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Abstract

Control of the heart rate and cardiorespiratory interactions (CRI) is predominantly parasympathetic in all jawed vertebrates, with 
the sympathetic nervous system having some influence in tetrapods. Respiratory sinus arrhythmia (RSA) has been described 
as a solely mammalian phenomenon but respiration-related beat-to-beat control of the heart has been described in fish and 
reptiles. Though they are both important, the relative roles of feed-forward central control and peripheral reflexes in generat-
ing CRI vary between groups of fishes and probably between other vertebrates. CRI may relate to two locations for the vagal 
preganglionic neurons (VPN) and in particular cardiac VPN in the brainstem. This has been described in representatives from 
all vertebrate groups, though the proportion in each location is variable. Air-breathing fishes, amphibians and reptiles breathe 
discontinuously and the onset of a bout of breathing is characteristically accompanied by an immediate increase in heart rate 
plus, in the latter two groups, a left-right shunting of blood through the pulmonary circuit. Both the increase in heart rate and 
opening of a sphincter on the pulmonary artery are due to withdrawal of vagal tone. An increase in heart rate following a meal 
in snakes is related to withdrawal of vagal tone plus a non-adrenergic-non-cholinergic effect that may be due to humoral factors 
released by the gut. Histamine is one candidate for this role.
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The control of the heart
The vertebrate heart beats in response to phasic activity 

in the cardiac pacemaker, which, in turn, operates under 
the influence of a number of intrinsic and extrinsic factors. 
The basis for the regulation of heart beat is essentially 
similar from mammals to fish. Both factors affecting car-
diac output, frequency and stroke volume, are controlled 
by the autonomic nervous system (ANS). Excepting the 
cyclostomes, all vertebrates have an inhibitory cholinergic 
influence exerted by the parasympathetic nervous system 
via the vagus nerve. The sympathetic nervous system exerts 
a cardio-excitatory influence over the heart in all tetrapod 
vertebrates but not in cyclostomes, elasmobranches and 
some teleost fishes. Despite this dual autonomic innervation 
of the heart in tetrapods, parasympathetic inhibition plays 
the dominant role in the regulation of heart rate, including 

heart rate variability (HRV) and in particular cardiorespira-
tory interactions in all jawed vertebrates (1). Here we briefly 
review our current understanding of cardiorespiratory control 
on mammals before moving on to consider the diversity of 
systems present in fish, amphibians and reptiles.

Central nervous organization

In mammals, central control of the cardiorespiratory 
system is known to be complex and interactive. Direct 
feed-forward control operates from the brainstem and this is 
modulated by afferent inputs from areas in the midbrain and 
forebrain such as the hypothalamus, amygdala and cortex 
(2). Heart rate may vary with emotional state and/or in sev-
eral routine behavioral responses such as the classic “fight 
or flight response”. The amygdala receives projections from 
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several nuclei involved in cardiovascular control such as the 
hypothalamus, parabrachial nuclei, nucleus of the solitary 
tract (NTS), and dorsal motor column of the vagus (2,3). In 
addition, it is linked to the infralimbic and insular cortices. 
Consequently, it is a critical site for cardiovascular control 
and has the role of integrating the autonomic responses to 
emotional stimuli like fear (2). The hypothalamus is also a 
key area for the control of ANS function since it integrates 
information from somatic motor areas, emotional state and 
also humoral efferent activity (3). Hypothalamic nuclei have 
direct connections with ventrolateral areas in the brainstem 
related to parasympathetic control of the cardiovascular 
system plus the intermediolateral neurons of the cervical 
and thoracic medulla related to sympathetic control (2).

Reflex control

Stimulation of a variety of cardiorespiratory afferents 
evokes changes in both respiratory and cardiovascular 
outflows and, at least at the peripheral level, these have 
been fully reviewed (4). For example, stimulation of arterial 
chemoreceptors augments respiratory drive in mammals, 
in addition to altering heart rate and vascular resistance. 
Since the cardiovascular response is modified by respiration, 
the overall response evoked by chemoreceptor stimulation 
is complex. The primary response to stimulating chemore-
ceptors is a slowing of the heart, and this is always seen if 
respiration is controlled. However, if respiration is allowed 
to increase, then this may mask the bradycardia and lead 
to tachycardia. This has been well documented in previous 
reviews (5,6). During breath-hold diving, apnea is evoked 
by stimulation of facial receptors innervated by trigeminal 
afferents. The breath-hold leads to a progressive hypoxic 
stimulation of the arterial chemoreceptors, which would be 
expected to stimulate breathing. However, the simultaneous 
stimulation of the facial receptors blocks this respiratory 
component of the chemoreceptor reflex whilst at the same 
time augmenting the cardiac component (1,7).

The NTS is the main site for primary afferent synapses 
from visceral receptors in mammals. This area receives 
information from receptors initiating a series of cardioregula-
tory reflexes such as the arterial baroreceptors, pulmonary 
stretch receptors and carotid chemoreceptors (8). The NTS 
is also the route for communication between the sympa-
thetic adrenal axis in the medulla and more rostral areas 
of the central nervous system (3). Despite some structural 
differences, there are afferent projections into the brainstem 
of fish that appear to perform similar functions and may 
be homologous to the NTS in mammals (1). In cats, for 
instance, the NTS projects to respiratory neurons in the 
pons and to the dorsal and ventral respiratory groups of 
the medulla (9). In the catfish the sensory “NTS” projects 
to an area equivalent to what would be the parabrachial 
nucleus of the respiratory neuron group in the mammalian 
pons that incorporates gustatory and visceral sensory 

nuclei (10). The primary visceral sensory areas form the 
dorsolateral column at the side of the IV ventricle. In this 
column sensory afferent fibers from the VII, IX and X cranial 
nerves form a rostrocaudal sequence (11). Central injection 
of glutamate in the teleostean fish Myoxocephalus scorpius 
confirmed that this neurotransmitter has an important role 
in those pathways, participating in several cardiorespiratory 
responses. This demonstrates the importance of glutamate 
as a transmitter in the NTS of mammals (12).

Cardiorespiratory interactions

In mammals, the effectiveness of certain cardiac reflexes 
is markedly modified by respiration. Brief stimuli applied to 
the arterial baroreceptors or chemoreceptors only evoke 
reductions in heart rate if they are applied during expiration, 
stimuli given during inspiration being less effective or totally 
ineffective. Since the preganglionic neurons themselves 
are under respiratory control, it might be predicted that any 
cardiac reflex, which is mediated by these neurons, would 
be modulated by respiration. In contrast, stimulation of 
receptors in the airways and cardiac C-fiber receptors all 
evoke reflex excitation of cardiac vagal outflow, potentially 
resulting in a bradycardia, which is modified by respiratory 
drive (reviewed in Ref. 1). Thus, the arterial chemoreceptor-
evoked bradycardia is almost abolished by lung inflation 
and during inspiration, whilst the bradycardia evoked by 
stimulating the baroreceptors and cardiac C-fibers is re-
duced by 50-60%. Surprisingly, the bradycardia evoked by 
stimulation of pulmonary C-fiber afferents was completely 
unaffected by respiration (13). One interpretation of these 
data is that the bradycardia evoked by one group of affer-
ents may be mediated by a different group of cardiac vagal 
preganglionic neurons (CVPN) to those activated by the 
other afferents. In mammals the CVPN are located in the 
dorsal motor column of the vagus (DVN), in the nucleus 
ambiguus (NA) and in an intermediate zone between those 
groups, with the majority (up to 70%) being located in the 
NA (1). In both cats and rats, CVPN located in the DVN 
are activated by stimulation of pulmonary C-fibers but are 
unaffected by the arterial baroreceptors or the respiratory 
cycle (14). The ongoing activity of these neurons is rather 
regular, in contrast to that of neurons located in the NA, 
which fire with respiratory- and cardiac-related rhythms.

As a result of these interactions in the brainstem, heart 
rate in mammals increases during inspiration, a phenom-
enon known as respiratory sinus arrhythmia (RSA). It is 
known to be driven by respiration-related fluctuations in 
the efferent, inhibitory supply to the heart via the cardiac 
vagus. This is generated centrally by an inhibitory input 
from inspiratory neurons in the respiratory group to CVPN 
outside of the DVN in the ventrolateral NA. The consequent 
gating of vagal outflow causes heart rate to rise during 
inspiration (15). Such variability has a functional role in 
improving pulmonary oxygen uptake as recently discussed 
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by Hayano and Yasuma (16). 
Thus, as previously demonstrated in the dogfish (see 

below), mammals appear to have two functionally separate 
groups of CVPN, which have either tonic or phasic firing 
patterns and may be topographically separated into groups 
in the DVN or the NA. This separation arises during em-
bryological development as neurons, which form the NA, 
migrate ventrolaterally from a more dorsomedial position, 
possibly the equivalent of the DVN, in the fetal brainstem 
(17). Power spectral analysis of recordings of heart rate 
and breathing movements in human neonates revealed 
that RSA is a major contributor to HRV in healthy term 
(38-40 weeks gestation) newborn infants (18). Although 
RSA was detected in the near-term fetus (over 35 weeks), 
it was not discernible in the fetus prior to this gestational 
age or in early premature neonates at less than 30 weeks, 
appearing later in postnatal development at around 33 
weeks (Figure 1). Thus, the contribution of RSA to HRV 
varies both with pre- and postnatal age, which may reflect 
a maturational development of the underlying mechanisms 
(1). This is likely to reflect myelination of the nerve fibers 
supplied from CVPN in the NA that will increase transmis-
sion rates, enabling beat-by-beat control of heart rate, rather 
than ventrolateral migration of CVPN at this late stage of 
development. However, the onset of air-breathing at meta-
morphosis in the axolotl was accompanied by ventrolateral 
relocation of a subpopulation of vagal preganglionic neurons 
(VPN, see below).

The “polyvagal theory” has suggested that the beat-to-
beat control of heart rate that generates RSA is restricted to 
mammals, which have evolved myelinated vagal pathways 
that originate in the NA (19). This assertion has recently 
been contested by Grossman and Taylor (20) who pointed 
out that beat-to-beat control of the heart, necessary to 
generate cardiorespiratory synchrony, has been reported 
in resting dogfish (21) and that rattlesnakes show a respira-
tory component in their HRV that resembles mammalian 
RSA (22) and that both of these species have CVPN in two 
locations in the brainstem. In air-breathing fish, amphib-
ians and reptiles that breathe discontinuously, heart rate 
increases immediately at the onset of periodic ventilatory 
events and it has been demonstrated that this results largely 
from withdrawal of vagal activity to the heart, most likely 
due to central interactions between motor neurons driving 
both systems (1). In amphibians and reptiles with undivided 
ventricles, intracardiac or vascular shunts can cause an 
increase in pulmonary blood flow, relative to systemic flow, 
during bouts of ventilation. Periods of increased activity can 
result in an increase in heart rate and a reduced resistance 
in the pulmonary circuit, due to relaxation of a sphincter on 
the pulmonary artery. Both changes are due primarily to 
withdrawal of efferent vagal activity (23,24). Here we review 
the role of the autonomic nervous system in generating 
integrated cardioventilatory responses in fish, amphibians 
and reptiles that arise both from central interactions and 

from cardiorespiratory reflexes.

Fish

The matching of the flow rates of water and blood 
according to their relative capacities for oxygen over the 
counter-current exchanger at the gills of fish is essential for 
effective respiratory gas exchange. The pumping action of 
the heart generates a pulsatile flow of blood, which in fish 
is delivered directly down the ventral aorta to the afferent 
branchial vessels. Blood flow remains markedly pulsatile 

Figure 1. Power spectra of mean breathing and heart rate vari-
ability (HRV) from healthy premature neonates 2-5 days old 
having experienced different gestations: A, less than 30 weeks 
gestation (N = 5); B, 33 weeks gestation (N = 12); C, 36 weeks 
gestation (N = 8). The spectra represent the relative distribution 
of frequency components within the HRV and breathing signals. 
There was no high frequency component, indicative of respiratory 
sinus arrhythmia in the HRV spectra from neonates born at less 
than 30 weeks gestation. Their breathing spectra cover a wide 
range of frequencies reflecting the arrhythmic breathing patterns 
of these neonates. A high frequency, respiration-related peak first 
appears in the HRV signal from neonates born at 33 weeks and 
is consolidated in those born at 36 weeks, when the neonates 
show a more stable range of breathing frequencies. A clear peak 
in HRV is seen (18) in neonates born at the normal term of 40 
weeks (Thompson CR, Brown J, Gee H, Taylor EW, unpublished 
data).
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across the resistance offered by the branchial circulation. 
Water flow across the gill lamellae is also markedly pulsatile. 
Accordingly, some degree of synchronization of the two 
flows would seem likely to increase the effectiveness of 
respiratory gas exchange (1,21). The improvement in gill 
perfusion and consequent oxygen transfer resulting from 
pulsatile changes in transmural pressure and intralamellar 
blood flow (25) may be further improved by synchroniza-
tion of the pressure pulses associated with ventilation and 
perfusion. Cardiorespiratory synchrony may, by a combi-
nation of these effects, increase the relative efficiency of 
respiratory gas exchange (i.e., maximum exchange for 
minimum work).

Cardiorespiratory coupling (CRC) has been reported 
in resting dogfish and cod (21), hypoxic trout (26) and 
pacu (27,28). Cardiac vagotomy or injection of atropine 
abolished cardiorespiratory synchrony in the dogfish (21), 
while in the sculpin, Myoxocephalus scorpius, injection of 
atropine raised mean heart rate in normoxia and abolished 
a hypoxic bradycardia while cardiac vagotomy abolished 
HRV (29). These observations confirm the dependence of 
beat-to-beat variability of heart rate in fish on tonic vagal 
control. Thus, we have established a potential functional 
role for CRC in optimizing respiratory gas exchange in fish 
and can attribute its generation to efferent vagal control of 
the heart. Failure to demonstrate CRC in fish can often be 
attributed to the highly invasive experimental techniques 
employed by some laboratories. What follows is a detailed 
account of the nature of vagal control of the heart in fish. 

Elasmobranches
The heart in elasmobranch fishes such as the dogfish, 

Scyliorhinus canicula operates under an inhibitory para-
sympathetic tonus, in the absence of a sympathetic supply 
to the heart (21). Recordings from the central cut end of 
a cardiac branch of the vagus in decerebrated paralyzed 
dogfish revealed high levels of spontaneous efferent activity 
that could be attributed to two types of unit. Some units fired 
sporadically and increased their firing rate during hypoxia. 
Other, typically larger, units fired in rhythmical bursts, which 
were synchronous with ventilatory movements (1,30). We 
hypothesized that these units, showing respiration-related 
activity, which was unaffected by hypoxia, may serve to 
synchronize heart beat with ventilation (21). This separa-
tion of efferent cardiac vagal activity into respiration-related 
and non-respiration-related units was discovered to have 
a basis in the distribution of their neuron cell bodies in the 
brainstem (31). 

Extracellular recordings from CVPN identified in the 
hindbrain of dogfish by antidromic stimulation of a cardiac 
branch of the vagus revealed that neurons located in the 
DVN were spontaneously active, firing in rhythmical bursts, 
which contributed to the respiration-related bursts recorded 
from the intact nerve (32). Direct connections between 
bursting CVPN and rostral ventromedial medulla (RVM) are 

possible in the dogfish hindbrain, as both are located in the 
DVN with an overlapping rostrocaudal distribution. As the 
bursts are synchronous, the innervation of CVPN is likely 
to be excitatory rather than inhibitory as described for the 
mammal and it is equally possible that a direct drive from 
a central pattern generator operates both on the RVM and 
the CVPN (21). Neurons located ventrolaterally outside of 
the DVN were either spontaneously active, firing regularly 
or sporadically but never rhythmically, or were silent. Thus, 
the two types of efferent activity recorded from the cardiac 
nerve arise from the separate groups of CVPN, as identified 
by neuroanatomical studies (21). 

As activity was recorded from the central cut end of the 
cardiac vagus, or centrally from CVPN, in the decerebrated 
paralyzed dogfish, provided with a constant, non-pulsatile 
supply of aerated water, the respiration-related activity re-
corded from CVPN in the DVN must have been generated 
by central interactions. However, all of the spontaneously 
active CVPN from both divisions and some of the silent 
CVPN fired in response to mechanical stimulation of a gill 
arch (32), indicating that stimulation of mechanoreceptors 
on the gills may recruit CVPN in normally breathing fish. 
Also, phasic electrical stimulation of the central cut end of 
a branchial branch of the vagus in the decerebrated dogfish 
entrained the efferent bursting units recorded from the cen-
tral cut end of the ipsilateral branchial cardiac branch (21). 
Although this effect is likely to be attributable to stimulation 
of mechanoreceptor afferents it is not possible to eliminate 
the possibility that antidromic stimulation of branchial effer-
ent fibers may have activated the RVM that then recruited 
CVPN by direct interactions in the DVN, where they have 
an overlapping distribution (1). 

Thus, in the intact fish, normal breathing movements 
that stimulate peripheral mechanoreceptors on the gills may, 
by a reflex pathway, generate activity in CVPN and conse-
quently in the cardiac vagi, affecting heart rate. This implies 
that the typical reflex bradycardia in response to hypoxia 
may arise both directly, following stimulation of peripheral 
chemoreceptors and indirectly, via increased ventilation, 
which by stimulating branchial mechanoreceptors may 
increase vagal outflow to the heart. This is reminiscent of, 
but opposite in kind to, the hypoxic response in the mam-
mal, where stimulation of lung stretch receptors causes an 
increase in heart rate (33). 

As well as slowing the heart, respiration-related effer-
ent activity in the cardiac vagi may entrain the heart. This 
possibility was confirmed in this group by peripheral elec-
trical stimulation of these nerves in the prepared dogfish. 
Although continuous vagal stimulation normally slowed the 
heart, it proved possible to drive the denervated heart at a 
rate either lower or somewhat higher than its intrinsic rate 
with brief bursts of stimuli, delivered down one branchial 
cardiac vagal branch (34). When bursts of electrical stimuli 
were delivered at 43 bursts/min in a preparation with an 
intrinsic heart rate of 36 beats/min the heart slowed but 
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it was observed to beat at exactly half the bursting rate, 
implying that it was induced to beat by alternate bursts (34) 
rather than being simply inhibited. 

Similar effects of peripheral stimulation of the cardiac 
vagus have been reported for mammals. In anesthetized 
dogs and cats electrical stimulation of the vagus nerve to-
wards the heart with brief bursts of stimuli, similar to those 
recorded from efferent cardiac vagal fibers, caused heart 
rate to synchronize with the stimulus over a wide range of 
frequencies both lower and higher than the intrinsic heart 
rate (reviewed in Ref. 35). The mechanisms of beat-to-
beat vagal control of heart rate in mammals remain largely 
unresolved but there are several studies that indicate that 
the effect of a brief burst of efferent activity delivered down 
the cardiac vagus relates to the phase of the cardiac cycle 
when it is delivered (36,37). Thus, the vagal effect on the 
heart cannot be measured merely in terms of the amount of 
acetylcholine delivered per unit time. Similar detailed studies 
are long overdue on fish, amphibians and reptiles.

Teleosts
Work on teleosts has stressed the importance of inputs 

from peripheral receptors in the genesis of cardiorespiratory 
synchrony. Randall (26) recorded efferent nervous activity 
from the cardiac branch of the vagus in the tench that was 
synchronized with the mouth-opening phase of the breathing 
cycle. It was suggested that this activity generates synchrony 
between heart beat and breathing movements and that 
both a hypoxic bradycardia and synchrony were mediated 
by reflex pathways. Randall and Smith (38) described the 
development of an exact synchrony between breathing 
and heart beat in the trout during progressive hypoxia. In 
normoxia, heart rate was faster than ventilation; hypoxia 
caused an increase in ventilation rate and a reflex bradycar-
dia, which converged to produce a 1:1 synchronization of 
the two rhythms. Both the bradycardia and synchrony were 
abolished by atropine. In addition, Randall and Smith (38) 
were able to demonstrate 1:1 synchronization of hypoxic 
heart rate with pulsatile forced ventilation, which was clearly 
generated by reflex pathways, presumably arising from 
mechanoreceptors on the gills, because the spontaneous 
breathing efforts of the intubated fish were out of phase 
with imposed changes in water velocity and were without 
effect on heart beat. 

Recent work on pacu, Piaractus mesopotamicus (28,39), 
has revealed that respiration-related, bursting activity is only 
recorded from the cardiac vagus when fish are hyperven-
tilating or coughing, implying that the bursts arise reflexly, 
following stimulation of branchial mechanoreceptors. The 
spontaneous occurrence of a cough or bout of increased 
ventilatory effort was accompanied by bursts of activity in 
the cardiac vagus, with consequent transient bradycardia. 
In fish rendered moderately hypoxic by reduction of the 
flow of water irrigating the gills, a period of spontane-
ously increased ventilatory amplitude was accompanied by 

respiration-related bursts of activity in the cardiac vagus, 
which were not apparent in the inactive normoxic fish and 
appeared to recruit the heart. As in the dogfish, phasic pe-
ripheral stimulation of the cardiac vagus or central stimula-
tion of respiratory branches of cranial nerves VII, IX and X 
entrained the heart over a wide range of frequencies, both 
below and above the intrinsic rate (28,39). Thus increased 
ventilatory efforts generate activity in the cardiac vagus, 
slowing or recruiting the heart. 

Thus, we are left with an apparent conflict of evidence 
on the mode of generation of cardiorespiratory synchrony, 
which in elasmobranches may be primarily generated by 
central interactions in inactive, normoxic, or hyperoxic fish 
when cardiac vagal tone is low; while in teleosts it appears 
during hypoxia perhaps as a result of stimulation of bran-
chial mechanoreceptors during forced ventilation and is 
generated reflexly by increased vagal tone. There is, how-
ever, some evidence from our current studies that central 
interactions may to some extent generate cardiorespiratory 
synchrony in teleosts. Recordings of respiration-related 
bursting activity in the cardiac nerve of pacu was found to be 
concurrent with bursts in the mandibular branch of the Vth 
cranial nerve and both anticipated activity in the respiratory 
branches of the VIIth, IXth, and Xth cranial nerves (Figure 
2A) (39). This was also the case in recordings from dogfish. 
In both elasmobranches and teleosts the distribution of mo-
tor neurons supplying the Vth nerve in the brainstem does 
not overlap with the distribution of CVPN or with neurons 
supplying the other respiratory nerves (Figure 2B) (1,21,39). 
In addition, central electrical stimulation of the mandibular 
branch of the Vth cranial nerve in pacu was without effect on 
heart rate, while central stimulation of respiratory branches 
of the VIIth, IXth and Xth cranial nerves either slowed or 
recruited the heart (21). Accordingly, concurrence of bursting 
activity in the cardiac nerve with activity in the Vth cranial 
nerve is likely to be generated centrally, possibly by inputs 
to both groups of neurons from the central respiratory pat-
tern generator when respiratory drive is high, as in hypoxia. 
This possibility merits further investigation with the dogfish 
as the model of choice.

Air-breathing fish
Many of the primitive ray-finned fishes are air-breathers 

and air-breathing also seems to have evolved numerous 
times within teleosts (40). The anatomy and physiology of 
the air-breathing organs vary enormously among species, 
but it is characteristic that heart rate increases during air-
breathing. In lungfish (Dipnoi), a vagal innervation of the 
heart is well established, whilst the sympathetic chain 
seems poorly developed (41). Heart rate does not change 
much with air breathing but pulmonary ventilation is as-
sociated with a marked rise in pulmonary blood flow in all 
species of lungfish (for a review, see Ref. 42). Control of 
pulmonary blood flow involves branchial shunts, which are 
neurally regulated and cholinergic vasoconstriction of the 
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pulmonary artery. Lungfish are endowed with pulmonary 
stretch receptors as well as both central and peripheral 
chemoreceptors, making it likely that feedback from these 
receptors is involved. 

Changes in heart rate during ventilation are also evident 
in the jeju, Hoplerythrinus unitaeniatus, a teleost fish that 
also uses a modified swim bladder as an air-breathing or-
gan. Heart rate decreases during expiration, but increases 
drastically during the subsequent inhalation that inflates 
the swim bladder (43). These heart rate changes were 
primarily of cholinergic origin and an in-depth analysis of 
HRV in this species indicated that the heart rate changes 
were qualitatively similar to RSA in higher vertebrates (43). 
An example of the rapid change in heart rate upon an air-
breath in Synbranchus marmoratus is shown in Figure 3 

(from Ref. 44). As seen in this example, expansion of the 
buccopharyngeal cavity leads to a marked rise in heart 
rate (44). 

Amphibians

There are limited data on the central topography of the 
vagal motor column in amphibians. In the African clawed 
toad Xenopus laevis, about 30% of VPN are located in a 
ventrolateral location outside the DVN. Both groups inner-
vate all target organs including the heart and lungs (45). In 
the neotenous axolotl, Ambystoma mexicanum that retains 
larval features into the adult (i.e., sexually mature) stage, 
including external gills and gill clefts in the pharynx, all VPN 
are in a medial nucleus representing the DVN. When induced 
to metamorphose, they lose their gills and leave water to 
become committed lung breathers. There is an increase in 
the number of VPN and a proportion of them (about 15%) 
are found in a more lateral location in the white matter of 
the medulla (46). This relocation may in part relate to the 
switch from gill to lung-breathing. 

An authoritative review that considered the influences of 
phylogeny, ontogeny and season on central cardiovascular 
function in amphibians has reported that early-stage fully 
aquatic larvae of the bullfrog show no evidence of reflex 
adjustments of heart rate (47). Cholinergic sensitivity of 
the cardiac pacemaker increases during larval develop-
ment and a vagal tone on the heart is first apparent at the 
onset of air-breathing. At metamorphosis there is a sharp 
decrease in cholinergic sensitivity and adult bullfrogs show 

Figure 3. Changes in the ventilatory and cardiac parameters 
during transition from gill ventilation to air-breathing in Syn-
branchus marmoratus in hypoxic water (PO2 50 mmHg). The 
arrow indicates the air-breathing time. Q = cardiac output; fH = 
heart rate (modified from Ref. 44, with permission).

Figure 2. A, Mean duration (± SD) of the interval between each 
peak (filled squares) of the burst activity in respiratory branches 
of cranial nerves V, IX, and X or the cardiac branch of X and 
the peak of the succeeding opercular movement (time = 0) in 
Piaractus mesopotamicus. The letters d and e denote signifi-
cantly similar groups of mean values. The peaks of activity in 
the cardiac nerve are concurrent with activity in the Vth cranial 
nerve and both anticipate activity in the IXth and 1st, 2nd and 3rd 
respiratory branches of the Xth cranial nerve. B, The rostrocau-
dal distribution in the brainstem of P. mesopotamicus of cell bod-
ies of respiratory visceral motor neurons supplying axons to the 
mandibular Vth, opercular VIIth, branchial IXth, and 1st and 4th 
branchial Xth, together with cardiac vagal preganglionic neurons 
supplying axons to the cardiac vagus (modified from Ref. 12, with 
permission).
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no resting vagal or adrenergic tone on the heart. However, 
cardiac vagal tone varies widely with temperature in some 
adult amphibians. In Xenopus, cardiac vagal tone increased 
markedly with temperature between 10° and 30°C, causing 
a major modulation of the Q10 relationship for heart rate. 
However, the situation was complicated by the presence 
of a ß-adrenergic tone on the heart that also varied with 
temperature. Injection of propranolol plus atropine revealed 
the true level of the predominant vagal tone (1). Altimiras et 
al. (48) studied these interactions between the two arms of 
autonomic control of the heart in teleost fishes and showed 
that the order in which antagonists are injected changes 
the calculated values for sympathetic and parasympathetic 
tone.

Amphibians have evolved control mechanisms, which 
relate to whether they are more or less committed to lung 
breathing. Those that are less committed to air-breathing or 
have no lungs, like the lungless salamanders, Plethodon-
tidae, rely solely on sympathetic adrenergic regulation 
of cutaneous blood flow to control blood gases (49). In 
intermittent lung breathers like the frog and toad, control 
of pulmonary blood flow is achieved by a strong vagal 
cholinergic vasoconstriction of the pulmo-cutaneous artery 
that is extrinsic to the lung (50). Vasoconstriction in the pul-
monary circuit reduces pulmonary blood flow and increases 
systemic recirculation of oxygen-poor blood from the right 
atrium, whereas decreased vagal tone on the pulmonary 
artery is associated with the increased pulmonary blood flow 
observed during lung ventilation. Adrenergic sympathetic 
vasoconstriction of the cutaneous circulation contributes 
secondarily to increases in pulmonary blood flow (50). The 
extent to which withdrawal of vagal tone versus increased 
sympathetic tone contributes to the increased heart rate 
and pulmonary blood flows associated with lung ventila-
tion is not resolved but it may be primarily due to release 
of vagal tone, as vagotomy or injection of atropine reduces 
or abolishes cardiorespiratory coupling (45). 

Although most anuran larvae show unchanging heart 
rates during episodic lung ventilation (47), there is a clear 
cardiorespiratory coupling in adult anurans, in that intermit-
tent lung ventilation is matched by intermittent increases in 
pulmonary blood flow, without compromising systemic blood 
flow. The mechanisms underlying these relationships are 
unknown. Recent experiments demonstrated increases in 
heart rate and pulmonary blood flow during bouts of fictive 
breathing in decerebrated paralyzed and through ventilated 
toads, indicating central control of cardiorespiratory interac-
tions (45). These may in part arise from the overlapping 
central topography of CVPN and pulmonary VPN (45,46). 
Alternatively, stimulation of lung stretch receptors during 
bouts of breathing may result in release of vagal tone on the 
heart and pulmonary artery. Artificial inflation of the lungs 
in anesthetized frogs and toads elicited cardiovascular 
responses similar to those observed in normally breathing 
animals, which were abolished by deep anesthesia or injec-

tion of atropine (45). However, in conscious Xenopus, den-
ervation of pulmonary stretch receptors did not abolish the 
increase in heart rate associated with lung inflation (1).

Some of the cardiac responses to intermittent lung 
ventilation may be generated directly by mechanical or 
chemical factors (45). In anesthetized toads artificial lung 
inflation caused increased pressure in the left atrium and 
an elevated heart rate, which was not abolished by atropine 
injection, implying that direct mechanical effects on venous 
return to the heart (i.e., the Frank-Starling mechanism) 
may contribute to cardiorespiratory coupling. An alterna-
tive mechanism has been proposed for anesthetized and 
unidirectionally ventilated toads, in which hypoxia and 
hypercapnia reduced pulmonary blood flow. Some of this 
response may be locally mediated by a direct effect on 
vascular tone. 

Reptiles

Reptiles are typically periodic breathers, and during 
bouts of breathing the degree of shunting of blood flow to 
the lung increases. Vasomotor control is important in divert-
ing blood between the pulmonary and systemic systems. In 
turtles and lizards the net direction and magnitude of shunt 
flow is affected by resistance in the pulmonary circuit, relative 
to the systemic circuit, by active vagal, cholinergic regulation 
of pulmonary arterial resistance. Control of pulmonary blood 
flow in reptiles is achieved by vagal cholinergic constriction 
of the pulmonary artery. Peripheral electrical stimulation of 
the vagus or intravenous injection of acetylcholine results 
both in bradycardia and an increase in pulmonary vascular 
resistance, which reduces pulmonary blood flow (1). These 
cardiovascular changes are abolished by administration of 
atropine. The rattlesnake, Crotalus durissus, has a single 
lung and functional pulmonary arch, designated as the right 
arch, though it is innervated by the left vagus. Peripheral 
electrical stimulation of the left vagus slowed the heart and 
stopped blood flow to the pulmonary arch (51). Blood flow 
is also under adrenergic control. Vagal cholinergic tone 
predominated over sympathetic adrenergic tone in inactive 
Boa constrictor. The increase in heart rate during enforced 
activity was due largely to complete withdrawal of inhibi-
tory vagal tone, while the increase following a meal was 
mediated by small changes in overall autonomic tone with 
evidence of involvement of non-adrenergic-non-cholinergic 
(NANC) factors (23,24). 

Reptiles show clear examples of cardiorespiratory 
coupling. In the free diving turtle, Trachemys scripta, pul-
monary blood flow increased more than 3-fold at the onset 
of breathing, during recovery from breath-holds lasting 
longer than 5 min (52). Systemic blood flow also increased 
during ventilation. These increases were accomplished 
entirely through changes in heart rate during ventilation, 
with stroke volume unchanged. Systemic blood flow always 
exceeded pulmonary flow so that a net right to left cardiac 
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shunt prevailed, regardless of ventilatory state. Neverthe-
less, because pulmonary flow increased markedly during 
ventilation, the ratio of pulmonary to systemic flow increased 
from 0.3 to 0.8. These cardiovascular changes associated 
with intermittent lung ventilation in discontinuous breath-
ers have been referred to as cardiorespiratory synchrony 
(e.g., 52), which is a different use of the term compared to 
one-to-one synchrony in fish (see above). 

In both, the turtle, Pseudemys scripta, and the tortoise, 
Testudo graeca, the onset of lung ventilation was closely 
accompanied by a tachycardia (53). As stimulation of pul-
monary stretch receptors, arterial chemoreceptors and 
baroreceptors or water receptors was without effect on 
heart rate, it was concluded that this ventilatory tachycardia 
resulted from central interactions between respiratory and 
cardiac neurons in the medulla. As the breathing tachy-
cardia was unaffected by β-adrenergic blockade, it seems 
that all changes in heart rate were mediated by alterations 
in vagal tone. Heart rate fell slightly before and markedly 
after hatching in the snapping turtle, Chelydra serpentina, 
indicating the establishment of a vagal tone on the heart, 
coincident with the onset of lung breathing (54). The heart 
rate changes with ventilation disappear upon blockade of 
the autonomic nervous innervation of the heart and are 
clearly regulated. 

Wang et al. (23) showed that there are slight changes 
in fH related to lung ventilation in snakes but it is uncertain 
if these components formed distinct oscillations in fH at 
the frequency of fR, and therefore could be categorized 
as RSA. On the basis of power spectral analysis of heart 
rate, there was no spectral component of the heart rate 

signal with ventilation in a small lizard Galloti galloti (55). 
However, the use of fH dataloggers for long-term monitoring 
in undisturbed rattlesnakes (22) enabled us to determine 
HRV in settled, recovered animals when sympathetic tonus 
was low and vagal tonus high. These animals showed 
oscillatory components in the HRV signal at the frequency 
of ventilation that were abolished by injection of atropine. 
Results from this study agreed in part with Gonzalez and De 
Vera (55), in that two peaks were detected in the fH spectra 
of the rattlesnake. However, the frequency and amplitude 
of these peaks was relative to fH, with high fH favoring 
the lower frequency peaks and low fH the high frequency 
peaks. The high frequency peaks that were removed by the 
cholinergic blocker atropine occurred at the frequency of 
the respiratory cycle. The respiratory cycle of rattlesnakes 
consists of a prolonged inspiration followed by a relatively 
short expiration. Heart rate slowed upon expiration and 
increased during inspiration, which is similar to the changes 
in heart rate observed in conscious unrestrained mammals 
and characterized as RSA (16). Thus, this study contrasts 
with that of Gonzalez and De Vera (55), as we were able to 
present clear evidence for respiratory modulation of heart 
rate that closely resembled that recorded from mammals 
and accordingly may be classed as RSA. 

Accordingly, the previous data refute the proposition that 
centrally controlled cardiorespiratory coupling is restricted 
to mammals, as propounded by the polyvagal theory of 
Porges (19). Neural tracers applied to the vagus nerve 
in the caiman revealed VPN both within and outside the 
DVN (Figure 4), with about 15% in the ventrolateral group 
that may constitute a primitive NA (Figure 5B). In an as-
sociated neuroanatomical study we were able to show that 
VPN were distributed in 3 locations in the brainstem of the 
rattlesnake, 2 in the DVN and a ventrolateral group outside 
of the DVN (Figure 5A) (22). So the mammalian-style RSA 
in reptiles may have its basis in a dual location for CVPN 
as described in mammals where RSA is generated largely 
in the NA (1).

Non-adrenergic-non-cholinergic control of 
heart rate

An increase in heart rate after a meal (postprandial 
tachycardia) has been reported for most groups of verte-
brates, including reptiles (see, for instance, Refs. 23,24) 
and humans. The underlying regulatory mechanism remains 
elusive. Interestingly, however, patients with transplanted 
and fully denervated hearts exhibit a pronounced postpran-
dial rise in cardiac output (56), suggesting that the cardiac 
stimulation is not reflex in nature, but, at least partially 
mediated by humoral factor(s). 

In boas and pythons, digestion causes a pronounced 
and long-lasting increase in heart rate (23,57). The post-
prandial tachycardia is proportional to meal size and in 
pythons digesting a meal amounting to 25% of the snakes 

Figure 4. Transverse sections of the caiman brainstem (A) 1.02 
mm and (B) 0.42 mm rostral to the obex. The cell bodies of the 
vagal preganglionic neurons were identified by injection of the 
neural tracer True Blue into the cervical vagus. Cell bodies were 
located in two distinct groups in the dorsal vagal motor nucleus 
(DVN) (D1 and D2) close to the edge of the 4th ventricle (V) and 
in a ventrolateral group (VL) outside the DVN.



608 E.W. Taylor et al.

www.bjournal.com.brBraz J Med Biol Res 43(7) 2010

body weight heart rate doubled 24 h into digestion. The 
postprandial tachycardia is mediated by a withdrawal 
of the inhibitory vagal tone and an increase in intrinsic 
heart rate revealed after pharmacological blockade of 
both muscarinic and β-adrenergic receptors (23,57). This 
implies that other factors than catecholamines or reduced 
cholinergic tone exert a pronounced positive chronotropic 
action during digestion. This NANC stimulation of the heart 
could arise from increased circulating levels of a hormone 
that either acts directly on the heart or presynaptically on 

cardiac neurons causing release of chronotropic agents. 
In humans, postprandial heart rate is also stimulated by 
an NANC factor (58). In digesting sea bass, however, the 
increase in heart rate is caused only by a withdrawal of 
cholinergic tone.

Interestingly, histamine exerted a positive chronotropic 
effect on intrinsic heart rate in fasting pythons, which was 
abolished in digesting snakes (57). Furthermore, injection of 
the histamine H2-receptor antagonist ranitidine decreased 
intrinsic heart rate by about 20 beats/min in digesting snakes 
but had no effect in fasting snakes. This suggests that there 
is no histaminergic tone on the heart in fasting snakes, but 
that a large histaminergic tone develops by 24 h into the 
postprandial period. The histaminergic tone on the heart 
disappears by 48 h into the postprandial period while the 
intrinsic heart rate is still elevated. Thus, while increased 
histaminergic tone appears to explain most of the tachycar-
dia during the initial phase of digestion, other NANC factors 
seem to be involved in regulating the postprandial heart rate, 
in particular during the subsequent phases of digestion. It 
is tempting to speculate that, as the ingested food is being 
processed and moves along in the gastrointestinal system, 
this progressively stimulates the release of various hormones 
and regulatory peptides, which then directly or indirectly 
induce the responses to digestion including the postprandial 
increase in cardiac output and heart rate. Other hormones 
released from the duodenal-pancreatic region have been 
suggested to be involved in the regulation of the postprandial 
increase in cardiac output and heart rate. Insulin has been 
considered because of its cardiovascular effects including a 
positive chronotropic and ionotropic effect. Secretin increases 
heart rate and cardiac output during digestion in dogs and 
humans (59) and the intestinal hormone oxyntomodulin, 
which is released during digestion, increases intrinsic heart 
rate in mice when administered peripherally (60).
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