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Abstract of Dissertation 
 

Serotonergic, Cholinergic, and Prenatal Nicotine Modulation of the 
Trigeminocardiac Reflex 

 

Stimulation of the trigeminal nerve evokes a dramatic decrease in heart rate and 

blood pressure, as well as the onset of a centrally mediated apnea. This reflex has 

generally been termed the trigeminocardiac reflex and is most pronounced in infants. A 

subset of the trigeminocardiac reflex is the diving reflex in which the nasal mucosa is 

stimulated with water or air-borne chemical irritants. Activation of the diving reflex 

evokes a pronounced bradycardia, mediated by increased parasympathetic cardiac 

activity, and is the most powerful autonomic reflex in humans.  Under normal 

circumstances, this reflex is cardio-protective, preserving blood flow and oxygen to vital 

organs.  However, exaggeration of this protective response could be detrimental and has 

been implicated in Sudden Infant Death Syndrome (SIDS).  Despite the importance and 

strength of the trigeminocardiac reflex, there is little information about the cellular 

mechanisms and brainstem pathways that mediate this reflex. To address these issues, I 

developed a novel horizontal in vitro brainstem slice preparation in order to stimulate 

trigeminal afferent fibers and evoke excitatory postsynaptic currents in preganglionic 

parasympathetic cardiac vagal neurons in the nucleus ambiguus which are primarily 

responsible for controlling heart rate. I found that the evoked synaptic pathway is a robust 

excitatory glutamatergic polysynaptic pathway and that activation of the trigeminal 

circuitry often evoked action potentials in cardiac vagal neurons.    

I then sought to elucidate the specific receptors involved in modulating the 
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trigeminocardiac reflex.  I focused on serotonergic and cholinergic receptors due to their 

documented abnormalities in the brainstem of SIDS victims.  My results indicated that, 

upon pharmacological manipulation of 5-HT receptors, that this pathway is endogenously 

modulated: it is enhanced by 5-HT1A receptor activation and depressed by 5-HT2 receptor 

activation. Nicotine did not have any effect on the glutamatergic response. However, the 

muscarinic acetylcholine receptor (mAChR) agonist bethanechol significantly decreased 

the excitatory neurotransmission, and tropicamide, an M4 mAChR antagonist, prevented 

the inhibitory action of the muscarinic agonist bethanechol, suggesting that the 

glutamatergic synaptic neurotransmission in the trigeminal evoked pathway is inhibited 

by M4 mAChRs. 

Results in this dissertation also elucidated the role of fetal nicotine exposure and 

indicated that activation of both 5-HT1 and 5-HT2 receptors significantly facilitate the 

trigeminocardiac reflex pathway.   

I then wanted to discover the location of the cluster of neurons responsible for this 

glutamatergic output to cardiac vagal neurons upon trigeminal afferent stimulation.  I 

found an area corresponding to the border of the interpolaris portion of the trigeminal 

nucleus and the spinal trigeminal tract that demonstrated an increase in glutamatergic 

frequency in cardiac vagal neurons upon UV photo-uncaging of glutamate to stimulate 

this focal region.   

The work presented here establishes a neurochemical pathway between trigeminal 

afferent stimulation and parasympathetic control of heart rate.  I discovered specific 

serotonergic and muscarinic receptors involved, as well as mechanisms by which prenatal 

nicotine exposure can alter the trigeminocardiac reflex. Further, these results identify the 
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clusters of neurons responsible for the glutamatergic neurotransmission in the 

trigeminocardiac reflex pathway that can potentially lead to an exaggeration of this 

powerful autonomic reflex as seen in diseases such as SIDS. 
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Introduction 

 

The autonomic nervous system 
  
  

The autonomic nervous system is responsible for maintaining homeostasis and 

regulating visceral functions such as digestion, glandular secretions and cardiac and 

smooth muscle tone. It integrates afferent sensory information received from the 

periphery and exerts reflex efferent control over target organs.  The autonomic nervous 

system is subdivided into two systems: the sympathetic and the parasympathetic. 

 

The sympathetic nervous system 
 
 Sympathetic nervous activity is traditionally associated with the fight or flight 

response and is responsible for altering bodily functions during times of physical stress; 

such adaptations include increasing heart rate and contractility, pupillary dilation, as well 

as vasoconstriction and vasodilation. Sympathetic nervous system activity is also known 

to innervate almost all organs in the body (Loewy and Spyer 1990).  Short preganglionic 

fibers originating from cells in the intermediolateral columns of the upper thoracic and 

lumbar regions of the spinal cord comprise the sympathetic nervous system.  These fibers 

exit the spinal cord at the same level of their cell bodies, through the ventral root, and 

synapse some distance from where they originate, where one fiber has the potential to 

synapse with many postganglionic neurons (Guyton 1991b; Loewy and Spyer 1990).  

The postganglionic neurons then send long projections to innervate target tissue.  Some 
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preganglionic fibers of the splanchnic nerve, however, directly innervate the adrenal 

medulla, the only such effector organ known to be directly innervated by preganglionic 

sympathetic fibers. (Guyton 1991b; Loewy and Spyer 1990).   

 Sympathetic preganglionic neurons release acetylcholine (ACh), which binds to 

postganglionic nicotinic acetylcholine receptors (nAChRs).  Most postganglionic 

sympathetic neurons release norepinephrine as a neurotransmitter (Ganong 2005).  

Release of norepinephrine activates both alpha and beta adrenergic postsynaptic receptors 

(Ganong 2005). A class of G-protein coupled receptors, alpha-adrenergic receptors are 

responsible for mediating pupil dilation, vasoconstriction, bladder contractility and 

insulin secretion (Boron and Boulpaep 2009). Activation of another class of G-protein 

coupled receptors, beta-adrenergic receptors, evokes vasodilation, increases cardiac 

output and stimulates insulin secretion (Large et al. 1997).   

 

The parasympathetic nervous system 
 
 Parasympathetic activity is mainly concerned with the maintenance of bodily 

function at rest when an animal is free of stressors.  This includes conservation of 

oxygen, restoration of energy, facilitation of digestion, and absorption and secretion of 

waste (Freeman 2006; Patton and Howell 1989). This system helps to maintain a low 

heart rate and relatively normal blood pressure, facilitates bronchial constriction and is 

generally complementary to the functions of the sympathetic system (Ganong 1979). 

Preganglionic nerve fibers of the parasympathetic nervous system arise from either 

brainstem nuclei or the intermediolateral cell column of the sacral spinal cord.  Spinal 
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cord fibers then project through the S2, S3, and S4 portion of the sacral ventral root of the 

spine, while brainstem fibers project through the oculomotor (third), facial (seventh), 

glossopharyngeal (ninth), or vagal (tenth) cranial nerves.  Those neurons originating in 

the brainstem synapse at parasympathetic ganglia and then traverse via one of the three 

trigeminal (fifth) nerve branches: ophthalmic, maxillary, or mandibular (Boron and 

Boulpaep 2009). 

The preganglionic parasympathetic fiber route is extensive, as cell bodies can 

originate in the medulla, pons, or midbrain nuclei and travel to ganglia that are in close 

proximity to their target organ (Loewy and Spyer 1990); as a result, postganglionic fibers 

are short.  Both pre- and postganglionic parasympathetic neurons utilize ACh as their 

primary neurotransmitter. Released ACh by preganglionic neurons binds nAChRs on 

parasympathetic postganglionic neurons located near the target organ while 

postganglionic neurons release ACh that binds muscarinic receptors on the target tissue 

(Ganong 1989). 

 Approximately 75%, of all parasympathetic fibers originate in the vagus (tenth) 

nerve. Descending nerve fibers from the vagus are responsible for the innervation of 

mucous glands, the muscles of the pharynx, the esophagus, stomach, and the 

gastrointestinal tract. Those areas beyond the descending colon are controlled by sacral 

parasympathetic fibers.   Vagal preganglionic fibers originate in the dorsal motor nucleus 

of the vagus (DMNX) and the nucleus ambiguus (NA) (Loewy and Spyer 1990) and are 

unique in that they do not join the trigeminal nerve in order to reach their target organ.  

The DMNX regulates gastrointestinal motility and secretion as well as endocrine and 

exocrine pancreatic secretion (Loewy and Spyer 1990).  Motor fibers extending from the 
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NA innervate the soft palate, pharynx, esophagus, and larynx, which facilitates 

swallowing and vocalization.  In addition, the cell bodies of preganglionic cardiac 

neurons whose axons project to the cardiac ganglia and provide the dominant 

chronotropic influence on the heart originate within the NA (Loewy and Spyer 1990). 

 

Sympathetic/parasympathetic nervous system interactions 
 
 Multiple organs undergo innervation by both divisions of the autonomic nervous 

system.  These two systems work in a complementary manner to achieve homeostasis.  

Pupil dilation, for example, occurs with sympathetic system activation while pupil 

constriction is mediated by the parasympathetic branch. Beat to beat regulation of heart 

rate is another example of how these two systems complement each other. 

Norepinephrine is released by sympathetic postganglionic neurons to accelerate the firing 

of cardiac pacemaker cells in the sinoatrial node and increase the activity of the heart 

(Guyton 1991a; Patton and Howell 1989).  Conversely, parasympathetic postganglionic 

neurons hyperpolarize and decrease the firing rate of these pacemaker cells via ACh 

release and activation of muscarinic receptors in the sinoatrial node.  Moreover, this 

release of ACh simultaneously slows the propagation of excitatory impulses through the 

atrioventricular fibers (Brooks et al. 1980). Sympathetic stimulation increases the 

efficiency of the heart to pump, while parasympathetic innervation reduces the force of 

contraction. 
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Parasympathetic control of heart rate 
  
  

Parasympathetic outflow is largely responsible for maintaining resting heart rate 

in healthy individuals.  In humans (Pickering et al. 1972), dogs (Scher and Young 1970), 

cats (Kunze 1972), and rats (Coleman 1980; Spyer and Gilbey 1988) parasympathetic 

activity is tonically active while very little, if any, sympathetic activity exists.  If 

parasympathetic activity is blocked by atropine, a significant increase in heart rate occurs.  

Conversely, blocking sympathetic outflow using propanolol only slightly decreases heart 

rate (Berne and Levy 2001). This phenomena suggests that parasympathetic innervation 

predominates over sympathetic effects and is the major factor in determining heart rate 

(Levy and Zieske 1969).   

 In diseases such as hypertension, diabetes, congestive heart failure, and coronary 

artery disease, cardiac vagal activity is diminished (Evrengul et al. 2006; Ferguson et al. 

1990; Mendelowitz 1999; Motte et al. 2005). This dysregulation of parasympathetic 

outflow is associated with ventricular arrhythmias and an increased risk of sudden cardiac 

death (Hull et al. 1995).   Blunted parasympathetic outflow may result in a reduction in 

heart rate recovery following exercise and is an independent predictor of mortality in 

chronic heart failure patients (Cole et al. 2000; Nishime et al. 2000).  It has been 

suggested that restoration and stimulation of parasympathetic vagal outflow increases the 

likelihood of recovery in patients who succumb to ischemia-induced arrhythmias and 

myocardial infarctions (Townend and Littler 1995; Vanoli et al. 1991). Increasing and 

restoring cardiac vagal function could pose one effective approach for alleviating certain 
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forms of heart disease. 

 

Neurophysiology of cardiac vagal neurons 
 
 
 
 As mentioned earlier, brainstem premotor cardioinhibitory vagal neurons are 

responsible for mediating parasympathetic cardiac function and provide the major 

negative chronotropic influence on the heart.  These neurons are principally located in the 

ventrolateral medulla in the NA with a smaller population located in the DMNX (Loewy 

and Spyer 1990; Mendelowitz and Kunze 1991).  Cardiac vagal neurons have axons that 

run within the vagus nerve and synapse upon postganglionic parasympathetic neurons in 

cardiac ganglia in the pericardial sac at the fat pads at the base of the heart (Mendelowitz 

1996; Stuesse 1982; Wang et al. 2001b).  These fibers subsequently synapse on both the 

sinoatrial and atrioventricular nodes (Pardini et al. 1987; Rardon and Bailey 1983).  

Activation of cardiac vagal neurons regulates the beat-to-beat rhythm of the heart 

(Warner et al. 1986) and it has been suggested that altering the firing properties of a 

single cardiac vagal neuron is sufficient to significantly change heart rate (Jordan et al. 

1982; McAllen and Spyer 1978).  Stimulation of the vagus nerve decreases heart rate and 

injection of the excitatory neurotransmitter glutamate into the nucleus ambiguus has been 

shown to evoke a strong bradycardia (Machado and Brody 1988; Mills 1978).     

Early in vivo studies have shown that cardiac vagal neurons are intrinsically silent 

and do not possess pacemaker-like activity, however, upon injection of a small amount of 

depolarizing current, cardiac vagal neurons fire with little delay and minimal spike 

frequency adaptation (Mendelowitz 1996; Rardon and Bailey 1983). These firing 
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properties allow cardiac vagal neurons to follow synaptic activation for extended periods 

of time in addition to integrating long-lasting modulatory inputs (Mendelowitz 1996). 

Synaptic inputs to cardiac vagal neurons 
  
 Due to their normally silent nature, cardiac vagal neurons require synaptic input 

to fire action potentials.  Several synaptically released neurotransmitters have been 

identified as important for driving or inhibiting activity in cardiac vagal neurons 

including glutamate, ATP, serotonin, glycine, and gamma-aminobutyric acid (GABA) 

(Kamendi et al. 2008; Mendelowitz 1998; Neff et al. 1995; Neff et al. 1998a; Neff et al. 

1998b; Wang et al. 2003). GABAergic neurotransmission is thought to be one of the most 

important endogenously active inhibitory inputs to cardiac vagal neurons (Wang et al. 

2001a). Synaptic release of GABA can trigger gabazine-sensitive GABAA receptors that 

mediate phasic currents as well as picrotoxin-sensitve, gabazine-insensitive extrasynaptic 

receptors that facilitate tonic currents (Bouairi et al. 2006).  

 ACh activated nAChRs facilitate both inhibitory and excitatory synaptic inputs to 

cardiac vagal neurons. GABAergic and glycinergic neurotransmission to cardiac vagal 

neurons is enhanced via presynaptic a4b2* nAChRs (Wang et al. 2003).  Furthermore, 

ACh directly activates presynaptic � 7 nicotinic receptors on afferents to cardiac vagal 

neurons (Neff et al. 1998a).  In addition, ACh also directly stimulates � 7 nicotinic 

receptors through a postsynaptic mechanism (Neff et al. 1998a) (Schematic 1).  It has 

also been shown that activation of nicotinic receptors could facilitate responses in cardiac 

vagal neurons via a post-synaptic non N-methyl-D-aspartate receptor upon the release of 

glutamate from other neurons (Neff et al. 1998a).   
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The nucleus tractus solitarius (NTS) is one of the more functionally important 

pathways that innervate cardiac vagal neurons, as visceral sensory neurons, specifically 

arterial baroreceptors, first synapse here. N-methyl-D-aspartate (NMDA) and non-

NMDA receptors in the NA are activated upon electrical simulation of the NTS (Neff et 

al. 1998b), evoking a glutamatergic pathway (Schematic 2). This pathway plays a critical 

role in cardiovascular regulation, suggesting a cellular signaling link between those 

neurons activated by afferent baroreceptor activity and the NA (Schematic 2). 
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Schematic 1. Cardiac vagal neuron synaptic inputs. 

There are four identified synaptic inputs to cardiac vagal neurons.  GABAA and glycine 

receptors mediate inhibitory inputs while both NMDA and non-NMDA receptors mediate 

excitatory inputs to cardiac vagal neurons. ACh can cause both inhibitory 

neurotransmission, with activation of presynaptic a4b2* nAChRs, which facilitates 

GABAergic and glycinergic transmission, and excitatory neurotransmission by activation 

of � 7 nicotinic receptors which facilitate glutamatergic neurotransmission. 
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 Schematic 2. Innervation of cardiac vagal neurons by the NTS. 

Stimulation of the NTS evokes inhibitory GABAergic and glycinergic as well as 

excitatory glutamatergic neurotransmission to cardiac vagal neurons.  Inhibitory 

neurotransmission (orange) is mediated by activation of GABAA receptors while 

activation of both NMDA and non-NMDA receptors mediates excitatory glutamatergic 

neurotransmission (green). Fourth ventricle (4V); dorsal motor nucleus of the vagus 

(DMNX); Nucleus tractus solitarius (NTS); spinal trigeminal nucleus (Sp5); nucleus 

ambiguus (NA); ventrolateral reticular nucleus (VLM); pyramidal tract (py).  



�
��  

�

 

NTS 

      



�
�
  

�

Trigeminal nerve 
 
  

The trigeminal nerve, cranial nerve five, is the largest of the cranial nerves and is 

responsible for relaying sensory information from the face.  It comprises three branches, 

the ophthalmic (V1), the maxillary (V2), and the mandibular (V3) with the V1 and V2 

being purely sensory and the V3 branch having both sensory and motor function.  The 

smallest of the three branches is the ophthalmic branch, supplying sensory fibers from the 

cornea, iris, conjunctiva, and the skin of the nose, eyebrow, eyelid and scalp (Lang et al. 

2005; Momose-Sato et al. 2001).  The maxillary nerve’s principal function is to provide 

sensory information from the nasal mucosa, palate, ethmoid and sphenoid sinuses, and 

mid face. The largest of the three branches is the mandibular nerve and is comprises both 

a sensory and motor roots.  The mandibular nerve sends fibers from the temporal, lingual 

and tensor tympani and innervates the cheeks, teeth, and muscles of the lower lip and 

chin (Momose-Sato et al. 2001; Schaller 2005). 

 The cell bodies for all three branches are contained in the trigeminal ganglion, in 

Meckel’s cave where all three branches converge (Majoie et al. 1995).  The large single 

sensory root fiber then enters the brainstem at the level of the pons where the sensory 

signal is then propagated via the Gasserian ganglion to the trigeminal sensory nucleus 

(Schaller 2004).  These signals then traverse through the reticular formation to synapse 

with the efferent pathway in the DMNX nerve where parasympathetic cardiac control 

takes place (Schaller 2004).  Interestingly, during various facial surgeries, in which any 

branch of the trigeminal nerve is stimulated, including tooth extractions, ocular surgeries 

and nasal procedures, a severe parasympathetic mediated bradycardia occurs, that is 
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usually accompanied by a component of sympathetic centrally mediated apnea and 

peripheral vasoconstriction (Lang et al. 2005; Lang et al. 1991; Schaller 2004). The reflex 

responses evoked upon stimulation of the trigeminal nerve have been termed the 

‘trigeminocardiac reflex’ in the clinical literature, and ‘trigeminal depressor responses’ in 

the earliest animal studies of this reflex using the rabbit model (Kumada et al. 1977; 

Kumada et al. 1978; Schaller 2005; 2004; Schaller et al. 1999; Schaller 2007; Schaller 

and Buchfelder 2006).  Trigeminal depressor responses can be evoked by electrical 

stimulation of the root entry of the trigeminal nerve, as well as from many branches of 

the peripheral trigeminal nerve, including the supra- and infra-orbital (Kumada et al. 

1977) as well as the ethmoidal nerve (McCulloch et al. 1999).  

  

The trigeminocardiac reflex and parasympathetic nervous system interactions 
 
  

Despite the plethora of clinical literature documenting occurrences of the 

trigeminocardiac reflex, relatively little information regarding the cellular mechanisms 

and brainstem pathways responsible for triggering this reflex exists.  Stimulation of the 

trigeminal nerve excites sensory afferent fibers involved in a variety of functions and 

reflexes (Schaller 2004).  Trigeminal afferent neurons can be activated by fluid in the 

nasal cavity, craniofacial pain, mechanical stimulation of the ocular and peri-ocular 

structures (oculocardiac reflex), as well as during oro-facial and maxillofacial surgery 

(Barnard and Bainton 1990; Schaller 2004; Schaller et al. 1999; Schaller and Buchfelder 

2006).  Interestingly, however, stimulation of any of these trigeminal afferent sensory 
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fibers elicits the same pattern of cardiovascular responses, consisting of a pronounced 

bradycardia, hypotension and apnea (Barnard and Bainton 1990; Schaller 2004; Schaller 

et al. 1999; Schaller and Buchfelder 2006). 

A subset of the trigeminocardiac reflex is the diving reflex, which is the most 

powerful autonomic reflex (Schaller 2004).  The diving reflex is normally elicited when 

the nasal mucosa is stimulated with water or air-borne chemical irritants and can be 

prevented by anesthetizing the tip of the nose or nasal mucosa with local anesthetics 

(Dykes 1974; Yavari et al. 1996). Stimulation of the diving reflex by activation of 

nasotrigeminal sensory nerve fibers evokes a pronounced bradycardia, mediated by 

increased parasympathetic cardiac activity, in both humans and all mammals examined 

including rats, rabbits, cats, muskrats, and dogs (Elsner et al. 1971; Gandevia et al. 1978; 

Gooden 1994; Gooden et al. 1974; Martner et al. 1977; McCulloch and Panneton 1997; 

Nalivaiko et al. 2003; Panneton et al. 2000; White et al. 1974).  The diving reflex is 

highly pronounced in man, particularly in infants, with heart rate decreasing in the range 

from 5-51% upon a single facial submersion (Goksor et al. 2002).  Similarly, in muskrats 

heart rate decreases by an average of 54% following the onset of the diving reflex 

(McCulloch et al. 1999).  

The pathways responsible for this powerful autonomic reflex are still under 

investigation.  Recent studies have shown that the first relay of the circuit involved in 

mediating the trigeminocardiac reflex stems from the medullary dorsal horn and then 

passes through the NTS (Arasho et al. 2009; Lang et al. 2005; Lang et al. 1991; Schaller 

et al. 2009). The NTS is well known to be a relay for visceral afferent fibers entering the 

brain; neurons dorsolateral to the NTS receive projections from the carotid sinus nerve 
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and are largely involved in the baroreceptor reflex (Panneton and Loewy 1980; Talman et 

al. 1980). These neurons may also be important for regulating the cardiovascular reflex 

component of the trigeminocardiac reflex, as injections of 6-hydroxydopamine into rat 

NTS to induce degeneration of nerve terminals, caused a prolonged bradycardia but no 

change in blood pressure (Healy et al. 1981; McCulloch 1991). However, abolishing the 

baroreceptor reflex in the NTS using electrolytic lesioning does not alter the effects of 

trigeminal nerve stimulation (Healy et al. 1981; Schaller et al. 2009).  

 

Trigeminocardiac reflex dysfunction 
 
  

The trigeminocardiac reflex is normally cardio-protective and facilitates 

maintaining homeostatic responses similar to the role of the baroreceptor and 

chemoreceptor reflexes (Schaller 2004).  Nasal afferent fiber stimulation prevents 

potentially harmful and noxious materials from gaining entry into the lungs by initiating 

sneezing, sniffing and apnea. Interestingly, the fluid-induced stimulation of the reflex is 

generally believed to be an oxygen-conserving reflex (McCulloch et al. 1999).  The 

trigeminocardiac reflex is one tool by which the brain is protected against ischemia.  

Within seconds of the onset of this reflex activation of parasympathetic nerves occurs, 

originating from oxygen-sensitive neurons in the rostral ventrolateral medulla (Schaller 

2005; Schaller et al. 1999; Schaller et al. 2009; Schaller 2007).  These rostral 

ventrolateral medulla cells are excited due to the reduction of blood flow and oxygen, 

resulting in cerebrovascular adjustments and strong cardiac depression in an effort to 



�
�	  

�

shunt blood flow to vital organs, such as the heart, and conserve oxygen (Lang et al. 

2005; Lang et al. 1991; Schaller 2004).  Risk factors known to increase incidence of the 

trigeminocardiac reflex include hypercapnia, hypoxemia, general anesthesia, drugs such 

as calcium channel blockers and beta blockers and youth, as this reflex is more 

pronounced in children (Lang et al. 1991; Rivard and Lebowitz 1988; Sethna et al. 1986). 

While typically protective, this reflex may become exaggerated and increase the person’s 

risk for sinus arrest, asystole or ventricular fibrillations (Bohluli et al. 2009; Rivard and 

Lebowitz 1988; Schaller 2004; Sethna et al. 1986).  

 

Sudden infant death syndrome 
 

Sudden infant death syndrome (SIDS) is the leading cause of infant death in 

children ages one month to one year, and occurs in 0.3 cases per 1,000 live births in the 

United States (Anderson 2002; Hunt and Hauck 2006; Mathews et al. 2004).  Infants who 

succumb to SIDS typically experience a severe bradycardia that is preceded or 

accompanied by a centrally mediated apnea and gasping (Fewell et al. 2001b; Meny et al. 

1994; Nachmanoff et al. 1998; Poets et al. 1999).  This bradycardia is also the most 

prevalent and predictive event in infants monitored for apparent life threatening events 

(Cote et al. 1998).  

Although the cause(s) for SIDS remains unknown, it has been speculated that an 

exaggeration of cardio-respiratory control, and in particular the parasympathetic control 

of cardiac function, may be involved (Divon et al. 1986; Harper and Bandler 1998; Meny 

et al. 1994; Schechtman et al. 1992; Spyer and Gilbey 1988).  An abnormal or 
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exaggerated response to trigeminal sensory nerve stimulation has been implicated in 

SIDS (Lobban 1991; 1995; Morpurgo et al. 2004). For example, a recent report describes 

a case of SIDS that was delayed, but triggered by, stimulation of nasotrigeminal afferents 

by temporarily plunging an infant’s face under water during bathing (Matturri et al. 

2005).   

 There are numerous risk factors for SIDS including low socio-economic status, 

low birth weight, preterm birth, prone sleeping position, soft or old crib mattresses, 

overheating and prenatal exposure to nicotine (Hunt and Hauck 2006).  Cellular 

abnormalities including alterations in serotonergic and cholinergic receptor expression 

and function are also correlated with increased SIDS risk (Hunt 2001; Hunt and Hauck 

2006; Kinney and Thach 2009). 

 

Serotonergic abnormalities  

  

The monoamine neurotransmitter serotonin, or 5-hydroxytryptamine (5-HT), 

plays a role in virtually all functions of the central nervous system.  It is produced by 

neurons located in the raphe, extra-raphe and medullary ventral surface regions that have 

diffuse projections throughout the brain (Kinney et al. 2009).  There are 17 subtypes of 5-

HT receptors organized into 7 groups, 5-HT1- 5-HT7, with the majority being G-protein 

coupled seven transmembrane receptors that activate a variety of second messenger 

pathways (Cooper et al. 2003).  The exception is 5-HT3, which is a ligand-gated Na+ and 

K+ cation channel (Cooper et al. 2003).  Within the cardiorespiratory system, 5-HT1 and 
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5-HT2 receptors are of particular interest. The 5-HT1A receptor couples to Gi/Go and is 

responsible for mediating inhibitory neurotransmission.  This is the most widespread of 

the 5-HT receptors. Activation of 5-HT1A receptors within the rostral ventrolateral 

medulla has been shown to decrease both heart rate and blood pressure via stimulation of 

the vagus nerve and vasodilation (Dabire 1991).  Conversely, 5-HT2 receptors are 

coupled to Gq/G11 and mediate excitatory neurotransmission. Activation of 5-HT2 

receptors enhances dopamine and norepinephrine release in the brain, stimulate the 

excitability of respiratory neurons in the pre-Bötzinger complex, and enhance respiratory 

network activity (Alex et al. 2005; Kinney et al. 2009). Additionally, release of 5-HT 

from the caudal raphe acts on 5-HT2 receptors in the NTS which modulate the 

cardiovagal component in the baroreceptor reflex (Raul 2003). 

SIDS is strongly associated with abnormalities in brainstem medullary 5-HT 

function and are the most robust and reproducible findings in SIDS brainstem research 

(Hunt 2001; Hunt and Hauck 2006; Paterson et al. 2006). Approximately 70% of SIDS 

deaths are associated with an abnormal or perturbed 5-HT system (Kinney et al. 2009; 

Panigrahy et al. 2000a; Panigrahy et al. 2000b; Rardon and Bailey 1983). The clinical 

correlation of 5-HT dysfunction with SIDS is handicapped by a lack of information on 

the role of 5-HT and different 5-HT receptors in brainstem cardiovascular network 

function. There is also little information about the cellular mechanisms and properties of 

the trigeminocardiac reflex, and in particular the synaptic pathways to parasympathetic 

cardioinhibitory neurons in the brainstem that dominate the neural control of heart rate. 

However, postmortem reports of SIDS victims have revealed widespread decreases in 

binding to 5-HT1A receptors and 5-HT transporters, increases in the number of 5-HT 
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neurons, and reduced immunostaining for both 5-HT1A and 5-HT2 receptors in the NTS, 

DMNX, and ventrolateral medulla as well as in the raphe obscurus (Kinney et al. 2009; 

Ozawa and Okado 2002).  

 

Cholinergic abnormalities 
 
  

The neurotransmitter ACh is the chief neurotransmitter of the autonomic nervous 

system and plays a critical role in cardiorespiratory control and arousal (Picciotto et al. 

2012). It acts on two major types of receptors, nAChRs and mAChRs. The nAChRs can 

be homomeric or heteromeric and have a variety of subtypes. In addition to ACh, they are 

also activated by nicotine, while mAChRs can be activated by muscarine as well as ACh 

and are divided into 5 known subclasses, M1-M5.  

 The nAChRs are ligand-gated ion channels.  There are 12 different subunits of 

neuronal nAChRs, a2 through a10 and b2 through b4; activation of any of the subtypes 

can yield pre-or postsynaptic excitability (Itier and Bertrand 2001).  Binding assays 

performed in the prenatal human brainstem have revealed the presence of nAChRs as 

early as 5 weeks gestation (Hellstrom-Lindahl et al. 1998), suggesting that nAChRs 

contribute to brainstem development.  

 The mAChR family is comprised of G-protein coupled receptors (Ishii and 

Kurachi 2006) and are found extensively throughout the brain and autonomic ganglia.  

Upon activation by Ach, these receptors account for a variety of responses including 

reduction of heart rate, secretion of saliva and mild bronchoconstriction (Eglen 2006).  
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The M1-M4 subtypes are the most common of the mAChRs. The M1 and M3 are coupled 

to Gq/G11 while M2 and M4 couple to Gi/Go.  Although a fifth, M5, receptor has been 

identified there is limited data regarding its location and function (Eglen 2006). 

Deficits in cholinergic receptor density, in addition to binding dysfunction of 

cholinergic receptors, have been implicated as potential risk factors for SIDS (Frank et al. 

2001; Kinney et al. 1995; Panigrahy et al. 2000a).  Infants who succumb to SIDS exhibit 

a decrease in choline acetyltransferase (ChAT) activity, in addition to a reduction in 

mAChR binding capacity (Kubo et al. 1998; Slotkin et al. 1999) and decreased ChAT 

immunoreactivity (Kalaria et al. 1993; Kinney et al. 1995; Mallard et al. 1999; Sparks 

and Hunsaker 1991).  

 

Prenatal nicotine exposure 
 
 

One of the highest risk factors for SIDS is maternal cigarette smoking and the 

accompanying prenatal exposure of the fetus to nicotine (Duncan et al. 2009; Slotkin and 

Seidler 2011). Despite the well-known risk factors, smoking during pregnancy has only 

slightly declined since 2003 (Pauly and Slotkin 2008). Maternal smoking causes 

extensive cardiorespiratory effects in the developing fetus including acute tachycardia  

(Hellman et al. 1961) and an increased incidence of apnea (Gessner 1975).  It is likely 

that SIDS may sometimes result from alterations in the developing fetal brainstem due to 

exposure to nicotine in the prenatal period, specifically affecting the areas responsible for 

cardiorespiratory regulation (Meny et al. 1994; Nachmanoff et al. 1998; Slotkin et al. 
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1997; St-John and Leiter 1999). Additionally, rats exposed to hypoxia following prenatal 

exposure to nicotine tend to become apneic more rapidly than unexposed animals (Fewell 

et al. 2001a) and also experience a more rapid and substantial bradycardia (Slotkin et al. 

1997).  

Because nicotine readily crosses the blood brain barrier, traces of it and its 

metabolite, cotinine, have been found in the blood and pericardial fluids of SIDS infants 

(Milerad et al. 1994).  Some of the likely targets of prenatal nicotine exposure in the brain 

are the serotonergic and the cholinergic systems in the brainstem of the developing fetus.  

Specific changes that may be likely altered by prenatal nicotine exposure include 

serotonin transporter function, 5-HT receptor density, and cholinergic receptor density 

(Cents et al. 2012; Duncan et al. 2009; Nunes-Freitas et al. 2011; Slotkin and Seidler 

2010; Slotkin et al. 2011). Additionally, it has been suggested that fetal exposure to 

nicotine perturbs cardiac and brainstem monoamine pathways in rhesus monkeys causing 

a downregulation of 5-HT receptors facilitating the risk for SIDS (Slotkin et al. 2011).  

Prenatal nicotine exposure has been shown to alter both 5-HT1A and 5-HT2 receptors in 

addition to increasing 5-HT transporter activity (Slotkin and Seidler 2010). Interestingly 

these same systems are critical components of cardiorespiratory function, particularly the 

trigeminocardiac reflex (Slotkin and Seidler 2010).   
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Summary and specific aims 
  
  

The trigeminal nerve is responsible for relaying sensory information from the face 

to specific nuclei in the brainstem.  Upon stimulation of any of the three branches of the 

trigeminal nerve, a dramatic decrease in heart rate in addition to peripheral 

vasoconstriction and apnea occurs. In a clinical setting, this reflex is seen during facial, 

skull base and ocular surgeries, tooth extractions and rhinoplasties.  Interestingly, when 

the nasal mucosa is stimulated by chemical irritants or water, this reflex also occurs. 

Termed the trigeminocardiac reflex, this reflex is the most powerful in the human body 

and is most prominent in infants. However, despite the abundance of clinical data and 

occurrences during surgery, very little information regarding the neural control and 

cellular signaling pathways of this reflex exist.  

Parasympathetic activity originating in the brainstem dominates neural control of 

heart rate (Loewy and Spyer 1990; Spyer 1981).  Brainstem parasympathetic cardiac 

vagal neurons in the NA that modulate the parasympathetic output to the heart are 

thought to play a fundamental role in mediating the trigeminocardiac reflex.   

This reflex is normally cardioprotective and acts to increase the infant responses 

of arousal, gasping, and autoresuscitation.  Exaggeration of the trigeminocardiac reflex 

however can be fatal, as is the case in SIDS. Victims of SIDS typically experience a 

severe bradycardia that is accompanied by a centrally mediated apnea and are thought to 

have an exaggeration of parasympathetic cardiorespiratory control (Harper and Bandler 

1998; Meny et al. 1994; Spyer and Gilbey 1988). Fetal exposure to nicotine through 
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maternal smoking has been implicated as a risk factor for SIDS.  

Abnormalities in brainstem serotonergic and cholinergic function are also seen 

throughout the brainstem of infants who succumb to SIDS. The clinical correlations of 5-

HT and ACh dysfunction with SIDS are handicapped by the lack of information on the 

role of these neurotransmitters and receptors in the brainstem cardiovascular network. 

Therefore, the aims of this study were to elucidate the neuronal mechanisms and 

pathways involved in the trigeminocardiac reflex and determine how this reflex is altered 

by prenatal nicotine exposure.  Specifically, I aimed to identify the neurotransmitter(s) 

and synaptic pathways involved as well as test the role of serotonergic and cholinergic 

receptors in this powerful reflex.  In addition, I tested the hypothesis that fetal exposure 

to nicotine alters this reflex pathway since prenatal exposure to nicotine is detrimental to 

infant cardiorespiratory function and increases the risk of SIDS.  I also sought to identify 

the specific cluster of neurons involved in modulating the trigeminocardiac reflex. 
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Materials and Methods 
 

Fluorescent labeling of cardiac vagal neurons 

 

Cardiac vagal neurons were retrogradely labeled from the heart as described 

previously (Mendelowitz and Kunze 1991) in Sprague Dawley neonatal rat pups 

postnatal days 1-3 (P1-P3; Hilltop).  Pups were cooled to approximately 4o C to slow the 

heart rate.  A right thoracotomy was performed, and the retrograde fluorescent tracer X-

rhodamine-5-(and-6)-isothiocyanate (XRITC, Molecular Probes, Eugene, OR) was 

injected into the fat pads at the base of the heart (see schematic 3).  After at least 24 hours 

recovery, pups (P2-P7) were anesthetized with isoflurane, sacrificed, and the hindbrain 

was removed and placed in cold physiological saline solution (140 mM NaCl, 5 mM KCl, 

2 mM CaCl2, 5 mM glucose, 10 mM HEPES, bubbled with 100% O2, pH 7.4).  All 

animal procedures were performed with the approval of the Animal Care and Use 

Committee of The George Washington University in accordance with the 

recommendations of the panel on euthanasia of the American Veterinary Medical 

Association and the National Institutes of Health Guide for the Care and Use of 

Laboratory Animals. 
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Schematic 3. Identification of cardiac vagal neurons. 

The non-toxic fluorescent tracer XRITC was injected into the fat pads at the base of the 

heart and was retrogradely transported back to the nucleus ambiguus via vagal afferents. 

A thick horizontal medullary slice was cut that contained identified cardiac vagal neurons 

and the trigeminal nerve rootlet. 
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Trigeminal slice preparation 

  

The medulla was removed with care to preserve the trigeminal cranial nerve 

rootlet and was mounted on a cutting block and placed into a vibrating blade microtome 

(Leica, Nussloch, Germany). A modified horizontal slice (800–900µm) was obtained to 

stimulate the trigeminal nerve rootlet and record synaptic responses in cardiac vagal 

neurons. A 600 µm slice of tissue was removed from the ventral surface in order to 

expose cardiac vagal neurons. The tissue was submerged in a recording chamber that 

allowed perfusion (4 ml/min) above and below the slice with room temperature artificial 

cerebrospinal fluid [aCSF; containing (in mM) 125 NaCl, 3 KCl, 2 CaCl2, 26 NaHCO3, 5 

glucose, and 5 HEPES] equilibrated with 95% O2-5% CO2 (pH 7.4). For uncaging 

experiments requiring coronal slices, two 500 � m slices, rostral to the calamus scriptorius 

were taken (which contained labeled cardiac vagal neurons) and were used for 

electrophysiological experiments. The slices were perfused in the same solution at the 

same rate as the modified horizontal slice. 
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Schematic 4. Trigeminal slice orientation. 

A horizontal slice was obtained that permits the electrical stimulation of the trigeminal 

nerve rootlet while keeping the pathway to cardiac vagal neurons in the nucleus 

ambiguus intact. 
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 Patch Clamp Techniques 
  

Parasympathetic cardiac vagal neurons were identified by the presence of the 

fluorescent tracer using a 530-555 nm filter (Mendelowitz 1996).  Only those cardiac 

vagal neurons localized in the external formation of the nucleus ambiguus are labeled 

with no visible labeling of neurons in the compacta formation (Bouairi et al. 2006).  

Additionally, fluorescent labeling of cardiac vagal neurons is not observed if the cardiac 

branch of the vagus is severed following injection, or if rhodamine is topically applied to 

the heart (Mendelowitz and Kunze 1991). Slices were perfused in room temperature 

aCSF and patch pipettes (2.5–3.5 MW) were visually guided to the surface of individual 

cardiac vagal neurons using differential interference optics and infrared illumination 

(Zeiss, Oberkochen, Germany). Pipettes were filled with a solution consisting of  135 mM 

K-gluconic acid, 10 mM HEPES, 10 mM EGTA, 1 mM CaCl2, 2 mM Na-ATP and 1 mM 

MgCl2, at a pH of 7.3 in order to observe excitatory glutamatergic neurotransmission.  

Patch pipettes were advanced until a membrane seal of over 1 G�  was obtained between 

the cell and pipette. The portion of membrane beneath the pipette tip was then ruptured 

using brief suction and a whole cell patch-clamp configuration was obtained. All synaptic 

activity in cardiac vagal neurons was recorded in voltage clamp configuration at a 

holding potential of -80 mV. In order to determine changes in cardiac vagal neuron firing 

activity during trigeminal afferent stimulation, current clamp configuration was used and 

action potentials were then observed. Only one experiment was performed per slice. 
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Stimulation of trigeminal afferents 
  

The thick horizontal medullary slice contains trigeminal afferents which were 

stimulated during whole cell patch recordings of parasympathetic cardiac vagal neurons.  

Trigeminal afferent fibers, ipsilateral to the patched cardiac vagal neurons were 

stimulated at 2-Hz frequency for 1–2 ms duration with a bipolar concentric stimulating 

electrode (WPI, Sarasota, FL) using a stimulus isolator (AMPI, Jerusalem, Israel). 

Stimulus intensity was increased in each experiment, ranging from 0.1 to 1 mA until a 

consistent synaptic pathway was evoked in each cardiac vagal neuron and was set as the 

control condition and then the stimulation parameters were maintained at that intensity 

and duration throughout the experiment. A series of 10 consecutive stimulations in each 

neuron at the set parameters was averaged and this mean value from each neuron in the 

population was then averaged to create a summary of results for each experimental 

condition. In studies using citalopram, only the last 3 stimulations within each condition 

were used. Stimulations were withheld for a period of about 5 min between stimulations 

10 and 11. 

 

Photo-uncaging experiments 

  

In order to determine the specific neurons or clusters of neurons responsible for 

the glutamatergic neurotransmission to cardiac vagal neurons, a photostimulation system 

was used to uncage glutamate in conjunction with a coronal medullary brain slice.  Caged 

compounds are molecules that are biologically inert until they are exposed to ultraviolet 
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light between 308 and 350 nm (Billington et al. 1992). Upon exposure, the compound is 

made biologically active. This system enables researchers to study excitability of neurons 

in a spatially and temporally defined manner.  Glutamate uncaging was performed using 

a DPSS UV laser launch system (Prairie Technologies, Madison WI) to photo-excite 

caged glutamate (Sigma, St. Louis MO). The laser was focused through an acousto-optic 

tunable filter (AOTF) which allowed for selection of the desired laser intensity, and acted 

as a shutter and focused the laser beam on the tissue for the desired amount of time. 

Positioning of the visible aiming spot for the photo uncaging beam allowed for precise 

control over the area to be uncaged (Schematic 5).  Caged glutamate was bath-applied at 

a concentration of 50 µM and uncaged for a duration of 5 msec.  An uncaging duration of 

5 msec was used in order to avoid excitotoxicity that occurred with longer durations and 

yet allow for a reproducible increase in glutamatergic frequency in cardiac vagal neurons. 

The uncaging was done in conjunction with whole cell patch-clamping of fluorescently 

labeled cardiac cells using potassium gluconate solution of the following composition (in 

mM): 135 gluconic acid, 10 HEPES, 10 EGTA, 1 CaCl2, 2 mM Na-ATP, and 1 MgCl2, 

pH 7.3. 
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Schematic 5. Visible aiming spot for UV photo-uncaging. 
 
Because UV light is beyond the visible spectrum, the uncaging system allows for an 

aiming spot to be positioned anywhere within the slice to determine the specific location 

for the uncaging. The aiming spot represents the target area where the uncaging of 

glutamate will take place. In this image of cardiac vagal neurons in the rat medullary slice 

under 40x magnification, cells are clearly visible, as well as the aiming spot for the UV 

light.  
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Application of drugs 

 

All drugs were purchased from Sigma-Aldrich (St. Louis, MO), with the 

exception of AF-DX and pirenzepine, which were purchased from Ascent Scientific 

(Princeton, NJ).  Ki values shown for each drug are for reference purposes.  Drug 

concentrations used were chosen based on the use of these drugs in the literature within 

similar experiments and preparations.  While the concentrations used were higher than 

the Ki values, these concentrations were deemed appropriate as much higher 

concentrations than Ki values are needed for penetration of these drugs to the neurons of 

interest embedded in the thick (800 - 900 mm) tissue used in my experiments.  

Antagonists for N-methyl-D-aspartate (NMDA) receptors, D(�)-2-amino-5-

phosphonopentanoic acid (AP5, 50 � M, K i of  1.5 nM) (Hrabetova et al. 2000) and non-

NMDA receptors, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX, 50 � M, K i of 15 nM for 

AMPA/Kainate) (McKinney et al. 1989; Nielsen et al. 1990; Shimizu-Sasamata et al. 

1996), were focally applied using a WPI Pneumatic Picopump pressure delivery system 

from a patch pipette positioned within 30 � m from the patched cardiac vagal neuron. The 

maximum range of drug distribution after application has been determined previously to 

be 100-120 µm downstream from the drug pipette and considerably less behind the drug 

pipette (Wang et al. 2002). As mentioned previously, drug concentrations used were 

chosen based on the use of these drugs in the literature within similar experiments and 

preparations, and while the concentrations used were higher than the Ki values, the 

concentrations used were deemed appropriate as much higher than Ki values are needed 

for penetration of these drugs to the neurons of interest embedded in the thick (800 - 900 
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mm) tissue used in my experiments.  (Dergacheva et al. 2009; Dergacheva et al. 2011; 

Evans et al. 2005; Gorini et al. 2009; Huang et al. 2005; Huang et al. 2004; Kamendi et 

al. 2006b; Kamendi et al. 2009; Wang et al. 2001b).   

 

Serotonergic agents 

 I utilized the following serotonergic pharmacological agents in my experiments: 

the 5-HT reuptake inhibitor citalopram hydrobromide (citalopram, 1 � M), the 5-

HT1A receptor agonist 8-hydroxy-2-(dipropylamino) tetralin hydrobromide (DPAT, 1 

� M), the 5-HT1A receptor antagonist WAY-100635 maleate salt (WAY, 100 � M), the 5-

HT2A/C receptor agonist � -methylserotonin maleate salt (� -methyl-5-HT, 10 � M), and the 

5-HT2A/C receptor antagonist ketanserin tartrate salt (ketanserin, 10 � M). 

 

Cholinergic agents 

The acetylcholinesterase inhibitor neostigmine (10 � M), the nAChR agonist 

nicotine (100 � M), the nAChR antagonist dihydro-� -erythroidine (DH� E, 100 � M), the 

mAChR agonist carbamyl-� -methylcholine chloride (bethanechol, 100 � M), and the 

mAChR antagonist atropine (10 � M) were all applied by inclusion in the perfusate. The 

following subtype-selective mAChR antagonists were also applied by inclusion in the 

perfusate: M1, pirenzepine dihydrochloride (pirenzepine, 10 � M); MM, 11-[[2-

[(diethylamino)methyl]-1-piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-

b][1,4]benzodiazepin-6-one (AF-DX, 0.1 � M); M3, p-fluorohexahydro-sila-difenidol 
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hydrochloride (pFHHSiD, 1 � M); and M4, tropicamide (1 � M). 

Subtype-selective mAChR antagonist concentrations were chosen based on Ki 

values and the literature (Abreo et al. 1996; de la Vega et al. 1997; Evans et al. 1984; 

Hrabetova et al. 2000; Hyttel and Larsen 1985; Johansson et al. 1997; May et al. 2003; 

McKenna and Peroutka 1989; McKinney et al. 1989; McKinney et al. 1991; Mukhin et 

al. 2000; Murray et al. 2011; Nielsen et al. 1990; Owens et al. 1997; Peroutka 1986; 

Sanders-Bush and Breeding 1988; Shimizu-Sasamata et al. 1996; Sun et al. 2002; 

Yamamoto et al. 1996).  Specifically, in the case of M1 mAChRs, it has been previously 

shown that 10 � M is the lowest concentration for which pirenzepine is selective for M1 

mAChRs in rat brainstem slices (Sun et al. 2009). 

 

Prenatal nicotine exposure 

 

In order to avoid stress, elevated plasma nicotine concentrations, and episodic 

fetal hypoxia/ischemia that may be produced with nicotine injections, I utilized osmotic 

minipumps for nicotine delivery (Slotkin 1998). Adult female rats were anesthetized with 

ketamine-xylazine (87/13 mg/kg ip; Phoenix Pharmaceuticals, St. Joseph, MO) on the 

third day of gestation and implanted with Alzet osmotic minipumps, (model 2ML4, 

Durect, Cupertino, CA) that delivered 6 mg/kg/day of (-)nicotine (56.1 mg/ml 

bacteriostatic saline; Sigma, St. Louis, MO), a level approximately equivalent to those 

that occur in moderate to heavy smokers, for 28 days (Slotkin et al. 1997). 
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Herpes simplex virus 1 expressing GFP 

  

To visualize the afferent pathways involved by nasal afferent stimulation of the 

trigeminocardiac reflex, after 1 hr of recovery from XRITC surgery Sprague Dawley rat 

pups (postnatal day 1-3) were anesthetized with hypothermia and 3.5� l of replication 

deficient herpes simplex virus (HSV) 1 expressing green fluorescent protein (GFP) was 

slowly injected into the nasal mucosa using a Hamilton fine glass syringe (Hamilton 

Company, Reno, NV). The nasal afferents were exposed to a 5 × 107 pfu 

HSV1.pR19EF1� GFPWPRE vector (Biovex Ltd, Abingdon, UK). After 72-96 hrs 

recovery, pups were anesthetized, sacrificed, and the hindbrain was carefully removed.  A 

single slice of the medulla (800-900 µm) was made that included cardiac vagal neurons 

and the trigeminal afferent pathways which were identified using fluorescent detection of 

HSV evoked expression of GFP. 

 

Confocal microscopy 

 
 A series of brainstem slices was collected for confocal image analysis. A 400 � m 

thick brainstem slice was cut and fixed using a 10% neutral buffered formalin solution 

(Sigma-Aldrich, St Louis, MO, USA) for 24 h, and then washed with 0.01M phosphate-

buffered saline (PBS). Confocal images were collected on a Zeiss LSM 710 system (Carl 

Zeiss Microimaging GmbH), equipped with an Axio Examiner Z1 upright microscope 

and W Plan-Apo 20× (NA, 1.0) (DIC VIS-IR WD = 1.8) and Plan-Apochromat 63× (NA, 

1.40) oil (DIC) objectives. The system has a 32 channel spectral-detection Quasar 
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photomultiplier and two single channel photomultipliers to record the backward 

emission. The argon-488 line of a multiline 25 mW argon laser was used to excite GFP, 

whereas rhodamine was excited with 5 mW He–Ne emitting at 633 nm. The microscope 

was equipped with Prior x/y/z scanning stage, which permitted capturing tile stack 

images. Emission filtering was adjusted by setting the desired spectral window for 

recording using Zeiss Zen 2009 software. In addition, the Zen 2009 software provided an 

online, linear spectral unmixing algorithm, which allowed the separation of several dyes 

based on spectral characteristics, despite emission spectra overlap, known as online 

spectral fingerprinting. Emission filtering was adjusted by setting the desired spectral 

window for recording. Images were taken using a 20× and 63× objective. 

  

Statistical analysis 

Bipolar electrode stimulation experiments 
 
 Excitatory events were measured using pClamp 8 software (Molecular Devices, 

Sunnyvale, CA), which analyzes EPSC amplitudes as peak currents subtracted from 

baseline currents. Results are presented as means ± SE and statistically compared with 

control data from the same experiment using a paired Student's t-test for all experiments. 

For those experiments comparing unexposed animals to prenatal nicotine exposure an 

independent samples (unpaired) Student’s t-test was used (for significance of 

difference, p < 0.05 in all experiments).  
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Photo-uncaging experiments 
 
 Changes in EPSC frequency were determined at the beginning of analysis for 

each experiment, and the values were then used throughout the analysis of that 

experiment using the MiniAnalysis version 6.0.3 software (Synaptosoft, Decatur, GA). 

Frequency in cardiac vagal neurons was grouped into 500msec bins for a total of 3 bins 

with the 2nd bin (time 0) representing the time point of glutamate uncaging.  

Software used for statistical analysis of the data were Graphpad Prism 4.01 

(Graphpad Software, San Diego, CA), Microcal Origin 7.0 (OriginLabs Corp, 

Nothhampton, MA) and Microsoft Excel (Microsoft Corp., Redmond, WA). 
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Results 

 

 

In this dissertation, I sought to classify and elucidate the cellular mechanisms 

responsible for the trigeminocardiac reflex. Specifically, I aimed to 1) characterize the 

fundamental properties of the trigeminocardiac reflex, 2) test the hypothesis that 

serotonergic receptors alter this reflex, 3) test the hypothesis that cholinergic receptors 

modulate the trigeminocardiac reflex, and 4) map the specific areas in the trigeminal 

circuitry involved in the reflex. 

 

Classification of trigeminocardiac reflex 

  

To examine the basic physiological pathway and neurotransmitters involved in the 

trigeminocardiac reflex, I employed a novel preparation using a thick (800-900 µm) 

horizontal brainstem slice that both preserved trigeminal afferents and exposed cardiac 

vagal neurons on the ventral surface.  I then stimulated the trigeminal nerve rootlet using 

a bipolar concentric electrode at 2 Hz frequency with a pulse duration between 1-2 ms. 

Stimulation of trigeminal afferent fibers evoked a single excitatory postsynaptic current 

(EPSC) (figure 1A), average peak current of �30.0 ± 4.1 pA in cardiac vagal neurons 

ipsilateral to the stimulated afferent that was occasionally followed by multiple EPSCs 

with a longer latency (figure 1A). The latency of the initial evoked EPSC (eEPSC) was 

measured and ranged from 3.3 to 30.75 ms with an average of 16.6 ± 1.7 ms (n = 54), 
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suggesting this reflex pathway consists of a di- or polysynaptic pathway, see figure 1. A 

current voltage step protocol was used, changing the cell holding potential from -80 mV 

to +20 mV in 10 mV increments, in order to determine the reversal potential of the 

eEPSCs. The eEPSCs reversed at a holding voltage of �20.4 ± 2.8 mV (n = 8) which is 

consistent with that of an excitatory glutamatergic synapse. I then tested the potential for 

those neurons to reach the threshold to fire an action potential.  As shown in the last four 

stimulations in figure 1C, in current-clamp mode, stimulation of trigeminal fibers 

depolarized cardiac vagal neurons sufficient to produce reliable action potential firing. 
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Figure 1: Firing properties of cardiac vagal neurons involved in the 

trigeminocardiac reflex. 

Stimulation of trigeminal afferent fibers evoked a single EPSC in cardiac vagal neurons 

as shown in a typical example of six consecutive stimulations in A. eEPSCs had an 

average amplitude of �30.0 ± 4.1 pA with latencies ranging from 3.3 to 30.75 ms with an 

average of 16.6 ± 1.7 ms (n = 54). A series of evoked EPSCs, recorded at voltage 

increases between �80 and 20 mV (B) indicates the eEPSCs reversed at a holding voltage 

(�20.4 ± 2.8 mV, n = 8), consistent with an excitatory glutamatergic synapse. In current-

clamp mode (C) six consecutive 2Hz stimulations of trigeminal fibers depolarized cardiac 

vagal neurons, often sufficient to reach the threshold for an action potential, as shown in 

the last four stimulations. 
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Excitatory neurotransmission to cardiac vagal neurons in the trigeminocardiac 

reflex 

  

Since it was determined that cardiac vagal neurons are capable of firing action 

potentials upon stimulation of trigeminal afferents and that this neurotransmission was 

most likely excitatory, I tested the role of glutamate in the reflex pathway. Repeated 

stimulations of the trigeminal fibers evoked consistent synaptic responses in cardiac 

vagal neurons as shown in figure 2A.  In order to block glutamatergic receptors, focal 

application of the NMDA and non-NMDA receptor blockers AP5 at 50 � M and CNQX at 

50 � M, respectively, significantly decreased the excitatory events by 87.4 ± 1.1%, almost 

completely abolishing these responses (n = 8, p < 0.05), as shown for each individual 

experiment and in the summary of all such experiments, suggesting that this pathway is 

modulated by glutamate.  

 

Serotonergic modulation of the trigeminal cardiac reflex 

  

Changes in 5-HT function are associated with SIDS (Duncan et al. 2010; Manzke 

et al. 2010; Paterson et al. 2006) and recent work has shown that alterations in brainstem 

5-HT function may be responsible for perturbed autoresuscitation in infants (Cummings 

et al. 2011a).  To test whether 5-HT pathways are involved in the trigeminocardiac reflex 

circuitry, I applied the 5-HT reuptake inhibitor citalopram (1 � M) in the perfusate.  

Citalopram has a Ki of 1.8 nM for 5-HTT in rat cortex tissue (Hyttel and Larsen 1985) 
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and application of citalopram at 1µM does not modify the binding characteristics of 

either 5-HT2, dopamine D2 receptors, or � 1 and ß-adrenoceptors in the brainstem 

(Chaput et al. 1986). Citalopram (1µM) significantly increased the peak amplitude of the 

excitatory synaptic responses in cardiac vagal neurons evoked by the stimulation of 

trigeminal afferents by 106.2 ± 6.9% from �15.9 ± 4.4 to �32.8 ± 6.5 pA (n = 7, p < 

0.05), as shown in a representative experiment in figure 3A and results from seven 

experiments shown in B and C indicating this reflex pathway is endogenously enhanced 

by 5-HT. 
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Figure 2. Trigeminal stimulation evoked neurotransmission to cardiac vagal 

neurons is glutamatergic. 

Repeated stimulations of the trigeminal fibers evoked consistent synaptic responses in 

cardiac vagal neurons as shown in (A). Focal application of the N-methyl-D-aspartate 

NMDA and non-NMDA receptor blockers AP5 (50 � M) and CNQX (50 � M), 

respectively, significantly (p < 0.05) decreased the activation of this synaptic pathway, 

decreasing the excitatory events by 87.4 ± 1.1%. The results from each experiment (n = 

8), is shown in B with the summary of these results shown in C. 
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Figure 3. Trigeminocardiac reflex is endogenously enhanced by 5-HT. 
 
Application of the 5-HT reuptake inhibitor citalopram (1 � M) significantly increased the 

peak amplitude of the excitatory synaptic response in cardiac vagal neurons. A typical 

experiment is illustrated in the top traces (A) and the summary results from 7 experiments 

are shown in B and C. Citalopram (1 � M) increased the responses evoked by the 

stimulation of trigeminal afferents by an average of 106.2 ± 6.9% from �15.9 ± 4.4 to 

�32.8 ± 6.5 pA (n = 7, p < 0.05). 
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5-HT1A receptors are endogenously active and receptor activation facilitates the 

excitatory glutamatergic neurotransmission to cardiac vagal neurons upon 

trigeminal stimulation 

 

In order to further characterize the role of 5-HT and identify the specific 5-HT 

receptors involved in the trigeminocardiac reflex, I tested both 5-HT1A as well as 5-

HT2A/C  receptor activation due of their critical role in SIDS, brainstem respiratory 

dysfunction and other developmental cardiovascular diseases (Cummings et al. 2011a; 

Duncan et al. 2010; Hilaire et al. 2010; Paterson et al. 2006; Tada et al. 2009).  The 

effects of different 5-HT1A and 5-HT2 receptor agonists and antagonists were tested. 

Bath application of the full 5-HT1A receptor agonist, DPAT (1 � M, K i = 1.0 nM) 

(Peroutka 1986), significantly increased the peak amplitude of the synaptic response 

(from �30.3 ± 3.5 to �47.2.6 ± 8.4 pA, n = 7, p < 0.05) as shown in a typical 

experiment in figure 4A with the results from all seven experiments shown 

in B and C.  DPAT at 1 µM was the minimum concentration to illicit total inhibition of 

5-HT1A receptors and causes no dose-dependence over a range of concentrations in rat 

brain slices (Bobula et al. 2001).  Addition of the highly selective 5-HT1A receptor 

antagonist, WAY 100635 (100 � M, K i = 0.24 nM) (Johansson et al. 1997) together with 

DPAT (1 µM) restored the responses to their previous magnitude (figure 4). WAY 

100635 at 100 µM is potent and selective 5-HT1A antagonist in rat brain slices and has 

been used in conjunction with DPAT in similar experiments (Celada et al. 2001). 

To examine if this pathway is modulated by endogenously active 5-
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HT1A receptors, the 5-HT1A receptor antagonist, WAY 100635 (100 � M) was applied in 

additional experiments prior to application of DPAT (1 � M). The 5-HT1A receptor 

antagonist, WAY 100635 (100 � M) significantly inhibited the excitatory 

neurotransmission to cardiac vagal neurons by 21.6 ± 9.2% (n = 7, p < 0.05), seen in 

figure 5.  WAY 100635 also blocked the facilitation previously shown to be evoked by 

DPAT (1 � M). A typical experimental trace is shown in figure 5 A with the summary 

data from seven experiments illustrated in B and C.  The results from these data suggest 

that 5-HT1A receptors significantly inhibit the glutamatergic neurotransmission to 

cardiac vagal neurons and are endogenously active in this reflex pathway. 
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Figure 4. 5-HT1A receptor activation facilitates glutamatergic neurotransmission in 

the trigeminocardiac reflex pathway. 

To identify the specific 5-HT receptors involved, the effects of different 5-HT1A and 5-

HT2 receptor agonists and antagonists were tested. Application of the 5-HT1A receptor 

agonist, DPAT (1 � M), significantly increased (from �30.3 ± 3.5 to �47.2.6 ± 8.4 pA, n = 

7, p < 0.05) the peak amplitude of the synaptic response as shown in a typical experiment 

(A) and in the summary from 7 experiments (B and C). Addition of the 5-HT1A receptor 

antagonist, WAY 100635 (100 � M) blocked the facilitation of the synaptic pathway that 

occurred with DPAT, A–C. 
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Figure 5. 5-HT1A receptors are endogenously active and modulate this reflex 

pathway. 

Consistent with the hypothesis that 5-HT1A receptors are endogenously active and 

enhance this synaptic pathway, application of the 5-HT1A receptor antagonist WAY 

100635 (100 � M) significantly inhibited the excitatory neurotransmission to cardiac 

vagal neurons by 21.6 ± 9.2% (n = 7, p < 0.05). A typical experiment is illustrated in A, 

and the summary results from 7 experiments are shown in B and C. WAY 100635 also 

blocked the facilitation evoked by DPAT (1 � M; A and C). 
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5-HT2A/C receptors are endogenously active and modulate the trigeminocardiac 

reflex 

  

To test whether activation of 5-HT2A/C receptors alters the glutamatergic 

neurotransmission to cardiac vagal neurons upon stimulation of trigeminal afferents, I 

applied the 5-HT2A/C receptor agonist, and the 5-HT2A/C receptor antagonist, ketanserin 

(10 � M). Both � -methyl-5-HT (10 � M) and ketanserin (10 µM) are similarly selective to 

ensure complete occupation of 5-HT2A/C receptors at the concentrations used in rat brain 

slices (Blomeley and Bracci 2005; Hasuo et al. 2002).  The � -methyl-5-HT has a Ki of 

1.6 nM for 5-HT2A receptors and a Ki of 3.0 nM for 5-HT2C receptors (May et al. 2003; 

Murray et al. 2011) while ketanserin has a Ki of 1.2 nM for 5-HT2A receptors and a Ki of 

30 nM for 5-HT2C receptors (McKenna and Peroutka 1989; Sanders-Bush and Breeding 

1988). The � -methyl-5-HT induced a significant (p < 0.05) inhibition of 53.0 ± 5.2% of 

the excitatory neurotransmission (shown in figure 6). This inhibition was reversed by 

application of the 5-HT2A/C receptor antagonist, ketanserin (10 � M), suggesting that this 

glutamatergic pathway is inhibited by 5-HT2A/C receptor activation. A typical experiment 

is shown in figure 6A with the summary data from eight experiments illustrated 

in B and C.  

 I then wanted to determine if this 5-HT2A/C receptor modulation is endogenously 

active in the trigeminocardiac reflex circuitry. Therefore, another series of experiments 

was conducted in which ketanserin (10 � M) was applied before any receptor agonists. 

Application of the 5-HT2A/C receptor antagonist significantly facilitated (105.4 ± 5.1%, p 
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< 0.05) the synaptic excitatory response in cardiac vagal neurons elicited by trigeminal 

afferent stimulation. A typical experiment is shown in figure 7A with the summary data 

from eight experiments illustrated in B and C. Ketanserin also prevented the inhibitory 

actions of � -methyl-5-HT on the trigeminal evoked EPSCs in cardiac vagal neurons, as 

illustrated in  figure 7 A and C.   
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Figure 6. Excitatory neurotransmission to cardiac vagal neurons is diminished upon 

trigeminal afferent stimulation by 5-HT2A/C receptor activation. 

Application of the 5-HT2 receptor agonist, � -methyl-5-HT (10 � M) induced a significant 

inhibition (n = 8, p < 0.05) of 53.0 ± 5.2% of the excitatory neurotransmission. This 

inhibition was reversed by application of the 5-HT2A/C receptor antagonist ketanserin (10 

� M). A typical experiment is illustrated in A with the summary results from 8 

experiments shown in B and C. 
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Figure 7. Endogenously active 5-HT2A/C receptors alter the glutamatergic 

neurotransmission upon stimulation of the trigeminal rootlet. 

The 5-HT2A/C receptor antagonist, ketanserin (10 � M), significantly facilitated (105.4 ± 

5.1%, p < 0.05) the synaptic excitatory response in cardiac vagal neurons elicited by 

trigeminal afferent stimulation (n = 8, p < 0.05). A typical experiment is illustrated in A 

with the summary results shown in B and C. Ketanserin prevented the inhibitory actions 

of � -methyl-5-HT on the trigeminal evoked EPSCs in cardiac vagal neurons (A and C). 
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Cholinergic modulation of the trigeminocardiac reflex 

  

Cholinergic brainstem dysfunction has long been suspected to play a role in SIDS. 

Deficits in cholinergic receptor density and binding dysfunction of cholinergic receptors 

have been implicated as potential risk factors (Duncan et al. 2010; Hilaire et al. 2010; 

Panigrahy et al. 2000a; Tada et al. 2009). Infants who succumb to SIDS exhibit a 

decrease in ChAT activity, in addition to a reduction in mAChR binding capacity (Kubo 

et al. 1998; Slotkin et al. 1999) and ChAT immunoreactivity (Kalaria et al. 1993; Kinney 

et al. 1995; Mallard et al. 1999; Sparks and Hunsaker 1991). Using my model to mimic 

the trigeminocardiac reflex, I sought to elucidate the role of endogenous ACh synaptic 

release in trigeminal evoked EPSCs in cardiac vagal neurons. This was accomplished by 

applying the acetylcholinesterase inhibitor neostigmine (10 � M, K i = 26 nM) (Yamamoto 

et al. 1996). At this concentration, neostigmine acts by interfering with the breakdown of 

ACh, thus presumably increases the concentration and prolongs the presence of ACh by 

decreasing the degradation of Ach, and indirectly stimulates both nAChR and mAChRs 

(Huang et al. 2004).  Peak amplitudes of EPSCs evoked in cardiac vagal neurons on 

stimulation of trigeminal afferents were significantly reduced upon application of 

neostigmine by 58.5 ± 3.7% (from �38.1 ± 3.9 to �15.8 ± 2.3 pA, n = 8, p < 0.05) as 

shown in a typical experiment figure 8A. The summary data from eight experiments are 

represented in the bar graph (figure 8B) and the percentage maximum eEPSC amplitude 

from eight experiments is illustrated in the scatterplot (figure 8C). These data indicate 

that endogenous ACh release inhibits trigeminal evoked responses in cardiac vagal 
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neurons. 

 To determine if nicotinic or muscarinic AChRs�are involved in the cholinergic 

modulation of this trigeminal evoked response pathway, the effects of various nAChR 

and mAChR agonists and antagonists were tested.  The broad nAChR agonist nicotine 

(100 � M, K i = 1.0 nM) (Abreo et al. 1996) did not have any significant effect on the 

excitatory synaptic response in cardiac vagal neurons on trigeminal afferent stimulation 

(n = 8, p > 0.05). Summary data from eight experiments are shown in the bar graph in 

figure 9B, with a typical experiment illustrated in the traces (figure 9A). A scatterplot 

representing the percentage maximum eEPSC amplitude from eight experiments is shown 

in figure 9C. Additionally, application of the broad nAChR antagonist DH� E at 100 � M, 

(K i = 7.4 nM) (Mukhin et al. 2000) is sufficient to inhibit all nAChR subtypes (Alkondon 

and Albuquerque 1993) .  DHßE did not have any significant effect on trigeminal-

induced EPSCs in cardiac vagal neurons (figure 10; n = 7 p > 0.05). Data from 7 cells is 

shown in the scatter plot, B with summary data in the bar graph C. 
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Figure 8. Endogenous acetylcholine release inhibits glutamatergic 

neurotransmission to cardiac vagal neurons. 

Application of the acetylcholinesterase inhibitor neostigmine (10 � M) significantly 

decreased the peak amplitude of the excitatory synaptic response to cardiac vagal 

neurons. A typical experiment is shown in the top traces (A), and the summary data from 

8 experiments are shown in B. C: scatterplot of percentage maximum eEPSC amplitude 

from 8 experiments. Neostigmine (10 � M) decreased the glutamatergic 

neurotransmission to cardiac vagal evoked by trigeminal afferent stimulation from �38.1 

± 3.9 to �15.8 ± 2.3 pA (by 58.5 ± 3.7%, n = 8, p < 0.05).  
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Figure 9. Nicotinic acetylcholine receptors do not significantly alter the 

trigeminocardiac reflex. 

To identify specific cholinergic receptors involved in the trigeminal evoked EPSCs in 

cardiac vagal neurons, nicotine (100 � M), a nAChR agonist, was applied in the perfusate. 

Application of nicotine exhibited no significant (p > 0.05) effect on trigeminal afferent 

evoked glutamatergic neurotransmission as shown in top traces (A), a typical experiment, 

along with summary data from eight experiments (B and C).   
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Figure 10. Nicotinic acetylcholine receptor antagonist DHßE does not alter the 

trigeminocardiac reflex. 

Application of the nAChR antagonist DHßE at 100 µM did not significantly (p > 0.05) 

affect the glutamatergic neurotransmission to cardiac vagal neurons upon trigeminal 

afferent stimulation.  A typical experiment is illustrated in the top traces, A. A scatter 

graph of the seven individual cells is shown in B with the summary data in 10C.   
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Muscarinic acetylcholine receptor modulation of the trigeminocardiac reflex 

circuitry  

  

To determine the role of mAChRs in this reflex pathway, I used the broad 

spectrum muscarinic agonist bethanechol (100 µM) (Heacock et al. 1987; Neff et al. 

1995) and the muscarinic antagonist atropine (10 µM).  Bethanechol (100 � M) has a Ki 

of 10.5 nM (Evans et al. 1984) and significantly inhibited the excitatory 

neurotransmission to cardiac vagal neurons, decreasing peak amplitude from �34.1 ± 9.2 

to �15.9 ± 3.7 pA (n = 8, p < 0.05). A typical experiment is shown in the top 

traces in figure 11A, along with scatter plot of individual data and summary data from 

eight experiments in figure 11, B and C, respectively.  

Conversely, the mAChR antagonist atropine (10 � M, K i = 0.08 nM) (Amitai et al. 

1982; Misgeld et al. 1986; Owens et al. 1997) was shown to significantly facilitate the 

EPSC evoked in cardiac vagal neurons on trigeminal afferent stimulation by 33.8 ± 

20.9% (from �63.1 ± 27.4 to �84.4 ± 33.1 pA, n = 7, p < 0.05), providing additional 

evidence that this pathway is endogenously inhibited in vitro by ACh and, in particular, 

mAChR activation. A peak synaptic event is seen in a typical experiment, illustrated 

in figure 12A. Summary data from seven experiments is shown in the bar graph (figure 

12B) and percentage maximum EPSC amplitude are shown in figure 12C. 
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Figure 11. Effect of the muscarinic agonist bethanechol on eEPSCs in cardiac vagal 

neurons. 

Application of the non-selective mAChR agonist bethanechol (100 � M) inhibited the 

responses evoked by stimulation of trigeminal afferents by an average of 53.2 ± 5.5%, 

from �34.1 ± 9.2 to �15.9 ± 3.7 pA (n = 8, p < 0.05). A typical experiment is illustrated 

in A and summary results from 8 experiments in the bar graph (B) and scatterplot (C).  



�
	�  

�

 



�
	�  

�

Figure 12. Atropine significantly facilitates trigeminal evoked neurotransmission to 

cardiac vagal neurons. 

Atropine (10 � M), a non-selective mAChR antagonist, induced a significant facilitation 

(n = 7, p < 0.05) of 33.8 ± 20.9% (from �63.1 ± 27.4 to �84.4 ± 33.1 pA) of the 

excitatory transmission to cardiac vagal neurons as shown in a typical experiment (A) as 

well as in the summary data (B) and scatter plot data (C) from seven experiments  
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The M4 muscarinic acetylcholine receptors are responsible for endogenous 

modulation of the trigeminocardiac reflex 

  

In order to further characterize the role of mAChRs, I sought to identify the 

specific subtypes of mAChRs involved in the endogenous inhibition of the 

trigeminocardiac reflex.  Because of the lack of specific muscarinic agonists, the broad-

spectrum agonist bethanechol (100 � M) was applied in conjunction with subtype-

selective mAChR antagonists. Subtype specific mAChR antagonists are still difficult to 

obtain, consequently, I utilized subtype selective mAChR antagonists at concentrations 

consistent with the literature exhibiting similar experimental designs. Tropicamide (1 

� M, K i = 15.1 nM) (Sun et al. 2002), an M4 mAChR antagonist, prevented the inhibitory 

action of bethanechol (100 � M), as shown in a typical experiment in figure 13A. The 

summary data from eight cells is illustrated in the bar graph along with the percentage 

maximum EPSC amplitude from eight cells also shown in figure 13A. Interestingly, the 

M1, M2, and M3 mAChR receptor antagonists, pirenzepine (10 � M, n = 8, Ki = 9.0 nM) 

(Ghatpande and Gelperin 2009; Richter et al. 1999), AF-DX (0.1 � M, n = 7, Ki = 33.9 

nM) (Boddeke et al. 1992; Boddeke 1991), and pFHHSiD (1 � M, n = 8, Ki = 7.1 nM) 

(Boddeke 1991; Eglen and Watson 1996; Imeri et al. 1994), respectively, did not 

significantly (p > 0.05) alter the synaptic excitatory response in cardiac vagal neurons (de 

la Vega et al. 1997; McKinney et al. 1989; McKinney et al. 1991).  

Additionally, the M1, M2, and M3 antagonists did not significantly alter the 

inhibition of the excitatory glutamatergic response in cardiac vagal neurons evoked by 
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stimulation of trigeminal afferents on the addition of the mAChR agonist bethanechol 

(100 � M). Figure 13B shows the lack of effect of these three antagonists at blocking the 

decrease in peak amplitude caused by bethanechol. These data indicate that M4 receptors 

are mAChRs most likely endogenously modulating the excitatory glutamatergic 

neurotransmission to cardiac vagal neurons upon trigeminal afferent stimulation.  
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Figure 13. Trigeminal afferent stimulation eEPSCs are modulated by M4 mAChRs. 

Identification of mAChR subtypes involved in this reflex pathway was accomplished 

through application of selective receptor antagonists along with the non-selective 

mAChR agonist bethanechol (100 � M). The M4 mAChR antagonist, tropicamide (1 � M) 

significantly inhibited the glutamatergic neurotransmission to cardiac vagal neurons by 

26.7 ± 3.1%, reducing peak amplitude from �36.7 ± 4.7 to �26.9 ± 3.7 pA (n = 8, p < 

0.05). Tropicamide also blocked the inhibitory effect of the mAChR agonist bethanechol 

(100 � M) on the evoked excitatory synaptic transmission to cardiac vagal neurons. I have 

shown a typical experiment in the top traces and the summary data from eight 

experiments in the bar graph and scatterplot (A). Application of the M1, M2, and M3 

mAChR antagonists, pirenzepine (10 � M), AF-DX, (0.1 � M), and pFHHSiD (1 � M), 

respectively, did not significantly inhibit the excitatory glutamatergic transmission to 

cardiac vagal neurons on trigeminal afferent stimulation. Additionally, none of the 

antagonists tested blocked the inhibitory effect of bethanechol (100 � M) on the evoked 

synaptic transmission. The summary results for pirenzepine (n = 8), AF-DX (n = 7), and 

pFHHSiD (n = 8) are shown in B.   
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Effects of prenatal nicotine exposure on trigeminal evoked glutamatergic 

neurotransmission to cardiac vagal neurons 

 

One of the highest risk factors for SIDS is maternal cigarette smoking and the 

accompanying prenatal exposure to nicotine (Duncan et al. 2009; Slotkin and Seidler 

2011). Because it is likely that fetal exposure to nicotine targets serotonergic and 

cholinergic function (Cents et al. 2012; Duncan et al. 2009; Nunes-Freitas et al. 2011; 

Slotkin and Seidler 2010; Slotkin et al. 2011), I tested the electrophysiological 

consequences of this prenatal nicotine exposure on the trigeminocardiac reflex evoked 

synaptic responses in cardiac vagal neurons. Animals that were exposed to prenatal 

nicotine had an exaggerated response; it was increased by 39.2 ± 3.3% pA in trigeminal 

evoked glutamatergic neurotransmission to cardiac vagal neurons when compared to 

unexposed animals (n=40, p < 0.05). The mean peak amplitude increased from -37.2 ± 

3.1pA in unexposed to -61.1 ± 11.1pA in prenatal nicotine animals. Example traces 

illustrated in figure 14A and summary data from 40 cells (20 unexposed, 20 exposed) are 

shown in figure 14B.  
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Figure 14. Prenatal nicotine exposure increases glutamatergic neurotransmission to 

cardiac vagal neurons compared to unexposed.  

Excitatory synaptic events in cardiac vagal neurons were evoked upon stimulation of the 

trigeminal nerve rootlet. Prenatal nicotine exposure significantly increased the trigeminal 

afferent eEPSCs in cardiac vagal neurons by 39.2 ± 3.3% (n=40, p < 0.05). A typical 

experiment is illustrated in the top traces (A) and summary data from 40 prenatal nicotine 

and 40 unexposed neurons are depicted in the bar graph (B).  An independent samples 

Student’s t-test was used for statistical analysis. 
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Activation of 5-HT 1A and 5-HT2A/C receptors increases glutamatergic 

neurotransmission to cardiac vagal neurons in animals exposed to prenatal nicotine 

  
 To elucidate the effect of prenatal nicotine exposure on the serotonergic 

modulation of trigeminal evoked neurotransmission to cardiac vagal neurons, the 5-HT1A 

antagonist WAY 1000635 (100� M) was administered. WAY 100635 inhibited the 

eEPSC amplitude by 39.3% ± 6.0% (from -46.0 ± 9.0 to -27.9 ± 7.2 pA, n=9, p < 0.05). 

Typical traces are illustrated in figure 15A, with a scatterplot representing the time course 

of the changes in maximum eEPSC amplitude from nine experiments shown in figure 

15B. Summary data are shown in figure 15C, with prenatal data from nine cells shown on 

the left. Data from unexposed animals, right, is shown for comparison (published 

previously, (Gorini et al. 2009). Data from nine prenatal nicotine and eight unexposed 

cells are shown in figure 15D and E, respectively. This inhibition of eEPSC responses by 

WAY 100635 is significantly exaggerated by 19.1 ± 8.9% (p < 0.05) when compared to 

responses in unexposed age-matched animals as shown in figure 15F.  

 Interestingly, in animals exposed to prenatal nicotine 5-HT2A/C receptor activation 

increased glutamatergic neurotransmission to cardiac vagal neurons. Application of 

ketanserin (10� M), a 5-HT2A/C antagonist, in prenatally exposed animals significantly 

inhibited the excitatory glutamatergic neurotransmission to cardiac cells upon trigeminal 

afferent stimulation by an average of 17.3 ± 3.8% (n=8, p < 0.05) (from -34.5 ± 10.7 pA 

to -29.4 ± 9.6 pA), as illustrated in a typical trace in figure 16A. Time course of eEPSC 

amplitude from eight cells upon application of ketanserin is shown in Figure 16B with 

average responses from eight cells shown in figure 16C.  This inhibition of evoked 
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synaptic responses is in contrast to the significant increase in eEPSC responses observed 

in unexposed age-matched animals by ketanserin. Data from unexposed animals 

(published previously, (Gorini et al. 2009) is shown on the right in figure 16C for 

comparison.  Individual responses in cells from both exposed and unexposed animals are 

shown in figure 16D and E, respectively. Ketanserin evoked a significant decrease in 

eEPSC amplitude of 104.8 ± 45.5% (p < 0.05) in animals with fetal nicotine exposure 

compared to unexposed animals, 16F. 
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Figure 15. Prenatal nicotine exposure facilitates glutamatergic neurotransmission to 

cardiac vagal neurons via 5-HT1A receptor activation. 

Application of the 5-HT1A receptor antagonist, WAY 100635 (100µM) significantly 

reduced the glutamatergic eEPSC by an average of 39.3 ± 6.0%, from -46.0 ± 9.0 to -27.9 

± 7.2 pA (n=9, p < 0.05) in prenatal nicotine exposed animals. A typical experiment is 

shown in the top traces (A). The time course of the inhibition is shown in a scatterplot of 

maximum eEPSC amplitude averaged from nine prenatal nicotine experiments (B). 

Summary data from nine cells in prenatally exposed animals (left) compared to summary 

data from unexposed animals (published previously, (Gorini et al. 2009) is shown in C.  

D and E illustrate results from single cells from both exposed (n=9) and unexposed (n=8) 

animals, respectively. F: Prenatal nicotine animals displayed a significant increase in 

percent amplitude of 19.1 ± 8.9% (p < 0.05) due to WAY 100635 application compared 

to unexposed animals with WAY 100635 application (published previously,(Gorini et al. 

2009). 
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Figure 16. Glutamatergic neurotransmission is increased by activation of 5-HT2A/C 

receptors in those animals exposed to fetal nicotine. 

Ketanserin (10µM), a 5-HT2A/C receptor antagonist, significantly inhibited excitatory 

glutamatergic neurotransmission to cardiac vagal neurons upon trigeminal afferent 

stimulation. A typical experiment is shown in the top traces, A, with the time course of 

the inhibition in maximum eEPSC amplitude from eight cells, B.  C shows summery data 

from prenatal nicotine animals (left) indicated eEPSC amplitude decreased from -34.5 ± 

10.6 to -29.4 ± 9.6 pA (n=8, p < 0.05). In unexposed animals, right, (published 

previously, (Gorini et al. 2009) ketanserin significantly facilitated (120.0 ± 45.4%, p < 

0.05) the synaptic excitatory response in cardiac vagal neurons elicited by trigeminal 

afferent stimulation (n = 8, p < 0.05).   D shows results from eight cells from prenatally 

exposed animals, while E are the results from eight cells from unexposed animals.  F 

illustrates the significant decrease in amplitude of 104.8 ± 45.5% (p < 0.05) with 

ketanserin in prenatal nicotine animals when compared to unexposed animals. 
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Trigeminal neuronal clusters responsible for glutamatergic output to cardiac vagal 

neurons 

 

To determine the specific neurons or cluster of neurons responsible for the 

glutamatergic output to cardiac vagal neurons upon trigeminal afferent stimulation, I 

employed a novel photo-uncaging system to deliver glutamate, in conjunction with 

retrograde labeling at the trigeminal afferents with a GFP expressing herpes simplex virus 

1 (HSV1) injected into the nasal mucosa, while recording from cardiac vagal neurons.  I 

used a stimulation time of 5 msec to uncage glutamate based on previous work in the lab 

that showed this duration of time is sufficient to excite a reproducible burst of activity in 

neurons, but not produce excitotoxicity which could occur with longer durations of 

stimulation. 

 Using a Hamilton syringe, 3.5 µl of GFP-HSV1 was injected into the nasal 

mucosa of neonates and the brain was dissected after 24-72 hours.  Confocal microscopy 

was used to visualize those afferents projecting from the nasal cavity to the trigeminal 

nucleus.  Figure 17A shows GFP-positive afferents in the spinal trigeminal tract of a 600 

µm horizontal slice. 

A 550 µm thick coronal brainstem slice was divided into roughly 90 sections, 

each 200 µm x 200 µm in area.  Each region of the brainstem slice was stimulated under 

a 10x objective with 50 µM caged glutamate at least twice for each cell tested. I was able 

to visualize trigeminal nasal mucosa afferents by way of the GFP-HSV1 (figure 18). 

Although it was not possible to test all regions with each cardiac vagal neuron, each 

region was tested for at least seven cardiac vagal neurons. Surprisingly, stimulation of 
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only one area created a significant increase (p < 0.05) in glutamatergic frequency, from 

1.17 ± 0.04 Hz to 1.87 ± .04 Hz, in the recorded cardiac vagal neuron. This area was 

2000 µm lateral and 1400 µm dorsal to the patched cardiac vagal neuron and 

corresponded to the area bordering the interpolaris portion of the spinal trigeminal 

nucleus and the spinal trigeminal tract, represented as a green dot in figure 19. This 

suggested that the cluster of neurons in this area is accountable for the trigeminal evoked 

glutamatergic output to cardiac vagal neurons. The summary data from 11 cells in this 

region is shown in the frequency histogram (figure 19B).   
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Figure 17. Confocal image of primary afferent trigeminal nerve terminals 

projecting from the nasal mucosa. 

Typical afferent trigeminal sensory nerve fibers labeled with GFP-HSV1 were clearly 

seen under confocal microscopy in horizontal slice in an area resembling the spinal 

trigeminal tract.   
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Figure 18. Confocal image of a coronal slice infected with GFP-HSV1. 

A 3 x 3 tile image under a 20x objective was captured to better visualize nasal mucosa 

projections into the brainstem for photo-uncaging experiments. Note the fibers extending 

from the spinal trigeminal tract medially to the spinal trigeminal nucleus. 
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Figure 19. Photo-uncaging of glutamate reveals a cluster of neurons in the 

interpolaris portion of the spinal trigeminal nucleus responsible for glutamatergic 

frequency change in cardiac vagal neurons. 

Clusters of GFP positive neurons were stimulated using a UV photo-uncaging system. A 

coronal brain slice was divided into 200 � m by 200 � m areas with each area being 

stimulated with a 5 msec pulse of 50 � M glutamate using a 10x objective. The area in 

green represents the identified cluster or region of nasotrigeminal cells responsible for 

increasing glutamatergic frequency in cardiac vagal neurons upon UV photo-excitation 

from 1.17 ± 0.04 Hz to 1.87 ± .04 Hz. Upon cessation of UV stimulation, the frequency 

decreased to baseline levels averaging 1.65 ± 0.07 Hz.  The frequency histogram to the 

right is summary data from 11 cells showing a significant (p < 0.05) increase in 

glutamatergic frequency in cardiac vagal neurons upon uncaging of glutamate, 0 

representing the time point of uncaging.  This area corresponds to the border of the spinal 

trigeminal tract and interpolaris portion of the spinal trigeminal nucleus. Abbreviations: 

Sp5: spinal trigeminal tract; Sp5C: caudal portion of the spinal trigeminal nucleus; Sp5I: 

interpolaris portion of the spinal trigeminal nucleus 
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Discussion 
 
 The work in this dissertation provides several major advances in our current 

understanding of the receptor signaling and cellular network and pathways involved in 

the trigeminocardiac reflex.  This study has six major conclusions: 1) Using a novel 

horizontal slice preparation, I found there is di- or polysynaptic neurotransmission to 

cardiac vagal neurons upon trigeminal afferent stimulation. 2) The neurotransmission to 

cardiac vagal neurons is excitatory and most likely glutamatergic based on 

pharmacological blockade using NMDA and AMPA antagonists. 3) This pathway is 

enhanced by endogenously active 5-HT1A receptors and depressed by endogenously 

active 5-HT2A/C receptors.  4) The trigeminal evoked synaptic responses to cardiac vagal 

neurons are endogenously inhibited in vitro by M4 mAChRs and are unaffected by 

nicotinic receptor activation. 5) Prenatal nicotine exposure enhances the serotonergic 

modulation of the trigeminocardiac reflex with both 5-HT1A and 5-HT2A/C receptor 

activation significantly facilitating eEPSCs upon afferent activation when compared with 

unexposed animals. 6) The clusters of neurons likely responsible for the glutamatergic 

transmission upon trigeminal afferent stimulation are located in an area corresponding to 

the border of the interpolaris portion of the spinal trigeminal nucleus and the spinal 

trigeminal tract. 
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Trigeminal sensory pathway 
 

 

The trigeminocardiac reflex pathway is likely mediated by both A-�  and C- fibers 

(Wang et al. 2011).  The average conduction velocity from the trigeminal nerve ending to 

the trigeminal subnucleus interpolaris is 0.94 ± 0.18 mm ms�1 , indicating a mixture of A-

�  and C fibers that mediate the first synaptic neurotransmission in the trigeminocardiac 

reflex (Wang et al. 2011).  Additionally, a recent study has classified whether NMDA or 

non-NMDA receptors contribute to the glutamatergic neurotransmission to cardiac vagal 

neurons upon trigeminal afferent stimulation (Wang et al. 2011).�NMDA receptors were 

responsible for a slow component (long decay phase) of the glutamatergic 

neurotransmission and were blocked by application of the NMDA receptor antagonist 

AP5.  Non-NMDA receptor activation evoked a fast and large eEPSC current response 

which was completely blocked by CNQX, an AMPA/kainate receptor antagonist (Wang 

et al. 2011) 

The in vitro electrophysiological results obtained in this dissertation support and 

extend previous in vivo and anatomical studies of the trigeminocardiac reflex. The 

anatomical substrate for this reflex arises in the sensory afferent fibers in the trigeminal 

nerve. This includes those in the ethmoidal nerve, which project via the Gasserian (also 

known as the trigeminal) ganglia to the sensory nucleus of the trigeminal nerve 

(McCulloch et al. 1999; Schaller 2004). Second-order neurons in the ventral trigeminal 

nucleus that receive this sensory information have been identified using Fos 

immunohistochemistry either after nasal stimulation or during voluntary diving 
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(McCulloch 2005; McCulloch and Panneton 1997). These second-order neurons are 

mostly lateral and slightly dorsal to the nucleus ambiguus in the ventral trigeminal 

nucleus (Berner et al. 2008; McCulloch 2005). In close agreement with this anatomical 

framework, bilateral inhibition of glutamatergic neurotransmission in similar locations in 

the ventral trigeminal complex completely blocks the cardiorespiratory responses 

normally evoked on stimulation of the nasal sensory neurons (McCulloch 2005; Panneton 

and Yavari 1995). 

The pathway continues from the ventral trigeminal nucleus through the short 

internuncial nerve fibers in the reticular formation in the brainstem to finally synapse on 

efferent premotor parasympathetic cardioinhibitory neurons in the nucleus ambiguus 

(Schaller 2004). Bilateral electrolytic lesions of the NTS that abolish the baroreceptor 

reflex fail to alter the responses to stimulation of the trigeminal nerve, indicating these 

reflex pathways do not synapse in or transverse through the NTS, but instead utilize 

afferent nerve rootlets, nuclei, and fibers that are outside of the NTS/DMNX region and 

likely contained within the ventral brainstem (Kumada et al. 1977). Because the circuitry 

for the trigeminocardiac and diving reflexes are intrinsic to the brainstem, it can be 

readily studied in vitro without the confounding effects (such as depression of the reflex) 

that have been observed with anesthetics (Dutschmann and Paton 2002; Schaller 2004) 

(schematic 6).  
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Schematic 6. Diagramatic representation of the trigeminocardiac reflex pathway. 

The pathway of the trigeminocardiac reflex as seen by way of nasal afferent stimulation.  

If the maxillary nerve (V2 branch of the trigeminal) is stimulated by fluid in the nasal 

cavity, the trigeminal nerve is triggered.  The pathway then continues to the brainstem, 

through the trigeminal sensory nucleus, to the nucleus ambiguus, where preganglionic 

parasympathetic cardiac neurons are signaled. These cardiac vagal neurons ultimately 

synapse with cardiac ganglia in the fat pads of the heart, decreasing heart rate. 
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Clinical relevance of 5-HT receptor modulation in trigeminocardiac reflex 
 
  

The results in this dissertation may have significant clinical implications for 

understanding serotonergic brainstem receptor abnormalities in diseases such as SIDS.   

During fetal development, 5-HT acts as a growth factor and regulates the development of 

its own and related neural systems.  Serotonergic neurons are generated early in 

development, during the first month of gestation in primates and on embryonic day 10 to 

12 in rodents (Gaspar et al. 2003; Levitt and Rakic 1982).  Raphe neurons are able to 

synthesize 5-HT one day following their generation and begin to send axonal projections 

to the forebrain and spinal cord shortly thereafter (Gaspar et al. 2003).  Because of the 

rich diversity of 5-HT receptors, there are many different ways by which 5-HT can affect 

the developing fetus. 

Serotonin also regulates a multitude of developmentally critical processes, such as 

cell division, differentiation, migration, myelination, synaptogenesis, and dendritic 

pruning (Gaspar et al. 2003; Whitaker-Azmitia et al. 1996).  Because of its widespread 

role in fetal development, changes in serotonergic signaling by either pharmacological 

agents or genetic variations can lead to behavioral, neurophysiological, and 

neuroanatomical developmental deficits (Oberlander 2012).  For example, fetal exposure 

to serotonin reuptake inhibitors has been shown to decrease uterine and fetal brain blood 

flow, oxygen saturation, and rapid eye movement during sleep (Morrison et al. 2001). 

Additionally, in the prenatal period, early serotonin reuptake inhibitor exposure, as with 

some depressants, is associated with increased neonatal mortality and lower birth weight 
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(Vogel et al. 1990).  

 5-HTT is responsible for high affinity reuptake of serotonin at the cell membrane 

and inhibition of 5-HTT increases the magnitude and duration of the activity of 5-HT on 

pre- and postsynaptic 5-HT receptors (Homberg et al. 2010). Changes in 5-HTT function 

most likely can also affect developmental processes via 5-HT1A and 5-HT2A/C receptor 

activation (Homberg et al. 2010).   

 Serotonin is imperative for proper sleep control and interaction between brain-

derived serotonin and immune signaling molecules is necessary for proper sleep-wake 

cycle regulation (Fidalgo et al. 2012; Imeri and Opp 2009). When present, brain-derived 

serotonin binds to 5-HT2 receptors to regulate autonomic activity (Fidalgo et al. 2012).  

Hypoglossal 5-HT2 receptors play a crucial role in regulating respiratory control during 

sleep and alterations of these receptors has been observed in sleep dysfunction (Fidalgo et 

al. 2012). Dysfunction of the serotonergic system can lead to altered sleep-wake cycles 

and changes in REM sleep (Imeri and Opp 2009).  5-HT1A knockout mice have 

demonstrated altered sleep patterns, specifically, dysfunction in sleep thermoregulation 

(Fidalgo et al. 2012; Gaspar et al. 2003).  Furthermore, aging is a major contributor to 

changes in sleep function as serotonergic input to the hypoglossal decreases with age and 

affects respiratory motor output during sleep (Singletary and Naidoo 2011). SIDS victims 

have shown various dysfunctions in serotonergic circuitry altering serotonergic output 

from the dorsal raphe as well as regulation of 5-HT1A and 5-HT2 receptors (Kinney et al. 

2009). Sleep alterations could pose one mechanism which accentuates and increases the 

risk of SIDS upon a background of genetic or environmental changes in serotonergic 

function. .    
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  Serotonin is crucial to regulating brain homeostasis following life-threatening 

challenges such as asphyxia during sleep (Duncan and Brodie 2011).  Data from this 

study indicate that 5-HT1A and 5-HT2A/C receptors are endogenously active and 

differently modulate the trigeminocardiac reflex pathway in the brainstem.  SIDS victims 

exhibit abnormalities in brainstem 5-HT function  (Hunt 2001; Hunt and Hauck 2006; 

Paterson et al. 2006); they have a higher number of 5-HT neurons in the medulla 

compared with a control population, as well as reduced serotonin transporter binding in 

the medulla (Kinney 2009).  The increased number of 5-HT neurons has been localized to 

the midline raphe, lateral extraraphe, and at the ventral surface of the medulla (Paterson 

et al. 2006). Additionally, the cerebrospinal fluids of infant victims of sudden death show 

a significant increase in 5-Hydroxyindoleacetic acid and other the metabolites of 5-HT 

(Caroff et al. 1992). 

However, while the 5-HT neuron density is increased, 5-HT1A binding density is 

significantly reduced in SIDS cases compared with controls (Paterson et al. 2006). In an 

attempt to reconcile these seemingly contrasting results, it has been proposed that there 

may be an increased number of 5-HT neurons and an exaggerated level of 5-HT activity, 

which results in a compensatory downregulation of 5-HT receptors in SIDS victims 

(Paterson et al. 2006). Alternatively, the autoradiographic evidence that 5-HT1A binding 

density is significantly reduced in SIDS victims could be caused by decreased affinity of 

the receptor for the ligand and/or increased turnover of receptor protein rather than a 

decreased number of 5-HT1A receptors.  It has also been proposed that SIDS victims have 

a higher number of 5-HT neurons, but these 5-HT neurons may be premature and 

dysfunctional. Taken together, these data suggest a model where SIDS victims have an 
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increased number of 5-HT neurons (some of which may be premature), reduced 5-HT1A 

receptor binding, and a decrease in 5-HTT binding, thus both neuron firing and 

availability of 5-HT would be altered in these patients (Kinney 2009). 

Recent literature has reported that cardiovascular responses were found to be 

exacerbated in response to a stressor in transgenic 5-HT1A knockout mice, suggesting that 

proper 5-HT1A receptor function, specifically in the medullary raphe, is necessary for 

cardiovascular control (Gross et al. 2000; Pattij et al. 2002). These data are consistent 

with the literature suggesting that 5-HT1A receptors are altered in SIDS victims (Kinney 

2009). They also agree with my results which show that 5-HT1A receptors modulate the 

excitatory glutamatergic neurotransmission to cardiac neurons, and suggest that this 

modulation is vital for proper cardiovascular homeostasis and function.  

Additionally, 5-HT plays a critical role in the vagal control of heart rate.  5-HT2A 

receptors have been shown to play a role in dendritic maturation and developmental cell 

death and are partly responsible for facilitating the modulation of the cardiovagal 

component in the baroreceptor reflex (Homberg et al. 2010; Kinney 2009); the 5-HT 

release from the caudal raphe is thought to trigger this component.  If there is augmented 

5-HT function in SIDS victims, this could lead to an exaggerated endogenous facilitation 

of the trigeminocardiac reflex in these individuals. 

It has also been suggested that 5-HT2 receptor activation plays a significant role in 

gasping rythmogenesis (Tryba et al. 2006).  SIDS may occur when there is a failure to 

autoresuscitate and this failure is likely to occur when gasping onset transpires too late to 

revive cardiac function (Guntheroth and Kawabori 1975). Previous work in our lab has 

shown that these 5-HT2 receptors likely act at presynaptic terminals surrounding cardiac 
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vagal neurons and enhance ATP release (Dergacheva et al. 2008). The 5-HT2 receptors 

have also been reported to modulate NMDA receptors via a protein kinase C-dependent 

mechanism (Blank et al. 1996).  Any alteration in this presynaptic 5-HT2 receptor 

signaling pathway may likely have a significant downstream effect on other signaling 

pathways, possibly perturbing the onset of gasping causing a lethal effect on the infant. 

 Pharmacological blockade of 5-HT 2 receptors has also been shown to decrease 

the number of gasps as well as impair the restoration of eupnea (Kinney 2009). 5-HT 

facilitates the excitatory effects of glutamate in the facial motor nucleus, an effect that is 

antagonized by 5-HT2 receptor blockade, (Cooper et al. 2003). Similarly, it is likely that a 

decrease of endogenous 5-HT, decreasing endogenous activation of 5-HT2 receptors, may 

be responsible for the malfunction of fictive gasping generation by the ventral respiratory 

nuclei, including the nucleus ambiguus (Tryba et al. 2006). This serotonergic receptor 

malfunction and the resulting altered gasping mechanisms preventing normal 

autoresuscitation in infants may be one mechanism for the cause of SIDS (Sridhar et al. 

2003). 

To summarize some of the findings in this work related to 5-HT function, the 5-

HT reuptake inhibitor citalopram (1 � M) exaggerates the trigeminocardiac reflex 

indicating 5-HT pathways are endogenously active and facilitate this reflex. The 

facilitation by selective activation of 5-HT1A receptors therefore likely exerts a greater 

effect than that of the 5-HT2A/C receptor-mediated inhibition of the trigeminocardiac 

reflex. However, it seems likely the response to exaggerated 5-HT activity, such that 

might occur in SIDS victims, would have complex and often competing influences on 

different 5-HT receptors and the trigeminocardiac reflex. 
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Cholinergic modulation of trigeminocardiac reflex 
 
 

Cholinergic modulation of brainstem cardiorespiratory network function is 

complex. Previous work, in both our lab and others, has shown that nAChRs play a major 

role in brainstem cardiorespiratory function (Dwyer et al. 2008; Huang et al. 2007; 

Kamendi et al. 2006a; Wang et al. 2003). Activation of nAChRs, specifically ß2-

containing nAChRs at presynaptic terminals by endogenous ACh release facilitates 

GABAergic inhibitory inputs to cardiac vagal neurons and likely generates respiratory 

sinus arrhythmia (Evans et al. 2005; Wang et al. 2003).  

Cardiac vagal neurons in the NA receive cholinergic inputs from multiple areas in 

the brainstem (Bieger 1993; Milner et al. 1989). Release of ACh via activation of 

presynaptic � 7-nicotinic receptors increases the frequency of glutamatergic synaptic 

inputs that are thought to originate from synaptic terminals of NTS neurons (Wang et al. 

2001b). Other sources of cholinergic inputs to cardiac vagal neurons could include the 

pedunculopontine tegmental nucleus as well as the laterodorsal tegmental nucleus (Jones 

and Beaudet 1987; Shiromani et al. 1988), both of which send projections to the cranial 

nerve nuclei, including the nucleus ambiguus. It is also possible that cholinergic inputs to 

cardiac vagal neurons originate from surrounding cholinergic cells in the ambiguus 

(Bouairi et al. 2006), lateral tegmentum area (Winzer-Serhan and Leslie 1997), and 

passing fibers from pontine structures (Jones 1990). 

Interestingly, however, my data suggest that nicotinic receptors do not play a 

significant role in modulation of the trigeminal evoked responses in parasympathetic 

cardiac vagal neurons because the glutamatergic neurotransmission evoked by trigeminal 
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nerve stimulation did not exhibit any significant change on application of nicotine or the 

nicotinic receptor antagonist DH� E.  

My data show the responses evoked by trigeminal afferent stimulation are 

endogenously modulated by mAChRs. Neostigmine decreased the trigeminal evoked 

activation of cardiac vagal neurons and, demonstrating a role of muscarinic receptors, the 

muscarinic receptor antagonist atropine increased the neurotransmission to cardiac vagal 

neurons and bethanechol, a muscarinic receptor agonist, decreased this response pathway. 

This modulation was shown to be mediated by M4 mAChRs, as the M4 muscarinic 

antagonist tropicamide blocked the inhibitory action of the broad mAChR agonist 

bethanechol. 

Changes in mAChR function and expression have been implicated in SIDS 

(Livolsi et al. 2010) and reduced cholinergic binding has been suggested to be 

responsible for the perturbed ventilatory response observed in sudden infant death 

(Kinney et al. 1995; Kubo et al. 1998; Matturri et al. 2004). However, this cholinergic 

receptor irregularity may also be linked to a decrease in choline acetyltransferase (ChAT) 

activity (Livolsi et al. 2010; Oda 1999). Victims of SIDS have exhibited a reduction in 

ChAT-immunoreactive neurons in both the hypoglossal and DMNX (Mallard et al. 1999; 

Oda 1999). A decrease in cholinergic activity in the brainstem would likely lead to a 

reduction in endogenously active in vitro M4 mAChR activity, causing a disinhibition 

and an exaggerated trigeminocardiac reflex. 

In addition to respiratory modulation of cardiac vagal neurons, cholinergic 

receptors and in particular mAChRs, also play a major role in sleep-dependent changes. 

Brainstem cholinergic neurotransmission is an integral component of rapid-eye-
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movement (REM) sleep generation (Vazquez and Baghdoyan 2004; Verret et al. 2005). 

Changes in cholinergic receptor activation and potentiation of ethmoidal nerve-evoked 

respiratory suppression (Dutschmann and Herbert 1999) have been associated with 

altered infant sleep–wake cycles, which is also associated with SIDS (Datta et al. 2009; 

Frank et al. 2001; Oda 1999). Activation of sensory trigeminal afferents during REM 

sleep has been shown to contribute to the REM sleep-associated respiratory failures in 

SIDS (Dutschmann and Herbert 1999; Gould et al. 1988).  

It is likely that muscarinic receptors alter the sleep–wake cycles via alterations in 

protein kinase A (PKA) activity (Caulfield and Birdsall 1998; Gillin and Sitaram 1984; 

Wess et al. 2007). All known mAChRs are G-protein coupled receptors (Caulfield and 

Birdsall 1998; Wess et al. 2007); the M4 mAChRs primarily couple to Gi/Go type G 

proteins (Sawaguchi et al. 2002; Wess et al. 2007). Once activated, M4 mAChRs activate 

a series of second-messenger systems that inhibit PKA decreasing cellular levels of cyclic 

adenosine monophosphate (cAMP) (Caulfield and Birdsall 1998; Datta et al. 2009; Wess 

et al. 2007). PKA is critical for the generation of REM sleep and regulation of sleep and 

wakefulness (Blank et al. 1996; Datta et al. 2009). Abnormalities in REM sleep, 

specifically longer latencies to REM sleep and lower REM sleep amounts (Coons and 

Guilleminault 1985; Frank et al. 2001; Harper 1983), evoke changes in cardiovascular 

system activity, including highly variable heart rate (del Bo et al. 1982; George and 

Kryger 1985; Verrier et al. 1998) and apnea-associated bradyarrhythmias (Gabriel and 

Albani 1976; Koehler et al. 1998). Additionally, mAChRs mediate REM sleep as well as 

parasympathetic cardiovascular regulation via vasoactive neuropeptides (VNs) and 

cAMP production, respectively (Staines 2005; Staines et al. 2009). Changes in cAMP 
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levels have been shown to cause both irregular VN production and VN dysfunction 

(Staines 2005; Staines et al. 2009). It has also been suggested that VN abnormalities 

increase expression of NMDA receptor mRNA in postganglionic parasympathetic 

neurons (Robertson et al. 1998). The changes in cAMP levels by endogenous activation 

of M4 mAChRs by the trigeminocardiac reflex are a possible cellular target for 

alterations in sleep–wake states that may also increase the risk of SIDS. 

 

Prenatal nicotine effects on the trigeminocardiac reflex pathway 
 
 
 

Prenatal nicotine exposure increases the risk for preterm delivery, spontaneous 

abortion, low birth weight, sleep disorders, impaired cardiac function and SIDS (Duncan 

et al. 2009; Ernst et al. 2001; Pilarski et al. 2011; Slotkin et al. 2008; Slotkin and Seidler 

2011; Slotkin et al. ; Winzer-Serhan 2008). Victims who succumb to SIDS exhibit 

abnormalities in glutamatergic and serotonergic function in areas of the brainstem 

responsible for central cardiorespiratory control (Duncan et al. 2009).  Exaggeration of 

the trigeminocardiac reflex in infants may be one component responsible for SIDS; 

amplification of this reflex by fetal nicotine exposure can play a significant role in the 

disease.   

Prenatal nicotine exposure causes harmful effects on brainstem serotonergic 

systems including changes in 5-HT receptor density, 5-HT transporter systems, as well as 

5-HT receptor function (Caroff et al. 1992; Muneoka et al. 2001; Paterson et al. 2006). 

Fetal nicotine exposure has also been shown to induce a reduction in 5-HTT density in 
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the cerebral cortex, due to a loss of serotonergic nerve terminals and/or suppression of the 

specific expression of the serotonin transporter protein (Xu et al. 2001).   

However, there was a corresponding increase in 5-HTT density in the 

midbrain/brainstem, the region containing the 5-HT cell bodies that project to the 

cerebral cortex.  This pattern is typical of reactive sprouting in response to nerve terminal 

damage (Xu et al. 2001).   It has also been reported that nicotine exposure during fetal 

life increases the release of 5-HT by up-regulation of � 7 nAChRs (Hafstrom et al. 2005).  

This can increase 5-HT turnover, thereby further perturbing the 5-HT signaling system 

(Hafstrom et al. 2005; Ribeiro et al. 1993). 

It is difficult to speculate changes fetal exposure to nicotine may have on 

brainstem serotonin networks because serotonin is widespread throughout the brain with 

different projections from serotonergic nuclei extending to many diverse populations in 

the cortex, brainstem, and hippocampus. For example, the dorsal raphe nucleus projects 

to the frontal cortex while the median raphe nucleus projects to the hippocampus. 

Depending on the affinity for nicotine to bind specific nAChRs on neurons in different 

nuclei, 5-HT pathways and transporters may likely be altered in different ways and/or at 

different periods of development (Awtry and Werling 2003; Danielson et al. 2011).   

Serotonin also plays a critical role in regulation of respiratory activity.  It has been 

shown that increased levels of serotonin have stimulatory effects on respiration (Lewis 

and Bosque 1995) and the adaptation of respiratory reflexes to consequences such as 

hypoxemia are mediated by serotonergic mechanisms (Hafstrom et al. 2005). Prenatal 

nicotine exposure also causes dysfunction in cardiorespiratory areas in brainstem. This is 

likely due to a failure to up-regulate nicotine binding in the arcuate nucleus which 
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contains serotonergic projections to the respiratory system (Kinney et al. 2001). 

Dysfunction or failure of any of these serotonergic systems due to exposure to fetal 

nicotine could pose one avenue to further investigate the causes for SIDS. 

I have shown one functional consequence of prenatal nicotine exposure, an 

increased glutamatergic neurotransmission to cardiac vagal neurons upon trigeminal 

afferent stimulation compared with unexposed animals. In other systems fetal exposure to 

nicotine has been shown to increase glutamatergic neurotransmitter cycling in glutamate 

neurons leading to increases in glutamate release (Shameem and Patel 2012). The 

experiments in this study indicate changes in 5-HT receptor function caused by prenatal 

exposure to nicotine produced a facilitation of evoked excitatory glutamatergic 

neurotransmission to cardiac vagal neurons. Work in unexposed animals has shown 5-

HT1A receptor activation facilitates excitatory glutamatergic neurotransmission to cardiac 

vagal neurons while 5-HT2A/C receptor activation significantly inhibits this glutamatergic 

transmission (Gorini et al. 2009; Slotkin et al. 2006). In contrast to unexposed animals, in 

prenatal nicotine-exposed animals both endogenous 5-HT1A as well as 5-HT2A/C receptor 

activation increased eEPSCs in cardiac vagal neurons. This indicates prenatal nicotine 

exposure likely exaggerates the trigeminocardiac reflex by increased 5-HT modulation, 

and in particular, 5-HT2A/C receptor activity to facilitate glutamatergic neurotransmission 

to cardiac vagal neurons. 

Prenatal nicotine exposure has also been shown to increase levels of substance P 

in the brainstem (Berner et al. 2008). Substance P is of particular interest due to its 

important role in the cardiorespiratory network in newborns where administration of 

substance P has shown to increase respiration (Berner et al. 2008; Gradin et al. 1992) as 
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well as increase the number of dendritic vericosites in brainstem neurons in the rostral 

ventromedial medulla of rats (Hahm et al. 2011). Substance P modulates 5-HT 

neurotransmission via neurokinin-1 (NK1) receptors and exerts regulatory effects through 

afferents to the dorsal raphe nucleus (Lacoste et al. 2009).  Substance P preferentially 

binds and activates NK1 receptors (Garret et al. 1991; Li et al. 1995) and this activation 

limits 5-HT release from the dorsal raphe nucleus (Berner et al. 2008; Guiard et al. 2007; 

Hodges et al. 2009; Valentino et al. 2003). This represents one mechanism through which 

trigeminal evoked glutamatergic neurotransmission to cardiac vagal neurons is altered 

following 5-HT receptor activation in those animals prenatally exposed to nicotine.  

It is likely that endogenous 5-HT neurons and receptors responsible for enhancing 

the trigeminocardiac reflex pathway originate in the dorsal raphe nucleus (Li et al. 1993; 

Vasudeva et al. 2011). Fetal exposure to nicotine has been reported to cause 5-HT1A 

receptor overexpression in the brainstem of rhesus monkeys compared to unexposed 

animals (Slotkin et al. 2006). Additionally, transgenic 5-HT1A receptor over-expressing 

mice display abnormal and prolonged periods of bradycardia, hypothermia, diminished 

chemosensory activation, apnea and respiratory distress (Audero et al. 2008; Cummings 

et al. 2011b). An increase in 5-HT1A receptor expression is a likely explanation for 

exaggerated eEPSC amplitudes in prenatal nicotine exposed animals as compared to 

unexposed animals.   

Interestingly, I have shown 5-HT2A/C receptor activation in prenatal nicotine 

exposed animals produces an opposite modulatory effect on glutamatergic 

neurotransmission to cardiac vagal neurons upon trigeminal afferent stimulation when 

compared to unexposed animals.  In prenatal nicotine exposed animals 5-HT2A/C receptor 
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activation facilitates eEPSCs, whereas in unexposed animals, 5-HT2A/C receptor 

activation depresses this neurotransmission. Fetal nicotine exposure and brainstem-

specific 5-HT2 receptor interaction data is limited; however one possible explanation for 

the exaggeration of glutamatergic neurotransmission in animals exposed to prenatal 

nicotine is a combination of prenatal nicotine-induced increased extracellular glutamate 

and decreased inhibitory 5-HT2 receptor function in the dorsal raphe nucleus (Toth et al. 

1992; Touiki et al. 2008) resulting in increased glutamatergic neurotransmission to 

cardiac vagal neurons upon 5-HT2A/C receptor activation.  

To summarize these findings, prenatal nicotine exposure causes changes in 

brainstem pathway signaling that facilitates glutamatergic neurotransmission to cardiac 

vagal neurons via 5-HT1A and 5-HT2A/C receptor activation, when compared with 

unexposed animals. These changes are most likely due to nicotine’s effect on the 

serotonergic system and resulting change in receptor sensitivity and neuron firing. The 

experiments conducted in this dissertation suggest an approach where one might 

pharmacologically block or alter these prenatal nicotine induced changes, potentially 

decreasing or eliminating the risk for SIDS. 

 
 

Prenatal nicotine exposure changes in nicotinic acetylcholine receptor system 
 

Previous work has shown exposure to nicotine in the prenatal period significantly 

increases the endogenous activation of nicotinic receptors, increasing inward current and 

augmentating excitatory glutamatergic amplitude in cardiac vagal neurons (Huang et al. 

2004; Kamendi et al. 2006b). Data presented in this dissertation have shown that 
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nicotinic receptors do not modulate the trigeminocardiac reflex in unexposed animals 

(Gorini et al. 2010). However, prenatal nicotine-induced changes in receptor function, 

specifically the nicotinic receptors, could be responsible for the facilitation of 

glutamatergic neurotransmission in cardiac vagal neurons upon trigeminal afferent 

stimulation (Huang et al. 2004). Prenatal nicotine exposure increases nAChRs which, 

upon activation, enhance glutamatergic neurotransmission to cardiac vagal neurons 

(Mansvelder and McGehee 2000; Shameem and Patel 2012).  It is possible that this 

pathway is being modulated by either nAChRs or mAChRs but future experimentation is 

necessary to determine the function of these receptor during trigeminal stimulation in 

exposed animals. 

 

Areas within the trigeminocardiac reflex pathway responsible for glutamatergic 
neurotransmission to cardiac vagal neurons 
 
  

I identified one region of the brainstem in the spinal trigeminal nucleus that is 

responsible for activating glutamatergic neurotransmission to parasympathetic cardiac 

neurons in the nucleus ambiguus. The spinal trigeminal nucleus can be divided into three 

sub nuclei: subnucleus oralis, subnucleus caudalis and subnucleus interpolaris (Koeda et 

al. 2009) with the spinal trigeminal sensory tract laterally boarding the latter two 

subnuclei.  Although UV photo-uncaging of glutamate did not produce as robust an 

inward current as did electrical stimulation, nevertheless a significant increase in the 

frequency of glutamatergic neurotransmission was seen. This occurred in an area 

bordering the subnucleus interpolaris and spinal trigeminal tract, consistent with the 
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trigeminal nasosensory anatomical data gathered from both the literature using 

immunohistochemistry (McCulloch 2005; McCulloch et al. 1995) and my own 

experiments using the replication deficient HSV-1 expressing green fluorescent protein.  

This area, 2000 µm dorsal and 1400 µm lateral to the patched cardiac vagal neuron, was 

the only area that displayed any significant change throughout the entire coronal brain 

slice. 

 The pathways from trigeminal sensory neurons to the trigeminal nucleus and 

further downstream in the reflex pathway, from the trigeminal nucleus to cardiac neurons 

are two indispensable bridges between peripheral afferent input and autonomic responses 

in the trigeminocardiac reflex. The spinal trigeminal nucleus is the initial brainstem 

afferent relay in the trigeminocardiac reflex (Wang et al. 2011). Additionally, the sensory 

trigeminal nuclei receive inhibitory GABAergic and glycinergic inputs (Avendano et al. 

2005) in addition to excitatory glutamatergic input (McCulloch 2005; McCulloch et al. 

1995).  

It has been reported that an intact trigeminal pathway is necessary to mediate 

cardiovascular responses to nasal water flow (McCulloch et al. 1995). This sensory 

pathway, from nasal trigeminal sensory afferents to glutamatergic synaptic sites, 

integrates through the interpolaris portion of the spinal trigeminal nucleus and is required 

to mediate the trigeminocardiac reflex (McCulloch et al. 1995).  Horseradish peroxidase 

transport has been used to confirm the termination of the V2 branch of the trigeminal, 

specifically the ethmoidal nerve, in the interpolaris portion of the spinal trigeminal 

nucleus (Takemura et al. 1991).  Consistent with my hypothesis, an intact interpolaris 

subnuclei is necessary for the bradycardia and apnea seen in patients who exhibit the 
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trigeminocardiac reflex, as both lesioning of the pathway and injection of anesthetics to 

the interpolaris prevented the transmission of information that caused the decrease in 

heart rate (McCulloch et al. 1995). Additionally, the interpolaris has been shown to be 

common site and an important element for both parasympathetic- and sympathetic-

mediated autonomic nervous responses following lingual nerve and spinal trigeminal 

nucleus stimulation (Koeda et al. 2009). 

I employed a replication deficient HSV1 in order to better visualize nasal afferent 

pathways originating from the maxillary branch of the trigeminal nerve. Fluorescent 

imaging allowed us to picture the trigeminal sensory afferent projections from the nasal 

mucosa to the brainstem.  The area that displayed an increase in firing frequency upon 

uncaging of glutamate is consistent with the trigeminal afferent pathway, based on data 

from literature as well as from the images obtained through confocal microscopy using 

the GFP-HSV1 vector.  It is likely that the clusters of neurons responsible for relying 

information to the nucleus ambiguus traverse through the identified area in the 

interpolaris portion of the spinal trigeminal nucleus. 

 

Summary and future directions 
 

 

In summary, using a novel preparation to examine the trigeminocardiac reflex, I 

have identified some of the different cellular mechanisms responsible for mediating this 

powerful autonomic reflex (Gorini et al. 2009; Gorini et al. 2010). Data from this 

dissertation show a polysynaptic excitatory glutamatergic neurotransmission to cardiac 
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vagal neurons upon stimulation of trigeminal afferents. This eEPSC is endogenously 

modulated; it is differentially enhanced by 5-HT1A and is endogenously inhibited by 5-

HT2A/C and M4 mAChRs.  Additionally, in contrast to unexposed animals, this eEPSC is 

significantly facilitated under the influence of fetal exposure to nicotine via both 5-HT1A 

and 5-HT2A/C receptors.  I have also located a cluster of neurons in the dorsolateral 

portion of the interpolaris section of the spinal trigeminal nucleus that is most likely 

responsible for this glutamatergic neurotransmission to cardiac neurons.  

My results suggest that some cardiac vagal neurons may be more responsive than 

others to stimulation of trigeminal sensory fibers. Future experiments would be helpful in 

determining if these differences are due to differences in cardiac ganglia innervation 

and/or preferential control of chronotropic, dromotropic, or ionotropic functions of the 

heart. 

The lack of subtype specific mAChR antagonists provides some limitations to the 

work done in this dissertation.  The selective affinity for mAChR subtypes for the drugs 

used does allow for some interaction with other subtypes; consequently, experiments 

testing for M4 mAChR modulation were first done with tropicamide and then repeated 

using PD 102807 another subtype selective antagonists for M4 mAChRs, yielding similar 

results (Lau and Vaughan 2008).    

Other potential unanswered questions arising from this work include the nature of 

the changes to mAChRs in fetal nicotine-exposed animals, as well as the source of 

brainstem serotonin. Prenatal exposure to nicotine has been shown to cause deleterious 

effects in behavior, including social interaction, weaning, and motor control, in addition 

to morphological mutations (Khalki et al. 2012); changes in chemoreception, and central 
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respiratory control have also been documented (Eugenin et al. 2008).  Fetal exposure to 

nicotine can restrict fetal brain development and reduce mAChR expression in the CNS.  

This includes decreased expression of M1, M2, M3 and M4 subtypes (Mao et al. 2008a; 

Mao et al. 2008b).  Determining the subtype-selective effects of prenatal nicotine on 

mAChRs may advance our current understanding of the trigeminocardiac reflex and may 

suggest a new mechanism responsible for the exaggeration of this reflex that occurs in 

some victims of SIDS. 

Although the work documented in these experiments allows us to conclude that 

serotonergic receptors differentially modulate the trigeminocardiac reflex, the source of 

this serotonin remains unknown. The most likely source of this 5-HT is the medullary 

raphe nuclei as they are the main source for serotonin release in the brainstem and are 

also involved in regulating cardiovascular control (McCall and Harris 1987).   Stereotaxic 

injections of a serotonin specific adeno-associated virus into the midline raphe could be 

useful in identifying the specific areas of the raphe involved.  A more knowledgeable 

understanding of the raphe’s role in this powerful autonomic pathway may permit future 

work to address how serotonin release may contribute to an exaggeration of this reflex 

and increased risk of SIDS. 
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