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Practical class № 3. Regulation of cardiac activity





The question for self-study


Cardiac innervation. Influences of sympathetic and parasympathetic nerves on the heart.


The heart nerves tone. Mediators in the heat (chemical nature, influences).


Vasomotor control.


Afferents to the vasomotor area.


Somatosympathetic reflex.


Baroreceptors.


Carotid sinus and aortic arch.


Buffer nerve activity.


Atrial stretch receptors.


Role of baroreceptors in endocrine defence of ECF volume.


Bainbridge reflex.


Left ventricular receptors.


Normal heart rate and its variations.


Mechanism of control of heart rate:


Reflex regulations:


Centers.


Sympathetic and parasympathetic supply.


The reflexes:


Reflexes arising from the systemic arteries (baroreceptor reflex; chemoreceptor reflex).


Reflexes arising from the heart:


Baroreceptors are present in the left ventricle;


Coronary chemoreflex (Bezoldjarisch reflexes);


Atrial receptors (Bainbridge reflex).


Influences from the Higher Centers.


Limbic system, emotion and the heart rate.


Hypothalamus.


Cerebral cortex.


Chemical regulation of the heart rate.


Thermal regulation.


Conditions affecting the heart rate:


Physiological:


Muscular exercise.


Sinus arrhythmia.


Rage and panic.


A meal.


Posture.


Pregnancy.


Athletes.


Sleep.


Pathological.


Fever, circulatory shock, paroxysmal tachycardia, thyrotoxicosis.


Heart block and myxedema, viral infections, enteric fever.


10.3.	Drugs and the Heart Rate


To read: William F. Ganong, MD. Review of Medical Physiology. Text-book 574-587.





Cardiac innervation. Influences of sympathetic and parasympathetic nerves on the heart.


Impulses in the noradrenergic sympathetic nerves to the heart increase the cardiac rate (chronotropic effect) and the force of cardiac contraction (inotropic effect). They also inhibit the effects of vagal stimulation, probably by release of neuropeptide Y, which is a cotransmitter in the sympathetic endings. Impulses in the cholinergic vagal cardiac fibers decrease the heart rate. There is a moderate amount of tonic discharge in the cardiac sympathetic nerves at rest, but there is a good deal of tonic vagal discharge (vagal tone) in humans and other large animals. When the vagi are cut in experimental animals, the heart rate rises, and after the administration of parasympatholytic drugs such as atropine, the heart rate in humans increases from its normal resting value of 70 to 150-180 beats/min because the sympathetic tone is unopposed. In humans in whom both noradrenergic and cholinergic systems are blocked, the heart rate is approximately 100.





The heart nerves tone. Mediators in the heat (chemical nature, influences).


See section 6.1.2.	Sympathetic and parasympathetic supply.





Vasomotor control


The sympathetic nerves that constrict arterioles and veins and increase heart rate and stroke volume discharge in a tonic fashion, and blood pressure is adjusted by variations in the rate of this tonic discharge. Spinal reflex activity affects blood pressure, but the main control of blood pressure is exerted by groups of neurons in the medulla oblongata that are sometimes called collectively the vasomotor area or vasomotor center. Neurons that mediate increased sympathetic discharge to blood vessels and the heart project directly to sympathetic preganglionic neurons in the intermediolateral gray column (IML) of the spinal cord. On each side, the cell bodies of these neurons are located near the pial surface of the medulla in the rostral ventrolateral medulla (RVLM). Their axons course dorsally and medially and then descend in the lateral column of the spinal cord to the IML. They contain PNMT, but it appears that the excitatory transmitter they secrete is glutamate rather than epinephrine.


Impulses reaching the medulla also affect the heart rate via vagal discharge to the heart. The neurons from which the vagal fibers arise are in the dorsal motor nucleus of the vagus and the nucleus ambiguous.


When vasoconstrictor discharge is increased, there is increased arteriolar constriction and a rise in blood pressure. Venoconstriction and a decrease in the stores of blood in the venous reservoirs usually accompany these changes, although changes in the capacitance vessels do not always parallel changes in the resistance vessels. Heart rate and stroke volume are increased because of activity in the sympathetic nerves to the heart, and cardiac output is increased. There is usually an associated decrease in the tonic activity of vagal fibers to the heart. Conversely, a decrease in vasomotor discharge causes vasodilation, a fall in blood pressure, and an increase in the storage of blood in the venous reservoirs. There is usually a concomitant decrease in heart rate, but this is mostly due to stimulation of the vagal innervation of the heart.





�


The vasomotor center (VMC) with its neural connections.





Afferents to the vasomotor area


The afferents that converge on the vasomotor area include not only the very important fibers from arterial and venous baroreceptors but also fibers from other parts of the nervous system and from the carotid and aortic chemoreceptors. In addition, some stimuli act directly on the vasomotor area.


There are descending tracts to the vasomotor area from the cerebral cortex (particularly the limbic cortex) that relay in the hypothalamus. These fibers are responsible for the blood pressure rise and tachycardia produced by emotions such as sexual excitement and anger. The connections between the hypothalamus and the vasomotor area are reciprocal, with afferents from the brain stem closing the loop.


Inflation of the lungs causes vasodilation and a decrease in blood pressure. This response is mediated via vagal afferents from the lungs that inhibit vasomotor discharge. Pain usually causes a rise in blood pressure via afferent impulses in the reticular formation converging on the vasomotor area. However, prolonged severe pain may cause vasodilation and fainting.





Somatosympathetic reflex


Pain causes increased arterial pressure, and activity in afferents from exercising muscles probably exerts a similar pressor effect via the C1 neurons in the rostral ventrolateral medulla. The pressor response to stimulation of somatic afferent nerves is called the somatosympathetic reflex.





3.3.	Baroreceptors


The baroreceptors are stretch receptors in the walls of the heart and blood vessels. The carotid sinus and aortic arch receptors monitor the arterial circulation. Receptors are also located in the walls of the right and left atria at the entrance of the superior and inferior venae cavae and the pulmonary veins, as well as in the pulmonary circulation. These receptors in the low-pressure part of the circulation are referred to collectively as the cardiopulmonary receptors. The baroreceptors are stimulated by distention of the structures in which they are located, and so they discharge at an increased rate when the pressure in these structures rises. Their afferent fibers pass via the glossopharyngeal and vagus nerves to the medulla. Most of them end in the nucleus of the tractus solitarius (NTS), and the excitatory transmitter they secrete is probably glutamate. There are excitatory, presumably glutaminergic, projections from the NTS to the caudal and intermediate ventrolateral medulla, where they apparently stimulate GABA-secreting inhibitory neurons that project to the rostral ventrolateral medulla. There are also excitatory projections, probably polyneuronal, from the NTS to the vagal motor neurons in the dorsal motor nucleus and the nucleus ambiguus. Thus, increased baroreceptor discharge inhibits the tonic discharge of the vasoconstrictor nerves and excites the vagal innervation of the heart, producing vasodilation, venodilation, a drop in blood pressure, bradycardia, and a decrease in cardiac output.





Carotid sinus and aortic arch


The carotid sinus is a small dilation of the internal carotid artery just above the bifurcation of the common carotid into external and internal carotid branches. Baroreceptors are located in this dilation. They are also found in the wall of the arch of the aorta. The receptors are located in the adventitia of the vessels. They are extensively branched, knobby, coiled, and intertwined ends of myelinated nerve fibers that resemble Golgi tendon organs. Similar receptors have been found in various other parts of the large arteries of the thorax and neck in some species. The afferent nerve fibers from the carotid sinus and carotid body form a distinct branch of the glossopharyngeal nerve, the carotid sinus nerve, but the fibers from the aortic arch form a separate distinct branch of the vagus only in the rabbit. The carotid sinus nerves and vagal libers from the aortic arch are commonly called the buffer nerves.





Buffer nerve activity


At normal blood pressure levels, the fibers of the buffer nerves discharge at a low rate (Figure 31-11). When the pressure in the sinus and aortic arch rises, the discharge rate increases; and when the pressure falls, the rate declines.


When one carotid sinus of a monkey is isolated and perfused and the other baroreceptors are denervated, there is no discharge in the afferent fibers from the perfused sinus and no drop in the animal's arterial pressure or heart rate when the perfusion pressure is below 30 mm Hg. At perfusion pressures of 70-110 mm Hg, there is an essentially linear relation between the perfusion pressure and the fall in blood pressure and heart rate produced in the monkey. At perfusion pressures above 150 mm Hg there is no further increase in response (Figure 31-12), presumably because the rate of baroreceptor discharge and the degree of inhibition of the vasomotor center are maximal.


The carotid receptors respond both to sustained pressure and to pulse pressure. A decline in carotid pulse pressure without any change in mean pressure decreases the rate of baroreceptor discharge and provokes a rise in blood pressure and tachycardia. The receptors also respond to changes in pressure as well as steady pressure; when the pressure is fluctuating, they sometimes discharge during the rises and are silent during the falls at mean pressures at which if there were no fluctuations, there would be a steady discharge.


The aortic receptors have not been studied in such great detail, but there is no reason to believe that their responses differ significantly from those of the receptors in the carotid sinus.


From the foregoing discussion, it is apparent that the baroreceptors on the arterial side of the circulation, their afferent connections to the vasomotor and cardioinhibitory areas, and the efferent pathways from these areas constitute a reflex feedback mechanism that operates to stabilize the blood pressure and heart rate. Any drop in systemic arterial pressure decreases the inhibitory discharge in the buffer nerves, and there is a compensatory rise in blood pressure and cardiac output. Any rise in pressure produces dilation of the arterioles and decreases cardiac output until the blood pressure returns to its previous normal level.





Atrial stretch receptors.


The stretch receptors in the atria are of two types: those that discharge primarily during atrial systole (type A), and those that discharge primarily late in diastole, at the time of peak atrial filling (type B), The discharge of type B baroreceptors is increased when venous return is increased and decreased by positive-pressure breathing, indicating that these baroreceptors respond primarily to distention of the atrial walls. The reflex circulatory adjustments initiated by increased discharge from most if not all of these receptors include vasodilation and a fall in blood pressure. However, the heart rate is increased rather than decreased.





Role of baroreceptors in endocrine defence of ECF volume


When the ECF volume falls, central venous pressure declines, and the decreased firing of the atrial stretch receptors leads to increased secretion of vasopressin. Sympathetic activity is increased, and this leads to increased secretion of renin. The increase in renin secretion increases the secretion of aldosterone. When loss of volume is more severe, arterial pressure falls and decreased discharge of the carotid and aortic baroreceptors also contributes to the increases in hormone secretion. The net result is a retention of water and sodium that helps restore the ECF volume.





Bainbridge reflex


See section 6.1.3. The reflexes (Bainbridge reflex).





Left ventricular receptors


When the left ventricle is distended in experimental animals, there is a fall in systemic arterial pressure and heart rate. It takes considerable ventricular distention to produce this response, and its physiologic significance is uncertain. However, left ventricular stretch receptors may play a role in the maintenance of the vagal tone that keeps the heart rate low at rest.


In experimental animals, injections of serotonin, veratridine, capsaicin, phenyldiguanide, and some other drugs into the coronary arteries supplying the left ventricle cause apnea followed by rapid breathing, hypotension, and bradycardia (the coronary chemoreflex or Bezold-Jarisch reflex). The receptors are probably C fiber endings, and the afferents are vagal. The response is not produced by injections into the blood supply of the atria or the right ventricle. Its physiologic role is uncertain, but in patients with myocardial infarcts, substances released from the infarcted tissue may stimulate ventricular receptors, contributing to the hypotension that is not infrequently a stubborn complication of this disease.





Normal heart rate and its variations


The heart rate of healthy adults at rest is, usually, between 60-75 /minute but the range of normalcy is wide. In some healthy subjects, the resting heart rate may be below 60 /minute but in others it may be as high as 90 /min. According to an official Heart Association, a rate between 50 to 100 /minute may be regarded as normal.


It should be clear, however, that there is considerable overlap of heart rate between healthy and diseased individuals. A resting heart rate of 90 /min may be found in a subject suffering from chronic pulmonary tuberculosis, or a heart rate of say, 52 /min may be seen in a subject suffering from heart block.


In absolutely basal conditions; the heart rate is usually less than 65 /minute.


In the fetus, the heart rate may be as high as 140 /minute. In new born, the rate falls down but still remains higher than that in the adults. The adult rate is obtained at around adolescent period. The rate is further lowered in middle ages. The rate again increases in very old age.





Mechanism of control of heart rate


In an individual, the heart rate (HR), changes from time to time. For example, the HR rises during rage, panic, muscular exercise, fever and in some other diseases, or, it falls in sleep and in some diseases. Besides, the HR changes under the influence of many drugs. In this issue, we will discuss the fundamental mechanisms that govern the changes in the HR.


There are, three major mechanisms which cause change of HR.


Neural.


Chemical


Thermal





Neural mechanism


In the past, the traditional way to describe the neural mechanism was:


there are several centers (which regulate the heart rate) in different areas of the brain. From these centers, efferent fibers descend, either via vagus nerve (parasympathetic) or via a set of fibers that stimulate (or depress) the sympathetic nerves supplying the heart. By modifying these cardioregulatory centers these vagal or sympathetic fiber activity can be altered and thus HR can be changed.


There are two main mechanisms, through which the activities of these cardio regulatory centers can be altered, viz,


(i) reflex, and (ii) influences from higher centers.


Studies on these reflex and higher center regulation of the cardio regulatory nerves, were all that was included in the neural control of HR according to the traditional teaching.


The reflex control


There has been some important changes in this concept in recent times. And these are


i) the afferent fibers of these so called reflex arcs terminate not in a single, but many centers.


ii) these so called centers have extensive connections in between them 


iii) the afferent limbs are usually multisynaptic paths; that is, they relay, before terminating in the "centers" in other (intermediate) stations. These intermediate stations (eg. nucleus tractus solitarius, NTS, see below) receive impulses from many other areas so that the afferent traffic is modified in these intermediate relay stations.


In short, the current conception is, there, are reflexes (and, therefore, there are afferent limbs, centers and efferent limbs) no doubt but our current idea (unlike the past) is that these reflexes and their centers are, respectively, not highly independent arcs or areas. Because of extensive cross connections, the whole area is highly integrated.





Reflex regulations


Centers


Two centers are important in connection with the reflex regulation of HR, (i) parasympathetic center, and (ii) the sympathetic center.


Parasympathetic center is the site from where the parasympathetic fibers supplying the heart, arise. In the past this center used to be called 'cardioinhibitory center', but this name is no longer popular as the name, strictly speaking, is not very appropriate.


The parasympathetic fibers supplying the heart, are carried by the vagus (the Xth) nerve. The fibers supplying the heart, however, arises from the nucleus ambiguus, in the medulla. Nevertheless, in some species, the efferent cardiac fibers of vagus arise from the dorsal nucleus of the vagus so that there is a species difference. This parasympathetic center receives afferent from many areas.


Sympathetic center. The preganglionic sympathetic fibers arise from the lateral horns (also called the intermediolateral cells) of the spinal cord. These areas, from where the preganglionic fibers are arising, are called, the 'spinal centers'.


These spinal centers are under the control of vasomotor center (VMC). VMC in turn receives impulses from many higher centers, notably from the hypothalamus, limbic system and cerebral cortex. This means, the sympathetic system has many controlling centers, viz, spinal cord, medullary VMC, discrete centers in reticular activating system in pons, hypothalamus and cerebral cortex. Any way, VMC is the most well known and well studied of them and VMC of medulla is regarded as the most important sympathetic center.


It should be understood, that, VMC (i) has an intrinsic activity, ie, if all other afferent impulses to the VMC be removed, the VMC will discharge spontaneously a tonic discharge to stimulate the spinal centers of the sympathetic, (ii) when VMC is stimulated, the entire sympathetic system is stimulated so that not only the heart but the blood vessels are also affected. There is extensive connections between the VMC and the parasympathetic center so that when one is affected the other is also affected.





Sympathetic and parasympathetic supply


The parasympathetic fibers, as stated above, arise, depending upon the species, from nucleus ambiguus or from dorsal nucleus of.


These fibers eventually join the vagus nerve. These are preganglionic fibers.


Ganglia (of the parasympathetic, for the heart) are situated in the SAN (sinuatrial node) and AV junctional tissue.


The cardiac fibers of the right vagus terminate on the SAN and those of the left vagus on the AV junctional tissue. However, there is good deal of overlapping.


All vagal fibers terminate on the atria and none of them extend to the ventricles (however, in occasional hearts one or two such fibers may be seen to reach the ventricles; they may be ignored). Vagal fibers, thus supply the atrial musculature together with the SAN and AV junctional tissues.


Effects of stimulation. Vagal fibers are cardioinhibitory. Stimulation of vagus causes, (i) bradycardia (= —ve chronotropic effect) and heart block or even cardiac standstill ; cause of this bradycardia is as follows : Vagal stimulation causes suppression of 'pace maker potential', which means the spontaneous depolarization and generation of impulse at SAN take longer time. (ii) evidences suggest that vagal stimulation does not have a -ve inotropic effect on the ventricles, that is ventricular contractility is not altered by vagal stimulation. Nevertheless, the fallowings happen :


vagal fibers supply the atrial muscles + the pace maker and conducting tissues of atria. Hence vagal stimulation = bradycardia + weakening of atrial contractility → reduction of ventricular inflow → reduction, via Frank Starling mechanism, of ventricular output → fall of arterial BP particularly systolic.


[NB. In contrast to the ventricles, vagus exerts strong -ve inotropic effects on atrial muscles].


Besides, vagal stimulation produces delayed conductivity.


The neurotransmitter (NT) at postganglionic vagal nerve ending is acetylcholine (ACh). Choline esterase (which hydrolyzes and thus inactivates ACh) is available plentifully in and around these nerve terminals. Therefore, unlike the sympathetic, vagal activity due to its stimulation is extremely short lived. Atropine (an antagonist of ACh) blocks the ACh and thus stops vagal activity.


The right vagal stimulation (because the fibers terminate on SAN) produces sinus bradycardia whereas that of left vagus causes heart block.


Vagus exerts a tonic effect on heart. Thus full atropinization causes the HR to jump (from a value of about 70/min) to values near 150/min.


Vagus escape. In an amphibian heart, if the vagal fibers be strongly stimulated, the heart stops. But frequently, there may be occasional heart beats inspite of the fact that the stimulus is continuing. These occasional beats which make their presence despite the continuance of strong vagal stimulation are called 'vagus escape'.


�


Fig. Vagus escape





Sympathetic fibers supplying the heart arise from the spinal centers (= lateral horn) situated in the upper five thoracic segment of spinal cord but most notably from T3 and T4. The preganglionic sympathetic fibers eventually relay in the paravertebral chain of ganglia (most frequently in the lowest cervical and topmost thoracic, the stellate ganglion) → the postganglionic fibers, together with the parasympathetic fibers, form a plexus on the heart → supply (from the flexus) the heart muscle (both working myocardial cell as well as the pace maker and junctional tissues; sympathetic fibers supply atria as well as the ventricles.)


The neurotransmitter (NT) at the postganglionic nerve terminal of these nerves are nor adrenalin, NA (sympathetic fibers are also called noradrenergic fibers). The receptors are chiefly β receptors.


[The sympathetic supply to the heart consist of both efferent and afferent fibers. The sympathetic supply to the heart occurs via three nerves, viz, the superior, middle and the inferior cardiac nerves. The inferior carries afferent fibers (pain sensation from the heart).


At this stage, the student is reminded that both afferent and efferent fibers are found in the vagus nerves also. Afferent vagal fibers form the afferent limb of many reflexes but they do not carry the cardiac pain sensation].


Effects of stimulation. Sympathetic stimulation causes (i) +ve inotropic (ii) +ve chronotropic effects on both atria and ventricle. Besides there are also (iii) +ve bathmotropic and (iv) +ve dromotropic effects.


Conclusion. Sympathetic stimulation leads to (i) rise of HR (ii) rise of cardiac contractility (in addition also there is rise in excitability and conductivity). Net result is rise in cardiac output → rise in BP.


Parasympathetic stimulation on the other hand produces cardiac inhibition, ie, bradycardia and fall of cardiac output → fall of BP.


The following issues should be remembered :


the effects of sympathetic stimulation last for a longer time (cf. vagal stimulation) (ii) the sympathetic fibers (cf. the parasympathetic) exert a tonic effect on the heart, but this is not so powerful as that of vagus. Sympathetic paralysis leads to decrease of HR, say, by 20 beats per minute. If a man be given full dose of propranolol (a β blocker = causes temporary paralysis of cardiac sympathetic) and atropine, that is, if both his parasympathetic and sympathetic supply be (temporarily) paralyzed, the HR is usually between 100 to 110/min. (iii) the sympathetic supply carries both the augmentor and accelerator type of fibers; details are as follows :


when augmentor fibers are stimulated the effect is increased inotrophy (= increased myocardial contractility). When accelerators are stimulated the result is +ve chronotrophy (= HR increased).


Sympathetic fibers, from the right side, at least in the species dog, supply mainly the SAN and AV junctional tissue. Their stimulation (in dogs) leads to cardiac acceleration but little or no increase of myocardial contractility. Sympathetic fibers (of the dog) from the left side, supply mainly the working myocardial cell (WMC) → their stimulation causes rise of contractility but little or no rise of heart rate (HR). However, the picture in man, unlike the dogs, is not so clear cut.


Applied physiology


The heart, is thus, under the dual control of sympathetic and parasympathetic. The resultant (of these two opposing forces) determine the HR of a given individual at a given moment.


How the sympathetic stimulation causes tachycardia and its effects on pacemaker potential may be taken up at this stage.


Recall, the pace maker potential is a slow depolarization which starts from the resting transmembrane potential (Vm) at —90 mV and continues until the Vm value reaches —60 mV. At this Vm value (i.e., —60 mV), there is suddenly a firing and the AP develops.


The effect of sympathetic stimulation is that the slope of the pacemaker potential becomes very steep. Obviously this causes tachycardia. Conversely, parasympathetic stimulation makes the slope flatter → bradycardia


�


Fig. Note, when the sympathetic system is stimulated, the gradience of diastolic depolarization (ab) becomes steeper and with parasympathetic stimulation, it becomes more gradual.





β blockers like propranolol causes fall in HR (as well as cardiac contractility). Thus propranolol causes reduction of cardiac metabolism → reduction on the demands on coronary arteries. In coronary heart disease (CHD), propranol is a popular drug. Propranolol, obviously can reduce BP also.





The reflexes


Reflexes arising from the systemic arteries (baroreceptor reflex; chemoreceptor reflex)


Baroreceptor reflex : Two reflexes, in this connection, are most important. They are — (i) carotid sinus reflex, and (ii) the reflex arising from the aortic arch. The mode of action and the characteristics of both the reflexes are same, therefore, the physiologists include both of them under the same group, namely, 'sino aortic mechanism' (or reflex).


However, between them, the carotid sinus reflex appears to be more important for the human beings, the aortic arch reflex enjoying only a secondary importance. Further, because of the fact that the carotid sinus is readily accessible, the carotid sinus reflex has been studied most extensively, the pioneers of the studies being such celebrated people like C.Heymans, J.Bouckaert and Eric Neil1 in the 1930s.


Receptors of this type of reflex are situated in the walls of arteries. When the blood pressure (henceforth abbreviated as, BP) within the artery rises, these receptors are compressed and thus stimulated, and the reflex is set up. As a result of initiation of the reflex — (i) bradycardia and (ii) vasodilatation develop, reducing the BP and the homeostasis is regained. As the receptors are sensitive to the pressure (the blood pressure), they are usually called 'baroreceptors' or 'pressure receptors'. They are also called 'stretch receptors'. Some authors call them 'mechanoreceptors'.


Baroreceptors are present in the carotid sinus and aortic arch. When the BP rises, these baroreceptors are stimulated → afferent traffic set up → these afferent impulses ultimately terminate in three places,


(i) VMC (ii) nucleus ambiguus (ie, the origin of cardiac parasympathetic of vagus), (iii) respiratory center.


When these baroreceptors are stimulated, (i) the VMC is depressed, (ii) nucleus ambiguus is excited, and (iii) respiratory center depressed (this however is a weak action). Result is, if there is elevation of BP, (i) the sympathetic system is inhibited (ii) vagus stimulated and (iii) respiration depressed. They cause, ultimately, bradycardia and vasodilatation and the elevated BP is corrected (BP homeostasis). Respiratory depression leads to reduction of 'pumping action of respiration' → reduction of cardiac inflow → reduction of cardiac outflow (via Frank Starling's mechanisms) → fall of BP. However respiratory effect is seen only when there is sharp and acute rise of BP as in 'adrenalin apnea'.


The anatomical details are as follows :


 Carotid sinus is a dilatation present at the beginning of the internal carotid artery. The baroreceptors are situated in the adventitia. Similar baroreceptors, called aortic arch baroreceptors, are situated in the arch of aorta (similar baroreceptors have been found also in subclavian and innominate arteries).


 Afferent impulses from carotid sinus form sinus nerve → sinus nerve joins IXth nerve → IXth nerve → nucleus tractus solitarius (NTS) → to nucleus ambiguus and VMC. From nucleus ambiguus, the cardiac vagal fibers arise and from VMC fibers arise to terminate on the spinal centers (lateral horns of the spinal cord).


From the baroreceptors of the aortic arch, afferent impulses arise → travel by aortic nerve → join vagus nerve and travel up → rest is as in carotid sinus.


The paths of these two reflexes may be shown in a comp-site diagram as below (fig) :


�


Fig. Following points may be noted :





 Nucleus tractus solitarius (NTS) is a mass of gray matter, one on either side, present deep in the medulla. It is also an intermediate relay station of taste sensation.


 As stated above, the VMC has an intrinsic activity, ie, left to itself, it discharges excitatory impulses to the spinal center. Simulation of baroreceptors causes depression of this intrinsic activity of VMC.


 From the above, it is apparent that stimulation of baro receptor causes stimulation of efferent vagal fibers (parasympathetic). Our normal BP is such that the sinuaortic mechanism remains active. Also, normally, our vagal fibers always exert a tonic effect (recall, atropinization causes tachycardia up to 150 beats/minr). This resting vagal tone is almost entirely due to activity of the sinuaortic reflex.


In normotensive persons, the level of the BP is such that these baroreceptors (particularly the carotid sinus baroreceptors) send impulses to the cardioinhibitory and the VMC centers. When the arterial BP rises, the impulse sending becomes more intensive. Conversely, if the BP falls, the impulse sending disappears, resulting in resumption of the VMC excitation and the BP is restored and the homeostasis achieved. For these reasons Samson Wright2, in the 1930s called them 'buffer nerves' which unquestionably is a very vividly descriptive name. For the full and satisfactory restoration of BP from hypotensive states, both sympathetic and parasympathetic system must be intact.


It may be asked, if this is the state of affairs, why there are persons, in whom chronically elevated blood pressure (chronic hypertension) is seen ? That is, why, the sinuaortic mechanism fails to reduce the BP in them ? The answer seems to be that in these persons the sinoaortic ba-roreceptors have been reset, i.e., they begin to send impulses only when the BP has become still higher.


Marey's law. In 1859, a French physician, Etiene Marey, described, what now is known as Marey's Law. Marey's law states


Heart rate α 1/BP


[This law has exceptions. For example, during exercise, particularly isometric exercise, both the heart rate and BP may rise].


Therefore when the BP is high, the heart rate is low and the vice versa. From what has been stated above the explanation should be clear; rise of BP → activation of sinoaortic reflex → bradycardia.


Baroreceptors in other arteries. Apart from the carotid sinus and the aortic arch, there are other arteries where baroreceptors can be found. For example baroreceptors have been discovered in thoracic aorta, subclavian, common carotid as well as in mesenteric arteries.


Chemoreceptor reflex.


Carotid bodies lie near the root of external carotid arteries. The aortic bodies are present in the aortic arch. The two together constitute the chemoreceptors of the arterial tree.


It has been previously stated ("carotid body chemoreceptors") that these chemoreceptors are extremely vascular. Further, they are so placed, that they come in direct contact with arterial blood, enabling them to 'taste'(analyze) the O2 and CO2 concentration (or tension) as well as the pH (hydrogen ion concentration of the arterial blood). If there is O2 lack or CO2 excess or lowering of the blood pH, these chemoreceptors are stimulated.


From the carotid body, the afferent impulses travel up by the sinus nv → joins glossopharyngeal (the IXth) nerve → NTS → terminates to (i) respiratory center (ii) VMC and (iii) the nucleus ambiguus. The afferent traffic from the aortic body travels up via the vagus nerve → NTS → and so on (as with carotid body).


It should be remembered that the major effects of chemoreceptor stimulation are on respiration.


When these chemoreceptors are stimulated (by O2 lack/ fall of pH in the arterial blood), there is — (i) hyperpnea (the cardinal effect), (ii) vasoconstriction and elevation of systemic BP, and (iii) changes in heart rate. This change of heart rate deserves special attention.


In intact man or animal, the direction in which the heart rate will change is uncertain. Usually it increases, but it may decrease also.


The actual effect (of stimulation of chemoreceptors) on the heart is, it is now known, bradycardia. Yet in the intact animal, why the bradycardia is usually not seen ? The answer is given below:


The main impulses arising from the chemoreceptors go to the respiratory center. When there is O2 lack, the chemoreceptors are stimulated and this in turn stimulates the respiratory center to produce hyperpnea.


This stimulation of the respiratory center causes suppression of the tonic vagal discharge (that is, the tonic vagal discharges are withdrawn). This withdrawal of the vagal discharge cancels the direct effect which is bradycardia. Theoretically, therefore, if a condition can be created, where there is chemoreceptor stimulation but no stimulation of the respiratory center, there should be bradycardia.


Such a situation is, rather spectacularly, seen in the seal. As the seal dives in the ice cold arctic water to chase a fish and struggles under water, owing to the sudden application of cold water on its face, the respiration (the respiratory center) is reflexly inhibited. Recall, that seal is a land animal and therefore under the water it is asphyxiated and so the chemoreceptors are strongly stimulated. (A seal may have to remain underwater, struggling, for several minutes in order to catch a fish). So under the water, inspite of the presence of asphyxia (and the consequent chemoreceptor stimulation), the seal develops a bradycardia as the respiratory center is depressed. This is called diving reflex and is a brilliant example of teleology. Conditions like this, it is now recognised, also sometimes occur in clinical practice, particularly in anesthesia.





Reflexes arising from the heart


Baroreceptors are present in the left ventricle


From the left ventricle, (a) Baroreceptors (or mechanore-ceptors) are present in the left ventricle. When the left ventricular pressure rises (for example under adrenalin therapy or during hypervolemia of blood) these receptors are stimulated → impulses travel up via vagus → bradycardia and hypotension that is, correction of the abnormality (regaining of the homeostasis) occurs.





Coronary chemoreflex (Bezold Jarisch reflexes)


(b) Coronary chemoreflex (Bezold Jarisch reflex). Intravenous injection of veratrum alkaloids results in apnea, hypotension and bradycardia. Receptors (sensors) for this reflex are situated in the left ventricle and in many other sites.


Of these, the apnea is due to stimulation of receptors which initiate the Hering–Breuer reflex and need not be further considered here. Bradycardia and hypotension are due to stimulation of receptors in the left ventricle. (Evidently there are receptors sensitive to veratrum alkaloids). It is possible that baroreceptors of the left ventricle sensitive to the intraventricular pressure and these veratrum sensitive receptors are same, but it is not certain.


The triad of symptoms, namely apnea, hypotension and bradycardia which develop as a result of veratrum injection, is called Bezold Jarisch reflex.


The receptors of Bezold Jarisch reflex are widespread in occurence. They appear in heart (ventricles, atria), lung, great vessels, even in abdominal viscera. Since Bezold first reported it in 1867 and Jarisch established it in the 1940s, the physiological significance of Bezold Jarisch reflex has remained a mystery. However, only recently (later half of 1980s), we know that these receptors are sensitive to 5 HT, lactic acid and prostaglandin. They may thus, play a role in some pathological conditions.





Atrial receptors (Bainbridge reflex).


There are, as shown by A.S. Paintal in the 1950s, two types of receptors, called A and B receptors. An intermediate type of receptors, (intermediate between A and B) also exists. From these receptors, afferent fibers arise to join the vagus nerve and then to NTS → reticular activating system (RAS) of medulla where they end in higher sympathetic centers. These receptors (A & B) are mostly situated at the junctions of superior vena cava and right atrium or pulmonary veins and the left atrium.


When the volume of blood in the atrium rises (as during atrial diastole, particularly when there is excessive intra thoracic blood), the B type of receptors are stimulated. A type of receptors are stimulated during atrial systole. Stimulation of these receptors produce reflex tachycardia (see also Bainbridge reflex, later in this section). Assume that there is excessive distension of the atrium → excessive stimulation of B type of receptors → tachycardia → rise of cardiac output and thus the over distension of the atria is relieved.


[There is another, clinically more important, mechanism by which homeostasis is regained when there is hypervolemia of blood and atrial distension :


hypervolemia of blood → atrial distension → release of a peptide hormone, ANP (atrial natriuretic peptide) → Na excretion and diuresis → correction of atrial distension by reduction of blood volume. For details of ANP].


It should be remembered that stimulation of atrial receptors cause only tachycardia but no direct change of BP.


Bainbridge reflex


Bainbridge in 1914 discoverd that when the terminal parts of the vene cave (or the right atrium itself) are distended, there is reflex tachycardia.


On teleological grounds, this should be so. For, the tachycardia causes more ejection by the heart and as a result, the veins (or the atrium) are relieved. Moreover, we now know there are atrial receptors (type B) which are stimulated when there is atrial distension and their stimulation produces tachycardia.


Yet there are good deal of controversies over this reflex, mainly because different workers have reported mutually cancelling results.





C)	Miscellaneous reflexes


Other receptors


1. Severe elevation of pumonary arterial BP produces tachycardia, whereas a moderate elevation usually produces bradycardia and hypotension.


Veratrum alkaloids also, by acting on veratrum sensitive receptors in the pulmonary vascular bed, produce bradycardia, hypotension and apnea.


Therefore, both (moderate) distension of pulmonary vascular bed as well as contact of veratrum in the vascular endothelium of pulmonary circulation produce identical effects. It is possible, both these stimuli stimulate the same kinds of receptors in the pulmonary vascular bed


2. J-receptors. Impulses from these receptors, which reside in the lung parenchyma are conveyed by vagal afferents. When these receptors are stimulated, reflex bradycardia, hypotension, bronchospasm and apnea develop.


[NB : The student should note, that all the reflexes mentioned above, are aimed towards restoring homeostasis. Thus, when the BP is high, there is bradycardia (reducing cardiac output and thus reducing blood pressure) and vasodilatation, due to sinuaortic reflex].





Influences from the Higher Centers.


Limbic system, emotion and the heart rate.


It is a common knowledge that during some types of emotion (e.g. rage, panic) the heart rate is increased. On the other hand, intense fear and apprehension of imminent death can induce collapse in which stoppage of heart beat occurs. Question is how they are produced?


Limbic system has been discussed in greater details, elsewhere in this book (chap.3, sec.XD). In short, this system consists of some parts of cerebral cortex (particularly an area called gyrus cinguli on the medial surface of the cerebral hemisphere) as well as some subcortical areas. Hypothalamus is both anatomically and functionally strongly connected with the limbic system. Limbic system is the center of various emotions, like rage, panic etc.


When some areas of the limbic system are stimulated, changes in heart rate, blood pressure and respiration are seen. Thus, stimulation of some areas of the limbic system may induce the 'defence reaction' in animal, characterized by exposure of the canine teeth, erection of hairs and the tail, snarling, tachycardia and hypertension (trying to scare away the enemy). On the other hand, stimulation of some parts of the cingulate gyrus produce 'playing dead' or what has been described as 'reaction opossum' in this book, in connection with regulation of respiration. This occurs, characteristically, in the animal opposum, when the animal faces a very dangerous enemy against which it has no ability to defend itself. The animal drops down, as if dead; there is severe inhibition of the respiration as well as that of heart rate. The BP also falls severely.





7.2.	Hypothalamus.


When lateral parts of the hypothalamus are stimulated there is tachycardia and hypertension.





7.3.	Cerebral cortex.


Many areas of the cerebral cortex, when electrically stimulated, produce changes in the heart rate. For example, when the area 4 is stimulated there is tachycardia.


From (i) the limbic system, (ii) the hypothalamus and (iii) the cerebral cortex, fibers, carrying impulses ultimately terminate on the spinal centers of the sympathetic system (lateral horn cells of the spinal cord, thoraco lumbar region).





Chemical regulation of the heart rate.


(i) Adrenalin (epinephrine) increases the heart rate, (ii) Thyroxine also has a +ve chronotropic effect and tachycardia is a constant feature of thyrotoxicosis.








Thermal regulation.


During fever the heart rate rises. For every degree of rise of temperature in Farenheit scale, the heart rate rises about 10/min.





Conditions affecting the heart rate:


Physiological





Muscular exercise


Changes in the heart


These are : (i) increase in heart rate, (ii) increase in cardiac output (both stroke volume and minute volume) and (iii) increase in coronary flow.


Heart rate increase is proportional to the severity of exercise. One effect of physical training (conditioning) is that the heart rate increase is less than what it used to be before the training, provided the severity (in terms of wattage) of the exercise remains same.


Increase of the heart rate, causes increase of the minute volume of the cardiac output.


In health, heart rate, even with hard exercise, seldom goes over 180/min. Only during short bursts of very vigoros exercise, the heart rate may reach such levels like 200/min or even more but duration of such phase is very short. In advanced age there is less heart rate increase with the same wattage of work done.


Cardiac output, CO, (both the stroke output as well as the minute volume) also rises. From a normal resting value of about 5 liter/min, in trained and world class athletes, the cardiac output per minute (CO) may shoot up to such values like 30 1/min or so during a bout of severe exercise. Although, there is shortening of diastole (and hence less time for cardiac inflow) due to the associated tachycardia3, the venous return to the heart rises so impressively, that it more than compensates the reduction of diastolic period. The 'increase in heart rate plus increase in stroke volume taken together' cause a spectacular increase in CO ('cardiac output', minute volume). [The rise of CO is mostly due to increase in the rate and only partly due to rise in stroke volume. According to one estimate, increase in the stroke volume is only between 10 to 35% of the normal value].


Explanation of the rise of stroke volume


Between 1915 or so (after Starling's law of heart became known) to till mid 1950s, the common belief was : during muscular exercise, venous return rises → cardiac inflow increases → Starling's law of heart operates → stroke volume increases.


This view is now known to be largely incorrect, at least so far as untrained persons are concerned. The correct view is : during exercise, there is sympathetic stimulation plus adrenalin release → rise of contractility of heart muscle → more emptying of the heart during systole, i.e. the end systolic volume becomes less than normal → rise in stroke volume


[In trained athletes the picture is perhaps different. In them, the heart rate rises less, heart is enlarged and rise in stroke volume plays a greater role. In them, Starling's law of heart is an important factor.]


The heart rate rise is also due to the (1) sympathetic stimulation and (ii) adrenalin secretion, (iii) In addition, the reduction of vagal tone also helps to develop tachycardia. In severe exercise, (iv) the rising body temperature, and (v) lactic acidosis also contribute to it.


Cause of sympathetic stimulation


During exercise probably many factors help to stimulate the sympathetic nervous system. Further, the stimulated sympathetic stimulates, in turn, suprarenal medulla to secrete adrenalin. Question is, what causes the sympathetic stimulation ?


The precise picture is not clear. However, some facts are known; (i) area 4 of Broadmann, in cerebral cortex, (i.e. the motor cortex), when stimulated (as it must be in physical exercise), causes some sympathetic stimulation. These sympathetic stimulation, probably, mostly result in vasodilatation of muscle vessels, (i.e. the vasodilator sympathetic fibers are stimulated), and have been described again later in this chapter. In short they play strong roles in muscle vasodilatation but not in cardiac output increment, (ii) in the peripheral muscles and joints, there are receptors, which when stimulated, cause reflex sympathetic stimulation. Muscular exercise, because it produces movements of the joints, cause these receptors to be stimulated; (iii) in sports tournaments (or when an animal sees an approaching enemy), the excitement may cause sympathetic stimulation even before the actual work has begun. (This however is unlikely to occur when non exciting routine jobs are being done).


It should be clear that although there is sympathetic activity and adrenalin secretion, the diastolic blood pressure (DBP) usually falls during exercise.





Sinus arrhythmia


The changes of the heart rate due to variation of the rate of impulse generation at the sinuatrial node (SAN), is called sinus arrhythmia. Commonest example of sinus arrhythmia is associated with respiration : the heart rate increases during inspiration and decreases during expiration. This type of sinus arrhythmia is called respiratory sinus arrhythmia.


Respiratory sinus arrhythmia is normally seen in children and young adults. Its explanation is given below :


i) During inspiration the intrathoracic pressure falls, great veins engorge and a Bainbridge reflex is set up.


ii) Irradiation occurs from respiratory center to the car-dioregulatory centers in the medulla (cardioinhibitory center as well as the pressure area of the VMC). A tentative suggestion like this was put forward by Traube in 1865.


iii) Cardioregulatory centers may be influenced by reflexes which arise from the lungs as a result of stretch during inspiration.





Rage and panic


See section 7.1.	Limbic system, emotion and the heart rate





A meal


After a meal the heart rate rises.





Posture


The heart rate is least in the recumbent posture. On standing, the heart rate rises and the difference between these two rates may be considerable in some individuals


CIRCULATORY ADJUSTMENTS ON STANDING. POSTURAL HYPOTENSION


On standing, the effects of gravity begins to operate. The venous return from the lower limb is opposed by the gravity and this should reduce the cardiac inflow and hence the cardiac output. This threatens cerebral ischemia, but cerebral ischemia does not appear because of the compensatory mechanisms, which are listed below :


Fall of cardiac output → inhibition of baroreceptor reflex → tachycardia → restoration of cardiac output. This inhibition also causes increased sympathetic activity (because the VMC is not stimulated) and thus vasospasm , which contributes to restoration of venous return.


After some time, renin angiotensin mechanism begins to operate. As a result, aldosterone secretion is increased → sodium and water conservation occurs → hypervolemia of blood → increase in venous return to heart.


Because of the inhibition (withdrawal) of the baroreceptor reflex (carotid sinus and aortic arch), on standing, the pulse rate rises as a rule. The difference between the supine and erect pulse rate in healthy persons is around 15/ min but in some perons, it may be considerable. [Nearly 38 years ago, one of the teachers of this author in the Medical College, Calcutta, Prof. Dr. M.K. Chettri, who became a celebrity afterwards had a supine pulse rate of about 60/ min and erect posture pulse rate of about 100/min. Till to date, he is maintaining an excellent health.]


[Therefore, pulse rate should always be examined while the subject is in a supine posture otherwise it gives a false high value.]


The baroreceptor mechanism is best developed in man, less so in the quadrupeds and least in the reptiles. It is a common practice of the Indian snake charmers, (who catch wild and poisonous snakes alive) to give the snake a whipping movement in the air, soon after catching it. As a result, the blood goes to the tail end and because of the poor development of the baroreceptor reflex, the snake becomes unconscious (syncopal attack); now it can be handled safely.





Pregnancy


Pregnancy in advanced stages is associated with tachycardia.





Athletes


Athletes have usually low resting heart rate, probably due to vagal hypertonia.





Sleep


Sleep causes fall of heart rate.





Pathological.


Fever, circulatory shock, paroxysmal tachycardia, thyrotoxicosis.


Fever, congestive cardiac failure, circulatory shock, paroxysmal tachycardia, thyrotoxicosis are some well known conditions associated with tachycardia.





Heart block and myxedema, viral infections, enteric fever.


Heart block and myxedema are associated with bradycardia. Some viral infections and enteric fever produce relative bradycardia.





10.3.	Drugs and The Heart Rate


Drugs which affect the autonomic nervous system (sympathetic and parasympathetic), alter the heart rates. Thus, sympathomimetics (drugs which stimulate the sympathetic system) like adrenalin and isoprenaline increase the heart rate. Sympatholytics (drugs which depress the sympathetic system) like propranolol decrease the heart rate. Parasympatholytic drugs like atropine increases the heart rate.


A very notable effect of digitalis (which is used in congestive cardiac failure) is to produce bradycardia in therapeutic doses.


 1Heymans subsequently received a Nobel Prize and Neil became an editor of Samson Wrights' renowned book on Physiology.


 2A doyen of British Physiologists and a great author.


 3Recall, ventricular systole causes pushing of the AV valves down → increase in the vertical diameter of atrium → lowering of intraatrial pressure → more venous inflow to the atrium. Therefore, cardiac inflow should have been both facilitated as well as inhibited by tachycardia, although normally, the resultant of these two opposing forces causes increase.
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