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Abstract : The role of cardiovascular receptors in the neural regulation
of circulatory system is now well established. Atrial type B receptors
located in the two atria and veno-atrial junctions, which are stimulated by
atrial filling are believed to play an important role in the regulation of
body fluid volume and heart rate. Heart rate is influenced also by other
sensory receptors e.g. arterial baroreceptors, ventricular receptors,
pulmonary stretch receptors and chemoreceptors. Of all these visceral
receptors, arterial baroreceptors located mainly in the aortic arch and the
carotid sinus region are stimulated by intravascular pressure; play a major
role in the regulation of blood pressure by changes in heart rate and
vascular tone. The vascular tone is also affected by the circulatory levels
of various neurotransmitters and hormones. Vasodilatory response to
adenosine and acetylcholine is partly mediated through endothelium-
derived relaxing factors (EDRF), hyperpolarizing factors (EDHF) and
contracting factors (EDCF). The endothelium-dependent mechanisms are
altered during hypertension and diabetes. The autonomic control of blood
pressure is primarily through arterial baroreceptors. The sensitivity of
the baroreceptor heart rate reflex is significantly attenuated on occlusion
of left anterior descending coronary artery (LAD) of anaesthetised dogs
taken as an experimental model of coronary insufficiency in-patients of
coronary heart disease. The fall in the sensitivity of baroreflex on LAD
occlusion is mediated primarly by sympathetic limb of the autonomic
nervous system. Acute fall in hemoglobin level by hemodilution in dogs
produced an increase in cardiac output by increasing the heart rate through
inhibition of parasympathetic tone. After parasympathetic blockade the
increase in cardiac output on fall in hemoglobin was due to a rise in the
stroke volume. Acute fall in hemoglobin level attenuated the baroreflex
response. Sustained changes in blood pressure cause resetting of baroreflex
i.e. increase in arterial pressure involves reduced activity of baroreceptors
at equivalent pressure and vascular stretch. Like in acute hypoxia the
altered responsiveness of baroreceptor heart rate reflex during oxygen
deficiency due to acute occlusion of LAD or acute normovolemic
hemodilution may involve both peripheral and central components and
possibility of modulation by circulating hormones also exists.
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Atrial receptor

Two types of atrial receptors located in
both atria and veno-atrial junctions have
been identified by electro-physiological (1-
4) and supported by histological studies (3,
4). These sensory receptors are nerve
endings whose afferent fibres travel to the
brainstem through the vagi and the spinal
sympathetic nerves (5, 6). Atrial type A
receptors fire during systole coincident with
the “a” wave of the atrial pressure pulse
(7-9) and atrial type B receptors are
activated during atrial filling and fire a
burst of impulses coincident with the “v”
wave of the atrial pressure pulse (2, 10-
12). Atrial type B receptors are stimulated
by mechanical stretch of the atrial wall or
venoatrial junctions which is caused by
atrial filling. A linear relationship between
the receptor activity and amplitude of “v”
wave of the atrial pressure waveform (Fig.
1) and “v” wave amplitude being closest
index for atrial filling demonstrated that
the natural stimulus for the atrial type B
receptors is atrial volume reflected in the
“v” wave amplitude (13). Unaltered stimulus-
response relationship of atrial type B
receptors even under various physiological
conditions suggests the intact reflex
regulatory functions of atrial type B
receptors during extreme variations in the
experimental conditions (11, 12). The
natural stimulus for atrial type B receptors
is known to be the pulsatile increase in
atrial volume, reflected in the amplitude of
“v” wave of the atrial pressure pulse (2, 5,
11, 12). This stimulus response relationship
holds good even during acute hypothermic
conditions (Fig. 2) with very slow heart
rates (11). Hypothermia is known to cause
stiffness of the tissue therefore, to resolve
the influence of the two factors the stimulus-
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response relationship of slower heart rate in
the absence of hypothermia could be examined
after treatment with propranolol a beta blocker.
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Fig. 1: Response of a left atrial type B receptor to
change in “v” wave amplitude of the left atrial
pressure waveform. A linear relationship
between the left atrial type B receptor activity
(spikes per cardiac cycle (lower trace) and
average activity of the receptor (upper trace)
and amplitude of the: “v” wave was observed
with similar slope of the curve for rise (=) and
fall (o) in amplitude of “v” wave.

Stimulus-response atrial B

receptors

relationship of

The stimulus-response relationships of
type B receptors have been studied
extensively in the dog (3, 4, 11, 14) and the
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cat (1, 2, 12, 15, 16). It has been reported
that these receptors respond primarily to
atrial filling and show closer relationship
to the amplitude of the “v” wave of the atrial
pressure waveform rather than to the peak
“v” wave pressure or mean atrial pressure
both in cats (2) and dogs (11). However, in
another study when the amplitude of “v”
wave of atrial pressure pulse was plotted
against receptor discharge per cardiac cycle,
hysterisis was present (14). By studying the
responses of the left atrial type B receptors
in the isolated in-situ left atrium of cat it
has been demonstrated that these receptors
were slowly adapting receptors stimulated
by increased atrial filling (1). This was
confirmed by similar experiments in dogs
(3, 17) and with graded distension of the
left atrial balloons (18, 19). This led to the
conclusion that the normal stimulus for the
type B atrial receptors is increased atrial
filling (2, 5). According to this view, the
receptor discharge starts when the filling
threshold of the receptor is attained during
the rise of “v” wave and it falls when the
atrium empties after the opening of the “a-
v” valves on the down slope of the “v” wave.
Since the atrial type B receptors show
activity only during the “v” wave of the
atrial pressure waveform and not during “a
or ¢” wave when the pressure of “a” or “c”
wave may be same or more than the “v”
wave further supports the view that these
receptors are primarily stimulated by atrial
filling and not due to atrial pressure per se.

It is conceivable, however, that the
results obtained under unusual conditions
as with isolated in-situ atria may not be
applicable under normal conditions and it
is therefore necessary to get records of
receptor activity simultaneously with
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records of phasic changes in atrial volume.
This is not possible at present because there
is no reliable method of recording phasic
changes in atrial volume. It is therefore not
possible to correlate the intensity of the
natural stimulus with the activity of the
receptors in normally beating intact hearts.
It was pointed out that the “v” wave of the
atrial pressure pulse reflects the increase
in atrial volume (and consequently atrial
stretch) as a result of atrial filling (1, 20).
This assumption was reasonable because,
firstly, pressure in the atrium is linearly
related to atrial volume within normal limits
of filling (21, 22, 23, 24), and secondly, it
can be assumed that the compliance of the
atrium does not change appreciably during
diastole (1, 20). Accordingly, the amplitude
of “v” wave of the atrial pressure pulse
serves as a convenient quantitative index
of the atrial filling during atrial diastole.
Such a relationship has been confirmed in
the intact left atria of dogs (13). In our
studies also the activity of left atrial type B
receptor showed a linear relationship with
the amplitude of the “v” wave and other
covariant parameters of the “v” wave in dogs
(13) and cats (12).

Intravenous propranolol slows the heart
rate and the average activity of atrial type
B receptors is significantly reduced although
there is no significant change in the
receptor activity per cardiac cycle. A linear
relationship between the activity of type B
atrial receptors and the “v” wave parameters
is still maintained, however, the slopes of
the curves are significantly reduced for the
activity per cardiac cycle as well as average
activity following propranolol. Our results
are not in agreement to an earlier study
(14) where a larger dose of propranolol was
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used to depress the atrial contractility and
the slope of stimulus-response relationship
remained unaltered. The ©possible
explanation could be that in our case
smaller doses of propranolol acted primarily
as a beta blocker whereas, in their study
atrial myocardium was depressed due to
high dose of propranolol which increased the
basal activity of the receptors.

Influence of propranolol on stimulus-response
relationship of left atrial type B receptors.

Infusion of saline produces an increase
in the activity of atrial type B receptors
with a corresponding increase in the intra-
atrial pressure with the result that mean
left atrial pressure, peak pressure of “v”
wave and the amplitude of “v” wave of left
atrial pressure waveform increase and
during blood loss the activity of these
receptors is reduced with a fall in these
covariant factors of the left atrial pressure
waveform. Left atrial type B receptors show
a fairly linear relationship with the changes
in the left atrial pressure. Intravenous
administration of 1 mg/kg propranolol
produces a decrease in the heart rate and
no significant change in the receptor activity
per cardiac cycle. However, the average
activity of the receptor decreases significantly
by propranoclol. In propranolol treated
animals, although the linear relationship
between the receptor activity and the left
atrial pressure is maintained, the slope of
the curves are significantly reduced.

Effect of veratrum alkaloids on atrial receptor
activity

Veratrum alkaloids are known to
stimulate different types of visceral sensory
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receptors (10, 12, 25-30), however, the
mechanism of stimulation of these sensory
receptors by the alkaloids of veratrum is
not fully understood. Intense stimulation of
the sensory receptors by veratrum alkaloid
is also coupled with desensitization of the
receptors (30) which has not been either
noticed or explained by many investigators.
Calcium chloride blocks the stimulatory
effect of veratrum alkaloids on atrial and
pulmonary stretch receptors (30). An
alteration in the permeability of the
membrane (31, 32) by the alkaloids which
may enhance the local receptor potential has
been proposed. The second explanation is
supported by the view that veratrum
increases the negative after potential in
nerve fibres (33). We observed that the
effect of veratrum alkaloid is also dependent
on the plasma calcium level in the dose-
dependent manner. When 125 pM calcium
chloride solution is infused through femoral
vein at a rate of 1 ml/min, the same dose of
veratridine which causes marked
stimulation of left atrial receptor before
infusion of calcium chloride, produced
significantly attenuated response. The effect
of same dose of veratridine is completely
blocked during infusion of 250 uM calcium
chloride solution. A higher dose of veratridine
can stimulate the atrial receptor even
during infusion of 250 uM calcium chloride
solution. Therefore, a possible explanation
for the reduced responsiveness of the atrial
receptors to veratrum alkaloids could be
altered membrane permeability as calcium
alone does not produce any significant
change in the basal activity of the atrial
receptors. These observations also favour
the speculation of depolarization of the
receptors by altering the permeability of the
membrane (31, 32) by veratrum alkaloids.
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Atrial receptors are markedly stimulated
and desensitized by veratrum alkaloids
injected intravenously or into the right
atrium (10, 12, 17, 29, 30, 34, 35). Based on
the effect of veratrum alkaloids on nerve
and muscle (36), the mechanism of action
of alkaloids and their derivatives on cardiac
receptors has been attributed to changes in
sodium permeability (34). Intravenous
injection of calcium reverses the stimulatory
effect of veratrum alkaloid on sensory
receptors (34). The digitalis alkaloids
commonly used in the treatment of heart
failure are known to increase the sensitivity
of aortic and carotid chemoreceptors to their
natural stimulus (37-39) and increase the
activity of those left ventricular receptors
which have nonmyelinated vagal afferents
(40). Changes in the extracellular Na* and
K* are known to alter the sensitivity and
functions of mechanoreceptors (12, 30-32,
41-43). Intravenous administration of
acetylstrophanthidin octahydrate produces
an increase in left atrial receptor activity
in anaesthetised dogs and no significant
change in heart rate, left atrial pressure on
mean atrial pressure occurs, and the
sensitivity of left atrial receptors to volume
expansion is increased (44). Similar effect
of cardiac glycosides on cardiac receptor
activity was observed on intracoronory
injection or epicardial application of
acetylstrophanthidin (45). It has been
believed that the stimulation of cardiac
receptors by veratrum alkaloids is due to
increased sodium permeability (34). If this
is true then the relative sensitivity of atrial
receptors to veratrum alkaloids or to the
natural stimulus could be altered by varying
the Na* flux across the receptor membrane
using cardiac glycosides because of their
ability to inhibit Na*-K* adenosine
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triphosphate activity (46-48). It is also
known that blocking of the electrogenic
sodium pump can unmask the membrane
deploarising effect of monensin a sodium
ionophore (49). This was further
substantiated by increase in sensitivity of
atrial type B receptors to veratridine
following treatment with acetylstrophanthidin
(12). Acetylstrophanthindin did not sensitize
the type B atrial receptors to their natural
stimulus (12).

Effect of veratridine on left atrial type B receptors
at normal and elevated plasma calcium levels.

Veratridine produces stimulation of the
atrial receptors in the form of continuous
spikes (Fig. 3). With an increase in the
duration of continuous neural activity
increase in average discharge and peak
frequency of discharge occurred following
infusion of 125 uM CacCl,, on administration
of same dose of veratridine as injected
earlier during control observation, the left
atrial receptors were stimulated. The
duration of continuous activity increased
from 0.11+0.02 to 5.1 +0.91 sec, average
activity of atrial receptors from 20.25+ 3.7
to 105.00 + 4.02 impulses per sec, and peak
frequency of discharge increased from
120.75+7.14 to 167.60 £ 7.59 impulses per
sec. The increase in all the three parameters
of the receptor activity was significantly less
than that produced by the same dose of
veratridine at normal plasma calcium level.
On increasing plasma calcium level further
by infusion of 250 uM CaCl, there was no
significant change in basal level of activity
of left atrial type B receptors. Values being
average activity 21.25+ 3.31 impulses per
sec and peak frequency of discharge
118.25+7.23 impulses per sec before
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veratradine and there was no significant
change in the receptor activity on injection
of same dose of veratridine which produced
significant increase in the receptor activity
at normal plasma calcium level. After
administration of veratridine, duration of
continuous discharge was 0.12 £ 0.04 sec
average activity 22.2 + 3.51 impulses per sec
and peak frequency of discharge
117.50 £ 5.90 impulses per se. These values
were not significantly different from the
corresponding values before veratridine.

Reflex regulatory function of atrial receptors

The type B atrial receptors are believed
to play an important role in the reflex
regulation of body fluid volume in cats (50,
51), and dogs (3, 18, 52). Cardiovascular
receptors are also known to play vital role
in the regulation of the heart rate.
Stimulation of these receptors by distension
of small balloons in the pulmonary vein-
atrial junction and distension of a left atrial
pouch in the dog also caused a reflex
increase in the heart rate (53-57). The
afferent pathway for this reflex is reported
to be in the vagi and the efferent pathway
entirely in the cardiac sympathetic nerves
(55, 57). However, in cats, Hakumaki (16)
found an inhibition of the cardiac
sympathetic efferent nerve activity following
stimulation of type B atrial receptors.

Stimulation of left atrial receptors by
distending left artial or venoatrial junction
balloons elicited a tachycardia response in
anaesthetized cats and dogs. Contrary to
earlier reports in our study the tachycardia
response was not due to an increase in the
cardiac sympathetic nerve activity as the
increase in the heart rate was not affected
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by beta blockade with propranolol (Fig. 4).
The attenuation of atrial receptor mediated
chronotropic response by peridural procaine
indicates the involvement of spinal
sympathetic afferent nerves in this reflex
effect. The major component of the
tachycardia response on atrial receptor
stimulation is blocked by atropine or
bilateral vagotomy (Fig. 4, 6), suggesting
that the reflex increase in heart rate is
mediated mainly by inhibition of vagal
efferent activity (Fig. 4) with afferent fibres

BODY TEMPERATURE

o (¢]
37C 27C
25 . 25r il Ll
— e el i
O 0O "N N
& olmyyyny O X
E 25 " y 25 11 L :ffll‘uglu‘l
o W
-~ ol | | | oL
wl ~ A A~ I R RS
T 25 e 25T, :
o o+ | I i o+
:_/l_l) O S e e —
@ 25 Pt = R
o [
4 O °5 i L
< B v-'\\/-A-
E 25 [ bbb LUl nL'LL__
AN
W
L 25 [ bl 25
. .
— ottt © i
L______.__l
Isec

: Response of a left atrial type B receptor to
changes in left atrial pressure due to infusion
of normal saline and haemorrhage at (a) normal
body temperature, 37°C and (b) during
hypothermia, 27°C. In each record upper trace
shows the activity of the left atrial type B
receptor; middle trace left atrial pressure and
lower trace ECG. At both the temperatures,
records from top to bottom are control, 50 ml,
100 ml and 150 ml saline infusion, 50 ml and
100 ml withdrawal of blood respectively.
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0.5s

Fig. 3: Effect of intravenous administration of
Veratridine (50 pg/kg) on the activity of a left
atrial type B receptor (upper trace in each
record) and ECG (lower trace in each record)
in animals infused saline (left column), 125 yM
CaCl (middle column) or 250 uM CaCl at a
rate df 1 ml/min. In each record row A: $hows
activity of the receptor before Veratridine, row
B: on injection of 50 pg/kg Veratridine and row
C: recovery from Veratridine.

in vagi and spinal sympathetic nerves.
Inhibition of vagal efferent nerve fibre
activity during tachycardia response on
atrial receptor stimulation further
confirmed the significant role of vagal
efferents in the heart rate response. The
precise function of type A atrial receptors
is not yet clearly established. It has been
suggested that in cats the type A atrial
receptors might signal heart rate (9).
However, the electrophysiological studies
have revealed that there are few type A
atrial receptors in dogs (5, 58) and monkeys
(59) which reduces the significance that
these receptors are specific for signalling
heart rate.

The mammalian heart is innervated from
the sympathetic and parasympathetic
divisions of the autonomic nervous system,
and these nerves modulate cardiac activities
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Fig. 4: Influence of propranolol (P) and propranolol
plus atropine (P+A) on the effects of left atrial/
pulmonary vein-left atrial junction balloons
distension on the change in the heart rate
(A HR) change in mean left atrial pressure
(A MLAP), change in mean arterial blood
pressure (A MABP) and change in vagal efferent
nerve activity (A VNA). C: Control **P<0.01.

by acting simultaneously in varying degrees
(60). The reflex chronotropic effects of
sympathetic afferents are well documented
(6, 61-63) and an interaction between inputs
from various cardiovascular afferents which
regulate the autonomic output has been
suggested (63). These studies indicate
involvement of vagal and spinal sympathetic
afferents and their influence on the
parasympathetic and sympathetic cardiac
efferent outflow resulting in the reflex
tachycardia response on stimulation of
cardiopulmonary receptors. However, these
studies do not provide direct evidence of the
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precise contribution of afferent inputs and
parasympathetic and sympathetic cardiac
efferent nerves outflow in this reflex
chronotropic response elicited by stimulation
of left atrial receptors.

In our investigation, a selective block of
the autonomic nervous system atrial
receptor stimulation is mainly through the
vagus system (Fig. 4-6). Administration
of peridural procaine produces a reversible
complete block of cardiac sympathetic nerve
activity in the animals. Following peridural
procaine the reflex tachycardia response to
left atrial receptor stimulation is slightly
reduced (Fig. 5). As cardiac sympathetic
efferent nerve activity does not show a clear
relation to the reflex effect, a possible
explanation for the attenuation of the reflex
responses could be the block of spinal
afferents along with sympathetic efferents.
The role of sympathetic afferents in the
reflex chronotropic effect is now well
established (61-63). The possibility of a
contribution of sympathetic afferents to the
reflex chronotropic effect of left atrial
receptor stimulation is supported by our
observation on animals treated with
propranolol. Intravenous administration of
propranolol (I mg/kg) which blocks the
cardiac sympathetic efferent nerve activity
does not affect the magnitude of the reflex
increase in the heart rate during left atrial
receptor stimulation (Fig. 4) and the
decrease in the cardioinhibitory vagal
efferent nerve activity is also unaffected by
the beta blocker (Fig. 4).

Administration of procaine in the
pericardium would result in a denervated
heart preparation, hence, none of the
animals in our investigation showed any
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response to left atrial balloon distension
following pericardial procaine (Fig. 5).
Pericardial procaine also has a direct effect
on heart muscle besides blocking the nerves,
in a separate series of experiments, atropine
was given to eliminate the contribution of
cardiac vagal efferent nerves to the reflex
tachycardia response. Atropine abolishes the
reflex tachycardia response to stimulation
of left atrial receptors (Fig. 4, 6), with no
change in cardiac sympathetic efferent
nerve activity. Thus this reflex chronotropic
effect during stimulation of left atrial
receptor is resulting from the corresponding
withdrawal of the vagal tone. It is well
known that the anaesthesia inhibits vagal
tone (64, 65), because the efferent limb of
the reflex tachycardia response to left atrial
receptor stimulation is mainly through the
vagus system, therefore, the magnitude of
the response will depend on the existing
vagal tone. It has already been shown that
following the anaesthesia and surgery there
is very little tonic cardiac vagal restraint
in cats (65), while it could be a possible
reason for relatively smaller tachycardia
response in cats on stimulation of left atrial
receptors (66). Our observation clearly
demonstrated the significant role of vagal
efferents (66) in the reflex increase in the
heart rate on stimulation of atrial receptors
contrary to earlier reports (55, 57). We
found that the role of sympathetic efferent
nerves in this reflex response is negligible
(Fig. 6, 8) and the reflex increase in the
heart rate during atrial receptor stimulation
is primarily due to withdrawal of vagal tone
(Fig. 7). It is known that changes of pulse
pressure which do not alter mean arterial
blood pressure can alter the baroreceptor
input resulting in baroreceptor mediated
reflex changes in the heart rate (67). The
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Fig. 5: Effect of peridural procaine (PD) and

pericardial procaine (PC) on the left atrial
receptor stimulation mediated changes in the
heart rate (AHR), mean left atrial pressure
(A MLAP), mean arterial blood pressure
(A MABP) and vagal efferent nerve activity
(A VNA). C: Control **P<0.01.

observations also indicate that during left
atrial balloon/pulmonary vein balloons
distensions, even in the absence of any
significant change in the mean arterial
blood pressure, a small fall in pulse pressure
due to distension of balloon can cause
significant change in the sympathetic
cardiac efferent nerve activity and
consequently producing a tachycardia
response. Therefore, it is possible that the
increase in the cardiac sympathetic efferent
nerve activity during distension of
pulmonary vein balloons observed by Karim
et al (55) could be due to small fall in the
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pulse pressure. In our study the distension
of balloons was so controlled that there was
no change in mean arterial pressures (Fig.
8). Involvement of vagal afferents and the
cardiac sympathetic efferent nerves in the
reflex tachycardia response to distension of
pulmonary vein- left atrial junction balloons
has been reported by other investigators
(53, 56) as well. Later Burkhart and
Ledsome (68) showed that this reflex
response contained contribution also from
efferent vagus nerves. Contrary to the
sympathetic excitatory effect reported by
these workers, our observations showed a
small inhibition of the cardiac sympathetic
efferent nerves during the left atrial
receptor stimulation supporting the results
of an earlier study where atrial receptor
stimulation by infusion of fluid in cats
caused a decrease in cardiac sympathetic
efferent nerve activity which did not show
any correlation to the reflex response.
Variations in the cardiac sympathetic
efferent nerve activity could be attributed
to the small changes in systemic blood
pressure.

Therefore, the tachycardia elicited by
left atrial receptor stimulation may be due
to a reflex with its afferent pathway in the
vagi and spinal cord and its efferent
pathway in the vagus nerves.

Role of cardiovascular receptors in reflex control
of circulation

The cardiovascular sensory receptors
play an important role in the regulation of
cardiovascular system (7, 64, 66, 69, 70, 71).
The arterial baroreceptors located in the
aortic arch and carotid sinus region regulate
the arterial pressure by reflex changes in
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heart rate and vascular tone (39, 64, 71—
76). Atrial type B receptors located in veno-
atrial junctions and the atria are known to
be involved primarily in reflex regulation
of blood volume (7, 52, 77-79). Stimulation
of cardiopulmonary receptors also produces
reflexly induced positive chronotropic
effect (66, 69, 78, 80). Therefore, both
arterial baroreceptors and cardiopulmonary
receptors reflexly influence the cardiovascular
system and are involved in blood pressure,
heart rate and volume control (79, 81-89).
The modulatory role of one type of receptors
on the reflex regulation of cardiovascular
parameters by other types is well
documented (79, 82, 86, 90-92).

A number of stress-induced disturbances
alter blood flow to various organs resulting
in production of a chronotropic effect
and changes in cardiac output. The
cardiovascular responses produced by a
particular disturbance are usually specific,
resulting from interaction between various
cardiovascular sensory receptors and their
reflex autonomic effects. The effects could
also be nonautonomic, humoral and direct
on the heart and blood vessels (Fig. 9). The
autonomic nervous system (ANS) mediated
circulatory responses to stress involve
changes in sympathetic and parasympathetic
neural activity to various organs, with
increased vascular constrictor tone in some
areas and decreased tone in other vascular
beds (66, 69, 93). Sympathetic neural
discharge is known to be influenced by
emotional stimuli and by muscle exercise
(Fig. 9). Besides aortic arch and carotid
sinus arterial baroreceptors, other main
cardiovascular receptors which influence
heart rate, blood pressure and peripheral
resistance, include atrial receptors and

Cardiovascular Sensory Receptors and their Regulatory Mechanisms 133

ventricular receptors (5, 7, 56). Since heart
and peripheral vessels of several regions are
connected in series and parallel, any
circulatory disturbance will tend to alter
pressure in different regions of the body by
changing inputs from various cardiovascular
sensory receptors to the central nervous
system (CNS). The resulting autonomic
effector response will depend on the
interactions among the contributions of
various sensory receptors (Fig. 9). It is likely
that depending on the circulatory
disturbance at a particular time, one
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Fig. 6 : Showing atropine abolishes increase in heart
rate (A HR) resulting from left atrial/pulmonary
vein-left atrial junction balloons distension by
atropine (A) in dogs. Change in mean left atrial
pressure (A MLAP), change in mean arterial
pressure (A MABP), change in sympathetic
efferent nerve activity (A SNA), change in vagal
efferent nerve activity (A VNA), in control
condition (C), following atropine (A), bilateral
vagotomy (V), and vagotomy plus propranol
(V+P) **P<0.01.
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type of receptor may play a dominant
role compared to others in bringing
cardiovascular changes through autonomic
effectors. The possibility of sensory
receptors other than cardiovascular
receptors affecting circulatory parameters
under certain environmental changes, also
exists. Chemoreceptors, pulmonary stretch
receptors and receptors located in skin and
muscle are known to modulate the reflex
cardiovascular effects of arterial pressure
changes. Possible sensory inputs to the CNS
during circulatory disturbance and
contributing autonomic effectors are
illustrated in Fig. 9.

Arterial Baroreceptor reflex

The role of arterial baroreceptors in the
regulation of arterial pressure by reflex
chronotropic effect and vasoconstriction is
well established (39, 64, 69, 71-76).

Arterial baroreceptor reflex:

Increase in arterial pressure stimulates
the arterial baroreceptors located in the
aortic arch and carotid sinus regions. This
leads to reflex inhibition of sympathetic
efferent nerve activity (69) and excitation
of parasympathetic efferent nerve activity
(Fig. 10, 12) (69) resulting in a fall in the
heart rate and during hypotension (Fig. 10,
11, 13) there is an increase in sympathetic
efferent nerve activity and inhibition of
vagal efferent nerve activity causing reflex
tachycardia response (Fig. 10, 12). A change
in relationship between arterial pressure
and heart rate or sympathetic resetting of
the baroreflex occurs (71). The resetting of
baroreceptor reflex may occur at the
peripheral level, which is called peripheral
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Fig. 7 : Original tracing showing increase in heart rate
on distension of left atrial balloon (LAB) with
a fall in vagal efferent nerve activity. From
above downward: arterial blood pressure (ABP),
electrocardiogram (ECG), heart rate (HR), left
atrial pressure (LAP), integrated vagal efferent
nerve activity (VNA) and single vagal efferent
fibre activity (VNA imp).

resetting, resetting within the CNS is
known as central resetting.

Peripheral resetting of baroreflex:

An increase in the arterial pressure
causes an increase in the threshold pressure
required for activation of the baroreceptors
(39, 43). This is accompanied by rightward
shift in the arterial pressure-baroreceptor
activity relationship which is known as
resetting. It increases the threshold level
for stimulation of arterial baroreceptors and
maintains the arterial pressure at an
elevated level. The slope of the pressure -
response curve may decrease and there may
be a decrease in maximum activity of the
baroreceptors. In baroreceptor resetting,
lower activity of arterial baroreceptors at
an equivalent pressure may reduce the
strain on the blood vessel, or a fall in
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activity may produce unaltered or even
greater deformity of the blood vessel.
However, the baroreceptors also reset
during hypotension, i.e. threshold pressure
of arterial baroreceptors is decreased on
exposure to low pressure and arterial
pressure-receptors activity curve is shifted
to the left (94); generally, peripheral
resetting of arterial baroreflex occurs under
conditions of sustained change in arterial
pressure, e.g. chronic hypertension, but
there may be acute resetting of the reflex
also. There are three types of peripheral
resetting (i) Instantaneous resetting: Fall
in receptor activity during diastolic phase
of the cardiac cycle at the same pressure
is known as instantaneous resetting (95).
(ii) Acute resetting: Acute resetting of
baroreceptors occurs within a few cardiac
cycles after change in pressure and
stabilizes at changed pressure level
in minutes, (iii) Chronic resetting:
Decreased vascular compliance could cause
a fall in arterial baroreceptor activity during
chronic hypertension and could produce less
strain on arterial baroreceptor endings.
Chronic hypertension produces a sustained
increase in strain on arterial baroreceptor
endings. This changes the diameter of the
aorta and carotid sinus regions which then
remain stable. The baroreflex sensitivity is
decreased and the resetting of arterial
baroreceptors at the new threshold stimulus
is complete.

Central resetting of baroreflex

When the efferent sympathetic activity
is significantly different for the same level
of baroreceptor input it is called central
resetting of the baroreflex. Central resetting
is also influenced by other neural reflexes
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and /or humoral agents (71, 96) in certain
conditions, e.g. during exercise and hypoxia.
It is suggested that neurons involved in
central inhibition of sympathetic efferent
activity may be less sensitive to increase in
the arterial baroreceptor input.

The resetting of baroreceptors mediated
reflex plays an important role in the
cardiovascular regulation in physiological
and pathophysiological conditions. Central
resetting of baroreflex under certain
conditions, e.g. severe hypoxia, may involve
baroreflex -dependent changes as well as
baroreflex-independent changes (71). Central
resetting of the baroreflex may involve both
suprapontine and bulbospinal pathways in
autonomic regulation of cardiovascular system.

Acute baroreflex resetting during hypotension

Ajmaloon (Hamdard, India), a
preparation from Rauwolfia serpentine and
certain herbs reduce blood pressure in
humans and animals in a dose-dependent
manner (97). Intravenous administration of
100 mg/kg Ajmaloon in anaesthetized rabbits
and monkeys produced significant fall in
arterial blood pressure (Fig. 15), with no
significant change in heart rate. The systolic
arterial pressure heart rate curve shifted
to the left following the intravenous
injection of Ajmaloon and at the same
pressure, heart rate was lower and thus
showed an acute resetting of the baroreflex
(Fig. 16). Loss of tachycardia response to
fall in arterial pressure in Ajmaloon-treated
animals suggests a sympathetic excitatory
influence in response to hypotension. It also
suggests a significant fall in baroreflex
sensitivity at the lower arterial pressure
caused by the drug.
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Baroreflex response during acute hypoxia

It is well known that in animals
respiratory status affects the autonomic
vaso-constrictor response (98). In mild
hypoxia there is a slight and gradual rise
in total peripheral resistance, and during
severe hypoxia where arterial PO, falls
below 35mmHg rise in autonomic effect on
total peripheral resistance is abrupt. Abrupt
rise in peripheral resistance of PO, below
35 mmHg is attributed to stimulation of
chemoreceptors. Due to increase in
ventilation during exposure to hypoxic
breathing, the pulmonary stretch receptors
are also stimulated. This also modulates the
peripheral resistance. The ratio between the
activity of pulmonary stretch receptors and
chemoreceptors reflects the magnitude of
the rise in total peripheral resistance
through the ANS due to hypoxia. The
pulmonary stretch receptor mediated
inhibitory effects on peripheral resistance
are known to be cortically -mediated. Heart
rate response mediated through the ANS is
also altered during hypoxic breathing. Mild
hypoxia causes increase in heart rate, but
severe hypoxia produces increased
bradycardia.

During hypoxia sustained bradycardia
occurs in animals with intact CNS and in
pontine (intracollicular decerebration)
animals there was an increase in heart rate
at all levels of hypoxia. In suprapontine
preparations of thalamic animals only,
bradycardia occurs even at a mild level of
hypoxia. It has been suggested that the
tachycardia response to hypoxia is mediated
through bulbo-spinal regions. Thus
bradycardia response to hypoxia is due to
stimulation of the chemoreceptors and
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suppression of cardiac slowing during mild
hypoxia caused by stimulation of the
pulmonary stretch receptors due to
hyperventilation. Magnitude of inputs from
two sets of receptors (chemoreceptors and
pulmonary stretch receptors) to the
autonomic centres determines the autonomic
effector response during respiratory
disturbance (hypoxia). This in turn triggers
the CNS to modulate the respiration in
order to meet the demands of oxygenation
of arterial blood during any kind of
respiratory stress. In humans, hypoxia with
hypocapnia, produces tachycardia without
any significant change in blood pressure or
in baroreflex sensitivity. During exercise the
changes were similar except that baroreflex
sensitivity is depressed more than what was
expected by exercise alone.

Baroreflex response during acute experimental
anaemia

While in hypoxia PO, falls, in
haemodilution the PO, may be normal but
the oxygen-carrying capacity of the blood is
reduced in proportion to the reduction in
hematocrit (99). Acute haemodilution in
dogs produces increase in cardiac output
(Fig. 8) and fall in total peripheral
resistance. The magnitude of these effects
depends on the degree of haemodilution. It
was observed that in dogs with a low control
heart rate (60-80 beats/min) with intact
autonomic innervation and following beta
blockade, the increase in cardiac output was
almost entirely owing to an increase in
heart rate (Fig. 9). Whereas, in dogs
with high basal heart rate following
(i) cholinergic blockade, (ii) or bilateral
vagotomy, and (iii) or bilateral vagotomy
plus beta blockade, cardiac output increased
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Fig. 8: Original tracing showing the tachycardia
response during stimulation of left atrial
receptors by inflating pulmonary vein-left atrial
junction balloons started at arrow (!) shown
on the top. From above downward: arterial
blood pressure (ABP), mean arterial blood
pressure (MABP), integrated sympathetic
efferent nerve activity (INT. SNA), heart rate
(HR), electrocardiogram (ECG), and left atrial
pressure (LAP).

solely due to an increase in the stroke
volume (Fig. 10). Thus the tachycardia
response to haemodilution is primarily
mediated through the efferent vagus nerves,
and the efferent sympathetic nerves do not
make any significant contribution in the
reflex regulation of acute fall in the oxygen
-carrying capacity of the circulating blood
(Fig. 18). In another study on anaesthetized
cats, the increase in cardiac output (Fig.
17) on acute haemodilution was largely due
to an increase in stroke volume (Fig. 19)
with small increase in heart rate (100). This
could be due to low vagal tone in the
anaesthetized cats. Haemodilution attenuates
the excitatory effects of phenylephrine and
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other cardiotonic agents. The reduced
sensitivity of the drug under such condition
could be due to reduced myocardial oxygen
supply, suppression of the excitatory effects
by local vasodilating agents and certain
other factors which control vascular
responsiveness to drugs. Baroreflex systolic
pressure-heart rate relationship) is not
altered by haemodilution. However, at the
same level of systolic pressure, heart rate
showed an increase corresponding to the
degree of haemodilution and reset itself at
that level. The sensitivity of baroreflex
tachycardia response to hypotension is
attenuated only during severe (HCT-14%)
haemodilution.

Baroreflex response during cornonary artery
occlusion

Acute coronory artery occlusion causes
myocardial ischaemia which induces
autonomic adjustments in the cardiovascular
system. Excitation of cardiac afferent nerves
produces reflex which is cardioinhibitory
and vasodepressor response with a fall
in sympathetic tone (45, 101). The
vasodepressor response is abolished in acute
myocardial infarction due to the interruption
of vagal afferent (102). Inactivation of the
ventricular sensory nerve endings, due to
chronic myocardial infarction as well as by
impairment of cardiac reflexes in response
to changes in cardiac filling is known to
occur (103). In clinical studies the status of
autonomic reflex control has been used for
assessment of degree of risk for sudden
death , because baroreflex -mediated
changes in heart rate can provide a useful
criterion to assess autonomic neural control
of the heart (81). Acute coronary artery
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Fig. 10: Original tracing showing the bradycardia
response during increase (1) in arterial blood
pressure (ABP) and tachycardia during fall
(Y) in ABP. From above downward: ABP,
electrocardiogram (ECG), heart rate (HR), left
atrial pressure (LAP), integrated sympathetic
efferent nerve activity (INT. SNA).

occlusion attenuates baroreflex control of
heart rate in response to an increase in
arterial pressure (91, 104).

In dogs the tachycardia response was
related to the duration of coronary artery
occlusion with intact ANS as well as after
beta blockade, indicating inhibition of vagal
efferent nerve activity. Heart rate response
in dogs to coronary artery occlusion is
abolished following atropine injection (i.v)
or bilateral section of vagus nerves. In
normal dogs, the sensitivity of baroreflex
tachycardia response to fall in arterial
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Fig. 11: Mean curves representing the baroreflex
mean arterial blood pressure-heart relationship
for the peak effects before (=) and during
(o) left atrial receptor stimulation in
seven dogs following administration of
intravenous propranolol, peridural procaine
and pericardial procaine. All values are
mean * SEM.

pressure and the bradycardia response to
rise in pressure, was attenuated four hours
after acute occlusion of left anterior
descending coronary artery (LAD). In beta-
blocked animals, tachycardia response after
the occlusion of LAD was almost abolished.
Atropinization or vagotomy attenuated the
peak sensitivity of baroreflex-mediated
bradycardia response, whereas, the peak
sensitivity of baroreflex tachycardia
response is increased after bilateral
vagotomy. The bradycardia response is
enhanced after beta-blockade. Thus acute
myocardial ischaemia attenuates arterial
baroreflex control of heart rate. The fall in
baroreflex sensitivity following LAD
occlusion involves parasympathetic efferent
nerves (104). In another study the
cardiovascular reflex effects of intravenously
administrated phenylephrine and sodium
nitroprusside were attenuated after
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Fig. 12: Original record showing a fall in heart rate
(HR) and a rise in parasympathetic activity
(VNA) during increase (1) in arterial blood
pressure (ABP). From above downwards: ABP,
electrocardiogram (ECG), HR, left atrial
pressure (LAP); integrated vagal efferent
nerve activity (VNA impulses per 2.5 sec),
single vagal efferent fibre activity (VNA imp.).

occlusion of LAD (105). Acute LAD coronary
artery occlusion produced a fall in arterial
pressure (Fig. 20) and stroke volume (Fig.
21). It also produced a rise in cardiac output
(Fig. 21) due to increase in heart rate. The
baroreflex dysfunction is suggested to be due
to the abnormality in the afferent limb
rather than the central or efferent limbs of
the reflex arc.

Influence of other cardiac sensory receptors
on the arterial baroreceptor-mediated reflex
responses

Left ventricular receptor stimulation by
intracoronary infusion of veratrine
attenuates arterial baroreflex control of
heart rate. The fall in sensitivity of the
reflex and the heart rate is mediated by
parasympathetic motoneurons common to
both reflexs arcs (70). Further, the resetting
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of the reflex to a lower operational set point
is suggested to be mediated by cardiac
sympathetic motoneurons common to both
the reflex arcs (70).
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Interaction between atrial receptors and arterial
baroreceptors in the reflex control of heart rate

The atrial type B receptors or cardio-
pulmonary low-pressure receptors are
known to participate primarily in reflex
regulation of blood volume. In dogs,
localized stimulation of atrial receptors
produces a reflex tachycardia response.
Since arterial baroreceptors are known to
regulate arterial pressure by reflex changes
in the heart rate and by vasoconstriction, it
suggests that these two sets of sensory
receptors reflexly influence both the cardio-
vascular system and the autonomic efferent
output. Roddie et al. (79) suggested that
excitation of cardio-pulmonary receptors
inhibits the arterial baroreflex through a
central mechanism. Interaction between two
groups of cardiovascular sensory receptors
has also been observed by other
investigators. The cardiovascular reflex
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blocked (A) dogs.
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basal values at 0 time on the X-axis.

effects produced by arterial baroreceptors
and atrial receptors involve both vagal and
sympathetic efferents and afferents. In one
of our studies (69) on anaesthetized cats and
dogs we recorded the sympathetic cardiac
efferent nerve activity and cardioinhibitory
vagus efferent nerve fibre activity on
stimulation of the arterial baroreceptors,
atrial receptors or both types of receptors
simultaneously. Arterial baroreceptor-
mediated chronotropic effect involved both
sympathetic and parasympathetic limbs of
the autonomic nervous system (Fig. 14).
However, cardio-acceleration produced by
localized stimulation of the left atrial

STROKE VOLUME(miAnk-.  CARDIAC OUTPUT (mi/min).
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Fig. 21: Changes in Cardiac Output and stroke volume
after complete occlusion of left anterior
descending coronary artery (LAD). All values
are mean+ SEM from data on ten dogs.
*P<0.01 as compared to basal values (C)
before occlusion of LAD.

receptors was mainly due to withdrawal of
parasympathetic tone and not by excitation
of sympathetic efferent (69). On stimulation
of both types of cardiovascular receptors
simultaneously, net result was a slight
inhibition of the baroreflex tachycardia
response to hypotension and an augmentation
of baroreceptor mediated bradycardia
response to the increase in arterial pressure.
Thus atrial receptors modulate the arterial
baroreceptor-mediated chronotropic response
to change in arterial pressure. The arterial
baroreceptors and atrial receptors during
sustained change in their natural stimulus
reset the reflex chronotropic response.



Indian J Physiol Pharmacol 2003; 47(2)

10.

11.

12.

13.

14.

Cardiovascular Sensory Receptors and their Regulatory Mechanisms 143

REFERENCES

Paintal AS. A study of right and left atrial
receptors. J Physiol 1953; 120: 590-610.

Paintal AS. Natural stimulation of type B atrial
receptors. J Physiol 1963; 169: 116-136.

Coleridge JCG, Hemingway A, Holmes RL, Linden
RJ. The location of atrial receptors in the dog, a
physiological and histological study. J Physiol 1957;
136: 174-197.

Coleridge HM, Colegidge JCG, Kidd C. Cardiac
receptors in the dog with particular reference to
two types of afferent ending in the ventricular wall.
J Physiol 1964; 174: 323-339.

Paintal AS. Cardiovascular receptors. In: Handbook
of Sensory Physiology, Vol. IIl/l, Enteroceptors,
edited by E. Neil, Berlin, Heidelberg and New
York: Springer Verlag. 1972; pp.1-45.

Oberg B. Overall cardiovascular regulation. Ann
Rev Physiol 1976; 38: 537-570.

Paintal AS. Vagal sensory receptors and their
reflex effects. Physiol Rev 1973; 53: 159-227.

Rao PS, Fahim M. Effect of propranolol on the
relationship between atrial systolic pressure and
type A atrial receptors discharge in cats. Arch Intl
Pharmaco Dynamic Therapie 1976; 223: 43-53.

Arndt JO, Brambring P, Hindorf K, Rohnelt M.
Das Entaladungsmuster von Vorhofafferenzen des
A — Type derkatz Hera-frequenzmessung durch den
A-type receptor ? Pflugers Arch Ges Physiol 1971;
326: 300-315.

Fahim M. Effect of veratrum alkaloids on right
and left atrial receptors in the cat. Clin Exp
Pharmacol Physiol 1979; 6: 293-399.

Fahim M. Left atrial type B receptor response
during hypothermia in dogs. Clin Exp Pharmacol
Physiol 1979; 6: 591-598.

Fahim M, Ravi K. The effect of acetylstrophanthidin
on the responsiveness of left type B receptor to
saline infusion and veratrine injection in
anaesthatized cats. Pflug Arch 1986; 407: 259-304.

Fahim M. Pressure-volume relationship in the left
atria of anaesthetized dogs. Clin Exp Pharm
Physiol 1978; 5: 551-558.

Gilmore JP, Zucker IH. Discharge of type B atrial
receptors during changes in vascular volume and
depression of contractility. J Physiol 1974; 239:
207-223.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Whitteridge D. Afferent nerve fibres from the heart
and lungs in the cervical vagus. J Physiol 1948;
107: 496-512.

Hakumaki MOK. Function of the left atrial
receptor. Acta Physiol Scand Supp 1970; 344: 1-
54,

Kramer K. Die afferents innervation und die
Reflexe Von Herz und venosem system. Verh Ditch
Ges Kreis Forsch 1959; 25: S: 142-163.

Henry JP, Pearde JW. The possible role of cardiac
atrial stretch receptors in the induction of changes
in urine flow. J Physiol 1956; 131: 572-585.

Pearce JW, Henry JP, Chapman KM. The behaviour
and possible functions of cardiac stretch receptors.
Abstr XX Intl Physiol Congr 1956; 711-712.

Paintal, AS. The response of pulmonary and
cardiovascular receptors to certain drugs. J Physiol
1953; 121: 182-190.

Opdyke DF, Duomarco J, Dillon WH, Schreiber H,
Little RC, Seely, RD. Study of simultaneous right
and left artrial pressure pulses under normal and
experimentally altered conditions. Am J Physiol
1948; 154: 258-272.

Little RC. Volume elastic properties of the right
and left atrium. Am J Physiol 1949; 158: 237-240.

Little RC. Volume pressure relationship of the
pulmonary left heart vascular segment. Circulation
Res 1960; 8: 594-599.

Irisawa H, Greer AP, Rushmer RF. Change in the
dimension of the venae cavae. Am J Physiol 1959;
196: 741-789.

Amann AU, Schaefer H. Uver sensible impulses in
Herznerven. Pflugers Arch Ges Physiol 1943; 246:
757-789.

Jarisch A, Zotterman Y. Depressor reflex from the
heart. Acta Physiol Scand 1948; 16: 31-51.

Meier R, Bein HJ, Helurich H. Zur Wirkung des
vertrins aufdie atemsteurung des kaninchens.
Experientia 1949; 5: 484—-486.

Dawes GS, Widdicomble JG. Respiratory and
cardiovascular reflexes from the heart and lungs.
J Physiol 1951; 115: 258-291.

Paintal AS. The study of ventricular pressure
receptors and their role in the Bezold reflex. Quart
J Physiol 1955; 40: 348-363.



144 Fahim

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Paintal AS. The influence of chemical substance
on the inhibition of sensory discharges in
pulmonary and gastric stretch receptors and atrial
receptors. J Physiol 1957; 135: 486-510.

Katz B. Depolarization of sensory terminals
and the initiation of impulses in muscle spindle.
J Physiol 1950; 111: 261-282.

Gray JAB, Sato M. Properties of the receptor
potential in Pacinian Corpuscles. J Physiol 1953;
122: 610-635.

Krayer O, Acheson GH. The pharmacology of the
veratrum alkaloids. Physiol Rev 1946; 26: 383—446.

Paintal AS. Effect of drugs on vertebrate
mechanoreceptors. Pharmacol Rev 1964; 16: 341—
380.

Neil E, Joels NO. The impulse activity in cardiac
afferent vagal fibres. Naunyn-Schmiedeberg’s Arch
Exp Path Pharmak 1961; 240: 453-460.

Ulbricht W. The effect of veratridine on excitable
membranes of nerve and muscle. Ergeb Physiol
1969; 61: 18-71.

Mclain PL. Effects of ouabain on spontaneous
afferent activity in the aortic and carotid sinus
nerves of cats. Neuropharmacology 1970; 9: 399-
402.

Saum WR, Ayachi S, Brown AM. Action of sodium
and potassium ions on baroreceptors of
normotensive and spontaneously hypertensive rats.
Circulation Res 1978; 41: 768-774.

Brown AM. Intrinsic characteristic of
baroreceptors. In: Hainsworth R, Kidd C, Linder
RJ (eds) Cardiac receptors. Cambridge University
Press, Cambridge, 1979; pp.339-353.

Sleight P, Lall A, Muers M. Reflex cardiovascular
effects of epicardial stimulation by acetyl-
strophanthidin in dogs. Circulation Res 1969; 25:
705-711.

Edwards C, Terzuolo CA, Washizu T. The effect of
changes of the ionic environment upon an isolated
crustacean sensory neuron. J Neurophysiol 1963;
26: 948-957.

Matsuura S. Depolarisation of sensory nerve
ending and impulse initiation in common carotid
baroreceptors. J Physiol (Lond) 1973; 235: 31-56.

Kunze DL, Saum WR, Brown AM. Sodium
sensitivity of baroreceptors mediated reflex
changes of blood pressure and urine flow. Nature
1977; 267: 75-78.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

Indian J Physiol Pharmacol 2003; 47(2)

Zucker IH, Peterson TA, Gilmore JP. Ouabain
increase left atrial stretch receptor discharge in
the dog. J Pharmacol Exp Ther 1980; 212: 320-
324.

Thames MD. Acetylstrophanthidin induced reflex
inhibition of canine renal sympathetic nerve
activity mediated by cardiac receptors with vagal
afferents. Circulation Res 1979; 44: 8-15.

Glynn IM. The action of cardiac glycosides on the
ion movements. Pharmacol Rev 1964; 16: 381-407.

Schwartz A, Lidenmayer CE, Allen JC. The sodium
potassium adenosine triphosphatase: Pharmacological,
physiological and biochemical aspects. Pharmacol
Rev 1975; 27: 3-135.

Akera T, Brody, TM. The role of Na*-K*-ATPase
in the inotropic action of digitails. Pharmacol Rev
1979; 29: 187-220.

Fahim M, Mangel A, Pressman BC. Effects of
ionophore mediated transport of the cardiac resting
potential. J Exp Bio 1983; 107: 491-493.

Gauer OH, Henry JP. Beitrag zur homoostase des
extraateriellen kreslaufs. Volumeneregulation als
unabhangiger Physiologischer Parameter, Klin
Wschr 1956; 34: 356—-366.

Henry JP, Gauer OH, Reeves JL. Evidence of the
atrial location of receptors influencing urine flow.
Circulation Res 1956; 4: 85-90.

Goetz KL, Bond GC, Bloxmam DD. Atrial receptors
and renal function. Physiol Rev 1975; 55: 157-205.

Ledsome JR, Linden RJ. A reflex increase in heart
rate from distension of the pulmonary vein-atrial
junction. J Physiol 1964; 170: 456-473.

Ledsome JR, Linden RJ. The effect of distending a
pouch of the left atrium on the heart rate. J Physiol
1967; 193: 121-129.

Karim F, Kidd C, Malpus CM, Penna PE. The
effects of stimulation of the left atrial receptors
on sympathetic efferent nerve fibres. J Physiol
1972; 227: 243-260.

Linden RJ. Function of cardiac receptors.
Circulation 1973; 48: 463-480.

Kappagoda CT, Linden RJ, Scott EM, Snow HM.
Atrial receptors and heart rate: the efferent
pathway. J Physiol 1975; 249: 581-590.

Rao PS, Fahim M, Gupta, BN. Relative distribution
of types A and B atrial receptors in dogs, cats,
monkeys and rabbits. Experientia 1975; 31: 1174—
1175.



Indian J Physiol Pharmacol 2003; 47(2)

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Chapman KM, Pearce JW. Vagal afferents in the
monkey. Nature 1959; 184: 1237-1238.

Levy MN, Martin PJ. Neural regulation of the
heart beat. Ann Rev Physiol 1981; 43: 443-453.

Malliani A, Parks M, Tickett RP, Brown AM. Reflex
increase in heart rate elicited by stimulation of
afferent cardiac sympathetic nerve fibres in the
cat. Circulation Res 1973; 32: 9-14.

Gupta, PD. Spinal autonomic afferents in
elicitation of tachycardia in volume infusion in the
dog. Am J Physiol 1975; 229: 303-308.

Mallaiani A. Cardiovascular sympathetic afferent
fibres. Rev Physiol Biochem Pharmacol 1982; 94:
11-74.

Kirchheim HR. Systemic arterial baroreceptor
reflex. Physiol Rev 1976; 56: 100-176.

Neil E. Cardiac vagal efferent activity: In: Cardiac
receptors, edited by R Hainsworth, C Kidd, RJ
Linden. London: Cambridge Press, 1979; pp.361—
375.

Fahim M, Arndt JO. Reflex regulation of the heart
rate on stimulation of left atrial receptors in
anaesthetized cats and dogs: Role of vagal efferent
and sympathetic efferent nerves. J Appl Cardiol
1989; 4: 103-115.

Ead HW, Green JH, Neil E. Comparison of the
effect of pulsatile and nonpulsatile flow through
the carotid sinus on the reflexogenic activity of
the sinus baroreceptors in the cat. J Physiol 1952;
118: 510-519.

Burkhart SM, and Ledsome JR. The response to
distension of the pulmonary vein-left atrial
junctions in dogs with spinal section. J Physiol
1974; 237: 685-700.

Fahim M, Arndt, JO. Left atrial receptors in
arterial baroreflex control of heart rate. Jap J
Physiol 1990; 40: 33-55.

Holmberg MJ, Gorman AJ, Cornish KG, Zucker IH.
Attenuation of arterial baroreflex control of heart
rate by left ventricular receptor stimulation in the
conscious dog. Circulation Res 1983; 53: 597-607.

Korner Pl. Role of the autonomic nervous system
in reflex cardiovascular control. In: progress in
Cardiology ed. by Yu, PN and Goodwin, JF Lea
and Febiger, Philadelphia 1978; pp.55-101.

Abboud FM, Mark AL. Cardiac baroreceptors in
circulatory control in humans. In: Cardiac
receptors, ed by Hainsworth R, Kidd C and Linden
RJ, Cambridge University Press, Cambridge, U.K.
1979; pp.437-462.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Cardiovascular Sensory Receptors and their Regulatory Mechanisms 145

Downing SE. Baroreceptor regulation of the heart.
In: Handbook of Physiology, Vol. I, Sec. 2: The
Cardiovascular System ed. By Berne RM, American
Physiological Society, Bethesda 1979; pp.621-652.

Shepherd JT. Reflex control of arterial blood
pressure. Cardiovas Res 1982; 16: 347-370.

Sleight P. Neural control of the cardiovascular
system. In Modern Trends in Cardiology ed. by
Oliver MF, Butterworths, London 1974; pp.1-43.

Undesser KP, Jing-Yung P, Lynn MP, Bishop VS.
Baroreceptor control of sympathetic nerve activity
after elevation of pressure in conscious rabbits.
Am J Physiol 1985; 248: H827-H834.

Gauer OH, Henry JP. Neurohormonal control of
plasma volume. Int Rev Physiol 1976; 9: 145-190.

Kappagoda CT, Linden RJ, Snow HM. Effect of
stimulating right atrial receptors on the urine flow
in the dog. J Physiol 1973; 235: 493-502.

Roddie 1G, Shepherd JT, Whelan RF. Reflex
changes in vasoconstrictor tone in human skeletal
muscle in response to stimulation of receptors in
low-pressure area of the intrathroracic vascular
bed. J Physiol 1957; 139: 139-376.

Linden RJ (eds Hainsworth R, Kidd C, Linden RJ)
Atrial receptors and heart rate. In Cardiac
Receptors, ed. By Hainsworth R, Kidd C and
Linden RJ, Cambridge University Press,
Cambridge, U.K. 1979; pp.165-191.

Billman GE, Dickey DT, Teoh NK, Stone HL. Effect
of central venous blood volume shifts on arterial
baroreflex control of heart rate. Am J Physiol 1981;
241: H571-H575.

Chen HL, Chai CY, Tung CS and Chen HC.
Modulation of the carotid baroreflex function
during volume expansion. Am J Physiol 1979; 237:
H153-H158.

Faris 1B, Jamieson GG, Ludbrook J. Effects of
acute changes in blood volume on the carotid sinus
baroreceptor reflex in conscious rabbits. J Physiol
(London) 1983; 337: 563-573.

Felder RB, Thames MD. Interaction between
cardiac receptors and sinoaortic baroreceptors in
the control of efferent sympathetic nerve activity
during myocardial ischemia in dogs. Circulation
Res 1979; 45: 728-736.

Guo GB, Thames MD, Abboud FM. Differential
baroreflex control of heart rate and vascular
resistance in rabbits. Relative role of carotid, aortic
and cardiopulmonary baroreceptors. Circulation
Res 1982; 50: 554-565.



146 Fahim

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Koike H, Mark AL, Heistad DD, Schmid PG.
Influence of cardiopulmonary vagal afferent
activity on carotid chemoreceptor and baroreceptor
reflexes in the dog. Circulation Res 1975; 37: 422—
429.

Ludbrook J, Graham WF. The role of cardiac
receptor and arterial baroreceptor reflexes in
control of the circulation during acute change of
blood volume in the conscious rabbit. Circulation
Res 1984; 54: 424—-435.

Manicia G, Shepherd JT, Donald DE. Interplay
among carotid sinus, cardiopulmonary and carotid
body reflexes in dogs. Am J Physiol 1976; 230:
19-24.

Walgenbach SC, Shepherd JT. Role of arterial and
cardio-pulmonary mechanoreceptors in the
regulation of arterial pressure during the rest and
exercise in conscious dogs. Mayo Clin Proc 1984;
59: 467-475.

Donald DE, Shepherd JT. Reflexes from the heart
and lungs: Physiological curiosities or important
regulatory mechanisms. Cardiovasc Res 1978; 12:
449-469.

Takeshita A, Mark AL, Eckberg DL, Abboud FM.
Effect of central venous pressure on arterial
baroreflex control of heart rate. Am J Physiol 1979;
236: H42-HA47.

Vatner SF, Boettcher DH, Heyndrichx GR,
Meritchie RJ. Reduced baroreflex sensitivity with
volume loading in conscious dogs. Circulation Res
1975; 37: 236-242.

Fahim M, Singh M. Haemodynamic responses
during acute mormovolemic hemodilution in
anaesthetized dogs. Jap J Physiol 1992; 42: 753-
763.

Salgado HC, Krieger EM. Reversibility of
baroreceptor adaptation in chronic hypertension.
Clin Sci Mol Med 1973; 45: 123s.

Coleridge HM, Coleridge JCG, Poore EF, Roberts
AM, Schultz HD. Aortic wall properties and

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Indian J Physiol Pharmacol 2003; 47(2)

baroreceptor behavior at normal arterial pressure
and in acute hypertension resetting in dogs. J
Physiol 1984; 350: 309-326.

Abboud FM, Thames MD. Interactions of
cardiovascular reflexes in circulatory control. Am
J Physiol 1982; 243: H815-H818.

Fahim M, Khan MSY, Hameed HA, Effect of
Ajmaloon on the baroreceptor heart rate reflex in
anaesthetized rabbits and monkeys. Ind J Physiol
Pharmacol 1995; 39: 101-105.

Korner Pl Central nervous control of autonomic
function. Possible implications in the pathogenesis
of hypertension. Circulation Res 1970; 26: 159-168.

Bartlett D Jr, Tenny SM. Tissue gas tension in
experimental anaemia. J Appl Physiol 1963; 18:
734-738.

Talwar A, Hussain ME, Gupta CK, Fahim M.
Cardiovascular responses to phenylephrine during
acute experimental anaemic in anaesthetized cats.
Ind J Physiol Pharmacol 1995; 39: 106-110.

Reimann KA, Weaver LC. Contrasting reflexes
evoked by chemical activation of cardiac afferent
nerves. Am J Physiol 1980; 239 (Heart Circ Physiol
8): H316-H325.

Barber MJ, Mueller TM, Davies BG, Gill RM, Zipes
DP. Interruption of sympathetic and vagal-
mediated afferent responses by transmural
myocardial infarction. Circulation 1985; 72: 623—
631.

Minisi AJ, Thames MD. Effect of chronic
myocardial infraction on vagal cardiopulmonary
baroreflex. Circulation Res 1989; 65: 396—405.

Hussain ME, Krishna B, Singh M, Fahim M.
Inhibition of arterial baroreceptor reflex during
coronary artery occlusion. Jap J Physiol 1992; 42:
741-753.

Hussian ME, Fahim M. Cardiocascular responses
to phenylephrine and sodium nitroprusside during
acute coronary artery occlusion in dogs. Ind J
Physiol Pharmacol 1994; 38: 252-258.



