ELECTROACUPUNCTURE AND ARTERIAL BAROREFLEX

electrodes were sectioned to eliminate afferent signals from the heart.

To insulate and fix the electrodes, the nerves and electrodes were
" secured with silicone glue (Kwik-Sil, World Precision Instruments,
Sarasota, FL). The preamplified nerve signals were band-pass filtered
at 150-1,000 Hz, full-wave rectified, and low-pass filtered at a cutoff
frequency of 30 Hz by using analog circuit. After that, the neural
signals were recorded at a sampling rate of 200 Hz using a 12-bit
analog-to-digital converter. Pancuronium bromide (0.1 mg/kg) was
administered to prevent contaminating muscular activities. At the end
of the experiment, the experimental animals were killed by an over-
dose of intravenous pentobarbital sodium, and the background noise
level of SNA was determined postmortem.

Sixteen of the 22 rabbits were used in protocol I (protocols 1-1,
1-2, and 1-3), and the remaining 6 rabbits were used in protocols 2,
3, and 4. In 10 of the 16 rabbits for protocols 1-2 and/or 1-3 described
below, we isolated both carotid sinuses from the systemic circulation
by ligating the internal and external carotid arteries and other small
branches originating from the carotid sinus regions. The isolated
carotid sinuses were filled with warmed physiological saline through
catheters inserted via the common carotid arteries. The intra-carotid
sinus pressure (CSP) was controlled by a servo-controlled piston
pump (model ET-126A, Labworks, Costa Mesa, CA). In the barore-
flex open-loop experimental settings, bilateral vagal and aortic de-
pressor nerves were sectioned at the neck to minimize reflex effects
from cardiopulmonary regions and the aortic arch.

Electroacupuncture

Two stainless steel needles were inserted at the one-fifth point
(from the knee) and the midpoint of the knee-ankle distance of
approximately 30—35 mm. These needles with a diameter of 0.2 mm
(CE0123, Seirin-Kasei, Shimizu City, Japan) were inserted to a depth
of ~10 mm in the skin and underlying muscle (the right tibialis
anterior muscle). This area corresponds to the Zusanli and Xiajuxu
acupoints (over the peroneal nerve below the knee, stomach meridian,
St 36 and 39) in humans.

As in previous studies (2, 3, 17, 42), the stimulus current intensity
was determined as 10 times of twitch threshold, which is the minimal
electrical current required for eliciting visible muscle twitches of the
stimulated leg. Actually, the current was 4.8 = 0.3 mA (4.2-5.4 mA).
An electric rectangular wave cumrent with a frequency of 1 Hz and
with pulse duration of 5 ms was passed between these two needles by
using an electrical stimulator (SEN-7203, Nihon Kohden) except
protocol 4 where shorter pulse durations were challenged.

Protocols

The experimental protocol was approved by the Animal Experi-
mental Committee of National Cardiovascular Center Research Insti-
tute.

Protocol 1: effect of Zusanli electroacupuncture on AP, SNA,
and baroreflex. PROTOCOL 1-1 (BAROREFLEX CLOSED-LOOP CONDITION,
N = 6). To elucidate the overall cardiovascular inhibitory effects of
electroacupuncture, we performed 1 Hz electroacupuncture for 8 min
and measured AP and SNA responses under conditions of intact
cardiovascular reflexes. In this closed-loop protocol, vagal and aortic
depressor nerves were preserved. Baseline data were measured for 1
min before acupuncture insertion. At 10 min after acupuncture inser-
tion, baseline data were measured again for 1 min. Electroacupuncture
was applied for 8 min. The recovery data were measured for 2 min
after the cessation of electroacupuncture.

PROTOCOL 1-2 (BAROREFLEX OPEN-LOOP CONDITION, N = 8). To
elucidate the effects of electroacupuncture on the arterial baroreflex
over an entire operating range, we performed a baroreflex open-loop
experiment as follows. CSP was first decreased to 40 mmHg. After
attainment of a steady state, CSP was increased from 40 to 160 mmHg
in increments of 20 mmHg. Each pressure step was maintained for
60 s. We measured AP and SNA during the stepwise increase in CSP.
Two trials (control and electroacupuncture trials) were performed on
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each rabbit. The order of the trials was randomized. The electroacu-
puncture trial was identical to the control trial except that electroacu-
puncture was commenced 1 min before the initiation of stepwise
increase in CSP.

PROTOCOL 1-3 (BAROREFLEX OPEN-LOOP CONDITION WITH PERO-
NEAL DENERVATION, N = 6). To identify the afferent pathway of
electroacupuncture, we examined the effects of 1 Hz electroacupunc-
ture on the arterial barorefiex after severing the right peroneal nerve at
the level of the knee joint. Estimation of the baroreflex equilibrium
diagram was conducted as in protocol 1-2 in the control and electro-
acupuncture trials. Four of the six rabbits had also undergone
protocol 1-2.

Protocol 2: effects of sham (nonelectrical) acupuncture ar Zusanli
and control (nonspecific) electrical and nonelectrical acupunctures
on AP and SNA in baroreflex closed-loop condition (n = 6). To
determine whether changes in AP and SNA during Zusanli electro-
acupuncture are specific responses, sham and control acupunctures
were conducted under the following acupuncture conditions: 7 ) no
acupuncture (nonacupuncture), 2) nonelectrical acupuncture at Zu-
sanli-Xiajuxu (St 36-39) acupoints (sham acupuncture), 3) nonelec-
trical acupuncture at Guangming-Xuanzhong (gallbladder meridian,
Gb 37-39) acupoints (control acupuncture), and 4) electrical acupunc-
ture at Guangming-Xuanzhong acupoints (control electroacupunc-
ture). We chose Guangming-Xuanzhong as nonspecific control acu-
points (trials 3 and 4) because these acupoints are believed to reduce
leg pain without affecting the cardiovascular system, in contrast to the
Zusanli-Xiajuxu acupoints. In each trial, AP and SNA were measured
for a baseline duration of 1 min, under acupuncture condition (¢#rial 1,
2, 3, or 4) for 8 min, and recovery for 1 min.

Protocol 3: effect of long-term Zusanli electroacupuncture on AP
and SNA in baroreflex closed-loop condition (n = 6). To clarify the
effect of long-term electroacupuncture on cardiovascular system, AP
and SNA were measured during and after 30 min of electroacupunc-
ture at Zusanli-Xiajuxu acupoints. Protocol 3 was conducted in the
same manner as protocol 1-1 except with a longer stimulation dura-
tion than protocol 1-1 (8 min).

Protocol 4: Effect of pulse duration of Zusanli electroacupuncture
on AP and SNA in baroreflex closed-loop condition (n = 6). To
examine the effect of pulse duration of electroacupuncture on AP and
SNA, AP and SNA were measured during electroacupuncture at
Zusanli-Xiajuxu acupoints with the pulse duration increasing stepwise
from 0.1 10 0.25, 0.5, 1, 2.5, 5, and 10 ms, every 60 s. In each animal,
the frequency and stimulus current intensity were maintained constant
as in protocols 1, 2, and 3.

Data Analysis

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

In protocol 1-1, 2, and 4, mean AP and SNA for 1 min were
calculated for baseline conditions, every minute of electroacupunc-
ture, and recovery. In protocol 3, mean AP and SNA for 5 min were
calculated for baseline conditions, electroacupuncture, and recovery.
In protocols 1-2 and I-3, we calculated mean AP and SNA 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). The background noise level was set at 0 au and the SNA
value at the closed-loop operating point in the control trial (without
electroacupuncture) was set at 100 au 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 (11)
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P,
)= +P
YTTF exp[Py(x ~ P3)] ¢

)

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), P2 is the coefficient of gain, Ps is the
midpoint of the logistic function on the input axis, and P4 is the
minimum value of y. The maximum gain (Gmax) is calculated from
—PPo/4 at x = P3. The parameter values were calculated by an
iterative nonlinear least-squares regression known as the downhill
simplex method.

Statistical Analysis

All data are presented as means = SD. Differences were considered
to be significant when P < 0.05. In protocols 1-1, 2, 3, and 4, the
effects of electroacupuncture on AP and SNA at different time
intervals were evaluated by one-way ANOVA. The Dunnett’s test was
used for multiple comparisons. In protocols I1-2 and -3, the effects of
electroacupuncture on the four parameters of the logistic functions
relating to the neural and peripheral arcs, as well as on the closed-loop
operating point, were examined by using a paired r-test.

RESULTS

Figure 1A (protocol 1-1) shows a typical time series of AP -

and SNA in response to Zusanli-Xiajuxu electroacupuncture
with intact cardiovascular reflexes. AP and SNA were reduced
immediately after beginning electroacupuncture, and these re-
mained reduced during 8-min electroacupuncture. Figure 18
illustrates the group-averaged AP and SNA in response to
electroacupuncture. AP and SNA for baseline were unchanged
by acupuncture insertion alone, while these values for 8-min
electroacupuncture remained decreased from baseline. These
values returned to baseline level after the cessation of electro-
acupuncture.

Figure 2 (protocol 1-2) shows a typical AP and SNA
response to the increments in CSP in the control (Fig. 2, leff)
and electroacupuncture (Fig. 2, right) trials. A stepwise in-
crease in CSP decreased SNA and AP in both trials. In the
electroacupuncture trial, the AP and SNA response ranges to
CSP were attenuated compared with the control trial.

Figure 3, A and B (protocol 1-2), shows the averaged
baroreflex neural and peripheral arcs obtained in control and
electroacupuncture trials. The neural arc showed a sigmoidal
relationship between CSP and SNA. In the neural arc, the
response range of SNA (P;) and midpoint of the operating

Fig. 1. Typical time series of arterial pressure (AP) and sym-
pathetic nerve activity (SNA) during 8 min of 1-Hz electro-
acupuncture (A) and the averaged (n = 6) AP and. SNA (B) in
protocol 1-1. Data include periods of baseline (Base, 1 min),
electroacupuncture (8 min), and recovery (Rec, 1 min). Each
data point represents average values over 1 min. #P < 0.05:
significantly different from baseline after acupuncture insertion.
au, Arbitrary units. .
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Fig. 2. Typical time series of intra-carotid sinus pressure (CSP), AP, and SNA
in control (leff) and electroacupuncture trials (right} in protocol 1-2. SNA and
AP decreased in response to increments in CSP in both of the two trials. The
response ranges of AP and SNA to CSP were lower in electroacupuncture than
in controls.

range (P3) were significantly decreased by electroacupuncture
(Table 1). The coefficient of gain (P-), the minimum value of
SNA (P4), and Guax did not differ between the two trials
(Table 1). As a result, the maximum value of SNA, calculated
from P; + P4, was significantly decreased by electroacupunc-
ture from 162 * 31 to 130 = 29 au (P < 0.005). The peripheral
arc showed a more linear relationship between SNA and AP
than the neural arc. In the peripheral arc, electroacupuncture
did not affect any of the four parameters or Guax (Table 1 and
Fig. 3B). The operating point determined by the intersection of
the neural and peripheral arcs was moved toward lower AP and
SNA (from point a to point b) by electroacupuncture (Fig. 3C
and Table 1).

Figure 4 (protocol 1-3) shows the averaged baroreflex neural
(Fig. 4A) and peripheral arcs (Fig. 4B) in control and electro-
acupuncture trials with severance of the peroneal nerve inner-
vating the tibialis anterior muscle. Two arcs obtained in both
trials were nearly superimposable. The four parameters and
Gmax 10 the neural and peripheral arcs and operating point were
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was denervated (Table 2 and Fig. 4C).

Figure 5 (protocol 2) shows the changes in AP and SNA
during nonacupuncture (without acupuncture), sham acupunc-
ture [nonelectrical acupuncture at Zusanli-Xiajuxu (St 36—
39)], control acupuncture [nonelectrical acupuncture at Guang-
ming-Xuanzhong (Gb 37-39)] and control electroacupuncture
(electrical acupuncture at Gb 37-39) trials. AP and SNA did
not change in these trials.

Figure 6, A and B (protocol 3), shows a typical time series
and the averaged data, respectively, of AP and SNA in re-
sponse to long-term Zusanli-Xiajuxu electroacupuncture. AP
and SNA decreased immediately after electroacupuncture was
started and remained reduced during 30-min electroacupunc-
ture. In addition, AP and SNA returned to the preelectroacu-
puncture baseline levels immediately after cessation of elec-
troacupuncture.

Figure 7, A and B (protocol 4), shows a typical time series
and the averaged data, respectively, of AP and SNA during
Zusanli-Xiajuxu electroacupuncture with the pulse duration
increasing from 0.1 to 5 ms. Although increasing the pulse
duration from 0.1 to 1 ms did not change AP and SNA, pulse
durations of 2.5 ms and higher decreased SNA while pulse
durations of 5 and 10 ms decreased AP.

Table 1. Effect of electroacupuncture on the operating point
of baroreflex and on the 4 parameters of logistic functions
approximating neural and peripheral baroreflex arcs

Control Electroacupuncture

Operating point

Arterial pressure, mmHg 108.4+38.7 98.8+7.9%

Sympathetic nerve activity, au . 99.8x4.1 80.0+£8.9t
Neural arc

Py, au 144.0£35.0 112.6£9.2¢

P2, au/mmHg 0.08+0.03 0.09%+0.09

FP3, mmHg 111465 103.3+10.0*

P4, au 17.5%6.1 17.4+8.7

Grmax, au/mmHg —2.94+0.91 —2.58+1.27
Peripheral arc

Py, mmHg 129.6+20.5 125.9%19.5

P2, au/mmHg —0.03%£0.01 —0.03+0.01

P3, au 80.6+23.2 71.7£17.1

P,;, mmHg 29.9%16.3 29.5+12.1

Gmax, mmHg/au 0.74+0.10 0.84%0.18

Values are means * SD (n = 8). Guax, maximum gain. See Data Analysis
for definition of 4 parameters of logistic function. au, Arbitrary units. *P <
0.05 and TP < 0.005 vs. control.

The major new finding of the present study was that elec-
troacupuncture at Zusanli resets the arterial baroreflex neural
arc to lower SNA but does not significantly affect the barore-
flex peripheral arc. As a result, the operating point determined
by the intersection of the neural and peripheral arcs was moved
toward lower SNA and AP by electroacupuncture. To the best
of our knowledge, this is the first study delineating the effects
of short-term electroacupuncture on the arterial baroreflex over
an entire operating range.

Effects of Electroacupuncture on the Arterial
Baroreflex (Protocol 1)

The arterial baroreflex system is one of the most important
negative-feedback systems that stabilize AP against €X0genous
disturbances. When AP is decreased by exogenous perturba-
tion such as blood loss, the reduction in AP is sensed by the
arterial baroreceptors. SNA is then increased by the arterial
baroreflex to buffer the reduction in AP. In such circumstances,
SNA and AP change reciprocally. On the other hand, when
SNA is changed by an exogenous perturbation such as emo-
tional stress, SNA and AP change in paraliel. In protocol 1-1,
electroacupuncture decreased both SNA and AP, indicating
that electroacupuncture introduced exogenous perturbation to
decrease SNA with a resultant reduction in AP. Although the
net effect of electroacupuncture is to decrease SNA, the per-
turbation of AP cannot be excluded. For example, because
electroacupuncture also twitched the hindlimb muscles, elec-
troacupuncture might have perturbed AP via changes in vas-
cular resistance and/or venous return through muscle pump
function. Therefore, to quantify the contribution of both per-
turbations on SNA and on AP, we performed protocol 1-2.
Perturbation of AP is most easily detected by comparing AP at
the same SNA level with and without electroacupuncture.

In protocol 1-2, we performed a baroreflex open-loop ex-
periment and identified the static characteristics of the neural
and peripheral arcs over a wide operating range. As expected,
electroacupuncture shifted the neural arc toward lower SNA
and decreased maximum SNA to ~80% of control (Fig. 3A).
This shift is not due to reduced perfusion to the medulla by AP
reduction during electroacupuncture because the AP was de-
creased by ~10 mmHg and would not induce cerebral ische-
mia. In contrast, electroacupuncture had little effect on the
peripheral arc (Fig. 3B). In other words, AP with and without
electroacupuncture did not differ significantly at any of the
SNA levels. Therefore, changes in AP observed in protocol 1-1
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were attributable exclusively to perturbation of SNA and not to
possible perturbation effects of electroacupuncture on AP.

The neural and peripheral arcs were combined to yield a
baroreflex equilibrium diagram (Fig. 3C). The closed-loop
operating point, determined by the intersection of the neural
and peripheral arcs, moved from point a to point b during
electroacupuncture. Despite a significant shift in the closed-
loop operating point, neither the neural nor peripheral arc gain
was altered significantly (Table 1). The fact that the baroreflex
gain was maintained during electroacupuncture suggests the
possible application of electroacupuncture to the treatment of
cardiovascular diseases with sympathetic hyperactivity. How-
ever, the preservation of the arterial barcreflex gain in the
present experimental settings may rely on normal peripheral
arc characteristics. Cardiovascular diseases such as heart fail-
ure may decrease the peripheral arc gain to a variable extent
due to impaired pump function. Whether the arterial baroreflex
function during electroacupuncture can be maintained in car-
diovascular diseases awaits future study.

Mechanisms for the Cardiovascular Inhibitory Effects of
Electroacupuncture (Protocol 1)

The resetting in the baroreflex neural arc during electroacu-
puncture was mediated by a somatosympathetic reflex arising
from the stimulated hindlimb, as evidenced by the fact that

Table 2. Effect of electroacupuncture with peroneal
denervation on the operating point of baroreflex and on
the 4 parameters of logistic functions approximating
neural and peripheral baroreflex arcs

Control Electroacupuncture

Operating point

Arterial pressure, mmHg 105.7x5.7 104.1x5.6

Sympathetic nerve activity, au 99.8£5.1 98.3x11.1
Neural arc

Py, au 138.3+42.4 136.3+38.6

P,, au/mmHg 0.11x0.03 0.08x0.03

P3, mmHg 112.7£10.2 111.5%+10.6

Pa, au 14.9+8.7 15774

Gmax, aw/mmHg —3.27%1.15 —2.84*1.12
Peripheral arc

P, mmHg 144.1£355 140.5+344

Ps, au/mmHg —0.02x0.002 —0.02x0.004

P3, au 82.0£34.0 78.8+32.0

P4, mmHg 26.1+8.1 25.5%53

Gmax, mmHg/au. 0.69:+0.13 0.72+0.21

Values are means & SD (n = 6). See Data Analysis for definition of 4
- parameters of logistic function.

peroneal denervation abolished the resetting (Table 2 and Fig.
4). This result was consistent with an earlier study (27) show-
ing that depressor and sympathoinhibitofy responses during
acupuncture were abolished by sciatic and femoral denerva-
tion. The existence of a somatosympathetic reflex is also
supported by the fact that electrical stimulation of somatic
afferents reduced AP (7-9). Legramante et al. (14) showed that
rapidly conducting group III somatic afferent activation can
evoke AP reduction during 1-Hz electrical stimulation of the
tibial nerve. In contrast, high-frequency stimulation of the
somatic afferent evokes AP elevation. Passive muscle stretch-
ing, which is considered to activate group III somatic afferent
fibers, shifts the baroreflex neural arc toward higher SNA,
resulting in an increase in the closed-loop operating point (41).
The mechanism of two opposing influences of somatic afferent
activation depending on the stimulation frequency is not fully
understood.

-~ Non acupuncture (Rest)

A Sham acupuncture (St 36-39)

-0~ Control acupuncture (Gb 37-39)

~o— Control electroacupuncture (Gb 37-39)

Acupuncture
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Fig. 5. Averaged (n = 6) AP (fop) and SNA (bortom) in nonacupuncture
(condition without acupuncture, ), sham acupuncture [nonelectrical acupunc-
ture at Zusanli-Xiajuxu (stomach meridian, St 36-39), a], control acupuncture
[nonelectrical and acupuncture at Guangming-Xuanzhong (gallbladder meri-
dien, Gb 37-39), O}, and control electroacupuncture [electrical acupuncture at
Gb 37-39, e] trials in protocol 2. Data include periods of baseline (1 min),
electroacupuncture (8 min), and recovery (1 min). Each data point represents
average values over 1 min.
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Another explanation for resetting in the neural arc may be
circulatory endogenous opioids (e.g., B-endorphin and en-
kephalin), which are released from the adrenal gland and
hypothalamus by prolonged (>30 min) electroacupuncture
(20, 21). These endogenous opioids are known to modulate the
arterial baroreflex (24, 29, 35). However, changes in endoge-
nous opioids are unlikely to be the mechanism for reductions in
SNA and AP by electroacupuncture in the present experimental
settings because the inhibitory effects terminated immediately
after cessation of electroacupuncture rather than lasting for
several hours (42) (Fig. 1).

Previous studies suggest a central interaction between an
electroacupuncture-evoked somatosympathetic reflex and the
arterial baroreflex. Baroreceptor afferent inputs inhibit neural
activities in the rostral ventrolateral medulla (fVLM) (6, 33).
Tjen-A-Looi et al. (36) showed that electroacupuncture inhib-
ited r'VLM neural activities, suggesting that the electroacu-
puncture-evoked somatosympathetic reflex and arterial barore-
flex share common central pathways. In addition, 2-Hz elec-
troacupuncture inhibits SNA through the excitation of
B-endorphinergic and GABAergic neurons to rVLM (12, 13).

A Electroacupuncture B Electroacupuncture
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Fig. 7. Typical time series of AP and SNA during 1-Hz electroacupuncture
with increasing the pulse duration (A) and the averaged (n = 6) AP and SNA
(B) in protocol 4. Data include periods of baseline (B, 1 min), electroacupunc-
ture (7 min), and recovery (R, 1 min). Each data point represents average
values over 1 min. *P < 0.05; significantly different from baseline after
acupuncture insertion.
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Central interaction in the brain stem may be involved in the
resetting of the arterial baroreflex neural arc induced by elec-
troacupuncture.

Characteristics of Zusanli-Xiajuxu Electroacupuncture Used
in the Present Study

The Zusanli electroacupuncture used in this study has some
unique characteristics. First, our results showed that baseline
AP and SNA were decreased significantly by electroacupunc-
ture, in contrast to previous studies that found no significant
reduction in baseline AP and SNA during Zusanli electroacu-
puncture in rats (0.5-ms duration, 1-2 mA, 2 Hz) (18) and
nonelectrical acupuncture in normotensive humans (right large
intestine 4, right liver 3, and left spleen 6) (22). Second, our
result showed that AP and SNA were reduced as soon as
electroacupuncture was started, in contrast to previous reports
that the effect of Zusanli electroacupuncture did not even begin
to manifest for the first 10~15 min in rats (0.5-ms duration, 1-2
mA, 2 Hz) (18) and cats (0.5-ms duration, 0.4—0.6 mA, 2—-4
Hz) (37). These discrepancies may be related to the differences
n acupoints and stimulation conditions (pulse duration, cur-
rent, and frequency). In particular, the pulse duration used in
our study (5 ms) was approximately 10-50 times longer than
that used in previous studies. Indeed, the data obtained from
protocol 4 show that increasing the pulse duration augments
the reduction in AP and SNA during electroacupuncture; pulse
durations shorter than 2.5 ms did not change AP and SNA,
whereas durations of 2.5 ms and above decreased both param-
eters immediately after the electroacupuncture was started

. (Fig. 7). In addition, our data suggest that stimulation duration
(<2.5 ms) does not affect arterial baroreflex, consistent with
our preliminary data that baroreflex neural, peripheral, and
total arcs remained unchanged during electroacupuncture with
pulse durations <2.5 ms (unpublished data). These observa-
tions may indicate that the effect of electroacupuncture on
arterial baroreflex is linked to the stimulation pulse duration.

The third characteristic is that the inhibitory effects of
electroacupuncture on AP and SNA disappeared immediately
after the cessation of electroacupuncture. In contrast, some
studies showed that the inhibitory effects of electroacupuncture
on AP lasted for 10-60 min after the cessation (18). The
characteristics in this study may not be explained by the length
of electroacupuncture because AP and SNA recovered to the
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(controlled)

prestimulation baseline levels immediately after the cessation
in both short-duration (8 min, Fig. 1) and longer-duration
electroacupuncture (30 min, Fig. 6) protocols. The rapid dis-
appearance of effects suggests that the AP and SNA reductions
seen in the present study may not be elicited by the opioid
mechanism, although clinical experiments with longer-dura-
tion electroacupuncture have demonstrated long-lasting effects
on the cardiovascular system, which are attributed to opioid
substances (2, 12, 15, 37, 42).

The reductions in AP and SNA during Zusanli electroacu-
puncture seen in the present study may not be just a nonspecific
response to acupunctures. Our data from protocol 2 (Fig. 5)
showed that nonelectrical acupuncture at Zusanli (sham acu-
puncture) did not decrease AP and SNA, suggesting that the
AP and SNA reductions during Zusanli electroacupuncture are
not simply the results from insertion of acupuncture needles.
Furthermore, acupuncture at Guangming-Xuanzhong (control
acupuncture, control electroacupuncture) did not change AP
and SNA regardless of electrical stimulation (Fig. 5). This
result suggests the importance of acupoint specificity and is
consistent with an earlier study showing point-specific differ-
ences in cardiovascular inhibitory responses (Jiangshi-Neiguan
or Shousanli-Quchi acupoints vs. Pianli-Wenlui or Zusanli-
Shangjuxu acupoints) (37). These observations may support
the concept that Zusanli acupuncture changes cardiovascular
variables in experimental animal models (4, 25, 28) and con-
fers beneficial effects on cardiovascular diseases (5, 30, 34),
whereas Guangming-Xuanzhong acupuncture does not affect
cardiovascular variables (18).

Limitations

There are several limitations to this study. First, as anesthe-
sia affects the autonomic nervous system, the results might
have been different without anesthesia. Second, our isolation of
the carotid sinus regions may stimulate carotid chemorecep-
tors. However, in determining barorefiex function, this factor
was present in trials with and without electroacupuncture.
Therefore, we believe that this factor may not affect our
conclusion of baroreflex resetting during electroacupuncture.

Third, acupuncture was inserted at a point corresponding to
the Zusanli acupoint in humans. When acupuncture is properly

inserted at the acupoint, the patient feels heaviness or soreness.
Such sensory information is not available in an anesthetized
animal. Because electroacupuncture (as distinct from acupunc-
ture with no electrical stimulation) stimulates not only the
inserted point but also the surrounding area, it has been used as
a convenient way of stimulating acupoints in patients and in
experimental animals. Thus, even if we failed to insert the
needle at the precise acupoint, we believe that Zusanli could be
stimulated electrically.

Fourth, although we determined the effects of electroacu-
puncture at Zusanli acupoints on cardiovascular and baroreflex
systems, there are other important acupoints that are able to
influence these systems. In particular, Neiguan electroacupunc-
ture is actually known to decrease sympathetic premotor neu-
ron activity for a longer period than Zusanli electroacupuncture
(36, 37). Further studies are necessary to determine the effect
of Neiguan electroacupuncture on the arterial baroreflex.

Last, we evaluated the effects of Zusanli electroacupuncture
on the baroreflex function for a short acupuncture duration of
only 8 min. Because electroacupuncture is typically practiced
for longer periods of time, our results have limited applicabil-
ity. However, the electroacupuncture we used decreased AP
and SNA immediately after application, showing that the
procedure has acute effect on the cardiovascular system. That
was the reason why we focused on the effect of short duration
electroacupuncture on the baroreflex system. Future study is
necessary to examine the effects of longer-duration electro-
acupuncture.

In conclusion, 1 Hz, short-term electroacupuncture of Zu-
sanli reset the baroreflex neural arc toward lower SNA but did
not affect the peripheral arc. The closed-loop operating point
determined by the intersection of the neural and peripheral arcs
was moved toward lower SNA and AP by electroacupuncture.

APPENDIX

Theoretical Considerations: Couplzng of Neural
and Peripheral Arcs

Changes in AP are immediately sensed by arterial baroreceptors,
which alter efferent SNA via the cardiovascular center of baroreflex
(Fig. 8A). Efferent SNA in turn governs heart rate and the mechanical
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properties of the heart and vessels, which themselves exert a direct
influence over AP. This negative-feedback Joop 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 controlled elements (31). We defined the
controlling element as the neural arc and the controlled element as the
peripheral arc (Fig. 8B). 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 (Fig. 8C).
Because pressure sensed by the arterial baroreceptor is equilibrated
with AP under physiological conditions, we superimposed the func-
tions 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 examined in previous studies
(10, 31). Using the baroreflex equilibrium diagram, we aimed to
quantify the effects of electroacupuncture on the arterial baroreflex.
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Maruo T, Nakatani S, Jin Y, Uemura K, Sugimachi M,
Ueda-Ishibashi H, Kitakaze M, Ohe T, Sunagawa K, Miyatake K.
Evaluation of transmural distribution of viable muscle by myocardial
strain profile and dobutamine stress echocardiography. Am J Physiol
Heart Circ Physiol 292: H921-H927, 2007. First published Septem-
ber 29, 2006; doi:10.1152/ajpheart.00019.2006.—Transmural distri-
bution of viable myocardium in the ischemic myocardium has not
been quantified and fully elucidated. To address this issue. we eval-
uated transmural myocardial strain profile (TMSP) in dogs with
myocardial infarction using a newly developed tissue strain imaging.
TMSP was obtained from the posterior wall at the epicardial left
ventricular short-axis view in 13 anesthetized open-chest dogs. After
control measurements, the left circumflex coronary artery was oc-
cluded for 90 min to induce subendocardial infarction (SMI). Subse-
quently, latex microbeads (90 wm) were injected in the same artery to
create transmural infarction (TMI). In each stage. measurements were
done before and after dobutamine challenge (10 pg-kg™ ! min~! for
10 min) to estimate transmural myocardial viability. Strain in the
subendocardium in the control stage increased by dobutamine (from
53.6 = 17.1 to 73.3 % 21.8%, P < 0.001), whereas that in SMI and
TMI stages was almost zero at baseline and did not increase signifi-
cantly by dobutamine [from 0.8 * 8.8 to 1.3 * 7.0%, P = not
significant (NS) tfor SMI, from —3.9 = 5.6 to —1.9 = 6.0%, P = NS
for TMI]. Strain in the subepicardium increased by dobutamine in the
control stage (from 23.9 £ 6.1 to 26.3 £ 6.4%, P < 0.05) and in the
SMl stage (from 12.4 = 7.3 to 27.1 = 8.8%, P < 0.005), whereas that
in the TMI stage did not change (from —1.0 = 7.8 to —0.7 + 8.3%,
P = NS). In SMI, the subendocardial contraction was lost, but the
subepicardium showed a significant increase in contraction with
dobutamine. However, in TMI, even the subepicardial increase was
not seen. Assessment of transmural strain profile using tissue strain
imaging was a new and useful method to estimate transmural distri-
bution of the viable myocardium in myocardial infarction.

myocardial infarction; strain; viability; echocardiography

IT 1S WELL KNOWN that myocardial contraction has transmural
heterogeneity. Several experimental studies confirmed that the
subendocardium contributes greater to overall myocardial
thickening than the subepicardium (6, 25). On the other hand,
when a reduction of coronary blood flow occurs, a severe
reduction of perfusion and kinesis occurs in the subendocar-
dium, but only a trivial reduction can be detected in the
subepicardium (5, 31). After a long period of ischemia, myo-
cardial necrosis progresses from the endocardium to the epi-
cardium (8§, 13).

Myocardial strain reflects regional myocardial function.
With the recent advancement of tissue Doppler echocardiog-
raphy, myocardial strain can be obtained noninvasively (3, 33)
and has been reported to be useful to quantify regional myo-
cardial systolic function in ischemic heart disease (9, 11, 24,
29, 36). The recently developed myocardial strain imaging
system provides us myocardial strain in each wall layer and
shows its distribution in a form of transmural myocardial strain
profile (TMSP; see Ref. 1). Thus combination of TMSP and
dobutamine stress echocardiography (DSE), which has been
used for the assessment of myocardial viability (18), is ex-
pected to demonstrate transmural distribution of viability.
There have been no methods to visualize distribution of myo-
cardial viability over the ventricular wall in myocardial infarc-
tion, and such method would provide important information in
the clinical situation.

In the present study, to assess the transmural extent of
myocardial infarction, we investigated TMSP in subendocar-
dial and transmural myocardial infarction dog models and
quantified the transmural heterogeneity of myocardial viability
using myocardial strain imaging with DSE.

MATERIALS AND METHODS

Experimental subjects and settings. We used 13 mongrel dogs
(weighing 27.3 = 2.2 kg). After induction with intrdvenous pentobar-
bital sodium (25 mg/kg body wt), they were anesthetized with 2%
isoflurane with oxygen. A median sternotomy was performed, the
pericardium was split from apex to base, and, after the instrumenta-
tion, the edges of the pericardial incision were loosely resutured. A
5-Fr. micromanometer-tipped catheter (model MPC-500; Millar In-
struments, Houston, TX) was positioned in the left ventricle through
the apex to obtain peak systolic left ventricular pressure and peak
positive and negative dP/d. Electrocardiogram (ECG) was monitored
from limb leads. Left ventricular pressure signals and ECG were
digitized online. The care and use of animals was in strict accordance
with the guiding principles of the American Physiological Society,
and the experimental protocol was approved by the National Cardio-
vascular Center Committees on Animal Experiments.

Experimental protocol. A 6-Fr. sheath was placed in the right
femoral artery, and an angioplasty balloon catheter was positioned in
the proximal segment of the left circumflex coronary artery by the
standard catheterization technique. DSE (dobutamine infusion at
10 pg-kg™'-min~! for 10 min) was used to assess myocardial
viability. At the control stage, echocardiographic and hemodynamic
measurements were done before and after DSE. A subendocardial
myocardial infarction was created by inflating the balloon for 90 min
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Fig. 1. Experimental protocol. DSE. dobutamine stress echocardiography;
SMI, subendocardial myocardial infarction; TMI, transmural myocardial in-
farction.

(SMI stage; see Refs. 8 and [0). and DSE was performed during
balloon inflation. After bailoon deflation. 200300 mg of latex mi-
crobeads (diameter 90 jum) were slowly injected in the same artery in
60 min to create a transmural myocardial infarction (TMI stage; see
Refs. 7. 12, 15). At the TMI stage. DSE was performed 60 min after
microbead embolization to complete myocardial infarction and to
avoid ventricular instability to dobutamine challenge, and measure-
ments were done before and after DSE (Fig. 1).

Ultrasound data acquisition. A commercially available ultrasound
scanner (PowerVision 8§000 3.5-MHz transducer; Toshiba, Tokyo.
Japan) was used to obtain the epicardial left ventricular short-axis
images at the level of basal and midventricle by tissue Doppler
imaging. Recordings were stored in the form of digital loops of iwo
cardiac cycles with 96-102 frames/s for subsequent analysis (33).

Tissue strain imaging. Strain is defined by the equation below and
expresses the deformation of an object,

Strain = (L — Ln,)/LU

where Lo is the length of an object before deformation and L is that
after or during deformation. In echocardiography, Lo is usually a
muscle length at end diastole. and myocardial strain is used to express
the deformation of local myocardial segments (4. 33).

In the present study, myocardial radial strain image was obtained
from off-line analysis by using a research software TDI-Q (Toshiba;
see Ref. 3). To obtain a strain image, TDI-Q software first calculates
the myocardial displacement of all pixels of tissue by integrating
myocardial velocity over a certain period. Because the frame rate was
96102 frames/s, the step size for integration was 9.8—10.4 ms. Next.

Fig. 2. Color-coded strain imaging, M-mode
strain imaging, and transmural myocardial
strain profile imaging in the control stage.
Left: myocardial strain imaging of the left
ventricular short axis at end systole. Red
color means myocardial thickening. A white
bar indicates an M-mode cursor. Middle:
color-coded M-mode myocardial strain imag-
ing obtained at the left ventricular posterior
wall. The subendocardium is brighter than the
subepicardium, indicating that the subendo-
cardium contracts more vigorously. Right:
transmural strain profile at end systole. The
strain was highest at the subendocardium and
lowest at the subepicardium, and the trans-
mural strain showed a linear profile. LV, left
ventricular wall,

Color-coded strain image

TRANSMURAL MYOCARDIAL VIABILITY DISTRIBUTION

strain is obtained by evaluating the change of distance between pairs
of two points defined on all pixels on the image by utilizing the
displacement values. The distance of all two-pixel pairs at the initial
time frame is equivalent to “Las” on the above equation and set at 3
mm in this study (17). The initial time frame is set at end diastole to
evaluate contraction; in other words “deformation” of the myocar-
dium occurring in systole.

To measure local strain accurately, it is indispensable to obtain
local velocity accurately. Therefore. the present myocardial strain
imaging system has adopted tissue Doppler tracking and angle-
correction techniques. Tissue Doppler tracking is an automatic motion
tracking technique based on tissue Doppler information (30). By
integrating a velocity of an indexed point on the ventricular wall
known from tissue Doppler imaging, we can obtain myocardial
displacement and predict the point where that point moves next. By
repeating this procedure, the system can automatically track the
motion of the point. With this technique, the influence of myocardial
translation can be neglected. The angle-correction technique enables
us to partly overcome the Doppler incident angle dependency that is
inherent in Doppler echocardiography, as previous reports described
(3, 26. 32). To correct the Doppler incident angle, a contraction center
is set at the center of the left ventricular cavity at end systole in the left
ventricular short-axis view. Next, the software automatically calcu-
lates the tissue velocity toward the contraction center (Viogon) by
dividing the velocity toward a transducer (Vieam) by the cosine of the
angle (8) between the Doppler beam and the direction to the contrac-
tion center as follows:

Vn\nlimx = V],‘;:,m/COS 0

With the use of these two techniques. the research software TDI-Q
automatically cancelled the effect of myocardial translation and angle
dependency, accurately providing myocardial velocity, displacement.
and strain (3). In the previously described experiments, the displace-
ment data obtained by this method correlated with true displacement
(r = 0.99. P < 0.0001; see Ref. 26).

Myocardial radial strain distribution over the myocardium is ob-
tained as M-mode color-coded images, and the profile of distribution
(TMSP) at end systole is shown as in Fig. 2. Bright color indicates
high strain, and dark color indicates low strain. We obtained TMSP at
basal and midinferolateral walls at end systole. We divided the
myocardium into subendocardial and subepicardial half-layers by the
midpoint of the myocardium at end systole. Mean strain values in the
subendocardial half-layer and in the subepicardial half-layer were
calculated by averaging strain values over each layer.

Myocardial strain

- Peak.systole )
S 21000710020 3040 50 60 (%)

wnpiBopIdns

Transmural myocardial
strain profile

M-mode strain image
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Fig. 3. A: determination of infarct extension index. Dotted line indicates the external limit of the infarcted zone. Examples of myocardial specimens taken after
the SMI stage (B) and the TMI stage (C) stained by Masson’s trichrome staining. In the SMI specimen, myocardial infarct was found ouly in the subendocardial
fayer, whereas acute ischemic changes such as wavy change or coagulation necrosis were recognized in both subendocardial and subepicardial layers'in the TMI

specimen. endo, Subendocardial layer; epi, subepicardial layer.

Histopathological studies. Establishment of subendocardial and
transmural infarction by these techniques has been confirmed in our
preliminary study and other previous studies (8, 10). We assessed the
degree of extension of myocardial infarct also in the present study. At
the end of the SMI stage in four dogs and the TMI stage in seven dogs,
the heart was excised and cut into five to seven equally distant
short-axis slices. Each slice was stained with hematoxylin-eosin and
Masson’s trichrome (Fig. 3). A pathologist who was blind to the
experimental data examined the hearts histologically and measured

the degree of infarct exténsion at the basal and midinferolateral
walls, as previously reported (2). On each enlarged photomicro-
graph of the hearts, three to five transmural radii in the infarcted
area were traced perpendicular to the endocardial and epicardial
borders. The distance from the endocardial border to the external
limit of the infarcted zone was measured and was expressed as a
percentage of the distance between the endocardial and epicardial
borders as an index of infarct extension, 100% being fully trans-
mural and 0% being no intarction.

Table 1. Hemodynamic parameters in control, SMI, and TMI stages

Baseline DSE
Conurol (7 = 13) SMi(n=11 ™I (n =7) Control SMI ™I
HR, beats/min 13317 128%27 129+27 149£22 134+27 150+19
LVP, mmHg 1232 10% 10824 9221 136117 1322287 112220
+dP/dt, mmHg/s 2,169*x484 1,577 £347* 1,207 £279* 4,021 x979t% 3,231 8447 2,478 1,138
—dP/dt, mmHg/s —2,531+408%7 —1,824 +606° — 1,164 *+465* —3,188+6501 ~2,724£892 —2,104 %526

Data are presented as means = SD; n, no. of dogs. DSE, dobutamine stress echocardiography; SMI, subendocardial myocardial infarction; TMI, transmural
myocardial infarction; HR, heart rate; LVP, peak systolic left ventricular pressure; +dP/dr, peak positive dP/dr; —dP/dt, peak negative dP/dr. P < 0.05 vs. DSE

values (¥), vs. SMI values (%), and vs. TMI values (7).
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Reproducibility. Myocardial strain was measured by two indepen-
dent observers and by one observer two times a week apart in 10
randomly selected segments to determine interobserver and intraob-
server variability. The variability was assessed as the absolute differ-
ence between two measurements expressed as a percentage of their
mean values. The interobserver variability was 6.5 = 5.5 and 9.5 =
7.5% tor the subendocardial and subepicardial strains, respectively.
The intraobserver variability was 7.2 = 4.9 and 9.3 %= 3.7% for the
subendocardial and subepicardial strains, respectively.

Statistical analysis. Hemodynamic data were obtained as an aver-
age of three to five consecutive beats. Statistical analyses were done
with commercially available sottware (StatView 5.0; SAS Institute).
Data are expressed as mean values = SD. Comparisons of parameters
among the stages were made by one-way ANOVA for repeated
measures. followed by Scheffé’s test. The Wilcoxon signed-ranks test
was used to compare parameters before and after DSE. P < 0.05 was
cousidered to indicate statistical significance.

RESULTS

Hemodynamic and histopathological data. Measurements
were done in 13 dogs in the control stage, in 11 dogs in the
SMI stage, and in 7 dogs in the TMI stage. Because of a large

infarct created by the procedure, two dogs did not survive in
the SMI stage and four dogs in the TMI stage. The absolute
value of peak systolic left ventricular pressure and peak posi-
tive and negative dP/dr decreased gradually with the advance-
ment of the stage. However, heart rate showed no significant
changes. Both positive and negative dP/dr significantly in-
creased in response to dobutamine administration (Table 1 and
Fig. 4).

The degree of infarct extension was assessed at 14 sites from
4 dogs after the SMI stage and at 20 sites from 7 dogs after the
TMI stage. The infarct extension index was 24.9 = 7.8% for
the SMI stage and 76.1 = 9.9% for the TMI stage. Typical
examples of the histopathological findings for both subendo-
cardial and transmural infarcts are shown in Fig. 3.

Strain value in each stage. Myocardial strain was obtained at
25 segments in the control stage, at 20 segments in the SMI
stage, and 11 segments in the TMI stage. Figure 5 shows
representative TMSPs in each stage. In the control stage,
myocardial strain was highest in the subendocardium and
declined linearly toward the subepicardium. After DSE, TMSP

. control %o SMI1 (%) T™I
’ 60
60
39
~ 50 baseli
= . aseline
o “ 49
Z 40 . wenenss DSE
\
- K b
g 30 X 3t
= S
] [ 25
2 20 K b ..
":7 s ." "'. .-"‘ -.'-
= 10 3 10 . R T .,
X 3 e ceen,, ,__, 3
[N 0N o Y R e T A ‘\u_r" 3 05
(mm) 10 il (mm) 10 {mm}

subendocardial side subepicardial side subendocardial side

subepicardial side subendocardial side subepicardial side

Fig. 5. Transmural myocardial strain profile before (solid lines) and after (dashed lines) dobutamine administration in each stage. Left: control stage. The profile
was highest at the subendocardium and lowest at the subepicardium. With dobutamine administration, overall transmural myocardial strain increased. Middle:
SMI stage. Myocardial strain at the subendocardium significantly decreased. With dobutamine administration, myocardial strain at the subepicardium showed
a significant increase. Righr: TMI stage. Overall transmural myocardial strain decreased at the baseline. Even after dobutamine administration, myocardial strain

showed no significant increase.
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Table 2. Subendocardial and subepicardial strain in control, SMI, and TMI stages

Baseline DSE
Control (n = 25) SMI (2 = 20) T™MI(n = 11} Control SMi ™I
Endo strain 53.617. 1% 0.8+8.8 —-39%5.6 73.3*21.87% 1.327.0 —-1.9+6.0
Epi strain 23.9%6. 1%t 12.4>7.3%y —-1.0x78 263+6.47 27.1£8.87 —0.7+8.3

Data are presented as means * SD: . no. of dogs. Endo strain, subendocardial strain: Epi strain, subepicardial strain. P < 0.05 vs. DSE values (¥), vs. SMI

values (i), and vs. TMI values ().

was uniformly uplifted, indicating the enhancement of contrac-
tility. In the SMI stage, subendocardial strain was almost zero
before and after dobutamine challenge. In contrast, subepicar-
dial strain increased after dobutamine, suggesting the presence
of myocardial viability in the subepicardium. In the TMI stage,
TMSP was almost flat before and after DSE, showing loss of
myocardial viability through whole layers (Table 2).

Figure 6 shows changes in the subendocardial and subepi-
cardial mean strain. Strain in the subendocardial half-layer was
lower in the SMI and TMI stages than in the control stage
(53.6 = 17.1 vs5. 0.8 + 8.8 and —3.9 * 5.6%, both P < 0.001).
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Fig. 6. Strain value in each layer. Top: subendocardial strain before (@) and
after (O) dobutamine administration. Strain value in the subendocardial half-
layer in the control stage increased with dobutamine, whereas that in the SMI
and TMI stages showed no significant increase. Bottom: subepicardial strain
before (@) and atter (O) dobutamine administration. Strain value in the
subepicardial half-layer in-the SMI stage showed a significant increase. It
showed no significant increase in the TMI stage.
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There were no significant differences in the subendocardial

strain between the SMI and TMI stages [P = not significant
(NS)]. Strain in the subepicardial half-layer was lower in the
TMI stage (—1.0 = 7.8%) than that in the SMI stage (12.4 =
7.3%, P < 0.001) and that in the control stage (23.9 * 6.1%,
P < 0.00D).

Subendocardial strain in the control stage mcxeased with
DSE (53.6 = 17.1 vs. 73.3 £ 21.8%, P < 0.001), whereas that
in the SMI (0.8 = 8.8 vs. 1.3 + 7 0%, P = NS) and in the TM1I
stage (—3.9 = 5.6 vs. —1.9 = 6.0%, P = NS) showed no
significant increase. Subepicardial strain in the control stage
(23.9 £ 6.1 vs.26.3 = 6.4%, P < 0.05) and in the SMI stage
(12.4 = 7.3 vs.27.1 = 8.8%, P < 0.005) increased with DSE.
It did not increase after DSE in the TMI stage (—1.0 = 7.8 vs.
—0.7 = 83%, P = NS). Subepicardial strain after DSE
showed no significant differences between the control and SM1I
stages (P = NS). These results showed that myocardial via-
bility in the subepicardium was preserved in the SMI stage,
whereas that in the TMI stage was lost.

DISCUSSION

In the present study, we analyzed the transmural distribution
of viable muscle in myocardial infarction using echocardiog-
raphy. Contraction in the subendocardium was lost and did not
increase with dobutamine in either subendocardial infarction or
transmural infarction models. On the other hand, subepicardial
contraction was increased in subendocardial infarction but not
in transmural infarction. These results showed that. with
TMSP, we could quantify the transmural distribution of myo-
cardial strain and identify the transmural differences in a local
inotropic reserve in the viable and infarcted myocardium. The
TMSP with DSE was useful to estimate the heterogeneity of
transmural myocardial viability in SMI and TMI.

Transmural heterogeneity of myocardial viability. The left
ventricular myocardium demonstrates transmural heterogene-
ity of strain distribution. It has been reported that, under normal
circumstances, the subendocardial myocardium receives more
blood flow and consumes more oxygen than the subepicardial
one (20, 28, 35). Moreover, there is a transmural gradient of
contractile function in the left ventricular wall, with greatest
amount of thickening occurring in the subendocardial myocar-
dium (6, 25). Clinically, these results were noninvasively
confirmed in healthy subjects with tissue Doppler tracking
technique (31). In the present study, strain value in the suben-
docardial layer was greater than that in the subepicardial layer
in the control stage, being consistent with those of previous
experimental and clinical studies. The linear decline pattern in
TMSP was not observed in myocardial infarction. TMSP
would potentially be useful for more detailed and innovative
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evaluations of transmural myocardial function experimentally
and clinically.

Effect of ischemia and dobutamine on transmural heteroge-
neity. After coronary artery occlusion, myocardial necrosis
begins first in the endocardium and then progresses toward the
epicardium with an increase in the occlusion time (8, 13). In
our present study, we confirmed histologically that the SMI
stage induced subendocardial infarction and the TMI stage
induced transmural myocardial infarction. We observed con-
tinuous progression of myocardial dysfunction from the sub-
endocardium to the subepicardium in myocardial infarction
using echocardiography.

In acute animal models of reversible postischemic dysfunc-
tion and myocardial infarction, improved wall thickening dur-
ing inotropic stimulation accurately differentiated reversible
from fixed dysfunction and provided a better early assessment
of viability than assessment of resting function alone (18). In
clinical studies, contractile reserve by low-dose dobutamine
was an independent predictor of functional recovery for myo-
cardial infarction, which was superior to the other clinical
criteria (23). In this experimental subendocardial infarction
model, subendocardial strain showed no significant increase in
response to inotropic stimulation, whereas subepicardial strain
increased, indicating that the subepicardial myocardium was
still viable. In the transmurally infarcted myocardium, myo-
cardial strain of both subendocardium and subepicardium did
not show significant increase. Therefore, the present method
using TMSP and DSE is useful to visualize and quantify the
contractile reserve and viability of both the subendocardium
and the subepicardium.

Clinical implications. Because the prognosis of patients with
subendocardial infarction is better than that with transmural
infarction, assessment of the transmurality of myocardial ne-
crosis and ischemia is an important clinical issue for patients
with acute myocardial infarction or with chronic myocardial
ischemia (22, 27). However, it has been difficult to make a
diagnosis of subendocardial infarction by two-dimensional
echocardiography. Some previous studies have shown that
strain rate or strain echocardiography was useful to differenti-
ate subendocardial infarction from transmural infarction (2,
34). We also obtained similar results using a new method of
visualizing transmural myocardial strain distribution. Because
the transmurality of necrosis is an important determinant of
ultimate infarct size, its knowledge would be helpful in making
therapeutic decisions for myocardial infarction (16, 34). Thus
it is clinically helpful that we can quantify the transmural
myocardial viability and necrosis extent. Furthermore, we
could estimate the myocardial viability of each layer with DSE,
enabling us to diagnose the stunned myocardium and predict
myocardial functional recovery after myocardial infarction.

The present imaging system can be applied for the clinical
evaluation of the various heart diseases characterized by sub-
endocardial myocardial dysfunction such as anthracycline car-
diotoxicity, syndrome X, hypertrophic cardiomyopathy, and
dilated cardiomyopathy (14, 19, 21).

Study limitations. There was a possibility that some dogs in
the subendocardial infarction models might develop transmural
infarction. However, the 90-min ischemic period chosen for the
subendocardial infarction models was similar to the previous
studies, and it did result in subendocardial infarction (8, 10). In
the present study, we showed histological evidence of suben-

TRANSMURAL MYOCARDIAL VIABILITY DISTRIBUTION

docardial infarction after the SMI stage in parts of dogs.
Furthermore, the difference in strain between the subendocar-
dial and transmural infarction models was very prominent and
consistent in each dog in the present study. These suggested
that dogs after the SMI stage developed myocardial infarct
almost only in the subendocardial layer.

We did not validate myocardial strain values using other
methods, such as sonomicrometry. However, sonomicrometry
is not always suitable to assess transmural distribution of
myocardial strain, as shown in Fig. 5. We believe our mea-
surement should be accurate because the displacement data
obtained by our method were shown to be accurate (3, 21).

In conclusion, the quantitative analysis of transmural myo-
cardial strain distribution could assess transmural differences
in local inotropic reserve within the viable and infracted
myocardium. In subendocardial infarction, the subepicardial
myocardial strain showed an increase in coutraction with
dobutamine. However, in transmural infarction, this increase
was lost. Assessment of transmural strain profile using tissue
strain imaging was useful to quantify transmural distribution of
the viable myocardium in SMI and TMI.
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Abstract

Reversible methods of nerve blockade greatly aid neurophysiological and behavioral studies. We have developed an implantable device for the
local delivery of anesthetics to the area surrounding the vagal nerve in rats. The device consists of a thick silicone tube for insulating the nerves
from the surrounding tissue, and a thin silicone tube for the infusion of anesthetics into the insulating tube. The in vivo performance of the device
was tested electrophysiologically, and cardiovascular responses to vagal stimulation were measured in conscious animals. Nerve conductivity was
completely blocked by injection of a small amount (<20 1) of 1% lidocaine, with conductivity subsequently recovering gradually after.10—40 min.
Electrical stimulation of the right vagus nerve in conscious rats increased arterial pressure while decreasing heart rate. The local blockade of
afferent fibers abolished the arterial pressure response but preserved the bradycardic response to vagal nerve stimulation. The targeted delivery

device was useful for reversible vagal blockade in conscious rats.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Peripheral nerves are the first step in the pathway that con-
ducts signals from various peripheral sensors to the central
nervous system (CNS) and are also the output pathway for
signals from the CNS to various organs, with most peripheral
nerves containing both afferent and efferent fibers. In the inves-
tigation of the integrative functions of the autonomic nervous
system, several techniques have been developed for performing
nerve blockade for recording or selectively stimulating either
afferent or efferent fibers. One such technique is surgical den-
ervation, which effectively eliminates nerve conduction, but is
irreversible and may not be applicable to the vagus nerve in the
chronic experimental settings, as animals cannot survive for long
after bilateral vagotomy. Nerve cooling provides a reversible
nerve blockade in conscious large animals (Derksen et al., 1981;
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Borgdorff and Versteeg, 1984; Cudd, 1998) and in anesthetized
small animals (Vizek et al., 1983; Schultz et al., 1988; Lee et al.,
1990), but is difficult in conscious small animals such as rats, due
to technical problems associated with the size of the nerve cool-
ing device. Alternatively, local anesthetics such as lidocaine are
widely used for nerve blockade in clinical practice and animal
studies (Thalhammer et al., 1995; Gokin et al., 2001 ; Potocnik et
al., 2001). The major advantages of anesthetics for nerve block-
ade are the complete reversibility of the nerve blockade and the
ease of administration. However, it can be difficult to adminis-
ter local anesthetics in small conscious animals, largely because
the vagus nerve runs close to the common carotid artery and
the aortic depressor nerve, and therefore the injection procedure
may result in artery or nerve damage. A technique of deliver-
ing neurotrophins or anesthetics to the sciatic nerve has been
demonstrated in the conscious rat model (Kanje et al., 1988;
Costanzo et al., 1999). However, it is not yet known whether
such a targeted delivery method can be used to block the vagus
nerve in conscious rats. In this study, we designed a targeted
delivery device for the rat vagus nerve, which allowed local
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Fig. 1. Schematic illustration of the design of the targeted delivery device for
the rat vagus nerve.

infusion of anesthetics into the area surrounding the nerve. The
aim of this study was to evaluate this targeted delivery device
for vagal blockade in conscious rats.

2. Materials and methods
2.1. A targeted delivery device

We designed an implantable device for delivering anesthetics
to the area surrounding the rat cervical vagus nerve. As shown
in Figs. 1 and 2E, this device was composed of a thick sili-
cone tube (i.d.=1.0mm; o.d. =1.5mm; L=3-4mm) acting as
a nerve guiding tube, and a thin silicone tube (i.d.=0.3 mm;
0.d.=0.5mm) for the injection of anesthetic agents. We made
a longitudinal slit in the thick tube and pierced two holes in the
wall of this tube for the thin tube to pass in and out of. Sev-
eral micro-punctures were made by a microneedle (with a tip of
0.01 mum) in the inner part of the thin tube to allow the anesthetics
to leak out into the guide tube.

‘We injected anesthetics slowly from one end of the thin tube
until the liquid anesthetics replaced the air in the tube, and
then we occluded the other end while increasing the pressure

in the thin tube to force the liquid to leak out through the
micro-punctures into the area surrounding the nerve. In the
present study, we used 1% lidocaine solution for local blockade
of vagal conduction. After completion of the experimental
protocol, we flushed the tubes with distilled water to prevent
the micro-punctures from becoming occluded by residual
anesthetics.

2.2. Surgical preparation

Experiments were performed on six Sprague—Dawley rats
weighing between 320 and 450 g. Animals were cared for in
strict accordance with the Guiding Principles for the Care and
Use of Animals in the Field of Physiological Science approved
by the Physiological Society of Japan. Under 1.5%-halothane
anesthesia, the lead wires of the cuff electrodes and the infu-
sion tubes were tunneled subcutaneously from the back where
they were fixed to a custom-designed multi-channel skin con-
nector (Fig. 2B and G). The right vagus nerve was carefully
dissected away from the common carotid artery and placed into
the guide tube. The slit in the guide tube was then sutured by
a polypropylene suture (8-0, ETHICON, INC.). Two custom-
designed cuff electrodes, each having a pair of stainless steel
wire electrodes (Fig. 2F), were implanted into the nerve trunk
in the proximal and distal sides of the guide tube at a distance
of 1.1-1.4 mm. Next, a blood pressure telemeter (TA11PA-C40,
DSI) was implanted into the abdomen with a pressure sensor
inserted into the abdominal aorta for monitoring mean arterial
pressure (MAP) and heart rate (HR). After recovery from the
surgical procedure, the animals were maintained on standard
rat chow ad libitum, and were restrained in a rodent cage for
physiological measurements as described below. '

2.3. Experimental protocols

The experimental protocols were conducted at least 1 week
after the implantation surgery. The in vivo effectiveness of the
targeted delivery for nerve blockade was evaluated electrophys-
iologically and by measurement of HR and MAP responses to

Fig. 2. Photographic images of the multi-channel skin connector with electrodes and nerve blocker. (A) Plug. (B) skin connector with 12-pin receptacle, (C) cap,
(D) ECG leads, (E) nerve blocker, (F) nerve electrodes, the leads were extended with flexible coil (made of stainless wire of 0.03 mm in diameter, epoxy coated) and
tips were fixed in the slit silicone tube (i.d.=0.5; 0.d. = 1 mm), and (G) implanted skin connector with local infusion setting.
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Fig. 3. Example of in vivo electrophysiology of the rat vagus. (A) A diagram of the experimental arrangement. (8) Compound action potential (CAP) of the right
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conscious rats. Each trace was obtained as a result of waveform averaging of 10 single successive sweeps.

electrical stimulation of the vagus nerve in conscious animals.
While the rat was loosely restrained in a rodent cage, lead wires
for nerve stimulation and recording were attached to the skin
connector (Fig. 2A and B). Arterial pressure was measured by
telemetry. After carefully arranging the two electrodes and the
delivery device, nerve stimulation with either distal or proximal
nerve blockade was performed.

Nerve impulses were evoked by electrical stimulation of the
vagus from the cuff electrode distal to the targeted delivery
device (Fig. 3A). Rectangular pulses were delivered using a
stimulator (SEN-7103, Nihon Kohden) and an isolator (SS-2027,
Nihon Kohden). For in vivo electrophysiology, the stimula-
tion frequency was [ Hz and the pulse duration was 0.3 ms.
The magnitude of stimulation was set at a supramaximal level
(1.2-2.0V). For functional experiments examining the AP and
HR responses, the stimulation frequency, puise duration, and
magnitude were setat 10-30 Hz, 0.2—-1 ms, and 2 V, respectively.
The compound action potential (CAP) was amplified using an
AC amplifier (200,000x, Model AB-610J, Nihon Kohden) with
low (150Hz) and high (1kHz) frequency cutoffs. Nerve sig-
nals and arterial pressure data were sampled using a 12-bit A/D
converter. Nerve signals were digitized at 5kHz per electrode
channel. The data were saved onto the hard disk of a dedicated
laboratory computer system for later analysis.

2.4. Statistics

Data were reported as mean = S.D. values. Changes in HR
and MAP were compared before and during the stimulation by
paired #-tests with the significance level set at p <0.05.

3. Results

Fig. 3B shows the CAP of the vagus nerve evoked by elec-
trical stimulation from the cuff electrode. The CAP consisted of
one main component propagating at 0.9-2.1 m/s, as well as fast

(>3 m/s) and slow (<0.9 m/s) components. All components of the
CAP disappeared after an injection of a small amount (<20 )
of 1% lidocaine (Fig. 3C). The fast component had almost recov-
ered 15 min after the injection, followed by recovery of the main
component in 40 min. The slow component required longer to
recover.

The rats stayed quiet during the injection of anesthetics,
with no changes in baseline HR and MAP. The HR and AP
responses to electric stimulation differed after blockade of the
afferent nerves, compared with before blockade. Prior to nerve
blockade, electric stimulation of the right vagus nerve decreased
HR abruptly, whereas it was associated with an increase in
MAP, as shown in Fig. 4; HR decreased from 43448 to
246 £ 35bpm (p <0.01), whereas MAP increased from 99 - 11
to 127 £ 14 mmHg (p <0.01). However, after the blockade of
afferent fibers, electrical stimulation of the nerve decreased
HR without significant changes in MAP (HR 414+ 4bpm
versus 266+ 17bpm, p<0.01; MAP 106 & 12 mmHg versus
103 & 14 mmHg). The effects of vagal afferent blockade were
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Fig. 4. Representative responses of arterial pressure (AP) and heart rate (HR) to
electric stimulation (2V, 1 ms, 20 Hz, 10s) of the right vagus nerve before and
after blockade of afferent fibers by local infusion of 1% lidocaine in conscious
rats.
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Fig. 5. Examples of the time course of the arterial pressure (AP) response to
electric stimulation of cervical vagus nerve after afferent blockade by bolus
infusion of 1% lidocaine in conscious rats. Each point represents the percentage
of AP responses compared to the baseline response (before afferent blockade).
Electric stimulations (2V, 1 ms, 20Hz, 10s) were performed intermittently at
interval greater than 1min. The tests were done 1 week (A) and 2 weeks (B)
after the implantation surgery.

reversible and the HR and MAP responses were restored in
15-60 min after the injection of 1% lidocaine. The duration of
the nerve block was shorter in the second week than the first
week (Fig. 5). The durability of the targeted delivery device
was chiefly determined by how intact the infusion tube was.
The effectiveness of the local blockade was confirmed 2 months
after the implantation surgery.

4. Discussion

A variety of disease models, ranging from hypertension to
heart failure, make the rat very important-as an experimental
animal for cardiovascular research. Reversible blockade of the
autonomic nerves in small animals like the rat would be use-
ful for physiological and behavioral study (Thalhammer et al.,
1995), and would contribute to our understanding of the regu-
lation of the cardiovascular system by the autonomic nervous
system. We designed a targeted delivery device for the rat cer-
vical vagus nerve. Using the targeted delivery device, in vivo
electrophysiology and the functional evaluation of reversible
nerve blockade were conducted in chronically instrumented,
conscious rats. To our knowledge, this is the first study applying
the targeted delivery device to blockade of the vagus nerve in
conscious rats.

As shown in Fig. 3C, local injection of a small amount
(<20 ul) of anesthetic (1% lidocaine) caused reversible, com-
plete conduction block of the vagus nerve. The rats stayed calm
in the rodent cage without any indication of significant stress

during or after the injection of anesthetics. Temporary adminis-
tration of anesthetics via the targeted delivery device lessens the
stress compared to other techniques of nerve blockade requir-
ing surgical procedures, and is therefore suitable for evaluating
the role of the autonomic nervous system in circulatory regula-
tion without significant sympathetic excitation associated with
the stress. The infusion period and the type of anesthetics may
control the duration of nerve blockade. For instance, lidocaine
causes arelatively short-lived nerve blockade whereas marcaine
causes a longer blockade. Selective anesthetics may also be used
for vagal afferent blockade (Bowser-Riley et al., 1990). Fig. 5
shows that the duration of the nerve block lessoned over time
after the implantation surgery even with the same dose of anes-
thetic. The space surrounding the nerve within the guide tube
may be replaced by regenerated tissue over time after the surgical
procedure, possibly reducing the effective volume of distribution
for the anesthetic. Although vagal blockade has been reported to
increase HR in large animals like ponies (Derksen et al., 1981),
the vagal blockade did not increase baseline HR significantly in
rats in the present study. The differences in the effects of vagal
blockade on HR may be a result of species difference in basal
vagal nerve activity.

The autonomic nerves usually contain both afferent and effer-
ent fibers. Hence the selective stimulation or recording of either
the afferent or efferent nerve is essential to assess the role of the
autonomic nerves in circulatory regulation. Vagal afferent fibers
conduct the signals from most of the organs in the thoracic and
abdominal cavity to the medulla, stimulating various viscero-
genic reflexes. Continuous electrical stimulation of the afferent
fibers may exert intensity-dependent inhibition of breathing,
anxiety, or even painful behavioral reactions, often accompa-
nying the increase in arterial pressure. As shown in Fig. 4, prior
to nerve blockade, right vagal stimulation decreased HR and
increased MAP, and the increase in MAP was not observed after
blocking the portion proximal to the stimulation electrodes, sug-
gesting that the increase in MAP before the proximal blockade
could be attributed to vagal afferent activation. Combining vagal
afferent blockade with vagal stimulation, we were able to selec-
tively evaluate the role of the vagal efferent function in conscious
rats (Li et al., 2003).

In conclusion, we have demonstrated a reversible blockade
of the vagus nerve in conscious rats. A complete conduction
block was achieved by local administration of a minimal dose
of anesthetics. The reversible nerve blockade can be combined
with nerve stimulation or nerve recording techniques to stimu-
late or record the efferent or afferent autonomic nerve dctivity
in conscious animals. This technique, involving the use of a
targeted delivery device, has the potential to aid in furthering
our understanding of the role of the autonomic nervous system
in cardiovascular regulation, and to promote physiological and
behavioral studies.
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