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ABSTRACT: A baroreflex equilibrium diagram describes the relation between input pressure and sympathetic nerve activity (SNA) and that between
SNA and arterial pressure (AP). To calibrate the SNA axis (abscissa) of the baroreflex equilibrium diagram, the AP response to intravenous bolus injec-
tions of phenylephrine (0.2-50 pg/kg) or norepinephrine (NE, 0.02-5 ug/kg) was examined in normal control rats (NC, 7 = 9) and rats with chronic
heart failure (CHF, 7 = 6). The maximum slope of the dose—effect curve was significantly smaller in the CHF group than in the NC group (57.3 £ 5.2 vs
80.9 + 6.3 mmHg/decade for phenylephrine, 60.2 + 7.8 vs 80.4 £ 5.9 mmHg/decade for NE; P < 0.01). The CHEF/NC ratio of the maximum slope was used
to calibrate SNA. While the calibrated baroreflex equilibrium diagram showed increased maximum SNA and operating-point SNA in CHF rats compared
with NC rats, the magnitude of increase was smaller than that expected from the excess plasma NE concentration in CHF rats. Plasma NE concentration

in the CHF group could be disproportionally high relative to SNA.
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Introduction

The arterial baroreflex is a major negative feedback system
that stabilizes arterial pressure (AP) during daily activities.
From an analytical point of view, this system may be divided
into two principal subsystems: a neural arc subsystem that
defines the input—output relation between baroreceptor pres-
sure and efferent sympathetic nerve activity (SNA), and a
peripheral arc subsystem that defines the input-output rela-
tion between efferent SNA and AP.? Under normal physi-
ological conditions, changes in AP alter SNA via the neural
arc, while changes in SNA affect AP via the peripheral arc
(Fig. 1A). This closed-loop negative feedback operation

makes it difficult to separately identify the characteristics
of the neural and peripheral arcs. For instance, if pharma-
cological intervention is used to assess the SNA response to
changes in AP, it usually becomes impossible to observe the
AP response to SNA independently of the drug’s effect on
AP. To circumvent this problem, we have employed a method
where the carotid sinus baroreceptor regions are isolated from
the systemic circulation®* so that we can identify the char-
acteristics of the neural and peripheral arcs under open-loop
conditions (Fig. 1B).2°~7 Once the characteristics of the neu-
ral and peripheral arcs are identified, a baroreflex equilibrium
diagram can be constructed by drawing the two arcs on a
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Figure 1 (A) Schematic diagram of the closed-loop negative feedback operation between neural and peripheral arcs of the arterial baroreflex.

(B) Schematic diagram of the open-loop analysis of the baroreflex system. (C) Input—output relationships of the neural and peripheral arcs.

Notes: The baroreflex equilibrium diagram is obtained by plotting the neural and peripheral arcs on a pressure—SNA plane. The intersection (open circle)
indicates the operating point of the baroreflex control. The dotted arrows indicate the operating-point SNA and AP.

Abbreviations: AP, arterial pressure; SNA, sympathetic nerve activity; BRP, baroreceptor pressure.

pressure—SNA plane (Fig. 1C). The baroreflex equilibrium
diagram provides information on how the operating-point
SNA and AP are determined through the interaction of the
neural and peripheral arcs 81!

A number of studies have indicated that arterial barore-
flex function is depressed in chronic heart failure (CHF).12715
We have identified the open-loop static characteristics of the
neural and peripheral arcs in rats with CHF following myo-
cardial infarction and compared them with those in normal
control (NC) rats.®1¢ These studies indicate that the neural arc
characteristics approximate an inverse sigmoid curve, and the
response range of the neural arc is reduced in CHF rats com-
pared with NC rats. The inability of the impaired neural arc
to suppress SNA could contribute to an increase in SNA and
the resultant aggravation of cardiac function typically observed
in CHF individuals.!”!8 Peripheral arc characteristics normally
approximate a straight line. The slope of the peripheral arc is
smaller in CHF rats than in NC rats, in accordance with the
notion of a blunted target-organ response in CHFE.'*!> One
of the limitations in our open-loop baroreflex studies is that
SNA was expressed in percentage units in each animal because
the absolute amplitude of multifiber SNA varied largely among
animals depending on the recording conditions. As a result, a
comparison of the absolute levels of SNA between CHF and
NC groups was impossible.®!® The response range of the neu-
ral arc was smaller in the CHF group than in the NC group,
but it could have been underestimated and might have been
larger if the SNA was expressed in absolute units. Conversely,
the slope of the peripheral arc could have been overestimated in
CHEF rats, and the AP response to SNA might have been much
smaller in CHF rats than in NC rats if the SNA was expressed
in absolute units.

If we know the difference in the AP response to adrener-
gic activation between NC and CHF rats, we may be able to

calibrate the SNA axis (abscissa) of the baroreflex equilibrium
diagram because the baroreflex peripheral arc character-
izes sympathetic AP control. Feng et al.!” examined the AP
response to electrical preganglionic sympathetic nerve stimula-
tion in pithed CHF rats after myocardial infarction. Their data
indicated that the AP response to the sympathetic stimula-
tion was significantly attenuated in CHF rats compared with
a sham-operated control group. They also demonstrated that
the AP response to pharmacological adrenergic activation was
decreased in CHF rats.’ Although these data may be utilized
to calibrate the SNA axis of the baroreflex equilibrium dia-
gram, the severity of CHF could be different between their
study®® and our previous studies.*!® In addition, differences in
the experimental setting (eg, pithed rats vs rats anesthetized
with o-chloralose and urethane) may affect the AP response
to adrenergic activation. Accordingly, the aim of the present
study was to compare the AP response to adrenergic activation
between NC and CHF rats in our own experimental setting
and to calibrate the SNA axis of the baroreflex equilibrium dia-
gram based on the AP response to adrenergic activation.

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 Physiological Sciences, approved by the Physiological Soci-
ety of Japan. All protocols were reviewed and approved by
the Animal Subject Committee of the National Cerebral and
Cardiovascular Center.

Surgical preparation. Myocardial infarction was produced
in eight-week-old, male Sprague—Dawley rats according to a pre-
viously established procedure.®162%2! Eight weeks after myocar-
dial infarction, the surviving rats underwent an acute experiment
as follows. Rats in the NC (z = 9) and the CHF (n = 6) groups

were anesthetized with an intraperitoneal injection (2 mL/kg) of a
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mixture of urethane (250 mg/mL) and oi-chloralose (40 mg/mL)
and were mechanically ventilated with oxygen-supplied room air.
Anesthesia was maintained by a continuous intravenous infusion
of a diluted solution of the above anesthetic mixture from a cath-
eter inserted into the right femoral vein. Another venous catheter
was inserted into the left femoral vein for measuring baseline
central venous pressure and for administering pharmacological
agents. An arterial catheter was inserted into the right femoral
artery to measure AP. Body temperature of the animal was main-
tained at approximately 38 °C using a heating pad and a lamp.

Protocols. Hexamethonium bromide (60 mg/kg) was
given as an intravenous bolus injection to block sympathetic
and parasympathetic ganglionic transmissions. Ten minutes
later, 0.5 mL of saline was given as a control injection; there-
after, an o, -adrenergic agonist, phenylephrine (PE), was given
as intravenous bolus injections (0.2 mL of drug solution fol-
lowed by 0.3 mL of saline to flush the solution) in an increasing
order at 0.2, 0.5, 1, 2, 5, 10, 20, and 50 pg/kg. After finishing
the PE protocol, a 30-minute recovery period was interposed,
and another injection of hexamethonium bromide (60 mg/kg)
was added. Ten minutes later, 0.5 mL of saline was given as a
control injection; thereafter, norepinephrine (NE) was given as
intravenous bolus injections (0.2 mL of drug solution, followed
by 0.3 mL of saline to flush the solution) in an increasing order
at 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 ug/kg. An interval of
a minimum of three minutes and a maximum of 15 minutes
was allowed between successive injections. In three of the NC
rats, splanchnic SNA was recorded as previously reported.””
At the end of the PE protocol, a 10-second averaged value of
SNA was less than 5% of a 10-second averaged baseline activ-
ity measured before the first administration of hexamethonium
bromide, indicating a sufficient ganglionic blockade through-
out the protocol.

Data analysis. Data were continuously recorded at a sam-
pling frequency of 1,000 Hz using a 16-bit analog-to-digital
converter. The peak AP response corresponding to each injec-
tion was determined from a 10-second moving averaged signal.
'The relation between the logarithmic dose of PE or NE and the
peak AP response was analyzed by linear regression as follows.

3= P, log,(x)+ , o

where x and y denote the dose of PE or NE and the peak
AP response, respectively. P, represents the slope (in mmHg/
decade), and P, represents the intercept (in mmHg) of the
regression line.

The dose—effect curve was also analyzed using a four-
parameter logistic function as follows.

P

= 1 P 2
1+exp[—P2(log10(x)—P3)]+ ! 2

y

where x and y represent the dose of PE or NE and the peak
AP response, respectively. P, is the response range of AP
(in mmHg); P, is the slope coeflicient; P, is the logarithmic
dose corresponding to the midpoint of the logistic function;
and P, is the lower plateau of AP (in mmHg). The param-
eter values were determined by nonlinear iterative least-
square fitting. The maximum slope (in mmHg/decade) was
calculated from P, X P,/4. The dose corresponding to the
midpoint (in pg/kg) was calculated from 10 to the power
of P,.

Statistical analysis. All data are presented in mean +
standard error values. Body weight and baseline hemody-
namics were compared between the NC and CHF groups
by unpaired #-test. The slope of the linear regression and
the parameters of the fitted logistic function were com-
pared by two-way analysis of variance (ANOVA) in which
the first factor was a disease effect (NC vs CHF groups)
and the second factor was a drug effect (PE vs NE).?2 The
difference was considered significant at P < 0.05. Because
of the logarithmic transformation of the dose of PE or
NE, the intercept of the linear regression merely indicates
the estimation of an AP value corresponding to a specific
dose of 1 pg/kg without general meaning. Therefore, the
intercept is not reported.

One NC rat died after the PE protocol, possibly due to an
acute disappearance of the adrenergic pressor effect, and one
CHEF rat died in the midst of the NE protocol from a gradual
deterioration in hemodynamics. Accordingly, the number of
animals in the NE protocol became eight and five for the NC
and CHF groups, respectively, and ANOVA was performed

as nonrepeated comparisons.

Table 1. Body weight, biventricular weight, and baseline hemodynamics.

NC (N=9) CHF (N =6) P VALUE
Body weight, g 479+ 24 445+ 13 0.320
Biventricular weight, g 1.079 £ 0.056 1.334 £ 0.053 0.009
Normalized biventricular weight, g/kg 2.099 + 0.058 3.013+0.145 <0.001
Central venous pressure, mmHg 1.72+0.30 4.20£1.09 0.029
Mean arterial pressure, mmHg 116.4 £ 1.8 111.7+£9.0 0.545
Heart rate, beats/min 422.3+17.0 379.3+£179 0.116

Notes: Values are means + standard error. P value was obtained by unpaired t-test.

Abbreviations: NC, normal control; CHF, chronic heart failure.

CLINICAL MEDICINE INSIGHTS: CARDIOLOGY 2015:9(S1) l 3


http://www.la-press.com
http://www.la-press.com/clinical-medicine-insights-cardiology-journal-j48

Kawada et al

A\

NC 200 Saline PE 0.5 ng/kg PE 5 ng/kg PE 50 ng/kg

150 u u
=l
I
E 100t . L
o

50 = L L
0 1 1 1 1 1 1 1 1 1 1 1 1
-1 1 -1 0 1 2 -1 0 1 0 1 2
Time (min) Time (min) Time (min) Time (min)
200
CHF Saline PE 0.5 ng/kg PE 5 ug/kg PE 50 ug/kg

150 r - -
]
I
%: —_— - - = S

50 - - -
0 1 1 Il 1 1 1 1 1 1 1 1 1
-1 0 1 2 -1 0 1 2 3 -1 0 1 2 3 -1 0 1 2 3
Time (min) Time (min) Time (min) Time (min)

Figure 2. Time series of 10-second moving averaged signals of arterial pressure (AP) in response to intravenous injections of saline and 0.5-, 5-, and
50-ug/kg phenylephrine (PE) injections averaged for the normal control group (NC, n=9, top panel) and for the chronic heart failure group (CHF, n=6,

bottom panel).

Note: Black and gray lines indicate mean values and mean + standard error values.

Results

As shown in Table 1, body weight did not differ statistically
between the NC and CHF groups, though the mean value
was slightly heavier in the NC group. Biventricular weight
was significantly heavier in CHF rats than in NC rats, both
for the absolute value and for the normalized value relative to

the body weight. Central venous pressure, measured before
administering hexamethonium bromide under baseline condi-
tions, was significantly higher in CHF rats than in NC rats.
Mean AP under baseline conditions did not differ between
the two groups. Although the mean value of heart rate was
higher in the NC group than in the CHF group, the heart
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Figure 3. Time series of 10-second moving averaged signals of arterial pressure (AP) in response to intravenous injections of saline and 0.05-, 0.5-, and
5-ug/kg norepinephrine (NE) injections averaged for the normal control group (NC, n =8, top panel) and for the chronic heart failure group (CHF, n =5,

bottom panel).

Note: Black and gray lines indicate mean values and mean + standard error values.
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rate showed a large variance among animals and the difference
between the two groups was not statistically significant.

Figure 2 depicts group-averaged time series obtained from
the PE protocol. Time series only for saline and 0.5-, 5-, and
50-pg/kg injections of the drug are shown for the sake of sim-
plicity. Black and gray lines indicate mean values and mean *
standard error values, respectively. Intravenous saline showed
only a slight fluctuation in AP. Intravenous PE elevated AP in
a dose-dependent manner in the NC group. Peak AP responses
were observed at 17+ 1,18 + 3, and 37 £ 8 seconds in response
to 0.5-, 5-, and 50-ug/kg injections, respectively. Although PE
also increased AP dose-dependently in the CHF group, the
magnitude of the AP response was smaller compared with that
in the NC group. Peak AP responses were observed at 23 £ 9,
21 %5, and 23 * 6 seconds in response to 0.5-, 5-, and 50-pg/
kg injections, respectively.

Figure 3 depicts group-averaged time series obtained from
the NE protocol. Time series only for saline and 0.05-, 0.5-,
and 5-ug/kg injections are shown. Intravenous saline did not
change AP appreciably; intravenous NE elevated AP in a dose-
dependent manner in the NC group. The peak AP responses

were observed at 28 7,18 + 1, and 16 + 2 seconds in response
to 0.05-, 0.5-, and 5-pg/kg injections, respectively. Although
NE also increased AP dose-dependently in the CHF group,
the magnitude of the AP response was smaller compared with
that in the NC group. The peak AP responses were observed at
16 + 4,26 £ 8,20 + 2 seconds in response to 0.05-, 0.5-, and
5-ug/kg injections, respectively.

Figure 4 summarizes the peak AP responses versus the
dose of PE (Fig.4A) and NE (Fig. 4B). Open circles and filled
circles represent the NC and CHF data, respectively. As shown
in Table 2, the slope of the linear regression was significantly
smaller in the CHF group than in the NC group (P = 0.002).
When a four-parameter logistic function was fitted to the data
for each animal, the maximum slope was significantly smaller
in CHF rats than in NC rats (P = 0.003). The lower plateau of
AP was not significantly different (P=0.902), but the response
range of AP was significantly narrower in the CHF rats than
in the NC rats (P=0.004). The dose corresponding to the mid-
point of the logistic function tended to be higher in CHF rats
than in NC rats (P=0.077) and was significantly lower for NE
than for PE (P < 0.001). No interaction effects were observed
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Figure 4. (A) Relation between the dose of phenylephrine and the peak arterial pressure (AP) response. (B) Relation between the dose of norepinephrine
and the peak AP response. Data points represent means and standard errors. Smooth curves represent four-parameter logistic functions derived from the

mean data points in each group.

Abbreviations: NC, normal control; CHF, chronic heart failure; iv, intravenous administration.

Table 2. Relation of peak arterial pressure response to a dose of phenylephrine (PE) or norepinephrine (NE).

PE

NC (N =9)

CHF (N =6)

NE NC VS CHF
NC(N=8) CHF(N=5)

PEVS NE INTERACTION

Slope of linear regression, mmHg/decade 54.6 +4.7 374+3.9 52.5+3.7 36.9%5.0 0.002 0.780 0.871
Maximum slope, mmHg/decade 80.9+6.3 57.3+52 80.4+59 602+78 0.003 0.851 0.796
Response range of AP, mmHg 1251+8.8 89.7+101 116.0+5.7 90.9+14.0 0.004 0.683 0.590
Lower plateau of AP, mmHg 61.2+45 675+78 74.3+9.1 69.9+9.8 0.902 0.333 0.501
Dose at midpoint, ug/kg 3.87+0.59 615+1.26 0.51+£010 0.75+0.24 0.077 <0.001 0.150

Notes: Values are means + standard error. P value was obtained by two-way analysis of variance.
Abbreviations: NC, normal control; CHF, chronic heart failure; AP, arterial pressure.
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for any parameters. As an alternative analysis, four-parameter
logistic functions were fitted to mean data points in each group
(Fig. 4, smooth curves). In the PE protocol, the maximum
slopes were estimated to be 78.9 and 50.6 mmHg/decade in
the NC and CHF groups, respectively. In the NE protocol, the
maximum slopes were estimated to be 78.2 and 44.9 mmHg/

decade in the NC and CHF groups, respectively.

Discussion

AP response to pharmacological adrenergic stimu-
lation. The slope of the linear regression and the maximum
slope of the AP response to the intravenous PE were lower
in the CHF group compared with the same in the NC group,
which is consistent with the results reported by Feng et al.!’
using pithed rats. The decreased AP response to PE in CHF
rats is in opposition to the enhanced o -adrenergic receptor-
mediated vascular response in CHF rats observed under in
Vitro settings.23'24 An increased vasoconstrictor response has
also been reported in response to renal nerve stimulation in
CHEF rats.” This change accompanies reduced autoregulation
of renal blood flow in CHF rats. In contrast, Stassen et al.?¢
reported that maximal vasoconstrictor responses to PE in
the presence of calcium and the sensitivity to calcium in the
presence of PE were reduced in mesenteric arteries isolated
from rats five weeks after myocardial infarction. In their study,
the contractile responses in the absence of extracellular cal-
cium were not modified, indicating that the agonist-induced
calcium influx may be impaired in resistance arteries after
myocardial infarction. Adverse milieu such as hypoperfu-
sion, hypoxia,?” and acidosis?® might have also restricted the
in vivo vascular response to PE in CHF rats compared with
NC rats. In the study by Feng et al.’%, the pressor response
to electrical preganglionic sympathetic nerve stimulation was
decreased in CHF rats compared to that in sham-operated
rats. Because percentage changes in cardiac index in response
to the preganglionic sympathetic stimulation were not signifi-
cantly different between the CHF and sham-operated groups,
they assumed that the difference in the AP response in the
pithed rats mainly represented the difference in the vascular
response. However, when cardiac output is reduced in CHF
rats, the same amount of changes in the peripheral vascular
resistance would yield a smaller AP response compared with
the response in NC rats.

PE is a selective o, -adrenergic agonist, and therefore any
effects on the responsiveness to B-adrenergic activation cannot
be assessed in the PE protocol. The sympathetic AP response
is mediated by the neurotransmitter NE, which acts on both
o- and B-adrenergic receptors. While high plasma NE levels
may not necessarily be the mechanism responsible for the fol-
lowing observation,* selective B,-adrenergic receptor down-
regulation occurs in the ventricular myocardium in CHF.3°
To explore whether the AP response is different depending
on the type of adrenergic activation, the AP response to exog-
enous NE was also examined. While the dose necessary to

increase AP was an order of magnitude less for NE than for
PE, none of the parameters, such as slope of the regression,
maximum slope, lower plateau of AP, and the response range
of AP, was significantly different between the PE and NE pro-
tocols (Table 2). Therefore, the attenuation of the AP response
to adrenergic activation in CHF rats compared with NC rats
was observed to a comparable degree regardless of whether the
AP response was examined by using PE or NE in the present
experimental setting.

Calibration of baroreflex equilibrium diagram. The
ultimate goal of the arterial baroreflex is to maintain perfusion
for vital organs via regulation of AP. While the SNA response
to pharmacological pressure perturbation is frequently used to

31,32

evaluate arterial baroreflex function, it does not allow the

direct assessment of arterial baroreflex regulation of AP. The
AP response to SNA needs to be combined with the SNA
response to pressure perturbation to understand the total pic-
ture of arterial baroreflex function. The baroreflex equilibrium
diagram is useful for describing changes in the baroreflex
control of SNA and AP such as those induced by muscle
mechanoreflex,’ electroacupuncture,! head-up tilt,1%3% vagal

nerve stimulation,’*3 5,36

and pharmacologic interventions.
However, when we want to compare the baroreflex equilib-
rium diagram among different groups of subjects, quantifi-
cation of SNA becomes problematic. In a previous study,
open-loop characteristics of the carotid sinus baroreflex were
examined in NC rats and rats with CHF eight weeks postmyo-
cardial infarction; the duration after myocardial infarction is
the same as that in the present study.’® Figure 5A presents
the baroreflex equilibrium diagram constructed using mean
parameter values of the neural and peripheral arcs obtained
from that study.!® The slope of the peripheral arc in the CHF
group was reduced to approximately 0.76 times that in the NC
group. The operating-point SNA and AP in the NC group
were 89.8% and 121.8 mmHg, respectively (solid arrows).
The operating-point SNA and AP in CHF rats were 94.2%
and 111.0 mmHg, respectively (dashed arrows). Although the
SNA level at the operating point was higher in CHF rats than
in NC rats, the difference was very small, casting doubt on the
utility of the baroreflex equilibrium diagram for describing
sympathetic hyperactivity in CHF rats compared with NC
rats when SNA is expressed in percentage units.

In our previous studies regarding baroreflex function in
CHE,%1¢ the noise level of SNA measured after ganglionic
blockade was assigned to be 0%, which may also be treated
as the absolute zero level of SNA. Therefore, using zero as
a transform origin, the SNA axis for CHF can be scaled to
reflect the difference in the absolute SNA. In our previous
study,® a putative baroreflex equilibrium diagram was drawn
by scaling the SNA axis so that the maximum absolute SNA
in the CHF group became two times higher than that in the
NC group. The putative baroreflex equilibrium diagram pre-
dicted the slope of the peripheral arc in CHF rats to be less
than half that in NC rats.®
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Figure 5. (A) Baroreflex equilibrium diagrams of normal control (NC) and chronic heart failure (CHF) constructed using mean parameter values of the
neural and peripheral arcs in our previous study.'® In the neural arc of NC, the response range of SNA is 66.2%, the slope coefficient is 0.13 mmHg", the
midpoint input pressure is 130.8 mmHg, and the lower plateau of SNA is 39.4%. In the peripheral arc of NC, the slope is 1.03 mmHg/% and the intercept

is 29.3 mmHg. In the neural arc of CHF, the response range is 33.1%, the slope coefficient is 0.16 mmHg~", the midpoint input pressure is 118.1 mmHg,

and the lower plateau of SNA is 69.2%. In the peripheral arc of CHF, the slope is 0.78 mmHg/% and the intercept is 37.5 mmHg. (B) Baroreflex equilibrium
diagrams of NC and CHF when the SNA axis for the CHF group was scaled so that the slope of the peripheral arc in CHF relative to that in NC became 0.6.
Notes: Solid arrows indicate the operating point in NC. Dashed arrows indicate the operating point in CHF.

Abbreviations: AP, arterial pressure; au, arbitrary units; BRP, baroreceptor pressure; SNA, sympathetic nerve activity.

In the present study, we aimed to estimate the relative
slope of the peripheral arc in CHF rats compared with NC
rats, based on the AP response to pharmacological adrenergic
activation. The CHF/NC ratio of the maximum slope of the
AP response to PE was 0.71 (57.3/80.9) (Table 2). If the four-
parameter logistic function was determined using the mean
data points of the PE protocol, the ratio was 0.64 (50.6/78.9).
The CHE/NC ratio of the maximum slope of the AP response
to NE was 0.75 (60.2/80.4) (Table 2). If the four-parameter
logistic function was determined using the mean data points
of the NE protocol, the ratio was 0.57 (44.9/78.2). These
calculations suggest that the CHE/NC ratio of the slope of
the peripheral arc may be in the range from 0.6 to 0.7 in our
experimental settings. On the other hand, the result of the
AP response to PE under pithed conditions indicates that
the slope of the AP response in the CHF group relative to the
sham-operated group may be as low as 0.5.7

When we scale the SNA axis so that the slope of the
peripheral arc in the CHF group became 0.6 times that in the
NC group, the resulting equilibrium diagram yielded a maxi-
mum SNA in CHF rats higher than that in NC rats (Fig. 5B).
The operating-point SNA in CHF group was 119.4 au (arbi-
trary units), while that in the NC group was unchanged at 89.8
au. When we assume the CHE/NC ratio of the slope to be 0.5,
the operating-point SNA in the CHF group becomes 143.3 au.
Because plasma NE concentration becomes two to three times
higher or more in CHF rats compared with NC rats,?”%® the
putative SNA value at the operating point in the CHF group
still seems to be lower than that expected from the excess plasma
NE concentration in CHF rats. One possible explanation may

be the dissociation of plasma NE concentration from SNA
due to impaired NE disposition. In the study by Feng et al.?%,
plasma NE concentration remained 2.4 times higher in CHF
rats than in sham-operated rats 40 minutes after pithing, but
AP values were not different between the two groups. Impair-
ment of neuronal NE uptake may contribute to the pathophys-
iology of sympathetic abnormality in CHF.3? Because plasma
NE concentration is significantly increased after the blockade
of neuronal NE uptake,”’ the impaired neuronal NE uptake
function in CHF would elevate plasma NE concentration
disproportionally to SNA. Other mechanisms such as an
increased amount of NE release at the same level of SNA may
also account for the dissociation between SNA and plasma NE
concentration. For instance, presynaptic ,-adrenergic stimu-
lation by epinephrine facilitates NE release from the sympa-
thetic nerve terminals.**? Peripheral presynaptic inhibition via
o,-adrenergic receptors is functionally important in inhibiting
NE release in healthy humans, but this function is lost in heart
failure.*3 It may be worth noting that circulating NE levels do
not necessarily correlate with the hemodynamic abnormality
in CHF* despite its prognostic value of mortality in CHF
patients.®

Limitations. Several limitations in our study need to be
addressed. First, the NE protocol was always performed after
the PE protocol. Although the response range of AP was
not significantly different between the PE and NE proto-
cols, there might have been some aftereffect of o, -adrenergic
activation induced by high dose of PE on the AP response
to NE. Second, AP did not completely return to the base-
line levels at higher doses of PE or NE. Accordingly, the
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drug effect needs to be interpreted as cumulative to a cer-
tain extent. However, because the maximum slope of the
dose—effect curve occurred in the midrange concentration
(1-10 pg/kg for PE and 0.1-1 ug/kg for NE), the cumula-
tive effect on the estimation of the logistic function-derived
maximum slope is probably limited. Third, the experiment
was performed under anesthetic conditions. Although this
was necessary to observe the AP response to adrenergic acti-
vation under the same anesthetic conditions as in our previ-
ous studies,®!® the results may not directly be extrapolated to
interpret the baroreflex control under conscious conditions.
Finally, systemic administration of pressor agents might have
induced vasoconstriction in a relatively homogenous man-
ner throughout the body. In contrast to the pharmacological
pressor response, there exist regional differences in sympa-
thetic tone to regulate AP.*® Further studies are required
to elucidate how the regional difference in SNA affects AP
regulation in CHF.

Conclusion

The AP responses to both PE and NE were reduced in CHF
rats when compared with the same in NC rats. On the basis
of the relative slope of CHF to NC, the SNA axis of the
baroreflex equilibrium diagram was calibrated so that the slope
of the peripheral arc in CHF rats became 0.6 times that in
NC rats. While the calibrated equilibrium diagram explained
increased maximum SNA and operating-point SNA in CHF
rats compared with NC rats, the magnitude of the difference
in SNA between CHF and NC groups seemed smaller than
that expected from the difference in plasma NE concentration
between CHF and NC rats. Further studies are warranted to
solve the discrepancy and to obtain a comprehensive picture of

the arterial baroreflex regulation in CHF rats compared with
NC rats.
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