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Abstract 

The autonomic nervous system governs basic homeostatic functions such as regulating cardiac 

output, blood pressure, body temperature, and the generation of respiratory rhythm. Although 

traditionally conceptualised as independent entities, the neural networks that underlie 

respiratory rhythm and vasomotor tone are intimately connected, with each component 

influencing the activity of the other. This respiratory-sympathetic coupling contributes to 

cardiac sinus arrhythmia and underlies the strong respiratory modulation of vasomotor 

sympathetic nerve activity, which may play an important role in initiation and development of 

neurogenic hypertension. The experiments described in this thesis explore the neurochemical 

profiles, functional properties, and circuit architecture of medullary neurons that control 

breathing and circulation. 

Genetically modifying a single functionally identified neuron in an intact neural network would 

provide the ultimate way to bridge neuronal circuit structure and function. The work described 

in Chapter 2 of this thesis describes a novel method that combines extracellular recording with 

the labelling of neurons recorded in the ventral lateral medulla with either dyes or plasmid DNA, 

permitting conventional cell labelling or gene delivery. We demonstrate that our approach has 

several advantages over traditional single-cell labelling approaches, and therefore provides a 

useful tool for correlation of functional properties of single neurons with their neurochemical 

phenotypes that can also be used for targeted single cell gene delivery under blind recording 

conditions. 
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We then apply this technique to address a controversial topic in the field of respiratory 

neuroscience; the neurochemical signature of the neurons responsible for generating respiratory 

rhythm. Previous investigations have suggested that the neuropeptide somatostatin plays a 

critical role in respiratory rhythmogenesis and is a marker for excitatory respiratory 

interneurons in the pre-Bötzinger complex (preBötC). Somatostatin receptor type 2a (sst2a) has 

been postulated as a mediator of such effects, and has also been proposed as a marker for 

respiratory neurons. In Chapter 3 we systematically examine the expression pattern of sst2a with 

regards to the functionally distinguished subcomponents of the ventral respiratory column. We 

further examine the feasibility of sst2a as a reliable marker of respiratory function at the single 

cell level. 

In Chapter 4 we examine the anatomical substrate responsible for linking the respiratory and 

sympathetic circuits using a modified trans-synaptic tracing tool. We first extensively map 

sources of monosynaptic drive to putative sympathetic premotor neurons in the rostral 

ventrolateral medulla (RVLM) using a genetically restricted rabies variant, that is selectively 

directed towards RVLM neurons that express the Phox2b transcription factor. We identify 

likely sources of inputs within brainstem compartments with proven roles in generation of 

respiratory rhythm and phase transition in normotensive animals. 

The data from this thesis extends our knowledge of respiratory neuroanatomy and provides 

important clues to the organisation of the circuits that underlie respiratory-sympathetic coupling. 
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Introduction 
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There is little doubt that the human brain is the most complex biological structure in the known 

universe. The idea of the brain as the control centre for the body was first advocated by 

Hippocrates and further promoted by the Greek physician Galen more than 2000 years ago. 

Phrenologists in the early 19th century believed that the human mind is composed of multiple, 

distinct, innate faculties that correspond to separate “organs” in the brain. Despite being 

discredited as a science in the mid-19th century, phrenology ironically fostered the right notion 

of varying brain functions associated with different brain regions.  

The modern conception of the brain was largely based on the ground-breaking neuroanatomical 

work by Santiago Ramón y Cajal (Lopez-Munoz et al., 2006). From brain tissue stained by the 

Golgi technique, Cajal illustrated the delicate structure of brain cells via his legendary medical 

artistic skills. His work demonstrated that individual cellular elements, coined “neurons” by 

Waldeyer (Fishman, 1994), act as the basic building blocks for the nervous system. More 

importantly, he defined “the law of dynamic polarization”, which described the unidirectional 

flow of information between neuronal connections. His discoveries set the organizational and 

functional principles of modern neuroscience.  

In contrast to our achievements in understanding the physiological mechanisms that dictate the 

function of other organs, our understanding of how interconnected circuits of neurons work 

together to generate co-ordinated output remains for the most-part immature. Unlike well-

established structural and cellular motifs seen in other organs, the problems associated with 

visualising and mapping the connectivity of brain circuits, and in aligning function with circuit 

structure, have posed significant challenges to the field of neuroscience. 

Multiple overlapping parameters are used by neuroscientists to classify neurons, including 

anatomical location, dendritic and somatic morphology, axonal projection, electrophysiological 

properties, gene expression pattern, neurochemical profiles and physiological functions. 

Categorizing neurons using a unique combination of the aforementioned parameters has proved 
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foundational for the description and investigation of neural circuits and has framed the way that 

neuroscientists think about the brain (Migliore & Shepherd, 2005; Callaway, 2008). The 

emergence of new technologies, and the subsequent field of connectomics, will provide a new 

perspective for investigators to differentiate distinct groups of neurons (Carandini, 2012; Denk 

et al., 2012; Mitra, 2014). 

Evolutionarily conserved neural circuits with accessible and measurable nerve outputs provide 

good models for the investigation of general principles of neurobiology. The brainstem, the 

phylogenetically oldest brain structure (Reiner, 1990), hosts neural networks that govern basic 

physiological functions, such as regulation of blood pressure, cardiac output, body temperature 

and generation of respiratory rhythm. Cardiovascular and respiratory parameters (such as blood 

pressure, heart rate, sympathetic nerve activities (SNA), respiratory rate, tidal volumes and 

phrenic nerve activities, etc.) are measurable and quantifiable in various animal models. 

Understanding the neural control of blood pressure and breathing may help us to generate 

theories that apply not only to autonomic neuroscience but also to other disciplines of 

neuroscience. 

Single cell approaches to bridge functional properties and 

neurochemical profiles 

It is widely believed that the organization of neuronal connections underlie the fundamental 

determinant of brain function. However, a number of studies have demonstrated the functional 

importance of single neurons. For example, stimulation of single neurons can trigger network 

synchronization in the hippocampus in vitro (Miles & Wong, 1983), change global brain 

activity state in vivo (Li et al., 2009), or evoke observable motor and behavioural changes 

(Brecht et al., 2004; Houweling & Brecht, 2008). Presumably, these phenomenal effects rely 

on the complicated connections converging on or diverging from specific single neurons. 



- 4 - 

 

Recent developments in optogenetics, molecular biology and virus-based circuit tracing have 

provided incentives for genetically manipulating single neurons with characterised 

electrophysiological properties. Such approaches provide new perspectives for understanding 

the functions and genetics of neurons in general. A few methods have been developed to deposit 

nucleotides into target cells; such as using a low-resistance recording pipette (Rancz et al., 

2011), single cell electroporation (SCE) (Haas et al., 2001; Rae & Levis, 2002), or the 

combination of conventional electrophysiological recording and SCE (Rathenberg et al., 2003; 

Bestman et al., 2006b; Oyama et al., 2013). SCE has been proven to be most effective and 

suitable for gene delivery in vivo (Kitamura et al., 2008b). However, as the reported success 

rates of SCE are closely related to the position of the recording pipette, applications of this 

technique are largely limited to preparations in which cells can be visualized. As such, the 

efficacy of applying these methods to genetically manipulate respiratory and cardiovascular 

neurons located deep in the brainstem, has remained untested. 

Conventional techniques to label recorded neurons with dyes, such as intracellular recording 

and labelling (Horikawa & Armstrong, 1988) and juxtacellular iontophoresis (Pinault, 1996) 

are common methods used by neurobiologists to correlate functional properties and 

neurochemical profiles at the single neuron level. However, the incompatibility of gene delivery, 

and the painstaking learning curve of these techniques limit the application, especially for 

inexperienced researchers. Therefore, an easy-to-apply, optical-guidance-free, gene-delivery-

compatible, single cell recording and labelling technique is desirable to study cardiovascular 

and respiratory neurons in vivo. 

Respiratory networks 

Eupneic respiratory activity requires sequentially coordinated contraction of respiratory 

muscles. It is generally accepted that the key elements for respiratory rhythm generation reside 
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in the medullary ventral respiratory column (VRC), which is comprised of spatially and 

functionally interconnected neural circuits that lie bilaterally in the ventral medulla (see review 

Alheid & McCrimmon, 2008; Smith et al., 2012, 2013). In addition, nuclei in the pons are 

essential for shaping respiratory motor output into a three-phased eupneic pattern, as transection 

at pontine medullary junction abolished the post-inspiratory phase (Smith et al., 2007; 

Dutschmann & Dick, 2012).The rostral half of the VRC contains circuits that are thought to be 

responsible for rhythmogenesis, and the caudal half transmits and modulates respiratory motor 

output. Respiratory neurons can be broadly classified as inspiratory, expiratory or phase-

spanning neurons according to the temporal relationship between their peak activities and the 

respiratory cycle (Smith et al., 1990; Johnson et al., 1994; Bianchi et al., 1995; Sun et al., 1998; 

Smith et al., 2009). Inspiratory and expiratory neurons can be further classified into augmenting, 

flat, or decrementing subtypes based on their firing patterns (Ezure et al., 1988; Sun et al., 1998; 

Lindsey et al., 2012; Richter & Smith, 2014).  

Prominence of particular types of respiratory neurons is used to divide the VRC into subregions. 

The rostral VRC contains at least three functionally distinguishable subregions: the 

retrotrapezoid nucleus (RTN)/parafacial respiratory group (pFRG), Bötzinger complex (BötC), 

and preBötzinger complex (preBötC). The caudal half of the VRC is subclassified into rostral 

ventral respiratory group (rVRG) and caudal ventral respiratory group (cVRG) based on the 

prominence of inspiratory neurons in the rVRG (Dobbins & Feldman, 1994; Iscoe, 1998) and 

expiratory neurons in the cVRG (Ezure et al., 2003b) (Figure 1.2 A) 

The pontine respiratory nuclei forms rich reciprocal connections with all VRC subnuclei 

(Bianchi et al., 1995; Alheid et al., 2004; Chamberlin, 2004) and receives various visceral 

sensory inputs relayed from the NTS (Ricardo & Koh, 1978; Herbert et al., 1990). Lesion of 

the pontine respiratory neurons leads to a prolonged inspiratory phase, characterised by 

abolished post-inspiratory activity and laryngeal adduction (Dutschmann & Herbert, 2006), 
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suggesting a critical role for the pons in shaping respiratory motor patterns, especially in 

coordinating the transition from inspiration to expiration (Smith et al., 2007; Bautista & 

Dutschmann, 2014; Dutschmann et al., 2014). More recent studies demonstrate the pontine 

respiratory neurons contribute to the generation of cardiac vagal tone and are largely responsible 

for respiratory sinus arrhythmia (Baekey et al., 2008; Farmer et al., 2016). 

Chemical and genetic markers for respiratory function 

Numerous chemical markers and neurodevelopmental transcription factors have been proposed 

to distinguish neurons in the RTN/pFRG, BötC, and the preBötC (Figure 1.2 A’).  

The RTN and pFRG refer to very similar anatomical regions along the ventral surface of the 

brainstem just beneath the facial nucleus and extending caudally to the rostral ventrolateral 

medulla. The RTN has been identified as a source of efferent projections to the dorsal and 

ventral respiratory groups and was postulated to be the site of putative central chemoreceptors 

(Smith et al., 1989; Li et al., 1999; Mulkey et al., 2004; Guyenet et al., 2010). In contrast, the 

pFRG was identified as a region where pre-inspiratory (pre-I) neurons were recorded in 

neonatal rats (Onimaru & Homma, 1987). These neurons have been proposed as an inspiratory 

oscillator that is coupled with the preBötC (Onimaru & Homma, 2003; Feldman & Del Negro, 

2006; Onimaru et al., 2006), an expiratory rhythm generator or precursor cells of central 

chemoreceptor neurons seen in the RTN of the adult rat (Feldman & Del Negro, 2006; 

Janczewski & Feldman, 2006). The persisting difficulty in identifying pre-I neurons in the adult 

make it controversial to integrate the pFRG into adult respiratory circuits. A recent study 

supporting an active role of the RTN/pFRG in driving active expiration in adult rats (Huckstepp 

et al., 2015), as well as a dynamic interaction between the RTN/pFRG and the preBötC, has 

been suggested to drive respiratory activities under different physiological conditions and at 

different developmental stages (Huckstepp et al., 2016).  
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Transcription factor Phox2b (Stornetta et al., 2006) and neurokinin 1 receptors (NK1R) (Nattie 

& Li, 2002) have been proposed as chemical markers of RTN glutamatergic neurons. Lesion of 

NK1R positive RTN neurons (with Substance P-conjugated saporin) results in an attenuation 

of the central response to carbon dioxide (CO2) (Nattie & Li, 2002). Knock-out of the Phox2b 

gene leads to an absence of Phox2b-expressing neurons in the parafacial region, lack of 

respiratory response to CO2, and fatal central apnea in mice (Dubreuil et al., 2008). Furthermore, 

selectively activating the Phox2b RTN neurons produced a powerful activation of breathing 

without affecting cardiovascular function (Abbott et al., 2009a; Burke et al., 2015), suggesting 

that Phox2b RTN neurons function as central respiratory chemoreceptors. In humans, mutations 

in Phox2b have been associated with conditions such sudden infant death syndrome (SIDS) and 

congenital central hypoventilation syndrome (CCHS) (Amiel et al., 2003; Weese-Mayer et al., 

2008; Amiel et al., 2009). Evidence from animal models suggests that the potentially fatal 

incidences of sleep apnea seen in these conditions are largely due to failure in recruiting RTN 

neurons that detect changes of CO2 in the blood (Ramanantsoa et al., 2011). The alkaline-

activated TASK-2 potassium channels and the proton-activated receptor GPR4 are found to be 

selectively expressed in Phox2b-expressing RTN neurons and are the essential molecular 

components for central respiratory chemosensitivity (Gestreau et al., 2010; Wang et al., 2013; 

Kumar et al., 2015). 

In addition to Phox2b, proneural transcription factor Math 1( also known as Atoh1) has been 

shown to be critical for the development of the Phox2b/NK1R expressing neurons in the 

RTN/pFRG, as Math 1 null mice do not survive due to a central respiratory failure (Rose et al., 

2009). Furthermore, genetically inactivating Math 1 in Phox2b expressing RTN neurons or 

inactivating Phox2b in Math 1 expressing RTN neurons in transgenic mice eliminates central 

CO2 chemosensitivity (Ruffault et al., 2015), suggesting a critical role of both Phox2b and Math 

1 in governing the development of RTN neurons. 
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The neuropeptide galanin is co-expressed on ~50% of Phox2b-expressing RTN neurons 

(Stornetta et al., 2009), and these galanin-expressing neurons are selectively activated by 

hypercapnia, but not hypoxia (Spirovski et al., 2012). A recent study proposed that a subset of 

RTN/pFRG neurons expressing bombesin-like neuropeptide or gastrin-releasing peptide 

comprise the core circuits in control of sighing (Li et al., 2016). 

The BötC contains a collection of expiratory neurons that lie in a region ventral to the compact 

formation of nucleus ambiguus, dorsal to the RVLM pre-sympathetic neurons, and extending 

~600µm caudally from the caudal pole of the facial nucleus in rats (Kanjhan et al., 1995). BötC 

expiratory neurons send monosynaptic inhibitory projections throughout the VRC, targeting 

both inspiratory and expiratory bulbospinal neurons in cats (Jiang & Lipski, 1990) and in rats 

(Tian et al., 1999). Bulbospinal BötC neurons also provide direct inhibitory inputs to phrenic 

motor neurons located in the C4-C5 segments of the spinal cord (Tian et al., 1998). It has been 

proposed that the inhibitory circuitries in the BötC play a critical role in generating eupneic 

respiratory rhythms (Smith et al., 2007; Richter & Smith, 2014). 

Glycine is the classic chemical marker for the BötC, as it is the major neurotransmitter used by 

the BötC expiratory augmenting and decrementing neurons in rats (Schreihofer et al., 1999; 

Ezure et al., 2003a). However, GABA also has been detected in NTS projecting and spinally 

projecting BötC neurons in cats (Livingston & Berger, 1989; Song et al., 2000). Bilateral 

microinjection of inhibitory peptides somatostatin or substance P into the BötC, evokes an 

apneustic response characterized by a prolonged inspiratory period (Burke et al., 2010), and 

caused bradypnea by increasing expiratory duration respectively. The identity of cellular targets 

in both cases remains unexamined.  

The preBötC is enriched with inspiratory propriobulbar neurons, and is thought to be the kernel 

for rhythmogenesis (Smith et al., 1991; Monnier et al., 2003). The inspiratory preBötC neurons 

can be further classified into subtypes based on their decrementing or incrementing firing 
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pattern and membrane properties (Rekling et al., 1996; Gray et al., 1999; Richter & Spyer, 

2001). A subpopulation of preBötC inspiratory neurons characterized to burst intrinsically 

depending on either the Ca2+-activated non-specific current or the persistent Na+ current 

(Thoby-Brisson & Ramirez, 2001; Del Negro et al., 2002a), is thought to be the pacemaker in 

generating respiratory rhythm. However, the expression of these currents is found ubiquitously 

on preBötC neurons (Del Negro et al., 2005; Pace et al., 2007a), and rhythmic activities persist 

after blockade of the conductance of putative pacemaker preBötC neurons (Pace et al., 2007b; 

Montandon & Horner, 2013), suggesting that pacemaker properties are not necessary for 

respiratory rhythmogenesis (reviewed by Feldman et al., 2013; Feldman & Kam, 2014).  

Surprisingly, after almost thirty years of research, the mechanism of rhythmogenesis in the 

preBötC remains unknown (Feldman et al., 2013). Both excitatory and inhibitory neurons are 

intermingled in the preBötC (Stornetta et al., 2003a; Winter et al., 2009; Koizumi et al., 2013), 

but their roles in the generation of respiratory drive are extremely contentious. There is little 

doubt that excitatory preBötC neurons are the critical component in rhythm generation (Gray et 

al., 2010; Koizumi et al., 2013), as glutamatergic transmission is an obligatory component of 

rhythmogenesis (Funk et al., 1993; Wallen-Mackenzie et al., 2006). On the other hand the role 

of inhibitory neurons in the generation of inspiratory bursts is unclear. One school of thought 

suggests that inhibitory preBötC neurons modulate the inspiratory pattern and mediate reflex or 

volitional apnea, as pharmacological blockade of GABAergic and glycinergic transmission in 

the preBötC and BötC does not affect normal respiratory rhythm (Janczewski et al., 2013). But 

the other suggests that inhibitory transmission represents a critical component of the preBötC 

microcircuit that ultimately generates respiratory drive (Richter & Smith, 2014; Abdala et al., 

2015; Marchenko et al., 2016). Although the mechanism of respiratory rhythm generation is 

certainly a hot topic in the field, a comprehensive review of such is beyond the scope of this 
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thesis, interested readers are directed to the latest reviews (Feldman & Kam, 2014; Richter & 

Smith, 2014). 

Many chemical markers have been proposed to distinguish the preBötC from adjacent regions. 

NK1R and µ-opioid receptors are found to be expressed on a similar population of neurons 

clustered in the region of the preBötC (Gray et al., 1999; Gray et al., 2001), and a subpopulation 

of NK1R positive preBötC neurons are found to express type 2 vesicular glutamate transporter 

(VGlut2) (Wang et al., 2001; Guyenet et al., 2002). Somatostatin peptide (SST) and 

somatostatin receptor 2a (sst2a) are also found to be localized in the preBötC (Stornetta et al., 

2003a; Llona et al., 2004; Gray et al., 2010). The glycoprotein reelin (Tan et al., 2012), as well 

as tyrosine kinase B (Thoby-Brisson et al., 2003) are also proposed to be useful markers to 

define the preBötC.  

Transcription factor Dbx1 has been found to determine the fate of glutamatergic interneurons 

in the preBötC (Bouvier et al., 2010; Gray et al., 2010), and most Dbx1 expressing preBötC 

neurons have a pre-inspiratory firing pattern and lack dendritic spines (Picardo et al., 2013). 

Selective ablation of Dbx1 preBötC neurons irreversibly compromises the respiratory motor 

output and eventually leads to loss of rhythmic activities in vitro (Wang & Hayes, 2014). The 

preBötC Dbx1 derived neurons have been subsequently proposed to represent the core 

respiratory rhythmogenic circuits (Ruangkittisakul et al., 2014).  

Accessing and manipulating distinct populations of neurons expressing particular receptors, 

neurotransmitters, or transcription factors in the preBötC has proven a useful approach to dissect 

the neural circuitries responsible for respiratory rhythm genesis. For example, targeted ablation 

of NK1R positive preBötC neurons by substance P conjugated saporin induces an irreversible 

ataxic breathing pattern in vivo (Gray et al., 2001; Wang et al., 2002); pharmacogenetically 

silencing somatostatinergic neurons with an allatostatin ligand induced apnea in vivo (Tan et 

al., 2008); photoactivation of the glycinergic preBötC neurons stops breathing, but 
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photoinhibition of the same population of neurons does not affect the respiratory rhythm 

(Sherman, Worrell, Cui, & Feldman, 2015), and acute photoinhibition of glutamatergic, Dbx1 

expressing or somatostatin expressing preBötC neurons reduce the inspiratory frequency in a 

laser power dependent manner, suggesting these phenotypically defined neurons share a 

neuronal voltage dependent frequency control mechanism in respiratory rhythm generation 

(Koizumi et al., 2016b). It is worth noting that the functional significance of some proposed 

markers themselves are unclear. For example, genetic deletion of SST (Low et al., 2001), 

somatostatin receptors (Allen et al., 2003; Qiu et al., 2008; Rajput et al., 2011), substance P 

and neurokinin A (Berner et al., 2007; Shvarev et al., 2010) produce only mild respiratory 

disturbances, and selective elimination of glutamatergic drive from SST-synthesizing neurons 

evokes no respiratory phenotype (Tupal et al., 2014). 

In fact, bridging functional properties with neurochemical phenotypes remains a major 

challenge in many fields of neuroscience, including the autonomic domain. Neurons with 

similar functional properties may express diverse neurochemical markers; conversely, neurons 

that share a common neurochemical phenotype may be functionally diverse (Luo et al., 2008). 

The relationship between function and neurochemical content is loose in respiratory neurons; 

for example: bulbospinal, augmenting inspiratory neurons in the VRC are mostly glutamatergic 

(Stornetta, Sevigny et al. 2003), but propriobulbar, augmenting inspiratory neurons have been 

reported to be GABAergic (Okazaki, Takeda et al. 2001). Even within the same region, neurons 

with similar discharge patterns can have different neurochemical profiles. Expiratory 

decrementing neurons in the BötC have been reported to be glycinergic (Ezure, Tanaka et al. 

2003) or GABAergic (Okazaki, Takeda et al. 2001), but both glycine and GABA are widely 

expressed in other functional classes of neuron in the medulla and throughout the brain. The 

link between neuronal respiratory activities and proposed chemical markers is often 

inadequately addressed. For example, the widely adopted preBötC ‘marker’ NK1R is only 
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found on one third of electrophysiologically identified pre-inspiratory preBötC neurons 

(Guyenet and Wang 2001) and, although a role for SST-expressing glutamatergic neurons in 

rhythm genesis is suggested by loss of function (Tan et al., 2008) and recent optogenetic 

experiments (Cui et al.; Cui et al., 2016; Koizumi et al., 2016a); surveys for somatostatinergic 

preBötC respiratory neurons have thus far been fruitless (Stornetta, Rosin et al. 2003). We 

attempt to address this in Chapter 3. 

Cardiovascular networks 

The neural circuits that control cardiovascular function are predominantly located in the ventral 

medulla (comprehensively reviewed by Dampney, 1994; Guyenet, 2006). A comprehensive 

review of the central control of blood pressure is out of the scope of this thesis. In brief, the 

contractility of vascular smooth muscle regulates blood pressure and flow in response to 

neuronal and hormonal signals. The neuronal signals come from sympathetic ganglionic 

neurons (subpopulations of which also innervate other viscera, the kidney and sino-atrial node). 

The ganglionic neurons are catecholaminergic neurons that receive monosynaptic inputs from 

cholinergic sympathetic preganglionic neurons (SPN) located in the thoracic spinal cord. 

Although the SPN serve as an important relay for efferent sympathetic signals, sympathetic 

vasomotor tone is primarily generated and maintained by supraspinal circuits, as it is completely 

abolished by transection of the cervical spinal cord (Alexander, 1946). 

As described by the seminal work of Strack et al. (1989), there are five supraspinal neuron 

groups that provide direct input to the SPN. These are the paraventricular nucleus of the 

hypothalamus (PVN), the region of the A5 cell group, the caudal raphe group, the rostral 

ventromedial medulla (RVMM) and the rostral ventrolateral medulla (RVLM). Although all are 

important in regulating blood pressure, the RVLM emerged as the kernel in generating and 

maintaining sympathetic vasomotor tone as its electrolytic destruction or chemical suppression 
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(Guertzenstein & Silver, 1974; Dampney & Moon, 1980; Willette et al., 1983) dramatically 

decreases blood pressure and SNA to the level seen in animals which have received a transection 

at the medulla-spinal cord junction (Alexander, 1946). Subsequent works have established the 

pivotal role of the RVLM in tonic and phasic regulation of cardiovascular function (Dampney 

et al., 1982; Ross et al., 1984; Dampney et al., 2002; Goodchild & Moon, 2009).  

Interaction of the respiratory and cardiovascular networks 

The respiratory and cardiovascular systems work harmoniously to deliver oxygenated blood to 

all organs, to eliminate CO2 from the body and to maintain homeostasis. Despite the obvious 

differences in the structure and organization of the peripheral respiratory and cardiovascular 

systems in vertebrates, the neural networks that coordinate these two systems are highly 

conserved throughout evolution (reviewed by Taylor et al., 1999). Neurons that are essential 

for the generation of respiratory rhythm and neurons that are responsible for generating baseline 

SNA form two overlapping columns in the ventral medulla (Guyenet, 2006; Alheid & 

McCrimmon, 2008). Although traditionally treated as independent entities, the activities of the 

cardiovascular and respiratory neural networks are intimately interwoven (Feldman & 

Ellenberger, 1988; Habler et al., 1994; Taylor et al., 1999; Dick et al., 2014).  

Respiratory rhythms influence heart rate (respiratory sinus arrhythmia), blood pressure (Traube-

Hering waves) (reviewed by Billman, 2011; Dick et al., 2014), and modulate basal SNA 

(Malpas, 1998) via both central and peripheral pathways. On the other hand, cardiovascular 

modulation of respiration is less obvious, but the temporal coherence of the cardiac and 

respiratory rhythms have been observed in humans, rats, rabbits, and guinea pigs (Galletly & 

Larsen, 1997; Larsen & Galletly, 1999; Tzeng et al., 2003; Friedman et al., 2012). Input from 

baroreceptors influences inspiratory timing in anaesthetised rats (Tzeng et al., 2007), and 

baroreceptor stimulation evokes subtle decreases in respiratory frequency by increasing the 
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expiratory period and its variability (McMullan & Pilowsky, 2010). It has been suggested that 

baroreceptor inputs activate expiratory and post-inspiratory neurons, thus delaying the onset of 

inspiration (Dick & Morris, 2004; Dick et al., 2005; Baekey et al., 2010). We focus on 

respiratory effects on the cardiovascular system, in particular, the respiratory related oscillation 

seen in the SNA, referred to as “respiratory-sympathetic coupling” hereafter in this thesis.  

Rhythmical changes of arterial blood pressure were observed more than two hundred and fifty 

years ago (for review see De Burgh Daly, 2011). A form of large sweeping waves in the arterial 

blood pressure trace was described by Traube in curarized dogs under asphyxia condition in 

1865 , Hering later postulated a central respiratory origin of these waves, which came to be 

known as Traube-Hering waves (Halliburton, 1919). It was speculated that such low-frequency 

fluctuation of blood pressure may result from oscillations in sympathetic outflow (Karemaker, 

1999). Early work from Adrian et al. (1932) demonstrated the presence of burst discharge in 

SNA in phase with phrenic nerve activity (PNA) (Figure 1.1), and reported that the maximum 

discharge coincided with inspiration (for reviews see Habler et al., 1994; Malpas, 1998). 
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Figure 1.1 Respiratory modulation of sympathetic nerve activities (SNA). A - D, SNA recorded from 

different nerves in rabbits under different anaesthetic condition. Black trace representing SNA, white trace 

representing spontaneous respiratory movement, adapted from Adrian et al (1932).  

This finding has been replicated in both human and animal models, including rats and cats under 

different experimental conditions (Bainton et al., 1985; Eckberg et al., 1985; McAllen, 1987; 

Haselton & Guyenet, 1989a; Czyzyk-Krzeska & Trzebski, 1990; Dempsey et al., 2002; Dick et 

al., 2004; Zoccal et al., 2008). The most compelling evidence that supports central respiratory-

sympathetic coupling is the persistence of phrenic-locked sympathetic discharge after central 

respiratory drive has been decoupled from lung inflation (i.e. in artificially ventilated, bilaterally 

vagotomised preparations) (Barman & Gebber, 1980; Haselton & Guyenet, 1989a; Habler et 

al., 1994). Coherence analysis of SNA and PNA from vagotomised and baroreceptor-

denervated cats also supports this view (Zhong et al., 1997). Furthermore, respiratory 

modulation in SNA has been demonstrated in the working heart brainstem preparation, in which 

no sensory input from the lungs is preserved (Pickering & Paton, 2006; Simms et al., 2009). 

Respiratory-sympathetic coupling under normal conditions 
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Under normal conditions (normoxia/normocapnia), maximal cervical and lumbar SNA occurs 

during the post-inspiratory phase, whereas splanchnic, cardiac, renal and adrenal SNA exhibit 

a biphasic respiratory modulation with peaks in both inspiratory and post-inspiratory phases 

(Numao et al., 1987; Miyawaki et al., 2002; Dick et al., 2004). The functional role of 

respiratory-sympathetic coupling under normal physiological conditions remains obscure. It has 

been speculated that rhythmic inputs from the respiratory centre may play a role in facilitating 

synaptic transmission in sympathetic ganglia by synchronizing volleys of impulses in individual 

sympathetic preganglionic neurons (Habler et al., 1994). The increase in heart rate during 

inspiration has been proposed to contribute to improving gas exchange efficiency (Hayano et 

al., 1996), although in silica modelling suggests that the functional significance of these effects 

are minor (Ben-Tal et al., 2012). Other researchers have proposed that the coupling of the two 

systems may allow for the adaption of complex patterns of activities under abnormal 

physiological challenges, such acute or chronic hypoxia (Dick et al., 2014). 

Pathological implications of respiratory-sympathetic coupling in 

the control of blood pressure 

Enhancement of respiratory-sympathetic coupling has been observed in adult rats exposed to 

acute hypoxia (Dick et al., 2004; Dick et al., 2007), in juvenile rats submitted to chronic 

intermittent hypoxia (Zoccal et al., 2008; Moraes et al., 2012b), in congenital neurogenic 

hypertensive rats (Simms et al., 2009), and in rats that were made hypertensive by systemic 

infusion of angiotensin II and feeding on high salt diet (Toney et al., 2010). Based on the well-

established correlation between elevated SNA and hypertension (reviewed by Guyenet, 2006; 

Malpas, 2010), it has been suggested that enhanced respiratory-sympathetic coupling could be 

a key contributor to the development of hypertension (Simms et al., 2010).  
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Rats subjected to chronic intermittent hypoxia (CIH) are often used as animal models to mimic 

the physiological stress seen in patients with obstructive sleep apnea (OSA) (Fletcher et al., 

1992a). It has been found that patients with OSA have a high risk of developing hypertension 

as a result of repetitive episodes of hypoxia during sleep (Dempsey et al., 2010). Exposure to 

CIH produces a sustained elevation of the arterial blood pressure in rats (Fletcher et al., 1992b), 

and an over activation of the adrenergic and the renin-angiotensin systems were suggested to 

mediate the effect (Fletcher, 2001). Alternatively, Zoccal et al. (2007) observed that ganglionic 

blockade after systemic antagonism of the angiotensin II type 1 receptor produced a greater 

blood pressure fall in CIH rats than control rats and also observed elevated plasma 

catecholamines in CIH rats, suggesting that CIH-induced hypertension is determined by 

sympathetic overactivity. Moreover, SNA in CIH rats was shown to exhibit an elevated baseline 

discharge level, with an enhanced expiratory-locked activity (Zoccal et al., 2008). As the 

augmented expiratory SNA was coincidental with CO2-induced active expiration (i.e. activation 

of abdominal trunk muscles), it was initially suggested that CO2-sensitive neurons from the 

RTN/pFRG, known to play a critical role in driving active expiration, may also play an 

important role in modulating SNA in CIH models (Molkov et al., 2011). However, subsequent 

experiments showed that inhibition of the RTN region does not affect CIH-evoked 

sympathoexcitation (Moraes et al., 2012a), suggesting that alternative sources of drive must be 

involved. Transection of the pons (Baekey et al., 2008) abolished the respiratory gating of the 

baroreceptor reflex, and antagonism of glutamatergic transmission in the NTS (Costa-Silva et 

al., 2010) or in the BötC (Moraes et al., 2012c) abolished the sympathetic response to activation 

of the peripheral chemoreceptors. Such findings suggest that supramedullary inputs, and inputs 

from the NTS play important roles in normal coupling of central respiratory and cardiovascular 

outflows.  
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In contrast to the consistent post-inspiratory peak bursts in the SNA seen in normotensive 

Wistar-Kyoto rat (WKY) subjected to normoxia, hypoxia, hyperoxia, hyper- or hypocapnia and 

transection of carotid sinus nerves, the respiratory related peak discharge of SNA in the 

spontaneous hypertensive rat (SHR) is shifted from the post-inspiratory phase to the inspiratory 

phase under normoxia, and exhibits variable shifting under the different experimental 

conditions (Czyzyk-Krzeska & Trzebski, 1990). Simms et al. (2009) showed enhanced 

respiratory-sympathetic coupling in SHR at all ages compared to WKY, irrespective of inputs 

from periperal baro- and chemo-receptors. Moreover, the augmented SNA drives larger Traube-

Hering waves in SHR. Similiarly, in a hypertensive model where hypertension is caused by 

chronic infusion of angiotensin II in combination with a high salt diet, amplified burst-firing 

was observed in RVLM neurons, and bursting frequency was entrained with respiratory rhythm 

(Toney et al., 2010). The authors proposed that the elevated splanchnic sympathetic outflow 

and vascular resistance in this animal model maybe due to an enhanced central respiratory-

sympathetic coupling in a subpopulation of the RVLM neurons.  

Site of respiratory-sympathetic coupling 

The RVLM contains a cluster of adrenaline-synthesizing cells, known as C1 neurons (Hökfelt 

et al., 1973, 1974; Ross et al., 1984). Although the majority (~70%) of bulbospinal RVLM 

neurons are C1 neurons (Schreihofer & Guyenet, 1997), this population is not critical for 

maintaining sympathetic vasomotor tone. Depletion of up to 84% of bulbospinally projecting 

RVLM C1 neurons by anti-dopamine β-hydroxylase-saporin injected in the spinal cord does 

not change the baseline level of SNA (Madden et al., 1999; Schreihofer et al., 2000). Instead, 

loss of C1 neurons severely attenuates the sympathetic baroreflex, suggesting a prominent role 

of C1 neurons in sympathoexcitatory reflexes (Schreihofer & Guyenet, 2000). 



- 19 - 

 

Pharmacological blockade of excitatory amino acids and GABA transmission in the RVLM 

greatly attenuates respiratory-sympathetic coupling (Guyenet et al., 1990), suggesting that the 

interaction site lies in the rostral tip of the region. Electrophysiological recordings from 

bulbospinal RVLM neurons indicate a variety of respiratory discharge patterns. In the rat, three 

patterns have been described, 1 inspiratory depression, 2 inspiratory peak, and 3 inspiratory 

depression followed by post-inspiratory peak, with no apparent predominance of any one 

pattern (Haselton & Guyenet, 1989a). Similar studies by Miyawaki et al. (1995) and Moraes et 

al. (2013) found comparable patterns in barosensitive RVLM neurons in rats and demonstrated 

that central respiratory drive not only affects basal activity of RVLM neurons, but also 

modulates their responsiveness to baroreceptor activation.  

Finally, acute silencing of rostral C1 neurons in Sprague Dawley (SD) rats has been reported to 

reduce basal sympathetic vasomotor tone and causes a reversible 30% reduction of the 

respiratory-related SNA bursts (Marina et al., 2011). Taken together, the RVLM C1 population 

is likely to be the cellular substrate that mediates respiratory-sympathetic coupling. 

Sources of respiratory input to RVLM presympathetic neurons 

Blockade of excitatory inputs to the RVLM abolished post-inspiratory modulation in splanchnic 

SNA and partially affected the inspiratory peak of SNA (Miyawaki et al., 1996), suggesting an 

excitatory nature of the presumed respiratory inputs to the RVLM. Furthermore, blockade of 

GABA transmission in the RVLM elicited an exaggerated post-inspiratory activity in SNA, 

which has also been interpreted as evidence that phasic GABAergic inputs contribute to 

respiratory-sympathetic coupling (Miyawaki et al., 2002). But what are the likely sources of 

excitatory and inhibitory respiratory-locked drive to RVLM premotor neurons? Intracellular 

recorded and labelled respiratory neurons in the VRC have axonal arborisations in the RVLM 

region, and inspiratory neurons of the VRC have been proposed to provide modulation of 
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bulbospinal RVLM neurons (Pilowsky et al., 1990; Pilowsky, 1995). Pharmacological 

inhibition of neurons in the caudal ventrolateral medulla (CVLM), including preBötC and 

rVRG neurons, eliminates the respiratory modulation on vasomotor presympathetic cells in the 

RVLM (Koshiya & Guyenet, 1996). One interpretation of this finding would be a critical role 

of local respiratory inputs in the respiratory-sympathetic coupling, however the abolishment of 

respiratory modulation could also be due to the suppression of the rhythm generator in general. 

In addition to the coupling between neurons from the VRC and RVLM, neurons from the 

Kölliker-Fuse nucleus (KF), the lateral parabrachial nucleus (LPBN) and the A5 noradrenaline 

cells (A5) are suggested to play an important role in respiratory-sympathetic coupling as pontine 

transection eliminated respiratory modulation of SNA and vagal post inspiratory discharge in 

the in situ preparation (Baekey et al., 2008; Dick et al., 2009)  

Electrophysiological and anatomical tracing studies have identified multiple brain regions that 

project to the RVLM (Table 1.1). However, inputs from regions immediately adjacent to the 

RVLM (such the VRC) have been omitted due to technical difficulties related to confident 

identification of retrogradely labelled neurons in close proximity to a tracer injection site. 

Moreover, the functional roles of local inputs are largely unknown, due to the difficulty in 

identifying and manipulating the input neurons exclusively.  
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Brain regions References describing projections to the 

RVLM 

Cortex (Van Bockstaele et al., 1989; Card et al., 

2011; Bowman et al., 2013) 

MnPo (Card et al., 2011; Bowman et al., 2013) 

CeA (Cassell & Gray, 1989; Saha et al., 2005; 

Bowman et al., 2013) 

PVN (Dampney et al., 1987; Van Bockstaele et 

al., 1989; Granata & Chang, 1994; Milner et 

al., 1996; Yang & Coote, 1998; Hardy, 

2001; Card et al., 2011; Bowman et al., 

2013; Dempsey, 2016) 

DMH (Lovick, 1986; Card et al., 2011; Bowman 

et al., 2013) 

LHA (Lovick, 1986; Dampney et al., 1987; Van 

Bockstaele et al., 1989; Granata & Chang, 

1994; Card et al., 2011; Bowman et al., 

2013) 

Colliculi (Van Bockstaele et al., 1989; Bowman et 

al., 2013; Stornetta et al., 2015; Dempsey, 

2016) 

PAG (Lovick, 1985; Carrive et al., 1988; Van 

Bockstaele et al., 1989; Bago & Dean, 

2001; Card et al., 2011; Bowman et al., 

2013; Stornetta et al., 2015; Dempsey, 

2016) 

LC (Van Bockstaele et al., 1989; Card et al., 

2011; Bowman et al., 2013) 

LBPN/KF (Dampney et al., 1982; Lovick, 1986; 

Dampney et al., 1987; Van Bockstaele et 

al., 1989; Horiuchi et al., 1999; Bowman et 

al., 2013; Stornetta et al., 2015; Dempsey, 

2016) 

A5 (Van Bockstaele et al., 1989; Madden et al., 

1999; Card et al., 2011; Bowman et al., 

2013) 

RVMM/Nucleus raphe magnus/raphe 

obscurus 

(Lovick, 1986; Van Bockstaele et al., 1989; 

Nicholas & Hancock, 1990; Zagon, 1995; 

Milner et al., 1996; Verberne et al., 1999; 

Babic & Ciriello, 2004; Card et al., 2011; 

Bowman et al., 2013; Dempsey, 2016) 

LTF (Barman & Gebber, 1987; Gebber & 

Barman, 1988; Dempsey, 2016) 

RVLM/BötC (Dampney et al., 1987; Nicholas & 

Hancock, 1991; Bryant et al., 1993; Lipski 

et al., 1995; Gaytan et al., 1997; Sun et al., 

1997; Card et al., 2011; Agassandian et al., 

2012; McMullan & Pilowsky, 2012; 

Bowman et al., 2013; Stornetta et al., 2015; 

Dempsey, 2016) 
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NTS (Dampney et al., 1982; Ross et al., 1985; 

Lovick, 1986; Dampney et al., 1987; Van 

Bockstaele et al., 1989; Granata & Chang, 

1994; Aicher et al., 1996; Koshiya & 

Guyenet, 1996; Milner et al., 1996; 

Horiuchi et al., 1999; Bowman et al., 2013; 

Stornetta et al., 2015; Dempsey, 2016) 

A1/CVLM/CPA/preBötC/VRG (Willette et al., 1984; Granata et al., 1986; 

Dampney et al., 1987; Blessing, 1988; Van 

Bockstaele et al., 1989; Ellenberger & 

Feldman, 1990; Agarwal & Calaresu, 1991; 

Gieroba et al., 1992; Li et al., 1992; Gaytan 

et al., 1997; Campos & McAllen, 1999; Tan 

et al., 2010; Card et al., 2011; Bowman et 

al., 2013; Stornetta et al., 2015; Dempsey, 

2016) 

Contralateral RVLM/VRC/CVLM/CPA (Willette et al., 1984; Gordon & McCann, 

1988; Van Bockstaele et al., 1989; Granata 

& Chang, 1994; Lipski et al., 1995; Gaytan 

et al., 1997; Sun & Panneton, 2002, 2005; 

Card et al., 2006; Tan et al., 2010; Card et 

al., 2011; McMullan & Pilowsky, 2012; 

Bowman et al., 2013; Turner et al., 2013; 

Dempsey, 2016) 

Table 1.1 Inputs to the RVLM. Left column shows the areas providing inputs to the RVLM supported by 

electrophysiology or tract tracing studies. Right column is the corresponding literature. MnPo: Median 

preoptic nucleus, LHA: lateral hypothalamic nucleus, LPBN: lateral parabrachial nucleus, KF: Kölliker-

Fuse nucleus, A1/A5: A1/A5 noradrenaline cells, RTN/pFRG: retrotrapezoid nucleus/parafacial respiratory 

group, BötC: Bötzinger complex, preBötC: preBötzinger complex, VRG: ventral respiratory group, RVLM: 

rostral ventrolateral medulla, RVMM: rostral ventromedial medulla, CVLM: caudal ventrolateral medulla, 

LTF: Lateral tegmental field, NTS: nucleus of the solitary tract, PVN: paraventricular hypothalamic 

nucleus, DMH: dorsomedial hypothalamic nucleus, CeA: central nucleus of the amygdala, PAG: 

periaqueductal gray, LC: locus coeruleus, CPA: caudal pressor area.   
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Despite speculation of direct inputs from ‘classical’ respiratory neurons to RVLM sympathetic 

premotor neurons (McAllen, 1987; Haselton & Guyenet, 1989b; Zhou & Gilbey, 1992; 

Miyawaki et al., 1995; Sun et al., 1997), no sources of the respiratory input have yet been 

definitively established. Alternative schemes that do not directly involve classically defined 

respiratory neurons include a role for respiratory modulated CVLM neurons (Schreihofer & 

Guyenet, 2002; Mandel & Schreihofer, 2006), expiratory RTN neurons (particularly for the post 

inspiratory pattern observed in SNA under hypercapnia (Molkov et al., 2011)), or direct input 

from the NTS (Braga et al., 2007; Zoccal et al., 2014). Examination of monosynaptic inputs to 

RVLM C1 neurons from neurons in functionally distinct respiratory regions, such as the BötC, 

the preBötC, the VRG, and the pontine respiratory group (PRG), is one of the key aims of the 

current thesis (Figure 1.2 B).  
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Figure 1.2 Inputs to the RVLM. A. Anatomy of respiratory and cardiovascular nuclei in the pons and 

medulla. A’ Proposed chemical markers for the RTN/pFRG, BötC, and preBötC. B. Nuclei that project to 

the RVLM. Pn: pontine nuclei, PBN: parabrachial nucleus, KF: Kölliker-Fuse nucleus, Itr: intertrigeminal 

area, A5/VL pons: A5 noradrenaline cells/ventrolateral pons, SO: superior olive, V: trigeminal nucleus, scp: 

superior cerebellar peduncle, VII: facial nucleus, RTN/pFRG: retrotrapezoid nucleus/parafacial 

respiratory group, AmbC: nucleus ambiguus, compact part, AmbSC: nucleus ambiguus, subcompact part, 

BötC: Bötzinger complex, preBötC: preBötzinger complex, rVRG: rostral ventral respiratory group, cVRG: 

caudal ventral respiratory group, RVLM: rostral ventrolateral medulla, CVLM: caudal ventrolateral 

medulla, LRt: lateral reticular nucleus, NTS: nucleus of the solitary tract, PVN: paraventricular 

hypothalamic nucleus, DMH: dorsomedial hypothalamic nucleus, CeA: central nucleus of the amygdala, 

PAG: periaqueductal gray, IML: intermediolateral cell column.   
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Genetically restricted trans-synaptic tracing 

Conventional anterograde and retrograde neuronal tracers have been used to collect information 

regarding brain connectivity.The retrograde tracer, cholera toxin subunit B (CTB) (Luppi et al., 

1987) has been extensively used to reveal neuroanatomical topography of neurons by their 

projection patterns (Goodchild et al., 2000; Bowman et al., 2013; Turner et al., 2013). As a 

result of nonspecific labelling due to fibres passing through the injection field (Conte et al., 

2009), conventional tracers are not suitable for dissection of local interneuron connections. 

Furthermore, the non-selectivity of tracer uptake clouds interpretation of data pertaining to 

functionally heterogeneous brain regions, as there is no way to know to which functional subsets 

labelled neurons belong. As well, only half of the putative synaptic contacts identified by light 

microscopy following labelling with anterograde tracers are actually confirmed as synapses 

when examined under electron microscopy (Poulat et al., 1992). 

Trans-neuronal tracers were developed to overcome the ambiguity associated with 

identification of synaptic connections between neurons. Researchers initially deployed reagents 

such as the C-fragment of tetanus toxin (TTC), which is responsible for cell entry and trans-

synaptic spread of tetanus toxin (Horn & Büttner-Ennever, 1990), or green fluorescent protein 

fused with TTC (Maskos et al., 2002). Alternative approaches were to trace the progress of 

wheat germ agglutinin-conjugated horseradish peroxidase (Gonatas et al., 1979). However, 

continued spread of these reagents across multiple synapses makes such tracers poorly suited 

for the investigation of monosynaptic connections (reviewed by Vercelli et al., 2000; Callaway, 

2008; Nassi et al., 2015). 

Natural neurotropic viruses, such as alpha-herpes virus (herpes simplex virus, pseudorabies) 

and rhabdoviruses (rabies virus, vesicular stomatitis virus), have been used for trans-synaptic 

tracing for decades (Strack et al., 1989; Ugolini, 1995). Initially used to identify neuronal 

circuits connected to peripheral targets (e.g. skeletal muscle, adrenal gland), the utility of these 
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pathogens as research tools has been realised by the advent of modern molecular techniques, 

which have enabled their modification and redesign to restrict initial entry of virions to 

genetically targeted subpopulations of neurons and to limit trans-synaptic trafficking to a single 

order of the synaptic hierarchy. This technique, which has been applied to retrograde vesicular 

stomatitis virus and rabies virus (Wickersham et al., 2007b; Beier et al., 2011) is the foundation 

for the experimental series described in Chapter 4, and therefore merits a detailed overview. 

The major advantage of rhabdoviruses over other viral vectors used for neuronal pathway 

tracing, such as a herpes virus, is that their mode of propagation is exclusively retrograde in the 

CNS (Ugolini, 1995; Kelly & Strick, 2000). Upon entering cells at the synaptic terminal, rabies 

virus is retrogradely transported to the cell body for transcription and replication, from which 

the virus spreads across chemical synapses to the next order of presynaptic neurons. As the 

cycle of retrograde transportation, transcription, and replication repeats, the rabies virus spreads 

to synaptically connected neurons order by order. This inherent limitation prevents 

differentiation of monosynaptic connections from polysynaptic connections that participate in 

a circuit. 

An elegant solution to this limitation was developed by pseudotyping a recombinant rabies virus, 

in which the gene encoding the rabies glycoprotein was replaced with a sequence that encodes 

a fluorescent reporter (Wickersham et al., 2007b) (Figure 1.3). Wild-type rabies virus contains 

a single negative strand of RNA which encodes five proteins, nucleoprotein (N), 

phosphoprotein (P), matrix protein (M), glycoprotein (G) and polymerase (L). The rabies 

glycoprotein is essential for mediating the trans-synaptic spread of the virus (Mebatsion et al., 

1996). In wild-type rabies, G is incorporated into the viral envelope, allowing it to interact with 

(as yet uncharacterised) presynaptic receptors (Lentz et al., 1982; Schnell et al., 2010). It is this 

interaction between rabies glycoprotein and receptors expressed on the presynaptic neuron that 

underlies the trans-synaptic trafficking of rabies. Although the exact mechanism is not fully 
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understood, deletion of the glycoprotein gene from the rabies genome renders the virus 

incapable of spreading from one neuron to another (Mebatsion et al., 1996; Etessami et al., 

2000). Interestingly, so-called G deletion (or ΔG) does not affect the replication of the rabies 

virus within the infected cells, thus, a gene of interest such as a fluorescent reporter transgene 

(e.g.  green fluorescent protein (GFP), yellow fluorescent protein (YFP)) can be inserted to 

replace the gene encoding G. Once the virus is introduced into cells, the reporter gene will be 

transcribed to produce fluorescent proteins to label the cell. This approach was originally 

developed using a rodent-specific strain of rabies that was developed in Berne in the 1970s 

(B19), which itself originated from the Street Alabama Dufferin rabies strain (SAD), isolated 

from a dog in 1935, and is thus known as SAD B19 ΔG rabies, often abbreviated to SADΔG 

(Geue et al., 2008). 

The trans-synaptic capabilities of G-deleted rabies virus can be temporarily rescued by 

expressing G in the infected cell. Genes that encode G can be supplied to cells in form of 

plasmid DNA via electroporation (Marshel et al., 2010), via direct injection from a whole cell 

recording pipette (Rancz et al., 2011), or using a genetically modified helper virus, such as 

adeno associated virus, herpes simplex virus or lentivirus (Wall et al., 2010; Choi & Callaway, 

2011; Yonehara et al., 2011; Yonehara et al., 2013). The glycoprotein supplied in trans restores 

the capacity of the virus to spread trans-synaptically. However, due to a lack of G in the 

secondarily infected neurons, the virus cannot spread beyond the first synapse (Wickersham et 

al., 2007b). 

In order to direct the G-deleted rabies virus into a defined starter cell population, Wickersham 

et al. (2007b) pseudotyped SADΔG with envelope protein (EnvA) from the subgroup A avian 

sarcoma and leucosis virus (ASLV-A). The EnvA protein specifically interacts with the cognate 

TVA receptor, which has no homologue in mammalian cells (Bates et al., 1993; Young et al., 

1993; Federspiel et al., 1994; Barnard et al., 2006). By introducing the genes for TVA and 
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rabies G into a single neuron or neurons of interest and then applying SADΔG(EnvA), this two-

step restricted monosynaptic trans-synaptic tracing system allows identification of presynaptic 

inputs to any defined neuronal population (reviewed by Ginger et al., 2013; Callaway & Luo, 

2015). 

 

Figure 1.3 Monosynaptic tracing with glycoprotein-deleted EnvA-pseudotyped rabies (SADΔG(EnvA)). 

Neurons are transfected by helper virus containing genes encoding the cognate receptors for EnvA (TVA), 

the rabies glycoprotein (G) and reporter protein (YFP). SADΔG(EnvA) exclusively enter the infected 

neuron (starter neuron) via EnvA-TVA interaction, and subsequently spread retrogradely to the next order 

of synaptically connected neurons (input neurons). Due to lack of the G in the genome, SADΔG(EnvA) is 

unable to spread beyond the first order of the presynaptic hierarchy. Input neurons can be distinguished 

from the starter neurons by exclusively expressing the reporter gene from the rabies genome. 

The field of connectomics in neuroscience 

A major component of the field of neuroanatomy is the study of synaptic connections that link 

neurons and therefore underlie brain function. Ever since the pioneering work of Golgi and 

Cajal over a hundred years ago, generations of neuroscientists have attempted to generate 

comprehensive wiring diagrams of the brains of experimental animals and humans (reviewed 

by Catani et al., 2013). The first nearly complete map of the entire nervous system of an 

individual species was made for the roundworm C. elegans  (White et al., 1986), and later 

completed by Varshney et al. (2011); this remains the only complete neural wiring diagram of 

an animal to date. The term “connectome” was later suggested by Sporns (2005) and Hagmann 

(2005) to refer to a completed map of neural connections within the brain. The field of 

connectomics has recently emerged as a standalone field of neuroscience due to advances in 
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neural tract tracing, imaging, and computational techniques, which make mapping mammalian 

brains possible.  

Based on spatial resolution, the connectome can be used to refer to the brain connectivity at 

macro, meso, or microscales. In the Human Connectome Project, magnetic resonance imaging 

(MRI) is used to acquire structural and functional neural connections in the human brain at the 

macroscale level (a resolution of millimeters) (Toga et al., 2012). At the other end of the scale, 

individual synaptic connections (at a resolution of nanometers) are mapped by imaging the brain 

using electron microscopy (White et al., 1986; Bock et al., 2011; Helmstaedter, 2013). 

Although the microscale connectome potentially offers comprehensive knowledge of every 

neural connection, the enormous time and resources required to collect, reconstruct, and analyse 

such connectomic data restrict its application in large mammalian brains. As a result of 

advanced imaging, computation, and emerging anterograde and retrograde viral tracers, the 

prospect of generating comprehensive connectomic maps to reveal both distant and local 

connections at the mesoscale is now becoming feasible (Pollak Dorocic et al.; Oh et al., 2014; 

Schwarz et al., 2015). However, controversy about the utility of extensive connectomic data 

remain unresolved (see the debates: Anothony Movshon vs Sebastian Seung in 2012 and vs 

Moritz Helmstardter in 2016). Taking for example the human genome project, people had 

doubts about the value of sequencing the whole human genome and questioned the exploratory 

nature of such a project. However, the completion of the human genome project not only 

dramatically advanced sequencing techniques, but also accelerated the incorporation of genetic 

techniques to biology at large (Lander, 2011). The connectomic data has already emerged as an 

important resource to guide neuroscience research. For example, the neural wiring diagram of 

C elegans (White et al., 1986) has helped researchers design experiments to understand the 

mechanism of thermosensing, chemosensing and egg-laying behaviour in the worm (Bargmann 

et al., 1990; Shyn et al., 2003; Kimura et al., 2004). Although there are challenges for analysis 
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and interpretation of connectomic data (Lichtman et al., 2014), novel connectomic technologies 

have already provided new insights into normal (Bota et al., 2015; Petersen & Sporns, 2015) 

and pathological brain function, such as in stroke and psychiatric disorders (Silasi & Murphy, 

2014; Fornito et al., 2015). 

Aims of this thesis 

It is an ongoing task to fully characterize cardiovascular and respiratory neurons and appreciate 

their diversity at the anatomical, neurochemical and electrophysiological levels. Our initial 

objective was to map the neuronal connectomes of single functionally identified medullary 

respiratory or cardiovascular neurons, in order to identify detailed circuits and relate network 

architecture to functions in vivo, using the restricted monosynaptic tracing technique described 

above (Wickersham et al., 2007a). In order to allow SADΔG(EnvA) to gain access to 

functionally characterized neurons, one major hurdle we had to overcome was to efficiently 

transfect recorded single neurons with plasmid DNA that encodes the TVA and the rabies 

glycoprotein. Inspired by the work from Marshel et al. (2010), which described a single 

neuronal monosynaptic network tracing strategy (although in their case they did not functionally 

identify neurons prior to transfection), we developed a method to genetically manipulate single 

electrophysiologically characterized brainstem neurons, as described in Chapter 2.  

We first modified a conventional extracellular recording apparatus by connecting a constant 

voltage generator in parallel with the amplifier headstage, allowing us to apply high-voltage (up 

to 10 V) pulses across a recording electrode, temporarily causing dielectric breakdown of the 

cell membrane and simultaneous ejection of charged macromolecules, such as dyes or plasmid 

DNA, from the pipette tip. We then developed a protocol to guide the recording pipette into the 

optimized juxtacellular position, which is critical for the success of labelling or transfection of 

recorded neurons. When using small molecular dyes such as neurobiotin, our technique matches 
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the mainstream juxtacellular labelling technique (Pinault, 1996) in labelling quality and 

surpasses it in efficiency and ease of application. Although we achieved a promising success 

rate (~80%) in depositing plasmid DNA in vitro using this technique (and we had some success 

in vivo), this approach was ultimately too technically difficult and unreliable to use routinely 

for single cell gene delivery in vivo (Chapter 2). 

Such technique proved simple and effective for dye delivery in vivo, and we applied this 

technique to test the hypothesis that expression of somatostatin 2a receptor (sst2a) serves as a 

neurochemical marker for respiratory function in the VRC (Chapter 3). Numerous studies have 

demonstrated an inhibitory effect of somatostatin (SST) on respiration (Yamamoto et al., 1988; 

Chen et al., 1990; Pantaleo et al., 2011), and electrophysiological evidence from our laboratory 

suggested SST exerts respiratory inhibition in a site specific and dose dependent manner (Burke 

et al., 2010). Microinjection of SST delays phase transition from inspiration to expiration in the 

BötC, attenuates or abolishes respiratory frequency in the preBötC, and reduces phrenic nerve 

discharge amplitude when injected in the rVRG (Burke et al., 2010). Further supported by 

anatomical evidence for high sst2a expression in the ventral medulla region (Burke et al., 2008; 

Spary et al., 2008; Gray et al., 2010), sst2a was proposed to be a marker for respiratory neurons 

in the VRC. In Chapter 3, we directly tested this hypothesis by recording and labelling 

respiratory neurons in the VRC in vivo, and describing the distribution of sst2a in the VRC 

respiratory cell groups with respect to widely used markers of respiratory function and on 

labelled respiratory neurons. 

Due to the relatively low success rate of delivering genes to single neurons in vivo, we adopted 

an alternative strategy to map monosynaptic inputs to putative RVLM cardiovascular control 

neurons (Chapter 4). We used a lentiviral vector to drive the expression of YFP, TVA and rabies 

G in RVLM catecholaminergic neurons under the control of the PRSx8 promoter. We then 

subsequently injected SADΔG(EnvA)-mCherry in the same region to trace the 
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monosynaptically connected presynaptic neurons. In order to analyse the large connectomic 

dataset, we adapted a volumetric brain atlas and identified likely inputs from regions involved 

in respiratory rhythm genesis, phase transition and pattern modulation, thus providing a 

structural framework that may underlie the important physiological phenomenon of respiratory-

sympathetic coupling. 

Finally, in Chapter 5, the major findings of the studies are summarised with potential influence 

of the results in understanding the central control of cardiovascular and respiratory functions 

discussed, and potential approaches and ideas for future research proposed. 
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2.  
Recording, labelling and 

transfection of single neurons 

in deep brain structures 

  



- 34 - 

 

Abstract 

Genetic tools that permit functional or connectomic analysis of neuronal circuits are rapidly 

transforming neuroscience. The key to deployment of such tools is selective transfection of 

target neurons, but to date this has largely been achieved using transgenic animals or viral 

vectors that transduce subpopulations of cells chosen according to anatomical rather than 

functional criteria. Here we combine single-cell transfection with conventional 

electrophysiological recording techniques, resulting in three novel protocols that can be used 

for reliable delivery of conventional dyes or genetic material in vitro and in vivo. We report that 

techniques based on single cell electroporation yield reproducible transfection in vitro, and offer 

a simple, rapid and reliable alternative to established dye-labelling techniques in vivo, which 

are incompatible with targeted transfection in deep brain structures. In contrast, we show that 

intracellular electrophoresis of plasmid DNA transfects brainstem neurons recorded up to 9 mm 

deep in the anaesthetized rat. The protocols presented here require minimal, if any, modification 

to recording hardware, take seconds to deploy, and yield high recovery rates in vitro (dye 

labelling: 89%, plasmid transfection: 49%) and in vivo (dye labelling: 66%, plasmid 

transfection: 27%). They offer improved simplicity compared to the juxtacellular labelling 

technique and for the first time offer genetic manipulation of functionally characterized neurons 

in previously inaccessible brain regions. 
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Introduction 

Techniques that combine electrophysiological recording of neuronal activity with dye labelling 

have been used to address fundamental questions about the relationship between 

neurochemistry, morphology, and cell behaviour (Schreihofer & Guyenet, 1997; Bevan, 1998; 

Mileykovskiy et al., 2005; Noseda et al., 2010; Jiang et al., 2013). Historically, investigators 

have used three main strategies to introduce dye from a recording pipette to the cell interior. In 

the first, intracellular access is obtained by impalement of the neuron with a sharp electrode and 

fluorescent dyes or biotin conjugates are deposited by intracellular electrophoresis (Stretton & 

Kravitz, 1968; Horikawa & Armstrong, 1988). In the second, whole cell access is obtained 

using a low-resistance patch pipette and dye is passively dialyzed into the cell (Edwards et al., 

1989; Pickering et al., 1991). In the third approach an extracellular recording electrode is 

positioned in close contact to the cell membrane (a “juxtacellular” position) and a train of 200 

ms long positive current pulses up to 10 nA in amplitude is used to initiate and maintain 

membrane electroporation and simultaneously eject positively charged dyes, typically over a 

period of 2 – 30 minutes (Pinault, 1996; for review, see Pinault, 2011). 

All three approaches are technically difficult and require experience and skill for efficient use, 

particularly in vivo. The quality of labelling obtained using the juxtacellular approach is 

generally inferior to that obtained using intracellular dye deposition; however, the technical 

difficulty associated with maintaining stable sharp recordings or obtaining whole cell access in 

deep brain regions in vivo has led to the ascendency of Pinault’s juxtacellular technique as the 

gold-standard approach for labelling functionally identified neurons. 

Recent advances in molecular biology have provided incentives for the development of single-

cell labelling techniques that are compatible with intracellular nucleotide delivery. The major 

challenge associated with delivery of genetic material is the large molecular weight of gene 

constructs and the high copy number required for efficient transfection. For example, the 
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molecular weight of the plasmid that encodes yellow fluorescent protein, pCAG-YFP (MW 1.8 

MDa) is approximately 6,000 times greater than that of neurobiotin (MW 286 Da). This obstacle 

has been overcome using two approaches. First, as with traditional dyes, plasmids can be 

dialyzed into neurons during low-resistance whole cell recordings (Rancz et al., 2011). 

Although the transfection rate associated with this approach is high (56%: Rancz et al., 2011) 

and the use of whole-cell patch recordings in vivo is becoming more commonplace, this 

approach is still restricted to more superficial brain regions as whole-cell recordings become 

difficult to obtain beyond about 2 mm deep (Margrie et al., 2002; Schramm et al., 2014). 

An alternative approach combines conventional electrophysiological recording methods with 

single cell electroporation (SCE) (Haas et al., 2001; Rae & Levis, 2002; Rathenberg et al., 2003; 

Bestman et al., 2006a; Steinmeyer & Yanik, 2012). In common with the juxtacellular technique, 

SCE uses voltage trains to induce localized dielectric breakdown of the cell membrane and drive 

charged molecules from the pipette into the cell, but differs in terms of the duration (~ 1 ms), 

frequency (50 – 1000 Hz) and amplitude of pulses (~ 10 V, equivalent to ~ 500 nA assuming a 

series resistance of 20 MΩ). SCE is an efficient and quick transfection method, but suffers some 

limitations: first, it is critically dependent on gentle contact between the pipette and target cell, 

meaning its use is largely restricted to preparations in which direct visualization of the cell is 

possible (Rathenberg et al., 2003; Kitamura et al., 2008a; Judkewitz et al., 2009). Furthermore, 

the voltages required for efficient SCE are beyond the limits of commercially available voltage-

clamp amplifiers, meaning SCE cannot readily be combined with electrophysiological 

characterization of target neurons. 

Three recent reports detail amplifier modifications and protocols that combine traditional 

electrophysiological recordings with SCE, allowing transfection of recorded neurons in vitro 

(Daniel et al., 2013) or, within superficial layers of the cortex, in vivo (Cohen et al., 2013; 

Oyama et al., 2013). These achievements represent an important technical landmark that, in 
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common with the whole-cell transfection technique (Rancz et al., 2011), may prove valuable to 

investigators studying neurons in easily accessible brain regions. However, their applicability 

to neurons in deep or fibrous regions of the adult brain is unproven. 

Our group has a long-standing interest in the anatomy, behaviour, and network dynamics of 

autonomic and respiratory nuclei deep in the ventrolateral medulla of the rat (McMullan et al., 

2008; Sevigny et al., 2008; Burke et al., 2011). These neurons are located up to 9 mm deep to 

the cerebellar surface, lie intermingled with large fibre tracts, and are not amenable to whole-

cell recordings in recovery experiments. The objective of the current study was to develop a 

technique that can be used for the targeted transfection of electrophysiologically profiled 

neurons in deep brain regions. We first independently developed an approach that combines 

extracellular recording of unit activity with SCE. We then validated its efficacy in vitro and 

extensively tested its suitability for transfection of neurons recorded >2 mm deep in the 

brainstem. We report that SCE-based approaches provide good transfection efficiency in vitro 

and can be used in vivo for dye-labelling as a simple and reliable alternative to the juxtacellular 

technique. However, in our hands SCE did not result in reliable transfection in vivo. To 

circumvent this limitation we describe a protocol for intracellular electrophoresis of DNA and 

show that this is a more useful approach. 
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Methods 

Ethical Approval: All experiments were approved by Macquarie University Animal Ethics 

Committee and conformed to the Australian Code of Practice for the Care and Use of Animals 

for Scientific Purposes. 

General Preparation 

Preparation of brain slices for in vitro electroporation 

P2-8 Sprague Dawley rat pups of either sex were anaesthetized with isoflurane and decapitated 

when arreflexic. The head was submerged in ice-cold carbogen-bubbled artificial cerebrospinal 

fluid (ACSF, in mM: 125 NaCl, 25 NaHCO3, 3 KCL, 1.25 NaH2PO4.H20, 10 glucose, 2 CaCl2, 

1 MgCl2). The brain was dissected and 250 µm slices of hippocampus, cortex or brainstem were 

cut with a vibratome in ice-cold ACSF. Slices were maintained and recorded at 34oC in ACSF. 

In some cases spontaneous activity was enhanced by superfusing slices in 5-12 mM [K+] ACSF 

(Onimaru & Homma, 2007). 

Organotypic slice cultures of hippocampus, cortex, brainstem and cerebellum were prepared as 

previously described (De Simoni & Yu, 2006). Cultures were maintained on organotypic culture 

mesh inserts (Millipore, PICM03050) in 6 well dishes, submerged in 1 ml of culture media. 

Slices were kept in a CO2 incubator at 37oC, 5% CO2 for at least 2 days prior to use. 

Animal preparation: acute experiments 

Adult Sprague Dawley rats of either sex (250 – 650 g) were anaesthetized with 10% urethane 

(1.3 g/kg i.p.) and prepared for single unit recording as previously described (Turner et al., 

2013). In brief, vascular access was obtained and rats were intubated and instrumented to record 

blood pressure, core temperature and end-tidal CO2. Rats were positioned in a stereotaxic frame 

in the skull flat or nose-down (~30o) position. Bone overlying the brainstem was removed and 

the dura reflected. In experiments targeting respiratory neurons the caudal pole of the facial 
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nucleus, an anatomical landmark for the respiratory cell column, was mapped by antidromic 

field potentials as previously described (Brown & Guyenet, 1985). Diaphragmatic EMG was 

recorded as an index of respiratory phase via fine steel wire hook electrodes inserted through 

the thoracic wall into the diaphragm using a 26 gauge needle. When indicated by respiratory 

movements that interfered with recording stability, rats were artificially ventilated at parameters 

that maintained end-tidal CO2 at 3.5 - 4.5% and movements suppressed by careful titration of 

pancuronium bromide (0.2 - 2 mg/kg i.v., AstraZeneca) such that diaphragmatic EMG was still 

observable. In long experiments hydration and electrolyte balance was maintained by 

intravenous infusion of 0.9% NaCl or 5% glucose (5 ml/kg/hr). Anaesthetic depth was carefully 

monitored by examining autonomic, respiratory and/or motor responses to firm pinch of the 

hindpaw; supplementary anaesthesia (10% initial dose) was provided as required. 

Animal preparation: recovery experiments 

Adult Sprague Dawley rats of either sex (85 – 605 g) were anaesthetized with intraperitoneal 

ketamine (75 mg/kg; Parnell Laboratories, Australia) mixed with medetomidine (0.5 mg/kg; 

Pfizer Animal Health, Australia). Prophylactic antibiotics (20 mg/kg Cephazolin sodium, i.m.; 

Mayne Pharma, Australia) and analgesia (2.5 mg/kg Carprofen, s.c.; Norbrook Pharmaceuticals, 

Australia) were administered and the left femoral artery and vein were cannulated under aseptic 

conditions. The brain was exposed as described above under minimally invasive conditions, 

medetomidine was reversed (atipamazole 1 mg; Pfizer Animal Health, Australia, s.c.), and 

anaesthesia switched to 1 – 3% isoflurane (Veterinary Companies of Australia Pty Ltd) in 100% 

oxygen and monitored as described above for the remainder of the procedure. In some 

experiments rats were artificially ventilated following endotracheal intubation with a 14 gauge 

cannula. 

After conclusion of recordings, wounds were irrigated and the exposed brain covered with 

oxidized cellulose haemostat. Neck muscles were sutured and skin closed with stainless steel 
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suture clips. Femoral catheters were removed, vessels tied off and incisions closed. Anaesthesia 

was discontinued, rats were removed from the stereotaxic frame and, where applicable, 

extubated. Rats were monitored closely for up to 36 hours with additional analgesia as required. 

Histology 

At the conclusion of in vivo experiments rats were euthanized with pentobarbitone (>100 mg/kg 

i.v. (acute experiments) or i.p. 

(recovery)), transcardially perfused with heparinised saline followed by 4% PFA, and the brain 

removed and postfixed in 4% PFA solution overnight. At the conclusion of in vitro experiments 

brain slices were briefly immersed in 4% PFA and transferred into TBPS until imaging. 

Brainstems from in vivo experiments in which dextran or plasmids encoding fluorescent 

reporters were used were cut into 50 µm coronal sections with a vibrating microtome, wet-

mounted and immediately visualized under epi-fluorescence. As part of a separate study, 

neurobiotin-labelled neurons were processed for ChAT and somatostatin 2A receptor 

immunoreactivity before visualization. Sections were washed in 0.01 M phosphate buffered 

saline containing 0.2% Triton-100 for 3x15 mins, and incubated in 0.01 M phosphate buffered 

saline containing 2% bovine serum albumin and 0.2% Triton-100 for 1 h at room temperature. 

Primary antibodies (Goat-anti-choline acetyltransferase, 1:800 (Chemicon, Millipore, 

Cat#AB144P), Rabbit anti-SST 2a receptor 1:100 (Bio-trend, ss-8000-rmc, Lot#a080826)), 

were added to the blocking buffer and sections were incubated for 48 h at 4 °C. Sections were 

washed in TPBS for 3x30mins and incubated in secondary antibodies (ExtrAvidin®-FITC 

1:500 (Sigma-Aldrich, Cat#E2760), Cy3®-conjugated AffiniPure Donkey anti-Goat IgG 

(H+L) 1:250 (Jackson ImmunoResearch Laboratories, INC, Code#705-165-147, Lot#68839), 

Alexa Fluor® 647-AffiniPure Donkey Anti-Rabbit IgG (H+L) 1:250 (Jackson 

ImmunoResearch Laboratories, INC, Code#711-605-152, Lot#105115)) for 12 h at 4 °C. 
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Processed sections were washed again in TPBS for 3x30mins before being mounted in serial 

order on glass slides and coverslipped for imaging with Zeiss Z1 epifluorescent or Leica TCS 

SP5X confocal microscopes. In two cases CFP and EGFP immunoreactivity were enhanced 

using Rabbit-anti-GFP (1:1000, Life Technologies Cat# A-6455). 

Recording parameters 

Recordings were made using an Axoclamp 900A amplifier with HS-9AX1 headstage 

(Molecular Devices, USA) in current clamp mode. This model has several features that make it 

suitable: its high maximum current output (1000 nA) is convenient for constant-current 

electroporation, and the headstage is tolerant of externally generated voltages of up to 10 V. 

Extracellular activity was simultaneously measured on two channels, one using conventional 

extracellular configuration (AC channel: Gain: 20 – 50, Band pass: 100-3000 Hz) and one 

configured for intracellular recordings (DC channel: Gain: 1, Band pass: DC-3000 Hz). Data 

were sampled at 10k (AC) or 5k (DC) samples/s using a 1401plus or power1401 running Spike 

2 version 7 (Cambridge Electronic Design, UK). AC recordings were played back as an audio 

signal during experiments. 

Pipettes were pulled from filamented borosilicate glass (external diameter 1 mm, internal 

diameter 0.5 mm) using a P-2000 pipette puller (Sutter Instruments). Pipettes with a long taper 

and tip diameter of approximately 1 µm (Resistance 10-20 MΩ when filled with 0.9% NaCl) 

were considered ideal for extracellular recordings. All pipettes were inspected using a 

microscope with a calibrated graticule. 

Intracellular recordings were made using similar pipettes pulled to <1 μm tip diameters and 

filled with either Tris EDTA buffer or water containing freshly filtered plasmid DNA diluted to 

a concentration of 250 - 350 ng/μl in 1M KCl. 
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Constant voltage switching circuit 

A constant voltage generator (DS2A-mkII, Digitimer Ltd.) was connected in parallel to the 

recording pipette by connecting one pole of the stimulator to the pipette and the other to the 

experimental preparation. A high-impedance recording circuit was maintained by isolating the 

stimulator from the pipette assembly with an electromagnet-controlled reed switch. The 

increased capacitance (~ 7 pF) of the assembly was offset by the amplifier capacitance 

compensation. For electroporation the electromagnet was engaged with a 5 V TTL pulse and 

the stimulator triggered to produce the desired voltage train. 

In vitro electroporation 

Experiments were performed on a patch electrophysiology rig under an Olympus microscope 

with differential interference contrast optics and immersion lenses. Pipettes were back loaded 

with plasmid DNA, fluorescent dextran (tetramethylrhodamine- or fluoroscein-conjugated 

dextran (3000 MW, Invitrogen # D3307 and D3305 respectively, 1-3% in 0.9% NaCl) or 

neurobiotin (1 – 2% in 0.9% NaCl) and mounted on the recording headstage. Brain slices were 

placed in the recording chamber and perfused at 1-2 ml per minute. The pipette tip was guided 

onto the surface of the target cell until a dimple was formed. Pipette patency was maintained 

with positive pressure as required. Following electroporation the pipette was carefully retracted 

from the cell and reused until clogging occurred. 

The same approach was used for transfection of neurons in organotypic culture, except pipettes 

were filled with freshly filtered plasmid DNA in 0.9% NaCl (0.3 – 3 μg/μl). SCE of organotypic 

cultures was typically completed within 15 minutes. Slices with transfected neurons were 

washed in fresh media and restored to the incubator for 24 – 48 hours before fixation and 

imaging of reporter-expressing neurons. 
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In vivo electroporation 

Pipettes were prepared as above, mounted on the recording headstage and slowly (~ 10 µm/s) 

lowered into the brainstem using a piezo microstepper. For extracellular recordings, pipette 

pressure was maintained at >200 mmHg until a the tip reached a depth of 2 mm at which point 

the pressure was reduced to 0 – 50 mmHg. The pipette was advanced in 3 m steps until a 

spontaneously active neuron was isolated and pressure was released. In many cases no pressure 

was applied beyond 2 mm deep, without any apparent effect on dye labelling efficiency or 

quality. Positive pressure was always used in attempted extracellular transfection. 

Correct pipette position was verified by induction of an open-cell response to single cell 

microstimulation. Once a recording from a single cell was isolated the pipette was withdrawn 

until spike amplitude was 0.2 - 0.5 mV and microstimulation was attempted. If no response was 

obtained the pipette was advanced and re-tested in 3 m steps until a response was observed 

(interpreted as establishment of contact) or the spike height receded (interpreted as passage of 

the pipette past the cell without making contact).  

Electroporation was generally only attempted in neurons in which normal neuronal activity 

resumed after responses to microstimulation, although electroporation before recovery was still 

associated with robust labelling (see Figure 2.5C). After electroporation the pipette was slowly 

withdrawn. Fresh pipettes were used for each track. 

For the majority of intracellular recordings no pressure was applied during positioning of the 

pipette: it was lowered to a depth of 1.5 mm and then advanced in 1 - 5m steps until an 

extracellular recording of a spontaneously active neuron was isolated. A capacitive buzz was 

applied to gain intracellular access and the pipette was further maneuvered until a stable 

membrane potential was obtained. After electrophoresis the pipette was slowly withdrawn until 

the membrane potential returned to zero and was then withdrawn completely. New pipettes 

were used for each track. 



- 44 - 

 

Plasmid preparation 

Plasmids encoding fluorescent reporter proteins were used to validate electroporation: pCAG-

DsRed (Addgene: 11151), pCAG-YFP (Addgene: 11180), pCAG-EGFP (Addgene: 11150), 

pCAG-CFP (Addgene: 11179), pCBA-TdTomato (Addgene: 28017). Plasmids were amplified 

and purified according to the suppliers’ recommendations, filtered, and stored at -20 oC until 

use. 

Avoidance of inadvertent neuronal labelling 

Partial blockage of recording pipettes is commonly resolved by passing a high-amplitude 

‘clearing’ current through the pipette. In early experiments we occasionally observed false-

positive dextran-labelled neurons at locations at which anionic ‘clearing’ currents had been 

used; this can be avoided using clearing currents opposite in polarity to that of the dye. As was 

the case with in vitro experiments, in vivo electroporation sometimes labelled more than one 

neuron. This rarely happened with TMR-dextran (2/79 recovered neurons, 2.5%), but occurred 

significantly more frequently with neurobiotin (7/51 neurons, 14%, P = 0.03, Fisher’s exact 

test). Inadvertent labelling of neurons due to positive pressure ejection of dextran/neurobiotin 

was almost never seen; unintentionally labelled neurons were easily identified by their position 

dorsal to the end of the recording track. 
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Results 

Dye-labelling in vitro 

In pilot experiments performed on acute brain slices we first established that SCE was 

compatible with the micropipettes and recording amplifier used for extracellular recordings. 

Recording pipettes with a 1 μm tip diameter were filled with 0.9% NaCl containing 1-3% 

fluorescein- or tetramethylrhodamine-dextran (TMR-dextran: MW 3000, resistance = 8 – 20 

MΩ) and electroporation currents were delivered by the amplifier current ejection system. The 

pipette was positioned in gentle contact with the target cell under optical guidance and series 

resistance (Rs) was measured using the amplifier bridge-balance function. The electroporation 

current (Ie) required to generate the target electroporation voltage (Vt) was calculated by Ohm’s 

Law and programmed into the amplifier current-injection dialogue (Figure 2.1). As the 

amplitude of currents injected using this approach remain constant over the course of the 

electroporation train, we term this approach constant-current electroporation. 
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Figure 2.1 Illustration of workflow used for constant-current electroporation in vitro. A. Recording pipette 

is moved into gentle contact with the target cell under optical guidance. B. Immediately prior to 

electroporation Rs is measured using the amplifier bridge-balance function and C used to calculate the 

electroporation current (Ie) required to generate the target voltage (Vt; in this example 7.5 V). D. The 

amplifier is programmed to deliver a train of current pulses at Ie.  
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Constant-current electroporation was compatible with high-quality recording of extracellular 

action potentials and resulted in labelling of the soma and dendritic tree using a wide range of 

train parameters: reproducible single-cell labelling was obtained with trains of 1 ms pulses 

delivered at 200 Hz for 0.5 s (Vt = 7.5 V: 36/48 cells labelled on the first attempt, Figure 2.2 ). 

Electroporation with even relatively low (<1%) concentrations of fluorescent dextrans resulted 

in extensive filling of fine axons and fibres, allowing resolution of fine morphological details 

(e.g dendritic spines) that were clearly observable under epifluorescent illumination in the live 

slice. Resolution was enhanced by increasing the concentration of dextran used. In the vast 

majority of cases electroporation (successful or unsuccessful) caused an immediate cessation of 

spontaneous firing that rarely recovered within 10 minutes (although resumption of firing was 

not systematically investigated). 

Electroporation occasionally labelled more than one cell (3/129 cells, 2.4%). In such cases the 

intended target was always labelled too, and processes extending from the unintentionally filled 

cell were always observed in close proximity to the recording pipette, and were therefore 

presumably labelled en passant. 
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Figure 2.2 Extracellular recording and constant-current electroporation of a spontaneously active neuron 

in an acute brain slice. A. Overview of entire recording. B. Detailed view of portion indicated in blue in A. 

To electroporate, Rs was first measured using the amplifier bridge-balance function and used to calculate 

the appropriate electroporation current (see Figure 2.1). A 200 Hz train of 100 x 150 nA, 1 ms pulses 

immediately filled the cell with 1% tetramethylrhodoamine (TMR)-dextran and abruptly halted its 

spontaneous discharge. Spontaneous activity returned after five minutes and was maintained for the 

remainder of the experiment. Sup. Video indicates starting point of Supplementary Video 1 

(http://physreports.physiology.org/highwire/filestream/6846/field_highwire_adjunct_files/0/phy212246-

sup-0001-VideoS1.wmv ). C. Low-power fluorescence image of six dextran-filled neurons recorded and 

electroporated in a single slice D. Confocal image of the neuron indicated in C. E. Example of a neuron from 

a different experiment.   

http://physreports.physiology.org/highwire/filestream/6846/field_highwire_adjunct_files/0/phy212246-sup-0001-VideoS1.wmv
http://physreports.physiology.org/highwire/filestream/6846/field_highwire_adjunct_files/0/phy212246-sup-0001-VideoS1.wmv
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Single-cell transfection in vitro 

Using the same approach we attempted to transfect neurons in organotypic cultures with 

plasmids that encode fluorescent proteins (Vt = -10 to -12 V, 100 x 0.5 - 1 ms pulses, 100 Hz, 1 

s train). Although occasionally effective, this approach did not reliably result in protein 

transcription. As discussed in detail below, we postulated that low transfection efficiency may 

have resulted from voltage drop-off during pore formation, so we modified our pipette assembly 

to incorporate a constant-voltage source connected in parallel to the recording pipette by an 

electronic switch (“constant-voltage electroporation”, Figure 2.3 A). 

 

Figure 2.3 Circuit configuration used for recording and constant-voltage electroporation. A DC generator 

is connected in parallel to the recording and reference terminals of the amplifier headstage and is isolated 

from the recording electrode by a reed switch placed inside a cylindrical electromagnet. When the 

electromagnet is engaged the circuit is closed, allowing delivery of electroporation voltages. B. Tdtomato 

fluorescence 24 hours after transfection of a hippocampal neuron in organotypic culture with pCBA-

TdTomato.  

This modification allows delivery of constant-voltage across the recording electrode (and 

headstage) when the switch is engaged, irrespective of Rs, but electrically isolates the voltage 

generator during when disengaged, preserving recording quality. This refinement improved the 

transfection efficiency achieved in organotypic cultures (reporter expression confirmed in 25/51 

cells within 24 hours of electroporation, Figure 2.3 B), making it equivalent to a commercial 
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standalone SCE device (16/30 cells, Axoporator™, Fisher’s Exact Test: P = 0.82) using the 

same electroporation parameters (-10 V, 100 Hz, 1 ms pulses, 1 s train). This modification also 

simplified the electroporation process, as it eliminated the requirement for measurement of Rs 

and calculation of Ie prior to electroporation. As described elsewhere, transfection of single 

neurons with plasmids that encode fluorescent reporters resulted in bright and complete filling 

of proximal and distal neuronal compartments, in most cases sufficient to clearly visualise fine 

branching of axons and dendrites, axonal varicosities and terminals, and dendritic spines (Haas 

et al., 2001). 

Establishing cell contact in blind recordings 

SCE is critically dependent on gentle contact between the pipette and target neuron. In fields of 

view with a high cell density or recordings made deep in the slice it was often difficult to 

unambiguously determine when the recorded neuron had been correctly identified and 

contacted. Furthermore, in initial experiments in vivo, we were unable to achieve reliable 

electroporation when using changes in Rs to indicate cell contact (TMR-dextran: 2/29 cells 

recovered, n = 4 rats), although other investigators have recently reported success using this 

strategy (Oyama et al., 2013). 

To resolve this problem we developed a protocol that uses stereotypical responses to a single 

50 - 100 nA, 1 ms pulse (“single-cell microstimulation”) to definitively identify contact between 

the recording pipette and soma. In acutely prepared brain slices this stimulus evoked 

electrophysiological responses characterized by four distinct elements (Figure 2.4): (1) 

Increased discharge rate and altered spike morphology that included (2) an increase in spike 

height and (3) adoption of an asymmetrical spike shape with a conspicuous after-

hyperpolarization (4) a 1-20 mV reduction in potential recorded in DC mode. All four 

components were always apparent in spontaneously active cells, but sometimes transient 
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changes in pipette potential (with or without a short burst of action potentials) were the only 

features apparent in silent cells. Electrophysiological changes evoked by microstimulation 

typically recovered within 10 s and were never observed in the absence of physical contact 

between pipette and cell, confirmed as a dimpling of the cell membrane. 

Although single-cell microstimulation was apparently innocuous in vitro (where gentle contact 

between pipette and cell were closely monitored), microstimulation of spontaneously active 

neurons in vivo was initially associated with loss of recordings and presumed cell rupture and 

death. This was mitigated by withdrawal of the pipette from the cell once stable recordings were 

established such that spikes were <0.5 mV in amplitude prior to microstimulation. Where no 

response to microstimulation was observed the pipette was advanced in 1-3 μm increments and 

stimulation repeated until a response was obtained. Using this approach transient responses, in 

which normal neuronal activity resumed within ~10 s, were achieved in approximately 50% of 

neurons (see Figure 2.4 & 2.5). 
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Figure 2.4 Single-cell microstimulation of a medullary respiratory neuron in vivo. A. 100 nA 

microstimulation (arrow) initially evoked no effect on neuronal firing. The pipette was advanced 3 µm and 

stimulation repeated. This time the stimulus evoked transient stereotypical changes in firing frequency, 

spike amplitude and spike shape, apparent in the AC trace, and a small hyperpolarization of the pipette, 

visible as a 1 mV shift in the DC trace. B. Expanded view of region drawn in blue in A. C. Average spike 

waveforms; source data indicated in A. D. Diaphragm-triggered histograms of neuronal firing before (cyan, 

bar indicated in A) and after (red, bar indicated in A) microstimulation: the firing pattern is maintained 

over the recording. E. Response to single-cell microstimulation (0 μm) is correlated with high labelling 

efficiency (TMR-dextran, in vitro), which decreases as the pipette is withdrawn from the cell membrane. 

Number of replicates shown over each series. 
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Responses to single-cell microstimulation were a reliable indicator of contact between the 

pipette and cell and were predictive of successful electroporation. Under blind conditions in 

vitro, the probability of achieving dextran labelling on the first attempt was 89% (55/62 cells) 

following a positive response to single-cell microstimulation, and rapidly declined as the pipette 

was withdrawn from the cell membrane (Figure 2.4, E). Positive responses to microstimulation 

were also correlated with successful constant-current electroporation in randomly sampled 

spontaneously active neurons encountered 0.3 – 9.7 mm deep in vivo (dextran electroporation 

in 82/137 neurons, 60%, n = 26 rats, Vt = 5 – 10 V, 200 Hz, 1 ms pulses, 0.5 s train). A similar 

proportion (49/74, 66%, P = 0.37, Fisher's exact test) were labelled using dextran or neurobiotin 

in a second cohort of experiments (n = 21 rats) in which neurons in the ventrolateral medulla 

with respiratory-related activity were preferentially targeted with constant-voltage 

electroporation (7.5 – 10 V, 200 Hz, 1 ms pulses, 0.5 s train: Figure 2.5). 
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Figure 2.5 Examples of non-respiratory A. and respiratory B. - D. neurons recorded in extracellular mode 

in the ventrolateral medulla and labelled with neurobiotin by constant-voltage electroporation in vivo. After 

establishment of baseline recordings and repositioning of the recording pipette such that spike height was 

<0.5 mV, single-cell microstimulation (arrow) was used to verify cell contact. In most cases neurons were 

allowed to recover from microstimulation prior to electroporation (100 x 1 ms pulses, 200 Hz, +7.5 to +10 

V). Photomicrographs show neurobiotin-filled neurons (green) recovered at the appropriate stereotaxic co-

ordinates; magenta channel shows immunoreactivity for choline acetyl transferase (ChAT). Diaphragmatic 

EMG activity indicates inspiration, permitting functional identification of respiratory neurons. A. Tonically 

active ChAT-immunoreactive neuron in the nucleus ambiguus; B. Augmenting expiratory neuron recorded 

ventral to nucleus ambiguus; C. Decrementing expiratory neuron recorded ventral to nucleus ambiguus; D. 

inspiratory-locked neuron.   



- 55 - 

 

Single-cell transfection in vivo 

Having verified that constant-voltage electroporation is capable of reliable single-cell 

transfection in vitro and established a protocol that results in reproducible dye-labelling in vivo, 

we then examined its suitability for single-cell transfection in vivo. 

Brainstem neurons were recorded 1.6 – 9.8 mm deep in either non-recovery experiments, in 

which urethane anaesthesia was maintained for 12-18 hours after electroporation (n = 5 rats), 

or recovery experiments (n = 7 rats), in which anaesthesia was reversed at the conclusion of 

recording and rats were recovered for 1-2 days. Contact between the pipette and target neuron 

was first verified by observing a positive response to single-cell microstimulation, and neurons 

that recovered were electroporated at negative polarity (-10 V, 50 – 100 Hz, 0.5 – 1 ms pulses, 

1 s). Regardless of surgical preparation, electroporation parameters, or plasmid construct used, 

this approach rarely resulted in reporter expression (6/87 neurons, 7%). 

We initially hypothesized that the low success rate may have reflected an incorrect assumption 

regarding the predictive value of our microstimulation technique. We adopted an approach 

similar to that used for electroporation of superficial cortical neurons (Judkewitz et al., 2009; 

Oyama et al., 2013), in which the pipette is manoeuvred such that Rs is increased by 30%, and 

attempted SCE in 31 neurons in 5 recovery experiments; no transfected cells were subsequently 

identified. 

Review of recordings from successfully transfected neurons revealed that microstimulation had 

in some cases resulted in full intracellular access prior to electroporation (5/6 neurons), 

suggesting that transfection could be achieved by direct intracellular plasmid electrophoresis. 

This hypothesis was examined in experiments in which brainstem neurons were targeted for 

intracellular recordings using semi-sharp pipettes (tip diameter: <1 μm, resistance 18 ± 3 MΩ). 

This configuration was compatible with stable recording of unit activity in extracellular mode 
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prior to brief (typically <10 s) intracellular access and plasmid ejection (-10 V, 50 Hz, 1 ms 

pulses, 1 s train or -10 V, 1000 Hz, 0.1 ms pulses, 0.1 s train: Steinmeyer and Yanik (2012)). 

Transfection was achieved in 13/48 (27%) neurons in which intracellular access (membrane 

potential -30 to -70 mV) was obtained prior to electrophoresis (Figure 2.6). Transfected neurons 

were recorded 1.6 – 8.3 mm deep to the brain surface using pipettes between 8 and 37 MΩ in 

resistance. 3/13 neurons were silent; the remainder showed spontaneous activity between 1 and 

20 Hz. Cross sectional areas of transfected neurons were 141 – 1178 μm2, equivalent to 13 – 39 

μm in diameter. 
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Figure 2.6 Transfection of ventrolateral brainstem neurons following intracellular penetration in vivo. Once 

membrane potential had stabilized, plasmid DNA encoding fluorescent protein was electrophoretically 

injected by -10 V pulses (50 x 1 ms pulses, 1 s). Membrane potential was retained after electrophoresis until 

withdrawal of the pipette (indicated by dashed lines). A. Electrophysiological recording from a silent neuron 

that started firing after penetration. A’ shows EGFP-labelled neuron recovered at the corresponding 

stereotaxic coordinates. B. Slowly firing spontaneously active neuron: extracellular spikes (blue data, 

detailed in Bi.) were resolved prior to cell penetration (*). B’ Colocalization of EGFP with ChAT 

immunoreactivity indicates that this example is a cholinergic motor neuron in nucleus ambiguus. C. & D. 

show examples of other neurons transfected using the same approach.   
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Discussion 

The current study provides researchers with three novel protocols that can be used for dye-

labelling or transfection of functionally identified neurons in deep brain regions in vivo. 

Constant-current electroporation can be performed without any customization of the recording 

amplifier and yields rapid and high quality dye labelling in vitro and in vivo. Constant-voltage 

electroporation requires minimal modification of hardware and yields in vitro transfection at 

efficiency equivalent to a widely-used proprietary device, but in our hands this approach was 

incompatible with high transfection efficiency in vivo. In contrast, we found that intracellular 

electrophoresis of genetic material may instead offer a more reliable method for transfection of 

functionally identified neurons in inaccessible brain regions. 

In establishing our transfection methodology we developed dye-labelling techniques that offer 

some advantages to the juxtacellular method in terms of simplicity and speed. Successful 

juxtacellular labelling is indicated by ‘entrainment’ of neuronal firing to regular anodal pulsing 

of the recording pipette, which must be maintained for several minutes for reasonable labelling 

to occur. Longer periods of entrainment are associated with more complete labelling (up to 60 

minutes: Noseda et al., 2010). Although the juxtacellular approach can yield efficient labelling 

in the hands of the technically elite (100/115 cells: Pinault, 1996; 45/50 cells: Guyenet & Wang, 

2001), establishing and maintaining entrainment requires considerable finesse, and recordings 

are often lost before or during entrainment. It is notable that the number of neurons lost during 

attempted labelling is often omitted from reports that use this approach, perhaps boosting the 

apparent efficiency of the technique: in unpublished pilot experiments we found that recordings 

were lost before or during entrainment in 145/248 (58%) attempts. 

In contrast to the imprecise cues used to guide entrainment over minutes of juxtacellular 

labelling, single-cell microstimulation provides an instant binary output; a cell either responds 

with an unambiguous electrophysiological signature, in which case it may be immediately 
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electroporated with a high probability of recovery, or does not, in which case the pipette is 

manoeuvred and stimulation repeated (in cases where there is no response) or another cell is 

sought (in cases where the recording is lost). This makes the protocol quick to perform and easy 

to learn: most of the experiments targeting respiratory neurons were performed by myself after 

learning the technique in a week, and I recovered two labelled neurons in my first experiment. 

The increase in neuronal excitability and effects on spike shape and amplitude seen in response 

to microstimulation are consistent with induction of an “open-cell” state by the stimulus, a 

transient permeabilisation of the neuronal membrane evoked by its partial electroporation 

(Braeken et al., 2012; Spira & Hai, 2013). Our observation that such responses only occur when 

the pipette is in contact with the neuron are supported by similar reports by Santos et al. (2007; 

2009), who found that 30-100 nA, 1 ms pulses could be used to effectively stimulate spinal cord 

neurons in loose-seal mode, but not in the absence of physical contact between the pipette and 

cell. We conclude that single-cell microstimulation provides a reliable and objective indicator 

of contact between the pipette and neuron. The major shortcoming associated with using single-

cell microstimulation to guide electroporation is its high attrition rate in vivo; this is most likely 

due to excessive contact between the pipette and target cell, as it does not seem to occur in vitro 

(where contact can be closely monitored), although factors such as cell size and pipette 

geometry may also contribute to the effect. 

Constant-current and constant-voltage electroporation offer dye-labelling with similar 

efficiencies in vitro and in vivo; both result in labelling that is at least equivalent in quality to 

that offered by the juxtacellular technique in vivo and comparable to standard SCE in vitro, 

where fine morphological features such as dendritic spines and terminals are consistently 

revealed (Haas et al., 2001; Umeda et al., 2005). The quality of labelling obtained using the 

juxtacellular technique varies according to the brain region targeted and tissue processing 

procedures, hampering direct comparison with the protocols described here. However, 
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extensive filling of brainstem neurons juxtacellularly labelled with neurobiotin and visualised 

with fluorescent avidin conjugates is rare in the literature (Sartor & Verberne, 2003; Abbott et 

al., 2009b; Kanbar et al., 2011; Boucetta et al., 2014; Iceman & Harris, 2014) and in our own 

experience (unpublished data). In contrast, although variability in labelling quality was 

observed using the approaches described here, we often saw extensively filled neurons that 

projected across dozens of histological sections in which fine morphological details were 

visible. We did not extensively investigate the quality of labelling possible using 

diaminobenzidine visualisation, but details such as terminals and dendritic spines were visible 

in one of three neurons processed that way. Constant-current electroporation may be conducted 

without modification to hardware provided the recording amplifier is capable of generating 

sufficiently high currents (400 - 800 nA), making it fast and cheap to adopt. However, we found 

it more convenient to use the constant-voltage approach, as it eliminates measurement of Rs 

and current calculation from the workflow, speeding up the protocol, and is compatible with 

single-cell transfection in vitro. 

Why doesn’t constant-current electroporation result in transfection? In constant-current mode 

the measured value of Rs has a critical influence on voltage output. Constant-current pulses 

may initially succeed in generating Vt for a given Rs; however, pores are formed in the 

membrane within microseconds of voltage application (see DeBruin & Krassowska, 1999; 

Wang et al., 2010), lowering membrane resistance and consequently Rs, resulting in a 

proportionate reduction in trans-membrane voltage. As a consequence of this voltage drop-off, 

constant-current electroporation may fail to sustain the voltages required for large and stable 

pore formation, which are crucial for efficient plasmid delivery (Rae & Levis, 2002). 

In vitro transfection efficiency was restored by integration of a constant-voltage generator to 

the recording circuit. This modification allowed the delivery of up to ±10 V without risk to the 

recording headstage (following advice from the manufacturer), and made transfection 
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efficiency equivalent to that obtained with a commercial single-cell electroporator and 

comparable to that reported elsewhere (Rae & Levis, 2002; Rathenberg et al., 2003; Steinmeyer 

& Yanik, 2012). However, exhaustive attempts to translate it for single-cell gene delivery in 

vivo were fruitless. This is surprising, given the similarities between our approach and protocols 

recently described by other investigators, in which some level of transfection was observed 

under all parameters tested (Cohen et al., 2013; Oyama et al., 2013). Differences in the brain 

regions and, perhaps crucially, the depths at which neurons were targeted, may underlie this 

disparity, as Cohen et al. (2013) and Oyama et al. (2013) restricted their attempts to neurons 

within 450 µm or 1.5 mm of the brain surface respectively, where pipette patency is easier to 

manage. 

We conclude that techniques based on SCE are unlikely to yield reliable transfection of neurons 

in deep brain structures, and speculate that blockage of pipettes is most likely responsible for 

the poor transfection efficiency seen in vivo. Despite applying high positive pressure to the 

internal solution during brain penetration and cell hunting, we rarely saw any evidence of dye 

leakage or hydraulic injury along pipette tracks, both of which indicate pipette patency in vivo 

(Rancz et al., 2011), and the quality and efficiency of dye-labelling and reporter expression 

were consistently higher in vitro than in vivo. Although we were able to use SCE for efficient 

dye-labelling nearly 10 mm deep to the brain surface, this does not necessarily mean that 

recording pipettes were patent: in our experience electrophoretic ejection of fluorescent dextran 

is consistently possible from clogged pipettes in which no dextran may be pressure-ejected, and 

we were able to produce robust labelling with such pipettes in vitro. However, we and others 

have found that blocked pipettes absolutely preclude transfection by SCE (Haas et al., 2001; 

Rae & Levis, 2002; Rathenberg et al., 2003; Bestman et al., 2006a; Kitamura et al., 2008a; 

Judkewitz et al., 2009).  
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If patency is the main issue affecting the efficiency of SCE in deep brain regions, pipette 

clogging probably reduces rather than completely obstructs plasmid ejection, as intracellular 

plasmid electrophoresis reproducibly transfected neurons up to 8.3 mm deep. Stable 

intracellular access is difficult to achieve even in acute preparations, where extensive 

craniotomy or pneumothoraces are commonly used to reduce movement. However, we found 

that brief access, sufficient for transfection, could be gained in minimally invasive preparations 

(although we found tracheal intubation with neuromuscular block and artificial ventilation 

useful) and that large neurons could be impaled and transfected using low-resistance pipettes. 

The current data provide a proof-of-principle that intracellular recording may be used to 

transfect neurons in deep brain regions, but the efficiency of the approach will ultimately be 

dependent on factors including operator experience, animal age, brain region targeted and the 

size of targeted neurons. 

The current data provide relatively simple protocols that can be used for reliable and robust 

labelling of recorded neurons and a novel approach for transfection of neurons in deep brain 

regions. The clear-cut criteria used to guide electroporation and the rapidity at which labelling 

can be performed may prove particularly attractive to novice investigators, whereas the 

potential to select neurons for genetic modification based on their functional properties may 

prove useful to investigators interested in applying advanced connectome-tracing technologies 

at single-cell resolution (Wickersham et al., 2007b; Marshel et al., 2010; Rancz et al., 2011) 
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3.  
Somatostatin 2a receptors are 

not expressed on functionally 

identified respiratory neurons 

in the ventral respiratory 

column of the rat 
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Abstract 

Microinjection of somatostatin (SST) causes site-specific effects on respiratory phase transition, 

frequency and amplitude when microinjected into the ventrolateral medulla (VLM) of the 

anaesthetized rat, suggesting selective expression of SST receptors on different functional 

classes of respiratory neurons. Of the six subtypes of SST receptors, somatostatin 2a (sst2a) is 

the most prevalent in the VLM. Other investigators have suggested that glutamatergic neurons 

in the preBötzinger Complex (preBötC) that co-express neurokinin-1 receptor (NK1R), SST 

and sst2a are critical for the generation of respiratory rhythm. However, quantitative data 

describing the distribution of sst2a in respiratory compartments other than preBötC, or on 

functionally identified respiratory neurons, is absent. Here we examine the medullary 

expression of sst2a with particular reference to glycinergic/expiratory neurons in the Bӧtzinger 

Complex (BötC) and NK1R-immunoreactive/inspiratory neurons in the preBötC. We found 

robust sst2a expression at all rostrocaudal levels of the VLM, including a large proportion of 

catecholaminergic neurons, but no colocalization of sst2a and glycine transporter 2 mRNA in 

the BötC. In the preBötC 54% of sst2a immunoreactive neurons were also positive for NK1R. 

sst2a was not observed in any of 52 dye-labelled respiratory interneurons, including 7 BötC 

expiratory-decrementing and 11 preBötC pre-inspiratory neurons. We conclude that sst2a is not 

expressed on BötC respiratory neurons and that phasic respiratory activity is a poor predictor 

of sst2a expression in the preBötC. Therefore sst2a is unlikely to underlie responses to BötC SST 

injection, and is sparse or absent on respiratory neurons identified by classical functional criteria.  
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Introduction 

Breathing is a fundamental motor function that is controlled by hierarchical arrays of spatially, 

functionally, and phenotypically compartmentalized groups of neurons in the brainstem and 

pons (for recent reviews see Feldman et al., 2013; Smith et al., 2013). The preBötzinger 

Complex (preBötC) located in the ventrolateral medulla (VLM) forms the essential kernel of 

the respiratory rhythm-generating apparatus. Rhythmic drive from preBötC neurons is 

necessary for the generation of activity in inspiratory motor nerves and is sufficient to maintain 

activity recorded in the hypoglossal nerve in medullary slices in vitro (Smith et al., 1991). 

Respiratory interneurons in this area are active in the inspiratory phase of the respiratory cycle 

and contribute to inspiratory bursts via a combination of pacemaker activity and glutamatergic 

transmission (Koshiya & Smith, 1999; Del Negro et al., 2002a; Wallen-Mackenzie et al., 2006; 

Koizumi et al., 2013). 

preBötC glutamatergic neurons contain a number of other neurochemicals and transcription 

factors that may have particular functional significance. Of particular interest are sub-

populations of glutamatergic neurons in this region that express neurokinin-1 receptors (NK1R), 

somatostatin (SST) and somatostatin 2a receptor (sst2a), and these have been proposed as 

chemical markers for the preBötC (Guyenet & Wang, 2001; Stornetta et al., 2003a; Gray et al., 

2010; Gray, 2013). Critical roles for these populations in the generation of normal respiratory 

activity are supported by targeted ablation and loss-of-function studies: extensive bilateral 

lesion of preBötC NK1R neurons leads to a severely ataxic breathing pattern (Gray et al., 2001). 

Similarly, pharmacogenetic silencing of SSTergic preBötC neurons causes ataxic breathing and 

apnea (Tan et al., 2008). However, it is important to note that although both NK1R and 

particularly SST (at least as mRNA) are extensively expressed throughout the VLM, neither is 

widely expressed in functionally identified respiratory neurons (Guyenet & Wang, 2001; Wang 

et al., 2001; Stornetta et al., 2003a). 
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The functional significance of SST release from putative preBötC neurons is unclear. 

Transgenic animals that lack SST (Low et al., 2001) or SST receptors (Allen et al., 2003; Qiu 

et al., 2008; Rajput et al., 2011) are not associated with an obvious respiratory phenotype. 

However, exogenous SST powerfully inhibits central respiratory drive in vivo (Yamamoto et 

al., 1988; Chen et al., 1990; Burke et al., 2010; Pantaleo et al., 2011) and in vitro (Llona et al., 

2004; Gray et al., 2010; Ramirez-Jarquin et al., 2012). 

We have previously demonstrated that the respiratory effects of SST microinjection are site-

specific and dose-dependent: SST microinjection in the Bötzinger Complex (BötC) caused 

apneusis, characterized by a prolongation of phrenic burst duration (Ti) and ablation of post-

inspiratory activity in vagal and sympathetic nerves. In contrast, preBötC SST injection evoked 

reductions in respiratory frequency (ultimately leading to apnea with higher doses) without 

significant effects on Ti or post-inspiratory activity (Burke et al., 2010). We also found that SST 

evoked a reduction in phrenic nerve amplitude when injected into the rostral ventral respiratory 

group (rVRG). These results were consistent with an inhibitory effect of SST on inhibitory BötC 

neurons thought to terminate inspiration, presumably expiratory neurons with a decrementing 

firing pattern (E-Dec; Hayashi et al., 1996), an inhibitory effect of SST on preBötC rhythm-

generating neurons, and an inhibitory effect of SST on respiratory premotor neurons in the 

rVRG. 

Taken together, the literature suggests that components of the respiratory circuits that subserve 

phase-transition, rhythm generation, and bulbospinal drive are directly sensitive to SST, and 

predicts the expression of SST receptors on subsets of respiratory neurons in the BötC 

(particularly E-Dec), preBötC (particularly pre-I) and rVRG compartments. That prediction is 

tested in the current study. Some colocalization of sst2a with preBötC NK1R/SST/Dbx1 and 

tyrosine hydroxylase (TH)/pre-pro-enkephalin has previously been described (Burke et al., 

2008; Spary et al., 2008; Gray et al., 2010). However, no quantitative data regarding the 
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distribution of sst2a on respiratory neurons are available. Here we comprehensively describe the 

distribution of sst2a in VLM respiratory cell groups and on functionally identified respiratory 

neurons with a particular focus on the BӧtC and preBӧtC. 
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Methods 

Animal experiments were approved by Macquarie University Animal Ethics Committee and 

adhered to the Australian code of practice for the care and use of animals for scientific purposes.  

Electrophysiology experiments 

Surgical procedures 

Urethane-anaesthetized (1-1.3 g/kg i.p.) adult Sprague-Dawley rats of either sex (220-480g, 

ARC, Perth, Australia) were cannulated to allow intravenous access and recording of arterial 

blood pressure and intubated to permit artificial ventilation. Phrenic nerve activity (PNA, n = 

7) or diaphragmatic EMG (n = 22) were recorded as an index of central respiratory drive. The 

phrenic nerve was isolated and recorded as previously described (McMullan et al., 2009). 

Diaphragm EMG was recorded via Teflon-coated stainless steel wires inserted into the 

diaphragm at the lateral aspect of the inferior costal margin. Phrenic/EMG signals were 

differentially amplified and filtered (100 – 1000 Hz). In most experiments vagii were cut 

bilaterally at the cervical level to desynchronize central respiratory drive from mechanical 

ventilation; in three experiments vagii were left intact. Core temperature was maintained at 36 

– 38 oC by a heating blanket controlled by a rectal thermometer and animals were moved into 

a stereotaxic frame in the nose-down position. The left facial nerve was exposed, the occipital 

bone removed and the brainstem exposed. The animal was artificially ventilated to maintain 

isocapnia, as indicated by end-tidal CO2 (3.5 – 4.5%) or analysis of arterial blood gas samples. 

Neuromuscular blockade (pancuronium bromide, 0.1 – 0.4 mg i.v.) was used to reduce 

movements associated with ventilation while maintaining diaphragmatic EMG. Anaesthetic 

depth was regularly monitored by checking for motor, respiratory or pressor responses to 

noxious pinching of the tail or the hind paws. Supplementary anaesthetic (urethane 0.1 g/kg i.v.) 

was administered as required.  
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Identification and labelling of respiratory neurons in vivo 

The caudal border of the facial nucleus was estimated by mapping antidromic facial field 

potentials using a borosilicate pipette filled with 3 M NaCl (resistance <2 MΩ) as previously 

described (Brown & Guyenet, 1984). Neuronal recordings were made using borosilicate glass 

pipettes filled with 0.9% NaCl containing 1-3 % tetramethylrhodamine-conjugated dextran 

(3000 MW, Invitrogen # D3307) or 2% neurobiotin (tip diameter, 1 µm, resistance 10-25 MΩ). 

Extracellular recordings were amplified (Axoclamp 900A, Molecular Devices) and 

simultaneously captured on two channels using differing filter sets, one configured for 

extracellular recording (AC: 100 – 3,000 Hz) and one for intracellular recordings (DC: DC- 

3,000 Hz, used to guide cell labelling: see below), and sampled by a Power1401 mk. II running 

Spike 2 software (Cambridge Electronic Design, UK, RRID: nlx_156886). Phrenic/diaphragm 

activity was sampled at 3k samples/s; extracellular activity at 10k samples/s; intracellular 

activity at 5k samples/s. 

Neurons located 0 – 1.4 mm caudal to the caudal border of the facial nucleus, 1.6 – 2.0 mm 

lateral to midline, 2.1 – 3.7 mm and deep to the level of obex, with phasic spontaneous activity 

locked to phrenic or diaphragmatic discharge, were labelled using either conventional 

juxtacellular labelling (Pinault, 1996) or a modified single-cell electroporation technique in 

which labelling is achieved by a 0.5 s train of high voltage pulses (5 – 10 V, 200 Hz, 1 ms per 

pulse: Dempsey et al., 2015). Gentle contact between the pipette and neuron was verified by 

observation of a stereotypical response to a single 50 – 100 nA, 1 ms current pulse 

(“microstimulation”) prior to electroporation. Positive responses to microstimulation were 

defined as a transient increase in firing frequency accompanied by an increase in spike 

amplitude, loss of spike symmetry, and a pipette hyperpolarization of 2 - 20 mV recorded in the 

DC channel (Figure 3.1). In vitro studies demonstrate that positive responses to 

microstimulation are strongly predictive of correct pipette position, and can be used as a reliable 
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indicator of juxtasomal contact when blindly approaching cells in vivo (Dempsey et al., 2015). 

Once optimal pipette position was verified the neuron was immediately electroporated using a 

constant-voltage stimulator connected in parallel to the pipette. Positive pressure in the 

recording pipette (~200 mmHg) was used to prevent pipette blockage during initial brain 

penetration; in most cases pressure was reduced to zero once the pipette reached 2 mm deep, 

although in some cases low pressure (~30 mmHg) was maintained until a respiratory neuron 

was identified. Positive pressure in the pipette was not associated with unintentional labelling 

or dye leakage. Labelling was not attempted on neurons recorded within less than 300 µm of 

each other to ensure correct identification of recovered cells. Some of the data presented here 

contributed to the dataset that describes the development and validation of the modified 

electroporation technique (Dempsey et al., 2015). 

 

Figure 3.1 Electrophysiological recording and labelling of brainstem respiratory neuron. A. Following 

functional identification of an inspiratory-locked neuron in the preBӧtzinger Complex (preBӧtC) the pipette 

was gradually moved to a position at which 100 nA microstimulation evoked a transient increase in neuronal 

firing, a change in spike shape (B) and a -2 mV pipette potential. Note that the cell maintains its firing 

pattern for the duration of the recording. The cell was then electroporated with a 0.5 s train of 10 V 1 ms 

pulses at 200 Hz. Panel B shows average spike waveforms recorded in periods denoted in A i, ii and iii. Panel 

C shows an expanded view of data indicated in gray in Panel A.  
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Perfusion and tissue collection 

Rats were euthanized with an overdose of sodium pentobarbitone (100 mg/kg i.p. or i.v.) or 

potassium chloride solution (3 M, 0.3 ml, i.v.) and transcardially perfused with 400 ml 

heparinized 0.9% NaCl followed by 400 ml freshly prepared fixative solution (4% 

paraformaldehyde/0.1 M phosphate buffer; pH 7.4; Sigma-Aldrich, Australia). Brains were 

removed under RNAse free conditions and further fixed overnight in the same solution. Coronal 

or parasagittal brainstem sections (50 µm) were cut on a vibrating microtome, and collected in 

cryoprotectant or phosphate buffered saline containing 0.1% Tween-20 (PBT; Sigma-Aldrich, 

Australia). 

Histology, in situ hybridization and immunohistochemistry  

cRNA probe synthesis and ISH protocol 

A non-radioactive in situ hybridization (ISH) digoxigenin (DIG)-11-UTP-labelled riboprobe 

was synthesized for the detection of glycine transporter 2 (GlyT2; Rattus norvegicus solute 

carrier family 6, member 5) mRNA. The riboprobe was directed at base pairs 5733-6543 (810 

bp length) of the GlyT2 cDNA sequence (GeneBank accession number NM_203334.1). The 

sense cRNA probe was synthesized using an RNA polymerase SP6 promoter attached to the 5’ 

end of the forward oligonucleotide primer (5’-GGATCCATTTAGGTGACACTATAGAAG 

aagcgtcttgcccactagaa -3’). An anti-sense cRNA probe was synthesized with a T7 promoter 

attached to the 5’ end of the reverse oligonucleotide primer (5’-

GAATTCTAATACGACTCACTATAGGGAGA agcctgagcttgcttttcag-3’). A PCR-amplified 

cDNA template was generated using cDNA reverse transcribed from Sprague Dawley rat 

brainstem (at approximately -12.6 mm to -11.6 caudal to Bregma) total RNA. Following PCR, 

purified cDNA (QIAquick PCR Purification kit; 28104; Qiagen, Doncaster, Victoria, Australia) 

was in vitro transcribed using a T7 kit (AmpliScribe™ T7-Flash™ Transcription Kit; ASF 3257; 

Epicentre Biotechnologies, Madison, WI) incorporated with DIG-11-UTP (Roche). 
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Combined ISH and immunohistochemistry 

Brainstem sections were incubated in pre-hybridization buffer (50% formamide, 5 x SSC, pH 

7.0, 250 µg/ml herring sperm DNA, 100 µg/ml yeast tRNA, 100 µg/ml heparin, 5% dextran 

sulphate, 1 x Denhardt’s solution, 0.1% Tween-20) for 30 minutes at 37 oC then at 58 oC for 1 

h before hybridization with cRNA riboprobe (final concentration 1000 ng/ml) for 12-18 h at 58 

oC with gentle agitation. Sections were washed in 2 x SSC buffer with 0.1% Tween-20 followed 

by 0.2 x SSC buffer with 0.1% Tween-20 and then a wash of maleic acid buffer with 0.1% 

Tween-20. The tissue was then blocked in maleic acid buffer (0.1 M maleic acid, 0.15 M NaCl, 

0.1% Tween-20) containing 2% Boehringer blocking reagent (Roche Applied Science; 

Manheim, Germany) and 10% normal horse serum.  

Primary antibodies were added to the blocking buffer and incubated for 24 h at 4 oC and 4 h at 

room temperature. Sections were washed in TPBS (Tris–HCl 10 mM, sodium phosphate buffer 

10 mM, 0.9% NaCl, pH 7.4) buffer 3 x 30 min and incubated overnight with IgG secondary 

antibodies. DIG-labelled neurons were revealed colorimetrically by incubation in NTMT (0.1 

M NaCl, 0.1 M Tris-HCl pH 9.5, 0.1 M MgCl2), 0.1% Tween-20 (Sigma), 2 mM tetramisole 

HCl (Sigma) buffer containing nitro blue tetrazolium (Roche Applied Science), and 5-bromo-

4-chloro-3-indolyl phosphate salts (Roche Applied Science). The reaction was stopped when 

DIG-labelling was intense with minimal background staining by 3 x 15 min wash in 0.1M Tris 

(pH 8.5)/ 1 mM EDTA solution. No labelling in any brain region was seen when the sense probe 

was substituted for the anti-sense probe. 

For experiments in which no ISH was performed, sections were washed in PBT for 3 x 15 min 

and incubated in 0.01 M phosphate buffered saline containing 2% bovine serum albumin and 

0.2% TritonX-100 or Tween-20 for 1 h at room temperature. Primary antibodies (see Table 4.1) 

were added to the blocking buffer and sections were incubated for 48 h at 4 °C. Sections were 

washed in TPBS (3 x 30 min) and incubated in IgG secondary antibodies (see Table 4.1) for 12 
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h at 4 °C. Processed sections were washed again in TPBS (3 x 30 min) before being mounted 

in serial order on glass slides and coverslipped for imaging. 

Table 3.1 Antibodies 

Antibody name Immunogen Manufacturer details Concentration 

Primary antibodies    

Guinea pig anti-SST2a C-terminus amino acid 

sequence 355–369 

(ETQRTLLNGDLQTSI) of 

synthetic sst2a peptide 

Gramsch Laboratories, 

Schwabhausen 

Germany 

Cat# SS-870 

RRID: AB_2491104 

Polyclonal 

1:1,000 

Rabbit anti-SST2a C-terminus amino acid 

sequence 355–369 

(ETQRTLLNGDLQTSI) of 

synthetic sst2a peptide 

Bio-trend 

Cat# ss-8000-rmc 

Lot# 

a080826 

RRID: 

AB_2491103 

monoclonal 

1:100 

Goat-anti-choline 

acetyltransferase 

(ChAT) 

Human placental lysate Chemicon, Millipore 

Cat# AB144P 

RRID: AB_2079751 

Polyclonal 

1:800 

Guinea pig anti-

neurokinin 1 receptor 

(NK1R) 

C-terminus amino acid 

sequence 393–407 

(KTMTESSSFYSNM

LA) of synthetic rat 

NK1R peptide 

Millipore 

Cat# AB15810 

Lot# LV1587443 

RRID: AB_992894 

Polyclonal 

1:1,000 

Rabbit anti-NK1R C-terminus amino acid 

sequence 393–407 

(KTMTESSSFYSNM

LA) of synthetic rat 

NK1R peptide 

Sigma-Aldrich 

Cat# S8305 

Lot# 67K4885 

RRID: AB_261562 

Polyclonal 

1:5,000 

Mouse anti-tyrosine 

hydroxylase (TH) 

Rat tyrosine hydroxylase N-

terminal region (approx. aa 

9–16) 

Sigma-Aldrich 

Cat# T1299 

RRID: AB_477560 

Monoclonal 

1:8,000 

Rabbit anti-Phox2b 14 amino acid C-terminal 

sequence 

(YFHRKPGPALKTNLF) 

of the rat/ mouse Phox2b 

protein 

Jean Franc¸ois Brunet 

RRID: AB_2315161 

Polyclonal 

1:1,000 

Sheep anti-

digoxigenin  

Digoxigenin, whole Roche Applied Science 

Cat# 11093274910 

RRID: AB_514497 

Polyclonal 

1:1,000 

Secondary antibodies    
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ExtrAvidin-FITC n/a Sigma-Aldrich 

Cat# E2761 

RRID: AB_2492295 

1:500 

Cy3- AffiniPure 

donkey antigoat 

IgG (H1L) 

Whole molecule goat IgG Jackson ImmunoResearch 

Laboratories, 

INC 

Cat# 705-165-147 

Lot# 68839 

RRID: AB_2307351 

Polyclonal 

1:250 

Alexa Fluor 647-

AffiniPure donkey 

antirabbit IgG 

(H1L) 

Whole molecule rabbit IgG Jackson ImmunoResearch 

Laboratories, 

INC 

Cat# 711-605-152 

Lot# 105115 

RRID: AB_2492288 

Polyclonal 

1:250 

Alexa Fluor 647 

donkey antirabbit 

IgG (H1L) 

Rabbit, IgG heavy & light chains Life Technologies 

Cat# A31573 

Lot# 1322326 

RRID: AB_10561706 

Polyclonal 

1:250 

Alexa Fluor 488-

AffiniPure donkey 

antiguinea pig IgG 

(H1L) 

Whole molecule guinea pig IgG Jackson ImmunoResearch 

Laboratories, 

INC 

Cat# 706-545-148 

Lot# 161406 

RRID: AB_2340472 

Polyclonal 

1:250 

Alexa Fluor 647 

goat antiguinea 

pig IgG (H1L) 

Domestic guinea 

pig, IgG heavy & 

light chains 

Life Technologies 

Cat# A21450 

Lot# 1235826 

RRID: AB_10564076 

Polyclonal 

1:250 

Alexa Fluor 488 

donkey antimouse 

IgG (H1L) 

Mouse, IgG heavy & light chains Life Technologies 

Cat# A21202 

RRID: AB_10049285 

Polyclonal 

1:250 
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Antibody characterization 

Two different sst2a antibodies were used in the current study: we used guinea pig antiserum 

raised against the C-terminus amino acid sequence 355-369 of rat sst2a and a monoclonal rabbit 

anti- sst2a antibody raised against the same amino acid sequence. Both antibodies have been 

extensively characterized by Western and dot blot assay; neither label sst2 knock-out animals, 

and the rabbit antibody selectively labels HEK cells transfected with sst2 (Schulz et al., 1998a; 

Schulz et al., 1998b; Korner et al., 2005; Fischer et al., 2008). As recently described, binding 

of both antisera is blocked by pre-absorption with the sst2a antigen, and overlaps completely in 

tissue incubated with both primary antibodies, visualized with different fluorescent secondary 

antibodies (Bou Farah et al., 2015). 

For detection of neurokinin 1 receptor (NK1R) we used guinea pig and rabbit primary 

antibodies raised against a synthetic peptide that corresponds to amino acid sequence 393-407 

of rat NK1R. The rabbit antibody has been validated in NK1R knock-out animals (Ptak et al., 

2002) and results in distinctive NK1R labelling in the brainstem and spinal cord (Al-Khater et 

al., 2008; Bochorishvili et al., 2012). The guinea pig antibody recognizes the same sequence, 

has been validated (by the manufacturers) by Western blot, and results in the expected pattern 

of immunolabelling (Yu et al., 2009; Spirovski et al., 2011). 

A mouse anti-tyrosine hydroxylase (TH) monoclonal antibody was used to detect 

catecholaminergic neurons. This antibody has been widely used by other investigators (Berube-

Carriere et al., 2009; Forlano & Woolley, 2010; Lindemann et al., 2013) and results in 

characteristic intense labelling of neurons in the brainstem C1, C3 and A1 groups. 

A goat anti-choline acetyl transferase (ChAT) antibody was used to identify cranial 

motoneurons in the facial nucleus and nucleus ambiguus. Western blot analysis (by the 

manufacturer) reveals a single band at 70 kDa. Incubation with the antibody resulted in the 

expected pattern of immunolabelling. 
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Phox2b immunoreactivity was detected using a rabbit polyclonal antibody. Immunolabelling 

obtained using the same antibody colocalizes perfectly with Phox2b mRNA expression in the 

mouse (Pattyn et al., 1997), is reported to be absent in Phox2b knockout animals, and overlaps 

with reporter expression in Phox2b-EGFP transgenic animals (Lazarenko et al., 2009). The 

general pattern of labelling was consistent with previous reports, with high expression of 

Phox2b immunoreactivity in small neurons in the retrotrapezoid nucleus, high colocalization of 

Phox2b immunoreactivity with TH immunoreactivity in the C1 region, and Phox2b 

immunoreactivity in the facial nucleus and nucleus ambiguus compact formation. 

Microscopy and analysis 

Processed sections were mounted on glass slides in Vectashield (Vector Laboratories, cat#H-

1000) or Dako fluorescence mounting medium (Dako, #S302380-2) and coverslipped for 

viewing using an AxioImager Z2 microscope under epifluorescence and brightfield illumination 

(Zeiss, Gottingen, Germany). Mosaic images of each coronal brainstem section were captured 

at 10x magnification and adjusted for brightness and contrast using ZEN software (2012 version, 

Carl Zeiss, RRID: SCR_013672). Color channels were overlayed in the resultant image file for 

analysis. 

Definition of VLM respiratory compartments 

BötC, preBötC and rVRG respiratory neurons are distributed in overlapping and adjacent 

regions of the brainstem. Electrophysiologists are in general agreement that the highest 

proportion of BötC neurons are found within 500 μm caudal of the caudal pole of the facial 

nucleus, as determined by electrophysiological mapping of facial field potentials (Sun et al., 

1998; Schreihofer et al., 1999). The majority of inspiratory putative preBötC neurons are found 

500 – 1,100 μm caudal to facial, with a transition zone of intermingled BötC and preBötC 

neurons that lies 500 – 700 μm caudal to the facial nucleus (Sun et al., 1998; Wang et al., 2001; 



- 77 - 

 

Stornetta et al., 2003a). This corresponds well with the anatomical distribution of SST, a 

putative marker of preBötC (Stornetta et al., 2003a). A population of bulbospinal inspiratory 

locked neurons, many of which express NK1R, emerges beyond 1,000 μm caudal to the facial 

nucleus and extends for about 600 μm (Guyenet et al., 2002; Stornetta et al., 2003a; Stornetta 

et al., 2003b). This population is thought to represent excitatory premotor neurons of the rVRG, 

as defined by trans-synaptic labelling of phrenic motoneurons (Dobbins & Feldman, 1994). 

In the current study we have defined BötC as residing 0-500 μm caudal to the facial nucleus, 

preBötC as residing 600 – 1,100 μm caudal to the facial nucleus, and rVRG as residing 1,200 – 

1,800 μm caudal to the facial nucleus. Rostro-caudal co-ordinates are presented with reference 

to the caudal pole of the facial nucleus as mapped in electrophysiology experiments or identified 

in histological experiments; the most caudal position at which facial motor neurons are clearly 

discernable corresponds to -12.0 mm caudal to Bregma according to the stereotaxic atlas of 

Paxinos and Watson (2006). 

For quantification of sst2a, NK1R and TH colocalization, regions that contained the preBötC (1 

– 3 samples each from 4 rats, 13 images in total) were scanned using a confocal microscope 

under x10 objective (TCS SP5 X, Leica, Germany). The balance and contrast of the images 

were adjusted to include all information-containing pixels using ZEN or LAS AF software 

(RRID: SCR_013673). Figures were prepared using Coreldraw and Corel Photopaint X4 (RRID: 

SCR_013674). 

For quantification of overall sst2a distribution, sst2a-immunoreactive neurons lying within the 

ventrolateral medulla between 0 and 2.4 mm caudal to the facial nucleus were counted 

bilaterally in six rats. Three to six sections were quantified at each rostrocaudal level indicated 

in Figure 3.2 B (2 images per section (one on each side), 131 images in total). We observed a 

shift in the dorso-ventral position of sst2a-immunoreactive neurons at different Bregma levels, 

so divided the VLM into dorsal and ventral compartments. The dorsal compartment was defined 
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as a 500 x 500 µm box that lay center-aligned and immediately ventral to nucleus ambiguus. 

The ventral compartment was defined as a 500 μm high x 750 μm wide box that lay immediately 

ventral to the dorsal compartment (see Figure 3.2). In sections in which the compact formation 

of nucleus ambiguus could not be clearly distinguished both compartments were aligned to 1.8 

mm lateral of midline. 

The size of biotin- or dextran-labelled neurons was estimated by measuring the long and short 

axis of each neuron in the center of its focal plane, from which its cross-sectional area was 

estimated. Size data are presented as standardized diameter i.e. the diameter of a circle with the 

same cross sectional area.  
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Results 

General pattern of sst2a immunoreactivity 

sst2a immunoreactive neurons and fibers were identified throughout the ventral medulla. 

Particularly dense expression was found on cell bodies in the nucleus raphe magnus, in neurons 

immediately dorsal, medial and lateral to the compact formation of nucleus ambiguus, and in a 

single contiguous band that started at the ventral aspect of the facial nucleus and extended 

caudally for several millimetres. As the distance from the facial nucleus increased, sst2a 

immunoreactive neurons concentrated more dorsally (Figure 3.2). 

 

Figure 3.2 sst2a - immunoreactive cells are distributed along the ventrolateral medulla. Cells residing in 

dorsal (green) or ventral (orange) regions of interest were counted and plotted against rostral co-ordinates. 

A1 and A2 illustrate sst2a immunoreactivity and boxes used to define regions of interest at co-ordinates 

corresponding to the caudal pole of the facial nucleus (0 mm) and preBӧtC (1 mm). B shows pooled data 

from 6 rats. C. Parasaggital section shows the extent of sst2a labelling within the ventrolateral medulla. D. 

Same section overlaid with NK1R and ChAT immunoreactivity. NA: compact formation of nucleus 

ambiguus. VII: facial nucleus; LRt: reticular formation; BӧtC: Bötzinger Complex; rC1: rostral C1 group; 

cC1: caudal C1 group; CVLM: caudal ventrolateral medulla; rVRG: rostral ventral respiratory group.  
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sst2a immunoreactive neurons are present in the RVLM C1 region 

but not Bӧtzinger Complex 

Within 500 µm of the facial nucleus, sst2a-immunoreactivity was densely expressed in the 

portion of the ventrolateral medulla closest to the ventral surface of the brainstem, overlapping 

closely with the distribution of catecholaminergic C1 neurons, but was largely absent in the 

dorsal compartment of the VLM, corresponding to the BötC (Figures 3.2 & 3.3). In the rostral 

C1 (rC1) region and retrotrapezoid nucleus/parafacial respiratory group region (RTN/pFRG, 

data not shown) sst2a immunoreactivity often co-localized with TH-immunoreactivity (Figure 

3.3A). TH-immunoreactive neurons that were Phox2b-immunoreactive were often sst2a-

positive (Figure 3.3, A5), but Phox2b neurons that were TH-negative were almost never sst2a-

immunoreactive (data not shown). The pattern of sst2a-immunoreactivity in the RVLM rC1 

region and its co-localization with TH immunoreactivity was qualitatively similar to that 

previously reported (Burke et al., 2008), and is therefore not presented in detail. 

The BötC was defined as the region immediately ventral to the nucleus ambiguus compact 

formation containing dense glycine transporter-2 (GlyT2) mRNA expression (Schreihofer et al., 

1999). In contrast to the high sst2a immunoreactivity observed in the RVLM C1 region, sst2a 

immunofluorescence was absent in the BötC. Expression of GlyT2 mRNA and sst2a was 

quantified in one representative BötC section from three rats using the same segregation into 

dorsal and ventral regions illustrated in Figure 3.2A. The dorsal compartment contained 115 ± 

9 GlyT2-positive neurons per section and 4 ± 1 sst2a immunoreactive neurons, none of which 

colocalized with GlyT2 (Figure 3.3B). The ventral compartment contained 46 ± 9 GlyT2-

positive neurons and 36 ± 4 sst2a neurons; one double labelled neuron was encountered. 
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Figure 3.3 sst2a expression is colocalized with markers of cardiovascular but not respiratory function in the 

RVLM/BӧtC. A. Epifluorescent photomicrographs show colocalization of sst2a- with TH-immunoreactivity 

(A1, arrowheads). Region shown in A1 indicated by hatched boxes in individual channel images (A2, A3). 

Similarly, region illustrated in A2 + A3 indicated by hatched box in stereotaxic reference image (A4). A5 

shows colocalization of sst2a with Phox2b and TH (arrowheads) in another experiment. B. sst2a 

immunoreactivity does not colocalize with GlyT2 in-situ hybridization (ISH) product in the BӧtC. No GlyT2-

positive sst2a-positive neurons were ever identified. B1 shows pseudocolored inverted ISH signal overlaid 

with TH and sst2a immunoreactivity. Arrowheads indicate double labelled TH/sst2a-positive neurons. Region 

shown in B1 indicated by hatched boxes in individual channel images (B2, B3 & B5), and in stereotaxic 

reference image (B4). 
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sst2a immunoreactive neurons in the preBӧtzinger Complex are 

either NK1R- or TH-immunoreactive  

The difference in dorso-ventral distribution of sst2a immunoreactivity seen in the rC1/BötC was 

not observed in confocal images containing the preBötC (13 ± 2 (dorsal) vs. 14 ± 1 (ventral) 

neurons per image, P = 0.4, t = 1.03, df = 3, n = 13 images from 4 rats, paired t-test). The 

distribution of sst2a-immunoreactive neurons partially overlapped with the expression of NK1R-

immunoreactivity in both compartments (Figure 3.4), with a significantly greater proportion of 

sst2a-positive neurons expressing NK1R in the dorsal region (corresponding to preBötC) 

compared to the ventral region (corresponding to the caudal C1 (cC1)/CVLM region, 54 ± 5 vs. 

20 ± 2% respectively, P = 0.003, t = 8.5, df = 3, n = 4, paired t-test). Difficulties in accurately 

quantifying the total number of NK1R-positive neurons precluded reliable estimates of the total 

fraction of NK1R-immunoreactive cells that were also sst2a-positive, but many NK1R-

immunoreactive neurons were sst2a-negative. 
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Figure 3.4 sst2a immunoreactivity in the preBӧtC is partially colocalized with NK1R and TH. A: Merged 

confocal stack showing colocalization of sst2a with NK1R (blue arrowheads) and TH (orange arrowheads). 

Individual channel images are shown in B1-3. Catecholaminergic neurons continued to account for a 

significant portion of sst2a-positive neurons in the preBötC and cC1/CVLM regions (27 ± 1 and 33 ± 2% 

respectively), with sst2a immunoreactivity identified in 57 ± 4 of dorsal compartment and 46 ± 4% of ventral 

compartment TH-immunoreactive neurons. No co-expression of NK1R with TH was detected (although we 

have previously reported a marginal co-expression of NK1R with TH in the RVLM: Makeham et al., 2001): 

preBötC and cC1/CVLM sst2a-positive neurons that co-express NK1R or TH therefore accounted for 81 ± 

4% of the total sst2a-positive population. In the rVRG, sst2a immunoreactive cells formed a dense cluster 

that colocalized with TH neurons (data not shown).  
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sst2a immunoreactivity on functionally identified respiratory 

neurons 

52 respiratory neurons (electroporated: 45, juxtacellularly labelled: 7) were evenly filled with 

neurobiotin (n = 42) or dextran (n = 10), with dendritic/axonal filling also visible. A further 4 

recovered respiratory neurons were positive for ChAT immunoreactivity (and sst2a-negative), 

identifying them as respiratory motoneurons, and were excluded from the current data set. 

ChAT-negative cells were considered as respiratory interneurons or pre-motor neurons. In nine 

cases two neurons were recovered in close proximity to each other when a single labelling 

attempt had been made. In all cases in which multiple neurons were labelled, both were negative 

for sst2a immunoreactivity, so the data were included and counted as a single cell but excluded 

from morphometric analysis. 
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Figure 3.5 Functional classifications and anatomical locations of recovered respiratory neurons. A. Cycle-

triggered histograms illustrating different functional classes of respiratory neurons and B. stereotaxic co-

ordinates at which neurons of each class were recorded and recovered. X-axis of each histogram was 

adjusted such that inspiratory period in each recording is equivalent to the width of the grey band. Red dots 

in B indicate cells illustrated in Figure 3.6. C. Latencies between the onset of neuronal firing and the onset 

of the phrenic/diaphragmatic burst in neurons classified as pre-inspiratory. Dashed line indicates threshold 

for classification. The two neurons with pre-I latencies of >1 s were recorded in one experiment, in which 

the respiratory period was unusually long. Each data point represents the average value recorded in 6 – 10 

consecutive respiratory cycles. D. Dimensions of recovered neurons, classified by functional properties.   
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Cycle-triggered averages of unit firing with respect to diaphragmatic/phrenic nerve activity 

were used to classify neurons according to the functional criteria described by Smith et al. (2007) 

(Figure 3.5): expiratory decrementing neurons (E-dec: n = 10), expiratory augmenting neurons 

(E-aug: n = 4), expiratory tonic discharge neurons (E-flat: n = 9), pre-inspiratory neurons (pre-

I: n = 15) and early inspiratory neurons (early-I: n = 14). Most E-dec and E-aug neurons (10/14) 

were located within 500 µm of the caudal pole of the facial nucleus, with an average depth of 

3.04 ± 0.08 mm from the level of obex, anatomically consistent with being within the confines 

of the BӧtC (Sun et al., 1998). The distribution of E-flat neurons was more spread out through 

the VRC. According to the criteria described by Guyenet and Wang (2001), neurons were 

considered pre-I when the first action potential recorded in each respiratory cycle consistently 

preceded the phrenic/diaphragmatic inspiratory burst by >20 ms and discharge continued to the 

peak of phrenic/diaphragmatic discharge. The ‘pre-I latencies’ of neurons classified as pre-

inspiratory are presented in Figure 3.5C. 17/29 pre-I and early-I neurons were recorded between 

600-1100 µm caudal to the facial nucleus, anatomically consistent with the preBӧtC.  

Size estimates of recovered biotin- or dextran-labeled respiratory neurons are presented in 

Figure 3.5D. Excluding data in which multiple neurons were labelled in a single attempt, 

diameters of E-dec, E-aug, E-flat, pre-I and early-I neurons were 17.1 ± 1.3 (n = 10), 22.5 ± 3.5 

(n = 4), 21.5 ± 1.4 (n = 9), 19.3 ± 1.4 (n = 15) and 19.4 ± 1.1 (n = 14) µm respectively. No 

recovered neurons were sst2a-immunoreactive. In some cases, dye-labelled neurons were 

recovered in close proximity to sst2a-immunoreactive cell bodies or fibers, and in all cases sst2a-

positive labelling was apparent on the same sections, but clear evidence of sst2a expression was 

absent (Figure 3.6).  
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Figure 3.6 Medullary respiratory neurons do not express sst2a. A. – E. Examples of neurobiotin labelled 

respiratory neurons that were processed for sst2a immunoreactivity. Panel 1 shows neurobiotin labelling 

(orange) and choline acetyl transferase (ChAT: magenta) immunoreactivity; none of the neurons shown are 

ChAT-positive, and are therefore considered to be respiratory interneurons. In each case sst2a-positive fibers 

or somata were visible in the region of the recovered neuron (Panel 2), but no neurobiotin-labelled cells (n 

= 52) were sst2a-positive. Panel 3 shows corresponding electrophysiological recordings from each neuron. 

Photomicrographs are taken in the coronal plane with the ventral surface towards the bottom of the field of 

view; nucleus ambiguus is visible as a cluster of cholinergic neurons in panels A, B, C & E. Scale bars in 

photomicrographs denote 50 μm; scale bars in electrophysiological recordings denote 1 s. Electrical noise in 

EMG trace shown in E3 has been edited to aid clarity.   
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Discussion  

The current study provides a detailed description of the distribution of sst2a expressing neurons 

in the VLM with reference to functionally and neurochemically distinct respiratory 

compartments. We report that sst2a is distributed across a contiguous region of the ventral 

brainstem that encompasses the RTN, RVLM C1 group, preBӧtC and rVRG, but that 

colocalization of sst2a with markers of respiratory function, as defined by anatomical location 

and neurochemical phenotype, is sparse or absent in all but the preBӧtC, where substantial 

colocalization of sst2a with NK1R was identified. These findings were supported by 

electrophysiological experiments in which neurons were selected by anatomical and functional 

criteria and recovered for sst2a immunohistochemistry: no sst2a-positive neurons were identified. 

Taken together, the findings suggest that somatic expression of sst2a is rare on classically 

defined respiratory neurons, and challenges the mechanisms previously proposed to account for 

the effects of SST administration on respiratory rhythm generation and pattern formation. 

Somatic expression of sst2a receptor is absent in the Bötzinger 

Complex 

One of the specific aims of the current study was to examine the hypothesis that sst2a is marker 

for BӧtC E-Dec neurons. This population is, along with other subsets of BötC expiratory 

neurons, largely glycinergic (Schreihofer et al., 1999; Ezure et al., 2003a), and is proposed to 

play a role in inspiratory-to-expiratory phase transition and generation of post-inspiratory 

activity (Ezure & Manabe, 1988; Smith et al., 2013; Dutschmann et al., 2014). Our hypothesis 

was based on the observation that microinjection of SST into the BötC evokes apneusis and loss 

of post-inspiratory activity in vagal (and sympathetic) nerve activities (Burke et al., 2010), 

suggestive of a specific inhibitory effect on E-Dec neurons. We found that sst2a 

immunoreactivity was closely associated with the C1 cell group, which lies immediately ventral 
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to the BötC, but sparse in the BötC, with no colocalization with GlyT2 mRNA, the distribution 

of which was similar to that described in previous investigations (Schreihofer et al., 1999; Ezure 

et al., 2003a; Tanaka et al., 2003). No sst2a immunoreactivity was detected in 15 expiratory-

locked BötC neurons, of which 7 had a decrementing firing pattern. We conclude that somatic 

expression of sst2a is absent from the BӧtC, and therefore not a marker BӧtC E-Dec neurons. 

sst2a is associated with preBötzinger Complex NK1R neurons but 

not widely expressed on functionally identified neurons 

In contrast to the BӧtC, high levels of sst2a expression were consistently observed in the preBötC. 

Most sst2a-positive neurons in this region were also immunoreactive for either NK1R (54%) or 

TH (27%), leaving the neurochemical phenotype of only 19% of sst2a-positive neurons 

unaccounted for. The association between sst2a and NK1R expression in the preBötC has not 

previously been quantified, but our findings are consistent with qualitative studies of neonatal 

mice (Gray et al., 2010; Gray, 2013), which propose that glutamatergic neurons which express 

NK1R, sst2a and/or SST are an anatomical marker for the ‘core’ of the preBötC.  

We observed no expression of sst2a on 18 neurons recorded within the strict anatomical 

boundaries of the preBötC, of which eleven exhibited the pre-inspiratory discharge that is a 

signature for putative pacemaker neurons. We therefore conclude that, despite a relatively high 

expression of sst2a within the preBötC, the expression of sst2a on inspiratory-locked neurons, or 

at least those neurons amenable to extracellular recording in vivo, is unexpectedly low. 

Technical considerations 

There are two caveats to our conclusion that sst2a is rarely expressed on preBötC inspiratory 

neurons. First, it may be that sst2a is present on some, but expressed at levels too low to detect 

using immunohistochemistry. Second, it may be that sst2a-expressing respiratory neurons are 

abundant, but difficult to record and/or label. 
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The monoclonal anti-sst2a antibody used in the current study resulted in robust labelling of 

neuronal cell bodies in regions in which sst2a immunoreactivity has previously been observed 

using other well-validated anti-sst2a antibodies (Burke et al., 2008; Spary et al., 2008; Gray et 

al., 2010), and resulted in labelling of fibers in brainstem regions in which little or no somatic 

labelling was visible, suggesting a reasonable level of sensitivity. The specificity of this 

antibody has previously been verified to a high standard, including artificial expression and 

knockout animals (Fischer et al., 2008), and the antibody has been recommended as a gold 

standard tool for the clinical detection of sst2a-expressing tumors (Korner et al., 2012). We have 

recently shown that binding of the rabbit monoclonal anti-sst2a antibody correlates well with 

SST sensitivity in RVLM bulbospinal neurons recorded in vitro (Bou Farah et al., 2015), and 

therefore interpret sst2a labelling as reliable evidence of sst2a protein expression, although it is 

possible that low levels of sst2a expression remained undetected. 

Alternatively, it may be that sst2a-expressing neurons contribute to the generation of respiratory 

drive, but that their activity profile does not conform to the expected phasic bursting pattern 

used to select putative respiratory neurons for labelling, or that their morphologies or size make 

them unamenable to stable recording (Humphrey & Schmidt, 1990). Although we observed no 

obvious influence of cell size on labelling efficiency when developing our single-cell 

electroporation technique in vitro (Dempsey et al., 2015), the size range of respiratory neurons 

labelled in the current study indicates a bias towards larger neurons, probably reflecting a 

limitation of the extracellular recording technique rather than a deficiency in the approach used 

to label them. This may be problematic when considering putative pre-inspiratory neurons in 

the preBötC, as SST is largely restricted to smaller neurons (typically 10 x 18 µm: Stornetta et 

al., 2003a; Wei et al., 2012). Indeed, the same argument has been proposed to explain the 

absence of SST in functionally identified preBötC neurons (Stornetta et al., 2003a). Although 

some of the labelled preBötC neurons fell within that range, most were larger, with average 
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dimensions of 14.1±1.1 x 23.7±1.9 µm (n = 17). Another possibility is that sst2a is expressed on 

a small minority of respiratory neurons, and that our sample size was insufficient to detect the 

sst2a-positive population. The Monte Carlo model presented by Del Negro et al. (2002b) is 

useful for calculating the statistical power of strings of binary observations, such as sequences 

of coin-tosses. Applied to our observation that sst2a was undetectable in all 17 preBötC neurons, 

their model indicates a 96% probability that sst2a is expressed on less than 20% of preBötC 

neurons (assuming that sst2a-positive and sst2a-negative neurons are equally likely to be labelled) 

and, extended to include all 52 neurons recovered in the current study, <5.5% of VRC 

respiratory neurons overall (95% confidence). 

Functional implications 

Based on our previous findings (Burke et al., 2010) we hypothesized that the expression of SST 

receptors on BötC E-Dec neurons likely mediates the apneusis evoked by BötC SST 

microinjection at doses above 6 pmol. The results of the current study unambiguously indicate 

that sst2a expression is not associated with glycinergic or expiratory-locked BötC neurons. We 

therefore conclude that the effects evoked by SST microinjection in the BötC are probably not 

mediated by somatic expression of sst2a on respiratory neurons, and may instead indicate 

expression of other SST receptor isoforms or effects on neurons presynaptically connected to 

BötC neurons. Given that RVLM sympathetic premotor neurons lie immediately adjacent to 

BötC neurons (Kanjhan et al., 1995), are inhibited by exogenous SST application (Burke et al., 

2008; Bou Farah et al., 2015), and have been recently shown to accelerate respiration frequency 

when optogenetically activated (Abbott et al., 2013; Abbott et al., 2014; Burke et al., 2014), it 

is conceivable that withdrawal of excitatory drive from RVLM C1 neurons contributes to the 

apneustic breathing previously observed following microinjection of SST in the BötC. 
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We focused on the sst2a receptor isoform following numerous surveys of SST receptor protein 

and mRNA expression that consistently identified high levels of sst2a in the VLM. However, of 

the 5 other SST receptor isoforms, only sst3 and sst5 have been reported as completely absent, 

with sst1, sst2b and sst4 expressed at variable levels (Burke et al., 2008; Spary et al., 2008; 

Ramirez-Jarquin et al., 2012). Functional studies support a key role for sst2 in driving responses 

to exogenous SST in the C1 region and preBötC, as they are abolished by sst2 blockade and 

mimicked by the sst2-selective agonist BIM23014c (Burke et al., 2008; Ramirez-Jarquin et al., 

2012). However, to date no agents with selectivity for the sst2a or sst2b splice variants have been 

used to define SST-sensitive populations of respiratory neurons, and no subtype-specific agents 

have been used to assess SST sensitivity in respiratory compartments other than preBötC, 

leaving potential roles for other SST receptor isoforms in mediating responses to exogenous 

SST. 

The intersection of the sst2a-, NK1R- and somatostatin-positive populations is widely believed 

to represent the core rhythm-generating kernel of the preBötC (Stornetta et al., 2003a; Gray et 

al., 2010; Feldman et al., 2013; Smith et al., 2013). This hypothesis is based on the restricted 

distribution of this group and observations that selective silencing of SSTergic, SST-, or 

substance P-sensitive preBötC neurons profoundly inhibits respiratory rhythmogenesis (Gray 

et al., 2001; McKay et al., 2005; McKay & Feldman, 2008; Tan et al., 2008; Burke et al., 2010). 

However, a logical prediction of this hypothesis is that neurons with a pre-inspiratory activity 

profile should express NK1R, SST, or sst2a, and this does not seem to be the case. NK1R is only 

expressed on a minority of electrophysiologically characterized preBӧtC pre-inspiratory 

neurons (~34%: Guyenet & Wang, 2001). The same investigators were unable to detect 

evidence of SST expression in 36 respiratory neurons labelled in the same region (Stornetta et 

al., 2003a), and we report here that sst2a was not detected on inspiratory preBӧtC neurons. Taken 
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together, these findings suggest that modification of the existing hypotheses regarding the 

neurochemical phenotype of the rhythm-generating core may be necessary. 

Given the low prevalence of NK1/SST/sst2a expression in phasic preBӧtC neurons, we support 

the proposal that NK1/SST/sst2a-positive neurons may possess an electrophysiological signature 

that is tonic, not phasic, as previously postulated (Gray et al., 1999; Stornetta et al., 2003a). 

This would allow them to contribute to the rhythm-generating circuit while eluding 

electrophysiological characterization as ‘respiratory’ neurons. Such properties would explain 

the discord between predicted neurochemical and functional phenotype, and are consistent with 

some older models of respiratory rhythm generation, in which tonic excitatory drive regulates 

the excitability of the rhythmogenic kernel (Smith et al., 2000). Alternatively, it may be that 

input from this group is not required by the rhythm generating core of the preBӧtC, but instead 

represents a peripheral component of the rhythm generating network. This view is supported by 

recent work by Tupal et al. (2014), who found that elimination of glutamate release from 

SSTergic preBӧtC neurons is not associated with any respiratory phenotype, as would be 

predicted if this population contained the pacemaking kernel. 

In the current study we describe widespread expression of sst2a immunoreactivity that spans 

regions of the VLM associated with respiratory function. However, the association between 

sst2a and neurochemical markers of respiratory function is poor, and we were unable to find any 

evidence of sst2a expression in neurons with phasic respiratory discharge. We therefore 

conclude that somatic sst2a expression is a poor marker of respiratory function in this region. 
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4.  
The connectome of rostral 

ventrolateral medulla C1 

neurons 
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Abstract 

In normal animals, basal sympathetic nerve activity (SNA) exhibits a bursting firing pattern that 

is synchronized with specific phases of the respiratory motor cycle. The respiratory modulation 

is augmented in neurogenic or artificially induced hypertensive animal models, suggesting an 

abnormal interaction between the respiratory and sympathetic neural network could be causal 

to the development of hypertension. Evidence suggests that the rostral ventrolateral medulla 

(RVLM) is a site of convergence in mediating respiratory-sympathetic coupling. However, the 

cellular sources of respiratory drive have not been identified. RVLM C1 neurons are thought to 

play a key role in transmission of vasomotor sympathetic drive and mediation of multiple reflex 

pathways that modulate SNA. Elucidating the organization of the circuits that control these 

neurons is a key research objective. Here we present brain-wide connectomic maps of neurons 

that provide monosynaptic drive to RVLM C1 neurons, generated using a two-step restricted 

trans-synaptic viral tracing strategy. C1 neurons were first transduced with a lentiviral vector to 

express a cassette containing the cognate avian receptor TVA and rabies G-protein under the 

control of a C1 neuron preferring promoter: PRSx8. TVA-expressing neurons were then 

selectively infected with a reporter-expressing rabies variant, SAD∆G (EnvA)-mCherry, which 

retrogradely and trans-synaptically labelled neurons that provide monosynaptic drive to RVLM 

C1 neurons. We observed reproducible patterns of inputs arising from the dorsal, contralateral, 

and midline medulla, as well as local RVLM interneurons and neurons likely to reside within 

the Bӧtzinger, pre-Bӧtzinger, and ventral respiratory groups. Distant inputs were identified in 

the pons and midbrain, and included previously suspected sites of monosynaptic drive such as 

the paraventricular nucleus of the hypothalamus. 
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Introduction 

The correlation between elevated sympathetic nerve activity (SNA) and essential hypertension 

is well documented in both human and animals studies (for reviews see Grassi, 1998; Guyenet, 

2006). Measurement of SNA in humans using microneurography or noradrenaline spill-over 

demonstrated elevated SNA in hypertensive and pre-hypertensive patients (Esler, 2000; 

Schlaich et al., 2004). Furthermore, the contribution of an over activated sympathetic system to 

the initiation and development of essential hypertension has been extensively demonstrated in 

animal models (Judy & Farrell, 1979; Lee et al., 1987). The mechanisms of initiation and 

development of elevated SNA are not well understood. Dysfunction of noradrenaline release or 

reuptake (Cabassi et al., 1998) and attenuated and depressed development of the baroreceptor 

reflex (Struyker-Boudier et al., 1982; Head, 1995) have been historically proposed as a cause 

of the elevated SNA observed in spontaneous hypertensive rats (SHR). However, the role of the 

baroreflex in long term regulation of blood pressure has since been largely discredited (for 

review see Cowley, 1992). 

Another possible mechanism that could potentiate SNA is via enhanced respiratory-sympathetic 

coupling (for review see Zoccal et al., 2009). It has long been recognized that sympathetic nerve 

activity exhibits phasic bursts that are synchronized with the respiratory cycle (Adrian et al., 

1932). Many studies have been conducted to investigate this interaction at the circuit and single 

neuron level (Haselton & Guyenet, 1989a; Mandel & Schreihofer, 2006). Synchronization of 

SNA and respiratory activity seems to be of central origin as denervation of peripheral 

mechanical and chemoreceptor afferents does not alter the coupling. Also, systemic hypoxia 

and hypercapnia challenges affect the temporal relationship and magnitude of respiratory-

sympathetic coupling, but do not abolish the synchronization in SHR or normotensive Wistar-

Kyoto rats (Czyzyk-Krzeska & Trzebski, 1990). Enhanced respiratory-sympathetic coupling 

was observed in juvenile Sprague-Dawley (SD) rats made hypertensive via chronic intermittent 
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hypoxia treatment (Zoccal et al., 2008). Simms et al (2009) showed an augmented respiratory 

modulation of SNA presenting in neonatal SHR, moreover, they demonstrated this augmented 

respiratory-sympathetic coupling to be a causal factor in producing increased Traube-Hering 

arterial pressure waves prior to the establishment of hypertension. These findings suggest that 

enhanced coupling with the central respiratory generator may drive the elevation of SNA and 

therefore contribute to the development of essential hypertension. 

The neural circuits that underlie respiratory-sympathetic coupling have not been conclusively 

demonstrated. Single neuron studies show that individual neurons in the RVLM exhibit a 

diversity of respiratory modulated discharge patterns (Haselton & Guyenet, 1989b; Miyawaki 

et al., 1995; Moraes et al., 2013). 40 - 70% of bulbospinal presympathetic RVLM neurons 

contain the enzyme phenylethanolamine N-methyltransferase (PNMT) to synthesize adrenaline 

and are known as C1 neurons (Hökfelt et al., 1973, 1974; Blessing et al., 1981; Ross et al., 

1981; Goodchild et al., 1984; Stornetta et al., 2002). C1 neurons also contain other 

catecholamine synthesizing enzymes for the production of adrenaline (i.e. tyrosine hydroxylase 

(TH) and dopamine beta-hydroxylase (DβH) (Phillips et al., 2001)). Although bulbospinal 

barosensitive neurons in the C1 region appear to include both C1 and non-C1 phenotypes 

(Lipski et al., 1995; Schreihofer & Guyenet, 1997), C1 adrenergic RVLM neurons exhibit a 

more pronounced respiratory modulation in vagal intact rats (Haselton & Guyenet, 1989b; 

Moraes et al., 2013; Moraes et al., 2014), and exhibit the same level of respiratory modulation 

in vagotomised rats (Haselton & Guyenet, 1989a). The above observation supports the theory 

that RVLM C1 presympathetic neurons are potentially a major convergent site of respiratory-

sympathetic coupling (Guyenet et al., 1990). 

Retrograde tracing studies indicate that the RVLM region is a site of termination for several 

brain regions that are involved in respiratory control, such as the Kölliker fuse (KF), lateral 

parabrachial nucleus (LPBN) in the pons, and the nucleus of the solitary tract (NTS), 
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retrotrapezoid nucleus (RTN), and midline raphe (Van Bockstaele et al., 1989; Bowman et al., 

2013). None of these regions are considered to be essential for respiratory rhythm genesis 

(Smith et al., 1991). Pontine respiratory neurons have been shown to play a limited role in 

respiratory-sympathetic coupling as pontomedullary transection attenuates but does not abolish 

the respiratory modulation of SNA (Baekey et al., 2008). A more feasible candidate that can 

provide direct drive to modulate SNA would be respiratory neurons in the ventral respiratory 

column (VRC), especially neurons located in the areas adjacent to the RVLM, known as the 

Bötzinger complex (BötC), and preBötzinger complex (preBötC). The VRC contains key 

circuits that generate respiratory rhythm (for reviews see Smith et al., 2012; Feldman et al., 

2013). However, because respiratory neurons and cardiovascular neurons are intermingled in 

the ventral medulla (Ellenberger & Feldman, 1990; Pilowsky et al., 1990), it is almost 

impossible to reveal potential sources of respiratory input to the RVLM arising from the VRC 

using conventional tracing techniques. 

The aim of the current study is to address the question of whether putative respiratory neurons 

in the BötC, preBötC, or ventral respiratory group (VRG) are a source of monosynaptic drive 

to RVLM sympathetic premotor neurons. To examine this question we used a recombinant 

rabies virus, SADΔG(EnvA)-mCherry, in which cell entry and trans-synaptic spread are 

restricted to neurons that express the receptor TVA and rabies glycoprotein (G) respectively 

(Callaway & Luo, 2015; Nassi et al., 2015). In brief, this tracing strategy exploits the retrograde 

trans-synaptic infection mechanism used by the rabies virus and the critical role played by the 

rabies glycoprotein in mediating that mechanism. As previously described (Wickersham et al., 

2007a; Wickersham et al., 2007b), two critical modifications were made to wild-type rabies to 

generate SADΔG(EnvA)-mCherry: first, the gene encoding rabies glycoprotein, was deleted 

from the genome and replaced with a gene encoding the fluorescent protein mCherry. This 

modification renders the virus incapable of infecting naive neurons and renders it incapable of 
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trans-synaptic spread (Mebatsion et al., 1996), but does not impair the ability of the virus to 

replicate. The key concept at the heart of the tracing strategy is that the capacity to trans-

synaptically spread can be temporally rescued by supplying the rabies glycoprotein in trans 

(Marshel et al., 2010; Liu et al., 2013; Takatoh et al., 2013): the glycoprotein is incorporated 

as the virus self-assembles, enabling it to travel retrogradely to the next order of connected 

neurons. However, lacking the glycoprotein gene, the virus replicates within the second tier of 

the synaptic hierarchy but can spread no further. The second modification is that glycoprotein-

deleted rabies is pseudotyped (coated) with an envelope protein (EnvA) derived from an avian 

sarcoma and leucosis virus. The cognate receptor for EnvA is the TVA receptor, which has no 

mammalian homologue. This modification enables targeted introduction of the rabies virus into 

cells that express TVA. By driving both the expression of TVA and the rabies glycoprotein on 

selected populations of neurons, the entry and trans-synaptic spread of SADΔG(EnvA)-

mCherry can be restricted to targeted cell types. 

In the current study we used a lentiviral vector (Lv-PRSx8-YTB) to introduce a cassette (YTB) 

that drives the expression of rabies glycoprotein, TVA, and YFP in RVLM catecholaminergic 

neurons. Expression of the gene cassette was controlled with the PRSx8 promoter, which has 

been widely used to target RVLM C1 neurons by other researchers (Abbott et al., 2009a; Kanbar 

et al., 2010; Marina et al., 2011). We then infected TVA-expressing C1 neurons with 

SADΔG(EnvA)-mCherry and mapped the distribution of monosynaptically connected input 

neurons. 
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Methods 

Animal experiments were approved by Macquarie University Animal Ethics Committee and 

adhered to the Australian code of practice for the care and use of animals for scientific purposes. 

Vector preparation 

A lentiviral vector that drives YFP along with TVA and rabies G, required for cell entry and 

trans-synaptic spread respectively, was manufactured by sub-cloning a plasmid that contains all 

three sequences, pCAG-YTB (Addgene 26721) into a lentiviral backbone under the control of 

the PRSx8 promoter (Chen et al., 2010). Unpseudotyped SADΔG-mCherry and 

SADΔG(EnvA)-mCherry were produced and titrated as described by Osakada and Callaway 

(2013); the titers used for injections were 2x109 and 6.8x107 IU/ml respectively. 

SADΔG(EnvA)-mCherry purity was determined by infection of naïve HEK cells and 

determined to contain approximately 5.3x103 unpseudotyped virions per ml (i.e. <1 virion/100 

nl injection). Vectors were stored in 3 µl aliquots at -80 oC until experiments. Injection of 

SADΔG(EnvA)-mCherry in the absence of YTB expression resulted in no labelling in two 

control experiments (Data not shown). 

Vector injections 

Adult male SD rats (250-350 g) were anaesthetised with intraperitoneal ketamine (75 mg/kg; 

Parnell Laboratories, Australia) mixed with medetomidine (0.75 mg/kg; Pfizer Animal Health, 

Australia). Prophylactic antibiotics (100 mg/kg Cephazolin sodium, i.m.; Mayne Pharma, 

Australia) and analgesia (2.5-10 mg/kg Carprofen, s.c.; Norbrook Pharmaceuticals, Australia) 

were administered. A satisfactory depth of anaesthesia was indicated by a lack of motor 

responses to firm pinching of the hind paws. Rats were shaved on the head and the left cheek, 

and the skin was cleaned three times with 10% povidone-iodine solution (BetadineTM Mayne 

Pharma, Australia). Core temperature was monitored by a rectal thermometer and maintained 
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at 36 - 38 oC by a heating pad. Anaesthetic depth was regularly monitored by checking motor 

and respiratory responses to noxious pinching of the hind paws. Supplementary anaesthetic 

(ketamine 7.5 mg/kg i.p.) was administered as required. Rats were positioned in a stereotaxic 

frame with the incisor bar adjusted 3.3 mm below the ear bar to achieve a head flat position. 

The left facial nerve was exposed. A midline incision was made along the skull, and a hole, 

approximately 4x4 mm, was made in the occipital bone 2 mm lateral to midline. The dura was 

cut with a 26G needle and cerebellum exposed. The caudal border of the facial nucleus was 

determined by mapping antidromic facial field potentials using a borosilicate pipette filled with 

viral vector in PBS (resistance <2 MΩ) as previously described (Brown & Guyenet, 1984). 50 

nl Lv-PRSx8-YTB was microinjected 100-200 µm caudal to the caudal border of the facial 

nucleus at a depth equivalent to the most ventral depth where the evoked field potential was 

detected in the facial nucleus. The pipette was held in place for 5 minutes after the injection to 

prevent backflow of the vector and slowly withdrawn. Wounds were irrigated with sterile saline, 

covered with oxidized cellulose haemostat and closed with sutures or surgical clips. Anaesthesia 

was reversed with atipamazole (0.4 mg/kg, s.c.; Pfizer Animal Health, Australia). Animals were 

closely monitored until ambulatory and returned to the home cage with twice-daily monitoring 

and additional analgesia as required until fully recovered. 

4 - 6 weeks after injection of Lv-PRSx8-YTB, rats were re-anaesthetized and treated with 

analgesia and prophylactic antibiotics as described above. The same surgical procedure was 

performed and 50 nl of SADΔG(EnvA)-mCherry was microinjected into the same location as 

Lv-PRSx8-YTB. Wounds were closed and anaesthesia reversed as described above. Rats were 

allowed to recover for 7 - 10 days before being sacrificed (Figure 3.2 A). 

Perfusion and tissue collection 
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Rats were euthanized with sodium pentobarbitone (100 mg/kg i.p.) and immediately perfused 

with 400 ml heparinized 0.9% NaCl followed by 400 ml freshly prepared fixative solution (4% 

paraformaldehyde/0.1 M phosphate buffer; pH 7.4; Sigma-Aldrich, Australia). Brains were 

removed under RNAse free conditions and further fixed overnight in the same solution.  

The whole brain was mounted and coronal or sagittal brain sections (50 µm) were cut on a 

vibrating microtome and collected in 4 pots in 0.01 M Tris-phosphate buffered saline (TPBS). 

Sections containing the RVLM region were selected for YFP and TH immunohistochemistry. 

Remaining sections from the same pot were mounted directly onto glass slides in order. Slices 

in the remaining pots were transferred to cryoprotectant solution (500 μM polyvinylpyrrolidone, 

76.7 mM Na2HPO4, 26.6 mM NaH2PO4, 876 mM sucrose, 5 mM ethylene glycol ) for storage 

at - 20 oC or to phosphate buffered saline containing 0.1% Tween-20 (PBT; Sigma-Aldrich, 

Australia) for further immunohistochemistry. 

Histology, in situ hybridization and immunohistochemistry 

Synthesis of cRNA probe and in situ hybridization were performed as previously described 

(Parker et al., 2013; Le et al., 2016). Detailed protocols are in the Methods section in Chapter 

3.  

For fluorescent immunohistochemistry, brain sections were washed in PBT for 3 x 15 min and 

incubated in 0.01 M phosphate buffered saline containing 2% bovine serum albumin and 0.2% 

TritonX-100 or Tween-20 for 1 h at room temperature. Primary antibodies (Table 2.1) were 

added to the blocking buffer and sections were incubated for 48 h at 4 °C. Sections were washed 

in TPBS (3 x 30 min) and incubated in IgG secondary antibodies for 12 h at 4 °C. Processed 

sections were washed again in TPBS (3 x 30 min) before being mounted in serial order on glass 

slides and coverslipped with Dako fluorescence mounting medium (Dako, #S302380-2) for 

imaging.  
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Table 4.1 Antibodies 

Antibody name Immunogen Manufacturer details Concentration 

Primary antibodies    

Guinea pig anti-neurokinin 

1 receptor (NK1R) 

C-terminus amino acid 

sequence 393–407 

(KTMTESSSFYSNML

A) of synthetic rat 

NK1R peptide 

Millipore 

Cat# AB15810 

Lot# LV1587443 

RRID: AB_992894 

Polyclonal 

1:1,000 

Rabbit anti-NK1R C-terminus amino acid 

sequence 393–407 

(KTMTESSSFYSNML

A) of synthetic rat 

NK1R peptide 

Sigma-Aldrich 

Cat# S8305 

Lot# 67K4885 

RRID: AB_261562 

Polyclonal 

1:5,000 

Mouse anti-tyrosine 

hydroxylase (TH) 

Rat tyrosine hydroxylase N-

terminal region (approx. aa 

9–16) 

Sigma-Aldrich 

Cat# T1299 

RRID: AB_477560 

Monoclonal 

1:8,000 

Sheep anti-digoxigenin Digoxigenin, whole Roche Applied Science 

Cat# 11093274910 

RRID: AB_514497 

Polyclonal 

1:1,000 

Secondary antibodies    

Cy3- AffiniPure donkey 

antigoat IgG (H1L) 

Whole molecule goat IgG Jackson 

ImmunoResearch 

Laboratories,INC 

Cat# 705-165-147 

Lot# 68839 

RRID: AB_2307351 

Polyclonal 

1:250 

Alexa Fluor 647-

AffiniPure donkey 

antirabbit IgG (H1L) 

Whole molecule rabbit IgG Jackson 

ImmunoResearch 

Laboratories,INC 

Cat# 711-605-152 

Lot# 105115 

RRID: AB_2492288 

Polyclonal 

1:250 

Alexa Fluor 647 donkey 

antirabbit IgG (H1L) 

Rabbit, IgG heavy & light chains Life Technologies 

Cat# A31573 

Lot# 1322326 

RRID: AB_10561706 

Polyclonal 

1:250 

Alexa Fluor 488-

AffiniPure donkey 

antiguinea pig IgG 

(H1L) 

Whole molecule guinea pig IgG Jackson 

ImmunoResearch 

Laboratories,INC 

Cat# 706-545-148 

Lot# 161406 

RRID: AB_2340472 

Polyclonal 

1:250 

Alexa Fluor 647 goat 

antiguinea pig IgG 

(H1L) 

Domestic guinea pig, 

IgG heavy & light 

chains 

Life Technologies 

Cat# A21450 

Lot# 1235826 

RRID: AB_10564076 

Polyclonal 

1:250 
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Alexa Fluor 488 donkey 

antimouse IgG (H1L) 

Mouse, IgG heavy & light chains Life Technologies 

Cat# A21202 

RRID: AB_10049285 

Polyclonal 

1:250 
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Imaging 

Slices from pot 1 with rabies-labelled neurons were imaged under epifluorescence (Zeiss 

AxioImager Z2 microscope, 10x/0.30 NA M27 objective lens running ZEN 2012). Neurons 

containing both YFP and mCherry were categorized as starter neurons and further sub-

categorized as TH-positive (C1 starter neurons) or -negative (non-C1 starter neurons) according 

to their immunoreactivity to tyrosine hydroxylase. 

Confocal images were taken using a Leica TCS SP5X confocal microscope (Leica 

Microsystems Pty Ltd, North Ryde, NSW, Australia) and acquired using Leica Application 

Suite Advanced Fluorescence software (LAS:AF, Leica, Germany). Images were optimised 

using ImageJ and FIJI plugin package (NIH, Bethesda, Maryland, USA) and figures prepared 

using CorelDraw x4. 

Data analysis 

Image annotation 

Images containing starter or input neurons were manually annotated using Zen software (Figure 

4.1 A). Metadata containing the x,y, pixel coordinates of each annotated neuron and the height 

and width of the image were extracted using ImageJ/FIJI package (NIH, Bethesda, Maryland, 

USA) and organised in tables using Microsoft Excel. 

Image alignment and anchoring  

2D histological images were manually aligned with an interactive MRI whole brain dataset 

obtained from a male Sprague Dawley rat (Papp et al., 2014) as previously described (Dempsey, 

2016). An overview of image alignment workflow is provided in Figure 4.1. In brief, 

micrographs of brain sections were contrast-optimised for differentiation of grey and white 

matter and uploaded to navigator-3 (N3) platform in virtual tissue blocks. Image alignment and 

anchoring was achieved using a beta version of the AligNII tool embedded in N3. Histological 

sections were aligned to the corresponding MRI image by manually adjusting the angles and 
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scales of the MRI virtual plane. Once each image was optimally aligned to its MRI equivalent 

the image was considered ‘anchored’; geometric vectors corresponding to the rostrocaudal level 

of the image origin, deviation from the vertical and horizontal planes, scaling and rotation were 

calculated by the anchoring tool in the N3 platform and exported as metadata. With this 

information the position of any point in a histological image could be converted to 3-

dimensional Waxholm co-ordinates in Microsoft Excel. Waxholm co-ordinates are by 

convention presented in the xyz format (lateral, rostrocaudal, dorsoventral) with a voxel 

resolution of 39 µm. The interested reader is directed towards CutNii, a freely downloadable 

explorer and custom-angle slicer for the Waxholm dataset (Csucs & Bjaalie, 2015), which is 

similar to the N3 tool used for image alignment (although it does not allow overlay or anchoring 

of histological images). 



- 109 - 

 

 

Figure 4.1 Anchoring workflow. A.Original coronal epifluorescence image showing the location of a single 

rabies-labelled input neuron (yellow box, inset in A’). Following manual annotation, the pixel coordinates 

of the neuron were exported to a spreadsheet and the image contrast adjusted for optimal visualization of 

anatomical landmarks (Bi). The image was then aligned to a corresponding section plane through the 

Waxholm atlas template (Bii) using a beta version of an image alignment/anchoring tool embedded in the 

Navigator-3 system. The anchoring tool allowed accurate positioning of the image plane in the MRI-derived 

atlas template. The orientation of the plane of the image is close to coronal, as shown in the blue frames in 

Biii and Biv. (The parasagittal plane through the atlas template shown in Biii corresponds to the vertical 

blue line in Bi and Bii, whereas the horizontal plane in Biv corresponds to the horizontal blue lines in Bi and 

Bii. The red dots in Biii and Biv represent the intersections with the horizontal and parasagittal planes, 

respectively. Anchoring vectors generated by Navigator-3 were then used to translate the pixel co-ordinates 

of annotated neurons into xyz Waxholm coordinates and integrated into the Waxholm segmentation model 

(C).  
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Volumetric brain modelling 

The segmentation model of the Waxholm Sprague Dawley dataset was downloaded from the 

International Neuroinformatics Coordinating Facility Software Center (Papp et al., 2015) and 

imported into Imaris volumetric imaging software (Version 8.1, Bitplane AG, Switzerland) 

following conversion to the Biorad format in ImageJ. Each segmented area was individually 

rendered using the Imaris ‘contour surface’ function, resulting in a surface-rendered model that 

incorporates all of the regions demarcated in Waxholm space. Tabulated Waxholm coordinates 

of input, non-C1 starter, and C1 starter neurons were then imported using a Python script 

('CreateSpotsFromFile', http://open.bitplane.com/tabid/235/Default.aspx?id=70), resulting in a 

3d model of the Waxholm brain populated with points corresponding to identified neurons. 

Another script was then used to automatically quantify the number of input neurons that lay 

within each segmented region ('Spots split into surface objects', 

http://open.bitplane.com/tabid/235/Default.aspx?id=19).  

Segmentation of the RVLM in Waxholm space 

The Waxholm segmentation model does not differentiate brainstem subnuclei. We used the 

locations of bulbospinal TH-immunoreactive RVLM neurons to define the anatomical 

boundaries of the RVLM in Waxholm space, as previously described (Dempsey, 2016). In brief, 

data were obtained from six rats in which neurons projecting to the T2 and or T10 spinal 

segments were labelled using a recombinant herpes virus with a retrograde tropism, HSV-

hCMV-GFP or HSV-hCMV-mCherry. Vector injections were performed under ketamine-

medetomidine anaesthesia as described above and directed towards the intermediolateral 

column (IML) of the spinal cord. 4 – 7 days later rats were euthanized and tissue processed and 

imaged as described above. TH-positive bulbospinal RVLM neurons (n = 273) were annotated 

and anchored in Waxholm space. The lateral co-ordinates of all neurons were represented as 

being on both sides of the brainstem for segmentation; two-dimensional contour maps 

indicating the density of labelling were then generated for each dorsoventral level using the 

http://open.bitplane.com/tabid/235/Default.aspx?id=70
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Plotly visualization tool (https://plot.ly, 10 voxel resolution). Contours enclosing pixels that 

contained >2 neurons/10 pixel radius in the horizontal plane were converted to an image stack, 

imported the virtual Waxholm rat brain using Imaris, and surface rendered. 

The geometric epicenter of the region containing C1 bulbospinal neurons was located at 

Waxholm coordinates 198 lateral, 313 rostrocaudal, 182 dorsoventral, corresponding to a 

position 1.78 mm lateral to the midline, 117 μm rostral to the caudal pole of the facial nucleus, 

and 339 μm dorsal to the ventral surface of the medulla immediately beneath the epicenter. As 

indicated by the 5th and 95th percentiles of this dataset, RVLM sympathetic premotor neurons 

spanned Waxholm co-ordinates 185 - 210 lateral (2.28 – 1.31 mm lateral to midline), 301 – 324 

rostrocaudal (351 μm caudal to 546 μm rostral to caudal pole of the facial nucleus) and 178 – 

193 dorsoventral (117 – 702 μm from the ventral surface of the brainstem). The RVLM 

segmented model generated from these co-ordinates is density-encoded, and therefore differs 

slightly from the geometric boundaries indicated above. Our segmentation encloses a 

dorsoventrally flattened ovoid in which the long axis runs medial in more rostral sections and 

spans Waxholm coordinates 176 – 218 lateral (2.6 – 1 mm lateral to midline), 287 - 327 

rostrocaudal (900 μm caudal to 663 μm rostral to caudal pole of the facial nucleus) and 174 – 

198 dorsoventral (39 μm ventral – 897 μm from the ventral surface of the brainstem). This 

region contained 86% of TH-positive bulbospinal neurons (n = 236). 

Segmentation of the facial nucleus, nucleus ambiguus, Bötzinger and preBötzinger 

Complex in Waxholm space 

Surface objects were created using Imaris contour drawing tools. The facial nucleus and NA 

were identified directly from the MRI images (rostrocaudal co-ordinates 318 - 350, and 304 - 

318 respectively). BötC and preBötC regions were defined as longitudinal cylinders (diameter 

= 13.4 voxel, equivalent to 522 µm) situated directly beneath the NA. The segmentation of the 

BötC was created between 303 – 318 voxels rostrocaudally (spaning ~585 µm); the preBötC 
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segmentation was created immediately caudal to the BötC from 291 – 303 voxels (spanning 

468 µm) (Le et al., 2016). 
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Results 

Starter neurons are located within the rostral RVLM and are 

immunoreactive to tyrosine hydroxylase. 

Neurons co-expressing YFP (from Lv-PRSx8-YTB) and mCherry (from SADΔG(EnvA)-

mCherry) were identified as starter neurons, of which 46.9 ± 6.7% (n = 5) were 

catecholaminergic (TH-ir, Figure 4.2 B). Lightly labelled TH-immunoreactive starter neurons 

were under-represented when imaged under 10x epifluorescence magnification. Reimaging of 

five sections (from five rats) containing starter neurons under higher power (20x objective, 

Confocal Leica TCS SP5X) indicated that our standard imaging underestimated TH-

immunoreactive starter neurons by an average of 12% ( epi: 46.2 ± 4.6% vs confocal: 58.2 ± 

7.8% (n = 5). Starter neurons were confined to within ∼600 µm of the caudal pole of the facial 

motor nucleus immediately ventral to the BötC (Figure 4.2 D, E), corresponding to the rostral 

RVLM pressor region (Goodchild & Moon, 2009). 495 starter neurons (99 (72 – 138) [mean 

(range)] per animal) were identified counting every fourth section from 5 animals. When 

imported into the Waxholm brain atlas, 86% (61 - 96%) of starter neurons and 90% (58% - 

100%) of C1 starter neurons fell into the RVLM segmentation (Dempsey, 2016) (Figure 4.2 C, 

D). Aproximately 10% of the non-C1 starter neurons lay in the region immediately ventral and 

caudal to the caudal pole of the facial nucleus and therefore overlapped with the caudal region 

of the retrotrapezoid nucleus (RTN) (Figure 4.3). Occasionally non-C1 starter neurons were 

found in the marginal layer of the ventral medullary surface (Figure 4.3 A’), corresponding to 

the location of chemosensitive RTN neurons (Mulkey et al., 2004), but such examples were 

rare. 
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Figure 4.2 Distribution and phenotype of starter neurons. A. Experimental strategy: Lv-PRSx8-YTB was 

injected at RVLM, driving expression of YFP, TVA, and rabies glycoprotein. SADΔG(EnvA)-mCherry was 

subsequently injected into the same location. B. Coronal brainstem section at the level of the RVLM with 

mCherry labelled neurons. B’. Confocal images of region boxed in B with magnified examples (B’’) showing 

immunoreactivity to TH and YFP. C1 starter neurons are defined by colocalization of YFP, mCherry, and 

TH (blue arrowheads). Non-C1 starter neurons are defined by colocalization of YFP and mCherry but not 

TH (cyan arrowhead). Input neurons are defined by expression of mCherry only (white arrowheads); red 

arrowhead indicates position of a rare TH-immunoreactive input neuron. Distribution of C1 starter neurons 

from 5 animals plotted in Waxholm space, shown from coronal (C) and sagittal perspectives (D) and 

boundaries of the following anatomical regions: facial nucleus (VII), nucleus ambiguus (NA), Bötzinger 

complex (Böt), preBötzinger complex (preBöt) and RVLM. E. Rostrocaudal distribution of starter neurons 

per rat (n = 5) with respect to the caudal pole of the facial nucleus, bin size = 200µm.   
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Figure 4.3 Starter and input neurons occasionally extended into the retrotrapezoid nucleus (RTN). A. 

Coronal brainstem section at the level of the RTN processed for immunoreactivity to TH and YFP. 

Magnified confocal images (A’) with examples of non-C1 starter neurons (cyan head arrows), C1 starter 

neurons (red head arrows), and input neurons (blue head arrows).VII: facial nucleus.   
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The majority of inputs to the RVLM C1 neurons arise from the 

medulla 

3728 input neurons (746 (264 – 1928) per animal) were identified from 5 animals that were 

analysed in detail. The ratio of input : starter neurons was 7.1 (3.2 – 16.4). The overall 

distribution of input neurons was consistent between animals (Figure 4.4 F) . Neurons were 

seen from the optic chiasm (Bregma -0.84 mm) to the most caudal pole of the inferior olive 

(Bregma -14.6mm), with a large majority of input neurons located within the brainstem (Figure 

4.4 A). 77% (67% - 86%) of input neurons were located ipsilateral to the injection site (Figure 

4.4 C), with 85% (78% - 96%) lying caudal to the facial nerve tract (Bregma -10.08 mm, Figure 

4.4 D, E). Input neurons were also encountered in the cervical and thoracic spinal cord, but 

these data were not quantified in the current dataset.  
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Figure 4.4 Distribution of monosynaptic input neurons. Input neurons were plotted in Waxholm space in 

sagittal view (A), overview (B), and birds-eye view (C), Dotted line in A indicating the Bregma level of optic 

chiasm and the caudal pole of the inferior olive (IO) respectively. Dotted line in C indicating midline. VII: 

facial nucleus. D. Heat map showing input neuron density superimposed on sagittal Waxholm MRI image. 

Scale indicates number of neurons per 10 voxels. E. Rostrocaudal distribution of mean number of input 

neurons per starter neuron per rat with SEM (n = 5 rats). Bin size = 200µm. F. Normalised input densities 

for individual experiments, dotted lines in each panel indicating the caudal pole of facial nucleus, midline, 

and the horizontal level of obex respectively.  
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Input neurons from the RVLM, the BötC, and the preBötC 

 Quantification was performed using Waxholm rat brain segmentations described above. Within 

the medulla, in contrast to our expectation of distinct clusters of inputs, rabies labelled neurons 

diffusely spread bilaterally and concentrated into longitudinal columns that extended across 

multiple medullary subnuclei. On average, 89.47 ± 2.08% (n = 5) of inputs were located in the 

brainstem with a high density of inputs within the RVLM, BötC, preBötC, and nucleus 

ambiguus (Table 2.2). The ipsilateral RVLM itself was a notable hot-spot of inputs (Figure 4.4 

D), containing 629 input neurons. The inputs from the contralateral RVLM were consistent, but 

significantly lower than the ipsilateral side (contralateral: 0.10 ± 0.04 vs. ipsilateral: 1.24 ± 0.23 

(#inputs per starter) respectively, P = 0.0037, t = 6.099, df = 4, n = 5, paired t-test). We rarely 

observed input neurons immunoreactive to TH, a rare example shown in Figure 4.2 B’’. 

Table 4.2 Input neurons segregated by brain structures in Waxholm rat brain atlas  

Brain Region/Nuclei # input 

neurons 

(n = 

5rats) 

Input percentage 

(regional 

inputs/total 

inputs %, mean ± 

SEM) 

Volume 

of region 

(Kvoxels) 

Normalised 

input density 

(regional 

inputs/starter/M

voxels, mean ± 

SEM) 

 

Forebrain 25 0.56 ± 0.17    

Thalamus 15 0.34 ± 0.12 1390 0.02 ± 0.01  
Basal Forebrain region 10 0.22 ± 0.13 1250 0.01 ± 0.01  

Midbrain 154 2.94 ± 0.97    

Hypothalamus 15 0.26 ± 0.13 388 0.07 ± 0.04  
Periaqueductal Gray 63 1.25 ± 0.41 269 0.44 ± 0.25  

Superior Colliculus 67 1.28 ± 0.46 489.8 0.26 ± 0.15  
Inferior Colliculus 5 0.11 ± 0.06 451 0.02 ± 0.01  

Substantia Nigra 4 0.04 ± 0.04 113.6 0.06 ± 0.06  

Brainstem 3231 89.47 ± 2.08    

Pyramidal tract/corticofugal 

pathway 7 0.09 ± 0.06 461 0.03 ± 0.02 
 

Periventricular Grey 128 2.98 ± 0.84 226 1.11 ± 0.56  
Inferior Olive 6 0.12 ± 0.06 33.1 0.35 ± 0.17  

Spinal Trigeminal Nucleus 59 1.43 ± 0.60 249 0.42 ± 0.16  
Spinal Trigeminal Tract 4 0.1 ± 0.07 1551 0  
Facial nucleus/perifacial 

region 11 0.27 ± 0.16 30.2 0.63 ± 0.26 
 

Nucleus ambiguus 7 0.4 ± 0.37 0.495 34.91 ± 27.17  
Bötzinger complex 134 5.42 ± 1.77 3.041 92.94 ± 18.74  

preBötzinger complex 41 1.17 ± 0.47 2.466 35.45 ± 16.52  
RVLM 681 22.57 ± 4.14 45.6 29.38 ± 5.85  

Medulla (not specified) 2153 54.91 ± 2.85 3343.4 1.26 ± 0.46  

Other not specified regions 318 7.02 ± 1.12    

Whole brain 3728  40600 0.18 ± 0.06  
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Input neurons were encountered bilaterally in the preBötC and BötC (Figure 4.6 E&F). The 

BötC contained the highest concentration of inputs of any region quantified (Table 4.2: 92.94 

± 18.74 inputs per starter neurons per million voxels) with a prominent ipsilateral bias (0.27 ± 

0.05 vs. 0.01 ± 0.01 (# inputs per starter) respectively, P = 0.0078, t = 4.943, df = 4, n = 5, 

paired t-test, Figure 4.5 A’). Some BötC input neurons expressed mRNA for glycine transporter 

2 (GlyT2, Figure 4.5 B), but the GlyT2 positive neurons mostly lay outside the classical BötC 

and were instead closer to the overlapping border between the BötC and RVLM. The absolute 

numbers of input neurons seen in the preBötC were relatively low compared to the numbers in 

the BötC (8.2 ± 3.7 vs. 26.8 ± 6.3, n=5, bilateral), with no statistically significant difference 

between the number of inputs arising from each side (left: 0.06 ± 0.02 vs. right: 0.03 ± 0.02 (# 

inputs per starter) respectively, P = 0.0937, t = 2.190, df = 4, n = 5, paired t-test). 5.5 ± 2.9% (3 

out of 72 neurons from 10 sections from 5 rats) of preBötC input neurons were immunoreactive 

for neurokinin receptor-1 (NK1R, Figure 4.5 C), a putative respiratory function marker 

(Guyenet & Wang, 2001). A small number of input neurons were seen in the nucleus ambiguus; 

the exceptionally high input density seen in NA from Table 2.2 was due to the small volume of 

the region. Low numbers of input neurons were seen from the RTN region, however, due to 

overlapping with rostral C1 region, input neurons were partially intermingled with non-C1 

starter neurons (Figure 4.3 A’). 

  



- 120 - 

 

 



- 121 - 

 

Figure 4.5 Neurochemical phenotypes of input neurons in the BötC & preBötC. A. Inverted epifluorescence 

image of input neurons in the pons and medulla. Cyan and yellow box illustrating BötC and preBötC 

respectively. Inset (A’) the number of input neurons (normalised against the number of starter neurons per 

rat, n = 5) lying within the BötC and preBötC Waxholm segmentations. B. Low power photomicrograph of 

in situ hybridization illustrating expression of glycine transport 2 (Gly T2) mRNA in the BötC region. Inset 

(B’) highlights input neurons that contain Gly T2 mRNA (orange arrow heads). C. Confocal image of 

neurokinin 1 receptor (NK1R)/mCherry labelling in the preBötC with magnified region (C’,D, E) showing 

examples of NK1R-negative (D’, cyan arrowhead) and NK1R-immunoreactive (E’, yellow arrowhead) 

preBötC input neurons. VII: facial nucleus, NA: nucleus ambiguus, 12N: hypoglossal nucleus.  

Input neurons from other medullary nuclei 

Clusters of input neurons were seen in the caudal NTS, mainly in the commissural and 

dorsolateral parts (Figure 4.6 A - C, A’, B’, C’). Input neurons were encountered in the VRG 

and A1 regions with neurons more concentrated in the caudal part of those regions (Figure 4.6 

A – D, A’’, B’’). High input density was observed in the caudal C1 and CVLM regions (Figure 

4.6 C, D, C’’, D’’). A cluster of neurons with small somata were consistently seen at the ventral 

boundary of the nucleus prepositus and midline raphe (Figure 4.6 G). However, due to the 

incomplete segmentation available in the Waxholm space, no quantification has been performed 

for these regions. 

  



- 122 - 

 

 



- 123 - 

 

Figure 4.6 Medullary input neurons to RVLM C1 neurons. Inverted epifluorescence images with magnified 

insets of boxed regions illustrating monosynaptic input neurons in the commissural (SolC: A) and 

dorsolateral (SolDL: A - C) nucleus of the solitary tract, caudal ventral respiratory group (cVRG: A), rostral 

respiratory group (rVRG: B – D), A1 region (A – C), caudal C1 group (C), caudal ventrolateral medulla 

(CVL: B, D), preBötzinger complex (preBötC: E), Bötzinger complex (BötC: F), the prepositus nucleus (Pr: 

G) and the midline raphe magnus nucleus (RPa: G). LHS: left hand side.   
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Input neurons from the supramedullary regions 

Supramedullary input neurons were diffuse and relatively sparse, with the majority of neurons 

located in the midbrain. The pontine respiratory group provided a moderate level of inputs, with 

most seen from the Kölliker-Fuse nucleus (KF, Figure 4.7 F & G). In the midbrain, inputs were 

dispersed across the superior and inferior colliculi with most found in the superior colliculus, 

and in the periaqueductal gray. Although small in number, we consistently encountered clusters 

of neurons in the paraventricular hypothalamic nucleus (PVN, Figure 4.7 A & B) and the 

dorsomedial hypothalamic nucleus (DMH, Figure4.7 A & C). In addition, we consistently 

observed a cluster of input neurons in the region corresponding to the contralateral retrorubral 

nucleus (RR, Figure 4.7 D, E). 
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Figure 4.7 Supramedullary input neurons to RVLM C1 neurons. A. Sagittal inverted epifluorescence 

photomicrograph with insets (A’, A’’) indicating input neurons from the paraventricular hypothalamic 

nucleus (PVN) and the dorsomedial hypothalamic nucleus (DMH). Coronal sections (B & C) at the Bregma 

levels indicated in A illustrate input neurons from the same regions. Input neurons from the retrorubral 

nucleus (RR) are illustrated in sagittal (D) and coronal (E) sections with enlarged insets (D’, E’). F & G. 

Sagittal and coronal sections illustrating input neurons from the Kölliker-Fuse nucleus (KF). scp: superior 

cerebellar peduncle. Scale bar = 1 mm.   
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Discussion  

In the current study we used a two-step restricted viral tracing technique to generate brain wide 

maps of neurons that provide monosynaptic input to RVLM C1 neurons, with a focus on 

revealing the inputs from respiratory-related nuclei. The data reveal inputs from multiple brain 

regions that play roles in the generation of central respiratory drive; the ipsilateral BötC, 

bilateral preBötC, bilateral VRG, and the ipsilateral KF. In addition, we observed inputs arising 

from brain nuclei long-associated with the generation and modulation of sympathetic nerve 

activity (NTS, CVLM, VPN, DMH), and observed clusters of inputs from two brain structures 

not conventionally associated with sympathetic functions, the retrorubal and prepositus nuclei, 

as well as substantial (~ 20% of the total input) numbers of neurons arising from within the 

RVLM itself. Monosynaptic connections from respiratory nuclei, particularly the BötC and the 

preBötC, may form the core of the neural circuitry that underlies the central interaction between 

respiratory and sympathetic networks. The functional implication of the inputs identified in the 

current study and their relationship with conventional tracing data is discussed below. 

Inputs from respiratory related nuclei 

Previous electrophysiological studies showed that RVLM C1 neurons are likely to be the 

converging site of respiratory-sympathetic coupling (Marina et al., 2011; Moraes et al., 2013). 

Conventional tracing studies have previously demonstrated the existence of inputs to the RVLM 

region from respiratory-related nuclei in distant brain regions such as the LPB, KF and cVRG 

(Horiuchi et al., 1999; Len & Chan, 1999; Bowman et al., 2013), which may or may not target 

RVLM C1 neurons, but direct inputs from the adjacent ventral respiratory column have not 

previously been convincingly demonstrated. In the current study we observed consistent inputs 

from the region immediately ventral to the nucleus ambiguus, corresponding to the VRC, which 
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contains the key components for respiratory rhythm generation and phase transition (Smith et 

al., 2012). 

preBötC 

The respiratory modulation of SNA is dependent on glutamatergic transmission in the RVLM 

(Guyenet et al., 1990; Miyawaki et al., 2002), suggesting that phasic excitatory input to RVLM 

sympathetic premotor neurons from a population of respiratory interneurons underlies 

respiratory-sympathetic coupling. Although the pattern of respiratory modulation in RVLM 

sympathetic premotor neurons is diverse (Haselton & Guyenet, 1989a; Miyawaki et al., 1995), 

a subpopulation of C1 neurons specifically exhibit inspiratory-locked excitation, suggestive of 

excitatory input during the inspiratory phase of the respiratory cycle (Moraes et al., 2013; 

Moraes et al., 2014). 

Many inspiratory interneurons reside in the preBötC (Smith et al., 1991; Sun et al., 1998), of 

which many are thought to be glutamatergic (Stornetta et al., 2003a; Gray et al., 2010; Koizumi 

et al., 2013) and about 30% of which are NK1R immunoreactive (Guyenet & Wang, 2001). In 

the current study, monosynaptic input neurons were frequently encountered in the preBötC, 

including many neurons that were intermingled with NK1R neurons, a widely used regional 

marker of the preBötC (Wang et al., 2001; Stornetta et al., 2003a; Gray et al., 2010). We also 

positively identified NK1R in a small number of input preBötC input neurons, directly 

supporting a potential role for preBötC inspiratory neuron inputs in the generation of 

respiratory-sympathetic drives. However, preBötC inspiratory neurons are neurochemically 

heterogeneous, containing inhibitory neurotransmitters such as glycine and GABA in addition 

to glutamate (Koizumi et al., 2013), and so the input neurons we observed in the preBötC may 

also include inhibitory preBöt neurons in addition to the presumably excitatory NK1R neurons 

we identified. The relatively minor input from identified NK1R neurons suggest a limited role 

of NK1R expressing preBötC neurons in generating respiratory-sympathetic interaction, in 
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contrast to the supposedly important role these neurons play in central rhythm generation (Gray 

et al., 1999; Gray et al., 2001; although see Tupal et al., 2014). 

BötC 

BötC neurons are thought to be responsible for phase transition from inspiration to expiration 

(Smith et al., 2009), and have extensive connections with other respiratory neurons (Jiang & 

Lipski, 1990; Bryant et al., 1993; Duffin & Douse, 1993; Tian et al., 1999). Glycine has been 

identified as the neurotransmitter used by subpopulations of E-Aug and Post-I neurons (Ezure 

et al., 2003a), and is often used as a chemical marker for BötC expiratory neurons (Stornetta, 

2008). One previous study found that over 50% of electrophysiologically characterised BötC 

neurons project towards the RVLM and have axonal varicosities that appose RVLM bulbospinal 

neurons (Sun et al., 1997), suggesting a potential role for BötC neurons in the generation of 

respiratory-sympathetic coupling. Baekey et al. (2010) proposed direct involvement of BötC 

neurons in the respiratory modulation of the SNA, based on electrophysiological experiments 

and sophisticated computational modelling. 

However, although we found extensive evidence of inputs within the BötC, the majority of these 

neurons did not express GlyT2. The small number of labelled glycinergic neurons was mostly 

located in the overlapping area between the RVLM and BötC. Supported by the finding that 

blockade of glycinergic transmission in the RVLM has no measurable effect on the amplitude 

of respiratory-sympathetic coupling (Guyenet et al., 1990), we suggest that glycinergic BötC 

neurons are unlikely to be the major respiratory source of bursting activities in the SNA. The 

phenotype of the BötC input neurons seen in the current study remains unidentified, we suspect 

a proportion of these could be GABAergic (Ellenberger, 1999). 

RTN/pFRG 

Neurons in the RTN/pFRG region play an important role in central CO2 sensing and are 

proposed as likely central chemoreceptors (Guyenet et al., 2010). The function of the RTN in 
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regulating respiratory and cardiovascular outflows has been recently reviewed in detail 

(Guyenet, 2011; Guyenet & Bayliss, 2015). Presympathetic RVLM neurons are activated by 

hypercapnia despite blockade of the peripheral chemoreflex pathway, inputs from the CVLM, 

and inhibition of the caudal regions of the VRC including the preBötC (Moreira et al., 2006). 

Since the firing properties of RVLM C1 neurons are unaffected by CO2 in vitro (Lazarenko et 

al., 2009), an excitatory input from the RTN (direct or via RVLM interneurons) is hypothesized. 

However, late-expiratory RTN/pFRG neurons are probably not involved in modulating 

sympathetic responses to peripheral chemoreceptor activation (Moraes et al., 2012a). In the 

current dataset, input neurons were rarely (if ever) seen in the lateral parafacial region recently 

proposed to mediate active expiration (Huckstepp et al., 2015), but were encountered in the 

region of the RTN classically defined as containing CO2-sensitive Phox2b-positive neurons (i.e. 

running rostrally from the caudal pole of the facial nucleus immediately ventral to the facial 

nucleus (Abbott et al., 2009a; Abbott et al., 2011; Kumar et al., 2015). However, technical 

limitations confound the interpretation of this observation because Phox2b chemosensitive 

RTN neurons are intermingled with rostral RVLM C1 sympathetic premotor neurons, which 

are also Phox2b-positive, and are transduced by the PRSx8 promoter used in the current study. 

Although the numbers of starter neurons encountered in the RTN were relatively low, we cannot 

entirely dismiss the possibility that some input neurons may reflect monosynaptic inputs to RTN 

chemosensors. 

VRG 

The VRG contains bulbospinal respiratory neurons clustered in predominantly inspiratory 

(rVRG) and expiratory (cVRG) groups (Alheid & McCrimmon, 2008). Glycine was identified 

as the major neurotransmitter used by decrementing expiratory cVRG neurons (Ezure et al., 

2003a), some of which have intramedullary projections to unknown target populations (Saito et 

al., 2002). GABA-immunoreactive I-aug neurons were also found in the rVRG and cVRG 
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(Okazaki et al., 2001). Blockade of glycine receptors via strychnine microinjection in the 

RVLM has been found to have no effect on respiratory-sympathetic coupling, but GABAA 

receptor blockade increases the overall activity level of SNA. This increase is proportionally 

equal in different phases of the respiratory cycle (Guyenet et al., 1990), suggesting GABAergic 

inputs may exert a tonic rather than a phasic effect on respiratory-sympathetic coupling. 

Regardless of the phenotype of the inputs (glycinergic, GABAergic, or both) in the cVRG, it is 

unlikely to provide a phasic influence on the SNA. 

KF 

The pontine respiratory circuits, which include the KF nucleus, are important in eupneic 

breathing and, in particular, regulating inspiration – expiration phase transition (Alheid et al., 

2004; Dutschmann & Dick, 2012). Descending fibres from the KF travel through the medullary 

reticular formation and project to the NTS, the ventrolateral medulla and the thoracic spinal 

cord (Saper & Loewy, 1980; Fulwiler & Saper, 1984; Herbert et al., 1990), and inputs from the 

pontine respiratory network appear to play a role in mediating respiratory-sympathetic coupling, 

since it is abolished by pontomedullary transection (Baekey et al., 2008). We encountered a 

small number of input neurons in the KF but not the PBN or A5 regions, supporting a potential 

role for the KF in contributing to respiratory-sympathetic coupling. However, the KF is also 

implicated in cardiovascular roles other than respiratory-sympathetic coupling, such as 

involvement in mediating cardiovascular components of the diving reflex (Browaldh et al., 

2015), complicating interpretation of this finding. Furthermore, as physical removal or 

pharmacological lesion of the KF region abolishes post-inspiratory motor output (Smith et al., 

2007) and evokes apneusis (i.e. a reconfiguration of respiratory pattern) (Dutschmann & 

Herbert, 2006; Bautista & Dutschmann, 2014), any effects of KF efferent neurons on 

respiratory-sympathetic coupling could be secondary to modulation of presynaptic respiratory 

neurons in the VRC. 
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Inputs from cardiovascular related nuclei 

RVLM 

The RVLM region itself was a major source of synaptic drive to RVLM C1 neurons. The 

majority of RVLM interneurons were located on the ipsilateral side, but inputs were also seen 

on the contralateral side consistent with previous studies (McMullan & Pilowsky, 2012; Turner 

et al., 2013). Most inputs were not immunoreactive to TH, and included some glycinergic 

neurons, but complete neurochemical phenotyping of RVLM input neurons was beyond the 

scope of the current study. The functional significance of local RVLM input neurons has been 

a subject of speculation for some years and remains unknown (Ito & Sved, 1997; Dampney et 

al., 2003; Guyenet, 2006). However, the relatively large fraction of the total connectome of 

RVLM C1 neurons that is located within the ipsilateral RVLM supports a likely critical role for 

these neurons in the generation of sympathetic nerve activity. 

CVLM 

In agreement with previous studies (Sved & Gordon, 1994; Suzuki et al., 1997; Bowman et al., 

2013), we confirmed that the CVLM is a major source of monosynaptic input to RVLM C1 

neurons. The CVLM is thought to provide direct tonic and phasic GABAergic inhibitory control 

of RVLM sympathetic premotor neurons (Minson et al., 1997; Chan & Sawchenko, 1998; 

Schreihofer & Guyenet, 2003). CVLM inhibitory interneurons are perhaps best known for their 

critical role in mediating the sympathetic baroreflex (Pilowsky & Goodchild, 2002), but it is 

also the case that the activity of CVLM barosensitive neurons, including confirmed GABAergic 

neurons, is entrained with central respiratory rhythm (Mandel & Schreihofer, 2006). Thus, it is 

possible that the respiratory-modulation of RVLM sympathetic premotor neurons is transmitted 

through CVLM barosensitive neurons, a possibility supported by the observation that inhibition 

of the CVLM abolished inspiratory depression pattern in some presympathetic RVLM neurons 

and increased the expiratory modulation in others (Miyawaki et al., 1996). Although the close 
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proximity of the CVLM to the preBötC/rVRG means that non-specific pharmacological 

interventions that target one are likely to also affect the other, tempering the interpretation of 

that observation..  

NTS 

The NTS plays a key role in integrating visceral afferent drive, and the caudal two thirds of the 

NTS are thought to regulate cardiovascular and respiratory reflexes due the relay of inputs from 

the baroreceptors of the carotid sinus and carotid arch, chemoreceptors of the carotid body, and 

the mechano- and chemoreceptors from the heart and lungs (reviewed by Andresen & Kunze, 

1994; Zoccal et al., 2014). The NTS projects to many brain regions that are involved in 

autonomic function, including the PVN (Affleck et al., 2012), LC (Van Bockstaele et al., 1999), 

CVLM (Aicher et al., 1995; Aicher et al., 1996), PBN region (Herbert et al., 1990), and RVLM 

(Ross et al., 1985). In the current study we confirmed direct projections from the NTS to RVLM 

C1 neurons, as previously described (Hancock, 1988; Aicher et al., 1996), with a focal 

concentration in the commissural and dorsolateral regions.  

PVN and DMH 

The PVN in the hypothalamus play an important role in long term regulation of blood pressure 

and regulating tonic SNA (Kenney et al., 2003; Dampney et al., 2005). Neurons in the PVN 

have been hypothesised to directly regulate SNA via putative projections to the RVLM (Shafton 

et al., 1998) and to sympathetic preganglionic neurons in the spinal cord (Hosoya et al., 1991), 

in particular in response to plasma osmolality (Pyner & Coote, 2000; Stocker et al., 2004a; 

Stocker et al., 2008). The evidence for PVN contribution to resting SNA under normal 

conditions is conflicting (Ito et al., 2003; Stocker et al., 2004b; Dampney et al., 2005), but 

bilateral inhibition of the PVN decreased the blood pressure in both spontaneous hypertensive 

rats and high salt- induced hypertensive rats (Allen, 2002; Ito et al., 2003). These findings 

suggest overactivation of the PVN-RVLM/spinal cord pathway in models of hypertension: our 
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consistent observation of clusters of monosynaptically connected PVN neurons confirms the 

previously speculated direct input from PVN to RVLM C1 neurons, but provides no indication 

of whether such inputs are active under resting conditions. However, the number of neurons 

encountered was low (2 – 3 neurons per section). 

The DMH is thought to mediate cardiovascular responses to emotional stress (DiMicco et al., 

2002; Dampney et al., 2005; Fontes et al., 2011). Although there is no direct evidence to support 

the idea that the DMH plays a role in the long term regulation of sympathetic nerve activity in 

normal animals, a recent study demonstrated a critical role of leptin receptor-expressing neurons 

of the DMH in regulating blood pressure associated with obesity (Simonds et al., 2014). Our 

finding of a direct connection between the DMH and RVLM C1 populations support previously 

proposed neuroanatomical schemes (Fontes et al., 2001). 

Inputs from other nuclei 

Nucleus prepositus 

We observed input neurons in a region immediately ventral to the nucleus prepositus of 

brainstem, in agreement with findings from another tracing study targeting bulbospinal RVLM 

neurons (Dempsey, 2016). These neurons usually had small somata and a distinctive multi-

dendritic structure that is similar to one type of prepositus neuron described previously (McCrea 

& Baker, 1985). This nucleus has been associated with control of horizontal eye movement, 

gaze stabilization and vestivulo-ocular reflex (Cannon & Robinson, 1987; Robinson et al., 1994; 

Dale & Cullen, 2013; Yoder & Taube, 2014). Observations from human patients with brainstem 

infarctions that predominantly involved the prepositus nucleus suggested a possible role of the 

prepositus nucleus in regulating vestibular function (Seo et al., 2004; Cho et al., 2008). 

Moreover, lesions of the vestibular system affect both respiratory and cardiovascular controls, 

in particular during movement or changes in posture (see review (Yates & Bronstein, 2005), 

and a decreased functionality of the vestibular system causes blood pressure instability in 
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astronauts returning from space (Hallgren et al., 2015). In rats, electrical stimulation of, or 

glutamate microinjection to the prepositus nucleus elicited an increase in arterial blood pressure 

and bradycardia, which are thought to be mediated via axonal projections passing the fastigial 

nucleus (Talman & Robertson, 1991). Our findings provide direct evidence that the prepositus 

nucleus regulates cardiovascular function via monosynaptic projections to the RVLM. This 

pathway may play an important role in regulating blood pressure during posture changes. 

Retrorubral nucleus 

A distinct cluster of input neurons was seen in the region of the contralateral retrorubral nucleus, 

a region that is coincident with the urotensin II binding site (Bucharles et al., 2014) and the 

location of the urotensin receptor (Jegou et al., 2006). Urotensin II is a cyclic undecapeptide 

whose structure is related to somatostatin, and possibly derived from the same ligand-receptor 

pair (Tostivint et al., 2014). Intracerebroventricular administration of urotensin II increases 

heart rate and blood pressure (Lin et al., 2003), and also increases release of epinephrine and 

adrenocorticotropic hormone (ACTH) (Watson et al., 2003). Pressor and depressor responses 

were observed when urotensin II was microinjected into the medullary A1 region and the PVN 

respectively (Lu et al., 2002). To the best knowledge of the author, no studies have previously 

associated this region with sympathetic regulation. The functional implication of this cluster of 

input neurons we identified in the current study requires further investigation.  

Technical consideration 

Targeting of RVLM C1 neurons using Lv-PRSx8-YTB 

The PRSx8 promoter is a synthetic promoter constructed from a noraderenergic-specific cis-

regulatory element identified in the human DβH promoter (Hwang et al., 2001). This promoter 

has a binding site for the transcription factor Phox2a/Phox2b (Kim et al., 1998; Yang et al., 

1998). These transcription factors are essential for activating the DβH promoter, and therefore 

are critical for the differentiation of noradrenergic neurons and the expression of the 
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catecholaminergic phenotype (Pattyn et al., 2000; Seo et al., 2002). The PRSx8 promoter has 

been used to drive gene expression in noradrenergic neurons in the locus coeruleus (LC) 

(Hwang et al., 2001), and various catecholaminergic cell groups (Kasparov et al., 2004; 

Lonergan et al., 2005), including RVLM C1 neurons (Abbott et al., 2009a; Kanbar et al., 2010; 

Marina et al., 2011). However, neighbouring chemosensitive Phox2b-expressing RTN neurons 

also activate the promoter, and indeed the PRSx8 promoter has also been used to target this 

population (Kanbar et al., 2010; Marina et al., 2010). By optimising the injection site, carefully 

titrating the injection volume, and rejecting data from experiments in which potential 

contamination of starter neurons by neurons outside of the RVLM was apparent, we restricted 

the spread of the vector to the RVLM. However, a small scatter of starter neurons was found in 

the RTN region, and therefore we cannot totally exclude the possibility that some of the input 

neurons we identified are monosynaptically connected with the Phox2b-expressing RTN 

neurons. 

Variability in rabies spread 

The current monosynaptic tracing strategy does not label all input neurons. In studies of cortical 

pyramidal neurons, transfecting the starter neurons via different techniques, such as single cell 

electroporation (Marshel et al., 2010), viral vector transfection (Miyamichi et al., 2011), or 

whole cell recording (Rancz et al., 2011), resulted a huge variability in numbers of input 

neurons labelled (range from 14 – 500 inputs per starter cell). In a recent comparable study, 

bulbospinal C1 neurons were primed as starter cells using Cre-dependent viral vectors, using 

the same strain of rabies we used in the current study, the investigators yielded an inputs : starter 

cells ratio of 1.7 (Stornetta et al., 2015). On average, 7.1 input neurons per starter cell were 

labelled in the current study, and a similar number (9.8 input neurons per starter cell) was seen 

from another experiment conducted in our laboratory using herpes virus to transfect the starter 



- 136 - 

 

neurons (Dempsey, 2016). We consider this ratio to be reasonable and appropriate for 

quantification analysis.  

The mechanisms of the differential spread pattern of the rabies virus is not fully understood 

(Callaway & Luo, 2015). It was suggested the spread is independent of the activity level of 

synapses, as incubation of cultured neurons in tetrodotoxin doesn’t affect spreading of the rabies 

virus (Brennand et al., 2011). Rather, the rabies virus may bias strongly connected synapses for 

trans-synaptic spread (Ugolini, 2008). Furthermore, distance between the inputs and starter 

neurons had limited effects on the trans-synaptic efficiency of the rabies virus, as input neurons 

far away from the starter cells were labelled effectively (Schwarz et al., 2015). Therefore, the 

proportion of input neurons labelled in the PVN and DMH in the current study should match 

the overall labelling efficiency. 

Summary and future direction 

Taking advantage of the monosynaptic tracing technique, we generated a brain-wide 

connectomic map of RVLM C1 neurons. With a focus on respiratory related circuitry, we 

mapped inputs from the BötC, the preBötC, the VRG, the NTS and the KF nucleus. As 

respiratory-sympathetic coupling relies on excitatory transmission rather than inhibitory 

transmission (Guyenet et al., 1990; Miyawaki et al., 1996; Miyawaki et al., 2002), and the 

phasic modulation of SNA is in the period of inspiration (Bainton et al., 1985; Numao et al., 

1987), we proposed that the monosynaptic input neurons we frequently encountered in the 

preBötC are most likely to provide the excitatory respiratory modulation of the SNA. Our data 

suggests a limited involvement of NK1R expressing preBötC neurons in the respiratory-

sympathetic coupling, and indicate a need to further identify the phenotypes of these input 

neurons. More sophisticated manipulation of these neurons, such as introducing 

chanelrhodopsin in the presynaptic population revealed by the rabies tracing (Petreanu et al., 
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2007; Weissbourd et al., 2014), would provide a way to elicit and assess the functional 

responses. 
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5.  
General discussion 
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Chapters 2&3 

Characterizing the electrophysiological signatures of individual neurons in intact neural 

networks has been an ongoing research objective in the field of neurophysiology, either by 

recording single neurons or recording fields of neurons via multi-channel microelectrode arrays 

(Obien et al., 2014). However, the methodology required to correlate the functional properties 

of recorded neurons to their morphological and molecular identities remains largely unchanged 

over the years. In Chapter 2, we describe a protocol that allowed us to introduce dyes into single 

electrophysiologically characterised neurons more effectively compared to the gold standard 

juxtacellular labelling technique. Application of our approach for the introduction of plasmid 

DNA into functionally characterized cells was promising, but not yet refined enough to be 

practical: in our hands, it worked very well in vitro, but effective transfection of cells in vivo 

was technically difficult. We speculate that blockage of the recording pipette is the most likely 

cause for the reduced efficiency in vivo.  

The findings in Chapter 3 show that sst2a is widely expressed on neurons in regions of the VLM 

associated with respiratory and cardiovascular function, and partially colocalized with NK1R 

in the preBötC. However, no evidence of sst2a expression in functionally identified respiratory 

neurons was found. As the electrophysiological identities of sst2a neurons remain unknown, our 

findings undermine the postulate that sst2a expressing respiratory neurons account for the 

inhibitory effects of SST on respiratory functions (Burke et al., 2010). One caveat of this study 

is the sensitivity of sst2a detection. The antibodies used in this study are well validated (Burke 

et al., 2008; Bou Farah et al., 2016), but we cannot exclude the possibility that neurons 

expressing sst2a at a level below our detection threshold may still be able to mediate functional 

responses. Like all single neuron sampling techniques, we did not exhaust the sample pool, 

therefore, strictly speaking, absence of evidence does not equate to evidence of absence. More 

sophisticated experiments may be required to reveal the functional identities of these neurons.  
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Exclusive access to the cells that express sst2a may be achievable. For example, modifying the 

HI loop of adenoviral capsid proteins to incorporate SST has been shown to drive transgene 

expression in sst2a-expressing cells (Lecolle et al., 2013). Similarly, fusion of SST with the viral 

envelope glycoprotein of the Maloney murine leukemia virus also enabled preferential 

retroviral transfection of cells expressing somatostatin receptors in vitro (Li et al., 2012). 

Alternatively, introducing a gene of interest under the control of an sst2a specific promoter may 

be possible. Gray et al(2013) identified that RVLM sst2a-expressing neurons were derived from 

progenitors expressing transcription factor Ptf1a (pancreas specific transcription factor 1a). 

Cre-dependent expression of microbial opsins such as channelrhodopsin, halorhodopsin, and 

archaerhodopsin (Flytzanis et al., 2014; Grosenick et al., 2015; Rajasethupathy et al., 2016) in 

sst2a expressing neurons can be achieved by microinjection of a viral vector , such as AAV-

DIO-ChR2-mCherry (Cardin et al., 2010), into Ptf1a-Cre mice (Kawaguchi et al., 2002). 

Furthermore, long term single cell recording can be performed from optogenetically identified 

subpopulations of neurons (Moore & Wehr, 2014) to further characterize the functional 

properties of sst2a expressing neurons. 

Another approach that might be useful for determining the functional properties of sst2a-

expressing VLM neurons would be to selectively express voltage or calcium-sensitive reporters, 

such as the GCamp family of genetically encoded calcium indicators (Tian et al., 2009; Chen 

et al., 2013), in neurons that express sst2a. As with the optogenetic approaches described above, 

this technique is limited by the availability of transgenic mice that express recombinase or GFP 

in sst2a-synthesizing neurons.  

Chapter 4 

Substantial evidence supports the view that chronic activation of the sympathetic nervous 

system participates in the initiation, development, and maintenance of essential hypertension 
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(Esler, 2000; Osborn, 2005; Esler et al., 2010). However, the definitive cause or causes of 

sympathetic hyperactivity have yet to be determined: in recent years hypoperfusion of the 

brainstem during development (Paton et al., 2009), carotid body overactivity (Abdala et al., 

2012; McBryde et al., 2013), and reconfiguration of the interaction between brainstem 

respiratory and cardiovascular circuits (Simms et al., 2010; Moraes et al., 2012b) have all been 

proposed as potential critical mechanisms. The results of Chapter 4 provide structural evidence 

of neurons within core regions of the central respiratory rhythm generator that directly innervate 

RVLM C1 neurons. Further characterization of the neurochemical and functional profiles of 

these putative respiratory neurons may provide insights into the mechanisms through which the 

respiratory rhythm generator influences sympathetic outflow and the identity of the critical 

populations involved, which can be used as a basis for target selection in future functional 

experiments designed to specifically manipulate the same populations. Furthermore, comparing 

the distribution pattern, phenotype composition, and electrophysiological signatures of input 

neurons originating from the same starter populations between healthy and diseased animals 

may provide new insights into the most influential respiratory neurons. Ongoing experiments 

in our laboratory will directly test this hypothesis by comparing connectomic maps of inputs to 

C1 neurons in normotensive animals to those with a hypertensive phenotype; although not 

included in the current thesis due to time constraints, our preliminary data look promising and 

suggest quantifiable changes of the compositions of inputs that may underlie the enhanced 

respiratory-sympathetic coupling observed in these animals.  

Another surprising observation of our study is that, in contrast to our expectation that input 

neurons would lie in discrete and well-defined nuclei, the distribution of inputs instead seemed 

quite diffuse, with a conspicuous predominance of inputs from the immediate vicinity of the 

RVLM. The distribution of distances that input neurons lie from the RVLM is in striking 

accordance with the nodal edge-length distribution of the mouse mesoscale connectome (Oh et 
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al., 2014). Henriksen et al. (2016) have proposed two general principles governing neural 

network organization at the mesoscale level: 1. proximal attachment, suggesting that outgoing 

connections are more likely to attach to nearby targets than to distant ones. 2. source growth, 

proposing that new outgoing connections are more likely to originate from nodes with many 

existing outgoing connections. Our data indicate that the distribution of the RVLM connectome 

follows the same rules, at least the first rule “proximal attachment”. This is particularly 

intriguing, as respiratory neurons are spatially close to, or overlap with cardiovascular RVLM 

C1 neurons, therefore it would seem that neurons in the VRC are ideally located to exert a 

powerful influence on cardiovascular functions.  

Continuous refinement of the tools used to target specific cell types with more accuracy (Fenno 

et al., 2014), coupled with ongoing modification of rabies G to boost trans-synaptic efficiency 

(Kim et al., 2016), and generating new mutant strains of the rabies virus (Reardon et al., 2016), 

suggests that the future of the connectomic approach is bright and likely to become increasingly 

effective. However, the tools used to quantify, analyse and compare connectomic datasets is 

underdeveloped (Lichtman et al., 2014). We established an easy-to-apply method to transfer 

histological image data into Cartesian coordinates in a volumetric brain atlas, and have 

demonstrated the suitability and effectiveness of using this platform to analyse and quantify 

large connectomic datasets. With further development and refinement of the segmentation 

models in the Waxholm brain atlas, we expect a sharable, open platform for researchers to 

compare connectomic data with minimum subjective judgement. 

Final thoughts 

The research focus given to the field of autonomic neuroscience is not commensurate with the 

importance of autonomic nervous systems. To new researchers, the stereotypical functions of 

the autonomic nervous system, such as respiration and blood pressure regulation, may look less 
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interesting compared to higher brain functions, such as memory, cognition, and motor controls. 

However, researchers are now beginning to appreciate the role of autonomic dysfunction, and 

brainstem circuitries in contributing to diseases such as Alzheimer’s disease, Parkinson’s 

disease, and autism (Grinberg et al., 2011; Cheshire, 2012). Furthermore, the advance of 

molecular tools, such as transgenic mice, genetically modified viral vectors, as well as vast 

improvement in imaging and computing techniques are helping to overcome the technical 

difficulties in elucidation of neural networks buried deep in the brainstem. One of the major 

challenges in the field is to specifically manipulate one substrate of interwoven cardiovascular 

or respiratory neurons without affecting others. In addition to targeting cell types using specific 

promoters to test their functional roles (Abbott et al., 2009a; Burke et al., 2014), connectomic 

approaches open the possibility to control cells defined by their specific connectivity, and to 

study the causal linkages between different populations (Packer et al., 2013; Deisseroth, 2014). 

This will further our understanding of how interactive functions emerge from intermingled 

neurons. 
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Somatostatin 2a Receptors Are Not Expressed on
Functionally Identified Respiratory Neurons in the
Ventral Respiratory Column of the Rat
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Ann K. Goodchild,1 and Simon McMullan1*
1Faculty of Medicine & Health Sciences, Macquarie University, NSW, Australia
2ARC Center of Excellence for Nanoscale BioPhotonics, Macquarie University, NSW, Australia
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Microinjection of somatostatin (SST) causes site-specific

effects on respiratory phase transition, frequency, and

amplitude when microinjected into the ventrolateral medulla

(VLM) of the anesthetized rat, suggesting selective expres-

sion of SST receptors on different functional classes of

respiratory neurons. Of the six subtypes of SST receptor,

somatostatin 2a (sst2a) is the most prevalent in the VLM,

and other investigators have suggested that glutamatergic

neurons in the preB€otzinger Complex (preB€otC) that coex-

press neurokinin-1 receptor (NK1R), SST, and sst2a are criti-

cal for the generation of respiratory rhythm. However,

quantitative data describing the distribution of sst2a in respi-

ratory compartments other than preB€otC, or on functionally

identified respiratory neurons, is absent. Here we examine

the medullary expression of sst2a with particular reference

to glycinergic/expiratory neurons in the B€otzinger Complex

(B€otC) and NK1R-immunoreactive/inspiratory neurons in

the preB€otC. We found robust sst2a expression at all rostro-

caudal levels of the VLM, including a large proportion of cat-

echolaminergic neurons, but no colocalization of sst2a and

glycine transporter 2 mRNA in the B€otC. In the preB€otC

54% of sst2a-immunoreactive neurons were also positive for

NK1R. sst2a was not observed in any of 52 dye-labeled

respiratory interneurons, including seven B€otC expiratory-

decrementing and 11 preB€otC preinspiratory neurons. We

conclude that sst2a is not expressed on B€otC respiratory

neurons and that phasic respiratory activity is a poor predic-

tor of sst2a expression in the preB€otC. Therefore, sst2a is

unlikely to underlie responses to B€otC SST injection, and

is sparse or absent on respiratory neurons identified by clas-

sical functional criteria. J. Comp. Neurol. 524:1384–1398,

2016.

VC 2015 Wiley Periodicals, Inc.

INDEXING TERMS: respiratory neurons; preB€otzinger Complex; somatostatin

Breathing is a fundamental motor function that is

controlled by hierarchical arrays of spatially, function-

ally, and phenotypically compartmentalized groups of

neurons in the brainstem and pons (for recent reviews,

see Feldman et al., 2013; Smith et al., 2013). The pre-

B€otzinger Complex (preB€otC) located in the ventrolat-

eral medulla (VLM) forms the essential kernel of the

respiratory rhythm-generating apparatus: rhythmic drive

from preB€otC neurons is necessary for the generation

of activity in inspiratory motor nerves and sufficient to

maintain activity recorded in the hypoglossal nerve in

medullary slices in vitro (Smith et al., 1991). Respira-

tory interneurons in this area are active in the inspira-

tory phase of the respiratory cycle and contribute to

inspiratory bursts via a combination of pacemaker activ-

ity and glutamatergic transmission (Koshiya and Smith,

1999; Del Negro et al., 2002a; Wallen-Mackenzie et al.,

2006; Koizumi et al., 2013). preB€otC glutamatergic neu-

rons contain a number of other neurochemicals and

transcription factors that may have particular functional

significance. Of particular interest are subpopulations of

glutamatergic neurons in this region that express
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neurokinin-1 receptors (NK1R), somatostatin (SST), and

somatostatin 2a receptor (sst2a), and these have been

proposed as chemical markers for the preB€otC (Guye-

net and Wang, 2001; Stornetta et al., 2003a; Gray

et al., 2010; Gray, 2013). Critical roles for these popu-

lations in the generation of normal respiratory activity

are supported by targeted ablation and loss-of-function

studies: extensive bilateral lesion of preB€otC NK1R neu-

rons leads to a severely ataxic breathing pattern (Gray

et al., 2001). Similarly, pharmacogenetic silencing of

SSTergic preB€otC neurons causes ataxic breathing and

apnea (Tan et al., 2008). However, it is important to

note that although both NK1R and particularly SST (at

least as mRNA) are extensively expressed throughout

the VLM, neither is widely expressed in functionally

identified respiratory neurons (Guyenet and Wang,

2001; Wang et al., 2001; Stornetta et al., 2003a).

The functional significance of SST release from putative

preB€otC neurons is unclear. Transgenic animals that lack

SST (Low et al., 2001) or SST receptors (Allen et al., 2003;

Qiu et al., 2008; Rajput et al., 2011) are not associated

with an obvious respiratory phenotype. However, exoge-

nous SST powerfully inhibits central respiratory drive in

vivo (Yamamoto et al., 1988; Chen et al., 1990; Burke

et al., 2010; Pantaleo et al., 2011) and in vitro (Llona et al.,

2004; Gray et al., 2010; Ram�ırez-Jarqu�ın et al., 2012).

We have previously demonstrated that the respiratory

effects of SST microinjection are site-specific and dose-

dependent: SST microinjection in the B€otzinger Complex

(B€otC) caused apneusis, characterized by a prolongation of

phrenic burst duration (Ti) and ablation of postinspiratory

activity in vagal and sympathetic nerves. In contrast,

preB€otC SST injection evoked reductions in respiratory fre-

quency (ultimately leading to apnea with higher doses) with-

out significant effects on Ti or postinspiratory activity (Burke

et al., 2010). We also found that SST evoked a reduction in

phrenic nerve amplitude when injected into the rostral ven-

tral respiratory group (rVRG). These results were consistent

with an inhibitory effect of SST on inhibitory B€otC neurons

thought to terminate inspiration, presumably expiratory neu-

rons with a decrementing firing pattern (E-Dec; Hayashi

et al., 1996), an inhibitory effect of SST on preB€otC rhythm-

generating neurons, and an inhibitory effect of SST on respi-

ratory premotor neurons in the rVRG.

Taken together, the literature suggests that compo-

nents of the respiratory circuits that subserve phase-

transition, rhythm generation, and bulbospinal drive are

directly sensitive to SST, and predicts the expression of

SST receptors on subsets of respiratory neurons in the

B€otC (particularly E-Dec), preB€otC (particularly pre-I), and

rVRG compartments. That prediction is tested in the cur-

rent study. Some colocalization of sst2a with preB€otC

NK1R/SST/Dbx1 and tyrosine hydroxylase (TH)/pre-pro-

enkephalin has previously been described (Burke et al.,

2008; Spary et al., 2008; Gray et al., 2010). However, no

quantitative data regarding the distribution of sst2a on

respiratory neurons are available. Here we comprehen-

sively describe the distribution of sst2a in VLM respiratory

cell groups and on functionally identified respiratory neu-

rons with a particular focus on the B€otC and preB€otC.

MATERIALS AND METHODS

Animal experiments were approved by Macquarie

University Animal Ethics Committee and adhered to the

Australian code of practice for the care and use of ani-

mals for scientific purposes.

Electrophysiology experiments
Surgical procedures
Urethane-anesthetized (1–1.3 g/kg i.p.) adult Sprague–

Dawley rats of either sex (220–480 g, ARC, Perth, Aus-

tralia) were cannulated to allow intravenous access and

recording of arterial blood pressure and intubated to per-

mit artificial ventilation. Phrenic nerve activity (PNA, n 5

7) or diaphragmatic electromyogram (EMG, n 5 22) were

recorded as an index of central respiratory drive. The

phrenic nerve was isolated and recorded as previously

described (McMullan et al., 2009). Diaphragm EMG was

recorded via Teflon-coated stainless steel wires inserted

into the diaphragm at the lateral aspect of the inferior

costal margin. Phrenic/EMG signals were differentially

amplified and filtered (100–1,000 Hz). In most experi-

ments vagii were cut bilaterally at the cervical level to

desynchronize central respiratory drive from mechanical

ventilation; in three experiments vagii were left intact.

Core temperature was maintained at 36–388C by a heat-

ing blanket controlled by a rectal thermometer and ani-

mals were moved into a stereotaxic frame in the nose-

down position. The left facial nerve was exposed, the

occipital bone removed, and the brainstem exposed. The

animal was artificially ventilated to maintain isocapnia, as

indicated by end-tidal CO2 (3.5–4.5%) or analysis of arte-

rial blood gas samples. Neuromuscular blockade (pancu-

ronium bromide, 0.1–0.4 mg i.v.) was used to reduce

movements associated with ventilation while maintaining

diaphragmatic EMG by careful titration. Anesthetic depth

was regularly monitored by checking for motor, respira-

tory, or pressor responses to noxious pinching of the tail

or the hind paws. Supplementary anesthetic (urethane

0.1 g/kg i.v.) was administered as required.

Identification and labeling of respiratory
neurons in vivo

The caudal border of the facial nucleus was esti-

mated by mapping antidromic facial field potentials

Somatostatin 2a Receptors
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using a borosilicate pipette filled with 3 M NaCl (resist-

ance <2 MX) as previously described (Brown and

Guyenet, 1984). Neuronal recordings were made using

borosilicate glass pipettes filled with 0.9% NaCl contain-

ing 1–3% tetramethylrhodamine-conjugated dextran

(3000 MW, Invitrogen, La Jolla, CA, #D3307) or 2% neu-

robiotin (tip diameter, 1 lm, resistance 10–25 MX).

Extracellular recordings were amplified (Axoclamp

900A, Molecular Devices, Palo Alto, CA) and simultane-

ously captured on two channels using differing filter

sets, one configured for extracellular recording (AC:

100–3,000 Hz) and one for intracellular recordings (DC:

DC–3,000 Hz, used to guide cell labeling: see below),

and sampled by a Power1401 mk. II running Spike 2

software (Cambridge Electronic Design, UK, RRID:

nlx_156886). Phrenic/diaphragm activity was sampled

at 3k samples/s; extracellular activity at 10k samples/

s; intracellular activity at 5k samples/s.

Neurons located 0–1.4 mm caudal to the caudal bor-

der of the facial nucleus, 1.6–2.0 mm lateral to the mid-

line, 2.1–3.7 mm deep to the level of obex with phasic

spontaneous activity locked to phrenic or diaphragmatic

discharge were labeled using either conventional juxta-

cellular labeling (Pinault, 1996) or a modified single-cell

electroporation technique in which labeling is achieved

by a 0.5-second train of high voltage pulses.(5–10 V,

200 Hz, 1 ms per pulse: Dempsey et al., 2015). Gentle

contact between the pipette and neuron was verified by

observation of a stereotypical response to a single 50–

100 nA, 1 ms current pulse (“microstimulation”) prior to

electroporation. Positive responses to microstimulation

were defined as a transient increase in firing frequency

accompanied by an increase in spike amplitude, loss of

spike symmetry, and a pipette hyperpolarization of 2–20

mV recorded in the DC channel (Fig. 1). In vitro studies

demonstrate that positive responses to microstimulation

are strongly predictive of correct pipette position, and

can be used as a reliable indicator of juxtasomal contact

when blindly approaching cells in vivo (Dempsey et al.,

2015). Once optimal pipette position was verified the

neuron was immediately electroporated using a constant-

voltage stimulator connected in parallel to the pipette.

Positive pressure in the recording pipette (�200 mmHg)

was used to prevent pipette blockage during initial brain

penetration; in most cases pressure was reduced to

zero once the pipette reached 2 mm deep, although in

some cases low pressure (�30 mmHg) was maintained

until a respiratory neuron was identified. Positive

pressure in the pipette was not associated with uninten-

tional labeling or dye leakage. Labeling was not

attempted on neurons recorded within less than 300 lm

of each other to ensure correct identification of recov-

ered cells. Some of the data presented here contributed

to the dataset that describes the development and

validation of the modified electroporation technique

(Dempsey et al., 2015).

Figure 1. Electrophysiological recording and labeling of brainstem respiratory neuron. A: Following functional identification of an

inspiratory-locked neuron in the preB€otC the pipette was gradually moved to a position at which 100 nA microstimulation evoked a tran-

sient increase in neuronal firing, a change in spike shape (B) and a –2 mV pipette potential (C). Note that the cell maintains its firing pat-

tern for the duration of the recording. The cell was then electroporated with a 0.5 s train of 10 V 1 ms pulses at 200 Hz. B: Average

spike waveforms recorded in periods denoted in A i, ii, and iii. C: An expanded view of data indicated in gray in (A).
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Perfusion and tissue collection
Rats were euthanized with an overdose of sodium pen-

tobarbitone (100 mg/kg i.p. or i.v.) or potassium chlo-

ride solution (3 M, 0.3 ml, i.v.) and transcardially

perfused with 400 ml heparinized 0.9% NaCl followed

by 400 ml freshly prepared fixative solution (4% parafor-

maldehyde / 0.1 M phosphate buffer; pH 7.4; Sigma-

Aldrich, Australia). Brains were removed under RNAse-

free conditions and further fixed overnight in the same

solution. Coronal or parasagittal brainstem sections (50

lm) were cut on a vibrating microtome and collected in

cryoprotectant or phosphate-buffered saline containing

0.1% Tween-20 (PBT; Sigma-Aldrich, Australia).

Histology, in situ hybridization, and
immunohistochemistry
cRNA probe synthesis and ISH protocol
A nonradioactive in situ hybridization (ISH) digoxigenin

(DIG)-11-UTP-labeled riboprobe was synthesized for the

detection of glycine transporter 2 (GlyT2; Rattus norve-

gicus solute carrier family 6, member 5) mRNA. The

riboprobe was directed at basepairs 5733–6543 (810

bp length) of the GlyT2 cDNA sequence (GenBank

accession number NM_203334.1). The sense cRNA

probe was synthesized using an RNA polymerase SP6

promoter attached to the 50 end of the forward oligonu-

cleotide primer (50-GGATCCATTTAGGTGACACTATAGAAG

aagcgtcttgcccactagaa–30). An antisense cRNA probe

was synthesized with a T7 promoter attached to the 50

end of the reverse oligonucleotide primer (50-GAATTCT

AATACGACTCACTATAGGGAGA agcctgagcttgcttttcag-30).

A polymerase chain reaction (PCR)-amplified cDNA tem-

plate was generated using cDNA reverse transcribed

from Sprague–Dawley rat brainstem (at approximately

–12.6 mm to –11.6 caudal to bregma) total RNA. Fol-

lowing PCR, purified cDNA (QIAquick PCR Purification

kit; 28104; Qiagen, Doncaster, Victoria, Australia) was

in vitro transcribed using a T7 kit (AmpliScribe T7-Flash

Transcription Kit; ASF 3257; Epicentre Biotechnologies,

Madison, WI) incorporated with DIG-11-UTP (Roche,

Nutley, NJ).

Combined ISH and immunohistochemistry
Brainstem sections were incubated in prehybridization

buffer (50% formamide, 53 SSC, pH 7.0, 250 lg/ml her-

ring sperm DNA, 100 lg/ml yeast tRNA, 100 lg/ml hep-

arin, 5% dextran sulfate, 13 Denhardt’s solution, 0.1%

Tween-20) for 30 minutes at 378C then at 588C for 1 hour

before hybridization with cRNA riboprobe (final concen-

tration 1,000 ng/ml) for 12–18 hours at 588C with gentle

agitation. Sections were washed in 23 SSC buffer with

0.1% Tween-20 followed by 0.23 SSC buffer with 0.1%

Tween-20 and then a wash of maleic acid buffer with

0.1% Tween-20. The tissue was then blocked in maleic

acid buffer (0.1 M maleic acid, 0.15 M NaCl, 0.1% Tween-

20) containing 2% Boehringer blocking reagent (Roche

Applied Science, Manheim, Germany) and 10% normal

horse serum.

Primary antibodies were added to the blocking buffer

and incubated for 24 hours at 48C and 4 hours at room

temperature. Sections were washed in TPBS (Tris-HCl

10 mM, sodium phosphate buffer 10 mM, 0.9% NaCl,

pH 7.4) buffer 3 3 30 minutes and incubated overnight

with IgG secondary antibodies. DIG-labeled neurons

were revealed colorimetrically by incubation in NTMT

(0.1 M NaCl, 0.1 M Tris-HCl pH 9.5, 0.1 M MgCl2),

0.1% Tween-20 (Sigma), 2 mM tetramisole HCl (Sigma)

buffer containing nitro blue tetrazolium (Roche Applied

Science), and 5-bromo-4-chloro-3-indolyl phosphate

salts (Roche Applied Science). The reaction was

stopped when DIG-labeling was intense with minimal

background staining by 3 3 15 minutes wash in 0.1M

Tris (pH 8.5) / 1 mM EDTA solution. No labeling in any

brain region was seen when the sense probe was sub-

stituted for the antisense probe.

For experiments in which no ISH was performed, sec-

tions were washed in PBT for 3 3 15 minutes and incu-

bated in 0.01 M PBS containing 2% bovine serum

albumin and 0.2% Triton X-100 or Tween-20 for 1 hour

at room temperature. Primary antibodies (Table 1) were

added to the blocking buffer and sections were incu-

bated for 48 hours at 48C. Sections were washed in

TPBS (3 3 30 minutes) and incubated in IgG secondary

antibodies (see Table 1) for 12 hours at 48C. Processed

sections were washed again in TPBS (3 3 30 min)

before being mounted in serial order on glass slides

and coverslipped for imaging.

Antibody characterization
Two different sst2a antibodies were used in the current

study: we used guinea pig antiserum raised against the

C-terminus amino acid sequence 355–369 of rat sst2a

and a monoclonal rabbit anti-sst2a antibody raised

against the same amino acid sequence. Both antibodies

have been extensively characterized by western and dot-

blot assay; neither label sst2 knockout animals, and the

rabbit antibody selectively labels HEK cells transfected

with sst2 (Schulz et al., 1998a,b; Korner et al., 2005;

Fischer et al., 2008). As recently described, binding of

both antisera is blocked by preabsorption with the sst2a

antigen, and overlaps completely in tissue incubated with

both primary antibodies, visualized with different fluores-

cent secondary antibodies (Bou Farah et al., 2015).

For detection of neurokinin 1 receptor (NK1R) we

used guinea pig and rabbit primary antibodies raised
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TABLE 1.

Antibody Details

Antibody name Immunogen Manufacturer details Concentration

Primary antibodies

Guinea pig anti-SST2a C-terminus amino acid sequence
355–369 (ETQRTLLNGDLQTSI) of
synthetic sst2a peptide

Gramsch Laboratories, Schwabhausen
Germany
Cat# SS-870
RRID: AB_2491104
Polyclonal

1:1,000

Rabbit anti-SST2a C-terminus amino acid sequence
355–369 (ETQRTLLNGDLQTSI) of
synthetic sst2a peptide

Bio-trend
Cat# ss-8000-rmc
Lot# a080826
RRID: AB_2491103
monoclonal

1:100

Goat-anti-choline
acetyltransferase (ChAT)

Human placental lysate Chemicon, Millipore
Cat# AB144P
RRID: AB_2079751
Polyclonal

1:800

Guinea pig anti-neurokinin
1 receptor (NK1R)

C-terminus amino acid sequence
393–407 (KTMTESSSFYSNMLA)
of synthetic rat NK1R peptide

Millipore
Cat# AB15810
Lot# LV1587443
RRID: AB_992894
Polyclonal

1:1,000

Rabbit anti-NK1R C-terminus amino acid sequence
393–407 (KTMTESSSFYSNMLA)
of synthetic rat NK1R peptide

Sigma-Aldrich
Cat# S8305
Lot# 67K4885
RRID: AB_261562
Polyclonal

1:5,000

Mouse anti-tyrosine
hydroxylase (TH)

Rat tyrosine hydroxylase N-terminal
region (approx. aa 9–16)

Sigma-Aldrich
Cat# T1299
RRID: AB_477560
Monoclonal

1:8,000

Rabbit anti-phox2b 14 amino acid C-terminal sequence
(YFHRKPGPALKTNLF) of the rat/
mouse Phox2b protein

Jean François Brunet
RRID: AB_2315161
Polyclonal

1:1,000

Sheep anti-digoxigenin Digoxigenin, whole Roche Applied Science
Cat# 11093274910
RRID: AB_514497
Polyclonal

1:1,000

Secondary antibodies

ExtrAvidin-FITC n/a Sigma-Aldrich
Cat# E2761
RRID: AB_2492295

1:500

Cy3- AffiniPure donkey
antigoat IgG (H1L)

Whole molecule goat IgG Jackson ImmunoResearch Laboratories,
INC
Cat# 705-165-147
Lot# 68839
RRID: AB_2307351
Polyclonal

1:250

Alexa Fluor 647-AffiniPure
donkey antirabbit IgG
(H1L)

Whole molecule rabbit IgG Jackson ImmunoResearch Laboratories,
INC
Cat# 711-605-152
Lot# 105115
RRID: AB_2492288
Polyclonal

1:250

Alexa Fluor 647 donkey
antirabbit IgG (H1L)

Rabbit, IgG heavy & light chains Life Technologies
Cat# A31573
Lot# 1322326
RRID: AB_10561706
Polyclonal

1:250

Alexa Fluor 488-AffiniPure
donkey antiguinea pig
IgG (H1L)

Whole molecule guinea pig IgG Jackson ImmunoResearch Laboratories,
INC
Cat# 706-545-148
Lot# 161406
RRID: AB_2340472
Polyclonal

1:250

Alexa Fluor 647 goat
antiguinea pig IgG (H1L)

Domestic guinea pig, IgG
heavy & light chains

Life Technologies
Cat# A21450
Lot# 1235826
RRID: AB_10564076
Polyclonal

1:250

Alexa Fluor 488 donkey
antimouse IgG (H1L)

Mouse, IgG heavy & light chains Life Technologies
Cat# A21202
RRID: AB_10049285
Polyclonal

1:250



against a synthetic peptide that corresponds to amino

acid sequence 393–407 of rat NK1R. The rabbit anti-

body has been validated in NK1R knockout animals

(Ptak et al., 2002) and results in distinctive NK1R label-

ing in the brainstem and spinal cord (Al-Khater et al.,

2008; Bochorishvili et al., 2012). The guinea pig anti-

body recognizes the same sequence, has been vali-

dated (by the manufacturers) by western blot, and

results in the expected pattern of immunolabeling (Yu

et al., 2009; Spirovski et al., 2012).

A mouse anti-tyrosine hydroxylase (TH) monoclonal

antibody was used to detect catecholaminergic neu-

rons. This antibody has been widely used by other

investigators (Berube-Carriere et al., 2009; Forlano and

Woolley, 2010; Lindemann et al., 2013) and results in

characteristic intense labeling of neurons in the brain-

stem C1, C3, and A1 groups.

A goat anti-choline acetyl transferase (ChAT) antibody

was used to identify cranial motoneurons in the facial

nucleus and nucleus ambiguous. Western blot analysis

(by the manufacturer) reveals a single band at 70 kDa.

Incubation with the antibody resulted in the expected

pattern of immunolabeling.

Phox2b immunoreactivity was detected using a rabbit

polyclonal antibody. Immunolabeling obtained using the

same antibody colocalizes perfectly with Phox2b mRNA

expression in the mouse (Pattyn et al., 1997), is

reported to be absent in Phox2b knockout animals, and

overlaps with reporter expression Phox2b-EGFP trans-

genic animals (Lazarenko et al., 2009). The general pat-

tern of labeling was consistent with previous reports,

with high expression of Phox2b immunoreactivity in

small neurons in the retrotrapezoid nucleus, high coloc-

alization of Phox2b immunoreactivity with TH immunore-

activity in the C1 region, and Phox2b immunoreactivity

in the facial nucleus and nucleus ambiguus compact

formation.

Microscopy and analysis
Processed sections were mounted on glass slides in

Vectashield (Vector Laboratories, Burlingame, CA, #H-

1000) or Dako fluorescence mounting medium (Dako,

Carpinteria, CA, #S302380-2) and coverslipped for view-

ing using an AxioImager Z2 microscope under epifluores-

cence and brightfield illumination (Zeiss, Gottingen,

Germany). Mosaic images of each coronal brainstem

section were captured at 103 magnification and

adjusted for brightness and contrast using ZEN software

(2012 version, Carl Zeiss, RRID: SCR_013672). Color

channels were overlaid in the resultant image file for

analysis.

Definition of VLM respiratory compartments
B€otC, preB€otC, and rVRG respiratory neurons are dis-

tributed in overlapping and adjacent regions of the

brainstem. Electrophysiologists are in general agree-

ment that the highest proportion of B€otC neurons are

found within 500 lm caudal of the caudal pole of the

facial nucleus, as determined by electrophysiological

mapping of facial field potentials (Sun et al., 1998;

Schreihofer et al., 1999). The majority of inspiratory

putative preB€otC neurons are found 500–1,100 lm

caudal to facial, with a transition zone of intermingled

B€otC and preB€otC neurons that lies 500–700 lm cau-

dal to the facial nucleus (Sun et al., 1998; Wang et al.,

2001; Stornetta et al., 2003a). This corresponds well

with the anatomical distribution of SST, a putative

marker of preB€otC (Stornetta et al., 2003a). A popula-

tion of bulbospinal inspiratory locked neurons, many of

which express NK1R, emerges beyond 1,000 lm caudal

to the facial nucleus and extends for about 600 lm

(Guyenet et al., 2002; Stornetta et al., 2003a,b). This

population is thought to represent excitatory premotor

neurons of the rVRG, as defined by trans-synaptic label-

ing of phrenic motoneurons (Dobbins and Feldman,

1994).

In the current study we defined B€otC as residing

0–500 lm caudal to the facial nucleus, preB€otC as

residing 600–1,100 lm caudal to the facial nucleus,

and rVRG as residing 1,200–1,800 lm caudal to the

facial nucleus. Rostrocaudal coordinates are presented

with reference to the caudal pole of the facial nucleus

as mapped in electrophysiology experiments or identi-

fied in histological experiments; the most caudal posi-

tion at which facial motor neurons are clearly

discernable corresponds to –12.0 mm caudal to bregma

according to the stereotaxic atlas of Paxinos and Wat-

son (2006).

For quantification of sst2a, NK1R, and TH colocaliza-

tion, regions that contained the preB€otC (1–3 samples

each from 4 rats, 13 images in total) were scanned

using a confocal microscope under 103 objective (TCS

SP5 X, Leica, Germany). The balance and contrast of

the images were adjusted to include all information-

containing pixels using ZEN or LAS AF software (RRID:

SCR_013673). Figures were prepared using Coreldraw

and Corel Photopaint X4 (Ottawa, Canada; RRID:

SCR_013674).

For quantification of overall sst2a distribution, sst2a-

immunoreactive neurons lying within the ventrolateral

medulla between 0 and 2.4 mm caudal to the facial

nucleus were counted bilaterally in six rats. Three to six

sections were quantified at each rostrocaudal level indi-

cated in Figure 2B (two images per section [one on
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each side], 131 images in total). We observed a shift in

the dorsoventral position of sst2a-immunoreactive neu-

rons at different bregma levels, so we divided the VLM

into dorsal and ventral compartments. The dorsal com-

partment was defined as a 500 3 500 lm box that lay

center-aligned and immediately ventral to nucleus

ambiguous. The ventral compartment was defined as a

500 lm high 3 750 lm wide box that lay immediately

ventral to the dorsal compartment (Fig. 2). In sections

in which the compact formation of nucleus ambiguus

could not be clearly distinguished both compartments

were aligned to 1.8 mm lateral of midline.

The size of biotin- or dextran-labeled neurons was

estimated by measuring the long and short axis of each

neuron in the center of its focal plane, from which its

cross-sectional area was estimated. Size data are pre-

sented as standardized diameter, i.e., the diameter of a

circle with the same cross-sectional area.

RESULTS

General pattern of sst2a immunoreactivity
sst2a-immunoreactive neurons and fibers were identi-

fied throughout the ventral medulla. Particularly dense

expression was found in cell bodies in the nucleus

raphe magnus, in neurons immediately dorsal, medial,

and lateral to the compact formation of nucleus ambi-

guus, and in a single contiguous band that started at

the ventral aspect of the facial nucleus and extended

caudally for several millimeters. As the distance from

the facial nucleus increased sst2a-immunoreactive

neurons concentrated more dorsally (Fig. 2).

sst2a-immunoreactive neurons are present
in the rostral ventrolateral medulla (RVLM)
C1 region but not B€otC

Within 500 lm of the facial nucleus sst2a immunoreactiv-

ity was densely expressed in the portion of the ventrolateral

medulla closest to the ventral surface of the brainstem,

overlapping closely with the distribution of the catecholami-

nergic C1 neurons, but was largely absent in the dorsal

compartment of the VLM, corresponding to the B€otC (Figs.

(2 and 3)). In the rostral C1 (rC1) region and retrotrapezoid

nucleus/parafacial respiratory region (RTN/pFRG, data not

shown) sst2a immunoreactivity often colocalized with TH

immunoreactivity (Fig. 3A). TH-immunoreactive neurons

that were Phox2b-immunoreactive were often sst2a-positive

(Fig. 3A5), but Phox2b neurons that were TH-negative were

almost never sst2a-immunoreactive (data not shown). The

pattern of sst2a immunoreactivity in the RVLM rC1 region

and its colocalization with TH immunoreactivity was qualita-

tively similar to that previously reported (Burke et al., 2008),

and is therefore not presented in detail.

The B€otC was defined as the region immediately ven-

tral to nucleus ambiguus compact formation containing

dense glycine transporter-2 (GlyT2) mRNA expression

(Schreihofer et al., 1999). In contrast to the high sst2a

Figure 2. sst2a-immunoreactive cells are distributed along the entire ventrolateral medulla. Cells residing in dorsal (green) or ventral

(orange) regions of interest were counted and plotted against rostral coordinates. A1,A2: sst2a immunoreactivity and boxes used to define

regions of interest at coordinates corresponding to the caudal pole of the facial nucleus (0 mm) and preB€otC (1 mm). B: Pooled data from

six rats. C: Parasagittal section shows the extent of sst2a labeling within the ventrolateral medulla. D: Same section overlaid with NK1R

and ChAT immunoreactivity. NA: compact formation of nucleus ambiguus. VII: facial nucleus; LRt: reticular formation; B€otC: B€otzinger Com-

plex; rC1: rostral C1 group; cC1: caudal C1 group; CVLM: caudal ventrolateral medulla; rVRG: rostral ventral respiratory group.
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immunoreactivity observed in the RVLM C1 region, sst2a

immunofluorescence was absent in the B€otC. Expression

of GlyT2 mRNA and sst2a was quantified in one represen-

tative B€otC section from three rats using the same seg-

regation into dorsal and ventral regions illustrated in

Figure 2A. The dorsal compartment contained 115 6 9

GlyT2-positive neurons per section and 4 6 1 sst2a-

immunoreactive neurons, none of which colocalized with

GlyT2 (Fig. 3B). The ventral compartment contained 46

6 9 GlyT2-positive neurons and 36 6 4 sst2a neurons;

one double-labeled neuron was encountered.

sst2a-immunoreactive neurons in the
preB€otC are either NK1R- or TH-
immunoreactive

The difference in dorsoventral distribution of sst2a

immunoreactivity seen in the rC1/B€otC was not observed

Figure 3. sst2a expression is colocalized with markers of cardiovascular but not respiratory function in the RVLM/B€otC. A: Epifluorescent

photomicrographs show colocalization of sst2a with TH immunoreactivity (A1, arrowheads). Region shown in A1 indicated by hatched boxes

in individual channel images (A2,A3). Similarly, region illustrated in A2 1 A3 indicated by hatched box in stereotaxic reference image (A4).

A5 shows colocalization of sst2a with Phox2B and TH (arrowheads) in another experiment. B: sst2a immunoreactivity does not colocalize

with GlyT2 ISH product in the B€otC. No GlyT2-positive sst2a-positive neurons were ever identified. Format as in (A); (B1) shows pseudocol-

ored inverted ISH signal overlaid with TH and sst2a immunoreactivity. Arrowheads indicate double-labeled TH/sst2a-positive neurons.
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in confocal images containing the preB€otC (13 6 2 [dor-

sal] vs. 14 6 1 [ventral] neurons per image, P 5 0.4, t 5

1.03, df 5 3, n 5 13 images from four rats, paired t-test).

The distribution of sst2a-immunoreactive neurons partially

overlapped with the expression of NK1R immunoreactivity

in both compartments (Fig. 4), with a significantly greater

proportion of sst2a-positive neurons expressing NK1R in

the dorsal region (corresponding to preB€otC) compared to

the ventral region, corresponding to the caudal C1 (cC1) /

CVLM region (54 6 5 vs. 20 6 2% respectively, P 5

0.003, t 5 8.5, df 5 3, n 5 4, paired t-test). Difficulties in

accurately quantifying the total number of NK1R-positive

neurons precluded reliable estimates of the total fraction

of NK1R-immunoreactive cells that were also sst2a-posi-

tive, but many NK1R-immunoreactive neurons were sst2a-

negative.

Catecholaminergic neurons continued to account for a

significant portion of sst2a-positive neurons in the preB€otC

and cC1/CVLM regions (27 6 1 and 33 6 2%, respec-

tively), with sst2a immunoreactivity identified in 57 6 4 of

dorsal compartment and 46 6 4% of ventral compartment

TH-immunoreactive neurons. No coexpression of NK1R

with TH was detected (although we have previously

reported a marginal coexpression of NK1R with TH in the

RVLM: Makeham et al., 2001): preB€otC and cC1/CVLM

sst2a-positive neurons that coexpress NK1R or TH there-

fore accounted for 81 6 4% of the total sst2a-positive pop-

ulation. In the rVRG, sst2a-immunoreactive cells formed a

dense cluster that colocalized with TH neurons (data not

shown).

sst2a immunoreactivity on functionally
identified respiratory neurons

Fifty-two respiratory neurons (electroporated: 45, jux-

tacellularly labeled: 7) were evenly filled with neurobio-

tin (n 5 42) or dextran (n 5 10), with dendritic/axonal

filling also visible. A further four recovered respiratory

neurons were positive for ChAT immunoreactivity (and

sst2a-negative), identifying them as respiratory moto-

neurons, and were excluded from the current dataset.

ChAT-negative cells were considered respiratory inter-

neurons or premotor neurons. In nine cases two neu-

rons were recovered in close proximity to each other

when a single labeling attempt had been made. In all

cases in which multiple neurons were labeled, both

were negative for sst2a immunoreactivity, so the data

were included and counted as a single cell but

excluded from morphometric analysis.

Cycle-triggered averages of unit firing with respect to

diaphragmatic/phrenic nerve activity were used to clas-

sify neurons according to the functional criteria

described by Smith et al. (2007) (Fig. 5): expiratory

decrementing neurons (E-dec: n 5 10), expiratory aug-

menting neurons (E-aug: n 5 4), expiratory tonic

Figure 4. sst2a immunoreactivity in the preB€otC is partially colocalized with NK1R and TH. A: Merged confocal stack showing colocalization

of sst2a with NK1R (blue arrowheads) and TH (orange arrowheads). Individual channel images are shown in B1–3.
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discharge neurons (E-flat: n 5 9), preinspiratory neu-

rons (pre-I: n 5 15), and early inspiratory neurons

(early-I: n 5 14). Most E-dec and E-aug neurons (10/

14) were located within 500 lm of the caudal pole of

the facial nucleus, with an average depth of 3.04 6

0.08 mm from the level of obex, anatomically consist-

ent with being within the confines of the B€otC (Sun

et al., 1998). The distribution of E-flat neurons was

more spread out through the VRC. According to the cri-

teria described by Guyenet and Wang (2001), neurons

were considered pre-I when the first action potential

recorded in each respiratory cycle consistently pre-

ceded the phrenic/diaphragmatic inspiratory burst by

>20 ms and discharge continued to the peak of phre-

nic/diaphragmatic discharge. The “pre-I latencies” of

neurons classified as preinspiratory are presented in

Figure 5C. A total of 17/29 pre-I and early-I neurons

were recorded between 600–1,100 lm caudal to the

facial nucleus, anatomically consistent with the

preB€otC.

Size estimates of recovered biotin- or dextran-labeled

respiratory neurons are presented in Figure 5D. Exclud-

ing data in which multiple neurons were labeled in a

single attempt, diameters of E-dec, E-aug, E-flat, pre-I,

and early-I neurons were 17.1 6 1.3 (n 5 10), 22.5 6

3.5 (n 5 4), 21.5 6 1.4 (n 5 9), 19.3 6 1.4 (n 5 15),

and 19.4 6 1.1 (n 5 14) lm, respectively. No recov-

ered neurons were sst2a-immunoreactive. In some

cases, dye-labeled neurons were recovered in close

proximity to sst2a-immunoreactive cell bodies or fibers,

and in all cases sst2a-positive labeling was apparent on

the same sections, but clear evidence of sst2a expres-

sion was absent (Fig. 6).

DISCUSSION

The current study provides a detailed description of

the distribution of sst2a-expressing neurons in the VLM

with reference to functionally and neurochemically dis-

tinct respiratory compartments. We report that sst2a is

distributed across a contiguous region of the ventral

brainstem that encompasses the RTN, RVLM C1 group,

preB€otC, and rVRG, but that colocalization of sst2a with

markers of respiratory function, as defined by anatomi-

cal location and neurochemical phenotype, is sparse or

absent in all but the preB€otC, where substantial colocal-

ization of sst2a with NK1R was identified. These findings

were supported by electrophysiological experiments in

which neurons were selected by anatomical and func-

tional criteria and recovered for sst2a immunohisto-

chemistry: no sst2a-positive neurons were identified.

Taken together, the findings suggest that somatic

expression of sst2a is rare on classically defined respira-

tory neurons, and challenges the mechanisms previ-

ously proposed to account for the effects of SST

administration on respiratory rhythm generation and

pattern formation.

Figure 5. Functional classifications and anatomical locations of

recovered respiratory neurons. A: Cycle-triggered histograms illus-

trating different functional classes of respiratory neuron and (B)

stereotaxic coordinates at which neurons of each class were

recorded and recovered. X-axes of each histogram was adjusted

such that inspiratory period in each recording is equivalent to the

width of the gray band. Red dots in B indicate cells illustrated in

Fig. 6. C: Latencies between the onset of neuronal firing and the

onset of the phrenic/diaphragmatic burst in neurons classified as

preinspiratory. Dashed line indicates threshold for classification.

The two neurons with pre-I latencies of >1 s were recorded in

one experiment, in which the respiratory period was unusually

long. Each data point represents the average value recorded in

6–10 consecutive respiratory cycles. D: Dimensions of recovered

neurons, classified by functional properties.
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Somatic expression of sst2a receptor is
absent in B€otC

One of the specific aims of the current study was to

examine the hypothesis that sst2a is marker for B€otC

E-Dec neurons. This population is, along with other subsets

of B€otC expiratory neurons, largely glycinergic (Schreihofer

et al., 1999; Ezure et al., 2003), and is proposed to play a

role in inspiratory-to-expiratory phase transition and gener-

ation of postinspiratory activity (Ezure and Manabe, 1988;

Smith et al., 2013; Dutschmann et al., 2014). Our hypothe-

sis was based on the observation that microinjection of

SST into the B€otC evokes apneusis and loss of postinspira-

tory activity in vagal (and sympathetic) nerve activities

(Burke et al., 2010), suggestive of a specific inhibitory

effect on E-Dec neurons. We found that sst2a immunoreac-

tivity was closely associated with the C1 cell group, which

lies immediately ventral to the B€otC, but sparse in the

B€otC, with no colocalization with GlyT2 mRNA, the distribu-

tion of which was similar to that described in previous

investigations (Schreihofer et al., 1999; Ezure et al., 2003;

Tanaka et al., 2003). No sst2a immunoreactivity was

detected in 15 expiratory-locked B€otC neurons, of which

seven had a decrementing firing pattern. We conclude that

somatic expression of sst2a is absent from the B€otC, and

therefore not a marker B€otC E-Dec neurons.

sst2a is associated with preB€otzinger
Complex NK1R neurons but not widely
expressed on functionally identified neurons

In contrast to the B€otC, high levels of sst2a expres-

sion were consistently observed in the preB€otC. Most

sst2a-positive neurons in this region were also immuno-

reactive for either NK1R (54%) or TH (27%), leaving the

neurochemical phenotype of only 19% of sst2a-positive

neurons unaccounted for. The association between

sst2a and NK1R expression in the preB€otC has not pre-

viously been quantified, but our findings are consistent

with qualitative studies of neonatal mice (Gray et al.,

2010; Gray, 2013), which propose that glutamatergic

neurons that express NK1R, sst2a, and/or SST are an

anatomical marker for the “core” of the preB€otC.

We observed no expression of sst2a on 18 neurons

recorded within the strict anatomical boundaries of the

preB€otC, of which 11 exhibited the preinspiratory dis-

charge that is a signature for putative pacemaker neu-

rons. We therefore conclude that, despite a relatively

high expression of sst2a within the preB€otC, the expres-

sion of sst2a on inspiratory-locked neurons, or at least

those neurons amenable to extracellular recording in

vivo, is unexpectedly low.

Technical considerations
There are two caveats to our conclusion that sst2a is

rarely expressed on preB€otC inspiratory neurons. First,

it may be that sst2a is present on some, but expressed

at levels too low to detect using immunohistochemistry.

Second, it may be that sst2a-expressing respiratory neu-

rons are abundant, but difficult to record and/or label.

Figure 6. Medullary respiratory neurons do not express sst2a. A–

E: Examples of neurobiotin-labeled respiratory neurons that were

processed for sst2a immunoreactivity. Panel 1 shows neurobiotin

labeling (orange) and ChAT (magenta) immunoreactivity; none of

the neurons shown are ChAT-positive, and are therefore consid-

ered respiratory interneurons. In each case sst2a-positive fibers or

somata were visible in the region of the recovered neuron (Panel

2), but no neurobiotin-labeled cells (n 5 52) were sst2a-positive.

Panel 3 shows corresponding electrophysiological recordings from

each neuron. Photomicrographs are taken in the coronal plane

with the ventral surface towards the bottom of the field of view;

nucleus ambiguus is visible as a cluster of cholinergic neurons in

A,B,C,E. Scale bars in electrophysiological recordings 5 1 sec-

ond. Electrical noise in EMG trace shown in E3 has been edited

to aid clarity. Scale bars in photomicrographs 5 50 lm.
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The monoclonal anti-sst2a antibody used in the cur-

rent study resulted in robust labeling of neuronal cell

bodies in regions in which sst2a immunoreactivity has

previously been observed using other well-validated

anti-sst2a antibodies (Burke et al., 2008; Spary et al.,

2008; Gray et al., 2010), and resulted in labeling of

fibers in brainstem regions in which little or no somatic

labeling was visible, suggesting a reasonable level of

sensitivity. The specificity of this antibody has previ-

ously been verified to a high standard, including artifi-

cial expression and knockout animals (Fischer et al.,

2008), and the antibody has been recommended as a

gold standard tool for the clinical detection of sst2a-

expressing tumors (Korner et al., 2012). We have

recently shown that binding of the rabbit monoclonal

anti-sst2a antibody correlates well with SST sensitivity

in RVLM bulbospinal neurons recorded in vitro (Bou

Farah et al., 2015), and therefore interpret sst2a label-

ing as reliable evidence of sst2a protein expression,

although it is possible that low levels of sst2a expres-

sion remained undetected.

Alternatively, it may be that sst2a-expressing neurons

contribute to the generation of respiratory drive, but

that their activity profile does not conform to the

expected phasic bursting pattern used to select puta-

tive respiratory neurons for labeling, or that their mor-

phologies or size make them unamenable to stable

recording (Humphrey and Schmidt, 1990). Although we

observed no obvious influence of cell size on labeling

efficiency when developing our single-cell electropora-

tion technique in vitro (Dempsey et al., 2015), the size

range of respiratory neurons labeled in the current

study indicates a bias towards larger neurons, probably

reflecting a limitation of the extracellular recording

technique rather than a deficiency in the approach

used to label them. This may be problematic when con-

sidering putative preinspiratory neurons in the preB€otC,

as SST is largely restricted to smaller neurons (typically

10 3 18 lm: Stornetta et al., 2003a; Wei et al., 2012).

Indeed, the same argument has been proposed to

explain the absence of SST in functionally identified

preB€otC neurons (Stornetta et al., 2003a). Although

some of the labeled preB€otC neurons fell within that

range, most were larger, with average dimensions of

14.1 6 1.1 3 23.7 6 1.9 lm (n 5 17). Another possi-

bility is that sst2a is expressed on a small minority of

respiratory neurons, and that our sample size was insuf-

ficient to detect the sst2a-positive population. The

Monte Carlo model presented by Del Negro et al.

(2002b) is useful for calculating the statistical power of

strings of binary observations, such sequences of coin-

tosses. Applied to our observation that sst2a was unde-

tectable in all 17 preB€otC neurons, their model indi-

cates a 96% probability that sst2a is expressed on less

than 20% of preB€otC neurons (assuming that sst2a-posi-

tive and sst2a-negative neurons are equally likely to be

labeled) and, extended to include all 52 neurons recov-

ered in the current study, <5.5% of VRC respiratory

neurons overall (95% confidence).

Functional implications
Based on our previous findings (Burke et al., 2010)

we hypothesized that the expression of SST receptors

on B€otC E-Dec neurons likely mediates the apneusis

evoked by B€otC SST microinjection at doses above 6

pmol. The results of the current study unambiguously

indicate that sst2a expression is not associated with gly-

cinergic or expiratory-locked B€otC neurons. We there-

fore conclude that the effects evoked by SST

microinjection in the B€otC are probably not mediated

by somatic expression of sst2a on respiratory neurons,

and may instead indicate expression of other SST

receptor isoforms or effects on neurons presynaptic to

B€otC neurons. Given that RVLM sympathetic premotor

neurons lie immediately adjacent to B€otC neurons

(Kanjhan et al., 1995), are inhibited by exogenous SST

application (Burke et al., 2008; Bou Farah et al., 2015),

and have been recently shown to accelerate respiration

frequency when optogenetically activated (Abbott et al.,

2013, 2014; Burke et al., 2014), it is conceivable that

withdrawal of excitatory drive from RVLM C1 neurons

contributes to the apneustic breathing previously

observed following microinjection of SST in the B€otC.

We focused on the sst2a receptor isoform following

numerous surveys of SST receptor protein and mRNA

expression that consistently identified high levels of

sst2a in the VLM. However, of the five other SST recep-

tor isoforms, only sst3 and sst5 have been reported as

completely absent, with sst1, sst2b, and sst4 expressed

at variable levels (Burke et al., 2008; Spary et al.,

2008; Ram�ırez-Jarqu�ın et al., 2012). Functional studies

support a key role for sst2 in driving responses to exog-

enous SST in the C1 region and preB€otC, as they are

abolished by sst2 blockade and mimicked by the sst2-

selective agonist BIM23014c (Burke et al., 2008;

Ram�ırez-Jarqu�ın et al., 2012). However, to date no

agents with selectivity for the sst2a or sst2b splice var-

iants have been used to define SST-sensitive popula-

tions of respiratory neurons, and no subtype-specific

agents have been used to assess SST sensitivity in

respiratory compartments other than preB€otC, leaving

potential roles for other SST receptor isoforms in medi-

ating responses to exogenous SST.

The intersection of the sst2a-, NK1R-, and

somatostatin-positive populations is widely believed to

represent the core rhythm-generating kernel of the

Somatostatin 2a Receptors
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preB€otC (Stornetta et al., 2003a; Gray et al., 2010;

Feldman et al., 2013; Smith et al., 2013). This hypothe-

sis is based on the restricted distribution of this group

and observations that selective silencing of SSTergic,

SST-, or substance P-sensitive preB€otC neurons pro-

foundly inhibits respiratory rhythmogenesis (Gray et al.,

2001; McKay et al., 2005; McKay and Feldman, 2008;

Tan et al., 2008; Burke et al., 2010). However, a logical

prediction of this hypothesis is that neurons with a pre-

inspiratory activity profile should express NK1R, SST, or

sst2a, and this does not seem to be the case. NK1R is

only expressed on a minority of electrophysiologically

characterized preB€otC preinspiratory neurons (�34%:

Guyenet and Wang, 2001). The same investigators were

unable to detect evidence of SST expression in 36

respiratory neurons labeled in the same region (Stor-

netta et al., 2003a), and we report here that sst2a was

not detected on inspiratory preB€otC neurons. Taken

together, these findings suggest that modification of

the existing hypotheses regarding the neurochemical

phenotype of the rhythm-generating core may be

necessary.

Given the low prevalence of NK1/SST/sst2a expres-

sion in phasic preB€otC neurons, we support the pro-

posal that NK1/SST/sst2a-positive neurons may

possess an electrophysiological signature that is tonic,

not phasic, as previously postulated (Gray et al., 1999;

Stornetta et al., 2003a). This would allow them to con-

tribute to the rhythm-generating circuit while eluding

electrophysiological characterization as “respiratory”

neurons. Such properties would explain the discord

between predicted neurochemical and functional pheno-

type, and is consistent with some older models of respi-

ratory rhythm generation, in which tonic excitatory drive

regulates the excitability of the rhythmogenic kernel

(Smith et al., 2000). Alternatively, it may be that input

from this group is not required by rhythm generating

core of the preB€otC, but instead represents a periph-

eral component of the rhythm generating network. This

view is supported by recent work by Tupal et al.

(2014), who found that elimination of glutamate release

from SSTergic preB€otC neurons is not associated with

any respiratory phenotype, as would be predicted if this

population contained the pacemaking kernel.

In the current study we describe widespread expres-

sion of sst2a immunoreactivity that spans regions of the

VLM associated with respiratory function. However, the

association between sst2a and neurochemical markers

of respiratory function is poor, and we were unable to

find any evidence of sst2a expression in neurons with

phasic respiratory discharge. We therefore conclude

that somatic sst2a expression is a poor marker of respi-

ratory function in this region.
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ABSTRACT
Somatostatin (SST) or agonists of the SST-2 receptor

(sst2) in the rostral ventrolateral medulla (RVLM) lower

sympathetic nerve activity, arterial pressure, and heart

rate, or when administered within the B€otzinger region,

evoke apneusis. Our aims were to describe the mecha-

nisms responsible for the sympathoinhibitory effects of

SST on bulbospinal neurons and to identify likely sources

of RVLM SST release. Patch clamp recordings were made

from bulbospinal RVLM neurons (n 5 31) in brainstem sli-

ces prepared from juvenile rat pups. Overall, 58% of neu-

rons responded to SST, displaying an increase in

conductance that reversed at 293 mV, indicative of an

inwardly rectifying potassium channel (GIRK) mechanism.

Blockade of sst2 abolished this effect, but application of

tetrodotoxin did not, indicating that the SST effect is

independent of presynaptic activity. Fourteen bulbospinal

RVLM neurons were recovered for immunohistochemis-

try; nine were SST-insensitive and did not express sst2a.

Three out of five responsive neurons were sst2a-immuno-

reactive. Neurons that contained preprosomatostatin

mRNA and cholera-toxin-B retrogradely transported from

the RVLM were detected in: paratrigeminal nucleus, lat-

eral parabrachial nucleus, K€olliker-Fuse nucleus, ventro-

lateral periaqueductal gray area, central nucleus of the

amygdala, sublenticular extended amygdala, interstitial

nucleus of the posterior limb of the anterior commissure

nucleus, and bed nucleus of the stria terminalis. Thus,

those brain regions are putative sources of endogenous

SST release that, when activated, may evoke sympa-

thoinhibitory effects via interactions with subsets of sym-

pathetic premotor neurons that express sst2. J. Comp.

Neurol. 524:323–342, 2016.

VC 2015 Wiley Periodicals, Inc.

INDEXING TERMS: retrograde tracing; patch clamp; GIRK; sst2a; somatostatin; RVLM

The inhibitory peptide somatostatin (SST) is

expressed widely throughout the brain; its two isoforms,

SST-14 and SST-28, act on six receptors, sst1-5, with

sst2 receptors present in two subtypes, sst2a and sst2b

(Bruno et al., 1992; O’Carroll et al., 1992; Vanetti et al.,

1992, 1994; Yasuda et al., 1992).

The expression of SST and its receptors within the

rostral ventrolateral medulla (RVLM), and the functional

consequences of SST transmission in this region, has

emerged as a topic of considerable interest in both the

fields of central respiratory and central cardiovascular

control. The medullary distribution of SST partially over-

laps with putative markers of respiratory rhythm-

generating neurons in the pre-B€otzinger complex (Stor-

netta et al., 2003; Gray et al., 2010; Tupal et al.,

2014), and pharmacogenetic silencing of SSTergic neu-

rons in and around the pre-B€otzinger complex causes

apnea in vivo (Tan et al., 2008), leading to the proposal

that SST may be a marker of pre-B€otzinger complex

pacemaker neurons (Stornetta et al., 2003; Gray et al.,

2010). Furthermore, microinjection of SST into the

B€otzinger region, one target of pre-B€otzinger complex

SSTergic neurons (Tan et al., 2010), evokes apneusis, a

gasping breathing pattern characterized by a length-

ened inspiratory phase and a shortened expiratory

period (Burke et al., 2010).
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SST also causes dose-dependent sympathoinhibition,

hypotension, and bradycardia, as well as attenuation of

chemo- and somatosympathetic reflexes, when microin-

jected into the pressor region of the RVLM (Burke

et al., 2008). A direct effect of SST agonists on RVLM

sympathetic premotor neurons is presumed to underlie

this effect, as sst2a receptors are the predominant

receptor subtype expressed in the region and are

widely expressed on RVLM C1 and non-C1 neurons

(Burke et al., 2008; Spary et al., 2008), including those

with bulbospinal projections (Burke et al., 2008).

Involvement of other receptor subtypes is unlikely, as

sst5 mRNA is absent from the VLM, and isoforms 1, 2b,

and 4 are expressed at low levels (Spary et al., 2008;

Ram�ırez-Jarqu�ın et al., 2012). Similarly, we and others

have reported pronounced VLM expression of sst2a

immunoreactivity, weak expression of sst4, and no con-

sistent neuronal expression of any other subtype (Burke

et al., 2008; Spary et al., 2008). Finally, pretreatment

with the sst2-selective antagonist BIM-23627 abolishes

cardiovascular responses evoked by both SST and the

sst2 agonist lanreotide (Burke et al., 2008).

The cellular mechanisms that underlie the inhibitory

effects of RVLM SST receptor activation, the sources of

RVLM SST release, and the circumstances under which

SST is released in the RVLM are unknown. In general,

the cellular responses evoked by SST receptor activa-

tion are wide-ranging, modulating multiple second mes-

senger systems. These include G-protein modulation of

adenylate cyclase, Ca21 and K1 channels, phospholi-

pases, MAP kinase, and phosphotyrosine protein phos-

phatases (Patel, 1999). When sst2-5 receptors were

coexpressed with a GIRK subunit in oocytes, sst2 recep-

tors were the most efficient in activating a GIRK-

mediated current (Kreienkamp et al., 1997). Similarly,

whole-cell patch clamp recordings of neurons in the

periaqueductal gray (Connor et al., 2004) or the sub-

stantia gelatinosa of the spinal cord (Nakatsuka et al.,

2008) show that SST application evokes a large out-

ward current mediated by K1 channels, consistent with

GIRK characteristics, although calcium currents may

also be activated (Connor et al., 2004).

Regions innervating the RVLM are well described and

widely distributed (Hopkins and Holstege, 1978; Ross

et al., 1985; Dampney et al., 1987; Carrive et al., 1988;

M’Hamed et al., 1993; Padley et al., 2007; Bowman

et al., 2013), as is the brain-wide distribution of neu-

rons expressing SST-immunoreactivity or preprosoma-

tostatin (PPS) mRNA (De Le�on et al., 1992; Gray and

Magnuson, 1992; Smith et al., 1994). However, whether

or not RVLM-projecting neurons synthesize SST is

largely unknown.

Therefore, the aims of this study were, first, to deter-

mine the cellular mechanisms responsible for the inhibi-

tion of RVLM sympathetic premotor neurons by SST,

using whole-cell patch clamp in acute brainstem slices

and, second, to define likely sources of SST by identify-

ing RVLM-projecting neurons that contain PPS mRNA

using a combination of retrograde tracing and in situ

hybridization.

MATERIALS AND METHODS

All experiments were approved by the Macquarie Uni-

versity Animal Ethics Committee and performed in

accordance with the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes.

In vitro electrophysiology
Labeling of bulbospinal RVLM neurons
Sprague Dawley rat pups (postnatal day (P5–P25) were

anesthetized with 2–5% isoflurane (Veterinary Compa-

nies of Australia) in oxygen and moved onto a heated

pad. A dorsal laminectomy was performed and the T2

spinal cord exposed. Fluorescently conjugated cholera

toxin b subunit (CTB-Alexa 555 or 488, 0.5–1%, Invitro-

gen, La Jolla, CA) was injected bilaterally at coordinates

corresponding to the interomediolateral cell column

(1–3 100 nl injections each side). After completion of

microinjections the wound was closed with cyanoacry-

late glue and anesthesia discontinued. Pups were

allowed to recover on a warm pad until ambulatory and

were then placed back in the cage with their mother

and littermates. Postoperative rats were carefully moni-

tored for the duration of experiments and treated with

additional analgesia when indicated (Carprofen, 2 mg/

kg s.c. Norbrook Pharmaceuticals, Australia).

Electrophysiology solutions (all values in mM): cutting

solution: 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2-

PO4.H2O, 10 D-glucose, 1 CaCl2, 6 MgCl2; equilibrated

with 95% O2 / 5% CO2. Artificial cerebrospinal fluid

(aCSF): 125 NaCl, 25 NaHCO3, 3 KCl, 1.25 NaH2-

PO4.H2O, 25 D-glucose, 2 CaCl2, 1 MgCl2; equilibrated

with 95% O2 / 5% CO2 (pH 5 7.35). Potassium gluco-

nate internal solution: 125 K-gluconate, 10 Hepes, 11

EGTA, 15 NaCl, 1 MgCl2, 2 MgATP, 0.25 NaGTP, 0.05%

biocytin (pH 5 7.3, Osmolarity 280–285 mOsm).

Whole-cell recordings
Two to five days following tracer injection, pups (P8–

P28) were anesthetized with isoflurane and decapitated.

The brain was rapidly removed and placed in ice-cold

oxygenated cutting solution. The brainstem was iso-

lated, mounted in a vibratome, and immersed in ice-

cold aCSF solution. Coronal sections of 300 lm

L. Bou-Farah et al.
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thickness were taken from the region immediately cau-

dal to the caudal pole of the facial nucleus and trans-

ferred to continuously oxygenated aCSF at 368C

and left for at least 1 hour before recordings in an oxy-

genated aCSF-filled chamber maintained at room tem-

perature. Tracer-labeled neurons were viewed under

epifluorescence: CTB-labeled neurons ventral to nucleus

ambiguus and lateral to the inferior olive were identified

as putative RVLM premotor neurons and targeted.

Whole-cell recordings were obtained from RVLM neu-

rons in voltage clamp mode using borosilicate pipettes

with 1.5–2 lm tip diameters (pipette resistance: 3–6

MX when filled with internal solution). After formation

of a gigaseal, voltage clamp recordings were obtained

using a Multiclamp 700B (Molecular Devices, Palo Alto,

CA). Once the holding current and input resistance sta-

bilized, baseline recordings were made for at least 5

minutes prior to commencement of the experimental

protocol. Series resistance was compensated by 70–

80%. All recorded parameters were digitized using Spike

2 v. 6.11 (RRID: nlx_156886) with a Power 1401 mark

II digitizer (Cambridge Electronic Design, UK). In some

experiments two neurons were simultaneously recorded

from the same slice.

Recorded neurons were labeled using 0.05% biocytin

contained in the internal solution. At the conclusion of

experiments slices were briefly fixed in 4% paraformal-

dehyde and cryoprotected until immunohistochemical

processing.

Experimental protocol
The effect of SST on bulbospinal RVLM neurons was

determined by superfusing slices with 50–300 nM SST

(Auspep, Australia) in carbogen-equilibrated aCSF for

up to 100 seconds, which was then washed out until

recovery to baseline was achieved. 300 nM SST has

been reported to evoke �75% maximal inhibitory effect

on spontaneously firing locus coeruleus neurons

recorded in acute brain slices (Chessell et al., 1996)

and 95% inhibition of calcium currents in dissociated

periaqueductal gray neurons (Connor et al., 2004).

Membrane currents were evoked by voltage command

steps from 260 to 2130 mV in 10 mV increments and

250 ms duration before, at peak response to SST, and

after return to baseline (see Figs. 4, 5). Voltage steps

in SST-insensitive neurons were performed at equivalent

times. In initial experiments the sensitivity of neurons

to 10 lM baclofen (Sigma Aldrich, St. Louis, MO), an

agonist of the metabotropic GABA B receptor that

exerts its effects via activation of GIRK channels (Kerr

and Ong, 1995; L€uscher et al., 1997), was used to

ensure that the diminished responsiveness to repeated

SST exposure was specific to SST receptor activation,

rather than, for example, dialysis of intracellular GIRK

effectors.

In order to assess whether the inhibition seen following

SST application was mediated by SST2 receptor activa-

tion, the effects of repeated SST application were com-

pared before and after the addition of the sst2 receptor

antagonist cyanamid to the perfusate (CYN-154806,

300 nM, Tocris, UK). Baseline responses to 300 or 50 nM

SST were assessed as described above; once a response

to SST was detected sections were washed in aCSF for

1,000 seconds, then CYN-154806 was perfused for 500

seconds before the second application of SST.

To determine whether responses to SST were

dependent on activity in putative presynaptic neurons,

we compared responses to 100 nM SST before and

after addition of 10 lM tetrodotoxin (TTX, Jomar Bio-

science, Australia) to the perfusion. This concentration

blocked electrically evoked synaptic currents in pilot

experiments (data not shown) and exceeds that gener-

ally used elsewhere (Kawai et al., 1999; Kawashima

et al., 2013). Baseline responses to SST were recorded

and allowed to recover for 1,000 seconds before incu-

bation with TTX for 5 minutes and reexposure to SST.

Data analysis
Responses to SST were quantified by measuring the

peak change in holding current recorded immediately fol-

lowing SST application. The current–voltage relationship

was calculated by plotting membrane current against

holding potential (Connor et al., 2004). In some experi-

ments hyperpolarization-activated currents were

observed; these were quantified by subtracting initial

from steady-state currents evoked by hyperpolarizing

steps from a holding potential of 260 mV to 2130 mV

in 10 mV increments (Gao et al., 2012; see Fig. 7).

Repeated responses of bulbospinal neurons to SST fol-

lowing application of TTX or cyanamid to the perfusate

were compared using Student’s paired t-test for compari-

son of raw data within groups or unpaired t-test for com-

parison of normalized responses between groups.

Grouped data are expressed as mean 6 SEM for para-

metric series or median (range) for nonparametric series.

Differences were judged significant at P< 0.05. Statisti-

cal analyses were performed using GraphPad Prism 6.0

(RRID: rid_000081) or GraphPad Quickcalcs (http://

www.graphpad.com/quickcalcs/) for categorical data.

Immunohistochemical processing and analysis
of recorded neurons
All slices were fixed overnight in 4% paraformaldehyde in

phosphate buffer (0.1 M, pH 7.4) then frozen in cryopro-

tectant (30% sucrose plus glycerol). Slices were then

processed for sst2a receptor immunoreactivity using a

Somatostatinergic projections to the RVLM
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protocol based on that described by Gogolla et al.

(2006).

Free-floating slices were washed in 20 ml pots for 10

minutes in 0.01 M phosphate-buffered saline (PBS) and

incubated overnight at 48C in 0.5% Triton X-100 in 0.01

M PBS. Then slices underwent a blocking step in 5%

bovine serum albumin (BSA) in 0.01 M PBS for 4 hours

at room temperature. Primary antibodies (see Table 1)

were added to 5% BSA / 0.01 M PBS for a 4 hour incu-

bation at room temperature, then washed off with 30

minutes TPBS. Sections were then incubated at 48C

overnight in 5% BSA / 0.01 M PBS containing second-

ary antibody for detection of sst2a receptor expression

and ExtrAvidin-FITC for detection of biocytin-filled cells.

Antibodies were washed off with TPBS for 30 minutes.

Slices were wet-mounted on glass slides, coverslipped,

and viewed under epifluorescence to confirm labeling

before mounting with DAKO fluorescent mounting

medium. Fourteen slices contained intact recovered

neurons and were imaged using an AxioImager Z2

microscope with ZEN software (Carl Zeiss, RRID:

SCR_013672). In some cases neurons were also

imaged using a Leica SP5 TCS confocal microscope

and processed using Leica LAS AF software (RRID:

SCR_013673). All figures were prepared using Corel-

Draw and Corel Photopaint X4 (RRID: SCR_013674).

Antibody characterization
The rabbit anti-sst2a antibody used in the current study

(Biotrend UMB-1) has previously been characterized by

western blot and immunoprecipitation experiments in

wildtype and sst2 knockout mice, and is reported to

specifically label HEK cells transfected with sst2a, but

not other SST receptor isoforms (Fischer et al., 2008).

In initial experiments we directly compared the binding

of the rabbit monoclonal sst2a antiserum to that

obtained using a guinea pig antiserum raised against

the same antigen sequence. Binding of the guinea pig

Figure 1. Distribution of rabbit anti-sst2a antibody binding in the ventrolateral medulla. Confocal stack images demonstrate colocalization

of rabbit anti-sst2a immunoreactivity with TH in the RVLM, 200 lm caudal to the facial nucleus (A) and with neurokinin-1 receptor (NK1R)

in the pre-B€otzinger complex, 800 lm caudal to the facial nucleus (B). Individual channel images shown in panels 2, 3. Arrowheads indi-

cate double-labeled neurons.

Somatostatinergic projections to the RVLM
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antiserum has previously been verified by dot blot and

western blot assay and screening in sst2 knockout ani-

mals (Schulz et al., 1998a,b; Allen et al., 2003; Korner

et al., 2005; Spary et al., 2008), and its distribution in

the RVLM has been used to define sst2a expression in

regions of the medulla associated with cardiovascular

(Burke et al., 2008) and respiratory function (Gray et al.,

2010), where it is colocalized with tyrosine hydroxylase

(TH) and neurokinin-1 receptor (NK1R), respectively.

In pilot studies using 50-lm-thick sections processed

as described below, the binding distribution of the rab-

bit antiserum was consistent with that reported for the

guinea pig antiserum: binding was colocalized with TH

throughout the VLM and with NK1R between 600 and

1,200 lm caudal to the facial nucleus, corresponding

to the pre-B€otzinger complex (Fig. 1).

No immunoreactivity was observed when either anti-

body was preincubated for 8 hours at 48C with the

sst2a antigen (Biotrend SS-801, 1:5 by weight, RRID:

SCR_013675, Fig. 2A,B). Binding of rabbit and guinea

pig antisera overlapped completely in tissue incubated

with both primary antibodies and visualized with differ-

ent fluorescent secondary antibodies (Fig. 2C).

Retrograde tracing of SSTergic neurons
Animal surgery
Experiments were performed on male Sprague Dawley

rats (n 5 10), 14–15 weeks old (400–550 g) from the

Figure 2. Comparison of rabbit and guinea pig anti-sst2a antibody binding. Epifluorescent images demonstrate binding of anti-sst2a primary

antibodies raised in guinea pig (A1) and rabbit (B1), which was blocked by incubating alternate sections from the same animals with the

antigen (A2,B2), and resulted in overlapping patterns of expression when incubated together (C1). C2 and C3 depict individual channels

from merged image shown in C1. Box in C4 shows region in which high-powered images shown in C were taken. NA 5 nucleus ambiguus;

NTS 5 nucleus of the solitary tract. IO 5 inferior olive; PY 5 pyramidal tract; SP5 5 Spinal trigeminal nucleus.
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Animal Resources Centre, Perth, Western Australia. The

retrograde tracing and combined in situ hybridization

and immunohistochemistry methods used here have

been previously published (Kumar et al., 2009). In brief,

rats were anesthetized with ketamine (Parnell Laborato-

ries, Australia) mixed with medetomidine hydrochloride

(Pfizer Animal Health, 75 and 0.5 mg/kg respectively,

i.p.) and treated with preoperative analgesia (carprofen,

5 mg/kg s.c.) and prophylactic antibiotics (cephazolin,

20 mg/kg i.m., Mayne Pharma, Australia). A flat skull

approach was used to microinject the retrograde tracer

cholera toxin subunit B (CTB, 1% in 200 nl saline; List

Biological, Campbell, CA) unilaterally into the RVLM.

After conducting a small craniotomy through the occipi-

tal bone and incision through the dura, antidromic facial

field potentials were evoked by stimulation of the facial

nerve. CTB microinjections were made 0.3 mm caudal

to the facial nucleus, 1.7–2.1 mm lateral to midline and

0.3 mm deep to the ventral margin of the facial field

(that is, 8.8–9.2 mm from the dorsal surface of the

brain). After withdrawal of the pipette, the wound was

closed and 5 ml of physiological saline was adminis-

tered i.p. Rats were then administered the sedative

reversal agent atipamezole hydrochloride (Pfizer Animal

Health, Australia, 0.75 mg, 0.15 ml s.c.) and allowed to

recover for 2–3 days under close monitoring.

Tissue preparation
Animals were deeply anesthetized with sodium pento-

barbitone (>100 mg/kg i.p.) and perfused transcar-

dially with 250 ml heparinized 0.9% sodium chloride

followed by 250 ml 4% paraformaldehyde in phosphate

buffer (0.1 M, pH 7.4). The brain was removed, the

medulla dissected and fixed overnight at 48C. Brains

were sectioned coronally at 40 lm into four series

using a vibrating microtome (VT1200S; Leica, Germany).

Sections in each series were thus separated by 160

lm. Fluorescent immunohistochemical detection of CTB

was conducted using a rabbit anti-CTB primary antibody

and a 488-conjugated donkey antirabbit alongside

detection of mRNA using digoxigenin (DIG)-labeled

riboprobes targeting PPS mRNA as described previously

(Burke et al., 2008). Both antisense and sense probes

were synthesized with RNA polymerase T7 and SP6 pro-

moters attached to the 50 end of the reverse and for-

ward oligonucleotide primers, respectively (primers

listed below in lowercase with promoter attached in

uppercase). Polymerase chain reaction (PCR)-amplified

cDNA template was then in vitro transcribed using T7

(AmpliScribe T7-Flash Transcription Kit, #ASF 3257, Epi-

centre Biotechnologies, Madison, WI) or SP6 (RiboMAX

large scale RNA production system, #P1280, Promega,

Madison, WI) in vitro transcription kits. Digoxigenin-11-

UTP (Roche Applied Sciences, Mannheim, Germany)

was incorporated into the riboprobes during in vitro

transcription. PPS Forward: GGATCCATTTAGGTGACAC

TATAGAAGctcaagctcggctgtctgag. PPS Reverse: GAATTC

TAATACGACTCACTATAGGGAGAggaggagagggatcagaggt.

Free-floating brain sections were processed using the

protocol described by Li et al. (2005). No labeling in

any brain region was seen when the sense probe was

substituted for the antisense probe.

Cell counts and analysis
Tissue sections were mounted on glass slides, cover-

slipped (Vectashield Hardset, Vector Laboratories, Bur-

lingame, CA), and viewed and imaged using a Zeiss

AxioImager Z1 microscope under epifluorescence.

Images were acquired with Zeiss Axiovision software (v.

4.8, RRID: SciRes_000111). In each whole brain, sec-

tions separated by 160 lm were analyzed from the

bregma level 5.16 mm to 215.24 mm. Six of the ten

brains injected with CTB were selected for quantitative

analysis, with every region quantified in at least three

brains and confirmation assessed qualitatively in all

other cases. Brains were selected due to their small

CTB injection sites centered in the RVLM with little

impingement on surrounding regions.

Each brain region containing CTB-labeled neurons was

assessed for expression of PPS mRNA. CTB immunoreac-

tivity (-ir) was determined using the criteria described by

Bowman et al. (2013), in which neurons were considered

CTB-ir if distinct Dylight-488 labeling was apparent within

the cytoplasm, organelles, and/or in the proximal den-

drites. Where intense ISH signal obfuscated cytoplasmic

CTB-ir, neurons were considered double-labeled where

CTB-ir proximal dendrites or organelles were clearly visi-

ble. When a region was found to contain double-labeled

neurons, the section that contained the most CTB label-

ing was selected for counting, and, dependent on the

rostrocaudal extent of the region, a second and third

section was also assessed for double labeling (>300 lm

apart). Regions of interest were imaged at multiple focal

planes ("z-stack") so that CTB-positive proximal dendrites

could be clearly discriminated in neurons in which

intense ISH signal quenched the cytoplasmic CTB signal

(Bowman et al., 2013).

Using these counts, the percentage of CTB-ir neurons

that colocalized with PPS in that brain region, combin-

ing all sampled rostrocaudal levels, was determined for

3–4 animals and the mean 6 SEM was calculated.

In addition, in order to describe those regions that

provided the greatest number of retrogradely traced

neurons containing PPS mRNA, the number of double-

labeled neurons in each region (combining the selected

rostrocaudal levels) was determined as a proportion of

Somatostatinergic projections to the RVLM

The Journal of Comparative Neurology |Research in Systems Neuroscience 329



all double-labeled neurons and the results expressed as

the mean percentage.

RESULTS

In vitro electrophysiology
Superfusion of 300 nM SST produced an outward

current (ISST) in 18/31 (58%) bulbospinal neurons

tested. The mean value of ISST was 40.7 6 4.8 pA (Fig.

3). Subsequent application of the GABAB agonist baclo-

fen (10 lM) produced an outward current in SST-

responsive (49.3 6 5. 9 pA, n 5 4, Fig. 3A) and SST-

insensitive neurons (42.6 6 4.3 pA, n 5 5, Fig. 3B).

SST-sensitive neurons displayed desensitization to

repeated application of 50 (n 5 2), 100 (n 5 2), or

300 nM (n 5 1) SST. Responses to 50, 100, or 300 nM

SST were reduced by 20.0%, 32.4%, or 43.8%, respec-

tively: pooled responses were 36.6 6 5.5 vs. 24.8 6 2.4

pA, paired t-test t 5 3.4, df 5 4, 2-tailed P 5 0.027

(Fig. 4A). A similar reduction of response amplitude fol-

lowing repeated 100 nM SST application was observed

following addition of TTX to the perfusate between SST

trials (39.7 6 4.9 vs. 25.9 6 4.6 pA, paired t-test

t 5 15.4, df 5 4, 2-tailed P 5 0.0001, n 5 5, Fig. 4B).

In order to assess whether sst2-receptor activation

underlies responses of bulbospinal neurons to SST, we

reapplied SST to neurons previously shown to be SST-

sensitive in the presence of the sst2 antagonist cyana-

mid (300 nM). Baseline responses to 300 nM (n 5 2) or

50 nM (n 5 3) SST were 40.15 6 3.5 pA (300 nM) or

25.12 6 2.9 pA (50 nM), respectively. Cyanamid

reduced the amplitude of SST-evoked responses from

31.1 6 4.1 pA to 2.8 6 0.6 pA (paired t-test t 5 6.7,

df 5 4, 2-tailed P 5 0.0025, n 5 5, Fig. 5). When normal-

ized with respect to control responses, responses to

second applications of SST were more attenuated in

the presence of cyanamid (9.9 6 2.7%) compared to

repeated SST applications conducted in normal aCSF

(70.3 6 4.6%, unpaired t-test vs. cyanamid: t 5 11.3,

df 5 8, P< 0.0001, n 5 5) or in the presence of TTX

(63.4 6 4.6%, unpaired t-test vs. cyanamid: t 5 10,

df 5 8, P< 0.0001, n 5 5).

In 17 bulbospinal neurons in which SST induced an

outward current at a holding potential of 260 mV,

baseline slope conductances of 3 6 0.4 nS and

Figure 3. Electrophysiological characterization of outward cur-

rents evoked by SST. (A). Voltage clamp recordings from CTB-

labeled RVLM neurons: bulbospinal RVLM neurons in which SST

and baclofen perfusion (black horizontal bars indicate time of

application) evoked outward currents were categorized as SST-

sensitive. (B) Bulbospinal RVLM neurons in which baclofen but

not SST evoked outward currents were considered SST-

insensitive.

Figure 4. Responses of bulbospinal RVLM neurons to repeated SST application exhibited desensitization. (A) Voltage-clamp recordings

illustrate desensitization of responses to repeated application of 50 nM SST ("v" denotes timing of voltage steps; steps have been

removed from traces to aid clarity). (B) Pooled data; responses to 50, 100, and 300 nM SST have been combined. (C) Experimental

recording demonstrating that responses to repeated SST were unaffected by tetrodotoxin (TTX). (D) Pooled data of responses to 100 nM

SST before and after addition of TTX to the perfusate. *P< 0.05, ***P< 0.001.
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3.7 6 0.6 nS were measured between 260/–80 and

2110/–130 mV, respectively. Following 300 nM SST,

slope conductances increased to 3.6 6 0.5 nS and

4.9 6 0.6 nS over the same potentials, indicating

inward rectification (2-way ANOVA: F1, 32 5 10.57,

P 5 0.002, pooled data inset in Fig. 6A(ii)). The SST-

evoked current was greater at more negative currents,

had a reversal potential of 293 6 6 mV, and was not

detected in SST-insensitive neurons.

Hyperpolarizing steps beyond 270 mV were also

associated with slowly activating inward currents in

10/26 neurons tested (Fig. 7), which were consistent

in time-course and profile with activation of the

hyperpolarization-activated cation channel, Ih. The

amplitudes of hyperpolarization-activated currents were

highly variable between neurons, with a median value

of 255 pA at 2130 mV (range: 10–291 pA). The pro-

portion of SST-sensitive neurons was not significantly

different in neurons that expressed Ih compared to

those that did not (P 5 1, Fisher’s Exact Test).

sst2a receptor expression on
electrophysiologically characterized
bulbospinal neurons
Fourteen biocytin-labeled bulbospinal neurons were

recovered for histological processing. No sst2a

Figure 5. sst2 blockade abolished SST-induced outward currents. (A) Voltage-clamp recordings of responses to SST application before and

after superfusion with the sst2 blocker CYN-154806 (“v” denotes timing of voltage steps). B: pooled data showing effects of SST2 block-

ade on five SST-sensitive spinally projecting RVLM neurons. **P< 0.01.

Figure 6. Current-voltage relationship of SST-sensitive (A) and SST-insensitive (B) bulbospinal RVLM neurons. Examples of membrane cur-

rents evoked by voltage steps before, during, and after 300 nM SST superfusion; experimental recordings are shown in i and iii, I–V plots

are shown in ii and iv. 250 ms command voltages were stepped from 260 to 2130 mV in 10 mV increments (v). Inset in A(ii) denotes

pooled slope conductances from 17 SST-sensitive bulbospinal neurons. **P< 0.01, Bonferroni post-test.
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immunoreactivity was ever identified on SST-insensitive

neurons (n 5 9, Fig. 8A). SST evoked responses of

42.3 6 7.9 pA in the remaining 5 neurons: 3/5 were

subsequently identified as sst2a-positive (Fig. 8B).

Retrograde tracing of SSTergic neurons
CTB injection sites were located in the RVLM and

extended 0.7–1.1 mm caudal to the facial nucleus

(bregma 211.64 mm) with the core of the injection

sites centered between bregma 211.8 and 212.3 mm

(Fig. 9).

The majority of brain regions that contained CTB-

labeled neurons also contained neurons expressing PPS

mRNA. Table 2 presents the distribution and relative

density of cells containing CTB and/or PPS mRNA in all

brain regions that contained CTB labeled neurons.

Colocalization of PPS mRNA with CTB immunoreactiv-

ity was restricted to eight brain regions: the paratrige-

minal nucleus (Pa5), lateral parabrachial nucleus (LPB),

K€olliker-Fuse nucleus (KF), ventrolateral periaqueductal

gray area (VLPAG), central nucleus of the amygdala

(CeA), sublenticular extended amygdala (SLEA), intersti-

tial nucleus of the posterior limb of the anterior

Figure 7. Example of hyperpolarization-activated inward current

recorded in a bulbospinal RVLM neuron. (A) Hyperpolarizing mem-

brane steps from 270 to 2130 mV evoked a slowly activating

inward current. The amplitude of the hyperpolarization-activated

current was estimated by measuring the difference between the

instantaneous (open circle) and steady-state currents (closed

circles) evoked by each step (B).

Figure 8. Immunohistochemical recovery of electrophysiologically characterized RVLM bulbospinal neurons. (A1) Simultaneous voltage-

clamp recordings from two bulbospinal RVLM neurons recorded with biocytin-filled pipettes; neither responded to 100 nM SST application.

(A2) 22-lm-thick confocal projection image of the same neurons; both biocytin-filled neurons were confirmed as CTB-positive and sst2a-

negative. (B1) Example of an SST-sensitive neuron recorded in a different experiment; the neuron was subsequently shown to be weakly

sst2a-immunoreactive under epifluorescence (B2). Breaks in recording B1 indicate switches in recording mode at which seal resistance

was assessed.
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commissure nucleus (IPAC), and bed nucleus of the

stria terminalis (BNST). Figure 10 shows examples of

double labeling in the Pa5, VLPAG, CeA and BNST.

The proportion of CTB-labeled neurons that contain

PPS mRNA within each region is shown in Figure 11. Of

the eight brain regions, CTB-labeled cells in Pa5 con-

tained the highest PPS expression (40 6 3%, 73/173

CTB-ir cells, n 5 4), followed closely by the SLEA

(34 6 6%, 65/180, n 5 3). The IPAC possessed a small,

variable population of double-labeled cells across ani-

mals (26 6 10%, 20/68 CTB-ir cells, n 5 3). The VLPAG

contained PPS mRNA expression in approximately one-

fifth of its RVLM-projecting cell population (22 6 3%);

however, this region also exhibited the highest number

of double-labeled cells of all regions analyzed (158/

791, n 5 4). Retrogradely traced populations of the LPB

and BNST contained similar proportions of PPS

(13 6 1%, 47/369, n 5 4 and 12 6 2%, 48/406, n 5 3

respectively), followed by the KF (10 6 0.5%, n 5 4),

which furthermore contained the lowest number of

double-labeled cells of all RVLM-projecting populations.

Despite the CeA possessing the lowest percentage of

double-labeled neurons (10 6 1%), it contained a rela-

tively large number of PPS-expressing CTB labeled cells

(110/713 cells, n 5 3), which was only overshadowed

by the size of the VLPAG projection.

DISCUSSION

The main findings are: first, that SST evoked an out-

ward current suggestive of activation of an inwardly rec-

tifying potassium channel in approximately half of

RVLM bulbospinal neurons. Second, this effect is most

likely due to activation of sst2 receptors, as SST-

activated currents were blocked by cyanamid and sst2a

receptor expression was identified on SST-sensitive

neurons. Third, putative sources of SSTergic drive to

the RVLM were identified in eight distinct brain regions:

the Pa5, KF, LPB, VLPAG, CeA, SLEA, IPAC, and BNST.

SST hyperpolarizes spinally projecting RVLM
neurons via GIRK channels

SST hyperpolarized about 60% of bulbospinal neurons

in acute brain slices from young rats. The response

amplitudes obtained and dose range used were similar

to those reported in SST-sensitive neurons in the peria-

queductal gray (Connor et al., 2004). The SST-evoked

responses were effectively blocked by cyanamid, a

selective antagonist of sst2 receptors (Nunn et al.,

2003), suggesting specific involvement of sst2 receptors

in mediating the response in bulbospinal neurons. Addi-

tion of TTX to the perfusate did not alter outward cur-

rents evoked by SST, indicating that the evoked

currents were mediated by postsynaptic rather than

presynaptic mechanisms. The proportion of SST-

sensitive neurons in the current study is consistent with

the proportion of bulbospinal (35%) and C1 neurons

(50%) that were previously identified as sst2a-immunore-

active in adult animals (Burke et al., 2008), although

higher than the overall proportion of biotin-labeled bul-

bospinal neurons identified as sst2a-immunoreactive in

the current study (21%). Of the five recovered neurons

that responded to SST, only three clearly expressed

sst2a immunoreactivity, whereas all nine nonresponsive

neurons were sst2a-negative. In neurons that expressed

Figure 9. CTB injection sites targeting the RVLM. The left coronal hemisection shows the CTB injection site from one animal. The right

hemisection shows schematically the extents of six injection sites in animals used for quantitative analysis.
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sst2a it seems likely that the SST-evoked response was

mediated via this receptor. In neurons that responded

to SST in which sst2a immunoreactivity was undetect-

able, it is possible that other SST receptor isotypes

mediated electrophysiological responses. This lower

than expected expression of sst2a on SST-sensitive neu-

rons could also be an artifact that reflects the limited

sensitivity of immunofluorescence for discriminating

lightly immunoreactive neurons in thick slices, or could

even be due to dialysis of SST receptors, which become

internalized and migrate away from the cell membrane

after agonist binding (Cescato et al., 2006).

The outward current evoked by SST resulted from an

increase in inwardly rectifying potassium conductance,

since at more negative potentials SST activated a

greater conductance and had a reversal potential

approaching the Nernst potential calculated for potas-

sium (293 mV). This is in keeping with data indicating

that sst2 couples efficiently to GIRK1, examined by

comparing dose–response curves and the maximum

currents obtained by the five different rat SST receptor

subtypes (sst1–sst5) that were coexpressed with GIRK1

(Kreienkamp et al., 1997). Our results are consistent

with the effects of SST on inwardly rectifying potassium

TABLE 2.

Relative Abundance of Neurons Containing CTB-ir and/or PPS mRNA in Each Brain Region Projecting to the RVLM

Location Subregion Laterality of CTB CTB PPS

Cortical Motor Cortex (MC) Bi 11 111

Sensory Cortex (SC) Bi 11 11

Infralimbic Cortex (IL) Bi 111 111

Prelimbic Cortex (PrL) Bi 11 111

Insular Cortex (IC) Bi 11 11

Subcortical Vascular Organ, Lamina Terminalis - 11 1

Medial Preoptic Area (MPA) bi 11 1

Bed Nucleus, Stria Terminalis (BNST) bi 111 1111

Interstitial Nucleus of Posterior Limb,
Anterior Commissure (IPAC) ipsi 11 111

Sublenticular Extended Amygdala (SLEA) ipsi 111 111

Paraventricular Nucleus, Hypothalamus (PVN) bi 1111 11

Ventromedial Hypothalamus (VMH) Bi 1 111

Central Nucleus of the Amygdala (CeA) ipsi 1111 111

Dorsomedial Hypothalamus (DMH) bi 11 11

Zona Incerta (ZI) bi 11

Lateral Hypothalamic Area (LHA) Bi 111 11

Midbrain Lateral PAG (LPAG) bi 1 11

Ventrolateral PAG (VLPAG) bi 111 111

Dorsomedial PAG (DMPAG) bi 111 11

Oculomotor Nucleus, Parvicellular (3PC) contra 1 1111

Intermediate White Layer, Superior Colliculus (InWh) contra 1 1

Inferior Colliculus (InC) bi 11 111

Dorsal Raphe, Caudal Part (DRC) - 11 2

Retrorubral Field (RRF) Bi 11 1

Pons Pedunculopontine Tegmental Area (PPTg) Bi 11 1

Lateral Parabrachial Nucleus (LPB) Bi 111 111

Medial Parabrachial Nucleus (MPB) Bi 11 11

K€olliker Fuse (KF) Bi 111 1111

Locus Coeruleus (LC) ipsi 11 1

Subcoeruleus (SubC) ipsi 11 2

A5 region Bi 11 1

Medulla Midline Raphe - 111 11

Vestibular Nucleus bi 11 111

Gigantocellular Reticular Nucleus (Gi) bi 1 1

Caudal Ventrolateral Medulla (CVLM) bi 111 11

Intermediate Reticular Nucleus bi 1 1

Nucleus of the Solitary Tract (NTS) bi 1111 11

Area Postrema (AP) - 1111 2

Paratrigeminal Nucleus (Pa5) bi 1 111

A1 region/ Retro Ambiguus bi 11 1

Scattered (1) labeling refers to sparsely distributed cells (<5 per region) Light (11) labeling indicates coverage of less than one third of the

defined region. Moderate (111) labeling indicates a range of labeling from approximately one to two thirds coverage of the cell group while dense

(1111) labeling describes an area containing a high number of labeled cells which cover more than two-thirds of the anatomically defined

region.
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conductance in neurons in other brainstem regions

including the locus coeruleus (Inoue et al., 1988) and

PAG (Connor et al., 2004). In addition, in different brain

regions such as the superior cervical ganglion (Shapiro

and Hille, 1993), amygdala (Viana and Hille, 1996), and

PAG (Connor et al., 2004), SST directly activates potas-

sium conductance and inhibits GABA release via a pre-

synaptic calcium-dependent mechanism and may

contribute to the effects of SST on RVLM sympathetic

premotor neurons. In the current study, repeated appli-

cation of SST evoked hyperpolarizing responses that

showed considerable desensitization. Following long

exposure to agonists, G-protein-coupled receptors medi-

ate a signal that triggers receptor dephosphorylation

(Premont et al., 1995; Bohm et al., 1997; Lefkowitz,

1998; Horie and Insel, 2000). Desensitization of SST

receptors has been reported in rat hippocampal and

neocortical neurons (Wang et al., 1990; Priestley, 1992;

Young Shim et al., 2006; Yin et al., 2009), and, of par-

ticular relevance to the current study, Liu et al. (2008)

found that SST2 receptors internalize and desensitize

following agonist stimulation within minutes.

An incidental finding of the current study is the pres-

ence of a hyperpolarization-activated channel in some

bulbospinal RVLM neurons. Although not studied in

detail, the time-course and activation threshold of the

identified current is consistent with the distinctive pro-

file of hyperpolarization and cyclic nucleotide channel-

mediated current, Ih (reviewed by Robinson and Siegel-

baum, 2003). This finding supports observations of Ih in

bulbospinal RVLM neurons recorded in neonatal rats by

previous investigators (Kangrga and Loewy, 1995; Li

et al., 1995). Although Ih has been implicated in the

generation of spontaneous pacemaker activity in other

Figure 10. Combined PPS in situ hybridization and retrograde tracing reveals putative RVLM-projecting somatostatinergic neurons. (A)

High-power photomicrograph showing neurons labeled for PPS mRNA (brightfield) and CTB immunofluorescence (green channel). Double-

labeled neurons are indicated by arrowheads; PPS mRNA is magenta in merged pseudocolored images. Merged epifluorescence images in

B–E illustrate the distribution of double-labeled neurons in the paratrigeminal nucleus (Pa5, B), ventrolateral periaqueductal gray (VLPAG,

C), central nucleus of the amygdala (CeA, D), and bed nucleus of the stria terminalis (BNST, E). A schematic diagram indicating the region

shown (yellow box) and the rostrocaudal coordinate with respect to bregma is superimposed onto each photomicrograph; schematic dia-

grams adapted from Paxinos and Watson (2006).
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cell types (recently reviewed by He et al., 2014), it is

not thought to play a critical role in driving autodepola-

rization in RVLM, as its blockade by ZD7288 evokes no

significant effect on sympathetic nerve activity or blood

pressure (Miyawaki et al., 2003).

Technical limitations
Electrophysiological recordings were confined to bul-

bospinal neurons encountered lateral to the pyramidal

tract, ventral to nucleus ambiguous, and medial to the

spinal trigeminal nucleus. Bulbospinal neurons in this

region contain the highest density of TH expression and

have been interpreted as putative sympathetic premo-

tor neurons in similar studies (Kangrga and Loewy,

1995; Li et al., 1995; Li and Guyenet, 1996). Due to

the technical difficulties associated with examining

more than three fluorescent labels at a time, we did

not survey biocytin-labeled neurons for TH immunoreac-

tivity in the current study. However, RVLM bulbospinal

neurons selected using the same criteria were inter-

mingled with and included TH-positive neurons in a

recent study by our group (Korim et al., 2014).

Brain slices for recordings were made from 8–28-

day-old rats. As global SST binding and brain-wide SST

receptor expression undergo some lability in the neona-

tal period in rats (Gonzalez et al., 1989; Thoss et al.,

1995), it is possible that changes in the relative expres-

sion of SST receptor isoforms in the brainstem could

complicate interpretation of the current data. No devel-

opmental study has yet described the relative expres-

sion of SST receptor isoforms in the brainstem over the

neonatal period. However, the expression of sst2a in

putative TH-positive neurons containing the Lmx1b and

Phox2b transcription factors is already established by

birth (Gray, 2013). Furthermore, the gross pattern of

sst expression, including sst2a, in P5 rats is similar to

that observed in adults (Thoss et al., 1995). Although

the quality of sst2a labeling in thick brain slices

reported here is inferior to that observed in conven-

tional thin sections (Burke et al., 2008), sst2a-like immu-

noreactivity was detected on all slices tested and the

general pattern of expression was similar to that seen

in adult rats, suggesting that sst2a expression in juve-

niles is likely to be representative of older animals.

In common with many other studies using conven-

tional retrograde tracers, interpretation of our anatomi-

cal study should be tempered with three caveats. First,

CTB may be taken up by fibers that pass through the

site of tracer deposition, an effect that is particularly

prevalent following pressure-ejection (Luppi et al.,

1990; Chen and Aston-Jones, 1995). We cannot there-

fore determine whether retrogradely labeled neurons

form synaptic terminals within the RVLM or simply rep-

resent fibers of passage, and therefore urge conserva-

tive interpretation of our data. Second, assuming some

CTB-labeled neurons do actually form terminals within

the RVLM, we cannot determine the function or pheno-

type of their postsynaptic targets. Finally, significant

numbers of neurons in the ventrolateral medulla

express somatostatin and project to the ipsi- and con-

tralateral RVLM (Tan et al., 2010). However, discrimina-

tion of local SSTergic neurons was confounded by the

tracer injection site; we therefore cannot exclude local

interneurons as a potential source of SST release.

Finally, we and others (Kiyama and Emson, 1990;

Giehl and Mestres, 1995; Stornetta et al., 2003) have

interpreted the presence of PPS mRNA as indicative of

SST synthesis and release. As discussed by Giehl and

Mestres (1995), the correspondence between brain-

wide SST mRNA and protein expression is generally

robust, but PPS can be cleaved into a number of pep-

tides other than SST-14 and SST-28 (Patel and O’Neil,

1988; Rabbani and Patel, 1990), including a recently

discovered neuropeptide, neuronostatin (Samson et al.,

2008). Therefore, although PPS mRNA expression is a

sensitive assay of PPS production, PPS expression per

se does not necessarily correspond with translation of

SST peptide or its release. Interestingly, intracerebro-

ventricular neuronostatin has been reported to drive a

sympathetically mediated rise in arterial blood pressure

(Samson et al., 2008; Yosten et al., 2011) via a pro-

posed (Samson et al., 2008) but currently unproven

action at the paraventricular nucleus of the hypothala-

mus. Preliminary experiments in our laboratory have

revealed no effect of neuronostatin when microinjected

into the RVLM pressor region in urethane-anaesthetized

rats (Burke et al., unpublished data).

Figure 11. Brain regions containing RVLM projecting (CTB-ir) neu-

rons that express PPS mRNA.
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PPS mRNA is found in select groups of
neurons projecting to the RVLM
Paratrigeminal nucleus
Distinct clusters of PPS mRNA-expressing neurons were

found in the Pa5 in the current study, as previously

noted (Kiyama and Emson, 1990). Both anterograde

and retrograde studies have revealed projections from

the Pa5 to the RVLM (Caous et al., 2001; de Sousa

Buck et al., 2001); however, this is the first study to

describe a somatostatinergic phenotype in just under

half the RVLM-projecting neurons in the region. Enkeph-

alin, calbindin, and neuronal nitric oxide synthetase

(nNOS) have been detected in Pa5 neurons that project

to the dorsal motor nucleus of the vagus (Armstrong

and Hopkins, 1998); these groups may also overlap

with the PPS-containing population described here. Pa5

microinjection of bradykinin evokes pressor effects

(Lindsey et al., 1997) via direct activation of barosensi-

tive RVLM neurons (Caous et al., 2004). Many (60–

80%) Pa5 neurons are themselves barosensitive,

increasing their firing rate in response to phenylephrine

administration (Balan et al., 2004; Sousa and Lindsey,

2009b), while bilateral Pa5 ablation reduces cardiac

barosensitivity (Sousa and Lindsey, 2009a). Whether

SST participates in mediating such reflex modulation in

the RVLM is unknown.

K€olliker-Fuse and lateral parabrachial nuclei
Together, the KF and LPB form the pontine respiratory

group, and while PPS expression has been explicitly

demonstrated in the LPB (Kiyama and Emson, 1990),

reporting of its localization in the KF has been over-

looked prior to the current study (Kiyama and Emson,

1990; Giehl and Mestres, 1995). Projections from both

KF and LPB to the RVLM region have been described

(Smith et al., 1989). Although cardiovascular responses

to chemical stimulation of parabrachial nuclei have

been examined, they are inconsistent, brief, and/or

small (Ward, 1988; Chamberlin and Saper, 1994; Lara

et al., 1994), and the region’s function in respiratory

control is certainly better understood (Smith et al.,

1989; Morschel and Dutschmann, 2009). At LPB/KF

sites corresponding to the location of PPS-expressing

RVLM projecting neurons detected in the current study,

glutamate microinjection has been reported to drive

inspiratory facilitation (Chamberlin and Saper, 1994) or

brief apnea (Chamberlin and Saper, 1994; Dutschmann

and Herbert, 2006), whereas inhibition of the same

sites drives apneustic prolongation of inspiratory phase

duration (Dutschmann and Herbert, 2006), similar to

that evoked by microinjection of SST into the B€otzinger

complex (Burke et al., 2010).

Ventrolateral periaqueductal gray (VLPAG)
PPS mRNA expression was observed in the VLPAG, as

previously described (Smith et al., 1994), and in neu-

rons projecting to the raphe magnus (Beitz et al.,

1983). Although projections from the VLPAG to the

RVLM have been described (Carrive and Bandler,

1991), this is the first study to attribute a somatostati-

nergic phenotype to some elements of the pathway.

Depressor responses associated with reductions in

renal vascular resistance are evoked chiefly by stimula-

tion of the caudal VLPAG (Carrive and Bandler, 1991),

which overlaps anatomically with the PPS-expressing

RVLM projecting neurons identified in the current study.

On the other hand, stimulation of the VLPAG also

evokes vasodilation in the hindlimb (Lovick, 1992) and

this has been attributed to a raphe-mediated pathway

(Wang and Lovick, 1993). It is possible that raphe and

RVLM projections arise from discrete regions of the

VLPAG, as changes in iliac or renal blood flow are asso-

ciated with different rostrocaudal levels of the VLPAG

and corresponding RVLM termination sites (Carrive and

Bandler, 1991). The caudal VLPAG has also been impli-

cated in hemorrhage as the activity of neurons in the

region increase during the decompensatory or hypoten-

sive phase (Cavun and Millington, 2001).

Central nucleus of the amygdala (CeA) and the
extended amygdala
Somatostatinergic neurons have been described in the

CeA (Vincent et al., 1985) and these project to the PAG

(Gray and Magnuson, 1992) and/or dorsal vagal com-

plex, in particular the NTS (Veening et al., 1984; Gray

and Magnuson, 1987; Saha et al., 2002). The present

study, however, is the first to demonstrate a dense

PPS-expressing projection to the RVLM. Both coronal

transection caudal to, or sagittal transection medial to,

the CeA reduce the amount of SST-ir fibers in the ven-

trolateral medulla (Kawai et al., 1982), supporting our

findings. Furthermore, the CeA also contains a glutama-

tergic population which projects to the RVLM

(Takayama and Miura, 1991), and terminals arising from

cells in the CeA appose barosensitive C1 neurons and

non-C1 neurons (Cassell and Gray, 1989; Saha et al.,

2005). Therefore, it is possible that the PPS-expressing

neurons in the CeA described in the present study also

contain glutamate.

The functional role of these neurons is more difficult

to ascribe. Low-frequency stimulation of CeA in the

awake animal promotes inspiration, even respiratory

entrainment (Harper et al., 1984). At higher frequencies

(>10 Hz), phrenic nerve frequency is increased (Cox

et al., 1987) and a prolonged period of inspiration

Somatostatinergic projections to the RVLM
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occurs (Harper et al., 1984), while mostly pressor and

some depressor effects have been reported (Stock

et al., 1978; Harper et al., 1984; Frysinger et al., 1984;

Gelsema et al., 1987; Iwata et al., 1987). It also

appears that the responses evoked are state-

dependent, with sleep and anesthesia either dampening

or reversing cardiorespiratory effects (Stock et al.,

1978; Cox et al., 1987; Harper et al., 1984; Frysinger

et al., 1984; Gelsema et al., 1987; Iwata et al., 1987).

As the CeA forms a crucial link in the coordination of

autonomic and behavioral responses to stress such as

conditioned fear (LeDoux et al., 1988; Par�e et al.,

2004; Wilensky et al., 2006), it is possible that the

somatostatinergic pathway identified in the current

study may be involved in recovery responses such as

the return of mean arterial pressure to baseline levels

following freezing responses to conditioned fear (Car-

rive, 2000; Dielenberg et al., 2001) or the suppression

of sympathetic responses during passive versus active

coping (Sherwood et al., 1990; Roozendaal et al.,

1991).

Extending dorsomedially from rostral parts of the

CeA, the SLEA also contained a population of PPS-

expressing RVLM-projecting neurons, which has other-

wise only been referred to briefly in studies of the

developing and adult rodent brain (Real et al., 2009;

deCampo and Fudge, 2013). Prior to this study, knowl-

edge of the SLEA’s descending projections was

restricted to the NTS/dorsal motor nucleus of the

vagus nerve and parabrachial complex (Grove, 1988;

Sun et al., 1994; Waraczynski, 2006). Chemical stimula-

tion of the SLEA elicits depressor responses (Gelsema

et al., 1993). Although a respiratory relationship is

associated with the SLEA, it is somewhat complex, as

SLEA activity is normally synchronized with the onset of

spontaneous breathing but suppressed during the cog-

nitive tasks that drive respiration (Evans et al., 2009).

Activation of the SLEA is evident in subjects experienc-

ing dyspnea, and is associated with the unpleasant

emotional processing that occurs during a dyspneic epi-

sode (von Leupoldt et al., 2008). It is possible that the

PPS-expressing pathway to the RVLM from the SLEA

may be part of a complex circuit linking emotional state

to cardiovascular and respiratory outflows.

The interstitial nucleus of the posterior limb of the

anterior commissure (IPAC) expresses PPS mRNA in

neurons projecting to the RVLM; however, very little is

known about its function except for its role in reward

and motivational processes (Waraczynski, 2003). Per-

haps, as with other components of the extended amyg-

dala, the IPAC is involved in the integration of

emotional processing and autonomic outflows.

We have identified PPS-expressing neurons in the

BNST that project to the RVLM despite the fact that

such neurons have been found previously to project to

the LPB, the PAG, and dorsal vagal complex (Gray and

Magnuson, 1987, 1992; Moga et al., 1989), and further-

more, neurochemically undefined neurons are known to

project to the lateral tegmental field (Holstege et al.,

1985). Although ablation of the region does not affect

baseline arterial pressure or heart rate (Crestani et al.,

2006), both chemical and electrical stimulation of the

lateral subdivisions of BNST (where many PPS neurons

in the present study were located) evoke a depressor

response (Dunn and Williams, 1995). As PPS neurons

projecting to the LPB and NTS are involved in feeding-

related responses (Smith et al., 2005; Li and Cho,

2006; Saggu and Lundy, 2008; Panguluri et al., 2009),

it is possible that the projection identified here has a

corresponding role. Alternatively, the BNST modulates

MAP and HR during exercise (Alves et al., 2011), so

whether the bradycardic and depressor responses

evoked by SST microinjection in the RVLM (Burke

et al., 2008) are simulating this function remains to be

determined.

CONCLUSION

This study reveals that a discrete subset of brain

regions provides somatostatinergic projections to the

RVLM: the Pa5, KF, LPB, VLPAG, CeA, SLEA, IPAC, and

BNST, and we have provided evidence-based specula-

tion as to the roles of these projections. The projection

from the KF and LPB most likely has a respiratory func-

tion; however, the role of the other pathways suggested

remains to be tested. Nevertheless, it is clear that SST

released from these projection neurons activates G-

protein-coupled sst2 (most likely sst2a) receptors

whereby GIRK channels are activated that serve to

hyperpolarize neurons in the RVLM.
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Abstract

Genetic tools that permit functional or connectomic analysis of neuronal

circuits are rapidly transforming neuroscience. The key to deployment of such

tools is selective transfection of target neurons, but to date this has largely

been achieved using transgenic animals or viral vectors that transduce

subpopulations of cells chosen according to anatomical rather than functional

criteria. Here, we combine single-cell transfection with conventional

electrophysiological recording techniques, resulting in three novel protocols

that can be used for reliable delivery of conventional dyes or genetic material

in vitro and in vivo. We report that techniques based on single cell electropo-

ration yield reproducible transfection in vitro, and offer a simple, rapid and

reliable alternative to established dye-labeling techniques in vivo, but are

incompatible with targeted transfection in deep brain structures. In contrast,

we show that intracellular electrophoresis of plasmid DNA transfects

brainstem neurons recorded up to 9 mm deep in the anesthetized rat. The

protocols presented here require minimal, if any, modification to recording

hardware, take seconds to deploy, and yield high recovery rates in vitro (dye

labeling: 89%, plasmid transfection: 49%) and in vivo (dye labeling: 66%,

plasmid transfection: 27%). They offer improved simplicity compared to the

juxtacellular labeling technique and for the first time offer genetic manipula-

tion of functionally characterized neurons in previously inaccessible brain

regions.

Introduction

Techniques that combine electrophysiological recording

of neuronal activity with dye labeling have been used

to address fundamental questions about the relationship

between neurochemistry, morphology, and cell behavior

(Schreihofer and Guyenet 1997; Bevan 1998; Mileykov-

skiy et al. 2005; Noseda et al. 2010; Jiang et al. 2013).

Historically, investigators have used three main strate-

gies to introduce dye from a recording pipette to the

cell interior. In the first, intracellular access is obtained

by impalement of the neuron with a sharp electrode

and fluorescent dyes or biotin conjugates are deposited

by intracellular electrophoresis (Stretton and Kravitz

1968; Horikawa and Armstrong 1988). In the second,

whole cell access is obtained using a low-resistance

patch pipette and dye is passively dialyzed into the cell

(Edwards et al. 1989; Pickering et al. 1991). In the third

approach, an extracellular recording electrode is posi-

tioned in close contact with the cell membrane (a “jux-

tacellular” position) and a train of 200 ms long positive

current pulses up to 10 nA in amplitude is used to

initiate and maintain membrane electroporation and

simultaneously eject positively charged dyes, typically
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over a period of 2–30 min (Pinault 1996; for review,

see Pinault 2011).

All three approaches are technically difficult and

require experience and skill for efficient use, particularly

in vivo. The quality of labeling obtained using the

juxtacellular approach is generally inferior to that

obtained using intracellular dye deposition; however, the

technical difficulty associated with maintaining stable

sharp recordings or obtaining whole cell access in deep

brain regions in vivo has led to the ascendency of Pina-

ult’s juxtacellular technique as the gold-standard approach

for labeling functionally identified neurons.

Recent advances in molecular biology have provided

incentives for the development of single-cell labeling tech-

niques that are compatible with intracellular nucleotide

delivery. The major challenge associated with delivery of

genetic material is the large molecular weight of gene

constructs and the high copy number required for effi-

cient transfection. For example, the molecular weight of

the plasmid that encodes yellow fluorescent protein,

pCAG-YFP (MW 1.8 MDa) is approximately 6000 times

greater than that of neurobiotin (MW 286 Da). This

obstacle has been overcome using two approaches. First,

as with traditional dyes, plasmids can be dialyzed into

neurons during low-resistance whole cell recordings

(Rancz et al. 2011). Although the transfection rate associ-

ated with this approach is high (56%: Rancz et al. 2011)

and the use of whole-cell patch recordings in vivo is

becoming more commonplace, this approach is still

restricted to more superficial brain regions as whole-cell

recordings become difficult to obtain beyond about

2 mm deep (Margrie et al. 2002; Schramm et al. 2014).

An alternative approach combines conventional electro-

physiological recording methods with single cell electro-

poration (SCE) (Haas et al. 2001; Rae and Levis 2002;

Rathenberg et al. 2003; Bestman et al. 2006; Steinmeyer

and Yanik 2012). In common with the juxtacellular tech-

nique, SCE uses voltage trains to induce localized dielec-

tric breakdown of the cell membrane and drive charged

molecules from the pipette into the cell, but differs in

terms of the duration (~1 ms), frequency (50–1000 Hz),

and amplitude of pulses (~10 V, equivalent to ~500 nA

assuming a series resistance of 20 MΩ). SCE is an

efficient and quick transfection method, but suffers some

limitations: first, it is critically dependent on gentle

contact between the pipette and target cell, meaning its

use is largely restricted to preparations in which direct

visualization of the cell is possible (Rathenberg et al.

2003; Kitamura et al. 2008; Judkewitz et al. 2009). Fur-

thermore, the voltages required for efficient SCE are

beyond the limits of commercially available voltage-clamp

amplifiers, meaning SCE cannot readily be combined with

electrophysiological characterization of target neurons.

Three recent reports detail amplifier modifications and

protocols that combine traditional electrophysiological

recordings with SCE, allowing transfection of recorded

neurons in vitro (Daniel et al. 2013) or, within superfi-

cial layers of the cortex, in vivo (Cohen et al. 2013;

Oyama et al. 2013). These achievements represent an

important technical landmark that, in common with the

whole-cell transfection technique (Rancz et al. 2011),

may prove valuable to investigators studying neurons in

easily accessible brain regions. However, their applicabil-

ity to neurons in deep or fibrous regions of the adult

brain remains unproven.

Our group has a long-standing interest in the anatomy,

behavior, and network dynamics of autonomic and

respiratory nuclei deep in the ventrolateral medulla of the

rat (McMullan et al. 2008; Sevigny et al. 2008; Burke

et al. 2011). These neurons are located up to 9 mm deep

to the cerebellar surface, lie intermingled with large fiber

tracts, and are not amenable to whole-cell recordings in

recovery experiments. The objective of the current study

was to develop a technique that can be used for the

targeted transfection of electrophysiologically profiled

neurons in deep brain regions. We first independently

developed an approach that combines extracellular

recording of unit activity with SCE. We then validated its

efficacy in vitro and extensively tested its suitability for

transfection of neurons recorded >2 mm deep in the

brainstem. We report that SCE-based approaches provide

good transfection efficiency in vitro and can be used in

vivo for dye-labeling as a simple and reliable alternative

to the juxtacellular technique. However, in our hands

SCE did not result in reliable transfection in vivo. To

circumvent this limitation we describe a protocol for

intracellular electrophoresis of DNA and show that this is

a more useful approach.

Methods

Ethical Approval: All experiments were approved by

Macquarie University Animal Ethics Committee and

conformed to the Australian Code of Practice for the

Care and Use of Animals for Scientific Purposes.

General preparation

Preparation of brain slices for in vitro
electroporation

P2-8 Sprague–Dawley rat pups of either sex were anesthe-

tized with isoflurane and decapitated when arreflexic. The

head was submerged in ice-cold carbogen-bubbled

artificial cerebrospinal fluid (ACSF, in mM: 125 NaCl, 25

NaHCO3, 3 KCL, 1.25 NaH2PO4.H20, 10 glucose, 2
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CaCl2, 1 MgCl2). The brain was dissected and 250 lm
slices of hippocampus, cortex, or brainstem were cut

using a vibratome in ice-cold ACSF. Slices were main-

tained and recorded at 34°C in ACSF. In some cases

spontaneous activity was enhanced by superfusing slices

in 5–12 mM [K+] ACSF (Onimaru and Homma 2007).

Organotypic slice cultures of hippocampus, cortex,

brainstem, and cerebellum were prepared as previously

described (De Simoni and Yu 2006). Cultures were main-

tained on organotypic culture mesh inserts (Millipore,

Billerica, MA; PICM03050) in six well dishes, submerged

in 1 mL of culture media. Slices were kept in a CO2 incu-

bator at 37°C, 5% CO2 for at least 2 days prior to use.

Animal preparation: acute experiments

Adult Sprague–Dawley rats of either sex (250–650 g) were

anesthetized with 10% urethane (1.3 g/kg i.p.) and pre-

pared for single unit recording as previously described

(Turner et al. 2013). In brief, vascular access was obtained

and rats were intubated and instrumented to record

blood pressure, core temperature, and end-tidal CO2. Rats

were positioned in a stereotaxic frame in the skull flat or

nose-down (~30°) position. Bone overlying the brainstem

was removed and the dura reflected. In experiments

targeting respiratory neurons the caudal pole of the facial

nucleus, an anatomical landmark for the respiratory cell

column, was mapped by antidromic field potentials as

previously described (Brown and Guyenet 1985).

Diaphragmatic EMG was recorded as an index of respira-

tory phase via fine steel wire hook electrodes inserted

through the thoracic wall into the diaphragm using a 26

gauge needle. When indicated by respiratory movements

that interfered with recording stability, rats were artifi-

cially ventilated at parameters that maintained end-tidal

CO2 at 3.5–4.5% and movements suppressed by careful

titration with pancuronium bromide (0.2–2 mg/kg i.v.,

AstraZeneca, North Ryde, NSW, Australia) such that dia-

phragmatic EMG was still observable. In long experi-

ments, hydration and electrolyte balance was maintained

by intravenous infusion of 0.9% NaCl or 5% glucose

(5 mL/kg/h). Anesthetic depth was carefully monitored by

examining autonomic, respiratory, and/or motor

responses to firm pinch of the hindpaw; supplementary

anesthesia (10% initial dose) was provided as required.

Animal preparation: recovery experiments

Adult Sprague–Dawley rats of either sex (85–605 g) were

anesthetized with intraperitoneal ketamine (75 mg/kg;

Parnell Laboratories, Alexandria, NSW, Australia) mixed

with medetomidine (0.5 mg/kg; Pfizer Animal Health,

West Ryde, NSW, Australia). Prophylactic antibiotics

(20 mg/kg Cephazolin sodium, i.m.; Mayne Pharma,

Salisbury South, SA, Australia) and analgesia (2.5 mg/kg

Carprofen, s.c.; Norbrook Pharmaceuticals, Tullamarine,

VIC, Australia) were administered and the left femoral

artery and vein were cannulated under aseptic conditions.

The brain was exposed as described above under minimally

invasive conditions, medetomidine was reversed (atipamaz-

ole 1 mg; Pfizer Animal Health, Australia, s.c.), and anes-

thesia switched to 1–3% isoflurane (Veterinary Companies

of Australia Pty Ltd, Artarmon, NSW, Australia) in 100%

oxygen and monitored as described above for the remain-

der of the procedure. In some experiments rats were

artificially ventilated following endotracheal intubation

with a 14 gauge cannula.

After conclusion of recordings, wounds were irrigated

and the exposed brain covered with oxidized cellulose

hemostat. Neck muscles were sutured and skin closed

with stainless steel suture clips. Femoral catheters were

removed, vessels tied off, and incisions closed. Anesthesia

was discontinued, rats were removed from the stereotaxic

frame and, where applicable, extubated. Rats were treated

with postoperative carprofen, (2.5 mg/kg s.c.; Norbrook

Pharmaceuticals, Australia) and monitored closely for up

to 36 h with additional analgesia as required.

Histology

At the conclusion of in vivo experiments rats were eutha-

nized with pentobarbitone (>100 mg/kg i.v. (acute experi-

ments) or i.p.(recovery)), transcardially perfused with

heparinised saline followed by 4% PFA, and the brain

removed and postfixed in 4% PFA solution overnight. At

the conclusion of in vitro experiments brain slices were

briefly immersed in 4% PFA and transferred into TBPS

until imaging.

Brainstems from in vivo experiments in which dextran

or plasmids encoding fluorescent reporters were used

were cut into 50 lm coronal sections with a vibrating

microtome, wet-mounted, and immediately visualized

under epi-fluorescence. As part of a separate study, neu-

robiotin-labeled neurons were processed for ChAT and

somatostatin 2A receptor immunoreactivity before visuali-

zation. Sections were washed in 0.01 M phosphate buf-

fered saline containing 0.2% Triton-100 for 3 9 15 min,

and incubated in 0.01 M phosphate buffered saline

containing 2% bovine serum albumin and 0.2% Triton-

100 for 1 h at room temperature. Primary antibodies

(Goat-anti-choline acetyltransferase, 1:800 (Chemicon,

Millipore, Cat#AB144P), Rabbit anti-SST 2a receptor

1:100 (Bio-trend, K€oln, Germany; ss-8000-rmc, Lot#

a080826)), were added to the blocking buffer and sections

were incubated for 48 h at 4°C. Sections were washed in

TPBS 3 9 30 min and incubated in secondary antibodies
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(ExtrAvidin�-FITC 1:500 (Sigma-Aldrich, Sydney, NSW,

Australia; Cat#E2760), Cy3�-conjugated AffiniPure Don-

key anti-Goat IgG (H+L) 1:250 (Jackson ImmunoResearch

Laboratories, INC, West Grove, PA; Code#705-165-147,

Lot#68839), Alexa Fluor� 647-AffiniPure Donkey Anti-

Rabbit IgG (H+L) 1:250 (Jackson ImmunoResearch

Laboratories, INC, Code#711-605-152, Lot#105115)) for

12 h at 4°C. Processed sections were washed again in TPBS

3 9 30 min before being mounted in serial order on glass

slides and coverslipped for imaging with Zeiss Z1 (Carl

Zeiss Pty Ltd, North Ryde, Australia) epifluorescent or

Leica TCS SP5X (Leica Microsystems Pty Ltd, North Ryde,

NSW, Australia) confocal microscopes. In two cases, CFP

and EGFP immunoreactivity were enhanced using Rabbit-

anti-GFP (1:1000, Life Technologies, Mulgrave, VIC,

Australia; Cat# A-6455).

Recording parameters

Recordings were made using an Axoclamp 900A amplifier

with HS-9AX1 headstage (Molecular Devices, Sunnyvale,

CA) in current clamp mode. This model has several fea-

tures that make it suitable: its high maximum current

output (1000 nA) is convenient for constant-current elec-

troporation, and the headstage is tolerant of externally

generated voltages of up to 10 V.

Extracellular activity was simultaneously measured on

two channels, one using conventional extracellular config-

uration (AC channel: Gain: 20–50, Band pass: 100–
3000 Hz) and one configured for intracellular recordings

(DC channel: Gain: 1, Band pass: DC-3000 Hz). Data

were sampled at 10 (AC) or 5 (DC) ksamples/s using a

1401plus or power1401 running Spike 2 version 7 (Cam-

bridge Electronic Design, Cambridge, UK). AC recordings

were played back as an audio signal during experiments.

Pipettes were pulled from filamented borosilicate glass

(external diameter 1 mm, internal diameter 0.5 mm)

using a P-2000 pipette puller (Sutter Instruments,

Novato, CA). Pipettes with a long taper and tip diame-

ter of approximately 1 lm (Resistance 10–20 MO when

filled with 0.9% NaCl) were considered ideal for extra-

cellular recordings. All pipettes were inspected using a

microscope with a calibrated graticule.

Intracellular recordings were made using similar

pipettes pulled to <1 lm tip diameters and filled with

either Tris EDTA buffer or water containing freshly

filtered plasmid DNA diluted to a concentration of

250–350 ng/lL in 1M KCl.

Constant voltage switching circuit

A constant voltage generator (DS2A-mkII, Digitimer Ltd.,

Welwyn Garden City, Hertfordshire, UK) was connected

in parallel to the recording pipette by connecting one

pole of the stimulator to the pipette and the other to the

experimental preparation. A high-impedance recording

circuit was maintained by isolating the stimulator from

the pipette assembly with an electromagnet-controlled

reed switch. The increased capacitance (~7 pF) of the

assembly was offset by the amplifier capacitance

compensation. For electroporation the electromagnet was

engaged with a 5 V TTL pulse and the stimulator trig-

gered to produce the desired voltage train.

In vitro electroporation

Experiments were performed on a patch electrophysiology

rig under an Olympus microscope with differential inter-

ference contrast optics and immersion lenses. Pipettes were

back loaded with plasmid DNA, fluorescent dextran

(tetramethylrhodamine- or fluoroscein-conjugated dextran

(3000 MW, Invitrogen # D3307 and D3305, respectively,

1–3% in 0.9% NaCl), or neurobiotin (1–2% in 0.9% NaCl)

and mounted on the recording headstage. Brain slices were

placed in the recording chamber and perfused at 1–2 mL

per minute. The pipette tip was guided onto the surface of

the target cell until a dimple was formed. Pipette patency

was maintained with positive pressure as required. Follow-

ing electroporation the pipette was carefully retracted from

the cell and reused until clogging occurred.

The same approach was used for transfection of neurons

in organotypic culture, except pipettes were filled with

freshly filtered plasmid DNA in 0.9% NaCl (0.3–3 lg/lL).
SCE of organotypic cultures was typically completed

within 15 min. Transfected neurons were washed in fresh

media and restored to the incubator for 24–48 h before

fixation and imaging of reporter-expressing neurons.

In vivo electroporation

Pipettes were prepared as above, mounted on the recording

headstage and slowly (~10 lm/s) lowered into the brain-

stem using a piezo microstepper. For extracellular record-

ings, pipette pressure was maintained at >200 mmHg until

a the tip reached a depth of 2 mm at which point the

pressure was reduced to 0–50 mmHg. The pipette was

advanced in 3 lm steps until a spontaneously active

neuron was isolated and pressure was released. In many

cases no pressure was applied beyond 2 mm deep, without

any apparent effect on dye labeling efficiency or quality.

Positive pressure was always used in attempted extracellular

transfection.

Correct pipette position was verified by induction of an

open-cell response to single cell microstimulation. Once a

recording from a single cell was isolated the pipette was

withdrawn until spike amplitude was 0.2–0.5 mV and
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microstimulation was attempted. If no response was

obtained the pipette was advanced and retested in 3 lm
steps until a response was observed (interpreted as estab-

lishment of contact) or the spike height receded (inter-

preted as passage of the pipette past the cell without

making contact.

Electroporation was generally only attempted in neu-

rons in which normal neuronal activity resumed after

responses to microstimulation, although electroporation

before recovery was still associated with robust labeling

(see Fig. 5C). After electroporation the pipette was

slowly withdrawn. Fresh pipettes were used for each

track.

For the majority of intracellular recordings no pressure

was applied during positioning of the pipette: it was low-

ered to a depth of 1.5 mm and then advanced in 1–5 lm
steps until an extracellular recording of a spontaneously

active neuron was isolated. A capacitive buzz was applied

to gain intracellular access and the pipette was further

maneuvered until a stable membrane potential was

obtained. After electrophoresis the pipette was slowly

withdrawn in until the membrane potential returned to

zero and was then withdrawn completely. New pipettes

were used for each track.

Plasmid preparation

Plasmids encoding fluorescent reporter proteins were

used to validate electroporation: pCAG-DsRed (Addgene:

11151), pCAG-YFP (Addgene: 11180), pCAG-EGFP

(Addgene: 11150), pCAG-CFP (Addgene: 11179), pCBA-

TdTomato (Addgene: 28017). Plasmids were amplified

and purified according to the suppliers’ recommenda-

tions, filtered, and stored at �20°C until use.

Avoidance of inadvertent neuronal labeling

Partial blockage of recording pipettes is commonly

resolved by passing a high-amplitude ‘clearing’ current

through the pipette. In early experiments, we occasionally

observed false-positive dextran-labeled neurons at loca-

tions at which anionic ‘clearing’ currents had been used;

this can be avoided using clearing currents opposite in

polarity to that of the dye. As was the case with in vitro

experiments, in vivo electroporation sometimes labeled

more than one neuron. This rarely happened with TMR-

dextran (2/79 recovered neurons, 2.5%), but occurred sig-

nificantly more frequently with neurobiotin (7/51 neu-

rons, 14%, P = 0.03, Fisher’s exact test). Inadvertent

labeling of neurons due to positive pressure ejection of

dextran/neurobiotin was almost never seen; unintention-

ally labeled neurons were easily identified by their posi-

tion dorsal to the end of the recording track.

Results

Dye-labeling in vitro

In pilot experiments performed on acute brain slices we

first established that SCE was compatible with the

micropipettes and recording amplifier used for extracellu-

lar recordings. Recording pipettes with a 1 lm tip diame-

ter were filled with 0.9% NaCl containing 1–3%
fluorescein- or tetramethylrhodamine-dextran (TMR-dex-

tran: MW 3000, resistance = 8–20 MΩ) and electropora-

tion currents were delivered by the amplifier current

ejection system. The pipette was positioned in gentle

contact with the target cell under optical guidance and

series resistance (Rs) was measured using the amplifier

bridge-balance function. The electroporation current (Ie)

required to generate the target electroporation voltage

A

C

D

B

Figure 1. Illustration of workflow used for constant-current

electroporation in vitro. (A) Recording pipette is moved into gentle

contact with the target cell under optical guidance. (B) Immediately

prior to electroporation Rs is measured using the amplifier bridge-

balance function and (C) used to calculate the electroporation

current (Ie) required to generate the target voltage (Vt; in this

example 7.5 V). (D) The amplifier is programmed to deliver a train

of current pulses at Ie.
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(Vt) was calculated by Ohm’s Law and programmed into

the amplifier current-injection dialogue (Fig. 1). As the

amplitude of currents injected using this approach remain

constant over the course of the electroporation train, we

term this approach constant-current electroporation.

Constant-current electroporation was compatible with

high-quality recording of extracellular action potentials

and resulted in labeling of the soma and dendritic tree

using a wide range of train parameters: reproducible sin-

gle-cell labeling was obtained with trains of 1 ms pulses

delivered at 200 Hz for 0.5 s (Vt = 7.5 V: 36/48 cells

labeled on the first attempt, Fig. 2, Video S1). Electropo-

ration with even relatively low (<1%) concentrations of

fluorescent dextrans resulted in extensive filling of fine

axons and fibers, allowing resolution of fine morphologi-

cal details (e.g. dendritic spines) that were clearly observa-

ble under epifluorescent illumination in the live slice.

Resolution was enhanced by increasing the concentration

of dextran used. In the vast majority of cases electropora-

tion (successful or unsuccessful) caused an immediate

cessation of spontaneous firing that rarely recovered

within 10 min (although resumption of firing was not

systematically investigated).

Electroporation occasionally labeled more than one cell

(3/129 cells, 2.4%). In such cases the intended target was

always labeled too, and processes extending from the

unintentionally filled cell were always observed in close

proximity to the recording pipette, and were therefore

presumably labeled en passant.

Single-cell transfection in vitro

Using the same approach we attempted to transfect neu-

rons in organotypic cultures with plasmids that encode

fluorescent proteins (Vt = �10 to �12 V, 100 9 0.5–
1 ms pulses, 100 Hz, 1 s train). Although occasionally

effective, this approach did not reliably result in protein

transcription. As discussed in detail below, we postulated

that low transfection efficiency may have resulted from

voltage drop-off during pore formation, so we modified

our pipette assembly to incorporate a constant-voltage

source connected in parallel to the recording pipette by

an electronic switch (“constant-voltage electroporation”,

Fig. 3A).

This modification allows delivery of constant-voltage

across the recording electrode (and headstage) when the

switch is engaged, irrespective of Rs, but electrically iso-

lates the voltage generator during when disengaged, pre-

serving recording quality. This refinement improved the

transfection efficiency achieved in organotypic cultures

A

B

C D E

Figure 2. Extracellular recording and constant-current

electroporation of a spontaneously active neuron in an acute brain

slice (same recording as Video S1). (A) Overview of entire

recording. (B) Detailed view of portion indicated in blue in A. To

electroporate Rs was first measured using the amplifier bridge-

balance function and used to calculate the appropriate

electroporation current (see Fig. 1). A 200 Hz train of

100 9 150 nA, 1 ms pulses immediately filled the cell with 1%

tetramethylrhodoamine (TMR)-dextran and abruptly halted its

spontaneous discharge. Spontaneous activity returned after five

minutes and was maintained for the remainder of the experiment.

Sup. Video indicates starting point of Supplementary Video 1.

(C) Low-power fluorescence image of six dextran-filled neurons

recorded and electroporated in a single slice (D) Confocal image of

the neuron indicated in C. (E) Example of a neuron from a different

experiment.

A B

Figure 3. (A) Circuit configuration used for recording and

constant-voltage electroporation. A DC generator is connected in

parallel to the recording and reference terminals of the amplifier

headstage and is isolated from the recording electrode by a reed

switch placed inside a cylindrical electromagnet. When the

electromagnet is engaged the circuit is closed, allowing delivery of

electroporation voltages. (B) Tdtomato fluorescence 24 h after

transfection of a hippocampal neuron in organotypic culture with

pCBA-TdTomato.
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(reporter expression confirmed in 25/51 cells within 24 h

of electroporation, Fig. 3B), making it equivalent to a

commercial standalone SCE device (16/30 cells, Axopora-

torTM, Fisher’s Exact Test: P = 0.82) using the same elec-

troporation parameters (�10 V, 100 Hz, 1 ms pulses, 1 s

train). This modification also simplified the electropora-

tion process, as it eliminated the requirement for mea-

surement of Rs and calculation of Ie prior to

electroporation. As described elsewhere, transfection of

single neurons with plasmids that encode fluorescent

reporters resulted in bright and complete filling of proxi-

mal and distal neuronal compartments, in most cases suf-

ficient to clearly visualize fine branching of axons and

dendrites, axonal varicosities and terminals, and dendritic

spines (Haas et al. 2001).

Establishing cell contact in blind recordings

SCE is critically dependent on gentle contact between the

pipette and target neuron. In fields of view with a high

cell density or recordings made deep in the slice it was

often difficult to unambiguously determine when the

recorded neuron had been correctly identified and

contacted. Furthermore, in initial experiments in vivo, we

were unable to achieve reliable electroporation when

using changes in Rs to indicate cell contact (TMR-dex-

tran: 2/29 cells recovered, n = 4 rats), although other

investigators have recently reported success using this

strategy (Oyama et al. 2013).

To resolve this problem we developed a protocol that

uses stereotypical responses to a single 50–100 nA, 1 ms

pulse (“single-cell microstimulation”) to definitively

identify contact between the recording pipette and soma.

In acutely prepared brain slices this stimulus evoked

electrophysiological responses characterized by four dis-

tinct elements (Fig. 4): (1) Increased discharge rate and

altered spike morphology that included (2) an increase

in spike height and (3) adoption of an asymmetrical

spike shape with a conspicuous after-hyperpolarization

(4) a 1–20 mV reduction in potential recorded in DC

mode. All four components were always apparent in

spontaneously active cells, but sometimes transient

changes in pipette potential (with or without a short

burst of action potentials) were the only features appar-

ent in silent cells. Electrophysiological changes evoked by

microstimulation typically recovered within 10 s and

A B

EDC

Figure 4. Single-cell microstimulation of a medullary respiratory neuron in vivo. (A) 100 nA microstimulation (arrow) initially evoked no effect

on neuronal firing. The pipette was advanced 3 lm and stimulation repeated. This time the stimulus evoked transient stereotypical changes in

firing frequency, spike amplitude and spike shape, apparent in the AC trace, and a small hyperpolarization of the pipette, visible as a 1 mV

shift in the DC trace. (B) Expanded view of region drawn in blue in A. (C) Average spike waveforms; source data indicated in A. (D)

Diaphragm-triggered histograms of neuronal firing before (cyan, bar indicated in A) and after (red, bar indicated in A) microstimulation: the

firing pattern is maintained over the recording. (E) Response to single-cell microstimulation (0 lm) is correlated with high labeling efficiency

(TMR-dextran, in vitro), which decreases as the pipette is withdrawn from the cell membrane. Number of replicates shown over each series.
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were never observed in the absence of physical contact

between pipette and cell, confirmed as a dimpling of the

cell membrane.

Although single-cell microstimulation was apparently

innocuous in vitro (where gentle contact between pipette

and cell were closely monitored), microstimulation of

spontaneously active neurons in vivo was initially associ-

ated with loss of recordings and presumed cell rupture

and death. This was mitigated by withdrawal of the pip-

ette from the cell once stable recordings were established

such that spikes were <0.5 mV in amplitude prior to

microstimulation. Where no response to microstimulation

was observed the pipette was advanced in 1–3 lm incre-

ments and stimulation repeated until a response was

obtained. Using this approach transient responses, in

which normal neuronal activity resumed within ~10 s,

were achieved in approximately 50% of neurons (see

Figs 4 and 5).

Responses to single-cell microstimulation were a reli-

able indicator of contact between the pipette and cell and

were predictive of successful electroporation. Under blind

conditions in vitro, the probability of achieving dextran

labeling on the first attempt was 89% (55/62 cells) follow-

ing a positive response to single-cell microstimulation,

and rapidly declined as the pipette was withdrawn from

the cell membrane (Fig. 4E). Positive responses to micr-

ostimulation were also correlated with successful con-

stant-current electroporation in randomly sampled

spontaneously active neurons encountered 0.3–9.7 mm

deep in vivo (dextran electroporation in 82/137 neurons,

60%, n = 26 rats, Vt = 5–10 V, 200 Hz, 1 ms pulses,

0.5 s train). A similar proportion (49/74, 66%, P = 0.37,

Fisher’s exact test) were labeled using dextran or neuro-

biotin in a second cohort of experiments (n = 21 rats) in

which neurons in the ventrolateral medulla with respira-

tory-related activity were preferentially targeted with con-

stant-voltage electroporation (7.5–10 V, 200 Hz, 1 ms

pulses, 0.5 s train: Fig. 5).

Single-cell transfection in vivo

Having verified that constant-voltage electroporation is

capable of reliable single-cell transfection in vitro and

established a protocol that results in reproducible dye-

labeling in vivo, we then examined its suitability for

single-cell transfection in vivo.

Brainstem neurons were recorded 1.6–9.8 mm deep in

either nonrecovery experiments, in which urethane

anesthesia was maintained for 12–18 h after electropora-

tion (n = 5 rats), or recovery experiments (n = 7 rats), in

which anesthesia was reversed at the conclusion of

recording and rats were recovered for 1–2 days. Contact

between the pipette and target neuron was first verified

by observing a positive response to single-cell microsti-

mulation, and neurons that recovered were electroporated

at negative polarity (�10 V, 50–100 Hz, 0.5–1 ms pulses,

1 s). Regardless of surgical preparation, electroporation

parameters, or plasmid construct used, this approach

rarely resulted in reporter expression (6/87 neurons, 7%).

We initially hypothesized that the low success rate

may have reflected an incorrect assumption regarding

the predictive value of our microstimulation technique.

We adopted an approach similar to that used for

electroporation of superficial cortical neurons (Judkewitz

et al. 2009; Oyama et al. 2013), in which the pipette is

maneuvered such that Rs is increased by 30%, and

attempted SCE in 31 neurons in five recovery experi-

ments; no transfected cells were subsequently identified.

Review of recordings from successfully transfected

neurons revealed that microstimulation had in some

cases resulted in full intracellular access prior to electro-

poration (5/6 neurons), suggesting that transfection

could be achieved by direct intracellular plasmid electro-

phoresis. This hypothesis was examined in experiments

in which brainstem neurons were targeted for intracellu-

lar recordings using semisharp pipettes (tip diameter:

<1 lm, resistance 18 � 3 MΩ). This configuration was

compatible with stable recording of unit activity in

extracellular mode prior to brief (typically <10 s) intra-

cellular access and plasmid ejection (�10 V, 50 Hz,

1 ms pulses, 1 s train or �10 V, 1000 Hz, 0.1 ms pulses,

0.1 s train: Steinmeyer and Yanik (2012)). Transfection

was achieved in 13/48 (27%) neurons in which intracel-

lular access (membrane potential �30 to �70 mV) was

obtained prior to electrophoresis (Fig. 6). Transfected

neurons were recorded 1.6–8.3 mm deep to the brain

surface using pipettes between 8 and 37 MΩ in resis-

tance. 3/13 neurons were silent; the remainder showed

spontaneous activity between 1 and 20 Hz. Cross-

sectional areas of transfected neurons were 141–
1178 lm2, equivalent to 13–39 lm in diameter.

Discussion

The current study provides researchers with three novel

protocols that can be used for reliable dye-labeling or

transfection of functionally identified neurons in deep

brain regions in vivo. Constant-current electroporation

can be performed without any customization of the

recording amplifier and yields rapid and high quality dye

labeling in vitro and in vivo. Constant-voltage electropo-

ration requires minimal modification of hardware and

yields in vitro transfection at efficiency equivalent to a

widely used proprietary device, but in our hands this

approach was incompatible with high transfection effi-

ciency in vivo. In contrast, we found that intracellular
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electrophoresis of genetic material may instead offer a

more reliable method for transfection of functional iden-

tified neurons in inaccessible brain regions.

In establishing our transfection methodology we devel-

oped dye-labeling techniques that offer some advantages

to the juxtacellular method in terms of simplicity and

speed. Successful juxtacellular labeling is indicated by

‘entrainment’ of neuronal firing to regular anodal pulsing

of the recording pipette, which must be maintained for

several minutes for reasonable labeling to occur. Longer

A

B

C

D

Figure 5. Examples of nonrespiratory (A) and respiratory (B–D) neurons recorded in extracellular mode in the ventrolateral medulla and labeled

with neurobiotin by constant-voltage electroporation in vivo. After establishment of baseline recordings and repositioning of the recording

pipette such that spike height was <0.5 mV, single-cell microstimulation (arrow) was used to verify cell contact. In most cases neurons were

allowed to recover from microstimulation prior to electroporation (100 9 1 ms pulses, 200 Hz, +7.5 to +10 V). Photomicrographs show

neurobiotin-filled neurons (green) recovered at the appropriate stereotaxic co-ordinates; magenta channel shows immunoreactivity for choline

acetyl transferase (ChAT). Diaphragmatic EMG activity indicates inspiration, permitting functional identification of respiratory neurons.

(A) Tonically active ChAT-immunoreactive neuron in the nucleus ambiguus; (B) Augmenting expiratory neuron recorded ventral to nucleus

ambiguus; (C) Decrementing expiratory neuron recorded ventral to nucleus ambiguus; (D) inspiratory-locked neuron.
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periods of entrainment are associated with more complete

labeling (up to 60 min: Noseda et al. 2010). Although the

juxtacellular approach can yield efficient labeling in the

hands of the technically elite (100/115 cells: Pinault 1996;

45/50 cells: Guyenet and Wang 2001), establishing and

maintaining entrainment requires considerable finesse,

and recordings are often lost before or during entrain-

ment. It is notable that the number of neurons lost dur-

ing attempted labeling is often omitted from reports that

use this approach, perhaps boosting the apparent effi-

ciency of the technique: in unpublished pilot experiments

we found that recordings were lost before or during

entrainment in 145/248 (58%) attempts.

In contrast with the imprecise cues used to guide

entrainment over minutes of juxtacellular labeling, single-

cell microstimulation provides an instant binary output; a

cell either responds with an unambiguous electrophysio-

logical signature, in which case it may be immediately

electroporated with a high probability of recovery, or does

not, in which case the pipette is maneuvered and

stimulation repeated (in cases where there is no response)

or another cell is sought (in cases where the recording is

lost). This makes the protocol quick to perform and easy

to learn: most of the experiments targeting respiratory

neurons were performed by a graduate student (SL) who

learned the technique in a week and recovered two

labeled neurons in his first experiment.

The increase in neuronal excitability and effects on

spike shape and amplitude seen in response to microsti-

mulation are consistent with induction of an “open-cell”

state by the stimulus, a transient permeabilization of the

neuronal membrane evoked by its partial electroporation

(Braeken et al. 2012; Spira and Hai 2013). Our observation

that such responses only occur when the pipette is in con-

tact with the neuron are supported by similar reports by

Santos et al. (2007, 2009), who found that 30–100 nA,

1 ms pulses could be used to effectively stimulate spinal

cord neurons in loose-seal mode, but not in the absence of

physical contact between the pipette and cell. We conclude

that single-cell microstimulation provides a reliable and

objective indicator of contact between the pipette and neu-

ron. The major shortcoming associated with using single-

cell microstimulation to guide electroporation is its high

attrition rate in vivo; this is most likely due to excessive

A
A′

B′

C D

B

B(i)

Figure 6. Transfection of ventrolateral brainstem neurons following intracellular penetration in vivo. Once membrane potential had stabilized

plasmid DNA encoding fluorescent protein was electrophoretically injected by �10 V pulses (50 9 1 ms pulses, 1 s). Membrane potential was

retained after electrophoresis until withdrawal of the pipette (indicated by dashed lines). (A) Electrophysiological recording from a silent neuron

that started firing after penetration. A’ shows EGFP-labeled neuron recovered at the corresponding stereotaxic coordinates. (B) Slowly firing

spontaneously active neuron: extracellular spikes (blue data, detailed in Bi.) were resolved prior to cell penetration (*). (B’) Colocalization of

EGFP with ChAT immunoreactivity indicates that this example is a cholinergic motor neuron in nucleus ambiguus. (C + D) show examples of

other neurons transfected using the same approach.
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contact between the pipette and target cell, as it does not

seem to occur in vitro (where contact can be closely moni-

tored), although factors such as cell size and pipette geom-

etry may also contribute to the effect.

Constant-current and constant-voltage electroporation

offer dye-labeling with similar efficiencies in vitro and in

vivo; both resulting in labeling that is at least equivalent

in quality to that offered by the juxtacellular technique in

vivo and comparable to standard SCE in vitro, where fine

morphological features such as dendritic spines and ter-

minals are consistently revealed (Haas et al. 2001; Umeda

et al. 2005). The quality of labeling obtained using the

juxtacellular technique varies according to the brain

region targeted and tissue processing, hampering direct

comparison with the protocols described here. However,

extensive filling of brainstem neurons juxtacellularly

labeled with neurobiotin and visualized with fluorescent

avidin conjugates is rare in the literature (Sartor and Ver-

berne 2003; Abbott et al. 2009; Kanbar et al. 2011; Bouc-

etta et al. 2014; Iceman and Harris 2014) and in our own

experience (unpublished data). In contrast, although vari-

ability in labeling quality was observed using the

approaches described here, we often saw extensively filled

neurons that projected across dozens of histological sec-

tions in which fine morphological details were visible. We

did not extensively investigate the quality of labeling pos-

sible using diaminobenzidine visualization, but details

such as terminals and dendritic spines were visible in one

of three neurons processed that way. Constant-current

electroporation may be conducted without modification

to hardware provided the recording amplifier is capable

of generating sufficiently high currents (400–800 nA),

making it fast and cheap to adopt. However, we found it

more convenient to use the constant-voltage approach, as

it eliminates measurement of Rs and current calculation

from the workflow, speeding up the protocol, and is com-

patible with single-cell transfection in vitro.

Why does not constant-current electroporation result

in transfection? In constant-current mode the measured

value of Rs has a critical influence on voltage output.

Constant-current pulses may initially succeed in generat-

ing Vt for a given Rs; however, pores are formed in the

membrane within microseconds of voltage application

(see DeBruin and Krassowska 1999; Wang et al. 2010),

lowering membrane resistance and consequently Rs,

resulting in a proportionate reduction in trans-membrane

voltage. As a consequence of this voltage drop-off, con-

stant-current electroporation may fail to sustain the volt-

ages required for large and stable pore formation, which

are crucial for efficient plasmid delivery (Rae and Levis

2002).

In vitro transfection efficiency was restored by integra-

tion of a constant-voltage generator to the recording

circuit. This modification allowed the delivery of up to

�10 V without risk to the recording headstage (following

advice from the manufacturer), and made transfection

efficiency equivalent to that obtained with a commercial

single-cell electroporator and comparable to that reported

elsewhere (Rae and Levis 2002; Rathenberg et al. 2003;

Steinmeyer and Yanik 2012). However, exhaustive attempts

to translate it for single-cell gene delivery in vivo were

fruitless. This is surprising, given the similarities between

our approach and protocols recently described by other

investigators, in which some level of transfection was

observed under all parameters tested (Cohen et al. 2013;

Oyama et al. 2013). Differences in the brain regions and,

perhaps crucially, the depths at which neurons were

targeted, may underlie this disparity, as Cohen et al.

(2013) and Oyama et al. (2013) restricted their attempts to

neurons within 450 lm or 1.5 mm of the brain surface,

respectively, where pipette patency is easier to manage.

We conclude that techniques based on SCE are unlikely

to yield reliable transfection of neurons in deep brain

structures, and speculate that blockage of pipettes is most

likely responsible for the poor transfection efficiency seen

in vivo. Despite applying high positive pressure to the

internal solution during brain penetration and cell hunt-

ing, we rarely saw any evidence of dye leakage or hydrau-

lic injury along pipette tracks, both of which indicate

pipette patency in vivo (Rancz et al. 2011), and the qual-

ity and efficiency of dye-labeling and reporter expression

were consistently higher in vitro than in vivo. Although

we were able to use SCE for efficient dye-labeling nearly

10 mm deep to the brain surface, this does not necessarily

mean that recording pipettes were patent: in our experi-

ence electrophoretic ejection of fluorescent dextran is

consistently possible from clogged pipettes in which no

dextran may be pressure-ejected, and we were able to

produce robust labeling with such pipettes in vitro. How-

ever, we and others have found that blocked pipettes

absolutely preclude transfection by SCE (Haas et al. 2001;

Rae and Levis 2002; Rathenberg et al. 2003; Bestman

et al. 2006; Kitamura et al. 2008; Judkewitz et al. 2009).

If patency is the main issue affecting the efficiency of

SCE in deep brain regions, pipette clogging probably

reduces rather than completely obstructing plasmid ejec-

tion, as intracellular plasmid electrophoresis reproducibly

transfected neurons up to 8.3 mm deep. Stable intracellu-

lar access is difficult to achieve even in acute prepara-

tions, where extensive craniotomy or pneumothoraces are

commonly used to reduce movement. However, we found

that brief access, sufficient for transfection, could be

gained in minimally invasive preparations (although we

found tracheal intubation with neuromuscular block and

artificial ventilation useful) and that large neurons could

be impaled and transfected using low-resistance pipettes.

ª 2015 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.
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The current data provide a proof-of-principle that intra-

cellular recording may be used to transfect neurons in

deep brain regions, but the efficiency of the approach will

ultimately dependend on factors including operator expe-

rience, animal age, brain region targeted, and the size of

targeted neurons.

The current data provide relatively simple protocols that

can be used for reliable and robust labeling of recorded

neurons and a novel approach for transfection of neurons

in deep brain regions. The clear-cut criteria used to guide

electroporation and the rapidity at which labeling can be

performed may prove particularly attractive to novice

investigators, whereas the potential to select neurons for

genetic modification based on their functional properties

may prove useful to investigators interested in applying

advanced connectome-tracing technologies at single-cell

resolution (Wickersham et al. 2007; Marshel et al. 2010;

Rancz et al. 2011).
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Supporting Information

Additional Supporting Information may be found in the

online version of this article:

Video S1. Extracellular recording and constant-current

electroporation in vitro. The electrophysiological record-

ing (same recording shown in Fig. 2) has been converted

into audio and embedded into the video file; action

potentials are audible as clicks.
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