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Acute effects of third generation b-blockers on
short-term and beat-to-beat blood pressure
variability in sinoaortic-denervated rats

Facundo Martı́n Bertera1,2,4, Julieta Sofı́a Del Mauro1,4, Valeria Lovera1, Diego Chiappetta3,
Ariel Héctor Polizio1, Carlos Alberto Taira1,2 and Christian Höcht1,2

An increase in blood pressure variability (BPV) contributes to the development of target organ damage associated with

hypertension. Treatment with conventional b-blockers, such as atenolol, has been associated with an increase in BPV; however,

the extrapolation of these results to third generation b-blockers with pleiotropic effects seems to be inappropriate. The

cardiovascular effects of third generation b-blockers, carvedilol and nebivolol, were assessed in sinoaortic-denervated rats (SAD)

and compared with the second generation b-blocker atenolol and the calcium channel blocker verapamil, with a special focus

on short-term BPV. Male SAD rats were acutely treated with carvedilol, nebivolol, atenolol or verapamil at two different doses,

and the effects on blood pressure and BPV were recorded. Short-term BPV was assessed by the s.d. of BP recordings. Beat-to-

beat BPV was studied using spectral analysis to assess the vascular sympatholytic activity of carvedilol and nebivolol by

estimating the effects of these drugs on the ratio of low frequency (LF) to high frequency (HF) BPV (LF/HF ratio). Nebivolol,

carvedilol and the calcium channel blocker verapamil significantly attenuated short-term BPV at both doses in SAD animals,

and there were no differences between the drugs. Conversely, atenolol did not modify baseline s.d. values at either dose.

Carvedilol and nebivolol significantly reduced the LF/HF ratio in SAD rats compared with the effects of atenolol and verapamil,

suggesting the ability of the third generation b-blockers to reduce vascular sympathetic activity. In conclusion, third generation

b-blockers induce a marked reduction in short-term BPV in SAD rats compared to atenolol. Moreover, the ability of carvedilol

and nebivolol to reduce short-term BPV in SAD rats is equivalent to that of verapamil, suggesting that these b-blockers may

have an additional beneficial effect through their control of short-term variability to a similar extent to calcium channel

blockers.
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INTRODUCTION

Blood pressure is not a constant variable; rather, it shows marked
spontaneous oscillations over short-term (minutes to days) and long-
term (month) periods.1 Increased blood pressure variability (BPV)
has been established as a risk factor for the development of target
organ damage, not only in hypertensive patients but also in
normotensive subjects.1,2 A large number of studies have shown
that short-term BPV is increased in hypertensive patients compared
with age-matched normotensive controls, and the greater oscillation
in blood pressure is independently associated with cardiovascular
risk.1 Indeed, the s.d. of 24 h blood pressure readings is closely
associated with the progression of organ damage.1 In addition,
recent findings have suggested that elevated BPV also contributes
to the development of left ventricular hypertrophy in normotensive

subjects and macroalbuminuria in patients with type 2 diabetes
mellitus.3,4

Considering the contribution of BPV to the development of
cardiovascular events, reduction of this parameter may be considered
an additional goal for antihypertensive treatment.5 Conventional
antihypertensive drugs differ in their ability to control excessive
fluctuations in blood pressure and therefore have differing clinical
benefits. A recent meta-analysis has shown that calcium channel
blockers, including dihydropyridines and non-dihydropyridines, are
the most effective antihypertensive drugs at reducing BPV.6

Conversely, treatment with b-blockers has been associated with an
increase in BPV in hypertensive patients.6 Moreover, a subanalysis of
the ASCOT-BLPA trial results showed that amlodipine exerts greater
protection against cerebrovascular events in hypertensive patients
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than atenolol because of its ability to reduce short-term and long-
term BPV.7 In another recent report, Mancia et al.8 found modestly
lower variability of systolic blood pressure values in hypertensive
patients treated with lacidipine than in those treated with atenolol.
Nevertheless, the extrapolation of these results to third generation b-
blockers, such as carvedilol and nebivolol, seems to be inappropriate,
considering b-blockers greatly differ in their pharmacokinetic and
pharmacodynamic properties.9 Moreover, a recent systematic review
has found that variability in systolic blood pressure is increased more
by non-selective b-blockers than by selective b1-adrenergic
antagonists.10

The sinoaortic-denervated (SAD) rat represents an experimental
model of increased BPV but normal mean blood pressure.11

Previously, SAD rats have been used for the study of acute and
chronic effects of antihypertensive drugs on BPV and target organ
damage.12–15 Nevertheless, to the best our knowledge, effects of third
generation b-blockers on short-term fluctuations of blood pressure
have not been studied in this experimental model.

Therefore, the aim of the present work was to compare the effects
of atenolol (a second generation b-blocker), carvedilol (a third
generation b-blocker), nebivolol (a third generation b-blocker) and
verapamil (a calcium channel blocker) on blood pressure and short-
term BPV in SAD rats.

METHODS

Animals
Male 3-month-old Wistar rats were used (250–270 g). Animal experiments

were performed in accordance with the ‘Principles of laboratory animal care’

(NIH publication No. 85–3, revised 1985). All efforts were made to minimize

animal suffering and to reduce the number of animals used. SAD was

performed following the method described by Krieger16 under chloral

hydrate (250 mg kg�1 i.p.) anesthesia as previously reported.17,18 The

experiments were carried out 14 days after bilateral SAD. Animals were

maintained on a 12-h light/dark cycle. Rats were kept in a room at 22±2 1C,

and the air was adequately recycled. All animals were fed a standard rodent

diet (Asociación Cooperativas Argentinas, Buenos Aires, Argentina) with the

following composition (w/w): 20 proteins, 3 fat, 2 fiber, 6 minerals and 69%

starch and vitamin supplements.

Drugs
Atenolol (Droguerı́as Saporiti, Buenos Aires Argentina) and verapamil

(Droguerı́as Saporiti, Buenos Aires Argentina) were dissolved in Ringer

solution. Owing to their low water solubility, a special formula was prepared

for i.v. administration of nebivolol (gift from Laboratorios Raffo, Buenos Aires,

Argentina) and carvedilol (Droguerı́as Saporiti, Buenos Aires Argentina) as

previously reported.17,18 Ringer solution and the vehicle used in nebivolol and

carvedilol solution did not induce significant effects on blood pressure, heart

rate (HR) and beat-to-beat and short-term BPV in previous studies of our

laboratory.19–21 Therefore, to minimize the number of animals used, we did

not include vehicle-treated rats in our experimental design.

Experimental design
Animals were anaesthetized with ether, and the left carotid artery and left

femoral vein were cannulated with polyethylene cannulas containing hepar-

inized saline solution (25 U ml�1). Cannulas were tunneled under the skin and

externalized at the back of the neck. Experiments were performed in freely

moving animals 24 h after cannula placement. A recovery period of 24 h has

been found to be adequate for evaluation of drug effects on BPV in conscious

rats.

On the day of the experiment, the arterial cannula was connected to a

Spectramed P23XL pressure transducer (Spectramed, Oxnard, CA, USA)

coupled to a Grass 79D polygraph (Grass Instrument, Quincy, MA, USA).

The polygraph was connected to a digital converter adaptor unit (Polyview,

PVA 1, Grass-Astro Med, West Warwick, RI, USA), and recordings were stored

and analyzed with a software program (Polyview 2.3 Astro-Med). Basal mean

arterial pressure (MAP) and HR were estimated during a 60-min interval

before drug administration. MAP was calculated as the sum of the diastolic

pressure and one-third of the pulse pressure. HR was estimated tachographi-

cally by counting the pulsatile waves of the arterial pressure recording.

Atenolol (0.3 or 3 mg kg�1), nebivolol (0.3 or 3 mg kg�1), carvedilol (0.1 or

1 mg kg�1) or verapamil (0.3 or 3 mg kg�1) (n¼ 6 for each group) was

injected i.v. over 30 s. After drug administration, MAP and HR were

continuously recorded for 3 h, and the blood pressure recording was stored

for further analysis. To reduce the effects attributable to circadian alterations,

all experiments were conducted between 1300 hours and 1900 hours. Drug

dosages were selected to achieve an equivalent maximal chronotropic response

to the different b-blockers evaluated in the study.

Estimation of BPV
BPV was continuously estimated by determination of s.d. and spectral analysis

of 3 min periods of blood pressure recordings obtained at baseline and at

regular times after drug administration, when the quality of the arterial blood

pressure signal was visually considered to be satisfactory. As previously

reported,19,20,22,23 spectral analysis of the data was performed using the Fast

Fourier Transform algorithm with a Hamming window (Polyview 2.3 Astro-

Med). The total power spectral density, an index of global variability, was

calculated by integrating the power spectra over the frequency range (0.1–

2.5 Hz). Spectral densities in the total power spectral density in the very low

frequency (VLF) range (0.1–0.2 Hz), the low frequency (LF) range (0.2–0.7 Hz)

and the high frequency (HF) range (0.7–2.5 Hz) were calculated from baseline

recordings and after drug administration as previously reported.19,20,22

Although LF variability is affected by sympathetic modulation of vascular

tone, we used the LF/HF ratio as an index of vascular sympathetic activity. The

normalization procedure and estimation of the LF/HF ratio tends to minimize

the effect of the changes in total power on the absolute values of LF

variability.23,24

Statistical Analysis
Normal distribution of the data and the variables of the study were verified

using the Kolmogorov–Smirnov test. Data are expressed as the means±s.e.m.

Drug effects on MAP, HR, s.d. and LF/HF ratio were compared by means of

one- or two-way analyses of variance and Bonferroni’s post hoc test. Statistical

tests were performed using GraphPad Prism version 5.02 for Windows

(GraphPad Software, San Diego, California, CA, USA). Statistical significance

was defined as Po0.05.

RESULTS

After 14 days of sinoaortic denervation, SAD rats showed an increase
in the s.d. of blood pressure recordings (7.9±0.5 mm Hg, n¼ 24) and
normal baseline MAP values (112±2, n¼ 24) compared with
historical data from sham-operated rats (s.d.: 4.1±0.7 mm Hg,
n¼ 12; MAP: 109±3 mm Hg, n¼ 12) obtained in our laboratory.

Figure 1 shows the effects of low and high doses of carvedilol,
nebivolol, atenolol and verapamil on MAP in SAD rats. The low dose
of the antihypertensive drugs induced only minor changes in baseline
blood pressure values (Figure 1a). Statistical analysis of the results
showed a greater hypotensive response to 0.1 mg kg�1 carvedilol than
to 0.3 mg kg�1 nebivolol. After i.v. application of the high dose,
nebivolol, verapamil and carvedilol induced a greater blood pressure
lowering effect than that of 3 mg kg�1 atenolol (Figure 1b). Moreover,
two-way analyses of variance analysis showed a greater MAP reduc-
tion after acute administration of carvedilol and verapamil than
nebivolol (Figure 1b). Nevertheless, nebivolol showed a delayed effect
on blood pressure, whereas carvedilol and verapamil induced a fast
hypotensive response with rapid recovery of MAP to baseline values.

All antihypertensive drugs induced a dose-dependent reduction in
HR in SAD rats (Figure 2). After administration of the low dose, the
chronotropic response to different b-blockers, including atenolol,
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nebivolol and carvedilol, was not different from the response to
verapamil (Figure 2a). In addition, atenolol induced a slightly greater
negative chronotropic response than that induced by carvedilol.
Conversely, no differences were found in the bradycardic response
to 0.1 mg kg�1 carvedilol and 0.3 mg kg�1 nebivolol (Figure 2a).

After i.v. administration of the high dose, the maximal bradycardic
effect of verapamil was enhanced with respect to 3 mg kg�1 nebivolol,
1 mg kg�1 carvedilol and 3 mg kg�1 atenolol. No differences were
found in the maximal chronotropic response among the b-blockers,
although the effect on HR was prolonged in SAD animals treated with

3 mg kg�1 atenolol compared with those treated with carvedilol,
nebivolol and verapamil.

The effects of the drugs on short-term BPV, expressed as the s.d. of
blood pressure recordings, in SAD rats are depicted in Figure 3. After
administration of the low dose, the third generation b-blockers
nebivolol and carvedilol and the calcium channel blocker verapamil
significantly attenuated short-term BPV in SAD animals, and no
differences were observed between the drugs (Figure 3a). Conversely,
0.3 mg kg�1 atenolol did not modify baseline s.d. values throughout
the entire experiment (Figure 3a).
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Figure 1 Time course of changes in mean arterial pressure (DMAP, % of

baseline values), after i.v. administration of low (a) or high (b) doses of

carvedilol (circles), nebivolol (inverse triangle), atenolol (square) or

verapamil (triangle) to sinoaortic-denervated (SAD) rats. Each point shows

the mean±s.e.m. of six rats. The table shows the statistical parameters of

drug comparisons after two-way analysis of variance (ANOVA).
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Figure 2 Time course of changes in heart rate (DHR, % of baseline values),

after i.v. administration of low (a) or high (b) doses of carvedilol (circles),

nebivolol (inverse triangle), atenolol (square) or verapamil (triangle) to

sinoaortic-denervated (SAD) rats. Each point shows the mean±s.e.m. of six

rats. The table shows the statistical parameters of drug comparisons after

two-way analysis of variance (ANOVA).
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At the high dose level, atenolol (3 mg kg�1) exerted negligible
effects on short-term BPV, whereas carvedilol, nebivolol and verapa-
mil dramatically reduced the s.d. of blood pressure recordings in SAD
rats (Figure 3b). Thus, the drug effects on short-term BPV were
significantly greater after i.v. administration of 1 mg kg�1 carvedilol,
3 mg kg�1 nebivolol or 3 mg kg�1 verapamil than 3 mg kg�1 atenolol
(Figure 3b). Carvedilol induced a greater reduction in s.d. values in
SAD rats than 3 mg kg�1 nebivolol. No significant differences were

found in the effects on BPV between nebivolol or carvedilol and
3 mg kg�1 verapamil (Figure 3b).

Drug effects on beat-to-beat BPV in SAD rats
The effects of the drugs on beat-to-beat BPV obtained by spectral
analysis of blood pressure recording in SAD rats are shown in Table 1.
Carvedilol, nebivolol and verapamil, but not atenolol, reduced the
total power spectral density, an index of global variability, after
administration of a high dose to SAD rats (Table 1). Moreover, a low
dose of carvedilol was more effective than atenolol and verapamil at
reducing beat-to-beat global variability of blood pressure. After acute
i.v. administration of the low dose, only carvedilol significantly
reduced VLF BPV with respect to 0.3 mg kg�1 atenolol (Table 1).
At the high dose, carvedilol, nebivolol and verapamil clearly attenu-
ated VLF BPV in SAD animals compared with atenolol but without
significant differences between all three drugs.

At the LF domain of BPV, 0.1 mg kg�1 carvedilol was more
effective at controlling LF BPV than 0.3 mg kg�1 atenolol,
0.3 mg kg�1 nebivolol and 0.3 mg kg�1 verapamil (Table 1). Con-
versely, at the high dose, carvedilol and verapamil showed more
attenuation of LF BPV in SAD animals than atenolol and nebivolol.
In addition, 3 mg kg�1 nebivolol induced a greater reduction of BPV
in the LF domain than 3 mg kg�1 atenolol (Table 1).

In addition, all antihypertensive drugs evaluated in the study
showed negligible effects on HF BPV after acute administration of
the low dose (Table 1). Conversely, at the high doses, carvedilol,
nebivolol and verapamil significantly reduced HF variability in blood
pressure recordings compared with the variability observed with
atenolol. In addition, carvedilol and verapamil exhibited greater
efficacy in reducing HF BPV than nebivolol (Table 1).

The effects of the drugs on the LF/HF ratio, a marker of vascular
sympathetic activity, after acute i.v. administration to SAD animals
are shown in Figure 4. After i.v. application of the low dose, carvedilol
and nebivolol induced a greater attenuation of the LF/HF ratio than
atenolol and verapamil (Figure 4a). In addition, the LF/HF ratio was
markedly reduced after 0.1 mg kg�1 carvedilol administration in
comparison with 0.3 mg kg�1 nebivolol (Figure 4a). Similar findings
were found in SAD rats after administration of the high dose of the
antihypertensive drugs applied in the study. Both carvedilol and
nebivolol significantly reduced the LF/HF ratio in SAD rats compared
with the ratio in atenolol or verapamil-treated rats (Figure 4b). No
differences were found between the effects of carvedilol and nebivolol
on the LF/HF ratio after the administration of high doses (Figure 4b).

DISCUSSION

Considering the contribution of the BPV to cardiovascular risk and
target organ damage in hypertension and the fact that the lower
protective effect of traditional b-blockers has been attributed to their
inability to attenuate increased oscillations of blood pressure, the
present study was designed to compare the acute effects of second
generation and third generation b-blockers and calcium channel
blockers on short-term BPV in SAD animals.

The SAD rat, a high-BPV model, represents the gold standard for
the study of the physiology, pathology and pharmacology related to
BPV. Studies in SAD rats have demonstrated the development of
target organ damage, such as myocardial damage, renal lesions and
vascular remodeling after 4 weeks of denervation.11 Different
mechanisms have been proposed to be involved in the target organ
damage associated with high BPV, including hemodynamic effects,
endothelial dysfunction and activation of the renin–angiotensin
system and the sympathetic nervous system.11 Although
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Figure 3 Changes in short-term blood pressure variability, expressed as % of

baseline s.d. value, after i.v. administration of low (a) or high (b) doses of

carvedilol (circles), nebivolol (inverse triangle), atenolol (square) or

verapamil (triangle) to sinoaortic-denervated (SAD) rats. Each point shows

the mean±s.e.m. of six rats. The table shows the statistical parameters of

drug comparison after two-way analysis of variance (ANOVA).
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sympathetic overactivity contributes to BPV early in the first 24 h after
sinoaortic denervation, its activity returns to the normal level In the
chronic stage of SAD rats.25

There is evidence that antihypertensive drugs are effective at the
attenuation of short-term BPV in SAD rats after acute administration.
Wang et al.12 demonstrated that calcium channel blockers (nifedipine,
nitrendipine and amlodipine) and drugs acting on the sympathetic
nervous system (clonidine, prazosin and atenolol) significantly
decreased BPV in SAD rats. Conversely, telmisartan, hydrochloro-
thiazide and captopril were found not to modify BPV in SAD rats
after acute administration.12 Nevertheless, to the best of the our
knowledge, the effects of the acute administration of third generation
b-blockers, carvedilol and nebivolol, and the calcium channel blocker
verapamil have not previously been studied in this experimental
model of high BPV.

In the present study, we compared the acute effects of a low and a
high dose of atenolol, carvedilol, nebivolol and verapamil on short-
term BPV, beat-to-beat BPV, MAP and HR in SAD rats. As the BPV
increases with baseline MAP, it is important to distinguish whether
the beneficial effects of antihypertensive drugs on BPV are indepen-
dent of the hypotensive response. At a low dose, none of the atenolol,
carvedilol, nebivolol or verapamil treatments induced a significant
reduction in MAP in SAD rats. However, carvedilol, nebivolol and
verapamil, but not atenolol, significantly attenuated high short-term
BPV in this experimental model, suggesting that the efficacy of third
generation b-blockers and calcium channel blockers at reducing
excessive BPV is not directly related to their hypotensive action.
Our results are in agreement with previous findings by Van Vliet and
Chafe26 that showed that amlodipine can reduce MAP variability
independently of changes in the mean blood pressure level in
baroreceptor-denervated rats. In addition, comparison of the low
dose drug effects on short-term BPV showed that the third generation
b-blockers are more effective than atenolol at the reduction of the s.d.
of blood pressure recordings in SAD rats. Moreover, subdepressor
doses of carvedilol and nebivolol showed an ability to attenuate short-
term BPV that was comparable to the effects of the calcium channel
blocker verapamil.

At a high dose, nebivolol, carvedilol and verapamil exerted greater
hypotensive activity in SAD rats than the activity of atenolol.
In addition, the maximal hypotensive response to carvedilol, verapa-
mil and nebivolol was similar, although nebivolol induced a delayed
blood pressure lowering action compared with the fast response to i.v.
administration of carvedilol and verapamil. The pattern of blood
pressure changes described in the present study agrees with previous
results of pharmacokinetic-pharmacodynamic studies in other experi-
mental models.19–21 Both carvedilol and verapamil have been found
to produce fast and short-acting hypotensive responses in
experimental models of hypertension.20,21 Sudden drops in MAP
detected after carvedilol and verapamil can be observed only after i.v.
administration and can result in reflex sympathetic activation.
However, reflex sympathetic activation due to the hypotension

Table 1 Change in beat-to-beat blood pressure variability in the, VLF, LF and HF domain (expressed as % of baseline values) after i.v.

administration of low and high dose of carvedilol, nebivolol, atenolol and verapamil in SAD rats

Atenolol Carvedilol Nebivolol Verapamil

0.3 mg kg�1 3 mg kg�1 0.1mgkg�1 1 mgkg�1 0.3 mgkg�1 3 mgkg�1 0.3 mgkg�1 3 mg kg�1

Total power density �3.8±5.4 8.6±5.8 �39.7±8.6*,# �56.3±5.9*,y �21.4±3.3 �28.9±5.6* �11.3±2.7 �58.7±5.8*,y

VLF 3.9±3.5 11.8±2.9 �41.4±8.6* �54.2±5.1* �17.52±10.3 �35.9±8.8* �14.2±3.6 �57.9±6.3*

LF �1.3±2 3.3±9.5 �39.9±8.4*,y,# �60.2±4.9*,y �11.9±4.9 �29.1±6.5* �13.2±3.5 �59.1±5*,y

HF �1.3±2.7 8.8±6.2 �26.1±9.1 �52.7±7*,y �7.6±8 �22.9±7.2* �11.1±1.9 �52.2±5.5*,y

Abbreviations: HF, high frequency; LF, low frequency; SAD, sinoaortic denervated; VLF, very low frequency.
Each bar shows the mean±s.e.m. of six rats. *Po0.05 vs. atenolol; yPo0.05 vs. nebivolol; #Po0.05 vs. verapamil by one-way ANOVA followed by Bonferroni’s post hoc- test.
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induced by carvedilol and verapamil is blunted in SAD rats as a result
of a marked reduction in baroreflex sensitivity.27 Nevertheless, the
possibility of sympathetic overactivity after i.v. administration of high
doses of carvedilol and verapamil must be considered in subjects with
normal baroreflex sensitivity. Conversely, nebivolol exerted a long
lasting and delayed hypotensive response after acute i.v.
administration in normotensive and spontaneously hypertensive
rats.19 Several mechanisms could contribute to the sustained
hypotensive efficacy of nebivolol, including its slow dissociation
from its receptor and the generation of active metabolites.28 Meier
et al.29 have found a long-lasting hypotensive response to acute
nebivolol administration in SHR that has been attributed to its active
metabolites.

Comparison of the drugs’ effects on BPV after administration
with the high dose again demonstrated a greater efficacy of the third
generation b-blockers carvedilol and nebivolol in controlling short-
term oscillations of blood pressure than the efficacy of atenolol.
Moreover, the vasodilatory b-blockers and verapamil had a similar
ability to attenuate BPV, reaffirming that the pleiotropic effects of
third generation b-blockers greatly are beneficial not only in their
hypotensive action but also in the attenuation of short-term BPV.
Although the results of our study must be interpreted with caution,
considering the short-term nature of the study, the findings suggest
that the inefficacy of traditional b-blockers, such as atenolol, to
reduce short-term BPV cannot be extrapolated to third generation
b-blockers with vasodilatory properties. Although the mechanisms
involved in the beneficial effects of third generation b-blockers on
short-term BPV in SAD rats are unknown, enhancement of
endothelial function mediated by carvedilol and nebivolol could
contribute to their ability to reduce blood pressure oscillations. In
this context, Rocha and Bendhack30 have found the presence of
spontaneous oscillatory contractions in aortas isolated from SAD
rats, a mechanism that could contribute to blood pressure lability in
this experimental group. Spontaneous oscillatory contractions in
SAD rats were increased after the removal of the aortic
endothelium, suggesting the involvement of endothelium-derived
factors in the prevention of BPV in SAD rats.30 Preclinical and
clinical studies have demonstrated that both carvedilol and
nebivolol are capable of enhancing endothelial function in
hypertensive patients.31,32 Taken together, the enhancement of
endothelial function by carvedilol and nebivolol may be involved
in the observed attenuation of short-term BPV in SAD rats after the
administration of low or high doses. In addition, Rocha and
Bendhack30 have found that spontaneous oscillatory contractions
in aortas from SAD rats are prevented by low concentrations of
verapamil, suggesting the participation of calcium channels in BPV
in this experimental model.

Overall, BPV is composed of two variables: the cyclic components
detected by spectral analysis of blood pressure recordings and the
erratic variability. Although the cyclic components of BPV do not
show a close relationship with target organ damage, identification of
the frequency components of BPV by power spectral analysis can
potentially provide information about the mechanisms involved in
blood pressure regulation.33 In this context, the renin–angiotensin
system peptides, catecholamines, endothelial-derived NO and myo-
genic vascular function affect BPV at VLF.33 Conversely, LF variability
is modulated by sympathetic modulation of vascular tone and
endothelial-derived NO in rats.33 Variability in the HF domain is
mainly influenced by changes in cardiac output.34 In addition,
normalized LF (LF/HF ratio) has been validated as a marker of
sympathetic vascular activity in preclinical and clinical studies.24,35

Acute administration of carvedilol, nebivolol and verapamil
induced a reduction of all components of cyclic BPV, including
VLF, LF and HF variability. Conversely, atenolol did not modify beat-
to-beat BPV. In addition, carvedilol showed a greater ability to reduce
VLF and LF variability, considering the fact that its effects on beat-to-
beat BPV were evident at a low dose. The lack of effect of atenolol on
cyclic components of BPV could be explained by the fact that this
cardioselective b-blocker did not affect the neurohumoral control of
blood pressure or vascular sympathetic activity. Consistent with our
findings, Just et al.36 have found that atenolol administration in mice
does not significantly change different domains of beat-to-beat BPV,
despite its strong effects on HR.

The ability of carvedilol to attenuate beat-to-beat BPV in the VLF,
LF and HF domains is most likely a consequence of its antioxidant
and vascular sympatholytic activity and the reduction of cardiac
output instability. Similar findings have been made in our laboratory
in different models of hypertension, including spontaneously hyper-
tensive rats, fructose-fed rats and L-NAME hypertensive ani-
mals.20,22,37 In all experimental subjects, acute i.v. application of
carvedilol greatly reduced BPV in the three frequency domains.
Moreover, the vascular sympatholytic activity of carvedilol is also
evidenced by the reduction of the LF/HF ratio, a validated index of
vascular sympathetic activity.

Nebivolol also induced a marked attenuation of VLF, LF and HF
BPV in SAD rats after application of the high dose. Similar findings
have recently been made in our laboratory after acute administration
of nebivolol to spontaneously hypertensive and normotensive rats.19

The effects of this third generation b-blocker on beat-to-beat BPV, as
assessed by spectral analysis, could be explained by its ability to
enhance endothelial-derived NO activity. In addition, analysis of the
drug’s effects on the LF/HF ratio also showed that nebivolol
significantly attenuated the ratio after i.v. administration. Several
previous studies have described the sympatholytic actions of
nebivolol, which are partially related to the increase in NO
bioavailability.38,39 Sacco et al.39 found that central application of
nebivolol can acutely increase brain NO release, thereby reducing the
activity of the sympathetic nervous system.

Finally, in our study, i.v. administration of verapamil also induced a
marked attenuation of beat-to-beat BPV in the VLF, LF and HF
domains. To the best of our knowledge, the effects of verapamil On
beat-to-beat BPV, as measured by spectral analysis recordings, have
not previously been studied in laboratory animals. Nevertheless, other
authors have found that nifedipine, a dihydropiridine calcium
channel blocker, reduces VLF and LF BPV in conscious normotensive
Wistar–Kyoto rats.33 These effects have been attributed to the ability
of the calcium channel blocker to prevent the vascular myogenic
response, as well as to the reduction of a1-adrenoceptor-mediated
vasoconstriction via blockade of store-operated Ca2þ channels.33

In conclusion, comparison of the effects of second- and third-
generation b-blockers and the calcium channel blocker verapamil on
BPV in SAD rats demonstrated that nebivolol and carvedilol show
improved cardiovascular properties compared with atenolol treat-
ment, inducing a marked reduction in short-term BPV in SAD rats.
Moreover, the ability of carvedilol and nebivolol to reduce short-term
BPV in SAD rats is equivalent to that of verapamil, suggesting that
these b-blockers provide beneficial cardiovascular effects by control-
ling short-term variability to a similar extent to calcium channel
blockers. Our results suggest that the ineffectiveness of atenolol to
control excessive fluctuations in blood pressure must not be extra-
polated to b-blockers with pleiotropic effects, such as carvedilol and
nebivolol. In addition, as expected, carvedilol and nebivolol showed
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greater hypotensive activity than atenolol in SAD rats, which is
associated with their ability to enhance endothelial-derived NO
activity and to interfere with vascular sympathetic tone. The results
of the present study provide new insight into the effects of these drugs
on short-term BPV and provide motivation for the development of
long-term studies to elucidate whether the beneficial effects of
carvedilol and nebivolol on BPV continue during long-term admin-
istration and whether these treatments result in a greater target organ
protection than does atenolol.
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