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Abstract

The methods used to assess cardiac parasympathetic (cardiovagal) activity and its effects on the 

heart in both humans and animal models are reviewed. Heart rate (HR)-based methods include 

measurements of the HR response to blockade of muscarinic cholinergic receptors 

(parasympathetic tone), beat-to-beat HR variability (HRV) (parasympathetic modulation), rate of 

post-exercise HR recovery (parasympathetic reactivation), and reflex-mediated changes in HR 

evoked by activation or inhibition of sensory (afferent) nerves. Sources of excitatory afferent input 

that increase cardiovagal activity and decrease HR include baroreceptors, chemoreceptors, 

trigeminal receptors, and subsets of cardiopulmonary receptors with vagal afferents. Sources of 

inhibitory afferent input include pulmonary stretch receptors with vagal afferents and subsets of 

visceral and somatic receptors with spinal afferents. The different methods used to assess 

cardiovagal control of the heart engage different mechanisms, and therefore provide unique and 

complementary insights into underlying physiology and pathophysiology. In addition, techniques 

for direct recording of cardiovagal nerve activity in animals; the use of decerebrate and in vitro 

preparations that avoid confounding effects of anesthesia; cardiovagal control of cardiac 

conduction, contractility, and refractoriness; and noncholinergic mechanisms are described. 

Advantages and limitations of the various methods are addressed, and future directions are 

proposed.
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Introduction

The vagus nerves are a major conduit for efferent parasympathetic nerve activity targeted to 

multiple organ systems including cardiovascular, respiratory, gastrointestinal, and immune 

systems. The powerful effects of parasympathetic nerve activity on heart rate (HR), cardiac 

conduction, and smooth muscle tone are widely appreciated, and its anti-arrhythmic and 

anti-inflammatory actions are clinically relevant to a number of pathological states [1–3].
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In this article, we provide an overview of the methods used to assess cardiac 

parasympathetic (cardiovagal) activity and its effects on cardiac function in humans and 

animals. We emphasize the strengths and limitations of different methods and experimental 

preparations and describe strategies to reveal underlying mechanisms of abnormal 

cardiovagal control of the heart in pathological states such as heart failure.

Cardiovagal tone and its modulation assessed through measurements of 

HR

Approaches commonly used to assess parasympathetic influences on HR include measuring: 

(1) the HR response to pharmacological blockade of muscarinic cholinergic receptors 

(cardiovagal tone), (2) the HR variability (HRV) attributed to parasympathetic modulation, 

(3) the rapid decline (recovery) of HR after termination of exercise (parasympathetic 

reactivation), and (4) reflex changes in HR elicited by activation or inhibition of specific 

sensory nerves. We begin by discussing the first three of these approaches.

Muscarinic cholinergic receptor blockade

Acetylcholine released from post-ganglionic cardiac parasympathetic nerves reduces HR by 

binding to muscarinic cholinergic receptors (primarily M2 subtype) on sinoatrial (S-A) 

nodal cells [4, 5]. Thus, the level of ongoing tonic parasympathetic activity can be estimated 

by measuring the increase in HR that occurs in response to acute administration of a 

muscarinic cholinergic receptor blocker such as methylatropine. The mean change in HR 

reflects the parasympathetic (vagal) tone. Although invasive, the method is easy to 

implement. Many anesthetic agents strongly inhibit cardiovagal tone [6–8]. Consequently, 

the majority of studies have utilized conscious human and animal subjects. When measuring 

resting vagal tone, it is obviously important to ensure a “resting” state before administration 

of the muscarinic receptor blocker and consider possible behavioral responses to drug 

administration that may alter sympathetic nerve activity (SNA). Stress and locomotor 

activity can occur in an unpredictable manner in conscious animals, particularly in freely 

behaving rodents. Furthermore, the dose-dependency and duration of peripheral muscarinic 

receptor blockade may vary depending on type of drug, route of administration, and species. 

If possible, the effectiveness of sustained muscarinic receptor blockade throughout the 

period studied should be confirmed.

The resting level of SNA and/or changes in SNA subsequent to injection of the muscarinic 

receptor antagonist may influence the HR response to muscarinic receptor blockade via 

well-known sympathetic-vagal interactions [9]. The influence of SNA on cardiovagal tone 

can be assessed by measuring HR responses to muscarinic receptor blockade before and 

during sustained pharmacological blockade of β-adrenergic receptors (Fig. 1) [10]. The 

determination of the intrinsic HR during double blockade and reversing the order of 

administration of the autonomic blockers allow one to estimate the cardiac parasympathetic 

and sympathetic tone in the absence and presence of the other (Fig. 1) [10]. Knowledge of 

the intrinsic HR is informative, particularly in pathological states that involve S-A node 

disease.
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HRV mediated by parasympathetic modulation

The increase in mean HR after muscarinic receptor blockade fails to capture the full 

importance of parasympathetic control. Fluctuations in parasympathetic nerve activity are a 

major source of HRV, particularly under resting conditions [11–13]. The rapidity of 

cholinergic transmission and muscarinic receptor signaling at the S-A node enables changes 

in parasympathetic activity to modulate pulse interval (PI, i.e., R-R interval) on a beat-to-

beat basis. In contrast, the slower sympathetic noradrenergic transmission and β-receptor 

signaling cannot change HR so quickly [11–13]. Therefore, calculations of indices that 

reflect rapid beat-to-beat changes in PI provide measures of parasympathetic modulation.

Time-domain measurements—Parasympathetic indices measured in the time domain 

include the root mean square of successive R-R interval differences (rMSSD, ms) and the 

percentage of consecutive R-R intervals differing by >x ms (pNNx, %), where x =50 ms for 

humans [11]. These calculations have been adapted and normal values established for 

experimental animals including mice [12, 13]. HR varies with the respiratory cycle, 

increasing during inspiration and decreasing during expiration. This “respiratory sinus 

arrhythmia” results primarily from inhibition of cardiac parasympathetic activity during 

inspiration and return of vagal activity during expiration and can be quantified by measuring 

the maximum and minimum HR’s (PI’s) with each breath during either spontaneous or 

paced breathing [14–16]. The magnitude of the HR oscillation is increased at lower 

respiratory frequencies and higher tidal volumes [14–16]. Respiratory sinus arrhythmia is 

increased in young healthy subjects and is reduced with aging and in diseases associated 

with decreased parasympathetic nerve activity [14–17]. Although sinus arrhythmia (and 

parasympathetic activity in general) is a marker of good health, it is important to appreciate 

that excessive parasympathetic activation can have potentially deleterious consequences 

including syncope, pulmonary airway constriction, and increased gastric acid secretion.

Frequency-domain measurements—Spectral analysis of the R-R interval or PI time 

series provides a means of quantitating the variability of regular oscillations of PI over a 

range of frequencies (i.e., the frequency domain) [11–13]. The spectral power (variability) is 

distributed within three major frequency bands: very low frequency (VLF, ~0.04 Hz in 

humans), low frequency (LF, ~0.1 Hz in humans), and high frequency (HF,>0.15 Hz in 

humans). As expected, the absolute frequencies corresponding to these peaks vary between 

humans and different animal species [11–13, 18]. The HF-HRV reflects variations in PI 

synchronized to the respiratory cycle (breathing). As discussed earlier, this respiratory sinus 

arrhythmia is driven primarily by fluctuations in parasympathetic nerve activity.

Several factors limit the utility of HF-HRV (i.e., respiratory sinus arrhythmia) to estimate 

cardiovagal modulation. First, nonautonomic mechanisms such as stretch of the S-A node 

associated with respiratory-related changes in right atrial pressures may change HR and 

contribute to HF-HRV [19]. The nonautonomic contribution is usually small, but can be 

significant in some animal species. Repeat measurements of HRV after blockade of 

muscarinic receptors provide assurance that the results reflect cardiovagal modulation of 

HR. Second, HF-HRV is dependent on the depth and frequency of breathing, and 

fluctuations in SNA may potentially contribute to the respiratory sinus arrhythmia at very 
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low breathing rates [14–16]. The degree of error introduced by changes in the depth and 

frequency of breathing, the need to correct for these differences, and the optimal method for 

making the corrections are controversial [14–16, 20]. Measurement of the transfer function 

between tidal volume or its correlates and HR and having subjects breathe at a paced 

frequency can control for variations in the depth and rate of breathing [14–16, 20, 21]. 

Third, the tonic level of SNA may indirectly influence HF-HRV via sympathetic-vagal 

interactions [9].

Given the significant contribution of sympathetic modulation to LF-HRV, the LF/HF ratio 

of HRV is commonly used as a measure of “sympathovagal balance” [11–13]. While the 

measurement is generally accepted, the interpretation of changes in the LF/HF ratio under 

various conditions has been the subject of much debate. Parasympathetic modulation 

contributes to LF-HRV, the extent of which depends on the physiologic state. Muscarinic 

receptor blockade can cause large reductions in LF-HRV in humans and animals [22, 23], 

even to the point of decreasing the LF/HF ratio. Clearly, in this situation, use of the LF/HF 

ratio as a measure of sympathovagal balance can be misleading. Attention to the absolute 

values of LF- and HF-HRV as well as their ratio and use of autonomic blockers to confirm 

parasympathetic and sympathetic contributions to HRV help ensure that results are properly 

interpreted.

HR recovery after exercise

Exercise is accompanied by an increase in HR mediated by parasympathetic inhibition and 

sympathetic activation. Upon the termination of exercise, HR falls exponentially. The rapid 

early phase of this post-exercise HR recovery has been attributed to reactivation of 

parasympathetic neurons (Fig. 2) [24]. Like parasympathetic indices of HRV, post-exercise 

HR recovery is strongly attenuated after muscarinic receptor blockade and predicts 

morbidity and mortality in patients [24, 25].

Comparisons between methods and measurements

Are different methods and measurements equivalent in terms of quantitating 

parasympathetic influences on the heart? Although HF-HRV indices reflecting 

parasympathetic modulation generally correlate with HR and parasympathetic tone 

measured in the resting state, there is considerable variability in the measurements and their 

correlation between subjects [15, 16, 26, 27]. Within subjects, a positive linear relationship 

between the parasympathetic contribution to mean HR and respiratory sinus arrhythmia 

(HF-HRV) over a range of parasympathetic activity has been demonstrated in anesthetized 

dogs [28] and awake humans [29]. The positive correlation relates to the complete (or nearly 

complete) inhibition of parasympathetic activity during inspiration that usually persists as 

parasympathetic tone is increased, resulting in high HF-HRV. These results support the 

measurement of HF-HRV as an estimate of parasympathetic tone. In contrast, several 

studies in humans, some of which incorporated autonomic blocking agents and paced 

breathing in the protocols, have revealed nonlinear relationships between parasympathetic 

tone and modulation (HRV) [16, 20, 26, 27, 30–32]. At relatively high levels of 

parasympathetic activity, HF-HRV may fail to increase and may actually decrease during 

progressive lengthening of the mean PI in humans (Fig. 3) [27, 30, 31]. Thus, HF-HRV may 
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“saturate” at high levels of parasympathetic activity, presumably due to overwhelming of the 

inspiratory inhibition or a change in respiratory pattern/drive. Interestingly, parasympathetic 

blockade with atropine has been reported to reduce the R-R interval to a level significantly 

shorter than the minimum R-R interval measured during inspiration before parasympathetic 

blockade [26]. This result which is also evident after blocking β-receptors, suggests that 

there is significant cardiovagal activity during inspiration in healthy humans. Consistent 

with this view, changes in respiratory sinus arrhythmia are dissociated from changes in 

mean R-R interval during paced slow breathing in some subjects (Fig. 4) [26]. The 

correlation between HRV and post-exercise HR recovery is also variable with discordant 

values within and between subjects under a number of conditions [33–35].

The discordance between different measures of parasympathetic control likely relate to 

differences in parasympathetic tone versus modulation, the level of sympathetic tone, and 

different underlying mechanisms driving changes in cardiovagal activity under various 

conditions. For example, resting HF-HRV reflects inspiratory inhibition of basal 

parasympathetic activity mediated by oscillations in central respiratory drive and afferent 

input from cardiopulmonary receptors [14–16], and is generally accompanied by low 

sympathetic tone. In contrast, post-exercise HR recovery reflects reactivation of 

parasympathetic neurons mediated by sudden removal of vagolytic effects of skeletal muscle 

mechanoreceptor afferent activity and central drive, and persistent vagotonic input from 

arterial baroreceptor afferents and is accompanied by high sympathetic tone [24].

The results suggest that different methods of assessing parasympathetic control of the heart 

provide complementary information. How can we use this information to better predict 

cardiac risk in patients and develop new therapeutic approaches? A better understanding of 

the reflexes that modulate cardiovagal activity and HR are needed. The methods used to 

evaluate these reflexes in humans and animals are summarized in the next section.

Reflex control of cardiovagal activity and HR

Parasympathetic-mediated changes in HR are initiated primarily in the central nervous 

system or from activation or inhibition of sensory nerves (Fig. 5). Stimulation of arterial 

baroreceptors, peripheral chemoreceptors, trigeminal receptors, and subsets of 

cardiopulmonary receptors with vagal afferents reflexively increase cardiovagal activity and 

decrease HR. In contrast, stimulation of pulmonary stretch receptors with vagal afferents 

and subsets of visceral and somatic receptors with spinal afferents reflexively decrease 

cardiovagal activity and increase HR. A wide range of methods have been devised for reflex 

testing in the research laboratory and clinic. Several techniques used for assessing baroreflex 

control of cardiovagal activity and HR are reviewed below followed by brief descriptions of 

methods used to evaluate other reflexes that powerfully influence cardiovagal nerve activity 

and HR.

Arterial baroreceptor reflex

Baroreceptor afferents innervate large arteries including carotid sinuses, aortic arch, and 

right subclavian artery [36, 37]. Baroreceptor activity provides the major excitatory drive to 

cardiovagal efferent neurons under normal resting conditions [36, 38]. An increase in blood 
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pressure evokes a further reflex increase in cardiovagal activity and a corresponding 

decrease in HR [36]. Conversely, cardiovagal activity is inhibited and HR increases when 

blood pressure is reduced. The baroreflex is typically assessed by measuring reflex changes 

in HR (or PI) during experimentally induced changes in baroreceptor afferent activity.

Drug-induced changes in blood pressure—Intravenous injections of vasoconstrictor 

(e.g., phenylephrine) and vasodilator (e.g., nitroprusside, nitroglycerin) drugs change blood 

pressure and elicit a baroreflex response in humans and animals. The cardiovagal baroreflex 

can be specifically evaluated by beat-by-beat measurements of systolic arterial pressure and 

PI after injection of phenylephrine (Oxford technique) [39–42]. The slope of the linear 

systolic arterial pressure—PI relation (ms/mmHg) provides a measure of cardiovagal 

baroreflex sensitivity (BRS). The method selectively interrogates the vagal limb of the reflex 

due to the rapidity of the reflex response. The method may underestimate BRS if blood 

pressure increases beyond the linear range of the sigmoidal arterial baroreflex function curve 

[43–45]. Conversely, the method may overestimate BRS if blood pressure and cardiac 

afterload increase sufficiently to increase intracardiac pressures with subsequent activation 

of cardiopulmonary vagal afferents and reflex bradycardia.

The injection of the vasodilator nitroprusside before phenylephrine enables assessment of 

the baroreflex over a wider pressure range (modified Oxford) [44, 45]. This approach may 

enable characterization of the entire sigmoidal baroreflex function curve including 

calculations of threshold, midpoint and saturation pressures, and maximum slope (gain) [43–

45]. Similarly, steady state changes in HR during sustained infusions of phenylephrine and 

nitroprusside at multiple doses enable construction of the sigmoidal baroreflex function 

curve [43]. In this case, inhibition of SNA may contribute to reflex decreases in HR during 

phenylephrine infusion [43]. Therefore, β-adrenergic receptor blockade is required to 

selectively interrogate the parasympathetic limb of the reflex when using the steady state 

infusion protocol.

Valsalva maneuver—The Valsalva maneuver involves performing a forced expiration 

against a closed glottis or elevated airway pressure for a sustained period of time followed 

by a resumption of breathing [39, 40, 46, 47]. The forced expiration increases intrathoracic 

and intra-abdominal pressures that lead to decreases in venous return of blood to the heart, 

cardiac output, and arterial pressure. Release of straining causes a transient fall in blood 

pressure followed by increases in pressure and PI. Four phases of the response to the 

maneuver are described with the baroreflex being engaged during phase 2 when blood 

pressure falls and HR increases and during phase 4 when blood pressure rises and HR 

decreases [39, 46, 47]. Baroreflex control of HR is often quantified as the ratio of maximum 

to minimum HR during the maneuver (Valsalva Ratio). The slope of the relationship 

between increasing systolic pressure and increasing PI during phase 4 may also be taken as a 

measure of BRS.

The Valsalva maneuver is used clinically to assess autonomic function. The test is relatively 

simple to perform, does not require extensive equipment, and results are reproducible within 

a given subject [39, 46, 47]. The test has several disadvantages that limit its usefulness 

including considerable variability in how the test is carried out among clinicians and 
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laboratories, engagement of cardiopulmonary reflexes in addition to the arterial baroreflex 

during the maneuver, and effects of disease on the blood pressure responses that confound 

interpretation of the changes in PI [39, 46, 47].

Neck suction/pressure—In humans, application of external negative and positive 

pressures to the cervical region via a neck chamber device evokes carotid sinus baroreflexes 

by changing the transmural pressure across the carotid sinus wall [39, 40, 48–50]. The 

magnitude, duration, and frequency of the pressure changes can be rigorously controlled. 

The ability to rapidly apply multiple, step changes in carotid transmural pressure enables 

assessment of cardiovagal BRS and construction of the sigmoidal baroreflex function curve 

without significant distortion by changes in SNA. Advantages of this method over the 

Oxford technique include the avoidance of possible effects of phenylephrine and nitro-

vasodilators on afferent, central, and efferent components of the baroreflex and the ability to 

assess baroreflex control of vascular resistance and blood pressure in addition to HR. On the 

other hand, baroreflex-mediated changes in blood pressure will alter the activity of aortic 

baroreceptors leading to reflex buffering of the initial carotid baroreflex response. By 

measuring rapid PI responses to brief applications of neck suction, one can avoid the 

opposing action of the aortic baroreflex. The neck chamber and application of pressure 

changes may cause discomfort or anxiety that can potentially influence PI.

Spontaneous BRS—The methods described earlier require invasive procedures (e.g., 

intravenous drug administration) and specialized laboratory equipment (e.g., neck suction/

pressure chamber). Computer-based analysis of spontaneous fluctuations in arterial blood 

pressure and HR enables calculation of spontaneous BRS in humans and animals [40, 51–

54]. Two general methods are used: the sequence technique and spectral methods.

The sequence method involves detection of baroreflex sequences of 3 or more consecutive 

arterial pulses where systolic blood pressure and corresponding PI are positively correlated 

[40, 51–55]. Sequences in which systolic pressure and PI increase are referred to as “up” 

sequences, while sequences in which pressure and PI decrease are referred to as “down” 

sequences. The average slope of the linear systolic pressure–PI relations for all baroreflex 

sequences detected typically denotes the BRS. The ratio of the number of baroreflex 

sequences to the total number of linear systolic pressure sequences provides a measure of 

the extent of engagement of the reflex and is referred to as the baroreflex effectiveness index 

[55]. The sequence method also provides a means of evaluating the latency of cardiovagal 

baroreflex control of HR which can vary under physiologic and pathological states [53].

Criteria for defining a baroreflex sequence (e.g., correlation coefficient, minimum changes 

in systolic pressure and PI per beat, and the delay between systolic pressure and 

corresponding PI) can be adjusted by the investigator. Consistent with measurements of 

baroreflex latency in humans (time required for pressure change to elicit a reflex change in 

PI), PI’s are typically paired with systolic pressures immediately preceding each PI (0 beat 

delay) or systolic pressures from one beat earlier (1 beat delay) [40]. In contrast, a longer 

delay is often used in analysis of data from experimental animals with higher HR (1–4 beat 

delay) [54]. Spontaneous BRS calculated using the sequence technique reflects primarily 

reflex changes in cardiovagal activity (not SNA). The software may also be capable of 
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detecting non-baroreflex sequences where systolic pressure and PI change in opposite 

directions; i.e., in a feed-forward manner as occurs during parallel, centrally induced 

changes in autonomic activity to the heart and peripheral vasculature [56].

Spontaneous BRS can also be measured using spectral methods. Oscillations in blood 

pressure and HR are measured in the LF and HF ranges by spectral analysis. The alpha 

index provides an estimate of BRS [40, 52]. It is calculated as the square root of the ratio 

between PI and systolic pressure spectral powers within the LF and/or the HF bands. An 

additional method involves calculation of the transfer function between the blood pressure 

and HR oscillations where the gain of the transfer function equates to BRS [40]. Both 

methods assume that the oscillations in blood pressure cause baroreflex-mediated 

oscillations in HR. Along this line, most investigators require that the oscillations in pressure 

and HR are coherent (coherence2 >0.5). Some investigators also require that the blood 

pressure oscillations lead the HR oscillations as one would expect if the HR changes are 

driven by the baroreflex. These criteria are usually satisfied when using the LF spectral 

powers in healthy control subjects. Cross-spectral analysis within the HF band may be 

questioned due to lack of a phase difference between systolic blood pressure and PI and 

possible baroreflex-independent effects of respiration on PI.

The sequence and spectral methods described earlier greatly expand the opportunities to 

measure BRS under various behavioral and environmental conditions, outside as well as 

inside the laboratory (Fig. 6). The methods are simple, inexpensive, and noninvasive. When 

combined with telemetric recordings of blood pressure and PI in mice and rats, the methods 

enable repeated measurements of cardiovagal BRS over prolonged periods without the 

disturbance and stress so easily imposed by injection of vasoactive drugs via external 

catheters.

HR turbulence—A premature ventricular contraction (PVC) triggers a fluctuation in PI 

over several heart beats, a phenomenon referred to as HR turbulence [57–59]. In normal 

subjects, PI decreases as blood pressure falls and then increases as blood pressure rises after 

the compensatory pause. The pattern of response suggests that the baroreflex mediates the 

changes in PI, and elimination of the changes in PI after blockade of muscarinic receptors 

indicates that the response is mediated primarily by parasympathetic modulation. HR 

turbulence, like other measures of cardiovagal BRS, predicts cardiovascular risk post-

myocardial infarction [58]. Although a promising noninvasive test, the use of this method is 

limited in most subjects due to the low number of PVC’s. In the clinical electrophysiology 

laboratory, the frequency of PVC’s can be increased by programed stimulation thereby 

enhancing the utility of the method [59].

Isolated carotid sinus preparation (Moisejeff preparation)—Animal studies allow 

more control of the stimulus applied to the baroreceptors. For example, vascular isolation of 

the carotid sinuses enables precise control of the pressure stimulus (i.e., mean pressure, rate 

of change in pressure, and frequency, amplitude, and shape of pulsatile waveforms) [36, 60, 

61]. The presence or absence of intact aortic baroreceptor afferents, cardiac afferents, and 

anesthesia are important determinants of the reflex response to changes in carotid sinus 

pressure. An intact aortic baroreflex will buffer responses to carotid baroreflex activation. 
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Input from cardiac afferents reduces arterial BRS. The isolated carotid sinus preparation 

generally requires anesthesia, but has been used in conscious animals [60].

Electrical stimulation of baroreceptor afferents—Electrical stimulation of carotid 

sinus or aortic depressor nerves enables exquisite control of the magnitude and pattern of 

baroreceptor input to the central nervous system [62–69]. An additional advantage of direct 

stimulation of the afferents is that it bypasses the mechano-viscoelastic coupling between 

changes in pressure, blood vessel distension, and distortion of the sensory nerve endings. 

Furthermore, by varying the stimulus parameters, one can characterize and contrast reflex 

responses to activation of myelinated A-fiber versus nonmyelinated C-fiber afferents, which 

are differentially affected in hypertension. The method does not reproduce the natural 

recruitment pattern of afferent fibers with different pressure thresholds that occurs with 

increases in blood pressure. This difference and the presence of chemoreceptor afferents in 

carotid sinus nerves (and aortic depressor nerves in some species) are limitations. 

Fortunately, the aortic depressor nerves of rabbits, rats, and mice contain few chemoreceptor 

fibers [70], encouraging the use of this preparation to study baroreflex function in these 

species.

Electrical stimulation of baroreceptor afferents has most commonly been performed in 

anesthetized animals. Adaptation of the method for use in conscious animals [66, 67] and 

humans [68, 69] has provided new insights into baroreflex function and has led to clinical 

trials demonstrating sustained reductions in blood pressure in patients with drug-resistant 

hypertension [69].

Peripheral chemoreceptor reflex

Chemoreceptor stimulation during hypoxia, hypercapnia, and/or acidosis triggers reflex 

increases in both parasympathetic and sympathetic nerve activities; responses that are 

mitigated by hyperventilation and enhanced by apnea [71–73]. In the absence of 

hyperventilation, the reflex increase in cardiovagal activity predominates resulting in 

significant bradycardia [71, 72]. A standard method to measure chemoreceptor reflex 

sensitivity in humans and animals involves measuring ventilatory and cardiovascular 

responses to controlled decreases in inspired oxygen (O2) concentration [72, 73]. Carbon 

dioxide (CO2) is often added to the inspired air to prevent arterial pCO2 (estimated from 

measurements of end-tidal CO2) from falling. Inhalation of 5–10% O2 which results in 

arterial pO2 of ~35–40 mmHg causes near maximum activation of arterial chemoreceptors. 

During hypoxia, the addition of apnea enables the full expression of the chemoreceptor 

reflex-mediated increase in cardiovagal activity and bradycardia [71, 72]. Inhalation of 

100% O2 inhibits chemoreceptor activity and has been used to assess the contribution of 

tonic chemoreceptor activity to ventilation, blood pressure, and HR in pathological states, 

including heart failure [74].

In anesthetized animals, mechanical ventilation and administration of neuromuscular 

blocking agents enable responses to hypoxia to be measured in the absence of 

hyperventilation. In this preparation, phrenic nerve activity can provide a measure of 

respiratory drive. Chemoreceptors can be activated by perfusing the isolated carotid sinus 
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region with hypoxic blood or buffer [71]. This preparation eliminates confounding effects of 

systemic hypoxemia on peripheral vascular resistance, cardiac function, and the central 

nervous system and can be implemented in conscious as well as anesthetized animals [71, 

75]. Another often used method to stimulate chemoreceptors in animals (anesthetized or 

awake) is to inject cyanide (bolus) either intravenously or into a common carotid artery 

proximal to the carotid chemoreceptors [76]. Although a powerful stimulant to 

chemoreceptors, cyanide also is a vasodilator and can have central nervous system effects. 

The chemoreflex/parasympathetic-mediated bradycardia occurs rapidly, thereby enabling its 

measurement before delayed vasodilator and depressor responses to cyanide confound the 

interpretation.

Diving reflex

Stimulation of trigeminal afferents produces apnea and strong reflex activation of 

cardiovagal activity and bradycardia [77–80]. The reflex is activated by exposure of the face 

to cold water during underwater diving, hence the term “diving reflex.” Like the 

chemoreceptor reflex, the increased parasympathetic activity is accompanied by increased 

SNA. Co-activation of trigeminal and chemoreceptor afferents, as may occur when 

submerged underwater for prolonged periods, markedly enhance the reflex bradycardia 

while the apnea persists [71]. The diving reflex can be simulated in the laboratory by 

applying cold compresses to the face of human subjects, i.e., the “cold face test” [78, 79]. In 

animal studies, the diving reflex can be evoked by selective, local stimulation of trigeminal 

afferents or by submerging the animal in water [80].

Cardiopulmonary reflexes involving activation of vagal afferents

Stimulation of nonmyelinated vagal afferent C-fibers innervating the heart and 

cardiopulmonary region produces strong reflex activation of efferent cardiovagal activity, 

bradycardia, inhibition of SNA, and vasodilation [81–84]. When triggered by activation of 

cardiac sensory receptors, the reflex is referred to as the “Bezold-Jarisch reflex.” Mechanical 

stimulation of afferents by strong contractions of an under-filled left ventricle and/or 

endogenous chemical factors produced during myocardial ischemia and reperfusion 

contribute to activation of this reflex.

The Bezold-Jarisch reflex has been studied extensively in experimental animals, most 

commonly by measuring reflex responses to intravenous, or preferably, intracoronary 

injection of chemicals (e.g., veratridine, prostanoids including prostacyclin, reactive oxygen 

species, serotonin, and the serotonin 5-HT3 receptor agonist phenylbiguanide). Similar 

autonomic responses are evoked by injection of chemicals into the pulmonary circulation 

(pulmonary chemoreflex). The Bezold-Jarisch reflex may occur during spontaneous 

myocardial ischemia and can be triggered by clinical interventions (e.g., intracoronary 

injection of contrast agent, reperfusion). Severe orthostatic stress as achieved by prolonged 

upright tilt or upright tilt combined with lower body negative pressure can evoke the 

Bezold-Jarisch reflex (i.e., vasovagal response) and is used to assess orthostatic tolerance 

[84].
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Lung inflation reflex

Activation of pulmonary and thoracic stretch receptors during lung inflation has been 

reported to inhibit efferent cardiovagal activity, increase HR, and thereby contribute to 

respiratory sinus arrhythmia [71, 85, 86]. The evidence suggests that the contribution of the 

reflex to respiratory sinus arrhythmia in humans is relatively small compared with central 

mechanisms [86].

Cardiac and visceral reflexes involving activation of spinal (sympathetic) afferents

Stimulation of spinal afferents innervating the heart and visceral organs (e.g., intestine, 

bladder) causes reflex inhibition of cardiovagal activity and increases in SNA, HR, and 

blood pressure [87–89]. A variety of mechanical and chemical stimuli have been used to 

activate these sensory nerves in experimental animals. Chemicals known to stimulate 

cardiac sympathetic afferents include prostanoids, reactive oxygen species, serotonin, low 

pH, bradykinin, and adenosine. Note that many of these factors also stimulate cardiac vagal 

afferents that evoke directionally opposite autonomic responses. Consequently, reflex 

responses to stimulation of cardiac sympathetic afferents are often meager in the intact 

healthy animal but are robust after bilateral vagotomy or in disease states associated with 

decreased sensitivity of arterial baroreceptor and cardiopulmonary vagal afferent reflexes.

Somatic afferent reflexes

The activity of sensory nerves innervating skin and skeletal muscle modulate autonomic 

tone. For example, activation of group III (thinly myelinated) and group IV (nonmyelinated) 

afferents contributes to increases in HR and blood pressure during exercise [79, 90–92]. 

While activation of chemosensitive group IV afferents (metaboreceptors) are mainly 

responsible for the slowly developing increases in SNA during muscle contraction, 

activation of mechano-sensitive group III afferents (mechanoreceptors) contributes—along 

with signals originating in the central nervous system (central command)—to rapid reflex 

inhibition of efferent cardiovagal activity and the nearly immediate increase in HR with the 

onset of exercise.

Muscle contraction is usually induced by electrical stimulation of efferent motor nerves in 

experimental animals under anesthesia, while muscle contraction (exercise) is usually 

voluntary in human studies (although electrically induced contractions are feasible). The 

role of skeletal muscle afferents in mediating cardiac responses to exercise has also been 

studied in conscious and decerebrate animals [93–95]. The absence of anesthesia and its 

untoward effects on cardiovascular and autonomic state in these preparations provides a 

major advantage.

Direct assessment of cardiovagal activity and mechanisms of altered reflex 

control

HR and HRV are indirect measures of cardiovagal nerve activity and its reflex modulation. 

Several factors may dissociate measurements of PI from cardiovagal nerve activity including 

local modulation of neurotransmitter release from post-ganglionic nerve terminals, changes 
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in neurotransmitter degradation or reuptake, and altered chronotropic responsiveness of S-A 

nodal cells (e.g., changes in muscarinic receptor signaling).

Measurement of efferent cardiovagal neuronal activity

Parasympathetic activity can be measured directly from somata of preganglionic 

parasympathetic neurons in the medulla oblongata of brain stem [96–100] or from efferent 

nerve fibers in the vagus nerve or its branches in experimental animals [94, 100–107].

Recording from somata of preganglionic neurons in brain stem—Somata of 

preganglionic cardiovagal neurons are located primarily in the nucleus ambiguus (NA) and 

the dorsal motor nucleus of the vagus (DMNX). Action potential discharge is recorded from 

these neurons using micro-electrodes placed extracellularly by stereotaxic guidance. The 

method requires histologic confirmation of proper electrode placement and evidence that the 

neuron projects to the heart. The latter is critical in that regulation of firing patterns differ for 

parasympathetic neurons innervating different target tissues. Antidromic activation of the 

neuron by electrical stimulation of cardiac branches of the vagus nerve provides good 

evidence that the neuron innervates the heart. A decrease in HR in response to iontophoretic 

application of a glutamate receptor agonist onto the NA or DMNX neuron confirms a 

cardioinhibitory function.

Cardiovagal neurons in NA and DMNX differ in morphology, axonal conduction velocity, 

pattern of action potential firing, innervation of cardiac ganglia, and effects on cardiac 

function. For example, NA neurons have thinly myelinated axons, exhibit strong respiratory- 

and cardiac-modulation, and exert more powerful chronotropic effects (decreases in HR) 

[96–99, 108]. In contrast, DMNX neurons have nonmyelinated axons, show little or no 

respiratory- and cardiac-modulation, have smaller effects on HR, and possibly stronger 

dromotropic (decreases in A-V nodal conduction) and inotropic (decreases in contractility) 

effects [99, 100, 109]. NA and DMNX neurons have been reported to innervate distinct 

populations of neurons within cardiac ganglia, consistent with different functional roles 

[110].

Recording from efferent fibers in vagus nerve—Nerve fibers are split from strands 

of nerve dissected from either a cervical vagus nerve or from cardiac branches of the vagus 

[94, 100–107]. Typically, the right vagus is the subject of study reflecting its prominent role 

in control of HR. Most commonly, nerve fibers are draped over bipolar or unipolar 

electrodes, although activity can also be recorded using a suction microelectrode. As with 

NA/DMNX recordings, it is essential to ensure that the activity being recorded arises from 

efferent cardioinhibitory parasympathetic nerves projecting to the heart. Consequently, 

repeated splitting of nerve fibers is typically required to obtain single-fiber or few-fiber 

preparations where the activity can be shown to be cardiovagal. Section of the vagus nerve 

distal to the recording site eliminates the activity of sensory nerves from the recording.

While the search for cardiovagal fibers within the cervical vagus nerve can be painstaking, 

this approach avoids the need to open the chest and preserves the option to record activity 

during spontaneous breathing. In contrast, recording from an anatomically identified cardiac 

branch of the vagus involves less fiber splitting but requires thoracotomy and mechanical 
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ventilation. Furthermore, these nerves also contain sensory and sympathetic nerve fibers. As 

a result, regional sympathetic denervation and demonstration thatelectrical stimulation of the 

vagal nerve decreases HR should be performed before sectioning the nerve distally and 

recording efferent nerve traffic. Other criteria used for identifying fibers isolated from 

cervical and intrathoracic vagus nerves as cardiovagal include the presence of cardiac and 

respiratory rhythmicity, inhibition of activity during inspiration, and increases in activity 

during experimentally induced increases in arterial blood pressure or electrical stimulation 

of baroreceptor afferents. The absent or weak respiratory-modulation of vagal efferent 

activity originating in the DMNX raise the intriguing possibility that these nerves may 

mediate the apparent persistence of some parasympathetic activity (based on R-R intervals) 

during inspiration in conscious humans [26]. Typically, single-fiber or few-fiber activity is 

counted electronically using a window discriminator. Simultaneous counting of activity 

from multiple fibers can be accomplished by discriminating spikes using waveform 

recognition programs and spike-triggered averaging [107].

Defining afferent, central, and efferent sites of reflex modulation

Abnormalities in reflex control of HR may be reflex-specific or widespread and may reflect 

alterations in sensory transduction (afferent), central mediation of the reflex, efferent 

neurotransmission and transmitter release, and/or chronotropic responsiveness of the S-A 

node. Comparisons of reflex bradycardia during activation of baroreceptor, chemoreceptor, 

and diving reflexes provide insight into site of impairment in disease. A variety of methods 

can be used to further localize the site(s) responsible for changes in overall reflex function in 

animals and humans. For example, measurements of arterial blood pressure, carotid artery 

diameter (ultrasonography), and PI during drug-induced or spontaneous changes in blood 

pressure enable assessment of the mechanical (vascular compliance) and the neural-SA 

nodal components of the cardiovagal baroreflex in humans (Fig. 7) [111–117]. Significant 

impairment of both neural and mechanical components of the reflex with aging has been 

reported [113].

Animal studies enable more precise dissection of the reflex pathway. Measurements of 

carotid sinus or aortic arch pressure-diameter-baroreceptor activity relationships define 

baroreceptor sensory transduction [36]. Changes in efferent vagus nerve activity and/or HR 

during graded electrical stimulation of baroreceptor afferents define the central mediation of 

the reflex [36, 63–66]. The same approaches can be used to dissect components of other 

reflexes. HR responses to chemical activation of NA and DMVX neurons, electrical 

stimulation of cervical vagus nerve(s), and stimulation of cardiac ganglia define efferent 

vagal control of HR [65, 96, 108, 109, 118, 119]. Release of the primary neurotransmitter 

acetylcholine from parasympathetic nerves can be measured [120, 121]. In animal models of 

disease, characterization of multiple components of multiple reflexes identifies not only sites 

of impairment but often reveals compensatory changes in other reflex components. In 

addition to disease models, these experimental approaches are applicable to most 

experimental questions (e.g., determining consequences of denervations, lesions, therapies, 

and genetic manipulation).
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Limitations of in vivo studies and need for decerebrate and in vitro preparations

The majority of studies of reflex control of the circulation have involved use of in vivo 

preparations. While essential for understanding integrative cardiovascular control, human 

and intact animal studies often do not allow sufficient control of physiologic variables that 

influence the mechanism under investigation and/or do not provide adequate access to brain 

nuclei, ganglia, or cells for experimental recordings or manipulation. Furthermore, the 

anesthetic agents often needed for animal studies alter autonomic and cardiovascular 

functions with parasympathetic nerve activity being notably susceptible. Examples of 

decerebrate and in vitro preparations that overcome these limitations include decerebrate 

animals [94, 95], the working heart-brain stem preparation [122–124], innervated heart-

ganglia preparations [125, 126], medullary brain slice preparations (e.g., NA) [127, 128], 

and intact whole-mount cardiac ganglia preparations and neurons dissociated from ganglia 

[129]. The working heart-brain stem preparation is illustrated in Fig. 8.

Beyond control of HR and cholinergic neurotransmission

The effects of cardiovagal activity on cardiac function extend beyond control of HR. The S-

A node, A-V node, and atrial myocytes are densely innervated by post-ganglionic 

parasympathetic nerves [130–133]. In addition to HR, vagal stimulation also slows A-V 

nodal conduction, shortens atrial refractoriness, and reduces contractility of atrial myocytes. 

The vagal innervation of ventricles is relatively sparse compared with atria, but present 

albeit variable between species [134–136]. Furthermore, vagal stimulation can decrease left 

ventricular contractility, prolong refractoriness of ventricular myocytes, and prevent 

ventricular arrhythmias, particularly when sympathetic tone is high [126, 135]. These 

decreases in contractility and arrhythmias are mediated primarily through restraint of the 

sympathetic nervous system with little direct effect of the parasympathetic neurotransmitter 

acetylcholine on ventricular myocytes [126, 135].

Parasympathetic influences on cardiac conduction, refractoriness, and contractility can be 

assessed using standard techniques. Exciting methodology takes advantage of the location of 

multiple cardiac ganglia in anatomically distinct fat pads on the surface of the heart, and the 

exquisite, differential control of cardiac functions (HR vs. A-V conduction) attained by 

selective stimulation of different ganglia [130–133]. A variety of in vivo and in vitro 

methods are being used to explore the functional significance and potential clinical 

implications of differential control of cardiac functions by ganglia in animal models and 

humans [126, 135–138].

Treatment of chronic diseases with drugs and devices designed to enhance parasympathetic 

effects (e.g., acetyl-cholinesterase inhibitors and vagus nerve stimulation) has revealed novel 

beneficial downstream consequences of increased parasympathetic activity including anti-

inflammatory, anti-apoptotic, and pro-angiogenic effects [2, 139–143]. These observations 

have greatly expanded the types of methods used in studies of parasympathetic regulation 

with more emphasis on chronic adaptations, measurements of gene expression and pro-

inflammatory mediators, and genetic manipulation through gene transfer and gene targeting.
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While acetylcholine and muscarinic receptors are central to cardiovagal control of the heart, 

noncholinergic mechanisms are emerging as important and are being targeted for 

experimental and therapeutic manipulation. Examples of mediators that significantly 

modulate parasympathetic control at the level of cardiac ganglia and the nerve–heart 

interface include endogenous nitric oxide, enkephalins, and numerous peptides [125, 144–

148]. Pharmacological and genetic approaches to manipulate these systems complement the 

traditional use of drugs that block or facilitate cholinergic neurotransmission [125, 148].

Summary and future directions

The importance of cardiac parasympathetic (cardiovagal) activity on cardiac function is well 

established and widely appreciated. Advancement of our understanding in this area is 

dependent on the methods we use to study the system. Approaches commonly used to assess 

parasympathetic control of the heart include measuring the HR response to pharmacological 

blockade of muscarinic cholinergic receptors (cardiovagal tone), beat-to-beat HRV 

(parasympathetic modulation), the rate of post-exercise recovery of HR (parasympathetic 

reactivation), and reflex changes in HR. Clearly, the different methods engage different 

mechanisms and therefore provide complementary, not redundant information. Use of 

multiple methods within both research and clinical laboratories are therefore encouraged. 

The many methods for interrogating cardiovascular reflexes in patient populations have 

unique strengths and limitations. Some are limited by poor control of the sensory stimulus, 

the involvement of multiple reflexes in mediating autonomic and HR responses, and 

deficiencies in standardization of the method. Standardization of methods between 

laboratories will be particularly important for reaching the full potential of autonomic testing 

to predict cardiovascular risk in patients.

In many respects, progress toward understanding fundamental mechanisms of 

parasympathetic regulation lags behind our knowledge of sympathetic control. Reasons for 

this discrepancy include the potent inhibition of parasympathetic activity by most 

anesthetics, the consequent need for studies in conscious animals, the complex 

neurochemistry and circuitry of intrinsic cardiac ganglia, and the technical challenges of 

recording activity from cardiovagal efferent fibers in animal models. The increasing use of 

radiotelemetry to record ECG, blood pressure, and PI in unstressed freely behaving mice, 

and the development of decerebrate and in vitro methods that eliminate the need for 

anesthesia is reducing these barriers to progress.

The rapid pace of gene discovery and availability of methods for site-specific and 

temporally regulated gene targeting encourage future studies of molecular determinants of 

parasympathetic regulation. HRV, post-exercise HR recovery, and BRS are heritable traits 

in humans [149–155], with significant variations associated with several polymorphisms 

[156–162]. Striking changes in HRV and BRS in mouse models [163–168] suggest new 

candidate genes worthy of future investigation. Opportunities are abundant for translational 

research in parasympathetic regulation!
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Fig. 1. 
Determination of resting cardiac parasympathetic and sympathetic tone. The increase in 

mean HR after administering a muscarinic cholinergic receptor (M-ChR) blocker (e.g., 

atropine, tachycardia) reflects the cardiovagal tone present under baseline resting 

conditions. Conversely, the decrease in mean HR after β-adrenergic receptor (β-AdR) 

blockade (e.g., propranolol, bradycardia) reflects cardiac sympathetic tone. Subsequent 

administration of the second autonomic blocking agent during the peak HR response to the 

first agent identifies the intrinsic HR (double blockade) and enables calculation of residual 

sympathetic tone in absence of vagal tone (HR after M-ChR blockade—intrinsic HR) and 

residual vagal tone in absence of sympathetic tone (intrinsic HR–HR after β-AdR blockade)
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Fig. 2. 
Indices that reflect HR recovery (HRR) after submaximal exercise. Shown are HR, Ln (HR), 

and rMSSD measured over time after termination of submaximal exercise in an individual 

subject. HRR indexes include the: (i) decrease in HR over the first 30 s of HRR obtained by 

semi-logarithmic regression analysis (T30), (ii) absolute difference between HR at 

completion of exercise and after 60 s of recovery (HRR60s), and (iii) time constant of HR 

decay obtained by fitting HRR data to a first-order exponential decay curve (HRRτ). Short-

term HRR indexes (T30 and HRR60s) are considered as relatively specific markers of 

parasympathetic reactivation, while the slower HRRτ may involve a combination of 

parasympathetic reactivation and withdrawal of sympathetic activity. The root mean square 

of successive R-R interval differences (rMSDD) calculated over consecutive 30 s periods 

confirms parasympathetic reactivation. Reproduced with permission from Buchheit et al. 

[34]
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Fig. 3. 
Relationships between mean R-R interval and 3 indices of HRV in 3 subjects. Nitroprusside 

and phenylephrine were infused to change blood pressure and evoke baroreflex-mediated 

changes in parasympathetic activity. Initially, HRV and R-R interval both increased 

markedly with increases in parasympathetic activity in the young subject (24-year-old 

woman, squares), but HRV declined as mean R-R interval continued to increase at higher 

levels of parasympathetic activity. The nonlinear relationship between HRV and mean R-R 

interval was also apparent although less pronounced in the middle-aged (47-year-old 

woman, circles) and older (60-year-old man, triangles) subjects who exhibited low HRV. 

Indices of HRV included the standard deviation of R-R intervals (SD), the root mean square 

of successive R-R interval differences (MSSD), and high frequency (HF) HRV. Reproduced 

with permission from Goldberger et al. [30]
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Fig. 4. 
Example of increases in respiratory sinus arrhythmia during paced breathing at lower 

frequencies with decrease or no change in mean R-R interval. Upper panel: shown are ECG, 

heart period (R-R interval), and respiration during normal (4 s respiratory cycle length, 15 

breaths/min) and slow (8 s respiratory cycle length, 7.5 breaths/min) breathing in a subject 

before (left panel) and after (right panel) administration of the β-adrenergic receptor blocker 

propranolol (0.2 mg/kg, IV). Respiratory sinus arrhythmia is markedly increased at lower 

breathing frequency while mean heart period remains relatively unchanged. Lower panel: 

Shown are values of mean heart period (HP) plotted against respiratory sinus arrhythmia 

(RSA, max–min HP) with respiratory cycle lengths of 3, 4, 6, 8, and 10 s as indicated on 

figure. Linear regression analysis shows inverse relationship between HP and RSA before 

and after propranolol. Reproduced with permission from Kollai and Mizsei [26]
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Fig. 5. 
Overview of reflex control of cardiovagal (parasympathetic) nerve activity and HR. 

Excitatory (+) and inhibitory (−) afferent inputs to the central nervous system trigger reflex 

decreases and increases in HR, respectively
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Fig. 6. 
Spontaneous baroreflex sensitivity (BRS) and number of baroreflex sequences measured 

over 24-h day/night cycle in young and old mild hypertensive subjects. Shown are the 

average hourly values of the number of baroreflex sequences (left) and BRS (average slope 

of systolic pressure-PI relations) (right) measured over a 24-h period using the sequence 

method in young (24 ±6 years, n =8, solid circles) and old (64 ±3 years, n =8, open circles) 

subjects. Data for “up” and “down” baroreflex sequences are shown in the upper and lower 

panels, respectively. Young subjects showed a striking diurnal variation in both the number 

of sequences and BRS with a decrease in number of sequences and increase in BRS at night. 

The elderly subjects exhibited low numbers of sequences, decreased BRS, and loss of 

diurnal variability. Reproduced with permission from Parati et al. [52]
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Fig. 7. 
Analysis of vascular and neural components of cardiovagal baroreflex sensitivity in humans. 

Panel A shown are measurements of arterial pressure, carotid artery diameter, and R-R 

interval from one subject during nitroprusside- and phenylephrine-induced decreases and 

increases in arterial pressure, respectively. The calculated slopes of relationships between 

systolic carotid diameter and systolic pressure (left), R-R interval and systolic diameter 

(middle), and R-R interval and systolic pressure (right) denote the sensitivity of the 

mechanical component, neural component, and integrated baroreflex, respectively. Panel B 

shown are data from young sedentary, older sedentary, and older active subjects. Both 

mechanical and neural components of the reflex were significantly decreased in the older 

sedentary group. Baroreflex sensitivity was preserved in active older individuals, an effect 

attributed primarily to a positive effect of activity on the neural component of the reflex. 

Reproduced with permission from Hunt et al. 2001 [112, 113]
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Fig. 8. 
Working heart-brain stem preparation (WHBP). Rats or mice are subjected to 

subdiaphragmatic transection and decerebration under inhalation anesthesia. The WHBP is 

placed in a recording chamber, perfused with buffer, and instrumented. Panel A depicted are 

measurements of arterial perfusion pressure, left ventricular (LV) pressure, right atrial 

pressure (RAP), phrenic nerve activity, and neuronal activity in brain stem (e.g., nucleus 

tractus solitarius). The arterial baroreflex is activated by ramp increases in perfusion 

pressure. Chemical activation left ventricle, pulmonary, and arterial chemoreceptor afferents 

is achieved by injections of veratridine into the left ventricle, phenylbiguanide into the right 

atrium, and sodium cyanide into the aorta. The somatic afferent reflex is activated by 

electrical stimulation of the brachial nerve in the forelimb. HR responses to electrical 

stimulation of the vagus nerve can also be measured. Panel B shown are HR and phrenic 
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nerve activity (PNA) responses to baroreceptor activation (before and after atropine); and 

chemical activation of pulmonary C-fibers (phenylbiguanide, PBG), arterial chemoreceptors 

(sodium cyanide, NaCN), and ventricular receptors (veratridine). Modified from Nalivaiko 

et al. [124] and Paton [122] and reproduced with permission
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