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Aims: To compare the effects of metoprolol and carvedilol on baroreflex-mediated sympathetic circulatory
regulation.
Methods: In anesthetized Wistar-Kyoto rats, carotid sinus baroreceptor regions were isolated. Changes in sympa-
thetic nerve activity (SNA), arterial pressure (AP), heart rate (HR), and aortic flow (AoF) in response to
a staircase-wise pressure input were examined before (control) and after intravenous injection of low-dose
metoprolol (2 mg/kg), high-dose metoprolol (10 mg/kg), or carvedilol (0.67 mg/kg) (n = 6 each). Peripheral
vascular resistance (PVR) was calculated from mean AP divided by mean AoF.
Results: Low-dose metoprolol had limited effect on sympathetic AP regulation compared to control [operating-
point AP (drug vs. control): 88.7 4 7.1 vs. 98.3 £ 3.3 mm Hg, not significant] despite a significant bradycardic
effect. Although high-dose metoprolol showed central sympathoinhibition, it increased PVR at a given SNA as
a peripheral effect. Consequently, high-dose metoprolol decreased the operating-point AP slightly (96.1 + 2.7
vs. 101.9 + 2.7 mm Hg, P < 0.01). Carvedilol showed no significant central sympathoinhibition at the dose
examined in this study, but significantly reduced PVR at a given SNA, leading to a marked reduction in the
operating-point AP (71.9 4 8.2 vs. 112.6 & 7.6 mm Hg, P < 0.05).
Conclusion: Low-dose metoprolol has limited hypotensive effect despite blockade of sympathetic HR regulation.
Although high-dose metoprolol induces central sympathoinhibition, it also induces peripheral vasoconstriction
that antagonizes the hypotensive effect. In contrast, carvedilol exhibits hypotensive effect mainly through
peripheral vasodilation. Although carvedilol is frequently classified as a p-blocker, its vasodilatory effect via
a,-adrenergic blockade plays an important role in AP reduction or heart failure treatment.

© 2019 Elsevier B.V. All rights reserved.

1. Introduction to Pq-adrenergic blockade is one of the primary mechanisms of

antihypertension [4,5]. Although the cardioinhibitory effect was initially

-Blockers have long been used to treat cardiovascular diseases
such as hypertension, arrhythmia, and ischemic heart disease [1-3].
Although R-blockers are no longer recommended as the first-line ther-
apy for primary hypertension [4], they are still widely used as add-on
therapy with angiotensin converting enzyme inhibitors, angiotensin
receptor blockers, calcium channel blockers, and/or diuretics. The
peripheral effects of 3-blockers may be divided into cardiac and vascu-
lar effects. Regarding the cardiac effect, reduction of cardiac output due
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thought to be a contraindication for heart failure, B-blockers have been
shown to be cardioprotective against excess sympathoexcitation [6]
partly because these agents improve the balance of oxygen supply
and demand in the failing heart [2]. Regarding the vascular effect,
{3-blockers can be vasoconstrictive because they block vascular smooth
muscle relaxation mediated by [,-adrenergic receptors. Second-
generation 3-blockers such as metoprolol are characterized by higher
affinity to ;- than to 3,-adrenergic receptors, which may be beneficial
for avoiding (3;-adrenoceptor-related adverse effects including bron-
chospasms [7]. Moreover, third-generation (3-blockers such as carve-
dilol reduce peripheral vascular resistance [6,7]. Aside from these
peripheral effects, 3-blockers also exert central effects. For instance,
intracerebroventricular administration of B-blockers prevents the in-
crease in renal sympathetic nerve activity (SNA) in response to air-jet
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stress in rats [8]. Chronic intracerebroventricular administration of met-
oprolol attenuates the progression of left ventricular remodeling in a rat
model of heart failure [9].

Although the above-mentioned cardiac, vascular, and central effects
of B-blockers are well documented individually, how these effects are
integrated in the baroreflex-mediated arterial pressure (AP) regulation
remains to be clarified. The potential difficulties in assessing drug effect
on SNA reside in the fact that any change in AP induced by systemic
administration of a test drug inevitably affects SNA via the arterial
baroreflex. As an example, intravenous metoprolol acutely increases
muscle SNA in humans, but the study could not answer whether it
is a direct central effect or an indirect reflex effect [10]. Likewise,
the peripheral effect can be modified under in vivo conditions by
baroreflex-mediated changes in SNA. To solve this problem, we have
developed a framework of open-loop systems analysis of the carotid
sinus baroreflex [11,12]. The present study aimed to quantify and com-
pare the effects of intravenous metoprolol and carvedilol, two com-
monly prescribed B-blockers, on baroreflex-mediated sympathetic
circulatory regulation.

2. Materials and methods
2.1. Surgical preparation

Animals were cared for in strict accordance with the Guiding Principles for the Care and
Use of Animals in the Field of Physiological Sciences as approved by the Physiological Society
of Japan. Experimental protocols were reviewed and approved by the Animal Subject
Committee of the National Cerebral and Cardiovascular Center.

Male adult Wistar-Kyoto rats (340-400 g) were anesthetized by intraperitoneal
injection (2 ml/kg) of a mixture of ca-chloralose (40 mg/ml) and urethane (250 mg/ml).
AP was measured from the right femoral artery. Heart rate (HR) was determined from
body surface electrocardiogram. SNA was recorded from a postganglionic branch of the
left splanchnic nerve. The electrical signal was amplified with a band-pass filter between
150 and 1000 Hz and was full-wave rectified and low-pass filtered at 30 Hz to quantify
SNA [12]. Bilateral carotid sinus regions were isolated [13], and carotid sinus pressure
(CSP) was controlled externally. Bilateral vagal and aortic depressor nerves were sec-
tioned to avoid confounding reflex effects. An ultrasound transit-time flow probe was
placed around the ascending aorta to measure aortic flow (AoF).

metoprolol 2 mg/kg, i.v.

200

2.2. Protocols

The effects of low-dose metoprolol, high-dose metoprolol, and carvedilol were
examined. In the low-dose metoprolol protocol (n = 6), metoprolol tartrate salt
(Sigma-Aldrich, USA, dissolved in physiological saline to a concentration of 2 mg/ml)
was injected at a dose of 2 mg/kg. In the high-dose metoprolol protocol (n = 6), metopro-
lol (a concentration of 10 mg/ml) was injected at a dose of 10 mg/kg. In the carvedilol pro-
tocol (n = 6), carvedilol (Sigma-Aldrich, USA) was first dissolved in dimethyl sulfoxide
(DMSO) (2 mg in 20 W) and then diluted with 980 pl of polyethylene glycol 200. The solu-
tion was further diluted with physiological saline to a final concentration of 0.67 mg/ml of
carvedilol, and injected at a dose of 0.67 mg/kg. The relative concentration of carvedilol to
low-dose metoprolol was one-third based on a past report [14].

Open-loop static characteristics of the carotid sinus baroreflex were assessed using
a staircase-wise CSP input protocol [12,15]. CSP was first set at 60 mm Hg for 5 min,
followed by an increment of 20 mm Hg every minute up to 180 mm Hg. The
staircase-wise CSP input was repeated and labeled as S1 through S5. The test drug
was injected 1 min after completion of S2. A ganglionic blocker hexamethonium bro-
mide (60 mg/kg) was administered intravenously at the end of the protocol to assess
the noise level of SNA.

2.3. Data analysis

Data were stored at 1000 Hz using a 16-bit analog-to-digital converter. The data ob-
tained after drug administration (S5) were compared with those obtained before drug ad-
ministration (S2). In each input sequence, AP, SNA, HR, and AoF were averaged for the last
10 s of each CSP level. Based on the 10-s averaged values, peripheral vascular resistance
(PVR) and stroke volume (SV) were derived from AP/AoF and AoF/HR, respectively. AoF
was also normalized to body weight and presented as AoF/BW. The measured SNA values
were normalized by treating the SNA obtained at CSP of 60 mm Hg in S2 as 100% and that
after hexamethonium administration (noise level) as 0%. We use the term “total reflex
arc” to refer to the CSP-AP relationship, “neural arc” to the CSP-SNA relationship, and
“peripheral arc” to the SNA-AP relationship [11].

A four-parameter logistic function [16] was used to quantify an inverse sigmoidal
input-output relationship:

Py

~ T explP(GP—Py) 4 M

y

where y is the output (AP, HR, or SNA); P; is the response range; P, is the slope coefficient;
P is the input pressure that gives the midpoint of the sigmoid curve; and Py is the lower
asymptote of the sigmoid curve.
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Fig. 1. Typical recordings of carotid sinus pressure (CSP), arterial pressure (AP), heart rate (HR), aortic flow (AoF), and sympathetic nerve activity (SNA) in the low-dose metoprolol
protocol. The CSP, AP, and HR signals are displayed as 10-Hz resampled data. m-SNA and m-AoF represent 2-s moving averaged signals of SNA and AoF, respectively. In the left panels,
baroreflex responses were examined using a staircase-wise CSP input. The baroreflex responses during S2 sequence served as control, and those assessed during S5 sequence were
used to evaluate the drug effects. In the right panels, the SNA signal disappeared after an intravenous bolus injection of the ganglionic blocker hexamethonium bromide (C6).
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After administration of metoprolol or carvedilol, the HR response to CSP was almost
absent. Hence, HR measured at CSP of 180 mm Hg was regarded as P4, and the difference
in HR observed between CSP of 60 and 180 mm Hg was regarded as P;. Parameters corre-
sponding to P, and P; were not available for the CSP-HR relationship after test drug
administration.

The relationship of AP or PVR versus SNA was analyzed by linear regression as follows:

y= b() + b]SNA (2)

where y is AP or PVR; and by and b, are the intercept and the slope, respectively.

The operating point of the carotid sinus baroreflex was calculated from a baroreflex
equilibrium diagram, which is obtained by plotting the fitted CSP-SNA curve and
SNA-AP line on a pressure-SNA plane [17].

2.4, Statistical analysis

Data are presented as mean =+ SE. The data obtained after drug administration (S5)
were compared with those obtained before drug administration (S2). This was because
the effects of high-dose metoprolol and carvedilol on the baroreflex-mediated AP re-
sponse (P; in the total reflex arc) reached a steady state only at S4 and thereafter
(i.e., there was a difference between S3 and S4 but not between S4 and S5). The parame-
ters were compared between before and after drug administration using a paired t-test.
For AoF and SV, values averaged over all CSP levels were compared using a paired t-test.
Differences were considered significant when P < 0.05 [18].

3. Results

Representative time series obtained from the low-dose metoprolol
protocol are shown in Fig. 1. CSP, AP, and HR are displayed as 10-Hz
resampled signals. m-AoF and m-SNA represent 2-s moving averaged
signals of AoF and SNA, respectively. In the left panels, an increase in

CSP decreased AP, HR, and m-SNA under control conditions (S1 and S2).
Administration of low-dose metoprolol (depicted as a down arrow) ini-
tially decreased HR and m-SNA but increased AP and m-AoF. The tran-
sient increases in AP and m-AoF were probably due to volume loading
during drug administration. While changes in AP, m-AoF, and m-SNA
induced by metoprolol administration subsided with time elapsed,
the decrease in HR persisted. In the right panels, CSP was adjusted to in-
stantaneous AP via the servo pump system. Administration of hexame-
thonium bromide decreased m-SNA to the noise level.
Group-averaged data obtained from the low-dose metoprolol proto-
col are summarized in Fig. 2 and Table 1. Low-dose metoprolol shifted
the CSP-AP relationship slightly downward (Fig. 2A) and decreased
HR with the abolition of the HR response to CSP (Fig. 2B). Low-dose
metoprolol had almost no effect on the SNA response to CSP (Fig. 2C).
The effect of low-dose metoprolol on the averaged value was not signif-
icant for AoF/BW (Fig. 2D), AoF (Fig. 2E), or SV (Fig. 2F). Low-dose
metoprolol tended to increase the intercept and decrease the slope of
the AP response to SNA (Fig. 2G). No significant effect was observed in
the PVR response to SNA (Fig. 2H). The operating-point AP and SNA
were not changed significantly by low-dose metoprolol (Fig. 2G).
Group-averaged data obtained from the high-dose metoprolol pro-
tocol are summarized in Fig. 3 and Table 1. High-dose metoprolol
narrowed the response range of AP without affecting the lower asymp-
tote of AP (Fig. 3A), and lowered HR with the abolition of the HR
response to CSP (Fig. 3B). In the neural arc, the lower asymptote of
SNA was slightly decreased by metoprolol (Fig. 3C). The effect of high-
dose metoprolol on the averaged value was significant for AoF/BW
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Fig. 2. Group-averaged results of the effects of low-dose metoprolol on baroreflex-mediated sympathetic circulatory regulation. Open and filled circles represent data points obtained
before (control) and after low-dose metoprolol administration. The top row illustrates open-loop static characteristics of the total reflex arc (A), heart rate (HR) response curve (B),
and the neural arc (C). CSP, carotid sinus pressure; AP, arterial pressure; SNA, sympathetic nerve activity; P; response range; P4, lower asymptote of the fitted sigmoid curve. The
second row illustrates aortic flow (AoF) relative to body weight (BW) (D) and in absolute values (E), and stroke volume (SV) (F) versus CSP. The bottom row illustrates the open-loop
static characteristics of the peripheral arc (G), peripheral vascular resistance (PVR) versus SNA (H), and the baroreflex equilibrium diagram (I). op-SNA and op-AP, operating-point
SNA and AP, respectively. Data are presented as mean 4+ SE. ** and * indicate P < 0.01 and P < 0.05, respectively. In panels A, C, D, E, and F, only one side of the error bar is displayed for

legibility reasons.
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Table 1
Effects of intravenous low-dose (2 mg/kg) and high-dose (10 mg/kg) metoprolol on parameters of static characteristics of the carotid sinus baroreflex.
Control Low-dose metoprolol P value Control High-dose metoprolol P value
CSP-AP (total reflex arc)
P;, mm Hg 60.8 £ 9.0 534 +£17.1 0.528 718 £ 73 584 +73 0.024
P,, mmHg ™! 0.097 + 0.028 0.107 + 0.022 0.623 0.139 £+ 0.019 0.144 + 0.017 0.836
P;, mm Hg 1084 + 4.9 1140+ 83 0.489 103.6 + 1.1 993 + 43 0.287
P4, mm Hg 584 +3.7 53.0 £ 2.5 0.015 592 +43 583 +4.0 0.457
CSP-HR relationship
Py, beats-min~' 469 + 104 16+ 1.1 0.005 324+ 6.6 —31+34 <0.001
P,, mm Hg ™! 0.079 £+ 0.016 N/A - 0.155 £ 0.037 N/A -
P;, mm Hg 1211 £ 6.7 N/A - 1123 £55 N/A -
P4, beats-min~' 3809 + 9.1 362.6 + 8.2 0.006 399.8 + 11.0 359.8 + 4.6 0.012
CSP-SNA (neural arc)
P1,% 742 £9.0 771 £ 15.6 0.755 794 + 41 68.0 + 6.1 0.091
P,, mm Hg™! 0.087 + 0.026 0.108 + 0.024 0.457 0.163 + 0.034 0.144 4 0.008 0.567
P;, mm Hg 119.8 + 64 11894+ 7.6 0.853 109.7 £ 2.2 107.2 £22 0.151
Py, % 28.0 £ 8.2 247 £ 6.9 0.440 225438 129+ 34 0.030
SNA-AP (peripheral arc)
bo, mm Hg 3124+ 6.1 39.9 +3.0 0.074 371+ 44 46.8 + 3.4 0.042
by, mm Hg- %" 0.811 4 0.068 0.599 4 0.088 0.062 0.881 £ 0.086 0.790 + 0.084 0.046
SNA-PVR relationship
bo, mm Hg-min-ml ™! 0.665 + 0.121 0.869 + 0.042 0.170 0.556 + 0.051 0.789 + 0.056 0.007
by, mm Hg-min-ml~"-%~" 0.0102 + 0.0020 0.0083 + 0.0015 0.452 0.0110 4 0.0012 0.0126 4 0.0012 0.044
Operating point
AP, mm Hg 983 £33 88.7 +£7.1 0.287 1019 + 2.7 96.1 + 2.7 0.002
SNA, % 829 +59 83.0 + 8.7 0.990 754 +£52 64.6 + 4.9 0.060

Data are expressed as mean = SE (n = 6 each), because low-dose metoprolol and high-dose metoprolol were tested in separate animals. CSP: carotid sinus pressure, AP: arterial pressure,
HR: heart rate, SNA: sympathetic nerve activity, PVR: peripheral vascular resistance, P; through P4: parameters of the fitted logistic function. N/A: not available for fitted parameters due to
the absence of significant HR response after metoprolol. P values <0.05 are italicized.

slope of the PVR response to SNA (Fig. 3H). High-dose metoprolol de-
creased the operating-point AP slightly and tended to decrease the
operating-point SNA (Fig. 3I).

(Fig. 3D) and AoF (Fig. 3E) but not for SV (Fig. 3F). High-dose metoprolol
increased the intercept and decreased the slope of the AP response to
SNA (Fig. 3G), and increased the intercept with a slight increase in the
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Fig. 3. Group-averaged results of the effects of high-dose metoprolol on baroreflex-mediated sympathetic circulatory regulation. Open and filled squares represent data points obtained
before (control) and after high-dose metoprolol administration. The panel descriptions are the same as those in Fig. 2. ** and * indicate P < 0.01 and P < 0.05, respectively. In panels A and F,
only one side of the error bar is displayed for legibility reasons.
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Group-averaged data obtained from the carvedilol protocol are sum-
marized in Fig. 4 and Table 2. Carvedilol decreased AP and markedly
narrowed the response range of AP (Fig. 4A). Likewise, carvedilol de-
creased HR and abolished the HR response to CSP (Fig. 4B). On the
other hand, carvedilol did not significantly affect the SNA response to
CSP (Fig. 4C). The effect of carvedilol on the averaged value was signifi-
cant for AoF/BW (Fig. 4D) and AoF (Fig. 4E) but not for SV (Fig. 4F).
Carvedilol decreased the slope without affecting the intercept of the
AP response to SNA (Fig. 4G). Carvedilol also decreased the slope and
tended to increase the intercept of the PVR response to SNA (Fig. 4H).
Carvedilol reduced the operating-point AP without a significant effect
on the operating-point SNA (Fig. 41).

4. Discussion

In all three protocols, the HR response to CSP was almost abolished
after drug administration, suggesting complete blockade of sympathetic
HR control mediated by (3;-adrenergic receptors. On the other hand, the
effects on the baroreflex neural and peripheral arcs differed among
three protocols, demonstrating differential impact of drugs or dosing
regimens on baroreflex-mediated sympathetic circulatory regulation.

4.1. Comparison of low- versus high-dose metoprolol

Agents with higher degrees of lipid solubility are more likely to pass
the blood-brain barrier. Metoprolol, which is moderately lipophilic,
distributes into the cerebrospinal fluid (CSF) within 15 min after intra-
venous injection in rats [19]. Penetration of metoprolol into CSF has
also been reported in humans [20,21] and may be responsible for cen-
tral adverse effects such as sleepiness and nightmares [5]. Low-dose

metoprolol, however, hardly affected the neural arc (Fig. 2C). The
slope in the peripheral arc tended to decrease after metoprolol adminis-
tration (Fig. 2G), which may have contributed to the reduction of the
lower asymptote of AP (Fig. 2A). While 3;-adrenergic blockade exerts
a negative inotropic effect, SV did not decrease after low-dose metopro-
lol (Fig. 2F), possibly because the ventricular filling pressure increases
when circulation is retarded by bradycardia. An increase in the diastolic
interval during bradycardia may have also contributed to the ventricu-
lar filling and the maintenance of SV. In sum, low-dose metoprolol has
limited AP-lowering effect despite the significant HR reduction.

High-dose metoprolol significantly decreased SNA (Fig. 3C),
confirming the central sympathoinhibitory effect [8]. Despite the signif-
icant reduction of AoF (Fig. 3E), AP at a given SNA was well maintained
(Fig. 3G) possibly due partly to the significant increase of PVR at a given
SNA (Fig. 3H). Although metoprolol is selective for 3;-adrenergic recep-
tors, high-dose metoprolol may also block vascular smooth muscle re-
laxation mediated by peripheral B,-adrenergic receptors. The results
conform to the idea that cardioselectivity of p-blockers can be lost at
high doses [5], although a conflicting view also exists [22]. The impor-
tant finding is that peripheral vasoconstriction cannot be ignored at
metoprolol doses that induce central sympathoinhibition. While central
sympathoinhibition can be beneficial [9], the peripheral vasoconstric-
tive effect may be undesirable for the treatment of hypertension and
heart failure.

4.2. Comparison of metoprolol versus carvedilol
Although carvedilol has moderate lipophilic properties, radioligand

of carvedilol hardly enters the brain after intravenous injection, probably
due to extensive binding to plasma proteins [23]. Carvedilol did not

A 150 B 450 C 150
. % control §§§ §C0ntrol
_ B33 % =) 3.
2100 | % E400- 2 <100
[S i 1} &
e | % SR S
g =) ¥ P
% 50 I‘x’ 380 g carvedilol »n 50
o carvedilol T
0 1 1 1 300 1 1 1 0 1 1 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
D CSP (mmHg) E CSP (mmHg) F CSP (mmHg)
250 100 0.2
§200
ETT g 411333
€ 5 s —
Eisof. [ S3833355 | E 3833555 | 2 I%%rrn
=4 E 50t C = 01}
100 L 5
< S
Q 50t =
L
o
< 0 1 1 1 0 1 1 1 0 1 I 1
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200
CSP (mmHg) CSP (mmHg) CSP (mmHg)
G 150 H 3 I 150
% E 2
= £ €
2100 ._%4 bl i 2t -”"%bf £ 100
15 s T o
- s
Q 50f . < 1 8 50
< 2 e - o
E 8 op-SNA
0 1 1 O 1 O 1 1
0 50 100 150 0 50 100 150 0 50 100 150
SNA (%) SNA (%) SNA (%)

Fig. 4. Group-averaged results of the effects of carvedilol on baroreflex-mediated sympathetic circulatory regulation. Open and filled rhombuses represent data points obtained before
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Table 2
Effects of intravenous carvedilol (0.67 mg/kg) on parameters of static characteristics of the
carotid sinus baroreflex.

Control Carvedilol P value

CSP-AP (total reflex arc)

Py, mm Hg 639 + 9.6 215+ 66 0.013

P,, mm Hg ™! 0.094 £+ 0.019 0.109 £ 0.016 0.197

P3, mm Hg 1222472 1241 £ 69 0.459

P4, mm Hg 652 £93 523 + 34 0.229
CSP-HR relationship

Py, beats-min ! 33.0 £ 6.2 0.8 £ 1.0 0.003

P,, mm Hg ™! 0.109 + 0.020 N/A -

P;, mm Hg 1304 + 7.7 N/A -

P4, beats-min~! 404.0 + 85 3773 +£11.2 0.080
CSP-SNA (neural arc)

Py, % 69.1 + 8.9 62.2 +£12.3 0.534

P,, mm Hg ! 0.108 4 0.020 0.118 4 0.016 0.388

P, mm Hg 129.7 £ 73 125.7 £ 6.7 0.444

Py, % 329493 31.5 4+ 10.7 0.902
SNA-AP (peripheral arc)

bo, mm Hg 301 +74 40.8 4+ 7.8 0.124

by, mm Hg- %! 0917 £+ 0.137 0.349 £ 0.070 0.016
SNA-PVR relationship

bo, mm Hg-min-ml~" 0.423 4 0.262 0.968 + 0.148 0.067

by, mm Hg-min-ml~!-%~! 0.0168 + 0.0051 0.0060 + 0.0014 0.048

Operating point
AP, mm Hg
SNA, %

112.6 + 7.6
89.6 +£ 3.9

719 + 8.2 0.025
90.7 £ 6.5 0.842

Data are expressed as mean + SE (n = 6). CSP: carotid sinus pressure, AP: arterial pres-
sure, HR: heart rate, SNA: sympathetic nerve activity, PVR: peripheral vascular resis-
tance, P; through P4 parameters of the fitted logistic function. N/A: not available for
fitted parameters due to the absence of significant HR response after carvedilol. P values
<0.05 are italicized.

exhibit central sympathoinhibition (Fig. 4C) at a dose that showed com-
plete blockade of sympathetic HR control (Fig. 4B) and significant hypo-
tensive effect (Fig. 4A). Redox signaling is an important determinant
of SNA [24]. While carvedilol has been shown to scavenge free radicals
[25], intravenous carvedilol may not have reached the brain with a
sufficient concentration to suppress SNA via the antioxidant mechanism.
Therefore, the acute hypotension induced by carvedilol is primarily
attributed to the peripheral effects. In contrast to high-dose metoprolol,
carvedilol significantly reduced the slope of the peripheral arc (Fig. 4G).
The vasodilatory effect of carvedilol via a;-adrenergic blockade may
have exceeded the possible vasoconstrictive effect via 3,-adrenergic
blockade. Whereas high-dose metoprolol reduced the operating-point
AP through a change in the neural arc (Fig. 3I), carvedilol reduced the
operating-point AP mainly via a change in the peripheral arc (Fig. 41).

Central aortic pressure is a powerful and potentially more robust
predictor of cardiovascular risk than brachial pressure [26]. Conven-
tional 3-blockers such as atenolol are less effective in reducing central
aortic pressure [27,28]. Central aortic pressure increases in association
with increasing PVR or aortic stiffness. In this study, high-dose metopro-
lol increased PVR at a given SNA. In contrast, carvedilol significantly de-
creased PVR at a given SNA. The results are consistent with the clinical
observation of the hemodynamic differences between metoprolol and
carvedilol in hypertensive patients [29]. Such differences in the effect
on PVR may partly account for the superiority of carvedilol to metopro-
lol (metoprolol tartrate, short-acting) in the treatment of heart failure
[30], although there is no conclusive difference in all-cause mortality
between treatments with carvedilol and metoprolol (metoprolol succi-
nate, extended release) [31].

4.3. Limitations

We recorded SNA from the splanchnic sympathetic nerve to
represent systemic SNA. As we perturbed SNA via the carotid sinus

baroreflex, systemic SNA might have changed in concert. Although we
have no data that directly compared splanchnic and cardiac SNAs, the
static CSP-SNA relationship is similar between cardiac and renal SNAs
[32] and between splanchnic and renal SNAs [33].

As we performed acute experiments under baroreflex open-loop
conditions in anesthetized animals, the results need to be verified
in more physiological, baroreflex closed-loop conditions. Further, we
examined the drug effect on normal rats. Future studies are required
to examine whether the above discussions hold in animal models of
hypertension or heart failure.

5. Conclusions

Low-dose metoprolol had limited effect on sympathetic AP regula-
tion despite a significant bradycardic effect. Although high-dose meto-
prolol showed central sympathoinhibition, it increased PVR at a given
SNA as a peripheral effect. Carvedilol did not show significant central
sympathoinhibition at the dose examined in this study, but significantly
reduced PVR at a given SNA. Although carvedilol is frequently classified
as a p-blocker, its vasodilatory effect via oy-adrenergic receptor block-
ade plays an important role in AP reduction or treatment of heart failure.
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