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Abstract 

The basal and evoked activity of sympathetic nerves, and therefore the physiological 

consequences of sympathetic nerve activity (e.g. cardiovascular homeostasis), are 

directly dependent on synaptic drive arising from groups of sympathetic premotor 

neurons in the medulla and hypothalamus. The central theme of this thesis is the 

employment of genetic tools, primarily viral based tracing strategies, to map the 

locations of neurons distributed throughout out the brain that provide synaptic drive to 

sympathetic premotor neurons in the ventral medulla. 

Genetic tools grant researchers the ability to selectively manipulate neuronal 

populations based on either anatomical criteria or the constitutive expression of specific 

promoters. In Chapter 2 of this thesis we developed a novel technique that permits the 

genetic manipulation of single neurons in the rat, based on functional 

(electrophysiological) criteria. The work described in this chapter is foundational for 

future experiments that intend to map functionally relevant circuits in combination with 

tran-synaptic viral tracing strategies. 

Sympathetic premotor neurons within the rostral ventrolateral medulla (RVLM) are 

essential for the generation of vasomotor tone. However, key questions regarding the 

architecture of the circuits that control their activity remain. In Chapter 3 we address 

this topic by employing a trans-synaptic viral tracing strategy to identify neurons 

monosynaptically connected to bulbospinal RVLM neurons. The anatomical data 

acquired using this approach has allowed us to generate a brainwide map of the neurons 

that provide monosynaptic input to bulbospinal RVLM neurons, and therefore 

determine major sources of synaptic drive likely to underlie the generation of SNA. We 

describe an arrangement for afferent input to RVLM bulbospinal neurons that 

emphasises input from hitherto unappreciated local medullary sources, but is overall 

qualitatively similar to currently held circuit schemes. 

In Chapter 4 we examine the anatomical substrates that underlie the recruitment of 

autonomic and motor responses to alerting stimuli. Using an anterograde viral tracing 

strategy we identify a previously undescribed direct efferent projection from the 

superior and inferior colliculi to the ventral brainstem. We describe termination of 

axons originating from the colliculi to regions of the brainstem previously associated 

with sympathetic, respiratory, and motor functions, and observe putative synaptic 
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contacts in close apposition to bulbospinal neurons in the rostral ventromedial medulla 

and medullary raphe nuclei. These observations characterize a potential pathway via 

which sympathetic, respiratory and motor outflows are coordinated by higher order 

sensory systems.  

The application of genetic approaches in the context of autonomic systems provides an 

unprecedented opportunity to examine the structure of discrete neural circuits that 

drive a defined, measurable output. The experiments conducted in this thesis provide a 

greater understanding of the neuroanatomy that underlies the central control of 

physiological behaviours, specifically the basal control of blood pressure and the 

coordination of sympathetic outputs as component of motor responses to the 

environment. 
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The relationship between structure and function is a central theme in the investigation 

of biological systems. Regardless of scale, resolving the structural characteristics of a 

biological substrate has often been a critical step in determining the mechanism of 

action by which its function is served. As deciphering the crystal structure of DNA 

served in determining the mechanism of inheritance, the histological examination of 

neuronal tissue provided neuroanatomy pioneers with insights into the key role of the 

synapse in governing communication between neurons. One of the emergent central 

tenets of neuroscience is that the physical structure of the brain, and the pattern in 

which neurons are interconnected, fundamentally underlies its function. 

Even the simplest behaviours rely on the coordinated activity of networks of 

interconnected neurons. The systematic stimulation, lesion and reduction of the brain 

(e.g. Alexander (1946)) has provided a broad understanding of functional roles served 

by spatially delineated brain nuclei at a gross level. However, our understanding of the 

organisation of neural networks, the substrate that definitively underlies behaviour, 

remains notably primitive in comparison to that of the functional architecture of other 

organs. These shortcomings reflect both the technical difficulties associated with 

identifying brain connections and the enormous complexity of the brain. As a result, our 

understanding of the mechanisms that underlie most pathologies of the nervous system 

are relatively limited. Indeed, in contrast to the fields of physics, chemistry, much of 

ecology, and evolutionary biology, there is as yet no grand theory of neuroscience that 

explains the organisational principles of the brain or that can be used to make predictive 

models of brain function or animal behaviour. 

Efforts to generate a complete wiring diagram of the brain’s connections, coined “the 

connectome” (Sporns et al., 2005), have been hampered due to the sheer magnitude of 

the brain’s intrinsically complex structure. Such a task would require the mapping of 

approximately 86 billion neurons for the brains of humans (Azevedo et al., 2009; 

Herculano-Houzel, 2009) and 200 million for those of experimental animals such as the 

rat (Herculano-Houzel & Lent, 2005) and ultimately, to define the thousands of inputs 

thought to be received by each neuron (Nimchinsky et al., 2002). At its most basic level, 

the field of connectomics does not even consider the complex world of synapse biology, 

but rather attempts to generate simplified circuit diagrams that aim to resolve the nodes 
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linking neurons, microcircuits, nuclei and brain regions (discussed by Branco and Staras 

(2009)). 

Investigation of even the simplest connectome, notably that of c elegans which contains 

only 302 neurons (White et al., 1986), have relied on ultrastructural approaches that 

employ electron microscopy to comprehensively define physical synaptic contact 

between neurons within a given volume of tissue. The circuit structures acquired in this 

manner for c elegans have provided some of our best insight and models into the 

structure function-relationships of neural circuits (Chalfie et al., 1985; Gray et al., 2005; 

Chalasani et al., 2007). However the application of these ultrastructural approaches to 

the examination of complete circuits in the brains of small mammals, although currently 

underway (Helmstaedter et al., 2013; Kasthuri et al., 2015), appear limited by sampling 

volume and the enormous time and resource requirements for processing and analysis 

(discussed by Lichtman & Denk, 2011; Wanner et al., 2015). Ultrastructural technologies 

such as block-face electron microscopy are enjoying something of a renaissance but 

although considered definitive, the scale of the workload is still staggering; a cubic 

millimetre of tissue takes 18 years of acquisition time alone using current state-of-the-

art approaches, with a storage requirement of 300 Tb per millimetre. Given the entire 

data storage capacity of the world was estimated in 2011 at 295 exabytes (1 exabyte = 1 

million terabytes) (Hilbert & Lopez, 2011), and given that the volume of the human 

brain is about 1.4 million cubic millimetres, this means that storage of a single human 

brain dataset would consume considerably more storage space than is currently 

available worldwide (~420 exabytes) and more significantly, would take about 25 

million years of imaging time. 

This kind of approach, in which all of the data are first acquired in an undirected and 

unbiased way and then the structure of the circuit is determined by painstaking 

rendering of 2 dimensional images into 3 dimensional structures, is analogous to brute-

force ‘cracking’ of encrypted messages, in which, given enough processing power, the 

secret message hidden within the data will emerge. Some success has been reported 

using block-face electron microscopy, particularly for small tractable circuits such as the 

retina, in which the inputs and outputs are understood and the objective is to 

understand the organisation of the relatively small number of spatially confined neurons 

in which processing of input data occurs (Briggman et al., 2011; Denk et al., 2012). 
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However, this approach is clearly inappropriate for interrogation of large dispersed 

circuits. 

Tracing projections and connections with light microscopy 

In contrast to serial-block face microscopy, light microscopy permits the investigation of 

large volumes of tissue with relatively high speed (particularly for automated systems: 

see Osten and Margrie (2013)). However a major hurdle in defining the structure of 

neural networks using this approach is overcoming the sheer density at which neurons, 

their processes, and the interstitial components within which they are embedded (blood 

vessels and glia) are arranged. Neural tissue is remarkably compact, rendering the 

challenge of discerning contact within the jumbled mass of fibres almost impossible. 

Such is the magnitude of this problem that the early examination of neural tissue based 

on the Golgi method, which formed an appreciation for the extensive ramification of 

neuronal processes and ultimately served as the foundation of the neuronal doctrine 

(reviewed by Llinas, 2003), were only discernible due to the capricious selectivity by 

which neurons were labelled using this technique (<1% of neurons were labelled: 

Pasternak & Woolsey, 1975). 

A more intractable problem for the reconstruction of neural circuits in the brains of 

higher order animals is the physical dispersion of neurons within 3 dimensional space 

and the difficulties inherent in reconstructing those circuits. Recently developed tissue 

processing techniques such as CLARITY (Chung et al., 2013) and serial block face 

confocal imaging  (Osten & Margrie, 2013)in theory permit investigators to image large 

blocks of tissue (or even whole brains) in a single contiguous dataset. While both 

approaches have proven useful in accurately rendering general projection trajectories at 

a mesoscale level, light microscopy lacks the spatial resolution to reliably define 

synaptic contacts. What may appear as a typical synapse under high magnification may 

in fact represent a retracting or immature synapse, or may even represent bulk 

transmission or even fibres of passage. Best estimates are that only about half the 

synapses identified under light microscopy are actually synapses (Murphy et al., 1995; 

Descarries & Mechawar, 2000). 

Light microscopy is therefore inherently incapable of resolving connectome structure 

using brute-force approaches. Instead, anatomists have used tracers to render 
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subpopulations of neurons conspicuous, enabling visualisation of neuronal morphology 

and suggesting circuit organisations that, although tempered by the limitations of light 

microscopy and the properties of the tracers, have provided a mainstay for generations 

of neuroanatomists. 

Tracing techniques form the technical staple of much of the research described in this 

thesis. Emerging genetic tools have recently expanded the utility of light microscopy: the 

wide spread availability of viral vectors that can be selectively directed towards 

particular cell types, and the emergence of variants that are suited for labelling of distal 

neuronal compartments or even of trans-synaptic spread have led to their adoption as a 

standard neuroanatomy tool permitting researchers a level of specificity that was 

previously unavailable. In the following paragraphs I will briefly summarise 

conventional and viral tracing approaches with a focus on a recently developed 

approach for monosynaptically restricted circuit tracing. 

Labelling neurons using tracers 

The focal deposition of a detectable tracer within the brain permits the differential 

labelling of a neuron’s soma and processes, based on the transport of dyes within the 

neuron. This approach, broadly termed “tract-tracing”, is often employed in tandem with 

stereotaxic atlases (Paxinos & Watson, 2005) to qualitatively assess point connectivity 

in the brains of experimental animals.  

Initial tracing approaches involved the physical or electrical lesion of a spatially defined 

region of the brain, which rendered the degenerated axons of destroyed soma and fibres 

differentially susceptible to impregnation with metallic silver (Hoff, 1932). Termed 

“Wallarian degeneration” appertaining to Augusts Waller’s observation of axonal 

degeneration after transection of the glossopharyngeal and hypoglossal nerves of frogs 

(Waller, 1850), this approach was increasingly refined to the point where terminal 

boutons could be resolved (Glees, 1946; Nauta, 1952; Fink & Heimer, 1967). 

Wallerian degeneration was subsequently replaced by methods that did not require 

destructive lesions, relying instead on the axonal transport of injected materials from 

the site of injection to either the cell body (retrograde tracers) or axonal processes 

(anterograde tracers). The earliest of these tracers were radiolabelled amino acids that 

when injected were incorporated into polypeptides by neuronal soma and subsequently 
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transported to axons and terminal processes to be identified via autoradiography 

(Grafstein, 1967; Cowan et al., 1972). These approaches were soon surpassed by the 

application of axon-transportable materials that could be detected with conventional 

light and fluorescence microscopy (e.g. via immunohistological processing, intrinsic 

fluorescence, conjugation with a fluorescence or enzymatically active probe), these 

included plant lectins, dextrans, carbocyanin dyes, inorganic molecules, latex 

microspheres and bacterial toxins. 

This variety of tracer constitutes what would now be referred as “conventional tracers” 

(in contrast to viral tracers). The variety and utility of conventional tracing techniques 

are broad and have been extensively reviewed (Kobbert et al., 2000; Jones, 2007; 

Lanciego & Wouterlood, 2011; Nassi et al., 2015). The mechanism of action for each is 

highly variable, the appropriateness of a tracer for an application is dependent on its 

particular characteristics for a desired tracing outcome, the most notable of which is the 

direction of transport. 

Phaseolus vulgaris-leucoagglutinin (Gerfen & Sawchenko, 1984) and dextran amine 

conjugates (e.g. biotinylated dextran amine) (Reiner et al., 2000) have emerged as the 

archetypal anterograde tracers, routinely employed for mapping axonal trajectories and 

the distribution of putative terminal boutons (Hoover & Vertes, 2011; Hellenbrand et al., 

2013). A common application of anterograde tracers is to assess the formation of 

putative synaptic connections between projections that originate at the site of tracer 

deposition and the somata and dendritic processes of a population in another brain 

region. This approach is particularly powerful when employed in combination with 

immunohistochemical detection of vesicular transporter proteins (e.g. vesicular GABA 

(VGAT) and vesicular glutamate transporters (VGLUT)), which provides information 

regarding the neurotransmitter content of identified synapses (Rosin et al., 2006; 

Wouterlood et al., 2014). 

Retrograde tracers rely on uptake via binding to components of the axon terminal and 

pinocytosis, resulting in axoplasmic transport over relatively long distances, for example 

the labelling of motor neurons after injection into peripheral targets (Kristensson & 

Olsson, 1971; Stoeckel et al., 1977). Examples include Cholera toxin subunit-β (Stoeckel 

et al., 1977), fluorogold (Schmued & Fallon, 1986), and fast blue (Kuypers et al., 1979). 
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Stable for a period of weeks, conventional retrograde tracers offer poor morphological 

resolution compared to that of anterograde tracers. 

As with anterograde tracers, retrograde tracers are most powerful when combined with 

neurochemical approaches that can identify the phenotype of labelled neurons 

(immunohistochemistry or in situ hybridization). They have also been employed in 

parallel with retrograde tracing from other regions, enabling the identification of 

populations of neurons that simultaneously project to multiple brain regions (Stoeckel 

et al., 1977; Kuypers et al., 1979; Shafton et al., 1998; Apps & Ruigrok, 2007; Gowen et 

al., 2012). Similarly, anterograde tracing can be combined with retrograde labelling to 

identify anterogradely labelled putative synaptic contacts from one region impacting on 

a retrogradely labelled somata that projects to another region (Affleck et al., 2012). 

Anterograde and retrograde tracers are a mainstay of neuroscience research. However, 

as discussed in more detail in Chapter 4, conventional tracers are far from perfect: the 

direction of axonal transport is often neither exclusively retrograde or anterograde, and 

some tracers are indiscriminately taken up by fibres of passage, which can lead to 

spurious interpretation of projection. Many of these shortcomings have been surpassed 

by the application of viral vectors as tracers.  

Viral tracers 

Although viral vectors can be used to deliver essentially any transgene to any cell type, 

neuronal or non-neuronal, many researchers have adopted vectors that express 

fluorescent reporter proteins (e.g. GFP) under the control of neuron-specific promoters 

as tracers for neuroscience applications. This is because of the potential for restricting 

reporter transduction to specific subpopulations of infected neurons depending on their 

genetic profile, the high (and permanent) levels of reporter expression obtained, and the 

directional specificity and absence of transduction via fibres of passage (reviewed by 

Callaway, 2005; Betley & Sternson, 2011). Depending on the application, most aspects of 

a vector tropism can be defined via modification of the viral genome, capsid or envelope 

(if applicable). The specific attributes of different viral vector types have been reviewed 

recently and at length (Nassi et al., 2015), and a comprehensive consideration of this 

topic is beyond the scope of this thesis. However, a brief overview of some of the vectors 

commonly employed for viral tracing is warranted. 
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One of the great utilities of viral vector tracing is the ability to selectively trace neurons 

of a defined genetic phenotype. This is achieved by “mimicking” the expression of a 

virally encoded transgene, to that of an endogenously expressed gene (Luo et al., 2008). 

This process entails the insertion of the cis-regulatory sequence (promoter) for said 

endogenous gene, upstream of the transgene in the viral genome (Callaway, 2005; Luo et 

al., 2008). However, promoters are large and occupy considerable amounts of the 

limited capacity of the viral genome, and so truncated versions of promoters are often 

used. This works well for constitutively active promoters such as the ubiquitous 

cytomegalovirus (CMV) promoter or the neuron-specific synapsin promoter (SYN), but 

often results in poor expression or specificity for cell specific promoters, in particular 

those based on neurotransmitters (e.g. the vasopressin and oxytocin promoters (Pinol et 

al., 2012)). 

Alternatively, genotype restriction can be achieved using a combination of a transgenic 

animal that drives the expression of a site specific recombinase (e.g. cre-recombinase) 

within a genetically defined neuron population (Gofflot et al., 2011), and a vector with 

recombinase conditional transgene expression, for example a flip excision (FLEX) 

(Schnutgen et al., 2003) or inverted open reading frame configuration (Saunders et al., 

2012). Although dependent on the availability of a suitable “recombinase driver line”, 

this approach has become a popular method of targeting gene expression for tracing or 

manipulation of a defined population of neurons, due to the degree of control and level 

of transgene expression that can be achieved. The utility of this technology is 

exemplified by Fenno et al. (2014), who demonstrate an intersectional approach, that 

requires the action of up to three recombinase variants (e.g. Cre + Flp + Dre) to achieve 

transgene expression, restricting transduction to a sub-population of neurons defined 

by expression of two genes, cell body location, and axonal projection. 

With the exception of some genetically modified rabies variants, the majority of viral 

vectors used for research applications are replication-deficient. In general this is 

achieved using an incomplete viral genome that lacks the components critical for 

replication (reviewed by Nassi et al., 2015). This offers the benefit of reduced toxicity, 

which permits stable labelling over long periods of time. Replication deficient vectors 

have become the gene-delivery work-horses of contemporary biological research (and a 

considerable number of human clinical trials), prominent among these include adeno-
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associated virus (AAV), lentivirus (LV) and herpes simplex virus (HSV) amplicon vectors 

(reviewed by Nassi et al., 2015). 

As with conventional tracers, the reliable identification of terminal appositions under 

light microscopy remains a limitation of straightforward vector-based tracing strategies 

in which the cytosol is filled with a fluorescent reporter. A number of elegant 

approaches that restrict reporter expression to synapses have been developed to 

circumvent this limitation. The utmost iteration of this approach is a dual vector system 

in which each vector drives the expression of one half of a GFP-derived dimer that only 

becomes fluorescent when both halves bind. The only place at which the two 

components can become physically close enough to bind is the synaptic cleft, so GFP 

fluorescence at one injection site is interpreted as evidence of synaptic input from 

neurons that reside at the other injection site (Feinberg et al., 2008; Kim et al., 2012). 

The interested reader is directed to a recent review by Wickersham and Feinberg 

(2012) that considers alternative methods for synaptic complementation. 

Although elegant for resolving direct point-to-point connection questions, this strategy 

represents a cumbersome approach to larger scale circuit mapping, and as with 

standard viral and conventional tracers, are limited in their capacity to contextualize the 

larger, multi-synaptic neural pathways, those point connections ultimately serve. An 

alternative and popular approach as been to exploit the mechanisms used by 

neurotrophic viruses to spread through the central nervous system. Classically, 

replication-competent neurotrophic vectors, such as rabies (Ugolini, 1995; Kelly & 

Strick, 2000) and herpes variants, particularly pseudorabies (PRV) (Strack et al., 1989b; 

Barnett et al., 1995; Card & Enquist, 1995; Aston-Jones & Card, 2000; Kelly & Strick, 

2003; Rinaman & Schwartz, 2004; Ekstrand et al., 2008; Song et al., 2009; McGovern et 

al., 2012a; McGovern et al., 2012b; Vaughan & Bartness, 2012; Wojaczynski et al., 2015), 

have been employed to trace circuits of connected neurons via the trans-synaptic 

trafficking of viral progeny.  

These viruses although diverse in many aspects, are commonly enveloped by host 

derived membrane that is incorporated by newly formed viral particles as they “bud” 

from the host cell (Callaway, 2008). The expression of envelope proteins derived from 

the viral genome mediates transynaptic trafficking as exocytosed virons interact with 
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the presynaptic elements of synaptically linked neurons, a process that remains poorly 

defined ((McGeoch et al., 1988; Lafon, 2005), discussed (Callaway, 2008)). 

These vectors present a significant advantage for circuit tracing over conventional 

tracers, in the sense that labelling can be safely interpreted as indicating synaptic 

contact. However these approaches suffer from three major drawbacks unique to 

neurotrophic viruses (in addition to biosafety considerations): first, replication 

competent vectors are commonly cytopathic, driving deterioration in the structural 

integrity and function of infected neurons (McCarthy et al., 2009; Ugolini, 2010a). The 

resulting compromises in morphology and electrophysiology limit the utility of these 

vectors, in particular alpha-herpesvirus based vectors, for neurochemical analysis or 

functional investigation to early stages of infection. Second, the virus continues to 

propagate throughout the central nervous system following infection, so whereas 

infection denotes synaptic connection, it is difficult to resolve the degree by which 

labelled neurons are connected i.e. mono- or polysynaptic. Third, classical replication-

competent neurotrophic viruses can be targeted to efferent (in the case of vectors that 

spread in a retrograde direction e.g pseudorabies) or afferent (in the case of vectors that 

spread in an anterograde direction e.g. HSV-1 H129) pathways by selecting an 

appropriate peripheral target (such as the adrenal gland: Strack et al., 1989b), however, 

there is no way to selectively target groups of neurons that are not motoneurons or do 

not receive primary afferent input; direct CNS injection of these vectors gives rise to 

non-selective infection. Interestingly, it has been noted that the tropism of rabies based 

tracers does not include sensory or autonomic nerve terminals, exclusively infecting 

alpha-motoneurons when injected into the periphery (Ugolini, 2011). 

Recently, recombinase dependent constructs, i.e. floxed-stop thymidine kinase PRV 

genomes (DeFalco et al., 2001) or transgene cassettes i.e. brainbow cassette (Livet et al., 

2007) permit transynaptic tracing from genetically defined populations. The former 

restores viral replication exclusively to virons that infect CRE+neurons, permitting 

targeted cell injection and the later alters transgene expression (i.e. alternates reporter 

expression) in virons that are passaged through CRE+ neurons. These recombinase 

conditional approaches partially circumvent the limitations of targeting polysynaptic 

viral tracing, however the degree of connectivity between labelled neurons still remains 

ambiguous. An ideal approach would permit restrict tracing from a defined sub-
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population of neurons and limit the degree of viral spread to a defined number (e.g. 

monosynaptic) of synaptic ‘leaps’. 

Glycoprotein-deleted rabies: a monosynaptically restricted viral tracer 

Rabies is a replication-competent vector that has been infrequently employed in its 

wild-type state for polysynaptic tracing in the central nervous system (Ugolini, 1995; 

Kelly & Strick, 2000). Rabies is transmitted in an exclusively retrograde direction in the 

central nervous system; wild-type rabies rapidly spreads from the site of initial infection 

(typically a bite when contracted in the wild), via sympathetic postganglionic neurons 

that innervate vascular smooth muscle at the bite site, to the spinal cord and then 

retrogradely throughout the central nervous system. Although wild-type rabies is 

extremely dangerous (only four cases of survival following initial symptoms have been 

recorded in human patients), a number of attenuated strains have been developed for 

the generation of vaccines and for research purposes. One such strain is Street Alabama, 

Dufferin B19 (SADB19), a virus isolated from a symptomatic dog in the 1930s and 

exclusively maintained on cultured rodent tissue ever since. In the intervening years 

SADB19 has become rodent-specific with relatively low pathogenicity: oral exposure 

leads to development of rabies symptoms in only 6% of mice (Vos et al., 1999), although 

direct injection into muscle or brain leads to fatal rabies in almost all cases (Beckert et 

al., 2009). In contrast, direct brain injection of SADB19 has never resulted in disease 

development in fox, cat, stonemarten, ferret, birds or primates (Vos et al., 1999). These 

features, and the absence of transmission of SADB19 between infected rodents (Vos et 

al., 1999), make SADB19 an ideal research tool. Indeed, because of the traits described 

above, SADB19 was developed as a live oral vaccine for wild foxes in Germany in the 

1980s: 50 million doses of live SADB19 have now been airdropped over central Europe, 

and it is an important part of the European rabies control program. 

In recent years genetically modified recombinant SADB19 varieties have provided a new 

generation of tracing tools that avoid the shortcomings of classic replication competent 

neurotrophic viruses (reviewed by Callaway & Luo, 2015). At the heart of this 

technology is the key role of the rabies glycoprotein (sometimes called B19G), a single 

factor that is responsible for the initial infection and trans-synaptic trafficking of rabies 

(Etessami et al., 2000; Ugolini, 2010b). Deletion of the gene that encodes the rabies 

glycoprotein renders the virus, so-called SADΔG, practically inert. However, transient re-
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expression of the glycoprotein on the viral envelope, achieved via passage through a 

genetically modified cell line that expresses rabies glycoprotein (Etessami et al., 2000; 

Wickersham et al., 2007a), temporarily restores terminal tropism to SADΔG but 

eliminates trans-synaptic spread. This is because, with no means of synthesizing the 

glycoprotein, the SADΔG progeny are rendered “stuck” within these cells. By substituting 

a sequence encoding a fluorescent reporter for the rabies glycoprotein gene (SADΔG-

GFP), Callaway and colleagues essentially generated a terminal-specific retrograde 

tracer that, because of the continued replication of the virus within infected neurons, 

drives extensive reporter expression (Wickersham et al., 2007a) (Figure 1.1). 

The key insight made by Wickersham et al. (2007b) is that the ability of rabies to trans-

synaptically migrate could be transiently restored by expression of the rabies 

glycoprotein on infected neurons in trans using conventional gene delivery techniques 

or transgenic platform. As demonstrated recently by Esposito et al. (2014), by simply 

expressing the rabies glycoprotein on a population of target neurons (for example 

motoneurons) and subsequently infecting those neurons with SADΔG (by injecting 

SADΔG into the muscle), the spread of SADΔG is restricted to neurons monosynaptically 

connected to the source of the glycoprotein, irrespective of their distance from those 

neurons. 

This approach was further refined by genetically restricting the initial access of SADΔG 

to neurons that express an extrinsic receptor, TVA, which is expressed in birds but not 

constitutively in mammals and which is the obligate binding partner for the avian 

sarcoma leukosis virus (Wickersham et al., 2007b). Thus, when SADΔG is pseudotyped 

with the envelope protein of the avian sarcoma leukosis virus (EnvA), the tropism of the 

resultant vector (SADΔG(EnvA)) is restricted to neurons that express the TVA receptor. 

The starting point for monosynaptic retrograde tracing strategies that use SADΔG(EnvA) 

can be defined by co-expression of the genes that encode TVA and the rabies 

glycoprotein in a target population, which we subsequently refer to as ‘seed’ neurons. 

Direct CNS injection of SADΔG(EnvA) will selectively infect seed neurons at the injection 

site, where the SADΔG will replicate, incorporating the glycoprotein, and spread to 

monosynaptically connected members of the pre-synaptic network (which we refer to 

as ‘input’ neurons). To distinguish input neurons from seed neurons, a reporter that 



13 

 

 

differs in colour from that contained in the SADΔG genome is often included with the 

TVA and glycoprotein genes (Marshel et al., 2010). In the experiments described in 

Chapter 3 we use a cassette that contains the yellow fluorescent protein reporter (YFP) 

TVA receptor and the rabies glycoprotein to define the seed population, and 

SADΔG(EnvA)-mCherry to label input neurons. 

 

Figure 1.1 Monosynaptically restricted trans-synaptic tracing with SADΔG(EnvA). Neurons are transfected 
with genes encoding the receptor for EnvA; TVA, the rabies glycoprotein (G) and a reporter protein (e.g. 
GFP), to permit exclusive entry of SADΔG(EnvA) and subsequently “seed” monosynaptic trafficking of SADΔG 
to pre-synaptic neurons throughout the brain. Once in a pre-synaptic neuron SADΔG is rendered incapable of 
further trans-synapsis due to the lack of rabies glycoprotein expression. Pre-synaptic neurons can be 
distinguished from the seed neuron population by exclusive expression of the SADΔG driven reporter (i.e. 
mCherry). adapted from (Vivar & van Praag, 2013)   

In theory, this approach could be used to identify monosynaptic inputs to any 

population in which it is possible to selectively drive the TVA and the rabies 

glycoprotein. As recently reviewed (Callaway & Luo, 2015; Nassi et al., 2015), 

investigators from diverse branches of neuroscience have used innovative approaches 

to limit seeding to their populations of interest, using transgenic mice (Takatoh et al., 

2013), AAV (Liu et al., 2013), LV (Brennand et al., 2011) and HSV (Yonehara et al., 2013) 

vectors, and even transfection of single functionally identified neurons recorded in vivo 

(Rancz et al., 2011; Velez-Fort et al., 2014). Although not without its technical 

confounds, SADΔG(EnvA) represents the current state-of-the-art technique for 

interrogation of circuit structure. 

The overall goal of this thesis is to deploy some of the neuroanatomical tools described 

above to answer key unresolved questions in the field of autonomic neuroscience. The 

field of autonomic neuroscience remains a core component of the discipline, in part due 
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to its continued function under anaesthesia (rendering it accessible), its well defined 

inputs and outputs (rendering it tractable), its conservation between species (making it 

translatable) and its role in human disease (making it relevant). 

At a macroscopic level, the central nuclei that generate sympathetic nerve activity are 

critically dependent on the integration of convergent afferent sensory, affective, and 

tonic inputs at discrete sympathetic premotor nuclei, which in turn drive the activity of 

sympathetic motor pathways and their effectors in the periphery. The functional 

attributes of these networks have been extensively examined in anaesthetised animals 

(Morrison, 2001; Guyenet, 2006). However, key questions remain regarding the 

organisation of the circuits responsible for generating sympathetic nerve activity. I will 

next provide some context for the experiments described in this thesis by providing an 

overview of some key functional and structural aspects of the sympathetic nervous 

system.  
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The sympathetic nervous system 

The sympathetic nervous system (SNS) is comprised of a network of nerves, ganglia, 

motor neurons and the central interneurons which they subserve. The output of the SNS, 

sympathetic nerve activity (SNA), is regulated by afferent feedback and often 

antagonized by common parasympathetic innervation of peripheral effectors. SNA and 

its “push-pull” relationship with the parasympathetic nervous system serve to maintain 

a homeostatic balance, a primary function of which is the maintenance of blood 

pressure. Blood pressure is regulated in a state-dependent manner to meet metabolic 

requirements during diverse behaviours. Because blood volume is finite, this is achieved 

by shunting blood between different vascular compartments. Differential regulation of 

sympathetic effectors allows the body to cope with dynamic metabolic and thermal 

demands in a closed-loop system (Adams et al., 1971; Carrive, 1993). For example, 

during exercise the resistance vessels in the visceral (vasoconstriction) and muscle 

(vasodilatation) beds are modulated in a reciprocal manner to shunt blood from the 

former to the latter. 

The regulatory action of the SNS on blood pressure is directly mediated via the 

transmission of noradrenaline from the terminal processes of sympathetic nerves, 

which acts onα-adrenergic receptors present on smooth muscle within the tunica media 

of blood vessels and β-adrenergic receptors on skeletal muscle, driving vasoconstriction 

and vasodilation respectively (Janig, 1988). Sympathetic nerves innervating the 

vasculature arise from ganglionic neurons within the cervical paravertebral ganglia and 

the pre-aortic ganglia. These ganglionic neurons receive input from cholinergic 

sympathetic pre-ganglionic neurons (SPN) in the spinal cord (Janig, 1988) that are 

organized in clusters predominantly within the intermediolateral cell column (Appel & 

Elde, 1988; Strack et al., 1988; Pyner & Coote, 1994b, a). SPN that supply the 

sympathetic innervation of the heart and blood vessels although concentrated at the T2 

spinal process, are distributed throughout all levels of the thoracic and lumbar spinal 

cord (Strack et al., 1988). 

Basal blood pressure is maintained via the tonic discharge of sympathetic nerves 

(vasomotor sympathetic tone), which is dynamically adjusted by behaviour and afferent 

sensory modalities. The basal discharge of SPN and the sympathetic nerves they supply 

is driven by tonic excitatory input from supraspinal sources (Meckler & Weaver, 1984; 
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Dembowsky et al., 1985), as transection at the spinomedullary junction results in the 

abolition of vasomotor tone, whilst removal of the brain rostral to the medulla is 

inconsequential to blood pressure (Alexander, 1946). The focal source of vasomotor 

premotor drive was further isolated to the rostral ventrolateral medulla (RVLM), as 

indicated by evidence of vasomotor collapse to levels equivalent to spinal transection, 

after the specific lesion of this nucleus (Guertzenstein & Silver, 1974; Dampney & Moon, 

1980; Hilton et al., 1983; Granata et al., 1985; Reis et al., 1988). Conversely the 

stimulation of the RVLM drives pressor responses (Dampney & Moon, 1980; Goodchild 

et al., 1982; Hilton et al., 1983; Ross et al., 1984). 

The immediate cessation of SNA and collapse of arterial blood pressure that occurs 

following lesion of the RVLM has understandably led to a focus on this region as the 

primary centre for the generation of vasomotor tone. However, neurons arising from the 

adjacent rostral ventromedial medulla (RVMM), caudal medullary raphe, A5 

noradrenergic cell group and the paraventricular hypothalamic nucleus (PVN) also 

contribute to the descending input received by SPN (Strack et al., 1989a). These nuclei 

are thought to contribute discrete and conditional input to SPN in response to specific 

stimuli or during particular behaviours, which may be considered as adaptive or 

supplementary to the RVLM (reviewed by Morrison, 2001). However, the RVMM and 

raphe are notable for their contribution to basal blood pressure (Varner et al., 1989; 

Varner et al., 1992) and as a regulatory axis for  non-barosensitive vasomotor responses 

to defined stimuli, i.e. temperature, pain and stress (Blessing & Nalivaiko, 2000; Tanaka 

et al., 2002; Furlong et al., 2014). These nuclei occupy a poorly delineated region in the 

ventromedial medulla referred to collectively as the medullary reticular formation 

(MRf). The MRf is of consequence to the findings of Chapter 4 and is discussed in detail 

throughout that chapter. Overall, the contribution of these nuclei to generation of basal 

vasomotor tone are widely considered ancillary to that of the RVLM (Guyenet, 2006), 

which will form the primary focus of this thesis and the investigation detailed in Chapter 

3.  

The rostral ventrolateral medulla (RVLM) 

In the rat, the RVLM can be spatially defined by a region occupying the ventral surface of 

the medulla immediately caudal and ventral to the inferior pole of the facial nucleus. 

Pressor responses can be generated in response to the microinjection of glutamate 
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within this region along a column that extends approximately 1 mm caudal to the facial 

pole (approximately 12-13 mm caudal to Bregma), ventral to the compact formation of 

the nucleus ambiguus, lateral to the pyramid and inferior olive, and medial to the spinal 

trigeminal tract (Goodchild & Moon, 2009). The strongest pressor responses are 

generated from the rostral extent of the RVLM immediately adjacent to the facial 

nucleus, which overlays the concentration of RVLM neurons that project to the spinal 

cord. The termination of RVLM sympathetic premotor neurons with SPN underlies 

vasomotor tone and has been extensively characterized using conventional (Amendt et 

al., 1979; Blessing et al., 1981; Pyner & Coote, 1998) and viral (Card et al., 2006a; Abbott 

et al., 2013; Stornetta et al., 2015) tracing and electrophysiological approaches (McAllen 

et al., 1994; Oshima et al., 2006; Oshima et al., 2008).  

The majority of RVLM bulbospinal neurons have been found to express mRNA for 

vesicular glutamate transporter 2 (VGLUT2) (Stornetta & Guyenet, 1999; Stornetta et al., 

2002; Stornetta et al., 2004), and thus it is generally accepted that the 

sympathoexcitatory role of this input is predominantly mediated by glutamatergic 

transmission (Deuchars et al., 1995; Llewellyn-Smith et al., 1998; Morrison, 2003). 

Importantly, a population of neurons that express catecholamine biosynthetic enzymes 

(C1 neurons), such as tyrosine-hydroxylase (TH), dopamine-β-hydroxylase (DβH), and 

phenylethanolamine-N-methyltransferase (PMNT), occupy a region that spatially 

overlaps with the RVLM pressor area. Although only 1/3 of C1 neurons form spinal 

projections, approximately 60-70% of the entire bulbospinal RVLM population are C1 

neurons (Hokfelt et al., 1973; Blessing et al., 1981; Ross et al., 1981; Goodchild et al., 

1984; Phillips et al., 2001; Stornetta et al., 2002). This population served 

neuroanatomists and physiologists with a reliable neurochemical marker for the RVLM 

pressor area; subsequent electrophysiological experiments confirmed the 

catecholamine synthesis of functionally identified RVLM sympathetic premotor neurons 

(Schreihofer & Guyenet, 1997) and conversely demonstrated that optogenetic activation 

of C1 neurons drove sympathoexcitatory effects (Abbott et al., 2009b). The contribution 

of these neurons to sympathetic output, in particular to the regulation of blood pressure, 

have been extensively reviewed (Guyenet et al., 2013). Studies that selectively lesion 

DβH+ neurons using saporin conjugates, delivered retrogradely via spinal injection 

(Schreihofer & Guyenet, 2000; Ritter et al., 2001; Madden et al., 2006) or locally into the 

RVLM (Madden et al., 1999; Madden & Sved, 2003), have demonstrated that C1 neurons 
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although critical for RVLM mediated homeostatic changes (systemic adrenalin release) 

to glucoprivation, are inconsequential to basal blood pressure. This observation in 

combination with the marginal increases in blood pressure driven by the selective 

stimulation of RVLM C1-neurons (Abbott et al., 2009b; Burke et al., 2014), implies that 

the non-C1 RVLM population alone is sufficient to support basal sympathetic tone. 

Input to the RVLM 

Antidromic stimulation, lesion and tracing approaches have assisted in establishing the 

current model of afferent drive to the RVLM sympathetic pre-motor population (Figure 

1.2), which includes inputs from structures located along the entire neuroaxis (see table 

1.1).  

 

Figure 1.2: Central pathways of sympathetic vasomotor control. A. Input to the SPN arises from a 
combination of pre-sympathetic nuclei in the medulla: the A5 group, RVLM, RVMM, Raphe (not shown), and 
hypothalamus: PVH and lateral hypothalamus. B. Sources of excitatory and inhibitory input to the RVLM. A5: 
A5 noradrenergic group, RVLM: rostral ventrolateral medulla, RVMM: rostral ventromedial medulla, PVH: 
paraventricular hypothalamic nucleus, CVLM: caudal ventrolateral medulla, NTS: nucleus of the solitary 
tract, LTF: lateral tegmental field, CPA: central pressor area. Adapted from (Guyenet, 2006). 
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Table 1.1: Sources of input to the RVLM 

Structure Nuclei References describing projections to the RVLM 

Rhombencephalon 

A5, LC, SubLC, KF, PB 

 

 LTF, BötC, C1/RVLM 

 

RVMM, mRaphe 

 

NTS 

 

 rVRG, CVLM, PreBötC, 

 

A1, cVRG/Ramb, 
MCPA/CPA 

(Dampney et al., 1982; Lovick, 1986; Dampney et al., 
1987; Van Bockstaele et al., 1989; Hayakawa et al., 1999; 

Goodchild et al., 2001; Card et al., 2011) 

 (Barman & Gebber, 1987; Gebber & Barman, 1988; 
Nicholas & Hancock, 1991; Bryant et al., 1993; Granata & 

Chang, 1994; Lipski et al., 1995; Gaytan et al., 1997; Sun et 
al., 1997; Madden et al., 1999; Card et al., 2006b; Card et 
al., 2011; Agassandian et al., 2012; McMullan & Pilowsky, 

2012; Turner et al., 2013),  

(Lovick, 1986; Van Bockstaele et al., 1989; Zagon, 1995; 
Milner et al., 1996; Babic & Ciriello, 2004; Card et al., 

2011) 

(Dampney et al., 1982; Ross et al., 1985; Lovick, 1986; 
Dampney et al., 1987; Aicher et al., 1996; Koshiya & 

Guyenet, 1996 

(Willette et al., 1984; Blessing, 1988; Ellenberger & 
Feldman, 1990; Agarwal & Calaresu, 1991; Gieroba et al., 

1992; Li et al., 1992; Gaytan et al., 1997; Chan & 
Sawchenko, 1998; Tan et al., 2010) 

Granata et al., 1986; Dampney et al., 1987; Gordon & 
McCann, 1988; Possas et al., 1994; Chan & Sawchenko, 

1998; Sun & Panneton, 2002, 2005) 

Midbrain VLPAG, LPAG 
(Lovick, 1985; Carrive et al., 1988; Van Bockstaele et al., 

1989; Card et al., 2011; Stornetta et al., 2015) 

Hypothalamus/ 
Thalamus 

Pe, LHA, DMH, PVN, ZI 
(Lovick, 1985; Dampney et al., 1987; Van Bockstaele et al., 

1989; Hardy, 2001; Card et al., 2011) 

Cortex/Sub Cortex 
CeA, MC, SeC, ILC, InC, 

PrL 
(Westerhaus & Loewy, 2001; Saha, 2005; Bowman et al., 

2013) 

Abbreviations. A5: A5 noradrenergic cell group, LC: locus coeruleus, SubLC: sub locus coeruleus, KF: Kölliker-Fuse 

nucleus, PB: parabrachial nucleus, LTF: lateral tegmental field, BötC: Bötzinger complex, C1: C1 adrenergic cell group, 

RVLM: rostral ventrolateral medulla, RVMM: rostral ventromedial medulla, Raphe: medullary raphe, NTS: nucleus of 

the solitary tract, rVRG: rostral ventral respiratory group, CVLM: caudal ventrolateral medulla, PreBötc: 

PreBötzinger complex, A1: A1 noradrenergic cell group, cVRG: caudal ventral respiratory group, Ramb: 

retroambiguus nucleus, MCPA: medullo-cervical pressor area, CPA: caudal pressor area, VLPAG: ventrolateral 

periaqueductal grey, LPAG: lateral periaqueductal grey, Pe: perifornical hypothalamus, LHA: lateral hypothalamic 

area, DMH: dorsal medial hypothalamus, PVN: paraventricular hypothalamic nucleus, ZI: zona incerta, CeA: central 

nucleus of the hypothalamus, MC: motor cortex, SeC: sensory cortex, ILC: infralimbic cortex, InC: insular cortex, PrL: 

prelimbic cortex. 
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Afferent modalities that modulate sympathetic nerve activity 

The output of RVLM sympathetic pre-motor neurons and the sympathetic nerves they 

supply is patterned in a state dependent manner. Although some aspects of modal 

regulation are served by the intrinsic sensitivity of the RVLM sympathetic pre-motor 

neurons (e.g. hypoxia: Sun et al., 1992), SNA and AP are regulated, with respect to 

immediate physiological demands, via the integration of homeostatic reflex arcs with 

convergent descending drive (reviewed in Dampney, 1994b; Morrison, 2001; Guyenet, 

2006). Thus the activity of RVLM sympathetic pre-motor neurons is sensitive to a range 

of extrinsic and intrinsic sensory modalities. 

Increases in blood pressure are buffered by an immediate decline in SNA. The pathway 

mediating this response, “the baroreflex arc”, is initiated by excitatory drive from 

baroreceptors within the wall of the aortic arch (Farnham & Pilowsky, 2009). Excitatory 

baroreceptor drive is conveyed via the aortic depressor nerve (Krieger & Marseillan, 

1963) via synapses with second order excitatory neurons in the dorsolateral and medial 

nucleus of the solitary tract (NTS) (Zhang & Mifflin, 1998), to inhibitory GABAergic 

neurons in the CVLM (Guyenet et al., 1987; Schreihofer & Guyenet, 2003; Bailey et al., 

2006), which subsequently innervate the RVLM (Jeske et al., 1995). The reflex arc 

coalesces with a transient decrease in the activity of barosensitive sympathetic pre-

motor neurons (Brown & Guyenet, 1985; Lipski et al., 1996; Schreihofer & Guyenet, 

1997; Verberne et al., 1999a). 

RVLM sympathetic pre-motor neurons are differentially activated in response to 

hypoxic stimuli in order to route blood from peripheral organs to the brain and reduce 

oxygen consumption by decreasing heart rate (Guyenet, 2000). Chemoreceptors within 

the carotid bodies detect fluctuations in the oxygen partial pressure within the carotid 

circulation (Marshall, 1994; Kumar & Prabhakar, 2012), driving excitatory input to the 

RVLM via the medial and commissural NTS (Mifflin, 1992; Aicher et al., 1996; Koshiya & 

Guyenet, 1996). The net effects of peripheral chemoreceptor activation are increases in 

sympathetic nerve outflow to peripheral organs and viscera (Miyawaki et al., 1996; 

Koganezawa & Terui, 2007) and a reduction in outflow to cardiac tissue (Kollai et al., 

1978; Koganezawa & Terui, 2007). This patterned response is also reflected in the 

activity of the neurons that innervate these targets (McAllen, 1992; Koshiya et al., 1993): 

the activity of barosensitive cardiac nerve fibres is inhibited, facilitating shunting of 
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blood to the cerebral circulation and bradycardia respectively. RVLM neurons also drive 

vasodilation of the cerebral vasculature in response to hypoxia, however this is 

mediated via the direct oxygen sensitivity of neurons in the RVLM region, including 

RVLM sympathetic premotor neurons (Kemp, 2006), apparently via collateral 

projections to higher order brain centres that control the release of yet unknown 

vasorelaxants (Golanov & Reis, 1996; Reis et al., 1997; Golanov et al., 2001; Ilch & 

Golanov, 2004). 

In addition to these classically defined pathways, the output of RVLM sympathetic pre-

motor neurons are regulated by an extensive range of reflex pathways that convey 

information regarding temperature, body position, mechanical distortion and noxious 

pain, such as the somatosympathetic (Sato, 1973), viscerosympathetic (Koganezawa et 

al., 2010), vestibulosympathetic (Yates et al., 1991; Yates, 1992; Yates & Miller, 1994) 

and diving reflexes (McCulloch & Panneton, 2003), descending input from higher order 

brain sites, notably the PAG, PVN and CeA conveying psychogenic state (Carrive & 

Bandler, 1991; Saha, 2005; Carrive, 2013) and changes in blood volume (Gomez et al., 

1993; Badoer & Merolli, 1998; Badoer, 2001).  

Sources of tonic drive to the RVLM 

RVLM sympathetic premotor neurons exhibit a spontaneous discharge between 1 and 

40 Hz that is strongly correlated with the discharge of sympathetic nerves (Brown & 

Guyenet, 1984, 1985; Morrison et al., 1988). Those with the highest basal firing rates 

also have the highest spinal conduction velocities (~4 m/s) (within the range of lightly 

myelinated A-fibres) and are predominantly non-TH (Allen & Guyenet, 1993; 

Schreihofer & Guyenet, 1997; Sartor & Verberne, 2003; Verberne & Sartor, 2010).  

Despite the extensive profiling of the discharge properties of these neurons, the origins 

of spontaneous activity are yet to be determined. These neurons have a demonstrated 

capacity for autodepolarization in the absence of fast synaptic transmission (Sun et al., 

1988; Kangrga & Loewy, 1995; Li et al., 1995; Koganezawa & Paton, 2014), however the 

contribution of this pacemaker activity is yet to be understood within the context of 

normal function (discussed in Dampney et al., 2000). Intracellular recordings of 

bulbospinal RVLM neurons suggest that the spontaneous activity of these neurons is 

dependent on ongoing synaptic drive (Lipski et al., 1996) from a network of neurons, 
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that are yet to be defined(Barman & Gebber, 1989; Ito & Sved, 1997; Dampney et al., 

2003; Coote, 2007).  

Although a popular view, one major paradox confounds straightforward interpretation 

of the data; blockade of glutamatergic transmission in the RVLM only elicits modest 

reductions in SNA and blood pressure (Sun & Guyenet, 1986; Kiely & Gordon, 1994; Ito 

& Sved, 1997; Araujo et al., 1999; Mayorov & Head, 2002; Horiuchi et al., 2004) and does 

not silence the activity of bulbospinal RVLM neurons (Koganezawa & Paton, 2014), 

which is not predicted by a network model that is reliant on fast glutamatergic 

transmission. Thus, it has proven difficult to delineate the source(s) of the spontaneous 

activity using functional methodologies (i.e. micro-stimulation). Some have posited that 

this observation is due to a net dis-facilitation of local tonically active inhibitory 

interneurons (Willette et al., 1983b; Koshiya et al., 1993; Ito & Sved, 1997; Horiuchi et 

al., 2004). The blockade of GABAergic transmission in the RVLM drives substantial 

depressor responses (Dampney, 1994a) and drives increases in the firing of bulbospinal 

RVLM neurons (Sun & Guyenet, 1985). The origin of at least part of this tonic GABAergic 

inhibition has been determined to arise from the caudal ventrolateral medulla (CVLM), 

including a non-baroceptive population of neurons in the more caudal CVLM, that is 

coextensive with the caudal pressor area (CPA) (Cravo et al., 1991; Horiuchi & Dampney, 

2002) (discussed in (Schreihofer & Guyenet, 2002)(Dampney et al., 2003)). 

Reduced preparations of the brain demonstrate that basal SNA is independent of input 

arising from structures rostral of the pons (Alexander, 1946; Dampney et al., 1988; 

Paton, 1996), or contralateral medullary structures (Kubin et al., 1985). It is therefore 

expected that the ensemble of neurons that provide tonic synaptic drive to RVLM 

sympathetic premotor neurons (reviewed (Barman & Gebber, 1989; Dampney et al., 

2003)), arises from local structures within the brainstem. With the exception of the 

GABAergic CVLM input described above, local sources of tonic drive remain poorly 

defined. Probable sources, based on functional observation, include the pontine reticular 

formation (which encompasses the SubLC, A5) (Krassioukov & Weaver, 1993; Hayes et 

al., 1994), lateral tegmental field (LTF) (Barman & Gebber, 1987; Gebber & Barman, 

1988; Barman et al., 2000), RVMM (Varner et al., 1994), Raphe (Barman & Gebber, 

1992) and the ventral respiratory column (VRC) (McAllen, 1987; Haselton & Guyenet, 

1989; Kanjhan et al., 1995; Mandel & Schreihofer, 2006; Koganezawa & Paton, 2014). 
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The anatomical organisation of these most proximal inputs remains unclear due to their 

coextensive boundaries with the RVLM, notably the LTF, RVMM, rostral most aspects of 

the VRC and speculative RVLM interneurons. Logistically, this has rendered anatomical 

data acquired using conventional retrograde tracers permissive to false positive errors 

(e.g. (Bowman et al., 2013)), and anterograde tracing data of limited value (e.g. 

(Ellenberger & Feldman, 1990)). Similarly, it has been virtually impossible using 

conventional and viral tracing methods to selectively delineate the sources of input that 

form monosynaptic input to the sympathetic pre-motor population. Thus, alternative 

sources of tonic drive to those previously suggested may presently remain obscured.  

Card et al. (2011), using a sophisticated recombinase dependent, PRV tracing strategy, 

were able to label the pre-synaptic network of the renal, pre-sympathetic, RVLM 

population. Despite the technical eloquence of this approach, this study failed to 

document in a qualitatively or quantitatively useful manner, the structural of this 

network, and provided with limited anecdotal evidence, insight regarding input from 

local sources i.e. RVLM interneurons, the RVMM and Raphe. Input from the CVLM, A5, 

LC, NTS and PVN were noted, however, input from the VRC was neither noted or 

discussed. This study highlights a short coming in the still emerging approaches to the 

documentation and formatting of large connectomic datasets, that is; the tendency for 

researchers to objectively document pathways that are of interest to particular 

hypothesis. Overall, key questions still remain regarding the absolute structure of the 

input networks that underlie evoked and basal drive of RVLM sympathetic pre-motor 

neurons. Comprehensively resolving the pre-synaptic network of this population using 

refined tracing approaches like g-deleted rabies and the subsequent generation of a 

volumetric atlas, will assist in the generation of new hypotheses regarding the 

emergence of sympathetic drive.  

Scope of this thesis 

Our primary objective was to map the sources of synaptic input to sympathetic pre-

motor neurons in the RVLM. The summative innervation of this population is a critical 

determinant of basal sympathetic tone, thus a comprehensive appreciation for the 

anatomical structure of this input network would contribute substantially to the 

formation and refinement of hypotheses regarding the generation and regulatory 

control of vasomotor tone.  
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Initially, we intended to identify the sources of input received by functionally identified 

RVLM sympathetic premotor neurons, using SADΔG(EnvA), based on promising early 

work that showed that single cell gene manipulation in vivo was possible (Marshel et al., 

2010). I first set out to modify the juxtacellular labelling technique to enable plasmid 

delivery in single neurons recorded under anaesthesia. As described in Chapter 2, that 

project was ultimately successful, leading to the development of a technique that can be 

used to genetically modify individual neurons or to label neurons with conventional 

dyes with improved speed and reliability compared to conventional approaches 

(Dempsey et al., 2015). 

The next stage in the progression of this project was to use this technique to permit 

infection of SADΔG(EnvA) to RVLM sympathetic pre-motor neurons by first transfecting 

with the plasmid cassette that encodes TVA and the rabies glycoprotein and then 

infecting the neuron with SADΔG(EnvA). However, the relatively low success rate of the 

gene delivery technique, coupled with the availability of novel viral vectors that enable 

the retrograde transduction of neurons based on their axonal trajectory, led us to 

pursue the same objective using a different approach.  

In Chapter 3 I describe experiments that map brain-wide sources of input to putative 

RVLM sympathetic premotor neurons that project to the T2 spinal cord. We used an HSV 

vector to retrogradely drive the expression of YFP, TVA and the rabies glycoprotein in 

RVLM neurons whose axons terminated within the T2 spinal segment, and subsequently 

infected them with a focal injection of SADΔG(EnvA) into the RVLM. Using a novel 

analysis and visualisation platform, I provide a quantitative map of input neurons that 

control RVLM sympathetic premotor neurons and in so doing, also provide the first 

anatomically defined “segmentation” model for the RVLM based on the spatial density of 

bulbospinal C1 neurons. In addition, this is the first time any brain-wide map of inputs 

has been generated in the rat. 

One of the surprising outcomes of that Chapter is that virtually no input is received from 

the superior colliculus, a region that is capable of recruiting powerful sympathetic, 

respiratory and somatomotor outputs. Our collaborators had previously hypothesized 

that the RVLM was a likely relay for collicular sympathetic responses (Muller-Ribeiro et 

al., 2014). Having undermined that hypothesis with the results of Chapter 3, I then 
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investigated alternative pathways by directly examining the efferent targets of the 

inferior colliculus by AAV-mediated anterograde labelling. In Chapter 4 I describe a 

highly localised and previously unrecognised pathway that links the inferior colliculus 

to the mRF. I found evidence of a large projection that terminates in close proximity to 

likely somatomotor and sympathetic premotor neurons, and provide the foundation for 

ongoing experiments that are beyond the scope of the thesis. 

Finally, I summarise the major findings of this thesis and discuss potential avenues for 

future research in Chapter 5.  
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CHAPTER 2: Recording, labelling and 

transfection of single neurons in deep 

brain structures 
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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 

electroporation yield reproducible transfection in vitro, and offer a simple, rapid and 

reliable alternative to established dye-labelling 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 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 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 
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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., 2006; 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., 2008; 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 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 
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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 

P 2-8 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 34 oC 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 37 oC, 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 (~30 o) 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 & 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 
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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 with 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 

anesthesia (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 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 treated with post-operative 

carprofen, (2.5 mg/kg s.c.; Norbrook Pharmaceuticals, Australia) and 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 
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heparinised saline followed by 4 % PFA (4 % paraformaldehyde, 76.7 mM Na2HPO4, 26.6 

mM NaH2PO4, pH 7.4), 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 3x30 

mins 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. Processed 

sections were washed again in TPBS 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. 
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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 10 (AC) or 5 (DC) ksamples/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 1 M KCl. 

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 
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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. Transfected neurons 

were washed in fresh media and restored to the incubator for 24 – 48 hours before 

fixation and imaging of reporter-expressing neurons. 

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 – 5 m steps 
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until a 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’ 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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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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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. 

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, Supplementary Video 2.1). 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 (same recording as Supplementary Video 1). (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. (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. 
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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 2.3A). 

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.B), making it equivalent to a commercial 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). 
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Figure 2.3 (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 hours after transfection of a hippocampal neuron in organotypic culture with pCBA-
TdTomato. 

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.): (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 



42 

 

 

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). 

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 2.4E). 

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 25). 
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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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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. 
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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 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.). Transfected neurons 

were recorded 1.6 – 8.3 mm deep to the brain surface using pipettes between 8 and 37 
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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. 

 

 

 

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 

reliable 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 functional 

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 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 
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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 labelled neurons in his 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, hampering direct comparison with the protocols described here. 

However, extensive filling of brainstem neurons juxtacellularly labelled with 

neurobiotin and visualised with fluorescent avidin conjugates is rare in the literature 

(Sartor & Verberne, 2003; Abbott & Pilowsky, 2009; 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 
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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 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. 
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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., 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 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 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 
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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) 

Supplementary Video 2.1. Extracellular recording and constant-current electroporation in vitro. The 
electrophysiological recording (same recording shown in Figure 2.2) has been converted into audio and 
embedded into the video file; action potentials are audible as clicks. URL: 
https://www.youtube.com/watch?v=pS6yRxDQH4Y 

https://www.youtube.com/watch?v=pS6yRxDQH4Y
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CHAPTER 3: Mapping sources of pre-

synaptic input to bulbospinal RVLM 

neurons  
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Abstract 

Spinally projecting neurons in the rostral ventrolateral medulla (RVLM) are thought to 

play a critical role in the generation of vasomotor sympathetic tone and represent a 

major site of convergence for multiple descending and reflex pathways that coordinate 

sympathetic nerve activity. Elucidating the organization of the circuits that drive these 

neurons is key to understanding the mechanisms that underlie the central control of 

blood pressure. Here we present a brain-wide connectomic map of the neurons that 

provide monosynaptic drive to a putative RVLM sympathetic premotor population, 

generated using a two-step restricted trans-synaptic viral tracing strategy. We made 

focal microinjections of a genetically restricted reporter-expressing rabies vector, 

SADΔG(EnvA)-mCherry, into the RVLM, and restricted its entry to neurons that project 

to the T2 spinal cord by first transducing them with a cassette (YTB) encoding 

complementary genes required for conditional rabies entry and trans-synapsis. We 

observed reproducible patterns of inputs arising from the dorsal, contralateral, and 

midline medulla, and local RVLM interneurons including catecholaminergic non-

bulbospinal neurons and neurons likely to reside within the ventral respiratory column. 

Distant inputs albeit sparse, were identified in the pons, cerebellum and midbrain, and 

included previously suspected sites of monosynaptic drive such as the paraventricular 

nucleus of the hypothalamus. These observations suggest that the RVLM predominantly 

receives synaptic drive from local sources. 
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Introduction 

The central command of blood pressure arises from sympathetic premotor populations 

distributed throughout the brainstem and hypothalamus. Those tasked with regulating 

the activity of sympathetic vasomotor nerves are concentrated within the rostral 

ventrolateral medulla (RVLM), immediately caudal to the facial motor nucleus (nVII). 

This population alone appears critical to basal and reflex command as demonstrated by 

stimulation and lesion of the region; the former drives increases in arterial blood 

pressure (AP) and sympathetic nerve activity (Goodchild et al., 1982; Willette et al., 

1983a; Ross et al., 1984) and the later reduces AP and SNA to levels equivalent to those 

seen following cervical transection or ganglionic blockade (Guertzenstein & Silver, 1974; 

Feldberg & Guertzenstein, 1976; Dampney & Moon, 1980; Ross et al., 1984; Pilowsky et 

al., 1985).  

The sympathetic pre-motor function is reflected by the functional and anatomical 

attributes of this population, in that they form descending monosynaptic excitatory 

input to SPN (Strack et al., 1989a; Jansen et al., 1995; Pyner & Coote, 1998; Oshima et al., 

2008), are spontaneously active, (Brown & Guyenet, 1984, 1985; McAllen, 1986; 

Morrison et al., 1988; Reis et al., 1988) and are sensitive to exteroceptive and 

interoceptive stimuli that modulate sympathetic nerve activity, such as the 

baroreceptor, chemoreceptor, and somatosympathetic reflexes (Brown & Guyenet, 

1985; Morrison et al., 1988; Morrison & Reis, 1989; Sun et al., 1992), as well as 

temperature (McAllen & May, 1994), body position (Sugiyama et al., 2011), hypercapnia 

(Koshiya et al., 1993; Marshall, 1994; Guyenet, 2000; Koganezawa & Paton, 2014), 

osmolarity (Stocker et al., 2008) and glucoprivation (Verberne & Sartor, 2010).These 

functional characteristics are correlated well with bulbospinal RVLM neurons that 

express enzymes required for adrenaline synthesis (C1-neurons) (Schreihofer & 

Guyenet, 1997). 

Although our understanding of the functional modalities that influence RVLM 

sympathetic premotor neuronal activity is comprehensive (at least in anaesthetised 

preparations), the organisation of the pathways that ultimately underlie the high 

functional diversity of RVLM sympathetic premotor neurons remains poorly resolved. 

For example, the on-going spontaneous activity of RVLM sympathetic premotor neurons 
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is dependent on excitatory and inhibitory input (Barman & Gebber, 1989; Lipski et al., 

1996; Ito & Sved, 1997; Dampney et al., 2003; Coote, 2007). Although the ‘network 

theory’ of action potential generation (discussed in Dampney (1994b) was widely 

adopted in the 1990s, the source of the synaptic drive that supposedly underlies 

spontaneous activity remains largely unknown over twenty years later. 

A central tenet of neuroscience is that the structure of a neuronal circuit underlies the 

behaviour of its output. The field of connectomics, still in its infancy, posits that insights 

regarding the function of neuronal circuits can be gained by definitively resolving 

network architecture (Carandini, 2012; Denk et al., 2012). We believe that employing a 

structural approach to unambiguously define the sources of monosynaptic input to 

RVLM sympathetic premotor neurons may resolve some of the impasses associated with 

this field and serve as a platform for hypothesis generation. 

Here we use a genetically modified rabies variant, SADΔG, to unambiguously label 

neurons that form monosynaptic connections with putative RVLM sympathetic 

premotor neurons. SADΔG, initially developed by the Callaway laboratory, (Wickersham 

et al., 2007a; Wickersham et al., 2007b) exploits the exclusive trans-synaptic and 

retrograde trafficking of the rabies virus in the central nervous system. The key 

innovation of SADΔG is that the ability of the virus to enter a target neuron, and its 

ability to retrogradely infect monosynaptically connected pre-synaptic neurons, can be 

conferred by genetic modification of the target neuron using conventional gene delivery 

techniques (as recently reviewed by Callaway & Luo, 2015). Our strategy was to first 

drive the expression of the cassette, YTB, that contained the components required for 

cell entry (TVA receptor) and trans-synapsis (rabies glycoprotein), in spinally projecting 

neurons. This was achieved by microinjecting a recombinant herpes vector (HSV) with a 

retrograde transduction profile at the intermediolateral cell column (IML) of the spinal 

cord, a major site of termination of sympathetic premotor neurons. We then selectively 

infected YTB-expressing neurons using a reporter-driving variant of SADΔG that is 

dependent on the expression of TVA for cell entry (SADΔG(EnvA)-mCherry). By 

restricting the infection of YTB-expressing neurons with SADΔG(EnvA)-mCherry to 

those residing within the RVLM we were able to control the access of SADΔG to putative 

sympathetic premotor neurons, and then map brain-wide sources of drive received by 

those neurons. 
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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. 

Vector preparation 

SADΔG production 

SADΔG was produced at Macquarie University within a quarantine containment level 2 

facility, following the protocol described in Osakada and Callaway (2013). Briefly, EnvA-

pseudotyped SADΔG was derived from the pSADΔG-mCherry genome plasmid (Addgene 

32636) and assembled with the pcDNA-SADB19N (Addgene 32630), pcDNA-SADB19P 

(Addgene 32631), pcDNA-SADB19L (Addgene 32632), and pcDNA-SADB19G (Addgene 

32633) helper plasmids. The vector was packaged in a baby hamster kidney cell line, 

B7GG, that expresses T7 RNA polymerase, rabies glycoprotein and histone-tagged GFP. 

Packaged SADΔG-mCherry was then pseudotyped with the EnvA envelope protein from 

the avian sarcoma leucosis virus, via passage through an EnvA-expressing cell line, 

EnvA-BHK. SADΔG(EnvA)-mCherry was titrated via serial dilution and infection of a 

human embryonic kidney cell line, TVA-HEK, that expresses the receptor for the EnvA 

envelope protein. The titre of SADΔG(EnvA)-mCherry used for injections was 6.8x107 

IU/ml. SADΔG(EnvA)-mCherry purity was determined by infection of naïve HEK cells 

and determined to contain approximately 5.33x103 unpseudotyped virions per ml. 

Vector was stored in 3 µl aliquots at -80oC until microinjection. 

Plasmids were acquired from addgene and amplified and purified according to the 

suppliers’ recommendations. B7GG, EnvA-BHK and TVA-HEK cell lines were kindly 

provided by Professor Ed Callaway.  

Retrograde HSV vectors 

We used a recombinant herpes simplex type1 (HSV1) vector with a retrograde tropism 

to drive expression of rabies glycoprotein, TVA receptor, and YFP reporter protein (HSV-

hCMV-YTB). The gene cassette was derived from the pCAG-YTB plasmid (Addgene 

26721) and cloned into recombinant HSV amplicons under the control of the human 
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cytomegalovirus promoter at the Massachusetts Institute of Technology vector core, 

using a modified version of the protocol described by Lim and Neve (2001). Control 

vectors that drive the expression of reporter proteins (HSV-hCMV-GFP, HSV-hCMV-

mCherry) were used in initial experiments to determine the time course of protein 

translation and determine the anatomical boundaries of spinally-projecting RVLM 

neurons. The titre of the HSV vectors as reported by the vector core are 3 x 10^8 IU/ml. 

Immediately prior to injection vectors were diluted in normal physiological saline 

containing blue fluorescent polystyrene spheres to label the injection site (1 µm 

diameter: Thermo Scientific, Australia, 09980508) to ¼ of their original concentration. 

Animals 

Animals were obtained from the Animal Resources Centre (Perth, WA) and were housed 

at the Macquarie University Central Animal Facility. Male Sprague-Dawley rats weighing 

150-500g at the onset of experiments were used for anatomical studies. Animals were 

housed in groups of 4 in individually ventilated cages containing environment 

enrichment material (blocks of wood, shaved cardboard, plastic tubes), with food and 

water available ad libitum. Cages were kept in a temperature- and humidity-controlled 

room (21°C ± 2°C, 60 % humidity) with fixed 12 h light and dark cycles. Animals were 

transported to the PC2 laboratories at the Australian School of Advanced Medicine 

(Macquarie University) for stereotaxic injections and electrophysiology experiments. 

Vector injections 

Spinal cord injections of retrograde herpes vectors 

Rats were anaesthetized with intraperitoneal ketamine (75 mg/kg; Parnell Laboratories, 

Australia) mixed with medetomidine (0.75 mg/kg; Pfizer Animal Health, Australia) and 

treated with 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). 

In initial experiments using HSV-hCMV-reporter variants, rats were mounted in a 

stereotaxic frame and tail clamped to maintain the spine in a horizontal and elevated 

position. The spinal cord was exposed at the T2 and T7 vertebrae following minimal 

dissection of the intravertebral ligaments and reflection of the dura. At each vertebral 

level 4 x 500 nl pneumatic vector injections (2 on each side, spaced 1 mm apart 



58 

 

 

rostrocaudally) were made using a glass micropipette with an approximately 20 µm 

diameter tip at co-ordinates corresponding to the IML (0.75 mm lateral to the midline 

and 1 mm deep to the dorsal surface of the spinal cord). Vectors were injected over a 5 - 

10 minute period and the pipette was left in position for approximately five minutes 

before slow retraction. At the conclusion of injections exposed spinal cord sites were 

irrigated with sterile physiological saline, covered with oxidized cellulose haemostat, 

and the wound closed with suture clips. Both vectors resulted in equivalent labelling, 

irrespective of the spinal level at which they were injected, but in most cases the GFP-

driving variant was targeted at the T2 IML, and the mCherry-driving variant targeted at 

the T7 vertebrae (equivalent to the T10 spinal segment). Rats were recovered for 1 – 7 

days. 

For experiments in which HSV-hCMV-YTB was used the same general surgical approach 

was employed, but vector injections were limited to 2x 500 nl injections in the left IML 

at the T2 spinal segment. 

At the end of surgery anaesthesia was reversed with atipamazole (1 mg/kg s.c., Pfizer 

Animal Health, Australia) and rats were monitored until ambulatory and then returned 

to their home cage. Rats were monitored closely for the remainder of the experiment 

with additional analgesia as required. 

Brainstem injections of SADΔG(EnvA) 

1 – 5 days after injection of HSV-hCMV-YTB at the T2 spinal cord level, rats a were re-

anaesthetised and treated with analgesia and antibiotics as described above and 

positioned in a stereotaxic frame in the skull flat position. An incision was made along 

the skull overlying the brainstem and a 2 mm diameter hole was made in the skull 2 mm 

lateral to midline, approximately overlaying the RVLM, and the dura reflected. The left 

facial nucleus, an anatomical landmark for the rostral extent of the RVLM, was mapped 

by recording antidromic field potentials evoked by stimulation of the facial nerve, as 

previously described (Brown & Guyenet, 1985). The most caudal position at which facial 

field potentials could still be evoked was determined as the caudal pole of the facial 

motor nucleus. 50 – 75 nl of SADΔG(EnvA)-mCherry was microinjected 100 – 300 µm 

caudal to the caudal pole of the facial nucleus at a depth equivalent to the ventral surface 

of the facial nucleus. The pipette was left in position for ~5 min prior to withdrawal. 
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Wounds were irrigated and the exposed brain covered with oxidized cellulose 

haemostat and the wound closed with suture clips and anaesthesia reversed with 

atipamazole. Rats were allowed to recover for up to 7 days following SADΔG injection. 

Histology 

Transcardial Perfusion 

Animals were anaesthetized with sodium pentobarbital (>150 mg/kg, 20% lethabarb 

(Virbac, Australia) in 0.9 % saline). When responses to hind-paw pinch were absent the 

chest cavity was opened and heart exposed. An 18 gauge needle was inserted into the 

ascending aorta via the left ventricle and clamped in position with a haemostat. The 

right atrium was then cut and 1 ml of heparin (1000 IU/ml) injected into the aorta. The 

animal was then perfused with 300 ml ice cold saline followed by 300 ml of 4 % PFA. 

The brain and thoracic spinal cord were then removed and post-fixed overnight.  

Tissue processing 

With the assistance of a brain matrix, the brains were blocked 2 mm caudal to the 

olfactory bulb and mounted frontal pole down on a vibratome plate so that the ventral 

surface of the brain was approximately perpendicular to the plate. Slices were sectioned 

in the coronal plane using a Leica VT1200S vibrating microtome at 50 µm and collected 

in 4 pots in 0.01 M Tris-phosphate buffered saline (TPBS). For HSV-hCMV-YTB/ 

SADΔG(EnvA)-mCherry injected animals, pot 1 was mounted directly onto glass slides to 

maintain section order. Brainstem sections from a second pot were processed for YFP 

and TH immunoreactivity, so that ‘seed’ neurons (i.e. neurons infected by both HSV-

hCMV-YTB and SADΔG(EnvA)-mCherry) could be identified. The other 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 -

20oC. 

Immunohistochemistry 

Sections were permeabilized in TPBS containing 0.2 % Triton‐100 for 3 × 15 min and 

blocked for nonspecific binding in TPBS containing 2 % bovine serum albumin and 0.2 

% Triton‐100 for 1 h at room temperature. Primary antibodies (see Table 3.1) were 

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

washed in TPBS 3 × 30 min and incubated in secondary antibodies for 12 h at 4 °C. 
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Processed sections were washed again in TPBS 3 × 30 min before being mounted on 

glass slides with Dako fluorescence mounting medium and cover slipped. 

Table 3.1: Primary and Secondary antibodies 

Applicat
ion 

Antigen Species Conjuga
te 

Concentrati
on 

Clonality Manufactur
er 

Code 

1o Tyrosine-
Hydroxyl
ase (TH) 

Mouse N/A 1:1000 Mono Sigma T1299 

1o Tryptoph
an-
Hydroxyl
ase 
(TPH) 

Mouse N/A 1:500 Mono Sigma T0678 

1o Neurokin
in-1 
Receptor 
(NK1R) 

Rabbit N/A 1:1000 Poly Sigma S8305 

2o Rabbit 
IgG (H+L 
chain) 

Donke
y 

Alexa 
Fluor® 4
88 

1:500 Poly Life 
Technologi
es 

A21206 

2o Rabbit 
IgG (H+L 
chain) 

Donke
y 

Alexa 
Fluor® 6
47 

1:500 Poly Life 
Technologi
es 

A31573 

2o Goat IgG 
(H+L 
chain) 

Donke
y 

Alexa 
Fluor® 6
47 

1:500 Poly Life 
Technologi
es 

A21447 

2o Mouse 
IgG (H+L 
chain) 

Donke
y 

Alexa 
Fluor® 6
47 

1:500 Poly Life 
Technologi
es 

A31571 

In situ Hybridization (ISH) 

ISH was conducted to examine double labelling of rabies-infected input neurons with 

GAD67 mRNA, a marker of GABAergic neurons, and GLYT2 mRNA, a marker of 

glycinergic neurons. ISH probes were identical to those described by Bowman et al. 

(2013) and Le et al. (2015) respectively. Sections were incubated for 30 minutes at 37 oC 

and 1 hour at 58  oC in hybridization solution (5 % dextran sulfate, 5 SSC [pH 7.0]), 50% 

formamide, 250 µg/ml herring sperm DNA, 1x Denhardt’s solution, 0.1 % Tween-20) 

under RNase-free conditions. The riboprobe was then added to the solution to a final 
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concentration of 200–500 ng/ml and sections were incubated with gentle agitation at 58  

oC overnight. After hybridization, sections were washed twice for 30 minutes in 2x SSC / 

0.1% Tween-20 at 58 oC, then twice for 30 minutes in 0.1x SSC / 0.1 % Tween-20 at 58  

oC.  

Sections were incubated in maleic acid buffer containing 2 % Boehringer Blocking 

Reagent (BBR, Roche) and alkaline phosphatase-conjugated sheep anti-DIG (Roche, 

Australia) 1:1,000 for 48 hours at 4 oC. Sections were acclimatized in alkaline buffer (0.1 

M NaCl, 0.1 M Tris-HCl, pH 9.5, 0.1M MgCl2, 0.1 % Tween-20, 2 mM levamisole) for 3x 30 

min washes.  

DIG labels were developed by reaction with a nitroblue tetrazolium (NBT) and 5-bromo-

4-chloro-3-indolyl phosphate (BCIP) salt solution (Roche). The development of a dark 

purple cytoplasmic precipitate was monitored under brightfield until intense with 

minimal background staining. The reaction was stopped with a 15-min wash in 0.1 M 

Tris (pH 8.5) with 1 mM EDTA. 

CLARITY processing 

The brains of 2 animals that received T2 spinal cord injections of HSV-hCMV-GFP were 

optically cleared for thick block imaging using a passive CLARITY protocol (Tomer et al., 

2014). Briefly, animals were perfused with an acrylamide/PFA based hydrogel solution, 

brains removed and incubated in hydrogel for 2 days at 4 oC. Hydrogel-embedded brains 

were polymerised at 37 oC for 3 h in the absence of oxygen. Excess polymerized 

hydrogel was removed from the brain surface with a spatula and the medulla was cut 

into serial 1 mm thick blocks using a brain matrix. The slices were then passively cleared 

in a sodium dodecyl sulphate based clearing solution with constant low intensity 

shaking at 37 oC for 10 days. Slices were washed in PBS for 4 h and then mounted in 85 

% glycerol for imaging. 

Imaging 

For whole-brain reconstruction of rabies-infected neurons, every histological section 

lying between the cervical spinal cord and the most rostral section in which rabies-

labelled neurons were identified was imaged under epifluorescence using 10x objective 

lens (AxioImager Z2 microscope running ZEN 2011 software, Zeiss, Gottingen, 

Germany). Whole-brain images were obtained from sections that were immediately 
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mounted during cutting, preserving order; immediately mounted sections that spanned 

the RVLM region were not used for mapping of input neurons or seed neurons. Rather, 

these data were obtained from alternative sections that were processed for YFP and TH 

immunoreactivity. Neurons that contained both YFP and mCherry were classified as 

seed neurons and were further sub-classified as TH-immunoreactive or TH-negative. 

Confocal images were taken of regions of interest and CLARITY processed slices 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. 

Epifluorescence imaging at 10x permitted efficient imaging of whole-brain datasets at  

the expense of biasing against lightly labelled or small neurons. This was particularly  

problematic for detection of lightly-labelled TH-immunoreactive starter neurons; 

confocal reimaging (20x objective, Leica TCS SP5X) of three sections containing starter 

neurons previously imaged and analyzed as described above, indicated that 

approximately a third of the C1 starter neurons detected under confocal had been 

identified as non-C1 under epifluorescence (19/27 vs. 13/27). This problem did not 

apply to detection of rabies-infected neurons, which were unambiguously labelled. 

Control Experiments 

SADΔG(EnvA)-mCherry was injected into the RVLM of 2 animals that had not previously 

received injections of HSV-hCMV-YTB, as a control for TVA/rabies glycoprotein-

independent infection. No labelled neurons were observed in either animal. Thus we 

determined that the concentration of contaminating, unpseudotyped particles 

mentioned above were of an insufficient concentration to cause non-specific labelling.  

In another animal HSV-GFP was co-injected into the sciatic nerve with cholera toxin B 

subunit (CTB) to examine whether HSV variants were capable of transducing fibres of 

passage (Figure 3.1A). The sciatic nerve was exposed at mid-thigh from a dorsolateral 

approach and isolated from surrounding connective tissue. A small incision was made 

through the nerve sheath and a 2 µl co-injection of HSV-hCMV-GFP (at 50 % 
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concentration used for spinal cord injections) and CTB (0.5 % in normal saline, List 

Biological Laboratories, USA) were made into the exposed nerve. The exposed area was 

irrigated with sterile physiological saline and the wound closed with suture clips. In 

another experiment a rat received bilateral microinjection of HSV-hCMV-GFP mixed 

with HSV-hCMV-mCherry (1:1,500 nl at 2 sites on each side of the T2 IML) to examine 

the proportion of double-labelled RVLM neurons (so that an estimate of the proportion 

of local terminals infected by retrograde HSV variants could be made (Figure 3.1B). 

 

Figure 3.1: Characterization of HSV retrograde tropism. A. Co-injection of HSV-hCMV-GFP and cholera toxin 
subunit B (CTB) into the sciatic nerve results in extensive retrograde CTB labelling of putative α-motoneurons 
(Aii, horizontal section), but virtually no GFP expression, suggesting that fibres of passage are not readily 
transduced by HSV vectors. B. Co-injection of HSV-hCMV-GFP and HSV-hCMV-mCherry into the T2 spinal cord 
resulted in double-labelling of the majority of RVLM neurons (Bi-iii), indicating that the titre used is sufficient 
to transfect the majority of neurons that project to the injection site. C. 1 mm thick CLARITY-processed 
parasagittal (epifluorescence) and coronal (D, confocal maximum projection, 494 optical sections at 2 μm 
intervals) brain sections demonstrate extensive and robust GFP expression, 5 days after injection of HSV-
hCMV-GFP into the T2 spinal segment. 
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Analysis 

Image alignment and anchoring 

Image alignment and anchoring was achieved using a beta version of the N3 Navigator 

system, a web-based data management tool currently under the development of the 

University of Oslo Neuroinformatics group, kindly provided by Prof Jan Bjaalie. An 

overview of the image alignment workflow is provided in Figure 3.2: in brief, 

microscope images of whole brain sections were contrast-optimised for differentiation 

of grey and white matter and uploaded to N3 in virtual tissue blocks of sequentially cut 

images spaced at 200 μm. Each image was aligned to an interactive 7T MRI whole brain 

dataset obtained from a male Sprague Dawley rat (Papp et al., 2014) that allows the user 

to make virtual cuts through the MRI brain at any angle. This allows the user to align 

histological sections cut at any plane to the reference dataset, allowing compensation for 

deviation in cutting plane or tissue distortion. 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 (i.e. the left lower corner of 

each image), deviation from the vertical and horizontal planes, scaling and rotation were 

calculated by the N3 platform. With this information the position of any point in the 

histological image could be converted to 3-dimensional Waxholm co-ordinates using a 

simple algorithm. Waxholm co-ordinates presented correspond to voxel positions in the 

original Waxholm dataset, which 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). 

Images containing reporter-expressing neurons were manually annotated using 

Axiovision Zen software. Metadata containing the pixel co-ordinates of each annotated 

neuron were imported to Microsoft Excel. x,y pixel co-ordinates were transformed into 

x,y,z Waxholm co-ordinates following ‘anchoring’ of each microscope image into 

Waxholm Space.  
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Figure 3.2: 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 co-ordinates of 
the neuron were exported to a spreadsheet and the image contrast adjusted for optimal visualisation of 
anatomical landmarks (Bi). The image was then uploaded to N3 and anchored to the corresponding section 
of the Waxholm dataset (Bii: blue crosshairs in Bi and Bii denote centre of section only) following adjustment 
of the cut angle of the MRI section in the dorsoventral (Biii) and lateral (Biv) planes. The blue boxes in Biii 
and Biv indicate the region shown in Bii; note offset in rostrocaudal levels in the left and right sides of the 
image in both the raw histology (Bi) and anchored virtual section (Bii). Anchoring vectors generated by N3 
were then used to translate the pixel co-ordinates of annotated neurons into xyz Waxholm co-ordinates and 
analysed with respect to the Waxholm segmentation model (C). 
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Segmentation of RVLM region in Waxholm space 

The current Waxholm segmentation model does not differentiate brainstem subnuclei. 

To define the anatomical boundaries of the RVLM in Waxholm space, we used the 

locations of RVLM sympathetic premotor neurons identified in a previous study that 

were TH-positive and retrogradely transduced by HSV-hCMV-GFP or -mCherry variants 

injected at the T2 or T7 vertebral levels (Figure 3.3A). Data were generated by counting 

labelled neurons bilaterally (except in one case where labelling was restricted to one 

side of the brainstem) in sections separated by 200 μm intervals in six animals. 

However, the lateral co-ordinates of all neurons are represented as being on both sides 

of the brainstem for RVLM segmentation (i.e. each neuron was ‘mirrored’ so that it was 

simultaneously represented on both left and right sides of the brainstem to avoid 

asymmetry between left and right sided segmentation models). Two-dimensional 

contour maps indicating the density of labelling were then generated for each 

dorsoventral level, using the Plotly visualization tool (https://plot.ly, 10 voxel 

resolution, see Figure 3.3B’). Contours enclosing pixels that contained >2 neurons/10 

pixel radius in the horizontal plane were converted to an image stack and imported into 

a volumetric model of the Waxholm rat brain using the Imaris software platform (Imaris 

8.1, Bitplane AG, Switzerland, Figure 3.3E-G).  
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Figure 3.3 Segmentation of the RVLM in Waxholm space. The locations of TH-positive neurons that were 
retrogradely transduced by HSV-reporter driving vectors from the T2 and/or T10 spinal segments 
(arrowheads in A’i-iii) were used to denote the boundaries of the RVLM. Waxholm co-ordinates of 273 TH-
positive bulbospinal neurons were plotted as 2d heatmaps in the horizontal plane (B: the epicentre of the 
TH-positive bulbospinal population is indicated by crosshairs in the corresponding horizontal (B), coronal (C) 
and parasagittal (D) sections through the Waxholm MRI dataset. Heatmap is overdrawn on inset shown in B’. 
Co-ordinates of individual TH-positive bulbospinal neurons (green spheres, E-G) and the serial heatmaps that 
enclosed 86%of TH-positive bulbospinal neurons (green surface, E-G) were imported to a 3d-rendered model 
of the Waxholm brain. Regional landmarks in E-G are the facial nerve (red) and inferior olive (orange). 
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Connectome map construction 

The Waxholm Sprague Dawley brain has thus far been segmented into approximately 70 

brain regions (Papp et al., 2014). Having employed the N3 tool to accurately transform 

the locations of labelled neurons into three dimensional Waxholm coordinates, we then 

employed the Waxholm segmentation model (Figure 3.2C) to quantify the anatomical 

distribution of labelled neurons in a semi-automated manner using the Imaris 

volumetric imaging platform. To do this the most up-to-date segmentation model 

(Waxholm v2) was downloaded from the International Neuroinformatics Coordinating 

Facility Software Center (Papp et al., 2015) and imported into Imaris following 

conversion to the Biorad format in ImageJ, resulting in a surface-rendered model that 

incorporates all of the regions demarcated in Waxholm space. 

The Waxholm coordinates of Input, non-C1 seed, and C1 seed neurons were then 

imported from Microsoft Excel into Imaris using an open-source Python script (Guyer, 

2013), resulting in a 3d model of the Waxholm brain populated with points 

corresponding to the neurons identified in our histological sections. Another script was 

then used to automatically quantify the number of input neurons that lay within each 

segmented region (Bitplane Development, 2013). 
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Results 

Characterizing hCMV promotor driven HSV vectors for retrograde neuronal 

transduction 

Reporter expression was observable in the medulla as early as 24 h after HSV injection 

into the spinal cord and robust at day 5 (Figure 3.1C & D). The morphological integrity 

of HSV infected neurons declined rapidly beyond day 7, neurons with shrunken, 

spherical somata and blebbed processes were common beyond day 8 post-infection. 

Defining the specificity of HSV-mediated retrograde transduction was critical to the 

interpretation of data acquired using these vectors. To examine if transduction was 

possible following uptake by fibres of passage we co-injected HSV-hCMV-GFP with CTB 

directly into the sciatic nerve. Inspection of the lumbar spinal cord 4 days later revealed 

many CTB+ neurons in the ventral horn, presumably representing retrogradely labelled 

motoneurons. However, only one GFP+ neuron was identified (Figure 3.1A), suggesting 

that axons en passage are essentially resistant to HSV infection. Thus we propose that 

neurons retrogradely transduced by HSV probably represent neurons that form synaptic 

terminals at the site of vector injection rather than neurons with axons that traverse the 

injection site However this may be representative of a more inert axonal environment in 

the periphery provided by Schwann cells and may not appropriately reflect what would 

occur during an injection into the CNS. 

To determine whether the number of cells retrogradely labelled by the vector truly 

reflected the total number of cells that projected to the injection site we co-injected a 

HSV vector expressing GFP and another expressing mCherry into the T2 IML (at half the 

titre used for the concurrent retrograde tracing in this study). Examination of the RVLM 

revealed that the vast majority of retrogradely transduced neurons expressed both 

reporters (Figure 3.1B). We infer that vector concentration within the injection site was 

sufficient to saturate the majority of available terminals.  

Anatomical segmentation of the RVLM premotor area 

Despite many years of intense study, to date no objective structural definition of the 

RVLM region has been made. A key consideration for the interpretation of the current 

study (or indeed any study in which reagents such as viral vectors, tracers or drugs are 
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deployed at RVLM sympathetic premotor neurons) is validation that neurons in the 

appropriate anatomical structure are being targeted. We therefore generated a 

quantitative map of the distribution of bulbospinal catecholaminergic neurons, which 

are considered putative sympathetic premotor neurons. 

273 bulbospinal TH-immunoreactive neurons were identified in the ventrolateral 

medullae of six rats previously injected with reporter-driving HSV vectors in the T2 or 

T10 spinal cord (Figure 3.3). The geometric epicenter of the region containing 

sympathetic premotor 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 (Figure 3.3B). 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). We noted that this region also included 621 

non-C1 bulbospinal neurons; therefore 28 % of bulbospinal RVLM neurons were 

identified as TH-positive. 

Monosynaptic tracing from RVLM sympathetic pre-motor neurons 

We plotted brain-wide sources of monosynaptic input to RVLM sympathetic premotor 

neurons in 3 animals (selected from an experimental cohort of 15) that exhibited the 

greatest seed to input ratios and in which seed neurons were predominantly confined to 

the RVLM. 44 (23 - 67) seed neurons were identified per animal (132 total) counting 

every fourth section, of which 41 % (30 - 45 %) were TH-positive. 79 % of seed neurons 

(104/132) were identified as residing within the RVLM using the segmentation model 
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described above, (Figure 3.4 and supplementary files 3.1) and 75 % (99/132) using 

traditional RVLM boundaries (Goodchild & Moon, 2009). 
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Figure 3.4 Experimental strategy and seed neuron characterisation. A: HSV-hCMV-YTB is injected at the T2 
IML, retrogradely transducing spinally projecting neurons to express rabies glycoprotein, TVA and YFP. 
SADΔG(EnvA)-mCherry is subsequently injected into the RVLM, exclusively infecting neurons that express 
TVA, and seeding transynaptic infection of monosynaptically connected input neurons . Seed neurons are 
distinguished by the expression of both YFP and mCherry. B. Coronal brainstem section at the level of the 
RVLM processed for immunoreactivity to tyrosine-hydroxylase (TH) and YFP. Insets in B’ and B’’ show detail 
of confocal image from the same section illustrating examples of C1 (dotted arrowheads) and non- C1 (solid 
arrowheads) seed neurons. C. C1 (yellow spheres) and non-C1 (green spheres) seed neurons from three 
experiments plotted in Waxholm space shown from coronal (Ci), horizontal (Cii) and parasagittal (Ciii) 
perspectives. Anatomical landmarks are Waxholm-segmented boundaries of the inferior olive (IO), spinal 
trigeminal nucleus (Sp5), RVLM and pyramidal tract (Py). 

340 (range 239 - 560) rabies-labelled input neurons were identified per animal (1019  

total), corresponding to an average input: seed ratio of 8:1 (4:1 – 13:1)-. Trans-

synaptically labelled neurons were encountered from the thoracic spinal cord (although 

only spinal cord neurons that lay at the medullary-cervical junction are quantified) to 

the hypothalamus at the level of the optic chiasm, but the vast majority of neurons were 

identified within the brainstem; analysis of the distance from each rabies-labelled 

neuron to the epicentre of the RVLM produced a skewed distribution with a median 

distance of 65 voxels (2533 µm), with the 95 % of neurons lying within 160 voxels 

(6244 µm) of the RVLM (Figure 3.5B). Using the Waxholm segmentation model to 

quantify the distribution of input neurons throughout the brain we found that the 

brainstem, as defined by the Waxholm segments Pyramidal tract, Medulla, 

Periventricular grey, Inferior olive, Spinal trigeminal nucleus & tract, and our newly 

generated RVLM segmentation, accounted for 93 % of input neurons (see Table 3.2). 37 

input neurons were not identified by Imaris as lying within any defined brain region are 

therefore omitted from quantitative analysis; some of these neurons lay on the brain 

surface or junctions between different segments. 

Within the brainstem, input neurons were concentrated in the immediate vicinity and 

caudal to the seed population, and extended in long bilateral columns that engrossed the 

lateral reticular formation, extending from the ventral surface to an apex at the dorsal 

midline (Figure 3.5A’,C and 3.6B-E). Of the Waxholm segments currently defined, the 

RVLM region had the highest density of any region surveyed by a factor of about 5, 94 % 

of which were ipsilateral to the injection site (Figure 3.5F and 3.6D,E). The majority of 

RVLM input neurons were non-C1, although examples of catecholaminergic rabies-

infected neurons that stained negative for YFP, and are therefore not considered seed 

neurons, were encountered in all experiments (including those that did not meet quality 

control criteria for full quantification, Figure 3.7D&E). 
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The incomplete segmentation of brainstem subnuclei in the current version of the 

Waxholm atlas misrepresents the true density of inputs within the medulla; inputs were 

not evenly distributed throughout the region demarcated as medulla in the Waxholm 

brain, and our subjective assessment is that input density in the regions of the brainstem 

corresponding to the CVLM/pre-Bötzinger Complex and nucleus prepositus were at 

least equivalent to that seen in the RVLM; this observation is supported by the heat map 

presented in Figure 3.5C, in which a dorsal hot spot and extended ventral column are 

clearly visible. 

Inputs constituting the caudal aspect of the column overlaid a region located 

immediately dorsal of the ventral surface of the medulla spanning the loose, subcompact 

and caudal most compact formations of the nAmb, corresponding to the CVLM, a small 

portion of which expressed mRNA for glutamic acid decarboxylase 67 (GAD67), a 

putative phenotype marker for inhibitory neurons (Figure 3.7E). High input density was 

also observed in regions corresponding to components of the ventral respiratory 

column (Figure 3.6B-D), including the Pre-Bötzinger complex and Bötzinger, that form a 

coextensive rostrocaudal column immediately ventral of the compact formation of the 

nAmb, but these neurons did not appear to express neurochemical markers that define 

respiratory neurons in either region; a few Pre-Bötzinger complex neurons were 

immunoreactive for neurokinin receptor-1 (NK1R), but the vast majority were not 

(Figure 3.7 A &B), and no Bötzinger neurons expressed mRNA for glycine transporter 2 

(GLYT2, Figure 7F). A dense column of highly arborized input neurons with small 

somata were consistently observed at the ventrolateral boundary of the nucleus 

prepositus (Figure 3.6E”), and neurons were also observed in the nucleus of the solitary 

tract (NTS) (Figure 3.6A’), A1 adrenergic cell group region (although most were not TH 

immunoreactive, Figure 3.6A”) and the midline raphe (Figure 3.6C’’). 

Rostral to the RVLM, input neurons were predominantly observed in the ipsilateral 

hemisphere of the brainstem, occupying a region with boundaries that extended along 

the medial circumference of the facial nucleus dorsaly to the nucleus prepositus. >500 

µm rostral to the seed population, input neurons became sparse and were mostly 

observed within the ventral medial medulla immediately dorsal to the pyramidal tract. 

With the exception of the paraventricular nucleus of the hypothalamus (PVN), we rarely 

observed more than a single input neuron per section rostral to the facial genu. Inputs 
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arising from the forebrain and midbrain, although sparse, reproducibly included the 

superior colliculus, periaqueducutal grey, and hypothalamus. The most prominent and 

rostral source of input we noted was located within the paraventricular nucleus of the 

hypothalamus (PVN). These inputs were few but consistent across all animals examined 

(including those not quantified) and occasionally immunoreactive for vasopressin 

(Figure 3.8A’).  
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Figure 3.5 Brain wide distribution of input neurons. A. Workflow for input map construction. Neurons 
identified in epifluorescence images were annotated and anchored in Waxholm space and their 3d co-
ordinates imported to a 3d model of the Waxholm rat brain (A’). B. As-the-crow-flies distances of input 
neurons relative to the geometric center of the RVLM. C. Flattened input density map overlaid on a 
parasagittal cross-section of the Waxholm MRI illustrating the uneven distribution of inputs throughout the 
brain and the presence of discrete foci in the ventral and dorsal medulla. D. Reference section at the same 
level as C illustrating regions demarcated in the current Waxholm segmentation model, including the RVLM 
segment (bright green region immediately dorsal to the inferior olive) generated in the current study. E. 
Histogram showing the rostrocaudal distribution of inputs in Waxholm space (same scale as Panel C; for 
reference the caudal pole of the facial nucleus lies at 310 voxels). F. Input distribution per Waxholm-defined 
segment, number of neurons represented by sphere size. 
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Table 3.2 RVLM input neurons sorted according to Waxholm-defined region 

Brain Region/Subnuclei 
# neurons 
(mean ± 

SEM) 

Volume 
of region 
(kvoxels) 

% 
inputs 
(total) 

Input Density 
(neurons/Mvoxel) 

Forebrain 4 ± 2  1.2  

Neocortex 0 10500 0.1 0.1 

Nucleus of the stria medullaris 0 1.6 0.1 623.4 

Thalamus 0 1390 0.8 5.8 

Basal forebrain region 2 ± 1 1250 0.2 1.6 

Midbrain 9 ± 5  2.5  

Hypothalamus 2 ± 1 388 0.7 18.0 

Periaqueductal grey 4 ± 3 269 1.3 48.3 

Superior colliculus 2 ± 1 390 0.4 10.3 

Inferior colliculus 0 451 0.1 2.2 

Substantia Nigra 0 114 0.1 8.8 

Cerebellum 1 ± 1  0.4  

Deep cerebellum 1 ± 1 2730 0.4 1.5 

Brainstem 323 ± 187  93.4  

Pyramidal tract/corticofugal pathway 1 ± .4 461 0.4 8.7 

Periventricular grey 12 ± 7 226 3.5 159.3 

Inferior olive 1 ± 1 33.1 0.6 181.3 

Spinal trigeminal nucleus 4 ± 2 252 1.3 51.6 

Spinal trigeminal tract 3 ± 2 1560 0.9 5.8 

RVLM 46 ± 27 46.6 13.5 3004.3 

Medulla 243 ± 140 3390 73.4 224.5 

Spinal Cord 8 ± 5 1590 2.5 16.352 
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Figure 3.6 Medullary inputs to RVLM sympathetic premotor neurons. Epifluorescence micrographs of the 
coronal medulla and high power insets (inverted monochrome images). Inputs were most concentrated 
locally within the ipsilateral (D’) and contralateral RVLM (D’’), perifacial zone (E’), and within a dorsal 
population overlaying the nucleus prepositus (E’’). A dense band of inputs were distributed bilaterally 
throughout the nuclei of the ventral respiratory column (B’ & B’’: rostral ventral respiratory group (RVRG: C’: 
Pre-Bötzinger complex, D’ & D’’: Bötzinger complex) and the adjacent caudal ventrolateral medulla (CVLM: 
B’, B’’, C’). Inputs were also consistently identified in the A1 cell group (A’), nucleus of the solitary tract (NTS: 
A’’) and raphe nuclei (C’’). Numbers in lower right corners of low-power images denote rostrocaudal level 
with respect to Bregma. 
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Figure 3.7: Neurochemical phenotypes of medullary input neurons. A & B (and confocal insets). Inputs arising 
in the pre-Bötzinger complex were not neurokinin-1 receptor immunoreactive (NK1R). Local RVLM inputs 
were of both non-C1 (C) and C1 neurons (D). E: Input neurons both positive and negative for glutamic acid 
decarboxylase 67 (GAD67) mRNA were observed within the CVLM (epifluorescence micrographs). F: Input 
neurons in the Bötzinger complex did not stain for glycine transporter 2 (GLYT2) mRNA (epifluorescence 
micrographs). 
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Figure 3.8: Inputs from the paraventricular nucleus of the hypothalamus were sparse but reproducible and 
included vasopressin-immunoreactive neurons (arrow). A. Low power merged epifluorescent 
photomicrograph of the paraventricular nucleus of the hypothalamus with vasopressin immunoreactivity 
(white) and rabies-labelled input neurons (magenta). A’. Magnified inset of boxed region in individual 
channels. 
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Discussion 

RVLM sympathetic pre-motor neurons are a regulatory axis by which convergent input 

regarding physiological and psychological state are integrated to drive immediate 

responses in the periphery via sympathetic effectors (Guyenet, 2006), along with tonic 

inputs that ostensibly determine the spontaneous discharge of this population and 

hence set baseline vasomotor tone (Morrison et al., 1988; Lipski et al., 1996; Ito & Sved, 

1997). The network of neurons that govern the basal and state-dependent activity of the 

RVLM sympathetic premotor population arises from a diverse range of brain regions, 

many of which are associated with the relay of sensory input. However many aspects of 

this input network remained undefined. Until the recent development of genetic tools 

that permit targeted and restricted transynaptic tracing (Wickersham et al., 2007a), we 

have lacked the technical capacity to unambiguously trace direct inputs to anatomically 

or phenotypically defined populations. In this study we describe the comprehensive 

network of neurons that provide direct synaptic input to RVLM sympathetic pre-motor 

neurons innervating the T2 spinal segment in the rat. 

Overall, our observations indicate that sources of input to putative RVLM sympathetic 

premotor neurons arise predominantly within the medulla, from nuclei associated with 

afferent sensory integration and the regulation of autonomic and respiratory drive. At 

face value these findings satisfy many predictions of the current network model. 

However, the sparsity (PAG, PVN) or complete absence (central nucleus of the 

amygdala) of inputs from midbrain and forebrain nuclei previously identified using 

traditional neuroanatomical tracing techniques (and which functional data implicate in 

the control of sympathetic nerve activity) suggest that inputs from numerous local 

brainstem structures probably play a more critical role in determining the activity of 

bulbospinal RVLM neurons than inputs from more distant regions. 

The discussion of this dataset will focus on the functional implications of prominent 

inputs we identified, the consonance and dissonance of these findings with the current 

network model of input to the RVLM, with consideration of the limitations inherent to 

present and past studies. Lastly, we will contemplate the most appropriate platforms for 

the analysis and dissemination of large anatomical datasets akin to those described in 



81 

 

 

the current study, a topic that is emerging as a priority to allow comparative analysis 

between independently acquired anatomical datasets. 

Most synaptic drive to bulbospinal RVLM neurons originates in the brainstem 

Previous functional and anatomical studies demonstrate forebrain and midbrain nuclei 

that regulate sympathetic output via a projection to the RVLM (Dampney, 1994b). 

Prominent among those described are extensively described inputs from the CeA (Saha, 

2005), PVN (Stocker et al., 2008; Carrive, 2013) and PAG (Carrive, 1993) that facilitate 

the regulation of blood pressure to psychogenic stressors and blood osmolality (in the 

case of the PVN). Although previous transectional studies have demonstrated that 

supramedullary inputs are not critical for the generation of SNA (Alexander, 1946; 

Paton, 1996), we expected to observe major sources of input from these rostral brain 

regions. However inputs from the CeA were absent and we noted only a handful of 

neurons scattered throughout the PAG. The PVN was the most rostral region of the brain 

we observed inputs neurons, they were consistent but sparse, approximately 4 neurons 

per animal.  

When accounting for these differences, we must first appreciate the specificity of the 

tracing stratagem employed in the present study. We selectively targeted input tracing 

to a population of RVLM neurons that discretely innervated the IML and adjacent nuclei 

at the T2 spinal segment, an output that provides sympathetic innervation of the heart 

and thoracic vasculature as well as other sympathetic effector sites including the 

adrenal gland and kidney (Strack et al., 1988). The average number of RVLM neurons 

from which trans-synaptic tracing initiated was only 35 per animal, while the estimated 

size of the of the hemispheric bulbospinal RVLM population is estimated to be >250 

neurons (estimated from the RVLM neurons that supply input to the adrenal gland 

described in Strack et al. (1989b). Sympathetic nerves emerging from different spinal 

segments have overlapping but distinct functional profiles (for example, differential 

sensitivity to baroreceptive, nociceptive or metabolic stimuli (Beacham & Perl, 1964; 

Sato, 1973; Weaver et al., 1984; Dorward et al., 1987; Morrison, 2001; McMullan et al., 

2008; Burke et al., 2011), suggestive of highly differentiated organization of the circuits 

that control the premotor neurons which give rise to these outputs. Secondly, 

differences in the selectivity of the tracers used to label RVLM-projecting neurons 

should be considered.  
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Traditional retrograde tracers (e.g. Bowman et al., 2013) label neurons irrespective of 

whether they form synapses in the region of the tracer injection or simply pass through 

en route and cannot be used to identify local interneurons. In contrast, the g-deleted 

rabies used in the current study only labels neurons that form monosynaptic 

connections with the genetically modified seed population, including local interneurons 

that are inaccessible to traditional tracers, although only a fraction (2 – 4%) of pre-

synaptic neurons are thought to be trans-synaptically infected by SADΔG (Callaway & 

Luo, 2015). A comprehensive study conducted by our laboratory identified retrogradely 

labelled neurons in cortical nuclei and the forebrain, including the CeA, PAG and PVN, 

following microinjection of CTB in the RVLM (Bowman et al., 2013). These areas were 

were sparsely labelled or absent in the present study. Given the region with the highest 

density of input neurons identified in the present study was the RVLM, it seems 

plausible that putative inputs previously identified using traditional tracers 

microinjected to the RVLM may in fact represent polysynaptic inputs that project to 

local monosynaptically connected interneurons. These interneurons may well constitute 

a component of the RVLM population with ascending projections to the midbrain and 

hypothalamus which includes C1 neurons (Sawchenko & Swanson, 1982; Tucker et al., 

1987; Haselton & Guyenet, 1990; Petrov et al., 1993; Verberne et al., 1999b; Card et al., 

2006b)). Thus, this speculative arrangement would constitute a feedback loop that 

provides reciprocal gain control for higher order sources of drive to the RVLM.  

Although an expected observation, this study is among the first to document the 

existence of this population, thus is difficult to speculate upon the functional role served 

by this hypothetical, gated arrangement or the function role of RVLM interneurons in 

general. Functional evidence suggests that tonic drive to the RVLM sympathetic pre-

motor population is supported by local sources (Barman & Gebber, 1989; Dampney et 

al., 2003), of which these neurons may be representative. However, the capacity to 

selectively manipulate these neurons (through genetic means or otherwise), and thus 

delineate their true functional role, is presently lacking. 

The most technically comparable approach to the current study is a limited but 

nonetheless valuable investigation by Stornetta et al. (2015) who used a similar 

approach to ours to trace inputs to C1 RVLM neurons by restricting entry of rabies to 

spinally or rostrally projecting neurons using a conditional TH-cre transgenic mouse 
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and limiting expression of TVA/rabies G with a cre-dependent AAV. The level of 

transynapsis reported in that study was too low to use for detailed quantification of the 

distribution of inputs (they saw 1.7 input neurons per seed neuron, less than a quarter 

of the level of trans-synapsis reported here). However, it is worth noting that their 

results were qualitatively similar to those reported here, with the majority of inputs 

arising from the RVLM region. Also worthy of consideration is a pseudorabies -based 

approach employed by (Card et al., 2011), which mapped retrograde reporter 

expression in neurons that formed polysynaptic input to RVLM C1 neurons connected to 

the kidney. As the trans-synaptic expression of reporter labelling observed using this 

strategy was not monosynaptically restricted, the distribution of inputs at different time 

points are interpreted as corresponding to the number of synapses crossed. In common 

with the current study, the distribution of neurons described at early time points, which 

may be equivalent to one order of synaptic transport, was similar to those of the present 

study i.e. concentrated to adjacent medullary regions and sparsely labelled within the 

PVN.  

Technical considerations 

So, although our findings are qualitatively consistent with those described by Stornetta 

et al. (2015) and (Card et al., 2011), we must also consider vector-specific biases that 

could contribute to the distribution of labelling we observed. An obvious explanation for 

the disparate predominance of inputs from within the medulla compared to midbrain 

centres historically associated with the behaviour of RVLM sympathetic premotor 

neurons may be the greater distances required for viral transport (to the forebrain and 

midbrain). However, other studies that employ SADΔG report input labelling across 

comparable distances (Schwarz et al., 2015). 

The restrictions imposed by the deleterious effects of HSV infection beyond day 7 mean 

that we had to terminate experiments 6 days after rabies infection. Wertz et al. (2015) 

report a 2-fold increase in the number of input neurons observable between days 6 and 

10, suggesting that a longer period of rabies incubation would probably improve the 

yield of trans-synaptically labelled neurons. However, there is no evidence that an 

increase in the incubation period disproportionately drives infection in more distant 

neurons (Callaway & Luo, 2015). We frequently observed labelling in the thoracic spinal 

cord under the current tracing scheme (not shown) and labelling of neurons in the 
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cortex and amygdala (and among other rostrally equivalent structures) in the 

experiments where unpseudotyped SADΔG was injected into the RVLM (not included in 

thesis). Although rabies spread is proportional to synaptic strength (Ugolini, 2008), it 

does not reflect levels of synaptic activity per se (spread is unaffected by incubation of 

cultured neurons in tetrodotoxin or potassium chloride, which prevent and drive 

depolarisation respecitvely: Brennand et al., 2011). We therefore assume that the inputs 

detected in the current study reflect the relative density of synaptic inputs received by 

RVLM sympathetic premotor neurons, but not necessarily the functional significance of 

those inputs. 

Nonetheless, we must consider the possibility that transport of the virus may be biased 

towards certain types of input neurons. Callaway, who pioneered the application of G-

deleted rabies as a tracer, has stated that “If rabies does not label all of the inputs to each 

starter cell, then it naturally follows that the probability of labeling is likely to be different 

for different input cells.” (Callaway & Luo, 2015) The number of input neurons we 

observed per seed neuron could not feasibly represent the total number of inputs one 

would expect this population to receive (although this is a difficult number to estimate: 

previous studies examining the synaptology of C1 neurons describe approximately 40 

synaptic inputs to each neuron that originated from RVLM catecholaminergic neurons 

(Agassandian et al., 2012). Given we identified only a few C1 input neurons per 

experiment, it is clear that trans-synaptic spread is limited to only a tiny fraction of pre-

synaptic partners). There is therefore plenty of scope for variables such as the density 

and subcellular location of synaptic contacts made by a particular input on seed 

neurons, or the differential expression of intrinsic binding partners for the rabies 

glycoprotein (which currently remain to be defined: Callaway & Luo, 2015) to influence 

the outcome of this kind of study.  

Overall, the factor that seems to have the greatest effect on rabies tracing efficiency 

appears to be the level of available rabies G protein in the seeder population. Tracing 

approaches that use helper vectors to drive expression of TVA and rabies-G, in 

particular those with a smaller cassette size like AAVs often report substantial seeder 

population sizes but a poor input ratio. Approaches that employ a multiple, helper 

vector system to drive the expression of TVA and rabies G separately (Schwarz et al., 

2015) or a transgenic animal e.g. the Rosa26Lox-stop-Lox HTB mouse (Li et al., 2013), 
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seem to yield the highest rates of transynaptic labelling. Newly developed variants of the 

g-deleted rabies system, report to have improved transynaptic labelling efficiency by 20 

fold through codon optimisation of the rabies g protein (Kim et al., 2016) and the 

generation of new mutant rabies strains (Reardon et al., 2016) 

Functional implications 

Inputs from the rostral ventrolateral medulla (RVLM) and the caudal ventrolateral medulla 

(CVLM) 

Tonic synaptic drive to sympathetic premotor neurons is a critical determinate of basal 

SNA, however clarifying the sources from which these inputs arise is a difficult task. Past 

efforts indicate that tonic inhibitory drive to RVLM sympathetic pre-motor neurons 

arises from the CVLM (Ito & Sved, 1997), caudal pressor area (CPA) (Campos & McAllen, 

1999) and the caudal region of the contralateral and ipsilateral RVLM (McMullan & 

Pilowsky, 2012; Turner et al., 2013). All of these hypotheses were supported in the 

current study: we observed inputs arising bilaterally from the caudal aspect of the RVLM 

and entire CVLM and from neurons at the most caudal aspects of the medulla in the 

region corresponding to the CPA. We suspect that a subset of these neurons constitute 

the population responsible for tonic control of RVLM sympathetic premotor neurons, 

particularly CVLM neurons that relay baroreceptor drive to the RVLM. CVLM inputs 

overlaid a region described to contain neurons that project to the RVLM and express c-

fos in response to baroreceptor loading (Minson et al., 1997; Chan & Sawchenko, 1998; 

Schreihofer & Guyenet, 2002) and some monosynaptically connected CVLM neurons 

were positively identified as containing GAD67 mRNA.  

Inputs arising from the rostral aspects of the RVLM were largely restricted to the 

ipsilateral hemisphere and were mostly non-C1 neurons, whereas input from the caudal 

RVLM were a mix of C1 and non-C1 neurons. Insitu staining for GAD67 mRNA was not 

performed on RVLM sections as their availability was exhausted by IHC staining for 

alternative phenotypes (data not shown). The functional roles of local RVLM inputs has 

remained a tantalising but inaccessible topic for many years because of the difficulty 

inherent in selectively manipulating their behaviour, and thus the functional role of 

these inputs is currently unknown. One avenue for future work, beyond the scope of the 
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current thesis, is to examine the neurochemical phenotype of these neurons in more 

detail for clues to the consequences of their activation. 

Inputs from the ventral respiratory column (VRC) 

Respiratory drive has a profound influence on sympathetic outflow: The activity of many 

RVLM sympathetic pre-motor neurons is modulated by the respiratory cycle, typically 

with a depression of firing during the inspiratory period with a post-inspiratory 

excitation (McAllen, 1987; Haselton & Guyenet, 1989; Miyawaki et al., 1995; Mandel & 

Schreihofer, 2006; Moraes et al., 2013) that is independent of afferent vagal input from 

lung stretch receptors and thought to reflect direct input from central respiratory 

centres. Unsurprisingly, rhythmic respiratory modulation is present in SPN (Gilbey et al., 

1986) and sympathetic nerves (Adrian et al., 1932; Habler et al., 1994; Gilbey, 2007; 

Simms et al., 2009).  

In the current study we observed robust input from the ventral respiratory column, 

throughout the regions immediately ventral to the nucleus ambiguus corresponding to 

the rostral ventral respiratory group (RVRG), pre-Bötzinger Complex and Bötzinger 

region. These nuclei constitute the central respiratory pattern generator, which drives 

and co-ordinates respiratory rhythm generation and phase transition (Smith et al., 

2009; Smith et al., 2013).  

Glutamatergic pre-Bötzinger Complex neurons are active in the inspiratory phase of 

breathing and are thought to generate inspiratory drive (Smith et al., 1991), and many 

express NK1R (Gray et al., 1999; Guyenet & Wang, 2001). Consistent with the 

inspiratory-depression characteristic of respiratory-sympathetic coupling, few NK1R-

positive input neurons were seen in the pre-Bötzinger Complex, although GAD67 

positive input neurons were seen in the same region, at first glance compatible with the 

functional profile of respiratory-sympathetic coupling and the inhibitory neurochemical 

phenotype of some pre-Bötzinger Complex respiratory neurons (Koizumi et al., 2013), 

the overlap between this area and the CVLM, and the lack of any neurochemical marker 

distinct for respiratory inhibitory neurons, makes meaningful interpretation of these 

data difficult. 

Glycinergic Bötzinger neurons are active during the expiratory phase (Schreihofer et al., 

1999; Ezure et al., 2003) and have been implicated in respiratory phase transition from 
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inspiration to expiration (for recent reviews see Smith et al., 2009; Feldman et al., 2013; 

Smith et al., 2013). Rabies-labelled neurons in the Bötzinger complex did not express 

mRNA for glycine transporter 2 (GLYT2), suggesting that the RVLM sympathetic pre-

motor population probably doesn’t receive direct innervation from expiratory-locked 

inhibitory neurons, again consistent with the functional data. 

The pre-Bötzinger Complex and Bötzinger Complex are both coextensive with the RVLM 

making interpretation of conventional tracing data in regard to establishing connectivity 

between these regions difficult (Smith et al., 1989b; Ellenberger & Feldman, 1990; 

Bowman et al., 2013). Card et al. (2011) make no mention of inputs from any of the VRC 

nuclei in their study. 

NTS  

Inputs were distributed throughout the NTS with a focal concentration in the sub-

postremal medial NTS. As the NTS serves as a primary site of afferent termination for 

visceral reflex pathways that influence sympathetic output (Andresen & Yang, 1995), 

this observation was unsurprising. Previous studies describe direct projections from the 

NTS towards C1 (Hancock, 1988; Aicher et al., 1996) and bulbospinal RVLM neurons 

(Ross et al., 1985). As described in previous paragraphs, the canonical baroflex pathway 

is mediated by inhibitory CVLM neurons that relay NTS afferent input to the RVLM 

(Guyenet, 2006), however NTS neurons that express c-fos after baroloading and project 

directly to the RVLM have been identified in past studies (Minson et al., 1997; Chan & 

Sawchenko, 1998). Similarly, the chemoreflex control of sympathetic output is mediated 

via direct excitatory projections from the NTS to the RVLM (Koshiya & Guyenet, 1996; 

Kline et al., 2010) and recent anterograde polysynaptic tracing studies detail afferent 

inputs from the airway to RVLM from the airways that are relayed via the NTS 

(McGovern et al., 2012a; McGovern et al., 2015). Therefore the NTS inputs identified in 

the present study could feasibly represent sensory afferent innervation from a variety of 

sources.  

Nucleus Prepositus 

Blood pressure is regulated with respect to body position, via the activation of receptors 

in the vestibular system that are sensitive to changes in rotation and acceleration (Yates 

& Miller, 1994). Lesion studies have demonstrated that the RVLM is critical component 
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of the vestibulo-sympathetic reflex (Steinbacher & Yates, 1996) and receives vestibular 

input via a polysynaptic pathway (Yates et al., 1991). Proposed pathways that could 

mediate this reflex involve a projection from the vestibular nucleus directly to the RVLM 

or one relayed via the CVLM (Holstein et al., 2011). We did not observe inputs arising 

from the vestibular nucleus, however we observed a striking source of input from the 

medially adjacent nucleus prepositus. This nucleus receives integrative input from the 

vestibular system via the medial vestibular nucleus and is traditionally associated with 

head orientation and gaze tracking movements of the eyes (Yoder & Taube, 2014). We 

observed input neurons extending the entire length of the nucleus from the rostral pole 

of hypoglossal nucleus to the genu of facial nerve, concentrated to the magnocellular 

part of the nucleus. Many neurons displayed the distinct multi-dendritic morphology of 

“principal” prepositus neurons (McCrea & Baker, 1985b). Past studies involving the 

intracellular deposition of dye into prepositus neurons have describe a generic axonal 

projection to the ventral medulla in the cat (McCrea & Baker, 1985a). The synaptic input 

from prepositus inputs may occur on the distal dendrites of bulbospinal RVLM neurons 

that lie outside of the RVLM, offering a possible explanation as to why this source of 

input has eluded identification in previous tracer studies.  

Hypothalamus 

Projections from the PVN to the RVLM have previously been implicated in the regulation 

of sympathetic output in response to changes in blood osmolality (Stocker et al., 2008), 

blood pressure (Badoer & Merolli, 1998; Chen & Toney, 2010), chemoreceptor 

activation (Cruz et al., 2008) and stress (Carrive, 2013). Although inputs were sparse, 

they were consistent across all animals. We found that some of these inputs were 

immuno-reactive for vasopressin: these neurons may constitute a central 

vasopressinergic pathway that regulates sympathetic output in response to 

haemorrhage (Gomez et al., 1993).  

Conclusions and Future directions 

Ultimately, the purpose of this study was to map the anatomical substrates that underlie 

the activity of RVLM sympathetic premotor neurons. We identified a comprehensive 

network of neurons that directly innervate putative RVLM sympathetic pre-motor 

neurons. As the output of these neurons and subsequently sympathetic drive is 

derivative of the summative synaptic input to this population, the network we have 
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identified constitutes the anatomical correlates for modal and basal command of 

sympathetic vasomotor output. However it is difficult to comprehend the contribution of 

a particular input to the circuit without assessing the outcomes of perturbation on 

sympathetic output.  

The application of glycoprotein-deleted rabies variants that express functional 

transgenes (e.g. channelrhodopsin2: Osakada et al., 2011) would serve as an appropriate 

platform for the selective manipulation of inputs that are spatially distinct. For example, 

examining the contribution of the nucleus prepositus input to the vestibulo-sympathetic 

reflex would involve optically inhibiting neurons within the nucleus transfected 

transynaptically with an inhibitory opsin (halorhodopsin or archaerhodopsin) and 

titrating blood pressure responses to vestibular nerve stimulation. However, the efficacy 

of glycoprotein-deleted rabies variants for circuit manipulation is still unproven, despite 

their longstanding availability (Osakada et al., 2011). Alternatively, substituting another 

vector system to introduce opsins (e.g. AAV, HSV) or pharmacological approaches (e.g. 

muscimol) may prove a more simple, although less precise, means of testing the 

hypotheses suggested by the current dataset. 

In addition to employing a SADΔG seeding strategy based on the anatomical projection 

of the target population, we have also generated the first brain-wide quantitative map of 

inputs made in the rat, described the first quantitative 3d segmentation for the RVLM 

region, and described a relatively straightforward workflow for image registration that, 

coupled with the Imaris platform, may prove useful to other researchers. One of the 

advantages of our approach is it provides a platform by which huge datasets of 

thousands of neurons can be easily shared, explored, and analyzed by other researchers. 

Although the Waxholm segmentation model is relatively immature, composed of only 70 

distinct regions compared to the 400+ regions in Paxinos & Watson-space (Paxinos & 

Watson, 2006). However, the development of a 3d alignment tool that can convert 2d 

images captured using low-tech hardware into a common 3d space that can then be 

automatically quantified and plotted, and shared in a data-efficient manner (this 

approach expresses the locations of neurons contained in 200+Gb of imaging data in just 

100 kb of Cartesian co-ordinates) shows the potential of such an approach. Importantly, 

this approach is flexible enough to be compatible with contemporary and emerging 
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approaches to imaging neuronal tissue (e.g. CLARITY). It should serve as an incentive for 

continued improvement of the Waxholm segmentation model or development of an 

analagous alignment tool that can be used with more comprehensively delineated rat 

brain atlases, or emergence of standardised data viewing, sharing and registration tools 

similar to the Allen Brain Explorer for mice (Lein et al., 2007). 

The development of tools that allow the reader to interact directly with the full dataset, 

rather than relying on other investigators' ability to correctly identify the locations of 

labelled neurons, or brain atlases in which segmentation is derived from the gross 

appearance of the brain, will reduce the subjective nature of anatomical datasets and 

allow appreciation of the complexity of entire datasets, reducing bias and 

oversimplification. Furthermore, our system, which allows users to define novel 

segmentations according to density-encoded distributions of neurons with a particular 

anatomical (e.g. projection to the spinal cord), neurochemical (e.g. expression of TH) or 

functional (e.g. fos expression in response to a certain stimulus) may lead to the 

development of next generation crowd-sourced brain atlases that capture the expertise 

of investigators who have dedicated decades in refining their understanding of a 

particular nucleus of interest and also integrate gene expression and function into what 

are currently purely structural atlases. 
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Supplementary Files 3.1: Supplementary video, Imaris model and complete data in spreadsheet format of 
the data described in figures 3.4 and 3.5  

https://www.dropbox.com/sh/afmu2uin2t2yezn/AAC0rtMIBv72nEMr63NPPRHPa?dl=0 

  

https://www.dropbox.com/sh/afmu2uin2t2yezn/AAC0rtMIBv72nEMr63NPPRHPa?dl=0
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CHAPTER 4 Direct projections from the 

midbrain colliculi innervate putative pre-

motor sympathetic, respiratory and 

somatomotor populations in the ventral 

medulla.  
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Abstract 

We have recently shown that disinhibition of a circumscribed region encompassing the 

superior and inferior colliculi unmasks coordinated cardiovascular, somatomotor, and 

respiratory responses to multimodal sensory stimuli in the anesthetized rat. These 

effects were maintained following extensive decerebration, suggesting the existence of a 

previously undescribed pathway that links the midbrain colliculi to cardiorespiratory 

and motor control nuclei in the brainstem and/or spinal cord. Here we examine the 

targets of collicular output neurons using an AAV vector that drives the expression of a 

fluorescent reporter protein within the axons, synaptic terminals and cell bodies of 

infected neurons. Following sufficient time for reporter transduction, rats were 

sacrificed and regions of the brain containing putative sympathetic, respiratory or 

motor circuits were examined for reporter-labelled terminal fields. Vector injections 

confined to the region that drives physiological responses resulted in extensive 

projections throughout the ventral brainstem, with little evidence of projections 

innervating targets in the spinal cord. The greatest density of terminal labelling was 

observed within in a region that spanned the medullary reticular formation and raphe 

nuclei, in which we observed putative synaptic contacts with neurons retrogradely 

labelled from the thoracic spinal cord. In contrast, no labelling was apparent in other 

classical respiratory or cardiovascular control nuclei in the ventrolateral medulla. We 

conclude that coordinated command of sympathetic, respiratory and somatomotor 

outflow from the colliculi may be mediated by a monosynaptic projection to pre-motor 

neurons in the ventral medial medulla.   
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Introduction 

The ability to generate rapid behavioural responses to environmental stimuli is critical 

for survival. The superior and inferior colliculi (SC and IC) of the dorsal midbrain play 

key roles in the immediate processing of alerting sensory stimuli and the coordination of 

motor commands appropriate for orientation, defence or escape (Dean et al., 1989; Stein 

et al., 1995; Casseday & Covey, 1996). Activation of SC neurons via electrical stimulation 

or disinhibition with GABAA antagonists (e.g. bicuculline or picrotoxin) in behaving 

animals is sufficient to drive a variety responses including cowering, vocalization and 

escape in primates (DesJardin et al., 2013) and approach and avoidance rodents 

(Sahibzada et al., 1986; Dean et al., 1989). Lesion of the SC produces contrary results, 

inhibiting normal avoidance behaviours (Maior et al., 2011) and fleeing responses to 

visual threats (Dean & Redgrave, 1984)  

Neurons located within the deep and intermediate layers of the SC (DLSC) are 

responsible for coupling sensory and motor systems. This population of neurons are 

sensitive to multiple modes of sensory stimuli (McHaffie et al., 1989), receive direct 

input from visual, auditory and somatosensory pathways (Huerta & Harting, 1984; 

Meredith & Stein, 1986), and project extensively to motor circuits throughout the brain 

and spinal cord (Huerta & Harting, 1982; Rhoades et al., 1987; Sparks, 1988; Munoz et 

al., 1991; Meredith et al., 1992). Many of these neurons also exhibit phasic bursts of 

activity immediately before the onset of orienting motor commands (Munoz et al., 

1991).  

The inferior colliculus (IC) primarily receives convergent sensory input from brainstem 

auditory nuclei (Casseday & Covey, 1996). Although activation of this region alone is 

sufficient to evoke orienting and defensive behaviours (Brandao et al., 1988; Cardoso et 

al., 1994), any sensorimotor capacity attributed to the IC is most likely mediated via a 

direct projection from this region to the DLSC (Powell & Hatton, 1969; Carey & Webster, 

1971). 

In addition to driving motor behaviour, activation of the colliculi drives complimentary 

autonomic effects, including immediate increases in blood pressure, heart rate and 

respiratory activity (Brandao et al., 1988; Keay et al., 1988; Keay et al., 1990). The 

parallel recruitment of cardiorespiratory systems suggests that the colliculi are capable 
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of coordinating supportive functions in preparation for immediate physical activity i.e. 

redirection of blood to skeletal muscle (Adams et al., 1971; Rowell, 1974; Carrive et al., 

1989; Turner, 1991; Carrive, 1993; McAllister, 1998). To appropriately satisfy the 

physiological demands of motor behaviour (e.g. ventilation and perfusion), 

accompanying autonomic drive needs to be coordinated with precision (Turner, 1991). 

A mechanism by which to achieve unified output is for activation of both autonomic and 

motor drive to arise from a common set of neurons, sometimes conceptualised as 

‘command neurons’ (Kupfermann, 1978). 

Our laboratory recently demonstrated that disinhibition of a circumscribed region of the 

colliculi with bicuculline evoked spontaneous and highly synchronized bursts of sciatic 

(scNA), phrenic (pNA), and splanchnic sympathetic nerve activities (sSNA) (Iigaya et al., 

2012). Essentially identical responses could be evoked in response to multimodal 

(visual, auditory and somatosensory) sensory stimulation in the absence of any 

spontaneous activity when the GABA receptor antagonist picrotoxin was substituted for 

bicuculline (Muller-Ribeiro et al., 2014).The latencies of scNA, sSNA and pNA responses 

to acoustic or visual stimuli differed by less than 50 ms and were observed under 

conditions of paralysis and vagotomy, suggesting that all three modes of output were 

dependent on a common central pathway, rather than, for example, sciatic nerve output 

alone being driven by a pathway originating in the colliculi, and respiratory and 

sympathetic responses resulting from somatosensory stimuli related to muscle 

recruitment (Potts & Mitchell, 1998).  

These observations, although novel, were not entirely unexpected, as qualitatively 

similar autonomic responses have been observed in response to collicular stimulation at 

sites that also evoke defensive behaviours (Keay et al., 1988) and cardiovascular and 

respiratory effects which are considered components of the classically defined defence 

response (Hilton & Redfern, 1986) (although the close synchronization of 

cardiovascular, respiratory and motor outputs has not previously been reported). 

However, synchronized bursting responses to polymodal sensory stimulation that were 

unmasked by collicular disinhibition unexpectedly persisted after extensive pre-

collicular decerebration (Muller-Ribeiro et al., 2014), which included removal of the 

hypothalamus. This suggests the existence of collicular circuits that can directly 
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orchestrate cardiovascular, respiratory and motor responses to sensory inputs 

independent of relays in the hypothalamus or forebrain. 

The focus of the current study was to identify putative targets of collicular output 

neurons within the brainstem or spinal cord that could conceivably drive the 

cardiovascular, respiratory and motor activation we previously observed. We employed 

an anterograde tracing strategy to identify efferent projections of collicular neurons 

arising from the region circumscribed previously by (Muller-Ribeiro et al., 2014) and 

subsequently examined regions of the brainstem and spinal cord classically associated 

with sympathetic and respiratory control for evidence of synaptic termination. Expected 

targets included the RVLM and pre-Bӧtzinger Complex.  
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Methods 

Ethics 

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. 

Animals 

Animals were obtained from the Animal Resources Centre (Perth, WA) and were housed 

at the Macquarie University Central Animal Facility. Male and female Sprague-Dawley 

rats weighing 200-600g at the onset of experiments were used for anatomical studies. 

Animals were housed in groups of 4 in individually ventilated cages containing 

environment enrichment material (blocks of wood, shaved cardboard, plastic tubes), 

with food and water available ad libitum. Cages were kept in a temperature- and 

humidity-controlled room (21°C ± 2°C, 60 % humidity) with fixed 12 h light and dark 

cycles. Animals were transported to the PC2 laboratories at the Australian School of 

Advanced Medicine (Macquarie University) for stereotaxic injections and 

electrophysiology experiments. 

AAV vector 

AAV2-CBa-tdTomato was prepared in the laboratory of A/Prof Andrew Allen at the 

physiology department of the University of Melbourne and injected at an approximate 

concentration of 1x1011 IU/mL. 

Surgery 

Stereotaxic AAV Injections 

Rats were anesthetized with ketamine (75 mg/kg i.p.; Parnell Laboratories, Alexandria, 

NSW, Australia) mixed with medetomidine (0.5 mg/kg; Pfizer Animal Health, West Ryde, 

NSW, Australia). Prophylactic antibiotics (100 mg/kg cephazolin sodium, i.m.; Mayne 

Pharma, Salisbury South, SA, Australia) and analgesia (5 mg/kg Carprofen, s.c.; 

Norbrook Pharmaceuticals, Tullamarine, VIC, Australia) were administered prior to 

surgery. Anaesthetic depth was carefully monitored by examining motor responses to 

firm pinch of the hindpaw. Supplementary ketamine (10% initial dose) was provided as 

required to maintain anaesthetic plane. Rectal temperature was monitored and 
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maintained between 36.5 – 37.5 °C with a thermostatically controlled heating pad 

(Harvard Apparatus, USA).  

Rats were positioned in a stereotaxic frame in the skull flat position and an incision was 

made along the skull to expose Bregma and Lambda. Using a stereomicroscope, a 2 mm 

diameter hole was made over the target area by thinning the skull with a fine drill burr. 

The remaining layer of bone above the pial surface was peeled away using fine forceps 

and the dura punctured using a 26 gauge needle. 

Microinjection pipettes with a ~10 µm tip diameter were pulled from borosilicate glass 

capillaries (O.D. 1.0 mm, I.D. 0.25 mm; SDR Clinical Technology, Australia) using a P2000 

laser pipette puller (Sutter Instrument Company, USA) and scored with 50 nl increments 

(1 mm = 50 nl). The pipette was mounted in a micromanipulator and the AAV2-CBa-

tdTomato vector was aspirated using a syringe attached to the pipette with polyethylene 

tubing. Relative zero for the rostral-caudal and medial-lateral axes was established by 

lowering the pipette tip to the bone surface at Bregma. The pipette was positioned -1.8 

mm lateral and 7.8 mm caudal to Bregma and slowly lowered 4.2 mm ventral to the pial 

surface. 250 nl of vector was manually injected over a period of 5 minutes and pipette 

left in place for a further 5 min before withdrawal. 

The wound was irrigated with sterile physiological saline and oxidized cellulose 

haemostat (Surgicel; Johnson & Johnson,USA) placed over the skull exposure. The 

wound was closed using surgical staples and cleaned with betadine antiseptic (Faulding 

Pharmaceuticals, Australia). The animal was removed from the stereotaxic frame and 

anaesthesia reversed with atipamazole (1 mg/kg s.c., Pfizer Animal Health, Australia). 

The animal was monitored closely until ambulatory and then returned to the animal 

housing facility. Comprehensive observations of the animals health were conducted 

twice daily for 1 week post-surgery and twice weekly until the end of the experiment. 

Additional analgesia (carprofen, 5 mg/kg s.c.) was administered as required. 

Thoracic spinal cord injections 

Three weeks after AAV injections, rats were re-anaesthetised and prepared for surgery 

as described above. Once mounted in a stereotaxic frame the sacral vertebral processes 

were exposed and clamped to maintain the spine in a horizontal and elevated position. 

The T2 spinal cord was exposed following a midline incision and dissection of the 
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intravertebral ligament; the dura was punctured and two 200 nl injections of cholera 

toxin B subunit (CTB; List Biological Laboratories, USA; .5 %) were made on each side at 

0.75 mm lateral to the midline and 1 mm deep to the surface, co-ordinates that 

correspond to the interomediolateral column (IML) in the adult rat (Turner et al., 2013). 

CTB was injected over a period of 5 min before the pipette was slowly retracted.  

At the end of surgery, the exposed spinal cord was irrigated with sterile physiological 

saline, covered with oxidized cellulose haemostat, the wound closed and anaesthesia 

reversed. Post-operative care and monitoring were as describe above. Rats were 

perfused for histology 5 days after CTB injection. 

Histology 

Transcardial Perfusion 

Animals were terminally anaesthetised with sodium pentobarbital (>100 mg/kg 

[Supplier]). When responses to hind-paw pinch were absent the chest cavity was 

opened and heart exposed. An 18 gauge needle was inserted into the ascending aorta via 

he left ventricle and clamped in position with a haemostat. The right atrium was then 

cut and 1 ml of heparin (1000 IU) injected into the aorta. The animal was perfused with 

500 ml of ice-cold saline followed by 500 ml 4 % PFA. The brain and thoracic spinal cord 

were then removed and post-fixed overnight. 

Tissue processing 

The brains were blocked 2 mm rostral to the superior colliculus and caudal to the 

medullary-cervical junction. The brains and spinal cords were sectioned in the coronal 

plane using a Leica Vt1200S vibrating microtome at 50 µm thick and collected into 4 

pots (section interval 200 µm per pot). Sections for immunohistochemistry were stored 

in 0.01 M Tris-phosphate buffered saline (TPBS). Sections not immediately used were 

stored in cryoprotectant solution (500 µM polyvinylpyrrolidone, 76.7 mM Na2HPO4, 26.6 

mM NaH2PO4, 876 mM sucrose, 5mM ethylene glycol) at -20 oC. 

Immunohistochemistry 

Sections were washed in TPBS containing 0.2 % Triton-100 for 3 × 15 min and blocked 

for nonspecific binding in TPBS containing 2 % bovine serum albumin and 0.2 % Triton-

100 for 1 h at room temperature. Sections were incubated in this solution with primary 
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antibodies for 12 h at 4°C, washed in TPBS containing 0.2 % Triton-100 for 3 × 15 min, 

and incubated with secondary antibodies in TPBS containing 2% bovine serum albumin 

and 0.2% Triton-100 overnight (refer to Table 4.1 for antibody information). Processed 

sections were washed again in TPBS 3 × 30 min before being mounted in serial order on 

glass slides with fluorescence mounting medium (Dako, North Sydney, Australia) and 

cover slipped. 

Imaging 

Fluorescence imaging was performed on a Zeiss Z2 (Carl Zeiss Pty Ltd, North Ryde, 

Australia) epifluorescence microscope and Leica TCS SP5X (Leica Microsystems Pty Ltd, 

North Ryde, NSW, Australia) confocal microscope. Image acquisition and processing 

were performed using Zen 2012 (Carl Zeiss Pty Ltd, North Ryde, Australia) and Leica 

Application Suite Advanced Fluorescence (LAS:AF) (Leica, Germany) software 

respectively. Low power epifluorescence mosaics (10x) were acquired to map the extent 

of vector injections and the general distribution of the tracer. High power (40x) confocal 

images were acquired to investigate axonal varicosities and putative synaptic contacts. 

Micrographs depicted in figures were taken from representative tracing experiments. 

  



101 

 

 

Table 4.1 Primary and Secondary antibodies 

Application Antigen Species Conjugate Concentration Clonality Manufacturer Code 

1o Tyrosine-
Hydroxyla
se (TH) 

Mouse N/A 1:1000 Mono Sigma T1299 

1o Cholera 
Toxin B 
subunit 
(CTB) 

Goat N/A 1:1000 Poly List 
Biological 
Laboratorie
s 

703 

1o Tryptopha
n-
Hydroxyla
se (TPH) 

Mouse N/A 1:500 Mono Sigma T0678 

1o Neurokini
n-1 
Receptor 
(NK1R) 

Rabbit N/A 1:1000 Poly Sigma S8305 

1o CHX10 Sheep N/A 1:500 Poly Millipore AB9016 

2o Rabbit IgG 
(H+L 
chain) 

Donkey Alexa 
Fluor® 64
7 

1:500 Poly Life 
Technologie
s 

A31573 

2o Goat IgG 
(H+L 
chain) 

Donkey Alexa 
Fluor® 64
7 

1:500 Poly Life 
Technologie
s 

A21447 

2o Mouse IgG 
(H+L 
chain) 

Donkey Alexa 
Fluor® 64
7 

1:500 Poly Life 
Technologie
s 

A31571 

Results 

Injection sites 

Vector injections were made in the colliculi of 14 animals targeted at the regions that 

most frequently recruited physiological responses to bicuculline or picrotoxin injection 

in our previous studies (Iigaya et al., 2012). Four animals received additional CTB 

injections targeted at the T2 IML. 

The collicular AAV injection sites constituted thousands of neurons forming a spheroid 

of reporter labelled soma and neuropil extending rostrocaudally between approximately 
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Bregma -7.08 to -8.28 mm, 1.2 to 3.4 mm mediolateral, and 3 to 6 mm dorsoventral. 

Injection boundaries were defined by the presence of reporter filled somata. Labelled 

soma often encompassed the entirety of the precuniform area and central nucleus of the 

inferior colliculus, the medial extent of the external cortex of the inferior colliculus, the 

lateral extent of the deep and intermediate layers of the superior collicular laminae and 

the lateral boundary of periaqueductal gray (PAG) (Figure 4.1). 

The distribution of transduced cell bodies were mapped in the coronal plane onto the 

stereotaxic atlas of the rat brain (Paxinos & Watson, 2007) at 200 µm intervals. Using 

the densest region of labelled soma as a boundary guide, we determined that the 

injection sites of 8 animals were found to closely overlay the region(s) described in 

(Muller-Ribeiro et al., 2014) without impingement on adjacent regions; data from these 

8 animals were selected for detailed analysis. 2 of these animals had also received CTB 

injections. The T2 spinal segments of these animals were sectioned to confirm CTB 

injection site overlap with the IML   

 

Figure 4.1 AAV injection sites. A. Parasagittal view depicting the extent of reporter expression from 8 
animals following microinjection of AAV in the midbrain colliculi. The intersecting lines i-viii represent 
corresponding coronal planes (A,i - A,viii) mapped in accordance with Paxinos and Watson (2007). B. Coronal 
midbrain section with injection site with high power inset (B’) demonstrating AAV-mediated tdTomato 
reporter expression. (IC: inferior colliculus; SC: superior colliculus; Aq: aqueduct; PAG: Periaqueductal Gray). 

Efferent projections from the midbrain colliculi: general description 

Transduced neurons were filled extensively with the tdTomato reporter, labelling the 

entire axonal and dendritic tree with sufficient definition to clearly trace axonal 
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trajectories and resolve terminal varicosities without amplification. Three tectofugal 

bundles emerged from the injection site, forming a clearly defined ascending projection 

to the thalamus and hypothalamus, a descending projection to the brainstem and a 

projection to the contralateral colliculi via the commissural nucleus of the inferior 

colliculus to innervate the contralateral SC and IC. 

Ascending projections 

Midbrain 

Rostral to the injection site, transfected ascending fibres were concentrated primarily at 

the brachium of the inferior colliculus forming a dense wedge extending ventrolateral 

from the medial edge of the medial geniculate nucleus to an apex along the dorsal 

surface of the substantia nigra. The wedge of densely labelled fibres occupied the 

posterior thalamic nuclear group, sub-brachial area, posterior intralaminar thalamic 

nucleus the dorsal terminal nucleus of the accessory optic tract, the posterior limitans 

thalamic nucleus and the parabrachial pigmented nucleus of the ventral tegmental area. 

Fibres laterally adjacent to the wedge densely encapsulated and traversed the medial 

geniculate nucleus. 

Dense patches of fibres were distributed throughout the optic nerve layer of the 

superior colliculus, particularly at the medial and lateral borders of the laminae. Fine 

fibres innervated the PAG and adjacent medial accessory oculomotor nucleus, Edinger-

Westphal nucleus, oculomotor nucleus and magnocellular red nucleus. 

Within the coronal plane encompassing the caudal emergence of the dorsal third 

ventricle and choroid plexus (-5.20 Bregma), ascending fibres encompassed and 

traversed the dorsal, ventral and medial geniculate nuclei, anterior pretectal nucleus, 

olivary pretectal nucleus and posterior pretectal nucleus, converging upon the lateral 

terminal nucleus of the accessory optic tract and the supraoptic decussation. 

Hypothalamus 

Ascending fibres were observed throughout the forebrain, present up to the rostral 

terminus of the third ventricle. The densest labelling was confined to the supraoptic 

decussation, forming a tract running along its entire rostral-caudal extent. Secondary to 

this tract, fibres were observed along the boundary of the posterior hypothalamus and 
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sub-thalamus, innervating the zona incerta, the posterior thalamic group, the ventral 

and dorsal posteromedial thalamic nuclei, the posterior hypothalamic nucleus and the 

reuniens thalamic nucleus. Sparser patches of fine fibres were scattered throughout the 

anterior hypothalamic area and medial forebrain bundle. We noted that fibres were 

present at the dorsal and lateral boundaries of the paraventricular hypothalamic 

nucleus, but never infiltrated the nucleus itself or formed close apposition with 

vasopressin- or CTB-immunoreactive neurons in the region (data not shown). 

Thalamus 

Fibres and terminals were distributed sparsely throughout the thalamus, overlaying the 

ventral anterior, ventrolateral, anteroventral, dorsomedial, anteroventral, ventrolateral, 

anterodorsal, laterodorsal and dorsomedial thalamic nuclei, and paraventricular 

thalamic nucleus, anterior part.  

Descending projections 

Fibres emerging from the injection site followed either a collicular-bulbar trajectory, via 

the lateral midbrain, or to the contralateral colliculi via the commissure of the inferior 

colliculus. The collicular-bulbar bundle split into two tracts, the more substantial of 

which (primary) emerged in the brainstem immediately lateral to the trapezoid nucleus 

(Figure 4.2A), and the lesser tract (secondary), immediately dorsal to the superior 

cerebellar peduncle (Figure 4.2B). The primary and secondary tracts are clearly 

apparent in figure 4.2C, indicated by blue and red asterisks respectively. 

The primary descending branch occupied a column extending from the ventral surface 

to an apex at locus coeruleus (LC, Figure 4.2B). This branch was sparsely mirrored on 

the contralateral side of the brainstem. The rostral component of this branch was 

comprised of both large and fine calibre fibres and putative terminals. Caudal to the 

genu of the facial nerve, the primary branch was most densely concentrated 

dorsomedial to the pyramidal tract and inferior olive at the level of the caudal pole of 

the facial nucleus, and was composed predominantly of fine calibre fibres and putative 

terminals. Labelled fibres were infrequently caudal to the semicompact nucleus 

ambiguus and virtually absent caudal to the cervical-medullary junction. The spinal 

cords of 4 animals were retained and inspected for evidence of collicular projections; 

although we observed individual reporter-labelled axons they were infrequent. 
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The secondary tract followed a caudal trajectory lateral to the facial genu to the medulla. 

The fibres composing the secondary tract were often present throughout the 

rostrocaudal extent of the brainstem to a similar degree as the primary branch, however 

these fibres were of a considerably larger calibre. The secondary branch was located 

exclusively ipsilateral to the injection site and varied considerably in density and extent 

of caudal distribution between animals. 
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Figure 4.2 Neurons in the colliculus project to the brainstem but not the spinal cord. A-H: AAV-mediated 
reporter expression revealed descending projections that were observed from the pontine brainstem to the 
caudal medulla. Two distinct branches emerged: a primary ventromedial branch (C, blue asterisks) and a 
secondary dorsolateral branch (C, red asterisks). The ventromedial projection terminated primarily within a 
region of the medulla immediately dorsal to the pyramidal tract and inferior olive noted as the medullary 
reticular formation (mRF, D-F). The secondary branch terminated primarily within the parvicellular reticular 
nucleus (PCRt, D-F). Labelled fibres were sparse in the caudal medulla (G) and absent from the spinal cord 
(H). (MVPO: medioventral periolivary nucleus; SO: superior olive; PnC: pontine reticular nucleus; nVII: facial 
motor nucleus; IO: inferior olive; py: pyramidal tract; scp: superior cerebellar peduncle; LC: locus coeruleus; 
Tz: trapezoid body). Injection site for this animal displayed in Figure 4.1B. 

Pontine Brainstem 

Immediately caudal to the midbrain, transected fibres were primarily concentrated 

within the boundaries of the oral and caudal pontine recticular nuclei and along the 

ventral surface of the pons immediately lateral and ventral to the pontine nuclei and 

longitudinal fasciculus of the pons (Figure 4.2A). Caudal to the pontine nuclei, fibres 

occupied a wedge extending from the dorsal surface to a sparsely innervated apex at the 

locus coeruleus overlying the lateral tectospinal tract, the medial boundary of the sub 

coeruleus and coursing around the trapezoid and superior olivary nuclei (SO) and the 

lateral boundary of the pyramidal tract (Figure 4.2B). 

Although large calibre fibres of passage constituted the densest labelling within the 

rostral brainstem, fine fibres and axonal varicosities were densely distributed 

throughout the pontine extent of the descending tract, particularly within the pontine 

reticular formation (Figure 4.2B). 

Higher power investigation with a confocal microscope, revealed the presence of fine 

fibres and putative terminals throughout the A7 noradrenergic cell group (A7)( Figure 

3), LC (Figure 4.4), subcoeruleus (not shown) and medial boundaries of the A5 

noradrenergic cell group (A5, Figure 4.5), forming close apposition to CTB- and TH-

immunoreactive neurons in these nuclei. Fine fibres and varicosities were also located 

with a region dorsolateral to A7 that overlapped the boundaries of the Kölliker-Fuse 

nucleus (KF, Figure 4.3B). 
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Figure 4.3 Collicular efferent neurons form close appositions with spinally projecting and tyrosine 
hydroxylase immunoreactive (TH) neurons in the A7 cell group. A: Epifluorescence micrograph at the level of 
the pontomedullary junction. Inset (A’), maximum projection of a confocal z-stack demonstrating labeled 
fibres (white) overlaying the Kölliker-Fuse (KF) nucleus and A7 cell group. Inset (B) shows a single optical 
plane image demonstrating fibers and putative terminals within the KF nucleus. Inset (C) shows single optical 
plane image demonstrating putative terminal apposition (indicated by arrowheads) with retrogradely 
labeled neurons immunoreactive for cholera toxin-B (CTB; red) and TH-positive neurons (green). (IC: inferior 
colliculus; 4V: fourth ventricle). 
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Figure 4.4: Collicular efferent neurons form close appositions with spinally projecting and TH-
immunoreactive neurons in the locus coeruleus (LC). A, B: Single optical plane micrographs of AAV-mediated 
reporter expression (white), indicating terminal fields in the LC and putative terminals in close apposition to 
neurons immunoreactive for CTB (red) and TH (green). Inset in A’ shows serial optical plane images of 
putative terminal appositions (arrowheads) with spinally projecting neurons. Inset in B’ shows single optical 
plane image of putative terminal apposition with TH-immunoreactive neurons. 
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Figure 4.5 AAV-mediated reporter expression indicates close appositions between collicular efferent neurons 
and spinally projecting and TH-immunoreactive neurons in the caudal A5 cell group. A,B: Single optical plane 
micrographs of terminal fields in the A5 cell group immediately dorsal to the lateral superior olive (LSO). 
Insets show serial images from confocal z-stacks that demonstrate close apposition between reporter-
labelled terminals (arrowheads) and spinally projecting (A’ and A’’) and TH-immunoreactive (B’) neurons. 

Medullary Brainstem 

Within the medulla, the projection was concentrated immediately dorsal to the 

pyramidal tract and medial to the facial motor nucleus, forming a dense nexus of fibres 

and arborized varicosities that extended from the ventral surface immediately lateral to 

the pyramid, across the midline raphe and, at a greatly diminished density, to the 

equivalent region in the contralateral side. The terminal field spanned the caudal half of 

the facial nucleus and extended a further ~500 µm caudal to its pole. Fibre and axonal 

varicosities extended across the medullary reticular formation (mRF), a region that 
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corresponds to the rostral ventromedial medulla (RVMM) as described in Jansen et al. 

(1995), and includes the alpha and ventral aspects of the gigantocellular reticular 

nucleus (GiA, GiV); and lateral paragigantocellular nucleus (LPGi); and the obscurus 

(ROb), pallidus (RPa), and magnus (RMg) Raphe nuclei (Figure 4.2D-F). The most lateral 

fibres of this termination extended across the medial boundaries of the rostral 

ventrolateral medulla (RVLM) (Figure 2D-E). 

The secondary tract of the collicular-bulbar projection terminated within the boundaries 

of the parvicellular reticular nucleus (PCRt), immediately ventrolateral of the nucleus of 

the solitary tract (NTS, Figure 4.2F-G). The projection was variable between 

experiments, and may reflect collicular input to pre-motor neurons of the orofacial 

motor nuclei (i.e. the motor trigeminal, facial, and hypoglossal nuclei (Holstege et al., 

1977; Terhorst et al., 1991; Li et al., 1993) or neurons involved in forelimb and hindlimb 

control (Esposito et al., 2014). Retrograde and anterograde tracing studies indicate that 

this projection arises from neurons in the ventrolateral aspects of the SC (Yasui et al., 

1994; Tsumori & Yasui, 1997) which lie predominantly outside of the region 

circumscribed by (Muller-Ribeiro et al., 2014). The ventrolateral boundaries of our 

injection sites often encroached upon this region of the SC, offering a possible 

explanation for the often variable distribution and density of this secondary descending 

branch. 

A major projection site of descending collicular neurons is the medullar reticular formation 

(mRF) and Raphe 

Reporter-labelled efferent fibres densely innervated a region of the mRF, concentrated 

immediately dorsal to the inferior olive (IO), ~200 µm rostral to the caudal pole of the 

facial nucleus (nVII) (Figure 4.2D). The distribution of collicular efferent terminals 

closely overlapped with the distribution of serotonergic neurons immunoreactive for 

tryptophan-hydroxylase (TPH) in the Raphe and RVMM (Figure 4.6A,B), but observation 

of terminal appositions TPH-ir neurons was infrequent (Figure 4.6A’,A’’ and B’,B’’). Thus 

TPH is a decent marker for the terminal field site in the mRF, but doesn’t denote the 

actual target of those terminals. 

In contrast, close appositions were frequently observed between axonal varicosities and 

CTB-immunoreactive neurons in the RMg (Figure 4.7C’i,ii), RPa (Figure 4.7C’’i,ii), GiA 
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(Figure 4.7D’I,ii and GiV (Figure 4.7E’i,ii) including a subset of spinally projecting 

neurons that were immunoreactive for the transcription factor Chx10 (Figure 4.8B). 

 

Figure 4.6 Collicular efferent neurons terminate in a region of the ventral medulla neurochemically defined 
by serotonergic neurons. A,B: reporter-labelled collicular fibres and putative terminals were often observed 
within the proximity of tryptophan-hydroxylase (TPH, purple) immunoreactive neurons of the RVMM and 
Raphe nuclei, but infrequently formed close appositions on serotonergic neurons. Insets shown in A’ and A’’ 
show single optical plane images that demonstrate rare terminal appositions (arrowheads) between 
collicular efferent neurons (white) and TPH-immunoreactive neurons within a region that corresponds to the 
RVMM. B: Maximum projection images demonstrates close proximity between fibres and serotonergic 
neurons in the ventral RVMM (B’) but sparse innervation by labelled fibres in a region lateral of the Raphe 
Pallidus (B’’). 
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Figure 4.7 Putative terminals originating from the colliculus form close appositions with spinally projecting 
neurons in the medullary reticular formation (mRF). A: Schematic of combined retrograde tracing from the 
T2 spinal cord and anterograde tracing from the colliculi. Bii: coronal section of the T2 spinal cord 
demonstrating B: Micrograph of coronal medulla with tdTomato-labelled fibres (white) and spinally 
projecting neurons (red). Single optical plane micrographs of terminal field dorsal to pyramidal tract (py) at 
rostrocaudal levels -11.76 (B’), -12.00 (D’),-12.48 mm (E’) from Bregma. Serial images of z-stack projection 
representing putative terminals forming close appositions (arrowheads) with spinally projecting neurons in 
the Raphe Magnus (RMg: C’i and C’ii), Raphe Palidus (RPa: C’’i and C’’ii), Gigantocellular reticular nucleus 
alpha (GiA: D’i and D’ii) and Gigantocellular reticular nucleus ventral ( GiV: E’ and E’’). 
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Figure 4.8 Collicular efferent projections terminate in the mRF and form close appositions with spinally 
projecting neurons that express the transcription factor CHX10. A: Micrograph of the coronal medulla with 
reporter-labelled fibres and putative terminals (Ai), retrogradely labelled neurons immunoreactive for CTB 
(Aii) and CHX10 (Aiii). Insets depict serial single optical plane images from a confocal z-stack that 
demonstrate terminal appositions (arrowheads) with three neurons that are immunoreactive for both CTB 
and CHX10 (A’i-iii). (nAmb: nucleus ambiguous; nVII: facial motor nucleus; mRF: medullary reticular 
formation). 

The rostral ventrolateral medulla is not a substantial target of collicular efferent neurons 

The lateral aspect of the medullary terminal field encroached upon the medial border of 

the RVLM C1 region, and under high magnification, sparse fine fibres and varicosities 

could be observed throughout the medial third of the RVLM. Given the key role played 

by the RVLM as a sympathoexcitatory relay, we closely examined C1 neurons for 

evidence of collicular terminal labelling. However, in contrast to the mRF/Raphe, we 

were unable to find evidence of terminal appositions (Figure 4.9A’). Similarly, spinally 

projecting RVLM neurons immunoreactive for CTB were substantially lateral of the 

terminal field and were not innervated (not shown). We conclude that the RVLM is not a 

major target of collicular efferents. 

Collicular efferent neurons do not substantially target putative respiratory neurons in the 

pre-Bӧtzinger Complex 

Our previous electrophysiological experiments found that colliculus disinhibition drove 

transient resetting of central respiratory rhythm with accompanying synchronised 

discharge in sympathetic and lumbar nerves. One obvious mechanism by which this 

could occur is by a direct innervation of the circuits that underlie the generation of 
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respiratory rhythm, which reside in anatomically, functionally, and neurochemically 

discrete compartments of the ventrolateral medulla. However, on the basis of the 

current study this scenario seems unlikely. First, we found no evidence of terminals 

immediately ventral to nucleus ambiguus in the region of the brainstem immediately 

caudal to the facial nucleus, corresponding to the region that contains most Bӧtzinger 

neurons.  

Second, reporter labelling was largely absent at the level of the pre-Bӧtzinger Complex, 

and was not observed in more caudal areas associated with respiratory function (for 

example the rostral ventral respiratory group). Although fine fibres were occasionally 

encountered in more caudal sections corresponding to the region of the pre-Bötzinger 

complex, no evidence of appositions between putative axonal varicosities and neurons 

immunoreactive for the neurokinin-1 receptor (NK1R), considered a marker for 

putative inspiratory interneurons, were observed (Figure 4.9B’).  

 

Figure 4.9 Labelled fibres were sparse in the rostral ventrolateral medulla (RVLM) and absent from the 
preBötzinger complex (PBC). Epifluorescence micrographs of the RVLM (A) and PBC (B) and accompanying 
maximum projections(A’ and B’) illustrate the absence of significant collicular terminals among TH- or 
neurokinin-1 receptor-immunoreactive neurons respectively. (nAmb: nucleus ambiguous; nVII: facial motor 
nucleus; py: pyramidal tract; IO: inferior olive). 
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Discussion 

Collicular neurons play well-defined roles in the in the processing of sensory input and 

the coordination of motor commands (Dean et al., 1989), thus the post-synaptic targets 

of this population have primarily been examined in the context of capacity for motor 

output. Recent functional evidence indicates that motor behaviour evoked via the 

colliculi also includes the parallel recruitment of sympathetic and respiratory outputs 

(Iigaya et al., 2012; Muller-Ribeiro et al., 2014). It would therefore be expected that the 

efferent termination of this population includes neural circuits associated with 

autonomic command. 

The most direct potential pathway through which collicular efferents could mediate 

such effects would be innervation of the spinal neurons that control sympathetic, 

respiratory and motor activities (i.e. sympathetic preganglionic neurons and α-

motoneurons respectively). However, in the current study anterograde tracing from 

regions of the colliculi previously demonstrated to drive synchronous bursts of 

splanchnic sympathetic, phrenic, and sciatic nerve activities revealed an extensive 

descending projection to the medulla that did not extend to the spinal cord  

Following this observation, the next most plausible arrangement would be the 

innervation of pre-motor populations in the ventral medulla that control sympathetic, 

motor, and respiratory outputs. However, terminal labelling was conspicuously absent 

from two regions of the medulla frequently attributed with ordinant roles in 

transmission of sympathoexcitatory drive and generation of respiratory rhythm; the 

rostral ventrolateral medulla (RVLM) and ventral respiratory column respectively. The 

absence of collicular inputs on RVLM C1 neurons is consistent with the findings of 

Chapter 3; rabies labelled inputs to bulbospinal RVLM neurons included populations in 

the superior and inferior colliculus, but these were rostral to the region targeted in the 

current study. On the other hand, collicular terminals conspicuously innervated the 

medullary the adjacent medullary reticular formation (mRF). Neurons within this region 

serve integrative functions associated with both autonomic and motor command and 

ramify extensively throughout the brainstem and spinal cord. 

It is logical to consider that autonomic and somatomotor functions are executed 

discretely due to the disparity in volitional control of these two systems. However, the 
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stimuli that activate the colliculus are distinct from the systems that govern volitional 

control of movement in everyday situations, and given that many behaviours (e.g. 

locomotion) require the simultaneous activation of both motor and autonomic effectors 

(Waldrop et al., 2010), it would be expected that motor and autonomic outputs are 

driven simultaneously by a common pre-motor network. Interestingly, neurons that 

form integrated pre-motor output to sympathetic and somatomotor effectors (Allen & 

Cechetto, 1994; Kerman, 2008) and respiratory and somatomotor effectors (Billig et al., 

2000; Rice et al., 2010) arise predominantly from the Raphe and mRF region in which 

we found the greatest collicular innervation. We posit this integrated relay underlies the 

synchronized responses we observed previously in response to stimulation of the 

colliculi (Iigaya et al., 2012; Muller-Ribeiro et al., 2014). 

Technical limitations 

In the current study we used AAV-driven reporter expression to visualise efferent 

projections from the colliculus. This approach has one major advantage compared to 

traditional anterograde tracers: AAV2 transduction is essentially restricted to neurons 

that reside within the injection site and therefore circumvents the non-selective uptake 

of conventional chemical tracers by fibres of passage (Glover et al., 1986; Veenman et al., 

1992; Chen & Astonjones, 1995). Although some AAV subtypes have been associated 

with retrograde transduction profiles (Murlidharan et al., 2014), we saw only a handful 

of retrogradely transduced somata lying in regions beyond the injection site, suggesting 

that the vast majority of reporter-filled axons and terminals originated from cell bodies 

within the colliculus.  

AAV-mediated reporter expression was sufficient to resolve axonal varicosities, fine 

fibres and terminals, and was therefore considered appropriate for identification of 

major sites of synaptic termination. Identification of synaptic terminals was based on 

morphological observation alone and therefore potentially confounded by the presence 

of fibres of passage in the field of view – this confound was particularly problematic in 

reliably identifying terminals and varicosities in structures traversed by thick reporter-

labelled axons en route to the brainstem, such as the KF. An attempt to resolve this 

shortcoming by quantifying the proportion of putative reporter-filled terminals that 

colocalised with synaptophysin immunoreactivity, a marker of synaptic terminals, was 

ultimately confounded by poor penetration of the anti-synaptophysin antibody (a 
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notorious limitation associated with staining for presynaptic proteins (Melone et al., 

2005)) and thus was subsequently abandoned. Recent developments in vector biology 

describe approaches that may circumvent this pitfall; (Esposito et al., 2014) described 

an AAV vector that drives the expression of a synaptophysin-reporter fusion protein, 

limiting reporter expression to the synaptic terminals of transduced neurons, 

eliminating potential for false-positive identification of synaptic terminals. Similarly, 

Kim et al. (2012) describe a non-fluorescent cleaved GFP that becomes fluorescent when 

both subunits are in close physical proximity to one another. In this system, terminal-

specific GFP recombination can be achieved by expression of one subunit in the pre-

synaptic neuron and the other in the post-synaptic cell. 

Notwithstanding the shortcomings discussed above, vector-mediated cytosolic reporter 

expression has been widely used as a reliable approach for anterograde tracing (Card et 

al., 2006a; Abbott et al., 2009a; Tan et al., 2010). Given the prominence of the 

descending bundle in the level of the ponto-medullary junction, where thousands of 

intensely labelled fibre bundles split around the rostral margin of the facial nucleus, and 

the absence of labelling in the caudal medulla, it stands to reason that the fields 

observed in the ventromedial medulla represent the synaptic termination of the 

projection. 

However, the identification of close appositions on histologically labelled post-synaptic 

neurons also comes with its own pitfalls. Previous studies note that putative synaptic 

contacts identified under light microscopy are not always in concordance with 

corresponding ultrastructural data. Murphy et al. (1995) found that physical synapses 

confirmed using “gold standard” electron microscopy approaches only constituted 50% 

of what would be considered synaptic contact under light microscopy. In a similar vein, 

it is important to note that not all axonal boutons even establish synaptic contact 

(Descarries & Mechawar, 2000). In the context of this study we concede that 

identification of close appositions, while suggestive of synaptic contacts, are not 

considered definitive.  

Although these injections sites were determined to closely overlay the circumscribed 

region, previously characterised by (Muller-Ribeiro et al., 2014) to generate an 

autonomic and somatomotor response, using the present tracing approach it is 
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impossible to determine if the labelled soma and projections we identified serve possess 

the same functional characteristics. An alternative approach compatible with injection 

site validation, would utilize an AAV variant that drives the expression of ChR2, thus 

transfected neurons from which tracing data would be acquired, could be functionally 

validated by assessment of autonomic and motor output to optogenetic stimulation of 

the injection site. Similarly, it is difficult to rule out the possibility of false positive, 

anterograde labelling that may have occurred due to “overspill” of the viral vector in 

adjacent brain regions during brain regions, despite efforts to only use tracing data from 

animals in which the bulk of virally labelled soma were restricted within the intended 

locality. A potential concern that would confound interpretation is labelling arising from 

neurons in the immediately adjacent PAG that have well described descending 

projections to autonomic nuclei in the ventral medulla (Carrive, 1993; Lovick, 1993; 

Hudson & Lumb, 1996). 

Finally, the most extensive terminal field identified was in a region that encompassed 

subnuclei of the mRF/Raphe that has been previously associated with roles in the 

regulation of cardiovascular (Minson et al., 1987; Cox & Brody, 1989; Varner et al., 1992; 

Babic & Ciriello, 2004), respiratory (Fukuda et al., 1993; Miura et al., 1996; Morris et al., 

1996; Cao et al., 2006; Depuy et al., 2011) and somatomotor (Bretzner & Brownstone, 

2013; Esposito et al., 2014; Bouvier et al., 2015) functions. However, the association 

between functional properties and neurochemical phenotype in this area is poor (with 

the exception of Chx10; see below). As a consequence, the discovery of putative boutons 

in close apposition to neurons that project to the thoracic spinal cord, although 

encouraging, is by no means sufficient to reliably infer function. Experiments addressing 

that question are ongoing, but do not form part of the current thesis. 

Medullary targets of collicular output neurons 

Reporter-labelled efferent fibre bundles projected rostrally to the midbrain, thalamus, 

and hypothalamus, and caudally, where terminal fields were identified in the pons and 

medulla. Rostral targets included brain regions with previously reported roles in the 

control of respiratory and sympathetic activities, such as the PVN. However, our 

previous experiments demonstrated that multimodal burst responses to disinhibition of 

the colliculi were persistent after pre-collicular decerebration, which included removal 

of the prefrontal cortex, amygdala, auditory cortex, and the dorsomedial, perifornical, 
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and lateral hypothalamus (Muller-Ribeiro et al., 2014), which would have eliminated the 

rostral projection described here, so consideration of our results will be restricted to the 

descending fibre bundle. 

AAV-mediated reporter expression revealed a dominant projection from the colliculi to 

the ventral medulla. Interestingly, this projection was absent or sparse in experiments 

where injection sites failed to encompass the region of the colliculi circumscribed by 

Muller-Ribeiro et al. (2014), suggesting that projections to the ventral medulla arise 

exclusively from neurons that lie within this particular region of the colliculi. 

Consultation with the “Allen Mouse Brain Connectivity Atlas” (Oh et al., 2014) reaffirms 

this observation; an experiment described in the atlas, with a similar injection site to 

those attained in the present study (experiment 113072328), exhibited a robust 

projection to the ventral medulla. Conversely, experiments described in the atlas in 

which the injection sites prominently fell within adjacent, dorsal (experiment 

100142706) or lateral (experiment 100145841) regions of the SC lacked projections to 

the brainstem altogether.  

A predicted outcome of the present study was a projection to the spinal cord, an 

observation previously described in studies that used traditional anterograde tracers 

(e.g. WGA-HRP) (Huerta & Harting, 1982; Redgrave et al., 1987). We found no evidence 

of a direct spinal projection: the prominent descending track had become sparse by the 

time it reached the caudal medulla and virtually absent from the spinal cord, which is in 

concordance with the observations of early axonal degeneration studies from the region 

(Nyberg-Hansen, 1964, 1966; Petras, 1967). We suspect that these differences may 

reflect uptake of WGA by spinally projecting collicular neurons that lie rostral and dorsal 

of the injection sites in the current study, either as a result of direct injection or uptake 

by fibres of passage that traversed the injection site (Murray & Coulter, 1982). Viral 

based anterograde studies described in the Allen Mouse Brain Connectivity Atlas that 

map projections from injection sites in rostral regions of the SC, adjacent to the injection 

sites described in the current study (experiments 100142302 and 100143833) 

produced a distinct projection to the spinal cord that was compact and concentrated 

exclusively to the midline of the caudal medulla. These observations suggest that spinal 

projections from the colliculus are most likely restricted to exclusively pre-motor 
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regions of the rostral SC, which lie outside of the active region we described previously 

(Muller-Ribeiro et al., 2014). 

The mRF/Raphe terminal field contains neurons that regulate sympathetic, respiratory, 

and somatomotor output 

The densest medullary innervation encompassed a region of the mRF, which overlaid 

the RVMM, RMg, RPa and GiA, the ventral aspects of the GiV and ROb and the lateral 

most aspects of the LPGi, LPGiE. Delineating structure function relationships from this 

region is notoriously difficult due the functional heterogeneity of overlapping 

populations and lack of anatomically discrete nuclei. For ease of diction this termination 

site will be henceforth referred to collectively as the mRF.  

Our focused examination of the mRF identified putative terminal appositions on 

neurons retrogradely labelled with CTB. Ideally these neurons would be representative 

of sympathetic pre-motor neurons as the injection was focused to the IML within the T2 

spinal segment, a region that contains the majority of SPN which contribute to 

vasomotor output (Strack et al., 1988), however as described above it is difficult to 

determine the post-synaptic targets of these neurons. 

The neurons in the mRF, primarily the Raphe and RVMM, form a major source of the 

pre-motor input to sympathetic nerves, as determined by retrograde transynaptic 

tracing from sympathetic paravertebral ganglia, the kidney, the adrenal gland and the 

vascular beds of skeletal muscle (Strack et al., 1989a; Schramm et al., 1993; Jansen et al., 

1995; Farkas et al., 1998; Lee et al., 2007). Retrograde tracing with conventional tracers 

demonstrates a projection to the IML at all levels of the spinal cord and anterograde 

tracing from the mRF also demonstrates projections to the IML and cardioinhibitory 

parasympathetic motor neuron populations in the medulla, including the nucleus of the 

solitary tract, nucleus ambiguus and dostral motor nucleus of the vagus (Hermann et al., 

2003; Babic & Ciriello, 2004). Retrograde tracing from the medial mRF in the cat (Wang 

& Wessendorf, 2002), sparsely labels neurons distributed in a region of the external 

cortex of the inferior colliculus similar to that described by (Muller-Ribeiro et al., 2014).  

Functional data also support sympathoexcitatory roles for the RVMM neurons: The 

RVMM terminal site overlays a well-established pressor region (Willette et al., 1983a; 

Minson et al., 1987; Cox & Brody, 1989; Varner et al., 1992; Babic & Ciriello, 2004), 
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contains neurons that differentially express c-fos after baroreceptor unloading (Minson 

et al., 1996) and are silenced by baroreceptor loading (Pilowsky et al., 1995).The RVMM 

contains neurons that contribute to basal vasomotor tone in the arterial (Cox & Brody, 

1989; Varner et al., 1989) and cutaneous circulation (Blessing, 2005; Shafton & McAllen, 

2013) as well as neurons that innervate parasympathetic sites (Thurston & Randich, 

1995) and mediate the activation of non-vasomotor effectors including brown adipose 

tissue (BAT) and the urogenital tract and perineal muscles (Johnson & Hubscher, 1998, 

2000). 

Neurons within the mRF, primarily the Raphe, also contribute to the regulation of 

respiratory output: stimulation of the ROb and RMg, drives both increases (Depuy et al., 

2011) and decreases in respiratory frequency (Cao et al., 2006) Focal cooling or lesion of 

the parapyramidal RVMM elicits a reduction in respiratory frequency (Fukuda et al., 

1993) and abolishes normal hyperpneic and tachypneic responses to hypercapnia 

(Miura et al., 1996). These respiratory effects are potentially mediated via efferent 

projections to respiratory pre-motor neurons of the ventral and dorsal respiratory 

groups (Smith et al., 1989a; Ellenberger & Feldman, 1990), direct projections to phrenic 

motor neurons (Dobbins & Feldman, 1994; Yates et al., 1999; Lois et al., 2009; Depuy et 

al., 2011) and accessory respiratory muscles (Shintani et al., 2003), and via vagal pre-

ganglionic neurons that innervate the upper airways (Hadziefendic & Haxhiu, 1999). 

The mRF also forms a substantial component of the descending motor pathway, relaying 

command from higher order centres to the motor neurons in the brainstem and spinal 

cord (Drew et al., 2004; Lemon, 2008). The single unit activity of these neurons correlate 

with motor behaviours (reviewed Siegel (1979) and stimulation of the mRF has been 

demonstrated to drive the activity of lumbar axial muscles (Femano et al., 1984). 

Anterograde tracing from the mRF/Raphe has extensively defined termination on motor 

neurons in the spinal cord (Holstege & Kuypers, 1987; Rubelowski et al., 2013; Liang et 

al., 2015) and recent studies using monosynaptically restricted viral tracing strategy 

(SADΔG rabies) have unambiguously identified sub-populations within the mRF that 

contribute to the pre-motor networks that control limb movement (Stepien et al., 2010; 

Esposito et al., 2014). 
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In the present study we observed collicular innervation of a subpopulation of neurons in 

the mRF that express CHX10, a transcription factor that denotes V2a neurons, a subset 

of excitatory interneurons distributed along the spinal cord and hindbrain that arise 

from the p2 progenitor domain population during development (inter alia: Cepeda-Nieto 

et al., 2005). These neurons are considered to primarily serve in the coordination of 

motor behaviours (Bretzner & Brownstone, 2013) and have been implicated as critical 

to respiratory function. Crone et al. (2012) demonstrated that CHX10 neurons provide 

excitatory input to the VRC including putative inspiratory neurons in the PBC. 

Transgenic mice with a depleted CHX10 population exhibit reduced breathing frequency 

and gasping, which is ultimately fatal. Further experiments by Crone et al. (2012) 

demonstrated that inspiratory deficit in these mice was persistent in a reduced 

preparation of the central respiratory pattern generator, suggesting that the influence of 

CHX10 neurons in the mRF over respiration is mediated via direct projections of these 

neurons to the Pre-Bӧtzinger Complex. CHX10 neurons are also implicated in 

somatomotor control; they are activated during locomotor activity (Bretzner & 

Brownstone, 2013), and their selective inhibition evokes cessation of locomotion 

(Bouvier et al., 2015). 

The diverse functional attributes of this region and the dense innervation received from 

the colliculus, lead us to consider the rMF as the most feasible candidate for the relay of 

descending collicular command.  

Other targets of significance 

Although the main efferent output from the colliculus seemed to terminate in the mRF, 

we also observed evidence of substantial input to the A5, A6 (locus coeruleus) and A7 

noradrenergic cell groups of the rostral brainstem. We observed putative terminal 

appositions on TH- and CTB-immunoreactive neurons in all 3 nuclei, although 

appositions in A5 were substantially less frequent than A6 or A7. From a functional 

standpoint, A5 and A6 are implicated in respiratory command (Hilaire et al., 2004) and, 

similar to the mRF, all three provide input to sympathetic and somatomotor targets 

(Kerman, 2008). Thus it is plausible that the A5, A6 and A7 may contribute to 

synchronous autonomic and motor output driven by the colliculi. We also examined the 

KF, which is a well-established source of input to respiratory nuclei in the medulla 

(Dutschmann et al., 2004; Ezure & Tanaka, 2006). Although we were able establish the 
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presence of fibres and putative terminals in the KF, the input was relatively minor, and 

detailed investigation was hampered by the lack of a well-established functional marker 

in this region. 

Functional significance 

The directive of this study was to identify pathways responsible for the previously 

demonstrated collicular command of respiratory, sympathetic or somatomotor 

command in response to disinhibition. An ideal first step would be to directly test the 

consequences of selective activation of the pathway that links the colliculus to the rMF in 

vivo; indeed, initial experiments based on an optogenetic strategy were attempted, but 

failed due to poor vector performance. In the absence of functional data, it is important 

to temper inference of our results with acknowledgement of the limitations of purely 

structural data. Simply put, studying the components of a circuit in isolation is 

insufficient to determine its role in mediating behaviour. Ultimately, the function(s) 

served by a circuit remain unknown until the outcomes of perturbing its components 

are realised. In this case, we at best demonstrate the set of pathways by which the 

colliculi exerts its influence, and these include nuclei that mediate sympathetic, 

respiratory and somatomotor activity inter alia. Nonetheless, the anatomical data 

presented here suggest clear hypotheses that can be tested. 
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CHAPTER 5: Synthesis and Future 

Directions 
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Inhibition or stimulation of the RVLM drives profound effects on baseline sympathetic 

nerve activity and blood pressure, and its lesion inhibits a wide variety of adaptive 

vasomotor reflexes, suggesting it as a key site of homeostatic control and reflex 

integration. Single unit recordings from neurons identified as bulbospinal and 

barosensitive, widely accepted as criteria for putative sympathetic premotor neurons, 

indicate that convergence of diverse inputs occurs at a single-cell level. However, the 

organization of the network of neurons that regulates sympathetic nerve activity, via 

convergent synaptic drive to sympathetic premotor neurons, is poorly resolved due to 

the limitations of conventional tracing approaches. Mapping the organization of this 

network was the central goal of the current thesis; the results of which will serve as a 

platform for the generation of new hypotheses and the testing of existing theories 

regarding the origins of vasomotor command, a key outcome of which is to determine 

the neurogenic contributors to hypertensive pathology.  

Ultimately, my goal was to selectively label the brain wide set of neurons that form 

direct input to RVLM sympathetic pre-motor neurons. The key hurdle for this tracing 

project was to devise an approach that permitted the expression of transgenes 

complementary to the SADΔG tracing paradigm (the TVA receptor and rabies 

glycoprotein) in RVLM sympathetic premotor neurons. Initially we focused on 

establishing a method by which transgene expression could be targeted to single 

neurons based on functional criteria, as this would provide a powerful means to resolve 

the structure of a circuit within the functional context of its summative output. Previous 

investigations had demonstrated that single cell delivery via a patch pipette or 

electroporation was an effective means by which to trace the circuits of a functionally 

defined target (Rancz et al., 2011; Velez-Fort et al., 2014; Wertz et al., 2015).  

This trajectory of investigation led us to integrate single unit recording approaches with 

single cell electroporation (SCE) as a means by which to achieve transfection of single 

neurons in deeper brain structures. This innovation required the modification of a 

standard single unit recording kit to deliver electrical pulses that evoked dielectric 

breakdown of the cell membrane. In our hands, this approach worked very well in vitro 

but was difficult to perform reliably in vivo, where transfection was only possible 

following rigorous adherence to a number of electrophysiological criteria. This approach 
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may prove an effective means of optical guidance free gene delivery to more superficial 

targets, where pipette blockage is less frequent.. 

The technique we developed rivals the current gold-standard single-cell dye labeling 

technique in terms of ease of application and the level of morphological detail that can 

be achieved: we have recently demonstrated the practicality of our approach, in lieu of 

the juxtacellular technique, for the labelling of medullary respiratory neurons in vivo (Le 

et al., 2015). However, despite its initial promise, we ultimately decided that the 

throughput was likely to be too low to make this strategy feasible within the available 

time, in particular when considering the foreseeable compounding difficulties 

incumbent with functionally validating recorded units (e.g. antidromic stimulation). We 

instead decided to pursue the same goal using a vector-based approach to target 

putative sympathetic premotor neurons. 

Although many studies have focused on the expression of catecholamine-biosynthetic 

enzymes as a genetic access point (Card et al., 2006a; Abbott et al., 2013) to RVLM 

sympathetic premotor neurons, we instead opted to use their axonal projection to the 

thoracic spinal cord as the basis for our transduction strategy. This was based on the 

significant proportion of RVLM C1 neurons that do not project to the spinal cord (~2/3), 

the high proportion of functionally identified sympathetic premotor neurons that are 

not C1 (~1/2), and the functional diversity of the C1 population. Although the 

retrograde vectors used in this study transduced a band of spinally projecting neurons 

that included neurons throughout the brain including other nearby cell groups (RVMM 

and Raphe), careful targeting of the epicenter of the bulbospinal TH group with our 

rabies injections led to a restricted seeding of neurons within the anatomical boundaries 

of the RVLM and included a combination of C1 and non-C1 neurons. The major 

drawback of this approach is the ambiguity of the RVLM seed population with regard to 

their postsynaptic target in the spinal cord. Although HSV injections were targeted to the 

IML, the injections were massive (2x~500nL), generating lesions that encompassing an 

area approximately 400μm in diameter that included the IML at its centre, much of the 

IV, V, VI and VII laminae and surrounding white matter. Thus, the seed population 

probably includes amongst IML terminating sympathetic pre-motor neurons, neurons 

that form input to somatomotor pathways (and others). Therefore at best we have 

mapped the input network of spinally projecting RVLM neurons. 
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Overall the distribution of the RVLM connectome is consistent with generally accepted 

pre-autonomic circuit models (reviewed by Dampney, 1994b; Guyenet, 2006). We 

identified prominent inputs from well-established neurohumoral and viscero-

sympathetic actuators such as the area postrema and NTS, and inputs that spanned 

medullary autonomic (A5, RVLM, ventromedial medulla, CVLM, nucleus ambiguus) and 

supramedullary autonomic nuclei (ventrolateral PAG, colliculi and pontine parabrachial 

nuclei). Importantly, our study identified a direct connection between nuclei 

constituting the respiratory pattern generator nuclei (Bötzinger, pre-Bötzinger Complex, 

rostral ventral respiratory group) and the RVLM, providing a potential anatomical basis 

for the well documented observation of respiratory modulation of sympathetic outflow, 

a process that is enhanced in models of neurogenic hypertension (Zoccal et al., 2008; 

Simms et al., 2009; Oliveira-Sales et al., 2016). A notable deviation from the standard 

model is the discovery of a numerically significant input from the region of the 

prepositus hypoglossi, a brainstem nucleus conventionally associated with vestibulo-

occulomotor integration (McCrea, 1988). This region has been previously shown to 

drive pressor responses to glutamate microinjection (Talman & Robertson, 1991) but is 

not labelled by conventional retrograde tracers, suggesting that synaptic contact may 

occur on the distal dendrites of RVLM sympathetic pre-motor neurons, that lie outside of 

the RVLM. 

However, the most striking feature of the connectome is its diffuse distribution (rather 

than the highly nodal schemes often used to conceptualize it: Dampney, 1994a; Pilowsky 

& Goodchild, 2002; Guyenet, 2006) and its strong weighting towards local inputs, with 

around 14% of input neurons residing within the boundary of the RVLM region and 

50% of inputs lying within 3 mm of the RVLM epicenter. In contrast, the dataset includes 

a relatively low number of inputs from the forebrain and midbrain, and a virtual absence 

of inputs from locus coeruleus, the amygdala, cortex and subfornical organ and median 

preoptic nucleus, despite compelling prior evidence for both functional and 

neuroanatomical connectivity (Dampney et al., 1987; Gelsema et al., 1989; Verberne, 

1996; Saha, 2005; Card et al., 2011; Bou-Farah et al., 2015). This unexpected finding is 

unlikely to represent a limitation of SADΔG(EnvA), as distance is not thought to impair 

its labelling efficiency (Callaway & Luo, 2015; Schwarz et al., 2015). The most 

parsimonious explanation is that input from these sources are routed via a polysynaptic 

relay involving RVLM interneurons. 
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In addition, we demonstrated the suitability of volumetric brain atlases for connectomic 

analysis. Using a relatively primitive workflow we were able to render >300 Gb of 

imaging data to <100 kb of Cartesian coordinates that are immediately amenable to 

statistical analysis. The approach allows the quantification, standardization and sharing 

of complete neuroanatomical datasets, and therefore provides a platform by which 

researchers may independently visualize, analyze and compare each other’s data. 

Bioinformatics at a single-cell resolution may allow researchers to move beyond the 

ball-and-stick diagrams often used to conceptualize the organization of spatially diffuse 

real-world neuronal networks (Rockland, 2015) and realize the full potential of novel 

connectomic technologies.  

Experiments conducted previously in our lab indicated that a defined region of the SC 

and IC was capable of driving patterned motor ouput, which included a significant 

sympathetic component (Muller-Ribeiro et al., 2014). We hypothesized that the RVLM 

was a likely target of this sympathetic command to mediate this response. The 

observations of Chapter 3 indicated a sparse source of input from the inferior colliculus, 

however these inputs were not from the region previously demonstrated to drive 

synchronous output. The examination of anterograde tracing from the colliculi 

confirmed this, termination within the RVLM was sparse. We determined that a dense 

termination within the adjacent mRF was the likely site of sympathetic recruitment 

(among others). We lacked a neurochemical phenotype after failing to observed close 

apposition with serotonergic neurons in this region. However retrograde tracing from 

the spinal cord revealed that collicular afferents formed putative synaptic contacts with 

spinally projecting mRF neurons, including a population that expressed the 

transcription factor CHX10, a phenotype previously implicated in respiratory and motor 

command. 

We are left in the overt position to begin investigation of the pathways we identified in 

Chapters 3 and 4 to determine their functional contribution to behavior. In combination 

with viral vectors, optogentic tools present an opportunity to examine the action of a 

particular neuron population, pathway or termination with rapid temporal control, 

through excitation and inhibition with light (Packer et al., 2013). This now widely 

adopted technique has made the manipulation of defined circuits accessible in the 

behaving animal, acute anaesthetized preparation and the brain slice. We have begun to 
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investigate the mRF relay using an anterograde vector (similar to the AAV described in 

Chapter 3) to anterogradely express channel rhodopsin 2 within collicular terminals. 

These experiments will allow us to determine whether the mRF serves as the critical 

juncture from collicular driven autonomic command (as demonstrated in past 

physiology experiments). The pathways defined in the Chapter 4 may be investigated in 

a similar manner. Anterograde terminal stimulation may be an appropriate approach to 

examine inputs from well delineated sources (i.e. the nucleus prepositus), however 

more embedded sources would require a more finessed approach, in particular those 

arising from respiratory nuceli in proximity to the RVLM and CVLM.  

Final thoughts 

The promise of the connectomic approach is reflected by its widespread adoption and 

the continued refinement of viral vectors for transynaptic tracing (Osakada et al., 2011; 

Mitra, 2014; McGovern et al., 2015; Kim et al., 2016). In combination with functional 

genetic technologies, the emergence of restricted, transynaptic tracers have fostered a 

“seek and destroy” approach to intersectional neuroscience that is rapidly 

characterizing long sought after connectivity schemes throughout the brain (e.g.(Weber 

et al., 2015; Wei et al., 2015; Roseberry et al., 2016). As these technologies are further 

improved and inevitably find their place as a standard laboratory tool for 

neuroscientists everywhere, many of the questions that remain, regarding circuit 

structure and function may soon be resolved. 
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“Ever tried. Ever failed. No matter. Try Again. Fail again. Fail better” 

- Samuel Beckett.   
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