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Abstract 

 

Breathing is a vital behavior regulated by the brainstem neurons. To maintain the 

regular ventilation, these neurons need to establish proper interactions with other 

neurons and process signals transmitted by various neurotransmitters. Located in the 

ventrolateral medulla, the neurons in the preBötzinger Complex (preBötC) are essential 

for respiratory rhythmogenesis. Cholinergic neurotransmission influences the activity 

of preBötC and affects the activity of rhythmic respiratory neurons. However, the 

source of cholinergic inputs to the preBötC and the roles of those projections are not 

fully understood. Using transgenic ChAT-Cre mouse line, Cre-depended viruses, 

combinatorial genetics and state-of-the-art technologies, we investigated the 

cholinergic connections of the preBötC. In our study, we injected the HSV into the 

preBötC of ChAT-Cre mice to non-specifically label the neurons projecting to the 

preBötC, and the retrograde Cre-dependent virus to specifically label cholinergic 

neurons. Then, we use the microscopy to qualitatively and quantitatively analyze the 

distribution of the retrogradely labeled neurons. Furthermore, we injected the 

anterograde Cre dependent virus into the pedunculopontine tegmental nucleus and 

laterodorsal tegmentum (PPT/LDT), two cholinergic structures proposed to provide 

cholinergic inputs to preBötC neurons of ChAT-Cre mice and analyzed the labeled 

axons within the preBötC. We observed that cholinergic inputs to the preBötC are 

primarily from the neighboring regions include lateral paragigantocellular nucleus 

(LPGi) and nucleus ambiguus (NA), while the preBötC receives few cholinergic inputs 
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from the brainstem major cholinergic nuclei PPT/LDT. Our study provides the 

anatomical foundation to help researcher to further investigate the cholinergic 

modulation of respiration, the physiological roles of cholinergic neurons adjacent to the 

preBötC, and the cardiorespiratory disorders related to cholinergic dysfunction. 
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Chapter 1 Introduction 

1.1 The central control of respiration 

Breathing is one of the most fundamental physiological functions that allows for 

oxygenation of the body and eliminates the carbon dioxide. It is characterized by three 

phases: inspiration, post-inspiration (post-I), and late expiration(Ramirez & Baertsch, 

2018b). The respiratory central pattern generator (rCPG), together with the sensory input 

system and the respiratory musculature, are three essential elements of the respiratory 

control system(Brinkman & Sharma, 2019). As the kernel of respiratory control system, 

the rCPG includes the dorsal respiratory group (nucleus of the solitary tract, NTS), the 

ventral respiratory group (that includes the rostral ventral respiratory group (rVRG), 

caudal ventral respiratory group (cVRG), the preBötzinger Complex (preBötC), the 

Bötzinger Complex (BötC) and the pontine respiratory group (Figure 1. 1) (Kölliker-Fuse 

nucleus (KF), parabrachial nuclei (PB)) in the brainstem(J. C. Smith et al., 2013).  

 

Figure 1. 1 | The Parasagittal view of the brainstem containing the breathing CPG.  

Insets 1 and 2 show transverse sections at the level of the preBötC (1) and parafacial region 

(2)(Del Negro et al., 2018).  
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1.2 Respiratory rhythm oscillators 

1.2.1 The preBötC 

The preBötzinger Complex (preBötC) was first identified in 1991 by Smith and his 

colleagues in the neonatal rat as a group of rhythmically active neurons responsible for 

respiratory rhythmogenesis. It is located in the ventrolateral medulla, ventral to the nucleus 

ambiguus (NA), just caudal to the BötC and rostral to the rVRG(J. Smith et al., 1991).  

 

The transverse slice preparation in this study has been used as the principal experimental 

model for investigating respiratory rhythm in vitro(Muñoz-Ortiz et al., 2019). A 350-

600μm thick transverse medullary slice which includes the preBötC, NA, hypoglossal 

motor nucleus (12N), and hypoglossal nerve was collected, and the activities of the 

preBötC neurons were examined either directly with whole-cell patch-clamp recording 

techniques or indirectly by recording the activity of the hypoglossal nerve roots, because 

the preBötC excites the 12N and transmits the excitatory signals to the tongue musculature. 

The oscillatory neuronal activity of the preBötC, the rhythmic activity of the slice, and that 

generated in less reduced, en bloc preparations (brainstem with spinal cord to record 

phrenic nerve activity) also contributed to identify electrophysiological properties of 

preBötC neurons(Del Negro et al., 2018; J. C. Smith et al., 2013), demonstrating the 

essential role of preBötC neurons as respiratory rhythm generator. 

 

During embryogenesis, a subpopulation of interneurons in hindbrain rhombomere 6 (r6) 

forms and develops into the preBötC, expressing key transcription factors such as the 

Developing brain homeobox 1 (Dbx1) and the Early growth response protein 2 

(EGR2/Krox20)(Heijden & Zoghbi, 2020). In adult rodents, the preBötC contains ~3000 

neurons, including intrinsically bursting neurons, tonically firing neurons and silent 
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neurons(Carroll & Ramirez, 2013; Feldman & Kam, 2015). The synaptic interactions 

between these neurons help the preBötC to generate the inspiratory drive potential on top 

of synchronic depolarization which lasts up to 0.8 seconds in vitro(Del Negro et al., 2005; 

Morgado-Valle et al., 2015). There are three major hypotheses for rhythmogenesis, based 

on pace-maker properties in a subpopulation of preBötC neurons, reciprocal inhibition, 

and synchronization properties, whereas the network synchronization and synchrony 

propagation is the most recent one(Ashhad & Feldman, 2019) (discussed below). 

 

Glutamate is the main excitatory neurotransmitter in the preBötC(Greer et al., 1991; 

Wallén-Mackenzie et al., 2010). Applying the glutamate receptor antagonist to the 

preBötC abolishes the respiratory oscillations(J. Smith et al., 1991). In vivo, nonspecific 

photo-stimulation of the preBötC neurons increased the respiratory frequency, reset the 

inspiratory rhythm in a phase-independent manner, and entrained the rhythm at a 

frequency up to 4-fold the baseline rhythm(Alsahafi et al., 2015), which substantiates that 

excitatory mechanisms within the preBötC can pace the inspiratory rhythm. On the 

contrary, optogenetic inhibition of glutamatergic preBötC neurons in neonatal medullary 

slices in vitro and in adult mouse in situ brainstem-spinal cord preparations significantly 

reduced the inspiratory frequency(Koizumi et al., 2016).  

 

Genetically, the preBötC glutamatergic neurons can be classified by their expression of 

Dbx1, neurokinin 1 receptor (NK1R), somatostatin (SST), and other proteins which 

partially overlap with each other(Gray et al., 2010; Picardo et al., 2013; Stornetta et al., 

2003; Tupal et al., 2014). Dbx1 is a transcription factor expressed in preBötC 

glutamatergic neurons(Gray et al., 2010), some of which show a pre-inspiratory firing 

patten which starts before the onset of hypoglossal nerve burst in slice preparation of 

neonatal rodent(Picardo et al., 2013). This pre-inspiratory activity suggests that these 

Dbx1+ neurons appears to be critical to initiate the inspiration(Kam et al., 2013). 
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Additionally, in vivo photostimulation of the preBötC Dbx1+ neurons largely increases 

both breathing frequency and tidal volume in mouse(Cui et al., 2016). Recent study 

indicates that DBX1 preBötC neurons include the "Type-1" putative rhythmogenic 

neurons and the "Type-2" pattern neurons which generate the preBötC output(Kallurkar et 

al., 2021). NK1R and SST are other two neuronal markers of the preBötC neurons that are 

expressed in conjunction with the onset of rhythmic respiratory-related activity at 

embryonic day 17 (E17) in rat(Pagliardini et al., 2003). Similarly, the expression of NK1R 

and the emergence of respiratory rhythm commences at E15 in the mouse embryo(Thoby-

Brisson, 2005). Ablation of the preBötC NK1R-expressing neurons induces breathing 

disorders in adult unanesthetized awake rat and apneas during sleep(Gray et al., 2001; 

McKay et al., 2005). Acute silencing (~4 min) of the preBötC SST+ neurons also produces 

persistent apnea in the intact eupneic rat(Tan et al., 2008), while short-pulse photo-

stimulation of preBötC SST+ neurons induces an increased burst in early inspiration in 

mouse(Cui et al., 2016). These studies support the hypothesis that the preBötC excitatory 

neurons participate the generation of respiratory rhythm and pattern.  

 

In addition to the excitatory preBötC rhythmogenic neurons expressing the vesicular-

glutamate transporter 2 (vGluT2), there are also inhibitory neurons in the preBötC that 

express the Gamma-aminobutyric acid (GABAergic), the glutamate decarboxylase (GAD) 

enzyme and the glycine transporter 2 (GlyT2). An estimated of 40% inspiratory neurons 

in the preBötC are inhibitory(Baertsch & Ramirez, 2019; Oke et al., 2018; Winter et al., 

2009), and they have been proposed to participate in inspiratory signal transmission, 

modulation of respiratory pattern and apneas(Ashhad & Feldman, 2019; Cui et al., 2016; 

Yang et al., 2019).  

 

Distinct inhibitory currents have been recorded from the presumptive preBötC neurons in 

cats and rodents(Ballantyne & Richter, 1984; Richter & Smith, 2014). Nonetheless, it is 
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still debated whether inhibitory neurons are essential for the preBötC 

rhythmogenesis(Baertsch et al., 2018, 2019). Recent studies indicated that the inhibitory 

neurons affect the breathing frequency by regulating the excitatory neurons and limiting 

the synchronization during inspiratory burst, while the inhibitory interactions subsequently 

reduce the network refractoriness(Baertsch et al., 2018; Harris et al., 2017). However, 

another study showed that blocking GABAA and glycine receptors in the preBötC of 

anesthetized rats suppressed the lung inflation-induced Breuer–Herring inspiratory 

inhibitory reflex, but did not alter or stopped the breathing rhythm, suggesting that 

postsynaptic inhibition modulates the lung inflation reflex but is not critical for the 

respiratory rhythm generation(Janczewski et al., 2013). Furthermore, brief 

photostimulation of preBötC glycinergic neurons during inspiratory-phase terminated 

inspiratory burst prematurely; if stimulation occurred during expiratory-phase the 

occurrence of subsequent inspiration was delayed, whereas prolonged photo-stimulation 

induced persistent apnea during the light pulse(Sherman et al., 2015). On the other hand, 

photoinhibition of those neurons during inspiratory-phase augmented the tidal volume, 

while during expiratory-phase shortened the interval before the next inspiration. However, 

during persistence apnea, prolonged photoinhibition reinstated the breathing 

rhythm(Sherman et al., 2015). Based on these results, the authors concluded that inhibitory 

neurons primarily adjust the breathing pattern but are not rhtyhmogenic(Sherman et al., 

2015).  

 

In a nutshell, these in vivo and in vitro studies suggest that the preBötC is vital for 

generating respiratory rhythm and modulating respiratory pattern.  

 

Further, acetylcholine (ACh) receptors, serotonin/5-hydroxytryptamine (5-HT) receptors, 

opioid receptors, adrenergic and purinergic receptors have been identified in the preBötC 

region as well(Muñoz-Ortiz et al., 2019), which suggest that these neurotransmitters may 
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have a role in modulating preBötC activity. 

 

1.2.2 The retrotrapezoid nucleus, the paraFacial respiratory group and the Post-

inspiratory Complex 

Lying under the facial nuclei, the retrotrapezoid nucleus (RTN, also identified 

anatomically as  ventral parafacial, pFV)(Weston et al., 2004) is a central chemosensitive 

site that modulates the central respiratory chemoreflex(Souza et al., 2018) to maintain 

arterial pH and carbon dioxide (CO2) level. Paired-like homeobox 2b (Phox2b) is a 

defining marker for respiratory chemoreceptor neurons of the RTN as well as the whole 

chemoreflex and autonomic circuits(Goridis et al., 2010; Levy et al., 2019). Interestingly, 

phox2b-expressing neurons in the parafacial region of both neonate and adult rats were 

found to be CO2-sensitive  and tonically active, and 84% of prenatal neurons fire during 

pre-inspiration(Onimaru et al., 2008),(Guyenet, 2005). Extensive research demonstrate 

that RTN neurons provide a CO2-driven tonic drive to the generation of breathing rhythm 

in adult rat(Guyenet, 2005).  

 

Within the parafacial region, another structure has been identified: the para-facial 

respiratory group (pFRG; also termed, lateral parafacial, pFL). The pFRG and the RTN 

have indistinctive boundaries but separate function, although they may anatomically 

overlap to some extent(Onimaru et al., 2008), Nevertheless, studies shows that the pFRG 

glutamatergic expiratory neurons lack Phox2b expression and CO2/H+ 

sensitivity(Magalhães et al., 2021). The pFRG was initially described in in vitro optical 

recordings as a group of pre-inspiratory (Pre-I) and inspiratory neurons located 

ventrolateral to the facial nucleus in the neonatal rat (post-natal day, P,0-1)(Onimaru & 

Homma, 2003). In adult anesthetized rats, pharmacological disinhibition or 

photostimulation of the pFRG area, activated silent pFRG neurons to rhythmic late 
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expiratory neurons, generated active expiration, and reset the respiratory 

rhythm(Pagliardini et al., 2011). The pFRG is thus proposed to be the oscillator of active 

expiration during high metabolic demand stages in adulthood(Pagliardini et al., 2011). 

These studies suggest that the parafacial region participates the respiratory rhythmogenesis 

as well. 

 

The postinspiratory complex (PiCo) is a group of glutamatergic-cholinergic neurons 

located rostral and dorsal to the preBötC, and caudal to the facial nucleus in mice. 

Postinspiratory activity was recorded from the PiCo region of the horizontal mouse brain 

slice. Bath application of atropine (a muscarinic receptor antagonist) depressed 

postinspiratory frequency, DAMGO (a μ-opioid receptor agonist) and SST eliminated 

PiCo population bursts in vitro, whereas photostimulation of cholinergic neurons elicited 

postinspiratory activities and evoked post-inspiratory bursts in the cervical vagal nerve. In 

vivo, injection of DAMGO or SST into PiCo reduced the duration and amplitude of vagal 

post-inspiratory burst. Thus, PiCo was proposed to be a third respiratory oscillator that 

generates the post-inspiratory activity(Anderson et al., 2016), although this hypothesis is 

still under debated because of limited evidence(Dhingra et al., 2021; Hülsmann, 2021). 

 

1.3 Current theories on respiratory rhythmogenesis 

How the rCPG controls the three-phase respiratory activity is still a controversial topic. 

One hypothesis is that the preBötC, since it contains both excitatory and inhibitory neurons, 

generates both respiratory rhythm and pattern, proposes that an inhibitory ring within the 

preBötC and the neighboring nuclei (e.g. the BötC) forms the core circuit, while the other 

respiratory areas provide tonic inputs to the core or relay the outputs to modulate 

respiratory activities(Ausborn et al., 2018; Dhingra et al., 2019; Rybak, n.d.; J. C. Smith 

et al., 2009). Additionally, a triple oscillator hypothesis has been proposed, in which three 
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breathing phases are controlled by three different oscillators, the preBötC 

(inspiration)(Feldman et al., 2013), the PiCo(Anderson et al., 2016)or other pontine 

regions containing the KF(Dutschmann & Herbert, 2006) (Post-I), and the pFRG (late-E). 

These three oscillators coupled each other via excitatory and inhibitory interactions to 

modulate the breathing activity(Del Negro et al., 2018; Ramirez & Baertsch, 2018a).  

 

The pacemaker hypothesis indicates that a group of excitatory ‘pacemaker’ neurons within 

the preBötC, which are dependent on the persistent Na+ current (INaP) and the Ca2+-

activated nonspecific cationic current (ICAN). However, theses ion currents are expressed 

in other excitatory and inhibitory neurons beside pacemaker neurons, and attenuation of 

the INaP and ICAN affect the membrane potential and the synaptic transmission does not 

interrupt respiratory rhythms(Del Negro et al., 2018). Thus, the pacemaker hypothesis is 

insufficient to support respiratory rhythmogenesis. Recently, another hypothesis has been 

proposed and it involves burstlets and percolation of activity in preBötC neuron. In vitro 

studies indicated that the rhythmogenic neurons initiate the pre-inspiration which further 

triggers the inspiratory burst, then followed by the recruitment of pattern-related neurons 

which drive motor output(Del Negro et al., 2018; Kallurkar et al., 2020; Kam et al., 2013). 

Researchers posited the SST-expressing neurons to be the pattern/output neurons(Cui et 

al., 2016; Stornetta et al., 2003; Tan et al., 2010; Yang & Feldman, 2018), and recording 

the membrane potential of SST+ neurons revealed that the synchronization of preBötC 

rhythmogenic neurons leads to the inspiratory bursts(Ashhad & Feldman, 2020). In all 

these hypotheses, the preBötC plays a vital role in breathing control.  

 

1.4 Connections of the preBötC  

The preBötC neurons communicate with other brain nuclei to synchronize and modulate 

breathing in order to maintain the adequate ventilation across sleep and wakefulness, while 
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coordinate breathing with other orofacial functions such as chewing, swallowing, speaking, 

sighing, whisking, sniffing, coughing and sneezing as well as with emotions(Dick et al., 

1993; F. Li et al., 2021; P. Li et al., 2016; Moore et al., 2013, 2014). Studying the functions 

of the preBötC and its interaction (anatomically and functionally) with other nuclei are 

crucial for understanding the regulation of respiration. 

 

Several studies have investigated the afferent projections to the preBötC that may 

influence its function, even before anatomical landmarks and genetic identification of 

preBötC cells were obtained. Unilateral injection of the traditional tracer WGA-HRP into 

a region of the VRG that includes the now identified preBötC area(Schwarzacher et al., 

1995) retrogradely labeled cells in the PB/KF, the NTS, the raphe nuclei, the retrofacial 

nucleus, the NA, the parafacial region (RTN) and the upper cervical spinal cord(Gang et 

al., 1995). Microinjection of another traditional retrograde tracer fluorogold (FG) into the 

mouse preBötC retrogradely labeled neurons in BötC, contralateral preBötC, the NTS, 

parafacial and facial nuclei, PB/KF, trigeminal nucleus (MO5), substantia nigra, red 

nucleus, superior colliculus, central amygdala, lateral hypothalamus, and zona incerta, 

paraventricular hypothalamus, bed nucleus of the stria terminalis (BNST), lateral preoptic 

area (LPO), and cortex(Yang et al., 2019). Furthermore, modified rabies tracing studies in 

mice illustrated monosynaptic connections to SST+ and GlyT2+ preBötC neurons, 

demonstrate the presence of projection to comparable areas including local and 

contralateral preBötC, BötC, intermediate reticular region (IRt), NTS, PB/KF, 

Periaqueductal gray (PAG), superior colliculus (SC), substantia nigra, central amygdala, 

cortex, etc.(Yang et al., 2019). These results indicate that the preBötC receives projections 

not only from the neighboring medullary nuclei but also from the rostral brainstem and 

subcortical areas.  

 

Efferent projections of preBötC neurons have also been intensively investigated with both 
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classical tracers and more modern viral approaches. Microinjection of WGA-HRP into the 

VRG of cat anterogradely labeled neuronal fibers in the PB/KF, the contralateral retrofacial 

nucleus, the ventrolateral NTS, the NA and retro ambiguus, the upper cervical spinal cord, 

the RTN and the raphe magnus(Gang et al., 1995). Moreover, to label the axons and 

terminal fields of phenotype-specific SST+ preBötC neurons, an adeno-associated virus 

(AAV) with enhanced yellow fluorescent protein (EYFP) gene driven by the somatostatin 

promoter was injected into the rat preBötC. The results demonstrated that the SST+ 

preBötC neurons project to the contralateral preBötC, the ipsilateral and contralateral BötC, 

the cVRG, the RTN/pFRG, the para12N, NTS, PB/KF, and the PAG(Tan et al., 2010). 

More recently, AAV-FLEX-EGFP was injected into the preBötC of SST-Cre and GlyT2-

Cre mice to label efferent projections of excitatory (SST+) and inhibitory (GlyT2+) 

preBötC neurons(Yang & Feldman, 2018). Interestingly, these neurons have parallel 

efferent projections to the NTS, the BötC, the parafacial, the dorsal rostral pons (PB, KF), 

as well as the suprapontine nuclei which may attune emotional states and other behaviors 

including the PAG, the thalamus, the lateral and dorsomedial hypothalamus, the lateral 

preoptic area, etc.(Yang & Feldman, 2018). 

 

These tracing studies are not specific to neuronal subtypes of the retrograde labeled 

connections, although some of which selectively infected selected subtype of neurons in 

the preBötC.  

 

1.5 Cholinergic system 

1.5.1 Acetylcholine 

Acetylcholine (ACh) serves as a chiefly excitatory neurotransmitter in the peripheral 

nervous system that participates in sensory, autonomic and motor control, and acts as a 

neuromodulator in the central nervous system(Picciotto et al., 2012). Cholinergic neuronal 
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transmissions in the brain generally modulates the presynaptic release of other 

neurotransmitters, alters the excitability of neurons, and coordinate the activities of 

neuronal groups(Picciotto et al., 2012).  

 

There are two types of receptors that mediate the effects of the Ach: the muscarinic (M) 

and the nicotinic (N) receptors, which are named after the ligands that contributed to their 

studies(Carlson & Kraus, 2018). The muscarinic acetylcholine receptors, or the mAChRs, 

are G protein-coupled receptors which can be further divided into 5 subtypes, M1 through 

M5(Caulfield, 1993). On the other hand, the nicotinic acetylcholine receptors (nAChRs) 

are ion channels with various subtypes that composed of α, β, δ, and ε subunits, whereases 

the nAChRs of neurons are particularly formed in αβ combinations(Dani & Bertrand, 

2007). 

 

1.5.2 Cholinergic neurons 

Neurons release the neurotransmitter ACh have been defined as cholinergic 

neurons(Wessler & Kirkpatrick, 2008). For example, the cranial motor neurons release the 

ACh into the neuromuscular junction to control muscles involved in head movements, 

speech and facial expression, etc.(Guthrie, 2007). In central nervous system, cholinergic 

neurons are distributed in discrete regions mainly in the striatum, the basal forebrain, as 

well as the brainstem(X. Li et al., 2018), with axons extending throughout the brain(Dautan 

et al., 2016; X. Li et al., 2018). Cholinergic neurons participate the attunement of excitatory 

and inhibitory synaptic inputs(Zhou et al., 2017), the maintenance of brain function(Bonsi 

et al., 2011) including sleep and arousal(Van Dort et al., 2015; Xu et al., 2015), and the 

coordination of the sensory processing(Ballinger et al., 2016; Minces et al., 2017). 

 

Cholinergic neurons can be divided into two categories based on their synapsing and 
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projecting patterns: the local cholinergic interneurons (CINs) and the projecting 

cholinergic neurons(Allaway & Machold, 2017). CINs are mainly located in the 

striatum(Lim et al., 2014), the nucleus accumbens (NAc)(Meredith et al., 1989; Warner-

Schmidt et al., 2012) and the neocortex(Benagiano et al., 2003; Von Engelhardt et al., 

2007). Whereas projection cholinergic neurons have been identified in the 

pedunculopontine and laterodorsal tegmental areas (PPT and LDT)(H.-L. Wang & Morales, 

2009), the medial habenula (MHb)(Ren et al., 2011), the basal forebrain (BF) 

complex(Zaborszky et al., 2008) which comprises the medial septal nucleus (MSN), the 

vertical and horizontal limbs of the diagonal band of broca (DB), and the nucleus basalis 

(NB) of Meynert.  

 

Although all cholinergic neurons have similar properties, such as the expression of choline 

acetyl-transferase (ChAT) and vesicular acetylcholine transporter (vAChT), the diversity 

within cholinergic cell populations still exists, which is related to their different 

developmental origins (E.g. the caudal ganglionic eminence, CGE; the medial ganglionic 

eminence, MGE; the preoptic area, POA; the septal neuroepithelium, SE) and the influence 

of various genetic factors (E.g. Nkx2.1, Isl1, Lhx8, Fgf8, Fgf17, Dbx1, Zic4, Otx2, 

etc.)(Ahmed et al., 2019). Thus, cholinergic neurons exhibit heterogeneity in connectivity, 

morphology, and electrophysiological properties(Ahmed et al., 2019; Muñoz-Manchado 

et al., 2018).  

 

1.5.3 Brainstem cholinergic nuclei 

In the brainstem, there are two main categories of cholinergic neurons(Datta, 2009):  

1) The motor neurons, which receive inputs from upper motor neurons in the cerebral 

cortex, sensory neurons and interneurons, with axons terminating in the peripheral nervous 

system to contract muscles and stimulate glands(Zayia & Tadi, 2020). These cholinergic 
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motor neurons principally populate the cranial nuclei including the 12N, the NA, the dorsal 

motor nucleus of the vagus nerve (10N), the facial nucleus (7N), the salivatory and 

lacrimatory complexes, the motor nucleus of the trigeminal nerve (5N), the trochlear 

nucleus (4N), the oculomotor nucleus (3N), and the Edinger-Westphal nucleus(Datta, 

2009).  

2) The projecting cholinergic neurons which are completely restrained within the central 

nervous system(Mesulam et al., 1983) mainly located in the PPT and LDT(Datta, 2009), 

with long-range axons projecting to the forebrain, ascending reticular activating system, 

midbrain, brainstem, cerebellum, and spinal cord (Table 1. 1) (French & Muthusamy, 2018; 

Gut, 2016). Cholinergic neurons in the PPT and LDT participate in the regulation of REM 

sleep, wakefulness, goal-directed locomotion, behavioral context and cortical activation 

processes(Datta, 2009; Mena-Segovia, 2016; Van Dort et al., 2015). 

 

Table 1. 1 Principal connections of the pedunculopontine tegmental nucleus; 

representative references are given for each cluster(Gut, 2016).  
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Additionally, sparse cholinergic neurons with different expression levels of ChAT and 

vAChT are found in the medullary reticular formation (intermediate, lateral, and 

parvicellular parts)(Jones, 1990), in the dorsomedial region of the caudal NTS, around the 

superior olivary nucleus, in the medullary paragigantocellular area, the medial portion of 

the rostral ventrolateral medulla (mRVLM), the ventral surface of medulla, and the nucleus 

of the mesencephalic tract of the trigeminal nerve (Me5)(Kubin & Fenik, 2004; Schäfer et 

al., 1998; X. M. Shao & Feldman, 2009; Stornetta et al., 2013). 

 

1.6 Cholinergic control of breathing 

Generally, cholinergic neurotransmission within the brainstem controls several aspects of 

breathing: the respiratory rate and motor output, the state-dependent modulation, the post-

inspiratory activity, the active expiration, the central and peripheral 

chemosensitivity(Anderson et al., 2016; R. C. T. Boutin et al., 2017; M. D. Burton et al., 

1995; Kubin & Fenik, 2004; Nurse, 2010). Deficit of brainstem cholinergic system 

disturbed the central control of respiration and it has been proposed to be related to sudden 

infant death syndrome (SIDS)(Kinney et al., 1995; Mallard et al., 1999). 

 

1.6.1 Cholinergic transmission affects the respiratory rate and motor output 

ACh modulates respiratory frequency, pattern and motor output(X. M. Shao & Feldman, 

2009). In vitro bath application of ACh increased respiratory-related frequency in the 

brainstem-spinal cord preparation from neonatal rats, which can be reduced by anti-

muscarinic atropine, and completely abolished by further application of nicotinic receptor 

antagonist (DHβ-E)(Murakoshi et al., 1985). In vivo, the acetylcholinesterase (AChE) 

inhibitor sarin caused respiratory arrest while injected into the ventrolateral medulla of the 
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anesthetized rabbit. When applied more dorsally, sarin caused respiratory stimulation, and 

the effect could be reversed by the injection of atropine(STEWART & ANDERSON, 1968). 

However, in rat medullary slice preparations, unilateral microinjections of physostigmine, 

another AChE inhibitor, into the preBötC increased breathing frequency(X. M. Shao & 

Feldman, 2005), suggesting that the effects of ACh may depend on its site of action and 

the selective activation of ACh receptors. 

 

Specifically, application of nicotine (the classic nAChR agonist) either into the lateral 

ventricles or at the ventral surface of medulla, increases the overall activity (especially the 

amplitude) of genioglossus muscles and inspiratory muscles(Haxhiu et al., 1984; Mitchell 

et al., 1963). The localized preBötC microinjection of nicotine increased the respiratory 

frequency and decreased the motor output of 12N(J. Smith et al., 1991). On the other hand, 

application of nicotine into the 12N induced a tonic activity with increased amplitude, 

leaving the breathing frequency intact (Figure 1. 2) (X. M. Shao & Feldman, 2001, 2005). 

Together, these findings suggest that nicotine act on the preBötC to potentiate the 

respiratory rhythm, and on the 12N to potentiate the inspiratory amplitude(X. M. Shao & 

Feldman, 2009). 

 

 

Figure 1. 2 | Effects of microinjection of nicotine (Nic, 20 μM, 10 nl) on integrated 
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XIIn activity (∫XIIn).  

A: arrows indicate the time of injection. The numbers 1, 2, 3, and 4 indicate injections into 

the ipsilateral preBötC, contralateral preBötC, ipsilateral XII nucleus, and contralateral XII 

nucleus, respectively. The injection pipettes were inserted into the loci 100–200 μm below 

the surface of the slice. Left XIIn activity was recorded with the medullary slice caudal 

side up. All data traces were from the same slice. First set of injections was prior to, and 

the 2nd set was at least 4.5 min after bath application of 1 μM mecamylamine (Meca)(X. 

M. Shao & Feldman, 2001). 

 

Anatomically, both mRNA of α4 and β2 nAChRs subunits have been identified in the 

ventral lateral medulla (including the preBötC) by in situ hybridization(WADA, 1989; 

Wada et al., 1990), while α7 nAChR subunit immunoreactivity was detected in more than 

half (57%) of the presuming NK1R immunoreactive preBötC neurons in rat(Dehkordi et 

al., 2004; del Toro et al., 1994). However, the immunohistochemistry results are less 

convincing because the antibodies against the nAChR subunits lack specificity(Moser et 

al., 2007). The mRNA of M2 and M3 mAChRs, as well as a small amount of M1, M4, and 

M5 receptor mRNA was detected by the polymerase chain reaction (PCR) in the preBötC, 

the BötC and the NA(Lai et al., 2001). In the rostral ventrolateral medulla of cat, the M2 

receptors were found to regulate the cardiovascular activity, while the M3 receptors could 

affect breathing via mediating the excitatory effects of ACh on the activity of preBötC 

neurons(E. E. Nattie & Li, 1990; X. Shao & Feldman, 2000).  

 

Cholinergic transmission also affects the post-inspiratory activity. The proposed post 

inspiratory activity generator, PiCo, comprises neurons that express both cholinergic and 

glutamatergic markers. Bath application of atropine (a muscarinic receptor antagonist) 

depressed post-inspiratory frequency in vitro, whereas in horizontal slices ， photo-

stimulation of cholinergic neurons elicited post-inspiratory activities recorded from PiCo, 
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and evoked bursts in the cervical vagal nerve(Anderson et al., 2016). 

 

Cholinergic transmission is also important in active expiration. In vivo, microinjection of 

physostigmine into the pFRG gradually increased the expiratory activity, while local 

application of cholinomimetic carbachol (CCH) elicited persistent active expiration, 

decreased respiratory rate, increased tidal volume and consequently increased minute 

ventilation(R. C. T. Boutin et al., 2017). Along with the potentiation of active expiration, 

not only the abdominal expiratory muscles were recruited, but also the inspiratory activity 

of the diaphragm and the genioglossal muscles were promoted as well, which suggests 

interaction between oscillators and possibly the presence of connections between the 

pFRG and the preBötC and respiratory premotoneurons(R. C. T. Boutin et al., 2017; 

Pagliardini et al., 2011). Additionally, application of muscarinic antagonist, (M3 receptor 

antagonist) reduced these effect, which suggest that the cholinergic muscarinic 

transmission also modulate the activity of pFRG and active expiration(R. C. T. Boutin et 

al., 2017). The source of this cholinergic inputs is currently unknown as recent studies 

indicate that a major cholinergic structure, the PPT, do not project directly to the pFRG 

(Silva et al., 2019; Takakura et al., 2014) 

 

1.6.2 Cholinergic transmission affects the respiratory chemosensitivity 

Breathing exhibits diverse characteristics to maintain homeostasis when the mammal is 

freely moving, exposed to room air, hypoxic or hypercapnic gas mixtures(E. Nattie & Li, 

2011), which is called respiratory chemosensitivity, and the cholinergic transmission plays 

an important role in it(M. D. Burton et al., 1997; Monteau et al., 1990).  

 

Cholinergic transmission modulates the function of RTN chemoreceptor. The Ach level 

within the brainstem chemosensitive areas increased under hypercapnia(Metz, 1966). 
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Similarly, both in vivo and in vitro studies show that cholinergic transmission at the level 

of ventral surface of medulla (RTN region) is necessary for maintenance of respiratory 

activity and involved in chemosensitivity(M. Burton et al., 1994; Fukuda & Loeschcke, 

1979; Monteau et al., 1990; E. Nattie et al., 1989). Application of cholinergic agonist or 

acetylcholinesterase inhibitor affected the respiratory chemosensitivity(Eugenín & 

Nicholls, 1997; Monteau et al., 1990), and ACh stimulated the respiratory activity when it 

was applied near the RTN. On the other hand, atropine or specifically blocking M1 and 

M3 receptors depressed the ventilatory response to CO2(Coddou et al., 2009; Fukuda & 

Loeschcke, 1979; Monteau et al., 1990; E. Nattie et al., 1989; E. E. Nattie & Li, 1990), 

which suggest that mAChRs modulate central chemosensitivity. 

 

Furthermore, in vivo study demonstrates that ACh stimulates RTN chemoreceptor by 

M1/M3 mAChR-mediated inositol 1,4,5-trisphosphate (IP3)/Ca+2 signaling pathway and 

inhibits the downstream KCNQ channels, which is independent of CO2/H
+ 

levels(Sobrinho et al., 2016). In brain slice preparation, ACh activate RTN chemosensitive 

neurons even when glutamate, GABAA and glycine receptors were blocked, and 

application of muscarinic receptor blockers barely affected RTN chemosensitivity, which 

imply that RTN chemoreceptors are directly and independently activated by ACh(Sobrinho 

et al., 2016). 

 

1.6.3 Cholinergic transmission and the state-dependent modulation of breathing 

The levels of ACh in the brain change with the sleep-wake cycle and mainly consolidate 

the memory(Hasselmo & McGaughy, 2004). ACh levels in the hippocampus decrease 

during slow wave sleep, and increase recurrent activity related to cortical inputs to promote 

memory consolidation. Conversely, in REM sleep or awake, elevated ACh levels enhances 

the inputs to the hippocampus and stimulates memory encoding(Hasselmo & McGaughy, 
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2004; Newman et al., 2012). On the other hand, cholinergic pathways produce activation 

directly and locally in the neocortex, and ACh is essential for cortical 

activation(Dringenberg & Vanderwolf, 1998). The cholinergic system is in close 

relationship with the change of brain states. Particularly, a group of cholinergic neurons in 

PPT/LDT exhibit state-specific discharge patterns as mentioned before. 

 

Breathing varies with states (quiet wake, none-REM or REM sleep) and anesthetic levels 

(freely behaving or different anesthetics)(Bellingham & Ireland, 2002; de Sousa Abreu et 

al., 2021). Breathing disorders are more likely to occur during sleep(Fleming et al., 1980), 

when chemosensory(Burke et al., 2015), propriosensory, and neuromodulatory systems are 

less perceptive to maintain respiratory activities(Douglas, 2005; Marcus, 2001). 

Additionally, the activity of genioglossus muscles which is key for the maintenance of 

upper airway patency, reduces during non-REM and dramatically declines during REM 

sleep(Horner, 2008a). Cholinergic transmission directly or indirectly modulates breathing 

changes across states in three major ways: 1) motor output of respiratory motor neurons; 

2) rhythmogenesis and pattern of rCPG; 3) chemosensitivity of rCPG(E. Nattie & Li, 2010; 

Bellingham & Ireland, 2002).  

 

Most physiological characteristics of rats under urethane anesthesia are similar to that of 

animals in natural sleep(Pagliardini et al., 2012). Moreover, most anesthetics normally 

caused a dose-related depression of the breathing, which is mediated by multiple receptors 

such as GABAA, glycine, N-methyl-d-aspartate and nicotinic acetylcholinergic (nACh) 

receptors distributed within the respiratory system(Teppema & Baby, 2011). Specifically, 

the nACh receptor with α4β2 subunits is highly sensitive to a variety of inhaled and 

intravenous anesthetics, while the same goes for the muscarinic receptors(Eger et al., 2002). 

Thus, cholinergic neurotransmission contributes to the behavioral effects of anesthetics 

and may modulate the respiratory depression caused by anesthetics(Teppema & Baby, 
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2011). 

 

1.7 Cholinergic projections to the preBotC 

Little is known about the source of cholinergic inputs to the preBötC, although it has been 

assumed in many publications that the source is from the major brainstem cholinergic 

nuclei, such as the PPT, LDT, and possibly the motor nuclei, which contain a large number 

of cholinergic neurons(X. Li et al., 2018). As for the cranial motor nuclei, the hypoglossal 

nucleus and the nucleus ambiguus control the airway resistance muscles, whereas the facial 

nucleus and the trigeminal motor nucleus control the facial muscles(Del Negro et al., 2018). 

However, it is more likely that the preBötC interneurons project to the breathing related 

cranial motor nuclei rather than the opposite(Gang et al., 1995; Montandon et al., 2016; 

Zayia & Tadi, 2020). 

 

Evidence shows that the PPT/LDT send cholinergic projections to the medullary reticular 

formation, possibly containing the preBötC(X. M. Shao & Feldman, 2009). Infusion of 

traditional anterograde tracer plant lectin Phaseolus vulgaris-leucoagglutinin (PHA-L) into 

the PPT labeled fibers mainly in the pontine reticular nuclei oralis and caudalis, 

ventromedial portions (pars alpha and pars ventralis) of the gigantocellular reticular 

nucleus as well as a smaller number of fibers distributed to more dorsal regions of the 

gigantocellular nucleus, lateral paragigantocellular, ventral reticular nucleus of the 

medulla, lateral reticular nucleus and the lateral facial motor neurons(Spann & Grofova, 

1992). Furthermore, retrograde tracing study with FG labeled cholinergic projections from 

rostral PPT to the RTN (but not pFRG) in rat(Silva et al., 2019). Functionally, general 

stimulation of PPT suppressed respiratory output(Lydic & Baghdoyan, 1993), while 

activation of the PPT cholinergic neurons increased respiratory irregularity(Gilbert & 

Lydic, 1990, 1994; Kubin, 2001), while bilaterally inhibition of the rostral PPT increased 
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the inspiratory activity and induced active expiration(Silva et al., 2019). In addition, sparse 

cholinergic neurons are identified in the brainstem and exhibit respiratory related 

activity(French & Muthusamy, 2018; Mesulam et al., 1983), Endogenous cholinergic 

inputs terminating on the preBötC may also derive from cholinergic neurons in 

neighboring regions of the reticular formation(Kubin & Fenik, 2004).  

 

Since the source of cholinergic inputs to the preBötC is yet to be clarified, the aim of this 

study was determining the source of cholinergic inputs to the preBötC. Results from this 

anatomical tracing study will direct further functional identification of cholinergic 

modulation of preBötC neurons. 
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Chapter 2 Hypothesis 

The neuromodulation of breathing is usually sleep and state-dependent. For example, 

respiratory rhythm disturbances of central origin mostly occurs during sleep especially in 

the perinatal period(Aserinsky, 1965; Horner, 2008b, 2008a). Similarly, the activity of 

several cholinergic neurons in the brainstem is state dependent (active in wakefulness and 

REM sleep, quiet in NREM sleep)(R. C. Boutin et al., 2017) as well as the release of the 

neurotransmitter Ach, which modulates the activity of respiratory neurons and upper 

airway motoneurons(Grace et al., 2013, 2014). As reported in the previous section, the 

source of the cholinergic inputs to the preBotC and the effects of those cholinergic 

projections are not fully understood(Bellingham & Funk, 2000; Kubin & Fenik, 2004; X. 

M. Shao & Feldman, 2009).  

 

This study aims to investigate the anatomical connections between the PPT, the LDT and 

the breathing related nuclei (primarily the preBötC). We hypothesize that the PPT and the 

LDT send cholinergic projections to the kernel respiratory center to provide state-

dependent modulation of breathing.  
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Chapter 3 Methods  

3.1 Experimental animals 

Experimental procedures were approved by the Health Science Animal Policy and Welfare 

Committee of the University of Alberta (AUP#461) according to the guidelines established 

by the Canadian Council on Animal Care. B6J.129S6-Chattm2(cre)Lowl/MwarJ (Stock No: 

028861)(Rossi et al., 2011) mice (ChAT-Cre mice) obtained from The Jackson Laboratory 

were bred in the Health Sciences Laboratory Animal Services Facility at the University of 

Alberta, maintained on an ad libitum diet and 12 hours dark/light cycle. Male and female 

adult ChAT-Cre mice (>8 weeks) were used for tracing experiments. 

 

3.2 Viral injections 

In order to trace projections from cholinergic structures into the preBötC we used both a 

retrograde and an anterograde approach. For retrograde virus tracing, we infected 

cholinergic projections from ChAT-Cre mice in the preBötC region with three types of 

Cre-dependent Adeno-associated viruses (AAVs) as follows: AAV-EF1a-double floxed-

hChR2(H134R)-mCherry-WPRE-HGHpA (#20297-AAVrg; Addgene), AAV-retro-hSyn-

DIO-EGFP (#50457-AAVrg; Addgene) and pAAV-EF1a-double floxed-hChR2(H134R)-

EYFP-WPRE-HGHpA (AAV9) (#20298-AAV9; Addgene). 

Another group of ChAT-Cre mice (n=4) was transfected with HSV-hEF1a-eYFP-IRES-

Cre (Massachusetts Institute of Technology [MIT] vector core) with the same experimental 

procedure (Table 3. 1). 

 

Table 3. 1 Serotype, catalogue number and source of the viruses used for the 

retrograde studies. 
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For the anterograde virus tracing experiments, we infected cholinergic neurons in the PPT 

and LDT with four types of Cre-dependent AAVs as follows: rAAV2/Ef1a-DIO-

hChR2(H134R)-EYFP (AV4378J and AV4378O, UNC Vector Core), AAV2/eF1a-DIO-

hChR2-(E123T/T159C)-p2A-mCherry-WPRE (UNC Vector Core), AAV5/eF1a-DIO-

hChR2(H134R)-mCherry (UNC Vector Core), and rAAV2/ hSyn-DIO-mCherry (Addgene) 

(Table 3. 2).  

 

Table 3. 2 Serotype, catalogue number and source of viruses used for the anterograde 

studies. 

Virus for retrograde tracing Serotype Item ID Source 

pAAV-EF1a-double floxed-hChR2(H134R)-

mCherry-WPRE-HGHpA 

AAV2-

retro 

20297-

AAVrg 

Addgene 

pAAV-hSyn-DIO-EGFP AAV2-

retro 

50457-

AAVrg 

Addgene 

pAAV-EF1a-double floxed-hChR2(H134R)-

EYFP-WPRE-HGHpA (AAV9) 

AAV9 20298-

AAV9 

Addgene 

HSV-hEF1a-eYFP-IRES-Cre HSV RN411 MIT 

vector 

core 

Virus for anterograde tracing Serotype lot 

number 

Source 

rAAV2/Ef1a-DIO-hchR2(H134R)-

EYFP 

AAV2 AV4378J UNC GTC 

Vector Core 

rAAV2/Ef1a-DIO-hchR2(H134R)-

eYFP 

AAV2 AV4378O UNC GTC 

Vector Core 
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In order to verify the location of the injection site, fluorescent carboxylate-modified 

microspheres (absorbance /emission spectra: 350/440nm), 2% solids, size 0.1 μm; dilution 

1:200; Invitrogen, Paisley, UK) were added to the viral solution.  

 

3.3 Stereotaxic surgery 

ChAT-Cre mice of both sexes (8–24 weeks old) were anesthetized with isoflurane and 

positioned on a stereotaxic device (Kopf Instruments, Tujunga, CA, United States) with 

isoflurane continuously delivered at 1.5-2% in room air. Following aseptic procedures, the 

mouse head was shaved, an incision was made along the midline of the scalp and the skull 

was exposed. The landmarks of bregma and lambda were used to set appropriate 

stereotaxic coordinates. 

 

A sharp glass micropipette (5-000-2005, Wiretrol Ⅱ, Drummond Scientific Company) was 

used to inject 50-100 nl of viral solution into either the preBötC (stereotaxic coordinates 

relative to Bregma: posterior [P], 6.60 mm; medial [M], ±1.45 mm; and relative to the 

surface of the brain: ventral [V], -4.85 to-4.95 mm,), the PPT (P, 4.72 mm; M, ±1.30 mm; 

V, 3.60 mm; relative to Bregma) or the LDT (P, 5.02 mm; M, ±0.50 mm; V, 3.45 mm; 

relative to Bregma), Following injection, the micropipette remained in place for 10 min to 

avoid backflow of the viral particles. The incision was then sutured with 4-0 silk thread 

(REF B66D, Havel’s inc). Local Buprenorphine (DIN: 02443694, SteriMax) and systemic 

rAAV2/Ef1a-DIO-hChR2-

(E123T/T159C)-p2A-mCherry-WPRE 

AAV2 AV5470B UNC GTC 

Vector Core 

AAV2/hSyn-DIO-mCherry AAV2 v7854 Addgene 

rAAV5/Ef1a-DIO-hchR2(H134R)-

mcherry 

AAV5 AV4314G UNC GTC 

Vector Core 
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Metacam (DIN: 02237715, Boehringer Ingelheim) were given for postoperative pain 

management. Mice were housed for ≥3 weeks to achieve the robust expression of the 

viruses in the brain. 

 

3.4 Histology 

Mice were transcardially perfused under isoflurane anesthesia (4-5%) with 20ml. of 0.9% 

saline followed by 4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS) (20ml). 

Following perfusion, the brains were gently removed and post-fixed in 4% PFA overnight 

at 4℃ and cryoprotected in 30% sucrose in PBS for 48 hours.  

 

The brains were then embedded in O.C.T. compound, frozen and sectioned with a CM1950 

cryostat (Leica Biosystems, Buffalo Grove, IL). Free-floating coronal sections (50 µm) 

were collected and stored in cryoprotectant solution (1L cryoprotectant solution contains 

500 ml PBS (0.01M/1×), 300g sucrose, 10g PVP-40, and 300ml ethylene glycol) at -20℃ 

until further processing.  

 

Mouse brain slices were transferred to 96-micro well plates, washed in PBS 5 times, and 

incubated in blocking solution containing 0.3% Triton X-100, 10% normal donkey serum 

(NDS) in PBS for one hour at room temperature to minimize the nonspecific binding. After 

that, the blocking solution was directly replaced by the blocking solution containing the 

following primary antibodies: anti-somatostatin (SST; 1:200; rabbit; Thermo Fisher 

Scientific), anti-choline acetyltransferase (ChAT; 1:500; goat; EMD Millipore), anti-green 

fluorescent protein (GFP; 1:800; chicken; Aves Labs Inc.), anti-mCherry (1:1000; chicken; 

EMD Millipore) in PBS (1×) for 24 hours at room temperature. On the next day, sections 

were rinsed with PBS for 5 times and incubated with the secondary antibody dilution buffer, 

which contained 0.3% Triton X-100, 1% NDS, and a 1:200 dilution of specific secondary 
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antibodies (Cy2-donkey anti-rabbit (711-225-152, Jackson ImmunoResearch) or Cy3-

donkey anti-rabbit (711-165-152, Jackson ImmunoResearch); Cy5-donkey anti-goat (705-

175-147, Jackson ImmunoResearch); Cy3-donkey anti-chicken (703-166-155, Jackson 

ImmunoResearch) or Cy2-donkey anti-chicken (703-225-155, Jackson ImmunoResearch)) 

in PBS for 2 hours at room temperature. Brain sections were then washed with PBS before 

mounting and coverslipping with Fluorsave mounting medium (EMD Millipore). 

 

3.5 RNAscope in situ hybridization 

To determine the accuracy of Cre expression by the cholinergic neurons of the transgenic 

mice, RNAscope technique combined with the immunofluorescence were performed 

according to a modified Advanced Cell Diagnostics-ACDBio RNAscope 

protocol(Biancardi et al., 2020). Selected sections of medulla and pontine were mounted 

on microscope slides and stored at -80℃ until use. On the day of the experiments, the 

slides were thawed at room temperature and immersed in 4% PFA at 4℃ for 1 hour. After 

2 washed in PBS(1×), slides were baked at 60℃ for 15mins and dehydrated in gradient 

ethanol (50%, 70% and 100%, each time for 5 mins) before heating them again at 60℃ 

for 15mins and pretreating them H2O2. After pretreatment, slides were dried in room 

temperature, incubated in protease Ⅲ at 40℃ for 30 mins and rinsed in distilled water 

before incubating them with the RNAscope oligonucleotide probes for Cre (CRE; #312281, 

ACDBio) at 40℃ for 2 hours. Next, slides were treated with the RNAscope Multiplex 

Fluorescent Assay Kit version 2 (ACDBio) according to the manufacturer’s instructions.  

 

Immediately after this procedure, the immunofluorescence staining for ChAT was 

performed immediately to identify the cholinergic neurons. Similar to the protocol 

mentioned above, slides were washed in PBS(1×), incubated in the blocking solution for 

1 hour followed by the primary antibody solution (ChAT; 1:500; goat; EMD Millipore) 
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overnight. On the next day, the slides were washed with PBS(1×) and incubated in the 

secondary solution with Cy5-donkey anti-goat (705-175-147, Jackson ImmunoResearch) 

for 2 hours. Finally, the slides were washed again with PBS(1×), dried and coverslipped. 

The immunofluorescence protocol was performed at room temperature. 

 

3.6 Data analysis and anatomical landmarks 

The Evos FL fluorescent microscope (Thermofisher) and Confocal Laser Scanning 

Microscope (Leica) were used to observe and analyze the results of the 

immunofluorescence staining with reference to mouse brain atlas(Franklin et al., 2008). 

Only neuron profile that included a nucleus and axons labelled by the reporter protein was 

counted as a labelled neuron. 

 

ChAT staining portrayed the major cholinergic nuclei in the brainstem, including the motor 

nuclei, the PPT and LDT. Cholinergic neurons of the PPT and LDT form a longitudinally 

oriented column starting from the substantia nigra pars reticulate (SNR) and end at the 

lateral central gray matter in the periventricular area(Mena-Segovia, 2016). Because there 

is no clear dividing line between PPT and LDT(Mena-Segovia, 2016), and there are 

cholinergic neurons in the transition region, for the convenience of data analysis, we 

defined the cholinergic neurons rostral to Bregma -4.9 mm as the PPT neurons, and the 

caudal cholinergic groups belong to the LDT based on the mouse brain atlas(Franklin et 

al., 2008).  

 

The facial nucleus (7N) and the nucleus ambiguus (NA) were used as anatomical 

landmarks to localize the preBötC (350∼600 µm caudal to the facial nucleus, directly 

ventral to the semi-compact NA), in reference to the shape of the inferior olivary nuclei 

(maximum). The SST-expressing neurons assemble in the preBötC were used for 
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localization as well. 
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Chapter 4 Results 

4.1 Targeting the Cholinergic afferent projections to the preBötC 

In order to target cholinergic projections terminating on preBötC neurons, we used two 

different approaches: 1) a retrograde virus, herpes simplex virus (HSV) that is not 

dependent on the phenotype and characteristics of infected neurons and is also shown to 

provide good tropism toward different neuronal phenotype; 2) Cre dependent anterograde 

and retrograde viruses in ChAT-Cre mice. In this second strategy, a battery of AAVs, 

including 3 types of retrograde Cre dependent viruses injected into the preBötC and 4 types 

of anterograde Cre dependent viruses (Figure 4. 1 A) injected into the PPT and LDT(Tervo 

et al., 2016), were used in this study. The viral constructs contained a Double-floxed 

Inverted Orientation (DIO) sequence (also known as Flip-Excision, FLEx) which utilizes 

oppositely oriented loxP and lox2272 sites as the mediator to regulate the gene 

transcription. In the presence of Cre, the reporter mRNA in between 

(mCherrry/EGFP/EYFP) can be inverted, recombined and transcribed with reference to 

the promoter sequence(Saunders & Sabatini, 2015) (Figure 4. 1 B). 

 

The ChAT-Cre mice used in this project express Cre recombinase in ChAT + neurons(Rossi 

et al., 2011), which means that all the cholinergic neurons in the transgenic mouse 

expressed Cre recombinase. 

 

Because we opted to use viral tracers expressing fluorescent reporter proteins, we did not 

tag Cre recombinase with a fluorescent reporter. We therefore verified selective expression 

of Cre recombinase in ChAT-expressing neurons in a series of preliminary experiments.   
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Figure 4. 1 | The injection procedure and the Cre-DIO system.  

(A) The stereotaxic injection setup and approximate location of the area of interest. (B) 

The Cre-DIO system allows for the virus to be expressed exclusively in cholinergic 

neurons. 

 

4.2 Verification of the ChAT-Cre mouse line 

Brain sections of ChAT-Cre mice (n=2 mice) were processed for the multiplex fluorescent 

in situ hybridization (RNAscope) to verify the expression of Cre recombinase in ChAT 

immuno-positive neurons of the transgenic ChAT-Cre mice. Dense and bright Cre mRNA 

signals (red) were found in every ChAT+ neurons within the brainstem motor nuclei, the 

PPT, the LDT, and the parabigeminal nucleus (PBG)(X. Li et al., 2018). In addition, we 

found Cre signal within other regions that contained sparse cholinergic neurons as reported 

by previous studies: the NTS(D. Ruggiero et al., 2019; D. A. Ruggiero et al., 1990a), the 

prepositus nucleus (Pr)(Barmack et al., 1992; Sugimura & Saito, 2021), the lateral 

paragigantocellular nucleus (LPGi)(Stornetta et al., 2013), the vestibular nuclei (Ve)(Poppi 

et al., 2020; Takeshita et al., 1999), the superior olive (SO)(Simmons et al., n.d.), the 

Me5(Schäfer et al., 1998; H.-L. Wang & Morales, 2009), and the KF(Bonis et al., 2010; 

Varga et al., 2021). Additionally, several double-positive neurons (Cre+/ChAT+) were 
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scattered within the reticular formation(Fuller et al., 2007; Toor et al., 2019; Volgin et al., 

2008) (including the IRt, parvicellular reticular nucleus (PCRt), pontine reticular nucleus, 

etc.) throughout the brainstem (Figure 4. 2). We did not find any ectopic expression of Cre 

in ChAT-negative neurons. 
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Figure 4. 2The expression of Cre in ChAT immune-positive neurons.  

Coronal sections from the ChAT-Cre mice show cholinergic neurons that express ChAT 

(blue) and Cre (red). Cre was expressed in the cholinergic neurons of major cholinergic 

nuclei (A, B) including the 10N, NA, 7N, 6N, 5N, 4N, PPT, LDT, PBG, as well as in the 

cholinergic neurons scattered (C) in the NTS, Pr, Ve, LPGi, PCRtA, Me5, SO, PnO, KF, 

etc. Scale bar=400μm (A3, A5, B1, C5); Rest scale bar=200μm. 

 

4.3 Afferent projections to the preBötC 

We initially use a non-Cre dependent HSV to identify retrograde projections to the 

preBötC. HSV has endogenous retrograde properties, which can be used to label 

projections to the preBötC from various neuronal structures(Bearer et al., 2000; Biancardi 
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et al., 2020; Ugolini et al., 1987), including cholinergic neurons(Boskovic et al., 2018; 

Peng et al., 2019). In this study, HSV-hEF1a-eYFP-IRES-Cre virus with retrograde 

properties(Biancardi et al., 2020; Gremel et al., 2016) was injected into the preBötC of 

ChAT-Cre mice (n=4 mice) to label circuit-specific projections to the preBötC (Figure 4. 

3). The fluorescent carboxylate-modified microspheres added to the viral solution 

confirmed that the injection site was within the boundary of the preBötC, defined as the 

area containing SST-expressing neurons within specific anatomical landmarks (Figure 4. 

3): 350∼600 µm caudal to the facial nucleus, directly ventral to the semi-compact NA, and 

at the level where the inferior olivary nuclei reached maximum. Injections with obvious 

track leakage and out-of-target locations were removed from the analysis although we 

can’t exclude the possibility of false positive labelling in our samples due to the spread of 

the virus to adjacent area(Gang et al., 1995; Yang et al., 2019) and false negatives given 

the toxicity and preferential viral tropism of HSV(Nectow & Nestler, 2020; Tokumaru, 

1968).  
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Figure 4. 3 | Stereotaxic injection of HSV into the right preBötC of the ChAT-Cre 

mouse.  

(A) Schematic of the brain slice at the level of preBötC. (B) Schematic of the retrograde 

transmission of HSV-hEF1a-eYFP-IRES-Cre. (C) Immunofluorescence staining results of 

brain slice at the level of preBötC. (D) Magnified images of the injection site. Blue-ChAT 

(D1); Purple-DAPI (fluorobeads) (D2); Red-SST (D3), and the merged image (D4). Panel 

C scale bar=1000μm; Panel D scale bar=200μm. 

 

4.3.1 Medullary projections to the preBötC 

Similar to previous studies, retrogradely labeled neurons (labeled by the non-cell-type-

specific traditional tracer FG(Yang et al., 2019) and WGA-HRP(Gang et al., 1995) which 

have been injected into the preBötC and VRG respectively) were identified in the 

contralateral preBötC, the BötC, the NTS, the reticular nuclei, the raphe nuclei, the 

parafacial and facial nuclei, the PB/KF, and the NA. Interestingly, we found neurons in 

additional areas that were also retrogradely labeled by HSV. In general, there were quite a 

few labeled neurons in the VRG, the paraNA, the LPGi, the gigantocellular reticular 

nucleus (Gi), the medullary reticular formation, the RTN/pFv, the NTS, the transition 

region of the caudal part (Sp5C) and interpolar part (Sp5I) of the spinal trigeminal nucleus 

(Sp5), the PB/KF, the PAG, the regions around tensor tympani part of the motor trigeminal 



 

37 

 

nucleus/ motor root of the trigeminal nerve (5TT/m5), and the regions around 5N. 

Additionally, there are sparse labeled neurons in the NA, the 7N, the 10N, the para10N, 

the 12N, the para12N, the raphe nucleus, the vestibular nucleus (Ve), the prepositus 

nucleus (Pr), the dorsal marginal layer of medulla, the pFRG, the locus coeruleus (LC), 

the LDT/PPT, and the pontine reticular nucleus, oral part (PnO).  

 

4.3.1.1 Ventral medulla 

The VRC lies in the ventrolateral medulla which includes 6 subdivisions: the cVRG, the 

rVRG, the preBötC, the BötC, the RTN/pFV and the pFRG. We identified the preBötC 

based on the anatomical landmarks indicated above and SST expression in a subpopulation 

of preBötC neurons(Cui et al., 2016; Stornetta et al., 2003; Yang & Feldman, 2018). Some 

GFP expressing neurons were identified in the VRG (n=4 mice), including the contralateral 

preBötC (n=4 mice) (Figure 4. 4). Normally, GFP+ neurons were concentrated in the 

ipsilateral side, but in some cases (n=2 mice), labeled neurons were fewer in the ipsilateral 

BötC compared to the contralateral side, because of the ability of the HSV to be taken up 

by presynaptic terminals and not infect neurons directly at the injection site. Several GFP+ 

neurons were also observed in parafacial region (n=4 mice) including the RTN/pFV and 

the pFRG, while most of them were in the ipsilateral RTN/pFV(Figure 4. 5). There were 

occasionally labelled neurons in the RTN/pFV expressing ChAT signals (n=2 mice) and 

some labeled neurons around NA (N=4 mice) along its rostral-caudal axis, which 

concentrated in the region lateral to the caudal NA (Figure 4. 5), while a small number of 

them express light ChAT signals (n=3 mice). However, not many labelled neurons were 

located within NA, and we identified several GFP+/ChAT+ neurons in the caudal NA only 

in one case.   

 

In addition, we observed some GFP+ neurons in the LPGi (n=4 mice), and in the Gi (both 
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ventral part (GiV) and the alpha part (GiA)) (Figure 4.6) at the level of BötC and 7N (n=4 

mice). However, only few of them express ChAT signal (n=1 mice and n=3 mice 

respectively). In the middle, we found sparse GFP+ neurons in all four subdivisions of the 

raphe nucleus (n=4 mice, including the raphe interpositus nucleus (RIP), raphe magnus 

nucleus (RMg), raphe obscurus nucleus (ROb), raphe pallidus nucleus (RPa)), while some 

of the labelled neurons in Rob also express ChAT signals (n=2 mice) (Figure 4.6). 
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Figure 4. 4 | Retrogradely labeled neurons in the contralateral preBötC with HSV 

retrograde virus.  

Images of the contralateral preBötC. Blue-ChAT (A); Green-GFP (HSV reporter protein) 

(B); Red-SST (C), and the merged image (D). Scale bar=200μm. 
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Figure 4. 5 | HSV retrogradely labeled neurons in the ventral respiratory column.  

We found labeled neurons in the BötC (A), pFRG (B), RTN (C), NA (D), and paraNA (E, 

F). Blue-ChAT; Green-GFP. Panel C scale bar=400μm; Rest scale bar=200μm. 

 

 



 

41 

 

Figure 4. 6 | HSV retrogradely labeled neurons in ventral medulla.  

We found labeled neurons in the GiV and LPGi (A), Rob (B), RPa (C), RMg (D), and RIP 

(E). Blue-ChAT; Green-GFP. Scale bar=400μm 

 

4.3.1.2 Middle and dorsal medulla 

Laterally, we identified some labeled neurons bilaterally in the transition region between 

Sp5I and Sp5C (n=4 mice) (Figure 4.7) at the level of caudal NA. Sometimes, there are 

scattered GFP+ neurons in the Sp5I and oral part of the Sp5 (Sp5O) at the level of caudal 

7N (n=3 mice). There are some labelled neurons in the reticular formation (n=4 mice) 

throughout the medulla which assembling in the ipsilateral IRt (Figure 4.7), especially at 

the level of the injection (preBötC). A small fraction of the GFP+ neurons in the IRt also 

express ChAT signals (n=4 mice). Interestingly, we identified few GFP+ neurons in the 

area dorsal medial to the NA at the BötC level which matches the recently proposed post-

inspiratory rhythm generator (PiCo)(Toor et al., 2019) (n=4 mice), while only in one case 

we found labelled neurons in PiCo expressing ChAT (Figure 4.7).  
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Only one or two neurons were labelled in 12N area (n=2 mice), and we found one 

expressing ChAT signal (n=1 mice). Some labeled neurons surrounding the 12N were 

identified (n=4 mice), especially in the nucleus of Roller (Ro) region (Figure 4.7), and 

scattered in the dorsal paragigantocellular nucleus (DPGi) region (n=4 mice). We 

identified several neurons in 10N (n=4 mice) but none of them were cholinergic. 

Furthermore, we identified GFP+ neurons in and surrounding the ipsilateral, caudal region 

of the 10N (n=4 mice) which occasionally expressed light ChAT signals (n=2 mice) 

(Figure 4.7). A few neurons were also identified in NTS (n=4 mice), a fraction of which 

coexpressed ChAT signals (n=3 mice) (Figure 4.7).  

 

In the dorsal middle medulla, a small number of GFP+ neurons were found in the Pr 

especially at the dorsal edge (Figure 4.7) (n=4 mice), and occasionally, the labelled 

neurons express ChAT signals (n=1 mice). There were also several neurons in the dorsal 

marginal layer (n=3 mice) and some express ChAT signals (n=2 mice). We found scattered 

GFP+ neurons in the Ve (n=4 mice) throughout its rostro-caudal extend, sometimes the 

labelled neurons were ChAT+ (n=2 mice). Interestingly, in most cases (n=3 mice), GFP+ 

neurons were identified in the medial vestibular nucleus, parvicellular part (MVePC) (n=3 

mice) at the abducens nucleus (6N) level (Figure 4.7). In addition, we found small number 

of labeled neurons in locus coeruleus (LC) (n=4 mice) bilaterally (n=3 mice), with 

prevalence in the ipsilateral side of the brain (Figure 4.7). These GFP+ neurons in MVePC 

and LC possibly corresponding to the dorsal medial population that show respiratory-

related local field potentials (LPFs) in previous study(Dhingra et al., 2019). Furthermore, 

some GFP+ neurons surround the genu of the facial nerve (g7) at the same level (n=3 mice) 

(Figure 4.7). 
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Figure 4. 7 | HSV retrogradely labeled neurons in dorsal and middle medulla.  

We found labeled neurons in the IRt (A), PiCo (B), Ro (C), Pr (D), 10N (E), NTS (F), Ve 

(G), MVePC (H), around g7 (I), sp5 (J), Sp5I/Sp5C (K). Blue-ChAT; Green-GFP. Blue-

ChAT; Green-GFP. Panel B, C scale bar=200μm; Panel K scale bar=1000μm; Rest scale 

bar=400μm. 

 

4.3.2 Pontine projections to the preBötC 

There are a fairly large number of labeled neurons in the PB (n=4 mice) particularly in the 

lateral subdivision (LPB) of the ipsilateral side (Figure 4.8), while some of them 

expressing ChAT signals (n=3 mice). Additionally, some GFP+ neurons were identified in 

the ipsilateral KF (n=4 mice) with sparse neurons in the contralateral KF, some of which 

were ChAT+ (n=4 mice) (Figure 4.8). We observed a few GFP+ neurons in the regions 

around the 5N, such as the supratrigeminal nucleus (Su5) (n=4 mice), the subcoeruleus 

nucleus (SubC) (n=4 mice) especially the ventral part (SubCV), and the PCRt below 5N 

(n=4 mice) (Figure 4.8). However, only one or two labeled neurons surrounding the 5N 

express ChAT signals (n=3 mice). In addition, we found labelled neurons in the areas 

around 5TT/m5, and occasionally found labelled ChAT+ neurons (n=3 mice). The number 
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of labeled neurons in the PAG (n=4 mice) is remarkable (Figure 4.8), but none was ChAT+. 

Surprisingly, we found sparse labeled neurons in bilateral PPT and LDT in all four injected 

mice, and we only identified one labelled neuron expressing ChAT in the ipsilateral LDT 

(Figure 4.8). There were only one or two labelled neurons in the dorsomedial tegmental 

area (DMTg) (n=3 mice) region below the LDT and none was ChAT+. We also found 

sparse GFP+ neurons in the pontine reticular nucleus (n=4 mice), while one or two of them 

were ChAT+ (n=2 mice) (Figure 4.8). Notably, the labelled neurons were seldom found to 

be cholinergic and we did not find any labelled cholinergic neurons in the cholinergic 

nuclei including the PPT, the 5N, the 4N, and the PBG (n=4 mice). 
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Figure 4. 8 | HSV retrogradely labeled neurons in pontine structures.  

We found labeled neurons in the LC (A), PB (B), KF (C), Su5 (D), SubC (E), PAG (F), 

LDT (G), PPT (H), and pontine reticular formation (I). Blue-ChAT; Green-GFP. Panel D 

scale bar=200μm; Panel F scale bar=1000μm; Rest scale bar=400μm. 

 

Despite our confirmation of the location of the injection site, the distribution of GFP+ 

neurons were slightly different between mice. We summarized the region of interest and 

the average density of labelled neurons, and found most significant distribution of GFP 

cells in the region between Sp5I and Sp5C, VRG, paraNA, LPGi, GiV/GiA, IRt, NTS, 

RTN, PB/KF, PAG, the regions around 5TT/5m, and the regions around 5N. Of note, 

although the HSV retrogradely labelled plentiful neurons throughout the brainstem, only 

a small fraction of them expressed ChAT signals (Table 4.1, Table 4.2).  
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Table 4. 1 HSV labeling in the major cholinergic nuclei 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4. 2 HSV labeling in other regions 

 Average 

density of 

GFP+ neurons 

GFP+ 

cases 

(mice#) 

GFP+/ChAT+ 

cases (mice#) 

Medulla 

VRG cVRG/rVRG + 2 0 

 preBotC ++ 4 0 

 BotC ++ 4 0 

lateral to rostral VRG  + 4 1 

 Average density 

of GFP+ neurons 

GFP+ cases 

(mice#) 

GFP+/ChAT+ 

cases (mice#) 

Medulla 

6N - 0 0 

7N + 3 0 

NA + 4 1 

10N + 4 0 

12N + 2 1 

Pons 

5N - 0 0 

4N/3N - 0 0 

PPT + 4 0 

LDT + 4 1 

PBG - 0 0 
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between Sp5I and 

Sp5C 

 ++ 4 0 

paraNA  ++ 4 3 

LPGi  ++ 4 1 

GiV/GiA  ++ 4 3 

para7N RTN  ++ 4 2 

 pFRG + 4 0 

para10N  + 4 2 

NTS  ++ 4 3 

para12N  + 4 0 

Raphe nucleus  + 4 2 

Reticular formation IRt ++ 4 4 

 PiCo + 4 1 

Ve  + 4 2 

dorsal marginal layer   + 3 2 

Pr  + 4 1 

Sp5I and Sp5O  + 3 0 

around g7  + 3 0 

Pons 

LC  + 4 0 

PB/KF  ++ 4 4 

PAG  ++ 4 0 

DMTg  + 3 0 

PnO  + 4 2 

around 5N 

(SubC/SubCV/PCRtA) 

 ++ 4 3 

around 5TT/5m  ++ 4 3 
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(+): There are sparse and occasionally labeled neurons in that region. 

(++): There are relatively dense labeled neurons in that region. 

 

4.4 Cre-dependent retrograde tracing 

Because the HSV targeted projections in a non-Cre dependent fashion, we decided to use 

a Cre-DIO system with the retrograde labeling approach in ChAT-Cre mice to better 

identify the origins of cholinergic inputs to the preBötC.  

 

Three kinds of Cre-dependent retrograde AAVs (AAV2-retro-EF1a-DIO-mCherry, AAV2-

retro-hSyn-DIO-EGFP, and AAV9-EF1a-DIO-EYFP) were injected into the right preBötC 

of ChAT-Cre mice (Table 3.1). Histological analysis 3-6 weeks following viral injection 

confirmed that the injection site was centered in the preBötC and depicted the cholinergic 

transmission map. Because of the Cre-dependent expression, the number of the AAVs 

retrogradely labeled neurons was much smaller than the number of neurons labelled by the 

HSV. Additionally, most retrogradely labeled neurons were distributed in the ipsilateral 

side to the injection and occasionally in the contralateral side, while most of the 

GFP/mCherry expressing neurons displayed strong ChAT signal. However, we observed a 

limited fractions of mCherry+/GFP+ neurons expressing light and occasionally no 

detectable ChAT signals.  

 

Overall, we identified dense labeled ChAT+ neurons in the NA and LPGi in all 11 cases. 

There were fewer labeled cholinergic neurons in the RTN (n=6 mice), the dorsal part of 

7N (n=7 mice), the reticular formation (n=10 mice), the NTS (n=9 mice), the dorsal 

marginal layer of medulla (n=8 mice), and the Pr (n=9 mice). In addition, we found sparse 

cholinergic neurons in the region lateral to the rostral VRG (n=7 mice), the Ve (n=7 mice), 

the para12N (n=6 mice), the Rob (n=6 mice), and the regions around 5TT/m5 (n=10 mice). 
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Furthermore, we occasionally (n<5 out of 11 mice) identified several cholinergic neurons 

in the 5N (n=1 mice), the 6N (n=1 mice), the 12N (n=1 mice), the PPT (n=1 mice), the 

LDT (n=3 mice), the SubCV (n=4 mice), and the pFRG (n=1 mice). These results are 

summarized in the table 4.3 and figures below. 

 

Table 4. 3 Brainstem regions with retrogradely labeled cholinergic neurons. 
 

Average 

Neuronal 

Density 

AAV-

mCherry 

(n=4 

mice) 

AAV-

hSyn 

(n=4 

mice) 

AAV9 

(n=3 

mice) 

Total 

(n=11 mice) 

Medulla 
 

NA +++ 4/4 4/4 3/3 11/11 

LPGi +++ 4/4 4/4 3/3 11/11 

lateral to 

rostral VRG 

+ 3/4 3/4 1/3 7/11 

RTN/pFv ++ 2/4 2/4 2/3 6/11 

pFRG + 0/4 1/4 0/3 1/11 

7N (dorsal part) ++ 0/4 4/4 3/3 7/11 

reticular 

formation 

++ 4/4 3/4 3/3 10/11 

NTS ++ 4/4 2/4 3/3 9/11 

Ve + 2/4 3/4 2/3 7/11 

medulla dorsal 

marginal layer 

++ 3/4 3/4 2/3 8/11 

Pr ++ 4/4 4/4 1/3 9/11 

para12N + 2/4 2/4 2/3 6/11 

Rob + 3/4 2/4 1/3 6/11 
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Pons 

LDT + 0/4 2/4 1/3 3/11 

PPT + 0/4 1/4  0/3 1/11 

around 5TT/m5 + 3/4 4/4 3/3 10/11 

Sub CV + 0/4  3/4 1/3 4/11 

5N + 0/4 1/4 0/3 1/11 

6N + 0/4 1/4 0/3 1/11 

12N + 0/4 0/4 1/3 1/11 

 

Initially, we injected the pAAV-EF1a-double floxed-hChR2(H134R)-mCherry-WPRE-

HGHpA (AAV2-retro-EF1a-DIO-mCherry)(Lazaridis et al., 2019) into the right preBötC 

(n=4 mice). The injections were centered and mostly limited to the preBötC (Figure 4.9). 

Surprisingly, we identified no direct input from PPT and LDT to the preBötC with this 

viral approach. However, we found a fair number of double labeled (GFP+/ChAT+) 

neurons in LPGi (n=4 mice), NA (n=4 mice), IRt (n=4 mice), and NTS (n=4 mice) in all 

mice that were correctly injected into the preBotC and analyzed. Additionally, we 

identified fewer labelled cholinergic neurons in the Pr (n=4 mice) and the contiguous 

dorsal marginal layer (n=3 mice). Sometimes, sparse cholinergic neurons were labeled in 

the region lateral to the rostral VRG (especially at the level of preBötC and BötC) (n=3 

mice), in the parafacial region (n=2 mice), in the Ve (n=2 mice), in the Rob (n=3 mice), 

and in the para12N (n=3 mice) (Figure 4.10). In addition, we identified only a small 

number of labelled cholinergic neurons in the pons (n=3 mice), mainly in the middle lateral 

area. In most cases (n=3 mice), these neurons were in the middle and dorsal to the m5/5TT 

at the level just rostral to the end of 5N, and at the level of caudal PPT. We found few 

labelled cholinergic neurons in para5N only in 1 mouse (Figure 4.10). 
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Figure 4. 9 | Stereotaxic injection of AAV2-retro-EF1a-DIO-mCherry into the right 

preBötC of the ChAT-Cre mouse.  

Immunofluorescence staining of brain sections at the level of preBötC following infection 

with AAV2-retro-EF1a-DIO-mCherry and fluorobeads. Blue-ChAT (A); Purple-DAPI (B); 

Green-SST (C), and the merged image (D). Scale bar=400μm.  
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Figure 4. 10 | Retrogradely labeled neurons in brainstem (AAV2-retro-EF1a-DIO-

mCherry).  

 

In medulla, we found labeled cholinergic neurons in the NA (A), LPGi (B), para7N (C), 

para12N (D), IRt (E), NTS (F), Ve (G), Pr and dorsal marginal layer of medulla (H), and 

Rob (I). In pons, we found labeled cholinergic neurons in the para5N (J), and the regions 

around 5TT/m5 (K). Blue-ChAT; Red-mCherry. Panel C, K scale bar=400μm (in panel K); 

Rest scale bar=200μm (in panel I). 
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Based on the location of the most strongly retrogradely labeled cholinergic neurons, we 

analyzed neurons in the regions of the NA and the LPGi. These results were obtained from 

ten 50μm thick brain sections (200μm interval) collected rostrocaudally from Bregma-7.68 

mm to Bregma-6.68, in 4 mice (Table 4.4). Among the 6 level, the most rostral level 

represents the number of neurons at the BötC level, and the two levels before represent 

that at the preBötC level. Overall, 89.02% of labeled neurons in the LPGi express ChAT 

signals, and 96.36% of the labeled neurons in the NA are ChAT+ (Table 4.4). Their 

rostrocaudal distribution is illustrated in figure 4.11. 

 

Table 4. 4 AAV2-retro-EF1a-DIO-mCherry retrogradely labeled neurons in LPGi 

and NA 

AAV-mCherry NA-Labeled neurons # LPGi-Labeled neurons # 

Animal # GFP+ GFP+/ChAT+ Percentage GFP+ GFP+/ChAT+ Percentage 

mCherry-0306-5 6 6 100.00% 10 7 70.00% 

mCherry-0417-1 15 14 93.33% 25 24 96.00% 

mCherry-0417-5 12 11 91.67% 31 29 93.55% 

mCherry-0417-6 22 22 100.00% 16 13 81.25% 

Average 13.75 13.25 96.25% 20.5 18.25 85.20% 

Total 55 53 96.36% 82 73 89.02% 

 



 

56 

 

  

 

Figure 4. 11 | The distribution of AAV2-retro-EF1a-DIO-mCherry retrogradely 

labeled cholinergic neurons in the LPGi and NA.  

The line graphs illustrate the distribution of labeled (mCherry+) neurons and the colabeled 

cholinergic (mCherry+/ChAT+) neurons in the LPGi and the NA along rostral caudal axis. 

The solid line represents the average data, and the dash lines represent the data of 

individual mice. The yellow lines represent the mCherry+ neurons, while the green lines 
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represent the mCherry+/ChAT+ neurons. 

 

Because of the unexpected lack of expression of the reporter protein (mCherry) in the PPT 

and the LDT, we tested additional viruses with retrograde properties: the pAAV-hSyn-

DIO-EGFP(Bittar et al., 2021; Krishnan et al., 2017; Okunomiya et al., 2020) (AAV2-

retro-hSyn-DIO-EGFP) with a different promoter (human synapsin), and the AAV9-EF1a-

DIO-EYFP which has a different AAV serotype with known retrograde properties 

(Chokshi et al., 2019; D. Wang et al., 2015). 

 

The AAV2-retro-hSyn-DIO-EGFP was injected into the right preBötC of four ChAT-Cre 

mice (Figure 4.12), and labeled cholinergic neurons were identified in the LPGi (n=4 mice) 

and the pFV region (n=2 mice), in the compact NA (n=4 mice) in the BötC, in the NTS 

(n=2 mice), and in the IRt (n=3 mice), similar to the original Cre-dependent virus used. 

Likewise, we identified fewer labeled cholinergic neurons lateral to the BötC (n=3 mice), 

the Ve (n=3 mice), the Pr (n=4 mice), the dorsal marginal layer (n=3 mice), and the Rob 

(n=2 mice). In addition, we identified labeled ChAT+ neurons in the caudal 7N (n=4 mice), 

and occasionally in the pFRG (n=1 mice). Compared to the number of labeled neurons in 

medulla, we observed fewer GFP+ neurons in the pons, most of which only expressed 

weak ChAT signal and sometimes lacked detectable ChAT expression. Neurons were 

observed in the region surrounding m5/5TT (n=4 mice) at the level of rostral end of 5N, 

most of them are ChAT- (n=2 mice). Additionally, there were several labeled ChAT+ 

neurons in P5 (n=2 mice) and SubCV (n=2 mice) (Figure 4.13)  

 

Interestingly, we found only one or two GFP+/ChAT+ neurons in the LDT (n=2 mice), and 

some non-cholinergic neurons labelled in the DMTg region below the LDT (n=4 mice). 

Sporadically, we identified labeled cholinergic motor neurons in PPT, 6N and 5N in only 

1 mouse (Figure 4.13). 
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Figure 4. 12 | The injection site in one of the mice used with AAV2-retro-hSyn-DIO-

EGFP.  

The Immunofluorescence staining images of brain sections show the right preBötC, 

identified by SST staining (red) and the injection site, labelled with fluorobeads (purple). 

Blue-ChAT (A); Purple-DAPI (B); Red-SST (C), and the merged image (D). Scale 
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bar=400μm. 
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Figure 4. 13 | Retrogradely labeled neurons in brainstem (AAV-retro-hSyn-DIO-

EGFP).  
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In medulla, we found labeled cholinergic neurons in the NA (A), LPGi (B), para7N (C), 

7N (D), reticular formation (E), NTS (F), MVe (G), Pr and dorsal marginal layer of medulla 

(H), and Rob (I). In the pons, we found labeled neurons in the DMTg (ChAT-) (J), the LDT 

(K), the regions around 5TT/m5 (L), 6N (M), Sub C (N) and para5N (O). Blue-ChAT; 

Green-GFP. Panel C, E, G, H, L, O scale bar=400μm; Rest scale bar=200μm. 

 

Likewise, we analyzed the distribution of labeled cholinergic neurons in the LPGi and NA 

of the mice which received AAV-retro-hSyn-DIO-EGFP (Table 4.5; Figure 4.14). Overall, 

83.44% and 95.18% of labeled neurons are ChAT+ in the LPGi and in the NA, respectively. 

Overall, the AAV2-retro-hSyn-DIO-EGFP virus labeled more neurons in the LPGi than 

the AAV2-retro-EF1a-DIO-mCherry, with a similar rostrocaudal distribution.  

 

Table 4. 5 AAV2-retro-hSyn-DIO-EGFP retrogradely labeled neurons in LPGi and 

NA 

AAV-hSyn NA (number of neurons) LPGi (number of neurons) 

name GFP+ GFP+/ChAT+ Percentage GFP+ GFP+/ChAT+ Percentage 

hSyn0304-1 24 22 91.67% 12 9 75.00% 

hSyn0719-1 45 44 97.78% 77 64 83.12% 

hSyn0806-2 6 6 100.00% 15 11 73.33% 

hSyn1211-3 8 7 87.50% 47 42 89.36% 

Average 20.75 19.75 94.24% 37.75 31.5 80.20% 

Total 83 79 95.18% 151 126 83.44% 
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Figure 4. 14︱The graphs illustrate distribution of AAV-retro-hSyn-DIO-EGFP 

retrogradely labeled cholinergic neurons in the LPGi and NA.  

The line graphs demonstrate the distribution of labeled (GFP+) neurons and the labeled 

cholinergic (GFP+/ChAT+) neurons in the LPGi and the NA along rostral caudal axis. The 
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solid line represents the average data, and the dash lines represent the data of individual 

mice. The yellow lines represent the GFP+ neurons, while the green lines represent the 

GFP+/ChAT+ neurons. 

 

In order to determine whether the lack of GFP/mCherry expression in cholinergic neurons 

was due to the inability of the viruses used (AAV2-retro stereotype) to infect cholinergic 

neurons, we verified the results with a different viral serotype that may present a different 

tropism (AAV9 serotype, pAAV-EF1a-double floxed-hChR2(H134R)-EYFP-WPRE-

HGHpA; AAV9-EF1a-DIO-EYFP) as well (n=3 mice) (Figure 4.15). In this case, we 

barely identified direct cholinergic input from the PPT (n=0 mice) and the LDT (n=1 mice) 

to the preBötC. Instead, we found the majority of double labeled (GFP+/ChAT+) neurons 

again in the LPGi (n=3 mice), the NA (n=3 mice), the IRt (n=3 mice), and the NTS (n=3 

mice). Some cholinergic neurons in the RTN/pFv (n=2 mice) and dorsal part of 7N (n=3 

mice) were also labelled. In addition, we observed sparse labelled cholinergic neurons in 

the rostral para12N (n=2 mice), the caudal Pr (n=1 mice), the dorsal marginal layer (n=2 

mice), the region lateral to the VRG (n=1 mice), the Ve (n=2 mice), and the Rob (n=1 mice) 

(Figure 4.16). In the pons, we identified few labelled cholinergic neurons in the region 

dorsal to 5TT (n=3 mice) at the level of caudal PPT. In one case, we identified one or two 

GFP+/ChAT+ neurons in the para5N (n=1 mice) and SubC (n=1 mice) as well (Figure 

4.16). 
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Figure 4. 15︱The injection site of AAV9-EF1a-DIO-EYFP.  

The Immunofluorescence staining images of brain sections show the right preBötC, 

identified by SST staining (red) and the injection site, labelled with fluorobeads (purple). 

Blue-ChAT (A); Purple-DAPI (B); Red-SST (C), and the merged image (D). Scale 

bar=400μm. 
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Figure 4. 16︱Retrogradely labeled neurons in brainstem (AAV9-EF1a-DIO-EYFP).  
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In medulla, cholinergic neurons were identified in the NA (A), LPGi (B), in the region 

lateral to VRG (C), 7N and para7N (D), reticular formation (E), NTS and MVe (F), Pr and 

para12N (G), and Rob (H). In pons, labeled cholinergic neurons were observed in the LDT 

(I), the regions around 5TT (J), para5N (K), Sub C (L). Blue-ChAT; Green-GFP. Panel D-

J scale bar=400μm (in panel J); Rest scale bar=200μm (in panel L). 

 

Again, we analyzed the distribution of labeled cholinergic neurons in the LPGi and NA 

which received AAV9-EF1a-DIO-EYFP (Table 4.6). Overall, 73.74% of labeled neurons 

in the LPGi expressed ChAT signals, and 90.10% of the labeled neurons in NA were 

ChAT+. As shown in the line graph (Figure 4.17), the labeled neurons in the LPGi had 

similar rostrocaudal distribution as the previous virus used.  

 

Table 4. 6 AAV9-EF1a-DIO-EYFP retrogradely labeled neurons in LPGi and NA 

AAV9 NA     LPGi     

  GFP+ GFP+/ChAT+ Percentage GFP+ GFP+/ChAT+ Percentage 

AAV9-1008-1 42 39 92.86% 44 35 79.55% 

AAV9-0904-3 25 24 96.00% 19 12 63.16% 

AAV9-0904-2 34 28 82.35% 36 26 72.22% 

Average 33.67 30.33 90.40% 33 24.33 71.64% 

Total 101 91 90.10% 99 73 73.74% 
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Figure 4. 17︱The distribution of AAV9-EF1a-DIO-EYFP retrogradely labeled 

cholinergic neurons in the LPGi and NA.  

The line graphs illustrate the distribution of labeled (GFP+, orange) neurons and the 

labeled cholinergic (GFP+/ChAT+, green) neurons in the LPGi and the NA along rostral 
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caudal axis. The solid line represents the average data, and the dash lines represent the data 

of individual mice. 

 

4.5 Cre dependent anterograde tracing 

Because we identified scarcely any cholinergic inputs from PPT/LDT to the preBötC with 

the retrograde tracing approaches, we chose to use anterograde tracers to verify the 

retrograde results. Primarily, we used the Cre-dependent anterograde virus rAAV2/Ef1a-

DIO-hchR2(H134R)-EYFP (rAAV2-EF1a-DIO-EYFP) together with the ChAT-Cre mice 

to determine the neuronal projections of cholinergic neurons from the PPT/LDT to the 

preBötC.  

 

Recombinant AAV2-EF1a-DIO-EYFP virus was injected either unilaterally (n=6 mice) or 

bilaterally into the PPT and LDT (n=4 mice). Afterwards, we performed the 

immunofluorescence staining and analyzed the results in 50 μm thick sections (200 μm 

interval, Figure 4.18). By definition, the PPT/LDT is depicted by a continuum of 

cholinergic neurons starting from the substantia nigra pars reticulate (SNR) and end at the 

lateral central gray matter in the periventricular area(Mena-Segovia, 2016). Because there 

is no definite separation between PPT and LDT(Mena-Segovia, 2016), for the convenience 

of data analysis, we define the cholinergic neurons rostral to Bregma-4.9mm as the PPT 

neurons, and the caudal cholinergic groups as to LDT based on their relative position along 

the rostra-caudal axis (Paxinos mouse brain atlas)(Franklin et al., 2008).  
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A  

 

B LDT                             C PPT  

  

Figure 4. 18︱Anterograde tracing with rAAV2-EF1a-DIO-EYFP.  

The schematic shows the anterograde tracing approach (A). The Immunofluorescence 

staining images show the LDT (B) and the PPT (C) as well as the injection site labelled 

with purple fluorospheres. Blue-ChAT; Purple-DAPI; Green-EGFP. Left-lateral; Right-

middle; Up-dorsal; Down-ventral. Scale bar=100μm (left corner). 

 

In all cases (n=10 mice), the virus successfully labeled cholinergic neurons in the PPT and 

LDT, whereas few (17.40%) labeled neurons display undetectable ChAT signals. (Table 

4.7, 4.8). Because our injection volume was limited to reduce spread to other areas, the 

overall infection rate was low, from 6.21% to 16.10% (unilateral), and 7.04% to 21.21% 

(bilateral) of the total number of cholinergic cells. The distribution of the cholinergic 

neurons, labeled neurons and labelled cholinergic neurons are shown in the line graphs 
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(Figure 4.19). In some cases, some additional cholinergic neurons in parabigeminal 

nucleus (PBG) (n=5 mice), trochlear nucleus (4N) and oculomotor nucleus (3N) (n=2 

mice), and caudal PB/KF (n=2 mice) were infected.  

 

Table 4. 7 AAV2-EF1a-DIO-EYFP anterogradely labelled neurons in PPT and LDT - 

Unilateral injections 

 

Table 4. 8 AAV2-EF1a-DIO-EYFP anterogradely labeled neurons in PPT and LDT - 

Bilateral injections 

unilateral 

injections 

(right side) 

ChAT+ GFP+ ChAT+/GFP+ labelled% 
double 

labelled% 

labelled 

fibers in 

preBötC? 

AAV0128-3 467 33.00 29 7.07% 6.21% N 

AAV0128-4 405 33.00 32 8.15% 7.90% only 1 fiber 

AAV0128-5 473 55.00 50 11.63% 10.57% N 

rAAV1212-1 539 69.00 52 12.80% 9.65% sparse 

rAAV1212-2 441 83.00 71 18.82% 16.10% sparse 

rAAV1212-3 510 59.00 40 11.57% 7.84% sparse 

bilateral 

injections 
ChAT+ GFP+ ChAT+/GFP+ labelled% 

double 

labelled% 

labelled 

fibers in 

preBötC? 

AAV-E2 938 78.00 66 8.32% 7.04% N 

AAV0724 924 238.00 196 25.76% 21.21% sparse 

AAV1028-2 914 164.00 131 17.94% 14.33% sparse 

AAV1028-3 772 95.00 71 12.31% 9.20% sparse 

average 887.00 143.75 116.00 16.08% 12.94%  

Total 3548.00 575.00 464.00 16.21% 13.08%  
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Average 472.50 55.33 45.67 11.67% 9.71% 
 

Total 2835.00 332.00 274.00 11.71% 9.66% 
 

 

 

Figure 4. 19︱The distribution of rAAV2-EF1a-DIO-EYFP anterogradely labeled 

cholinergic neurons in the bilateral LDT and PPT.  
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The line graphs demonstrate the distribution of cholinergic (ChAT+, blue) neurons, 

rAAV2-EF1a-DIO-EYFP labeled (GFP+, orange) neurons, and the labeled cholinergic 

(GFP+/ChAT+, green) neurons in the LDT (A) and the PPT (B) along rostral caudal axis. 

The solid line represents the average data, and the dash lines represent the data of 

individual mice. 

 

As reported in the previously literature(Mena-Segovia & Bolam, 2017), we identified 

labelled cholinergic neuronal axons in medullary reticular formation (most in the IRt) and 

pontine reticular formation (most in the PnO) (n=10 mice). Which indicates that the AAV2-

EF1a-DIO-EYFP is capable to infect the PPT/LDT cholinergic neurons and label their 

axons which extend as far as caudal medulla. Nevertheless, when we looked at the 

expression of GFP axons at the level of preBötC, we observed sparse fibers within this 

area (n=7 mice) (Figure 4.20), confirming limited cholinergic inputs from the PPT and 

LDT to the preBötC.  
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A preBötC  

 

B IRt C PnO 
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Figure 4. 20︱Retrogradely labeled axons in brainstem (rAAV2-EF1a-DIO-EYFP).  

We found sparse EYFP labeled axons in the preBötC (A), IRt (B) and PnO (C). Blue-ChAT; 

Green-GFP; Red-SST. Scale bar=100μm. 

 

To further verify these projections (or lack thereof), we used additional Cre-dependent 

anterograde viruses, which included the rAAV2/Ef1a-DIO-hChR2-(E123T/T159C)-p2A-

mCherry-WPRE (rAAV2-EF1a-DIO-p2A-mCherry) (n=4 mice), AAV2/hSyn-DIO-

mCherry (AAV2-hSyn-DIO-mCherry) (n=2 mice), and rAAV5/Ef1a-DIO-

hchR2(H134R)-mCherry (AAV5-EF1a-DIO-mCherry) (n=1 mice) (Table 4.9). We 

selected these additional viruses with different characteristics because the expression level 

of reporter protein could depend on factors like the gene itself, the serotype of viral vector, 

viral titer, methods of application, etc.(Tang et al., 2009). For example, the rAAV2-EF1a-

DIO-p2A-mCherry has the p2A sequence that helps to increase the translation and 

expression efficiency of proteins(Tang et al., 2009), the hSyn (human synapsin) is another 

promoter which confers highly selective neuron-specific transgene 

expression(Nieuwenhuis et al., 2021), while the AAV5-EF1a-DIO-mCherry is a different 

serotype of AAV which has been used to transfect other cholinergic neurons in the ChAT-

Cre system(Threlfell et al., 2012).  

 

Similar to the injections with the initial virus, we obtained an infection rate of around 

10%~20% in the PPT and LDT and observed a similar pattern of immunofluorescent fibers 

in the medullary and pontine reticular formation (n=7 mice), and a few to none axons 

labelled in the preBötC area (Figure 4.21).  
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Table 4. 9 The tracing results of the additional anterograde AAVs 

Virus and 

injection site  Animal # 

labelled 

cholinergic 

neurons in 

PPT/LDT? 

labelled axons 

in PnO/IRt? 

labelled axons 

in preBötC? 

rAAV2-EF1a-DIO-p2A-mCherry 

-Bilateral PPT&LDT 

 
p2A0521-1 Y Y sparse 

 
p2A0521-2 Y Y 1 axon 

-Unilateral PPT&LDT 

  AAV0319-1 Y Y N 

  AAV0319-2 Y Y sparse 

AAV2-hSyn-DIO-mCherry 

-Unilateral PPT&LDT 

  AAV0319-3 Y Y sparse 

  AAV0319-4 Y Y 1 axon 

AAV5-EF1a-DIO-mCherry 

-Bilateral PPT&LDT 

 
AAV0630 Y Y sparse 
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A PPT B LDT 

  

C preBötC  

  

 

Figure 4. 21︱Anterograde tracing with and retrogradely labeled axons in brainstem 

(rAAV2-EF1a-DIO-p2A-mCherry).  

We found labeled cholinergic neurons in PPT(A) and LDT (B), and labeled axons in 

preBötC (C, D). Blue-ChAT; Red-mCherry; Green-SST. Scale bar=100μm. 
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Chapter 5 Discussion  

In this MSc thesis project, we investigated the source of cholinergic inputs that may 

influence the function of the preBötC. We initially mapped the neurons that have a direct 

projection to the preBötC neurons by using the retrograde virus HSV, independent of their 

phenotype. We observed HSV-labelled neurons in multiple brainstem structures, consistent 

with previous reports(Gang et al., 1995; Schwarzacher et al., 1995; Yang et al., 2019), and 

interestingly, in additional regions.  

 

Based on these results, we further investigated the regions with cholinergic projections to 

the preBötC neurons with the use of Cre-dependent retrograde AAVs in ChAT-Cre 

transgenic mice. Finally, we used a Cre-dependent anterograde viral approach to verify 

whether cholinergic connections exist between the preBötC and the PPT/LDT. Our 

findings indicate that the cholinergic connections between PPT/LDT and the preBötC are 

few, and the majority of neurons projecting to the preBötC from PPT/LDT have instead 

other phenotypes. Our data suggest that the source of cholinergic inputs to the preBötC is 

instead originating mainly from neighboring regions in the ventral medulla, including the 

LPGi and NA.  

 

5.1 Technical considerations 

The AAV and HSV systems are a powerful tool for the study the neuronal circuits. In our 

study, we selected a group of AAVs with various serotypes, promoter and reporter proteins 

because the rate of infection and the expression level of reporter proteins may depend on 

factors like the gene itself, the serotype of viral vector, etc.(Tang et al., 2009). Thus, trials 

with different AAVs provided more evidence to support our unexpected findings. For 

example, we selected two types of AAVs with different promoter, EF1a and hSyn, because 
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different type of promoters can modulate the expression of the transgene as they provide 

different binding sites for cellular machinery to transduce viral constructs(Nieuwenhuis et 

al., 2021).  

 

Moreover, the transduction of AAV depends on the interactions between the AAV capsid 

and the surface proteins of the target cell(Haery et al., 2019; Srivastava, 2016; Sun et al., 

2019; Yao et al., 2018). Consequently, different serotypes (defined by the specific 

serological profiles of each primate AAV capsid sequences) of AAVs may have distinct 

tropism (i.e., the ability of a virus to infect a specific type of cell or tissue) with respect to 

various cholinergic neurons(Castle et al., 2014; Haery et al., 2019; Schultz & Chamberlain, 

2008). According to previous studies which used the AAVs together with the ChAT-Cre 

mice, we selected AAV vectors of serotype AAV2-retro(Song et al., 2020; Y. Wang et al., 

2020), AAV2(Stornetta et al., 2013; Warner-Schmidt et al., 2012; Witten et al., 2010), 

AAV5(Helseth et al., 2021; Moehle et al., 2017; Zhang et al., 2018), and AAV9(Case et al., 

2017; Helseth et al., 2021; Rothermel et al., 2013; Song et al., 2020; Zhang et al., 2018) to 

study the cholinergic connections in ChAT-Cre mice.  

 

We initially selected the AAV2-retro serotype, then tested AAV9 to verify the results 

obtained in our retrograde study. The retro-AAV2 was initially selected since it was 

developed to offer efficient retrograde transport in addition to its ability to infect somas at 

the exposure site(Haery et al., 2019; Tervo et al., 2016). However, the unexpected results 

of AAV2-retro labelling led us to test the AAV9, another vector which exhibits natural 

retrograde trafficking activity at high doses(Haery et al., 2019; Masamizu et al., 2011). 

Previous study used Slc6a4 (SERT)-Cre mice and proved the retrograde property of AAV9 

in serotonergic neurons(Rothermel et al., 2013). Of note, we found that AAV9 was also 

used for anterograde transport in most studies(Case et al., 2017; Herman et al., 2016; 

Zhang et al., 2018). For example, one study used the same pAAV-EF1a-double floxed-
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hChR2(H134R)-EYFP-WPRE-HGHpA (AAV9, Addgene, #20297, 60nl) with ChAT-Cre 

mice (Jackson Laboratory, #028861), and delivered ChR2 onto cholinergic medial septum 

(MS) neurons at the site of injection(Zhang et al., 2018). Another study applied AAV9 to 

label projections of the horizontal diagonal band of Broca (HDB) cholinergic neurons in 

ChAT-Cre mice(Case et al., 2017) although their injection volume [0.75–1 µL (750nl-

1000nl)] was much larger than our protocols (50nl-100nl). These studies thus indicate the 

ability of AAV9 to travel retrogradely and to infect cholinergic neurons in ChAT-Cre mice. 

 

Although we kept the concentration of each virus fixed, and attempted to control the 

injection volume (50nl~100nl(Tervo et al., 2016)) to make the viruses work in their 

optimal conditions (neither too small volume, which may decrease the transduction 

efficiency, nor too large, which may lead to the virus spreading to other brain structures or 

cause toxicity because of high doses(Haery et al., 2019)), the actual expression of virus 

injected into the preBötC varied. This could depend on the levels of diffusion and backflow 

of the virus at the time of injection, causing infection of affected neighboring regions like 

the rVRG, the BötC, the IRt, and the NTS to some extents (as verified by the fluorobeads 

visualization)(Ai et al., 2007; Gang et al., 1995; Yang et al., 2019), and possibly resulting 

in various levels of gene expression and somewhat different tracing outcomes. 

 

5.2 Cholinergic inputs to preBötC  

The cholinergic modulation of preBötC is facilitated by the nAChRs and mAChRs(X. 

Shao & Feldman, 2000; X. M. Shao & Feldman, 2005, 2009). Increasing the ACh within 

the preBotC accelerates the respiratory rhythm, induces tonic activity in respiratory 

neurons, stabilizes respiratory activity, enhances the amplitude and duration of 12N 

bursts(X. M. Shao & Feldman, 2005). Specifically, nicotine depolarizes the preBotC 

inspiratory neurons via promoting excitatory glutamatergic input(X. M. Shao & Feldman, 
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2007), while muscarine depolarized inspiratory neurons(X. Shao & Feldman, 2000) but 

decreases the firing rate of most “burst like” spiking glycinergic neurons in the 

preBötC(Zheng et al., 2020). 

 

Our initial hypothesis that the PPT/LDT structures sent cholinergic inputs to the preBötC 

was based on the current literature on cholinergic modulation of preBötC neurons(X. M. 

Shao & Feldman, 2009) and previous anatomical evidence which suggested that the 

PPT/LDT provided cholinergic inputs to the brainstem reticular formation(Jones, 1990; 

Woolf, 1991).  

 

However, results from our study indicate that only sparse neurons in the LDT were labelled 

by HSV (n=4/4 mice), and only a few of them expressed light ChAT signals (n=1/4 mice). 

Similarly, only one or two cholinergic neurons were occasionally labelled by the use of 

retrograde Cre-dependent AAVs (n=3/11 mice: 2/4 with AAV-hSyn and 1/3 with AAV9), 

supporting the results obtained with the non-phenotype specific targeting. 

 

As for the anterograde tracing, although we had a low efficiency in viral infection, and 

found some mCherry+/GFP+ fibers in the medullary reticular formation, there were only 

a few labelled axons in the preBötC. In brief, both the anterograde and retrograde tracing 

results indicate the presence of minimal inputs from the PPT/LDT to the preBötC. 

 

Results from the retrograde viral tracing approach suggest the presence of very limited 

cholinergic inputs originating from the major cholinergic nuclei (e.g., brainstem motor 

nuclei, PPT/LDT, PBG(X. Li et al., 2018)) with the exception of the NA. Rather, we 

identified a fair number of projecting cholinergic neurons distributed in several structures 

in the medulla (e.g., IRt, LPGi, NTS). Despite the evidence that transduction efficiency of 

retrograde AAV is highly circuit-dependent(Haery et al., 2019), our results indicates that 
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the retrogradely labelled cholinergic neurons are mostly located in close proximity to the 

injection sites, suggesting that either local short range cholinergic neurons are modulating 

preBötC neurons, or that AAVs are capable of infecting neurons in a very close range to 

the injection site.  

 

A comparison between results with the various AAVs indicate that all the AAV used 

resulted in infecting LPGi neurons with variable results (likely depending on small 

variations in injected volume) in addition to cholinergic neurons within the IRt (n=10 mice) 

and the NTS (n=9 mice) in most cases. Furthermore, we also identified sparse cholinergic 

neurons in the Pr (n=9 mice), the dorsal marginal layer of medulla (n=8 mice), and the 

region around 5TT/5m (n=10 mice) with all AAVs investigated. One point of concern is 

that retrograde AAVs (AAV2-retro and AAV9) can label cells at the injection site as well 

as the neurons that project to the injection site(J. Wang & Zhang, 2021; Weiss et al., 2020), 

thus, the robust expression of the reporter gene in the LPGi and NA, in particular, which 

are either adjacent to the injection site, may result from the diffusion and ectopic local 

expression of the AAVs. 

Overall, our study indicates that the cholinergic neurons in the LPGi and NA are the most 

likely source of Ach to preBotC, in addition to scattered non-motor neurons in the IRT and 

NTS. 

 

The lateral paragigantocellular nucleus (LPGi), also known as the rostral ventrolateral 

medulla (RVLM), is a sympathoexcitatory site which participates in regulating blood 

pressure and REM sleep(Sirieix et al., 2012). Previous studies suggest that the respiratory 

(rostral) division of VRG (corresponding to the area of the preBötC in later studies) has 

reciprocal connections with LPGi(H. Ellenberger & Feldman, 1990). In addition, a group 

of cholinergic neurons lying in the medial aspect of the RVLM (mRVLM-ChAT 

neurons)(D. A. Ruggiero et al., 1990b) form a continuum that extends lateral to the 



 

83 

 

pyramidal tract starting from the caudal end of the 7N to the level of Obex (caudal end of 

the fourth ventricle)(D. A. Ruggiero et al., 1990a; Stornetta et al., 2013). The mRVLM-

ChAT neurons primarily regulate the somatosensory information, and they send 

cholinergic projections to the dorsal column nuclei, the central gray, the inferior colliculus, 

the cochlear nuclei, the superior olivary complex, the spinal trigeminal nucleus, the dorsal 

horn of the spinal cord, etc.(Kamiya et al., 1988; Stornetta et al., 2013). Of note, the 

mRVLM-ChAT neurons also send sparse projections to the adjacent ventrolateral 

medulla(Stornetta et al., 2013), which may include the preBötC based on their contiguity, 

and that by definition the preBötC is part of the RVLM as well(J. Smith et al., 1991). 

 

Likewise, the NA cholinergic motor neurons could provide inputs to the preBötC 

considering their close proximity, whereas the sparse motoneurons of ventral NA 

intermingle with the rostral VRG neurons (primarily at the level of BötC). Based on the 

cytoarchitecture and projections, NA can be divided into four parts: the rostral 

esophagomotor compact formation, the intermediate pharyngomotor semi-compact 

formation, the caudal laryngomotor loose formation, and the general visceromotor external 

formation(Altschuler et al., 1991; Bieger & Hopkins, 1987). Considering its heterogenous 

structure, the retrograde AAVs labelled cholinergic neurons lateral to the BötC may belong 

to the NA (external formation) as well(H. H. Ellenberger, 1999). In addition, the NA motor 

neurons, especially the pharyngeal and laryngeal motoneurons, are involved in swallowing, 

respiration and vocalization, with axons and dendrites widely distributed within VLM 

which contains the preBötC(Rekling & Feldman, 1997; Saxon et al., 1996) and could help 

integrating the orofacial behavior and upper airway activity with breathing rhythms. 

 

ChAT immunoreactive neurons have been identified within the IRt of both mouse and 

rat(Toor et al., 2019; Volgin et al., 2008). In particular, a group of cholinergic neurons 

medial and dorsal to NA was proposed to be the generator of the postinspiratory 
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activity(Toor et al., 2019). Interestingly, instead of PiCo, we found sparse labeled 

cholinergic neurons in the IRt dorsal to the NA at the preBötC injection level. NTS is 

another essential site for the coordination of chemoreflex, baroreflex, cardiorespiratory 

response(Furuya et al., 2020). Only a few NTS neurons are cholinergic and their function 

is yet to be clarified(Garfield et al., 2012; Maley, 1996).  

 

It is important to note though that although we observed quite a few mRVLM-ChAT and 

NA cholinergic neurons labeled by retrograde AAVs (n=11 out of 11 mice) the HSV 

injections barely labelled cholinergic neurons in the LPGi and NA (n=1 mice out of 4 mice). 

Multiple explanations should be considered: the first one is that HSV may have some toxic 

effect at the injection site(Jacobs et al., 1999): preliminary data from our laboratory in fact 

indicate that HSV injected rats in the preBötC had a reduced survival rate during anesthesia, 

suggesting potential toxic effect at the injection site. 

 

The second one is that HSV may not be the optimal approach to target cholinergic neurons 

due to a potential lack of tropism(Duarte et al., 2019). In fact, we observed several GFP+ 

non-cholinergic neurons adjacent to the injection site including the LPGi, NA, and the 

paraNA, which indicated the capability of HSV to infect nearby neurons. 

 

However, it is important to consider that HSV was initially used for the ability of target 

presynaptic terminals without infecting neurons at the injection site and therefore further 

anterograde studies will be necessary to verify the projections of LPGi and NA neurons to 

the preBotC.   

 

5.3 Future Directions 

Our study provided the anatomical evidence for the source of cholinergic inputs within the 
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preBötC. We discovered that the cholinergic neurons in the NA and LPGi send cholinergic 

inputs to the preBötC. However, the roles of these neurons in respiratory modulation, 

especially the mRVLM-ChAT neurons, have not yet been investigated. Future studies 

aimed at manipulating activity of mRVLM-ChAT neurons will help researchers to 

understand the significance of these neurons in the modulation of breathing. 

 

In contrast to our initial hypothesis, we identified only few cholinergic connections 

between the PPT/LDT and the preBötC. However, the low infection rate in the anterograde 

study may result in false negative results. Thus, a larger injection volume or a better tracer 

which specifically infects the majority of PPT/LDT cholinergic neurons can confirm our 

findings.  

Even if modest projections are still identified with larger injection, it is possible that sparse 

projections from the PPT/LDT to the preBötC can still serve an important function in 

respiratory control. Thus, future studies aiming at stimulating (pharmachologically or 

optogenetically) these axon terminals in the preBötC could identify their physiological 

role in the control of respiration. In complementary experiments, it was observed that 

glutamatergic and GABAergic neurons in the PPT/LDT project to the preBötC. It will be 

important to determine whether these inputs are of relevance for respiratory control and 

state dependent modulation of respiratory activity.  

 

5.4 Conclusion 

Cholinergic neurotransmission modulates several aspects of breathing: respiratory rate and 

motor output, state-dependent modulation of multiple functions, post-inspiratory activity, 

active expiration, central and peripheral chemosensitivity. Researchers continues to make 

progress in the understanding of cholinergic modulation of the preBötC, which is the 

kernel of breathing control system. Genetically engineered Cre knock-in mice and Cre 
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dependent viruses provide powerful tools for analyzing the connectome of the preBötC 

and the respiratory networks. The findings of our studies indicate that the origins of ACh 

in the preBötC are unlikely from the major cholinergic nuclei PPT/LDT. Instead, these 

cholinergic inputs appear to originate from cholinergic neurons in neighboring regions of 

the ventral medulla, including the LPGi and NA. Insight into cholinergic connections of 

the preBötC will provide an anatomical basis for analyzing the functional roles of these 

related nuclei in the regulation of respiration. 
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