H2382

between end-diastolic volume and filling pressure. This is
indeed reasonable, because the pressure-volume relation of the
diastolic ventricle is known to be exponential; therefore, the
volume-pressure relation should be the inverse of exponential,
i.e., logarithmic (12).

Mechanical parameters such as ventricular systolic and di-
astolic elastance, heart rate, ventricular interdependence, and
arterial resistance have been shown to affect CO (22, 24). To
clarify therapeutic targets in the management of cardiac pa-
tients, it is crucial to relate those mechanical parameters to the
CO curve, as we have done with the venous return surface.
Modeling the CO curve on the basis of those parameters is
clearly required in future studies.

Arnalysis of the Circulatory Equilibrium

The venous return surface, combined with the integrated CO
curve in the three-dimensional diagram, enables us to make
intuitive and in-depth analyses of the contribution of the
individual system components to hemodynamics. Figure 9
illustrates the effect of left heart failure on circulatory equilib-
rinm, Integrated CO curves, which were experimentally ob-
tained from a dog under normal and left heart failure condi-
tions, are superimposed on the standard venous return surface
in Fig. 9A. Under the normal condition, the integrated CO
curve intersects the surface at a CO of 115 ml*min~!+kg™!,
with a Ppa of 2.5 mmHg and a P, of 4.1 mmHg. In contrast,
left heart failure lessens the slope of the CO curve and diverts
it toward the axis of P_a. At the intersection of the standard
surface and the CO curve under left heart failure, although the
CO decreased (85 ml-min~!-kg™!), the increase in Ppa (9.3
mmHg) was modest. When the stressed blood volume is
increased to simulate the baroreflex response (+8 ml/kg), the
surface shifts upward (Fig. 98). The intersection reached a new
equilibrium point, where P, increased drastically (15.9
mmHg) with a slight increase in Pra and a partial recovery of
CO. Although this analysis is hypothetical, the graphical anal-
ysis represents the typical hemodynamics of left heart failure
(2, 4, 10, 23, 35). Notwithstanding its simplicity, the frame-
work for the venous return surface provides a very powerful
tool for analysis of complicated hemodynamics in the clinical
setting.

Fig. 9. A: integrated CO curves under normal
cardiac conditions (thin solid line) and left heart
failure condition (thick solid line) superimposed
with the standard venous return surface with
control stressed blood volume. O, Intersection of
cutves and standard venous return surface.
Compared with normal hemodynamics (Pra =
2.5 mmHg, PLa = 4.1 mmHg, CO = 115 ml-
min~! kg™, CO decreased and both PLa and
Pra increased under left heart failure (Pra = 3.1
mmHg, PLa = 93 mmHg, and CO = 85
ml-min~'-kg™'). B: integrated CO curve under
left heart failure condition (thick solid iine)
superimposed with the standard vencus return
surface with increased stressed blood volume (8
ml/kg). At the new eguilibrium point, PLa (15.9
mmHg) drastically increased with a slight in-
crease in Pra (4.0 mmHg) and partial recovery
of CO (106 mi-min~' kg~ 1).
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Comparison with Previous Studies of
Cardiovascular Modeling

Many studies have modeled hemodynamics of the cardio-
vascular system (3-5, 20, 31, 33). The parallel circuit model of
Caldini et al. (5) seems to be more appropriate than our serial
model for an anatomically oriented analysis of hemodynamics
within a single circulation, i.e., the analysis of blood redistri-
bution between the splanchnic and nonsplanchnic circuits.
Levy (20) simplified blood distribution between the arterial and
venous compartments with a lumped serial model. Although
these models could analyze hemodynamics within a single
circulation, they were not intended to deal with blood redistni-
bution between the systemic and the puimonary circulation. In
contrast, the two-compartment model of Guyton et al. (15) and
the multiple-circuit model proposed by Sylvester et al. (31) can
address this issue. These studies, however, went no further than
a theoretical analysis and remain insufficient for clinical ap-
plication. The two-compartment model of Guyton et al. is
complicated. It fails to express venous return curves paramet-
rically; consequently, peither the stressed blood volume nor the
curve shifts in response to changes in stressed blood volume
can be estimated (15). Sylvester et al. (31) integrated systemic
and pulmonary venous return curves into a single curve and
expressed it parametrically. However, extensive experimental
validations of the model are needed. In addition, because the
pressure axis of their integrated venous return curve was the
weighted average of Pra and Pra, we were unable to uniquely
determine their individual values from the equilibrivm point in
their diagrarm:.

There have been serious debates among cardiovascular
physiologists regarding cause-effect relations between CO/
venous return and atrial pressure, ie., which variable deter-
mines the others? Brengelmann (3), Levy (20), and Tyberg
(33) argued that as CO increases, the venous reservoir is
depleted (i.e., blood is translocated from the veins to the
artenies}, and. therefore, venous pressure (i.e., atrial pressure)
decreases. In the heart, atrial pressure determines CO accord-
ing to the Frank-Starling mechanism. In contrast, in response to
the work of Levy, Guyton (14) commented that he considered
CO and atrial pressures to be the effects, or dependent vari-
ables. Blood volume and the mechanical properties of the heart
and vasculature, such as heart rate, ventricular contractility,
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and vascular resistance, are the cause. The CO curve or venous
return curve discloses those properties through the relation
between the flow and atrial pressures. As we demonstrated in
Eg. I, under a given stressed volume, venous return/CO and
atrial pressure have a linear relation. In other words, once
venous refurn is determined, atrial pressure is automatically
determined and vice versa. Therefore, our framework is con-
sistent with Guyton’s comment on the work of Levy. As far as
the prediction of hemodynamics is concerned, however, the
difference between their interpretations and ours does not
impact the result of this study, because we are able to obtain
the same equilibrivm point with either interpretation (14, 20}.

Application of This Framework

Accurate predictions of CO and filling pressures after ther-
apeutic interventions are vital in the management of heart
failure, as suggested by the classification of Forrester (10) and
other previous studies (11, 21). Although the Swan-Ganz
catheter allows us to estimate CO and filling pressures, such
devices do not allow us to estimate the venous return curve or
mean circulatory filling pressure (6). In contrast, because the
parameter values of the venous return surface were invariable
among animals, it is conceivable that the sarme standard values
obtained from this investigation might be used for patients. If
this is the case, for given values of CO, Pra, and Pra, all of
which can be easily obtained by Swan-Ganz catheters, we can
uniquely define the venous return surface and estimate stressed
blood volume of patients without the need to perform total
heart bypass (6). The clinical usefulness of knowing the venous
return surface would be markedly increased if the integrated
CO curve could be estimated. This would enable accurate
prediction of the CO, Pra, and PrLa in response to various
therapeutic interventions, which induce changes in loading
condition, or changes in the pumping ability of the heart, i.e.,
changes in CO curves. These should help optimize hemody-
namic management and improve patient prognosis (10, 21).

Limitations

In this investigation, we isolated baroreceptors and fixed the
autonomic tone. This was necessary, because the baroreflex
alters the CO curve and venous return surface through its
effects on stressed blood volume, vascular resistance, heart
rate, and cardiac contractility (9, 24, 27). How changes in
autonomic tone under the closed-loop condition affect the CO
curve and venous return surface remains to be investigated,

We assumed that there is no fluid shift between the intra-
vascular and extravascular space and that the volume pertur-
bations exclusively changed the stressed blood volume. We
assumed that the changes of cardiac volume and volume shifts
between the heart and vasculatures are rather small. However,
this may not be the case if the ventricles are extremely
compliant, as in those with extensive remodeling (32), In such
cases, the volume shifts between the heart and the vasculatures
become significant. Further studies are required to clarify these
relations to facilitate the future clinical application of this
framework. :

All the experiments of this study were conducted in anes-
thetized, open-chest dogs. Anesthesia and surgical trauma
affect the cardiovascular systemn significantly (34). Whether
this equilibrium framework can be applied to conscious,
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closed-chest animals (including humans) remains to be seen.
We used two pumps for total heart bypass. However, it is well
known that the CO of the two sides of the heart is not identical
because of the anatomic shunt between the systemic and
pulmonary circulations, e.g., the bronchial artery. However, the
difference between the flow rates was <\3% of CO. Therefore,
it is unlikely that such a minor difference in CO would
influence the conclusion of this study.

Conclusion

We were able to characterize the venous return properties
of the systemic and puimonary circulations in a simple
manner using the flat venous rewurn surface. Equating the
standard venous return surface with the measured integrated
CO curves, under a variety of stressed blood volumes and
cardiac functions, enabled us to accurately predict hemody-
namics.

APPENDIX
Concept of Integrated Venous Return

Using a distributed model, Sagawa and Sunagawa and their ¢co-
workers (24, 30) modeled the vascular system. Suppose that comphi-
ance and resistance are distributed in the systemic circulation (Fig.
10}. When the compliance distribution [C(x)} and pressure distribution
[P(x)} are expressed as a function of distance (x) from the venrous port,
then stressed blood volume (V) in the systemic circulation can be
deseribed as

L
V= f P(x)C(x)dx (A

0

where L represents the distance between the arterial and venous ports.
If we denote the cumulative resistance over a distance x from the
venous port by R{x), the serial pressure distribution can be expressed
as

P(x) = R(x)COy + Py, (A2)
Substituting Egq. A2 into Eq. A yields
L L
Vs =CO0y f Cix)R(x)dx + Pga f C(x)dx A
[ Q
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Fig. 10. Vascular system modeled by a distributed sysiem. C(x), P(x), and R{x),
compliance, pressure, and cumulative resistance over a distance x from the
venous port; L, distance between arterial and venous ports.
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When CsDcs(x) is substituted for C{x), where Cs is the total
systemic vascular compliance and Des(x) is the normalized distribu-
tion of compliance as a function of x (thus [§Des(x)dx is unity), Eq.
A3 can be rewritien as

L L

Vs = COCq .[ Ds(x}dx (A4)

Dcs(x)R(x)dX + PRACS f
1]

0

The first integral term, which sums cumulative resistance weighted
by systemic compliance distribution, is equivalent to the resistance for
systemic venous return, Rvs, of Guyton et al. (16, 17). Because the
second integral is unity, Eq. A4 can be rewritten as

VS = COVCSRVS + PRACS (A5)

Stressed blood volume in the pulmonary circulation (Ve) can be
related 10 COv and P4 by the following equation

Ve = COVCoRyp + PLaCp (A6)
where Cp is the total puimonary compliance and Rvp is the resistance
for pulmonary venous return.

- For a given condition, the sum of the stressed blood volumes in the
systemic circulation and pulmenary circulation, V (ie., V; + Vp),
remains constant, irrespective of its distribution. Thus adding Egs. AS
and A6 and rearranging yields

COV =V/W - GspgA - GPP]_A (A 7)

where W, Gs, and G are linear parameters and are expressed as

W = CeRys + CpRyp (A8)
Gy = CyW (A9)
and
Gp = Co/W (410

For a given V, COv can be related to Pra and PLs by a surface
expressed by Eg. A7 (Fig. 1B). When V is kept constant, COv
decreases with increases in Pra and/or PpLa.

From Egs. A8-A10, once Cs, Rvs, Cp, and Ryp are given, we can
estimate W, Gs, and Gp. Lee and Goldman (19) reported Cs as 1.9
ml-mmHg ™1 -kg™! and Rvs as 0.056 mmHg-ml™!-min-kg in eight
dogs. Shoukas (26) reported Cp as 0.31 ml-mmHg~*-kg™' and Rve
as 0.077 mmHg-ml~!-min-kg in nine dogs. Estimated W, Gs, and
Gp were 0.131 min, 14.56 ml'min™!-mmHg~!-kg~!, and 2.39
ml-min~!-mmHg~' kg™, respectively. These values are in good
agreement with those obtained in our experiment.
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Yamamoto, Kenta, Toru Kawada, Atsunori Kamiya, Hiroshi
Takaki, Tadayoshi Miyamoto, Masaru Sugimachi, and Kenji
Sunagawa. Muscle mechanorefiex induces the pressor response by
tesetting the arterial barorefiex neural arc. Am J Physiol Heart Circ
Physiol 286: H1382-H1388, 2004. First published November 20,
2003; 10.1152/ajpheart.00801.2003.—The effects of the muscle
mechanoreflex on the arterial baroreflex neural control have not
previously been analyzed over the entire operating range of the
arterial baroreflex. In anesthetized, vagotomized, and aortic-dener-
vated rabbits (r = 8), we isolated carotid sinuses and changed
intracarotid sinus pressure (CSP) from 40 to 160 mmHg in increments
of 20 mmHg every minute while recording renal sympathetic nerve
activity (SNA) and arterial pressure (AP). Muscle mechanoreflex was
induced by passive muscle stretch (5 kg of tension) of the hindlimb.
Muscle stretch shifted the CSP-SNA relationship (neural arc) to a
higher SNA, whereas it did not affect the SNA-AP relationship
(peripheral arc). SNA was almost doubled [from 63 = 1510118 = 14
arbitrary units (an), P < 0.05] at the CSP level of 93 * 8 mmHg, and
AP was increased ~50% by muscle stretch. When the baroreflex
negative feedback loop was closed, muscle stretch increased SNA
from 63 = 15t0 81 * 21 au (P < 0.05) and AP from 93 = 810 109 =
12 mmHg (P << 0.05). In conclusion, the muscie mechanoreflex resets
the neura] arc to a higher SNA, which moves the operating point
towards a higher SNA and AP under baroreflex closed-loop condi-
tions. Analysis of the baroreflex equilibrium diagram indicated that
changes in the neural arc induced by the muscle mechanoreflex might
compensate for pressure falls resulting from exercise-induced vaso-
dilatation. '

sympathetic nerve activity; arterial pressure; barereflex equilibrium
diagram; exercise pressor reflex; exercise

THE ARTERIAL BAROREFLEX plays an important role in stabiliza-
tion of arterial pressure (AP) during daily activity. The input-
output relationship of the arterial baroreflex svstem between
baroreceptor pressure input and the resultant AP approximates
a sigmoidal stimulus-response curve (19). This stimulus-re-
sponse curve is known to reset toward a higher AP during
exercise (7, 8, 23, 24, 29, 30, 34, 35). Recently, it was reported
that exercise shifted the baroreflex curve for sympathetic nerve
activity (SNA) to a higher SNA (5, 26). However, the neural
mechanism responsible for the changes in baroreflex during
exercise remains unclear. During exercise, AP and SNA are
regulated by central command and the exercise pressor reflex
(15, 22, 27, 42). The exercise pressor reflex is evoked by
afferent inputs from metabolic (muscle metaboreflex)- and
mechanical (muscle mechanoreflex)-sensitive skeletal muscle
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receptors. The muscle mechanoreflex has a dominant role in
the exercise pressor reflex (6, 9, 20). We therefore hypothe-
sized that the muscle mechanorefiex would reset the carotid
sinus baroreflex control of SNA toward a higher SNA, evoking
a pressor response under baroreflex closed-loop conditions.
Earlier studies have reported that the muscle mechanoreflex
reset the arterial baroreflex for AP and/or heart rate (13, 32). In
the present study, we aimed to quantitatively investigate the
effect of the muscle mechanoreflex on the carotid sinus barore-
flex control of SNA.

Although the neural mechanism involved in resetting the
baroreflex may be best apalyzed using the barorefiex equilib-
rium diagram (28, 38), to the best of our knowledge, the effects
of the muscle mechanoreflex on barorefiex function have never
been assessed using this method. The baroreflex equilibrium
diagram consists of the neural and peripheral arcs. The neural
arc represents the static input-output relationship between
baroreceptor pressure input and SNA, and the peripheral arc
represents the relationship between SNA and AP. The inter-
section of the neural and peripheral arcs defines the operating
point of the AP regulation under baroreflex closed-loop con-
ditions (see Theoretical considerations: coupling of neural and
peripheral arcs In MATERIALS AND METHODS for details).

To construct the baroreflex equilibrivm diagram, we per-
formed an open-loop experiment on the carotid sinus barore-
flex in anesthetized rabbits (16—18, 38). The muscle mech-
anorefiex was induced by passive muscle stretch of the triceps
surae muscle. The results of the present study indicate that the
muscle mechanorefiex resets the baroreflex neural arc to a
higher SNA, moving the operating point toward a higher AP
under baroreflex closed-toop conditions.

MATERIALS AND METHODS

Theoretical considerations: coupling of neural and peripheral
arcs. Changes in AP are immediately sensed by arterial baroreceptors,
which alter efferent SNA via the arterial baroreflex. Efferent SNA, in
turn, governs heart rate and the mechanical properties of the heart and
vessels, which themselves exert a direct influence over AP. This
cyclical negative feedback makes it difficult to analyze the behavior of
the arterial baroreflex. To overcome this problem, we opened the
negative feedback loop and divided the system into controiling and
contrelled elements (28). We defined the controlling element as a
neural arc and the controlied element as a peripheral arc. In the neural
arc, the input is the pressure sensed by the arterial baroreceptors and
the output is SNA. In the peripheral arc, the input is SNA and the
output is AP. Because pressure sensed by the arterial baroreceptor is
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equilibrated with AP under physiological conditions, we superim-
posed the functions of the two arcs and determined the operating point
of the system from the intersection of the two arcs, The operating
point is defined as the AP and SNA under closed-loop conditions of
the feedback system. The validity of this framework has been exam-
ined in a previous study (38). Using the baroreflex equilibrium
diagram, we aimed to quantify the effects of the muscle mechanore-
fiex on the carotid sinus baroreflex.

Surgical prepararions. Animals were cared for in strict 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. Japanese White rabbits weighing 2.3~3.1 kg were anesthe-
tized via an intravenous injection {2 mi/kg) with a mixture of urethane
(250 mg/ml} and «-chloralose (40 mg/ml) and mechanically venti-
lated with oxygen-enriched room air. Arterial blood was sampled
from the left common carotid artery. The rabbits were slightly hyper-
ventilated to suppress chemoreflexes (arterial Pco, ranged from 30 to
35 mmHg, arterial Po, > 300 mmHg). Arterial blood pH was within
the physiological range when rabbits were examined at the end of the
surgical preparation and also at the end of the experiment. Supple-
mental anesthetics were administered continuously 10 maintain an
appropriate level of anesthesia (0.3 mi-kg~'-h™!). The body temper-
ature of each animal was matntained at ~38°C with a heating pad. AP
was measured using a high-fidelity pressure transducer (Millar Instru-
ments; Houston, TX) inserted retrogradely from the right common
carotid artery to the aortic arch.

We isolated the bilateral carotid sinnses from the systemic circu-
lation by ligating the internal and external carotid arteries and other
small branches originating from the carotid sinus region. The isclated
carotid sinuses were filled with warmed physiological saline via
catheters inserted through the common carotid arteries. Intracarotid
sinus pressure (CSP) was controlled by a servo-controlled piston
pump (model ET-126A, Labworks; Costa Mesa, CA). Bilateral vagal
and aortic depresscr nerves were sectioned at the neck to eliminate
baroreflexes from the cardiopulmonary region and aortic arch.

We exposed the left renal sympathetic nerve retroperitoneally and
attached a pair of stainless steel wire electrodes (Bioflex wire AS633,
Cooner Wire} 1o record SNA. The nerve bundie peripheral to the
electrodes was tightly ligated and crushed to eliminate afferent signals
from the kidney. The nerve and electrodes were secured with silicone
glue (Kwik-Sil, World Precision Instruments; Sarasota, FL). The
preamplified nerve signal was band-pass filtered at 150-1,000 Hz. It
was then full-wave rectified and low-pass filtered with a cutoff
frequency of 30 Hz to quantify the nerve activity. Pancuronium
bromide (0.1 mg/kg) was administered 1o prevent contamination of
SNA recordings by muscular activity.

With the rabbit in the prone position, the sacrum and the left ankle
were clamped with a custom-made apparatus to prevent body trunk
and hindlimb movement during muscle stretch. The left triceps surae
muscle, Achilles tendon, and calcaneus bone were exposed. The left
triceps surae muscle was isolated from surrounding tissue, The Achil-
les tendon was severed from the calcaneus bone and attached to a
force transducer (Load Cell LUR-A-SA1, Kyowa Electronic Instru-
ments; Tokye, Japan). During muscle stretch, the force transducer was
also connected to a 5-kg weight via a puiley, which opposed the
Achilles tendon.

Prorocols. Fourteen rabbits were used in the present study. Two
rabbits were subjected to both prorocels I and 2 as described below.

In protocol 1, we examined the time course of the SNA response 10
stepwise muscle stretch (n = 8). Before muscle stretch, CSP was
adjusted to instantancous AP, and the operating point was determined
from mean AP at steady state, CSP was then fixed at the operating
point, and the left triceps surae muscle was stretched at 5 kg for 7 min.

In protocel 2a, we obtained the baroreflex equilibrium diagram
under both control and muscle stretch conditions (n = 8), CSP was
first decreased to 40 mmHg. After attainment of a steady state, CSP
was then increased from 40 to 160 mmHg in increments of 20 mmHg.
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Each pressure step was maintained for 60 s. When SNA was com-
pletely suppressed and AP had fallen below 50 mmHg at the CSP
level of 140 mmHg, the CSP level of 160 mmHg was omitted to
prevent deterioration of the animal’s condition. Thus the maximum
duration of muscle stretch was 7 min. The order of control and muscle
stretch conditions was randomized across the animals. In five of eight
animalg, the estimation of the baroreflex equilibrium diagram was
repeated under both control and muscle stretch conditions after the left
tibial nerve was severed.

In protocol 2b, we measured the actual operating point in the same
eight animals that were used in protocol 2a to determine the accuracy
of the operating point derived from the baroreflex equilibrium dia-
gram. The operating point of the carotid sinus baroreflex was defined
as the point where CSP equals AP (38). To obtain the actual operating
point, CSP was adjusted to match AP via the servo-controlled system
so that the carotid sinus baroreflex was virtually closed. After a steady
state was reached, mean AP (and thus CSP) and SNA were taken as
the values defining the actual operating point under control conditions.
We also performed muscle stretch for 1 min while the carotid sinus
barorefiex was virtually closed and obtained mean AP and SNA
values defining the actual operating point during the last 10 s of
muscle stretch.

Data analysis. We recorded CSP, SNA, and AP at a sampling rate
of 200 Hz using a 12-bit analog-to-digital converter. Data were stored
on the hard drive of a dedicated laboratory computer system for later
analyses.

In protocol 2a, we calculated mean SNA and AP during the last
10 s of each CSP step. Because the absolute magnitude of SNA
depended on recording conditions, SNA was presented in arbitrary
units (au) so that the minimum and maximum values of SNA data
obtained under control conditions were set to zero and 100 au,
respectively, for each animal. A four-parameter logistic function
analysis was performed on the neural arc (CSP-SNA data pairs) and
the peripheral arc (SNA-AP data pairs) as follows (19)

T 1 + exp[Pslx — Py)]

y P, n

where x and y represent the input and the output, respectively; P,
denotes the response range (i.e., the difference between the maximum
and minimum values of y); Pz is the coefficient of gain; P3 defines
the midpoint of the logistic function on the input axis; and P4
represents the minimum value of y. The maximum gain (Guax) is
—P1P2/4 atx = P3.

In protocol 2b, we measured the actual operating point by closing
the arterial baroreflex negative feedback loop. Mean SNA and AP
values were obtained by averaging 10-s data at the steady state under
both control and muscle stretch conditions.

Statistical analysis. All data are presented as means *+ SD. Differ-
ences were considered significant when P < 0.05. The effects of
muscle stretch on the parameters of the neural and peripheral arcs and
operating points were examined using the paired #-test. The operating
point as determined from the equilibrium diagram (protocol 2a) was
compared with the operating point actually measured (protocol 2b)
using linear regression analysis.

RESULTS

Figure 1 shows the group-averaged step response of SNA to
muscle stretch. These data were collected under baroreflex
open-loop conditions where CSP was fixed at an operating
point of each animal. CSP was 87 = 14 mmHg across all the
antmals. Muscle stretch transiently decreased and then in-
creased SNA. The SNA value at 7 min was maintained at 93 *
9% of the SNA at 1 min,

Figure 2 shows a typical time series of CSP, SNA, and AP
under control conditions (left) and muscle stretch conditions
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Fig. 1. Step response of sympathetic nerve activity [SNA; in arbitrary units
(au}] to muscle stretch obtained from protocol 1. SNA transiently decreased
and then increased during muscle stretch. The SNA résponse reached a steady
state within ~40 s. The SNA value at 7 min was maintained at 93 = 9% of the
value observed at ] min. The solid line indicates the mean value and the gray
area represents means = SD. Data were resampled at 1 Hz.

(right) obtained from protocol 2a. SNA and AP decreased in
response to the increments in CSP under both control and
muscle stretch conditions, Muscle stretch increased SNA and
AP at CSP levels up to 100 mmHg in this animal.

Figure 3 illustrates the baroreflex neural arcs (4) and periph-
eral arcs (B) derived from the same data employed in Fig. 2.
The open and closed circles represent data points obtained
under control and muscle streich conditions, respectively. The
thin and thick solid lines indicate the fitted logistic functions
under control and muscle stretch conditions, respectively. In
the neural arcs, SNA decreased in response to the increments in
CSP under both conditions. Muscle stretch increased SNA at
CSP levels up to 100 mmHg. In the peripheral arcs, AP
positively correlated with SNA. Pertpheral arcs obtained under
both conditions were nearly identical. .

Figure 3C depicts the barorefiex equilibrium diagrams com-
bined from Fig. 3, A and B. The thin and thick solid lines
indicate the fitted logistic functions under control and muscle
stretch conditions, respectively. Because CSP is equilibrated
with AP under physiological conditions, the operating point is
determined from the intersection of the neural and peripheral
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Fig. 2. Typical time series of intracarotid sinus pressure (CSP), SNA, and
arterial pressure (AP) under control conditions (A} and muscle stretch condi-
tions (B) obtained from prorocel 2a. Data were resampled at 10 Hz, SNA and
AP decreased in response to increments in CSP under both control and muscle
stretch conditions. Muscle streich increased SNA and AP at CSP levels up to
100 mmHg in this animal.
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Fig. 3. Baroreflex neural arcs (A), peripheral arcs (B), and baroreflex equilib-
rium diagrams (C). In the neural (A) and peripheral arcs (B), the open and
closed circles represent data points obtained under control and muscle stretch
conditions, respectively. The thin and thick solid lines indicate fitted logistic
functions under control and muscle stretch conditions, respectively. Muscle
stretch increased SNA at CSP levels up to 100 mmHg in the neural arc. The
peripheral arcs under both conditions were nearly identical. In barorefiex
equilibrium diagrams (C), the thin and thick solid lines indicate fitted logistic
functions under controt and muscle stretch conditions, respectively. Because CSP
is equilibrated with AP under physiological conditions, the operating point is
determined from the intersection of the neural and peripheral arcs. Muscle stretch
moved the operating peint toward a higher AP (from point a to point b).

arcs. Muscle stretch moved the operating point toward higher
SNA and AP (from point a to point b).

Figure 44 illustrates the role of the baroreflex function
during muscle stretch and is derived from representative data
from one animal. Muscle stretch almost doubled SNA from 54
to 98 au at the CSP level of the control operating point (point
a}, resulting in an elevation in AP of ~50%, from 87 to 130
mmHg (peint c). When the arterial baroreflex was operative,
the increases in SNA and AP recorded during muscle stretch
were substantially attenuated (point b).

Figure 4B shows the group-averaged CSP, SNA, and AP
obtained from eight animals under control and muscle stretch
conditions at the CSP level of 93 = 8 mmHg (control operating
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Fig. 4. A: role of the baroreflex function during muscle stretch derived from
representative data from one animal. The thin and thick solid lines indicate the
baroreflex equilibrdum diagram under control and muscle stretch conditions,
respectively. Points @ and b represent the operating points under baseline and
muscle stretch conditions, respectively. In instances where changes in AP
during muscle stretch were not sensed by the arterial barorefiex, SNA would
increase to ~100 au, resulting in eievation of AP above ~130 mmHg (point
¢). B: group-averaged CSP, SNA, and AP obtained from 8 animals under
control and muscle stretch conditions at the CSP level of 93 = 8 mmHg
(control operating peint}. Muscle stretch nearly doubled the SNA, indicating
that muscle stretch shifted the neural arc to SNA levels approximately twice at
the CSP level of the control operating point. The twofold increase in SNA
induced an AP elevation of ~50% at the same CSP level. *P < (,05 from
control.

point). Muscle stretch nearly doubled SNA, indicating that the
muscle stretch shifted the neural arc to SNA values approxi-
mately twice those at the CSP level of the control operating
point. This twofold increase in SNA induced an AP elevation
of ~50% at the same CSP level.

The group-averaged parameters of the neural and peripheral
arcs are summmarized in Table 1. In the neural arc, the response
range of SNA (P,) and the midpoint of the operating range (P3)
were increased by muscle stretch. The coefficient of gain (P2)
and the minimum value of SNA (P4) did not differ between
control and muscle stretch conditions. G Wwas increased by
muscle stretch. In the peripheral arc, muscle stretch did not

Table 1. Effect of muscle stretch on the neural and
peripheral arc parameters and operating point

Control Muscle Stretch

Neural arc

P, au 98.7+4.0 132.6x16.0*

P2, au/mmHg 0.12+0.04 0.13+0.03

P, mmHg 104%11 109£11*

Py, an 0.1£23 5292

Grax aw/mmHg —-2.9%0.9 —4.4+09*
Peripheral arc

P, mmHg 11830 118x10

P, aw/'mmHg -0.05+0.02 -0.04£0.01

Ps, an 675243 71.4*283

Pa, mmHg 3011 3427

Gimax, at/mmHg 1.3x03 1.3*04
WValues at operating point

AP, mmHg 93+8 109+12%

SNA, au 63.1+15.1 81.2x21.0*

Values are means = SD; n = 8 animals. See Eq. I for definitions of the four
parameters of logistic function {(P1—FP1). Gmax, maximum gain. *P < 0.035 from
control.
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affect any of the four parameters or Gma.. Muscle stretch
significantly increased both AP and SNA at the operating point
estirnated from the baroreflex equilibrium diagram. A supple-
mentary experiment associated with protocol 2a demonstrated
that the effects of muscle stretch on the neural arc were
abolished by tibial denervation (Table 2).

In protoco!l 2b, the actual operating point was measured
by closing the baroreflex negative feedback loop. Muscie
stretch increased AP from 92 = 8 to 109 * 14 mmHg (P <
0.05) and SNA from 61 = 11 to 84 % 25 au (P < 0.05) at
the operating point. Figure 5 shows the relationship between
the operating point estimated from the equilibrium diagram
and that measured in eight animals. Each animal provided
two data points determined under control and muscle stretch
conditions {6 data points in total). For both AP and SNA,
the estimated values were similar to the measured results.
Root mean square errors of estimate were 4% for AP and
11% for SNA.

DISCUSSION

The key new findings of the present study are as follows.
Muscle stretch reset the carotid sinus baroreflex neural arc to a
higher SNA. In contrast, muscle stretch did not affect the
baroreflex peripheral arc. As a result, the operating point
determined from the intersection of the neural and peripheral
arcs moved toward a higher AP during muscle stretch. These
results support the hypothesis that the muscle mechanorefiex
induces the pressor response by resetting the arterial baroreflex
neural arc. :

Interaction between the muscle mechanoreflex and arterial
baroreflex. Although Potts and Li (31) showed that elevation of
CSP attenunated the pressor response induced by muscle stretch,
they did not measure SNA in that study. Our study demon-
strated that the muscle mechanoreflex shifted the CSP-SNA
curve toward a higher SNA primarily at low and midrange CSP
readings (Fig. 3 and Table 1). This was not an outcome of the
time-dependent changes in the muscle stretch effect, because
the muscle stretch produced a sustained SNA increase for at
least 7 min (Fig. 1). These results suggest that the baroreceptor
input pressure-dependent pressor response due to muscle
stretch is a consequence of the neural interaction between the
muscle mechanoreflex and arterial barorefiex.

Miki et al. (26) demonstrated that treadmill exercise shifted
the relationship between baroreceptor pressure input and SNA
to a higher SNA. The shift in the baroreflex neural arc evoked
by the muscle mechanoreflex may contribute to the exercise-
induced resetting in the barorefiex control of SNA. Further-

Table 2. Effect of muscle stretch after severing of the nerve
supply to the hindlimb muscles on parameters of logistic
Junction analysis for the neural arc

Control Muscle Stuetch
Neural arc
P an 99521 100.8+82
P2, aw/mmHg 0.12+0.03 0.11+0.02
Fi, mmHg 1075 1108
Fy, au 03=16 02+37
Gmax, auw/mmHg —2.9+07 —-28x06

Values are means = SD; n = 5 animals.

AJP-Heart Circ Physiol  VOL 286 » APRIL 2004 » www.ajpheart.org



HI1386

MUSCLE MECHANQREFLEX AND ARTERIAL BAROREFLEX

A B
150 150 -
= -
Fig. 5. Relationship between the operating point estimated E g
from the equilibrium diagram and operating point actually E ~ 100 -
measured in 8 animals. Each animal provided two data I <zt
points determined under control and muscle stretch condi- < 100+ th
tions {16 data points in total). The operating point estimated B
by the baroreflex equilibrium diagram matched the value g 5 50+
obtained from actual measurements. A: measured vs. esti- @ _ - 7] _
- © y=106x- 6.6 I y=104x-286
maied AP; B; measured vs. estimated SNA. RMS, roct mean g r”=0.94 [} 2 =028
square. = BMS error = 3.5 (mmHg) = RMS error = 7.8 (a.u.)
50 ] 1 0 | T 1
50 100 150 0 50 100 150
Estimated AP (mmHg) Estimated SNA (a.u.)

more, Grax of the neural arc (the CSP-SNA relationship) was
increased by muscle stretch when the data were analyzed using
a fitted logistic function (Eq. I). The present result is consistent
with previous studies (14, 26) showing that gain in the arterial
baroreflex control of vascular sympathetic outflow was in-
creased during static and dynamic exercise. On the other hand,
another study showed no changes in the gain of the carotid
sinus baroreflex control of SNA during dynamic arm exercise
{5). Whether changes in the neural arc gain depend on the
intensity and/or modality of exercise awaits further studies.

Previous studies (1, 40) suggest interactions between the
muscle mechanoreflex and the arterial baroreflex in the brain
stem. Baroreceptor.afferent inputs inhibit neurons in the rostral
ventrolateral medulla (RVLM). Electrically induced muscle
contraction increases the firing frequency in RVLM neurons
(2, 3), suggesting that the baroreflex and muscle mechanoreflex
share common central pathways. In addition, the contraction-
sensitive muscle afferents inhibit the baroreflex signal trans-
duction through activation of GABA receptors in the nucleus
tractus solitarii (33). This neural integration in the brainstem
may be involved in the resetting of the arterial barorefiex
neural arc induced by the muscle- mechanorefiex.

Determination of the operating point of the arterial barore-
flex. SNA and AP during muscle stretch may be determined via
interactions between the muscle mechanoreflex and the arterial
baroreflex. Muscle stretch shifted the neural arc to SNA values
approximately double at the CSP level derived from the control
operating point, whereas it did not affect the peripheral arc
(Table 1 and Figs. 3 and 4). As a result, the operating point
derived from the intersection of the two arcs moved toward a
higher AP (Fig. 3C). These findings suggest that resetting in
the neural arc, rather than in the peripheral arc, is responsible
for the increases in SNA and AP during muscle stretch ob-
served under barorefiex closed-loop conditions (21, 41). These
data are the first to provide quantitative evidence demeonstrating
that resetting of the carotid sinus barorefex (via central resetting
of the baroreflex neural arc) is necessary to evoke the sympatho-
excitatory and pressor responses associated with activation of
mechanosensitive afferents in the closed-loop conditions.

The baroreflex equilibrium diagram is useful for intuitive
understanding of the cardiovascular controls (28, 38). Figure
44 illustrates the role of the barorefiex function during muscle
stretch. The baseline operating point was determined from the
intersection of the neural and peripheral arcs {point a). Muscle
stretch reset the neural arc from the thin line to the thick line.

If changes in AP were not sensed by the arterial baroreflex,
then ruscle stretch nearly doubled SNA, resulting in AP elevation
above ~130 mmHge (point ¢). However, when the arterial barore-
flex was operative, the increases in SNA and AP during the
muscle stretch were substantially attenmated (point b).

Sato et al. {(38) demonstrated that the actual operating point
matched the intersection of the nevral and peripheral arcs under
both control and hemorrhagic conditions. In the present study,
the operating point estimated from the equilibrium diagram
was in close agreement with that actually measured under both
control and muscle stretch conditions (Fig. 5). These results
confirm the accuracy of the operating point estimation derived
from the equilibrium diagram.

Physiological implications. Dynamic exercise causes only a
modest rise in mean AP despite a marked sympathoexcitation
(36). This phenomenon is believed to be a consequence of the
decreased sympathetic constrictor response due to metabolic
vasodilation and sympatholysis in exercising muscles (4, 11,
12, 37). Figure 6 illustrates a putative diagram of the arterial
baroreflex control of SNA and AP during the dynamic exer-
cise. The muscle mechanoreflex resets the neural arc to a
higher SNA. Vasodilation in exercising muscles presumably
shifts the peripheral arc downward. If the neural arc is not reset
to a higher SNA during dynamic exercise, AP at the operating
point might decrease (point ¢) relative to that observed under
resting conditions (point a). However, by resetting the neural
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Fig. 6. Putative diagram of the arterial barorefiex controls of SNA and AP
during dynamic exercise. Thin solid lines indicate the barorefiex equilibrium
diagram under resting conditions. Thick solid lines indicate the baroreflex
equilibrium diagram during dynamic exercise. Poines a and b represent the
operating potnts at rest and during exercise, respectively. If the neural arc did
not reset to a higher SNA during dynamic exercise, then AP at the operating
point would decrease (point c).
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arc, AP may be maintained against the downward shift in the
peripheral arc (point b). Thus we spectulate that resetting of the
neural arc induced by the muscle mechanoreflex contributes to
maintaining AP despite the downward shift of the peripheral
arc due to vasodilation in exercising muscles.

In the present study, we did not examine additional factors
that may potentially influence SNA and AP regulation such as
central command, muscle metaboreflex, and vasodilation in
exercising muscles. Further investigations are required to im-
prove our understanding of the arterial baroreflex control of
SNA and AP during exercise.

Limitations. The present study has several limitations. First,
we performed the experiment in animals under anesthetized
conditions. Although anesthesia was convenient for elimina-
tion of the central command, the gain of carotid baroreflex and
muscle mechanoreflex might have been estimated differently if
the animals had been conscious.

Second, we used passive muscle stteich as the input for the
muscle mechanoreflex. The shift in the baroreflex neural arc
was abolished by the tibial denervation (Table 2), suggesting
that the shift was evoked by the neural afferents from hindlimb
muscles. Previous studies (10, 25, 39) have suggested that
passive muscle stretch selectively activaies muscle mechano-
receptors. Thus we believe that muscle stretch had evoked the
muscle mechanoreflex in the present study.

In conclusion, the muscle mechanoreflex resets the arterial
baroreflex neural arc to a higher SNA. Consequently, the
pressor response is evoked during muscle stretch under barore-
flex closed-loop conditions. This shift in the neural arc induced
by the muscle mechanoreflex might compensate for AP falls
resulting from exercise-induced vasodilatation.
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ABSTRACT

Electrical stimulation of the vagal efferent nerve
improves the survival of myocardial infarcted rats.
However, the mechanism for this beneficial effect is
unclear. We investigated the effect of acetylcholine
(ACh) on HIF-1a using rat cardiomyocytes under
normoxia and hypoxia. ACh posttranslationally
regulated HIF-1a and increased its profein level
under normoxia. ACh increased Akt phosphorylation,
and wortmannin or atropine blocked this effect.
Hypoxia-induced  caspase-3  activation  and
mitochondrial membrane potential collapse were
prevenied by ACh. Dominant-negative HIF-lo
inhibited the cell protective effect of ACh. In acute
myocardial ischemia, wvagal nerve stimulation
increased HIF-1a expression and reduced the infarct
size. These results suggest that ACh and vagal
stimulation protect cardiomyocytes through the
PI3K/Akt/HIF-1c pathway.

Key words: acetylcholine,
protein kinases

ischemia, apoptosis,

1. Introduction

The prognosis of patients with chronic heart
failure remains poor, due to progressive remodeling
of the heart and lethal arrhythmia. Acute ischemia or
hypoxia causes loss of cardiomyocytes, followed by
remodeling in the chronic phase. Although various
therapeutic approaches have been introduced,
including implantable defibrillators [1], a more
effective modality of therapy has been anticipated for
several years. A recent animal study by Li et al.
demcnstrated that vagal nerve stimulation prevented
ventricular remodeling after myocardial infarction,
suggesting a novel therapeutic strategy against heart
fajlure [2]. Furthermore, Krieg et al. reported that
acetylcholine (ACh) has a cardioprotective effect [3].
Although nitric oxide (NO) is supposed to be a major
signaling molecule induced by ACh, a mechanism for
the beneficial effect of vagal nerve stimulation on

cardiomyocytes rtemains 1o be clarified. To
investigate this mechanism, we hypothesized that
vagal stimulation or ACh directly triggers a cell
survival signal that is subsequently amplified and
leads to protection of the cardiomyocytes from acute
ischemic conditions, and that this effect of ACh, if

continued, could be responsible for chronic
cardioprotection.
In the present study, we focused on

demonstrating the cellular action of ACh through
hypoxia-inducible factor (HIF)-la. HIF-la is a
transcription factor that is important for cell survival
under hypoxia. HIF-1a activates the expression of
many genes indispensable for cell survival [4,5].
Under normoxia, the HIF-1a protein level is very low,
due to proteasomal degradation through with von
Hippel-Lindau tumor suppressor protein (VHL).
However, HIF-1a escapes from this degradation
under hypoxia, and this is recognized as the hypoxic
pathway [6,7]. Recently, it was revealed that HIF-1a
can be also induced via a nonhypoxic pathway by
angiotensin II [8,9]. Taken together, it is conceivable
that HIF-la induction is one of the adaptation
processes to hypoxia and ischemia, and that
additional induction of HIF-1a during ischemia via a
nonhypoxic pathway could provide further

cardioprotection.

Therefore, we investigated the direct effects of
ACh on survival signaling in cardiomyocytes and of
vagal stimulation on hearts. The results suggest that
ACh and vagal stimulation protect cardiomyocytes
from acute hypoxia and ischemia via additional
HIF-1a protein  induction through a nonhypoxic
pathway.

2, Materials and Methods

2.1. Cell Culture

To examine the effect of ACh on cardiomyocytes,
H9c2 cells as well as primary cardiomyocytes
isolated from neonatal rats were used. H9¢2 cells,
which are frequently used to investigate signal



transduction and channcis in rat cardiomyocytes, are
derived from rat  embryonis.  ventricular
cardiomyocytes. H9¢c2 cells were incubated in
DMEM containing 10% FBS and antibiotics. Primary
cardiomyoacytes were isolated from 2-3-day-old
neonatal WKY rats and incubated in DMEM/Ham
F-12 containing 10% FBS. HEK293 cells and Hela
cells cultured in DMEM containing 10% FBS were
also used.

2.2, Western Blot Analysis

H9¢2 cells and primary cardiomyocytes were treated
with 1 mM ACh to evaluate expression of HIF-la
protein under normoxia or  with 1 mM
S-nitroso-N-acetylpenicillamine (SNAP) to study the
signal transduction. To investigate the signal
transduction, H9c2 cells were pretreated with a PI3K
inhibitor, (wortmannin; 300 nM), a muscarinic
receptor, (atropine; 1 mM), a transcriptional inhibitor,
(actinomycin D; 0.5 pg/ml) or a protein synthesis
inhibitor, (cycloheximide; 10 ug/ml), foliowed by
ACh treatment. Cell lysates were mixed with a
sample buffer, fractionated by 10% SDS-PAGE and
transferred onto membranes. The membranes were
incubated with primary antibodies against HIF-1a
(Santa Cruz Biotechnology, Santa Cruz, California,
USA), Akt and phospho-Akt (Cell Signaling
Technology, Beverly, Massachusetts, USA), and
o-tubulin (Lab Vision, Fremont, California, USA),
and then reacted with an HRP-conjugated secondary
antibody (BD Transduction Laboratories, San Diego,
California, USA). Positive signals were detected with
an enhanced chemiluminescence system (Amersham,
Piscataway, New Jersey, USA). In each study, the
experiments were performed in duplicate and
repeated 3-5 times (n=3-5). Representative data are
shown.

2.3. MTT Activity Assay

To evaluate the effects of hypoxia and ACh on the
mitochondrial function of cardiomyocytes, we
measured  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) reduction activity in
HY¢2 or HEK293 cells under hypoxia (1% oxygen
concentration), in the presence or absence of ACh,
The cells were pretreated with 1 mM ACh for 12
hours, and then subjected to hypozxia for 12 hours, At
4 hours before sampling, the MTT reagents were
added to the culture and incubated.

2.4, Caspase-3 Activity Assay

Caspase-3  activity was measured wusing a
CPP32/Caspase-3 Fluorometric Protease Assay Kit,
(CHEMICON  INTERNATIONAL,  Temecula,
California, USA). Hypoxia-treated H9¢2 cells with or
without 1 mM ACh pretreatment were lysed and the

cytosolic extract was added to the caspase-3 substrate.

A fluorometer equipped with a 400-nm excitation
filter and 505-nm emission filter was used to measure
the samples.

|25 . DePsipherAssay

To examine the effects of hypoxia and ACh on the
mitochondrial electrochemical gradient, we analyzed
cardiomyocytes using a DePsipher™ Mitochondrial
Potential Assay Kit (Trevigen, Gaithersburg,
Maryland, USA). Apoptotic cells, which undergo
mitochondrial membrane potential collapse cannot
accumulate the DePsipher r1eagent in their
mitochondria. As a result, apoptotic cells show
decreased red fluorescence in their mitochondria, and
the reagent remains in the cytoplasm as a green
fluorescent monomer, Thercfore, apoptotic cells were
easily differentiated from healthy cells, which
showed more red fluorescence.

2.6. Evaluation of NO production

NO production was measured using the 4,5
diaminofluoresceindiacetate  (DAF-2DA;  Alexis,
Lausen, Switzerland) fluorometric NO detection
system as previously reported {10]. The intensity of
the DAF-2DA green fluorescence in ACh-treated
cells was measured and compared with that in
non-treated cells (A Ex. 492 nm; A Em. 515 nm).

2.7. Transfection

To investigate the direct contribution of Akt
phosphorylation to HIF-1a stabilization or that of
HIF-1a to the ACh effect, HEK293 cells were
transfected with an expression vector for wild-type
Akt (wt Akt), dominant-negative Akt (dn Akf),
wild-type HIF-1¢ (wt HIF-1¢) or dominant-negative
HIF-1a (dn HIF-1a), using Effectene (Qiagen,
Valencia, California, USA) according to the
manufacture’s protocol. The Akt vectors were
generous gifts from by Dr. K. Okudela (Yokohama
City University, Kanagawa, Japan) [11], while the
HIF-1a vectors were kindly provided by Dr. M.
Kobayashi (Hokkaido University, Sapporo, Japan)
[12]. After transfection, HEK293 cells were
pretreated with 1 mM ACh for 12 hours, followed by
evaluating the HIF-1« protein level or by hypoxia for
12 hours and MTT activity in each group was
evaluated. As a control, cells were transfected with a
vector for green fluorescent protein (GFP).

2.8. RT-PCR

Total RNA was isolated from H9¢2 cells according to
a modified acid guanidinium-phenol-chloroform
method using an RNA isolation kit (ISOGEN;
Nippon Gene, Tokyo, Japan), and reverse-transcribed
to obtain a first-strand cDNA. This first-strand cDNA
was amplified by specific primers for HIF-1a, and the
PCR products were fractionated by electrophoresis.

2.9. Vagal Nerve Stimulation
Ischemia

Left wventricular myccardial ischemiz (MI) was
performed by 3 hours of left coronary artery (LCA)
ligation in anesthetized 9-week-old male Wistar rats

in  Myocardial



under artificial ventilation previously described [7].
Sham-operated (control) rats did not undergo LCA
ligation. For vagal nerve stimulation (VS), the right
vagal nerve in the neck was isolated and cut. Only the
distal end of the vagal nerve was stimulated in order
1o exclude the effects of the vagal afferent, The
electrode was connected to an isolated constant
voltage stimulator. VS was performed from 1 min
before the LCA ligation until 3 hours afterwards,
using 0.1 ms pulses at 10 Hz {MI-VS). The electrical
voltage of the pulses was adjusted to obtain a 10%
reduction in the heart rate before LCA ligation, but
VS (MI-VS) was not associated with any blood
pressure reduction during the experiments, compared
with MI. At the end of the experiments, the rats were
either injected with 2 m! of 2% Evans blue dye via
the femoral vein to measure the risk area followed by
determination of the infarct size with 2% triphenyl
tetrazolium chloride (TTC) staining or the heart was
excised for protein isolation and subsequent western
blotting to detect HIF-1a protein. The percentage of
the infarcted area of the left ventricle (LV) was
calculated as the ratio of the infarcted area to the risk
area.

2.10. Densitometry

The western blotting data were analyzed using Kodak
1D Image Analysis Software (Eastman Kodak Co.,
Rochester, New York, USA).

2,11, Statistics

The data were presented as means = S.E. The mean
values between two groups were compared by the
unpaired Student’s 1 test. Differences among data
were assessed by ANOVA for multiple comparisons
of results. Differences were considered significant at
P<0.05.

3. Results

3.1. Posttranslational Regulation of HIF-1a by ACh
through a Nonhypoxic Pathway

ACh (1 mM) increased HIF-1a protein expression in
H9¢2 cells under normozxia (Fig. 1A). ACh increased
NO production, as evaluated by DAF-2DA (Figure
1B), suggesting that NO is involved in the signal
transduction of HIF-l1a induction. Actinomycin D
(0.5 pg/ml; Figs. 2A, 2B) and cycloheximide (10
pg/ml; Fig. 2C) did not decrease the HIF-1a level
under normoxia, suggesting that HIF-1a degradation
is regulated by ACh. Furthermore, ACh increased
HIF-1 a level in primary cardiomyocytes without
reducing their beating rate (Fig. 3). Since H9%2 cells
did not beat, these results suggest that HIF-la
induction is independent of the heart rate-decreasing
effect of ACh.

3.2, Akt Phosphorylation by ACh

ACh had no effect on the total Akt protein level, but
increased Akt phosphorylation (Fig. 4A) as
effectively as SNAP (data not shown). The

ACh-induced Akt phosphorylation was inhibited by
atropine. in a dose-dependent manner (Fig. 4B).
ACh-induced Akt phosphorylation and its inhibition
by atropine were also observed in rat primary
cardiomyocytes (Fig. 4C).

3.3. PI3K/Akt Pathway for HIF-1a induction by
ACh

Wortmannin completely inhibited the ACh-induced
Akt phosphorylation (Fig. 4D), in clear contrast to the
data in Fig. 4A. Furthermore, it also attenuated the
HIF-1a induction by ACh (Fig. 4E). To elucidate the
coniribution of Akt phosphorylation to HIF-1¢
protein level in normoxia, dn Akt was introduced into
HEK293 cells, and found to partially inhibit the
HIF-1c induction by ACh (Fig. 4F),

3.4. Effect of ACh on Apoptosis during Hypoxia

The DePsipher assay clearly showed that hypoxia
(1% oxygen concentration) for 12 hours caused
mitochondrial membrane potential collapse leading to
cell death, and that 1 mM ACh inhibited this collapse
in H9¢c2 cells (Fig. 5A). ACh attenuated the decrease
in MTT activity caused by 12 hours of hypoxia in
HO9¢2 cells (Fig. 5B; 103.4+0.8% in ACh+hypoxia vs.
56.6+0.7% in hypoxia, p<0.01, n=8) and HEK293
cells (p<0.01 vs. hypoxia). The caspase-3 activity
was increased by hypoxia in H9%2 cells, and
pretreatment with 1 mM ACh inhibited this increase
(Fig. 5C; 128+2% in hypoxia vs. 90+£2% in
ACh+hypoxia, p<0.01, n=4). To elucidaie the
dependency of the ACh-induced protective effect on
HIF-1a, dn HIF-1a was transfected into HEK293
cells, followed by ACh pretreatment and then
hypoxia, It was found that dn HIF-1c inhibited the
protective effect of ACh from hypoxia (Fig. 5D;
115.1+1.2% in wt HIF-1c and 111.8+1.8% in GFP vs,
59.0+3.4% in dn HIF-1q, p<0.05, n=10), suggesting
that HIF-1a induction by ACh is partially responsible
for the protective effect.

3.5. Effect of Vagal Stimulation on HIF-la in
Mpyocardial Ischemia

To evaluate 1the significance of ACh for
cardioprotection in vivo, the vagal nerve was
stimulated prior to the myocardial ischemia.
Histological analysis demonstrated a tendency for the
infarcted area from the wvagal nerve-stimulated
(MI-VS) hearls to be smaller than that from
non-stimulated (MI) hearts (31.5+4.6% in MI-VS vs.
40.922.5% in MI, n=3), even though the risk areas
(non-perfused areas) were comparable (Fig. 6A;
59.2+1.0% in MI-VS vs. 53.7+1.0% in MI, n=3). In
the MI-VS hearts, the HIF-la protein level was
further elevated compared to that in the MI hearts
(Fig. 6B; 244224% in MI-VS vs. 112*1% in M],
n=3). These results suggest that wvagal nerve
stimulation in the jschemic heart activates both the
hypoxic and nonhypoxic pathways of HIF-1a



* induction, resulting in increased induction of HIF-1a.
Totin e -
3.6. Nonhypoxic Induction of HIF-la in Other
Cells
The observed ACh-mediated HIF-1a induction was
not limited to H92 or primary cultured
cardiomyocytes, but also found in several other types
of cell lines, including HEK293, and Hela cells
(Figure 7). Since these cells did not beat
spontaneously, the results suggest that the system of
ACh-mediated HIF-1a  induction is not only
independent of the beating rate of cardiomyocytes,
but also a generally conserved system in cells.

4, Discussion
Cardioprotective Action by ACh and Vagal
Stimulation via the Muscarinic Receptor

Using animal models, several studies have shown
that accentuated antagonism against the sympathetic
nervous system is a major mechanism for the
beneficial effect of vagal tone on the ischemic heart
[13]. Although ACh was involved in triggering
preconditioning mechanisms in an
ischemia-reperfusion model [3], it remained unclear
whether vagal nerve stimulation in acute ischemia or
hypoxia followed these mechanisms. In the present
study, we have disclosed that ACh possesses a
protective effect on cardiomyocytes. In rat
cardiomyocytes, ACh triggered a sequence of
survival signals through Akt that eventually induced
HIF-1a, inhibited the collapse of the mitochondrial
membrane potential and decreased caspase-3 activity,
thereby leading to the survival of cardiomyocytes
under hypoxia. Furthermore, our results suggest ACh
exerts this action through Akt in other cells, The
current study therefore provides another insight into
the cellular mechanism for the cardioprotective
effects of ACh and vagal stimulation,

Signaling Pathway of ACh via PIIK/Akt and
Antiapoptotic Effects of ACh

Since previous studies demonstrated that a PI3K
inhibitor greatly reduced HIF-1a induction in heart
and remal cells {14,15] and a few studies have
reported that MAP kinase is activated through ACh,
we focused on the PI3K/Akt pathway, one of the
important cell survival signaling pathways [16], and
found that ACh directly activated Akt
phosphorylation via PI3K. PI3K/Akt signaling has
been reported to have an antiapoplotic activity
through various features, such as inhibition of
Bad-binding to Bcl-2, caspase 9, Fas and glycogen
synthetase kinase-3 [17,18]). These facts imply a

definite involvement of Akt activation in cell servival.

As shown using dn HIF-la, ACh inhibited
hypoxia-induced cell death through HIF-1a induction
via Akt phosphorylation. These results indicate that
ACh actually protects cardiomyocytes from hypoxia
at the cellular level.

Additional Induction of HIF-1a by ACh and Vagal
Stimulation

HIF-1a regulates the transcriptional activities of very
diverse genes involved in cell survival and is itself
regulated at the posttransliational level by VHL
[4,6,7]. Recent studies have shown that HIF-1a is
also regulated through a nonhypoxic pathway
involving angiotensin II, TNF-a and NO [8,9,19,20].
Therefore, it is speculated that cardiomyocytes
possess a similar system for regulating HIF-1g
through ACh, independent of the oxygen
concentration. Induction of HIF-la is a powerful
cellular response against hypoxia, and further
increases in its expression by other pathways may be
beneficial. The present results indicate that the
significance of ACh or vagal nerve stimulation in
hypoxic stress can be attributed to additional HIF-1a
induction through dual induction pathways, ie.,
hypoxic and nonhypoxic pathways.

The present study has revealed that
ACh-mediated HIF-1a induction is widely conserved
in other cells. Consistent with a previous report [10],
the current results suggest that NO is produced by
ACh. According to a report that NO attenuates the
interaction between pVHL and HIF-1a through
inhibiting PHD activity [21], it is possible that ACh
may increase the HIF-1a protein level through NO,
Recent studies conducted by Krieg et al. and Xi et al.,
have provided supportive data compatible with our
results [3,22], while another study by Hirota et al.
also revealed a nonhypoxic pathway for HIF-la
induction by ACh in a human kidney-derived cell line
[23].

The signaling pathway of the muscarinic receptor
has been studied extensively, and many pathways are
involved in its specific biological effects. Therefore,
possible involvement of other pathways in the
nonhypexic induction of HIF-1a cannot be excluded.
However, it was demonstrated that dn Akt and dn
HIF-1a decreased the effect of ACh. Consistent with
a recent study [24], we have revealed that ACh or
vagal stimulation protects cardiomyocytes in the
acute phase. This observation suggests that the
protective effect in the acute phase may result in
inhibition of cardiac remodeling in the chronic phase,
since vagal stimulation produces additional HIF-1a
induction through a nonhypoxic pathway, which
increases cell survival.
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Figure legends

Figure 1

HIF-1a is induced by ACh in rat cardiomyocytes
even under normoxia.

A, After treatment of H9¢2 cells with 1 mM ACh for
8 hours, the HIF-la protein level is increased (#
p<0.05 vs. control, n=4). B. ACh (1 mM) increases
the intensity of DAF-2DA fluorescence (# p<0.01 vs.
control, n=3).

Figure 2

HIF-1a induction by ACh is posttranslationally
regulated in rat cardiomyocytes under normoxia.
A. The HIF-1a protein level in H9c2 cells in the
presence of 0.5 pg/ml of actinomycin D is
increased by 1 mM ACh to a comparable level to



that in the absence of actinomycin D (N.S., not
significant, n=3). B. Actinomycin D does not
decrease the HIF-1a mRNA level, as evaluated by
RT-PCR. C. Cycloheximide (10 pg/ml) does not
affect the HIF-1a protein level (n=3).

Figure 3

Rat primary cultured cardiomyocytes show
comparable HIF-la induction by 1 mM ACh to
that in H9¢2 cells (# p<0.05 vs. control, n=3).

Figure 4

Akt is activated by ACh in rat cardiomyocytes,
leading to HIF-1at induction. '

A. Akt phosphorylation in H9c2 cells is rapidly
increased by 1 mM ACh (# p<0.05 vs. baseline,
n=4), whereas the total protein level of Akt
remains unaffected. B. The ACh-induced increase
in Akt phosphorylation is blocked by 1 mM
atropine (# p<0.05 vs. 0 pM atropine, n=3). C.
ACh (1 mM) also increases Akt phosphorylation in
rat primary cardiomyocytes (# p<0.05 vs. baseline,
n=3), and atropine blocks this effect. D.
Pretreatment with 300 nM wortmannin completely
inhibits ACh-induced Akt phosphorylation in H9¢2
cells (N.S., not significant, n=3). E. Wortmannin
(300 nM) also inhibits HIF-1a induction by ACh
(# p<0.05 vs. wortmannin (+), n=3). Each figure
shows a representative result from 3 independently
performed experiments (n=3). F. In contrast to wt
Akt, HIF-1ct induction y ACh is blocked by dn Akt
in HEK293 cells (n=4).

Figure 5

Collapse of the mitochondrial membrane potential
in rat cardiomyocytes under hypoxia is attenvated
by ACh pretreatment.

A. Hypoxia decreases the mitochondrial membrane

potential in H9¢2 eslls within 12 hours. Red spots
are decreased by Hypoxia, whereas pretreatment
with 1 mM ACh for 12 hours inhibits this effect. B.
Pretreatment with 1 mM ACh inhibits the decrease
in MTT reduction activity induced by 12 hours of
hypoxia not only in H9%2 cells (# p<0.01 vs.
hypoxia, n=8) but also in HEK293 cells (* p<0.01
vs. hypoxia, n=8). C. Hypoxia increases caspase-3
activity, whereas pretreatment with 1 mM ACh
inhibits this effect (# p<0.01 vs. hypoxia, n=3). D.
In contrast to wt HIF-1¢t or GFP, dn HIF-1a alone
decreases the MTT activity under hypoxia after
ACh treatment (# p<0.01 vs. wt and GFF, * p<0.05
vs. non-transfection, n=10).

Figure 6

Vagal nerve stimulation decreases infarcted area
with increased HIF-1a expression.

A. A quantitative analysis reveals comparable
non-perfused areas in both vagal-stimulated
(MI-VS) and non-stimulated (MI) hearts, whereas
the infarcted area identified by TTC staining is
smaller in the MI-VS heart than in the MI heart. B.
HIF-1a induction in the ischemic heart is
increased by vagal stimulation (MI-VS8) compared
with that in ischemia alone (MI) (#, p<0.01 vs. MI)
(n=3).

Figure 7

HIF-1a is induced by ACh under normoxia in other
cells.

ACh (1 mM) increases HIF-1a protein level in
HEK293 and Hela cells (n=3 each) under
normoxia,
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