

2.3.2. Protocol 2

Most of the released NE is removed by neuronal uptake mechanism
in the heart (Goldstein et al., 1988). To examine whether an increase in
atrial interstitial NE level reflects the increase in synaptic NE levels
associated with inhibition of neuronal uptake, we investigated the
effects of sympathetic nerve stimulation on dialysate NE concentration

in the presence of neuronal uptake inhibition and analyzed the
relationship between dialysate NE concentration and heart rate
(n=7). After intravenous administration of a neuronal uptake inhibitor,
desipramine (1.0 mg/kg), we stimulated the right sympathetic nerve
and sampled the dialysate in a similar fashion as in Protocol 1.

2.4. Statistical analysis

All data are presented as means + SE. Heart rate and dialysate NE
concentrations (logarithmic transformation) in response to sympa-
thetic stimulation were compared between the absence and presence
of desipramine by two-way analysis of variance (ANOVA). If there was
not a significant interaction between desipramine and stimulation
effects, heart rate and dialysate NE concentrations (logarithmic
transformation) in response to sympathetic stimulation were com-
pared using Dunnett's test. After logarithmic transformation of
dialysate NE concentration, a linear regression analysis was per-
formed to examine the relation between dialysate NE concentration
and heart rate. The differences in slope and intercept between two
regression lines were examined. (Glantz, 2005) Differences were
considered significant at P<0.05.

3. Results

In Protocol 1 (stimulation alone), right cardiac sympathetic nerve
stimulation significantly increased heart rate from 260 + 8 bpm in the pre-
stimulation control to 298 4 11 bpm during stimulation at 2 Hz (P<0.01
vs. control), 319+ 10bpm at 5 Hz (P <0.01 vs. control) and 318 + 11 bpm
at 10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Heart rate recovered to
261+9bpm 20 min after stimulation. Right cardiac sympathetic nerve
stimulation significantly increased dialysate NE concentration from 0.4 +
0.1nM in the pre-stimulation control to 1.0 4 0.1 nM during stimulation at
2 Hz (P<0.01 vs. control), 2.2+ 0.5nM at 5 Hz (P<0.01 vs. control) and
29+0.9nM at 10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Dialysate
NE concentration recovered to the pre-stimulation level 20min after
stimulation (0.6 40.1nM) (Fig. 1).

In Protocol 2 (desipramine + stimulation), intravenous administration
of desipramine significantly increased baseline heart rate (295+ 11 vs.
263+ 11 bpm, P<0.01, paired t test) and baseline dialysate NE
concentration (1.54 0.2 vs. 0.8 0.2 nM, P<0.01, paired t test) compared
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Fig. 1. Dialysate NE concentrations of controls and during electrical stimulation of right
cardiac sympathetic nerve at different frequencies. The two-way analysis of variance
(ANOVA) revealed the significant effect of sympathetic nerve stimulation on dialysate
NE concentration (P<0.001) and the significant difference in dialysate NE concentra-
tion (P<0.001) between the absence and presence of desipramine. The interaction
between desipramine and stimulation effects was not significant. Values are means +
SE; NE: norepinephrine; SNS: electrical sympathetic nerve stimulation; n: number of
rabbits; “: P<0.01 vs. the pre-stimulation control by Dunnett's test.
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to Protocol 1. Right cardiac sympathetic nerve stimulation significantly
increased heart rate from 295 + 11 bpm in the pre-stimulation control to
349 +9bpm during stimulation at 2 Hz (P<0.01 vs. control), 361+
8bpm at 5 Hz (P<0.01 vs. control) and 351 = 9bpm at 10 Hz (P<0.01 vs.
control) (ANOVA, P<0.001). Heart rate recovered to 2954 13bpm
20 min after stimulation. Right sympathetic nerve stimulation also
increased dialysate NE concentration from 1.5+£0.2nM in the pre-
stimulation control to 4.6 + 0.8 nM during stimulation at 2 Hz (P <0.01 vs.
control), 10.0+ 1.6nM at 5 Hz (P<0.01 vs. control) and 10.8 +2.6nM at
10 Hz (P<0.01 vs. control) (ANOVA, P<0.001). Dialysate NE concentra-
tion recovered to the pre-stimulation level 20 min after stimulation (1.9 +
0.3nM) (Fig. 1). Heart rate and dialysate NE concentrations in Protocol 2
(desipramine + stimulation) were significantly higher than those in
Protocol 1 (stimulation alone) (ANOVA, P<0.001). The interaction
between desipramine and stimulation effects was not significant.

The relation between heart rate and dialysate NE concentration is
shown in Fig. 2. Dialysate NE concentration correlated well with heart
rate in both Protocols 1 and 2 (Protocol 1: HR=290 + 87 x log[NE(nM)],
R2=0.71; Protocol 2: HR= 283+ 74 x log[NE(nM)], R*=0.70) There
was no significant difference in the intercept or slope between the two
regression lines obtained from Protocols 1 and 2. (Glantz, 2005)

4. Discussion

We were able to monitor in vivo interstitial NE levels at the SA
node using microdialysis technique. A neuronal uptake inhibitor,
desipramine, significantly increased dialysate NE concentration in the
right atrial myocardium. However, desipramine scarcely affected the
relation between interstitial NE levels and heart rate.

4.1. Characteristics of dialysate NE concentration in right atrial
myocardium

Dialysate NE concentration in the right atrial myocardium
increased in response to electrical stimulation of the right cardiac
sympathetic nerve and decreased to the pre-stimulation level after
stimulation. These results indicate that atrial dialysate NE concentra-
tion reflects NE release from cardiac sympathetic nerve endings
innervating the right atrium. Furthermore, a semi-log plot demon-
strated a linear relationship between the right atrial dialysate NE
concentration and heart rate. Judging from this relation, a 10-fold
increase in dialysate NE concentration corresponds to an increase in
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Fig. 2. Relation between dialysate NE concentration (logarithmic scale) and heart rate.
Dialysate NE concentration in the right atrial myocardium correlates well with heart
rate. Solid line: regression line fitting 35 data points obtained from Protocol 1
(stimulation alone) (R*=0.71); dotted line: regression line fitting 35 data points
obtained from Protocol 2 (desipramine + stimulation) (R* = 0.70). NE: norepinephrine.

heart rate of 87 bpm. The relative changes in NE release monitored by
microdialysis correlate well with the frequency in depolarization of
the SA nodal cell. Thus, we consider that dialysate NE concentration
does reflect the relative changes in synaptic NE level. The relation
between exogenous NE concentration and heart rate has been
investigated in the isolated rabbit's atria (Toda, 1969). However,
there is no report of a direct method to assess the endogenous NE
release into the SA node. Microdialysis enables the monitoring of
endogenous NE release into the SA node.

4.2. Effect of neuronal uptake on dialysate NE concentration

In the presence of desipramine, a neuronal uptake inhibitor,
dialysate NE concentration also increased in response to sympathetic
nerve stimulation and decreased to the pre-stimulation levels after
stimulation. However, dialysate NE concentrations were 3.1-4.6 times
higher than the corresponding values in the absence of desipramine.
These results are consistent with earlier experimental studies
demonstrating that a large part of released NE is removed by neuronal
uptake (Goldstein et al., 1988). In the present study, we were able to
monitor the change in neuronal NE uptake function induced by
desipramine using microdialysis technique.

Linked with the increase in dialysate NE concentrations in the
presence of desipramine, heart rates were 33-51 bpm higher than the
corresponding values in the absence of desipramine. Thus, desipra-
mine does not alter the relation between dialysate NE concentration
and heart rate. The intercept and the slope of regression line also did
not differ significantly in the presence and absence of desipramine.
These results indicate that neuronal uptake removes effective NE from
the synaptic cleft without affecting the sensitivity of the SA nodal cell,
and that neuronal NE uptake function plays an important role in the
regulation of heart rate. The increase in synaptic NE concentration
induced by inhibition of neuronal uptake affects the frequency of
depolarization of the SA nodal cell.

Endoh (1975) reported that desipramine shifted the dose-
response curve for exogenous NE to the lower NE levels. Since
desipramine suppresses the neuronal uptake of both endogenous and
exogenous NE, the increase in effective NE on the sinoatrial node may
yield this apparent shift in the dose-response curve. Our results
suggest that desipramine-inhibited neuronal uptake scarcely affects
the relation between synaptic NE concentration and heart rate.
Therefore, microdialysis may be a powerful tool to assess the change
of synaptic NE concentration in the SA node.

4.3. Limitation

There were several limitations in the present study. First, since we
did not section the left cardiac sympathetic nerve, the influence of left
sympathetic nerve on the dialysate NE concentration cannot be
excluded. Therefore, intravenous administration of desipramine could
inhibit neuronal NE uptake at the left sympathetic nerve endings and
increase dialysate NE concentration. Second, desipramine may affect
the dynamic response of heart rate to sympathetic activation. We
have already reported that desipramine decreases the natural
frequency of the transfer function from sympathetic nerve activity
to heart rate (Kawada et al., 2004). However, cardiac microdialysis
using shorter dialysis fiber requires 10-min sampling time to detect
changes in myocardial interstitial NE levels. Therefore, we were not
able to investigate the dynamic response of heart rate to sympathetic
activation in this study.

4.4. Conclusion
We were able to monitor endogenous NE release into the SA node

and detect the changes in neuronal uptake function using microdialysis
technique. Neuronal NE uptake together with NE release functions play



