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Abstract

A quantitative relationship between power densities of blood pressure (PBP) and sympathetic nerve activity (PSNA) in a low-frequency

range (LF, 0.016–0.85Hz), expressed as PSNA=PBP�a�10b�(frequency) was proposed in pentobarbital-anesthetized rats. For evaluating the

general applicability of this equation, the quantitative relationship of power density ratio H( f )=PBP/PSNA across frequency was tested in a

conscious state. Wistar rats were chronically instrumented with a femoral artery catheter and recording electrode around the renal sympathetic

nerve. The blood pressure and renal sympathetic nerve activity were monitored both under pentobarbital anesthesia and in a conscious state.

Linear regression analysis of the relationship between the frequency and logarithmic magnitude of the power density ratio in the LF range

revealed excellent fit in both conditions (r =�0.96T0.01 and �0.93T0.01 for anesthetized and conscious rats, respectively). Comparing the

regression lines, rats under pentobarbital anesthesia had significantly larger values for the y-intercept and slope compared to rats in a

conscious state ( y-intercepts: 0.80T0.09>0.53T0.08; slopes: �2.86T0.26>�1.62T0.21). Our results demonstrate that it is also feasible to

use the weighted PBP in LF as a quantitative index of sympathetic variability in conscious rats, but the evaluation of possible complications

controlling the regression parameters is called for.

D 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Blood pressure (BP) and sympathetic nerve activity

(SNA) are well known to be functionally coupled in order to

maintain normal homeostatic function. Several lines of

evidence suggest that SNA is a critical determinant of BP

fluctuations in a frequency range slower than the respiration

rate (Pagani et al., 1997; Furlan et al., 2000). Changes in

low-frequency arterial pressure variability under conditions

that prominently alter sympathetic tone have been presumed

to represent proportional changes in vascular sympathetic

outflow (Radaelli et al., 1994). However, controversies still
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remain (Stauss et al., 1995; Andrew et al., 1998), and some

studies further suggested that low-frequency fluctuations of

the BP do not reflect sympathetic tone, but instead are

related to sympathetic variability (Persson et al., 1992; Tsai

et al., 1999, 2004).

Based on results from our previous studies (Tsai et al.,

1997, 1999), we demonstrated that there is a quantitative

relationship between power densities of BP (PBP) and SNA

(PSNA) in the low-frequency range (LF, 0.016–0.85Hz),

expressed as PSNA=PBP�a�10b�(frequency), where a and b

are constants obtained from the y-intercept and slope values

(respectively) of the regression line of logarithmic power

density ratio (H( f )=PBP/PSNA) across frequency. This

supports the possible use of the PBP in LF as a quantitative

index of SNA variability in anesthetized rats. To further

evaluate the utility of this equation, the same power density

ratio of BP to SNA was assessed to determine whether it is
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Fig. 1. Relationship of the correlation coefficient and the quantity of epochs

used for averaging. The relationships in both conditions were performed

with a steady high correlation coefficient when the number of epochs

exceeded 30.
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also tenable in a conscious state. We recorded the BP and

SNA of rats under pentobarbital anesthesia and in a

conscious state. The power density ratios were calculated

and the effects of pentobarbital anesthesia on the regression

parameters were addressed to test the general applicability

of this relationship.
2. Materials and methods

2.1. Animal preparation and surgical procedures

Seven male Wistar rats (380–450g) were used. The

entire experimental procedure was approved by the Institu-

tional Animal Care and Use Committee, National Ilan

University. Each rat was anesthetized with sodium pento-

barbital (50mg/kg, i.p. initially and 12.5mg/kg i.v., supple-

mented as necessary during surgery). The femoral artery and

vein were cannulated for systemic BP recording and drug

administration. The left kidney was exposed retroperitone-

ally, and the renal nerve was dissected free from the

surrounding connective tissues and crushed distally. A

bipolar hook electrode made of stainless steel microwires

(biomedical wire AS 634, Cooner Wire; Chatsworth, CA)

was positioned under the renal nerve. Both the exposed

nerve and electrode were encased in silicon gel (Wacker

Siligel 604; Munich, Germany).

2.2. Experimental protocol

Following surgery, a period of time was allowed to pass

to let the animal return to a lighter level of anesthesia as

indicated by its ability to withdraw the hindlimb slightly

when pinched. Then pentobarbital was administrated as a

single dose (12.5mg/kg) intravenously. The recording

period covered approximately 40min starting from the time
when the BP returned to a stable level. The exact time that

the rat really recovered from anesthesia was not measurable.

According to a previous study by Shimokawa et al. (1998),

we considered that spontaneous movement was an indicator

of ‘‘awakening’’. The average awakening time was

182T15min after the last pentobarbital administration in

the 7 rats. A duration of 260–300min after the last

pentobarbital administration was taken as the conscious

state which was approximately 1h after the awakening time.

The BP and renal SNA were also recorded in this period. In

addition to the state of resting quietly, different tonic

conditions of SNA, such as tilting, noise disturbance, or

walking were included in the conscious recording. Hexa-

methonium bromide (20mg/kg, i.v.) was given to determine

the baseline value of renal SNA at the end of the recording

session.

2.3. Data acquisition and analysis

The BP signal was obtained through a pressure–voltage

transducer (Gould P23 ID) and amplified (Grass 7D). The

electrical signal of the renal nerve was band pass-filtered at

between 30 and 3kHz and amplified 10,000 times by a

Grass P511 differential amplifier. All signals were stored on

a tape recorder (model DR-886, Neuro Data, New York,

NY). For offline analysis, renal nerve signals were

integrated using an integrator with a 20-ms reset time. The

BP and integrated SNA signals were digitized at 1024

samples/s using an MP 100 A/D converter (BIOPAC

System, Goleta, CA). Each recording period was divided

into 36 epochs of 64s each which did not overlap for offline

analysis. According to our previous results, the averaging

process produced a better fit in the linear regression analysis

of the relationship between the frequency and the logarith-

mic power density ratio (Tsai et al., 1999). To determine the

quantity of epochs for the averaging process in order to

obtain a good fit for both experimental conditions, a curve

relating epoch quantities with correlation coefficients was

produced. The relationships in both conditions revealed

steady high coefficient values when the quantity of epochs

exceeded 30 (Fig. 1). Therefore, 30 epochs were used in the

following regression analysis.

Spectral analysis of the integrated SNA and BP signals

was carried out by fast Fourier transformation (Acknowl-

edge version 3.5.7, BIOPAC System) after removing the DC

component and applying a Hanning window. According to a

previous study by Tsai et al. (2004), the power densities of

each frequency in the FFT analysis were normalized by

dividing them by the averaged power within the frequency

band of 0.016–0.85Hz. The power density ratio, H( f ),

was calculated as H( f )=PBP/PSNA, where PBP and PSNA

are the respective normalized power densities of BP and

SNA at each frequency. The PBP/PSNA values at each

frequency of 30 epochs were averaged for further linear

regression analysis. The magnitude squared coherence

function between SNA and BP was calculated using
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Fig. 2. A representative example of blood pressure (BP) and sympathetic nerve activity (SNA) recording, their respective spectral power (in normalized unit)

and the logarithmic magnitude of power density ratio plotted against frequency under anesthetic and conscious states.
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LabVIEW 6.0 software (National Instruments) and the

equation of |Sxy( f)|
2/Sxx( f)Syy( f), where Sxy is the cross

spectrum and Sxx and Syy are the power spectra of signals

x and y, respectively. The threshold (=0.11) above which

coherence exceeds zero with a significance level a=0.01
was calculated according to the study of Barrès et al. (2004).

Paired t-tests were used to compare the conscious and

anesthetic states in a rat. Data are expressed as the

meanTS.E. where not specified.
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Fig. 3. The upper graph is a semi-logarithmic plots of the normalized power

ratio of the BP and SNA in a frequency range lower than 0.85Hz. Each plot

was obtained from the average of 7 rats. Note that the ratio decreased

exponentially when the frequency was increased from 0.016 to 0.85Hz both

in anesthetized and conscious conditions. The lower graph is the squared

coherence between SNA and BP. The horizontal dotted line shows the

significance threshold 0.11 ( P <0.01).
3. Results

A representative example of BP and renal SNA recording,

their respective spectral power and the logarithmic power

density ratio plotted against frequency was shown as Fig. 2.

The averaged BP readings of the recording periods of anes-

thesia (87T3mm Hg) were significant smaller ( p <0.01)

than those in the conscious state (101T4mm Hg). The

averaged tonic renal SNA of anesthetized and conscious

states were 10.7T3.9 and 13.2T3.3AV s, respectively, which

did not statistically differ ( p >0.05). These findings were

similar to the results of Shimokawa et al. (1998), who

demonstrated that pentobarbital sodium (30mg/kg, i.v.)

caused a decrease in the BP but no change in renal SNA.
0

0.8

1.6

2.4

3.2

slope Y-intercept X-intercept

n
o

rm
al

iz
ed

 u
n

it

anesthetic

conscious

**

**

Fig. 4. Effect of pentobarbital anesthesia on the slopes, and x and y

intercepts of the regression lines. The paired t-test (n =7) showed

significantly smaller y-intercept and slope values under a conscious state

( p <0.01). Note that the slopes are presented as absolute values.
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In both experimental conditions, the coherence exceeded

the significance threshold 0.11 (Fig. 3, lower graph). The

magnitude of the power density ratio decreased logarithmi-

cally with an increase in the frequency of both conditions

(Fig. 3, upper graph). Linear regression analysis of the 7 rats

revealed an excellent fit (with correlation coefficients of

�0.96T0.01 and �0.93T0.01 for anesthetized and con-

scious rats, respectively). As shown in Fig. 4, the slopes of

these regression lines in anesthetized and conscious states

were�2.86T0.26 and�1.62T0.21; y-intercepts were 0.80T
0.09 and 0.53T0.08; and x-intercepts were 0.28T0.02 and

0.34T0.04, respectively. Rats under pentobarbital anesthesia
had significantly larger y-intercept and slope values com-

pared to rats in a conscious state ( p <0.01), but the x-intercept

did not statistically differ ( p >0.05).
4. Discussion

It is still unknown which properties of sympathetic-

cardiovascular interactions contribute to the semi-logarith-

mic relationship. Some possibilities are that the sympathetic

effect is too sluggish to mediate higher frequency variations

of the BP. In a study by Malpas et al. (1999), the renal

nerves of rabbits were stimulated using modulated sine

patterns which varied the voltage of stimulation to between

0 and 10V at a frequency of between 0.04 and 1.0Hz. The

power of the induced oscillations in renal blood flow (RBF)

was calculated using spectral analysis. The faster rhythms in

stimulated SNA (>0.6Hz) contributed to setting the mean

level of the RBF, while only the slower rhythms (<0.6Hz)

induced an oscillation in the RBF. This indicated a low-pass

filtering/integrating characteristic of the vasculature. Fur-

thermore, the amplitude response of the induced oscillation

generally decreased with increasing frequency of stimula-

tion; for example, the ability of an SNA rhythm at 0.6Hz to

induce a rhythm in the RBF was 21 times less than that at

0.25Hz. Low-pass filter properties have also been described

in the iliac circulation of rats, and evidence has been

provided that noradrenaline reuptake mechanisms are not

the frequency-limiting step of the vasculature response

(Bertram et al., 2000). A study on isolated rat vascular

smooth muscle cells further suggested that sympathetic

modulation is limited by the a-adrenoceptor signal trans-

duction into muscle cells and not by an intrinsic inability

of the cells to contract and relax at higher rates (Julien

et al., 2001).

Under natural conditions, SNA tends to fire in bursts.

This can be thought of as spontaneous central stimula-

tion (Tsai et al., 1997). The excellent linear relationship

between the frequency and the logarithmic magnitude of the

power density ratio in the LF demonstrated the similar

nonlinear, abruptly decreasing characteristic. For example,

the x-intercept of the regression line was around 0.28Hz

under pentobarbital anesthesia, which means that the

fluctuations of the 2 signals were equal in quantity at a
frequency of around 0.28Hz. In contrast, at around 0.6Hz,

the ratio magnitude was about �1, which means that the

spectral power of the BP was about 1/10 the power of the

SNA. The fluctuation in BP coupled with an equal quantity

of fluctuation in the SNA of around 0.3Hz also agrees with

the findings of a previous study by Brown et al. (1994), who

demonstrated high coherence between fluctuations in SNA

and the BP at 0.4Hz both in conscious and pentobarbital-

anesthetized rats. Stauss and Kregel (1996) also showed that

transmission from peripheral sympathetic nerves to vascular

smooth muscles is strongest in the frequency band from

0.2 to 0.5Hz in conscious rats. Analysis by wavelet

transformation in a simplified condition of rats (Tsai et al.,

2004) also demonstrated that only the fluctuations within

the frequency band of 0.25–0.4Hz exhibited a good linear

fit in the time domain.

Pentobarbital administration attenuates the ability of the

baroreflex. In rats, light anesthesia with pentobarbital

sodium (30mg/kg) has been shown to decrease the

sympathetic baroreflex gain (Shimokawa et al., 1998).

Altura and Altura (1975) also demonstrated that pentobar-

bital dose-dependently attenuates the vascular contractions

induced by epinephrine and serotonin. As shown in Fig. 4,

there were statistical differences in the 2 regression para-

meters between the 2 conditions, with the conscious state

showing a gentler slope and a lower y-intercept. The

possibility that these regression parameters can be used to

index certain sympathetic-cardiovascular interactions was

implied by a simple simulating model (Cheng et al., 2004).

The box and damping functions were used to simulate

single fluctuations of the SNA and the corresponding BP

responses, and the linearly shifted summation of each

function was used to simulate simplified stimulation-

response patterns as described by Tsai et al. (1997). Power

spectral analysis of these 2 simulated signals demonstrated

that the similar linear regression as described for the

experimental conditions and the parameters of regression

line were influenced by the response intensity and the

duration of the BP to SNA.

In conclusion, our results demonstrate that the PBP in

LF as a quantitative index of SNA variability can also

feasibly be used in conscious rats; it is formulated as

PSNA=PBP�a�10b�(frequency), where a and b are con-

stants obtained from the y-intercept and slope values

(respectively) of the regression line of the semi-logarithmic

plot. Variations in regression parameters compared between

the anesthetic and conscious states mean that the precise

utility of the equation still needs to be further studied in

order to evaluate possible complications from various

control factors.
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