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Human muscle sympathetic nerve activity (MSNA) is

modulated by arterial baroreflex mechanisms: the

sympathetic impulses are grouped in pulse synchronous

bursts occurring preferentially during transient reductions

of blood pressure (Delius et al. 1972a), and changes of

arterial baroreceptor firing induce opposite changes in the

strength of MSNA (Wallin & Eckberg, 1982). Recently, it

was shown that a sensory stimulus delivered 200–400 ms

after the R wave of the ECG led to an inhibition of one or

two MSNA bursts, suggesting that the stimulus in some

way potentiated the inhibitory effect of the afferent

baroreceptor discharge evoked by the systolic pressure

wave (Donadio et al. 2002). The effect was seen in some,

but not in all subjects. Since the inhibition could occur

either after visual or electrical skin stimuli, it was suggested

that the response was most likely to be related to arousal.

An arousal reaction can be regarded as a response to

external or internal stimulation, alerting the individual to

a novel situation that may require some form of action.

The patterns of arousal responses appear to be similar

across mammalian species, including humans (Blanchard

et al. 2001). Animal studies have shown that arousal

responses to tactile stimuli are enhanced in situations

perceived as threatening (Blanchard et al. 1986), and induce

cardiovascular changes that may facilitate particular

defensive behaviours (Carrive, 2000; Dielenberg et al.
2001). In humans arousal reactions can be evoked both in

the awake state and during sleep in association with

(spontaneous or induced) K-complexes in the electro-

encephalogram (Hornyak et al. 1991; Okada et al. 1991;

Xie et al. 1999) and presumably, such reactions have

considerable survival value. The manifestations of arousal

may include autonomic and respiratory adjustments and

skeleto-motor reactions (startle) but the variability is wide,

depending on many factors including stimulus intensity

(Turpin et al. 1999), cognitive load of the stimulus (Unrug

et al. 1997) and aspects of personality (Lawler et al. 2001).
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Surprising sensory stimuli have been found to attenuate one or two sympathetic discharges in

human muscle nerves of some, but not all subjects, an effect suggested to be due to arousal. The aims

of the present study were: (1) to provide evidence for or against an arousal mechanism by searching

for evidence of habituation, and (2) to investigate if the presence or absence of inhibitory response is

reproducible. To this end we recorded peroneal muscle sympathetic nerve activity (MSNA),

electrocardiogram (ECG), finger blood pressure and changes of skin electrical resistance in 17

awake healthy subjects, while sensory stimuli consisting of five electrical pulses were delivered to a

finger. The electrical pulses were triggered on five consecutive R waves of the ECG after a delay of

200 ms. Dummy stimuli, consisting of five trigger pulses without electrical pulses were used as

controls, and the interval between two successive stimuli (real or dummy) was 30 s. On a group

basis, the stimuli attenuated two initial and one late MSNA bursts. On an individual basis,

significant attenuation of one or two initial bursts occurred in eight subjects, whereas in nine

subjects there was no significant inhibition. In nine subjects the experiments were repeated once

and in three subjects they were repeated twice. The effects on MSNA were reproducible in 11 of

the12 subjects. In the group of subjects without significant MSNA inhibition the stimuli induced a

small, transient increase in mean blood pressure, which was not present in the group with

significant MSNA inhibition. Heart rate did not change in either group. In conclusion, the

inhibitory effect on MSNA of five repeated electrical pulses to a finger is largely similar to that

previously shown for one pulse, i.e. there is rapid habituation of the response, compatible with an

arousal-induced effect. The inhibitory responsiveness shows marked interindividual differences,

which are reproducible over several months and associated with different effects on blood pressure.
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In order to extend knowledge of the inhibitory effects of

sensory stimulation on MSNA the present experiments

were undertaken with the following aims: (1) to provide

further evidence for or against the hypothesis that the

inhibition was due to arousal. To this end MSNA was

recorded while a series of identical sensory stimuli were

delivered with short intervals, the assumption being that

arousal-induced effects would habituate with rapid

repetition; and (2) to investigate if the interindividual

differences in sympathetic responses to sensory stimulation,

mentioned above, are reproducible over time. If such

differences were present we also wanted to determine

whether or not there were associated differences in cardio-

vascular effector responses.

METHODS
Subjects
We studied 17 awake, male, healthy individuals aged 28 ± 2 years
(range 21–48 years) with arterial blood pressure below 140/90
(measured with a sphygmomanometer on the upper arm); no
subject was on medication. The recordings were performed in the
morning, approximately 3 h after a light meal. Room temperature
was 22–25 °C. Tobacco, caffeine and alcohol were not allowed for
12 h before the examination. In 12 subjects the study protocol was
repeated after 2–3 months, and in three subjects a third recording
was made within 6 months. The experimental procedures were
approved by the Human Ethics Committee at the University of
Göteborg and all subjects gave their written, informed consent to
the procedures, which conformed to the Declaration of Helsinki.

Measurements
Subjects were semi-reclining in a comfortable chair. ECG was
recorded via Ag–AgCl electrodes on the chest and respiratory
movements were monitored by a strain gauge belt around the lower
part of the chest. Arterial finger blood pressure was measured non-
invasively by the volume-clamp method (Portapress Model-2,
Amsterdam, The Netherlands), with the cuffs around the middle
phalanx of the third and fourth fingers on the same side as the
microneurography recording. Changes in skin resistance (filter
settings 0.3–100 Hz) were measured from the plantar and the dorsal
sides of the foot ipsilateral to the microneurography recording side.

Multiunit efferent post-ganglionic muscle sympathetic nerve
activity was recorded with an insulated tungsten microelectrode
with a tip diameter of a few microns inserted into the left peroneal
nerve, posterior to the fibular head. A low-impedance reference
electrode was inserted subcutaneously a few centimetres away. In
subjects in whom the study protocol was repeated, the second
recording was obtained from the right and the third from the left
peroneal nerve.

The nerve signal was amplified (w 50 000), filtered (band pass
700–2000 Hz) and fed through a discriminator for further noise
reduction and audio-monitoring. A mean voltage (integrated)
display was obtained by passing the original signal through a
resistance–capacitance circuit (time constant 0.1 s). During the
experiment, neural activity and arterial pressure were monitored
on a storage oscilloscope. When a muscle–nerve fascicle had been
identified, small electrode adjustments were made until a site was
found in which sympathetic impulses with a good signal-to-noise
ratio could be recorded. A recording of MSNA was considered
acceptable when it revealed spontaneous, pulse-synchronous
bursts of neural activity that fulfilled the criteria for MSNA
previously described (Sundlöf & Wallin, 1977). The filtered and
integrated nerve signals were sampled and stored together with
other signals on a personal computer using a locally produced
data acquisition system. In addition, all signals were stored on
analogue tape.

Stimulation
Two types of stimuli were used. The real stimulus was a series of
five electrical constant-voltage square wave pulses (0.2–10 ms
duration, 100–150 V amplitude) triggered with a delay of 200 ms
on five consecutive R waves of the ECG, and delivered via surface
electrodes taped to the second finger of the hand opposite to the
microneurography recording. The strength of the stimulus was
adjusted to be as high as possible without causing pain.
Approximately the same intensity of stimulation was kept in each
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Figure 1. Relationship between sympathetic bursts,
cardiovascular parameters and stimulus
Definitions and terminology for the relationship between mean
voltage neurogram, cardiovascular parameters and electrical
stimulus consisting of five repeated square wave pulses triggered
with a delay of 200 ms from the R wave of the ECG (note stimulus
artefacts in mean voltage neurogram). Pulses 1–5 delivered in
cardiac intervals 1–5 (CI 1–5). Baroreflex latency defined as time
from R wave 1 of the ECG (R1) to peak of burst 1 in mean voltage
neurogram, i.e. bursts 1–5 are terminated by the afferent
baroreceptor discharges induced by the systolic pressure waves
occurring in CI 2–6.
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subject for the first, second and third recordings. The dummy
stimulus was a series of five trigger pulses without subsequent
electrical shocks. All trigger pulses were recorded and stored in the
computer and on the tape.

Electrical and dummy stimuli were randomly delivered every 30 s
(without regard to the amount of activity) and the same order was
used for all subjects. Intervals between real stimuli varied between
30 s and 3.5 min.

Procedure
After acquiring a stable recording site, resting MSNA was recorded
for 15 min. After the rest period the subject was informed that the
stimulation was about to start at the predetermined intensity.
During all stimulation periods the loudspeaker was turned off but
the experimenter monitored the integrated neurogram on an
oscilloscope screen to detect artefacts caused by muscle tension,
etc. In each experiment real and dummy stimuli were given 30
times. In six subjects the fifth electrical pulse of each stimulus was
shifted and applied to the second finger of the opposite hand.

Analysis
Sympathetic activity. Sympathetic bursts occurring during the
last 5 min of the rest period were identified by inspection of the
mean voltage neurogram, and the amount of activity was
expressed as burst incidence (bursts (100 heart beats)_1) and burst
frequency (bursts min_1).

To describe the sequence of events associated with the stimuli, the
following definitions were adopted (Fig. 1). The first electrical
pulse (pulse 1) of a stimulus was delivered in a heart cycle
(between R waves 0 and 1) denoted cardiac interval (CI) 1, and the
subsequent four pulses were given in CI 2 to 5. A sympathetic
burst generated in the central nervous system during CI 1 is
defined as burst 1 (and those generated during CI 2 to 5 as bursts 2
to 5). Burst 1 will arrive at the recording electrode after a delay
corresponding to the baroreflex latency (defined as the latency
from the R wave of the ECG to the start of the inhibition (equal to
the peak) of the appropriate burst in the mean voltage neurogram).
When recording in the peroneal nerve at the fibular head, this
delay is approximately 1.3 s (Fagius & Wallin, 1980). With this
definition and since the duration of the average cardiac interval
was shorter than the reflex delay in all subjects, the electrical
artefacts from the five pulses of a stimulus usually contaminated
bursts _1 to 3 (Fig. 1). 

We quantified the effects of the stimulation on the amplitudes of
bursts 0 to 5. In order to exclude the artefacts from the electrical
pulses in the quantitative analysis, we averaged, for each experiment,
all (usually around 25) artefacts occurring in segments of the mean

voltage neurogram without bursts. This average artefact was then
arithmetically subtracted from the neurogram by the computer
(Fig. 2). After artefact removal all amplitudes of bursts 0 to 5 were
normalised to the mean amplitude (equal to 100 units) of all bursts
_4, _3 and _2 (which were uncontaminated by artefacts from the
electrical pulses) for either real or dummy stimulations in each
subject. Then, in each subject the mean normalised amplitude for
each of bursts 0 to 5 was compared to the mean amplitude of all
bursts _4, _3 and _2 both for real and dummy stimuli. Absent bursts
were included and given the value of zero.

Since a previous study has shown that the mechanisms determining
the strength and occurrence of MSNA bursts are not identical
(Kienbaum et al. 2001), the effects of the stimuli were also
analysed separately for each variable. For burst strength (equal to
amplitude) the calculation was identical to that for total amplitude,
except that absent bursts, i.e. zero values, were not included in the
mean. To determine if the occurrence of bursts was reduced by the
stimuli we determined how often each of bursts 0 to 5 were present
in the neurogram compared to the expected occurrence. The
expected occurrence was derived from the baroreflex threshold
diagram, calculated as described by Kienbaum et al. (2001). The
threshold diagrams were based on bursts and diastolic blood
pressures before (_4, _3 and _2) and after (11 to 25) all real and
dummy stimuli.

Cardiovascular variables. For each electrical or dummy
stimulation, the computer determined mean blood pressure and
cardiac interval of all cardiac cycles _4 to 25. Individual values of
blood pressure and cardiac interval were then normalised in the
same way as burst amplitude, and for each cardiac cycle the
difference between the respective mean value and corresponding
mean value of heart cycle _4, _3 and _2 (equal to 100 units) were
determined separately for real and dummy stimuli.

Skin resistance changes. Counts were made of the number of skin
resistance responses occurring within 7 s from the first pulse of a
stimulus. To be included as a response, the amplitude had to
exceed 5 % of the biggest spontaneous skin resistance deflection
occurring during the rest period. The occurrence of responses was
expressed as a percentage of the total number of stimuli.

Statistics
All values are expressed as means ± S.E.M. Student’s two-tailed t
test for unpaired data was used to compare: (a) mean normalised
burst amplitude of bursts _4, _3 and _2 with each of bursts 0 to 5
and (b) the difference between real and expected occurrence of
bursts during the stimuli. Separate analyses were made for real and
dummy stimuli. 
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Figure 2. Artefact elimination
Technique for removal of artefacts induced by the
electrical pulses. Upper left trace, mean voltage
neurogram distorted by artefacts from five pulses.
Average artefact (upper right trace) was obtained
from sections of the neurogram without bursts
(as in association with pulse 2). Lower trace, the
same mean voltage neurogram after subtraction
of averaged artefact.
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Unpaired t tests were also used to compare the level of MSNA (in
bursts (100 heart beats)_1 and bursts min_1) and the occurrence of
skin resistance responses between subgroups of subjects.
Bonferroni corrections were made in all t tests using a nominal
level of significance at P = 0.05.

Analysis of variance followed by the Duncan test was used to
compare time-dependent changes from the baseline in mean blood
pressure between subgroups of subjects. The reproducibility of
sympathetic inhibition between repeated recordings in the same
subject were assessed with Pearson linear regression analysis.
P < 0.05 was considered significant.

RESULTS
Resting levels of MSNA in the sitting position were

62 ± 3 (range 41–88) bursts (100 heart beats)_1, 39 ± 2

(range 21–50) bursts min_1. Heart rate was 61 ± 1 (range

49–74) beats min_1. Cuff blood pressure was 104(± 10)/

62(± 8) mmHg.

Stimulation-induced effects on muscle sympathetic
activity
On a group basis electrical skin stimulation caused a

significant reduction of the averaged mean voltage

amplitude of bursts 0, 1 and 4, when compared to the

mean amplitude of the pre-stimulus control bursts

(Table 1). In contrast, dummy stimuli induced no changes

of the amplitudes of bursts 0–5. When burst occurrence

and burst amplitude were analysed separately, there was a

significant reduction of both, i.e. there was no evidence of

differentiated effects on these variables (Table 1).

Considering the whole data set, the amplitude of bursts 0

or 1 (choosing the one with the most marked attenuation)

was reduced by 45 ± 4 % compared to the mean of control

bursts _4, _3 and _2.

To compare on an individual basis the effects of the

stimulation in the present study with those reported by

Donadio et al. (2002) we analysed the effects on bursts 0

and 1 separately from those on bursts 2 to 5. In eight of the

17 subjects the mean voltage amplitude was reduced on

burst 0 (one subject), burst 1 (four subjects) or both burst

0 and 1 (three subjects). Figure 3 shows superimposed

averaged records (dummy and electrical stimulation) of

sympathetic activity from subjects in whom one (A) and

two (B) bursts were attenuated. Table 2 summarises

individual data from all subjects. In subjects with

significant amplitude reduction of bursts 0 and/or 1 the

resting level of MSNA was higher than in subjects without

amplitude reduction (68 ± 3 vs. 57 ± 4 bursts (100 heart

beats)_1 and 52 ± 4 vs. 36 ± 3 bursts min_1, n = 8 vs. n = 9,

P < 0.05 for both). In subjects with significant amplitude
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Table 1. Group comparison of inhibitory effects on
MSNA bursts

Burst number

0 1 2 3 4 5

Total amplitude ** *** — — * —
Burst amplitude * *** — — * —
Burst occurrence * *** — — — —

Analysis made with six Bonferroni-corrected repeated t tests.
Significance of burst inhibition compared to control (bursts _4 to
_2) indicated by the following symbols: — , no significant effect;
* P < 0.05; ** P < 0.01; *** P < 0.001.

Figure 3. Stimulus-induced effects of MSNA in two subjects
Examples of subjects (A and B corresponding to nos 2 and 12, respectively, in Table 2) showing amplitude
reduction of burst 1 (A) or 0 and 1 (B) in the averaged mean voltage neurograms. Results of dummy and real
stimuli shown by dashed and continuous lines, respectively. Note good agreement in all recordings between
control bursts in records from dummy and real stimuli, and also similarity between inhibitory effects in first
and second recordings.
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reduction the mean amplitude was reduced by between 40

and 87 % compared with the mean of the control bursts

_4, _3 and _2. In subjects without significant amplitude

reduction (n = 9), mean amplitudes were 19–44 % lower

in eight and 25 % higher in one subject (the calculations

were all based on the smallest of bursts 0 and 1). Further-

more, in subjects with statistically significant amplitude

reduction of bursts 0 or 1 the decrease in amplitudes was

greater during the first than during the last 15 stimuli

(71 ± 3 vs. 52 ± 3 %, respectively, P < 0.01).

In addition to effects on bursts 0 and/or 1 the stimuli also

induced a significant reduction in the amplitude of burst 2

in one subject and of burst 4 in one subject. There were also

significant increases in burst amplitudes (burst 4 in one

subject and burst 5 in another) and these occurred in

subjects in whom at least one previous burst had been

attenuated (see Table 2).

In six subjects (indicated by ‘+’ after the subject number in

Table 2) the fifth pulse of each stimulus was applied to the

opposite hand. On a group basis, no significant reduction

in amplitudes of burst 4 or 5 occurred, but on an

individual basis burst 4 was attenuated in one subject.

To illustrate the time courses of the different types of

responses, the material was divided into two groups, one

comprising subjects with, and the other one comprising

subjects without significant amplitude reduction in burst 0

or 1 in the individual analysis. As expected, the variations

of burst amplitudes over time differed markedly between

the two groups (Fig. 4A and B). In the group with

amplitude reduction of bursts 0 and/or 1 there was also an

approximately 20 % increase of the amplitudes of bursts 5

and 6 when compared with the three control bursts

(P < 0.05). This effect was not present in subjects without

amplitude reduction.

Reproducibility. In nine subjects the experiments were

repeated once and in three subjects, twice. The stimulation-

induced effects on MSNA were reproducible in 11 of the 12

subjects (for details see Table 2). All three subjects in

whom three recordings were made had reproducible

results in all recordings: in two subjects bursts 0 and/or

1 were attenuated and in one subject no attenuation

occurred. Of the nine subjects in whom two recordings

were made eight had reproducible results: three showed

burst amplitude reduction (in one case different bursts

in the two recordings) and five showed no amplitude

reduction. In the remaining subject the amplitude of

burst 0 was significantly attenuated in the second, but not

in the first experiment.

Moreover, when plotting the relative amplitude reduction

of bursts 0 or 1 in the first recording versus that in the

second recording for all 12 subjects (using the burst with

the most marked attenuation in each recording), the

regression line (P < 0.01) fell close to the 45 deg line (Fig. 5).

Thus, the degree of inhibition was also reproducible, even

Reproducible sympathetic responses to arousalJ. Physiol. 544.1 297

Table 2. Individual effects on MSNA burst amplitudes

1st recording 2nd recording 3rd recording
Burst number Burst number Burst number

0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5

Subject
1 — *** — — * — *** — — — — ††
2 — ** — — — — — *** — — — — — ** — — — —
3 — — — — — — — — — — — —
4 — ** — — — —

5 — — — — — — — — — — — —
6 — — — — — — *** — — — — †
7 * ** * — — — — *** * — — — — * — — — —
8 — — — — — —

9 — — — — — — — — — — — —
10 — — — — — — — — — — — —
11 — — — — — — — — — — — — — — — — — —
12 + *** *** — — — ††† *** ** — — — —

13 + — — — — — — — — — — — —
14 + — — — — — —
15 + — * — — — — — * — — — —
16 + — * — — ** —
17 + ** — — — †† —

Significance of burst inhibition indicated with the following symbols: — , no significant effect; * P < 0.05;
** P < 0.01; *** P < 0.001. + after the subject identification indicates that the last electrical pulse was shifted
to the opposite hand. Augmentation of burst amplitude indicated by † P < 0.05; †† P < 0.01; ††† P < 0.001.



Jo
u

rn
al

 o
f P

hy
si

ol
og

y

when subjects were included in whom the individual effect

did not reach statistical significance.

Stimulation-induced effects on cardiovascular
variables
As illustrated in Fig. 4, there were stimulus-induced

changes in mean blood pressure that differed between

subjects with and without significant attenuation of bursts

0 or 1 in the individual analysis. Subjects without burst

amplitude reduction had a significant early increase in

pressure (with a peak approximately 6–7 heart beats after

the first electrical pulse) followed by a reduction in blood

pressure. In subjects with burst amplitude reduction there

was no early increase but only the late decrease. The

reduction of pressure, which occurred at unchanged

MSNA, was more marked in the group without burst

amplitude reduction but the difference did not reach

statistical significance.

In contrast with the stimulus-induced effects on blood

pressure, there were no significant early or late group

effects on heart rate in either group. On an individual basis

there were significant changes of heart rate in 10 of 17

subjects, six in subjects with and four in subjects without

significant MSNA response. These changes varied markedly;

both accelerations and decelerations occurred, with

decelerations being most common.

Stimulation-induced effects on skin resistance
Electrical stimuli generally evoked transient skin resistance

responses, but all subjects showed a clear tendency to

habituation. The incidence of responses was similar in

subjects with and without MSNA response (66 ± 12

and 57 ± 8 %, respectively, P > 0.10). The tendency to

habituation was quantified as the incidence of skin

resistance responses evoked by the last 15 stimuli divided

by the corresponding incidence during the first 15 stimuli.

In subjects with significant MSNA inhibition in the

individual analysis this ratio was 0.79 ± 0.17, and in

subjects without inhibition the corresponding value was

0.65 ± 0.18 (P > 0.10).

DISCUSSION
Our main findings were: (1) the MSNA response to five

electrical pulses time-locked to the ECG was remarkably

similar to that evoked by one electrical pulse, suggesting

that marked habituation occurred; (2) inhibitory MSNA

V. Donadio, T. Karlsson, M. Elam and B. G. Wallin298 J. Physiol. 544.1

Figure 4. Stimulus-induced cardiovascular effects
Average effects of five electrical pulses on burst amplitude, mean blood pressure and cardiac interval in all
subjects with (A) or without (B) significant inhibition of burst 0 or 1 (or both) in first recording. All values
expressed as percentages of mean values in bursts or cardiac intervals _4 to _2. * P < 0.05.
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responses were obtained in approximately 50 % of the

subjects, and when the experiment was repeated after

several months, the result was reproducible in 11 of 12

subjects; and (3) the group of subjects without significant

MSNA inhibition had a transient increase in mean blood

pressure after the stimulus, which was not seen in the

group with MSNA inhibition.

Muscle sympathetic responses
The main sympathetic response to five ECG-triggered

electrical skin pulses given with a delay of 200 ms was

similar to that evoked by one pulse in the study of Donadio

et al. (2002), i.e. burst 0, burst 1 or both bursts were

attenuated (both on a group basis and in individual

subjects). In fact, in the present study the initial MSNA

inhibition to five ECG-triggered pulses occurred slightly

less frequently (in 8/17 subjects, 47 %) than the inhibition

by a single pulse in the study of Donadio et al. (2002) (in

11/19 subjects, 58 %). In addition to this initial effect

induced by pulse 1, however, there were only minor

indications that pulses 2 to 5 led to sympathetic inhibition:

burst 2 was reduced in amplitude in one and burst 4 in two

subjects and, on a group basis for all subjects, burst 4

was significantly attenuated. In addition, the increased

amplitudes of bursts 5 and 6 in Fig. 4A may be a sign of

post-inhibitory excitation, indicating that some inhibitory

effect remained until the end of the stimulus. Thus, the

findings indicate that when repeated electrical pulses are

given with short intervals, the MSNA inhibition habituates

markedly after the first pulse, supporting the view that the

inhibitory effect is due to arousal.

When the last pulse in each stimulus was shifted to the

opposite hand, no increase in the inhibitory effect

occurred, suggesting that the habituation to the electrical

pulses was not weakened. The explanation for this

somewhat unexpected result may be that the surprise

effect was too weak: after one stimulus the subject had

already become aware of the experimental protocol, which

then remained unchanged through all 30 stimuli.

Between experiments made at intervals of months, there

may have been: (a) unrecognised differences in the number

of sympathetic fibres recorded from; (b) unrecognised

differences in the subject’s estimate of the strength of

the electrical stimulus; (c) unrecognised differences in the

psychological state of the subject. In spite of this, the

inhibition of burst 0 or 1 was remarkably reproducible

(Table 2 and Fig. 5), suggesting that the underlying

mechanism was stable and characteristic for the individual.

Interindividual differences in MSNA responsiveness to

stimuli or manoeuvres have not been demonstrated

previously, but there are well-documented reproducible

interindividual differences of resting levels of MSNA in

supine subjects (Sundlöf & Wallin, 1977; Fagius & Wallin,

1993). We found higher resting levels of MSNA (in the sitting

posture) in subjects with significant MSNA inhibition,

raising the possibility that the two types of interindividual

differences in some way are linked.

The mechanisms underlying the interindividual differences

in arousal-induced MSNA inhibition are unclear. When

the effects of electrical and visual stimuli were compared

(Donadio et al. 2002) the MSNA inhibition was more

Reproducible sympathetic responses to arousalJ. Physiol. 544.1 299

Figure 5. Comparison of stimulus-induced
responses in repeated recordings
Relationship between degree of inhibition in
subjects in whom repeated recordings were made.1, comparison of first and second recordings;ª, comparison of second (abscissa) and third
(ordinate) recordings. Filled symbols indicate
subjects in whom the amplitude reduction of
burst 0 and/or 1 was statistically significant in both
recordings. Amplitude reduction is expressed as
percentage of mean amplitude of  bursts _4 to _2
preceding the stimuli. The continuous line is the
regression line and the dashed line is the line of
identity.
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common after electrical stimuli, which was also the mode

of stimulation that evoked the most arousal reactions. On

the other hand, in neither the study of Donadio et al.
(2002) nor the present experiments were there differences

in the occurrence of skin resistance responses between

subjects with and without significant MSNA inhibition in

the individual analysis, suggesting that the inhibition is not

merely a question of high reactivity to stimuli. Arousal-

induced changes of respiration may contribute to the

MSNA effect (cf. Donadio et al. 2002) but this possibility

cannot be evaluated from the present data. Personality-

related factors could also be of importance but no

supporting evidence is available. In the only published

study of MSNA and personality type (Schroeder et al.
2000), there was no relationship between type A

personality and the strength of MSNA at rest, or with

increases of MNSA during mental arithmetic, isometric

handgrip or the cold pressor test.

Cardiovascular responses
Electrical stimulation of certain areas in the hypothalamus

and the brainstem evokes a defence reaction, the early

cardiovascular component of which (the alerting stage) is

seen as a preparation for fight or flight (Hilton, 1982). In

conscious cats (Caraffa-Braga et al. 1973), monkeys

(Forsyth, 1972) and rabbits (Yu & Blessing, 1997) similar

vascular responses, graded in relation to stimulus intensity

and usually comprising splachnic, renal and cutaneous

vasoconstriction, muscle vasodilatation and a rise in blood

pressure, are evoked both by short-lasting sensory stimuli

(such as a sudden sound or a pain stimulus) and emotional

stress of longer duration. In humans, emotional stress

induced by mental arithmetic was found to evoke similar

circulatory changes (Brod et al. 1959), and in micro-

neurographic recordings, both arousal and mental

arithmetic lead to increases in skin vasoconstrictor nerve

traffic (Delius et al. 1972b; Haarth et al. 1972). Taken

together the findings suggest that the vascular response

induced by arousal is qualitatively similar to that evoked

by more long lasting emotional stress.

Against this background it is likely that the MSNA

inhibition seen in the present study is part of a more or less

generalised stress response, which to some degree is

similar to the defence reaction, and which probably

contributes to the early phase of the muscle vasodilatation

mentioned above. The arousal-induced MSNA effect

probably contributes to the reduction of MSNA during the

first 30 s of mental stress that was found previously

(Callister et al. 1992). Later during a stress response (after

one to several minutes) MSNA has been found to be

unchanged in the arm and increase in the leg (Anderson et
al. 1987; Callister et al. 1992) suggesting that during this

phase, mechanisms other than a change of vasoconstrictor

nerve traffic are important for evoking the vasodilatation.

We found that the stimuli were followed by small

(approximately 2 % of the resting level) but significant

blood pressure changes. Interestingly, there was an early

transient increase in mean blood pressure in the group of

subjects without significant MSNA inhibition, which did

not occur in the group with MSNA inhibition. A possible

explanation may be that an arousal-induced excitation of

other sympathetic subdivisions (e.g. renal, splanchnic) is

counteracted by the inhibition of MSNA, thereby

abolishing the early blood pressure increase seen in

subjects without significant inhibition. The mechanism

underlying the late reduction of blood pressure seen in

both groups is also unclear, but may be related to an

associated change of baroreflex threshold or sensitivity,

since MSNA remained unchanged.

The electrical stimuli induced no significant changes of

group-averaged heart rate, primarily because of marked

interindividual differences in latency and type of response.

Thus, changes in cardiac output are unlikely to contribute

significantly to the blood pressure changes. The lack

of consistent heart rate effects agrees with previous

observations (Eves & Gruzelier, 1984; Turpin et al. 1999);

sudden sound stimuli may evoke both early and late

accelerator and decelerator responses, in part related to

stimulus intensity. There is also evidence that the

cardiovascular responses to stress (Brod et al. 1959;

Mancia et al. 1972), as well as the habituation of such

responses (Zborzyna, 1987), display interindividual

differences both in animals and humans.

Methodological aspects
To demonstrate an inhibitory effect of a stimulus requires

a certain level of background activity. In the present study

the interindividual differences in resting activity ranged

between 41 and 88 bursts (100 heart beats)_1, meaning

that the electrical pulses of the stimulus often occurred

in cardiac intervals without activity. Since all subjects

received 30 stimuli, the consequence is that the statistical

analyses of the significance of inhibition were based on

different levels of background activity. Because of this

interindividual variability one should expect the reliability

of the significance analysis to be weaker in subjects with

fewer bursts. Accordingly, our statistical methodology

may underestimate the number of subjects with MSNA

inhibition. This agrees with the good reproducibility of

burst amplitude reduction in repeated recordings in some

subjects without significant MSNA inhibition (Fig. 5).

Thus, it is likely that the tendency to respond with MSNA

inhibition is graded, ranging between weak or no responses

in some subjects and marked responses in others.

In the present study, the method of initiating stimuli

differed from that used by Macefield et al. (1998) and

Donadio et al. (2002). In both these studies the experimenter

delivered the stimulus at the start of a sequence of MSNA

bursts, the effect being that the strength of activity in the

averaged mean voltage neurogram varied over the period of
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averaging. An advantage of this procedure was that

inhibitions occurred against a relatively high level of

activity but, on the other hand, the intervals between

stimuli (real or dummy) were subjective and quite variable.

In the present study the subjectivity was avoided by using

the computer to initiate the stimuli at 30 s intervals,

regardless of the level of MSNA activity. As shown in Fig. 3

this resulted in a relatively constant level of activity in the

averaged mean voltage neurogram (i.e. except for those

bursts that were attenuated by the electrical pulses, burst

amplitudes were fairly similar).

Since all subjects in the present study were males, the results

cannot be generalised. There is, however, no indication that

the inhibitory effect on MSNA is limited to males; in the

study of Donadio et al. (2002) two of three females had

significant MSNA inhibition to single sensory stimuli.

In summary, healthy human subjects differ in their

sympathetic and haemodynamic responses to a sudden

arousal stimulus. In some subjects MSNA is almost

unaffected by the stimulus and the blood pressure shows a

transient increase. Other subjects show a short-lasting

inhibition of sympathetic activity, and they do not display

a blood pressure increase following the stimulus. The

mechanisms underlying these differences, as well as their

putative long-term implications remain to be resolved.
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