J. Physiol. (1974), 240, pp. 33-52 33
With 7 text-figures

Printed in Great Britain

THE AFFERENT DISCHARGE PATTERN
OF ATRIAL MECHANORECEPTORS IN THE CAT DURING
SINUSOIDAL STRETCH OF ATRIAL STRIPS IN SITU

By J. 0. ARNDT, P. BRAMBRING, K. HINDORF anp M. ROHNELT

From the Physiologisches Institut der Freien Universitit Berlin,
and the Abteilung fiir Experimentelle Anaesthesiologie
der Universitit Diisseldorf, Diisseldorf 1, Germany

(Received 29 June 1973)

SUMMARY

1. The differences in spike discharge from atrial mechanoreceptors in
vivo suggest the existence of different receptor types. To test this possibi-
lity, and to see how atrial receptors compare with other mechanoreceptors,
their response was studied under comparable stimulus conditions.

2. Sinusoidal length changes, with frequencies from 1 to 10 Hz and
amplitudes of 1-5-5-0 mm at a given static extension, were imposed in situ
on strips of atrial receptor areas of cats.

3. The receptor response was evaluated from functional single fibres in
terms of number of spikes per stimulus period, average discharge rate,
instantaneous spike frequency, and phase angle between forcing function
and instantaneous frequency.

4. Irrespective of the fibre type, atrial fibres appear to originate from
identical mechanoreceptors which sense length at low stimulus frequency
and low stimulus amplitudes, but also sense velocity in the high frequency
range and with large stimulus amplitudes.

5. The difference in the discharge pattern and in the functional be-
haviour of the atrial fibres iz vivo can be explained on the basis of identical
receptors.

6. The difference in the temporal occurrence of the atrial burst is still
open to debate, but probably is related to the site of the receptor.

INTRODUCTION

The mechanoreceptors of the heart give rise to several types of afferent
bursts which, when recorded in vivo, can be distinguished from one an-
other by their relative position in the cardiac cycle (Paintal, 1953, 1963a,
1972). Two of these bursts, the A and the B-type, originate from the atria
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and they differ in (1) their temporal occurrence during the cardiac cycle,
(2) their discharge pattern, and (3) their functional behaviour. Specifically
(1), the A-burst coincides with the a-wave of the atrial pressure curve, i.e.
it occurs during atrial contraction. In contrast the B-burst coincides with
the v-wave, i.e. it occurs during atrial relaxation and filling. (2) The A-
burst is characterized by its high frequency discharge and more or less
constant duration, and the B-burst by its lower frequency discharge and
fluctuating duration. (3) The discharge of the A-burst remains constant in
spite of massive changes in atrial mechanics and it has been suggested that
it might signal heart rate (Arndt, Brambring, Hindorf & Rohnelt, 1971).
In contrast, the B-burst discharge changes with atrial stretch (Paintal,
1953, 1963; Henry & Pearce, 1956; Langrehr, 1960a) and there is much
evidence to show that these afferents play a part in the antidiuretic aspects
of blood volume control (Gauer & Henry, 1963; Gauer, Henry & Behn,
1970). These differences suggest the existence of two receptor types in the
atria differing either in their adaptation properties (Struppler, 1955) or
in their orientation to the atrial musculature (Whitteridge, 1948, see also
Paintal, 1963, 1972). However, this was doubted by Langrehr (1960a) and
also Neil & Joels (1961) because they occasionally observed spontaneous
shifts of A to B-type discharge and vice versa which is hard to reconcile
with the existence of two different receptor types.

It is virtually impossible to characterize these receptors by studying the
discharge with the intact circulation, because the stimulus parameters are
extremely difficult to control under these conditions. Accordingly we
studied the discharge of the atrial receptors under defined conditions with
respect to static stretch, the stimulus amplitude and the stimulus fre-
quency imposed on strips of the atrium containing the receptor. This was
done in situ. We found that atrial afferent fibres originate from identical
mechanoreceptors which resemble closely other mechanoreceptors of
different systems and species.

METHODS

Fourteen functional single fibres were dissected from either vagus nerve in the
neck of chloralosed («-chloralose 80 mg/kg body wt. 1.P.) cats weighing between
1-8-3-2 kg. The fibres were dissected under paraffin oil (Stampfli, 1952; Paintal,
1953). The localization of the receptors in the atrial wall, their discharge type, and
their survival times are listed in Table 1.

The atrial bursts were identified according to their time of occurrence during the
cardiac cycle with respect to the ECG and aortic and right atrial pressures, as well
as by their functional behaviour with respect to respiration, blood volume changes
or atrial pacing (Paintal, 1953, 1972).

The nerve activity was sampled with bipolar platinum-iridium electrodes and the
e.c.g. with needle electrodes. The right atrial and aortic pressures were measured
with Statham P 23dB electromanometers via catheters. The resonant frequency of
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the catheter-manometer systems was more than 35 Hz, which was achieved by
flushing them with gaseous CO, and filling them with boiled 0-99, saline solution.

After identification of the atrial nerve activity, thoracotomy was performed by
sternotomy. The epicardium was removed. While the recording of nerve activity con-
tinued the receptor was localized by determining that point from which a high
frequency discharge was most easily elicited when probing the atrial wall from the
outside with a fine glass rod (Coleridge, Coleridge & Kidd, 1964).

TaBLE 1. Localization and survival time of the receptors

Survival time after

Localization arrest of circulation
Discharge type in the atrium (min)
A right 30
A left 23
A right 19
A left 20
A right 14
B right 38
B right 35
B right 23
B right 21
B left 28
B right 17
B left 27
B left —
Intermediate
type* right 17

* Intermediate type discharges with atrial systole (A-type) and also with diastole
(B-type).

At this point, the circulation was interrupted by clamping both caval veins and
removing both ventricles just above the valvular ring. The part of the atrium con-
taining the receptor was separated by cutting with a pair of scissors from the atrial
base towards the posterior wall. This resulted in an atrial strip usually 1-5 cm wide
and 2-3 cm long with one free end and with the opposite end of the strip remaining
with its natural connexions to the mediastinum via the caval or pulmonary veins,
thus preserving the innervation of the strip. The mediastinum posterior to the atrial
strip was clamped with a strong haemostat in order to fix the preparation to some
extent.

In general the procedure from circulatory arrest to the isolation of the receptor
zone lasted not more than 1-2 min. The preparation remained within the thorax and
was then bathed with Tyrode solution equilibrated with 959, O, and 59, CO, at
36-38° C.

Finally, the free end of the atrial strip was connected to a stretch device of special
design (designed and fabricated by Mr Dannenberg, Engineering Department of the
Department of Physiology, Freie Universitéit, Berlin; his cooperation is gratefully
acknowledged) using the cross-axle principle which furnished, first, static stretches
over a range of 5 cm, either continuously or in steps of 100 #m each, and secondly,
dynamic stretches, i.e. sinusoidal length changes over a frequency range from 1 to
10 Hz and amplitudes of up to 5 mm.
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A linear variable differential transformer was used to measure the change in length
imposed on the strips by connecting the magnetic core to the movable parts of the
stretch device. The coils were fixed in such a way that a voltage was induced pro-
portional to the relative position of the coils and the core. The relation between
core and coils was adjusted in each experiment so as to be optimal for linearity. The
system was calibrated with the stretch device which furnished linear displacements
in steps of 100 um as mentioned above.

To test the phase relationship between the dynamic stretches and the tension at
the atrial strip, the changes in tension were recorded in addition to the length
changes in two experiments using a photoconductive transducer. The output voltage
of the transducer was proportional to the position of a relatively stiff steel rod
which controlled the light flux to the photo-sensitive material. The transducer was
attached to the stretch device and the free end of the atrial strip to the tip of the
steel rod in such a manner that the tension transducer and the atrial strip were
connected in series.

The frequency responses of both the length and the tension transducers were
tested for sinusoidal inputs with the stretch device and were found to be flat for
sine wave inputs from 1-10 Hz and amplitudes up to 5 mm.

Data processing

The analysis of the nerve discharge is based on the following parameters:

(1) spikes per stimulus period (period of one sine wave);

(2) average discharge rate (number of spikes/sec);

(3) frequency per burst (N-1 divided by burst duration; where N stands for the
number of spikes per burst);

(4) instantaneous frequency (spike interval-1);

(5) phase angle: from the time lapse between the maximum of the change in
length and the shortest time interval per burst, i.e. maximum instantaneous
frequency.

To derive parameters 1, 2, and 4 the nerve discharge was processed automatically
with electronic counters and the analog voltages representing the number of spikes
per stimulus period and the instantaneous frequency were recorded along with the
change in length with slow paper speed (see Figs. 2 and 6).

The more detailed analyses like phase relationship, frequency per burst, and
duration of the bursts required evaluation of single stimulus periods using an
expanded time base, i.e. slow speed play back of the magnetic tape and high chart
speed (see Figs. 1 and 4).

All parameters were recorded on magnetic tape (Ampex 300 SP) and on an
Offner type R Dynograph.

Experimental protocol

With one exception, listed in Table 2, the atrial strips were stretched until the
receptors fired tonically under static conditions; then dynamic stimuli (sine waves
with amplitudes of 1-5, 3:0 and 5-0 mm and frequencies from 1 to 10 Hz) were im-
posed on them. Usually each run lasted 20-30 sec with pauses of 10-15 sec between
successive runs.
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RESULTS

The differences between the discharge of type A and type B atrial
afferent fibres were mentioned in the introduction. Fig. 1 illustrates these
points and clearly shows that these characteristic differences disappear
when the receptor activity is studied under comparable conditions. It is
obvious (left-hand part of Fig. 1) that the A-type fibre fires during atrial
contraction with a short but high frequency burst, whereas the B-type
fibre fires during atrial diastole (atrial filling phase) with a burst of longer
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Fig. 1. Comparison of the discharge patterns of A- and B-type fibres with
intact circulation and during sinusoidal stimulation of the receptor area
in situ. Note the similarities in discharge with sinusoidal stimulation
(right-hand part of the Figure).

duration and lower frequency. When, however, the respective receptor-
zones are stimulated sinusoidally (right-hand side of Fig. 1) the differences
vanish, and both receptors are activated with increasing stretch and fire
bursts of similar pattern and spike number.
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This observation, which was confirmed in every preparation, strongly
suggests that both kinds of atrial afferent fibres originate from identical
receptors.

Relationship between receptor responses and stimulus parameters
Stimulus frequency

With increasing frequency, i.e. with decreasing stimulus duration, the
number of spikes per stimulus period decreases as is shown in Fig. 2.
Sinusoidal length changes with an amplitude of 3 mm (uppermost record)
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GV AT ER A A
\L\/ \J \/

1 sec

Change in
length (mm)
o
—r

-
v

10

Spikes
per cycle

Spikces  silemmomanamiimeebbmme gttt i

Fig. 2. Relationship between stimulus frequency (initial stretch and
stimulus amplitude constant) and number of spikes fired per stimulus
period (original recording).

were imposed on an atrial strip with frequencies ranging from 1 to 10 Hz.
The number of spikes per stimulus period was counted electronically, the
counter being reset by the sine wave generator with the end of the burst.
Obviously the number of spikes per stimulus period (centre record) of the
A-type fibre decreases with increasing frequency. A closer analysis reveals
a hyperbolic relationship between the two parameters.

The evaluation of a representative example is given in the left hand
part of Fig. 3. In contrast to Fig. 2, it is an example of a B-type fibre. The
following points should be stressed: (1) the relationship is hyperbolic; (2)
the discharge fluctuates by only 1 spike per stimulus for a given stimulus
frequency; and (3) the receptor fires the same number of spikes when, at
the end of the run, the sine wave generator is again driven at 1 Hz (see
interrupted line with arrow).

Seven other fibres behaved similarly, as is shown on the right-hand side
of Fig. 3. There are no differences between the A-, the B- and the Inter-



NEUROPHYSIOLOGY OF ATRIAL MECHANORECEPTORS 39

mediate-type fibres. Intermediate type refers to those fibres which dis-
charge during atrial systole like A-type, but also during atrial diastole like
B-type fibres (Paintal, 1963b).

B-type burst (9-6-69) Results from eight experiments
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Fig. 3. Quantitative relationship between spikes per stimulus period and
stimulus frequency (initial stretch and stimulus amplitude constant for
each run). Left-hand part of the diagram shows a representative example.
Note the hyperbolic relationship between the two parameters, the small
spontaneous fluctuations in receptor discharge by only 1 spike, and the
agreement in discharge at 1 cycle for the start and the end of this run.
The right-hand part shows results from eight fibres in eight experiments.
Note the hyperbolic relationship irrespective of the fibre type.

~

N

The difference in the number of spikes per stimulus at 1 ¢fs is not re-
lated to the fibre type but rather to the control conditions, i.e. the degree
of initial stretch and the amplitude of stretch. The three fibres with the
lowest response in spikes/cycle were stimulated with amplitudes of 3 mm
and the others with 5 mm.

Curiously, the average discharge rate (spikes/sec) remained constant
over the range of stimulus frequencies tested in these experiments. This
can be appreciated from Fig. 3 which shows that the relationship between
spikes per stimulus period and stimulus period must be linear according
to f = 1/p where f stands for stimulus frequency and p for stimulus
period.

The actual values and computations for five additional fibres are listed
in Table 2, columns 5 and 6. Note that the average discharge rate remains
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constant throughout each experimental run, and also that it agrees closely
with the static discharge rate (column 2). For some stimulus frequencies
two numbers are listed because the number of spikes fluctuated spon-
taneously from cycle to cycle. ,

It is concluded, that the number of spikes per stimulus period decreases
with increasing stimulus frequency but that the average discharge rate
remains constant irrespective of the fibre type.

B-type burst (9-4-69)
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Fig. 4. The effect of changing stimulus frequency and amplitude at constant
initial stretch on the number of spikes per stimulus period, the instant-
aneous frequency, and its phase relationship with the forcing function (for
details see text).

Stimulus amplitude

The receptor response to a change in stimulus amplitude could not be
systematically pursued in each preparation because of their limited sur-
vival time (see Table 1). The conclusions therefore rest on the analysis of
representative examples. Fig. 4 shows the response of a B-type fibre which
was stimulated with amplitudes of 3 and 5 mm, respectively, at a constant
prestretch and stimulus frequency. The number of spikes per burst in-
creased proportionally from 8 to 14 (compare left-hand side with centre
recording).

Although two A-type fibres responded to the same. amplitude changes
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TaBLE 2. Data from five fibres not depicted diagrammatically which were studied at
different initial stretch and different amplitudes

Stimulus Spikes Average Burst- Maximum
Static —— per discharge =~ ~————*——— instantaneous Phase
Fibre- discharge Ampli- Frequency stimulus rate duration frequency frequency angle
type (spikes/sec) tude(mm) (Hz) period  (spikes/sec) (msec) (Hz) (Hz) (degrees)
B 25 1,5 1 26 26 Continuous discharge 29 0
26 2 14 28 Continuous discharge 32 0
28 4 6/7 24/28 Continuous discharge 36 _
28 8 4 32 Continuous discharge 36 —_
49 1,5 1 48 48 Continuous discharge 68 )
49 2 22 4 Continuous discharge 68 0
50 4 11 44 Continuous discharge 83 -_
50 8 5/6 40/48 Continuous discharge 90 -_
47 1 43 41 Continuous discharge 64 0
35 5,0 1 40 40 Continuous discharge 76 0
39 2 20 40 Continuous discharge 76 —_
39 4 8/10 32/40 Continuous discharge 76 -
36 8 4/5 32/40 Continuous discharge -
33 1 36 36 Continuous discharge 76 0
B 14 3,0 1 15 15 625 25 29 -13
14 2 7 14 187 31 32 -18
15 3 5 15 100 40 40 —29
16 4 4/5 16/20 88 45 45 —36
15 1 16 16 410 26 29 -13
19 5,0 1 19 19 510 36 37 -12
19 2 9 18 200 40 40 -18
19 3 6/7 18/21 111 50 50 -35
20 4 4/5 16/20 75 55 55 —54
20 1 16 16 540 30 33 -12
B 29 1,55 1 29 29 Continuous discharge 35 0
28 2 10 20 310 28 35 -9
3 5 15 195 20 31 -28
4 3/5 12/20 100 30 35 -
18 1 18 18 Continuous discharge 31 0
22 5,0 1 16 16 730 23 35 0
21 2 8 16 250 32 38 -18
22 3 5 15 200 25 38 —28
18 4 3/4 12/16 75 27 50 -
B Sporadic discharge 3,0 1 13 13 450 26 29 0
Sporadic discharge 2 7/8 14/16 250 28 32 -18
Sporadic discharge 4 5 20 110 36 50 —_
Sporadic discharge 8 2 16 75 42 — —
Sporadic discharge 1 15 15 500 28 35 0
Sporadic discharge 5,0 1 20 20 450 42 67 -9
Sporadic discharge 2 10 20 200 45 67 —24
Sporadic discharge 4 5/6 20/24 88 50 67 —-36
Sporadic discharge 8 3 24 38 53 75 —
Sporadic discharge 1 20 20 380 50 55 0
A 10 1,5 1 9 9 500 16 36 0
10 2 5 10 190 27 42 0
10 4 2/3 8/12 120 30 50 —
10 1 10 10 550 16 36 0
10 5,0 1 12 12 410 27 42 -9
14 2 6 12 150 33 50 -14
10 4 4 16 75 40 64 —
9 1 1 11 350 29 42 0
Sporadic discharge 5,0 1 9 9 400 20 25 0
Sporadic discharge 2 5 10 175 23 31 0
Sporadic discharge 4 2/3 8/12 75 31 — —_
Sporadic discharge 8 1 8 — — — —_
Sporadic discharge 1 9 9 400 20 25 0
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with a change in their discharge pattern (increasing spike frequency per
burst and maximum instantaneous frequency), the bursts were shorter
and the number of spikes per stimulus period remained constant.

This, however, ought not to be interpreted as a general difference
between A and B-type fibres. A closer analysis of this point in five addi-
tional fibres, summarized in Table 2, shows that the amplitude effect
might be masked when the static activity which is a measure of static
extension has changed at the same time. Only in the last two preparations
of Table 2 did the receptor activity remain relatively constant under static
conditions (see static activity column 2) and in both cases the number of
spikes per stimulus period increased with stimulus amplitude. In the other
three fibres the amplitude effect only becomes recognizable when compared
for approximately identical static fibre activities.

It was concluded, therefore, that the number of spikes per stimulus
period increases with increasing amplitude irrespective of the fibre type;
other parameters like maximum instantaneous frequency, spike frequency
per burst, and phase angle (see Table 2) respond clearly to amplitude
change, which will be pursued further below.

Static stretch

All fibres discharged continuously when the static stretch was above
threshold and the activity increased with increasing static stretch. Be-
cause of the limited survival time of the fibres and for methodological
reasons (see critiques of method, p. 47) it was impossible to study this
relationship quantitatively. However, the qualitative aspects can be seen
from the behaviour of an A-type fibre demonstrated in Fig. 5. The lower
curve shows the hyperbolic relationship between the number of spikes per
stimulus period and the stimulus frequency for low stretch near threshold.
With an increase in stretch the hyperbola is clearly shifted upward and to
the right, the increase in the number of spikes per stimulus being larger
in the low stimulus frequency than in the high frequency range. It is appro-
priate to note here that such behaviour was to be expected only for the
slowly adapting B-type fibres but not for the A-type fibres which have
been thought to originate from fast adapting receptors (Struppler, 1955;
Langrehr, 1960a; Paintal, 1963b). The interaction of static and dynamic
stimuli is demonstrated in another A-type fibre (Fig. 6). The centre re-
cording of the lower part of the graph shows the instantaneous frequency
during dynamic stimulation with a frequency of 1 Hz at an amplitude of
1-5 mm (left-hand side of the record), and static stretch (right-hand side).

The receptor discharge follows the change in length during dynamic
stimulation, and the receptor fires continuously during static stretch.
With interruption of the dynamic stimulation the stretch was adjusted
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manually to its mid-position as indicated by the initial decrease in length.
Note that the instantaneous frequency follows exactly the stretch and

the receptor fires continuously for as long as 30 sec with constant static
stretch, i.e. the A-type fibre does not adapt during this time.

A-type burst (4-18-69)
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Fig. 5. Fibre discharge and state of stretch: note the increase in the number
of spikes per stimulus period for each stimulus frequency with stimulus
amplitude held constant.

A closer analysis of the interrelationship between the dynamic stimulus
and the instantaneous frequency on an expanded time scale (upper part
of the graph) reveals that the instantaneous frequency is modulated by
the forcing function without appreciable phase shifts between the two
parameters, i.e. the receptor signal length at each instant under these
conditions.
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A-type burst (exp 10-1-69)
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Fig. 6. Phase relationship between stimulus and instantaneous frequency
in an A-type fibre. There is no phase shift (upper part of the graph).
Consequently this receptor discharges continuously during static stretch
(lower part of the graph).

Static/dynamic sensitivity

However, the last statement holds only for low amplitude and low
frequency stimulation. A phase shift of —14° the instantaneous fre-
quency leading the forcing function, occurred in the A-type fibre of Fig. 6
when the stimulus amplitude was increased from 1-5 to 56 mm with the
stimulus frequency (1 Hz) and the pre-stretch held constant. The time
lag due to the conduction velocity in the atrial fibre was neglected. This
was calculated from the average conduction velocity in atrial fibres, which
is 20 m/sec (Paintal, 1963b), and from the distance between the receptor
ending and the recording electrode, assumed to be 8 cm. From these data
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the time lag amounts to only 4 msec or 1-4°. For a B-type fibre the fol-
lowing phase angles were determined: At 1 Hz - 19°, at 2 Hz — 32° and
at 4 Hz - 61°.

The tendency of the phase shift to increase with the frequency and
amplitude of the stimulus is also brought out from the fibres listed in
Table 2. With the exception of fibre no. 1 the phase angle clearly increases
with increasing stimulus frequencies, whereas the amplitude effect is only
indicated to a relatively small extent in fibres no. 2, 3, and 5.

3

Frequency per burst (spikes/sec)
w
S

20 1
Atrial burst
OJ/ o---0 A-type
{ o-—-0 B-type
%¥—X averages
10
0 5 10

Stimulus frequency (Hz)

Fig. 7. Frequency per burst and stimulus frequency. On the average this
parameter increases proportionally with stimulus frequency. Results from
seven experiments.

The velocity sensitivity, although small, seems to be responsible for the
relationship between spike frequency per burst and stimulus frequency.
Both parameters are related in a linear fashion. This is demonstrated in
Fig. 7 and also in Table 2, column 8.

The scatter of the data points in Fig. 7 in the high frequency range is
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due to the fact that the calculation of the frequency per burst is open to
some error when the burst consist only of 3 to 4 spikes, since spontaneous
fluctuations of 1 spike per burst may occur (see Fig. 3). Nevertheless, in
the majority of fibres the frequency per burst increases clearly with in-
creasing stimulus frequency.

Clearly atrial receptors sense length as well as velocity, depending on
stimulus frequency and amplitude. Again, no difference was seen between
the atrial fibre types with respect to the response to dynamic and static
stimuli. It should also be stressed that a phase lag of 90° C, indicating pure
velocity sensitivity, was never observed.

Critique of the method

In order to decide whether or not atrial afferent fibres all originate from
identical mechanoreceptors, their responses to clearly defined mechanical
stimuli have been analysed.

Sinusoidal length changes at given static stretches were chosen because
both the dynamic receptor response and the linearity of the system can be
tested easily by such an approach (Houk & Simon, 1967; Griisser & Thiele,
1968; Lennerstrand, 1968; Matthews & Stein, 1969; Terzuolo & Knox, 1971).
As will be discussed below, the stimulus parameters were approximately
within the physiological working range of the atrial receptors, though
the static stretch could not be quantitated because of experimental
limitations.

Stimulus frequency and amplitude

The changes in atrial circumference and the velocity of its change during
the cardiac cycle were studied previously in cats (Arndt, 1966; Arndt &
Klauske, 1967). The following observations are relevant to the present
study.

(1) Atrial circumference varies, on the average, by 1-05 mm during each
cardiac cycle, i.e. by about 19, of total circumference. The maxima of the
circumference coincide with the peak of the v-wave and the beginning of
the a-wave of the atrial pressure curve.

(2) The atrial wall moves at a maximum velocity of 0-6 cm/sec during
the atrial filling phase (v-wave), and at 8:0 cm/sec during atrial con-
traction (a-wave).

(3) Variations in heart rate have almost no effect on the wall movement
during atrial filling and during atrial contraction.

(4) Atrial circumference varies only by 0-8 mm (about 19,) for blood
volume changes of 28 9%, (Arndt, 1966).

The atrial strips were stimulated with velocities from 0-42 to 14-4 cm/sec
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(calculated for stimulus frequencies of 1 and 10 Hz and amplitudes of 1-5
and 5 mm), a range which is consistent with the above figures.

Static stretch

The atrial nerve activity had to be identified in the intact animal from
single fibres in the vagus nerve rather than from nerve strands in the
vicinity of the heart because the cardiac innervation is too complex. To
preserve the fibres the preparation had to be left partially in situ (see
Methods). Therefore, neither initial length nor tension were measurable
but only the changes of these parameters. Consequently, receptor thre-
shold could not be quantitated.

However, the fibres are comparable in their above-threshold behaviour
since all preparations were stretched until the receptors fired continuously.
In fact, the relationship between stimulus and threshold is critical for the
receptor response, because the average discharge rates during static and
dynamic stimulation are only identical if the dynamic stimuli are con-
stantly above threshold and below saturation (Franz, 1969; Angell James,
1971). This condition holds in all experiments except the one in Table 2.

Although receptor thresholds were not ascertained it appears unlikely
that receptors differ in their thresholds for the following reasons: On the
one hand the atrial receptors do not differ in their above-threshold be-
haviour according to the data presented. This indicates that they are
located in tissues with similar mechanical properties. On the other hand,
in vivo the receptors are excited at different times even though the atrial
circumference prior to atrial systole, i.e. the beginning of the A-burst, is
approximately identical with that during the v-wave, i.e. during the
occurrence of the B-burst.

Phase angle

The sinusoidal stimulus has two components, the ‘active’ stretch im-
posed by the function generator on the atrial strips, and the elastic recoil
of the tissue. Sinusoidal deformation of the receptor area can only be
assured if both forces are equal. Consequently, only in this case will the
instantaneous discharge frequency be modulated sinusoidally (Fig. 6).

The phase angle refers to the relationship between maximum change in
length and the maximum instantaneous frequency during the stimulus
period. Since, for example, in the muscle spindle the receptor response
correlates better with tension than length (Husmark & Ottoson, 1970) it
should be noted that in two test experiments no phase shifts between
length and tension were observed when atrial strips were stretched at
frequencies up to 10 Hz.
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Survival time

Atrial receptors are relatively insensitive to O,-shortage, as are other
enteroreceptors, like the stretch receptors of the lung (Adrian, 1933), those
of the stomach (Paintal, 1954), and those of the carotid sinus (Bronk &
Stella, 1932).

Without any attempts to supply oxygen, atrial nerve fibres remain
active for up to 15 min (Langrehr, 1960a); bathing the receptor areas with
oxygenated Tyrode solution extends survival time to an average of 25 min,
and in one example even to 38 min (see Table 1).

The deterioration of the fibres was signalled clearly by the sudden
occurrence of irregularly grouped spikes, which no longer responded to
dynamic stimulation. When this happened the experiments were dis-
continued.

Therefore we concluded that the receptors were indeed studied under
comparable conditions and that the stimulus parameters were such as to
allow extrapolations to their in vivo behaviour.

DISCUSSION

The main question which we attempted to answer was whether the type
A and type B receptors were identical as far as their basic properties were
concerned.

The results obtained here have demonstrated unequivocally that the
responses of type A and type B receptors to dynamic stimuli are identical
in practically every way examined. They primarily sense length and, de-
pending on stimulus frequency and amplitude, to a small extent also the
rate of change of length (i.e. velocity); a pure velocity response with a
phase angle of 90° was never observed.

In general, atrial receptors have many features in common with other mechano-
receptors such as wing receptors of insects (Pabst, 1965), stretch receptors of
crustacea (Terzuolo & Knox, 1971), muscle spindles of amphibia (Ottoson & Shep-
herd, 1971) and of mammalia (Crowe & Matthews, 1964; Griisser & Thiele, 1968;
Dabbert & Griisser, 1968), tendon organs (Houk & Simon, 1967), and baroreceptors
of cats (Angell James, 1971). In these receptors, as in atrial receptors, the number
of spikes per stimulus period depends on stimulus duration; instantaneous frequency,
spike frequency per burst, and their dynamic sensitivity depend on the stimulus
frequency and amplitude.

Nevertheless, there are quantitative differences between the various mechano-
receptors. The discharge frequencies are, for example, appreciably higher in musecle
spindles of amphibia and mammalia. These mechanoreceptors fire with frequencies
from 30 to 150 Hz for stretch velocities from 0-7 to 5 em/fsec (Crowe & Matthews,
1964; Toyama, 1966; Ottoson & Shepherd, 1971; Lennerstrand, 1968). This may be
related to their high dynamic sensitivity (Schiéfer & Henatsch, 1967; Griisser & -
Thiele, 1968; Dabbert & Grisser, 1968; Matthews & Stein, 1969).
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From the identical response of A- and B-type endings to the same
stimuli one can conclude that the generator and regenerative mechanisms
of the endings are identical, in particular that the type A receptors do not
show evidence of greater adaptation than the type B receptors as one would
be led to think from the observations of Struppler (1955) and Langrehr
(1960a) (see also Paintal, 1963b). If this is so, why do the type A and type B
receptors show such remarkable differences in their responses to the
mechanical events occurring naturally in the atrium? In spite of our con-
clusion that the A- and B-type receptors belong to one group, a view sup-
ported by the observation that the discharge of one type can change into
that of the other (Langrehr, 1960a; Neil & Joels, 1961), the fact remains
that in the normally beating heart the type A fibres are not active at a time
when the type B fibres are maximally stimulated and vice versa (Fig. 1).

Whitteridge (1948) suggested that the A-type fibres may originate from
receptors in series with atrial muscle fibres, thus being excited directly by
atrial contraction, whereas the B-type fibres may originate from receptors
being in parallel with muscle fibres, thus being silent with atrial con-
traction. However, an in-parallel orientation of receptor (B-type fibre)
and muscle fibre is hard to reconcile with Paintal’s observation (1953) that
the discharge of a B-type fibre increased with atrial contraction in an
isolated atrium under isometric conditions. Consequently, the differences
in the temporal occurrence of the burst appear not to be connected with a
particular orientation of the receptors with respect to the contractile
element. Possibly the difference is related to receptor localization but in
the sense that the A-type bursts may originate from receptors located
within the atria where they are apt to be excited ‘actively’ by muscular
contraction, whereas the B-bursts may originate from receptors located in
the pulmonary or caval veins (Nonidez, 1937; Coleridge, Coleridge & Kidd,
1964) where they may be excited ‘passively’ through distension of these
particular receptor zones. The high degree of activity of the A-type
fibres fits well with their ‘active’ excitation; tendon organs are, for
example, about 50 times more sensitive to ‘active’ than to ‘passive’
stimuli (Houk & Simon, 1967).

Although the question as to why identical receptors are excited at
different times during the cardiac cycle remains a matter of debate, the
differences in the discharge pattern and in the functional behaviour of
A- and B-type fibres seen in vivo can be explained on the basis that they
originate from identical receptors.

The high frequency discharge of A-type relative to B-type fibres is
understandable bearing in mind: (1) the increase in the dynamic receptor
response with increasing stimulus frequency, which we have shown here,
and (2) the peculiarity of atrial mechanics in that the velocity of atrial
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wall movement is appreciably faster (8 cm/sec) during the contraction
phase than during the atrial filling phase (0-6 cm/sec). Accordingly, one
might expect the receptors which are excited during the ‘fast’ contraction
phase (A-type fibres) will fire with higher spike frequencies than those
(B-type fibres) which are excited during the ‘slow’ filling phase.

Furthermore, one must also bear in mind the working range of a recep-
tor on the stimulus-response curve in order to understand the differences
in discharge pattern and functional behaviour. Generally, the relationship
between stimulus strength and receptor response is not linear, but instead
the receptor response decreases with increasing stimulus strength until
saturation is reached.

This has already been shown in atrial receptors (Langrehr, 1960b), in
muscle spindles (Toyama, 1966; Crowe & Matthews, 1964; Husmark &
Ottoson, 1970), and baroreceptors (Angell James, 1971). In atrial receptors
spike frequency increases linearly with atrial pressure from 0 to 10 cm
water to spike frequencies of about 100 Hz. Beyond this range the curve
flattens out. The A-type fibre discharge therefore is insensitive to changes
in atrial mechanics because the receptors involved operate in the satura-
tion range, as indicated by their high spike frequency per burst of about
200 Hz in chloralosed cats with intact circulation, and it was suggested
that these fibres signal heart rate (Arndt, Brambring, Hindorf & Rohnelt,
1971). In contrast, the B-type fibres operate in the linear part of the
stimulus-response curve. Thus their activity will vary with the state of
distension of the atria (Paintal, 1953, 1972; Henry & Pearce, 1956;
Langrehr & Kramer, 1960), and there is much evidence that B-fibres play
a part in blood volume control (Gauer, Henry & Behn, 1970).

In conclusion, it has been shown that the atrial afferent nerves originate
from a single type of mechanoreceptor which is characterized as a slowly
adapting stretch receptor. The differences in their discharge pattern and
their functional behaviour in vivo can plausibly be explained on the basis
of identical receptors when the stimulus conditions and the working range
on the stimulus-response curve is taken into consideration. The question
as to why identical receptors are excited at different times during the
cardiac cycle still remains a matter of debate, but is possibly related to
their localization.
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