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be difficult to obtain by routine clinical echocardiography,
because RVEF cannot be measured precisely [15]. Fur-
thermore, assessment of LVEF by routine echocardiogra-
phy is sometimes difficult especially in obese patients, and
patients with pulmonary disease, because precise definition
of the endocardial borders is required. Recordings of the
tricuspid and mitral annular motion have the practical
advantages that they are relatively independent of image
quality [18] and are easily done with low (<10 %) inter and
intra-operator variability [19].

St/Sy ratio can be a noninvasive index of the relation
between RV and LV filling pressure. Eq. 1 is rewritten as
follows:

CVP/PCWP = 1/(x - St/Sm) (11)

The relation between St/Sy ratio and CVP/PCWP ratio
in the 243 datasets (Table 1) indeed tightly approximated a
reciprocal function (CVP/PCWP = 0.7/(S1/Swm), R*=07,
data not shown), indicating that St/Sy ratio and CVP/
PCWP ratio are closely related in accordance with our
theoretical analysis (see “Materials and methods”). More
importantly, St/Sy ratio may be used as a noninvasive
prognosticator of HF patients. Drazner et al. [35] reported
that the ratio of right atrial pressure to PCWP is associated
with a risk of adverse outcomes in patients with advanced
HF.

Clinical implications

The use of CVP-S1/Sy may obviate the need for the pul-
monary artery catheterization, which has approximately
twice as many catheter-related complications (predomi-
nantly arrhythmia) as the central venous catheterization
[2]. CVP alone may be useful for serial assessment of
changes in PCWP. However, the accuracy of CVP for a
single time-point prediction of PCWP is moderate and
inferior to that of CVP-S1/Sy (Fig. 3e, f). A study in heart
transplant candidates showed an increase in proportion of
patients with elevated filling pressures demonstrating dis-
cordance between RV and LV filling pressures [11], which
suggests a potential increase in the necessity of using
CVP-S1/Sy rather than CVP for reliable prediction of
PCWP in the management of patients with advanced HF.

The data of PVP-S1/Sv may be acquired even in the
outpatient clinic, since PVP can be easily and safely
measured by manometry via peripheral venipuncture [22].
In today’s clinical practice, PVP is seldom measured.
However, the manometric PVP measurements were com-
monly done until the 1970s in patients suspected of having
HF [22]. Although the data of E/E, are noninvasively
obtained, the diagnostic accuracy of E/E, for the prediction
of abnormal elevation of PCWP is moderate and, overall,
inferior to that of PVP-St/Sy; (Fig. 4e, f). Furthermore,

correlation analysis between AE/E, and APCWP (Fig. 4d),
and ROC analysis for AE/E, to predict APCWP (Fig. 4g, h)
indicates that E/E, has poor diagnostic accuracy in tracking
changes in PCWP, which was also reported in previous
clinical [6, 7] and experimental [27, 36] studies. In the 195
datasets obtained from the 13 animals (Table 2), the
coefficient of determination (Rz) between PCWP and
PVP-S1/Sy (R* = 0.59, Fig. 4a) was significantly higher
than that between PCWP and CVP (R* = 0.21) (P < 0.01),
but was significantly lower than that between PCWP and
CVP-S1/Sy (R* = 0.78) (P <0.01) (data not shown).
Taken all these together, PVP-S1/Sy may not be a perfect,
but reasonably reliable alternative to CVP-St/Sy.

In clinical practice, physicians estimate CVP noninva-
sively by visual inspection of jugular pulsation [8], or by
echocardiographic examination of cardiovascular dimen-
sions [37, 38]. Clinical evaluation is needed to determine
whether echocardiographic measurements of St/Sy in
conjunction with the noninvasive estimation of CVP can be
used to predict PCWP.

Potential sources of error of our technique

The diagnostic accuracy of our technique in the prediction
of PCWP may be jeopardized when the assumptions in our
theory (see “Materials and methods”) are not met. We
assume equality of the stroke volumes of RV and LV. In
mitral or tricuspid regurgitation, however, the stroke vol-
umes of RV and LV are not equal owing to the presence of
various degrees of regurgitant fraction. Some of the HF
animals in this study showed mild to moderate degree of
tricuspid and/or mitral regurgitation. We also assume a
linear relationship between ventricular filling pressure and
end-diastolic ventricular volume (Egs. 5 and 6 in “Mate-
rials and methods™). This is not necessary valid especially
in LV. The relationship between PCWP and LV end-dia-
stolic ventricular volume can be regarded as linear at low
pressures, but approximates curvilinear at high pressures
[25, 39].

Restrictive LV filling patterns, a finding known to
indicate clinical severity of HF, were also observed in
some ALHF and CHF dogs in this study (Fig. 2a, c) [40].
The restrictive LV filling patterns are associated with dia-
stolic ventricular interaction [41]. The direct inter-ven-
tricular interaction is not considered in our theoretical
analysis, which might affect the reliability of our
technique.

The relation between PCWP and CVP-S1/Sy, or
between PCWP and PVP-S1/Sy may vary between sub-
jects. Indeed, linear regression analysis between PCWP and
CVP-S1/Sy within individual animals indicated that the
slope of the regression line varied from 0.6 to 1.7 among
the 16 animals (data not shown). Furthermore, the relations
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may be modified by the cardiac conditions. PCWP in CHF
was higher than that in ALHF, while CVP-St/Sy (or
PVP-S1/Sv) in ALHF was higher than that in CHF
(Tables 1, 2).

St and Sy were recorded only at a single site on the
tricuspid annulus and on the mitral annulus, respectively.
St and Sy thus obtained might not completely reflect
global RV and LV function, respectively, because ARHF
and ALHF model created in this study possibly had
regional myocardial dysfunction [14, 19, 21, 28].

All these might more or less introduce errors in the
prediction of PCWP by our technique. However, it is fair to
say that even with these potential sources of errors, our
technique have enabled us to predict PCWP with accept-
able degree of diagnostic accuracy.

Study limitations

The mongrel dogs used in this study were much smaller
than human adults, and were anesthetized during data
recordings. For validation purpose, we pooled the data of
NC animals with the data of animals with very different HF
conditions to obtain wide distribution of PCWP, and
changed the relation between CVP and PCWP over a wide
range. However, this pooled population might be irrelevant
in routine clinical practice of HF management.

Clinical relevance of the canine HF models used in this
study is limited. The difference between coronary micro-
embolization in healthy dogs to create ALHF and the
epicardial coronary occlusion in patients is evident.
Tachycardia-induced CHF in dogs and human end-stage
HF are different with respect to the time scales of devel-
opment and persistence of failure. The values of E/E, noted
in HF dogs (Table 2) are smaller than those observed in HF
patients [3-7, 42], although they are similar to those
reported previously in HF dogs [36]. The E, values in HF
dogs (Table 2) [36] are larger than those in HF patients [3,
42], suggesting that the canine HF models might not have
severe diastolic dysfunction observed in HF patients. In
relation to this, lack of a diastolic HF model, characterized
by HF with preserved EF, may be another limitation of this
study. Diastolic HF accounts for approximately 50 % of
HF cases [43].

Echocardiography assessment may be affected by inter-
and intra-operator variability [44]. In this study, placement
of the ultrasound probe on the dog’s chest wall and
acquisition of Doppler data were conducted by one inves-
tigator (KU). Hence, it was impossible to analyze inter- and
intra-operator variability of CVP-S1/Sy; or PVP-S1/Sy.

Further studies are required to address these issues, and
to extensively evaluate whether or not our technique can
reliably predict PCWP in conscious/anesthetized patients
with various types of HF.

_@_ Springer

Conclusions

CVP corrected by the relationship between RV and LV
functions (CVP-St/Sy) reliably predicts abnormal eleva-
tion and serial changes of PCWP in canine models of
various types of HF. PVP-S1/Sy may be used as a mini-
mally invasive alternative to CVP-St/Sy. The present
results warrant further research and development of this
technique for future clinical application.
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Kawada T, Li M, Zheng C, Shimizu S, Uemura K, Turner MJ,
Yamamoto H, Sugimachi M. Chronic vagal nerve stimulation im-
proves baroreflex neural arc function in heart failure rats. J Appl
Physiol 116: 1308-1314, 2014. First published March 27, 2014;
doi: 10.1152/japplphysiol.00140.2014.—We tested whether 6-wk va-
gal stimulation (VS) treatment improved open-loop baroreflex func-
tion in rats after myocardial infarction (MI). The following three
groups of Sprague-Dawley rats were examined: normal control (NC,
n = 9), MI with no treatment (MI-NT, n = 8), and Ml treated with VS
(MI-VS, n = 7). Under anesthesia, a stepwise input ranging from 60
to 180 mmHg was imposed on isolated carotid sinus baroreceptor
regions, while the responses in splanchnic sympathetic nerve activity
(SNA) and arterial pressure (AP) were measured. The response range
of percent SNA was greater in the MI-VS than in the MI-NT group
(63.8 = 4.9% vs. 33.1 = 3.8%, P < 0.01). The slope of the AP
response to percent SNA was not different between the MI-VS and
MI-NT groups (0.611 * 0.076 vs. 0.781 £ 0.057 mmHg/%). The
difference in the response range of AP between the MI-VS and
MI-NT groups did not reach statistical significance (40.7 ®£ 6.2 vs.
26.4 = 3.5 mmHg). In conclusion, the 6-wk VS treatment signifi-
cantly improved the baroreflex control of SNA, but the effect was
limited for the baroreflex total-loop function due to the lack of
significant improvement in the AP response to percent SNA.

carotid sinus baroreflex; open-loop analysis; sympathetic nerve activ-
ity; myocardial infarction

PROGRESSION of heart failure is associated with autonomic imbal-
ance characterized by sympathetic overactivity and vagal with-
drawal (5, 11). Although mechanisms involved in the autonomic
imbalance are not completely elucidated, impaired arterial and
cardiac baroreflexes are important contributing factors (1, 3, 26).
To correct the autonomic imbalance, vagal stimulation (VS) has
been proposed as a therapeutic approach for heart failure (12, 14,
20, 23-25, 29). In a rat model of chronic heart failure following
myocardial infarction (MI), 6-wk VS has been shown to improve
the survival rate (14). However, whether the VS treatment im-
proves the impaired arterial baroreflex function in Ml-induced
heart failure remains undetermined. A close association between
the dysfunction of the autonomic nervous system and the derange-
ment of the immune system is postulated in the pathophysiology
of heart failure (5). Systemic inflammatory responses are observed
in heart failure, and pharmacological vagal activation (13) or
electrical VS (29) can reduce the inflammatory responses. The VS
treatment may ameliorate inflammation in the heart and reduce
pathological afferent signals from the damaged heart to the central
nervous system. Because cardiac sympathetic afferent activation
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inhibits the baroreflex control of sympathetic nerve activity (SNA)
in heart failure (3), it is postulated that the VS treatment may
improve baroreflex function. To gain an insight into the treatment
mechanism of VS, the present study examined the effects of 6-wk
VS on the arterial baroreflex function in MI rats.

The arterial baroreflex system may be analyzed by dividing it
into two principal subsystems: a neural arc subsystem from
pressure input to efferent SNA, and a peripheral arc subsystem
from SNA to arterial pressure (AP) (16, 18). Under normal
physiological conditions, an increase in AP suppresses SNA via
the arterial baroreflex, which resultantly decreases AP, and vice
versa. This closed-loop feedback operation makes it difficult to
separately quantify the characteristics of the neural and peripheral
arc subsystems. To circumvent the problem, the present study
employed an isolated carotid sinus preparation by which the
open-loop baroreflex function can be assessed over the entire
operating range of the carotid sinus baroreflex (7-9, 27).

MATERIALS AND METHODS

Animal care was provided in strict accordance with the Guiding
Principles for the Care and Use of Animals in the Field of Physio-
logical Sciences, approved by the Physiological Society of Japan. All
protocols were reviewed and approved by the Animal Subject Com-
mittee of National Cerebral and Cardiovascular Center. The following
groups of Sprague-Dawley rats were examined: normal control (NC),
MI with no treatment (MI-NT), and MI with VS treatment (MI-VS).

Creation of myocardial infarction and device implantation. For the
MI-NT and MI-VS groups, the left coronary artery was ligated under
halothane anesthesia in 8-wk male rats (14). One week later, the rats in
the MI-VS group underwent a second surgery for implanting a radiocon-
trolled pulse generator (ISE1010C, Unimec) to stimulate the right vagus
and an electrocardiogram transmitter (TA10CA-F10, Data Science Inter-
national) to monitor heart rate (HR). The total weight of the implanted
devices was 17 g. This value was subtracted in the measurement of body
weight in the MI-VS group. The VS treatment was started from 1 wk
after the device implantation (i.e., 2 wk after the MI induction). The right
vagus was stimulated using a rectangular pulse of 0.2-ms duration at 20
Hz for 10 s every minute according to our previous study (14). The
intensity of VS was adjusted in each rat to reduce HR by 20-30
beats/min. The VS treatment was continued for 6 wk until the day of the
acute experiment described below. The VS was ceased when the rat was
removed out of the cage for the acute baroreflex study. Because the
intraperitoneal anesthesia took ~30 min to develop its sufficient effect
and the preparation for venous and arterial lines took 1020 min, an acute
effect of VS might have been lost before the measurement of baseline AP
and HR.

Acute baroreflex study. Each rat was anesthetized with an intra-
peritoneal injection (2 ml/kg) of a mixture of urethane (250 mg/ml)
and a-chloralose (40 mg/ml), and mechanically ventilated with oxy-
gen-supplied room air. Anesthesia was maintained by a continuous
intravenous infusion of a diluted solution of the above anesthetic
mixture from the right femoral vein. An arterial catheter was inserted

http://www.jappl.org
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Table 1. Number of animals used in the acute baroreflex
study

NC MI-NT MI-VS
Total number 9 15 10
Death during operation 0 2 0
Small biventricular weight® N/A 2 1
Diminished baroreflex function® 0 3 0
Electrode failure® N/A N/A 2
Included in final data analysis 9 8 7

NC, normal control; MI-NT, myocardial infarction with no treatment;
MI-VS, myocardial infarction treated with vagal stimulation; N/A, not appli-
cable. 2Small biventricular weight was defined as normalized biventricular
weight of less than 2.2 g/kg, which suggested insufficient myocardial infarc-
tion to induce cardiac remodeling. *Diminished baroreflex function was de-
fined as a magnitude of arterial pressure response of less than 10 mmHg during
the input pressure change from 60 to 180 mmHg. Because some litters of rats
do not tolerate the bilateral carotid occlusion, we cannot determine whether the
diminished baroreflex was truly attributable to the effect of myocardial infarc-
tion. Hence the data from these 3 rats were excluded from the final data
analysis. This exclusion does not affect our main conclusion because including
the 3 rats would only exaggerate the impaired baroreflex function in the MI-NT
group. °Electrode failure was defined as the lack of periodic bradycardia during
10 s on and 50 s off vagal stimulation, which suggested broken lead wire.
Although nerve injury may also result in the lack of bradycardia, discoloration
of the nerve in the cuff electrode was not observed by macroscopic inspection.

into the right femoral artery to measure AP and HR. Another catheter
was inserted into the left femoral vein to measure central venous
pressure. Body temperature of the animal was maintained at ~38°C
using a heating pad and a lamp.

A postganglionic branch of the splanchnic sympathetic nerve was
exposed retroperitoneally. and a pair of stainless steel wire electrodes
(Bioflex wire, AS633, Cooner Wire) was attached to the nerve. This
nerve was selected as representing the sympathetic outflow because
the splanchnic vascular bed contributes to approximately one-third of
the change in the total vascular conductance in the AP regulation (17).
This nerve is thicker than the often-used renal sympathetic nerve and
was easy to locate even when the surrounding tissue was edematous
in the M1 rats. The nerve and electrodes were covered with silicone
glue (Kwik-Sil, World Precision Instruments). A preamplified nerve
signal was band-pass filtered at 150-1,000 Hz, and then full-wave
rectified and low-pass filtered at a cut-off frequency of 30 Hz using
analog circuits. A ganglionic blocker hexamethonium bromide (60
mg/kg) was given intravenously at the end of the experiment to
confirm the disappearance of SNA and to measure the noise level.

The aortic depressor nerves and the vagal nerves were sectioned,
and carotid sinus baroreceptor regions were isolated from systemic
circulation bilaterally (19, 21). The isolated carotid sinuses were filled
with warmed Ringer’s solution through catheters inserted into the
common carotid arteries. Carotid sinus pressure (CSP) was controlled
using a servocontrolled piston pump. Heparin sodium (100 U/kg) was
given intravenously to prevent blood coagulation.

Protocols. After completing the above surgery, the baroreflex-
mediated AP response was monitored for more than 30 min. The rat
was excluded from the final data analysis in the event that the reflex
response to CSP was progressively diminished within this stabiliza-
tion period. Possible causes for the deterioration include surgical
damage to the carotid sinus nerves and brain ischemia due to the
bilateral carotid occlusion. Although the vertebral arteries were kept
patent, some litters of rats do not tolerate the bilateral carotid occlu-
sion. We occasionally experience diminished baroreflex function even
in normal rats. In the present study, three rats assigned to the MI-NT
group were excluded from the final data analysis because of dimin-
ished baroreflex function (Table 1). This exclusion does not affect our
main conclusion, because including the three rats would only exag-
gerate the impaired baroreflex function in the MI-NT group.
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After the stabilization, CSP was decreased to 60 mmHg for 4 min,
and then increased stepwise from 60 to 180 mmHg in increments of
20 mmHg every minute (8). The data obtained from two consecutive
stepwise CSP inputs were averaged for analysis.

Data analysis. The rats assigned to the MI-NT and MI-VS groups
were excluded from the final data analysis when the normalized
biventricular weight was less than 2.2 g/kg (based on the mean plus 1
SD of the NC group), because it indicated insufficient development of
heart failure due to small Ml (Table 1). On the other hand, two rats in
the MI-NT group did not survive the acute baroreflex study due to
severe heart failure (the normalized biventricular weights were 2.97
and 3.00 g/kg, respectively). Resultantly, 9 rats in the NC group, 8 rats
in the MI-NT group and 7 rats in the MI-VS group were used for the
final data analysis (Table 1).

Data were acquired at 1,000 Hz using a 16-bit analog-to-digital
converter. Mean SNA, AP, and HR values were calculated at each
CSP level by averaging the data during the last 10 s of each step.
Because the absolute amplitude of SNA varied among animals de-
pending on recording conditions, SNA was presented in percent
values in each animal. The SNA value corresponding to the CSP level
of 60 mmHg was assigned to 100%. The noise level after the
hexamethonium administration was assigned to 0%.

The CSP-SNA, CSP-AP, and CSP-HR relationships approximated
an inverse sigmoid curve and were quantified using a four-parameter
logistic function as (10):

P
= +
I + exp[P,(CSP — P3)]

y Py
where y denotes the output (SNA, AP, or HR); P, is the response
range of y (i.e., the difference between the maximum and minimum
values of y); P, is the slope coefficient; P; is the midpoint of the
sigmoid curve on the CSP axis; and P4 is the minimum value of y (i.e.,
the lower plateau of the sigmoid curve). The maximum gain or the
maximum slope of the sigmoid curve was calculated as P P»/4.

The SNA-AP relationship approximated a straight line and was
quantified using a linear regression as:

AP = P,SNA + P,

where P, and Py, are the slope and intercept, respectively.

Statistical analysis. All data are presented as means and SE values.
Each parameter was compared among NC, MI-NT, and MI-VS groups
using one-way analysis of variance (ANOVA) followed by Tukey test
for simultaneous multiple comparisons. Differences were considered
significant when P < 0.05 (4).

RESULTS

As shown in Table 2, body weight was not different among
the three groups. Biventricular weight was significantly heavier

Table 2. Body weight, biventricular weight, and baseline
hemodynamics

NC(n=9) MI-NT (n = 8) MI-VS (n =T7)

Body wt, kg 0.486 = 0.012 0.468 = 0.013 0.462 = 0.012
Biventricular wt, g 1.001 = 0.023 1.292 = 0.0421 1.289 * 0.0541
Normalized biventricular

wt, glkg 2.06 = 0.04 2.76 + 0.08% 2.80 = 0.11F
Central venous pressure,

mmHg 1.52 £0.17 3.14 = 0.30% 2.41 +0.16*
Mean arterial pressure,

mmHg 126.6 =59 110.9 = 5.8 115.0 = 4.8
Heart rate, beats/min 408.6 = 13.1 3795 * 126  380.1 95

Values are means = SE. NC, normal control; MI-NT, myocardial infarction
with no treatment; MI-VS, myocardial infarction treated with vagal stimula-
tion. ¥*P < 0.05, P < 0.01 vs. NC by Tukey test following one-way ANOVA.
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in the MI-NT and MI-VS groups compared with the NC group.
Central venous pressure, measured just after inserting arterial
and venous catheters and before isolating baroreceptor regions,
was higher in the MI-NT and MI-VS groups compared with the
NC group. Mean AP and HR under the baseline conditions did
not differ among the three groups.

Typical time series obtained from the NC, MI-NT, and
MI-VS rats are shown in Fig. 1. The gray lines in the AP and
HR signals represent 200-Hz resampled data. The gray lines in
the SNA signals represent 10-Hz resampled data. The black
lines in the SNA, AP, and HR signals indicate 2-s moving
averaged data. The increase in CSP decreased SNA, AP, and
HR in all groups, but the baroreflex responses in the MI-NT rat
were smaller than those in the NC and MI-VS rats.

Static characteristics of the baroreflex neural arc obtained
from the NC, MI-NT, and MI-VS groups are illustrated in Fig. 2,
A—C. The response range of percent SNA was significantly
narrower in the MI-NT group than in the NC group and was
significantly wider in the MI-VS than in the MI-NT group (Fig.
2D). Differences in the maximum slope among the three
groups were not statistically significant (Fig. 2E). The midpoint
pressure was significantly lower in the MI-NT group than in
the NC group, but the difference was not observed between the
NC and MI-VS group (Fig. 2F). Changes in the lower plateau
of SNA were reciprocal to those in the response range of SNA
because the maximum SNA was assigned to 100% in each
animal (Fig. 2G).

Static characteristics of the baroreflex peripheral arc approx-
imated a straight line in all of the NC, MI-NT, and MI-VS

Chronic Vagal Stimulation and Baroreflex «
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groups (Fig. 3, A-C). The slope was significantly smaller in the
MI-NT and MI-VS groups than in the NC group (Fig. 3D). The
slope did not differ significantly between the MI-NT and
MI-VS groups. The intercept tended to be higher in the MI-VS
than in the NC group, but the difference in the intercept was
not statistically significant among the three groups (Fig. 3E).

Static characteristics of the baroreflex total loop obtained
from the NC, MI-NT, and MI-VS groups are summarized in
Fig. 4, A-C. The response range of AP was significantly
narrower in the MI-NT and MI-VS groups than in the NC
group (Fig. 4D). The maximum gain was significantly smaller
in the MI-NT group than in the NC group, but was not
significantly different between the NC and MI-VS groups (Fig.
4F). The midpoint pressure and the lower plateau did not differ
significantly among the three groups (Fig. 4, F and G).

Static characteristics of the baroreflex control of HR ob-
tained from the NC, MI-NT, and MI-VS groups are depicted in
Fig. 5, A-C. The response range of HR was significantly
narrower in the MI-NT group than in the NC and MI-VS
groups (Fig. 5D). The maximum slope of the HR response was
significantly greater in the MI-VS group than in the MI-NT
group (Fig. SE). The midpoint pressure and the lower plateau
did not differ significantly among the three groups (Fig. 5, F
and G).

DISCUSSION

The present results demonstrated that the 6-wk VS treatment
improved the ability of the carotid sinus baroreflex to suppress
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Fig. 1. Typical experimental recordings of carotid sinus pressure (CSP), sympathetic nerve activity (SNA), arterial pressure (AP), and heart rate (HR) obtained
from rats of normal control (NC), myocardial infarction with no treatment (MI-NT), and myocardial infarction with vagal stimulation (MI-VS). The gray lines
in the AP and HR plots represent 200-Hz resampled signals. The gray lines in the SNA plots represent 10-Hz resampled signals. The black lines in the SNA,
AP, and HR plots represent 2-s moving averaged signals. CSP was changed from 60 to 180 mmHg with an increment of 20 mmHg every minute. SNA, AP,
and HR were decreased in response to the increase in CSP. The baroreflex responses were smaller in the MI-NT rat than in the NC and MI-VS rats.
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Fig. 2. Open-loop static characteristics of the baroreflex neural arc (SNA vs.
CSP) obtained from the NC (4), MI-NT (B), and MI-VS (C) groups. The
response range of percent SNA (D), maximum slope (E), midpoint (F), and
lower plateau (G) derived from fitted sigmoid curves. Data are mean and SE
values. **P < 0.01 and *P < 0.05 by Tukey test following one-way ANOVA.

percent SNA in the neural arc (Fig. 2D). On the other hand, the
VS treatment did not affect the slope of the AP response to
percent SNA in the peripheral arc (Fig. 3D). As a result, the VS
treatment did not reveal statistically significant improvement in
the response range of AP in the baroreflex total loop (Fig. 4D).
No significant difference in the maximum gain between the NC
and MI-VS groups may partly reflect an improvement of the
baroreflex total-loop function (Fig. 4FE).

Effects of VS treatment on the baroreflex neural arc. The
response range of percent SNA was narrowed in the MI-NT
group compared with the NC group (Fig. 2D), being consistent
with our previous study that was performed in rats with longer
duration of heart failure (100200 days after MI) (8). The
response range of percent SNA in the MI-VS group was nearly
the same as that in the NC group. The improved neural arc
function to suppress percent SNA may partly contribute to the
sympathetic suppression induced by the VS treatment such as
reduced plasma norepinephrine levels (14, 29). Because per-
cent SNA is influenced by basal sympathetic discharge, the
improved response range of percent SNA does not necessarily
indicate the improved sympathetic control has physiological
significance. However, because the VS treatment also in-
creased the response range of HR in the MI-VS group com-
pared with the MI-NT group (Fig. 5D), we speculate that VS
might have actually improved the sympathetic control of target
organs.
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Several mechanisms are considered for the impaired baro-
reflex control of SNA in heart failure. Plasma angiotensin II
levels are increased in heart failure, and VS can suppress the
increased plasma angiotensin II levels (29). Angiotensin II can
increase the maximum SNA without significantly affecting the
response range of SNA in the baroreflex neural arc (7). Cardiac
sympathetic afferent activation inhibits the baroreflex control
of SNA via a mechanism associated with central angiotensin II
(3). On the other hand, vagal afferent stimulation by phenyl-
biguanide can decrease the maximum SNA without signifi-
cantly affecting the response range of SNA in the baroreflex
neural arc (6). Because VS might have activated not only
efferent but also afferent pathways in our study, the vagal
afferent stimulation probably antagonized the sympathoexcita-
tion such as that induced by angiotensin II. In addition, phar-
macological vagal activation (13) or electrical VS (29) can
reduce systemic inflammatory responses in heart failure, which
may contribute to sympathetic suppression by reducing the
pathological afferent signals from the heart. Aside from the
systemic inflammation, increases in proinflammatory cytokines
in the brain may also produce sympathoexcitation in heart
failure (28). Although a link between the VS treatment and
central anti-inflammation seems elusive, the presence of a
cholinergic anti-inflammatory pathway (22) suggests a possi-
bility that VS suppresses sympathetic overactivity through the
anti-inflammatory mechanism in the central nervous system as
well as in the heart.
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Fig. 3. Open-loop static characteristics of the baroreflex peripheral arc (AP vs.
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Effects of VS treatment on the baroreflex peripheral arc.
Open-loop static characteristics of the baroreflex peripheral arc
approximated a straight line (Fig. 3, A-C). As has been re-
ported in our previous study (8), the slope of the peripheral arc
was significantly reduced in the MI-NT group compared with
the NC group. Pump failure associated with MI may blunt the
AP response to percent SNA. Regarding this point, Feng et al.
(2) examined the AP response to preganglionic sympathetic
nerve stimulation using pithed rats. In that study, the AP
response is decreased in MI rats compared with control rats.
They discussed that the pressor response in pithed rats mainly
represented the vascular response because cardiac output did
not change significantly in response to preganglionic sympa-
thetic nerve stimulation. However, when cardiac output is
reduced in the MI rats compared with the control rats, the same
amount of changes in the peripheral vascular resistance would
yield smaller AP response in the MI rats than in the control
rats. In this sense, the contribution of pump failure to the
decreased AP response may be inevitable.

The slope of the peripheral arc in the MI-VS group was not
increased compared with the MI-NT group, indicating that the
VS treatment had little effect on the sympathetic control of AP.
While these results seem to be consistent with no significant
effect of the VS treatment on the normalized biventricular
weight (Table 2), we need to be cautious about the fact that the
slope of the peripheral arc can be differently estimated depend-
ing on how SNA was expressed. For instance, if the absolute

Chronic Vagal Stimulation and Baroreflex « Kawada T et al.

maximum SNA is decreased in the MI-VS group compared
with in the MI-NT group, the slope of the peripheral arc
assessed by the AP response to the absolute change in SNA
could be increased.

Effects of VS on the sympathetic HR control. Because the
vagal nerves were sectioned bilaterally in the acute baroreflex
study, the CSP-HR relationship represents the sympathetically
mediated HR response (Fig. 5). The response range of HR was
narrowed in the MI-NT group compared with the NC group,
but it was nearly the same between the MI-VS and NC groups.
In a previous study using canine heart failure induced by
high-rate pacing, Zhang et al. (29) demonstrated that chronic
VS improves the baroreflex sensitivity assessed by the RR
interval response to a phenylephrine-induced AP increase. In
that study, both the sympathetic and vagal limbs might have
contributed to the RR interval response. In contrast, the present
result indicates that the VS treatment may improve the HR
response even in the absence of the vagal control of HR.
Sustained sympathetic activation in heart failure results in
downregulation and/or desensitization of B-adrenergic recep-
tors (15). In addition to the improved SNA response to the CSP
input, the VS treatment may correct the functionality of B-ad-
renergic signaling through sympathetic suppression and im-
prove the sympathetically-mediated HR response in the MI-VS
group compared with the MI-NT group.

Consideration of MI models. Our previous study indicates that
the VS treatment prevents cardiac remodeling and ventricular
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Fig. 5. Open-loop static characteristics of the baroreflex control of HR (HR vs.
CSP) obtained from the NC (A), MI-NT (B), and MI-VS (C) groups. The
response range of HR (D), maximum slope (E), midpoint (F), and lower
plateau (G) derived from fitted sigmoid curves. Data are means and SE values.
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dysfunction in MI rats (14). In that study, normalized biventricular
weight was 2.75 * 0.25 g/kg in a treated group (CHF-VS) and
3.14 = 0.22 g/kg in an untreated group (CHF-SS). In contrast,
normalized biventricular weight was nearly the same between the
MI-NT and MI-VS groups (Table 2), and both groups showed
normalized biventricular weight similar to that in the CHF-VS
group. One possible explanation for the discrepancy between the
previous and present studies is the difference in the MI-NT and
CHF-SS group characteristics as follows. In the previous study
(14), a second surgery was performed for telemeter implantation
and dummy stimulator implantation in the CHF-SS group. The
second surgery and the weight burden of the implanted devices
might have aggravated heart failure and promoted cardiac remod-
eling. In the present study, only MI was induced in the MI-NT
group without the second surgery. Accordingly, heart failure
might have been less severe in the MI-NT group than in the
previous CHF-SS group.

Although performing the second surgery in the untreated MI
group might have been a better protocol, it is confounded by
another problem that the rat with too severe heart failure could
not survive the acute baroreflex study (see APPENDIX for details).
In this sense, there was unintentional bias as to the severity of
heart failure in the MI-NT group. It may be worth noting that
two rats in the MI-NT group but no rats in the MI-VS group
were lost during the acute baroreflex study (Table 1).

Limitations. First, the baroreflex static characteristics were
examined in anesthetized conditions. Because anesthesia af-
fects autonomic nervous activities, the present results may not
be directly extrapolated to interpret the baroreflex function in
heart failure under conscious conditions. Second, we were
unable to determine whether the VS treatment prevented wors-
ening of the baroreflex neural arc function or restored the
baroreflex neural arc function that had been worsened by heart
failure before the initiation of the VS treatment. Further studies
are required to elucidate the time course of the effects of the
VS treatment on the baroreflex function. Finally, basal sympa-
thetic discharge might have been increased in the MI-NT group
compared with the NC group, and VS might have ameliorated
the elevated sympathetic discharge in the MI-VS group. Our
previous study (14) has demonstrated that chronic VS treat-
ment reduces plasma norepinephrine concentration in MI-
induced heart failure rats. Thus, if SNA was evaluated in
absolute amplitude and/or frequency, the response range of
SNA in the MI-NT group might become larger. In other words,
the response range of the neural arc in the MI-NT group might
be underestimated in Fig. 2, and the slope of the peripheral arc
in the MI-NT group might be overestimated in Fig. 3. These
points need to be taken into account when interpreting the data.

Conclusions. The 6-wk VS treatment significantly improved
the ability of the carotid sinus baroreflex to reduce percent
SNA. Because sympathetic overactivity promotes the progres-
sion of heart failure, the suppression of SNA may be beneficial
for the improved prognosis of heart failure. On the other hand,
the treatment effect of VS on the baroreflex total-loop function
was limited due to the lack of significant improvement in the
AP response to percent SNA.

APPENDIX

To address the effect of a second surgery in untreated MI rats, we
performed an additional experiment, which included a sham operation
on the right vagus and implantation of dummy devices in MI rats
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(MI-SS). Eight rats survived until the day of the acute baroreflex
study. One rat showed small normalized biventricular weight (<2.2
g/kg) and was excluded, and the remaining seven rats exhibited
normalized biventricular weight of 3.05 * 0.12 g/kg (mean * SE),
confirming that a second surgery promoted cardiac remodeling com-
pared with the MI-NT group. Among the seven rats, three rats died
during the acute baroreflex study, and the remaining four rats exhib-
ited normalized biventricular weight of 2.93 * 0.13 g/kg. The prob-
lem with the MI-SS group was that rats with severe heart failure died
during the acute baroreflex study, and we could not create a group of
severe heart failure compared with the MI-NT group any further. As
a reference, data obtained from the MI-SS group combined with other
groups are depicted in Fig. 6. Statistical analyses were not performed
due to the small number of successful barorefiex study in the MI-SS
group (n = 4). The mean parameter values of the baroreflex total loop
and the neural arc indicate that the baroreflex function in the MI-SS
group was not worse than that in the MI-NT group.
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