Heart Vessels

hybrid procedure probably impairs ventricular energetics
compared to the Norwood procedure. However, it is very
difficult to compare ventricular energetics among the dif-
ferent surgical procedures in the clinical settings because
postoperative hemodynamic profiles, even heart rate and
mean arterial pressure, are quite different among the pal-
liations [12]. The lack of proper methodology to accurately
measure hemodynamic parameters such as stroke volume
in congenital heart diseases also limits the study in clini-
cal settings. Therefore, to test the hypothesis that ventricu-
lar energetics are different among the palliations, we per-
formed a theoretical analysis using computational models.

Materials and methods

We modeled the cardiovascular system for the hybrid pro-
cedure and that for the Norwood procedure using a sys-
temic-to-pulmonary artery (SPA) shunt or a RV-PA shunt.
The electrical analog of the hybrid procedure model used
to simulate the cardiovascular system is shown in Fig. 1.
Details of the Norwood procedure models with a SPA shunt
and with a RV-PA shunt have been described previously
[11]. Aortic and mitral atresias were assumed in all of the
present models, and there was no left ventricle.

Heart

The ventricular and atrial chambers are represented by the
time-varying elastance model [11, 13-15]. Pressure and
volume of each chamber are related by

Pec () = [Pes,cc(vcc) = Ped co(Vee) ] ecc (1) + Peg cc(Vee) €))]

PCd,CC = ACC [eBCC(VCd.CC‘VO,cc) — 1] (2)

Pesce = Eeseel Vesee — Voecl 3
ecc(t) = 0-5[1 - COS(TU/TCS,CC)] (0 <t< 2Tes,cc)

ecc(t) =0 QTeseec <t < Te), 4)

where P, and V, are pressure and volume, respectively, of
each chamber [cc denotes the right atrial (RA), left atrial
(LA), or right ventricular (RV) chamber], and t is the time
from the start of systole. We modeled chamber pressure
as the sum of end-diastolic pressure (Py .. Eq. 2) and the
developed pressure [difference between end-systolic (Peg o
Eq. 3) and P4 ] scaled by normalized elastance [e (),
Eq. 4]. Other parameters are listed in Table 1 [11, 13-16].
The time advance of atrial systole (DT) is calculated as
DT = 0.027, [11, 16].

Restrictive atrial septal defect (R,gp) is described as a
constant resistance, and the value in the hybrid procedure
model was set 10 times higher than those of the Norwood
procedure models. Each valve is represented as an ideal
diode connected serially to a small resistor (pulmonary,
Rpy; tricuspid, Ryy).

- Vascular system

Pulmonary and systemic circulations are modeled as modified
Windkessel models. Each vasculature is modeled by lumped
venous (C,) and arterial (C,) capacitances, a characteris-
tic impedance (R,), arterial resistance (R,), and a resistance
proximal to C, (R,). Linear relation between pressure drop
and flow in each resistance (except for PA banding), relation

Fig. 1 Electrical analog of

the hybrid procedure. LA left
atrium, RA right atrium, RV
right ventricle, PV pulmonary
valve, TV tricuspid valve, ASD
atrial septal defect, PDA patent
ductus arteriosus, R, arterial

resistance, R, characteristic
impedance, R, venous resist-
ance, C,, arterial capacitance,

C, venous capacitance. s and p
denote systemic and pulmonary
circulation, respectively. [ and

r denote left and right sides,
respectively. Rpy, Rpys Ragp and
Rppa represent resistance at PV,
TV, ASD and PDA, respectively
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Table 1 Parameters used in modeling of hybrid procedure

Heart rate (HR) (beats/min) 150
Duration of cardiac cycle (T,) (ms) 400
RV RA LA

Time to end systole (7,,) (ms) 140 60 60
End-systolic elastance (E ) (mmHg/ml) 8.5 7.35 7.35
Scaling factor of EDPVR (A) (mmHg) 0.9 0.17 0.17
Exponent for EDPVR (B) (mlI™Y 0.062 0.484 0.484
Unstressed volume (V) (ml) 4 1 1

Pulmonary Tricuspid
Valvular resistance (forward) (mmHg s ml~h) 0.0004 0.00004
Resistance (mmHg s mI™!) ASD

0.01
Resistance (mmHg s mi™Y PDA

0.0004

PA banding
Diameter of proximal PA (Dy,) (mm) 5.0
Constant (k) (mmHg (I/s)~* mm®*) 1.62 x 10°

Systemic (s) Pulmonary (p)
Lt. () Rt (r)

Arterial resistance (R,) (mmHg s ml™!) 3.83 1.56 1.04
Characteristic impedance (R,) (mmHg s ml™) 0.20 0.071 0.047
Venous resistance (R,) (mmHg s mI™) 0.083 0.027 0.018
Arterial capacitance (C,) (ml/mmHg) 0.50 0.13 0.19
Venous capacitance (C,) (ml/mmHg) 439 0.36 0.53

RV right ventricle, RA right atrium, LA left atrium, EDPVR end-diastolic pressure-—volume relation, ASD atrial septal defect, PDA patent ductus

arteriosus, PA pulmonary artery, Lt left, Rt right

between pressure (P,) and volume (V,) in each capacitance C
(Eq. 5), and the change in volume in each capacitance [dV()/
dr] calculated by the difference between inflow and outflow
(Eq. 6) are used to describe each vasculature:

P, =

Ye
- 5)

av
.._-gz = Z Qinflow () — Z Qoutttow (2 ©)

where O, 40w and Oy pew (O are volumetric inflow and
outflow, respectively.

Ideal ductal stenting without stenosis (Rpp,) is described
as a constant resistance.

Pressure drop across the PA banding
Combining the Bernoulli’s principle, the relation between

PA flow velocity V (Vpag, banding site; Vp,, PA proximal
to the banding site), volumetric flow of the right or left PA

Q(1), and PA diameter D (Dp, 3, banding site; Dp,, proximal
PA) are represented as follows:

1 2 2 40(x) 40()
AP(t) = —p| V] — V , Vv = =
( ). 2[)( PAB pA) PAB = D}2>AB - DIZJA

And, pressure drop across the PA banding [AP(?)] is

described as

1

PAB

T) Q(l.)z,
PA

k=L
T

M

where p is blood density (o = 1.06 g/cm?), and k is con-

stant if the blood density does not change.

Protocols

First, the control state was simulated using the 4.0-mm
SPA shunt Norwood procedure model. Total stressed blood
volume (V;), which is the sum of the stressed volumes in all
capacitances and in all chambers, was set as 81.4 ml.
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Vs = Vrv + VLA + VRA + Vias + Vevs + Veap
+ VCv,p,I + VCa,p,r + VCv,p,r (8)

We solved the simultaneous differential equations
(Egs. 1-8) using MATLAB/Simulink (MathWorks, Inc.,
MA, USA).

Shunt diameter was decreased stepwise from 4.0 to
3.0 mm in decrements of 0.5 mm in the original Norwood
procedure model using a SPA shunt, and increased from
4.0 mm to 6.0 mm at increments of 1.0 mm in the modified
Norwood procedure model using a RV-PA shunt. Diame-
ter of the PA banding was increased from 1.5 to 2.0 mm
in increments of 0.25 mm in the hybrid procedure model.
Systemic and pulmonary flow (O, and Qp), systemic and
pulmonary arterial pressures (SAP and PAP), systemic-to-
pulmonary diastolic run-off or diastolic regurgitation from
PA to RV, right ventricular end-diastolic volume (RVEDV),
stroke work (SW), systolic pressure—volume area (PVA),
and mechanical efficiency (SW/PVA) after each procedure
were calculated for each shunt or banding diameter. Heart
rate and SAP widely vary in clinical settings. This makes
it difficalt to compare the procedural effects. Therefore,
to provide a proper comparison among the three different
procedures, heart rate was fixed at 150 bpm and mean SAP
was set at the same value as that of the control state, by
adjusting the total stressed blood volume (V).

Calculation of arterial and venous oxygen saturation

Arterial (Sa0,) and venous O, saturation (SvO,) are calcu-
lated by the following equations for @, and Q; (I/min):

401 — Sou0 CVO, x BSA
=V T 3 X Hb % 10 % 0,

CVO, x BSA
SvOy = Sa0, —

1.34 x Hb x 10 x Qs

where Spy O, is the pulmonary venous O, saturation (0.97),
CVO, is the whole body O, consumption (185 ml O,/min/
m?), BSA is the body surface area (0.20 mz), Hb is the
hemoglobin concentration (16.0 g/dl), and 10 (d/1) and
1.34 (ml O,/g) are conversion factors [11, 16, 17].

Results

By adjusting the stressed blood volume, mean SAP and
Q, were maintained at around 58.7 mmHg and 0.83 V/min,
respectively, in all the models.

In the hybrid procedure model, looser PA banding
increased systolic SAP and decreased diastolic SAP. In
the SPA shunt Norwood procedure model, systolic SAP
increased and diastolic SAP decreased with the use of
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a larger shunt. In the RV-PA shunt Norwood procedure
model, however, change in shunt diameter affected systolic
and diastolic SAP only slightly (Fig. 2a). In all the mod-
els, mean PAP (Fig. 2b), O, (Fig. 2¢) and Q,/Q, (Fig. 2d)
increased with increase in diameter. These parameters
were almost equivalent among the 1.75-mm hybrid pro-
cedure (13.7 mmHg, 0.97 V/min and 1.18, respectively),
3.5-mm SPA shunt (13.9 mmHg, 1.04 /min and 1.27),
and 6.0-mm RV-PA shunt (11.6 mmHg, 0.86 l/min and
1.05) models. The Sa0O, and SvO, also were elevated with
increase in diameter (Fig. 2e). The SaO, and SvO, were
almost equivalent among the 1.75-mm hybrid procedure
(79.2 and 58.1 %, respectively), 3.5-mm SPA shunt (80.4
and 59.4 %), and 6.0-mm RV-PA shunt (77.0 and 56.1 %)
models. Use of a larger caliber conduit in the SPA shunt
Norwood procedure and a looser band in the hybrid proce-
dure caused a significant increase in diastolic run-off from
systemic to pulmonary circulation. Use of a larger caliber
conduit in the RV-PA shunt Norwood procedure also
caused an increase in diastolic regurgitation from PA to RV,
but this increase was smaller than those in diastolic run-off
(Fig. 2f).

The pressure—volume loops of the 1.75-mm hybrid
procedure as well as the 3.5-mm SPA shunt and 6.0-
mm RV-PA shunt Norwood procedures are shown in
Fig. 3. Although RVEDV did not differ among the 1.75-
mm hybrid procedure (23.6 ml), 3.5-mm SPA shunt
(24.1 ml), and 6.0-mm RV-PA shunt (23.0 ml) (Fig. 4a),
SW was slightly smaller in the 6.0-mm RV-PA shunt
(873 mmHg ml) than-in the 1.75-mm hybrid procedure
(929 mmHg ml) or the 3.5-mm SPA shunt (974 mmHg ml)
(Fig. 4b). Furthermore, systolic PVA in the 6.0-mm RV-PA
shunt (992 mmHg ml) was significantly smaller than that
in the 1.75-mm hybrid procedure (1,184 mmHg ml) or the
3.5-mm SPA shunt (1,228 mmHg ml) (Fig. 4c). As a result,
mechanical efficiency (SW/PVA) was higher in the 6.0-mm
RV-PA shunt (88.0 %) than in the 1.75-mm hybrid proce-
dure (78.5 %) or the 3.5-mm SPA shunt (79.3 %) (Fig. 4d).
The relation between Qp/QS and mechanical efficiency was
almost superimposed for the hybrid procedure and the SPA
shunt Norwood procedure, but efficiency was much better
in the RV-PA shunt Norwood procedure at all Q,/Q; levels
(Fig. 5).

Discussion

Advantages of hybrid procedure

The present computational study revealed that the hemo-
dynamics provided by the hybrid procedure is compara-

ble to that by the conventional Norwood procedure using
a SPA shunt, but is less favorable than that by the modified
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Fig. 2 The relations between shunt or banding diameter and systemic
arterial pressure (a), mean pulmonary artery pressure (PAP, b), pul-
monary flow (Q,, ¢), ratio of pulmonary to systemic flow (Q,/Q;, d),
arterial and venous saturation (Sa0, and SvO,, respectively, e) and
diastolic run-off or regurgitation (f). Mean PAP was the average of

Norwood procedure using a RV-PA shunt. The 1.75-mm
hybrid procedure was almost equivalent to the 3.5-mm
SPA shunt Norwood procedure from the viewpoint of post-
operative hemodynamics. Therefore, without using CPB,
the hybrid procedure may be able to achieve similar clini-
cal outcome as the SPA shunt Norwood procedure even in
high-risk patients.
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the left and right mean PAP and Q, was the sum of the left and right
pulmonary flow in the hybrid procedure model. Solid line, hybrid
procedure; dotted line, systemic to pulmonary artery (SPA) shunt;
dot-dashed line, right ventricle to pulmonary artery (RV-PA) shunt

In low-weight infants, the Norwood procedure and its
modification are a risk factor for increased mortality. Sev-
eral studies have reported that infants weighing less than
2.5 kg have a significantly higher mortality after the Nor-
wood procedure [18, 19]. The CPB procedure per se is
unlikely to be a risk factor associated with early postopera-
tive mortality due to recent improvements in cardiovascular

@_ Springer

—418—



Heart Vessels

Fig.3 Simulated pressure— 100 -
volume loops of the 1.75-mm —~— Hybrid
hybrid procedure (solid line), - T g\Pj’APShut?t
the Norwood procedure with a -PA shunt
3.5-mm systemic to pulmonary 80 i~
artery (SPA) shunt (dotted line)
and Norwood procedure with —_ r Pressure:Volume Area (PVA) = SW + PE
a 6.0-mm right ventricle to 7 60
pulmonary artery (RV-PA) shunt g Voo
(dot-dashed line) b ! PoE
e 1 E
3 b3
@ H
9 40 i3
= S
o H
5 :
H
i Volume (ml)
20 i
‘
R H
1
} /
s
0 ¥ ] v ]
0 30 40
Volume {ml)
a 30~ —— Hybrid b 1200 ~—— Hybrid
: ----- SPA shunt [ SPA shunt
] -—-~ RV-PA shunt h ’ ---~ RV-PA shunt
7/
F ¥o) =
B € 1000 - /
L o ,O
= I o -—® :E: - b
E | e H . o
2 20k o x 800 S P
l'|>'l : S /"
z | % - e
! E) o
15 |- 2 600 |
3 74
10 1 ! 1 1 3 [} 3 | s 1 — 400 s i 2 [} " 1 I 1 " 1
1 2 3 4 5 6 1 2 3 4 5 6
Diameter (mm) Diameter (mm)
€ 1500 —— Hybrid d 100 —— Hybrid
= | meee SPAshunt V. emee SPA shunt
g L©  -—-—~ RV-PA shunt -—-- RV-PA shunt
T yd g I
g s 5
= e £ 90 -
g d’ g 7
s 1000 |- e & - e
; - 3 o "
3 . P = . el
?‘-’ o E 80 |- / o o
- [*3 ’
o L
o
500 1 i 1 1 1 1 1 1 70 I 1 I 1 1 1 n 1 L ]
1 2 3 4 5 6 1 2 3 4 5 6

Fig. 4 The relations between shunt or banding diameter and right
ventricular end-diastolic volume (RVEDYV, a), stroke work (b), sys-
tolic pressure-volume area (c¢) and mechanical efficiency (d). Solid

management during CPB [20]. However, Pawade et al. [21]
reported that the risk factors associated with an increased
risk of early death in infants weighing less than 2.5 kg
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Diameter (mm)

line, hybrid procedure; dotted line, systemic to pulmonary artery
(SPA) shunt; dot-dashed line, right ventricle to pulmonary artery (RV-
PA) shunt

undergoing reconstruction surgery using CPB were (1)
presence of preoperative metabolic acidosis; (2) univen-
tricular repair; and (3) duration of cardiopulmonary bypass.
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Weinstein et al. [22] also reported a trend toward increased
mortality with increased CPB time in HLHS infants weight-

ing less than 2.5 kg. Since the hybrid procedure does not

require CPB, increased CPB time is not a concern. Pizarro
et al. [23] have reported that patients undergoing hybrid
palliation have lower preoperative blood pH than Norwood
patients. This may reflect the surgeons’ selection of hybrid
procedure for high-risk infants. In their study, there were
no significant differences in hospital and interstage mor-
talities between the hybrid and the conventional Norwood
strategies. Because preoperative metabolic acidosis is asso-
ciated with increased risk of early death after CPB [21], the
most suitable patients for the hybrid procedure may be low-
weight infants with preoperative metabolic acidosis.

Disadvantages of hybrid procedure

The hybrid procedure is very sensitive to a change in diam-
eter of the banding site. A slight increase in diameter read-
ily causes pulmonary over-circulation. In the present study,
an increase in diameter of only 0.25 mm (from 1.75 to
2.0 mm) resulted in a 26.0 % increase in Qp (Fig. 2c). Thus,
surgeons have to adjust the band size carefully to avoid pul-
monary over-circulation or malperfusion.

The present study provides important insight into ven-
tricular energetics of the hybrid procedure. The hybrid pro-
cedure cannot reduce PVA while the Norwood procedure
with RV-PA shunt can reduce PVA. The PVA in the 1.75-
mm hybrid procedure was 19.3 % larger than that in the
6.0-mm RV-PA shunt Norwood procedure. Thus, the hybrid
procedure maintains systemic circulation at the expense
of higher oxygen consumption compared to the RV-PA
shunt. Because coronary blood flow depends on myocardial
oxygen demand under physiological conditions [24], the

hybrid procedure requires more coronary blood flow than
the RV-PA shunt to maintain the same systemic circulation.
This feature may impair coronary flow reserve. The hybrid
procedure may have poor tolerance to postoperative myo-
cardial oxygen supply/demand imbalance.

The hybrid procedure as well as the SPA shunt Norwood
procedure cannot avoid diastolic run-off from the systemic
to pulmonary circulation. Therefore, the hybrid procedure
requires more stressed blood volume to maintain systemic
cardiac output (Q,) at the same level as the Norwood pro-
cedure with the RV-PA shunt. This means that the hybrid
procedure may easily cause volume overload to the single
ventricle. In addition, the present study demonstrates that
mechanical efficiency in the 1.75-mm hybrid procedure is
9.5 % lower compared to the 6.0-mm RV-PA shunt. Using
the hybrid procedure, the RV must pump blood to a high-
pressure system, i.e., the systemic circulation. Thereafter, a
portion of the blood flows into a low pressure system, i.e.,
the pulmonary circulation, according to the pressure gradi-
ent. Using the RV-PA shunt, however, RV can simultane-
ously eject blood to both high- and low-pressure systems.
This difference in mechanics results in increased elastic
potential energy (Fig. 3) and reduced mechanical efficiency
(SW/PVA) for the hybrid procedure compared to the RV-
PA shunt. The impaired mechanical efficiency may be asso-
ciated with the clinical observation that the hybrid proce-
dure does not improve interstage mortality although this
approach reduces the initial surgical insult [23].

Limitations

First, intraoperative use of cardiopulmonary bypass and
circulatory arrest in the Norwood procedure may affect the
postoperative ventricular performance. Furthermore, the
right ventriculotomy in the Norwood procedure with the
RV-PA shunt may impair ventricular contractility. These
factors may reduce potential advantage on ventricular ener-
getics of the Norwood procedure compared with the hybrid
procedure. However, our previous simulation study has
indicated the Norwood procedure with the RV-PA shunt
still has an advantage on ventricular energetics even when
end-systolic elastance is reduced by approximately 20 %
[11].

Second, in the present study, mean arterial pressure and
0, were fixed for all of the models, and the results need to
be interpreted accordingly. In other words, actual ventricu-
lar performance could depend on a given hemodynamic
state in each patient.

Third, a patient-specific simulation may be helpful to
understand the patient’s fluid dynamics [25]. However,

-our present model was based on the previous studies [11,

13-16] and not a patient-specific model. To perform a
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patient-specific simulation, we have to develop an accurate
method of estimating the parameters for simulation, such
as elastance, resistance and compliance.

Conclusions

Although the hybrid procedure has the advantage of requir-
ing no CPB, this procedure provides similar hemodynamics
as the conventional Norwood procedure using a SPA shunt
and has greater myocardial oxygen demand compared to
the modified Norwood procedure using a RV-PA shunt.
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The baroreflex is a key mechanism involved in the control of arterial pressure (AP)
during orthostasis in humans. However, the baroreflex is a closed-loop feedback system,
from baroreceptor pressure input to systemic AP and therefore requires open-loop
experiments to identify its systemn characteristics. The requirement limits our ability to
identify baroreflex system characteristics in humans. Open-loop research in animals has
revealed dynamic and static characteristics of the two baroreflex subsystems: the neural
and peripheral arcs. The neural arc, from baroreceptor pressure input to sympathstic
nerve activity (SNA), has high-pass dynamic characteristics, indicating that more rapid
change in input AP causes greater response in SNA. In contrast, the peripheral arc,
from SNA input to systemic AP has low-pass characteristics. Orthostasis increases the
gain of the neural arc, which compensates for the lower transfer gain of the peripheral
arc and in turn maintains total baroreflex function. Here, | discuss the possibility that
baroreflex subsystem characteristics identified in animals can be applicable to the human
sympathetic response to orthostasis, with a focus on loading speed-dependence of
orthostatic sympathetic activation.

Keywords: baroreflexes, systems analysis, sympathetic nerve activity, autonomic nervous system, integrative

physiology

INTRODUCTION

The maintenance of arterial pressure (AP) under orthostatic stress
from gravitational fluid shift is of great importance in humans
(Eckberg and Sleight, 1992) and animals (rats, rabbits etc.) that
spend most of their time in a head-up posture and that frequently
stand during their daily life. The baroreflex is a key mechanism
involved in the control of AP during orthostasis since baroreflex
failure leads to severe orthostatic hypotension (Cooke et al., 1999;
Fu et al., 2009). The baroreflex is a negative-feedback closed-
loop system, from baroreceptor pressure input to systemic AP,
and therefore needs open-loop surgical operation to identify its
system characteristics (Ikeda et al., 1996), which is fundamen-
tally impossible in human research. Animal research that has used
open-loop baroreflex and white-noise input techniques (system
identification) have clarified dynamic and static transfer char-
acteristics of the two baroreflex subsystems, the neural arc and
peripheral arc, during orthostasis as described below.

Regarding the dynamic transfer characteristics, the neural arc,
from baroreceptor pressure input to SNA, has high-pass dynamic
characteristics, which means that a more rapid change in AP
results in a greater response in SNA, whereas the peripheral arc,
from SNA input to systemic AP, has low-pass dynamic character-
istics (Kawada et al., 2002; Kamiya et al., 2005¢). The open-loop
transfer function of the neural arc is able to predict time-series
SNA responses to drug-induced AP changes with an r? of 0.9,
whereas the closed-loop-spontaneous transfer function cannot
with a negative r-value (the inverse of measured responses)
(Kamiya et al., 2011). In addition, orthostatic stress, caused from
movement from a horizontally supine position, increases the

transfer function gain of the neural arc, which helps compen-
sate for the lower transfer function gains of the peripheral arc
during orthostasis. This in turn helps maintain total baroreflex
function (Kamiya et al., 2008). Regarding the static transfer char-
acteristics, orthostatic stress resets the neural arc (baroreceptor
pressure-SNA curve) to a higher SNA level (in the kidney and the
heart), which compensates for the reduced presser responses to
an increase in SNA in the peripheral cardiovascular system and
helps prevent postural hypotension (Kamiya et al., 2005b, 2010).

Although system identification of the baroreflex is a useful
tool for understanding baroreflex function in a variety of phys-
iological and pathophysiological conditions, it requires surgical
operation to open the baroreflex loop. The requirement of an
open-loop experimental condition limits its application in human
research. Therefore, the system characteristics of the baroreflex
identified in animals, particularly the dynamic transfer func-
tion characteristics, have not been related to human baroreflex
physiology.

Here, I discuss the possibility that baroreflex subsystem char-
acteristics identified in animals can be applicable to the human
sympathetic response to orthostasis. I will focus on the high-pass
filter dynamic transfer function characteristics identified in mus-
cle, cardiac and renal SNA of anesthetized rabbits (Kamiya et al.,
2005c¢). I will also discuss whether transfer function character-
istics identified in animals can explain the previously reported
finding in humans that slow head-up tilt causes lower acti-
vation of muscle SNA: (MSNA): loading speed-dependence of
orthostatic sympathetic activation in humans (Kamiya et al.,
2009).
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SPEED-DEPENDENCE OF ORTHOSTATIC SYMPATHETIC
ACTIVATION IN HUMANS

A stronger orthostatic stress causes greater MSNA response dur-
ing head-up tilt (HUT) and thus it is well known that orthostatic
MSNA activation is amplitude-dependent (Eckberg and Sleight,
1992; Cooke et al., 1999; Fu et al., 2009). In contrast, less atten-
tion has been paid to the effects of loading speed of orthostatic
stress on orthostatic sympathetic activation in humans, Our pre-
vious study (Kamiya et al., 2009) examined whether the inclining
speed of HUT influences the MSNA response to passive 30° HUT,
independent of the magnitude of HUT, using inclining speeds
of 1, 0.1, and 0.0167°/s (RAPID, SLOW, and VERYSLOW tests,
respectively), in 12 healthy subjects (Figure 1). Calf MSNA (aver-
aged over every 10° tilt angle) increased during inclination from
0 to 30°, with greater increases in the RAPID test than SLOW
and VERYSLOW tests. In addition, only the RAPID test caused
MSNA overshoot after reaching 30° HUT, whereas the SLOW
and VERYSLOW tests did not. These results indicate that slower
HUT results in smaller activation of MSNA suggesting that HUT-
induced sympathetic activation depends partially on the speed of
inclination during HUT in humans. The speed-dependence was
also found in the high frequency amplitude of R-R interval vari-
ability (an index of cardiac vagal nerve activity), that decreased to
a lesser extent during the inclination and after reaching 30° in the
VERYSLOW test compared to the RAPID test.

CHARACTERISTICS OF BAROREFLEX SUBSYSTEMS IN
ANIMALS: NEURAL AND PERIPHERAL ARCS

Previous system identification using open-loop experiments and
transfer function analysis, commonly used in engineering, have

revealed that in anesthetized animals (for example, rabbits), the
transfer function of the neural arc (baroreceptor pressure to SNA)
approximates derivative characteristics in the frequency range
below 0.8 Hz, and high-cut characteristics of frequencies above
0.8 Hz (Kamiya et al., 2005c).Therefore, the neural arc transfer
function (Hy) can be modeled by using Equation A as follows:

ﬁj—? exp (—2mfiL)
(1+£)

where f and j represent the frequency (in Hz) and imaginary
units, respectively; Ky is static gain (in a.u/mmHg); fcl and fc2
(fer < fez) are corner frequencies (in Hz) for derivative and high-
cut characteristics, respectively; and L is pure delay (in seconds),
that would represent the sum of delays in the synaptic trans-
mission at the baroreflex central pathways and the sympathetic
ganglion. The dynamic gain increases in the frequency range of
feito fez, and decreases at frequencies above fc).

In addition, the transfer function of the peripheral arc (SNA to
systemic AP) approximates the second-order low-pass filter with
a lag time in rabbits (Kamiya et al., 2005¢). Therefore, the periph-
eral arc transfer function (H,) can be modeled by using Equation
B as follows:

Hn(f) = =Ky (A)

Hp(f) = Ke —7 e 2mfL)  (B)
120k + ()

where Kp is static gain (in mmHg/a.u.); fy and g indicate natural
frequency (in Hz) and damping ratio, respectively; and L is
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FIGURE 1 | Human MSNA responses to HUT tests with RAPID, SLOW, and VERYSLOW inclining speed. #P < 0.05 vs. 'SLOW and VERYSLOW tests.
Error bars denote standard error. Modified from the study: Kamiya et al. (2008).
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pure delay (in seconds), that would represent the sum of delays
in the synaptic transmission at neuroeffector junction and the
intracellular signal transduction in the effector organs.

NUMERICAL SIMULATION OF HUMAN MSNA RESPONSE TO
HUT USING ANIMAL BAROREFLEX CHARACTERISTICS
First, a numerical simulation of the open-loop baroreflex condi-
tion was performed based on transfer functions actually identified
in anesthetized animals (Figure 2). Since the increases in thoracic
impedance averaged over tilt angle were similar in the RAPID,
SLOW, and VERYSLOW HUT tests, the gravitational fluid shift
directed toward the lower part of the body (such as the abdominal
vascular bed and lower limbs) may be similar in all three tests at a
tilt angle of 30°. Therefore, we assumed that the tilt-induced pres-
sure perturbation was similar in the three HUT tests except for
the speed. The numerical simulation indicates that in the open-
loop baroreflex condition, the RAPID HUT test (1°/s) caused
greater MSNA activation than SLOW (0.1°/s) and VERYSLOW
(0.0167°/s) tests. This result appears to be consistent with our
data observed in humans (Figure 1), and raises the possibility that
the baroreflex control of SNA in humans also has high-pass filter
characteristics.

Next, the relevance of baroreflex control of SNA to the speed-
dependence in orthostatic MSNA activation was also confirmed

by performing a numerical simulation mimicking the closed-loop
 baroreflex condition (Figure 3). The neural arc is arranged in
series with the peripheral arc. Therefore, the total baroreflex
loop is a negative-feedback control system that senses AP as
baroreceptor pressure and regulates systemic AP. The simula-
tion data indicated that the RAPID HUT test caused greater
MSNA activation than the slower HUT tests, which is par-
tially consistent with our previously observed data obtained
in humans.

However, the dynamic transfer function characteristics of the
neural arc cannot explain the 3-min overshoot of MSNA acti-
vation after reaching 30° HUT posture in the RAPID HUT
test. In the numerical simulations, MSNA overshoot lasts less
than 20s in both baroreflex open-loop and closed-loop con-
ditions. Accordingly, other mechanisms may be responsible for
the overshoot of the orthostatic MSNA response in the faster
HUT test. One possibility is a vestibulo-sympathétic response
(Hammam et al.,, 2014; Yates et al., 2014). Another possibility is
an effect of antigravity muscle contraction on SNA, since head-up |
suspension that removes antigravity muscle contractions caused
smaller MSNA activation than HUT (Shamsuzzaman et al,
1998). Interestingly, without the numerical simulations based
upon actual open-loop system identification in animals, it is
difficult to predict the length of MSNA overshoot mediated by
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FIGURE 2 | Simulation of orthostatic activation of SNA in response to (C) Simulated time series changes in BRP and SNA at conditions set in {A,B).
HUT at different inclining speeds in the baroreflex open-loop condition. The RAPID test resulted in greater activation and an overshoot of SNA,
(A) A block diagram of baroreflex control of SNA containing the neural arc compared with SLOW and VERYSLOW tests. (D) Simulated SNA data (same
transfer function (Hy). We assigned maximum tilt-induced perturbation as C) of the RAPID {open circle), SLOW (closed triangle), and VERYSLOW
of —30mmHg in the simulations, equivalent to —1, —0.1, and (closed circle) HUT tests plotted on the same axes. Upper X-axis indicates
—0.0167 mmHgy/s in RAPID, SLOW and VERYSLOW HUT tests, respectively. that data are averaged over every 10° tilt angle during inclination from 0°
We set APset at 100 mmHg. BRP; baroreceptor pressure. (B) The gain and supine to 30° HUT, while the lower X-axis indicates that data are averaged
phase function of Hy. The gains Ky are set at 1au/mmHg. The fey, fcp, and L over every 1 min after reaching 30° HUT. Modified from the study: Kamiya
are set at 0.1, 0.8, and 0.2, respectively, based on animal experimental data. et al. (2009).
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the baroreflex and the potential involvement of mechanisms
other than the baroreflex.

BAROREFLEX DYNAMIC TRANSFER CHARACTERISTICS AND
BASIC CLASSIC DATA OF BARORECEPTOR AFFERENT

The baroreflex dynamic transfer function identified by a white-
noise and open-loop method (Kamiya et al., 2011) is a transfer
characteristics from baroreceptor pressure input to SNA in the
baroreflex neural arc and that from SNA input to systemic AP
in the baroreflex peripheral arc. The dynamic transfer function
shows a linear component of the system, and is able to predict
a time-series SNA response to randomly drug-induced (phenyle-
phrine and nitroprusside infusions) AP changes in closed-loop
condition with a high degree-of accuracy (r* of 0.9 + 0.1)
(Kamiya et al., 2011). However, the baroreflex dynamic transfer
function is limited to address basic classic data of baroreceptor
afferent, in particular the contrasting effects of static and pulsatile
-pressure on carotid baroreceptor activity in dogs (Chapleau and
Abboud, 1987). For example, although the single unit barorecep-
tor afferent nerve activity increased in response to an increase
in baroreceptor pressure, the pulsatile baroreceptor pressure
resulted in lower threshold as compared with static (ramp-like)
baroreceptor pressure. Another example is a baroreceptor afferent
response to a shift from static to pulsatile pressure. A pulsatility
increased afferent nerve activity at low mean arterial pressures,

whereas it decreased afferent nerve activity at high mean arte-
rial pressures. These interesting observations may relate with a
non-linear component of baroreflex system.

CONCLUSION

System identification can be a powerful tool in the research of
complex biosystems. However, its application for human research
is often difficult since it requires open-loop surgical operation
when the system is a closed-loop biosystem, which applies to.
the baroreflex. As a helpful challenge, I show the possibility that
system identification based analysis and numerical simulation
using baroreflex subsystem characteristics identified in animals
can contribute to our understanding of human sympathetic
physiology under orthostasis (Kamiya et al., 2005a, 2009).
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Medetomidine Suppresses Cardiac and Gastric
Sympathetic Nerve Activities but Selectively
Activates Cardiac Vagus Nerve
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Background: To identify a pharmacological agent that can selectively activate cardiac vagus nerve for potential
use in vagal activation therapy against heart failure, the effects of medetomidine on autonomic nerve activities in
both the heart and stomach were examined.

Methods and Results: In anesthetized rabbits, microdialysis probes were implanted into both the right atrial and
gastric walls. Dialysate acetylcholine (ACh) and norepinephrine (NE) concentrations were measured by high-perfor-
mance liquid chromatography. First, the effects of 100 ug/kg of intravenous medetomidine on vagal ACh and sympa-
thetic NE releases were examined. Medetomidine significantly increased cardiac ACh release (4.741.1 to 7.8+0.9nmol/L,
P<0.05), but suppressed gastric ACh release (8.0+2.6 to 3.541.5nmol/L, P<0.01). In contrast, medetomidine sup-
pressed both cardiac and gastric NE releases. Second, the effects of medetomidine on ACh releases induced by

- electrical vagus nerve stimulation (VNS; 10 Hz) were examined. Electrical VNS significantly increased both cardiac
(6.7+1.2 to 14.8+1.8nmol/L, P<0.01) and gastric (3.8+0.8 to 181.3+£65.6 nmol/L, P<0.01) ACh releases. Medetomidine
did not alter the VNS-induced increases in ACh release.

Conclusions: Medetomidine suppresses both cardiac and gastric sympathetic nerve activities. In contrast, medeto-
midine activates cardiac vagus nerve but inhibits gastric vagal activity. Medetomidine might be one of the potential
pharmacological agents for vagal activation therapy against heart failure without the risk of gastric adverse ef-
fects. (Circ J 2014; 78: 1405—1413)

Key Words: Acetylcholine; az-adrenergic agonist; Norepinephrine; Sympathetic nerve activity; Vagus nerve activity

a therapeutic option for epileptic seizures for several
decades. Recently, electrical VNS has also been eval-
uated as a direct method to correct autonomic imbalance (ac-
tivated sympathetic nerve system and suppressed vagus nerve
activity) in patients with chronic heart failure (CHF).! The ef-
fect of VNS in CHF patients is being studied in an on-going
multicenter international clinical trial, the INcrease Of VAgal
TonE in Heart Failure study (INOVATE-HF).2 However, from
the clinical experience of using electrical VNS in patients with
epileptic seizures, electrical stimulation of the cervical vagus
nerve might cause several gastrointestinal adverse effects such
as nausea and diarrhea 34 '
To avoid these adverse effects, selective activation of cardiac

E lectrical vagus nerve stimulation (VNS) has remained

vagus nerve might be favorable. We have reported that a selec-
tive az-adrenergic agonist, medetomidine (a racemic mixture
of dexmedetomidine and levomedetomidine), suppresses sym-
pathetic norepinephrine (NE) release and enhances vagal ace-
tylcholine (ACh) release to the sinoatrial node.’ In contrast,

. dexmedetomidine has been reported to have an antiulcerative

effect on indomethacin-induced gastric ulcers, suggesting that
medetomidine or dexmedetomidine might be able to activate
cardiac vagus nerve without undesirable gastrointestinal effects.
Thus, medetomidine might be one of the potential pharmaco-
logical agents for vagal activation therapy against CHF.

We have established a microdialysis technique for in vivo
monitoring of neuronal NE and ACh releases to the rabbit si-
noatrial node.”® Local sampling of the microdialysis technique
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allows monitoring of ACh and NE releases as indices of organ-
specific autonomic nerve activities. In the present study, we
applied the microdialysis technique to both the heart and stom-
ach of rabbits and examined the effects of medetomidine on
organ-specific autonomic nerve activities.

Methods

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 published by the Physiological Society
of Japan. All protocols were approved by the Animal Subject
Committee of the National Cerebral and Cardiovascular Center.
Twenty-four Japanese white rabbits weighing 2.5-3.2kg 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 con-
tinuous intravenous infusion of a-chloralose and urethane
(16mg-kg™'-h~' and 100mg-kg' -h-!, respectively). An ade-
quate anesthesia level was confirmed by loss of the ear pinch
response. The animals were intubated and ventilated mechan-
ically with room air mixed with oxygen. The respiratory rate and
tidal volume were set at 30 cycles/min and 15ml/kg, respec-
tively. Systemic arterial pressure was monitored by a catheter
inserted into the femoral artery. Heparin sodium (101U -kg!-h™!)
was infused to prevent blood coagulation in the femoral artery
catheter. Esophageal temperature was maintained between 38
and 39°C using a heating pad.

With the animal in the supine position, a right lateral thora-
cotomy was performed and the right 3 to 5% ribs were partially
resected to expose the heart. After incision of the pericardium,
a dialysis probe was implanted into the atrial wall near the si-
noatrial node, as described in the Dialysis Technique section
below. A midline laparotomy was also performed to expose the
stomach. Another dialysis probe was implanted into the ante-
rior wall of the stomach as described in the Dialysis Technique
section. '

Three stainless steel electrodes were attached around the tho-
racotomy incision for recording body surface electrocardiogram.
The heart rate was determined from the electrocardiogram or
arterial pressure waveform using a cardiotachometer.

At the end of the experiment, the animal was euthanized by
injecting an overdose of pentobarbital sodium. In a post-mor-
tem examination, the right atrial wall and the anterior wall of
the stomach were resected en bloc with the dialysis probes. The
internal surfaces of the atrial and gastric walls were examined
macroscopically to confirm that the dialysis membranes were
not exposed to the right atrial Jumen and the gastric cavity.

Dialysis Technique

The materials and properties of the dialysis probe have been
described previously.”1® A dialysis fiber of a semipermeable
membrane (length 4 mm, outer diameter 310 ym, inner diam-
eter 200pm, PAN-1200, molecular weight cut-off 50,000;
Asahi Chemical, Tokyo, Japan) was attached at both ends to

Bil. VNS, bilateral vagus nerve stimulation; C6, hexamethonium.

polyethylene tubes. One dialysis probe was implanted into the
right atrial myocardium near the sinoatrial node, which has the
richest vagal innervation in the heart.!! Another dialysis probe
was implanted into the anterior wall of the stomach because
peristaltic movement was relatively smaller than the other part
of the gastrointestinal tract. After implantation, these dialysis
probes were perfused with Ringer’s solution (NaCl 147 mmol/L,
KCl1 4 mmol/L, CaCl2 3mmol/L) alone for NE measurement,
or with Ringer’s solution containing a cholinesterase inhibitor,
eserine (100umol/L), for ACh measurement, at a speed of
2 yl/min using a microinjection pump (CMA/102; Carnegie
Medicin, Stockholm, Sweden). Experimental protocols were
started 2 h after implantation of the dialysis probes. The dead
space between the dialysis membrane and the sample tube was
taken into account at the beginning of each dialysate sampling.
Four microliters of phosphate buffer (pH 3.5) was added to
each sample tube before dialysate sampling, and each dialysate
sampling period was set at 10min (1 sample volume=20ul).
In the supplementary protocol, 8-yl of phosphate buffer was
added to each sample tube, and each dialysate sampling period
was set at 20 min (1 sample volume=40ul). The dialysate ACh
or NE concentration was analyzed by high-performance liquid
chromatography, as described previously.>1®

Experimental Protocols

Protocol 1 (n=13) We investigated the effects of intrave-
nous medetomidine on both cardiac and gastric vagal ACh
(n=7) and sympathetic NE (n=6) releases. First, 10-min base-
line dialysate samples were collected under baseline conditions.
Thereafter, 100 ug/kg of medetomidine, which has been shown
to increase the cardiac dialysate ACh concentration,’ was in-
jected intravenously via the femoral vein. After hemodynamic
stabilization, dialysate samples were collected for 10min (2041).
Immediately after the second sampling, intravenous infusion
of phenylephrine was started (4.330.7 ug-kg™' -min") to re-
store mean arterial pressure to the baseline level because a
decrease in mean arterial pressure during the second sampling
might have affected sympathetic and vagal outflows through
the arterial baroreflex. After hemodynamic stabilization, di-
alysate samples were again collected for 10 min.

Protocol 2 (n=6) We investigated the effect of medetomi-
dine on both cardiac and gastric ACh releases induced by elec-
trical stimulation of bilateral cervical vagus nerves. Because
there was a difference in vagal innervations between the right
atrium and anterior wall of the stomach, bilateral vagus nerves
were exposed through a midline cervical incision and sectioned
at the neck region to perform a simultaneous stimulation to both
the heart and stomach. A pair of bipolar stainless steel elec-
trodes was attached to the efferent side of each vagus nerve.
The nerves and electrodes were immobilized using a quick-
curing silicone gel (Kwik-Sil; World Precision Instruments,
Inc, FL, USA). After sampling the baseline dialysates, bilateral
efferent vagus nerves were simultaneously stimulated af a fre-
quency of 10Hz using a digital stimulator (SEN-7203; Nihon
Kohden, Japan). The pulse duration and amplitude of nerve
stimulation were set at 1 ms and 10V, respectively. To main-
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dine on heart rate (A) and mean arterial pres-
sure (B) (n=13). All data are presented as
mean=SE. iv, intravenous injection. ¥P<0.01.

tain mean arterial pressure at the baseline level, intravenous
infusion of phenylephrine was started simultaneously to VNS
(Table), and dialysates were sampled for 10 min (20 pl). There-
after, to examine the effect of medetomidine on electrical VNS-
induced ACh releases from nerve endings, 100 ug/kg of me-
detomidine was injected intravenously via the femoral vein.
After hemodynamic stabilization, dialysate samples were again
collected for 10min under 10-Hz electrical VNS. Finally, a
ganglionic blocker, hexamethonium bromide (30 mg/kg), was
injected intravenously and 10-min dialysate samples were
collected under 10-Hz VNS.

Supplementary protocol (n=5) We investigated the effects
of intravenous atipamezole, an az-adrepergic antagonist, on
both medetomidine-induced cardiac and gastric vagal ACh
and sympathetic NE responses. First, 20-min baseline dialy-
sate samples were collected under baseline conditions. There-
after, 100 ug/kg of medetomidine was injected intravenously

via the femoral vein. After hemodynamic stabilization, dialy-
sate samples were collected for 20min (40 yl). Immediately
after the second sampling, 2.5 mg/kg of atipamezole was in-
jected intravenously. After hemodynamic stabilization, dialy-
sate samples were again collected for 20 min.

Statistical Analysis
All data are presented as mean +standard error. Heart rate and

" mean arterial pressure were compared by using one-way re-

peated measures analysis of variance (ANOVA) followed by
a Holm’s test.2 After logarithmic transformation, dialysate
ACh and NE concentrations were also compared by using
one-way repeated measures ANOVA followed by a Holm’s
test. In the supplementary protocol, after logarithmic transfor-
mation, dialysate ACh and NE concentrations were compared
by using one-way repeated measures ANOVA followed by a
Dunnett’s test against baseline values. Differences were con-
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sidered significant at P<0.05.

Results

Protocol 1
An intravenous injection of 100 ug/kg of medetomidine sig-
nificantly decreased the heart rate from 273+5bpm at baseline
to 185+6bpm (P<0.01) (Figure 1A), and the mean arterial pres-
sure from 8743 mmHg to 5242 mmHg (P<0.01) (Figure 1B).
This dose of medetomidine significantly increased the cardiac
dialysate ACh concentration from 4.7+1.1 nmol/L at baseline
-to 7.840.9nmol/LL (P<0.05), but decreased the gastric dialy-
sate ACh concentration from 8.0+2.6nmol/L at baseline to
3.521.5nmol/L (P<0.01) (Figure 2A). The medetomidine in-
jection significantly decreased the cardiac dialysate NE con-
centration from 244436 pmol/L at baseline to 111+16 pmol/L.
(P<0.01) and also the gastric dialysate NE concentration

-from 196164 pmol/L at baseline to 58+27 pmol/L. (P<0.01)

(Figure 2B).

After the medetomidine injection and dialysate sampling,
infusion of phenylephrine restored the mean arterial pressuie
to the baseline level (903 mmHg, not significant vs. baseline)
and decreased the heart rate significantly (132+7bpm, P<0.01
vs. medetomidine alone) (Figures 1A,B). After the medetomi-
dine injection, infusion of phenylephrine increased the cardiac
dialysate ACh concentration to a significantly higher level
than that of medetomidine alone (22.3+3.6nmol/L, P<0.01),
but it did not change the gastric dialysate ACh concentra-
tion (3.5+1.1 nmol/L, not significant vs. medetomidine alone)
(Figure 2A). Infusion of phenylephrine subsequent to the me-
detomidine injection did not change the cardiac or gastric di-
alysate NE concentration (not significant vs. medetomidine
alone), and both cardiac (10617 pmoV/L, P<0.01 vs. baseline)
and gastric dialysate NE concentrations (2948 pmol/L, P<0.01

Circulation Journal Vol.78, June 2014

—431—



Cardioselective Vagal Activation of Medetomidine

1409

A

100 ~

Mean arterial pressure {mmHg)

Baseline Bil. VNS 10Hz

after vagotomy Bil.LVNS 10Hz

Medetomidine  Medetomidine & C6
BILVNS 10Hz

400 (

300 ~

Heart rate (bpmy)

Bil. VNS 10Hz

Baseline
after vagotomy

BILVNS 10Hz

Medetomidine Medetomidine & C6
Bil.LVNS 10Hz

Figure 3. Effects of medetomidine injection
on mean arterial pressure (A) and heart rate
(B) in rabbits undergoing bilateral electrical
vagus nerve stimulation (10Hz, 1ms, 10V)
and intravenous infusion of phenylephrine
(n=6). All data are presented as mean=SE.
Bil., bilateral; VNS, vagus nerve stimulation;
C6, hexamethonium. #<0.01.

vs. baseline) remained significantly reduced compared to base-
line levels (Figure 2B).

Protocol 2 .

The mean arterial pressure was maintained at the same level
as that of the baseline by intravenous infusion of phenylephrine
during VNS throughout the experiment (Figure 3A). Bilateral
electrical VNS at a frequency of 10Hz significantly decreased
the heart rate from 265+10bpm at baseline to 138+12bpm
(P<0.01) (Figure 3B). The 10-Hz VNS significantly increased
the cardiac dialysate ACh concentration from 6.7+1.2 nmol/LL
at baseline to 14.8+1.8 nmol/L. (P<0.01) (Figure 4A) and the
gastric dialysate ACh concentration from 3.8+0.8 nmol/L at
baseline to 181.3+65.6 nmol/L. (P<0.01) (Figure 4B). Under
a 10-Hz electrical VNS, injection of 100-ug/kg medeto-
midine did not alter the heart rate (146t14bpm) (Figure 3B),
and it did not affect the cardiac (13.6+2.2nmol/L) or

gastric (196.74£70.7nmol/L) dialysate ACh concentration

‘(Figures 4A,B).

Subsequent to the medetomidine injection under a 10-Hz
vagal stimulation, an intravenous injection of 30mg/kg hexa-
methonium bromide significantly reduced both the cardiac
and gastric dialysate ACh concentrations (7.2x1.5nmol/L and
9.7+2.7nmol/L, respectively) (Figures 4A,B). However, the
gastric dialysate ACh concentration remained higher than that
of the baseline level (P<0.01 vs. baseline).

Supplementary Protocol

An intravenous injection of 100ug/kg of medetomidine sig-
nificantly increased the cardiac dialysate ACh concentra-
tion from 5.2+1.1nmol/L at baseline to 8.4+1.4nmol/L
(P<0.01), but decreased the gastric dialysate ACh concentra-
tion from 6.4+1.8nmol/L. at baseline to 3.6+1.0nmol/L
(P<0.01) (Figure SA). The medetomidine injection signifi-
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cantly decreased the cardiac dialysate NE concentration from
472188 pmol/L at baseline to 266147 pmol/L, (P<0.05) and
also the gastric dialysate NE concentration from 381+116pmol/L.
at baseline to 130429 pmol/L (P<0.05) (Figure 5B). An intra-
venous injection of 2.5 mg/kg of atipamezole restored both the
cardiac and gastric dialysate ACh concentrations to the baseline
levels (6.0+1.2 and 7.6+2.6 nmol/L, respectively) (Figure SA).
Atipamezole also restored both the cardiac and gastric dialy-
sate NE concentrations to the baseline levels (4362102 and
3854130 pmol/L, respectively) (Figure 5B).

Discussion

Simultaneous monitoring of both the cardiac and gastric vagal
ACh and sympathetic NE releases demonstrated that medeto-
midine enhanced cardiac ACh release but suppressed gastric
ACh release to the stomach. In contrast, medetomidine sup-

pressed both the cardiac and gastric NE releases.

Effects of Medetomidine on Vagal ACh Releases

The present study demonstrated that electrical stimulation of
bilateral cervical vagus nerves at a frequency of 10Hz signifi-
cantly increased both the cardiac and gastric ACh releases. This
result suggests that electrical stimulation of cervical vagus nerves
might activate the whole vagal system. However, the extent of
vagal activation might differ in various organs. Although base-
line dialysate ACh concentrations in the heart and in the stom-
ach did not differ (6.7+1.2nmoV/L and 3.83+0.8 nmol/L, respec-
tively; not significant as found by an unpaired t-test), the
dialysate ACh concentration during 10-Hz VNS was 12-times
higher in the stomach (181.3165.6nmol/L) than that in the heart
(14.8+1.8 nmol/L) (P<0.01 by an unpaired t-test). This differ-
ence in magnitude of a dialysate ACh response might reflect a

- difference in density of vagal innervation between the heart
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and the stomach. In clinical settings, although weaker electri-
cal VNS at a lower frequency and lower voltage compared to
the present study is used, electrical VNS might cause unex-
pected vagal activation in non-target organs, resulting in ad-
verse effects.

In contrast to electrical VNS, vagal response to medetomi-
dine differs in the heart and in the stomach. In protocol 1,
100 pug/kg of medetomidine significantly increased the cardiac
ACh release but suppressed the gastric ACh release. As shown
in protocol 2, medetomidine scarcely affected VNS-induced
cardiac and gastric ACh releases, suggesting that the effects of
medetomidine on vagus ganglion and postganglionic vagus
nerve terminals were small. Furthermore, hexamethonium,
which blocks ganglionic transmission between preganglionic
and postganglionic neurons, almost completely suppressed the
VNS-induced ACh releases. This finding suggests that dialy-
sate ACh concentration monitored by microdialysis mainly

reflects ACh release from postganglionic vagus nerve endings,
and the peripheral effects of medetomidine on nerve endings
should be small. Furthermore, the supplementary protocol
demonstrated that medetomidine-induced vagal ACh respons-
es in both the heart and stomach were almost completely di-
minished by an az-adrenergic antagonist, atipamezole. There-
fore, we think that medetomidine-induced vagal activation
mainly depends on its central a2-adrenergic action.

In protocol 1, restoring the mean arterial pressure to baseline
level using phenylephrine enhanced medetomidine-induced car-
diac ACh release. As we have already demonstrated that me-
detomidine enhances cardiac ACh release through modulation
of the baroreflex control,’ this vagotonic effect of medetomi-
dine on the heart should be dependent on the baroreflex response.
Robertson and Leslie showed that az-adrenergic receptors are
densely distributed in the nucleus tractus solitaries (NTS),
where baroreceptor afferent nerves terminate.!3 Grutu et al.
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