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Abstract
The respiratory and cardiovascular systems are highly intertwined, both anatomically and
physiologically. Respiratory and cardiovascular neurons are often co-localized in the same
brainstem regions, and this is particularly evident in the ventral medulla which contains pre-
sympathetic neurons in the rostral ventrolateral medulla, premotor parasympathetic
cardioinhibitory neurons in the nucleus ambiguus, and the ventral respiratory group, which
includes the pre-Botzinger complex. Anatomical studies of respiratory and cardiovascular neurons
have demonstrated that many of these neurons have projections and axon collateral processes
which extend into their neighboring cardiorespiratory regions providing an anatomical substrate
for cardiorespiratory interactions. As other reports in this Special Issue of Respiratory Physiology
& Neurobiology focus on interactions between the respiratory network and baroreceptors, neurons
in the nucleus tractus solitarius, presympathetic neurons and sympathetic activity, this report will
focus on the respiratory modulation of parasympathetic activity and the neurons that generate
parasympathetic activity to the heart, cardiac vagal neurons.

1. Anatomy and Role of Parasympathetic Innervation of the Heart
The location of pre- and post- ganglionic vagal cardioinhibitory neurons are illustrated in
Figure 1. Preganglionic cardiac vagal neurons, whose cell bodies are located mostly in the
nucleus ambiguus, and to a lesser extent in the dorsal motor nucleus of the vagus, send their
fibers in the vagi nerves to cardiac ganglia within the connective and fatty tissue that
surround the right atrium and vena cava (Machado et al. 1988;Loewy et al.
1990b;Mendelowitz et al. 1991;Cheng et al. 2000). Postganglionic fibers emerge from these
ganglia to innervate the nearby sinoatrial and atrioventricular nodes of the heart (Rardon et
al. 1983;Pardini et al. 1987).

Heart rate is dominated by the activity of the cardioinhibitory parasympathetic nervous
system. In conscious and anesthetized animals there is a tonic level of parasympathetic
nerve firing and little, if any, sympathetic activity at rest (humans (Pickering et al. 1972),
dogs (Scher et al. 1970), cats (Kunze 1972), rats (Coleman 1980; Stornetta et al. 1987)).
During increases in arterial pressure the initial reflex induced slowing of the heart is caused
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primarily, if not exclusively, by increases in cardiac vagal nerve activity(Scher et al. 1970;
Stornetta et al. 1987). During decreases in arterial pressure the baroreflex induced
tachycardia is caused mostly by decreases in parasympathetic, in addition to increases in
sympathetic nerve activity (Scher et al. 1970; Spyer 1981; Spyer et al. 1988). When both
parasympathetic and sympathetic activities are present, parasympathetic activity generally
dominates the control of heart rate. Increases in parasympathetic activity evoke a
bradycardia that is more pronounced when there is a high level of sympathetic firing (Levy
et al. 1969). When there is a moderate or high level of parasympathetic activity, changes in
sympathetic firing elicit negligible changes in heart rate (Levy et al. 1969).

Several disease states are associated with dysregulation of parasympathetic outflow to the
heart. Hypertension, diabetes, hypothyroidism and coronary artery disease are associated
with decreased parasympathetic activity (Inukai et al. 1990; Ajiki et al. 1993; Oka et al.
1996; Julius et al. 1998; Motte et al. 2005; Evrengul et al. 2006). Parasympathetic
withdrawal is associated with ventricular arrhythmias and sudden cardiac death (Hull et al.
1995). Congestive heart failure is associated with heightened sympathetic and diminished
parasympathetic outflow (Ferguson et al. 1990). Further, diminished heart rate recovery
after exercise due to blunted parasympathetic outflow is an independent predictor of
mortality in chronic heart failure (Nishime et al. 2000). Re-establishment of parasympathetic
outflow is associated with increased recovery in ischemia and reperfusion induced
arrhythmias, as well as myocardial infarction, and restoring proper parasympathetic outflow
is suggested as a therapeutic target to reduce mortality and sudden death (Eckberg et al.
1971; La Rovere et al. 1988; Vanoli et al. 1991; Routledge et al. 2002).

2. Neurophysiology Of Cardiac Vagal Activity
It is widely accepted that parasympathetic activity originates from the central nervous
system rather than from peripheral ganglia. Preganglionic cardiac vagal neurons exclusively
generate parasympathetic activity to the heart and are tonically active with a firing pattern
that is cardiac pulse synchronous (Heymans 1958; Kunze 1972; Spyer 1981; Gilbey et al.
1984; Loewy A.D. 1990). Section of the preganglionic cardiac vagal fibers, leaving only
postganglionic innervation intact, releases the heart from parasympathetic inhibition
(Heymans 1958).

However, in the absence of synaptic activity, cardiac vagal neurons in the nucleus ambiguus
are silent and do not exhibit spontaneous activity. Cardiac vagal neurons do not display any
pacemaker-like properties such as repetitive or phasic depolarizations or action potentials
(Mendelowitz 1996). However, only a small depolarizing current (100pA) is needed to
evoke repetitive firing in cardiac vagal neurons, and this activity occurs with little delay and
minimal spike frequency adaptation during any maintained depolarizing currents
(Mendelowitz 1996). The voltage gated currents and firing characteristics of cardiac vagal
neurons enable them to follow fast synaptic drive closely as well as integrate long-lasting
modulatory influences (Mendelowitz 1996; Mihalevich et al. 1996). Hyperpolarization of
these neurons prior to depolarization relieves the inactivation of a 4-aminopyridine sensitive
potassium channel. Therefore, hyperpolarizing synaptic inputs could inhibit cardiac vagal
neuron activity both directly, and by activation of this K+ current (Mendelowitz 1996;
Mihalevich et al. 1996).

The absence of pacemaker activity in cardiac vagal neurons in-vitro is consistent with results
from in-vivo studies. In the relatively few in-vivo studies that have successfully identified
and examined cardiac vagal neurons with extracellular electrodes, the great majority
(identified by antidromic stimulation) did not fire spontaneously (McAllen et al. 1978;
Nosaka et al. 1979; Jordan et al. 1982; Gilbey et al. 1984). In the only in-vivo study in which
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intracellular recordings were successful (and in only 2 neurons) cardiac vagal neurons were
silent (Gilbey et al. 1984). The lack of ongoing cardiac vagal activity in these anesthetized
in-vivo studies is somewhat unexpected since in conscious animals and humans (rats
(Coleman 1980; Stornetta et al. 1987; Spyer et al. 1988), dogs (Scher et al. 1970), cats
(Kunze 1972), humans (Pickering et al. 1972)) there is a high level of tonic cardiac vagal
activity. However in the in-vivo experiments excitatory pathways to cardiac vagal neurons
may have been inhibited due to the trauma of the acute open-chest surgery, or anesthesia,
which, in general, inhibits excitatory and augments inhibitory pathways (Wakamori et al.
1991). The tonic parasympathetic activity that is present in unanesthetized animals is
therefore likely maintained to a large extent by an excitatory synaptic input that is reduced
or absent in anesthetized in-vivo preparations.

The cardiovascular control and activation of cardiac vagal neurons in the brainstem is
strongly influenced by the activation and modulation of glutamatergic and GABAergic
synaptic pathways to cardiac vagal neurons. Stimulation of the nucleus tractus solitarius
(NTS) evokes a glutamatergic pathway that activates both NMDA and non-NMDA
postsynaptic currents in cardiac vagal neurons (Neff et al. 1998; Mendelowitz 1999). This
pathway likely constitutes the essential link between increases in blood pressure and afferent
baroreceptor activity, which activates neurons in the NTS, and the reflex compensatory
decrease in heart rate caused by increases in efferent cardioinhibitory cardiac vagal activity.

GABAergic neurons that project to cardiac vagal neurons have recently been localized to
populations within specific areas immediately medial and ventral to the nucleus ambiguus,
and in close proximity to the NTS (Frank et al. 2009). The GABAergic pathway from the
NTS can be activated upon both electrical and photo-uncaging excitation of these neurons
(Wang et al. 2001a; Frank et al. 2009). Stimulation of afferents in the central end of a
sectioned vagus nerve evokes both GABAergic and glutamatergic responses in cardiac vagal
neurons (Evans et al. 2003). Capsaicin, which inactivates C-fibers, increased the latency of
the GABAergic response without changing the latency of the glutamatergic responses
(Evans et al. 2003). It is likely that this inhibitory GABAergic pathway evoked from vagal
nerve or NTS stimulation is involved in patterning cardiac vagal activity which is bursting
and synchronous with the cardiac cycle.

3 Respiratory Modulation of Parasympathetic Cardiac Vagal Neurons
Cardiac vagal neurons are profoundly influenced by inputs from the respiratory system.
There are two well-known physiological interactions between the respiratory system and
cardiac vagal neuron activity. The respiratory system influences cardiovascular reflexes by
modulating the baroreceptor and chemoreceptor input to cardiac vagal neurons. In both
animals and humans, the baroreceptor and chemoreceptor reflexes are inhibited during
inspiration, and are facilitated during post-inspiration and expiration, or during a maintained
phase of post-inspiration and apnea (Davidson et al. 1976; Eckberg et al. 1977; McAllen et
al. 1978). This respiratory modulation of both reflexes persists after pulmonary denervation,
as well as ventilatory paralysis, suggesting that this “gating” of the baroreceptor and
chemoreceptor reflexes occurs within the brainstem (Loewy et al. 1990a; Eckberg 2003). A
number of studies indicate respiratory inputs do not alter baroreceptor and chemoreceptor
synapses at their first synapse in the nucleus tractus solitarius (NTS) (Spyer 1981; Spyer et
al. 1988) suggesting that respiratory influences on baroreceptor and chemoreceptor reflexes
occur beyond the NTS in these brainstem reflex pathways.

In addition to respiratory modulation of baro- and chemo-reflexes, the most ubiquitous
cardiorespiratory interaction is respiratory sinus arrhythmia. During each respiratory cycle
the heart beat slows during expiration and increases during inspiration. Respiratory sinus

Dergacheva et al. Page 3

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



arrhythmia helps match pulmonary blood flow to lung inflation and maintain the appropriate
diffusion gradient for oxygen in the lungs(Anrep et al. 1936a).

Many factors influence the changes in heart rate in response to respiration. These include
sensory input related to lung inflation, changes in the activity of atrial stretch-sensitive
receptors (due to variations in venous return produced by intrathoracic pressure changes),
and activation of baroreceptors in the aortic arch and carotid sinus (also due to variations in
venous return)(Anrep et al. 1936a; Anrep et al. 1936b; Richter et al. 1990; Berne et al.
1997). While feedback from pulmonary stretch receptors, direct respiratory related changes
in venous return and cardiac stretch can evoke respiratory related changes in heart rate, the
dominant source of respiratory sinus arrhythmia originates from the brainstem (Anrep GV
1935). Respiratory sinus arrhythmia persists when the lungs are stationary (caused by
muscle paralysis or constant flow ventilation), and the respiratory modulation of heart rate
remains synchronized with brainstem respiratory rhythms even if artificial ventilation of the
lungs, and chemoreceptor activation, occur at different intervals (Spyer et al. 1988; Daly
1991; Elghozi et al. 1991; Hrushesky 1991; Shykoff et al. 1991). In both animals and
humans respiratory sinus arrhythmia is mediated via cardiac vagal activity. Respiratory
sinus arrhythmia persists in animals upon sectioning sympathetic pathways, and in
quadriplegic patients with spinal cord injury and sympathetic dysfunction (Inoue et al. 1990;
Daly 1991; Elghozi et al. 1991; Hrushesky 1991; Shykoff et al. 1991). Furthermore,
respiratory sinus arrhythmia persists after blocking sympathetic activity to the heart by
administration of the beta-adrenergic antagonist propanolol, and after sectioning of
sympathetic fibers (Levy et al. 1969; Kollai et al. 1979; Hrushesky 1991). Blocking
parasympathetic activity with atropine, however, significantly reduces respiratory sinus
arrhythmia, indicating that this cardiorespiratory interaction is predominantly mediated by
the activity of cardiac vagal neurons (Warner et al. 1986; Hrushesky 1991; Berne et al.
1997).

It is well established in many species (including neonatal(Hathorn 1987) and adult
humans(Hirsch et al. 1981; Eckberg 1983), baboons(Myers et al. 1990), dogs(Hayano et al.
1996), seals(Castellini et al. 1994), and rabbits(Jordan et al. 1982)) that heart rate increases
during inspiration and decreases during post-inspiration/expiration. However, surprisingly a
recent study proposed that rats have an inverted respiratory sinus arrhythmia. This
conclusion was based on the in-vivo observation that cardiac vagal neurons fired during
inspiration in urethane anesthetized rats (Rentero et al. 2002). However more recent results
have resolved this apparent controversy. Heart rate increases during inspiration in conscious,
freely moving rats, similar to the pattern of respiratory sinus arrhythmia in other mammals,
including humans (Bouairi et al. 2004). However the anesthetic urethane alters this
cardiorespiratory interaction and produces an inversion of normal respiratory sinus
arrhythmia (Bouairi et al. 2004). Other anesthetics also blunt respiratory sinus arrhythmia,
raising the concern that respiratory modulation of parasympathetic cardiac vagal neurons is
highly susceptible and should be studied without the confounding effects of anesthetics
(Bouairi et al. 2004).

To mediate respiratory sinus arrhythmia cardiac vagal neurons fire most rapidly in post-
inspiration, and are often silent in inspiration (Kunze 1972; McAllen et al. 1978; Spyer
1981). Unfortunately obtaining information concerning the transmitters and neurons
responsible for this cardiorespiratory interaction in-vivo is extremely difficult. The low
probability of finding and recording from the sparse number of cardiac vagal neurons (~200/
animal) and the difficulty of the necessary task of identifying these neurons by antidromic
stimulation of the cardiac branch of the vagus nerve make in-vivo recordings particularly
challenging. In the only in-vivo study in which intracellular recordings were successful (and
in only 2 neurons) cardiac vagal neurons received inhibitory synaptic input during
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inspiration (Gilbey et al. 1984). During inspiration input resistance decreased and injection
of chloride reversed this hyperpolarization (Gilbey et al. 1984). This inhibitory chloride
conductance would most likely be caused by activation of postsynaptic GABA or glycine
receptors during inspiration. Paradoxically, however, in a review by one of these
investigators it is stated “the inspiratory related inhibition of cardioinhibitory neurons is not
antagonized by the iontophoretic application of either bicuculline or the glycine antagonist
strychnine” (Loewy A.D. 1990). This seemingly conflicting data could be due to the small
sample size, inability of microinjections to distinguish direct effects on cardiac vagal
neurons from actions on presynaptic terminals or local interneurons, and anesthetic
modulation of the respiratory activity and/or neurotransmission to cardiac vagal neurons.

More recent in-vitro work has characterized the respiratory inputs to cardiac vagal neurons
that mediate respiratory sinus arrhythmia. In brain slices that generate rhythmic, inspiratory
phase motor discharge, the frequency of both spontaneous GABAergic and glycinergic
synaptic events in cardiac vagal neurons significantly increase with each inspiratory burst
(Neff et al. 2003). The GABA mediated inhibition of cardiac vagal neurons during
inspiration is inhibited by curare, indicating that the increase in GABAergic frequency is
mediated by the activation of nicotinic receptors (Neff et al. 2003). This increase in
GABAergic frequency is unaffected by α-Bungarotoxin, demonstrating that it was not
mediated by the activation of α7 nicotinic receptors (Neff et al. 2003). A β2-selective
concentration of dihydro-beta-erithroidine (DHβE), however, abolishes the GABAergic
inhibition of cardiac vagal neurons during inspiration, indicating that activation of β2
containing nicotinic receptors by endogenous acetylcholine drives the GABAergic inhibition
in this cardiorespiratory interaction (Neff et al. 2003). The facilitation of GABAergic
inhibition of cardiac vagal neurons by activation of nicotinic receptors is consistent with
previous work which has shown that spontaneous GABAergic inhibition of cardiac vagal
neurons is enhanced by the activation of β2 receptors presumably located in the presynaptic
terminals of GABAergic neurons(Wang et al. 2001b; Wang et al. 2003). This study also
indicates that the nicotinic receptors responsible for the increased GABAergic activity
during inspiration are in close proximity to the cardiac vagal neurons since focal application
of the nicotinic antagonist DHβE abolished this increase. In contrast, greater concentrations
of DHβE did not significantly alter the respiratory related increase in glycinergic synaptic
frequency in cardiac vagal neurons (Neff et al. 2003). Interestingly, previous studies have
shown that spontaneous glycinergic inputs to cardiac vagal neurons are also enhanced by
activation of β2 nicotinic receptors in glycinergic presynaptic terminals(Wang et al. 2003).
This suggests that although glycinergic inputs to cardiac vagal neurons likely possess
presynaptic nicotinic receptors, these receptors are apparently not involved with the
inspiratory evoked increase in glycinergic synaptic input to cardiac vagal neurons. Figure 2,
top, illustrates many of the most important and endogenously active synaptic pathways to
cardiac vagal neurons and the pre- and post-synaptic receptors activated.

3.1 Respiratory Influences on Cardiac Vagal Neurons During Hypoxia
3.1.1 Acute hypoxia

Challenges such as hypoxia evoke strong coordinated responses from the respiratory and
cardiovascular systems. Hypoxia initially elicits a transient increase, followed by a sustained
decrease in respiratory frequency, and eventually cessation of breathing (Guntheroth et al.
1975). In addition, respiration changes from the normal eupnic pattern of breathing to
gasping in response to hypoxia, which increases the chance of autoresuscitation (Guntheroth
et al. 1975).

The heart rate also exhibits a biphasic response to hypoxia. Hypoxia evokes a transient
tachycardia, followed by a parasympathetically mediated bradycardia, and ultimately,
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cessation of cardiac contractions (Taylor et al. 1982; Schuen et al. 1997; Deshpande et al.
1999). Studies in humans have shown that hypoxia induced bradycardia can be blocked by
atropine and is absent in heart transplant recipients (Berk et al. 1977; Somers et al. 1992;
Madden et al. 1997; Baird 2004; Martin et al. 2004). In a wide variety of animals tested
application of atropine to block parasympathetic outflow prevents bradycardia during
hypoxia (de Burgh Daly et al. 1977; Daly et al. 1978; Cohn et al. 1980; Lewis et al. 1980;
Przybylski et al. 1980; Ikenoue et al. 1981; Hayashi et al. 1982; O'Donnell et al. 1992; Yu et
al. 1998). Further, vagotomy prevents bradycardia during hypoxia (Boddy et al. 1974;
Przybylski et al. 1980). Bradycardia during hypoxia increases animal survival, as atropine
sharply decreases survival under hypoxia (Scremin et al. 1980). The changes in
parasympathetic cardiac activity in response to hypoxia are due to changes in medullary
activity since the discharge of cardiac efferent fibers in the central end of the transected
vagus nerve is increased during hypoxia (Potter et al. 1986). Although peripheral
chemoreceptors may also be involved, the hypoxia induced bradycardia persists after section
of both the carotid sinus and aortic nerves indicating chemoreceptors within the central
nervous system can activate pathways that increase the activity of cardiac vagal neurons
(Serani et al. 1983).

Recent work has delineated the changes in synaptic neurotransmission to cardiac vagal
neurons evoked during hypoxia. Hypoxia evokes a biphasic change in inhibitory
neurotransmission to cardiac vagal neurons (Neff et al. 2004). In response to hypoxia,
GABAergic inhibition of cardiac vagal neurons changes in a biphasic fashion, initially
increasing and then significantly decreasing during hypoxia (Neff et al. 2004). Similarly, in
response to hypoxia there is a biphasic change in glycinergic inhibition comprised initially
of an increase followed by a depression of spontaneous and inspiratory evoked glycinergic
activity (Neff et al. 2004), see figure 2.

In addition to changes in GABA neurotransmission, serotonin (5-hydroxytryptamine, 5-HT)
receptors and signaling in the brainstem play an important role in central cardiorespiratory
responses to hypoxia. Hypoxia induces Fos-like immunoreactivity in 5-HT neurons in the
nucleus raphe pallidus, the nucleus raphe magnus, and along the ventral medullary surface
(Erickson et al. 1994; Teppema et al. 1997). Within the ventral respiratory group 5-HT
levels significantly increase and reach a maximum after 9 minutes of hypoxia and then
gradually decline posthypoxia (Richter et al. 1999). 5-HT acting on 5-HT1A receptors in the
nucleus raphe magnus plays no role under normal conditions but modulates breathing during
hypoxia (Nucci et al. 2008). In the anteroventral preoptic region both 5-HT1A and 5-HT7
receptors are involved in the inhibitory modulation of the hypoxic ventilatory response
(Gargaglioni et al. 2006). Activation of central 5-HT2A receptors is required to sustain
hypoxic gasping and to restore respiratory activity during posthypoxia (Tryba et al. 2006;
St-John et al. 2007). Central 5-HT2A receptors are also critical for long-term facilitation in
respiratory activity followed by intermittent hypoxia (Fuller et al. 2001; McGuire et al.
2004; Tryba et al. 2006).

5-HT receptors and pathways are recruited in the response of cardiac vagal neurons to
hypoxia. Within the nucleus ambiguus premotor neurons receive a large number of
axosomatic 5-HT contacts, and the 5-HT synaptic density on neurons in the nucleus
ambiguus is among the highest in the brainstem (Takeuchi et al. 1983). 5-HT fibers also
specifically surround cardiac vagal neurons, which have been described as “ensheathed in 5-
HT immunoreactive axonal boutons” (Izzo et al. 1993). Under normoxic conditions
excitatory synaptic inputs to cardiac vagal neurons are nearly completely blocked by
application of NMDA and AMPA/kainate glutamatergic receptor antagonists, while
blocking 5-HT3 and purinergic receptors has no effect (Dergacheva et al. 2009b). However,
hypoxia recruits an additional 5-HT-mediated excitation of cardiac vagal neurons which can

Dergacheva et al. Page 6

Respir Physiol Neurobiol. Author manuscript; available in PMC 2011 November 30.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



be blocked with the 5-HT3 receptor antagonist, ondansetron. This serotonergic pathway is
spontaneously active and is not inspiratory related. This direct activation of 5-HT3 receptors
on cardiac vagal neurons, in combination with glutamatergic receptor activation, provides
excitatory input and helps maintains parasympathetic cardiac activity during hypoxia
(Dergacheva et al. 2009b), see figure 2. In addition, during hypoxia 5-HT2 receptors on
cardiac vagal neurons are also recruited and act to sustain excitation of cardiac vagal neuron
activity during hypoxia via facilitation of 5-HT3 receptor activation (Dergacheva et al.
2009a). 5-HT receptors may also be responsible for the withdrawal of GABAergic and
glycinergic neurotransmission to cardiac vagal neurons during hypoxia. Although this has
not yet been tested, previous work has demonstrated that activation of 5-HT1A/7 receptors,
as well as repetitive activation of 5-HT2B receptors exerts an inhibitory action on both
spontaneous and inspiratory-related GABAergic inputs to cardiac vagal neurons
(Dergacheva et al. 2007; Wang et al. 2007). Therefore, a combination of two mechanisms:
disinhibition of cardiac vagal neurons via withdrawal of GABAergic and glycinergic
neurotransmission, and excitation of cardiac vagal neurons via activation of postsynaptic
glutamatergic and 5-HT3 receptors is likely important in the increase in cardiac vagal
neuron activity and the resultant bradycardia during hypoxia.

Hypoxia not only evokes a biphasic tachycardia followed by a bradycardia, but in the
recovery following hypoxia a strong bradycardia persists during the recovery period (Pichot
et al. 2000; Roche et al. 2002). Pronounced excitatory inspiratory-related synaptic pathways
are recruited to excite cardiac vagal neurons post hypoxia (Evans et al. 2005). During
recovery from hypoxia spontaneous and respiratory-related excitatory events are generated
mainly by the recruitment of glutamatergic and purinergic pathways (Griffioen et al. 2007a;
Dergacheva et al. 2009b), see figure 2. 5-HT2 receptors not only play a role by maintaining
excitatory neurotransmission to cardiac vagal neurons during hypoxia, as previously
discussed, but activation of 5HT2 receptors diminishes the subsequent inspiratory-related
excitatory neurotransmission to cardiac vagal neurons that is recruited during the recovery
from hypoxia likely by exerting an inhibitory action on inspiratory-related purinergic
signaling (Dergacheva et al. 2009a).

Brief and intermittent hypoxic episodes incrementally recruit a respiratory-related
glutamatergic neurotransmission that occurs during respiratory bursts and becomes
increasingly robust in successive hypoxic episodes (Griffioen et al. 2007b). Likely as a
result of the successive recovery periods that occur with repeated periods of hypoxia
reactive oxygen species are produced (Griffioen et al. 2007b). Inspiratory-synchronous
glutamatergic inputs to cardiac vagal neurons during repeated bouts of hypoxia are blocked
by application of reactive oxygen species scavengers, and visualization of reactive oxygen
species generation indicates they are incrementally produced in the ventrolateral medulla
during each hypoxic period (Griffioen et al. 2007b).

The reactive oxygen species-dependent cardiorespiratory plasticity induced by intermittent
hypoxia likely involves serotonergic synaptic mechanisms. Central respiratory responses to
repeated hypoxia are serotonin dependent, and the respiratory plasticity evoked by
intermittent hypoxia can be mimicked with intermittent application of serotonin 5HT2A
agonists (Feldman et al. 2003; Bocchiaro et al. 2004). Taken together with the serotonin-
dependent increases in glutamatergic neurotransmission to cardiac vagal neurons elicited
during single hypoxic insults, this suggests that reactive oxygen species may enhance
serotonergic pathways to induce inspiratory-related excitatory inputs during repeated
hypoxias.
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3.1.2 Chronic Intermittent Hypoxia
Obstructive Sleep Apnea (OSA), and accompanying chronic intermittent hypoxia, is a
significant health risk occurring in as many as ~24% of males and 9% of females (between
30-60 years of age) within the United States population (Bazzano et al. 2007; Punjabi 2008).
Severe OSA increases cardiovascular mortality 4 fold, and even when corrected for other
risk factors severe OSA increases cardiovascular mortality 3 fold (Marin et al. 2005).
Obstructive sleep apnea can participate in both the initiation and progression of several
cardiovascular diseases including hypertension, arrhythmias, myocardial ischemia and
stroke (Bradley et al. 2009; Kato et al. 2009). Treatment of OSA is primarily continuous
positive airway pressure (CPAP), and while this treatment is marginally effective in
reducing elevated arterial pressure (~2 mmHg) (Bazzano et al. 2007), and partially restoring
baroreflex sensitivity (Parati et al. 2007), CPAP is intrusive, poorly tolerated and often
discontinued despite the continued health risks of OSA (Bazzano et al. 2007).

Chronic intermittent hypoxia, in both animal models and humans, decreases baroreflex
sensitivity, elevates blood pressure and sympathetic activity, and diminishes
parasympathetic activity to the heart (Carlson et al. 1996; Bonsignore et al. 2002;
Narkiewicz et al. 2003; Bonsignore et al. 2006; Lai et al. 2006). While chronic intermittent
hypoxia decreases the baroreflex control of heart rate and diminishes parasympathetic
activity to the heart, these changes are not due to changes in parasympathetic innervation of
the sinoatrial node or function within the cardiac ganglia, but are rather most likely due to
changes in the activity of premotor parasympathetic cardiac vagal neurons in the brainstem.
Although anatomical work has shown a decrease in efferent cardiac vagal innervation,
ganglia size and density of axonal terminals within the cardiac ganglia after chronic
intermittent hypoxia (Soukhova-O'Hare et al. 2006; Lin et al. 2008) heart rate responses to
vagal efferent stimulation is not diminished, but rather enhanced (Gu et al. 2007; Lin et al.
2007; Yan et al. 2008). These results indicate a central dysregulation of premotor cardiac
vagal neuronal activity, but not cardiac ganglia function, is responsible for the impaired
parasympathetic control of heart rate that occurs with chronic intermittent hypoxia. The
bradycardia evoked upon microinjection of glutamate (Yan et al. 2008) as well as NMDA
and AMPA (Yan et al. 2009) into the nucleus ambiguus is diminished by chronic
intermittent hypoxia. However beyond alterations in glutamate receptor density little is
known how chronic intermittent hypoxia impairs cardiac vagal neuron function, and whether
these changes include alterations in GABA, glycine, glutamate, 5-HT and purinergic
pathways and receptors known to be essential in the responses of cardiac vagal neurons to
acute hypoxic challenges.

4. Prenatal Nicotine Exposure Alters Respiratory Related Cardiac Vagal
Neuron Activity

The reduction in heart rate and respiratory frequency in response to hypoxia normally serves
to reduce the metabolic demand of the cardiac and respiratory muscles, and thus prolong
survival under hypoxic conditions(Schuen et al. 1997). Exaggeration of this protective
response to hypoxia, however, could be detrimental. Sudden Infant Death Syndrome (SIDS)
is the leading cause of infant death in the postneonatal period (between 28 days and 11
months after birth) and occurs in about 0.5 per 1000 births in the U.S. (Anderson 2002).
Infants that succumb to SIDS typically experience a severe bradycardia which precedes or is
accompanied by a centrally mediated, life-threatening apnea(Meny et al. 1994; Nachmanoff
et al. 1998; Poets et al. 1999; Fewell et al. 2001). Cardiorespiratory monitor recordings from
SIDS victims reveal that a likely trigger for apnea and bradycardia is a period of hypoxemia
and gasping (Meny et al. 1994; Poets et al. 1999). Although the causes of the apnea and
bradycardia prevalent in SIDS victims are unknown, it has been hypothesized that these fatal
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events are augmented cardiorespiratory responses to hypoxia and/or hypercapnia (Meny et
al. 1994).

Chronic fetal nicotine exposure by maternal cigarette smoking is highly correlated with
SIDS and increases the risk of SIDS by 2-4 times (Haglund et al. 1990; Mitchell et al. 1993).
Maternal smoking has substantial cardiorespiratory effects, including acute fetal
tachycardia(Sontag et al. 1935; Hellman et al. 1961) and increased incidence of fetal apnea
(Gennser et al. 1975). Nicotine, one of the major pharmacological components of cigarette
smoke, has been proposed to be a major link between maternal smoking and SIDS(Slotkin et
al. 1997; Nachmanoff et al. 1998; Bamford et al. 1999; St-John et al. 1999). Nicotine readily
crosses the placental barrier and has been found in the blood and pericardial fluid of SIDS
infants(Milerad et al. 1994). Exposure to prenatal nicotine impairs the ability of rat pups to
autoresuscitate following repeated bouts of hypoxia (Fewell et al. 1998; Slotkin et al. 2005).
Rat pups exposed to prenatal nicotine during gestation become apneic more rapidly than
unexposed animals(Fewell et al. 2001). In addition, neonatal rats exposed to nicotine in
utero exhibit a more rapid and substantial bradycardia during hypoxia(Slotkin et al. 1997).
These augmented cardiorespiratory responses to hypoxia bear a striking resemblance to the
life-threatening cardiorespiratory events observed in SIDS victims.

Prenatal nicotine exposure alters GABAergic, but not glycinergic neurotransmission in the
inhibitory brainstem synaptic pathways to cardiac vagal neurons, see figure 2. In particular,
prenatal nicotine exposure potentiates the inspiratory-related GABAergic, but not
glycinergic, neurotransmission to cardiac vagal neurons (Neff et al. 2004;Huang et al. 2006).
The enhanced GABAergic neurotransmission to cardiac vagal neurons following prenatal
nicotine exposure is mediated by β2-containing nicotinic receptors.

Perhaps even more relevant to the reduced ability to autoresuscitate in response to
challenges such as hypoxia, prenatal nicotine alters the respiratory control of cardiac vagal
neurons during hypoxic challenge. In contrast to unexposed animals in which hypoxia
evokes a biphasic change in the frequency of inhibitory neurotransmission to cardiac vagal
neurons, prenatal nicotine exposure transforms this response to hypoxia from biphasic to a
precipitous decrease in spontaneous GABAergic activity (Neff et al. 2004), see figure 2.
This enhanced withdrawal of inhibitory GABAergic synaptic inputs to cardiac vagal neurons
would result in a more rapid hypoxia-induced increase in parasympathetic outflow to the
heart, and thus a more rapid and substantial bradycardia in response to hypoxia. Consistent
with this hypothesis animals exposed to nicotine prenatally do not experience an initial
tachycardia when exposed to hypoxia, but rather, a rapid and dramatic bradycardia, which is
significantly greater than the mild bradycardia observed in unexposed animals (Slotkin et al.
1997).

In addition to alterations in inhibitory neurotransmission, there are significant changes in
excitatory neurotransmission to cardiac vagal neurons. A long-lasting inspiratory related
excitation is recruited during both hypoxia and hypoxia/hypercapnia, and persists throughout
recovery from hypoxia/hypercapnia in prenatal nicotine exposed animals (Evans et al. 2005;
Kamendi et al. 2009). This glutamatergic neurotransmission is facilitated by non-β2
containing nicotinic receptors. A small portion of this glutamatergic excitation can be
blocked with antagonists targeting α7 nicotinic receptors (Huang et al. 2007). In addition,
application of the selective α3β4 nicotinic receptor blocker (α-conotoxin AuIB) also
prevents the increase in inspiratory related excitation of cardiac vagal neurons and abolished
spontaneous EPSCs in cardiac vagal neurons during hypoxia/hypercapnia (Kamendi et al.
2009), see figure 2. These results suggest that following prenatal nicotine exposure there is a
novel recruitment of a glutamatergic pathway to cardiac vagal neurons during hypoxia/
hypercapnia that is not present in unexposed animals, and that endogenous activation of α7
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and α3β4 nicotinic receptors mediates this glutamate neurotransmission to cardiac vagal
neurons. A combination of hypoxia evoked recruitment of an excitatory pathway, together
with exaggerated inhibition of GABAergic neurotransmission to cardiac vagal neurons
would predict a much stronger excitation of cardiac vagal neurons and a larger bradycardia
in animals exposed to prenatal nicotine. These changes closely predict, and provide a
neurochemical mechanism for the substantial and potentially lethal potentiation of the
hypoxia-induced bradycardia observed in rats prenatally exposed to nicotine (Slotkin et al.
1997). Further, these results propose cellular mechanisms by which prenatal nicotine could
increase SIDS incidence.

5. Summary
Over the past 10 years there have been many significant advances in our understanding of
the respiratory modulation of cardiac vagal neurons in the brainstem. Cardiac vagal neurons
do not possess pacemaker activity, but rather receive excitatory influences from other
brainstem regions, predominantly the NTS. Respiratory modulated changes in
parasympathetic cardiac activity that mediate respiratory sinus arrhythmia are not via
changes in excitatory synaptic inputs, but rather increases in inhibitory GABAergic and
glycinergic neurotransmission to cardiac vagal neurons during inspiratory activity.
Challenges such as hypoxia not only alter inspiratory related GABAergic and glycinergic
inputs, but also recruit additional excitatory pathways from glutamatergic, purinergic and
serotonergic neurons to excite cardiac vagal neurons and induce bradycardia during and post
hypoxia. Prenatal nicotine exposure initiates and augments the recruitment of many of these
excitatory pathways, and also diminishes the GABAergic inhibitory neurotransmission to
cardiac vagal neurons. This change in the pattern of cardiorespiratory network function
likely mediates the diminished ability to recover from hypoxic challenges following prenatal
nicotine exposure. Further work is necessary to determine, at the cellular level, alterations in
receptor function and synaptic transmission to cardiac vagal neurons that impair
parasympathetic activity to the heart in chronic cardiorespiratory diseases such as heart
failure and OSA. Identification of these changes will provide a clear understanding of
parasympathetic dysfunction in these diseases as well as provide future targets for restoring
cardiac vagal neuron activity to increase survival.
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Figure 1.
Premotor cardiac vagal neurons originate primarily in the nucleus ambiguus in the ventral
brainstem. The axons of these cardioinhibitory preganglionic parasympathetic neurons are
within the vagi nerves and synapse upon postganglionic neurons in cardiac ganglia that are
in fat pads at the base of the heart. Upon excitation from preganglionic cardiac vagal
neurons postganglionic neurons inhibit and control the activity of cardiac pacemaker cells in
the sino-atrial node of the heart.
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Figure 2.
As shown in the top panel, under unstressed conditions the major synaptic pathways to
cardiac vagal neurons include an excitatory (denoted as +) glutamatergic pathway from the
Nucleus Tractus Solitarius (NTS), likely essential for the baroreceptor reflex, and
inspiratory-evoked inhibitory GABAergic and glycinergic neurotransmission that likely
mediates respiratory sinus arrhythmia. The increase in GABAergic, but not glycinergic
activity during inspiratory activity is mediated by presynaptic β2 containing nicotinic
receptors (nAChR). In response to hypoxia there is a biphasic change in GABAergic and
glycinergic neurotransmission to cardiac vagal neurons with an initial increase, (illustrated
by bolder lines) followed by a depression (illustrated by dashed lines) of inhibitory input.
Hypoxia also recruits a serotonergic pathway that activates postsynaptic 5-HT3 receptors in
cardiac vagal neurons, this serotonergic pathway is spontaneously active but not inspiratory
related. In the recovery from hypoxia the depression (dashed lines) of inhibitory GABAergic
and glycinergic inputs persist. In addition, inspiratory-evoked excitatory pathways are
recruited that are both glutamatergic and purinergic.
After exposure to prenatal nicotine many of the activated receptors and synaptic pathways to
cardiac vagal neurons are altered, as shown in the bottom panel. Prenatal nicotine exposure
potentiates the GABAergic, but not glycinergic neurotransmission to cardiac vagal neurons
(as illustrated by bolder lines). In contrast to unexposed animals in which hypoxia evokes a
biphasic change in the frequency of inhibitory neurotransmission, prenatal nicotine exposure
transforms this response to hypoxia from biphasic to a precipitous decrease in spontaneous
GABAergic activity (dashed lines). An inspiratory related glutamatergic excitation is
recruited during hypoxia and hypoxia/hypercapnia in prenatal nicotine exposed animals
which is dependent upon activation of presynaptic α3β4 nicotinic receptors (bold lines), that
is not present in unexposed animals. This long lasting inspiratory related excitation persists
throughout recovery from hypoxia/hypercapnia in prenatal nicotine exposed animals and it
is dependent upon activation of both glutamatergic and purinergic receptors. Thus, following
hypoxia, prenatal nicotine exposure exaggerates the activity in cardiac vagal neurons as
excitatory glutamatergic and purinergic pathways are facilitated while inhibitory
GABAergic and glycinergic neurotransmission is diminished.
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