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Representation of the pulse wave of the blood pressure by the series of
impulses of the pulse-rhythmic neurons in the nucleus tractus solitarii
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Summary. Baroreceptor afferent fibers from the aortic arch and carotid sinus project to
the nucleus of solitary tract in the medulla. The aim of this study was to define the relation
between the activity of neurons in this nucleus and changes of the blood pressure in the aorta
during the pulse wave. Impulses of 74 pulse-rhythmic neurons, i.e. neurons discharging in
bursts of impulses synchronously with the pulse wave, were recorded in acute experiments on
30 rabbits. Impulse histograms triggered by the R wave of the ECG and the averaged pulse
wave over 250 consecutive R-R intervals were compared. These post-R histograms showed a
close correlation of impulse activity with the pulse wave for most (74%) neurons. The begin-
ning of the burst of impulses corresponded to the beginning of the pulse wave and the highest
frequency of discharges coincided with the steepest rise in blood pressure of the pulse wave.
The similarity of the histograms to the pulse wave shows that the pulse-rhythmic neurons
integrate mostly the afferent input received from the arterial baroreceptors.
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Introduction
A short-term regulation of the blood pressure is one

of the mechanisms by which the appropriate blood pres-
sure is maintained in the body (1). The regulation is
mediated by the baroreflex, a negative feedback con-
trol resulting from stimulation of baroreceptors. Most
baroreceptors are located in the carotid sinus and in the
aortic arch. They are also present in the low-pressure
system (in the atria and pulmonary artery). Afferent
fibers from baroreceptors (the first-order neurons of
the baroreflex arc) terminate at synapses on the sec-
ond-order neurons located in the nucleus tractus solitarius
(NTS) in the medulla. The role of this nucleus in the
neuroregulation of the cardiovascular system was de-
scribed in a review article (2). There are the so-called
pulse-rhythmic neurons in the NTS generating bursts
of impulses synchronously with cardiac cycles (3, 4, 5).
The position of these neurons in the baroreflex arc and
the character of the bursts show that these neurons
play an important role in the regulation of the cardio-
vascular system. Several methods were used to ana-
lyze impulses of these neurons including histograms of
impulses appearing after R wave of the ECG (3, 4, 6).
Since the number of the recorded neurons was very
small and the blood pressure was not recorded (or re-
corded only in the femoral artery), only very general
properties of these neurons were studied until now. After

improving the method of investigation of these neurons,
(7) the activity of a quite great number of neurons for a
sufficiently long time could be recorded and a more de-
tailed analysis of responses of these neurons to changes
in the blood pressure has become possible.

The aim of this study was to investigate the relation
of the impulse series of the pulse-rhythmic neurons to
the changes in the blood pressure during the pulse wave.
Preliminary results were recently reported (8).

Object and methods
Experimental conditions.Experiments were carried

out on rabbits weighing 2-3.5 kg. Fentanyl (0.02 mg/kg, i/
v), droperidol (0.5 mg/kg, i/v) and sodium oxybutyrate
(200 mg/kg, i/v) were used for anesthesia. Additional
doses were injected in the time course of the experiment.
The operative field was infiltrated with 0.5% procaine
solution.

Following tracheotomy and intubation, the animal was
paralyzed with d-tubocurarine chloride (1.5 mg/kg i. v.)
and artificially ventilated. The rabbit was placed on a
heating pad to keep the body temperature at 37 ŗC.

The ECG (lead I) was recorded throughout the ex-
periment. The ECG signal was amplified and repro-
duced by a loudspeaker in order to monitor the heart
activity continuously and to adjust the intensity of arti-
ficial ventilation adequately. The blood pressure in the
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aortic arch was monitored via a catheter introduced
through the femoral vein.

Neuronal activity recording. The head of the rabbit
was fixed in a stereotaxic device, the nucheal muscles
were moved away, the meninges covering the IV ventricle
were removed and a plastic well with a miniature lamp
was inserted into the hollow thus formed. The well was
filled with liquid paraffin and was covered with a trans-
parent lid. The well protected the brain from cooling, drying
and reduced brain pulsation. A microelectrode was intro-
duced through a small hole in the lid. The microelectrode
could be moved horizontally together with the lid and could
be inserted vertically under visual control through a
stereomicroscope. The liquid paraffin ensured a good
visibility; moreover, it improved the insulation and de-
creased the capacitance of the microelectrode thus
improving its recording properties.

Tungsten microelectrodes with a tip diameter of 1
µm and varnish-insulated, except for the 15 µm at the
tip, were used for extracellular recording a single-unit
activity. The resistance of the electrodes was 0.5-1
MΩ. Neuronal impulses were amplified using an am-
plifier with the input resistance of 6.8 MΩ and fre-
quency pass-band of 0.3-6 kHz. Pulse-rhythmic neu-
rons were searched for in the region of the NTS re-
ceiving afferent projections from baroreceptors in the
aortic arch and carotid sinus of the rabbit (9, 10). This
region is close to the outer borders of the IV ventricle,
at a distance of 1 mm rostrally to 2 mm caudally from
the obex, at the depth of 0.5-1.5 mm. The appearance
of the impulses was controlled by inspection on an
oscilloscope and by listening over the earphones.

Data analysis.Neuronal impulses, ECG and the
arterial blood pressure were recorded on the magnetic
tape for further computer processing. Analog signals
were converted to digital ones using a converter
DAC1400 (resolution power of 12 bits, sampling rate
of 10 kHz) and a program SPIKELAB (written by E.
Povilonis). The program displayed primary signal trac-
ings in the real time and neuronal impulse histograms
together with the mean pulse wave (Fig. 1). The num-
ber of impulses each millisecond after the R-wave of
the ECG was summated in 250 consecutive R-R in-
tervals for obtaining the histograms. The mean pulse
wave was obtained by averaging the values of the
arterial pressure during the same 250 R-R intervals,
i.e. throughout about 1-minute of the recording time.

Results
The impulse activity of 74 pulse-rhythmic neurons

in the NTS of 30 rabbits was recorded. The data were
obtained when the arterial blood pressure was in the

range of 65-160 mm Hg (99±2 mm Hg), the heart rate
in the range of 170-310/min (211±3/min), and the num-
ber of neuronal impulses in the range of 1-64 (13±1)
per one R-R interval of the ECG.

The shape of the pulse waves of individual rabbits
was different even if the blood pressure was similar.
Various waveforms are presented in Fig. 1 (a-f, top
row). Sometimes the pulse wave appeared as a single
wave (Fig. 1, d), sometimes small wavelets superim-
posed on the main wave were seen (Fig. 1, a), or some-
times two waves separated by a dicrotic notch were
discernable (Fig. 1, c).

The records of the activity of the NTS neurons
(neurograms) show that every pulse wave was accom-
panied by a series of impulses (Fig. 1, a-f, middle traces).
Since the blood pressure and pulse waveforms were dif-
ferent, the impulse series were also variable. They were
long-lasting and consisted of high-frequency impulses (Fig.
1, a), or they were brief and consisted of low-frequency
impulses (Fig. 1, b), or sometimes they were split in two
groups. This was the case when the pulse wave had a
dicrotic notch in the descending phase of the wave (Fig.
1, b). Usually the impulse series began with the rising
phase of the pulse wave, approximately 50 ms later after
the R wave of the ECG (Fig. 1, a, b, c, d). Only the series
consisting of one or several low-frequency impulses ap-
peared near or at the peak of the pulse wave (fig. 1, e).
The highest neuronal discharge rate usually coincided with
the beginning of the pulse wave (Fig. 1, b, d, f) or with the
rising front of the pulse wave (Fig. 1, a, c), or at the
maximal pressure (Fig. 1, e).

The series of impulses of the pulse-rhythmic neu-
rons were well represented by the impulse histograms,
showing the distribution of impulses following the R
wave of the ECG (Fig. 1, right side, and Fig. 2). There
were one or two groups of impulses or periods of higher
impulse frequency during the pulse wave. One maxi-
mum (Fig. 1, a, d and Fig. 2, b) or two maxima (“humps”)
were seen in the histograms, respectively. Sometimes
these maxima also consisted of a few or several nar-
row peaks. Separate peaks were very prominent in some
histograms of neuronal impulses (Fig. 2, g, j). Such his-
tograms were characteristic of 20 (approximately 14%)
neurons. In Fig. 1, e the histogram has two maxima,
although only one impulse is seen in the neurogram.
This is due to the fact that only a few R-R intervals are
shown, and in the remaining, not shown part of the neu-
rogram one or two or more impulses were present.

The shape of the histograms of neuronal impulses
followed the shape of the pulse wave (Fig. 2). According
to the visual evaluation, the impulse histograms of 47
(64%) neurons repeated the changes in blood pressure
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quite well, the histograms of 3 (4%) neurons were not
similar to the pulse wave and the histograms of the re-
maining 24 (32%) neurons took an intermediate position.
For a quantitative evaluation of the relation between the
neuronal firing and the pulse wave during the cardiac

cycle, the correlation coefficients (r) were calculated
(Table 1).

According to the data presented in the table, a
medium or strong relation between the neuronal dis-
charges and the pulse wave was found for 74% of
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Fig. 1. Series of impulses of six pulse-rhythmic neurons in the NTS (a-f) and corresponding
histograms of impulses.

Left side. Primary records. Upper trace is the arterial blood pressure, middle trace is the neurogram (neuronal impulses),
and the lower trace is the ECG. Time is marked at every 0.1 s. Right side. Upper curve is the averaged pulse wave. Lower
curve is the histogram of impulses showing the number of impulses every millisecond following the R-wave of the ECG.

The R-wave is the time moment of 0 ms. Results were obtained from 250 R-R intervals. Pulse-rhythmic neuron (PN)
number is indicated. Imp./bin: the number of impulses per 1-ms bin.
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the neurons. A significance test for the difference
between two proportions showed that the proportion
of the neurons with the impulse histograms similar to
the pulse wave, revealed by a visual evaluation (64%),
did not differ (p>0.05) from the proportion of the
neurons whose discharges showed a medium or strong
correlation with the pulse wave (74%).

Discussion
Our results show that the impulse activity of the

pulse-rhythmic neurons of the NTS represents the pulse
wave of the arterial blood pressure in the aorta quite
well. The series of impulses of the pulse-rhythmic
neurons are very similar to those of the arterial barore-
ceptors (11). It may be suspected that we recorded

Fig. 2. A comparison between the histograms (lower curves) of impulses of the pulse-rhythmic
neurons (PN) and the pulse waves of the arterial blood pressure (upper curves).

Data obtained from 250 cardiac cycles. a-f: most histograms followed the shape of the pulse-wave quite well. g-h: sharp
peaks in some histograms show a stable appearance of impulses at a certain moment after the R wave. j-l: histograms of

some PN were not similar to the pulse wave.
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the impulses from terminal branches of baroreceptor
afferents. Intracellular recording from the NTS neu-
rons confirms, however, that such series of impulses
are characteristic of those neurons, too (12). More-
over, sometimes a small movement of the microelec-
trode damaged the neuron, and the signs characteris-
tic of the cell death could be recorded. In such cases
we were sure that we recorded the response from the
cell body, but not from the afferent terminals.

The pulse waves in our experiments varied in
shape considerably (Fig. 1 and 2). Such diversity
depends on individual properties of the cardiovascu-
lar system, the distance of the measurement point
from the heart, the mean arterial blood pressure and
the characteristics of the recording system. The be-
ginning of the series of impulses of the pulse-rhyth-
mic neurons is associated with the beginning of the
pulse wave in the aortic arch, although impulses of
some neurons started a little earlier or later than the
pulse wave. This could be due to the distance be-
tween the tip of the catheter of the pressure trans-
ducer and the baroreceptors. In addition, the response
of the pulse-rhythmic neuron depends on the veloc-
ity of conduction (on the fiber thickness) of the
baroreceptor (13), on a synaptic delay and the neu-
ron-firing threshold. We suggest that the pulse-rhyth-
mic neurons, whose histograms of the series of im-
pulses are most similar to the pulse wave, are influ-
enced mostly by the arterial baroreceptors and re-
produce the received information rather precisely.

The pulse-rhythmic neurons can also be influenced
by afferents from the receptors of other modalities
converging upon them. The NTS receives afferents
from the atrial and ventricular receptors, vascular
chemoreceptors, lungs, gastrointestinal tract and
other visceral receptors (14). The activity of the atrial
B receptor may be associated with the heart rhythm,
but this activity should appear in the late phase of the
systole (15), its character of changes is somehow
different, and these receptors do not respond to the
changes of arterial blood pressure. This possibility
should not be entirely rejected, however, without in-

vestigation of the neuronal firing during changes in
the blood pressure while our purpose was to obtain
the histograms during the stable blood pressure. It
seems likely that the neurons with impulse histograms
less similar to the pulse wave integrate information
of several modalities. Moreover, third- or higher or-
der neurons of the reflex arc may be present among
these neurons.

The impulse series of the pulse-rhythmic neurons
are generally similar, especially when the shape of the
pulse wave is similar. The histograms show that the
activity of each neuron has its own characteristic fea-
tures: the number of impulses in the R-R interval and
the degree of similarity to the pulse wave may be dif-
ferent. Narrow peaks can be seen in the histograms of
some neurons (Fig. 2, g-j). They demonstrate the stabil-
ity of the moment of appearance of impulses. This fea-
ture most probably can change when the mean blood
pressure changes (16). How the series of impulses of
the pulse-rhythmic neurons change when the mean blood
pressure increases or decreases can be an object of
further studies.

It may be supposed that repetitions of series of im-
pulses of the pulse-rhythmic neurons convey informa-
tion to higher neural centers about the heart rate. The
beginning of discharges shows the beginning of the ejec-
tion phase and the distribution of impulses in the series
signals about changes in blood pressure during the pulse
wave. An increase in firing frequency during the steep
slopes of the pulse wave shows the sensitivity of the
pulse-rhythmic neurons to the rate of change in blood
pressure.

Conclusions
1. The post-R wave histograms of impulses of most

pulse-rhythmic neurons in the nucleus tractus solitarii
of the rabbit represent quite well the changes in blood
pressure in the aorta during the pulse wave.

2. The similarity of the impulse histograms of the
pulse-rhythmic neurons to the pulse wave shows that
these neurons integrate signals received mostly from
arterial baroreceptors.

Table 1. The relation of the impulse histograms to the pulse wave defined by the coefficient of
correlation (r)

Relation r values Number of neurons Percentage of neurons

Weak    0 < |r| = 0.3 19 26%
Medium 0.3 < |r| = 0.8 50 67%
Strong 0.8 < |r| = 1 5 7%
Total 74 100%

Representation of the pulse by the impulses of  the neurons in the nucleus tractus solitarii
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3. The construction of the post-R wave histograms
is a suitable method for investigation of the series of
impulses of the pulse-rhythmic neurons.
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Arterinio kraujospūdžio pulso bangos atspindys nucleus tractus solitarii pulsritminių
neuronų impulsų serijose

Vytautas Miliukas, Rimvydas Miliauskas, Nida Rutkauskienė
Kauno medicinos universiteto Biomedicininių tyrimų institutas

Raktažodžai: arterinis pulsinis kraujospūdis, baroreflekso lankas, nucleus tractus solitarii, pulsritminiai
neuronai, neurono impulsų histograma.

Santrauka. Aferentinės skaidulos iš aortos lanko ir miego ančio baroreceptorių pailgosiose smegenyse
projektuojasi į nucleus tractus solitarii. Šio darbo tikslas – ištirti ryšį tarp šio branduolio neuronų aktyvumo ir
kraujospūdžio pokyčių aortoje pulso bangos metu. Trumpalaikių eksperimentų, atliktų su 30 triušių, metu užfiksuotas
74 pulsritminių neuronų aktyvumas. Tai neuronai, kurie generuoja impulsų serijas sinchroniškai su pulso banga.
Gretintos kiekvieno neurono impulsų išsidėstymo po EKG R dantelio histogramos su suvidurkinta pulso banga
250-yje R-R intervalų. Histogramos parodė, kad daugumos (74 proc.) neuronų impulsinis aktyvumas koreliuoja
su pulso banga. Impulsacijos pradžia atitiko pulso bangos pradžią, o didžiausias impulsų dažnis sutapo su staigiausiu
kraujospūdžio pakilimu pulso bangos metu. Histogramų ir pulso bangos panašumas rodo, kad pulsritminiai neuronai
integruoja aferentinę informaciją, daugiausia gaunamą iš arterinių baroreceptorių.

Adresas susirašinėjimui: R.Miliauskas, Kauno medicinos universitetas, Mickevičiaus 9, 3000 Kaunas
El. paštas: milius@kmu.lt

http://medicina.kmu.lt
mailto:milius@kmu.lt

